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FINITE ELEMENT MODELLING OF RESIDUAL STRESSES  

IN WELDED PIPE WELDS WITH DISSIMILAR MATERIALS 

 

MAHMOOD ALHAFADHI1 – GYÖRGY KRÁLLICS2 

 

 
Abstract: Many methods might be used for investigation of the pipe weld failures. Residual 

stresses play a very prominent role in the growth of crack after the welding. In this study pre-

sented the finite element method simulation of residual stresses in case of pipe welding. A two-

dimensional axisymmetric (2-D) finite element model is employed to calculate the residual 

stress. The model was validated using hardness measurement. The results were compared with 

experimentally measured data to evaluate the accuracy of the finite element modelling. Good 

agreement was found between the measurements and simulations results. The developed FE 

model was used to study the effects of welding heat input on welding residual stresses. It is 

shown that the welding heat input has a significant effect on the magnitude and distribution of 

residual stresses of the studied joints. 

Keywords: Residual Stresses, simulation, finite element, Heat input, dissimilar pipe 

modelling 

 

 

INTRODUCTION 

Welding is one of the most common joining techniques used in many manufacturing 

industries, such as steel structure construction, power plant, and oil gas pipes, etc. 

[1]. Manual Metal Arc Welding (MMAW) is one of the earliest of the welding pro-

cesses. Dissimilar pipe welds are commonly found in various industrial applications 

due to both technical and economic reasons [2]. Heat input is an essential factor in 

quality control in (MMAW) [3]. One of the significant problems in welded structures 

is residual stress, because of the high heat input are concentrated in the welded joint, 

and the residual stresses also are developed in and around the weld region due to the 

large temperature gradients generated among the weld fusion zone (FZ), heat-af-

fected zone (HAZ), and base metal (BM) [4–9].  

The heat input plays a significant role to increase or decrease the amount of re-

sidual stress in the welding structure. It is essential to identify and measure the weld-

ing residual stress distribution to improve the welding quality and reduce the nega-

tive effect with the prediction on it. Residual stresses may be measured by experi-
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mental measurement such as non-destructive techniques (e.g. X-ray and neutron dif-

fraction, optical, magnetic or ultrasonic methods) and by destructive techniques (e.g. 

hole drilling, block removal, splitting and layering). Experimental measurement of 

the residual stress of pipe welding has some practical limitations. In destructive tech-

niques, the measuring accuracy is generally high. Still, the sample damage is unac-

ceptable in some cases and non-destructive techniques measurement widely used in in 

the laboratory due to its high accuracy, but it is expensive, the detection speed is slow 

and can only measure residual stress on the surface approximately 10–30 μm [10]. 

FEM is a perfect choice for the analysis of residual welding stresses. Numerical 

simulation of the problems associated with welding processes using the Finite Ele-

ment Method (FEM) can help in eliminating the need for time-consuming and cost 

of the necessary experimental effort to optimize the welding process parameters such 

as heat input. For the last decades, it has been used for the solution of many types of 

problems. Many researchers have been inspired to conduct studied in this area, most 

of them only investigated heat input and welding residual stresses in the steady re-

gions of the welded pipe by using 2D models or 3D models [11–17] Brickstad and 

Josefson estimated (2-D) axisymmetric models to numerically simulate multi-pass 

circumferential butt-welds of stainless steel pipes up to 40 mm thick in a non-linear 

thermo-mechanical finite element analysis (Brickstad and Josefson) [18]. Qureshi 

(2008) used numerical simulations to predict the residual stresses were affected by 

weld travel speed on in a thick-walled cylinder. The result of these simulations 

showed that for low welding speed, the magnitudes of residual stresses usually are 

higher at both the inner and outer surfaces [19]. One of the parameters that affect the 

control of residual stresses is the heat input (Kumar and Shahi 2011) [20]. Keehan 

(2004) reported that increasing heat input leads to increase the area of the weld bead, 

and results demonstrated that in less number of passes being required to fill up the 

weld completely [21]. 

As briefly mentioned, there is limited work to incorporate the effect of heat input 

and residual stresses of the welded joint for multi-pass pipe welds. In this work, finite 

element approach based on MARC software is developed to simulate residual 

stresses caused by welding in multi-pass welded pipe (2-D) model. The model was 

validated using hardness measurement. The P460NH_1 steel, E355K2 steel and the 

filler (A5.1-04: E6010) and for the second and third passes (A5.5-96: E6010 Al) 

were selected respectively as the material for the welding pipe. 
 

1. MATERIALS AND METHODS 

1.1. The pipe weld joint geometry and welding parameters 

Dissimilar pipes with dimensions of 450 mm in length, with different thickness (11 

mm and 8 mm) and outer diameter 323.9 mm were welded by MMAW process. 

Figure 1 shows the finite element model with all dimensions. The base metals and 

filler metal chemical composition is shown in Table1 and welding parameters are 

shown in Table 2. Mechanical properties for each material are shown in Figure 2, 3 

and 4.  
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Figure 1 

Finite element model of pipe with dimension (mm) 

 

Table 1 

Chemical composition (wt%) 

Materials C S P Mn Si V Cr Cu 

P460NH_1 0.2 0.00

1 

0.02 1.49 0.33 0.2 0.01 0.03 

E355K2 0.13 0.01 0.86 0.86 0.01 0.058 0.02 0.02 

Filler  0.1 – 0.02 0.4 0.14 – 0.1 0.17 

 

 

 

Figure 2 

(a)Young’s modulus and (b) Poisson’s ratio for P460NH_1 

 

 

(a) (b) 
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Figure 3 

(a)Young’s modulus and (b) Poisson’s ratio for E355K2 

 

Figure 4 

(a)Young’s modulus and (b) Poisson’s ratio for E6010 

 

 

Table 2 

Welding Parameters  

Cases. Trial No. Current, I 

(A) 

Voltage, U 

(V) 

Welding 

speed v 

(cm/min.) 

Case A-1 100 19 12.3 

Case A-2 100 22 15.21 

Case B-1 150 19 12.3 

Case B-2 150 22 15.21 

Case C-1 175 19 12.3 

Case C-2 175 22 15.21 

Case D-1 200 19 12.3 

Case D-2 200 22 15.21 

 

 

(a) (b) 

(a) (b) 
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1.2. Validation of the 2D model 

In order to set up the accuracy of the numerical model, validation of the model is 

necessary to predict the residual stress. The cross-section welding part was polished 

after cutting, and the surface of the specimen was etched with HNO3 (nitric acid) 2% 

solution (nitrate etching agent) to show the passes and FZ and HAZ. 

 

 
Figure 5 

Vickers Hardness Testing (H10) on Weld Cross-Section 

 

The hardness measurement was carried out from top to bottom with 12 lines (Figure 

5). The validation of the welding simulation procedure is carried out on a multi-pass 

butt weld with eight tracks. The results are compared with experimental hardness 

test. Figure 5 and 7 show measurements with a microscope-mounted camera show-

ing an average of the measurement distance from the surface at a given point. The 

distances are in millimetre between the points of measurement, and the hardness 

values are in HV10. The hardness distribution from the simulation at the weld of the 

investigated dissimilar material with welding was calculated by using the rule of 

mixtures. Maynier et al. have developed a useful method to predict hardness [22]. 

The total hardness of steel is calculated dependent on the volume fractions of the 

constituents of the microstructure: 

 

 𝐻𝑉 = (𝐹𝑃% ∗ 𝐻𝑉𝐹−𝑃 + 𝐵% ∗ 𝐻𝑉𝐵 + 𝑀% ∗ 𝐻𝑉𝑀)/100.  (1) 

 

The hardness of the microstructures produced is given by: 

 

 𝐻𝑉𝑀 = 127 + 949𝐶% + 27𝑆𝑖% + 11𝑀𝑛% + 16𝐶𝑟% 𝑁𝑖% + 21𝑙𝑜𝑔𝑣𝑅 ,   (2) 

 
𝐻𝑉𝐵 = −323 + 185𝐶% + 330𝑆𝑖% + 153𝑀𝑛% + 144𝐶𝑟% + 191𝑀𝑜% + 65𝑁𝑖% +

(𝑙𝑜𝑔𝑣𝑅)(89 + 53𝐶% − 55𝑆𝑖% − 2𝑀𝑛% − 20𝐶𝑟% − 33𝑀𝑜% − 10𝑁𝑖%),  (3) 

 
HVF−P = 42 + 223𝐶% + 53𝑆%𝑖 + 30𝑀𝑛% + 7𝐶𝑟% + 9𝑀𝑜% + 12.6𝑁%𝑖 +

          ( 𝑙𝑜𝑔𝑣𝑅)(10 − 19𝑆𝑖% + 8𝐶𝑟% + 4𝑁𝑖% + 130𝑉%),  (4) 

 

Where: vR is the cooling rate in K/h; Hv is the hardness (Vickers); XM, XB, XF and 

XP are the volume fractions of martensite, bainite, ferrite and pearlite, respectively; 
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HVM, HVB and HVF+P are the hardness of martensite, bainite and the mixture of fer-

rite and pearlite, respectively. For calculating of HVM, HvB and HVF+P were used the 

formula developed by Maynier et al.  

Figure 6 showed the temperature profile in dissimilar welds joints was validated. 

The light grey region of modelled cross-section denotes fusion zone where the tem-

perature exceeds the melting point (1,700 C), and the colour lines indicate HAZ-1 

and HAZ-2 of the weld. 

 

 
Figure 6 

Temperature profile in dissimilar welds joints 

 

Figure 7 gives information about the comparison between the predicted hardness 

simulation and the actual hardness measurement across weld joints at different re-

gions from the weld centreline near the outer surface.  

 

 
Figure 7 

Comparison of the hardness measurement with simulation  
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The hardness test in base metal 1 (BM1) showed a steady but significant rise, which 

levelled out in HAZ1 and remained steady until the border of HAZ2, where a sharp 

peak occurs. It then falls rapidly to a level that is higher than that in HAZ2. 30 points 

were carried out to compare between the simulation and hardness test measurements. 

It shows good acceptable agreement between the simulation and the experimental 

results. 

 

1.3. Finite element method 

Finite element simulations of the process were performed with MSC Marc software. 

2-D model with fillers was built with (birth and death) element using 8,466 elements 

as shown in Figure 8. By using appropriate mesh optimization technique, a relatively 

fine mesh is generated in and around the weld lines and a comparatively coarse mesh 

is used for areas away from weld line. In numerical simulation analysis, the accuracy 

of the results and required computing time are determined by the finite element size 

(mesh density). According to numerical analysis theory, the models with a fine mesh 

highly accurate results but required longer computing time. On the other hand, the 

model with coarse mesh (large element size) may lead to less accurate results but not 

much computing time. 

 

 
Figure 8 

Finite element meshed model  

 

The equations are used for transient heat transfer and heat source with a double el-

lipsoidal distribution proposed by Goldak et al. during welding is given by [23] 

 

 pc
∂T

∂t(x,y,z,t)
=  −∇q(x, y, z, t) + Q(x, y, z,)  (5) 

 

 Q(x, y, z, t) = 6√3  fiηIV 

abcfπ√π
e

−3(
x−vt

a
)

2

e
−3(

y
b

)
2

e
−3(

z
c

)
2

  (6) 

 

Where p is the density of the materials, c is the specific heat capacity, q is the heat 

flux vector, T is the temperature, Q is the inside heat rate, x, y and z are the coordi-

nates in the system, t is time and ∇ is the spatial gradient operator. The various weld 
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parameters in a double ellipsoidal distribution proposed by Goldak et al. (see Figure 

9).Where x, y, and z are the coordinates of the Goldak double ellipsoid model, π is 

the fraction of heat deposited in the weld region, the heat input rate Q = ηUI/v is 

calculated by welding operational parameters current (I), voltage (U) and η is the arc 

efficiency for the welding process, v is the speed of travel in mm/s, and t is the time 

in seconds. The factors ff and fr denote the fraction of the heat deposited in the front 

and rear quadrant respectively, which are set up to attain the restriction ff + fr = 2. 

The parameters a = 4, b = 3, cr = 5 and cf = 8 are related to the characteristics of the 

welding heat source. 

 

 
Figure 9 

The Goldak double-ellipsoid heat source model 

 

 

2. RESULTS AND DISCUSSION 

To determine the distribution of residual stress in the welded pipe, the input of heat 

is the most important parameter. The results of the numerical simulation analysis 

were compared with eight cases of data to evaluate the residual stresses. Based on 

this study, 2-D modeling procedure with reasonable accuracy was investigated. From 

the results of residual stresses distribution, it is found that by giving the different 

heat inputs to the welding cases, the residual stresses increases as the heat input in-

creased. It is found that as the heat supplied is 115.71, the value of residual stresses 

182 MPa and as we increase the heat input, the residual stress reaches up to a 564 

MPa as shown in Figure 10. Figure 11 shows the residual stresses variations as the 

maximum heat input is supplied. It is shown that the residual stresses are maximum 

at the weld centre which is 564 MPa but as we move away from the centre of weld 

to the edge of the pipe, the residual stresses decrease suddenly which is 100 MPa 

that is known as the zone of heat-affected (HAZ-1) for base metal (P460NH_1) and 

(HAZ-2) for base metal E355K2 after that the stress becomes normal after a certain 

distance. The value of welding parameters cases and distribution of residual stresses 

is shown in Table 3. 
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Table 3 

Welding parameters, Temperature distribution and Residual stresses 

Trial 

Cases 

Current 

(I) 

ampere 

Voltage 

(V) 

volts 

Welding 

speed v 

(cm/min.) 

Heat 

Input 

(J/mm) 

Residual 

stress 

(MPa) 

Case A-1 100 19 12.3 123.5 221 

Case A-2 100 22 15.21 115.71 182 

Case B-1 150 19 12.3 185.36 385 

Case B-2 150 22 15.21 173.57 232 

Case C-1 175 19 12.3 216.26 411 

Case C-2 175 22 15.21 202.49 313 

Case D-1 200 19 12.3 247.15 564 

Case D-2 200 22 15.21 231.42 421 

 

 
Figure 10 

Effect of heat input on residual stresses 
 

   
Figure 11 

(a) Variation of maximum residual stress in with heat input (b) Variation  

of Maximum Residual stresses with distance from the weld centerline  

a) b) 
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Figure 12 represents the variation of residual stress as the minimum heat input is 

supplied. It is shown that the residual stresses are maximum at the weld centre which 

is 182 MPa, but as we move away from the weld centre to the edge of the pipe, the 

residual stresses decrease suddenly which is 10 MPa that is known as the (HAZ-1), 

(HAZ-2) and the stress become normal after a certain distance. From Figure 9 and 

10, we can see clearly that residual stresses can be found in the middle of the model, 

and that is the advantage of prediction using numerical simulation. 

 

 
Figure 12 

a) Variation of maximum residual stress in with heat input  

(b) Variation of Maximum Residual stresses with distance from the weld centerline 

 

 

CONCLUSION 

• To conclude the results of the study, the implemented finite element simula-

tion was able to simulate residual stresses in the welded pipe and the results 

showed a good approximation. Also, it shows the methodology of the simula-

tion of welding using the finite element method.  

• The study presented the mock-up that is needed to create a numerical simula-

tion model.  

• After that, the study summarizes how to build a correct finite element model 

in (2-D) to simulate girt welding. 2-D finite element welding simulation model 

was carried out by MSC Marct software with different thickness and material 

of the pipe. In addition, experiments were carried out so that hardness test 

measurements could be used to validate the 2D finite element model. The re-

sult show close agreement between simulated and experimental hardness in 

the weld.  

• Numerical modeling based on a finite element method for simulation of dis-

similar materials pipe welding has a powerful tool to predict the residual 

stresses in the regions further away from the weld surface. 

• The welding process was simulated with eight different cases parameter. It 

could be concluded that by giving the different heat inputs to the welding sample 

the residual stresses increases as the heat input increased. 

 

a) b) 
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VEGETABLE OILS: POSSIBLE NEW PLASTICIZERS  

IN THE RUBBER INDUSTRY 
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Abstract: The main goal of the research was to answer the question whether vegetable oils 

can be used as natural plasticizers for the rubber industry. To find out, we analyzed four types 

of vegetable oils (olive, rapeseed, sunflower and castor oil) by thermal analytical methods 

(DMA, TSDC) and compared the results with each other. Two hypotheses were set up, one 

is that vegetable oils will behave as a kind of macromolecule. The other hypothesis was that 

different fatty acid composition results in different relaxation processes and glass transition 

temperatures. Both of the hypotheses proved to be correct. 

Keywords: vegetable oils, oil, plasticizers, thermal analytical method, DMA, TSDC 

 

 

INTRODUCTION 

The advantages of using vegetable oils in the plastics industry are as follows: they 

are renewable materials, their low price, and their environmental impact is moderate 

[1]. Using vegetable oils as plasticizers is not an over-researched area, there are only 

few studies about this topic, but oils could be important new materials, because they 

reduce material costs, without significant deterioration of the properties. Further-

more, there is a negative image in the consumers mind about phthalic acid esters, 

hence new plasticizers of natural origin could get better judgement.  

 

1. MATERIALS AND METHODS 

1.1. Materials 

Oils are built of triglycerides, which consist of fatty acids and glycerin linked to each 

other. Fatty acids are carboxylic acids, they can be divided into two groups, depend-

ing on whether they contain a double bond, or not: saturated (do not contain double 

bond) and unsaturated (contain double bond) fatty acids. Notation: Cn: k, where n is 

the number of carbon atoms, and k is the number of double bonds. [2] 
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The oil samples’ theoretical fatty acid composition was used in the analysis. The 

composition of the oil samples based on data from technical literature. All mentioned 

studies determined the composition of the oils by gas chromatography. The data was 

collected from different studies (olive oil: [3, 4, 5]; rapeseed oil: [3, 5]; sunflower 

oil: [3, 6]; castor oil: [7], [8, 9]). Then we calculated the theoretical fatty acid values 

with arithmetic mean. The comparative chart shows only the most important fatty 

acids (Figure 1). For easier comparability, we labelled the six most abundant fatty 

acids; the other ingredient contains both saturated and unsaturated fatty acids, but 

they occur in very small amounts in the tested oils. 

 
Figure 1  

Theoretical fatty acid composition of the oil samples 

 

 

1.2. Measuring methods 

The vegetable oil samples were examined by thermal analytical methods. Thermal 

analytical methods are suitable for analysing transformation processes. In general, 

the principle of this type of methods is to measure a property (mass, modulus, etc.) 

as a function of temperature [10]. The methods can be used on their own, but using 

several methods at the same time we could get more well-grounded conclusions. In 

a similar study, Senatra et al. [11, 12] also examined fluids (oil-water emulsion) by 

thermally stimulated depolarization current, but they compared the results with the 

results of differential scanning calorimetry. 

 

1.2.1. Parameters of the Dynamic Mechanical Analysis (DMA) 

Because of the low viscosity, the shear (rotary) mode would be the only possible 

way to perform the DMA, thus a new method had to be developed due to the capa-

bilities of the device. Ichemaguba [13] developed a method for testing plasticizers, 

where he measured 35 × 10 mm rectangular borosilicate glass filter paper impreg-

nated with plasticizer, in dual cantilever mode. We followed this method, however 

higher capacity 150 g/m2 non-woven fabric was used in single cantilever mode. This 

greatly improved the sensitivity of the method. The initial temperature was –120 °C, 
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and the heating rate was 2 °C/min. Measurements were made at 1 Hz frequency with 

± 32 μm deformation. 

 

1.2.2. Parameters of the Thermally Stimulated Depolarization Current (TSDC) 

The oils were soaked in borosilicate “glass paper” filter with a pore size of 2.6 μm. 

According to the preliminary measurements, this material is two orders of magnitude 

less polarizable than the tested oils. The polarizing temperature was 50 °C, with  

–120 °C initial temperature. Both the cooling and the heating rate was 5 °C/min. The 

polarizing electric field strength was 500 V/mm. The evaluation was done with a 

special program developed by Marossy. 

 

2. RESULTS 

2.1. Results of the Dynamic Mechanical Analysis (DMA) 

 
Figure 2 

DMA curve of olive oil 

 
Figure 3 

DMA curve of rapeseed oil 

 

 

 
Figure 4 

DMA curve of sunflower oil 

 
Figure 5 

DMA curve of castor oil 

 

The glass transition temperature (Tg) belongs to the highest intensity peak of the 

mechanical loss factor (tg δ, marked with dashed line), which is the lg E’ (storage 

modulus, marked with a solid line) curve’s inflexion point [14]. 
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Olive oil’s (Figure 2) and rapeseed oil’s (Figure 3) DMA curves are very similar, 

they have several transitions, which is indicated by several peaks. According to the 

theoretical fatty acid composition, these oils have the highest oleic acid content 

among the four samples, and also have the highest glass transition temperature. From 

this, it can be deducted that the lower the oleic acid content, the lower the glass 

transition temperature. 

The curve of sunflower oil (Figure 4) has the most peaks (four), this indicates 

four transition processes. Sunflower oil contains the largest amount of linoleic acid. 

The DMA curve of castor oil (Figure 5) is the most similar to the elastomers typical 

DMA curve. There is only one peak, so only one transition process, and castor oil 

has the lowest glass transition temperature (–49.8 °C) among the four oils tested 

according to DMA. This is probably due to the very high content of ricinoleic acid 

(~90%), which is a special unsaturated omega-9 fatty acid, having a hydroxyl func-

tional group joined its 12nd carbon atom [15]. Thus ricinoleic acid (and castor oil 

itself) is more polar than most fatty acids. Probably the fatty acids’ polarity affects 

the oils’ glass transition temperature: the more polar the oil, the lower the Tg. Fur-

thermore, it can be assumed that ricinoleic acid is a macromolecule, since castor oil 

shows the characteristic of polymers according to DMA. 

Table 1 

Glass transition temperatures according to DMA 

Oils Olive oil Rapeseed oil Sunflower oil Castor oil 

Tg [°C] –3.9 –11.4 –15.0 –49.8 

 

Based on the curves, it can also be stated that the olive oil with the largest saturated 

fatty acid content has the highest glass transition temperature, followed by in de-

scending order – Tg and also in terms of saturated fatty acid content – rapeseed, sun-

flower and castor oil. It can be concluded that the lower the saturated fatty acid con-

tent, the lower the glass transition temperature. 

 

2.2. Results of the Thermally Stimulated Depolarization Current (TSDC) 

The alpha relaxation (glass transition) is determined by the main chain’s segment 

movement, whilst the beta relaxation is associated with the side groups’ movement 

[16]. Olive oil’s TSDC curve (Figure 6) is very similar to DMA: it shows three 

peaks, so multiple transformations, which suggests that there are independent mo-

lecular motions in the material. The peak at –67.5 °C presumably indicates α relax-

ation, while the other two flatter peaks at –93.5 °C and –39.7 °C indicate β relaxation.  

Rapeseed oil’ TSDC curve (Figure 7) shows only one peak in the –100…–50 °C 

range (at –87.5 °C), unlike its DMA curve. This peak refers to α relaxation, and this 

oil has the lowest glass transition temperature according to the TSDC measurements.  

Sunflower oil’s TSDC (Figure 8) and DMA curves are similar. There are four 

peaks, several transformation processes takes place in it. The three flatter peaks 

(–107.0, –93.6 and –78.0 °C) may indicate β relaxation, while the peak with the 

highest intensity (at –23.5 °C) indicates α relaxation. 



24                             Eszter Borsodi – Kinga Tamási – Kálmán Marossy 

 

  

 
Figure 6 

TSDC curve of olive oil 
 

 

 
Figure 7  

TSDC curve of rapeseed oil 
 

 

 
Figure 8 

TSDC curve of sunflower oil 
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Figure 9 

TSDC curve of castor oil 

 

Castor oil’s TSDC curve is also similar to its DMA results (Figure 9): one separate, 

high intensity peak in the –100…–50 °C temperature range, at –62.5 °C, which rep-

resents α relaxation. This very high intensity peak (which almost reaches 700 pA 

depolarization current, much larger than the other oils’ largest intensity) is also refers 

to the castor oil’s highly polar nature due to its high content of ricinoleic acid. 

Rapeseed oil has the lowest (–87.5 °C), and castor oil has the highest (–62.5 °C) 

glass transition temperature according to the TSDC measurement. 

 

CONCLUSION 

Four different types of vegetable oils (olive, rapeseed, sunflower and castor oil) was 

tested by dynamic mechanical analysis and thermally stimulated depolarization cur-

rent. The oils showed similar behavior to macromolecules, thus they can be possible 

new plasticizers in the rubber industry. Furthermore, different fatty acid composition 

resulted in different transition processes. 

Summarizing the results of DMA and TSDC measurements the following addi-

tional findings can be made: 

1.  We cannot assign a particular glass transition temperature, we can only deter-

mine a temperature range. 

2.  Glass transition temperature also depends on the measurement method. 

3. The DMA curve represents the peaks in one block, while TSDC is a more 

sensitive method with more accurate values, but the sample preparation takes 

more time in this method. 

4.  DMA is advantageous if we want faster measurement, and less accurate results 

are sufficient for us. 

5.  Based on the DMA curves, I assume that the highest amount of fatty acid in 

the oils affects the glass transition temperature. 

6.  As shown in Figure 10, there are extreme differences between the identified 

glass transition temperatures for a given sample (the most outstanding differ-

ences are observed for olive and rapeseed oil). 
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Figure 10 

Comparison of DMA and TSDC results 
 

7. In terms of the shape of the curves, castor oil showed the greatest similarity 

between the two methods, in addition to similar Tg values were also produced. 

Furthermore, the castor oil’s curve shape approaches very well the typical 

thermomechanical curve of elastomers. This is presumably due to the high 

lactic acid content (close to 90%), which has a strongly polar character. This 

sample had the most intense depolarization current peak, approx. seven times 

larger the other oils’. 

8. The curves of olive and sunflower oil also show similarities in both measure-

ment methods, but their shape contains several peaks unlike castor oil. In the 

case of rapeseed oil, the curves of DMA and TSDC differ significantly in 

terms of their shape and intensity of peaks. 

 

The transition temperatures can be used to calculate the activation energy, which is 

the basis of thermodynamic compatibility. The accurate fatty acid composition of 

the oil samples could be defined by Gas Chromatography-Mass Spectrometry, then 

the solubility parameter of the natural rubber and the oil plasticizers could be deter-

mined. Knowing these data, it is possible to give a theoretical estimation for the rub-

ber mixtures’ thermodynamic and chemical compatibility. 
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THE ROLE OF METALLOGRAPHY IN THE RESTORATION  

OF AN INCENSE BURNER FROM PERSIA 

 

TAMÁS BUBONYI1 – SZILVIA GYÖNGYÖSI2 – LEA NAGY3 –  

PÉTER BARKÓCZY4 – ESZTER BAKONYI5 

 

 
Abstract: Before the restoration of a metallic object, detailed analysis of the metal and the 

microstructure could provide useful information about the techniques used for producing it. 

Additionally, it is possible to obtain data about the metal and the object, which expands the 

knowledge about the origin of the object and its raw material. This study introduces this field 

through the metallographic analysis of an incense burner from Persia, from the Quajar period 

of the 19th Century Iran. The results of the metallographic investigation are not only used for 

the restoration work but also for archaeometry and archeology. The burner was made from a 

heterogeneous brass alloy. The antecedents of the burner were unknown so local heating was 

applied to avoid the brittle breakages. Selenium content was detected in the sulfide inclusions 

which shows a Near-East origin of the raw material. 

Keywords: metallography, restoration, chemical analysis, selenium, brass 

 

 

INTRODUCTION 

An incense burner from Persia was examined (Figure 1). This burner is owned by 

the Ferenc Hopp Museum of Asian Arts and is exhibited in Budapest. The burner 

was damaged, the body was broken, and some small part were missing. Lea Nagy 

made the repair and restoration of the burner [1]. Due to the large extent of defor-

mation, it was an important question if the raw material was brittle or ductile. This 

basic property of the metal determines the best practices during the manufacturing 

process [2]. Additionally, it was necessary to complement the missing part. Chemical 

analysis was needed to choose the best alloy for the restoration [3, 16, 17]. However, 
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the chemical composition by itself was not enough to make the suitable replacement. 

To determine the original production method was also necessary to approximate the 

original status and outlook after the repair [4, 11]. Therefore, a full metallographic 

description was necessary before the restoration and repair could begin [5, 13, 18]. 

The basic steps of the production can be identified by the status of the microstruc-

ture [6]. These steps are casting, plastic deformation and heat treatment [7]. Based on 

the alloy and the microstructure, basics of the production technology can be reverse 

engineered [8, 19]. A detailed quantitative description of the microstructure gives a 

chance for a more detailed analysis and description of the circumstances of the pro-

cessing. Optical microscopy is the best investigation method for the microstructure, 

and additional SEM-EDS analysis helps to identify the different phases or precipita-

tions based on their local composition. Sometimes the surface condition, possible layer 

is also important. In these cases, the SEM-EDS study also helps [9, 14, 15]. 

Metallographic analysis belongs to the destructive material testing methods [10]. 

Taking sample from the objects is necessary. This is not a problem before the restora-

tion, however, the size of the samples in case of artifacts is small in almost every case, 

so it is important for the sample to represent the whole artifact [11]. In the case of the 

burner the damaged part has a graved lace like fine structure, so the relevant sample is 

consequently very tiny. To see the importance of the questions, a detailed analysis and 

description was performed, and the results are summarized in this article. 

 

   

Figure 1 

The examined incense burner and the lace like broken part in larger magnification 

 

1. MATERIALS AND METHODS 

A sample was cut from the lace like parts, and the cross-section of the sample was 

examined. The preliminary SEM-EDS analysis shows that the raw material of the 

burner is brass. Therefore, the sample was grinded and polished mechanically. The 

polishing was performed with 3 and 1 µm diamond particles. Immersion etching was 

applied using FeCl3 solution. The microstructure was observed with a Zeiss AxioIm-

ager M1m microscope. The SEM-EDS analysis was made by Árpád Kovács at LISA 
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Strategic Research Infrastructure of the Faculty of Materials Engineering, University 

of Miskolc. A Zeiss EVO MA 10 SEM was used with an EDAX EDS system. 

 

2. RESULTS AND DISCUSSION 

As visible on Figure 1, the lace-like part of the burner is broken. The larger magni-

fication shows the fine structure of this lace-like part. Elements with small cross 

sections hold the top of the burner. The picture suggests that this is a carved and 

inwrought part. A small piece of the material was removed and analysed with SEM-

EDS. Figure 2 shows the micrograph of this part. 

 

   

Figure 2 

SEM micrograph taken from the examined part of the burner (left) and  

the prepared cross section of this sample (right) 

 

The SEM micrograph of Figure 2 clearly reveals the traces of carving, so this is the 

necessary technique of production and ornamenting the extensions. The surface of 

the sample was analysed. The analysis shows that the sample is brass with 30 w% 

zinc content. Additionally, 1 w% silver and extremely high 8 w% lead content was 

measured. Consequently, in the following tests, the sample was handled as brass. 

The lead content on the other hand was too high, so the cross section must be ana-

lysed as well to compare with the surface for identifying the extent of the corrosion. 

The corrosion process causes the segregation of lead to the surface of the metal. 

The SEM –EDS analysis of the cross section of the sample shows 35.5 w% zinc 

content and 0.5–1 w% lead content. Silver was not detected in the bulk. This large 

difference of the lead content at the surface and the bulk shows a strong corrosion, 

which was not trivial at the first observation of the burner. As a result, the cleaning 

of the surface was necessary during the restoration. The zinc content suggests inho-

mogeneous brass which can be seen on Figure 3. The β islands and pins exists in an 

α matrix. The pins of β draw the dendritic structure of the raw material. This suggests 

a cast raw material. On the microstructure of Figure 2, the heterogeneous structure, 

where the top and the bottom of the sample contains more β than the central area of 

the cross section, can clearly be seen. This shows that a thin plate was cast, and this 
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plate was then manufactured. The large cooling rate caused the segregation at the 

surface area. This is supported by the dendritic-like structure as well. The differential 

interference contrast (DIC) micrographs of the sample (Figure 4) reveal the twin 

boundaries and small grains, which are typical after the recrystallization process. 

These can be observed mainly near the surface. The carving creates plastic defor-

mation, and the microstructure shows that the material was heat-treated, annealed 

after carving. The fast cooling can produce brittle brass due to the β- β’ transfor-

mation, and annealing can increase the ductility of the material. 

 

   

Figure 3 

Optical micrographs from the microstructure of the burner 

 

   

Figure 4 

The microstructure of the examined sample illuminated and  

analysed by DIC technique 

 

Next to the β, other phases-inclusions were revealed by the optical microscopic ob-

servation. Therefore, a detailed SEM-EDS analysis was performed. Figure 5 shows 

the SEM micrographs, where the different analysed phases are marked with num-

bers. The left image shows the typical appearance of α (1) and β (2) phases. The α 

phase contains 35 w/w% zinc while the β contains 45.3 w% zinc. The right image 
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also shows the α (1) and the β (3, 4) phases with the same composition. It is interest-

ing that the microstructure contains pure copper (2, 5) which shows that the alloying 

of the raw material was not properly performed. Comparing the above information 

with the plausible manufacturing method, it is possible that the alloy was produced 

only for this object. 

On the left micrographs of Figure 5, number 3 denotes the lead inclusion. It is 

white in the SEM micrographs due to the larger atomic weight related to the sur-

rounding. These inclusions appear to be pure lead, the copper cannot solve the lead 

either in liquid or solid state. Therefore, the lead forms smaller or larger drops during 

solidification, and solidifies in this form at the beginning of the cooling of the melt. 

Figure 6 shows this in larger magnification, and the analysed drops are denoted by 

1. Number 2 denotes phases in both micrographs, where the local chemical analysis 

detected a high content of selenium. 

 

   

Figure 5 

Different kinds of phases and the positions of the local chemical analysis  

in the microstructure of the sample from the burner 

 

   

Figure 6 

Positions of the local chemical analysis of selenium containing inclusions,  

and their morphology 
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These phases are basically copper-sulphide inclusions from the smelting process. 

Additionally, beside the sulphur these contain 9 w/w% selenium too. The sulphur 

and the selenium are chemically compatible and can substitute each other in the same 

chemical reactions. So, the sulphide copper ores can contain selenium, and the smelt-

ing process will be the same. 

The copper-selenides are rare; therefore, they can be used as a trace of the origin 

of the ore. One typical place where selenides can be found is the Near-East, the esti-

mated origin of the burner. Due to the large fossil deposition (oil basin) the selenium 

content of the copper ores can increase. This phenomenon and the inclusions show 

the origin of the burner next to the typology, the ornaments and the documentation. 

The metallography of a small part of the burner revealed that the raw material of 

the burner is heterogeneous brass with some small-sized lead and sulfide inclusions. 

The possible manufacturing of the damaged lace-like part is: 1. casting a plate, 2. 

preparing the carved and inwrought pattern, 3. heat-treatment. The alloy could be 

brittle based on the chemical composition and the possible manufacturing method. 

A short-term local heat treatment was applied (~450 °C) before the bending of the 

material in the damaged parts. The extensions were made from common brass 

(C26000). The chemical composition of wire brass (C27000) is closer to the burner, 

although it has a higher tensile strength, and acts like a spring. The cold-rolled state 

was used for carving. First soldering was planned to fix the parts in the damaged 

area, but the structure was too fine for a successful application. Finally, sticking was 

used. Special high strength glue was applied due to the possible remaining elastic 

stresses. 

 

CONCLUSIONS 

An incense burner originated in Iran was examined before the restoration work. The 

burner was broken, and some parts were missing, so a large repair and substitution 

work was necessary. For this work the analysis of the chemical composition was 

necessary. The bulk material is brass (35.5 w% Zn and 0.5–1% lead). The material 

was cast to a plate, then ornamented by carving. After the carving the burner was 

annealed. The basic question of the repairing was the ductility of the raw material. 

This is a heterogeneous brass material, which can be brittle, especially if the esti-

mated manufacturing method is taken into consideration. So, the local heating of the 

bent parts was suggested. Additionally, the lead content was extremely large at the 

surface, which indicates an intensive corrosion of the burner, so the cleaning was 

also suggested. During the metallographic analysis, copper-sulfide inclusions were 

found which have large selenium content. These inclusions are from the smelting 

process and were used as trace to point to the Near-East as the origin of the raw 

material. Based on this information the whole repair was made, and the object can 

be exhibited. 
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THE EFFECT OF COREMAKING PARAMETERS  

ON THE THERMAL DISTORTION BEHAVIOUR  

OF RESIN-COATED SAND 

 

IMRE BUDAVÁRI1 – LÁSZLÓ VARGA2 

 

 
Abstract: In the shell core making process, to achieve precise dimensions, good surface 

quality, and defect-free casting, it is essential to optimize the proper technological parame-

ters. These parameters influence the properties of the core through the curing mechanism of 

the novolac binder. To avoid uneven deformation or defects during the pouring process, it is 

very important to understand the complex phenomenon that takes place at the core/metal 

interface. In the research work, the effect of the curing time and curing temperature on the 

hot distortion properties of resin coated sand was investigated. Tests were made using Hot-

Distortion Tester laboratory equipment, where the deformation and degradation time was 

measured. It was established, that higher curing temperature and curing time lead to higher 

deformation and smaller thermal strength of the resin-coated sand cores. 

Keywords: resin-coated sand, thermal load, hot-distortion, deformation, degradation 

 

 

INTRODUCTION 

The shell process, also called croning process, was developed in Germany during 

World War II by Johannes Croning. It is widely used for making shell moulds and 

shell cores for the manufacturing of small and medium-sized aluminium, cast iron 

and steel products. In this process, resin-coated sand or precoated shell sand is used 

as a moulding material.  The coated sand is blown into a preheated core-box or 

dumped into a heated pattern plate. The resin is melted and then cured thus the core 

or the mould is hardened [1].  

The resin-coated sand is characterized by good flowability, good strength, and 

good shakeout characteristics. Because of its advantageous properties complicated 

solid and also hollow cores can be produced that provide good surface finish, high 

level of dimensional accuracy and thus near-net shaped castings in the production 

[2], [3]. 
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To control the quality of sand cores or moulds, and to achieve improved produc-

tion efficiency it is necessary to understand the curing mechanism of the phenol-

formaldehyde based novolac resin since it has a significant impact on the properties 

of the produced shell core or mould [1]. 

According to the literature [4], the reaction between the novolac resin and the 

curing agent (so called hexa) is a multi-step polycondensation reaction that takes 

place at three stages: during.  

In the coating, the core or mold making, and the metal pouring. In the coating 

process, when the hexa is added to the sand-resin mixture, the novolac is partially 

cross-linked. Using high precoating temperature [5] leads to a fully cured polymer 

that prevents proper coating, causing deterioration in the quality of the resin-coated 

sand. For example the hot-tensile strength can be reduced.  

During the core making procedure, the resin-coated sand is blown into the heated 

core-box. In this stage, the resin is called A-resol, which creates a solid film around 

the sand grains. When the coated sand interacts with the high-temperature core-box 

the resin starts to melt and plastically flow between the sand grains. The novolac 

transforms into the B-resitol stage, which is a thermoplastic condition. Uprising the 

temperature of the sand mixture, the curing agent breaks down into formaldehyde 

and ammonia. The free formaldehyde reacts with the hydroxyl group of the phenol-

formaldehyde novolac resin through an irreversible reaction. The resin transforms 

from a thermoplastic state to a thermosetting one, which is a fully cured state called 

C-resit, which can be characterized as hardened, rigid resin [6]. Different states of 

the resin during the core making process can be seen in Figure 1. 

 

 

Figure 1 

The transformation of the novolac resin during the core making procedure [6] 

The extent of the cross-linking reaction can be controlled with the combination of 

curing time and curing temperature. The curing time is a time interval in which the 

resin-coated sand is exposed to heat in the core-box. The curing temperature means 

the elevated temperature at which the curing process takes place. Monitoring these 

two technological parameters during the core making process plays a vital role in 

achieving the desired mechanical strength of the core to withstand the handling, 

transporting and physical contact of the molten metal during the pouring process [5]. 
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By increasing curing time and curing temperature, the desired wall thickness can be 

achieved. Using excessive high curing temperature results in an over-cured, brittle 

core, which may lead to erosion, cracking or breakdown of the core when it is inter-

acting with the high-temperatured molten metal. On the other hand, the under-cured 

core may not have enough strength to withstand the mechanical loading induced by 

the handling process, causing early breakage. The other adverse effects are excessive 

thermoplastic relaxation and gas evolution during the pouring process. The curing 

temperature is generally between 204–316 °C [7]. 

To help the foundries in setting the optimum curing temperature, at which the 

crosslinking reaction will be fully completed, several studies [4], [8], [9] were car-

ried out to investigate the structural changes before and after the curing reaction, 

while other studies [10], [11], [12] focused on the thermal degradation due to the 

thermal exposure. According to Woo Chun-Chiao et al. [4] the curing temperature 

should be higher than 150 °C and lower than 300 °C. The investigation showed that 

the shell cores possess their optimum strength at 260 °C without burning-out of the 

cross-linked resin.  

In practice, the resin-coated sand is characterized by its physical properties such 

as grain-size distribution, loss on ignition (LOI), and cold and hot tensile strength 

[1]. Measuring of these properties cannot provide sufficient information about how 

does the chemically bonded sand core reacts when it is interacting with the high-

temperature molten metal. At the core/metal interface a complex thermomechanical 

phenomenon takes place. When the liquid metal is poured into the mould, it contacts 

the sand core. As a result of the rising temperature, complex unfavorable reactions 

can be observed: polymorphous changes in the refractory sand, thermoplasticity, 

thermal deformation and degradation in the binder system. This phenomenon signifi-

cantly affect the final casting shape, dimensional accuracy, and surface quality. In 

some cases, it may cause deformation, veining defects and early collapsing of the 

core. To prevent these defects it is important to apply proper core components, and 

proper technological parameters in the core making process [13].  

To research the thermal behaviour of the chemically bonded sand cores, different 

methods are used. The first measuring device for the investigation of hot-distortion 

properties of sand cores was developed in 1966 by the British Cast Iron Research 

Association (BCIRA). In this case, a 115 mm × 25 mm × 6 mm sized specimen is 

heated from the bottom by a gas burner. The basics of the methodology of the BCIRA 

test device were presented in publication [14]. This device was further developed by 

the Simpson Gerosa Company. In the case of Hot Distortion Tester [15], the speci-

men is heated with a gas burner that is controlled with a gas flowmeter. The distor-

tion of the specimen is measured with a displacement sensor of 0.01 mm accuracy. 

The loading force is constant, 0.3 N by the displacement sensor. The results of the 

investigation can be used to identify the thermal expansion, hot brittleness, burn-out 

rate and hot-strength of the chemically bonded sand core. The polish DMA apparatus 

[16] is another device that uses the principles of the BCIRA equipment. The rectan-

gular cross-sectioned specimen is also heated from the bottom, however, in this case 

with a halogen radiator. The device has a complex automatic measurement system 
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such as a microprocessor-based system for the programming of the heating parame-

ters, an automated drive for specimen movement with auto-positioning-, and a super-

precise sensor. The temperature of the specimen can be measured through a pyrom-

eter and an infrared thermal camera. The LRu-DMA apparatus [13] is a further de-

veloped device. In this case, two special heaters provide the thermal load for the 

specimen from the bottom and the top. A new way of measuring the thermal behav-

iour of sand cores was developed at Western Michigan University. The Thermal 

Distortion Tester [17] is used to measure the deformation of a sample of sand of 50 

mm diameter and 8 mm thickness. With this apparatus, precise thermal loading can 

be set. The specimen loading is between 3.5–5 N. The longitudinal and the radial 

distortion of the sample can be measured. 

Several research work [7], [17], [18], with most of the above-mentioned measur-

ing devices were published in the last decades. Unfortunately, only a few publica-

tions are available about the Hot-Distortion Tester (developed by Simpson Gerosa 

company). In reference [15], Scott McIntyre and Scott M. Strobl presented the equip-

ment through the describing of the thermal behaviour of resin-coated sand. The spec-

imen is heated from the bottom and the distortion of the specimen is measured over 

time. The resulting hot-distortion curve based on the investigation can be seen in 

Figure 2. 

 

Figure 2 

Hot-distortion curve of the resin-coated sand 

The hot-distortion curve of the resin-coated sand can be divided into four-sections: 

upward deflection, thermoplastic relaxation, thermosetting, and thermal degrada-

tion – failure. 

The specimen is exposed to the heat generated by the gas burner. Because of the 

uprising temperature of the sample, the sand begins to expand. In the case of quartz 

sand, polymorphous structural changes can be observed. Due to one-sided heating, 

thermal difference is developed in the specimen. The rate of heat expansion of the 

sand is greater at the heated side of the specimen than at the opposite side. This leads 

to the upward deflection of the sample that is recorded as positive deformation value. 

According to the literature [15] this stage is strongly determined by the type, shape, 
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size and bulk density of the sand. Higher positive deformation of the sand cores may 

lead to the dimensional inaccuracy of the casting.  

Further thermal exposure leads to structural changes in the binder system. The resin 

bridges between the sand grains begin to soften, and the residual hexamethylene-tetra-

mine decomposes to formaldehyde and ammonia. The viscosity of the resin drops, and 

the end of the specimen moves downward which is recorded as negative deformation 

values. If the core shows high plasticity it may result in the deflection of the core. In 

this case, the dimensions of the produced casting are outside of the required dimen-

sional tolerances. On the other hand, low plasticity may result in hot tearing and 

veining defects.  

The released formaldehyde reacts with the phenolic resin and further cross-link-

ing takes place. This mechanism determines the thermosetting stage.  

After continuous heat loading, the binder burns-out, which results the mechanical 

failure of the specimen. The length of time from initial heating to the mechanical 

failure of the specimen describes the hot strength of the resin binder. In case of low 

hot strength, early core breakage can occur during the casting process. On the other 

hand, high hot strength may result in poor shake-out characteristics of the core [15].  

Investigation of the thermal behaviour of resin-coated sands with the Hot-Distor-

tion Tester results in a better understanding of the effect of various components on 

the shell core characteristics. This may lead to more efficient production of quality 

castings. 

1. MATERIALS AND METHODS 

As it was mentioned above, the curing time and curing temperature strongly influ-

ence the properties of the resin-coated sand. Because of that, this paper aims to in-

vestigate the effect of these technological parameters on the thermal behaviour of 

resin coated sand using the Hot-Distortion Tester. Based on the hot-distortion curves, 

the authors focus on the analysis of the maximum deformation and degradation time 

of the samples.  

The experiment was conducted at the sand laboratory of the Foundry Institute, Fac-

ulty of Materials Science and Engineering, University of Miskolc. In the course of our 

research work, the resin-coated sand used for making the hot-distortion samples was 

the PLASTSIL precoated sand. The applied curing time and curing temperature values 

are presented in Table 1.     

Table 1  

The applied technological parameters 

Resin coated sand: PLASTSIL 

Curing 

time [s] 

Curing temperature [°C] 

240 260 280 300 

15 

Recording of hot-distortion curves 

Determination of max. deformation [mm] and degradation time [s] 

30 

60 

90 
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The experimental process of this study (see Figure 3) can be divided into two parts. 

First, the physical properties of the resin-coated sand were investigated which in-

clude the determination of the moisture content, loss on ignition, grain size distribu-

tion and specific surface of the pre-coated resin sand. The second part of the inves-

tigation consisted of the preparation of the hot-distortion samples and the hot-distor-

tion test.  

 
Figure 3 

 The steps of the experimental process  

In the case of resin-coated sand, the moisture content is generally not a problem, 

because it evaporates during the hot coating process when the sand is heated to about 

120–150 °C. If the moisture content is high, it slows down the curing rate of the 

binder system, which leads to the deterioration of core strength [1]. In this study, the 

resin-coated sand was dried at 120 °C in a Kern DBS-60 moisture analyzer. The 

drying process was finished when further weight changes could not be observed. 

The loss on ignition (LOI) is a property that represents the resin content and the 

amount of different volatile organic compounds in the sand mixture. The LOI test of 

the pre-coated sand gives an approximation of the percentage of the resin content 

[1]. During the test, 2 grams of the dried sample was weighed into a ceramic crucible. 

The weight of the samples and the crucibles were measured with an OHAUS Ad-

venturer-Pro analytical scale which has an accuracy of 0.0001 g. Three consecutive 

measurements were performed during the investigation. The three pieces of the cru-

cible were heated up to 900 °C in an electric furnace. The holding time was 20 

minutes. Then the samples were removed from the furnace and let to cool down to 

measure its weight. The process was repeated until the weight changes were not 

higher than 0.001 g. From the initial and residual weight, the percentage of the LOI 

was calculated.  

In the research work, the determination of the granulometric properties of the 

resin-coated sand included the examination of the grain size distribution and the spe-

cific surface of the shell sand.  

The grain size distribution and the specific surface strongly influence the strength 

properties and gas permeability of the sand core. According to the literature, it is 

necessary to remove the resin film from the sand grains before investigating these 

properties. Because of that, the PLASTSIL resin-coated sand sample was held at 

900 °C for 1 hour. Then the grain size distribution of the uncoated sand grains was 

measured with a Fritch Analysette 3 Pro sieve shaker. The device has 7 pieces of 

meshes with aperture sizes of 0.063–, 0.1–, 0.2–, 0.315–, 0.6–, and 1.0 mm. The 
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sample weight was 50 g. The amplitude of the sieving was 2 mm and the sieving 

time was 15 minutes. After the sieving process, the retained sand on each mesh was 

weighted and from the results, the grain size distribution and the average grain-size 

were calculated. The average of two consecutive measurements was used for the 

evaluation.  

To measure the actual specific surface of the uncoated sand (surface area per unit 

weight of the material), a DISA POF type sand specific surface testing apparatus was 

used. The investigation is based on the Blaine method. During the examination, 50 

grams of sludge-free sand is placed in the burette of the equipment, and the volume 

of the sand is noted. Based on the time required for a fixed volume of air to pass 

through the sand sample, the actual specific surface can be evaluated by using the 

graph given by the producer of the equipment. The specific surface of the sand is 

derived from the average of three consecutive measurements. The coefficient of an-

gularity describes the angularity of sand grains, which is the deviation from the spher-

ical shape. It can be calculated as the quotient of the measured and the theoretical spe-

cific surface.  

To investigate the deformation behaviour of the resin-coated sand, hot distortion 

tests were performed. With using a core blowing equipment, rectangular cross-sec-

tioned specimens having dimensions of 114.3 mm × 25.4 mm × 6.35 mm were pro-

duced. During the process in each case, 5 pieces of samples were investigated with 

combinations of different curing time and curing temperature (see Table 1). The 

blowing pressure was 6 bar. The hot-distortion tests were conducted with a Hot-

Distortion Tester. One end of the specimen is fixed, while on the other end of it a 

displacement sensor is placed. The sand specimen was heated from the bottom using 

the gas burner controlled by a gas flowmeter. The ratio of natural gas and the air was 

50 : 30. When the specimen is exposed to heat, deformation can be observed that is 

recorded with the displacement sensor in time. The result of the investigation is pre-

sented in hot-distortion curves (see Figure 2). In Figure 4 the core blowing machine 

and the Hot-Distortion Tester are shown. 

 
Figure 4 

The Core blowing machine (left), and the Hot-Distortion Tester (right) 

2. RESULT AND DISCUSSION 

The results of the preliminary tests of the resin-coated sand are summarized in Fig-

ure 5. The bar graph shows the retained sand in the function of the different sizes of 
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the meshes. It can be established that the investigated sand grains mostly fall into 

three size regions: 0.1–0.2 mm, 0.2–0.315 mm and 0.315–0.6 mm. The average grain 

size was 0.23 mm. The sand has a high specific surface with a value of 205 cm2/g. 

The high specific surface value of the sand can be attributed to the small grain size, 

the grooved surface quality and the angular morphology of the sand. This latter state-

ment is confirmed by the calculation of the angularity coefficient, which has a value 

of 1.86.  

 
Figure 5 

The grain-size distribution and the other physical properties of the resin-coated 

 

 

It appears that the resin-coated sand has a low moisture content having a value of 

0.06%. This means that the moisture will not adversely affect the curing of the resin. 

According to the loss on ignition test, the resin content of the PLASTSIL resin-

coated sand is 3.4%. This high amount of resin content is typically used for shell 

mold and shell core during the cast irons and steel casting production. 

During the experiments, 80 pieces of rectangular cross-sectioned samples were 

produced with a combination of different curing times and curing temperatures.  Ob-

servation of the samples produced with different technological parameters is shown 

in Figure 6. It can be seen that the color of the produced samples changes from yel-

low to dark brown. According to the earlier literature, this color-changing gives in-

formation about the extent of curing. Unfortunately, several parameters affect the 

color of the resin-coated sand core during the manufacturing process. The color var-

iation of the precoated sand is strongly influenced by the raw sand and its impurities, 
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the quantity of additives, etc. To determine the optimum curing conditions, it is ad-

visable to investigate the strength and thermomechanical properties of the resin-

coated sand.  
 

 
Figure 6 

Resin-coated sand samples produced  

with different curing time and curing temperature 

 

During the hot-distortion test, five pieces of samples were produced with a given 

curing temperature and curing time. From the recorded hot-distortion curves the 

max. deformation and degradation time were determined and average values were 

calculated. In Figure 7, those curves are presented that are closest to these average 

max. deformation and degradation times. 

As can be seen, the hot-distortion curves show a similar tendency to the diagram 

published by Scott McIntyre and Scott M. Strobl [15]. The hot-distortion curves in-

clude the upward deflection/deformation, the thermoplastic relaxation, the thermo-

setting, and the thermal degradation – failure stages.  

Analyzing the data, it can be established that the investigated technological pa-

rameters, the curing temperature and curing time have a significant impact on the 

thermomechanical properties of the resin-coated sand cores. Samples prepared with 

higher curing temperatures and longer curing times show higher deformation at the 

beginning stage of the heat exposure. The authors assume that this phenomenon may 

be explained with the curing mechanism of the novolac binder. The extent of cross-

linking is lower in the case of samples produced with lower curing temperature and 

shorter curing time (see Figures 7a and 7b). A large proportion of the resin could be 

in the B-resitol stage. This is the reason, why these samples exhibited larger thermo-

plastic deformation that is typical for thermoplastic polymers. This phenomenon is 

especially apparent in the case of samples produced with 240 °C and 260 °C cure 

temperatures. During exposure to heat, the allotropic transformation of the sand 

grains leads to volume expansion. If a larger proportion of the resin is in B-resitol 

state, then the expansion of sand grains is less impeded because the resin bridges 

between the grains can be deformed, contracted. When higher curing temperature 

and longer curing time have been applied, the extent of curing of the binder is greater. 

In this case, the proportion of the C-resit can be higher. The rigid binder bridges 

block the free expansion of the sand grains. In the outer layer of the hot-distortion 

samples, the effect of the volume expansion is greater, which results in greater up-

ward deflection.  
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Based on the hot-distortion curves in Figures 7c and 7d, it can be established, 

that higher curing temperature and longer curing time lead to a higher extent of the 

cross-linking of the binder. This results in smaller plasticity and thermosetting stage 

of the resin-coated sand samples. In the case of the PLASTSIL resin-coated sand, 

this effect can be strongly observed when the curing temperature is higher than 

260 °C.  

  
a, Curing temperature: 240 °C  b, Curing temperature: 260 °C 

  
c, Curing temperature: 280 °C  d, Curing temperature: 300 °C 

Figure 7 

Results of the hot-distortion test 

 

The curing time and curing temperature affect the thermal strength of the resin-coated 

sand samples as well. The rectangular cross-sectioned samples produced with higher 

curing temperature and longer curing time show shorter degradation time and smaller 

thermal strength. This results in the improved shakeout properties of the sand cores. 

The influence of the curing time on the degradation time of the resin-coated sand sam-

ples is stronger at curing temperatures higher than 260°C (see Figures 7c–d).  

The maximum deformation and degradation time of the samples are summarized 

in Figure 8.  
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Summarizing the results of the research, it can be concluded that the curing tem-

perature and curing time strongly influence the hot-distortion properties of resin 

coated sand cores. In the shell core making process it is recommended to set these 

two technological parameters with taking into consideration the requirements of the 

castings. If achieving high dimensional accuracy is the main goal, then it is advisable 

to use low curing temperature with short curing time. To improve the shake-out pro-

perties of the cores, higher curing temperatures need to be applied.  

 
Figure 8 

The effect of the curing time and curing temperature  

on the max deformation and degradation time 

 

In the case of the investigated PLASTSIL resin-coated sand, the optimum conditions 

to produce sand cores would be 240 °C curing temperature and longer curing time 

to withstand the high thermal load of the molten alloy during the production of cast 

iron castings. 
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EFFECT OF TIN ADDITION ON THE PROPERTIES  

OF ELECTROLESS NI-P COATINGS 

 

MÁTÉ CZAGÁNY1 – PÉTER BAUMLI2 

 

 
Abstract: One of the advantageous properties of electroless Ni-P coatings is the good sol-

derability, which is utilized in the electronic industry. However, the applied high-temperature 

required by the soldering process might lead to undesired transformation of the coating struc-

ture. Thus, the investigation of the thermal stability of the coating has become more and more 

important among scientists, as by adding a new, 3rd element to the coating, the stability of the 

coating’s structure can be increased. In our research, the required conditions for the 3rd ele-

ment were determined based on the hypothesis of kinetic stabilization, and tin (Sn) was found 

an appropriate alloying element. By adding SnCl2 precursor salt to the bath, the main pro-

perties of the coating were investigated, such as chemical composition, thickness and ap-

pearance. Based on the experiments, 0.3 g/L SnCl2 was determined as the optimal concen-

tration with the applied bath composition. Subsequently, the thermal behaviour of the 

formed Ni-P-Sn coating was investigated by Differential scanning calorimetry (DSC) and  

X-ray diffraction analysis (XRD). 

Keywords: Ni-P-Sn, electroless deposition, Ni-P coating, thermal stability 

 

 

INTRODUCTION 

The electroless Ni-P coatings, in addition to their outstanding mechanical properties 

(high hardness and wearability) and corrosion-resistance are preferred to be use in 

the fields of electronic industry as well, in order to facilitate the soldering process 

and improve the quality of the joint [1–2]. It is well-known, that these coatings are 

formed with a non-equlibrium phase-structure (nanocrystalline, amorphous) during 

the deposition, being thermodynamically unstable as a consequence. This means that 

at a sufficiently high temperature they endeavour to reach an equilibrium state. In 

the case of the two-component Ni-P coatings, this means the formation of crystalline 

Ni phase (fcc) and NixPy compounds (typically Ni3P at T > 400 °C) accompanied 

with the coarsening of the grains [3]. These transformations might result in difficul-

ties for high-temperature applications, as the mentioned properties are highly de-

pendent on the thermal stability of the coatings, and might lead to the degradation of 
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the formed joint [4]. The experimental findings show that the transformation tem-

perature (i.e. thermal stability) of the non-equilibrium nano- or amorphous structure 

of the coatings can be increased by co-deposition of a 3rd element. 

Studies of Ni-P coatings showed that the composition of the coatings (i.e. the P-

content), and heat treatment conditions have an influence on the structural transfor-

mation of the coatings. Depending on the P-content, the coatings can be divided into 

3 classes [5]: low- (1–5 wt.%), medium- (6–9 wt.%) and high-P (>10 wt.%) coatings. 

Similarly, the microstructure of the coatings varies depending on the P-content: from 

a P-supersaturated nanocrystalline solid solution (low-P content), through a mixture 

of nanocrystalline and amorphous phases (medium-P content) to a completely amor-

phous (high-P content) structure [6]. 

Hentschel et al. [7] studied the low-P coatings at atomic scales and found that P 

is segregated to the interface of the nanocrystallites (11 at.%) or to a lesser extent, 

forming a supersaturated solid solution inside the crystallite (1 at.%), which coin-

cides with the findings of M. Czagany et al. [8–9]. In their view, as the P-content 

increases, the volume ratio of the interface of the crystallites increases to the detri-

ment of the crystallite phases until the coating becomes completely amorphous. This 

observation was also confirmed by Farber et al. [10], observing the segregation of P 

at the interface of crystallites by 3D imaging, and measuring a 0.8 nm thick interface 

layer. 

It is agreed, that the transformation temperature (i.e. thermal stability) of the coat-

ings decreases with increasing P-content (Table 1). In addition, coatings with lower 

P-content have a higher transformation activation energy than those with high P-

content [5]. 

Table 1 

Transformation temperature of electroless Ni-P coatings with different P-content 

Type of the coating Transformation temperature 

Low-P (3–5 wt.%) 400–410 °C [7] 

Medium-P (5–8 wt.%) 350 °C [11] 

High-P (12 wt.%) 346 °C [5] 

High-P (16 wt.%) 325 °C [5] 

 

 

Similarly, several different studies report that the temperature of the formation of 

NixPy compounds can be increased by co-deposition of one (or more) new elements, 

i.e. by forming 3-or 4-component coatings, thereby maintaining the non-equilibrium 

structure of the coatings up to higher temperatures. The commonly used alloys and 

the obtained transformation temperatures are listed in Table 2. 
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Table 2 

Transformation temperature of different 3-component Ni-P-Me coatings 

Alloying 

element 

Coating  

composition  

(wt.%) 

Transformation  

temperature, and  

heating rate 

Formed 

compounds 

Cu 

Ni-12,4P [12] 

Ni-1,7Cu-12,2 P [4] 

Ni-4,3Cu-12,3P [12] 

341.9 °C (20 °C/min) 

371 °C 

363.7 °C (20 °C/min) 

Ni3P 

W 

Ni-8,4 P [15] 

Ni-10,9W-7,6P [13] 

Ni-4W-2P [14] 

348 °C (10 °C/min) 

406 °C (10 °C/min) 

493 °C (40 °C/min) 

Ni3P, Ni5P2, 

NiP 

Re 

Ni-8,8P [6] 

Ni-6,8Re-8,2P [6] 

Ni-9P [15] 

Ni-7P-8Re [15] 

339–362 °C (5–25 °C/min) 

379–405 °C (5–25 °C/min) 

382 °C (25 °C/min) 

405 °C (25 °C/min) 

Ni3P, NiP, 

Ni5P2, Ni0.21-

Re0.79 

 

 

According to the literature, the thermal stability of Ni-P coatings can be increased 

by the 3rd element in the following ways: (a) by forming a solid solution with the 

matrix and inhibiting the diffusion of P atoms (delaying Ni3P compound formation), 

or (b) forming compounds in the matrix, thus inhibiting the diffusion of P in the 

matrix and hindering the grain coarsening. 

There is no reference to the segregation of the alloying element to the interface 

of nanocrystallites, but the interfacial segregation of P and the stabilizing effect pro-

vided by its segregation is known [7]. 

During our research, we aimed to delay the formation of Ni3P compound in Ni-P 

coatings by adding a 3rd element (kinetic stabilization). This element had to meet the 

following 3 conditions: 

1. It should not dissolve in Ni, or only to a small extent. 

2. Preferably should not form a phosphide compound (if it does, the stability 

of the compound should be less than that of NixPy compounds). 

3. The surface tension of the melt of the 3rd element should be less than the 

melt of Ni. 

If these conditions are met, the 3rd element segregates to the interface of the crystal-

lites, and expected to have a hindering effect on the nuclei formation of Ni3P and 

crystalline Ni phases, achieved by the reduction of the diffusion coefficient of Ni 

and P atoms. Among the elements that can be deposited by electroless method [16], 

Sn was chosen as the alloying element. The approach of stabilizing the Ni-P coating 

based on these aspects is considered to be novel. 
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1. PRELIMINARY DESIGN AND EXPERIMENTAL 

1.1. Conditions of using Sn as an alloying element 

Sn can form 3 compounds with phosphorous [17]: Sn4P3, Sn3P4 and SnP3, so it is 

necessary to compare the thermal stability of these compounds with NixPy com-

pounds, using the free enthalpy values which are summarized in Table 3. For com-

parability, it is necessary to give these values in kJ/mol atom. Considering that our 

aim is to produce coatings with low and/or medium P-content, the concentration of 

P is rather low compared to Ni, so the required unit is kJ/mol-P atom. Based on the 

converted values, Ni3P compound is the most stable of the studied phosphides, in 

agreement with literature [18]. 

For SnxPy compounds, the assumed amount of Sn and P atoms is significantly 

smaller compared to Ni atoms, thus the free enthalpy of formation related to the total 

number of atoms is authoritative. As these values are lower than the corresponding 

values of NixPy compounds, the formation of these compounds is not expected. In 

the case of the 2-component Ni-Sn system [17], three NixSny compounds are known 

also: Ni3Sn, Ni3Sn2, Ni3Sn4. Although Ni dissolves in Sn, only to a small amount in 

the relevant temperature range of 300–450 °C. As for the Gibbs-energy of formation 

of SnxNiy compounds, it is adequate to refer to the Gibbs-energies per the amount of 

Sn atoms (Table 5). These values are also lower than of the NixPy compounds, so the 

formation of these compounds is not expected either. The surface tension of Sn melt 

is σlg = 561 
𝑚𝑁

𝑚
, while for Ni is σlg: 1770–1800 

𝑚𝑁

𝑚
  [21–22], assuming that Sn is 

expected to segregate to the interface of nickel crystallites. Thus, it can be concluded 

that Sn satisfies all three conditions for increasing the stability of the Ni-P coating. 

 

Table 3  

Gibbs-energies of formation of NixPy , SnxPy and SnxNiy compounds [19, 20] 

Com-

pound 

Gibbs-energy of formation (ΔGf) 

at 298.15 K at 900 K 

[kJ/mol] [kJ/mol atom]* [kJ/mol] 
[kJ/mol 

atom]* 

Ni3P –212.380 –212.380 –188.058 –188.058 

Ni2P –177.115 –177.115 –155.295 –155.295 

Ni5P2 –421.249 –210.624 –375.617 –187.808 

Sn4P3 –106.66 –15.237 14.13 2.019 

Sn3P4 –143.37 –20.481 40.37 5.767 

SnP3 –87.59 –21.898 4.07 1.018 

Ni3Sn –90.887 –90.887 –75.510 –75.510 

Ni3Sn2 –151.421 –75.711 –117.236 –58.618 

*for NixPy and NixSny compounds the unit is kJ/mol-P and kJ/mol-Sn atom respectively 
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1.2. Deposition of Ni-P and Ni-P-Sn coatings 

Ni-P and Ni-P-Sn coatings were deposited on pure Cu (dimension of 9 × 6 × 2 mm) 

and C45 steel (dimension of 10 × 7 × 3 mm) plates. In order to get a good adhesion 

between the substrates and the coating, the surface of the substrates was pre-treated 

by the following methods: 

1) Grinding and polishing (down to the grade of 1 µm) 

2) 5 min ultrasonic cleaning in acetone 

3) Deoxidation by immersion in cc. HCl (35 m/m%) for 30 s 

4) Activation in PdCl2 solution 

 

The composition and mean parameters of electroless baths are listed in Table 4. The 

Ni source was NiSO4
.6H2O, while SnCl2

.2H2O served as Sn precursor. The effect of 

the Sn precursor was studied at different concentrations: 0.05–7.5 g/L, while the val-

ues of the other bath components remained unchanged. Na-acetate served as a com-

plexing agent, thiourea acted as a stabilizer and the applied reducing agent was Na-

hypophosphite. 

Table 4 

 Composition and parameters of electroless Ni-P and Ni-P-Sn baths 

Bath constituent, parameter Concentration, values 

Nickel sulphate (using NiSO4
.6H2O) 15 g/L 

Sn(II)-chloride (using SnCl2
.2H2O) 0.05–7.5 g/L 

Sodium acetate (using CH3COONa.3H2O) 13 g/L 

Sodium hypophosphite (using NaH2PO2
.H2O) 14 g/L 

Thiourea (CH4N2S) 1 mg/L 

pH 6 

Temperature, time 80 °C, 60 min 

Bath volume 50 ml 

 

 

1.3. Characterization methods 

Surface morphology and cross-section of the coatings was analyzed by Scanning 

Electron Microscopy (HITACHI S-4800, Japan). The thermal behaviour of Ni-P 

and Ni-P-Sn coatings was studied by Differential Scanning Calorimetry (Netzsch 

STA 449 F1 Jupiter Simultaneous TG-DTA/DSC). The measurement was carried 

out in vacuum (10–4 mbar) to avoid any oxidation process with a heating rate of 10 

°C/min to 600 °C. The phase structure of the coatings was investigated by Bruker 

D8 Discovery X-ray diffractometer, using Cu K-alpha radiation, 40 kV and 40 mA 

generator settings with a 10 min measurement time. Measurements were performed 

on previously heat-treated samples (at 400 °C) in an LT-S/1200 type furnace, using 
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Ar as shielding gas. The XRD measurement was carried out in the 3DLab Fine Struc-

ture Analysis Laboratory of the University of Miskolc. 

 

2. RESULTS AND DISCUSSION 

2.1. Microstructure and morphology of Ni-P and Ni-P-Sn coatings 

The surface morphology of 2-component Ni-P coating is shown in Figure 1. The 

coating presents a semi-spherical, cauliflower-like structure on both the steel (Fig-

ure1a) and Cu substrate (Figure 1b), in accordance with literature [18]. The thick-

ness of the coatings is somewhat different, 19.8 µm on the surface of the steel while 

15.8 µm on the Cu substrate. The P-content of the coatings, however is very similar, 

3.67 wt.% on steel and 3.17 wt.% on copper, representing the group of low P content. 

 

 
Figure 1 

Surface morphology of electroless Ni-P coating, deposited on  

(a) C45 steel substrate, (b) pure Cu substrate 

 

To study the effect of Sn alloying, baths with different SnCl2 concentration were 

used. The chemical composition measured in the cross-section of the deposited coat-

ings are listed in Table 5. With the use of 0.05 g/L SnCl2 salt, no coating was formed, 

however by increasing its concentration, 3-component Ni-P-Sn coatings were suc-

cessfully created. The concentration of Sn represents a persistent increase with the 

concentration of SnCl2, but reaching concentrations of 3 and 7.5 g/L, almost pure 

and pure Sn coatings were formed respectively. In contrast, the P-content showed an 

inverse behaviour to the Sn concentration, the amount measured in the coating de-

creased constantly. 

The thickness values of the coatings as a function of the SnCl2 concentration are 

shown in Figure 2. The addition of 3 g/L SnCl2 resulted in a 4 µm thick coating, 

which is approx. a quarter of the Sn-free Ni-P coating. However, with the addition 

of larger amount of Sn salt, the thickness further decreased, remaining below 1 µm. 
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Table 5 

Composition of the coatings obtained on the surface of Cu  

substrates from baths with different SnCl2 concentration 

SnCl2 concentration of the baths 

(g/L) 

Composition (wt.%) 

Ni P Sn 

0 96.83 3.17 – 

0.05 no coating 

0.3 92.08 2.32 5.60 

0.75 87.46 3.67 8.87 

1.5 83.75 0.99 15.26 

3 0.80 0.58 98.62 

7.5 0 0 100 

 

 

 

Figure 2  

Thickness of the coatings deposited on Cu substrates  

as a function of SnCl2 concentration 

 

 

Based on the composition, the coatings obtained from baths with a concentration of 

1.5 g/L SnCl2 or less can be considered as Ni-P-Sn coatings. However, in the case of 

1.5 g/L Sn salt, various Sn formations grown on the surface of the coating (Figure 

3a), thereby preventing its suitability as our goal was to obtain Ni-P coatings alloyed 

with Sn. At the same time, the thickness of the coating should also be considered. 

The surface of the thickest coating obtained by using concentration of 0.3 g/L SnCl2 

on the surface of Cu and C45 steel is shown in Figure 3b and Figure 3c respectively. 

The formed coating has a spot-like appearance on both substrates. The EDS meas-

urements show that several successive layers grown on top of each other, with each 

spot indicating thinner areas (Figure 3c). 
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Figure 3 

SEM images of the surface of Ni-P-Sn coatings obtained from baths  

with (a) 1.5 g/L SnCl2 concentration on top of Cu substrate,  

(b) 0.3 g/L SnCl2 concentration on Cu substrate,  

(c) 0.3 g/L SnCl2 concentration on C45 steel substrate 

 

 

2.2. Thermal behaviour of Ni-P and Ni-P-Sn coatings 

The thermal behaviour of the successfully produced Ni-P-Sn coatings from baths 

containing 0.75 g/L (Ni-P-Sn1) and 0.3 g/L (Ni-P-Sn2) SnCl2 precursor salt was 

studied using DSC measurement. The obtained DSC graphs of the coatings are 

shown in Figure 4. The Ni-P coating indicates the characteristic exothermic peak, 

starting at 394 °C. According to the literature, this change refers to the transformation 

of the coating structure, i.e. the appearance of the Ni-phosphide compound(s), and 

the onset of the coarsening of Ni crystallites [11]. Although the Sn-containing coat-

ings have smaller thickness, no exothermic process is observed in their case. As for 

the Ni-P-Sn1 coating, a lower intensity endothermic process starts at 398 °C, just 

like in the case of Ni-P-Sn2 sample, starting at 384 °C. The absence of an exothermic 

peak suggests that no Ni-phosphide compounds formed in the presence of Sn. 
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Figure 4  

DSC graphs of Ni-P and Ni-P-Sn coatings deposited on Cu substrate 

Figure 5 shows the X-ray diffraction patterns of Ni-P and Ni-P-Sn coatings depo-

sited on Cu substrate and heat-treated at 400 °C. Reflections of Ni3P compounds are 

observed in the case of the Ni-P coating. However, in the case of Sn-containing coat-

ings there is no indication of the Ni3P compounds. The (111) and (001) peaks of Cu 

for Cu K-beta, W L-alpha1 and W L-alpha2 radiation were detected with very small 

intensity, due to the high diffracting intensity of Cu substrate. The relevant peaks are 

marked and have their peak heights of 0.25% (K-beta) and 0.32% (L-alpha lines) 

relative to Cu (111) peak, in accordance with the monochromatization capability of 

the Göbel mirror given as >99.3% for  Cu K-alpha radiation.  

In order to acquire the phase composition of the measured samples, Rietveld re-

finement was applied with an emission profile containing Cu K-alpha, Cu K-beta 

and  W L-alpha lines, which was defined by using NIST SRM 640d Si standard, thus 

all peaks and intensities could be assigned correctly to the relevant crystalline phases. 

The calculated values are shown in Table 6. Interestingly, the results show that there 

is some residual amorphous phase in all of the studied coatings. For the Ni-P coating, 

the amount of the crystallized Ni3P is 6.7 wt.%, which is considerably reduced with 

the addition of Sn to the coatings (3.7 and 2.1 wt.%). Furthermore, the amount of the 

residual amorphous phase is also supressed, confirming the stabilization effect of Sn 

addition. 
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Figure 5 

X-ray diffraction patterns of Ni-P and Ni-P-Sn coatings  

on Cu substrates, heat-treated at 400 °C 
 
 

Table 6 

Phase composition of the Ni-P and Ni-P-Sn coatings  

measured by XRD, calculated by Rietveld refinement 

Phase 
Phase composition (wt.%) 

Ni-P Ni-P-Sn1 Ni-P-Sn2 

Ni 38.4 26.4 36.5 

Ni3P 6.7 3.7 2.1 

Amorphous 54.9 69.8 61.4 

 

CONCLUSION 

Increasing the thermal stability of electroless Ni-P coatings is an important issue of 

both the literature and industry. As a first step, 3 base conditions required to stabilize 

the non-equilibrium structure of the coating were determined. As a result, tin (Sn) 

was chosen as a promising alloy for stabilization. Subsequently, the effect of the 

applied SnCl2 precursor salt concentration was studied on the composition, thickness 

and appearance of the formed coating. Based on the results, the optimal SnCl2 con-

centration ranged from 0.3 to 1.5 g/L, as no coating was formed at lower concentra-

tion, while Sn-based and pure Sn coatings formed with higher concentrations. Based 



60                                          Máté Czagány – Péter Baumli 

 

  

on the experiments, the Ni-P-Sn coating with appropriate composition and optimal 

thickness could be determined, which was achieved at a concentration of 0.3 g/L 

SnCl2. 

Subsequent DSC and XRD measurements confirmed that the formation of Ni3P 

could be supressed by Sn co-deposition, thus the thermal stability of the coating 

could be successfully increased. Our future goal however, is to optimize the compo-

sition of the bath with regard to the appearance and thickness of the formed coating, 

as well as a deeper understanding of the processes taking place in the structure of the 

coating during heat treatment. 
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Abstract: Biomass is a renewable energy resource and known as an excellent alternative 

option for the partial replacement of fossil fuels in energy production. Plants, as frequently 

used biomass energy sources, contain metals in a different amount. During biomass combus-

tion, the emission of certain elements may lead to environmental pollution and health prob-

lems even if the biomass comes from a non-contaminated land. Hence, keeping the metals in 

the combustion system and avoid hazardous emissions is desirable. The same direction can 

be recognized by noble metals (NMs) and rare earth elements (REEs) as well, however, in 

these cases, the economic aspects are also considered. This paper briefly reviews the litera-

ture on metal contaminated biomass, phytoextraction, polluted biomass combustion, and the 

behavior of metals in combustion systems. Based on the literature review the fate of NMs 

and REEs during polluted biomass incineration has not been deeply investigated yet and re-

quires further examination. Furthermore, capturing metals inside the burning system is also 

a huge challenge because a significant amount of metal compounds leaves the burning system 

with flue gas in solid and gaseous form. Besides, phytomining is a potential option for the 

extraction of NMs and REEs from the soil via plants. And, solid remains (bottom ash, fly 

ash) coming from contaminated biomass is a promising metal resource. 

Keywords: metal, phytoextraction, disposal option, biomass combustion 

 

 

INTRODUCTION 

Biomass is a renewable energy resource including plant and animal materials. Its 

reservations are limitless. Besides that, biomass energy offers various environmental 

advantages such as reducing climate change, mitigating acid rain, water pollution, 

soil erosion, etc. Therefore, biomass is a potential energy resource to diversify world 

fuel supplies and substantially decrease greenhouse gas emissions [1]. According to 

reported data, biomass made up 64% of renewable energy’s contribution [2] and it 

is anticipated to rise around double to triple in 2050 [3]. 
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Generally, woody biomass has been known as an extensively used and the most 

plentiful resource of biomass. Statistically, more than one-third of the global lands 

are contaminated sites [4], called brownfields [5]. The real number even might be 

higher than which has been reported so far. According to the received data, mineral 

oil and metals are the most contaminants contributing 60% to contaminated lands 

[6]. Soil contamination in general and metals pollution in particular have serious 

negative effects on the ecosystem, human health, and the environment. Phytoextrac-

tion referring to plants accumulating metals (lead, cadmium, zinc, gold, silver, ce-

rium, lanthanum, etc.) from the soil has been proven as an effective, environmentally 

friendly, safe, and low-cost remediation method to tackle the problem [7], [8]. The 

production of the phytoextraction process is a large amount of contaminated biomass 

that needs proper disposal and management. Thus, polluted biomass has been inves-

tigated with a dual purpose those are mitigating pollution problems through the phy-

toextraction process and producing energy. 

 

1. PHYTOEXTRACTION 

Phytoextraction is a soil remediation technology. During this process, plants accu-

mulate metals from contaminated soils, transfer, and store them into the roots and 

above-ground parts of the plants with various distributions [9]. There are two types 

of plants can be efficiently used for phytoextraction those are hyperaccumulators and 

fast-growing species. Hyperaccumulators have been defined as plants that can accu-

mulate huge amounts of metals in the soil without suffering [10]. Fast-growing spe-

cies that have lower metals extracting ability than hyperaccumulators, however, their 

total biomass production is outstandingly higher such as poplar or willow [11], [12]. 

The lower limit for hyperaccumulation and studies corresponding to metals accumu-

lated by plants are summarized in Table 1. 

Table 1 

Studies on metals accumulated by plants 

Element 

The lower 

limit  

for Hyperac-

cumulators 

(mg/kg) 

Plant species 
Concentration 

in plant (mg/kg) 
Ref. 

REEs 1,000 

Dicranopteris linearis (fern)  4,438  [13] 

Dicranopteris dichotoma (fern) 2,231 [14] 

Hickory (in leaves) 2,296 [15] 

Silver 1 

Lupinus sp. (blue lupin) – induced 126.000 [16] 

Amanita species (mushroom) 1,253.000  [17] 

Tobacco – induced 54.300  [18] 

Gold 1 

Lupinus sp. (blue lupin) – induced 6.300 [16] 

B. juncea (indian mustard) –  

induced 
63.000  [19] 

Z. mays (corn) – induced 20.000 [19] 



                Behaviour and treatment of metals in burning system during… 65 

 

Element 

The lower 

limit  

for Hyperac-

cumulators 

(mg/kg) 

Plant species 
Concentration 

in plant (mg/kg) 
Ref. 

Platinum 1 

Berkheya coddii (flowering plant) – 

induced 
0.183 [20] 

Berkheya coddii (flowering plant) 
(in leaves) 0.220  

(in roots) 0.140  
[21] 

Palladium 1 

Berkheya coddii (flowering plant) – 

induced 
7.677  [20] 

Berkheya coddii (flowering plant) 
(in leaves) 0.710  

(in roots) 0.180  
[21] 

Cannabis sativa (hemp)  30.336 [22] 

Nickel 1,000 
Berkheya coddii (flowering plant)  7,880 [23] 

Alssum lesbiacum (flowering plant) 10,000 [23] 

Thallium 100 
Iberis intermedia (herbaceous plant)  4,055 [24] 

Biscutella laevigata (flowering plant) 13,768 [24] 

Cobalt 1,000 

Berkheya coddii (flowering plant) 290 [25] 

Haumaniastrum robertii (flowering 

plant)  
(in leaves) 4,304  [26] 

Zinc 10,000 

Thlaspi caerulescens (alpine  

pennygrass)  
43,710 [27] 

Dichapetalum gelonioides (small 

semi-evergreen tree) 
30,000 [27] 

Lead 1,000 

Minuartia verna  

(spring sandwort) 
20,000 [27] 

Agrostis tenuis (grass) 13,490 [27] 

Cadmium 100 

Thlaspi caerulescens  

(alpine pennygrass)  
2,130 [27] 

Arabidopsis halleri  

(flowering plant) 
267 [28] 

Copper 1,000 
Angiopteris sp. nov. (fern) 3,535 [29] 

Anisopappus davyi (sunflower) 3,504 [29] 

Manga-

nese 
10,000 

Phytolacca acinosa  

(herbaceous plant) 

(in leaves) 

12,180 
[30] 

Chengiopanax sciadophylloides 

(flowering tree) 

(in leaves) 

23,200  
[31] 

Chro-

mium 
300 Leersia hexandra (grass) (in leaves) 2,978 [32] 

Arsenic  1,000 
Pteris vittata (brake fern) 3,280–4,980 [33] 

Pityrogramma calomelanos (fern) (in leaves) 8,350  [34] 

Phytoextraction is not only used for removing metals from contaminated areas but also 

offers the possibility for exploiting metals from mill tailings, overburdens, low-grade 

ores, or mineralized soil that is not economic by traditional mining methods [35]. In 

the economic aspect, NMs are potential candidates for phytomining because of their 

high value. However, only a few studies can be found in the case of Silver, Gold [35], 

[36]. While, the information about others like Platinum, Palladium, Rhodium, 
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Osmium, etc is very limited and even zero. Specifically, the phytoextraction of pre-

cious metals in contaminated soils has not been investigated that deserves more atten-

tion because of dual advantages including soil remediation and economic benefit. 

 

2. TREATMENT AND DISPOSAL OF BIOMASS USED FOR PHYTOEXTRACTION 

Phytoextraction is a soil remediation process that uses plants to uptake pollutants 

from brownfields and transports them into the plants. Polluted lands remediation and 

contaminates biomass formation occur simultaneously. It means that the environ-

mental hazard is just transferred from soil to biomass. Hence, the phytoextraction 

process encounters a serious problem that is the production of large quantities of 

highly contaminated biomass, it needs proper disposal and management. Several 

methods of contaminated biomass treatments including composting, compaction, di-

rect disposal, leaching, thermal conversion (pyrolysis, gasification, combustion) 

have been investigated so far [37], [38]. The pre-treatment step includes composting, 

compaction, and pyrolysis to decrease biomass volume and remove excess water. 

This lowers the cost of transportation to the disposal site and enhances the technical 

parameters. After this step, considerable quantities of polluted material still exist. On 

the other hand, direct disposal, leaching, incineration (gasification, combustion) 

known as final disposal methods [39]. The treatment techniques of phytoextraction 

biomass disposal are shortly described in Table 2. Among the aforementioned ap-

proaches, combustion has been recognized as the most feasible, economically ac-

ceptable, environmentally effective pathway [38], [39]. 

Table 2 

Treatment techniques of phytoextraction biomass disposal, based on [38], [39] 

Process Step Advantages Disadvantages 

Compost-

ing 
Pretreatment 

⦁ Reduce volume and water 

content, decreases the costs of 

handling and transportation 

 

⦁ Time-consuming (2-3 months) 

⦁ End-product needs to be 

treated as hazardous waste 

⦁ In laboratory scale 

Compac-

tion 
Pretreatment 

⦁ Volume reduction leads to 

cost transportation reduction 

⦁ Shorter time compared to 

composting 

⦁ Recovery of metals 

⦁ Special equipment is required 

⦁ End-products (remaining bio-

mass, leachates) should be 

treated as hazardous waste  

Direct dis-

posal 
Final disposal 

⦁ Simple and time effective-

ness 

⦁ Expensive and limited dump-

ing sites 

⦁ Slow reduction of polluted ma-

terial  

⦁ Serious environmental prob-

lems 

⦁ This method has been forbid-

den 

Leaching Final disposal ⦁ Recovery of metals ⦁ No technology 

Pyrolysis Pretreatment 

⦁ High volume reduction, in-

creases the energy density of 

biomass and decreases the 

⦁ Solid product fraction needs to 

be treated as hazardous waste 
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Process Step Advantages Disadvantages 

costs of handling and transpor-

tation 

⦁ Useful end-product 

Gasifica-

tion 
Final disposal 

⦁ High volume reduction, 

toxic metals enriched in solid 

residual 

⦁ Lowering harmful climate 

change via CO2 mitigation 

⦁ Undesired products such as 

tar, ash, etc., are formed 

⦁ Technical and environmental 

problems during the utilization 

of syngas produced from con-

taminated biomass 

Combus-

tion 
Final disposal 

⦁ High volume reduction, 

toxic metals enriched in solid 

residual 

⦁ Produce energy 

⦁ Undesirable emissions of CO, 

NOx, fly ash and solid, gaseous 

metal compounds 

3. BIOMASS COMBUSTION 

Combustion is a thermal conversion process and recognized as the best way for con-

taminated biomass final disposal. Combustion degradates material in the presence of 

excess oxygen/air at high temperatures over 900 °C [40]. The benefits of combustion 

technology are more than 90% volume reduction and toxic metals enriched in solid 

residual. Additionally, combustion is not only a disposal method for polluted bio-

mass but also a promising energy producing solution. Nonetheless, the combustion 

of polluted biomass results in diverse environmental issues such as undesirable emis-

sions of CO, NOx, fly ash, and solid, gaseous metal compounds. Where solid and 

gaseous metal compounds are the main concern of polluted biomass combustion, 

further investigations of these compounds during the combustion of biomass fuels 

(polluted and unpolluted) would be imperative, because many studies have proven 

than metals emission could arise even if the biomass feedstock comes from a non-

contaminated land [41], [42]. 

Metals enter the combustion chamber subsequently exit in one of the three fol-

lowing forms: solid residues in the combustor (bottom ash); solid particles in the flue 

gas (fly ash); and the exhausted gas (flue gas). The fate of metals during combustion 

in ashes reported by different studies is presented in Table 3, which shows that most 

of the metals were detected in bottom ash and cyclone ash. Nonetheless, in another 

work, Vassilev et al [43] concluded that more than 90% of Cd, Hg, Sb, Se, and V are 

volatilized during biomass combustion, and higher than 50% volatilization in case 

of As, Cr, Pb, or Zn. 

Table 3 

Distribution of metals in some boiler ashes mg/kg, based on [44] 

Metal 
Bottom ash Cyclone ash Filter ash 

Flue 

dust 

[45] [46] [47] [45] [47] [45] [46] [47] [47] 

As 9.2 <3.0 3.0 25.6 1.9 5.1 16.0 0.7 0.2 

Ba 534.9 330.0 – 671.4 – 206.4 2000.0 – – 

Cd 1.1 <0.3 1.2 2.3 8.6 1.9 3.0 6.6 1.9 

Co 6.7 2.5 9.7 11.5 3.7 6.4 8.0 0.6 0.2 
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Metal 
Bottom ash Cyclone ash Filter ash 

Flue 

dust 

[45] [46] [47] [45] [47] [45] [46] [47] [47] 

Cr 24.6 15.0 187.0 128.1 50.7 10.1 24.0 15.2 4.6 

Cu 12.8 <10.0 147.1 31.6 51.6 18.9 60.0 29.9 8.8 

Fe 5230.9 – 11756.8 8136.0 4442.2 1988.3 – 384.1 116.9 

Mn 4864.0 – 12293.0 7144.0 5700.0 5020.0 – 779.0 228.0 

Ni 28.5 19.0 27.1 68.3 14.6 24.5 67.0 3.5 1.1 

Pb 29.0 <3.0 43.4 36.1 22.5 23.4 49.0 27.5 8.2 

Ti 160.0 – – 179.0 – 982.0 – – – 

V – 95.0 32.2 – 10.3 – 140.0 2.0 0.6 

Zn 99.2 160.0 485.9 252.0 946.7 61.7 480.0 511.1 150.8 

Hg 0.005 <0.030 0.003 0.007 0.030 0.014 <0.300 0.283 0.084 

Several studies have been carried out corresponding to the metals flow calculations 

[48] and the distribution of metals during woody biomass combustion [43], [49]–

[51]. Besides, the fate of metals during combustion of different feedstocks like waste 

[52], [53], sludge [54], [55], poultry litter [56], [57], contaminated oil [58], co-com-

bustion [59], [60] also have been investigated. 

The volatilization of metals is one of the major factors influencing the distribution 

of metals in biomass combustion [43]. It is dependent on the boiling point, the lower 

boiling point leads to the higher volatilization of metal. 

The combustion temperature has been proven as the main parameter influencing 

the fate of metals during biomass combustion. Jimenez et al [61] combusted olive 

residue (orujillo) and analyzed the concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, 

As, and Pb in sub-micrometer aerosols at different furnace temperatures (1,100, 

1,300, and 1,450 °C) in an entrained flow reactor. The results revealed that almost 

metals (except Co, Ga, and Mn) were enriched in fine particles by increasing com-

bustor temperature. Hu et al [62] investigated the impact of the combustion tempera-

ture, moisture content, chlorine on metals (Zn, Pb, Cu, Mn, and Cd) transferring into 

flue gas of sewage sludge combustion. According to the results, the higher burning 

temperature caused the higher selected metals content in the flue gas. It was also 

found that a higher moisture content decreased the transfer Cd, Zn, and Pb into the 

flue gas, but it had a slight effect on Cu and Mn. Furthermore, added chlorine during 

sewage sludge combustion promoted to release Cs, Zn, and Pb into the flue gas, but 

it had little influence on Cu and Mn. Likewise, Belevi and Langmeier [63] studied 

the evaporation behavior of Zn, Sn, Cu, Sb, Cd, and Pb during municipal solid waste 

combustion in a furnace temperature range of 500−900 °C. It was indicated that 

higher burning temperature caused an increase in transfers of target metals into the 

gaseous phase, except Sb. The authors also revealed, the residence time increase 

(from 10 to 120 min) resulted in higher evaporation of Zn, Cu, Cd, Pb, and it showed 

a slight effect in the case of Sb. Likewise, several studies investigated the influence 

of combustor temperature on the behavior of metals during the combustion of dif-

ferent kinds of feedstocks such as contaminated woody biomass [64], sewage sludge 
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[65], waste [66], [67], poultry litter, co-combustion [68]. These results showed the 

same connection between the burning temperature and distribution of metals. 

Besides that, the effect of flue gas temperature on the behavior of metals during 

biomass combustion has been rarely investigated. Polluted biomass (Populus tremula) 

was combusted to analyze the impact of flue gas temperature [69]. According to the 

results, more metals (Ag, Co, Cr, Cu, Fe, Ga, Mg, Mn, Ni, Pb, Si, Sn, Ti, V, and Zr) 

could be condensed on fly ash particles and captured inside the combustion system 

by decreasing flue gas temperature from 250 to 150 °C. The study also revealed that 

more than 50% of the total metals input (except Ni) could not be detected in bottom 

ash and fly ash as seen in Figure 1. This means that, during contaminated biomass 

combustion, these metals likely were volatized and exited the combustion system in 

gaseous form.  

 

Figure 1 

Metal flow in contaminated biomass combustion, based on [69] 

Residence time and moisture content are recognized as the secondary influencing 

factors on the fate of metals during combustion. It has been reported that longer re-

action time leads to more volatilization of metals while, an increase of moisture con-

tent in feedstocks may decrease the emissions of metals [62], [70].  

The distribution of metals during combustion also influenced by the presence of 

chlorine. It was found that the increase of chlorine content in the combustion cham-

ber results in a higher concentration of metals in flue gas [62], [70]. That can be 

explained by decreasing volatility temperature [71]. 

It has been indicated that the lack of oxygen accelerates metals volatilization due 

to the less formation of metal oxides that have higher volatility temperature than 

metal elements [72], [73]. 

The partitioning of metals in biomass combustion also depends on the type of 

furnace. Lu et al. [74] stated that in terms of the influence of the combustor type, the 
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horizontal tube furnace resulted in a higher metals volatilization compared to the 

entrained tube furnace. 

Generally, the distribution of metals during biomass combustion depends on var-

ious factors such as feedstock properties, reactors, operating conditions (combustion 

temperature, flue gas temperature, pressure, oxygen, residence time), the boiling 

point of metals, presence of chlorine, etc. It can be said that the fate of NMs and 

REEs during contaminated biomass combustion has not been investigated yet. More-

over, the capture of metals inside the combustion system is a huge challenge because 

more than 50 percent of metals emit in the gaseous phase according to recent re-

search. These tasks need further investigation so far. Additionally, during combus-

tion process metals are enriched in bottom ash, especially in fly ash. Thus, the con-

centration of metals in the ash might be high enough for extraction and the solid 

remains coming from contaminated biomass is a promising metal resource.  

 

CONCLUSIONS 

Based on the literature review it can be stated that various studies are corresponding 

to the behavior of heavy metals during contaminated combustion. However, the in-

vestigation of NMs and REEs in the burning system is extremely limited and requires 

further examination.  

Furthermore, developing a technique to capture (and possibly recover) metals is 

also the potential gap of knowledge. Since, according to several recent studies, a 

significant amount of metal compounds is leaving the burning system with flue gas 

in solid and gaseous form without ensuring their capture and treatment. It can be said 

that capturing metals inside the burning system is challenging and it has not been 

fully solved yet as well. 

Additionally, phytomining is a potential option for the extraction of NMs and 

REEs from the soil via plants. And, solid remains coming from contaminated bio-

mass is a promising metal resource. 
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Abstract: The operational parameters of the reflux play an important role during a plastic 

waste pyrolysis process as it recirculates the heavy hydrocarbons into the reactor for further 

molecule scissoring. The impact of the reflux temperature on the pyrolysis oil composition 

was investigated and the results are summarized in this paper. A plastic waste blend contai-

ning HDPE, LDPE, PP and PS was pyrolyzed in a laboratory scale batch reactor in the reflux 

temperature range of 150–300 °C, while the obtained pyrolysis oil was further processed by 

atmospheric distillation. Results show that by decreasing the reflux temperature the yield of 

gasoline range hydrocarbons can be significantly enhanced: 285 g/kgsolid waste gasoline yield 

was measured at 300 °C reflux temperature, while 150 °C resulted 446 g/kgsolid waste. Additi-

onally, the pyrolysis gas yield containing mostly C1-C4 hydrocarbons is also enhanced by 

lowering the reflux temperature. Results show, that producing gasoline and diesel range 

hydrocarbons from plastic wastes through pyrolysis is a viable method to reduce the accumu-

lation of plastic wastes and could provide value added transportation fuels. 

Keywords: Plastic waste, pyrolysis, reflux temperature 
 

 

INTRODUCTION 

Plastic waste generation and accumulation became a serious problem in the world. The 

global plastic waste generation reached 302 Mt in 2015, while the total plastic waste 

ever generated from primary plastics had reached 5,800 Mt [1]. By projecting current 

global waste management trends to 2050, it is assumed that the primary plastic waste 

generated will be around 26,000 Mt [1]. 29.1 Mt of plastic ended up in waste stream 

in the EU during the year of 2018 [2]. About 24.9% of this plastic waste was landfilled, 

32.5% was recycled while 42.6% was utilized for energy recovery [2]. As the amount 

of plastic waste continuously increases, some alternative methods are being developed 

 
1  Institute of Energy and Quality, University of Miskolc 

H-3515 Miskolc-Egyetemváros, Hungary 

zsolt.dobo@uni-miskolc.hu 
2  Institute of Energy and Quality, University of Miskolc 

H-3515 Miskolc-Egyetemváros, Hungary 

mtami0203@gmail.com 
3  Institute of Energy and Quality, University of Miskolc 

H-3515 Miskolc-Egyetemváros, Hungary 

kecsm.gerg@gmail.com 
4  Institute of Energy and Quality, University of Miskolc 

H-3515 Miskolc-Egyetemváros, Hungary 

nagy.gabi@uni-miskolc.hu 



78                   Zsolt Dobó – Tamara Mahner – Gergő Kecsmár – Gábor Nagy 

 

including pyrolysis, which is a promising method to generate value-added liquid fuel 

suitable for transportation as it can reduce the carbon footprint of the transportation 

industry and optimize waste management towards zero landfilling [3]. 

The pyrolytic products can be divided into a gas, liquid, and solid fraction. Based 

on the process parameters the gas/liquid ratio can be changed. The influencing factors 

of plastic waste pyrolysis were investigated by several researchers such as temperature 

[4–6], pressure [7, 8], time [5, 9], type of reactor [10, 11], catalyst [12–14] and plastic 

waste material used [15–20]. Very limited information can be found in the literature 

about the reflux temperature influence on the pyrolysis oil composition [21]. There-

fore, the main goal of this study is to investigate the impact of the reflux temperature 

change on the plastic waste pyrolysis process. A batch reactor equipped with a reflux 

condenser was utilized for pyrolysis runs, while the pyrolysis oils were further pro-

cessed by atmospheric distillation to determine the transportation fuel yields. 

 

1. MATERIALS AND METHODS 

The pyrolysis runs were performed in a laboratory scale batch reactor equipped with a 

temperature controlled reflux. The reflux is a simple shell-and-tube heat exchanger, 

where the temperature and the flow rate of the cooling air can be adjusted in order to 

control the temperature of the pyrolysis vapors exiting the reflux. The vapors exiting 

the reflux are condensed in a secondary, water cooled heat exchanger and the liquid 

product (pyrolysis oil) is collected in a product container at room temperature. The 

remaining gases were collected in a sample bag and flared after the measurements. 

Figure 1 shows the schematic illustration of the measurement system. 

 

 
Figure 1  

Schematic illustration of the measurement system 
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A mixture of PP, LDPE, HDPE and PS was used representing the typical plastic de-

mand in the European Union in 2018 [2]. Based on the data found in [2] the solid 

plastic waste blend used in this study contained 34.8% PP, 31.6% LDPE, 22.0% HDPE 

and 11.6% PS. 200 g solid waste blend was loaded into the reactor in each case, while 

the temperature of the reactor heater was set to 700 °C. Four pyrolysis measurements 

were performed while the reflux temperature was gradually increased from 150 °C to 

300 °C with 50 °C increments. The obtained pyrolysis oils were further processed by 

atmospheric distillation to separate the gasoline and diesel range hydrocarbons. The 

20–200 °C range was considered as gasoline, while the 200–350 °C was considered as 

diesel range hydrocarbons. 

 

2. RESULTS 

The mass distribution of the products at different reflux temperatures is summarized 

in Table 1.  

Table 1 

The distribution of products at different reflux temperatures 

Reflux temperature, 

°C 
Gas, % 

Liquid (oil), 

% 
Solid, % 

150 32.2 62.5 5.3 

200 27.9 66.7 5.4 

250 17.8 76.7 5.5 

300 15.4 80.7 3.9 

 

 

Based on the obtained results it can be stated that the temperature of the reflux has a 

significant impact on the liquid and gas yield. The influence is not evident in the case 

of solid residues. The main function of the reflux is to capture heavy hydrocarbon 

molecules and return them into the reactor for further molecule scissoring. Typically, 

the heavier hydrocarbon molecules have higher boiling temperatures as well, thus, it 

is supposed that by decreasing the reflux temperature the amount of lighter hydro-

carbon molecules is increased in the final pyrolytic liquid product. It follows that the 

gaseous product is intensified as the reflux temperature decreases. This effect lowers 

the total liquid product during the pyrolysis process. Additionally, the more evapo-

ration-condensation cycle increases the time necessary to complete the pyrolysis pro-

cess as seen in Figure 2, where the pyrolysis vapor temperatures exiting the reflux 

are depicted during the pyrolysis runs. Based on these results it can be stated that by 

increasing the reflux temperature the pyrolysis oil yield can be increased while the 

time necessary to finish the pyrolysis can be decreased. 

The results of the atmospheric distillation is shown in Figure 3. It can be seen 

that by lowering the reflux temperature the amount of the gasoline range hydrocar-

bons in pyrolysis oil can be significantly intensified. The presence of hydrocarbons 

with boiling temperatures higher than 350 °C even at 150 °C reflux temperature in-

dicates that the efficiency of the reflux is low. 
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Figure 2 

Typical temperature stability of vapors exiting the reflux.  

The heating procedure of the reactor started at zero minute 

 

 

 
Figure 3 

Distribution of different products in pyrolysis oil 

 

 

Thus, an important conclusion is that reflux design might also play an important role 

in the pyrolysis process. Although the amount of pyrolysis oil decreases by decrea-

sing the reflux temperature, the gasoline yield increases as shown in Figure 4. The 

highest gasoline yield of 446 g/kgsolid waste was measured at 150 °C reflux temperature, 

which is roughly 0.6 L/kgsolid waste by considering 0.75 g/ml density. On the other side, 
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the highest diesel yield of 390 g/kgsolid waste was measured at 300 °C reflux tempera-

ture. These results show, that lowering the reflux temperature is a viable method in 

cases when maximizing gasoline production is desirable. 

 

 
Figure 4 

 Yields of gasoline (20–200 °C) and diesel (200–350 °C) range hydrocarbons 

 

 

Based on these results, both the gasoline yield and the flammable gaseous pyrolysis 

product yield can be significantly enhanced by lowering the reflux temperature. The 

gaseous product contains mainly C1-C4 hydrocarbons, thus, the heating value and the 

flow rate of the gas might be high enough to cover the heat requirement of the 

reactor. Investigating this assumption is one possible direction of the research. Ad-

ditionally, eliminating the distillation residue (350+ °C portion), i.e. converting it 

into fuel product would be an important requirement.  

 

CONCLUSIONS 

The influence of the reflux temperature on the gasoline and diesel yield during plastic 

waste pyrolysis was experimentally investigated in an electrically heated batch 

reactor. The plastic waste blend contained PP, LDPE, HDPE and PS in a ratio rep-

resenting the typical plastic demand in the EU in 2018. Results show, that although 

the pyrolysis oil yield is decreasing by lowering the reflux temperature, the gasoline 

yield increases as the reflux recirculates the heavy hydrocarbon molecules into the 

reactor for further molecule scissoring. The highest gasoline yield of 446 g/kgsolid waste 

was measured at 150 °C reflux temperature while the highest diesel yield of 

390 g/kgsolid waste was measured at 300 °C reflux temperature. 
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A COMPARATIVE STUDY OF NON-MONOTONICITY  

FOR UNIDIRECTIONAL AND CROSS ROLLING OF NIOBIUM SHEET 
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Abstract: Under cold forming conditions, a niobium plate with 50 × 50 × 4 mm size was 

rolled using two different types of technology. In first one, the size and properties of the 

plates were changed by a unidirectional successive multi-step procedure. In another one, 

cross-rolling with the same reduction was used to achieve the changes in size and properties. 

Following the experiments, 3D finite element process modelling was performed with DE-

FORM software in order to determine the deformation history and state of the two processes 

for the same plate thickness. This factor is directly related to the microstructure of the mate-

rial and its related change. The performed process modelling was controlled by comparing 

the measured and calculated rolling forces and torques. 

Keywords: sheet rolling, finite element modelling, non-monotonic deformation, niobium 

 

 

INTRODUCTION 

Cross rolling, by changing the workpiece orientation and changing the deformation 

path, is a way of tailoring texture development to reduce the anisotropic properties 

of the workpiece [1]. The sample to the rolling plane is rotated by 90° about the 

normal direction (ND). The most commonly used sequence of stages for cross rolling 

are the following: Two step cross rolling (TSCR), also known as pseudo-cross roll-

ing, where direction is changed after achieving 50% of the total reduction (Figure 

1.a).; Multistep cross rolling (MSCR), also known as true cross rolling, where direc-

tion is changed after each pass (Figure 1.b); Clock rolling (Figure 1.c) may be one 

more way of achieving cross rolling by continuously changing the rolling direction 

by 90° about ND and if the rotation is 180° instead of 90°, it is called as reverse 

rolling. Alteration in the rolling direction or deformation path changes the substruc-

ture formed in the previous path of deformation, and hence affects the deformation 
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texture. Cross rolling leads to rolled product of comparatively uniform mechanical 

properties in all directions. 

 

 

Figure 1 

Cross rolling sequences: a) Two-step cross rolling (TSCR)  

b) Multistep cross-rolling (MSCR) c) Clock rolling 

In present work, the objective of the modelling is to demonstrate the non-monotonic 

nature of the process, indicating that it is non-monotonic, resulting fine grains and a 

special crystallographic texture. 

 

1. STRAIN HISTORY IN METAL FORMING 

The permanent deformation of the samples is demonstrated by the strain trajectory 

approach as initiated by Ilyushin [2], representing the deviatoric strain tensor (e) in 

a five-dimensional vector space as: 
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(1) 

 

where lnV’ is the logarithmic deviatoric strain tensor.  Some examples for the strain 

trajectories are shown in Figure 2. Trajectory #1 is monotonic, #2 is nearly mono-

tonic, #3 is simple non-monotonic and #4 is cyclic non-monotonic. 
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Figure 2 

Examples for the strain trajectories in the five-dimensional vector space 

In order to appreciate the measure of the non-monotonicity of deformation, consider 

the nearly monotonic trajectory #2 [3]. During deformation, the endpoint of the strain 

vector travels along the curved OA trajectory. The ideally monotonic deformation 

corresponds to the straight-line OA. Therefore, at the deformation time ‘t’ the meas-

ure of non-monotonicity is given as: 

( )
( )

( )
1

t
NM t

t




=   (2) 

where  𝜀 ̅(𝑡) is the total equivalent strain  𝜀̅ = ∫ 𝜀̇̅
𝑡

0
𝑑𝑡, which is equivalent to the 

length of the trajectory, and  𝜑̅ (𝑡)  is the equivalent logarithmic strain, which equals 

the length of the straight trajectory OA. In the case of non-monotonic deformation, 

the complete trajectory is separated into n nearly monotonic portions. For each part 

the (NM)i is determined as the ratio of the length of the local trajectory part and the 

straight segment connecting its end points. In this case, the measure of non-mono-

tonicity of the whole deformation is given as: 

( )
1

n

i
i

NM NM
=

=   (3) 

 

The larger the value of NM, the higher the degree of non-monotonicity of defor-

mation. It should be noted that although all (NM)i values are larger than one, NM 

may decrease with increasing strain as the end points of the segments may vary dur-

ing the development of the deformation trajectory. 

 Strain path change was suggested by Schmitt et al. [4] to measure the change of 

the direction of the plastic strain tenzor corresponding to the pre strain and to the 

subsequent   strain modes 
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Change in strain path offers an additional parameter during the processing of mate-

rials to alter the microstructure and crystallographic texture, and thereby the mecha-

nical properties of the product [5], [6], [7], [8]. In the literature, quite a few articles 

deal with the finite element simulation of cross rolling [9].  

 

2. EXPERIMENTAL ROLLING OF NIOBIUM 

The 4 mm thick niobium sheets were unidirectional- and cross rolled at room tem-

perature without any front- and back tension. The other two sizes of material are the 

same with 50 mm. Both rolling experiments consists of four passes to reach the final 

thickness of material. The rolls’ diameter was 220 mm, and their surfaces were lub-

ricated with a mineral oil-based mixture. The rolling force and torque were recorded 

in the whole process by an HBM type data acquisition system. Figure 3 shows the 

final shapes of sheets which was obtained by the two different technique. 

 

   
a)      b) 

Figure 3 

Final shape of rolled niobium after a) the unidirectional- and b) cross rolling 

In cross rolling, the material rotated clockwise with angle of Φ = 90° around its nor-

mal axes (perpendicular to sheet plane) before each pass. The entry and final thick-

ness per pass are detailed in Table 1. The rolling speed was 30 m/min for each pass. 

Table 1 

Entry and final thicknesses of unidirectional- and cross rolling per pass 

  Unidirectional rolling Cross rolling 

Pass number h0 (mm) hf (mm) h0 (mm) hf (mm) Φ (°) 

1. 4.02 3.46 4.02 3.47 – 

2. 3.46 2.98 3.47 3.00 +90° 

3. 2.98 2.51 3.00 2.55 –90° 

4. 2.51 2.02 2.55 2.11 +90° 
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3. FINITE ELEMENT ANALYSIS OF NIOBIUM ROLLING 

The three-dimensional problem was solved by DEFORM software to simulate the 

unidirectional- and cross rolling process as well.  The rolled material was assumed 

to be plastic, which flow curves was described by the Equation (5).  

 

( )( )1 ln , /n

y refA B C      = + + =  (5) 

where the material constants are A = 140 MPa, B = 214 MPa, n = 0.525, C = 0.1061, 

while the roll was rigid. The perfect cylindrical surface of the roll was approximated 

by 8,000 polynomials. Due to the symmetry of the problem, it was used a half-thick 

model with a symmetry plane in the middle. In order to achieve the appropriate num-

ber of elements in the thickness direction, 8-node brick type mesh elements with a 

size of 0.48 × 0.44 × 0.71 mm were used. The total number of elements was 31,000. 

After the last simulated pass, a minimal distortion of hexahedral mesh was observed, 

so we used the initial mesh for whole process. The simulation was performed with a 

constant time step, calculated with the conjugate gradient solver algorithm with di-

rect iteration. 

A cold rolling problem was calculated, with an initial plate temperature of 20 °C, 

and it was assumed that the property of the material did not change during the rolling 

because of the temperature change. Between each pass, the material was to cool back 

to ambient temperature of 20 °C. A m = 0.4 Kudo-type friction factor between the 

plate and cylinder surfaces was used. In the validation process of finite element simu-

lation, the friction factor was modified to minimize the difference between the meas-

ured- and calculated force. In Figure 4 and 5, the diagrams show the measured and 

calculated rolling force as a function of time.  
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Figure 4 

Measured- and calculated force of unidirectional rolling 



       A Comparative Study of Non-Monotonicity for Unidirectional and Cross Rolling… 89 

 

 

 

0.00 0.05 0.10 0.15 0.20
0

50

100

150

200

250

300

4.pass

3.pass

2.pass

1.pass

F
o

rc
e

 [
k
N

]

Time [s]

 Fmeasured

 Fcalculated

 
Figure 5 

Measured- and calculated force of cross rolling 

After the running the simulation, the strain quantities were obtained in six different 

points through the half thickness of the material. Three of them were selected on the 

plane of longitudinal section (they are point A, B and C in Figure 6) and the other 

three at the edge of sheet in the same relative coordinates. The relative coordinates 

of the analysed points along the z axis are the followings, rA = 0.0 rB = 0.5, rC = 1.0, 

rD = 0.0 rE = 0.5 and rF = 1.0. Each of them are related to the initial position of sheet 

as it is illustrated by Figure 6. 

 

 
Figure 6 

Longitudinal section of 3D finite element model with the position of points A, B and 

C 

4. CALCULATION RESULTS OF FINITE ELEMENT ANALYSIS 

Below mentioned figures show the analysed quantities in terms of forming time for 

the unidirectional- and cross rolling as well. The diagrams contain the logarithmic 
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equivalent-  𝜑̅, the total equivalent plastic strain 𝜀 ̅and the parameter of non-mono-

tonicity NM for the whole experimental rolling. The calculation results were ob-

tained in six different material points shown by Figures 7–12. 
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Figure 7 

Logarithmic equivalent-, total equivalent strain and NM parameter  

in terms of time for point A 

 

 

0.0 0.5 1.0 1.5 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

S
tr

a
in

s
, 
N

M

Time [s]

       point B, rB=0.5

     - unidirectional

      - unidirectional

 NM - unidirectional

     - cross

      - cross

 NM - cross

 

Figure 8 

Logarithmic equivalent-, total equivalent strain and NM parameter  

in terms of time for point B 
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Figure 9 

Logarithmic equivalent-, total equivalent strain and NM parameter in point C 
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Figure 10 

Logarithmic equivalent-, total equivalent strain and NM parameter in point D 



92                       Viktor Gál – Máté Szűcs – Gábor Szabó – György Krállics 

 

  

0.0 0.5 1.0 1.5 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

S
tr

a
in

s
, 
N

M

Time [s]

       point E, rE=0.5

     - unidirectional

      - unidirectional

 NM - unidirectional

     - cross

      - cross

 NM - cross

 

Figure 11 

Logarithmic equivalent-, total equivalent strain and NM parameter in point E 
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Figure 12 

Logarithmic equivalent-, total equivalent strain and NM parameter in point F 
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A significant difference was observed in NM parameter of rolling methods. Cross 

rolling shows higher values of NM in each material points that confirms a higher 

degree of non-monotonicity of deformation. Figure 13 shows the calculated cos ϕ 

parameter of cross rolling in terms of transition between the passes. The parameter 

was investigated in different points of sheet. The horizontal dashed line designates 

the cos ϕ = 1.0 which is a constant value and characterizes unidirectional rolling 

process in terms of monotonicity for each investigated material points.  

Since both parameters show significant differences between the plastically 

formed sheets, it is highly recommended to study and measure the materials micro-

structure more deeply. In addition, it is expected a significant difference in crystal-

lographic texture as well. On the other hand, the three-dimensional simulations pro-

vide input data of texture simulation with a relative high accuracy. 
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Figure 13 

Comparison of cos ϕ parameter obtained two different rolling processes 

 

 

CONCLUSION 

Three-dimensional finite element models were established to simulate the experi-

mental rolling. Calculations were validated by the measured rolling force per pass. 

The difference between the calculated and measured data was minimized iterative 

while the friction factor was modified several times.  

The effects of two different rolling methods on the non-monotonicity and mechan-

ical quantities of material were studied by numerical calculations when the investi-

gated sheets have the same initial geometry. We observed a relative high difference in 

the value of non-monotonicity of unidirectional- and cross rolling that indicates a 

significant microstructural changes of niobium sheet. 
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SOME RESEARCH RESULTS OF CONVENTIONAL MINERAL FILLERS 

USED IN ROAD CONSTRUCTION 

 

RÓBERT GÉBER1 – BELLA UDVARDI2 – ISTVÁN KOCSERHA3 

 

 
Abstract: This paper presents and summarizes some research results which were carried out 

by the Institute of Ceramics and Polymer Engineering, University of Miskolc in the last few 

years.  

In order to achieve the best results extended literature review was made. Mineral fillers 

were tested from different Hungarian locations in order to reveal their role in asphalt 

pavements. Particle size distribution, morphology, specific surface area and air void of fillers 

were determined, as well as different adsorption tests were also made. 

The performed tests give useful information about the behaviour of mineral fillers in 

asphalt pavements, especially about the cohesion between the particles and bitumen.  

Keywords: asphalt, hydrophilic, microstructure, mineral filler, oil adsorption, Rigden 

void, surface 
 
 

INTRODUCTION  

Asphalt: the most common pavement material 

Asphalt materials consist of a mixture of mineral aggregates and bitumen. The mineral 

skeleton of this composite system builds up from different fractions of rocks. The 

maximum carrying capacity of asphalt pavements can be reached by a precisely 

controlled technology which consists not only of the mixing mineral aggregates with 

bitumen but appropriate compacting [1]. 

The finest parts of mineral materials in asphalt pavements are called fillers of 

which particle sizes are under 0.063 mm [2]. Their particle size distribution (PSD) 

is extremely important in asphalt technology. Particle size and polydispersity, 

morphology, volume fraction and packing highly affect both the viscosity of bitumen 

and the performance of pavement [3, 4, 5, 6]. The presence of fines – owing to their 

surface properties – also affects the adsorption ability of bitumen [7].  
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The properties of fillers fundamentally affect the contact with bitumen, therefore 

the properties of asphalt mastics (= bitumen + filler) and pavements [8, 9]. Cohesion, 

contact and absorption ability depend mainly on particle size (polydispersity), 

fineness modulus, specific surface, porosity and mineral composition (possibly the 

CaO content [10]) of fines. According to Clopotel and Bahia [11], the adsorption of 

bitumen components is proportional to the specific surface area (SSA) of fillers and 

at the same time it is independent from the mineral composition. Morphology, i.e. 

the geometry and shape of fillers affect the internal friction of mixture [12].  

The role of mineral fillers in asphalt mixtures has been expansively investigated 

by several researchers. In their work, Grabowski and Wilanowicz [4] looked for 

quantitative relationship between some features of limestone fillers (such as particle 

size distribution, Rigden Void between filler particles, sphericity, surface texture 

and specific surface) and their stiffening properties. Their results showed signifi-

cant difference between the structure of fillers and the above mentioned features. 

A number of tests were made by Ishai and Craus [6] on different mineral materials. 

They used the packing volume concept and described specific rugosity as an im-

portant parameter of packing which characterizes well the geometrical irregularity 

of mineral materials and eventually affects the properties of asphalt mixtures. 

Shashidar and his colleagues [13, 14] tested the effect of particulate mineral materi-

als of asphalt mixtures on the rheological properties in their researches. According 

to them, the interaction between the particles, their agglomeration, particle shape and 

orientation in a given volume decrease packing, which affect the stiffness of asphalt 

pavements. Liao and his associates [15] tested the role of mineral fillers in asphalt 

mastics in point of stiffening effect and failure. According to their results, the amount 

of fillers significantly affects the stiffening of mastics. The higher the amount of 

filler is the higher is the stiffness of mastics. 

According to Sakharov [16], the effect of fillers is based on the fact that they play 

an interactive role with their fineness and surface characteristics. They have a 

relatively high specific surface area in the mineral skeleton of asphalt mixtures, 

therefore they are able to adsorb a great part of bitumen.  

Lisihina [17] executed tests on different (basic and carbonate) rocks concerning 

the adsorption of bitumen. According to the Author, these materials are able to 

absorb much more binders on their unit surfaces than acidic rocks. Lisihina stated 

that fillers with high porosity can absorb the components of bitumen in a selective 

way (selective diffusion). 

In addition, a number of researchers [4, 6, 18, 19, 20] have also made experiments 

on asphalt mixtures with the use of mineral fillers. According to Hu et al. [21] the 

strength and structure of asphalts are highly affected by the contact between fillers 

and bitumen. The greater the binding force between mineral particles and bitumen 

is, the higher the strength of asphalt pavement is.  

According to the above mentioned, the contact between fillers and bitumen 

depends on the adsorption processes taking place on their interface. Physical 

adsorption is affected by the porosity and the specific surface area of the fillers. 

According to numerous research articles, the bond between bitumen and siliceous 



98                               Róbert Géber – Bella Udvardi – István Kocserha 

 

fillers is mechanical (generated by the Van der Walls forces) while the bond between 

bitumen and another filler (for example limestone) is chemical. 

The amount of pores, cracks and small crystals stuck on the surface of filler 

particle increase the specific surface area, therefore affect the adsorbable amount of 

bitumen. Compared to other particles, specific surface area of fillers in mineral 

skeleton of asphalt mixture is considerably higher, therefore they are able to adsorb 

great part of bitumen in compound. It is practical to use material from ground basic, 

carbonate rocks as fillers. These rocks are hydrophobic which is favourable in view 

of adsorption of binder material [8]. When choosing fillers, mineral composition has 

a great importance, that is, material has to be pure. Presence of clay minerals is 

unfavourable for instance, as it decreases mechanical strength, resistance to 

mechanical weathering, and finally leads to failure of pavement sooner than planned. 

Geometry, size, and surface activity of fillers all affect the relation with bitumen. 

Examination of physical-chemical mechanisms on the surface was made by Craus et 

al. [22]. They stated that greater surface activity of mineral materials promotes the 

strength of bond on filler-bitumen boundary and increase quantity of adsorbed 

bitumen. 

According to Maidanova and Rozental [23], the following factors affect the 

adsorption of bitumen: specific surface area and activity of mineral filler, as well as 

the amount of SARA (saturates, aromatics, resins and asphaltenes) fractions of 

bitumen. In their opinion, there is an adsorption boundary within the bitumen-filler 

structure which influences the specific surface area of filler. They also stated that 

aromatic oils play a significant role in the adsorption phenomena. Aromatic oils and 

saturates form the greater part of bitumen. These components are responsible for 

plasticity, fluidity and elasticity of bitumen [24].  

In his summary work, Lesueur [25] characterized limestone as a kind of “active 

filler”. In his opinion, asphaltenes building up bitumen presumably surround lime-

stone particles through an adsorption layer. He also assumed that these adsorption 

layers are formed not only in case of limestone but every time independently from 

filler type.  

Gou et al. [26] examined the effect of adsorption ability of mineral fillers on 

chemical and rheological properties of bitumen. Their results showed, which were 

obtained on asphalt mastics samples, that polar fractions of binder material can 

absorb on the surface of fillers. They also stated that the amount of adsorption is 

significantly influenced by the mineral composition of surface and also the specific 

surface area of fillers. In another research work of Gou et al. [27], the bitumen-filler 

interaction was observed by atomic force microscopy. They found that the effective 

thickness of bitumen on the filler surface was around 1 µm. 

Taking into account the above literature results and methods, the test were 

performed. The experimental results may promote more accurate experience in the 

cohesion between bitumen and mineral fillers and their applicability in road 

construction. 
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1. MATERIALS AND METHODS  

1.1. Sample preparation 

During the research the Authors have examined conventional mineral materials used 

in asphalt technology (limestone, andesite, dolomite). The samples are originated 

from Hungarian locations. Limestone fillers were previously ground by the manu-

facturers. Andesite and basalt rocks were available in 2/4 mm fractions, which were 

ground in planetary ball mill after washing and drying. After grinding, fine fillers 

were fractioned by a standard sieve of 0.063 mm nominal particle size. Samples were 

then dried to weight constancy and closed air-proof for further examinations. 

 

1.2. Testing methods 

Particle size distribution (PSD) of the ground material was measured by a HORIBA 

LA-950V2 laser diffraction particle size analyzer in wet mode using distilled water 

as dispersing media and sodium-pyrophosphate as dispersing agent applying the 

Fraunhofer-theory as evaluation method. Before the measurements 1-minute ultra-

sonic treatment was applied on the samples for better dispersion. 

For morphological tests Carl Zeiss EVO MA10 scanning electron microscope 

(SEM) was used. High resolution electron micrographs were taken in different mag-

nifications for further observation. The aim of this technique was to observe mor-

phology and geometrical features of fillers. 

Specific surface area (SSA) of the fillers (by BET-method) was determined by 

TriStar 3000 instrument (manufactured by Micromeritics). The method of this in-

strument is based on physical absorption and capillary condensation, and it works in 

volumetric mode. The fine filler samples were prepared with the use of 

SMARTPREP instrument. Adsorption-desorption isotherms, BET-specific surface 

area of samples were determined. 

Hydrophilic coefficient of fillers was determined by sedimentation method. 5 

grams of fine materials were weighed and put in a 25 ml measuring cylinder. In 

parallel, 10 ml of water and 10 ml of kerosene were poured into the cylinder. Fillers 

and liquids were thoroughly mixed together then the cylinders were filled with more 

liquid and closed with plugs. Volume of fillers was determined after 72 hours of 

sedimentation. 

The air voids (or Rigden Void, RV) of dry compacted fillers were measured using 

the Rigden-apparatus, according to MSZ EN 1097-4:2008 standard [28]. To calcu-

late RV, specific gravity of fillers is required, which were measured by pycnometric 

method. The knowledge of RV is useful in designing asphalt mixes and it is a good 

indicator for estimating stiffness. 

German Filler Test [12] was done on the samples in order to determine the ability 

of oil adsorption. 15 grams of oil was mixed together with 45 grams of filler. A ball 

was tried to be formed from the mixture. If it was successful and the particles were 

held together by the oil, more filler – in 5 grams increments – was added. If the 
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mixture did not stick together anymore, the cohesion between the particles and oil 

was loosen. The reason of this is that oil filled the voids between the particles. 

 

2. RESULTS AND DISCUSSION  

Table 1 contains all of the relevant test results, which were obtained during the 

researches.  

Table 1 

Test results of mineral fillers 

  

Mineral filler 

Limestone 

#1 

Limestone 

#2 

Andesi

te 
Basalt 

Average particle diameter, d50 

[μm] 
16.82 13.77 5.58 10.45 

BET specific surface area, SSA 

[m2/g] 
0.93 1.55 4.62 2.99 

Specific gravity, ρ [g/cm3] 2.717 2.820 2.791 2.960 

Rigden Void [%] 41.5 47.9 40.6 40.2 

Oil adsorption (according to 

German filler test) [g]  
95 50 75 75 

Hydrophilic coefficient, η [–] 0.73 0.59 0.83 0.69 

 

 

 

Figure 1 

Particle size distribution of fillers 
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Figure 1 demonstrates the particle size distributions of fillers. According to the 

particle size distributions 80% of particles are smaller than 0.063 mm, in all cases. 

Based on the given data, it can be stated that andesite has the lowest average value 

(average particle size, d50), with 5.58 µm. Limestone #1 has the highest median value 

with 16.82 µm. The reason for the differences between the average particle sizes of 

fillers is the way the rocks were ground. Limestones were ground by the manufac-

turers using industrial apparatus, while andesite and basalt were ground by the Au-

thors in a lab scale. 

In SEM micrograph (Figure 2. a) and b) of the limestones, relatively bigger, solid 

calcite particles can be seen. Small particles adhered on the surface of bigger particles. 

Bigger planar faces and planar fractures formed on other particles during grinding, 

especially in case of Limestone #1. Based on this, we can conclude a relatively small 

surface area which is favourable in view of bitumen quantity to be used. 

 

 
a) Limestone #1 

 
b) Limestone #2 

 
c) Andesite 

 
d) Basalt 

Figure 2 

SEM micrographs of fillers 

 

A considerable polydispersity of the sample is well visible on the micrograph of 

andesite (Figure 2. c). Besides the bigger, planar faced particles a great quantity of 

fine particles also occurs, but great part of them is of submicron size. We can observe 
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that fine particles adhered to the surface of the bigger particles. Particles formed 

during grinding have characteristically sharp edges and uneven fracture surfaces. 

Particles are considerably solid, there is no obvious trace of large pores, nevertheless 

the great number of submicronic particles refer to extensive specific surface area. 

Polydispersity of the material fraction can also be observed on the SEM 

micrograph of basalt (Figure 2. d). Just like in case of andesite, basalt also has those 

submicronic particles which may refer to extensive specific surface. 

According to the N2 adsorption tests the lowest specific surface area belongs to 

the Limestone #1 (0.93 m2/g), while andesite has the highest SSA value (4.62 m2/g). 

SSA values of the limestones are favourable referred to the quantity of bitumen to 

be used in asphalt mixture production. In case of using limestone as filler we do not 

need to calculate with excess of bitumen. Nevertheless, application of andesite may 

result in increased bitumen requirement, which affects, mainly worsens other 

features of the asphalt mixture (bleeding, rutting).   

According to the void volume of the dry compacted fillers, Basalt has the lowest 

(40.2%), Limestone #2 has the highest (47.9%) RV values, which is related to 

particle size distribution. As Limestone #2 contains a relatively higher amount of 

coarser particles than the other samples, therefore the space between the particles 

(interparticle void) is higher. 

Based on the results of Kandhal et al. [12], the German filler test is on one hand 

a standard for the rate of the Rigden Void and on the other hand provides information 

about the adsorption ability of the fillers. During the use of the method, hydraulic oil 

fills the air void among the particles of the filler used in the maximum extent. 

Besides, the oil layer formed on the surface of the particles presumably promotes 

better adherence of the particles to each other. 

Research results showed that Limestone #1 was able to bind unit value of oil in 

the greatest volume (95 g), while Limestone #2 was able to bind the smallest volume 

(50 g). This presumes that voids content among Limestone #1 particles is small, 

therefore oil is able to hold a greater number of particles. However, voids content of 

Limestone #2 is high as it is able to hold only a minimal number of particles. 

Determination of hydrophilic coefficient is based on the comparison of water and 

oil adsorption ability of the filler. Oil, like bitumen is an apolar material. However, 

during the examinations the Authors have used kerosene instead of oil, as this liquid 

has the same features as oil in view of the experiment, but due to its lower density 

sedimentation of the particles is faster. This is rather important, as value of the 

hydrophilic coefficient can be defined from the volume ratios (i.e. Vwater/Vkerosene) of 

sedimented particles in these liquids. If the ratio value is more than 1, filler is 

hydrophilic; if it is less than 1, it is hydrophilic. Based on Ref. [8], hydrophilic 

coefficient of the good filler used in asphalt pavements is 0.7–0.85. Based on the 

results all the examined fillers are hydrophobic. Limestone #2 has the lowest 

(η = 0.59) hydrophilic coefficient, while andesite has the highest (η = 0.83). 

Hydrophilic coefficient of Limestone #1 and Andesite are in the optimal range, 

therefore these materials are able to form a good relationship with bitumen.  
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Based on a previous research result of the Authors [29] hydrophilic coefficient 

value of fillers ground from carbonate rocks (limestone, dolomite) is affected also 

by particle size. They found that the highest the ratio of fine particles in the given 

fraction is, the lowest the hydrophilic coefficient value will be. Liquid surrounds 

particles as a kind of layer. The thicker the layer surrounding the particles in the 

kerosene is, the better relation between this apolar liquid and the mineral material 

can be formed. Therefore, the higher the sedimentation volume of the particles in the 

kerosene is, the lower their hydrophilic coefficient will be. 

 

CONCLUSIONS 

The aim of this article was to present some research results, which were carried out 

on different mineral materials used in asphalt pavements. It can be stated, that 

particle size distribution have a great influence not only on the specific surface area 

and air void, but the cohesion between the fillers and bitumen. The results of the 

performed tests, contribute to a better understanding of the interaction between filler 

and bitumen.  
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THE EFFECT OF ALUMINIUM DROSS ON FIRED BRICK PRODUCTS 

 

ALEXANDRA HAMZA1 – ISTVÁN KOCSERHA2 – ANDREA SIMON3 
 

 

Abstract: In this research, the usability of aluminium dross – an industrial by-product – as 

an additive for the brick industry was investigated. Brick clay was used to prepare the mix-

tures, to which different amounts (6–24 wt%) of dross were added. The optimal moisture 

content (20 wt%) required for forming was determined in preliminary experiments. Volume 

and weight changes during drying and firing were calculated. Compressive strength, bulk 

density and water absorption tests were performed on the fired samples. As the most often 

used additives of the brick industry (e.g. sawdust and petroleum coke) may interact with a 

possible new additive during firing, mixtures containing 3.35 wt% sawdust and 1 wt% petro-

leum coke were also prepared. Our results showed that increasing the amount of dross re-

duced drying and firing shrinkage as well as body density, but increased water absorption. 

Compressive strength varied inversely to the dross content.  

Keywords: additive, aluminium dross, ceramics, fired clay bricks, industrial by-product, 

recycling 

 

 

INTRODUCTION 

In the production of industrial products, almost always a by-product is created, the 

storage and disposal of which causes many problems for companies. Industrial waste 

accumulates over time and causes serious environmental and health damage in the long 

run [1, 2]. Aluminium industry is one of the industries producing the largest amount 

of hazardous waste – more than 4.5 billion kilograms of aluminium waste per year 

worldwide [3, 4, 5]. For this reason, it is important to recycle these industrial wastes 

and to create products that are useful to society and harmless to the environment. 

One of the by-products of aluminium production is the slag, which is formed by 

the oxidation of molten aluminium due to the metal-air contact. The alumina gener-

ates a long, continuous layer on the surface of the melt, thus a certain amount of 

metallic aluminium is also present in this layer. Salt treatment is used to minimize 

oxidation [6, 7]. Typically, two different types of slag are distinguished: primary or 
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white slag and secondary or black slag. 15–20% and 10% of aluminum can be re-

covered from white and black slag, respectively. Various methods, such as pyrome-

tallurgy or hydrometallurgy, are developed to use slags as a secondary raw material 

but the amount of the recovered, usable material is small [8, 9]. 

The dross formed during the smelting of secondary aluminium has very little value 

so far, so researchers tend to neglect this by-product [8]. However, the generated 

solid waste can be used in the ceramic industry, including brick production. Fired 

brick is one of the most widely used building materials, made mainly using primary 

materials (clay, sand, water and other organic materials) [10]. The workability of 

numerous industrial by-products is being investigated, such as waste from the paper 

industry, cigarette butts, fly ash, sludge from textile sewage treatment plants, plastic 

fiber, straw, rice husk ash, granulated blast furnace slag, rubber, soda pulp, sawdust 

and red mud [11, 13, 14, 15, 16]. However, for each additive, it is important to exa-

mine their effect on the properties of the finished product. 

In this experiment, the usability of dross originating from the smelting of secondary 

aluminium was investigated. The drying and firing shrinkage, weight loss, bulk den-

sity, water absorption and compressive strength of the samples were measured. 

 

1. MATERIALS AND METHODS 

1.1. Materials 

The samples were prepared using yellow clay with low carbonate content as raw 

material. Its mineral composition was analysed by X-ray Powder Diffraction 

(Rigaku Miniflex II, Cu Kα, 2θ range from 3 to 90°). Quantitative results were ob-

tained by Rietveld full-profile refinement analysis. The XRD pattern and the mineral 

composition of the clay are shown in Figure 1 and Table 1. 
 

 

 
Figure 1 

XRD pattern of the yellow clay 
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Table 1 

Mineral composition of the yellow clay 

Phase Q I M A SM G K M C D CH AM WC 

              Quan-

tity 

41.1 24.2 5.0 5.5 6.1 3.3 6.7 4.4 – – 2.3 10 6.6 

              (Q: quartz; I: illite; M: muscovite; SM: smectite; A: albite; G: goethite; K: kaolinite; M: microcline; 

C: calcite; D: dolomite; CH: chabazite; AM: amorphous content; WC: water content) 

 

 

The main components of the dross were also identified by X-ray Powder Diffraction. 

The main phases of the dross were corundum, spinel, nordstrandite, wurtzite, sylvine 

and fluorite. The dross had a moisture content of 6 wt%, so it was dried before use.  

Sawdust and petroleum coke, the most commonly used additives in the brick in-

dustry, were used as additional additives. Sawdust is one of the most commonly used 

pore-forming additives, which generates pores during firing and thus improves the 

thermal insulation of brick products. Petroleum coke is also added for the same rea-

son. During the preparation of the mixtures, 3.35 wt% sawdust and 1 wt% petroleum 

coke, based on the dry weight of the clay, were added. 

 

1.2. Mixture preparation 

Table 2 

Composition of the prepared mixtures in wt% 

Clay/Dross 100/0 94/6 88/12 82/18 76/24 

 

  

Figure 2 Figure 3 

Homogenized mixture Hermetically sealed mixtures 

 

Two experimental series were made. In the first series only clay, dross and water were 

mixed. The clay was used without drying, with a moisture content of 6.6 wt%. This 

amount was taken into account when adjusting the moisture content. Dross and clay 

were mixed in their dry state by a laboratory pan mill. The amount of dross was 0, 6, 
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12, 18 and 24 wt%. In the second series, 3.35 wt% sawdust and 1 wt% petroleum coke, 

based on the dry weight of the clay, were added, and the dross content was also varied 

between 0–24 wt%. The moisture content was set to 20 wt% in both cases. Dross-clay 

mixtures were prepared at the ratios described in Table 2. The homogenized mixtures 

(Figure 2) were conditioned airtight for 24 hours after mixing (Figure 3). 

 

1.3. Sample preparation 

After the conditioning, 16 samples with a diameter of 24 mm and a height of 50 mm 

were prepared from the mixtures by extrusion with a KEMA PVP 5/s equipment (Fig-

ure 4). No cracks appeared on the extruded samples. The samples were then dried in a 

laboratory drying chamber to constant weight for 48 hours. The dried samples were 

fired at 860 °C and kept for 1 hour, the heating rate was 150 °C/hour. After cooling, 

the samples were removed from the furnace (Figure 5). No cracks appeared on the 

samples after firing.  

 

 

                           Figure 4                                                    Figure 5 

                   Extruded samples                                         Fired samples 

 

 

2. RESULTS AND DISCUSSION 

2.1. Drying and firing shrinkage 

As a result of the rise in temperature, various physical and chemical processes take 

place in the brick products during firing. Therefore, it is important to know the effect 

of certain materials on the drying (Figure 6) and firing (Figure 7) shrinkage and 

weight changes, as dimensional changes must be taken into account in advance dur-

ing production. Therefore, the effect of the increasing amount of dross on these pro-

perties was examined. For each setting, measurements were performed on 10 ex-

truded samples.  
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Figure 6 

The effect of dross content on drying shrinkage 

 

 

 
Figure 7 

The effect of dross content on firing shrinkage 

 

It can be seen in Figure 6, that the drying shrinkage of the samples decreases with 

increasing the amount of the dross. In the additive-free series, the drying shrinkage 

was reduced by 34% compared to the dross-free samples with the addition of 24 wt% 

dross while the series containing sawdust and petroleum coke showed a 40% de-

crease. Firing shrinkage also decreased with increasing dross content, but not as in-

tensely as the drying shrinkage. 

 

2.2. Water absorption and bulk density 

To perform the measurement, the dried, fired samples were weighed using a digital 

balance, then placed into a pan and poured with distilled water until they were com-

pletely covered. The samples were heated and boiled for 3 hours (from the boiling 

of the water), making up for the amount of evaporated water. During the boiling the 

open pores were saturated with water. After boiling, the samples were cooled down 
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to room temperature and weighed again after soaking up the water from their surface. 

The test was performed on 10 fired samples for each series. 

 
Figure 8 

The effect of dross content on water absorption 

 

 
Figure 9 

The effect of dross content on bulk density 

 

The hydrostatic method was used to determine the bulk density 6 samples were 

measured per setting. The measurement was performed using a digital balance and a 

device developed for this measurement. The samples were placed in a hanging bas-

ket and immersed into distilled water. The device was fixed to a digital balance to 

measure the weight of the water displaced by the sample. 

In both series, the water absorption increased directly with the amount of dross 

(Figure 8), thus the addition of dross increased the amount of open pores. Adding 24 

wt% dross resulted in a 30% increment compared to the dross-free samples in both 

series. Water absorption and bulk density are closely related, and it follows that in-

creasing the proportion of dross reduced the bulk density of the samples. 
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2.3. Compressive strength  

Compressive strength is one of the most important features for building materials. 

The measurement was performed on 10 samples per mixture, using a laboratory test-

ing instrument with a measuring range of 10 t. As parallel surfaces are required for 

the measurement, the contact surfaces of the samples were ground to be parallel. 

According to Figure 10, compressive strength significantly decreased with increas-

ing the amount of dross, as the average compressive strength of dross-free samples 

was 30 MPa, which decreased to 21.12 MPa with the addition of 24 wt% dross. 

Compressive strength also decreased in the case of additive-free samples, but not to 

the same extent. 

 
Figure 10 

The effect of dross content on compressive strength 

 

 

CONCLUSIONS 

Our experiments have shown that drying and firing shrinkage decreased by increas-

ing the amount of dross. As for the additive-free series, the drying shrinkage de-

creased from 21.5% to 16%, while for the series containing both sawdust and petro-

leum coke, it decreased from 20.3% to 11.5%. This is a favorable result, as it shows, 

adding dross can reduce the drying sensitivity and the resulting problems. 

Water absorption increased with the amount of dross. In the case of 24 wt% dross 

content, the increment was 6% and 5% for the series containing additives and with-

out additives, respectively. The addition of dross increases the proportion of open 

pores. Bulk density of the samples did not change significantly. 

The most remarkable change was observed in compressive strength. Compared to 

the dross-free samples, the samples having 24 wt% dross content had 60% and 24% 

lower values for the series with and without additives, respectively. 
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THE INVESTIGATION OF SODIUM LAURYL SULPHATE  

AS FOAM STABILIZER IN CEMENT FOAMS 

 

ALEXANDRA HAMZA1 – ISTVÁN KOCSERHA2 

 

 
Abstract: In this study, we investigated hydrogen-peroxide foamed cement foams to which 

we used sodium-lauryl-sulfate (SLS) as a foam stabilizing additive. The specimens were pre-

pared cement, water, hydrogen peroxide, expanded perlite and the aforementioned foam sta-

bilizer. The substances listed were applied in two series. In one the amount of foam stabilizer 

additive was 0.01 wt%, while in the other it was twice 0.02 wt% relative to the weight of the 

cement. The samples were foamed with a 30% hydrogen-peroxide solution in 4 wt%, 6 wt% 

and 8 wt%. As a result, we obtained specimens with a body density of 450–660 kg/m3. The 

prepared samples had 0.89–2.24 MPa compressive strength on the 28th day. In addition, we 

examined the macro structure of the specimens. 

Keywords: cement foam, body density, foam stabilizing, compressive strength, porosity  

 

 

INTRODUCTION 

Cement foam belongs within to the group of lightweight concretes, with a wide range 

of bulk densities from 300 to 2,000 kg/m3. Research on this topic has been carried 

out since 1980 [1, 2]. Cement foam is a low density and high porosity building ma-

terial, which we can prepare using by various methods. There are three common 

forms of making cement foams, which can be made by blowing air, using precursor 

foam or mixing a chemical foaming additive [3, 4, 5].  

There are two types of chemical foaming additives: the most common one is alu-

minum paste and the other type is hydrogen-peroxide [6, 7, 8]. Hydrogen-peroxide 

is a strong oxidizing agent that is stable at low pH, however it decomposes in the 

presence of increasing alkalinity. As a result, the strong alkaline property of fresh 

cement slurry is a propitious condition for catalyzing the decomposition of hydrogen 

peroxide. Nevertheless, these are elements in the cement that further catalyze the 

decomposition process [9]. During the decomposition process bubbles are formed in 

the cement matrix which these promotes the production of high porosity cement 

foam. The degree of porosity and compressive strength are closely related. In this 

context it is not sufficient to determine only the percentage by the volume of the total 
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air content, since the  mechanical properties are also strongly influence by the shape, 

size, and distribution of the pores [10, 11]. 

Fresh cement foam ages through a number of interrelated processes, which re-

duces the stability of the foam. Such a destabilizing process is fluid flow. As fluid 

flows, the fluid layers become thinner, thus causing the collapse of the foam sample 

resulting. The simultaneous presence of bubbles of different sizes improves fluid 

drainage. However, the presence of smaller and larger size bubbles leads to the dif-

fusion of gases due to different internal pressures [12, 13]. Larger size bubbles also 

reduce the stability of the foam as the size of the bubble is directly related to the 

buoyancy force. As a result, the larger the bubbles the faster leave the system, which 

in dangers the preservation of the foam structure [14]. The bulk density and stability 

of cement foam can be affected by the addition of appropriate additives, these sub-

stances are increased by the viscosity of the solution [15]. Significant in current ce-

ment foam production foaming agents are added to create pores in the cement slurry. 

This is supported by applying various foam stabilizing additives [16, 17, 18]. A number 

of foam stabilizers have been investigated, such as calcium stearate, sodium-lauryl-ether-

sulfate and sodium-lauryl-sulfate [15, 19]. 

In this study, we used sodium-lauryl-sulfate (SLS) as a foam stabilizer for the 

preparation of hydrogen peroxide foamed cement foams. During the tests, we 

changed the amount of foaming agent from 4 to 8 wt% and the foam stabilizing 

additive, then we observed the effect of these on the bulk density as well as the com-

pressive strength of the specimens. 

 

1. MATERIALS AND SPECIMEN DETAIL 

1.1. Cement 

CEM II / B-M (V-LL) 32.5 R composite Portland cement was used as raw material for 

the tests, which contains fly ash and limestone additives in an amount of 21–35 wt%. 

A quick-setting cement has a positive impact on the stability of the cement foam. 

Therefore, we chose rapid cement instead of conventional cement of normal setting 

time. 

 

1.2. Foaming agent 

Hydrogen peroxide is a strong oxidizing agent in which the oxygen atoms are 

peroxo-bonded to each other. The binding energy of the peroxo-bond is not high. 

Therefore hydrogen peroxide is thermodynamically unstable, thus quite decompos-

able, this decomposition process is used to produce cement foams. During the de-

composition process water and oxygen are formed [9]. The rate of decomposition of 

H2O2 depends on the alkalinity of the solution: at pH = 10.3 the rate of decomposition 

is 4-5 times higher than in neutral water [20, 21]. This property is also preferential 

for the production of cement foams, as fresh cement sludges are strongly alkaline in 

nature. A 30 wt% hydrogen-peroxide solution was used to prepare the specimens. 
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1.3. Foam stabilizer 

Foam stabilizing additives to play an important role in the production of cement 

foam, whereas it greatly effects the foam structure formed and the stability of the 

fresh cement foam produced by the foaming additive. The stabilizers used are gene-

rally surfactants which reduce the surface tension of the water. Synthetic surfactants 

can be further divided into anionic, cationic, amphoteric and non-ionic tensides. An-

ionic surfactants are the most common due to their low cost [22]. For this reason, 

sodium-lauryl-sulfate (SLS) was chosen, which belongs to the group of anionic sur-

factants with a molecular weight of 288.38 g/mol. 

 

1.4. Other additives 

As a further, expanded perlite (ANZO P2) was added, which is one of the most 

popular admixtures in lightweight concrete due to its low body density and excel-

lent thermal insulation. During production, the crude mined perlite is heated to 

760–1,100 °C at this temperature, the substance becomes pyroplastic and the water 

inside it becomes water vapor and increases 4–20 times the original volume of the 

substance [23, 24]. The energy properties of the expanded perlite are excellent. 

Due to its high water absorption capacity, it facilitates the post-treatment of con-

crete. As water-saturated expanded perlite provides water for the later hydration of 

the cement [25]. In our previous studies, we found that applying expanded perlite 

during the preparation of cement foams resulted in a more stable fresh cement 

foam. For this reason, we included in the formula for cement foams. A superplas-

ticizer additive (Mapei Dynamon NG 1012) was also for production of cement 

foams. This ensured that the cement slurry had sufficient consistency to be field 

moulds. 

 

1.5. Cement foam preparation 

Cement foams were prepared from cement, expanded perlite, water, superplasticizer, 

foaming agent and foam stabilizer additives. Two series were prepared with different 

amounts of foam stabilizer. In the first series, the amount of foam stabilizer – relative 

to the weight of the cement – blended in the mixture was 0.01 wt% while in the other 

series this amount of double (0.02 wt%). For both series, we made specimens by 

mixing different volumes of hydrogen peroxide, which we adjusted to 4, 6, and 

8 wt%. The w/c ratio was 0.6 in all mixtures, which includes the amount of water 

introduced with hydrogen peroxide. 

The first step in sample preparation was to mix about 30% of the mixing water 

with the expanded perlite in order to reduced its dusting (Figure 1). The perlite was 

then added to the weighed out cement. The amount of mixing water remaining was 

divided in to two parts. The superplasticizer was added to one part, and we dissolved 

the foam stabilizing additive in the other part (Figure 2). 
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Figure 1 Figure 2 

Expanded perlite mixed with water SLS dissolved in water 

 

 

The moistened expanded perlite and cement were mixed with each other by an elec-

tric mixer (Figure 3). After we obtained a homogeneous mixture we added the su-

perplasticizer and the water containing the foam stabilizing additive. The cement 

slurry was further mixed with intensive mixing, the mixing time was 2 minutes, during 

which time the superplasticizer made the cement paste reasonably fluid (Figure 4). 

Finally, diluted (30 wt%) H2O2 as the foaming agent was added to the cement slurry. 

The incorporation of hydrogen-peroxide was carried out by intense mechanical stir-

ring for 10 seconds. 

 

 

  

Figure 3 Figure 4 

Mixing cement and perlite Fresh cement slurry after mixing 

 

 

The cement paste was filled into 70 × 70 × 70 mm moulds after mixing the hydrogen-

peroxide. Then the moulds were vibrated with a vibrating table so that the slurry 

would fill the template evenly. Two hours after casting, top of the samples were 

removed with a wire. After 24 hours, the moulds decomposition was also performed 

(Figure 5). The samples had been cured for 28 days at 22 °C under water. 

 



The investigation of sodium lauryl sulphate as foam stabilizer in cement foams 119 

 

 
Figure 5 

Specimens after template disassembly 

 

 

2. TESTING OF SPECIMEN 

2.1. Compressive strength 

The samples were fractured at 28 days of age for compressive strength testing. Three 

specimens were tested for all mixtures. The compressive strength test was performed 

with an INSTRON electromechanical tensile-pressure device. The results of com-

pressive strength are included in Table 1 and graphically illustrated in Figure 6. 

Table 1 

Compressive strength and body density of specimen 

 
Compressive strength 

[MPa] 
Body Density [kg/m3] 

Content of H2O2 4 wt% 6 wt% 8 wt% 4 wt% 6 wt% 8 wt% 

SLS 0.01wt% 2.24 1.85 1.37 662 557 472 

SLS 0.02wt% 1.48 1.20 0.84 615 533 456 

 

 

As it is shown in Figure 6 the compressive strength of the samples with 0.02 wt% 

SLS was lower that of samples made with 0.01 wt% foam stabilizer. The compres-

sive strength of specimens prepared with 4 wt% hydrogen peroxide decreased from 

2.24 MPa to 1.48 MPa by doubling the amount of SLS. Numerical values are sum-

marized in Table 1. 
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Figure 6 Figure 7 

Compressive strength Bulk density 

 

 

2.2. Bulk density of specimens 

The samples were dried at 105 °C to constant weight. Bulk density was calculated 

for three samples per mixtures. After drying, lengths and weight of the specimens 

were measured and bulk density was calculated as mass per unit volume. According 

to Table 1 that doubling of foam stabilizing additive did not have significant impact 

on the value of bulk density. Analyzing Figure 7 it can be seen that, the bulk density 

of the cubes made with 4 wt% H2O2 foaming additive showed a 7% decrease while 

the amount of foam stabilizer was doubling. For specimens containing 6 wt% and 

8 wt% H2O2, this reduction was 4.5% in both cases. 

 

2.3. Distribution of average pore size 

Macro images were taken of the fracture surface of the specimens. Macrographs of 

the samples are shown in Figure 8. In the captured images, the diameters of the pores 

were measured using software called ImageJ, then the values were averaged for each 

specimen. From the pore size measurements (Table 2), it can be concluded that as 

the amount of hydrogen-peroxide was boosted the pore diameters were increased. In 

this case the 0.01 wt% SLS mixing was clearly visible, larger pores were formed 

than when the 0.02 wt% mixing was used. 

Table 2 

Distribution of average pore size 

 0.01 wt% SLS 0.02 wt% SLS 

Content of H2O2 4 wt% 6 wt% 8 wt% 4 wt% 6 wt% 8 wt% 

Pore size [mm] 1.607 2.741 3.775 1.386 2.019 2.378 

 

 

Figure 8 shows that as the ratio of hydrogen-peroxide increased, the pores which 

were differed more and more from the spherical shape. The sample was prepared 

with 0.01 wt% SLS and 8 wt% foaming additive showed the most distorted pore 

structure. 
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Figure 8 

Macro structure of samples 
 
 

CONCLUSIONS 

Foam stabilizer additives promote the formation of an appropriate cement foam 

structure. It is most optimal for the foams to form spherical pores in an even dis-

tribution, which results in a stable fresh cement foam. For this purpose, we need to 

optimize a number of things, such as the w/c ratio, the amount of foaming and 

stabilizing additives, because the best combination of these materials gives the best 

results. 

Investigations have revealed, that doubling the amount of SLS showed lower 

compressive strength values in all cases. Samples made with 0.02 wt% SLS had 

~35% lower compressive strength than the series containing 0.01 wt% foam stabi-

lizer. For instance, the compressive strength of cubes prepared with 4 wt% hydrogen-

peroxide decreased from 2.24 MPa to 1.48 MPa.  
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The bulk density of specimens did not change significantly by doubling the 

amount of foam stabilizer. The bulk density of the specimens made with 4 wt% H2O2 

foaming additive showed a 7% decrease while in the case of specimens containing 

6 wt% and 8 wt% hydrogen-peroxide respectively this reduction was 4.5%. 

The macro structure of specimens prepared with two different amounts of SLS 

differed from each other significantly. The largest divergences were in the case of 

the cubes prepared with 8 wt% H2O2 content. The samples with a foam stabilizer 

content of 0.01 wt% showed a rather deformed picture at this foaming additive con-

tent. In addition, the average pore size of the cement foam was larger than in the case 

of the 0.02 wt% foam stabilizer. 

According to these results based on, it can be said that, increasing the amount of 

foam stabilizing additive resulted in a uniform pore distribution and pore size. In 

contrast, the results of the compressive strength test showed a significant decrease. 
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Abstract: Aluminium dross treated with hydrometallurgical process mainly consists of spi-

nel, wurtzite and alumina. This composition makes the dross to be a promising secondary 

raw material for the ceramic industry. Many application fields (refractory, concrete, cement, 

alumina) are presented in the literature. However, as for the glass industrial application, there 

are limited research results available. In this study, the effect of aluminum dross and cyclone 

powder on the properties of melted glasses was investigated. Four drosses and two types of 

cullet (float and packaging glass) were used. The melting behaviour of the glasses and the 

mixtures were characterized by heating microscopy. Mineral phases of the raw and the melted 

materials were identified as well.  

Keywords: aluminium dross, glass, glass colour, phases, heating microscopy, glass 

foaming 

 

 

INTRODUCTION 

One of the most important environmental issues is the handling of the waste materi-

als. Especially the hazardous wastes can generate serious problems, as even their 

disposal need a lot of preparation and monitoring. One of the environment-friendly 

solutions is the recycling of the disposed waste materials. Industrial waste can be 

recycled in many fields, as raw material for road construction, buildings, glasses, 

glass-ceramics or composites.  

Residues of metallurgical slags or drosses can be used as a replacement material 

for crushed stones in road constructions [1–6]. Using drosses or slags can enhance 

the friction behaviour and the wear resistance of the road. According to Yoshimura 

et al. [7], slags are suitable candidates as raw materials of refractory materials. The 

main phases of slags were MgAl2O4 and AlN, which may generate cracks during the 

firing. However, the appearance of the cracks did not influence the mechanical pro-

perties of the products. Treated drosses can be recycled in the production of calcium-

aluminate [8] or other ceramic products [9–11]. 

Based on the composition of the slags/drosses (Table 1), they can be mainly used 

in the preparation of MAS (MgO-Al2O3-SiO2) glasses or glass-ceramics [12–17]. 

Properties of the glass-ceramic products are determined by the crystalline phases, 
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the composition of the glass and the nucleating agents [18]. The most important crys-

tal-forming additives are ZrO2, TiO2, P2O5 and Cr2O3 [19]. Another perspective for 

the drosses are the ceramic glazes. Chemical resistance of the glaze can be enhanced 

by adding waste materials (float glass, granite, limestone) to the ingredients of the 

glaze [20]. This increase is due to the crystalline phases appeared in the glaze. 

Glasses are materials similar to the glazes. López-Delgado et al [26] studied CaO-

Al2O3-SiO2 (CAS) glasses to describe the vitrification of the Ald (Al dust). Silica 

sand, calcium carbonate and aluminium-rich waste, as a source of Al2O3, were used 

as raw materials. However, in the presence of humidity, toxic gases such as H2, NH3 

and H2S can be formed:  

 

2Al + 3H2O → 3H2 (g) + Al2O3 (1) 

2AlN + 3H2O → 2NH3 (g) + Al2O3 (2) 

Al2S3 +3H2O → 3H2S (g) + Al2O3 (3) 

Table 1 

Oxide composition (wt%) of some drosses 

Reference [7] [8] [21] [22] [23] [24] [25] [26] 

O
x
id

es
 

Al2O3 84 65 63.29 67.3 87.57 64.8 68.18 66.2 

MgO 11 14 0.45 6.03 4.2 3.2 9.73 8.7 

SiO2 2 13 6.36 4.14 2.77 4 13.04  

CaO 1 3 20.2 4.83 0.85 0.93 0.82 3.9 

Na2O 0.7 0.5 0.36 1.7 1.86 2.75 1.69 2.5 

K2O 0.4 0.4 – 0.61 0.26 0.51 0.52 1.36 

Fe2O3 0.3 2 0.32 1 0.25 1.5 1.8 1.4 

TiO2 0.3 1.5 – 0.69 0.13 – 0.61 1.46 

ZnO – – 0.93 – – – – 1.45 

MnO – – 0.73 0.18 0.11 – 0.32  

Al        16.5 

AF** A B C D D E C F 
* average particle size 
** AF: application field, A = refractory, B: Ca-aluminate, C: concrete, D: cement, E: η- Al2O3, F: glass 

 

 

This literature review shows that the applicability of aluminium dross as raw material 

for the glass industry has been limitedly studied and/or published. However, the 

composition of the treated aluminium dross may be suitable as a raw material for the 

glass industry, depending on the composition of the glass to be manufactured. 
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1. MATERIALS AND METHODS 

4 types of dross (A-D), the cyclone fraction (coded as E), and two types of cullet 

(float and packaging glass) were used as raw materials. The phases of the drosses 

were identified by a Rigaku Miniflex II (Cu Kα, 2θ 3–90°, step size 0.02°, room 

temperature) table top X-ray diffractometer, with a PDXL2 software to evaluate the 

results. The Rietveld complete profile fitting procedure was used to quantify the 

phases. The chemical (oxide) composition of the glasses was measured using a 

ZEISS EVO MA10 scanning electron microscope equipped with an EDAX detector. 

Melting behaviour of the mixtures was studied with a Camar Elettronica MicrOVis 

heating microscope, in the 25–1,200 °C temperature range.   

Powder mixtures were blended in a laboratory mixer for 5 minutes at 200 rpm. 

The glass:dross weight ratio was 9 : 1. The mixtures were placed into a porcelain 

crucible and heated up in a laboratory furnace to 1,300 °C according to Figure 1. 

After the melting, samples were left in the furnace to cool down to room temperature. 

Photos were taken on the melted-cooled samples with a Huawei P20 Lite device. 

 

 

Figure 1 

Heating profile 

 

2. RESULTS AND DISCUSSION 

The composition of the glasses (Table 2) is very similar. The main constituents are 

SiO2, Na2O and CaO. Small amounts of MgO, Al2O3, K2O and Fe2O3 were also iden-

tified. The packaging glass contains a little more CaO, Al2O3 and Fe2O3 than the float 

glass. The main phases of the drosses (Table 3) are corundum, spinel and wurtzite. 

In addition, drosses contain salts (fluorite, halite, sylvite) and other compounds, like 

bayerite, calcite or periclase. Cyclone fraction has the highest amount of salt. Metal-

lic aluminium and amorphous phase can only be found in the cyclone powder. Dross 

A and D has the highest amount of wurtzite, which can generate NH3 gas in the 

presence of water. The ratio of spinel and corundum in the dross depends on the Mg 

content of the pristine alloy. 
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Table 2 

Oxide composition (wt%) of the glasses 

 SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 S F 

Float* 69.1 0.83 3.28 8.00 12.8 0.29 0.51 0.19 <0.3 

Packaging* 68.3 1.5 2.15 9.11 10.5 0.67 1.21 0.110 <0.3 
*+other: MnO, TiO2, P2O5 <0.075% 

Table 3 

Mineral composition (wt%) of the drosses 

Phase Formula 
Dross code 

A  B  C  D  E  

Corundum Al2O3 21.95 16.58 12.998 43.77 6.85 

Spinel MgAl2O4 55.33 65.1 71.14 32.07 53.07 

Wurtzite AlN 18.06 6.09 4.86 19.34 17.24 

Fluorite CaF2 
   1.74 3.36 

Halite NaCl 1.80 1.06 0.78 1.14 2.22 

Sylvite KCl 0.6 0.13 0.11 0.37  

Bayerite Al(OH)3 
 0.63 8.54 0.06  

Calcite CaCO3 2.26 0.40 1.57 1.52 1.21 

Periclase MgO –    2.57 

Aluminium      2.48 

Amorphous      11 

Total salt content  2.40 1.19 0.89 3.25 5.58 

 

 

 

Figure 2 

Heating microscopy profiles of the mixtures 
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Thermal properties (melting behaviour) of the glass/dross mixtures were investi-

gated by heating microscopy. Melting profiles (Figure 2) of float and packaging 

glasses are quite similar, but float glass has lower characteristic temperatures. The 

addition of drosses reduced the sintering temperature of the packaging glass/dross 

mixtures, but increased the sphere-half sphere temperatures (Table 4). However, the 

melting point temperature decreased in the presence of the drosses. These drosses 

contain salts that can reduce the melting temperature of the mixtures. All mixtures 

showed a foaming process between 700–1,050 °C due to the presence of AlN and 

CaCO3, which generates gas development during the heating. 

Table 4 

Characteristic temperatures of the heating microscopy stages 

 Sintering 

(°C): 

Softening 

(°C): 

Sphere 

(°C): 

Half sphere 

(°C): 

Melting 

(°C): 

Float glass 671 827 855 931 981 

Packaging glass 702 828 884 1,014 1,112 

Packaging + 

Dross A 
678 775 942 1,030 1,084 

Packaging + 

Dross B 
669 794 923 1,030 1,063 

Packaging + 

Dross C 
667 839 925 1,055 1,084 

Packaging + 

Dross D 
675 – 951 1,032 1,076 

Packaging + 

Dross E 
671 – 954 1,045 1,045 

 

Figure 3 and 4 presents the photos of the melted mixtures. The signs of foaming are 

clear for the float glass + dross A and D mixtures. In the float glass + dross B and C 

mixtures, only small bubbles appeared at the walls of the crucible. Float glass + dross 

E sample was completely free from bubbles. The re-melted float glass had a slight 

greenish shade. Melted float glass + dross mixtures showed brown/amber colour. 

Float glass + dross B and C mixtures had a matte, strong brown colour, due to the 

change in the valence number of Fe ions. Float glass + dross E was the clearest mix-

ture, where the glass phase is colour, but transparent, unlike the re-melted glass. This 

sample had less dense cracks than the pristine glass. 

As for the packaging glass, the re-melted glass had no bubbles. Packaging glass 

+ dross A, C and D had signs of small bubbles. Packaging glass + dross B sample 

contained more bubbles placed at the wall of the crucible. Re-melted packaging 

glass, and mixtures with dross B and E turned to green. Mixture with dross C had 

strong, greenish-brownish colour. Mixture A and D had brown shade. The colour of 

the glasses depends on the valence state of the ions and oxides in the glass structure. 

Every melted sample left a glassy coating on the inner part of the crucibles, due to 

the relatively high salt content. 
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Float glass 

 
Float glass + Dross A 

 

 

 
Float glass + Dross B 

 
Float glass + Dross C 

 

 

 
Float glass + Dross D 

  
Float glass + Dross E 

Figure 3 

Photographs of the float glass based samples 
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Figure 4 

Photographs of the packaging glass based samples 
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Based on the X-ray diffraction analysis, the melted mixtures contain mainly amor-

phous phases with a small amount of crystalline phases. Quartz phase occurred in 

every sample as the main crystalline phase. In the re-melted float glass sodalite 

(Na4Al3ClSi3O12) was indicated by the analysis. In the float glass + dross C mixture, 

akermanite (Ca2Mg(Si2O7)) was identified. Sodalite is a feldspathoid mineral of the 

tectosilicates which can appear in blue, grey, yellow, green, or pink colours [27]. 

Akermanite is a member of the sorosilicate group, which can be gray, green, brown, 

or colorless [28]. These phases can also be responsible for the colour change of the 

glasses.  

 

CONCLUSION 

In this study, the applicability of aluminium drosses with different composition as a 

raw material for the glass industry was investigated. Melting behaviour of different 

glass mixtures with 4 types of dross (A-D), cyclone fraction (coded as E), and two 

types of cullet (float and packaging glass) was characterized by heating microscopy. 

The shape of the melting profiles of the float and packaging glasses is quite similar 

but the float glass starts to melt at lower temperature. The addition of drosses in-

creased the sphere-half sphere temperatures of the packaging glass/dross mixtures, 

but reduced the sintering and melting point temperature. The salt content of the 

drosses can reduce the melting point temperature of the mixtures. Independently 

from the dross type, all mixtures showed a foaming process between 700–1,050 °C 

which is due to the presence of AlN and CaCO3. In both glasses, dross A and D 

generated bubbles during the melting. Dross B generated more bubbles in the pack-

aging glass than in the float glass. Depending on the exact composition of the dross 

and the type of the glass, the dross changes the colour of the glass to green, brown 

or amber. The colour of the glasses depends on the valence state of the ions and 

oxides in the modified glass structure.  

Based on the X-ray diffraction analysis of the re-melted mixtures, small amount 

of crystalline phases as quartz, sodalite, akermanite were found beside the amor-

phous fraction. Higher temperature and more time is needed to ensure the complete 

dissolution of the dross constituents to the glass. These phases can also contribute to 

the modification of the glass colour. 
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Abstract: The texture of hot-dip aluminized carbon steel C45 has been studied. Hot-dip alu-

minized (HDA) samples were prepared by laboratory experiments. The structure and crystal 

orientation of the topcoat layer of an aluminized specimen was analyzed through X-ray dif-

fraction. The outcome of XRD reveals that the phase formed after removing the excess alu-

minum from the top surface (ripples) of the coated sample was FeAl, a non-stochiometric 

intermetallic with a Fe/Al atomic ratio of 1/1, but it also contains some impurity atoms, which 

cannot be identified with XRD. These impurity atoms modify the lattice plane distance d 

values of the FeAl phase, and as a result, the reflections shift. Lattice orientation of such a 

phase was found to be (110). Corrosion testing of the hot air-exposed (at 700 °C and for 

several hours) aluminized specimens were also performed, which revealed the still quite high 

wet corrosion (that is the salt water exposure at ambient air) resistance of the so modified 

outermost surface zone consisting of iron aluminides formed during the prior high-tempera-

ture exposure. 

Keywords: Aluminizing, XRD, poles figure, iron aluminides, corrosion resistance 

 

 

INTRODUCTION 

Protection against oxidation and in general corrosion is essential to avoid degrada-

tion of the structure’s material. Concurrently considering the structure of the coated 

material and interlayer(s) formed between the substrate and coated material is of 

primary importance due to the need to perpetuate stable structure withstanding even 
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in harsh environments at high temperature. Several researchers have studied the 

structure of aluminized carbon steel to depict the essential consistency of the coating 

layers. For example, the morphology structure at the coating/substrate interface was 

studied by Gul Hameed Awan and Faiz ul Hasan [1] and found on the XRD pattern 

that the interface was orthorhombic Fe2Al5 phase. Others, like Smiglewicz et al. [2] 

prepared samples of a specific Fe-Al binary alloy for studying its microstructure and 

phase changes at varying temperatures. They used a special VIM (vacuum induction 

melting) technique for producing the Fe-Al alloy casting/sample with 58 at.% alu-

minum. To modify the solidified sample microstructure (e.g., for grain refining), 

they also added small amounts (in total less than 0.2%) boron, carbon, and zirconium 

to the binary Fe-Al alloy. By XRD examinations, they identified the FeAl2 phase 

present in the FeAl alloy prepared with the given composition, which coincides well 

with the phases appear in the Fe-Al equilibrium phase diagram [3]. Alboom et al. 

[4], while studying the structure of hot-dip aluminized steel and using several tech-

niques (EDX, EBSD-Mapping, APT) combined with DFT calculations, detected two 

kinds of phases, θ(Fe4Al13) and η(Fe2Al5+x) just beneath the aluminum cover layer. 

In practice, several intermetallic layers that formed during any industrial HDA 

process, most often show a rather dis-ordered crystallographic structure. Neverthe-

less, the challenge from their exact identification point of view is that these interme-

tallic layers are usually fragile and never form an “ideal” stack of thermodynamically 

stable multilayers. 

In our case, after preparing the aluminum-coated C45 steel specimens by the 

HDA process in one of our laboratories, the primary aim of our investigation was to 

measure the structure and crystal orientation of the coated sample’s inner interdiffu-

sion Fe-Al layer employing the XRD facilities available at the Institute of Physical 

Metallurgy, Metalforming, and Nanotechnology. In addition to that, a few prelimi-

nary laboratory corrosion testing experiments were also performed to see the high-

temperature oxidation resistance behavior of the aluminized C45 steel specimens, 

because the primary aim of such aluminizing surface treatment of carbon steels is to 

enhance the corrosion resistance. 

1. MATERIALS AND METHODS 

Carbon steel C45 has been chosen considering their favorable mechanical properties 

and relatively cheap. Samples were off from a steel rod of 32 mm diameter, then 

cleaned, ground, and polished. For the hot-dip aluminizing route picked to aluminize 

carbon steel C45 samples, the molten bath was prepared in a graphite crucible with 

98.01% aluminum content. Dipping time was set at 2.5 minutes, and the temperature 

of the commercially pure aluminum melt was 800 ± 2 °C. The disc shape steel samples 

were pickled in HCl solution (for de-scaling), then were ultrasonically degreased in 

acetone and stored in ethanol prior to aluminizing. 
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1.1. The XRD examinations 

Due to the rather uneven original surface of the aluminized sample shown in Figure 1, 

first, it had to be prepared for the XRD analysis. The required flatness was achieved 

by grinding the top rippled surface of the sample; then, the specimen was mounted. 

X-ray diffraction was utilized to study the phase beneath the top surface of the alu-

minum and crystal lattice orientation at the top layer of coated aluminum. The ap-

plied Bruker D8 Advance type uses cobalt K-α radiation, and it was equipped with 

an Eulerian cradle. Besides the XRD phase analysis, the texture measurement was 

also performed on the sample to reveal the preferred orientation of the Fe-Al phase 

formed. The pole figure was measured up to a 75° tilting degree, and the absorption 

correction was carried out with ferritic steel powder.   

1.2. Hot air corrosion testing 

In this part of our studies, first, the hot-dip aluminized samples (Figure 1) were ex-

posed to hot air (at 700 °C and for about 24 hours) in an electric resistance furnace 

in order to check the extent of the surface aluminum coatings transformation to the 

heat-affected and so modified surface zone mostly consisting of different iron alu-

minides [6]. 

 

Figure 1 

Photos of three aluminized steel samples produced  

by the laboratory hot-dip aluminizing at 2.5 min. dipping time 

 

 

2. RESULTS AND DISCUSSION 

After careful removal of the excess aluminum from the surface of the aluminized steel 

discs,  the so flattened specimens could be examined by our XRD device. The result 

of phase analysis detected by XRD is depicted in Figure 2. It is revealed that the phase 

in the interdiffused top layer below the solidified outermost excess aluminum coverage 

is a non-stochiometric intermetallic FeAl, i.e., with a Fe/Al atomic ratio is very close 

to 1/1, but it also contains some impurity atoms that have crystal lattice distance that 

differs from FeAl, which cannot be identified with XRD. These impurity atoms mod-

ify the d values of the FeAl phase, and as a result, the reflections shift (Figure 2). From 

the XRD results of the interdiffused layer, one could conclude that this aluminized 

layer contains an aluminum content that might reach around 50 at.%. This observation 
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is also consistent with [2]. It is also apparent from the relative intensities of the FeAl 

phase that this phase is strongly textured. Texture measurements on the FeAl inter-

metallic phase revealed that the preferred orientation was (110) (Figure 3). Accord-

ing to this, the vast majority of (110) planes of the FeAl phase are parallel with the 

sample’s surface.  
 

 
Figure 2 

XRD-pattern of aluminized steel C45 interdiffused layer developed during 2.5 

dipping time and recorded after removal of the topmost excess aluminum coverage 

 

 

 

Figure 3 

Pole figure of the FeAl intermetallic phase of {110} 
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High density appears in the middle of the pole figure, which means that the majority 

of the FeAl phase is oriented. It also can be observed that pole density is above 8 in 

the middle of the poles figure, which confirms that the developed texture is strong. 

Carbon steel sheets aluminized in highly sophisticated and well-controlled indus-

trial lines [6] have a surface aluminum coating of only around a few tens of micro-

meters. Under our laboratory conditions, however, the excess liquid aluminum was 

not shaved off either mechanically or using a so-called air knife. Hence, the disc-like 

steel specimen carried with it much excess adhering liquid aluminum that resulted 

in a somewhat uneven surface coverage (Figures 1 and 4a) after free (i.e., uncon-

trolled) cooling and solidification in ambient air. Figure (4c) shows the optical mic-

roscopy image of aluminized steel samples revealed three different zones; (1) steel 

substrate, (2) intermetallic, and (3) top aluminum.  

 

 

        

  

Figure 4 

(a) Aluminized specimen (carbon steel C45 disc) with excess aluminum  

solidified on the top after removing the sample from the molten bath 

(b) Aluminized specimen after hot air exposure at 700 °C for several hours  

showing a much-thinned aluminum surface coverage 

(c) Aluminized specimen (carbon steel C45 disc) cross-section (OM image)  

revealing the layer structure of the hot-dip aluminized sample with 2.5 min dip time 

(d) Partially oxidized intermetallic layer of the same sample after hot air exposure 

at 700 °C for 24 hours 
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After exposure to hot air inside the furnace, the topcoat surface, which is considered 

to be aluminum, has transformed (burn-off). Exposure to hot air causes the surface 

of aluminized steel to initiate a thin protective layer of aluminum oxide that can 

withstand against further oxidation, nevertheless, the aluminum beneath the alumi-

num oxide act as a reservoir to healing the top surface of the aluminum and produce 

aluminum oxide, hindering the oxidation progress inward steel substrate at least for 

a longer period compared to bare carbon steel. An aluminized sample is shown in 

Figure (4a) and its oxidized counterpart /i.e., after exposed to hot air for several 

hours/ is placed next to it in Figure (4b) just for visual comparison. As it is seen in 

Figure (4b) much of the original excess aluminum coverage not only thinned con-

siderably but also developed a different surface morphology caused by the surface 

melting effect of the rather high temperature (~ 700 °C) that is a few tens degrees 

above the melting point of pure aluminum. Figure (4d) shows the optical microscopy 

image for the aluminized samples after exposure to hot air; the structure indicates 

that the aluminum top layer  transformed to intermetallic, only two layers can be 

seen IM and substrate with some inclusions (oxide) in the intermetallic zone. 

Otherwise, as it is well known [6], a relatively thin (<100µm) surface aluminum 

coatings at higher temperatures will diffuse inwards and form iron-aluminum inter-

metallic phases relatively fast. It means that in such cases and after several hours [5], 

it will be the alloyed aluminum surface of the initially aluminum-coated steel, which 

should resist any further attack of corrosion. And, indeed, it was observed after the 

neutral salt spray (standard NSS testing) exposure of 96 hours performed in one of 

our laboratories, that the originally white areas well covered with a thick aluminum 

layer did resist well the chemical attack of the neutral aqueous salt (NaCl) solution 

in the air at 35 °C. Moreover, even the originally bare-like small surface regions, 

where the outer surface must have consisted of iron aluminides, showed only some 

light brownish discoloration and formation of an only hardly detectable amount of 

rust-like surface corrosion products formed in the humid and wet salty air environ-

ment at around room temperature. 

 

CONCLUSIONS 

XRD phase analysis and texture analysis performed on the hot-dip aluminized C45 

type steel specimen revealed that the formed FeAl phase is oriented in such a way 

that the (110) planes are parallel with the surface of the specimen. This result sug-

gests that the FeAl intermetallic phase formed oriented instead of a random manner.  

Exposing the hot-dip aluminized specimens to high temperature (700 °C in our 

case) in hot air must have caused the almost full conversion of the thinner (i.e., 

<100 µm) aluminum-coated areas to form iron aluminides in a few hours. There-

fore, the high-temperature corrosion attack of air (i.e., via the iron oxide scale for-

mation) can be mitigated, i.e., slowed down, as long as the aluminum content of the 

iron aluminides, something like an aluminum reservoir surface zone, can supply alu-

minum to form a thin protective aluminium oxide at the outermost surface of the 

HDA steel products. 
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As the wet corrosion resistance of commercially pure aluminum is quite high, and 

even higher than that of zinc, as long as the HDA coated carbon steel is covered with 

a coherent and sound aluminum layer, its wet corrosion resistance in neutral aqueous 

environments is also high; and such advantageous properties of the HDA coated car-

bon steels should contribute well to their even wider applications as that of today.  
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EXPERIMENTAL OVERVIEW OF STANDARD POLYCONDENSATION 

AND RING OPENING POLYMERIZATION METHODS OF PLLA 
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Abstract: The polylactic acid (PLA) is a well-known and widely used biodegradable bi-

opolymer. The PLA could be produced by standard polycondensation and ring opening 

polymerization (ROP) technique. Each method has special requirements in order to synthe-

size polymers with appropriate properties and process efficiency. In this work both methods 

were applied to produce Poly-L-lactic (PLLA). During the experiments, method specific 

but various process parameters have been used. Regarding the ROP polymerization, a new 

oligomer separation method has been introduced. The base of this newly applied technique 

is the PLA oligomers’ solubility in acetone and subsequent precipitation in water. The ex-

tracted crystal-like oligomers could be used for further polymer synthesis. The produced 

samples were analysed by FTIR and DSC methods to identify the structures and define the 

physical and chemical properties of synthetized materials. Over the polymerizations PLLA 

was plastified by adding of glycerol-dioleate. 

Based on the trials’ experiences the standard polycondensation and the ring opening 

processes have been compared and the effect of plasticizer was defined. 

Keywords: PLLA, polycondensation, ring opening polymerization, FTIR, DSC, plasticizer 

 

 

INTRODUCTION 

The polylactic acid (PLA) is a natural sourced and - in case of proper circumstanc-

es – biodegradable aliphatic polyester used as pure or composite material on many 

fields of applications like medical, food industrial or other general purposes [1]. 

The lactic acid is a chiral molecule having two stereoisomers D-lactic acid and L-

lactic acid as shown in Figure 1. By using of stereoisomers three different PLA 

types like the mostly crystalline poly(L-lactic)acid (PLLA), poly(D-lactic)acid 

(PDLA) and the mainly amorphous poly(DL-lactic)acid (PDLLA) can be synthe-

tized [2] [3]. 

In general, the mostly used polymerization types for PLA are the standard poly-

condensation and the ring-opening polymerization [4]. In case of polycondensation 
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mainly low molar mass can be realized but new technologies are already available 

which suitable for producing PLA with appropriate molar mass [5]. From the other 

hand mostly the ROP method is used in that case when the high molar mass is re-

quired [6]. The polycondensation is a relatively simple but time-consuming pro-

cess. Although the ROP method is also based on thermal polymerization of lactic 

acid but it is better form time demand point of view compared to the standard poly-

condensation, but it is more complicated technique [7]. 

Synthesis experiments have been carried out to test both methods. In case of PLLA 

produced by polycondensation method the material was plastified with adding of 

glycerol-dioleate. 

 

 
Figure 1 

Stereoisomers of lactic acid [8] 

 

1. MATERIALS AND METHODS 

1.1. Materials 

For the experiments, pure (general purity >90%; stereochemical purity of materials 

>99% L lactic acid was purchased from Musashino Chemical Laboratory Ltd. Stan-

nous-octoate (C16H30O4Sn) [9] [10] as catalyst and glycerol-dioleate (C32H72O5, 536 

g·mol–1) was used. These additional materials were ensured by University of Mis-

kolc. 

 

1.2. Methods and equipment 

HEIDOLPH Laborota 400 efficient with joined Vacuubrand ME 1C type vacuum 

pump as basic equipment was used either to polycondensation or ring-opening pro-

cesses. In case of ROP method higher temperature level had to be reached (180–220 

°C) therefore the basic equipment was combined with 1260 VELP Arex-6 Digital 

additional apparatus. For weighing Precisa XR 2055SM machine was used. The la-

boratory with tools and equipment were provided by KISANALITIKA Kft.  

All synthesized polymer samples have been analyzed by Fourier-transform infra-

red spectroscopy (FTIR) and Differential scanning calorimetry (DSC) methods. 

BRUKER Tensor 27 equipment was used for FTIR analysis, in case of DSC 

DSC131 Evo equipment was applied with dT/dt = 10 °C min–1 heating/cooling rates. 
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The analytical equipment was provided by Institute of Ceramic and Polymer Engi-

neering at University of Miskolc.  

 

 
Figure 2 

HEIDOLPH Laborota 400 efficient with Vacuubrand ME 1C type vacuum pump as 

basic set-up for polycondensation 

 

1.3. Synthesis of PLA by polycondensation method 

During the experiment, the general steps of basic method were used and followed. 

Pure L-lactic acid was used as raw material. An appropriate amount (400 ml) of L-

lactic acid has been added to a 1,000 cm3 glass flask.  

In the first step of polymerization the system was heated up to 80–120 °C to 

remove the water content of basic L-lactic acid solution. The time duration of this 

phase was 1 hour and 40 minutes. Then the temperature was set to 180 °C for 2 

hours and 30 minutes to remove the organic solvents and remained water. In the 

last (polymerization) step 1%(V/V) catalyst was added to the system and gradually 

heated up to 160 °C. This step was continued for 72 hours. The system pressure 

was adjusted to 100mb for all of three steps and the reaction mixtures were stirred 

continuously. 

 

 
Figure 3 

Strongly viscous PLLA samples taken from polymerization process 
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During the pre-polymerization and polymerization white, crystalline-like material 

was observed and removed from the neck of the flask and identified as lactide which 

is a by-product of the process. This lactide can be used for ring-opening process in 

case of ROP method. 

 

 
Figure 4 

Microscopic images of L-lactides 

 

Over the polycondensation the plastification of prepared PLLA samples was also 

carried out. During the experiment 6 g PLLA and 2 wt% (0,12 g) glycerol-dioleate 

as plasticizer were added to a 250 ml rounded reaction flask. The mixture was 

heated up to 160 °C under vacuum with continuous stirring and held on this envi-

ronment for 1 hour. 

 

1.4. Synthesis of PLA by ROP method 

For ring-opening polymerization the same equipment with a small modification has 

been used. To be able to reach higher temperatures (200–220 °C), an additional 

heating apparat (1260 VELP Arex-6 Digital) was adapted to the system. In general, 

the ROP method can be divided for four steps as dehydration, polymerisation, de-

polymerisation and ring-opening-polymerization. The pressure was set to 100mb 

and the reaction mixtures were stirred continuously. For dehydration phase, various 

temperatures were used from 80 to 120 °C. The temperature for polymerisation 

was adjusted to 160 °C, for depolymerisation to 180–210 °C and for ROP it was set 

to 140 °C. Various reaction times were used for different steps. 

During the lactide production phase of ROP a new material separation method 

was tested. The root problem is the removal of lactides and oligomers. In case of 

lactides, the lactide crystals already started to condensate in the neck part of reac-

tion flask. Lactides could be removed periodically with scratching the inner surface 

of reaction flask. The other major problem was the removal of oligomers. It could 

be done in molten phase or as solution. The most efficient solvent for PLA is the 

chloroform [11]. Regarding this technique, to get the lactides and oligomers in 

solid phase a specific precipitant – like methanol – need to be used. [12] [13]. As 

the cost efficiency is a key aspect of industrial scaled usage of an alternative pro-

cess, a more cost friendly method could be developed and tested. 
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In case of this newly applied method acetone was used as solvent, and then the 

lactides and oligomers were precipitated in distilled water. Thereafter the solid 

phase could be separated by filtration and dried in laboratory dryer at 40 °C for 4 

hours. The extracted solid oligomers could be used to synthesize PLA with ROP 

polymerisation method. This process is going to be discussed in separated article. 

 

 
Figure 5 

Oligomers solved in acetone, precipitated and filtered & dried lactic acid oligomers 

 

2. RESULTS AND DISCUSSION 

2.1.  Determination of sample materials’ structure by Fourier Transform In-

frared Spectroscopy (FTIR) method   

All of the produced samples were analyzed by FTIR method to get information 

about and identify the structures of produced materials.  

 

 
Figure 6 

FTIR spectra of literature reference PLA (1) polycondensation produced PLLA (2), 

plasticized PLLA (3) and ROP method produced PLLA (4) samples 
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Figure 7 

FTIR spectra of reference PLA (1) and lactic-acid oligomers (2) solved in acetone 

and precipitated in distilled water 

 

The molecular structure related spectra of PLLA samples produced by polyconden-

sation and ROP methods, as well as the plasticized PLLA are shown in Figure 6. 

The spectra of oligomers separated by the newly applied acetone dissolving meth-

od shown in Figure 7. Equalities have been observed and validated between the 

samples’ FTIR spectra and reference library standard FTIR spectrum [14]. There-

fore all analyzed polymers were identified as polylactic acid. 

 

2.2. Differential Scanning Calorimetry (DSC) analysis of sample materials 

 

 
Figure 8 

DSC curves of PLLA produced by polycondensation method (1) and its plasticized 

alternative (2) 
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Figure 9 

DSC curve of ROP method produced PLLA 

 

 
Figure 10 

DSC curves (1.: first heating run, 2.: second heating run) of lactic-acid oligomers 

solved in acetone – precipitated in distilled water 

 

Based on the DSC curves the Tg of polycondensation produced PLLA (Figure 8) 

was found at 48.8 °C. The Tg of its plasticized alternative was at 41.9 °C that vali-

dated that the glycerol-dioleate is an appropriate plasticizer for PLLA. Regarding 

the PLLA that was produced by ROP method the Tg=34.6 °C (Figure 9) was lower 

than in case of polycondensation produced PLLA that is referring to lower molar 

mass. 
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In case of alternative approach of lactic-acid oligomer removal, the DSC curves 

(Figure 10) proofing the absence of longer molecular chains as there are no ther-

moplastic material specific inter-structural processes like glass transition, re-

crystallization and degradation [15], i.e. the molar mass of this material is extreme-

ly low. This low molar mass of polymers is preferential for purpose of post-

polymerization. 

 

SUMMARY 

The standard polycondensation is a quite time-consuming polymerization type for 

PLA as the release and removal of water is getting difficult as the process is pro-

gressed. Over that, to reach high molar mass is depends on parameters like temper-

ature, system pressure, the general and stereochemical purity or raw material and 

the type of additives such as the catalysts. 

The ring opening technique is much more time efficient method compared to 

the standard polycondensation, but from the other hand it is also more complicated. 

In this work both methods were applied to produce PLLA from L-lactic acid. Over 

the obvious time savings, higher molar mass can be reached with ROP technique 

but the process parameters need to be chosen carefully. This aspect of ROP method 

is recently under investigation, the results are going to be published in a separated 

study. The time need of polycondensation experiment was 72 hours and only 33 

hours were used up for ROP method. Regarding the ROP polymerization, the pro-

cess-time can be reduced by the adjustment of higher temperature of lactide pro-

duction phase which is the most time-consuming part of this method, but this step 

needs to be done carefully to prevent the degradation of material. 

In case of ROP technology related experiments, a new oligomer separation and 

removal method was successfully applied. This new approach aimed the separation 

and removal of oligomers is solid phase. During this process, the reaction mixture 

was cooled down to get into solid phase. Then this solid material was dissolved in 

an appropriate volume of pure acetone. The solution was passed into distilled water 

and the precipitated solid lactic acid oligomers were filtrated then dried. This pow-

dered material which was identified as PLA by FTIR method could be used as 

basic material for post-polymerization.  
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THE GRANULOMETRIC FEATURES AND PERMEABILITY  

EXAMINATION OF NO-BAKE RESIN BONDED SAND CORES  

 

HENRIETTA HUDÁK1 – LÁSZLÓ VARGA2 

 

 
Abstract: A lot of natural and even more artificial sand is used in foundry technology. 

Foundry sand is the main element of sand mixtures from which molds or sand cores are made. 

The features of sand are determined by the below factors: chemical and mineralogical com-

position, sand grain’s size, grain size distribution, sand grain’s shape and the quality of the 

surface. Samples made from different foundry sand are used during the research whose fea-

tures were examined with a new qualification system and then its connection with the gas 

permeability of sand cores were also analyzed. 

Keywords: granulometry, grain size, grain morphology, grain shape, permeability 

 

 

INTRODUCTION 

Sand cores play a significant role in the production of high quality castings; there-

fore, the knowledge on the features of sand cores is of utmost importance. The ther-

mal, mechanical and granulometric features of sand cores affect their deformation, 

gas permeability and shakeout. [1, 2] 

Appropriate core sand mixtures are to be used in order to meet the requirements 

of castings. The main components of foundry molding and core sand mixtures, the 

different types of heat-resistant particulates (natural or synthetic sand) vary in their 

physical and chemical features, for example in the sand grain’s size, shape, grain 

size distribution, chemical composition, surface structure, hardness, density, heat re-

sistance, thermal expansion and thermal conductivity. [3, 4] 

These features’ knowledge contributes to opting for the adequate raw material 

needed for a zero-defect production, although these properties’ examination is not 

able to provide a full picture of the features of foundry sand cores. The granulometric 

analysis carried out with sieve and image analyses is also inaccurate. In the case of 

the traditional sieve analysis, the sieve holes could clog, break, get damaged or dur-

ing shake the sand grains could fragment. During the image analysis, the sand grains 

are measured in a random layout; consequently, significant differences can occur by 

the measurement of irregular particles. [5, 6] In case of sand cores, the optimal per-

meability and the adequate mechanical features can have a significant effect by the 
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optimal choice of granulometric features also; hence the precise and complex quali-

fication of these parameters is essential. As a matter of fact, the current qualification 

of granulometric features primarily describes the base sand, not the features of sand 

cores. One of the reasons for introducing a new type of qualification system is to 

draw comparisons among the features of sand cores made from different base sands. 

 

1. THE QUALIFICATION METHOD 

By the application of the new qualification system and the introduction of the Core 

Quality Index (CQi), the characteristics in connection with the granulometric features 

of sand cores could be defined with a single value. The point of the qualification is that 

this single index incorporates the sand volume in the sand core, the surface of the total 

sand quantity and the bulk density which independent from the material density. Thus, 

it can be applied for the complex qualification of the features of sand cores. 

The definition of CQi – Core Quality Index: 

 𝐶𝑄𝑖 =
𝐴𝑖𝑟 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 %

𝑆𝑀
 (−)  (1) 

where: 

Air quantity %: Percentage of the air in the sand core (%) 

SM: Sand Module (cm) 

 𝑆𝑀 = 𝑉𝑠𝑎𝑛𝑑 𝐴𝑠𝑎𝑛𝑑  (𝑐𝑚)⁄   (2) 

where: 

V sand: The volume of sand in the sand core or part of the sand core (cm3) 

A sand: The total surface area of the sand in the sand core or part of the sand core (cm2) 

 

The following data is required to determine the Core Quality Index and the Sand 

Module value: 

• Vcore: The volume of the sand core (cm3), 

• msand: The mass of the sand core (mass of the sand) (g), 

• ρsand: The density of the sand (material density of the sand) (g/cm3), 

• A BLAINE: The specific surface area of the sand (cm2/g). 

 

In practice, besides the determination of base sand density and specific surface area 

the volume and the mass of samples to be examined is necessary.  

By the application of the Core Quality Index the features of different base sands 

can be compared. With the CQi the granulometric and bulk density relations of sand 

cores can be independently qualified from the base sand quality and the size of sand 

core (dimensions). 

 

2. MATERIALS AND MEASUREMENT 

During the research, the factors determining the permeability were examined by the 

new qualification method. An important parameter is the shape of a sand grain. The 

shape of a sand grain beyond the binding strength affects the compactibility of the 
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sand mixture and its permeability. Hence sand types with different grain shapes were 

chosen.  

We used two different quartz sand: 

1. GBM 45 quartz sand – Badger Sand Mine (USA), 

2. Polish quartz sand, ŚREDNI – Grudzeń-Las sand-pit (Poland), and synthetic 

sand: 

3. Bauxite sand W55. 

An aspect of selection was to have sands with different shapes although with si-

milar average grain size; as a result, the effect of different grain shapes on gas per-

meability could be detected. 

The results of the granulometric analysis of the investigated sands show summa-

rized in Table 1. 

Table 1 

Measurement data of the investigated sands 

 GBM 45 ŚREDNI 
Bauxite sand 

W55 

Average granularity, d50 (mm) 0.303 0.319 0.325 

AFS granularity number ( – ) 61.7 52.66 57.44 

Homogeneity degree (%) 44 64 55 

Angularity coefficient ( – ) 1.14 1.38 1.08 

Specific surface, A BLAINE 

(cm2/g) 
105 125 100 

Density (g/cm3) 2.65 2.6 3.1 

Bulk density (g/cm3) 1.6 1.45 1.91 

pH ( – ) 6.8 5.73 6.3 

Grain shape sub-rounded angular rounded 

 

The results of the sieve analysis of the investigated sands show in Figure 1.  

 

 

a) 
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Figure 1 

Sand grain size distribution of a) GBM 45 quartz sand,  

b) ŚREDNI quartz sand and c) Bauxite sand W55 

 

 

The stereo microscope and scanning electron microscope (SEM) images of the in-

vestigated sands, as well as the results of EDS analysis are shown in Figure 2. 

b) 

c) 
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Figure 2 

Stereo microscopy image and scanning electron microscopy (SEM) image  

with EDS analysis of a) GBM 45 quartz sand, b) ŚREDNI quartz sand and  

c) Bauxite sand W55 

 

 

Based on the result of the granulometric analysis, it can be defined that the applied 

sands consist of 3 fractions and the grain size distribution of the investigated sands 

is different. The Polish quartz sand contains fine grains whereas Bauxite sand con-

tains rough grains in a larger quantity. The elemental analysis shows that their com-

ponents are diverse. 

The sand mixture used for making specimen was made with phenolic resin (Fur-

tolit 4003) and a catalyst as set by the recipe (Härter RS 20). The quantity of the 

phenolic no-bake resin needed to the mixture was 1% of the sand quantity, the 

catalyst was 40% of the resin quantity. In all cases, the sand mixture was made 

with a laboratory mixer for 2*1 minutes (for 1 minute with a catalyst and 1 minute 

with the resin). After the preparation of sand mixtures and within the shortest period 

of time and keeping a stable temperature (circa 20–22 °C), standard Ø50 × 50 mm 

cylindrical samples were made with a traditional sand rammer machine and with 

the different rams of 3, 5, 7 and 9. The process of preparing the specimens is illus-

trated in Figure 3. 

 

c) 

c) 

c) 
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Figure 3 

The process of specimen preparation 

 

 

3. THE PERMEABILITY TEST 

The permeability on the solidified cylindrical samples was measured by a tube with 

inflatable lining. The measurement results are given by the average of 2 measure-

ments value. 

 

 

Figure 4 

The DISA type permeability measuring device and accessory  

for sand cores measuring 

The CQi and permeability values of the specimens made of three different sands with 

different compaction forces (different ramming numbers) are shown in Figure 5. 
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Figure 5 

The permeability test values as a function of Core Quality Index (CQi) in the case 

of the three investigated sands 

The sand cores with the lowest CQi were made from Bauxite sand; this sand type 

from the three was the rounded with the lowest specific surface area. The sand cores 

with the highest CQi were made from Polish silica sand; this sand type is the most 

angular with the largest specific surface area.  In case of all three sand types by in-

creasing the ramming, it is visible that the permeability has decreased and CQi has 

gone down slightly too since the air quantity in the sand cores has reduced. Accord-

ing to literature data, the permeability of samples made from more angular sand with 

higher specific surface area is worse than of samples made from more rounded sand 

with lower specific surface area, but our results have shown even the opposite. The 

rounded grains in compressed in the sand core get into less contact with each other; 

as a consequence, the core becomes more permeable among the sand grains for re-

leasing gases. By Bauxite sand, the smaller grains fill the space among the larger 

grains better; therefore, the permeability worsens. 

In order to eliminate the effects of the mixed grain structure by the GBM 45 

quartz sand other examinations were carried out on samples made from sand mixture 

with different fractions per size. To get different grain sizes, the chosen GBM 45 

quartz sand was divided with sieving into fractions per size, as follows:  

• fine fraction – 100–200 μm;  

• medium fraction – 200–315 μm;  

• and coarse fraction – 315–630 μm.  
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In case of sand mixtures made from the fractioned sand, the specimens were made 

with the Multiserw-Morek compaction machine with the pressure of 1 MPa or 100 

N/cm2 for 20 seconds.  

The permeability and CQi values of the specimens made of fractionated GBM 45 

quartz sand are shown in Figure 6. 

 

 
Figure 6 

The permeability test values as a function of Core Quality Index (CQi)  

in the case of the fractionated GBM 45 quartz sands 

The results showed that the permeability of samples made from the coarse fractioned 

sand mixture was the highest (the value exceeded the measurement threshold limit), 

although this fraction possessed the lowest CQi value. The lowest permeability was 

detected by sand cores made from fine fractions compared to the values of sand cores 

made from coarse or medium fractions. In case of samples made from different sand 

mixtures, containing air proportion is nearly the same, so there is no difference in 

the bulk density. Based on the measurement results, it can be verified that the per-

meability of sand cores (besides having the same voids content) made with the same 

production parameters (same content and quality of binder, same bulk density) with 

the coarse fraction is higher than of those sand cores containing medium or fine frac-

tions. Despite samples made from different fractions possessing almost equal air per-

centage, that is, there is no significant alteration in their bulk density, their permea-

bility can vary due to the different shape of ‘channels’ (voids) among sand grains. 

When the grain structure is mixed, variable permeability values can be detected due 
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to the inhomogeneous distribution of smaller grains compared to the systems of ho-

mogeneous grain structure. 

 

CONCLUSION 

The main purpose of the research was to reveal the correlation between the Core 

Quality Index (CQi) and the permeability of sand cores. 

Sand core samples made from dissimilar foundry sands (GBM 45 quartz sand, 

ŚREDNI quartz sand and Bauxite sand W55) are used during the investigation whose 

features were analyzed with a new qualification method and then its relationship with 

the gas permeability of sand cores were also examined.  

As the measurement results show, there is a correlation between the new qualifica-

tion method and the permeability values. The diverse foundry sands can be easily com-

pared with this qualification method introduced otherwise the different density values 

would make it difficult.The new type of qualification method makes it possible to pre-

dict the gas permeability of sand cores containing different base sands, thus making 

them easier to the planning of the characteristic feature. 
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SYNTHESIS AND CHARACTERIZATION OF MAGNETIC  

NANOPARTICLES FOR BIOLOGICAL SEPARATION METHODS 
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Abstract: In our work, we successfully combined sonochemical production with the com-

bustion method to produce magnetic nanoparticles. Iron (II)-acetate and iron (III)-citrate pre-

cursors were used in the synthesis, which in both cases were dispersed in 400 g/mol polyethy-

lene glycol (PEG 400) using a high-efficiency ultrasonic technique (Hielscher homogenizer). 

The magnetic nanoparticles were bound to DNA to test their applicability in DNA separation 

processes. Plasmid DNA from Escherichia coli (E. coli) is well suited for carrying out the 

above assays. The magnetic particle morphology and size distribution were investigated by 

transmission electron microscopy (TEM), the nanoparticles were characterized by a high de-

gree of dispersion. The functional groups on the surface of the particles were identified by 

Fourier transform infrared spectroscopy (FTIR) and hydroxyl groups were detected. The iron 

oxide forms of the sample were identified with X-ray diffraction (XRD), which were mag-

netite, maghemite and hematite phases. The dispersibility of nanoparticles in aqueous media 

was characterized by measuring the electrokinetic potential (using DLS) of the particles and 

due to the hydroxyl groups, its surface was sufficiently dispersible.  

Keywords: nanoparticles, magnetite, TEM, FTIR, XRD, DNA 

 

 

INTRODUCTION 

In this research, we prepared and characterized magnetic iron oxide nanoparticles. 

Our goal was to produce nanoparticles that can be well dispersed in aqueous medium 

forming a stable dispersion. Due to their favorable properties, they are suitable for 

biological applications like DNA binding assays. At the moment, the commercially 

available DNA separation kits operating on a similar principle are available at high 

prices (Anti-DYKDDDDK antibody magnetite, of which 10 ml: approximately HUF 

570,000) [1]. 
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Many production processes are already known according to literature like sol-gel 

technology, microemulsion process, hydrothermal synthesis, high-temperature de-

composition, precipitation synthesis, and sonochemical (ultrasonic) process [2]. 

Magnetic nanoparticles are used in many fields, including the pharmaceutical, food, 

and electronics industries, but we also find examples of their biological, geochemi-

cal, chemical, and electronic applications [2, 3]. 

Magnetic fluids and aqueous nanoparticles, which are particularly useful in bio-

logical and medical diagnostic applications, have been used as contrast agents in 

MRI (magnetic resonance imaging) studies. Magnetic particles have also been suc-

cessfully tested in targeted transport of active substances during hyperthermia, and 

in magnetic cell separation processes [4–11]. Particles with different (polymer) coat-

ings are widely used in DNA purification [12–15]. Most magnetic materials used for 

DNA purification have a complex composition, making them expensive to produce. 

Our choice of topic was influenced by the high price of the used commercial mate-

rials so we tried and successfully prepared magnetic iron oxide nanoparticles with 

properties similar to commercially available magnetites with a cheaper production 

process. 

 

1. MATERIALS AND METHODS 

For the production of magnetite nanoparticles iron (II) acetate, Fe(CO2CH3)2 (Al-

drich Chemistry) and iron (III) citrate, FeC6H5O7 · xH2O (PanReac AppliChem) salts 

were used, in both cases dispersed in polyethylene glycol with a molecular weight 

of 400 g/mol, HO (C2H4O)nH (Merck). For the synthesis, we used a high-efficiency 

ultrasonic homogenizer, Hielscher UIP1000hdT. The morphological characteriza-

tion of the particles was performed by transmission electron microscopy (TEM; FEI 

Technai G), the functional groups were identified by Fourier transform infrared spec-

troscopy (FTIR; Bruker Vertex 70 FTIR spectroscope). The phase composition was 

determined by X-ray diffraction measurement (XRD; Rigaku Miniflex). To measure 

the electrokinetic potential of the particles, dynamic light scattering (DLS; Malvern, 

Zetasizer Nano-ZS) was used. The carbon content of the samples was determined 

with a CHNS (Vario MACRO) analyzer. The efficiency of DNA binding assays was 

confirmed by gel electrophoresis. 

 

2. PRODUCTION OF MAGNETIC NANOPARTICLES AND DNA BINDING ASSAY 

In this work, we would like to present magnetic nanoparticles from two different 

precursors: sample A1 [iron (II) acetate] and sample D1 [iron (III) citrate]. 

Both samples were prepared the same way, only the precursor type was changed. 

During the synthesis, 2 g of the precursor was used for sample A1 (for sample D1: 

3.47 g), which was dispersed in 20 g of polyethylene glycol (PEG) with a molecular 

weight of 400 g/mol using a high-efficiency ultrasonic homogenizer (Hielscher 

UIP1000hdT). After finishing the sonochemical treatment, the polyethylene glycol 

was burned using a Bunsen burner, thus creating iron oxide samples with magnetic 
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properties. Since sample A1 was stable in aqueous medium, only the D1 sample had 

to be stabilized. For this purpose 5 different stabilizers were used: PVP K30 (Poly-

vinylpyrrolidone); PVA 115000 (polyvinyl alcohol); CMC (carboxymethylcellu-

lose); PEG 1000 (polyethylene glycol 1000) and clay mineral (sodium bentonite). 

During the DNA binding examinations of the samples, the first step was mixing 

the DNA and the magnetic nanoparticles (MNPs) in a certain ratio (sample A1:  

2 mg/ml; sample D1: around 2 mg/ml and 20 mg/ml). After the bonding of the 

DNA on the MNPs surfaces, they were collected at the bottom of the tube using a 

strong magnet. The supernatant fraction was also sampled, followed by washing 

of the samples. This is followed by the separation of DNA molecules from particles. 

Finally, the DNA eluted from the surface of the particles was placed in a separated 

sample holder (Figure 1). 

 

 
Figure 1 

Outline of DNA binding test 

 

 

3. EXPERIMENTAL RESULTS AND THEIR EVALUATION 

The samples were first examined by transmission electron microscopy, with which 

the particle size and the morphology of the particles were characterized. 

The granular structure can be well observed in the TEM images of both sample 

A1 and D1 (Figure 2), so in both cases, we made size distribution diagrams using the 

“ImageJ” software (Figure 3/A, B). The diagrams show that the average particle size 

of sample A1 (Figure 3/A) was 14.4 nm, while the average particle size of sample D1 

(Figure 3/B) was 23.9 nm. 
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Figure 2 

TEM recording of sample A1 and D1 

Using Fourier transform infrared spectroscopy (FTIR), the functional groups on the 

surface of the particles were identified (Figure 3/C, D). Comparing the spectra, it 

can be said that in both cases the valence vibrations of the Fe-O and OH groups can 

be found, C = C valence vibrations can also be seen in the mentioned samples, and 

C-O bonds can also be identified. Asymmetric and symmetric CH bonds can also be 

observed for sample D1.  

 

 

Figure 3 

Size distribution diagrams (A, B) and FTIR spectra (C, D) 
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CHNS elemental analysis was performed on the samples to find out the exact amount 

of carbon because this may affect the ability of the particles to bind DNA. Elemental 

analysis showed that the carbon content in sample A1 was 5.1 w/w%, while in sample 

D1 this ratio was more than twice, 10.75 w/w% by number.  

The phase composition of the samples was determined by X-ray diffraction (XRD) 

measurement. In case of sample A1 the results revealed (Figure 4/A) that there were 

three different iron oxide phases in the sample: magnetite (Fe3O4), hematite (α-Fe2O3) 

and maghemite (γ-Fe2O3). The sample contained 61.8 w/w% maghemite, the magne-

tite content was 19.9 w/w%, and the amount of hematite was 18.3 w/w%. In case of 

the sample D1 (Figure 4/B) only two phases were detected, 93.2 w/w% maghemite 

and 6.8 w/w% hematite. In the case of sample D1, the ratio of the non-magnetic 

phase (hematite) was reduced (6.8 w/w%).  

Based on the DLS results (Figure 4/C), the deprotonation of the hydroxyl groups 

on the surface of the magnetic nanoparticles resulted in a negative zeta potential with 

an average of –20.3 mV. By reducing the zeta potential, the stability of aqueous 

dispersions made of nanoparticles can be increased. 

The zeta potential of sample D1 was also measured (Figure 4/D), which showed 

an average of –4.1 mV, which is less negative than the determined potential for sample 

A1 (–20.3 mV). 

 

 

Figure 4 

X-ray diffractograms (A, B) and Zeta potential distribution diagrams (C, D) 
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Both samples were tested in DNA binding assays. For sample A1 (Figure 5), the 

order of the samples in the gel electrophoresis assays was as follows: 

Column 1: Positive control (+): plasmid DNA purified from E. coli 

Column 2: MW marker (molecular weight marker): 1 kb DNA molecular weight 

marker 

Column 3: Sample from supernatant fraction 

Column 4, 6, 8: Negative control (–) 

Column 5: DNA sample recovered from the MNP (eluted) (EF = elution fraction) 

Column 7: Sample taken from the second elution of the DNA-MNP mixture 

(eluted DNA) 

The test results showed that in the case of sample A1, the DNA bonds well to the 

surface of the particles and can be eluted from there (Figure 5/A1). The DNA was 

able to bind reversibly because the red fluorescent band indicating the presence of 

DNA detached from the surface of the particles (lane 5 on the gel plate) is visible.  

For Figure 5/D1 the positive control (+) is the first column, which also contains 

plasmid DNA from E. coli. Next to it is the MW marker, which is a 1 kb DNA 

molecular weight marker, 3–4. columns denote the F1 fraction, the 5–6. columns are 

the supernatant fraction of DNA samples. The 7–8. column shows EF (column 7: 

about 2 mg/ml sample D1 + DNA sample; column 8: about 20 mg/ml sample D1 + 

DNA sample), which is the fraction taken from the DNA fraction separated from the 

DNA-MNP system. 

For sample D1 (Figure 5/D1), only a faint mark is seen in EF (columns 7–8), 

suggesting that the DNA-binding ability of sample D1 worked very well and we 

could not use this elution method, which was used for sample A1. In the further 

research more tests will be executed with this sample using new eluents.  

 

 

Figure 5 

Investigation of reversible DNA binding by gel electrophoresis  

on samples A1 and D1 
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CONCLUSION 

Magnetic nanoparticles were prepared using different iron precursors (sample A1: 

iron (II) acetate, sample D1: iron (III) citrate) and characterized by XRD, TEM, DLS 

and FTIR methods. The synthesis of magnetic iron oxides was accomplished by 

combining two modern methods, the sonochemical and the combustion methods.  

A recipe (sample A1) was also created with which we could produce a material suit-

able for DNA purification, which is more economical to prepare than the others 

available on the market. 
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COMPLEX CHARACTERIZATION  

OF IRREGULAR EUTECTIC STRUCTURE 

 

KASSAB AL-OMARI1 – ARNOLD RÓNAFÖLDI2 – ZSOLT VERES3 

 

 
Abstract: Al-12.6Si alloy was solidified in a vertical Bridgman-type furnace equipped with 

a rotating magnetic inductor to induce the flow in the melt. The eutectic alloy was solidified 

unidirectionally by a growth rate of v = 0.1 mm/s, by a temperature gradient of G = 6 K/mm 

and with or without magnetic stirring. The interlamellar distances, the length, and orientation 

of Si lamellas were investigated by using new measuring methods.  

Keywords: Eutectic solidification, Irregular eutectic, Rotation Magnetic Field RMF, in-

terlamellar distances (𝜆,) 

 

 

INTRODUCTION 

The investigation of pattern formation in Al alloys has been the topic of several re-

search studies, [1]. The formation of microstructures during solidification plays an 

important role in determining  the properties of metal products [2]. Depending on the 

applied processing parameters and on the physical parameters of the material, a wide 

variety of solidified microstructures are observed in the course of the casting, weld-

ing, and other solidification processes. 

The melt flow is an important parameter that affects the microstructure develop-

ing during solidification. The melt flow can be categorized into natural and forced 

convection. The contraction (or expansion) when the densities of the solid and liquid 

phases are different and the presence of the gravitational force during solidification 

are the two main reasons that cause the natural convection. The forced convection is 

a convection which is due to externally applied conditions. The melt flow can be 

controlled by a rotating magnetic field (RMF). The melt flow induced by RMF leads 

to macrosegregation in radial and axial directions, which leads to a change of phase 

ratio and distribution [3] [4] [5].  

The combination of the Al-Si component improves the mechanical properties by 

which the wide range of application of the Al-Si eutectic alloy can be explained. The 

solidification of Al-Si eutectic alloys generally takes place at 12.6 w% of Si and at 
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an equilibrium temperature of 577 °C. The structure of Al-Si eutectic alloy shows 

two phases – they are as follows: Al solid solution phase as a matrix and a lamella-

like Si particle. [6] [7] 

The first theoretical explanation of the regular structure was developed by Jack-

son and Hunt in 1966. They simplified the problem of diffusion ahead of the solidi-

fication front by assuming a planar interface solidification and identical undercool-

ing of melt in front of the solid phases which grow together from the melt of eutectic 

composition [8]. Many other explanations are based on the Jackson and Hunt model 

which developed new approaches in order to explain the relationship between the 

different parameters like the growth rate of the solid phase(v), undercooling of the 

melt (ΔT), temperature gradient (G) and the microstructural parameters such as the 

interlamellar distances 𝜆 and lamella length. [9] [10] [11] [12]. 

Experimentally, the Al-Si eutectic alloy has an irregular eutectic structure; owing 

to the growth of lamella with an undefined orientation and with different length, the 

microstructural measurements became a complex task for researchers. 

Usually, the characterization of the eutectic structure means comparing two 

places in different samples and give a “fine/finer” or “coarse/coarser” description 

(Figure 1) [13]. These descriptions which are out of any numerical indication, are 

not enough to characterize the eutectic structure.  

 

 
Figure 1 

(a) Fine, and (b) coarse Al-Si eutectic structure [13] 

 

On the other side, direct measurements were performed to characterize the interla-

mellar distances [14], on the transverse section (perpendicular to the growth direc-

tion) or on the longitudinal section (parallel to the growth direction) (Figure 2a). 

Among others, Clapham and Smith consider the line intercept method to measure 

the interlamellar distances, where the measurements are done by draw line in a 

“Wheatsheaf” formation of the eutectic lamellae, with their axes lying perpendicular 

to the quenched interface. Each line crosses several lamellae nearly at right angles 

(Figure 2b) [15] [16] [17].  
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Figure 2 

(a) Direct measurements (𝜆m: minimum, 𝜆M: maximum, 𝜆a: average interlamellar 

distances) (b) line intercept method (M = 500) 

 

There are a lot of Si eutectic lamellas with different growing directions in the eutectic 

Al alloys therefore the measurements of the interlamellar distances become very 

complicated. The two above methods (direct measurement and line intercept 

method) try to represent the eutectic structure with a limited number of measure-

ments on the selected parts of the sample. Owing to this fact, the results of these 

methods highly depend on the examiner and the human factor.  

Some researchers don`t believe in the previous method and use the “Fiber spacing 

method” as an alternative method to measure the interlamellar distances [18] [19]. 

Originally, the aim of this method was to measure the distance between the primary 

dendritic arms on primary phases in the dendritic structures where the number of 

particles (N) and the area (A) were taken into account to calculate the spacing (𝜆). 

[𝜆 = (A/N)0.5]. However, two valuable factors are missing from the fiber spacing 

method namely the particular area for each component (phase ratio) and the eutectic 

size factor. 

Based on the previous reasons, the present paper suggests a new measuring 

method for measuring the interlamellar distances. For a better characterization of the 

eutectic structure, the measurement of further parameters of Si lamellae is suggested 

by us. 

  

1. COMPLEX CHARACTERIZATION OF AN IRREGULAR EUTECTIC 

Characterizing the irregular eutectic structure has been a big challenge for research-

ers because every eutectic lamella has a different length, thickness, and angle which 

represent the inclination between the axis of the lamellae and the direction of the 

solidification movement. 

The distance between the lamellar spans a wide range as well, therefore we sug-

gest to use the following three kinds of parameters to describe the irregular eutectic 

structure: the average interlamellar distance, the length and the angle of lamella. 
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By means of the image analysis software, we use the “Specific perimeter method” 

to measure the average interlamellar distance (λ), see Equation (1) 

 

 
𝜆 = 2 ∗

𝐴𝑝 ∗ (1 − 𝐴𝑓)

𝑁 ∗ 𝑃𝜊
 

(1) 

Where: 

• P0: is the average perimeter of the silicon lamella in the investigated mic-

roscopic photos (μm); it can be measured by image analysis software. 

• N: Number of the eutectic lamellae. 

• Ap: Area of the microscopic photo (μm2). 

• Af: Area fraction of the eutectic lamellae in the eutectic structure.   

 

Near the average lamellae distance, we measure the length of lamellae, which is 

equal to the Ferret diameter. The Ferret diameter can be defined as the distance bet-

ween two parallel tangential lines restricting the object perpendicular to that direc-

tion (Figure 3a). The new image processing techniques allow us to measure the Fer-

rets diameter for each object (every eutectic Si lamella) and analyze them. The meas-

ured Ferret diameters were divided into ranges and the percentage distribution of 

lamellas belonging to the given ranges were investigated.  

In addition, the angle measurement has been performed as well. The angle meas-

urements describe the orientation between the axis of the eutectic silicon lamella and 

the axis of direction of solidification front movement (Figure 3b). A percentage re-

lation between the above-mentioned size ranges and the angle distribution in that 

range was created.  

 

 

 
Figure 3 

(a) Description of Ferret diameter. (b) The different measured parameters  

in Al-Si eutectic alloy (M = 500) 
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2. VALIDATION OF THE SPECIFIC PERIMETER METHOD 

The new method has to be validated; a sample of Al-12.6 Si alloy was used for this 

purpose. This composition is the eutectic composition of the Al-Si alloys which con-

tains only eutectic structure in equilibrium. 

The validation process shall be performed on a different structure therefore the 

eutectic sample has been solidified under the effect of forced melt flow. Rotating 

Magnetic Field (RMF) was used for creating a magnetic stirring during solidifica-

tion. Different flow velocities were used by changing the magnetic induction inten-

sity from 0 mT (without stirring) to 150 mT. 

Under the influence of magnetic stirring, a finer eutectic structure develops and 

the Si composition distribution changes; this phenomenon is called “macrosegrega-

tion”. Due to the macrosegregation, the primary phase α and the primary silicon so-

lidify alongside with the eutectic structure, but our research concern only the inves-

tigation of the eutectic structure.      

The solidified samples were sectioned longitudinally and prepared by grinding, 

polishing, and etching in HF acid. The specimens were studied by Light Microscopy 

and Image J image analysis software. 

The microscopic photos were taken by using the mosaic photo technique; The 

mosaic acquisition is a processing system to make large expanses of the target area 

on the object sample close to the resolution limit of light microscopy. To take a mo-

saic photo, a larger image is created from a series of smaller images individually 

collected orderly across a sample. 

 

2.1. Interlamellar spaces 

The present work recommends the specific perimeter method as a valid method for 

characterizing the interlamellar distances. This recommendation is based on several 

tens or more of validity tests. The validity of the specific perimeter method was 

tested on different Al-Si eutectic structure and compared with the Direct measure-

ment method. The result shows a promising method because the error percentage 

does not exceed 2% in some cases, which makes the invented method a precise and 

fast measurement method. Table 1 shows an example of some validation tests for 

random eutectic structures in the Al-Si eutectic specimen.  

Table 1 

Validation tests of the special Perimeter method 

Number 

of tests 

Magnetic 

induction 

(mT) 

Surrounding 

structure 

Interlamellar distance [µm] 

Standard 

deviation 

Specific 

Perimeter 

method 

Real hand 

Measurements 

1      0 Eutectic structure      3.64         3.7      0.04 

2      0 Eutectic structure       3.8         3.5      0.2 

3      0 Eutectic structure       3.45         3.6      0.1 

4      150 Eutectic structure       3.35         3.3      0.03 

5      150 Primary Al- Phase      2.26         2.4      0.09 

6      150 Primary Si phase      4.32         4.4      0.05 
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It proves to be a complex task to measure the interlamellar distances owing to the 

formation of α primary phase and primary silicon in the stirred microstructure. 

Three different appearance of eutectic structure grow depending on the surround-

ing phase i.e. it has been found that a fine eutectic structure forms near the primary 

α phase, while a coarse eutectic structure grows near the primary silicon, and lastly 

the well-known eutectic structure forms where there are no primary structures 

nearby. (Figure 4) 

 

 
Figure 4 

Different structures of eutectic type, (M = 500).  

(v = 0.1 mm/s, G = 6 K/mm, magnetic intensity = 150 mT) 

 

Owing to the aforementioned facts, it is not recommended to characterize the inter-

lamellar distances without considering the place of eutectic structure; the average 

value was calculated for each type and given in Table (2). The process of studying 

the effect of primary phases on the eutectic structure will be described in our follow-

ing paper. 

Table 2 

Measurements of the interlamellar distances 

Eutectic group Distance (𝜇m) ± 0.2 

Without RMF 3.7 

With RMF main eutectic structure 3.5 

With RMF close to primary Si 4.06 

With RMF near to primary Al 1.99 

 

2.2. Length of lamellae 

As mentioned before, the length measurements were performed by measuring the 

Ferret diameter of each Si eutectic lamellae. An image analysis software has been 

used to measure them. 
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The length measurements were analysed by categorizing the size of the eutectic 

Si lamella into different ranges starting from (0–10) and ending with (290–300) μm. 

In this way, we can investigate the size at which the effect of RMF will be the largest 

one. Figure 5 shows the size ranges percentage both in the stirred and non-stirred 

parts.  

The fine eutectic structure range (i.e. < 10μm) has the largest percentage both in 

the stirred and non-stirred parts. However, 95% of fine eutectic can be observed in 

the stirred part while 75% of it can be observed in the non-stirred specimen. The 

mechanisms of size reduction due to the magnetic fields applied during solidification 

are not yet well understood, but some authors state that they are due to the fragmen-

tation of the primary arms of dendrites that act as nuclei [20], [21]; it can be true for 

large eutectic Si lamellas as well. Others state that they are due to the pressure dif-

ferences caused by the oscillation of liquid that causes cavitation and consequently 

some nucleation of embryos [22], [23]. Yet, others claim that there is an undercool-

ing effect due to the magnetic intensity [22]. There is some general agreement that 

the mass transportation of the cooled liquid from the mould perimeter to the hotter 

regions increases the solidification rate [22]. The mass transportation provides an 

opportunity to solute undercooling [20], [21].  

 

 
Figure 5 

Si lamella size percentage of Al-Si eutectic sample with 0 and 150 mT 

 

 

2.3. Angle measurements 

The angle of the lamella describes the inclination degree between the axis of the 

eutectic silicon lamellas and the direction of the solidification movement. 
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The size measurements show the large effect of RMF on fine eutectic Silicon. 

Therefore, an angle distribution curve was created for calculating the effect of RMF 

on the angle of fine eutectic Si lamellas (Figure 6). 

When the solidification process takes place without the effect of the forced melt 

flow, 60% of the fine eutectic lamella tends to orient in a 45° from the sample axis.  

Figure 6 shows a decreasing at 45° angle range percentage when RMF is switched 

on. This percentage will reduce to 35% by applying 150 mT. It means that the orien-

tations of Si lamellas are more diverse when using RMF than those without RMF.  

These large orientation differences suggest that the Si lamellas do not have an 

epitaxial growth in case of using RMF at 50 Hz as most of the Si lamellas without 

RMF seem to have. 

 

 
Figure 6 

The angle distribution curve of fine eutectic Si lamella (<1μm)  

of Al-Si eutectic specimen  

 

 

CONCLUSION 

A newly developed complex characterizing method was used to describe the irregu-

lar eutectic structure. Three parameters were characterized.  

a) The average interlamellar distance λ was characterized by using the specific 

perimeter method which proves its validity when it is compared with the other 

methods used recently. 

b) The length of the eutectic Si lamellas was characterized by using an image 

analysis software in order to measure the Ferret diameter of every Si lamella. 

c) The angle of the eutectic Si lamellae, where it was measured by determining 

the inclination degree between the axis of the Si lamella and the direction of 

the solidification front movement. 
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When Al-Si eutectic alloy is solidified under the effect of magnetic stirring in-

duced by RMF, the microstructure will respond by reducing the length of the eutectic 

Si lamella. It results in more disorientations in the eutectic silicon lamella, and dif-

ferent eutectic appearances which means different interlamellar distances. 

Based on our investigation, the used characterization method is good enough to 

characterize the different parameters in an irregular eutectic structure because it is a 

fast measurement, considers every single lamella and an accurate measurement with 

an error percentage which does not exceed 0.2%.  
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PREPARATION OF CALCIUM OXIDE BY A PRECIPITATION METHOD 

 

EI EI KHINE1 – PÉTER BAUMLI2 − GEORGE KAPTAY3 

 

 
Abstract: CaO nanoparticles were prepared using precipitation method. Different concen-

tration of CaCl2 and NaOH were used as starting raw materials. The structure and micro-

structure of the prepared CaO powders were examined using several characterization tech-

niques including X-ray diffraction (XRD), Scanning electron microscope (SEM) and energy 

dispersive spectroscopy (EDS). Different crystallite sizes of nano and sub micro CaO were 

obtained based on the concentration of the reactants. Using precursors with low concentration 

leads to formation of product with small crystallite size. 

Keywords: precipitation method, CaO particles 

 

 

INTRODUCTION 

Calcium oxide (CaO) is an important inorganic compound which is used in a wide 

range of applications, being of continuous interest in the field of materials research. 

It can be used as a catalyst, toxic-waste remediation agent, or as an additive in re-

fractory and paint industries [1]. CaO nanoparticles can be used as an antimicrobial 

agent, a drug delivery agent as well as in various other biomedical applications [2]. 

Moreover, CaO is an attractive CO2 absorber, due to its good kinetics and high cap-

ture capacity, even under low CO2 partial pressure condition [3]. Calcium oxide has 

been regarded as one of the most promising candidates for carbon capture due to 

its high capturing efficiency, low running cost, and high abundance in the Earth’s 

crust. Several different methods can be used for the preparation of CaO nanoparti-

cles. Varying these methods, all physical and chemical properties of nano-CaO can 

be changed. The morphology, surface area and capturing efficiency can be carefully 

controlled under specific synthesis conditions [4].  

Capturing CO2 by using CaO based adsorbents has been attracted industrial sec-

tors due to the high theoretical capacity of CO2 capture, low cost, and potential use 

in large scale. The development of CaO-based adsorbents decreases over a number 
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of cycles of CaO carbonation/calcination. To improve the sintering-resistant proper-

ties of CaO-based adsorbents, many factors should be considered such as decreasing 

the particle size and increasing the surface area, dispersing CaO on an inert support, 

as well as surface modification [5]. The aim of this research work is to produce CaO 

nanoparticles through precipitation method by manipulating the concentrations of 

the precursors, the stirring speed and the calcination temperature and time. Various 

characterization techniques will be carried out including XRD, SEM and EDX to 

investigate the structure, the morphological feature and the elemental composition.   

 

1. MATERIALS AND METHODS 

Calcium oxide (CaO) powder was produced according to the following reactions: 

CaCl2 (aq) +2 NaOH (aq)                                        Ca (OH) 2(s) +2 NaCl (aq)          (1) 

Ca (OH) 2(s)                                 650ºC /1hr            CaO(s) + H2O (g).                      (2) 

 

CaCl2.xH2O and NaOH with different concentrations (1, 0.5, 0.1 M) of CaCl2 and 

(2, 1, 0.2 M) of NaOH were used as initial reagents for the synthesis of Ca (OH)2 

powder, using stoichiometric Ca+2 : OH– = 2 : 1 mole ratio. The concentrations of 

both aqueous solutions are shown in Table 1. First, both aqueous solutions (CaCl2 

and NaOH) were heated up to 80 °C. At this fixed temperature, a given NaOH solu-

tion was added dropwise to a given CaCl2 solution under stirring (1,300 rpm) by 

magnetic stirrer for 30 minutes. During this process, white precipitates formed. After 

that, each mixture was filtered and washed five times with distilled water then dried 

overnight at room temperature to obtain dry Ca (OH) 2 powder. The obtained pow-

ders were calcined at 650 °C under argon gas environment for one hour to produce 

a CaO powder. The experimental reagent is given in Table 1.  

Table 1 

Composition and concentration of the reactants in aqueous solutions 

Sample No CaCl2 (mol/L) NaOH (mol/L) 

1 0.1 0.2 

2 0.5 1 

3 1 2 
 

 

2. RESULT AND DISCUSSIONS 

2.1. SEM and EDX characterizations of the samples 

The samples were examined by scanning electron microscopy using a Carl Zeiss 

EVO MA10 equipment at 20 kV using a Bruker microprobe. The pictures are taken 

under BSD-SE mode. The measurement of the particle size was done by ImageJ. 

Characteristic results of the SEM and EDX investigation are shown in Figures 1–3 

and Table 2.  
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Figure 1 

SEM image of CaO produced from Sample 1 (0.1M CaCl2 + 0.2M NaOH) 

 

 

 
Figure 2 

 SEM image of CaO produced from Sample 2 (0.5M CaCl2 + 1M NaOH) 
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Figure 3 

 SEM image of CaO produced from Sample 3 (1M CaCl2 + 2M NaOH) 

According to EDX result shown in Table 2, using moderate concentration (0.5M) of 

CaCl2 reactant leads to the formation of high amount of Ca and low amount of C and 

Cl, while using low concentration (0.1M) or high concentration (1M) of CaCl2 re-

sulted in production of high C content and low amount of Ca.   

Table 2 

The weight percentage and atomic percentage of the elements in the deposit  

of the product according to the EDX investigation 

Elements 

 

Weight percentage Atomic percentage 

Sample1 Sample2 Sample3 Sample1 Sample2 Sample3 

C 8 5 7.3 15.6 10 14.2 

O 39.5 35.5 35 55.4 54 52 

Ca 52 59.3 57.5 28.7 35.9 33.7 

Cl 0.5 0.2 0.2 0.3 0.1 0.1 

Total 100 100 100 100 100 100 

 

2.2. XRD investigation of the samples 

The samples were measured by Bruker D8 Advance, Cu K-alpha radiation, 40 kV 

and 40 mA generator settings, parallel beam with Göbel mirror, Vantec-1 position 
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sensitive detector with 1° opening, scanning rate 0.007° (2Th)/24 sec. In the inves-

tigation of three different preparation ratios as shown in Figures 4–6, the highest 

percentage of CaO powder was found to be 84.8% with a small amount of calcium 

carbonate and calcium hydroxide. 

The results of XRD investigations are shown in Figures 4–6. 

 

 
Figure 4 

 XRD diffractogram with the matched peaks of the calcined powder  

(Sample 1 with 0.1M CaCl2 + 0.2M NaOH) 

 

 

 

Figure 5 

XRD diffractogram with the matched peaks of the calcined powder  

(Sample 2 with 0.5M CaCl2 + 1M NaOH)  
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Figure 6 

XRD diffractogram with the matched peaks for the calcined powder  

(Sample 3 with 1M CaCl2 + 2M NaOH) 

2.3. The correlation between the weight percentage, crystallite size and the 

concentrations of the reactants 

Figure 7 shows the relationship between the concentrations of reactants and crystal-

lite size of the produced CaO (see also Table 1). As follows from Figure 7, there is 

an approximately linear concentration dependence of the crystal size. It is in quali-

tative agreement with other experimental results obtained by precipitation tech-

niques [6–16]. It is because the lower concentration of reagents leads to the smaller 

amount of matter attached to the nuclei in the growth phase. However, the line does 

not seem to pass through the origin (0; 0) – see Figure 7.  

 

 

Figure 7 

Crystallite sizes of the CaO as function of solution concentration 

The connection between the concentrations of reactants and the composition of the 

final product is shown in Figure 8. One can see that the CaO content increases with 

the increase of the reactant concentrations. It is probably connected with Figure 7: 
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the increase in particle size decreases the specific surface area and does spontaneous 

capture of CO2 or H2O from the environment is decreased.   

 

 
Figure 8 

Composition of the final product vs the composition of the initial solution  

CONCLUSION 

Calcium oxide nano- and sub-micron particles were prepared by calcination of the 

product of chemical reaction between CaCl2 and NaOH aqueous solutions. It is 

shown that about nano-range can be obtained only if a low concentration of the re-

actants is applied in the aqueous solution. The final product mostly contains CaO, 

although it is contaminated by CaCO3 and Ca (OH)2. This contamination decreases 

with decreasing the specific surface area of the particles, i.e. by increasing their size. 

Thus, the decrease in particle size and increasing at the same time the purity of the 

final CaO particles seems to be a challenge.  
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THE EFFECT OF THE APPLIED PLASTER/WATER RATIO  

ON THE TECHNOLOGICAL PROPERTIES OF GYPSUM MOLD 

 

EMESE KUROVICS1 – LEA KÓSA2 – LÁSZLÓ A. GÖMZE3 

 

 
Abstract: In this research the properties of plaster samples were investigated. The samples 

were made from two different types of gypsum used in porcelain production. The plaster 

samples were made with the following 3 plaster/water ratios: 1.35, 1.51 and 1.75. The di-

mensions of the plaster samples were 20 × 20 × 100 mm. In this research, the water absorp-

tion, the flexural strength and the microstructure of the samples were investigated. Samples 

with a lower P/W ratio have higher water absorption rate, which can be beneficial when 

making porcelain products.  

Keywords: gypsum, plaster/water ration, porcelain, strength, water absorption 

 

 

INTRODUCTION 

The raw material for making plasters is gypsum, which is a naturally occurring rock. 

Gypsum production and gypsum molds generate a large amount of waste, but the 

researchers seek to recycle gypsum waste [1], [2], [3]. Gypsum plays an important 

role in the ceramic industry, both in product design, forming and shaping operations 

such as slip casting [4], [5], [6], [7]. Gypsum or plaster molds are also used in the 

production of traditional ceramics (e.g. porcelain) and technical ceramics (e.g. alu-

mina ceramics) by slip casting [8], [9], [10]. The slip casting is one of the most com-

mon industrial methods of ceramic casting. Slip casting begins with pouring the ce-

ramic suspension (slurry) into a gypsum mold. The pores of the capillary system of 

the gypsum are smaller than the ceramic particles in the slurry. Therefore, due to 

capillary suction, the water content of the slurry penetrates the gypsum mold, while 

the ceramic particles retain on the inner wall of the gypsum mold. The retained par-

ticles are forming a continuously thickening layer. The quality of ceramic products 

and wall formation can be influenced by several factors, including the quality and 

properties of the gypsum used during the shaping [11], [12], [13], [14], [15].  

During the slip casting operation, the wall formation mechanism of porcelain 

products (Figure 1) can be described by the following equation [16]. 
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 𝑥 = √
2𝐷(𝑤1 −𝑤2)

𝑘𝜌
√𝑡 (1) 

where: D the process-specific diffusion constant, 1/k proportionality factor, w1, w2 

water content on the gypsum mold or slurry side, ρ density of the wall formed, t 

suction time. 

 

 
Figure 1 

A semantic model of wall formation (taken from Gömze, L. A. [16]) 

 

Equation (1) illustrates that the wall thickness of the product is highly dependent on 

the suction time and the diffusion coefficient of the gypsum mold. The degree of 

diffusion is determined by the capillary system of the gypsum. It can be seen that it 

is important to characterize the properties of gypsum molds [17], [18], [19], [20], 

[21], which also depends on the method of production, including the type of gypsum 

used and the P/W ratio.  

In the present research, the authors examined and compared the properties of 

plaster samples which made of two different gypsum types with 3 different P/W 

ratios. 

 

1. MATERIALS AND METHODS 

In this research plaster samples were with the use of different plaster/water ratio. 

First, were used the P/W ratio which was recommended by the manufacturer and 

after that, they chose a ratio below and above the recommended one (Table 1). The 

recommended P/W ratio for both gypsum types was 1.51. 

Table 1 

The used plaster mixtures 

No. Water [ml] Gypsum [kg] P/W ratio 

1.  482 0.65 1.35 

2.  (recommended  

by the manufacturer) 
464 0.70 1.51 

3.  429 0.75 1.75 
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After the addition of the appropriate gypsum-water ratio, followed by a soaking time 

of a few minutes the mass was homogenized by mixing then it was poured into the 

form. For gypsum specimens, the various gypsums were cast into a casting frame 

made of wood and separated by plate sheets (Figure 2).  

 

 
a) 

 
b) 

Figure 2 

The used wood form (a) and plate sheets (b) for making plaster samples  

The dimensions of the rectangular specimens are nearly the same, 20 × 20 × 100 

mm. The form was disassembled after the completion of the chemical reaction. The 

removed plaster samples were deburred. The samples were placed in a drying cham-

ber at 60 °C for 48 h. The dried products were suitable for the tests. 

The samples water absorption was examined by letting the samples in a bowl 

filled to the height of about 2 cm with water. Then the specimens were placed in a 

standing position (Figure 3a) in the bowl.  

 

 
a) 

 
b) 

Figure 3 

The plaster samples during the water absorption (a)  

and the flexural strength test (b) 

 

The mass of the specimens was measured at given time intervals. In this way were 

recorded the amount of absorbed water. The first measurement at 1 minute after the 

start of the study was performed. Then the water uptake was measured at every 5 

and 10 minutes. To determining the flexural strength, the specimens were subjected 

to uniformly increasing stress until the specimens ruptured. In this work the strength 
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was measured by 3-point bending test using an INSTRON 5566 universal material 

testing equipment. The plaster samples were investigated in three different condi-

tions (dry, half wet and wet). After the strength test, some fracture samples were 

taken. The microstructure of the fracture surface of samples were examined by Hi-

tachi TM-1000 scanning electron microscopy. 

 

2. RESULTS AND DISCUSSION 

The results of the water absorption test are summarized in Figure 4.  

 

 
Figure 4 

The absorbed water of two different types of gypsum using three P/W ratios  

 

 

It worth mentioning that, in porcelain production, it is very important to know how 

much water the gypsum molds can absorb after a given time due to their capillary 

system, as this affects the quality of formation of porcelain wall. It can be seen from 

the experiment that as the plaster/water ratio increases, the water absorption capacity 

of the gypsum decreases. Gypsum mass with higher water content will be more po-

rous after drying, therefore it can absorb more water within a given time. 

 

 
Figure 5  

The flexural strength of two different types of gypsum using three P/W ratios  
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The P/W ratio has a significant effect on the strength of the gypsum samples. In gen-

eral, wetting of the gypsum continuously reduces the strength value of the samples, 

which is worth considering for gypsum molds when used several times a day. For 

type 2, a slight increase in strength can be seen in the semi-wet state (Figure 5). 

No significant difference was observed in the microstructure of the fracture sur-

face of the plaster samples made from the two gypsum types (Figure 6). When exa-

mining samples made at different plaster/water ratios, it was observed that as the 

P/W ratio increased, the degree of porosity decreased, and the grain structure became 

more and more refined. 

 

 
Type 1 

 
Type 2 

Figure 6 

The fracture surface of the plaster samples (P/W = 1.75) 
 
 

CONCLUSION 

Gypsum mass with higher water content (lower P/W ratio) will be more porous after 

drying, so it can absorb water faster, which can be beneficial when making porcelain 

products. However, an increase in porosity results in a deterioration in strength. 

Therefore, it is important to use the optimal gypsum type and plaster/water ratio in 

the preparation of gypsum molds. 
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Abstract: The use of phase change materials (PCMs) in latent heat storage attracts more and 

more attention in recent years, but their low thermal conductivity is one of main issues that 

should be resolved. In order to overcome this problem, the dispersion of solid-liquid PCMs 

into carbon based materials has been investigated in many studies. In the present study, the 

pressing method was used for the preparation a PCM composite. NaNO3 and  CsNO3 will be 

chosen as the PCMs and the milled carbon nanofiber (MCF) as the high thermal conductive 

filler. Several studies have been developing new types of PCMs by introducing high thermal 

conductive filler such as carbon additives or metal foams. Carbon materials are so far the best 

fillers to increase the effective thermal conductivity of PCM since only small volume fraction 

is needed and they have high thermal conductivity and low density. 

Keywords: PCMs, carbon Additives, thermal conductivity  

 

 

INTRODUCTION 

Recently the higher demand of fossil fuels and increasing attention of risks related 

to environmental issues have contributed to find other renewable sources of energy 

[1, 2, 3]. Due to the different industrial and daily domestic activities, the energy 

consumption changes significantly between peak and off peak period. Among vari-

ous forms of energy that can lead to a better power management and improve the 

performance of thermal systems is thermal energy which is remarkably available in 

nature as solar radiations and geothermal energy and building applications. 

Thermal energy aims to heat a material until the phase change is realized which 

can be from solid to solid, solid to liquid or from liquid [4, 5]. In the aim of making 

this transformation happens; a large amount of heat is absorbed by the material. 

Phase change materials (PCMs) are mostly used to store such thermal energy. As a 

matter of fact, most of the PCMs have low effective thermal conductivity which re-

quires the development of high thermal conductive materials [6, 7, 8].  

The necessity of increasing the thermal conductivity of PCMs is evident due to 

its low charging/discharging rates which is important during thermal cycling. Seve-

ral studies have been developing new type of PCMs by introducing high thermal 

conductive filler such as carbon additives or metal foams. Carbon materials are so 

far the best fillers to increase the effective thermal conductivity of PCM since only 
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small volume fraction is needed and they have high thermal conductivity and low 

density. The thermal conductivity enhancement using carbon material is the point of 

focus of this work. 

Many studies have been done on improving the heat transfer of PCMs. In general, 

the studies are divided into several categories depending on the types of thermal 

conductivity enhancers: 

 

Expanded graphite 

Xu et al. [9] prepared LiNO3 − KCl − NaNO3/EG composite PCM using the capil-

lary method with 5 wt%, 10 wt%, 15 wt%, 20 wt%, and 25 wt% EG. At 25 wt% 

mass fraction of EG, they found out that no leakage was observed. Using the SEM 

images, it has been proven that LiNO3 − KCl − NaNO3 composites were intensely 

absorbed by EG. In their experiments, the thermal conductivity and the compress 

density show a strong linear relationship. However, the thermal conductivity of the 

eutectic salt under a compress density of 1.482 g/cm3 was 1.608 W/mK. When the 

compress density of the composite PCM varies from 0.9 to 2 g/cm3; the thermal 

conductivity varies from 18.57 to 31.53 W/mK which was 11.5–19.6 higher than that 

of the pure salt. Song et al. [10] use also EG as a high thermal conductivity enhancer 

and MgCl2. 6H2O as PCM. It has low thermal conductivity, liquid leakage, high su-

percooling and poor thermal reliability after numerous thermal cycles. To overcome 

those issue, EG with different mass fraction (9 wt%, 13 wt%, 16.67 wt%, and 20 wt%) 

was mixed with MgCl2. 6H2O. The thermal conductivity data of composite PCMs with 

9 wt%, 13 wt%, 16.67 wt%, and 20 wt% of EG was respectively measured to be 0.942 

W/mK, 1.053 W/mK, 1.354 W/mK and 1.658 W/mK. Also, DSC analysis showed that 

the addition of EG decreased the degree of supercooling by 29.4 °C. Zhong et al [11] 

prepared three kinds of porous composite change materials using three types of binary 

salts (LiNO3 − KCl, LiNO3 − NaNO3  and LiNO3 − NaCl ) as the phase change ma-

terials and expanded graphite as the high thermal conductive additive. The thermal 

conductivity was significantly increased. It is analyzed that, after impregnation with 

the EG, the thermal conductivity of LiNO3 − KCl is intensified by 5.0 times; 

LiNO3 − NaNO3, 6.9 times; and LiNO3 − NaCl, 4.9 times. Many studies combined 

EG with various PCMs, and the obtained results that the thermal conductivity of the 

composites have been significantly increased [12, 13, 14, 15]. 

 

Carbon nanotubes  

Qian et al. [16] reported the preparation of a new polyethylene glycol (PEG)/diato-

mite form-stable phase change composite (fs-PCC) with single-walled carbon nano-

tubes (SWCNs) as nano-additive. The obtained results showed that the thermal con-

ductivity of the PCC has been increased from 0.24 W/mK in case of pure PEG to 

0.87 W/mK with a small fraction off SWCNTS (2 wt%). Zhang et al. [17] studied 

the effect of the introduction of CNTs as a additive for improving the thermal con-

ductivity of paraffin-carbon nanotubes/expanded perlite form-stable composite 

phase change materials (PA-CNTs/EP FS-CPCMs). The vacuum impregnation 
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method was used to prepare the composite with different mass fraction of CNT. The 

thermal conductivity of PA-CNTs/EP FSCPCMs5.27 (0.516 Wm−1 K−1) was 4.82 

times that of PA-CNTs/EP FS-CPCMs0. The thermal storage and release properties 

of PA-CNTs/EP FS-CPCMs were significantly improved as compared with those of 

PACNTs/EP FS-CPCMs0. Feng et al. [18] prepared a new composite where t 

MWCNTs was chosen as the high thermal conductivity enhancer, Na2CO3 was used 

as phase change material and MgO as a supporting material. With the increase of 

MWCNTS amount and temperature of use, the thermal conductivity has been sig-

nificantly increased. Tao et al. [19] found out that the single walled carbon nanotubes 

are more efficient to enhance the thermal conductivity. The thermal conductivity 

increased up to 56.98%. 

 

Carbon fiber  

There have been several studies reporting the preparation of phase change materials 

composites using carbon fiber [20, 21]. Zhao et al. [22] used graphite fiber to prepare 

Carbon bonded carbon fiber (CBCF) monoliths. The CBCF were filled with paraffin 

wax to for the PCM composite. The in-plane thermal conductivity of the PCM com-

posite was significantly increased up to 57 times over the pure wax, while the out-

of-plane thermal conductivity was also increased by 3.7 to 5.5 times. In addition, the 

improvements in thermal conductivity showed almost linear relationship with the 

volume fraction of carbon fibers in the PCM composites. 

Takahiro et al. [23] developed a new phase change material composite with a 

percolating network of Carbon Fiber using two types of methods: The conventional 

melting dispersion method (MD) and a novel hot press method (HP). Erythritol with 

low thermal conductivity (0.73 W/mK) was chosen as the phase change material and 

carbon fiber as the high thermal conductive filler (900 W/mK). The results showed 

that the percolating network can be easily formed by HP method. The thermal con-

ductivity of the PCC prepared by both methods increased with the increase of CF. 

moreover, the thermal conductivity of the PCC prepared by HP method increased 

exponentially and was much high than those fabricated by MD. 

In order to develop a high thermal conductive composite material, a new type 

PCM composite (dispersion of milled carbon fiber in NaNO3 and CsNO3 molten 

salts), was prepared pressing method (PM) in the present work. The composites of 

NaNO3/MCF and CsNO3/MCF with varying volume fraction were prepared. SEM 

analysis experimentally studied.    

 

1. EXPERIMENTAL 

1.1. Objective 

The main goal of this research is the fabrication of a new phase change material 

(PCM) for medium temperature thermal energy storage. We selected Sodium nitrate 

and cesium nitrate as the phase change materials (PCMs) and the milled carbon fiber 

(MCF) as the high thermal conductive filler. In general, those PCMs have a low 
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thermal conductivity (𝐾𝑁𝑎𝑁𝑂3
  0.565 W/mK,  𝐾𝐶𝑠𝑁𝑂3  0.31 W/mK). This leads to 

a slow charging and discharging. To address this issue, the milled carbon fiber 

(MCF) will be included as a thermal conductivity enhancement material. Table 1 

lists the specification of the MCF. It has a length of 150 µm and a carbon content of 

>95. Firstly, the distribution of the PCMs and The MCF in the composite will be 

investigated, then the thermal conductivity and thermal stability of the composite 

will be investigated. 

Table 1 

Specifications of carbon fiber as the high thermal conductivity filler 

 Density Fiber diameter Fiber length 𝝀𝑴𝑪𝑭 

 (g/𝒄𝒎𝟑) (𝝁𝒎) (𝝁𝒎) (W/mK) 

MCF 1.81 7.2 150 600–900 

 

1.2. Fabrication of phase change material composites 

Sodium nitrate, cesium nitrates and milled carbon fiber were in solid form at the 

ambient temperature. The fabrication process involves weighing the material par-

ticles, followed by grinding the salts at ambient temperature, then trough mixing 

and compressing to produce samples in the shape of discs. The compressing (tablet-

ing) will be done at a pressure of 800 tones, and the resulting tablets will have a mass 

of 5 g and 10 mm in diameter. The pellets will be dried at 120 °C for 2 h. In latent 

heat storage application, The gaseous heat transfer will be used to transfer heat 

trough the compressed pellets (Molten salts/Milled carbon fiber); while the liquid 

flow (water, oil...) cannot be used, because the salts will be dissolved in this liquid. 
 

Table 2 

Volume fractions of MCFs 

Sample No. S1 S2 S3 S4 

MCF (vol%) 1 2 5 10 

 

Four PCC samples, with different volume ratio (vol%) of CF will be prepared as 

Table 2 shows. It has been concluded that the concentration of the MCF in the com-

posite would influence the thermal conductivity of the composite. 

 

  
Figure 1 

Photos of samples: (a) Sodium nitrate/MCF (b) Cesium nitrate/MCF 



202                                         Hamid Lahmaidi – Péter Baumli 

 

  

2. RESULTS AND DISCUSSION 

2.1. Microscopy images of 𝐍𝐚𝐍𝐎𝟑/MCF and 𝐂𝐬𝐍𝐎𝟑/MCF composites 

Figure 2 and Figure 3 show the SEM images of the composite material with 1 vol% 

and 5 vol% of milled carbon fiber. The morphologies of the composite materials 

with low amount of MCF are similar to that containing 1 vol% of MCF while that 

with higher amount of MCF are similar to that containing 5 vol% of MCF. As a 

consequence, only two of the SEM images are shown and discussed.  

 

  
Figure 2 

SEM images of sodium nitrate/MCF composite at (a) 1 vol%  

and (b) 5 vol% of MCF in the composite 

 

  
Figure 3 

SEM images of Cesium nitrate/MCF composite at (a)  

1 vol% and (b) 5 vol% of MCF in the composite 

 

Comparing the different MCF distribution in the PCC prepared by Pressing method, 

significant differences were observed. The network of MCF was observed in the 

PCC with low amount of MCF, while the network of MCF can clearly observed in 

the PCC containing higher amount of MCF (Figures 2, 3). This was the main reason 

that the thermal conductivity of the PCC increased significantly (see Figure 4). On 
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the other hand, for the samples containing high amount of MCF; the thermal con-

ductivity increased infinitesimally, which proves that small amount of MCF is 

enough to enhance the thermal conductivity.  

As shown in Figure 2 and Figure 3, in the samples containing low amount of MCF. 

the MCF was randomly located around the PCM particles. This was because the 

PCM particles were in solid form during the pressing procedure. We assume that the 

network of MCF and PCM was easily formed in this condition since, initially, the 

PCM particles were in contact with each other, and the void of PCM particles were 

filled by the MCF. 

 

2.2. Thermal conductivity enhancement of PCMs using carbon materials:  

A comparison 

Phase change materials are mostly used to store such thermal energy. However, their 

low thermal conductivity presents one of the issues that should be resolved. Higher 

thermal conductivity could be achieved by using some additives in the aim of in-

creasing the energy charge/discharging rates. Many studies have been done on the 

preparation of new phase change material composites using different carbon addi-

tives. The comparison between those studies is given in the table below. 

The comparison of the thermal conductivity enhancement using different types of 

carbon additives are listed in Table 1. The conclusions can be drawn: 

• The thermal conductivity is significantly increased in case of high aspect 

ratio of carbon additive.  

• The addition of small amount of CNTs can contribute to the enhancement of 

thermal conductivity.  

• The EG and graphite powder are promising additive to enhance the thermal 

conductivity. 

Table 3 

Comparison of the thermal conductivity enhancement  

with some types of carbon additives 

Carbon  

additive  
PCM 

KPCM 

(W/m.K) 
Fraction  

KPCC 

(W/m.K) 

Increase 

(%) 

Expanded 

Graphite 

Eutectic LiNO3/KCl 
[19] 

1.749 30 wt% 11.63 665 

Ternary eutectic  

chloride [24] 
1.174 5 wt% 2.084 178 

Form stable PCM [25] 0.43 20 wt% 4.59 1,067 

Carbon  

fiber  
Erythritol [23] 0.733 25 vol% ≈30 4,000 

Grafted 

CNTs 
Paraffin [26] 0.2312 4 wt% 0.7903 342 

Short 

SWCNT 
Water [27] 0.580 0.48 vol% 0.604 104 

Long 

SWCNT 
Water [27] 0.580 0.48 vol% 0.627 108 

MWCNT Water [27] 0.580 0.48 vol% 0.598 103 
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CONCLUSIONS 

This work describes the preparation of high thermal conductive PCC by pressing 

method. The relationship between the thermal conductivity of the PCC and the dis-

tribution of the PCC and MCF was investigated. The main conclusions are provided 

below: 

1. The pressing method (PM) was used to prepare a high thermal conductive 

PCM composite. It is an effective method for preparing high thermal con-

ductivity PCC using anisotropic, high thermal conductivity fillers, such as 

MCF. 

2. Using CsNO3 and NaNO3 as the PCMs and MCF as the filler, a network of 

MCF was found with a smaller amount of MCF in the composite. 

3. However, the selection of any additive is based on the stability of both com-

ponents (PCM and additive) in the composite, the economic costs and envi-

ronmental impact etc. 
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EFFECT OF CHANGE IN TEMPERATURE ON THE CONCENTRATION 

OF FLUE GAS COMPONENTS FROM WOOD COMBUSTION 

 

DÓRA MENTES1 – CSABA PÓLISKA2 

 

 
Abstract: Knowledge of the mechanism of formation of flue gas components from residen-

tial solid fuels is essential for the reduction of gaseous substances which causes climate 

change and are harmful to the environment. 

The complexity of formation of the flue gas components was simplified during laboratory 

experiments. The homogeneity and mass of the sample affecting the firing was constant, and 

volume flow of the continuously flowing combustion air was 140 dm3/h. The temperature of 

the combustion chamber was changed, it was heated to 600 °C, 700 °C and 800 °C. It was 

obtained an answer to how increasing the temperature of the combustion chamber affects the 

amount of CO, CO2, O2, and NOx components formed in the flue gas as a function of time as 

a result. 

The CO formation can be divided into two stages during combustion: the inflammatory 

stage and the combustion stage. During the inflammatory phase the amount of CO is affected 

by oxygen involved in the combustion and the amount of the excess air, while in the com-

bustion phase it is primary influenced by temperature.  

Keywords: effect of change in furnace chamber’s temperature, biomass combustion, 

amounts of flue gas components 

 

 

INTRODUCTION 

One of the biggest challenges of the Anthropocene era is the crisis of air pollution, 

which poses a potential risk to human’s health and economy growth [1]. The assess-

ment and improvement of air quality, and the complexity and importance of the con-

sequences of air pollution have attracted much attention among researchers. Accord-

ing to the source of air pollution, it can be distinguished between anthropogenic 

(man-made) and natural sources. The atmosphere is thus a complex chemical system 

in which emissions of urban pollutants are mixed with emissions from the natural 

environment [2]. Although many pollutants from natural activities (volcanic erup-

tions and scrub and forest fires in the Mediterranean countries, California and Aus-

tralia, etc. [3], [4], [5]) releases in the atmosphere, anthropogenic activities are the 

main causes of ambient air pollution [6]. 
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Emissions of the most important air pollutants in Europe decreased between 2002 

and 2011, resulting in improved air quality in the region in case of some pollutants. 

Despite these results, not all countries and economic sectors have made satisfactory 

development and progress in reducing emissions [7]. However continuous progress 

has been observed in other sectors (such as industry), emissions from agriculture and 

residential solid fuel combustion have either decreased slightly (for agriculture) or 

not at all in the last decade (for household fuel combustion) [7]. 

Emission of benzo-a-pyrene (BaP), which is considered as a marker of imperfect 

combustion and as a representative of polycyclic aromatic compounds, increased by 

11% in the EU-27 between 2002 and 2011, due to a 24% increase in emissions from 

residential solid fuels. BaP pollution is a growing problem in Europe, especially in 

areas where residential solid combustion (like coal and wood) is common [7]. 

Considering to the emission of particulate matter, 47.3% of total emission in Eu-

rope comes from households. This share increased by more than 6% compared to 

data of 2006 [8]. Poland has the highest concentration limits for particulate matter in 

ambient air in the EU. The PM10 is 200 μg/m3 and the PM2.5 is 300 μg/m3. These 

quantities are eight and six times higher, respectively, than the given limits found in 

the World Health Organization (WHO) guidelines [8].  

It can be declared that biomass combustion has become one of the biggest sources 

of air pollution [9]. Since the wood burning is much more affordable and reachable 

for the households in energy poverty than for example using of solar power for heat-

ing. It is also considered a climate-friendly energy source because it is renewable 

and carbon-neutral [7]. 

The aim of the laboratory experiments is to examine how the changing of the 

temperature of the combustion chamber effects to concentration of flue gas compo-

nents. The experiments presented in the work are preliminary experiments. Another 

direction of the research is to study the evolution of the amounts of flue gas compo-

nents from waste combustion. 

 

1. MATERIALS AND METHODS 

1.1. Materials 

In the laboratory-sized experiments, the oak sample was in an air-dry state. The 

sample was grounded to homogeneous in order to ensure that the heterogeneity did 

not affect the results of the measurements. The homogeneous sample was comp-

ressed into a puck-shape using the apparatus shown in Figure 1.  

A sufficiently large surface area of puck-shaped fuel had got in contact the com-

bustion air during the firing, which resulted the reduction of the emission of CO. 

This could be explained by increased specific surface area. If the specific surface 

area of the fuel was not large enough during the combustion, the air-fuel mixing 

quality was poor, which resulted the formation of CO [11]. 
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Figure 1 

Picture of a pressing machine forming the shape of the sample (a) [10],  

image of the sample in the boat (b) 

 

1.2. Measurement process of the laboratory experiment 

The combustion process was tested in a Hőker Cső 350/900 type electric resistance 

tube furnace, which had a horizontal working chamber and a programmable tempe-

rature of the furnace temperature controller, thus allowing the temperature set at a 

given time to be maintained. The analysis of the concentration of the gases from the 

combustion process (CO2, O2, CO, NOx) was performed with a Horiba PG 250 gas 

analyzer. The air flow rate was regulated by the compressed air tank, rotameter, and 

valve. The experimental setup is schematically illustrated in Figure 2. 

 

 
Figure 2 

Measuring system  

 

(b) (a) 
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The actual combustion air flow rate was set at the beginning of the experiment. The 

sample in the quartz boat was pushed into the combustion zone, after the tube furnace 

reached the predetermined temperature of the furnace chamber. Combustion started 

immediately in the combustion zone, along with the recording of emission values. 

The experiment time lasted longer at lower temperatures than at higher temperatures.  

Investigation of the combustion process happened at a combustion air volume 

flow of 140 dm3/h and at a temperature of 600 °C, 700 °C, 800 °C. Three experiments 

were performed in each settings. The data shown in the figures are the averages of 

the experimental results. 

A similar measuring system could be found in the literature, however the set com-

bustion parameters and the tested fuels were different. For example Peng et al. [12] 

investigated emission characteristics of PAHs during MSW/coal co-combustion. 

Wielgosiński et. al. [13] examined the emission of CO, NOx and TOC from biomass 

combustion in comparison to hard coal in 5 different temperatures and at 3 different 

air flow rates excess air.  

 

2. RESULTS 

2.1. Evolution of the amount of flue gas components during combustion 

Thermal degradation of the wood, and in particular decomposition of carbohydrates, 

is a complex process and it includes many different reactions occurring simultane-

ously, e.g. dehydration, depolymerization, fragmentation, rearrangement, repoly-

merization, condensation and carbonization [14].   

Combustion processes are strongly influenced by the elemental and chemical 

composition of the fuel and the combustion parameters. The chemical composition 

of the wood cannot be defined precisely for a given tree species or even for a given 

tree. Chemical composition varies with tree part (root, stem, or branch), type of wood 

(i. e., normal, tension, or compression) geographic location, climate, and soil condi-

tions [15]. Biomass is a complex material, mainly composed of hemicellulose, cel-

lulose and lignin in addition to extractives (tannins, fatty acids, resins) and inorganic 

salts. Cellulose is the most important element in biomass due to its large proportion 

[16]. Cellulose, hemicellulose and lignin of oak proportions are 41%, 26.35% and 

25.71% in general based on the literature data’s [17].  

All combustion processes can be considered as emission sources, during which 

not only CO2 and H2O are produced, but as well many other components released 

from the perfect (SO2) and imperfect (CO) combustion. Many formation pathways 

of the end products are known during combustion. Every biomass combustion start 

with the pyrolysis of the cellulose (Figure 3). 

In addition the inorganic components of the biomass react with the cellulose 

which leads to a wide range of reactivities, from enhancement to total inhibition of 

the smouldering combustion by variation in the rates of production of CO and CO2 

and the corresponding rates of heat release [19]. 

So knowledge of the formation mechanisms and pathways allows the so-called 

the use of primary methods to reduce emissions [20]. 
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Figure 3  

Kinetic scheme proposed by Shen et al. [18] for fast pyrolysis of cellulose 
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Figure 4 

Evolution of the amount of flue gas components during combustion  

(140 dm3/h, 600 °C) 

Cereceda-Balic et al. [21]  obtained similar curve in experiments with two hardwood 

and one softwood compared to the Figure 4.  

In the case of CO concentration, two peaks can be observed: 
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• up to the first peak, the inflammatory stage is visible, where volatile sub-

stances leave the biomass, 

• the rest of the curve indicates combustion stage. 

 

Firstly, during the primary attack by oxygen on hydrocarbons, CO is formed by a 

fast reaction mechanism shown in simplified Equation (1). The subsequent reac-

tion of CO to CO2 in simplified Equation (2) is slow and requires adequate resi-

dence time to achieve completion. Thus, in a poorly designed or overloaded stove, 

it is possible to produce significant CO emissions even in the presence of large 

amounts of excess air [22]: 

 

 𝐶(𝑠) + 0,5 02 (𝑔) ↔ 𝐶𝑂(𝑔)  (1) 

 

 𝐶𝑂(𝑔) + 0,5 𝑂2 (𝑔) ↔ 𝐶𝑂2 (𝑔)  (2) 

 

During the intensive combustion stage, the concentration of carbon dioxide in-

creases, and then decreases as the amount of carbon monoxide in the flue gas begins 

to increase. It can be argued that the production of carbon monoxide (CO) decreases 

with increasing temperature at the expense of higher production of carbon dioxide 

(CO2) [23]. The minimum of the O2 curve and the maximum of the CO2 curve indi-

cate the phase of intense combustion.  

 

2.2. Effect of the furnace chamber’s temperature on the flue gas components 

Figure 5 shows that in the inflammatory phase, the concentration maximum of the 

CO component decreases to a certain optimum with increasing temperature of the 

combustion chamber (700 °C) and then begins to increase again after the optimum 

is reached. CO is generated in two ways in the inflammatory phase: 

• when the oxygen is less than the theoretical amount of oxygen required for 

complete combustion supplied,  

• or when there is too much excess air in the combustion process, which 

decreases the temperature of the combustion chamber.  

In the combustion phase, the CO concentration maximum decreases with increas-

ing temperature, which means that the reaction between CO and O2 is promoted by 

the temperature of the combustion chamber.  

NO is a product of high-temperature combustion processes that is further oxi-

dized to NO2 at temperatures below 650 °C [24]. Since the temperature of the com-

bustion chamber was set to less than 1,300 °C during the experiments, only NO for-

mation from the nitrogen content of the fuel should be taken into account [25], [26]. 

In general, all the factors that increase the temperature of the flame increase the 

amount of NO formed too [27].  

The concentration of carbon dioxide reaches a maximum when concentration of 

oxygen is zero. Increasing the temperature of the combustion chamber promotes the 

formation of CO2 formed during the reaction according to Equation (2) (Figure 5).  
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Figure 5 

Effect of furnace chamber’s temperature change on concentration  

of the flue gas components 

 

 

CONCLUSION 

One of the aims of this research was to reduce the CO emissions of a newly pur-

chased residential solid fuel boiler below the emission limit values set out in Regu-

lation 2015/1185 issued by the European Commission. The results and experience 

gained from laboratory-scale experiments would help to reduce the concentration of 

CO mentioned above.  

Based on the results, it could be clearly concluded that the evolution of CO con-

centration could be divided into two stages. The first stage was the inflammatory 

stage. The minimum of the CO concentration could be reached at the optimum com-

bustion temperature of the furnace chamber. 

When the oxygen was less than the theoretical amount of oxygen required for 

complete combustion supplied, CO was a final product of the reaction. Otherwise 

too much excess air led to lower temperature of combustion chamber. This could be 

explained by the fact that the oxygen and nitrogen – that were not involved in the 

combustion – absorbed usable heat and carried it out of the chamber. This process 

promoted the formation of CO. The second stage was characterized by the tempera-

ture of the furnace chamber. The reaction between CO and O2 is promoted by the 

temperature.  
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The concentration of NOx and CO2 components increased with increasing tem-

perature of the combustion chamber, while the concentration of O2 decreased. These 

results indicated that more O2 was involved in combustion reactions at higher tem-

peratures. 
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Abstract: The details of the production technology of an artefact is always a question. 

Based on the technological knowledge of the given age, the results of archaeology and 

archeometallurgy a feasible production technology can be determined. This feasible pro-

duction technology can be examined using computer simulation tools to find answers to 

open technological questions. 

In this project, the casting technology of the Bronze Age is examined, based on the arte-

facts of the Hungarian National Museum, using archaeology, technology and theoretical 

tools. The multifunctional socketed axe tool is examined, the casting defects are analysed 

and the production technology is reproduced. 

Keywords: artefact, reverse engineering, gravity casting technology, simulation 

 

 

1. THE HISTORY OF AXES 

The axe is one of the oldest tools used by mankind and the oldest axes were known 

as hand axes. The hand axe was a pear-shaped and roughly chipped stone tool 

brought to an even point, with a broad handle. Later, the axe was given a wooden 

handle, several different types of axes were developed, which may be divided into 

two main groups: Non-shaft-hole axes and shaft-hole axes. 

The non-shaft-hole axes had no hole for the handle and were generally made from 

flint, greenstone or slate and in time had an evolution such as core axe, flake axe, 

thin-butted axe, round stone axe and hollow-edged axe. 

The shaft-hole axes were made using various stones, although not flint, and were 

more likely to be status weapons or ceremonial objects. Types are the polygonal axe, 

double-headed battle-axe and the boat axe. [1, 2] 
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1.1. The Socketed Axe 

During the Bronze Age, stone axes began giving way to axes with a head made of 

mould cast copper or bronze, which initially were often pure copies of stone axes. 

One type of Bronze Age axe is the socketed axe a wedge-shaped axe head with 

no shaft hole. The handle is instead fixed into a socket at the end part. Since the axe 

is made hollow and the handle is inserted into the head, a perfectly functional work-

ing axe can be made with minimal materials.  

Socketed axes are widespread multi-functional tools of the Bronze Age world. 

Their stylistic appearance might differ from each other in certain areas of the conti-

nent but their main casting techniques show great similarities. In the archaeological 

material, the socketed axes are the ones which show the most characteristic casting 

defect types. Some of them have intensively porous inner structure, shifted parts, 

incomplete loops or amorphous patterns. Typical socketed axe geometry with handle 

reproduction can be seen in Figure 1 [3]. 

 
Figure 1 

Copper alloy socketed axe with modern handle, 1000–700 BC 

 

 

2. THE SIMULATION PROCEDURE 

A socketed axe is a metal object, where the production method was gravity casting. 

In this research computer-based simulation methods are used for the technology re-

construction of the casting process. Many modelling and simulation methods can be 

employed for gravity casting, including physical modelling and numerical methods. 

Most of the current modelling and simulation work is done using numerical methods 

that can be used to solve the appropriate partial differential equations for heat and 

fluid flow, using numerical algorithms. The following requirements are considered 

as essential parts of a casting simulation: 

• correct geometric description of the domain, 

• accurate thermodynamic phase data, 

• accurate boundary conditions, 

• proper material properties, 

• a set of solvable equations describing the physical phenomena, 

• experimental and numerical validation. 
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Generally, models solve equations for the temperatures and the fluid flow. To de-

scribe the complex phenomena correctly, good insight into the physics of liquid, 

semi-solid, and solid constitutive behaviour at high temperatures is required to de-

cide which partial differential equations are best suited to describing the physical 

phenomena of interest. The parameters of these models should be realistic and phy-

sical. This implies very close interaction between controlled experiments of solidifi-

cation or stress measurements of the high-temperature plasticity behaviour and pro-

cess physics formulation. Accurate boundary condition and property data are essen-

tial if model results are to be representative. 

The physical phenomena behind a technological problem should be identified and 

a mathematical model must be written. This mathematical model must be solved 

using an analytical or a numerical solution and the physical interpretation of this 

mathematical solution should be done for the technological solution. Especially in 

manufacturing processes such as casting, the misinterpretation of otherwise correct 

mathematical results could lead to wrong conclusions, and hence to no solution of 

the originating problem [4, 5]. 

In this research paper, the commercial software NovaFlow&Solid is used to solve 

the material- and heat transport processes. The method of simulation experiments 

can be seen in Figure 2. 

 

 

Figure 2 

Concept of the simulation experiments 

In Pre-processing the first step is to define the geometry of the casting system into a 

discrete number of segmented volume elements for the subsequent calculations. 

Before the equations that govern the filling and solidification processes can be 

solved, the necessary thermophysical material data must be available. Apart from the 

material data themselves, other relevant process parameters have to be defined. Ini-

tial conditions for the unknown quantities and boundary conditions for the unknowns 
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must be defined. Other relevant information also needs to be input, so that all the 

factors that affect the fılling and solidification of the casting can be accounted for. 

Main-processing is the most demanding part of the numerical simulation follows 

in respect of both the algorithmic development and the requirements for computer 

capacity, solution of the governing equations. The most usual approach here is to 

solve all the basic equations, this being a prerequisite for simulating all relevant cast-

ing problems of a technical nature. It is clear that these calculations, in which prim-

itive fields such as temperatures, displacements, stresses, velocities, pressure, etc. 

are determined, require the solution of the governing differential equations. 

Post-processing is the presentation of the results. After the computations, the re-

sulting basic fields (temperatures, velocities, pressure, displacements, stresses, etc.) 

should be presented appropriately. 

 

3. THE EXAMINED ARTEFACT  

The examined artefact is a socketed axe geometry (Ha B1-B2/3) from Isaszeg, Hun-

gary. The chemical composition of the axe is 83 wt% copper (Cu), 11 wt% tin (Sn) 

and 6 wt% antimony (Sb). The chemical composition is analysed using prompt-

gamma activation analysis, which is a nuclear analytical technique for non-destruc-

tive determination of elemental and isotopic compositions. 

The artefact was analysed by neutron radiography where the overall amount of 

porosity is determined as 3.06%. The artefact geometry and the resulting figures of 

the neutron radiography can be seen in Figure 3. 

 

Figure 3 

Geometry of the artefact and results of the neutron radiography 

Based on the artefact a virtual model is created in 3D, using Computer-Aided Design. 

For the technology analysis, the 3D model must consist of the axe, the core, the 

gating system, the mould and the environment. Based on the neutron radiography 

analysis a simplified axe geometry is created (43 cm3), without gating system, while 

the core and the mould are created using Boolean features.  

Based on a literature survey and trial experiments a gating system is created 

which can fill the cavity on a realistic way without significant turbulence. The result 

of the mould filling analysis [6] is not presented in this paper. Only the mould filling 



221                Dániel Molnár – Péter Barkóczy – Béla Török – János Gábor Tarbay 

 

defects will be presented to understand the simulation results. The geometry of the 

casting with the gating system and the 3D cut of the calculation domain can be seen 

in Figure 4. 

 

Figure 4 

 Examined geometries 

4. SOLIDIFICATION ANALYSIS  

Based on the archaeological excavation and literature survey [7, 8] the 3D CAD 

model of the simplified axe geometry with the gating system and the core is prepared. 

The pending question is the material of the mould, therefore two cases were exa-

mined simultaneously: 

A. The alloy was poured into a sand mould. It supposes a so-called expendable 

mould where the mould is used only once. 

B. The alloy was poured into a stone mould. It supposes a so-called permanent 

mould where the mould is used several times. Before pouring the stone 

mould was surrounded by sand which is symbolized by the environment, see 

Figure 4. 

The Design of Experiments (DoE) can be seen in Table 1, where the chemical 

composition of the alloy was composed based on the artefact. The pouring 

temperature was examined in several steps, where the steps were defined based on 

the possible maximum temperatures of the ancient melting techniques. 

Table 1  

Design of experiments 

Expendable mould A1 A2 A3 A4 A5 A6 

Alloy temperature 1,015 °C 1,025 °C 1,035 °C 1,050 °C 1,070 °C 1,100 °C 

Mould sand (20 °C) 

Environment sand (20 °C) 

Permanent mould B1 B2 B3 B4 B5 B6 

Alloy temperature 1,015 °C 1,025 °C 1,035 °C 1,050 °C 1,070 °C 1,100 °C 

Mould stone (20 °C) 

Environment sand (20 °C) 
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The solidification of the Project A1 can be seen in Figure 5, where the scale is liquid 

phase: 5–95%.  

 

 

Figure 5 

Solidification process 

4.1. Result analysis 

Although the mould filling analysis is not presented in this paper, but some results 

of it must be explained. During filling the air inside the cavity must leave. This can 

be done by venting or by the diffusion of air through the mould, which is called gas 

permeability. Based on the filling analysis it can be determined that melt blocks the 

gates, so the air cannot leaves through the gating system. Without venting the air 

cannot leave the cavity. The gas permeability of the mould depends on the moulding 

material. The expandable sand mould has good gas permeability, while the 

permanent stone mould has nearly zero. By the result analysis, these effects must be 

investigated. 

During solidification the alloy shrinks which causes shrinkage cavities and 

porosities. The casting solidifies without a riser, although the metal in the gating 

system can feed the casting for a limited time. The rest of the metal in the cavity 

solidifies without feeding. 

These effects will result in empty places inside the geometry, which locations can 

be calculated based on the solidification calculation.  

According to the DoE, 6 different melt temperatures were examined in both 

moulding methods. The question was the amount and the distribution of shrinkages, 

to be able to compare these values with the analysed results of the artefact, where 

the value of the overall porosity is 3.06%. The results can be seen in Table 2.  

Based on the neutron radiography porosity analysis of the artefact the overall 

amount of porosity (3.06%) can be compared with the simulation results. The meas-

ured value is analogous to the following simulation results: 

‒ Expendable sand mould with 1,070 °C pouring temperature. 

‒ Permanent stone mould with 1,015 °C pouring temperature. 

To decide which moulding method and which pouring temperature is more fea-

sible the technology of the Bronze Age must be investigated. By the early furnace- 

and melting technology to reach a higher metal temperature was limited. Based on 

the investigation of the residual slags and the reproduction experiments it is clear 
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that the lowest pouring temperature must be applied, the liquidus temperature of the 

alloy is 1,013 °C. 

Table 2 

Calculated results 

Expendable 

mould 
A1 A2 A3 A4 A5 A6 

Alloy temperature 1,015 °C 1,025 °C 1,035 °C 1,050 °C 1,070 °C 1,100 °C 

Solidification 

time 
56.88 s 57.98 s 59.15 s 61.35 s 61.63 s 67.47 s 

Shrinkage 2.92% 2.977% 3.035% 3.04% 3.069% 3.161% 

Permanent 

mould 
B1 B2 B3 B4 B5 B6 

Alloy temperature 1,015 °C 1,025 °C 1,035 °C 1,050 °C 1,070 °C 1,100 °C 

Solidification 

time 
25.03 s 25.51 s 25.03 s 26.91 s 27.85 s 29.26 s 

Shrinkage 3.071% 3.128% 3.184% 3.135% 3.244% 3.253% 

 

 

If the moulding method is examined there are several pieces of evidence which 

prove, that at the Bronze Age permanent mould were applied since unused and 

burned out mould fragments are excavated in a lot of places, see Figure 6 [9]. 

 
Figure 6 

Permanent mould from the Early Bronze Age 

 

Based on these statements, the B1 Project is examined in details, where the mould is 

permanent stone mould and the pouring temperature is 1,015 °C. The amount of 

shrinkages is 3.071%. 
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The shrinkages of the geometry in 3D sections along the X-axis can be seen in 

Figure 7, where the scale is shrinkage 1–90%. 

The 3D view of the shrinkages in Figure 7 is not a detailed representation of the 

calculation results. To do this, the 3D geometry must be cut in 2D sections, that can 

be compared to the neutron radiography results. In this paper, only the middle cut of 

the geometry is presented, while the analysis of the geometry was complete. 

 
Figure 7 

3D sections of the shrinkages 

The question is how the simulation software represents the shrinkage results. By us-

ing a scale the feasibility of shrinkages can be displayed, which means that in the 

different areas how many amounts of shrinkages occur. 

Next question is the gas entrapment during solidification. The gas bubbles can be 

seen on the 2D cut as smooth-surfaced round empty places. In the simulation, only 

the theoretical distribution of the bubbles can be seen. 

In Figure 8, the calculated shrinkages can be seen on the right side, where the 

10% and 50% values are rounded with iso-lines. These lines are copied to the left 

side of the figure, where the same 2D cut can be seen of the artefact geometry, where 

both shrinkages and air entrapments are visible. Shrinkage scale: 1–90%. 

 

Figure 8 

 2D cut of the axe and the calculated shrinkages 
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In Figure 9 the calculated shrinkages and the distribution of gas bubbles can be seen 

on the right side, where the 10% and 50% values are rounded with iso-lines. The 

circles highlight the aggregation of the gas bubbles. This line is copied to the left 

side of the figure, where the same 2D cut can be seen of the axe geometry. Shrinkage 

scale: 1–90%. 

 

Figure 9 

2D cut of the axe and the calculated shrinkages and gas bubbles 

In both cases, it is clear that the distribution of shrinkages and gas bubbles are ho-

mologous in case of simulation and neutron radiography results. These distributions 

need further analysis e.g. image analysis to be able to run a quantitative analysis. 

 

SUMMARY 

In this paper, a socketed axe geometry is examined with computer simulation, where 

the details of the production technology are analysed. In this case, reverse engineer-

ing of an artefact means the reconstruction of the casting technology by computer 

simulation. 

A socketed axe geometry from the Bronze Age is examined from middle Hun-

gary, where the geometry is analysed with neutron radiography. 

Based on the artefact a simplified 3D CAD geometry is created where the possi-

ble gating system designs were tested and analysed. 

12 possible solidification experiments were run, where the effect of the mould 

material and the pouring temperature was examined on the shrinkages. 

The shrinkages were compared with the figures of the neutron radiography and 

the results are interpreted. 

The future goal is to create a method by the help of which the graphical values 

can be translated into numerical ones. 
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THE COMPARISON OF AA1060 AND AA3003 ALUMINIUM ALLOYS  

BY THEIR CRYSTALLOGRAPHIC TEXTURE 

 

DÁNIEL PETHŐ1 – ADRIENN HLAVÁCS2 – MÁRTON BENKE3 

 

 
Abstract: In this research the AA1060 and AA3003 alloys were compared by their crystal-

lographic texture, hardness and earing. Both alloy sheets were rolled, and heat treated by the 

same manufacturing route. The cold rolled samples had the strain of 1.94, then the subsequent 

heat treatment was carried out between 190 °C and 380 °C. The annealing temperatures were 

chosen in respect to the industrial annealing temperatures. After the experiments XRD evalu-

ation was carried out to determine the crystallographic texture of the sheets. The XRD results 

were compared with the industry-known earing test’s and hardness test’s results. The results 

can be applied in the industry for the optimization of a given technology. 

Keywords: AA1060, AA3003, crystallographic texture, earing 

 

 

INTRODUCTION 

In most cases the aluminium sheets are semi-products, meaning that after the rolling 

and annealing steps, these sheets are deep drawn. In order to define the deep-drawa-

bility of the sheets prior to the operation, crystallographic texture needs to be defined. 

The crystallographic texture describes the degree of anisotropy by defining the crys-

tallographic orientation of all grains within the material [1]. In most industrial envi-

ronments, the deep-drawability is described by the hardness of the sheet, but that 

does not give an adequate answer to the deep-drawability. 

The two alloys studied are the AA1060 and the AA3003. The AA1060 is low on 

alloying elements, but the AA3003 alloy’s main alloying component is manganese 

[2]. Manganese in aluminium alloys, depending on the temperature, could dissolve 

from the solid solution and form compounds [3]. These compounds influence the 

recrystallization of the AA3003 alloy [4]. The aim of this research is to compare the 

recrystallization kinetics of the two alloys based on crystallographic texture, earing 

and hardness. 
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1. MATERIALS AND METHODS 

1.1. Experimental route 

During the examinations the as-received hot rolled 7 mm thick sheet was cold rolled 

to 1 mm thickness. Subsequently the heat treatments were carried out at 190 °C, 

280 °C and 380 °C for 1, 2, 3, 4 and 5 hours. On Figure 1 the experimental route is 

displayed. The heat treatments were done in an air furnace, and the samples were 

inserted when the furnace was heated to the annealing temperature. The samples 

cooled down in air. The earing examination was carried out by ARCONIC-Köfém 

Kft. The interpretation of the earing values is as it follows: positive values refer to 

0/90° earing of the deep-drawn sheets, which is defined positive (recrystallized); 

negative values refer to the 45° earing of the sheets, which is defined as negative 

(rolled) [5]. The hardness tests were carried out with the Tukon 2100B. 

 

 

Figure 1 

Route of the examinations 

1.2. XRD measurements 

The texture examinations were carried out with the Bruker D8 Advance X-ray dif-

fractometer equipped with a Eulerian cradle. The measurement parameters: 40 mA, 

40 kV, CoKα. The {111}, {200}, {220} lattice planes were measured, with the cor-

responding pole figures recorded. The pole figures were recalculated, then used for 

Orientation Distribution Function (ODF) synthesis. ODF cuts were made at 5° steps 

of the φ2 values. The texture components are defined by the three Eulerian angles 

and were measured from the ODF. The texture components are specific Eulerian 

angle triplets which are characteristic of the manufacturing steps or physical pro-

cesses (rolling, recrystallization…etc.). 

 

2. RESULTS 

2.1. Hardness results 

The hardness test results can be seen on Figure 2. The 0-hour sample (not annealed, 

just rolled) is shown on the left. It can be seen that both alloys exhibit the same behav-

iour. The samples annealed at 190 °C did not change their hardness significantly due 
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to annealing. At 280 °C the first 2 hours show rapid decrease in hardness, but after 

3 to 5 hours, the decrease has already reached its plateau. That is backed up by the 

fact that after the 380 °C annealing, all samples have around the same hardness value. 

 

 
a) 

 
b) 

Figure 2 

Hardness of the alloys after annealing: a) AA1060; b) AA3003 

2.2. Earing results 

The results of the earing tests can be seen on Figure 3. As in the case of hardness, 

the earing values seem to follow a similar trend for both alloys (in the opposite di-

rection). The 190 °C annealing did not change the earing notably. The annealing at 

280 °C between 1–3 hours increased the earing value sharply. The highest annealing 

temperature, 390 °C, shows increased earing values even after the 1-hour heat treat-

ment. Through the trends are the same for both alloys, the AA1060 has more optimal 

earing values than AA3003 (closer to 0). 

 

 
a) 

 
b) 

Figure 3 

Earing of the alloys after annealing: a) AA1060; b) AA3003 
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2.3. Texture results 

The texture components and their volume percentage can be seen on Figure 4.  

 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 4 

Texture of the alloys after annealing: a) AA1060-190 °C; b) AA3003-190 °C; 

c) AA1060-280 °C; d) AA3003-280 °C; e) AA1060-380 °C; f) AA3003-380 °C 
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Both alloys are paired up by their annealing temperature for easier comparison. In 

all cases the 0-hour state (cold rolled) is displayed in grey. The texture components 

representing plastic formation (rolling) are displayed with grey markings (C, S, B) 

and the texture components representing the recrystallization and its processes (G, 

Cube) are displayed line-based markings. 

The texture results after annealing at 190 °C can be seen on Figure 4a) and b). 

Basically, no change in the texture can be seen. The C, S, B components are much 

higher than the annealing components and the annealing time had no effect on the 

crystallographic texture. The AA3003 alloy has its C, S, B components more scat-

tered by volume percent, but it is due to the 0-hour sample’s state. 

After annealing on 280 °C several effects can be seen (Figure 4c) and d)). In the 

case of both alloys, after 1 hour of heat treatment, recovery occurs, which increases 

the texture components referring to rolling. This is due to the fact that during reco-

very, only the subgrains are ordered, but no grain boundary movement occurs, there-

fore there will be more volume within the sheet with the same orientation than before 

annealing [6]. Between 2 and 3 hours of annealing the recrystallization texture com-

ponents increase and the rolling components decrease. Between 3–5 hours the 

AA1060 alloy recrystallizes. Due to the fact that the Cube component has the highest 

values, it refers to recrystallization, but after the Cube, the rolling components are 

the highest. This indicates that a mixed recrystallization took place, both the classic 

high angle boundary movement related recrystallization, and the particle stimulated 

nucleation (PSN). In the case of the AA3003 alloy between 1 and 3 hours of anneal-

ing, all things written above are the same, but between 3 and 5 hours entirely PSN 

recrystallization takes place. This is backed up by the almost equal values of both 

the rolling and recrystallization components and the fact that the AA3003 is filled 

with precipitations containing Mn. 

AT 380 °C IN THE CASE OF BOTH ALLOYS CLASSICAL RECRYSTALLIZATION 

OCCURRED, THIS CAN CLEARLY BE SEEN ON THE FIGURE 4E) AND F). THE CUBE 

COMPONENT IS THE HIGHEST IN ALL STATES. THIS MEANS THAT THERE IS NO 

POINT IN ANNEALING FOR MORE THAN 1 HOUR AT THIS TEMPERATURE. 

 

CONCLUSIONS 

In this research the comparison of aluminium sheets with different composition and 

same processing parameters were carried out. The comparison is based on hardness, 

earing and texture results. The following can be concluded: 

a) In both alloys the earing and hardness results indicate that at 190 °C no sig-

nificant change occurred, at 280 °C between 1 and 3 hours of annealing there 

is a considerable drop in hardness, and a notable increase of earing, indicat-

ing that recrystallization took place. 

b) The texture results are in good agreement with the hardness and earing re-

sults; however, they are more precise when describing the recrystallization 

process. The data reveals that at 280 °C mixed recrystallization took place 

in AA1060 and PSN-type recrystallization took place in AA3003. 
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c) The experiments clearly outline the optimal parameters for the studied al-

loys. In the case of AA1060, at 280 °C the optimal annealing time between 

2 and 3 hours could result in 0% earing. 
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OF SELENIUM NANOPARTICLES 

 

ÁDÁM PREKOB1 – VIKTÓRIA HAJDU2 – LÁSZLÓ VANYOREK3 

 

 
Abstract: Selenium nanoparticles were prepared with reduction method from sodium-sele-

nite. To stabilize the nanoparticles, two different stabilizers were used. The prepared nano-

particles were characterized with transmission electron microscopy (TEM), with the use of 

the images the diameters of the nanoparticles were measured which were 70.9 nm in average 

in case of gum arabics as stabilizer, and 21.7 nm with guar gum. To evidence the presence of 

the stabilizer layers, Fourier transformation infra-red spectroscopy (FTIR) was used. Apply-

ing X-ray diffraction (XRD), the states of the nanoparticles were determined. As a mixture 

of organic and inorganic selenium compounds, these nanoparticles could provide both fast 

and slow, long-term uptake for edible plants which could make up the missing amount of Se 

for human body. 

Keywords: Selenium nanoparticles, TEM, XRD, FTIR 

 

 

INTRODUCTION 

Selenium is considered to be an important trace element of the human body [1]. The 

proper level of selenium has many advantageous effects like protection of immune 

system, thyroid, and homeostasis [2], furthermore keeping up the ideal amount is a 

good way to prevent serious illnesses like cancer [3] or Alzheimer [4]. The main cause 

of these illnesses is the oxidative stress (caused by the free radicals like reactive oxygen 

and nitrogen species) which is usually neutralized by the glutathione peroxidase pro-

tein. For this mechanism, selenium is an important component [5]–[10]. The main 

source of selenium in everyday life is different edible plants which can uptake the 

different forms of selenium from the soil [11]. According to The American Recom-

mended Dietary Allowance (RDA), the necessary amount is 70 microgram for men 

and 55 for women per day [12]. However, in many countries (mainly in Europe) the 

soils are poor in selenium so there is a high chance for the formation of deficit in human 
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body. The selenium deficit already effects about 3 billion people worldwide, mean-

while researchers predict further selenium loss from soils due to the climate change 

which will further increase their number [13]. 

Due to the chemical similarity of selenium and sulphur, plants take up the sele-

nium via sulphur transporters [14]. Selenite, selenate, and organic selenium are ide-

als forms of selenium to uptake for plans. However, selenides and elemental sele-

nium ensure a slow, and lasting uptake because microbials in soil first have to trans-

form them to other forms which can be taken up [15]. Nano selenium seems to be 

the least toxic selenium form, furthermore unlike to the common used selenite and 

selenate, metallic nano selenium do not inhibits the growing process of the plants, 

instead it can stimulate the root regeneration [16]. 

In this paper, selenium nanoparticles were prepared both with organic and ele-

mental selenium content which could ensure both fast and lasting selenium uptake. 

This could be a lasting solution to increase the selenium amount in the soils and 

make up the missing amount in the human body through edible plants. The nanopar-

ticles were stabilized with two different non-toxic stabilizers. 

 

1. MATERIALS AND METHODS 

1.1. Materials 

For the Se nanoparticle preparation cysteine (C3H7NO2S) and sodium-selenite 

(Na2SeO3) were purchased from Reanal. As a solvent, distilled water was used. Two 

different stabilizers were used during our experiments, guar gum (Donauchem) and 

gum-arabic (Reanal).  

 

1.2. Characterization methods 

Transmission electron microscopy (TEM) was used to characterize the nanopar-

ticles. For the examination a FEI Tecnai G2 20 X-Twin instrument was used with 

200 kV voltage. The sample was dropped on copper grid from water/ethanol suspen-

sion. Using the images, the size of the particles was measured by image analysing 

software (ImageJ).  

Fourier transformation infra-red spectroscopy (FTIR) was used to evidence the 

presence of the stabilizers. For the measurement, a Bruker Vertex 70 instrument was 

used with 4 cm–1 resolution and 16 s–1 scanning velocity. 

X-ray diffraction (XRD) was used to detect the different states of Se nanopar-

ticles. For this measurement, a Bruker D8 Advance type instrument was used. 

 

1.3. Preparation of stabilized Se nanoparticles 

In the first step, 0.4 g cysteine was solved in 20 ml distilled water and 5 g stabilizer 

in 250 ml distilled water (Figure 1.1). The two solution was mixed and homogenized 

with ultrasonic homogeniser (340 W, 19.42 kHz) for 10 minutes (Figure 1.2). For 

the next step, 0.11 g sodium-selenite was solved in 10 ml distilled water and added 

to the solution in drops during continuous mixing (Figure 1.3). After mixing, the 



    Preparation and characterization of selenium nanoparticles 235 

 

 

solvent was removed by vacuum-evaporation on 60 °C then the sample was dried on 

80 °C overnight (Figure 1.4). As a result, stabilized Se nanoparticles were prepared. 

 

 
Figure 1 

Preparation process of stabilized Se nanoparticles 

 

 

2. RESULTS AND DISCUSSION 

2.1. TEM examinations 

TEM was used to characterize the Se nanoparticles shape and size. The gum arabic 

stabilized nanoparticles had spherical shape (Figure 2). The particles were between 

20–80 nm diameter with an average of 70.9 nm diameter. The stabilizer layer can be 

seen around the particles.  

 
Figure 2 

SEM image of stabilized Se nanoparticles with gum arabic 
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The guar gum stabilized nanoparticles did not have a well-defined shape but they 

had a significantly lower diameter (average of 21.7 nm) (Figure 3). The vast majority 

of the particles (80%) were under 24 nm, some particles were bigger with a maxi-

mum of 55 nm. 

 

Figure 3 

SEM image of stabilized Se nanoparticles with guar gum 

2.2. XRD measurements 

XRD measurements were used to evidence the success of elemental Se preparation 

(Figure 4).  

 
Figure 4 

XRD measurements of Se nanoparticles with gum arabic and guar gum stabilizers 
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Selenium have many crystal planes which appear on the XRD images: (100) at 23.9°, 

(101) at 29.8°, (110) at 41.7°, (102) at 43.7°, (111) at 45.8°, (201) at 51.9°, (013) at 

55.6°, (202) at 61.5°, and (210) at 65.3° 2Θ degrees. The presence of crystal planes 

evidences the metallic form of selenium so the success of the reduction. The crystal 

planes appeared in case of all the samples.  

 

2.3. FTIR measurements 

FTIR measurements were used to evidence the presence of the stabilizers on the 

samples (Figure 5). Comparing the spectrum of the Se containing sample with the 

spectrum of the components, small shifts have been detected caused by the interac-

tions between the Se and the stabilizer or the cysteine.  

 

 
Figure 5 

FTIR measurements of Se nanoparticles with gum arabic and guar gum 

 

On the FTIR spectrum of gum arabic stabilized Se nanoparticles the peak of C-O-C 

bonds was detected at 1,022 cm–1 in case of both the gum arabic and the selenium 

contained sample. The νC-O(H) bond appears at 1,135 cm–1 in the stabilizer, but in 

case of the sample it shows a small shift (1,148 cm–1). The peak of βOH shifts from 

1,410 cm–1 to 1,402 cm–1, meanwhile the νOH shifts from 3,326 cm–1 to 3,332 cm–1. 

These shifts show strong interactions between the Se nanoparticles and the polymer 

which help the nanoparticle stabilization. The specific peaks of the reducing agent 
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(cysteine) are not detectable on the spectrum of the sample due to the low quantity. 

The peaks of selenium are also not visible in the sample because the nanoparticles 

are coated with the stabilizer. 

In case of the guar gum stabilized sample the C-O-C bond appears at 1,016–1,017 

cm–1, while the νC-O bond of alcoholic and glyosidic hydroxyl groups shift from 

1,129 cm–1 to 1,147 cm–1. The absorbance of βOH groups shifted from 1,384 cm–1 to 

1,402 cm–1. This shift also means the interact between the Se particles and the stabi-

lizer, and the selenium-cysteine complex formation. The νOH groups appeared at 

3,318 cm–1 in case of the guar gum, meanwhile in thee selenium contained sample it 

shifted to 3,339 cm–1. The specific peaks of cysteine and selenium are not visible due 

to the low quantity. 

 

CONCLUSION 

In this paper selenium nanoparticles were prepared with two different non-toxic sta-

bilizers in order to prepare a Se source which ensures both fast and lasting uptake 

for plants. For this purpose, selenium contained samples were prepared with both 

elemental and organic content. The nanoparticles were examined by transmission 

electron microscopy to characterize their shape and size. The gum arabic stabilized 

sample had an average 70.9 nm diameter and well-defined spherical-like shape, 

meanwhile the guar gum stabilized sample had an average of 21.7 nm diameter with 

irregular shape. X-ray diffraction was used to evidence the success of the reduction 

step and to determine the crystal planes of Se. The measurement showed the presence 

of elemental (metallic) Se. Fourier transformation infra-red spectroscopy was used 

to identify the functional groups, to evidence the presence of the stabilizers, and to 

characterize the interactions between the nanoparticles and the stabilizer. In both 

cases the measurement evidenced the presence of the stabilizers, meanwhile the peak 

shifts mean that there is an interaction between the nanoparticles and the stabilizer 

mainly by OH groups. 

In further experiments we would like to do biological tests to examine the uptake 

of the nanoparticles by plants and determine the composition of the samples. 
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OF MULTI-AXIAL FORGING PROCESSES 
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Abstract: On a Gleeble 3800 thermo-physical simulator, multi-axial forging of high-purity 

copper workpieces were performed. The strain rate during the simulation process was 0.1 s–1. 

The force response and the geometric changes of the workpiece as a function of time were 

continuously recorded. For a deeper understanding of the multi-axial forging process, a finite 

element model was created in Qform3D, analysing the changes in the deformation history. 

In the virtual model, tool movements were controlled using the recorded data of physical 

simulations. The force-displacement curves of the physical and finite element simulation 

were compared. The measured and simulated temperature and force values were used to ver-

ify the finite element model. 

Keywords: multi-axial forging, simulation, finite element, Gleeble, modelling 

 

 

INTRODUCTION 

The technology of severe plastic deformation (SPD) has undergone significant de-

velopment over the last 25 years. Various methods have been invented, such as equal 

channel angular pressing (ECAP) [1–4], high-pressure torsion [4, 5], cyclic extru-

sion-compression processes [6, 7], cyclic closed die forging [8], or multi-axial forg-

ing [9–12]. Due to its easy setup, multi-axial forging is one of the easiest to imple-

ment severe plastic deformation technology. Another advantage of multi-axial forg-

ing is the possibility to forge workpieces of even up to the size of 50–100 mm. 

For the physical realisation of multi-axial forging, a Gleeble 3800 thermo-physi-

cal simulator equipped with a MaxStrain unit was used. In a Gleeble system, multiple 

parameters can be controlled with high precision during the entire forming process, 

like tool movements, forming speeds, forming forces and temperatures. An addi-

tional camera was built into the system to track the deformed geometry. 

For a deeper understanding of the process, the performed physical simulations 

were also created in a finite element simulation. The simulations were created with 
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QForm3D. The proper use of the finite element simulation could allow studying the 

whole forging process at any moment. With a well-prepared virtual model, real con-

ditions can be simulated with high accuracy [13–15]. Using finite element simula-

tions before production or physical testing, defects and failed locations could be 

eliminated almost without exception, even during the design phase [16, 17]. 

We aimed to reproduce the non-monotonous deformation history of multi-axial 

forging in a finite element simulation and then to evaluate its reliability. Different 

characteristic curves of the physical and finite element simulation were compared 

using the data recorded during both processes. 

 

1. MATERIALS AND METHODS 

1.1. Material 

The chosen material was an industrial-grade, pure copper. The composition of the 

material was within the prescribed limits. The chemical composition of the substance 

is shown in Table 1. 

Table 1 

Chemical composition of the studied CuE material 

Element Cu Fe Pb S Zn Ni Sn 

Conc. 

(atomic%) 
99.978 0.005 0.004 0.004 0.004 0.002 0.002 

The chosen material must be suitable for cold forming, in which deformation was 

not held back by precipitations. CuE is a high-purity industrial copper with a mini-

mum ratio of alloys and contaminants, making it ideal for the selected tests. 

 

1.2. Programming of Gleeble thermo-physical simulator 

Multi-axial forging was performed on the MaxStrain unit of the Gleeble 3800 

thermo-physical simulator. The workpiece was to be forged in ten steps. The equi-

valent plastic strain achieved in each forming step was 0.4. Thus, the cumulative 

strain at the end of the process was 4. During the simulation, the middle, 12 × 12 × 12 

mm size part of the square cross-sectional volume was forged with flat-faced, 10 mm 

wide tools. The workpiece was secured with clamps, connected to a manipulator, 

allowing the workpiece to be rotated along its longitudinal axis. The multidirectional 

cyclic deformation is thus carried out by the same tool, with the manipulator rotating 

90° on the workpiece between each forming step (Figure 1). 

The simulator continuously records tool movements, force and temperature ac-

cording to the previously set 100 Hz measurement frequency. By programming the 

simulator, the dimensions of the workpiece between the forging steps can also be 

recorded. To accurately determine the dimensions of the workpiece, preforming is 

necessary at a rate of 0.1 s–1 before each forging steps. The equivalent plastic strain 

of the preforming was set to 0.1. This is necessary because the free surfaces of the 

workpiece start barrelling during forging. At the beginning of each step, the contact 
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surface between the workpiece and the tool would be irregular, causing also irregular 

force. The phenomenon could be corrected by suppressing the barrelled surfaces of 

the workpiece with the small plastic deformation described previously between the 

main forming steps. 

 

 
Figure 1 

Conceptual setup of MaxStrain unit and the workpiece rotating manipulator 

 

 

The system has been augmented with an integrated camera that allows the geometry 

of the workpiece to be captured in snapshots before and after each forming steps. 

The pictures recorded during the shaping steps are shown in Figure 2. 

 
Figure 2 

Pictures recorded by the camera between steps: before pre-forming (a), after  

pre-forming (b), after main forming (c), rotated with 90° after main forming (d) 

To record the changes of the temperature, a thermocouple was fixed into the work-

piece as shown in the top left corner in Figure 2. The binder used to secure the ther-

mocouple had to be heated up to 100 °C. Due to the excellent thermal conductivity 

of copper, the entire workpiece was heated, so it must be cooled before the experi-

ments. The forging experiments were thus started at 30 °C. 

 

2. FINITE ELEMENT SIMULATION 

Finite element simulations of the process were performed with QForm3D 9.0.8. soft-

ware. The CAD model of the workpiece, tools and fixing clamps were previously 

created to support the simulation. To reduce the computational time, a half-model 

was used. Further simplification of the workpiece, possibly a quarter or eighth model 

was not applicable due to the design of the mounting clamps (Figure 3). 
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Figure 3 

Workpiece clamping and tool placement 

 

2.1. Determination of tool movements 

In the virtual simulation, the rotation of the workpiece was simplified by defining 

two additional tools. While one of the tool pairs performed the active forming step, 

the other tool pair waited in the rear end position. After forging, the active tools 

returned to their rear end position. The active and passive tools were then inter-

changed, and the next forming step has begun. 

Using the time-displacement value pairs recorded during multi-axial forging, 

tool-paths in different directions were created. Jaw recorded the relative displace-

ment of the two tools from each other since the measurement started (Figure 4). 

Positive values indicate the convergence of the tools, while negative values indicate 

the distancing. In the Gleeble simulator, at the rear end position of the tools, the Jaw 

was set to –21 mm. This is due to the need to maintain sufficient distance between 

the tools and the workpiece during rotations, thus protecting the machine from col-

lisions. Examining the displacement curve, the ten shaping steps have a total of thirty 

characteristic peaks. For each forming step, the first of the three vertices is the pre-

forming, the second is a thickness measured perpendicular to the direction of the 

current forming step, and the third one is the main forming. 

 
Figure 4 

Relative tool distance recorded by Jaw 



            Virtual and Physical Simulation of Multi-Axial Forging Processes 245 

 

 

 

The tool-paths have been modified so that in their rear end position, the tools do not 

reach the deforming workpiece, nor do they move unnecessarily far. Based on the 

data recorded by the Gleeble simulator, the optimal rear end position was determined 

to be at –2.5 mm from the surface of the unformed workpiece. The dead time thus 

released was also removed from the tool movements. Pre-positioning tool move-

ments, preforming, and measuring movements were also neglected. The curve de-

scribing the relative displacement of the tools is shifted along the y-axis so that at 

point 0 the surface of the tool and the unformed workpiece touch each other. Finally, 

the resulting curve was divided into two parts and its value was halved depending on 

the direction from which the forming is taking place. The resulting tool-paths are 

shown in Figure 5. The curves thus obtained were used to describe the tool move-

ments over time. 

 
Figure 5 

Tool movements as a function of time 

2.2. Additional settings 

The meshing of the bodies was created automatically by the QForm3D system using 

the previously set boundary conditions. The mesh density was set to finer in the en-

vironment of the clamp and the deformation area, while coarser in the stem of the 

workpiece. Using this mesh, the planned measurement accuracy was achieved, while 

the computation time did not increase significantly (Figure 6). The re-meshing dur-

ing the simulation was continuous and automatic, preserving the boundary condi-

tions, as well as further increasing the mesh density in the plastic deformation zone. 

The number of initial nodes was thus 6,049, while the number of initial elements was 

32,213. The number of elements and nodes has been constantly changing with re-

meshing. The maximum number of elements was 80,373 and the maximum number 

of nodes was 14,448. 

As previously described, we aimed to study the reliability of the material model 

used in general. The material model used in the simulations was CuE, available from 

the software database. In the adjusted elastic-plastic material model, the flow stress 

was the function of strain, strain rate and temperature. Thus, thermo-physical aspects 
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were also considered during the simulation. The initial temperature was set to 30 °C 

according to the actual measurement conditions. 

 
Figure 6 

The initial meshing of the workpiece 

3. RESULTS AND DISCUSSION 

3.1. Force and displacement 

Using the force-time-displacement values recorded by the Gleeble simulator, we de-

composed the measurement data into ten forming cycles. The force-displacement 

values experienced during the physical simulation are shown in Figure 7.a. The force 

required for the odd forming steps was significantly higher at the beginning than for 

the even shaping steps. The dislocation structure formed in the first forming step was 

less resistant to stress from other directions [18, 19]. The dislocation structure 

formed in the previous forming step was rearranged depending on the new direction 

of load. As the forging steps progress, the grain structure of the copper refines, and 

the curves get closer and closer to each other. The phenomenon is similar to that 

observed for aluminium alloys studied by Bereczki et al. [18–20]. 

 

Figure 7 

The force as a function of the displacement 

during physical (a) and finite element (b) simulation 
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Evaluating the results of the finite element simulation, force-displacement values 

were recorded (Figure 7.b). The curves showed similar characteristic to the force-

displacement curves of the physical simulation. However, fitting the curves of the 

two simulations to each other, the difference emerges (Figure 8). 

During the first and second forging steps, the finite element simulation assigned 

higher force values for the same displacements than the physical simulation. During 

the third and fourth forging steps, the two simulations converged to the same force 

values, while from the fifth step, the previously observed trend was reversed. The 

physical simulation required a force approximately 5 kN higher than the finite ele-

ment simulation. 

   

Figure 8 

Force-displacement curves recorded during the first four forging steps (a) 

and during the whole (b) physical and finite element simulation  

 

The reversal of the force curves’ trend could be caused by the processes changing 

the microstructure. Under real conditions, by increasing the cumulative plastic strain, 

significant grain refining takes place in the forged volume. As a result of the grain 

refinement, the resistance of the material against deformation increased. Conse-

quently, the force requirement also increased. However, the finite element model did 

not calculate with such changes in the microstructure, therefore, it couldn’t apply its 

effects. 

3.2. Temperature 

The temperature change was recorded in both simulations. During the physical sim-

ulation, the temperature was measured with a thermocouple. It was embedded into a 

hole drilled adjacent to the deformation zone. During the finite element simulation, 

the temperature change was retrieved at the same position as the end of the thermo-

couple (Figure 9). 
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Figure 9 

Temperature change recorded during physical (a) and finite element  

(b) simulations 

Although the temperature curves are very similar, the heat released during forging is 

much larger in the virtual simulation. This is due to the difference in running time. 

The finite element simulation ran in 122 seconds, while the physical simulation re-

quired nearly 1,100 seconds. With significantly larger tool movements, rotations and 

measurements, the workpiece have time to transfer heat to its surroundings, so the 

temperature increase during the physical simulation is less intense. 

3.3. Deformed shapes 

Copper showed an interesting deformation during multi-axial forging. The usual bar-

relling in uniaxial compression tests was only observed during the first step. From 

the second forming step, the thickness of the formed volume continuously decreased 

inward (Figure 10). 

     

Figure 10 

The geometry of the workpiece in the physical simulation (a) 

and in the finite element simulation (b) after the second forging step. 

The geometry of the workpiece after the whole multi-axial forging process (c) 
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The phenomenon became less and less characteristic as the forming progressed, the 

material in the middle became more and more resistant to the deformation as  

the accumulated plastic strain increased. The phenomenon was visible even after the 

whole forging process (Figure 10.c). In contrast to the physical simulations, the pre-

viously presented mode of deformation in the finite element simulation was main-

tained throughout. It did not deviate significantly from the shape shown in Figure 

10.b even after the tenth step. 

CONCLUSION 

To summarise the results of the study, the implemented finite element simulation 

was able to reproduce the physical simulation’s results with a good approximation. 

The temperature change, during both processes, moved within a narrow range, so its 

effect did not cause any significant differences. The force-displacement curves 

showed a similar nature in both cases. Compared to the first forging step, the second 

forging step required significantly less force. After the second forging step, the 

curves run in the region bounded by the first and second curves, getting closer and 

closer to each other. Assuming the existence of the force-displacement curve of the 

theoretical, infinite forging cycle, from the third forging step the odd-numbered 

force-displacement curves approach that from above, and the even-numbered curves 

approach that from below. 

When comparing the force-displacement values, the curves recorded in the virtual 

simulation showed higher force necessity during the first couple of forging steps. 

However, with increasing cumulative plastic strain, the trend was reversed and 

showed lower force values at the same displacement than the physical simulation. 

The differences between the force curves could be traced back to the applied material 

model. As the cumulative plastic strain increased, the geometry of the finite element 

model also differed more and more from that observed in the physical simulator. The 

used material model was presumably unable to trace the refinement of the grain 

structure and the increase in strength associated with the dislocation structure arrang-

ing in different directions. 

Most of the parameters set in the finite element simulation could be suitable for 

studying the process of multi-axial forging. To do this, however, critical elements, 

such as the material model need to be redesigned specifically for multi-axial forging. 

By setting up a material model suitable to describe the changes during multi-axial 

forging, we could gain a more in-depth insight into the processes using virtual sim-

ulations. 
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WITH HUNGARIAN BROWN COAL 
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Abstract: Pyrolysis is a promising process for the thermal treatment of residual municipal 

solid wastes. In this process the final products are composed of synthesis gas (syngas) and 

pyrolysis char. The char generally has high carbon content thereby it is suitable for further 

syngas production by gasification. Nowadays syngas is mainly derived from fossil fuels. In 

this study gasification characteristics of Hungarian brown coal and Refuse Derived Fuel 

(RDF) char blend were determined in a laboratory bench scale equipment at 900 °C using 

steam as gasification agent. SEM tests were also carried out in order to determine the surface 

morphology of the blending materials. The results showed that during co-gasification of 

brown coal and RDF pyrolysis char the tar formation decreased while the H2 content of the 

syngas increased compared to the gasification of the individual materials. The EDS spec-

trums revealed the presence of alkali and alkaline earth metals, which can have catalytic ef-

fect on the gasification. 

Keywords: pyrolysis, gasification, refuse derived fuel 

 

 

INTRODUCTION 

Due to the continuous growth of the population, we have to face several challenges 

these days. According to the World Bank the global waste generation – including 

municipal solid waste – is expected to increase significantly in the next years [1]. 

Based on the 2008/98/EC directive, in the European Union the following waste hi-

erarchy should be applied: prevention, reuse, recycling, energy recovery and dis-

posal [2]. Nevertheless, in Hungary approximately half of the generated municipal 

solid wastes (MSW) ends up on landfills [3]. In order to meet the expectations, it is 

important to reduce landfilling. One of the possible routes to this is to further utilize 

the energy content of the wastes that cannot be economically reused or recycled. 

Pyrolysis is a promising alternative for energy recovery by providing an opportunity 

to convert wastes into value added products like char or syngas [4]. Due to their high 
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carbon content, pyrolysis chars can be suitable for high quality syngas generation by 

steam gasification.  

Even these days syngas is mainly produced from fossil fuels [5]. However, the 

growing concerns about environmental issues like greenhouse gas (GHG) emissions 

and the depletion of fossil fuels, accelerated the spread of renewable energy and 

cleaner technologies. There are more and more studies about co-gasification of coal 

with other solid fuels [6], [7]. The use of biomasses as a blending material has the 

advantages that these are available in large quantities and the alkali and alkaline earth 

metal (AAEM) species present in these materials can have catalytic effect during the 

thermal decomposition. The presence of AAEMs may result the reduction of tar for-

mation or CO2 concentration of the syngas [8], [9]. Although biomasses usually have 

lower energy density and can be widely dispersed what increases the transportation 

costs and further increases the environmental impact [10]. Furthermore, during bio-

mass gasification particulate matter and tar formation are usually higher compared 

to coal, but it also depends on the quality of the coal [11]. Another group of the 

potential blending materials includes different kind of wastes like waste tyres, plas-

tics, sewage sludge or MSW [12], [13], [14], [15], [16]. By the co-gasification of 

coal and wastes it is possible to reduce the quantity of landfilled materials and the 

consumption of fossil fuels as well. Furthermore, earlier studies [8] showed that be-

sides AAEMs, other metal-oxides, such as SiO2 and Fe2O3 present in coal also have 

catalytic effect on gasification. According to Loy et al. [8] it can increase the H2 and 

CO concentration in the syngas, which is an important parameter in terms of the 

further utilization. This study focuses on the co-gasification of Hungarian brown coal 

and RDF (Refuse Derived Fuel) char.   

 

1. MATERIALS AND METHODS 

1.1. Samples 

Three samples were investigated, including Hungarian brown coal, RDF char and a 

blend (50 : 50 m/m%) of these. The brown coal was crushed below 5 mm before the 

experiments. The RDF samples were prepared in a mechanical-physical processing 

plant from non-selectively collected residual MSW [17]. The RDF was pyrolyzed at 

700 °C in a 20–60 kg/h capacity pilot-scale plant. Based on the laboratory sample 

analysis [18] the remaining char still has 38 m/m% carbon content. The results of 

the gasification experiments with these two base materials were previously published 

[18]. This study is focusing on the investigation of the brown coal and RDF char co-

gasification. The particle sizes of the materials were between 0.9–3.15 mm. For each 

experiment 30-30 g samples were used.  

 

1.2. Experimental system 

The gasification experiments were performed in a laboratory bench scale – 20–30 g 

capacity – system (Figure 1), which contains two tube furnaces and a steel tube. The 

samples were placed into that part of the tube, which was heated by the left furnace.  
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In this study steam was used as gasification agent. The furnaces were heated up to 

900 °C. First the samples were pyrolyzed at this temperature, the gasification started 

when the temperature of the furnaces reached 900 °C and there was no observable 

pyrolysis gas production. The gas flow was measured with rotameters. Samples were 

taken from the gaseous products and analysed with through gas chromatography 

(DANI 500). Furthermore, the coal and char samples were subjected to scanning 

electron microscopy (SEM) in order to determine the differences in the surface mor-

phology of the blending materials. 

 

 

Figure 1 

Laboratory scale experimental system (1. water supply, 2–3. tube furnaces, 4. feed-

stock material, 5. reactor tube, 6. temperature measuring device, 7. liquid collect-

ing vessel with water cooling, 8. rotameter) [18]  

2. RESULTS AND DISCUSSION 

As shown in Figure 2 the highest conversion rate occurred during the gasification of 

the Hungarian brown coal, in case of the RDF char the amount of the remaining solid 

material was significantly more. In this regard the blended material showed an inter-

mediate value, although the tar formation was slightly lower compared to the base 

materials.  

Based on our previous results [18] the initial ash content of the brown coal was 

lower compared to the RDF char. Probably this is the explanation for the higher 

conversion rate during the brown coal gasification. The results shown on Figure 3 

confirm the values described above. The highest gas formation was observed during 

the brown coal gasification.  

 

 

1 

2 3 

4 
5 

6

7 

8 



             Co-Gasification of Refuse Derived Fuel Char with Hungarian Brown Coal 255 

 

 

 

 
Figure 2 

Mass yield of the remaining slag and tar on dry basis 

 

 
Figure 3 

Comparison based on syngas production 

 

 

Figure 4 shows the rate of the main components (CO2, CO, H2) in the syngas based 

on the results of gas chromatography (GC). In terms of the CO and CO2 the syngas 

compositions were especially similar.  
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Figure 4 

Results of the GC measurements about the main syngas components 

Despite that, the H2 shows a similar concentration for each starting material, only the 

blend derived syngas contained slightly larger concentration during the whole gasi-

fication process. This fact and the lower tar formation indicate that some components 

had catalytic effect on co-gasification reactivity.  

During our previous gasification experiments with the blending materials [18], 

we found that the carbon conversion was greater in case of the examined RDF char 

compared to the coal samples. Several studies reported that the gasification reactivity 

is affected by the char morphology and specific surface area [19], [20]. According 

to Seo et al. [20] as the volatile matter releases during pyrolysis, the surfaces area of 

the material increases significantly, which can improve the gasification performance.  

Figure 5 shows the microstructure of the brown coal and RDF char particles. The 

RDF char is a heterogenous material with several different components which have 

different gasification characteristics. Smooth and rough surfaces both can be found 

in case of the char sample. Some components have filamentous structure, which were 

probably derived from cellulosic materials. 

As the composition of the MSW changes, the ratio of these components in the 

RDF and its char will also be different. By blending this with a material with less 

variable composition, we can reduce the fluctuations in the quality and quantity of 

the produced syngas. Figure 6 shows the EDS (energy dispersive X-ray spectros-

copy) spectrums of the brown coal and RDF char samples. The spectrums revealed 

the presence of AAEMs in both materials, like Na, Mg, K and Ca. The samples also 

contained Si, which could deactivate the AAEM catalyst [21]. Although to deter-

mine the exact concentration of these inorganic elements in the ashes further tests 

should be performed. 
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a) Brown coal (M = 20×) b) RDF char (M = 20×) 

 
c) RDF char (M = 150×) 

 
d) RDF char (M = 150×) 

Figure 5 

SEM micrographs of the brown coal and RDF char samples 

 

 

 

a) Brown coal 

 

b) RDF char 

Figure 6 

EDS spectrum of the brown coal and RDF char samples 
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CONCLUSION 

The aim of this research was to study the co-gasification of Hungarian brown coal 

and RDF char. The results showed that the tar formation was lower and the H2 con-

centration of the syngas was slightly higher compared to the gasification of the indi-

vidual materials. One possible reason to this is the presence of AAEMs. although it 

would be useful in the future to perform experiments at different temperatures and 

with different heating rates in order to determine the catalytic effect under other con-

ditions.  Based on these results Hungarian brown coal and RDF char can be effec-

tively used for syngas production by co-gasification with steam.  
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OF AL2O3/GLASS COMPOSITES 
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Abstract: Nowadays, ceramic materials having adequate strength and good electrical insu-

lating properties, but also can be sintered at relatively low temperatures, play an increasingly 

important role. Ceramics providing this property combination are the glass-composite cera-

mics. The low-temperature sintering is ensured by the glass powder added to the base ceramic 

(which is usually alumina). Glass is typically a well-designed oxide frit that is sintered and 

melts/softens below 1,000 °C. 

In this research work, the effect of firing temperature on the properties of glass/ceramic 

composite ceramics was studied. The samples were prepared by injection moulding technology. 

Density, porosity, flexural and compressive strength, thermal conductivity of the fired samples 

was measured. The morphology and the phases of the fired products were also analyzed. 

Keywords: glass/ceramic composite, microstructure, injection moulding, sintering  

 

 

INTRODUCTION 

Glass-ceramic composites are increasingly being researched in the world of ceramics 

due to their well-controlled, individually adjustable properties [1–17]. In glass-ce-

ramic composites, the main phase is a dielectric material having a high sintering 

temperature [8]. This crystalline phase provides the appropriate dielectric properties. 

The glass phase increases the dielectric loss but reduces the relative permittivity and 

the sintering temperature (depending on the composition of the glass) [8]. 

The shrinkage process of the composite is controlled by the viscous flow of the 

glass and the reactions taking place at the alumina/glass interface [1]. During sinter-

ing, the alumina dissolves in the glass and changes its composition. As a conse-

quence, instead of cristoballite, other phases, e.g. anortite, albite are formed in the 

interfacial layer [1–3, 10, 13–14]. The formation of cristoballite limits the efficiency 

of the ceramic substrate when used on circuit boards [16]. An adequate amount (min. 

10–20 V/V%) of Al2O3 and sintering at 900 °C at least is required to prevent the 
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formation of cristoballite. The intensity of crystallization increases with temperature, 

however, firing at 1,100 °C increases the proportion of amorphous phase again [2–

3]. When firing at a temperature of about 700 °C, partial dissolution of Al2O3 in the 

low viscosity glass phase begins and continues up to 800 °C. The anortite phase 

begins to crystallize from the glass phase at 875 °C on the surface of the Al2O3 par-

ticles. The weight fraction of anortite increases with the temperature until it stabilizes 

at 950 °C or higher [6]. The addition of Al2O3 prevents the formation of cristoballite, 

because during sintering Al3 + ions diffuse into the glass and a strong bond can 

develop between Al3+/Al2O3 and the Na+/K+ ions of the glass, leading to changes in 

the structure and composition of the glass [7, 16–17].  

Because the aluminum ion acts as a glass former, its dissolution in the glass reduces 

the amount of non-bridging oxygen ions, which significantly increases the viscosity of 

the glass. This phenomenon becomes more and more significant with the decrease in 

the particle size of alumina. It follows that the dissolution of alumina in glass slows 

the shrinkage of glass/alumina composites [1]. Shrinkage is also significantly influ-

enced by the firing temperature, when examined between 900–1,100 °C, it initially 

increases with the sintering temperature, reaches a maximum value around 1,000 °C 

then decreases. During liquid-phase sintering, the viscosity of the glass melt de-

creases with increasing temperature, which in turn increases the densification due to 

rearrangement and changes in surface tension [4, 12]. Above 1,000 °C, the dissolu-

tion of alumina becomes more and more intense, as a result of which the viscosity 

of the glass melt increases, which slows down the grain rearrangement required for 

shrinkage [4, 18–20]. 

 

 
 a) b) c) 

Figure 1 

Schematic representation of the sintering process: a) green (pressed) glass/alu-

mina composite, b) less densified structure (partly due to early neck solidification), 

c) well-densified structure [4] 

 

Early solidification of the neck results in the formation of a solid alumina network 

that slows densification at higher temperatures, as this structure is difficult to break 

up due to the very high viscosity of the alumina-rich, liquid glass phase (Figure 1) 

[4, 20]. The glass/ceramic composite begins to densify at the temperature where the 

viscosity of the glass phase decreases sufficiently, i.e. where the glass melt is formed, 
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since above this temperature the viscous flow promotes further sintering [6, 21–23]. 

According to other studies, maximum shrinkage can be achieved by sintering bet-

ween 800–900 °C, and the density of the fired composites decreases by increasing 

the temperature further [9]. According to Kumar et al. [14], the sintering temperature 

should be below 1,050 °C to reduce the excess solubility of Al2O3 in the glass. 

In summary, several aspects must be taken into account when determining the 

appropriate firing temperature. Firstly, the firing temperature of a material designed 

for LTCC (low temperature cofired ceramic) application should be below 950 °C in 

order not to exceed the melting point of the built-in metal parts (e.g. silver – 961 °C). 

Secondly, at least 800 °C is required for the complete removal of the organic com-

ponents [8]. This temperature range also limits the composition of the adequate 

glasses. Glasses with low softening point (e.g. borosilicate) cannot be used, or at 

least not on themselves, only in combination with an other glass having a high sof-

tening point.  

The optimal composition for the glass-ceramic composites was set in preliminary 

experiments. In this research work, the optimal firing temperature, which fulfil the 

main requirements for the glass-ceramic composites, was investigated. First, the 

temperature should be below 1,000 °C to avoid the excess solubility of Al2O3 in the 

glass. On the other hand, it has to ensure the appropriate physical and mechanical 

properties. To this end, scanning electron microscopy (SEM), X-ray diffraction 

(XRD), porosity (Archimedes method), thermal conductivity, compressive and flex-

ural strength tests were performed on the fired samples. 

1. MATERIALS AND METHODS 

1.1. Sample preparation  

Alumina (Elektrokorund, IMERYS), glass frit (FERROX Frits), paraffin and oleic 

acid were used to prepare the glass/ceramic composites. The powder mixture con-

sisted of a 3 : 2 alumina and glass. The feedstock contained the base and the binding 

materials in 4 : 1 ratio. The injection mass was pre-heated in a direct mixer to 80 °C. 

Samples with different shapes and geometrical dimensions corresponding to the re-

quired tests were produced on Cerlux Ltd.’s self-developed, low-pressure injection 

moulding equipment. The pressure and the temperature of the injection moulding 

was 6 bar and 70 °C, respectively. Dimensions of the green, injection moulded samples 

are listed in Table 1. 

Table 1 

Dimensions of the green samples 

Test sample Diameter, 

mm 

Height, mm Width, mm Length, mm 

Compressive strength 10 11   

Flexural strength  6 6 100 

Thermal conductivity 30 12   
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Binder removal was accomplished at 650 °C in a 48-hour heat treatment cycle, in a 

natural gas furnace. The samples were fired at a maximum temperature of 850–900–

950–1,000–1,050–1,100 °C in a Nabertherm HT 40/18 laboratory furnace, at a heat-

ing rate of 60 °C/hour. 

 

1.2. Test methods  

The particle size distribution of the alumina and glass frit was determined with a Horiba 

LA-950 laser granulometer. The phases of the raw materials and the fired specimens 

were identified by a Rigaku Miniflex II (Cu Kα, 2θ 3–90°) tabletop X-ray diffractom-

eter, with a PDXL2 software to evaluate the results. The Rietveld complete profile 

fitting procedure was used to quantify the phases. The chemical composition and the 

surface morphology of the materials was measured using a ZEISS scanning electron 

microscope equipped with an EDAX detector. The specimens suitable for flexural and 

compressive strength tests were made in different geometries in an injection moulding 

tool. Columns were used for the former and cylindrical samples for the latter. Strength 

measurements were made with an Instron 5,560 universal tensile-pressing equipment. 

The porosity of the products was calculated from the water absorption test, in which 

the samples were boiled for 3 hours then soaked for 24 hours. All measurements re-

quiring statistical evaluation were performed on at least 20 samples. Thermal conduc-

tivity tests were conducted on cylindrical samples with a polished surface and a dia-

meter of 30 mm. C-Therm TCi thermal conductivity device operating on the principle 

of the Modified Transient Plane Source (MTPS) technique was used. Measurements 

were performed at room temperature. 

 

2. RESULTS 

2.1. Raw materials 

Based on the X-ray examinations performed, the alumina consists mainly of corun-

dum (Al2O3), with small amounts of diaoyudaoite (NaAl11O17) and hibonite 

(CaAl12O19), which are artificial minerals formed during corundum production. The 

frit is completely amorphous.  

Table 2 

Oxide composition and particle sizes of the raw materials 

Oxide composition, wt% 

 Na2O MgO Al2O3 SiO2 ZrO2 K2O CaO ZnO 

Alumina 0.8  98.78    0.42  

Frit 2.47 2.69 6.21 58.28 8.78 2.78 11.10 7.70 

Particle size, µm 

 D90 D50 D10 Aver-

age 

Me-

dian 

   

Alumina 43.9 17.67 7.89 22.65 17.67    

Frit 22.54 10.52 4.34 12.33 10.50    
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Table 2 shows the oxide composition and particle size distribution of the raw materials. Fig-

ure 2 represents the initial morphology of the materials. Alumina and frit are characterized 

by polyhedral particle shapes, both in terms of coarse and finer fractions.  

  

Figure 2 

SEM micrographs of alumina and frit (M = 1,000×) 

 

2.2. The effect of the firing temperature  

Figure 3 shows the compressive and flexural strength of alumina/glass composites 

fired at 850–1,100 °C. 

 

Figure 3 

Compressive and flexural strength of the samples 

 

The effect of the firing temperature is not clear as the standard deviation of the results is quite 

large. The samples fired at 950 °C had the best combination of flexural and compressive 

strength. The compressive strength slightly reduces by increasing the firing temperature, but 

212.5

157.7

223.2
215.4

203.9 209.3

85.6 82.2 86.1
72.5 72.8

93.0

0

50

100

150

200

250

300

0

50

100

150

200

250

300

800 850 900 950 1000 1050 1100 1150

F
le

x
u

ra
l 
st

re
n

g
h

t,
 M

P
a

C
o

m
p

re
ss

iv
e
 s

tr
e
n

g
h

t,
 M

P
a

Firing temperature  C

Compressive strenght

Flexural strenght



266                             Andrea Simon – Gábor Mucsi – István Kocserha 

 

the smallest temperature produced similar results. The samples fired at 900 °C presented the 

lowest strength. 

Table 3  

Average values of shrinkage, water absorption and  

thermal conductivity of the fired samples 

 Firing temperature 

 850 °C 900 °C 950 °C 1000 °C 1050 °C 1100 °C 

Shrinkage in diameter, % 3.98 3.92 3.84 4.06 4.00 3.94 
Shrinkage in length, % 5.42 4.08 5.41 5.37 5.20 5.05 
Average shrinkage, % 4.61 4.00 4.62 4.71 4.60 4.49 
Water absorption, % 11.00 10.8 10.7 11.00 11.4 11.20 
Thermal conductivity, 

W/mK 
1.86 2.00 2.01 1.95 1.87 2.11 

 

Figure 4 and Table 3 represents the results of the density, porosity and shrinkage, 

water absorption, thermal conductivity tests, respectively. The shrinkage in diameter 

did not change significantly, the difference between the sample sintered at 950 °C 

and 1,000 °C was only 5.5%. Along the height and length, samples sintered at 900 

°C presented the lowest shrinkage. There is a similar trend in the values of water 

absorption and thermal conductivity. The density was not affected by temperature. 

The porosity value was the lowest at 950 °C, but it also differed only by 5.5% from 

the maximum value measured at 1,050 °C. 

 
Figure 4 

Density and porosity of the samples in the function of temperature 

 

2.3. Morphology and phase analysis 

Scanning electron micrographs of the fracture surface (Figure 5) show a pore system 

remained after the debinding. The pores, having a maximum size of a few 10 µm, 
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are inhomogeneously distributed. These micrographs underline the large variance in 

the strength data and the significant porosity values as well. Increasing the firing 

temperature did not change significantly the morphology of the fracture surfaces. 

   
 a) b) 

Figure 5 

Microstructure of the alumina/glass composites sintered at 850 °C and 1,100 °C 

 

 

 
Figure 6 

Phases of the samples fired at 850 °C 

 

Based on the X-ray diffraction analysis, from the mixture of the starting crystalline 

corundum phase and the amorphous fritted glass phase, mainly crystalline phases are 

present in the sample fired at 850 °C, with an amorphous content of about 5%. The 

phases identified were corundum, albite, anortite, zirconium silicate, gahnite, and 
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diaoyudaoite (Figure 6). These phases remain up to 1,100 °C, but their amount varies 

slightly. In the sample sintered at 900 °C, the frit already started to melt, which in-

creases the amount of amorphous phase to 22 wt%. It decreases to 16 wt% at 950 

°C, indicating an increase in the proportion of the crystalline phase. 

 

CONCLUSIONS 

In this research, the effect of firing temperature on the properties of alumina/glass 

composites was studied. The melting behaviour of the frit and the debinding process 

affect mostly the main (non-electrical) properties of the samples. In the sintering 

range of 850–1,100 °C, the tested characteristics did not change significantly. The 

samples sintered at 900 °C had the lowest compressive strength and shrinkage. Based 

on the above measurements, the tested material can be fired even at 850 °C, since 

the higher firing temperatures do not provide significantly better properties.  
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COMPARISON OF SIMPLIFIED AND FINITE ELEMENT ANALYSIS  

ON COLD FLAT ROLLING  

 

MÁTÉ SZŰCS1 – KRISTÓF BOBOR2 – GÁBOR SZABÓ3 –  

GYÖRGY KRÁLLICS4 – SÁNDOR KOVÁCS5 

 

 

Abstract: A simplified calculation method was developed to evaluate experimental rolling 

processes in order to determine the characteristic parameters of velocity and deformation 

field of cold-rolled material. The calculation allows us to make an analysis of 3D material 

flow as well when a significant widening of material occurs during the forming process. 

Based on the measured data (rolling force and rolling torque) the coefficient of friction and 

the neutral angle for the deformation zone was determined. Using these parameters, the me-

chanical fields with a higher accuracy can be determined. Experimental rolling was analyzed 

by finite element calculation similarly. After comparing the two models, we found that the 

mechanical fields differ slightly. The simplified calculation procedure is also suitable for 

testing multi-pass rolling. The method also provides input data of the texture calculation (ve-

locity gradient tensor of a selected material point) as a function of time that significantly 

expands the application possibilities. 

Keywords: cold flat rolling, numerical analysis, deformation field 

Table 1 

Nomenclature 

Froll rolling force R radius of the roll 

Ff force at the exit F0 force at the entry 

Mroll torque  R’ radius of the deformed roll 

  coefficient of friction   rolling angle 

Sf forward slip 0  bite angle 

  mean flow stress of material n  neutral angle 
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b strip width ld arc of length 

h strip thickness v1 horizontal speed of the material 

h0 initial thickness of the strip v0 entry speed of the material 

hf final thickness of the strip vf speed at the exit 

hn thickness at the neutral plane v1n 
horizontal speed at the neutral 

plane 

Δh thickness reduction vroll roll speed 

r reduction, (hentry-hexit)/hentry x1n 
horizontal coo. of the neutral 

point 

E Modulus of elasticity (roll) 11  normal stress in the horizontal 

dir. 

ν Poisson’s ratio (roll) p pressure 

un 
Components of material point 

displacement, n = 1…3 
Xn 

Initial coordinates of material 

point, n = 1…3 

 

 

INTRODUCTION 

There are several numerical methods to simulate the rolling process and the calcu-

lational results obtained under the condition of plane strain mechanically is a pre-

cise approximation for the rolling of wide strip. Probably, the most commonly used 

calculation techniques are the slab method [1], [2], the upper bound method [3], 

[4], and the finite element analysis [5], [6]. Each of them provides good numerical 

results, but the latter one is very useful even to solve three dimensional and other 

complex problems. The friction between rolls and sheet is defined usually by the 

Coulomb’s [7] or Kudo’s shear friction model [8] and the mostly used formula for 

roll flattening was proposed by Hitchcock [9]. 

In the literature the rolled sheet is considered mostly as an isotropic material [10], 

[11]. But a relatively few articles deal with the modeling of anisotropic behavior [12].  

The cold-rolled product is generally defined as a rigid-plastic [13] or elastic-

plastic material [14]. In many solutions the roll is treated as a rigid type contact 

body [24] but examples calculating with elastic roll [15] can be found as well. 

More complex three-dimensional solutions are also used to study the rolling gap 

and deformation zone within. In such a complex study, the local variables of rolling 

are analyzed in detail not only in longitudinal- but the transverse direction as well 

[16]. 

In present work, we compared the quantities of deformation zone. The flow of 

material passing through the rolling gap was described by two numerical method. 

 

1. EXPERIMENTAL ROLLING  

The experimental rolling of aluminum alloy was performed by using a VonRoll 

rolling mill equipped with two work rolls. Table 2 shows the chemical composition 

of alloy. The roll diameter and width were 220 mm and 200 mm respectively, the 
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rolling speed was set to 15 or 28 m/min according to the specification of experi-

mental plan.  

Table 2 

The chemical composition of aluminium alloy (wt%) 

Cr 0.009 

Cu 0.042 

Fe 1.09 

Mg 0.028 

Mn 0.40 

Si 0.16 

Ti 0.008 

Zn 0.043 

Al rest 

 

Initial width and thickness of the hot rolled narrow strip material are respectively, 

b0 = 100 mm and h0 = 6.80 mm respectively, the initial temperature of cold rolling 

was 20 °C. A mineral oil based Cyndolube type mixture was applied which is com-

monly used in cold strip- and sheet rolling. The rolling force and torque were meas-

ured by sensors connected to an HBM PMX data acquisition system. The parameters 

of passes are detailed in Table 3, where the h0 and hf are the initial- and final thick-

ness of material, the measured force and torque are designated by Froll and Mroll re-

spectively, while the Froll,c and Mroll,c are the calculated data obtained after the finite 

element analysis of rolling.  

Table 3 

Reduction per pass and rolling parameters 

Pass 

number 

h0  

(mm) 

hf  

(mm) 

Froll  

(kN) 

Mroll 

(Nm) 

Froll,c  

(kN) 

Mroll,c 

(Nm) 

vroll 

(m/min) 

1 6.80 5.23 243.43 2,736 310 2,350 15 

2 5.23 3.80 293.18 3,250 340 1,950 15 

3 3.80 2.74 292.85 2,760 310 1,600 28 

 

 

The strain-, strain rate- and temperature dependent flow stress of the material is ob-

tained by the JMatpro software, based on the chemical composition and the average 

grain size of material in its current state. The calculated data of flow stress was vali-

dated by the measured data of upsetting test of cylindrical specimen at room temper-

ature and low strain rate. 
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Figure 1 

Schematic picture of rolling process 

2. MODELLING OF ROLLING 

2.1. Simplified mechanical analysis of cold rolling 

The schema of rolling process illustrated by Figure 1. In the deformation zone the 

sheet material completely fills the gap between the rigid rolls and its size is expressed 

on the x1, x2 plane by the following equation: 
 

( )2 1 cos + fh R h= −  (1) 

The arc length of rolling is: 
 

( )
2

0/ 2 ,d fl R h h h h h=  +   = −
 

(2) 

 

Next equation describes the widening of the sheet 
 

( ) ( )
2

1 1
0 0 02 ,f f

d d

x x
b b b b b b b b

l l

 
 = − − − = +  

 

, (3) 

The quantity of Δbf = bf – b0 is measured directly after the rolling pass or we can 

calculate with the following relationship: 

0 0

1
2

f d

h h h
b l

h h




     
 = + −   

  

 
(4) 

where µ – Coulomb’s coefficient of friction. The above equation doesn’t consider 

the effect of front- and back tension on the material. Any material points on the sur-
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face have an initial coordinate of X2 = ±h0 / 2. The same material points’ displace-

ment along the vertical direction is given by u2 = ±Δh /2=(h0–hf)/2. The other coor-

dinate of initial position on the edge is X3 = ±b0 / 2. Due to the widening of material, 

the third component of displacement is u3 = ±Δb /2 = (b0–bf)/2. Assuming a simpli-

fied mechanical schema: 

a) u2, u3 displacement depends linearly on the x2, x3 coordinates 

b) u1 displacement only depends on x1 coordinates (the cross-sectional planes 

perpendicular to the longitudinal axis remain planes even after the defor-

mation)  

c) the widening of sheet is homogeneous through the whole thickness, u3, x2 

while u2 is independent of x3.  

 

Based on the above mentioned, the components of displacement are the followings: 

( ) ( ) ( ) ( ) ( ) 32
1 1 1 2 1 2 0 3 1 3 0

22
, , 0.5 , , 0.5

xx
u u x u x x h h u x x b b

h b
= = − = −  (5) 

One of the main characteristics of the rolling is the neutral angle αn besides the bite 

angle α0. The approximate solution without using any tension is expressed by the 

next formula [17]: 

0
0

1 cos
arcsin 0.5sin

2
n


 



 − 
= − 

 

 (6) 

The bite angle is determined by 

0

0 arccos 1
2

fh h

R


− 
= − 

 

 (7) 

The roll velocity, vroll is a known parameter, but we don’t know velocity of the ma-

terial at entry v0.  The relationship between them is as follows:  

( )0

0

cos
, + 1 cos 2Rn

roll n n f nv v h h h
h


= = −  (8) 

Using the relationship between inverse deformation – and displacement gradient  

, i i
ik

k k

X u

x x


  
= − = −

   

X u
I

x x
    (9) 

 

Based on the displacement field, the calculated form of the inverse deformation – 

and displacement gradient tensors are the followings 

 

0 0

0 0

1 0 0 0 0
2 22 2

0 1 1

0 0 0 0
32 32

0

0 0 0 0

0 , 0 , ,

0 0

hb h b

h b hb

h h h h b h h dh db
x x h b

h h h b h dx dx

b b b h b b bx x
b b hb b

−

  
  
  
     

 = = − = = = =      
    −   

   

X x
F F

x X

 
    (10) 
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For the mechanical evaluation of rolling process, it is necessary to know the strain 

variables. In the field of forming technologies, the Hencky’s logarithmic strain ten-

sors are commonly used. To get these quantities, the next steps are required to per-

form. After the expression the square of the right-side deviator tensor, C by the de-

formation gradient, we get the formula of U2 = FTꞏF = C. Then the logarithmic strain 

tensor described by the next equation. 
 

H = R   ln(U)RT  (11) 

where R – is the rotation tensor, U – is right stretch tensor. Beside the strains the 

components of velocity field must also be known. In the present problem, we assume 

that the rolling is in a steady state. Then, the relationship between the Euler’s velocity 

field and the derivatives of the inverse mapping function in general and in the sim-

plified model is as follows: 
 

( )

( )

3 3 32 2 2
1 0 1 0 1 1

2 3 3 2 2 3

3 3 32 2 2
2 0 2 0 2 1 2

1 3 1 3 1 3

3 3 32 2 2
3 0 3 0 3 1

1 2 2 1 2 1

,

, ,

,

X X XX X X
v v v v v x

x x x x x x

X X XX X X
v v v v v x x

x x x x x x

X X XX X X
v v v v v x

x x x x x x

       
= − = =   

        

       
= − = − =   

        

       
= − = − =   

        
( )3, x

 
(12) 

 

Knowing the velocity field, the velocity gradient tensor is the following:  
 

1 1 1 1

1 2 3 1

2 2 2 2 2

1 2 2 1 2

3 3 3 3 3

2 2 2 1 3

0 0

0 ,

0

v v v v

x x x x

v v v v v

x x x x x

v v v v v

x x x x x

     
  

     
      

= = =   
       

      
  

       

v
L

x

 (13) 

 

The velocity gradient tensor’s symmetrical part is the strain rate tensor, while the 

asymmetrical part is the spin tensor. 
 

( )

31 2

1 1 1

2 2

1 2

3 3

1 3

1 1

2 2

1 1
0

2 2

1
0

2

T

vv v

x x x

v v

x x

v v

x x

  
 
   

  
= + =  

  
  
 

   

ξ L L
, 

(14) 

The total accumulated strain is:  

1

1

10 0

xt
eq

eq prevdt dx
v


   = = +  +   (15) 
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where  −  the strain resulted by velocity discontinuity on boundary, at the entry 

prev −  equivalent strain in previous pass. The integration must be solved along the 

trajectory of the selected material point (r). 
 

( ) ( )0 0
1 1 1

0 0

T y z
x h x b x

h b

 
=  
 

r  (16) 

 

The strain on boundary of discontinuity is described by the next relationship: 

2 2

2 3

0
entry-cross section

3

v v

v


+
 =  (17) 

 

In the above calculations, we assumed that the roll is a rigid body. But under the real 

conditions of rolling, the rolls deformed elastically and change its sizes due to the 

force acting on the surface. According to Hitchcock [18] the loaded radius of roll R’ 

can be expressed by the following formula:  

( )216 1
1 roll

ave

F
R R

E b h





 −
  = + 

  

 (18) 

 

Since we know the force Froll, the reduction in height Δh, the average width of ma-

terial bave and the elastic properties of roll in any pass, then the loaded roll radius is 

predictable.  

The coefficient of friction is an input parameter of mechanical model that is cal-

culated on the basis of measured rolling force and torque [19].  
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− 

 

 
(19) 

To use the relationship above, it is necessary to know the flow stress equation of the 

given material. So, the coefficient of friction can be calculated. In addition, the neutral 

angle is also an important parameter that we can determine by using the Equation (6). 

Based on the JMatpro material database the flow stress is available in a wide 

range of strain, strain rate and temperature. For the cold rolling problem, we made a 

simplified material model by using the Johnson-Cook equation [20] that describes 

the flow stress in a smaller range of parameters. 
 

( )( )( )1 ln 1n m

y A B C T    = + + −  (20) 

where / , , , ,
ref

ref ref f m

m ref

T T
T T T

T T
    

−
= = −

−
respectively the reference strain rate, 

the reference temperature, the melting point of material, A, B, n, C and m are the 
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material parameters that were determined by a technique detailed in [21]. The pa-

rameters are valid in the range of 0 4, 0.1 100 / , 20 273 140 273s T K     +   +

The parameter values of Equation (22) are the followings A = 27.25, B = 176.20, 

n = 0.317, C = 0.0114, m = 1.173. 

 

2.2. Finite element model 

The rolling process was defined as a two-dimensional problem since we observed a 

minimal widening of material after experimental rolling. The friction condition and 

velocity are the same on both contact surface between roll and sheet, so the rolling 

process has a symmetry in thickness direction.  

The deformable body of sheet included approximately 4,000 finite elements, and 

the average element size was 0.2 mm. The element type was four node, quadrilateral 

with linear interpolation. For the calculations we used the MSC.Marc software that 

simulated the process with constant time steps applying multifrontal spars solver al-

gorithm with updated Lagrange description. The model included a rigid roll and the 

strip defined as a linear elastic-nonlinear plastic body. The elastic, plastic and the 

thermal properties of aluminium alloy were given by JMatPro software which con-

siders the chemical composition and the microstructure of material as initial condi-

tions. For the numerical simulation, the material was substituted with 50 mm long 

segment of the real specimen. This length is proper to get a steady state of rolling 

and at the same the calculational time is also acceptable. The initial geometry of 

finite element model is illustrated in Figure 2. 

The initial temperature of specimen was 20 °C and it assumed that the tempe-

rature rise is low during the forming process and it influences the flow stress ma-

terial only a small extent. In addition, we assumed that the material cools down to 

20 °C after each pass of rolling. The Coulomb model was applied for the calcula-

tion of friction between contact bodies. The coefficient of friction was set to 

µ = 0.2 for the first three passes that average value was determined by the simpli-

fied model. The technological data of the passes and calculation results are listed 

previously in Table 3. 

 

Figure 2 

Initial geometry and finite element model of the first pass, and analysed material 

points through the half-thickness of material 

Rigid roll 

Deformable sheet Symmetry line 

B point 

A point 

C point 

D point 
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The strain variables were analysed through the motion of four different material 

points (Figure 2), the initial y coordinate of point A is zero from the symmetry line, 

the point B, C and D coordinates are 0.94, 1.90 and 3.15 mm respectively from the 

symmetry line. 

 

3. CALCULATION RESULTS 

Numerical calculations were performed for three consecutive passes, and in all three 

steps we plotted the deformation gradient components, the equivalent logarithmic 

deformation, and the cumulative total equivalent plastic strain in the investigated 

material points (A, B, C and D) along the arc length. The value of total equivalent 

plastic strain is the integral of stepwise increments of plastic deformation for the 

forming time, as it is expressed by Equation (15), while the equivalent logarithmic 

strain characterizes the mechanical state of the material at a moment of rolling. 

The results of the simplified and finite element calculations are summarized in 

the following diagrams. The components of the deformation gradient calculated for 

the first pass are shown in Figures 3 and 4, the curves refer to material points A and 

D, the arc length is indicated on the horizontal axis. 
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Figure 3 

Deformation gradient components 

as a function of arc length (first 

pass, point A) 
 

Figure 4 

Deformation gradient components 

as a function of arc length (first 

pass, point D) 
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The Figures 5 and 6 show the curves of equivalent logarithmic strain and the cumu-

lative plastic strain as a function of arc length for the first and third passes of rolling. 
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Figure 5 

Equivalent logarithmic and total 

plastic strain (first pass, point A) 

 

Figure 6 

Equivalent logarithmic and to-

tal plastic strain (third pass, 

point A) 

 

Figure 7 

Equivalent logarithmic and  

total plastic strain (first pass, 

point D) 
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CONCLUSION 

The simplified mechanical model describes well the field of deformation during roll-

ing. The finite element calculation results support this. The coefficient of friction 

was obtained by the simplified calculation and it was an input data of finite element 

simulation. Both models were suitable for calculating the local velocity gradient re-

quired for texture calculation. 
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FOR COLD ROLLING OF ALUMINUM 
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Abstract: A test method was developed for the qualification of lubricants by cold rolling. Grad-

ually changing tribological conditions were produced during rolling, up to the onset of the her-

ringbone phenomenon. The force and torque requirements of the rolling were measured con-

tinuously. By evaluating the model of rolling, the friction factor of the process and other 

parameters characterizing the tribological conditions were determined. Using the test and 

evaluation method to compare different lubricants, a significant difference could be found in 

the technological applicability of the materials. 

Keywords: cold strip rolling, lubrication, numerical calculation 

 

 

INTRODUCTION 

Tribology phenomena have many involved parameters, and the physical interaction 

affects the cold rolling process. The most important parameters are reduction, speed, 

temperature, and surface roughness. Although the subject of tribology is much wider 

than a friction study, friction does have a leading role in the performance of many 

mechanical systems. In some cases, low friction is desirable and even essential be-

cause it is beneficial for kinetic energy, transfer torque and efficiency [1]. The gene-

ral theory of friction is approached by adhesion theory, based on the investigation 
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that two clean and dry surfaces contact each other at only a fraction of the plain area. 

The normal stresses at the asperities of the contacting surfaces are high: this causes 

plastic deformation at the junctions. The contact creates an adhesive bond – or micro 

welds. The sliding motion between two bodies with an interface will be appear, only 

if the tangential force is applied. The friction force (F) is required to shear the junc-

tions or plow through the softer material, and the ratio F/N is the coefficient of fric-

tion [2], where N is the normal force.  

There are several friction models that can be used in the metal forming analysis 

from simple to complex. Coulomb’s model expresses the proportionality of the fric-

tional shear stress τ to the contact pressure p and a constant friction coefficient 

0≤μ≤1/√3. This law is correct at small contact pressure, but it is less appropriate at 

high contact pressure [3]. Due to the higher contact pressure, the frictional shear 

stress is overestimated when the material shear strength k is exceeded. Constant 

shear stress has been widely used in simulations of bulk metal forming due to the 

theoretical simplicity and numerical rigidity [4]. However, experiments show that 

the friction at the interface cannot exceed the shear strength of material. A constant 

friction model has been developed to remedy this deficit, which correlates the fric-

tional shear stress to the product of the shear yield strength k of the deformed mate-

rial through a constant friction factor (0 ≤ m ≤ 1) [5]. The Levanov-type friction 

model integrates the effect of the previous two models, i.e. it considers the pressure 

on the contact surfaces and the yield stress of the deformable material [6]. 

In the cold rolling process, oil is used as lubricant and coolant to reduce the fric-

tion and temperature in the rolling gap. The common lubrication regime for metal 

forming is mixed lubrication. In this regime, friction is caused by viscous shear in 

the lubricant film and shear between the touching asperities [7]. With increasing re-

duction, the total force and the roll pressure increase as well. The asperities are flat-

tened, and the real area of contact approaches the apparent area. The adhesive bond-

ing increases and the bonding strength will depend on the two materials. The mixed 

lubrication regime is attained when the hydrodynamic pockets are interspersed with 

boundary lubricated zones. This is important for rolling efficiency and especially for 

the surface finish. In aluminum cold rolling, the most common lubricants are mineral 

oil with low viscosity, where the oil film is strengthened by boundary additives [8]. 

Minimum friction must be achieved to minimize the drive torque, although there 

must be enough friction to ensure acceptance of the strip by the roll gap and to ensure 

freedom from excessive slip. Continuous slip makes the rolling process difficult to 

control and results in system instability [9]. In general, the coefficient of friction 

decreases as the reduction increases. This is confirmed by the rolling of low carbon 

steel strips. However, this phenomenon and behavior of the friction factor is not law-

ful and general because it changes for softer metals such as aluminum alloys.  In this 

case the coefficient of friction increases with the reduction, showing the faster rate 

of asperity flattening of the softer metals, leading to a higher rate of increase of the 

real area of contact [10]. The coefficient of friction drops as the velocity grows in 

the boundary and mixed lubrication regimes. The mechanisms that affect the velocity 

dependence of frictional resistance are the increase of the resistance of the material 
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as the rate of straining is increased, and the availability of less time for adhesion of 

the contacting asperities [11]. Increasing the velocity will drop the coefficient of 

friction. This is supported by two phenomena: the increased amount of lubricant be-

ing drawn into the contact zone and the time dependent nature of the formation of 

adhesive bonds. 

The extreme higher reduction during the rolling process leads to visible failure 

on the surface called the herring-bone structure (Figure 1).  

 

 
Figure 1 

Herring-bone structure (a) real case (b) schematic [12] 

 

 

The lubrication process directly affects the failure. Bad lubrication conditions could 

lead to an intense increase of the friction coefficient. The surface defects are inclined 

to disappear for low reduction of height, rich addition of rolling oil, and for low 

rolling temperature. The frictional and lubricant conditions of the regions of bright 

gloss differ from that of dark gloss. The distance between two neighboring lines co-

incides with the length of the projected material-roll contact arc in certain rolling 

conditions [12]. 

The main objective of this research is to analyze the tribological conditions of 

cold rolling aluminum strips, based on measured data from physical experiments, 

and the results of numerical calculations developed to simulate the forming process. 

Another aim of this work is to rank the lubricants used in the experiments in order 

to provide recommendations for the rolling process. 

 

1. EXPERIMENTS 

The equipment used in the experiments is a Von-Roll two-high rolling mill with a 

diameter and width of 220 mm and 220 mm respectively, shown in Figure 2. A spe-

cific lubricating system was developed to provide enough lubricant on the metal sur-

face, spreading with a quasi-homogeneous thickness on both sides of the strip (150 

mm width). The strips were front- and back tensioned constantly with the same value 

of force, 4,000 N, and two different rolling speeds were set, 10 m/min and 100 
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m/min. During the process, the workpiece was rolled with different reduction in each 

pass. The rolling force and torque were measured continuously by load cells and a 

torque sensor connected to a data acquisition system. Each rolling was finished once 

the herring-bone failure surface defect appeared on the surface. The initial tempera-

ture of the strips is 23 °C. In order to get the proper surface temperature, one piece 

of strip coil was first rolled to heat the rolls up to 62 °C. 

 

 
Figure 2 

Rolling mill equipped with (a) decoiler and strip, and  

(b) lubricating system at the entry 

1.1. Material and lubricants 

The rolled material used was AA5754 aluminum alloy. The fully annealed alloy was 

obtained in the form of a coiled strip prepared for cold rolling, with a width of 150 

mm and a thickness of 2.02 mm. The initial surface roughness of the samples was 

approximately Ra = 0.3µm. During cold rolling, material hardening is expected and 

it is represented through the flow stress. The temperature and strain rate dependent 

stress-strain curves were obtained from the JMatPro database. For the rolling task, 

we developed a simplified material model in a narrower parameter range. 

 𝑘𝑓 = (𝐴 + 𝐵𝜀̄𝑛)(1 + 𝐶 𝑙𝑛 𝜀̇ ∗)(1 − 𝑇∗𝑚) (1) 

 

where 𝜀̇∗ =
𝜀̇

𝜀̇𝑟𝑒𝑓
, 𝑇∗ =

𝑇−𝑇𝑟𝑒𝑓

𝑇𝑚−𝑇𝑟𝑒𝑓
, 𝜀𝑟̇𝑒𝑓 ,  𝑇𝑟𝑒𝑓 , 𝑇𝑚 are the reference strain rate, refe-

rence temperature, and melting point respectively, and A, B, n, C, and m are material 

parameters. In our case 𝜀𝑟̇𝑒𝑓 = 1
1

𝑠
, 𝑇𝑟𝑒𝑓 = 293 𝐾, 𝑇𝑚 = 913 𝐾. The examined pa-

rameter range 0 ≤ 𝜀̄ ≤ 4, 0.1 ≤ 𝜀 ̇ ≤ 100/𝑠,  293 𝐾 ≤ 𝑇 ≤ 413𝐾. The parameters 

of Equation (1) are A = 72.025, B = 281.43, n = 0.323, C = 0.0167, m = 2.1012. 

Lubrilam S31L paraffinic mineral oil was mixed with two different types of ad-

ditives, the boundary additive and lauril- and miristril alcohol, to obtain A and B 
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lubricant mixtures (Table 1). The specific mixing ratio and properties of the oil, such 

as kinematic viscosity and temperature- and pressure-viscosity parameters were un-

known, but earlier work with these lubricants indicated that at a high range of rolling 

speeds, sufficient amounts of oil were entrained and were able to cause decreasing 

loads on the rolling mill. 

Table 1 

The oil mixture, Additives 

Type Oil Mixture + Additive 

A 
93% Lubrilam S31L + 7% Palmerol 1298 NF (KLK 

Oleo) – 100% lauril alcohol 

B 

93% Lubrilam S31L + 7% Cindolube ARC 775 

(Houghton) – 70% lauril alcohol + 30% miristril al-

cohol 

 

 

2. THE MATHEMATICAL MODEL OF ROLLING 

The objectives of the model include simplicity, short calculation time and the avoi-

dance of the finite element approach. Simplified velocities and states of stresses were 

included in the formulation. Since the formulas do not consider the effect of tempe-

rature, we did not do so for the model. A detailed description of the model and ana-

lysis can be found in an earlier work [16].  

Using the slab method, the force balance in the deformation zone in the horizontal 

and vertical direction leads to the differential Equation (2) where the (+) symbol 

indicates that the strip velocity is higher than the roll surface velocity and the (–) 

symbol indicates the opposite. The roll is assumed to be rigid and the rolled strip is 

taken to be rigid-plastic and hardening. In the numerical solution, Maple 16 com-

puter algebra systems was used, considering the material flow stress and the fric-

tional stress 

 
𝑑𝜎11

𝑑𝑥1
+

𝑘𝑓

√3
(2 ± 𝑚(𝑡𝑎𝑛 𝛼 + 𝑐𝑜𝑡 𝛼))

𝜕ℎ

𝜕𝑥1

1

ℎ
= 0 (2) 

  

where x1 is the variable into the rolling axis 𝜎11 is the stress in the rolling direction, 

α is the angle in the roll gap, h is the actual thickness of the workpiece, m is the 

friction factor and kf is the flow stress.  

The simplified model is suitable to obtain the local parameters on the arc of con-

tact relatively fast compared to using the finite element method. Figure 2 illustrates 

the properties distribution for a rolling process (hentry = 2.02 mm, hexit = 1.70 mm, and 

m = 0.19). 

In an inverse method, all data is processed to get the values of the average friction 

factor for the experimental rolling passes depending on the different cases of roll 

velocities and reductions. In the inverse process, the aim was to minimize the dif-

ferences between the measured and computed force and torque data. 
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Figure 3 

The distribution of calculated local parameters along the contact length  

(hentry = 2.02 mm, hexit = 1.70 mm, and m = 0.19) 

 

3. RESULTS AND DISCUSSION 

3.1. Measured data of rolling experiments 

The rolling experiments first involved a rolling pass, with dimensions listed in Table 

2. Due to the elastic deformation of the mill, the actual size of the strip is differed 

from this. These data were also recorded. 

Table 2 

Roll pass data for 10 and 100 m/min rolling speed 

pass n. 1 2 3 4 5 6 7 8 9 10 

ℎ𝑒𝑥𝑖𝑡(𝑚𝑚) 1.78 1.584 1.41 1.255 1.117 0.994 0.885 0.787 0.701  

ℎ𝑒𝑥𝑖𝑡(𝑚𝑚) 1.8 1.604 1.43 1.273 1.134 1.011 0.901 0.803 0.715 0.637 

 

a.                                                              b. 

Figure 4 

The relationship between the measured roll force (a) and roll torque  

(b) as a function of the reduction 
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The primary measured data of laboratory rolling are the force and torque; these are 

used for further analysis. The relationship between the reduction and roll separating 

forces are shown in Figure 4. The roll forces and torque increase with the increase 

of reduction. The higher reduction leads the development of frictional resistance so 

that it needs more pressure to realize the rolling process. The force and torque value 

of two types lubricants and velocities are relatively close especially until 35% reduc-

tion. For the higher reduction, the Cindolube “B” lubricant has the higher value than 

Palmerol “A” lubricant. This condition is predicted as the effect of the lubricants on 

the roll separating forces that is more pronounced and observable with higher reduc-

tion [13]. 

Considering the effect of roll velocity toward the roll force and torque, on the 

Cindolube “B” lubricant lubricant, the higher roll velocity produces the lower roll 

force and torque and the Palmerol “A” lubricant lubricant shows an inconsistent 

trend. The roll forces and torques decrease as the speed is increased. This is due to 

the time-dependent nature of the frictional resistance and the effect of increasing of 

lubricant volume in the deformation zone. Both the torque and forces are typically 

similar in the trend toward the degree of reduction. 

3.2. Mathematical Analysis 

The pressure distribution occurring on the contact surface can be obtained from the 

numerical analysis calculation, thus the average pressure and maximum pressure are 

also known. Both values are particularly important for the technological process and 

materials limit for the deformation. The average pressure is the pressure needed to 

get a certain reduction, and the higher reduction needs a higher average pressure. 

The maximum pressure is defined as the pressure that can be applied to the work-

piece without suffering failure. The value of average and maximum pressure in the 

certain reduction for two different lubricants is shown in Figure 5. 

 

 
Figure 5 

The relationship between the roll pressure and reduction 
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Both force and pressure have the same increasing trend toward the reduction, how-

ever, the pressure trend is started with the slight increase until around 35% reduction 

and followed by the significant increasing trend. From the graph, we could also in-

vestigate the effect of roll velocity on the pressure. In Cindolube “B” lubricant, from 

10% to 30% reduction, the lower roll velocity produces a lower maximum and aver-

age pressure, and for higher reduction (30–45%), the lower roll velocity has the 

higher pressure. Thus, for Palmerol “A” lubricant, mostly the higher roll velocity has 

the higher value in maximum and average pressure, except for the reduction over 

43%. In the ideal case, this condition has to be similar to the behavior of roll velocity 

to the force, and both properties have the reverse characteristic.  

The friction coefficient is the value that represents the frictional condition bet-

ween the strip and the roll. In the rolling process practice, the lubricant is inserted 

between the two contact bodies so that the friction force will be affected, and the 

friction coefficient will change as well. Different lubricants have different effects on 

the friction phenomena. To analyze this deeper, we need to consider more complex 

tribology, surface, and chemical aspects. Instead of considering the direct tribologi-

cal conditions of rolling, a simplified lubricant effect is investigated through the fric-

tion phenomena, especially using the friction coefficient. Figure 6 shows the calcu-

lated friction factors as a function of reductions for different lubricants and rolling 

velocities.  
 

 
Figure 6 

The trend of Kudo’s friction coefficient factor (m)  

for different lubricants and roll velocity 

Considering the trend of the friction coefficient, there is a drop in initial reduction 

range (<15%), then it increases slightly. To analyze these phenomena, the lubrication 

process must be considered. Initially, the high friction coefficient shows that the pro-

cess is still in the dry or semi-dry condition and the reduction can be realized with a 

lower pressure, but the area of contact covered by lubricant is relatively small. From 

the range around 15–30% of reduction, the friction coefficient is in the lower and 
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stable value over the process. This shows that the lubricant has been spread through 

the contact uniformly well and all the surfaces were covered completely. In this 

stage, it is assumed that mixed lubrication has occurred. For reduction above 30%, 

higher pressure occurs and the material stress limit is theoretically approached, so 

the friction coefficient increases. Furthermore, the higher reduction leads to the de-

velopment of frictional resistance so that the pressure will increase to finish the roll-

ing process with success. 

Further investigating the effect of roll velocity on the friction coefficient, it is 

shown that the two lubricants have different trends. For the Cindolube “B” lubricant, 

for small reduction (<30%) the higher roll velocity has the bigger friction coefficient 

and the reverse relation is found for higher reduction (>30%). Whereas for the Pal-

merol “A” lubricant, a higher roll velocity produces a higher friction coefficient 

value in every case. In other research, the frictional resistance decreases with in-

creasing rolling speeds and increasing reduction. The phenomenon of increasing 

friction with reduction occurs because of the ease with which aluminum oxides ad-

here to the roll surfaces during the process in the addition to asperity [5]. Further-

more, the Cindolube “B” lubricant results in a lower friction coefficient value in a 

larger part of the whole reduction range, so generally it can be stated that the Cindo-

lube “B” lubricant is better than the Palmerol “A” lubricant. 

3.3. Rank of Lubricants 

On the basis of the friction factor and pressure analysis, it can be concluded that the 

Cindolube “B” lubricant produces less friction and maximum pressure in realizing 

the rolling process compared with the Palmerol “A” lubricant. 

 

CONCLUSIONS 

In the aluminum rolling process, the data from laboratory rolling was processed with 

a simplified modelling method (Maple calculation) in order to get further properties 

such as friction factor, pressure and velocity distribution, and to analyze the tribo-

logical conditions of the process. In the range the lower reduction, semi-dry lubrica-

tion is formed, and the friction factor is higher. For higher reduction, the lubrication 

becomes mixed lubrication and more stable, so the friction factor will decrease. At a 

certain reduction that is close to the material limit, the lubrication effect is less dom-

inant compared to the material and process factor. The frictional resistance will in-

crease (friction factor increases) and the maximum pressure will increase, to realize 

the rolling process due to too high reduction and surface conditions. The limit of 

materials to be rolled is shown, and indicated by the failure on the surface, the herring 

bone structure. 
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HOT ROLL BONDING OF ALUMINIUM ALLOYS 

 

MÁTÉ SZŰCS1 – GÁBOR SZABÓ2 – GYÖRGY KRÁLLICS3 –  

TAMÁS MIKÓ4 – ÁRPÁD KOVÁCS5 – ZHENG WENQIANG6 
 

 

Abstract: This research presents an experimental investigation of roll bonding of aluminium 

alloys, prepared using various surface preparation methods. The effects of surface prepara-

tion and rolling velocity on the quality of the bond are examined. Rolling experiments are 

performed to produce sandwich structures with different thickness layers for hot rolling of a 

given material pair. The bond strengths of the rolled materials and the factors affecting them 

are examined. The influence of the rolling process parameters on thickness reduction and 

rolling speed in hot rolled samples is also analysed. 

Keywords: roll bonding, two layered sheet, material properties 

 

 

INTRODUCTION 

Roll bonding is a solid-state welding process used to combine similar and dissimilar 

metals. It is widely used in manufacturing. Bonding includes hot rolling or cold roll-

ing methods. Hot rolling is a method of combining the component materials by using 

high temperatures that are generally above the recrystallization temperature. The 

main mechanism of roll bonding of metals under normal pressure and temperature is 

the fracture of the brittle surface oxide layer. The virgin materials are extruded 

through the cracks and create the bond. The temperature and the loading time deter-

mine the quality of the bond. 

Several theories of the bonding mechanism were proposed previously in the lite-

rature, such as recrystallization theory [1], metallic bonds theory [2], energy theory 

[3], diffusion theory [4], dislocation theory [5], and film theory [6]. All of the above-
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mentioned composite mechanisms reveal to some extent the law of metal bonding 

and they are not mutually exclusive but complement each other. It can be said that 

understanding of the bimetallic solid-phase compounding mechanism is still contin-

uing. Until now, multiple types of metals and alloys have been successfully bonded 

by the roll bonding process. For example, aluminium, copper, steel, silver, nickel 

and zinc were bonded by continuously rolling processes [7], [8], [9]. During the pro-

cess, the surface layer or the thin film of oxides and contaminants breaks up due to 

expansion of the surfaces in contact. Then, the normal pressure is sufficient to ex-

trude the virgin material through these surface cracks and brings it to within atomic 

distances, thus resulting in bonding [10]. Bonding always occurs only after a certain 

threshold deformation has been reached [10]. The threshold deformation for a given 

metal combination appears to be dependent upon the type of the process [11], for 

example the temperature during the roll bonding.  

Surface preparation is one of the most important steps which can affect the final 

bonding strength. Before the roll bonding process, surface treatment is always ap-

plied to improve the bonding strength. Scratch brushing has been reported to be an 

effective method, widely applied for surface preparation during cold welding pro-

cesses [12]. This process not only removes the surface contaminants, but it also 

forms a hard and brittle cover layer on the surface by work hardening it and behaving 

as a single layer. Therefore, the virgin metals are easier to be squeezed out and 

joined. In addition, the surface roughness also has an influence on the bonding 

strength. Jiantao Liu et al. found that micro-surface engineering yielded better bond-

ing quality than macro-surface engineering. The critical surface roughness of the 

core was about 0.58 µm below which bonding quality in terms of area contact and 

bonding energy can be significantly improved [13]. It was studied the effect of metal 

surface oxides on bonding strength [14]. They found that bonding strength was de-

creased by providing Al2O3 oxide film on the strips. Based on the experiment, Bay 

considered the surface of metals consisting of the brittle cover layer formed by 

scratch-brushing and the contaminant film of oxides and water vapour. They pro-

posed a theoretical model for the strength of the weld [15], [16], [17], [18]. There 

are many other parameters that may affect the strength of the bond. These include 

the surface expansion, type of material, the velocity of rolls, the strength and the 

hardness of the starting material, normal pressure, crystal structure of the bonding 

materials, and the temperature and time of roll bonding prior to the process [19]. In 

general, higher thickness reduction and temperature cause increasing bonding 

strength.  For Al/Al bimetal strips, it also shows that the threshold is around 21% of 

reduction. Under this value only minimal effect is observed [20]. The effect of an-

nealing after the cold rolling process on bonding strength was also investigated [21]. 

In this study the relationship between shear strength and rolling speed at the entry 

temperature of 280 °C was analysed. The shear strength was observed to decrease 

sharply as the speed increased, caused by the shorter time of contact. The effect of 

the reduction was also observed. At higher reductions the bond strength was higher, 

caused by the longer contact time. Increasing rolling speed resulted in sharply lower 

bond strength. The results indicated that time is more important than the temperature. 
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Mechanical tests are commonly used to obtain the bonding property of clad metals. 

Among these is the peel test [22], [23], [24]. In these cases, the plastic dissipation 

plays an important role for the total peeling work. Therefore, the apparent peel 

strength measured in the peel test does not accurately identify the true peel strength.  

Other measurements, such as the shear test by pressing is extensively used to exa-

mine the bonding property of clad steel plates for boilers and pressure vessels [25] 

and is also preferred to evaluate the bonding property of clad bars and tubes. The 

shear test by tension loading is also used to measure the roll bonding strength be-

tween aluminium and steel sheets [26]. According to ASTM standards [27], [28], the 

reported shear strength of adhesives is considered as the apparent shear strength due 

to the edge effect [29]. Mechanical analysis of a tensile shearing test is required to 

determine the accurate shear strength of the bond. The weaker metal sheet breaks 

easier before the bond fails. Despite the drawbacks, the tensile shearing test is usu-

ally preferred for the evaluation of the bonding quality.  

In this study, the effects of rolling conditions – the rolling thickness reduction, 

the surface condition and the rolling speed – on the bond strength are discussed. 

 

1. EXPERIMENTS 

1.1. Equipment and preparation 

 
a) 

 

 
 b) c) 

Figure 1 

a) Two-high rolling mill b) rolling force – time diagram  

c) rolling torque – time diagram 
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Two layers of metal specimens are bonded by hot rolling (Figure 1.a). All experi-

ments were conducted on a Von Roll two-high rolling mill, providing rolling speeds 

up to 300 m/min surface velocity. The tool steel rolls have 200 mm diameter and 220 

mm face width. The force and torque are recorded (Figure 1.b, c) by two force trans-

ducers and a torque transducer connected to a data acquisition system.  

Load cells are placed over the bearing blocks of the top work roll. A torque trans-

ducer is mounted between the gear box and drive shaft. Unlubricated condition was 

provided to avoid lubricant entering the contact between layers. 

 

1.2. Material and the samples 

Two alloys were rolled together; the upper layer is AlMn1Cu0.5 (0336), and the 

lower layer is AlSi10 (4045). The chemical compositions of the materials are given 

in Table 1. The thickness is 5.2 ± 0.2 mm and the length and width of the work pieces 

are respectively 200 mm and 63 mm. After cutting the raw materials the specimens 

were wire brushed to get rough surfaces to be bonded. The materials were stacked 

and fixed at their ends by using steel wires to avoid any separation at the entry of the 

roll gap. Figure 2 shows an example of the prepared two layered work piece. 

Table 1 

Chemical composition of the rolled alloys 

Alloy Code Si Fe Cu Mn Mg Cr Zn Ti Be Ni 

AlMn1Cu0.5 38 C37P 0.1 0.3 0.6 1.1 0.1 0.1 0 0.1 1ppm 0.1 

AlSi10 91 C78P 10 0.3 0 0.1 0 0.1 0.1 0 1ppm 0 

 

 

 
Figure 2 

a) Sample after cutting b) Tied two-layered specimen before rolling 

Figure 3 shows the flow chart of the roll bonding process. Before heating up the 

work pieces, the material surface is prepared to produce a satisfactory metallurgical 

bond. It is essential to remove contaminants from the surfaces of the strips to be 

joined. These layers are composed of greases, oxides, adsorbed ions and dust parti-

cles. The strips were degreased in acetone bath at first. After the surface treatment 

process two different types of surfaces were obtained. One type is a brushed surface, 
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another one is not brushed. After the preparation the materials are preheated for 30 

minutes to 500 °C in a furnace. The roll temperature and the ambient temperature 

are 23 °C. 

 
Figure 3 

Flow chart of the roll bonding process 

Before entry into the roll gap the surface temperature of the samples varied in a rela-

tively small range between 450 °C and 500 °C. The exit surface temperature was 

between 380 °C and 420 °C. At the end of the process, the samples cooled in air.  

Table 2 

Experimental results of bonding process 
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Acetone was used to clean the work rolls before each experiment.  After each pass 

the sample’s thickness was measured. Among the roll bonding conditions, the thick-

ness reduction, surface condition and the rolling speed are the variables. For this 

metal combination, a series of rolling experiments were carried out using rolling re-

ductions between 5%, 8%, 10%, 20%, 30% and 40%. In order to study the effect of 

rolling speed and surface condition on the bond strength between layers, the tests 

were carried out at two different rolling speeds (5 m/min, 50 m/min) and two diffe-

rent surface conditions (brushed and unbrushed). A total of 24 tests were conducted. 

The experimental parameters are summarized in Table 2. 

 

2. DEBONDING TEST AND BONDING CHARACTERIZATION 

2.1. Shear test 

After the rolling process, the well bonded, two-layered work pieces were machined 

to make them suitable for the shear tests. Figure 4 shows the dimensions and shapes 

of the specimens after machining. The groove distances were measured optically 

using a Zeiss AxioVision microscopy, illustrated by Figure 5. 

 

 
Figure 4 

Geometry of the shear test specimen, (b) machined samples 

The shear tests were performed at room temperatures and at an elevated tempera-

ture, at 450 °C (same as the rolling temperature) using an Instron type universal 

material tester machine equipped with a three-zone resistance wire wound furnace. 

The specimen temperature is controlled by measuring the furnace temperature at 

the heating zone. The tensile speed was set to 3 mm/min for the tests performed at 

room temperature. 

The shear test data lead to an estimate of the shear strength of the bond for different 

rolling conditions. Although the given test is more quantitative than others, it still suf-

fers from a few drawbacks. For instance, the sample preparation is very challenging as 

precise slots are to be machined on thin samples. Considerable bending and unbending 
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occur during the test and consequently the calculated shear stress is not the pure shear 

stress, but a shear stress component and it is assumed that the other stress components 

are considerably smaller. In addition, it should be noted that the bond strength is re-

duced by the mechanical forces exerted during sample preparation. 

 

 
Figure 5 

Measurement of groove distance after machining 

 

2.2. Shear test results 

 
Figure 6 

Displacement and force diagram (reduction per rolling pass: 20%) 

 

The shear strength was calculated from the maximal force and the bonding area. The 

latter one is defined by the measured data of groove distance and specimen width. 

Figure 6 shows the force – extension curves of specimens rolled under different 

speeds and different initial surface conditions. 
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Figure 7 

Relationship between reduction and shear stress at room temperature 
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Figure 8 

Relationship between reduction and shear strength at rolling temperature (450 °C) 

It was confirmed that the thickness reduction has a significant effect on the bond 

strength. At lower rolling speeds the shear strength increases as a function of the 

reduction. At higher speeds and above reductions of 30% the shear strength de-

creases. The larger reduction causes more pure metal to be extruded into the cracks 

of the oxide layers, so the probability of the solid metallurgical bond’s formation is 

greater. The experimental results indicate that the rolling speed is another significant 
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contributor to the strength, above a specific reduction. Increasing the rolling speed 

and the reduction, the strain rate and the flow stress on the contact surface increase, 

causing increasing resistance for the material to enter the cracks. While the higher 

speed and the reduction cause the temperature to rise, the rate of strain has a more 

significant effect on bond creation. The quality of roll bonding depends also on the 

initial surface of the materials. Two types of surface conditions were studied – 

brushed and unbrushed. At 20% reduction the brushed samples showed better bond-

ing strength at both speeds. Figure 8 shows the shear strength of the bond as a func-

tion of the reduction. As the reduction is increased, the bond strength dropped in all 

instances. 

 

2.3. SEM test characterization 

 
Figure 9 

SEM Micrograph shows the surface condition of 0336 aluminium alloys previously 

a) brushed/rolled and b) unbrushed/rolled after shear test 

 

Figure 10 

SEM Micrograph shows the surface condition of 4045 aluminium alloys previously 

a) brushed/rolled and b) unbrushed/rolled after shear test 

After the cold shear test, scanning electron microscopy was used to investigate the 

sheared zones and debonded surfaces.  
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The micrographs of the surfaces under different rolling conditions are illustrated in 

Figure 9 and Figure 10. Qualitative analysis confirmed that the initial rolling condi-

tion has got a strong effect on surface morphology. For initially brushed samples 

larger bonding area is detected. This is one of the key factors to improve the shear 

strength of the bond created by hot rolling. 

 

CONCLUSIONS 

The hot roll bonding process and a series of tests on the samples were performed. In 

the hot rolling experiments the total force and torque data were obtained, which pro-

vided data support for the further simulation work. Through the shear experiments, 

the influence of various factors on the shear strength was analysed. Among them, 

the shear strength increases as the thickness decreases. The shear strength decreases 

as the hot rolling speed increases. The brushed surface is more conducive to bonding. 
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Abstract: Our goal in recent research was to compare the materials science of latex-based 

condoms of various brands. To do this, we had different types of condoms that were subjected 

to mechanical testing before and after soaking in different solvents for a specified period. 

Our solutions were: Simulated Body fluid, lactic acid, in which the products were swollen 

for 30 days. In the solvent studies, weight changes were examined, and samples were dried 

for 24 hours after swelling. Subsequently, tensile strength and surface tests (FT-IR) were 

performed. The purpose of these studies was to compare the mechanical and surface 

properties of commercially available condoms. 

Keywords: latex, FT-IR, SBF, lactic acid, mechanical properties 

 

 

INTRODUCTION 

One of the major problems nowadays is proper sexual control. It is as essential for the 

protection from sexually transmitted diseases as it is for controlling the number of 

pregnancies. The primary problem of condoms is the occurrence of allergic reactions 

and a possible rupture. Several factors can lead to the latter, such as the use of sharp 

nails, improper lubricant, improper storage or use. The purpose of our studies is that 

keeping in mid the  allergic risks inherent in latex-based condoms, to study them with 

different material testing methods, and to find a link between the possible mechanical 

and chemical degradation processes caused by test solutions (Simulated Body Fluid 

and lactic acid solutions), suggesting alternative substances, differentiating between 

different types of condoms. 

The uniform, international dimensioning of condoms is dealt with by Condom 

Amsterdam Standard (CAS).  
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1. MATERIALS AND METHODS 

1.1. Materials used 

1.1.1. Latex based condoms 

Latex is a colloidal system in which the disperse phase is a 1,4-cis-polyisoprene 

polymer, also known as Natural Rubber (NR), where the dispersion medium is water. 

Natural Rubber is a milky liquid obtained by splitting the bark of the Hevea 

Brasiliensis tree [1]. One of the most used ingredients in condoms is latex. Condom 

making is a relatively simple process using a dip technology in which a mold is 

dipped into the colloidal solution. Subsequently it is coagulated (hardened), since 

later the product is fabricated from the colloidal system. In order for the latex to be 

transported, it must be preserved, which usually involves ammonia gas or thickening 

it by reducing the water content. The final technological process is the crosslinking 

using S2Cl2. Products from 4 different manufacturers were used for the tests. The 

labeled data of the latex products from the box is presented in the table below. The 

products are identified by the letters A, B, C, D and are referred to hereinafter. 

Table 1 

Condoms used in the test with specifications 

 A B C D 

Diameter 

[mm] 
53.00 52.00 54.00 56.00 

Lubricant 

type 
water-based water-based water-based water-based 

Appearance 
cylindrical, 

with tip 

cylindrical, 

with tip 

cylindrical, 

with tip 

cylindrical, 

with tip 

 

All condoms tested were lubricated. Of course, the quality of a condom depends not 

only on the properties of the raw material or lubricant, but also on its packaging. 

Currently, all condoms commercially available are put in a distinctive square 

aluminum packaging. In 2016, Gerofi et al. (2017) conducted a very thoughtful series 

of experiments to investigate the effect of packaging of six different branded 

condoms on the mechanical properties (leaks, blowouts, tensile strengths) [2]. They 

conducted their tests in accordance with ISO 4074:2014 and has found that the shape 

of the condom in the package (folded ring) did indeed greatly affect the properties 

of latex. What provided a starting point for us was the tensile strength parameters for 

my later investigations. 

 

1.1.2. Lactic acid (LA) 

A solution of pharmaceutical grade lactic acid (also known as 2-hydroxypropanoic 

acid) was used, which simulates the lactic acid solution produced by the Lactobacillus 

present in the vagina. This is responsible for normal vaginal pH and provides 

protection against possible infections. The molecule is a α-hydroxy acid containing 
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one carboxyl and one –OH group. In solution, it releases a proton from the carboxyl 

group, the resulting ion is called lactate ion.  

CH3CH (OH) COO– 

It is readily miscible with water and ethanol [2]. Lactic acid is a chiral molecule with 

two stereo isomers. One is called L-(+)-lactic acid or (S)-lactic acid, while its mirror 

image is called D-(–)-lactic acid or (R)-actic acid. L-(+)-lactic acid is the isomer with 

higher biological importance. 

 

1.1.3. Simulated body fluid (SBF) 

The other soaking medium we used was Simulated Body Fluid (SBF). This solution 

is in fact an electrolyte solution used to simulate human blood plasma in medical 

technology [3–9] for the development of various bones, metal foams or implants. 

The ionic composition of human plasma and SBF, shown in Table 2, was prepared 

according to the literature. 

Table 2 

Literature composition of SBF solution [10] 

Name of compound 
Amount required for 1 liter SBF 

[g] 

NaCl 8.000 

Na2CO3 0.350 

KCl 0.224 

K2HPO4 0.228 

MgCl2 · 6 H2O 0.305 

1 mol HCl 38.000 

CaCl2 · 2 H2O 0.368 

Na2SO4 ·10 H2O 0.178 

Tris (hydroxymethyl) 

aminomethane 
6.057 

 

1.2. Applied methods 

Our starting hypothesis is that our simulation solutions can negatively affect the 

mechanical and surface properties of condoms, following the test methods used in 

the literature, which will be supported by the following tests: swelling, FT-IR, tensile 

strength test. 

1.2.1. Swelling 

In the course of our investigations, the effects of SBF and lactic acid solution on the 

degradation of the substances were examined. The swelling experiments were not 

carried out in a prestressed state, but in the original (rolled up) or unrolled state taken 

out of the packaging in the different soaking media. Observation of swelling 

processes associated with weight changes took place for a total of 720 hours. Testing 

of the specimens began with a preparatory step of testing the solvent uptake of rubber 
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condom samples (labeled A-B-C-D in SBF and lactic acid solution) at constant 

temperature (T = 20 °C) and normal atmospheric pressure. 

During the soaking, our aim was to simulate a realistic internal human 

environment during the act. Our assumption is that prolonged exposure might 

contribute to the degradation of the material and lead to its earlier loss of integrity. 

According to the literature, it would have been worthwhile to weigh in the first 30 

minutes, at 5-minute intervals, but our options were limited in time, so 0 (or pre-soak 

mass, m0); on days 1, 5, 10, 15, 20, 25 and 30 we repeated the measurement of the 

weight and pH of the samples in 30 ml of solvent, 720 hours. 

1.2.2. Fourier-transform infrared spectroscopy (FT-IR) 

The application of Fourier transform infrared (FTIR) spectroscopic techniques to 

assess polymer interaction has been conducted for many years. FTIR spectroscopy has 

been proven as a powerful tool in characterizing the detailed structure and interaction 

of polymer solids with nondestructive and fast measurement. The changes of inter-

action behavior can be characterized through the identification of the IR spectral fea-

tures in intensity, bandwidth, and position. It is a method for identifying the structure 

of a given compound, tracking sub-processes and checking the purity of the finished 

product. This analytical spectroscopic method examines the interactions between 

matter and electromagnetic radiation, providing information on the quantitative and 

qualitative composition of a substance. The samples were analyzed before and after 

soaking and the results compared by BRUKER Tensor 27 type Fourier Transformed 

Infrared Spectrometer in reflection mode, a diamond ATR was used. The infrared 

absorbance spectra of samples were recorded for 400–4,000 cm-1. 

1.2.3. Tensile strength test 

Mechanical properties are one of the most important properties of polymers and this 

is particularly emphasized in condoms as they are subjected to mechanical stress in 

virtually every application. After the swelling experiments, the specimens were 

cleaned off of the soaking medium and then cut into 100 × 20 mm ribbon shape 

specimens. The test series was carried out using an Instron 5566 tensile tester with a 

crosshead speed of 250 mm/min. 

2. RESULTS 

2.1. Swelling 

The swelling tests were followed for a total of 30 days, during which time changes 

in sample weight and pH were recorded. During the examinations we found that the 

lubricants were probably dissolved both in SBF and in lactic acid solutions, which 

caused an about 1 to 3 pH fluctuation. Similarly, samples B, C, D were discolored in 

the SBF solution after 21 days.  

The highest swelling was observed in the samples soaked in the lactic acid 

solution without exception, the largestuptake was measuredt in the case of sample B, 
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and the lowest in the SBF solutions in the case of sample A. Condoms soaked in SBF 

were unwound, while the condoms in the lactic acid solutions were kept folded. This 

explains the separation of the two solution types in Figure 1. The samples initially 

exhibited a sudden increase in weight, but after some of the lubricants on them had 

diffused into the solution, a kind of decrease was observable for all samples. 

Due to the nature of the solutions, in addition to the change in weight of the 

samples, a change in the pH of the solutions was also recorded on these days. As pH 

changes, it is observed that at the beginning of the measurement it decreased in all 

solutions and then started to increase between day 20 and day 25, until on day 30 all 

solutions reached pH 3, which corresponds to an acidic medium. 

 

 
Figure 1 

Mass change over soaking time 

 

 
Figure 2 

pH changes as a function of soaking time 
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As shown in Figure 2, the pH values fluctuated continuously, only stagnating around 

3 during the last soaking hours. The pH measurement in this form did not give 

adequate results, perhaps a more radical change at elevated temperatures could be 

observed. Another hypothesis is that the lubricant on the surface of the condom 

interacts with the surrounding medium – we weren’t able to measure the total pH of 

the lubricant. 

2.2. Fourier-transform infrared spectroscopy (FT-IR) 

According to literature, certain lubricants may contain glycerol (water-based), and 

traces thereof have been detected using the FT-IR apparatus at a wave number of 

3,500–3,000 cm–1. Comparing the spectra, it was found that rubber condoms are 

made up of the similar materials, except for differences in the intensity of the peaks 

of the constituent components. 

Figure 3 shows a comparative spectrum of condoms labeled A, three nearly identical 

diagrams. According to the published FT-IR spectra of lubricants we found glycerol 

and its aqueous solution were presumed to be present in the system, and also in its 

aqueous solution. A peak appeared indicating the presence of an aromatic compound. 

The other two types show no peaks there, but appear at 2345 cm-1, which refers to 

amines, 1484 cm-1, which refers to aromatic hydrocarbons, 839 cm-1 to nitrate, or 

terminal epoxy group fatty acid derivatives. Further, at 822cm-1, which may indicate 

the presence of 1,4-disubstituted or 1,2,4,5-tetrasubstituted aromatic compounds.  

 

 
Figure 3 

Comparative FT-IR spectra of sample A before and after soaking 

2.3. Tensile strength test 

Our hypotheses regarding the damage processes were supported by the tensile tests, 

which were performed on strip-shaped specimens from samples. The deformation rate 

was 500 mm/min, under 50% relative humidity and room temperature (T = 20 °C). 
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Figure 4 

Elongation at brake 

 

We found that -sample B soaked in lactic acid had the highest elongation at break 

(753.67%), while the lowest value was in the SBF treated D sample (649.91%). 

However, it is not possible to make a clear distinction between the samples soaked 

in the two reference solutions. With this series of experiment it was possible to prove 

that the simulated human body fluids have a negative effect on the mechanical 

properties of the condom, although in our case the test was carried out under extreme 

conditions (30-day swelling interval). 

 

 
Figure 5 

The torn test specimens 
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CONCLUSION 

A total of four latex-based rubber condoms of different brands (A, B, C, D) were 

tested in two different liquids simulating human body fluids (SBF and lactic acid 

solution) to analyze the possible material damaging processes caused by the 

solutions. First, solvent uptake was investigated, then the specimens were subjected 

to FT-IR spectroscopy and tensile strength analysis. The swelling tests were carried 

out for a total of 30 days, during which time changes in sample weight of the 

condoms and pH of solution were recorded. 

During the examinations we found that the lubricants were probably dissolved in 

the SBF and lactic acid solutions, which probably caused the pH fluctuation of (1–

3Ph units). Similarly, samples B, C, D were stained in SBF solutions after 21 days. 

The highest swelling was observed in the samples soaked in lactic acid solution 

without exception, the most solvent was absorbed in the case of sample B, and the 

least in case of SBF solutions for sample A. 

Number of 3,500–3,000 cm–1. Comparing the spectra, it was found that rubber 

condoms are made up of the similar materials, except for differences in the intensity 

of the peaks of the constituent components. 

Our hypotheses regarding the possible damage processes were partially supported 

by tensile strength tests, which were performed on strip-shaped specimens. The 

crosshead speed was 500 mm/min, under 50% relative humidity and room 

temperature. We found that sample B soaked in lactic acid had the highest elongation 

(753.67%), while the lowest value was for the SBF treated sample D (649.91%). 

However, it is not possible to make a clear distinction between the samples soaked 

in the two reference solutions. With this series of experiments it was proven that the 

simulated human body fluids could have a negative effect on the mechanical 

properties of the condom, although in our case the test was carried out under extreme 

conditions (30-day treatmen). The mechanism of action of lubricants on the condom 

material and on the human body remains an open question for us; in the future we 

would like to carry out a series of tests that are also related to human health (diseases, 

fungi, etc.). The starting point for this was the specimens treate with SBF. 
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POSSIBILITIES OF UTILIZATION GROUND REED IN CEMENT FOAM 
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 FLÓRA FEHÉR3 – ISTVÁN KOCSERHA4  

 

 
Abstract: Nowadays, due to overpopulation heating energy consumptions constantly in-

creasing, however this could be reduced by suitable insulation materials. Thermal insulation 

products play a significant role in building materials. In the construction and building indus-

try reed is known as an ecological insulation material. Using reed energy-saving production 

process can be created and with this natural material, environmentally friendly material use 

can be achieved. For this reason the present study has a dual goal: partly integration of ground 

reed into cement foam as a space filler and insulation material, on the other part making an 

insulating panel using reed particles. During the experiment, the reed fibres were cut and then 

mixed with cement paste. In this research work the compressive strength of the samples (at 

7, 17 and 28 days), density and finally the thermal conductivity of the samples were mea-

sured. 

Keywords: reed, cement foam, insulting materials 

 

 

INTRODUCTION 

Today, there is a rapid growth in the construction industry worldwide. Due to rapid 

urbanization, total energy consumption and a significant portion of greenhouse gas 

emissions is attributed to construction industry. All over the world one third of the 

total energy is used to heat or cool buildings. In order to save the energy consumption 

of concrete buildings, there is a large demand for the development of structural ce-

ment based materials with low thermal conductivity and eligible compressive 

strength [1, 2].  

Several agricultural waste materials have already been used as alternatives to ce-

ment-based products [3, 4].  
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Benmansour et al. [5] had main goal is to assess the potential of a new natural 

material (palm fibres, DPF) as a building materials. In their experiment, several mix-

tures were made with palm fibres added in different amounts (0 to 30 wt%). Accord-

ing to their measurement results that the incorporation of palm fibres into the mortar 

along with the weight of sample reduces the thermal conductivity and compressive 

strength of composite. By their study, the use of palm wood fibres in 5–15 wt% suits 

the thermal and mechanical requirements of building materials.  

Remesar et al. [6] investigated the effect of a combination of three different ma-

terials, namely coarse expanded clay (CEC), fine expanded clay (FEC) and fly ash. 

Experimental results show that the use of FEC results in lower thermal conductivity 

and lower compressive strength than the use of CEC. The reason for this was ex-

plained by the finer pore size distribution and the smaller pore size. Of the three 

materials, fly ash has the least effect on thermal and mechanical properties, while 

combination of the three materials shows that the thermal conductivity decreases, as 

well as the compressive strength is within acceptable limits. 

Bołtryk and Pawluczuk [7] aimed to establish the properties of lightweight ce-

ment composites with natural fillers, such as reed and conifer sawdust. The compres-

sive strength, density and porosity of the samples were measured. 

These research works inspired us to add ground reed in to the cement paste. The 

aim of research was to reduce the amount of primary materials used in the production 

of cement foams. As the reed has a thermal conductivity of 0.05 W/mK, so it has 

excellent thermal insulation properties, which can further improve the energy per-

formance of cement-based lightweight concrete products. In addition to these pro-

perties, it is important to know the effect of the additive on the strength values. 

Therefore, in this research work compressive strength tests were measured.  

 

1. MATERIALS AND METHODS 

In the research work the first step was the grinding of 2 m long reeds, which was 

done by an AL-KO, Power Slider 2500 R type blade shredder. In the shredder the 

knives make a rotating motion as a result of which the reed fibres are cut. As a result 

of this shredding mechanism, ground reeds of different fractions were obtained, 

which were used in different ways.  

 

 
Figure 1 

Ground reed  

https://www.sciencedirect.com/science/article/pii/S0950061813009860#!
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After grinding, cement foams were made using these reeds in the range of 5–40 mm. 

In this case, the reed particles were used as filler. During the research work DDC 

CEM II/ B-M (V-LL) 32,5 R type cement was applied to prepare the cement foam 

to which 30 wt% concentration H2O2 solution in amount of 4 wt%, proportionally to 

the weight of the cement, as a foaming additive and 10 wt% ground reed were added 

at a factor of 0.488 w/c.  

During the experiment the ground reed was added to the cement paste then the 

cement mass was cast into 75 × 75 × 75 mm moulds. Specimens were removed from 

the moulds at one day of age and those were stored in a steam chamber until the day 

of compressive strength test. The temperature of the steam chamber was 22 °C and 

the relative humidity was ~ 90%. A total of 27 specimens were prepared on which 

compressive strength of 7, 14 and 28 days were measured.  

 

Figure 2 

Cement foams made from ground reeds 

During the experiments it was found that after mixing the ground reed with cement 

paste the water was absorbed from the cement paste and as a result the samples had 

a hard time to dry. The next step is the mineralization, known from the production 

of wood wool boards, i.e. utilizing the hygroscopic capacity of reeds, so a mineral 

was injected into its structure. In the production of wood wool boards the minerali-

zation of wood raw materials is carried out with an aqueous solution of calcium 

chloride (CaCl2), occasionally using magnesium chloride (MgCl2) or water glass 

(Na2SiO3).  

For all these reasons the ground reeds were fractionated using a sieve with 5 mm 

opening size, then cylindrical seeds were prepared from the sieved reeds. During the 

reed seed preparation, 100 g of reeds were mixed with 160 g of water glass, 

(Na2SiO3) and then it was compressed into a PVC pipe with 25 mm in diameter and 

150 mm in length. As a result of compression, the water glass glued the reeds parti-

cles together. After one day it could be easily removed from the pipe, without being 

fractured. The reed seeds were made to size proportionally to the mould and fixed in 

the 150 × 150 × 150 mm mould. The 6 reed seeds were fixed by the clamping force 

of the mould (Figure 3), and foamed around with cement paste. 
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Figure 3 

The reed seeds in the mould 

During the foaming of the reed seeds, CRH CEM II/B-S 42.5 N type Portland cement 

was used. In this case, too H2O2 was used in an amount of 4 wt% as foaming agent 

with w/c factor of 0.553.  

After that, a pressed insulating panel was made using ground reeds in the range of 

5–40 mm. For this DDC CEM I 52.5 N type cement and 16 wt% reed were used to 

obtain a more stable panel as a final product. The insulating panel made using ground 

reed is based on similar concept for commercially available Heraklith® wood wool in-

sulation boards [8]. During the production of the insulating panel, ground reeds were 

added to a relatively dilute (0.46 w/c) cement paste with gradual mixing. After mixing, 

the cement-reed paste was casted into the 300 × 300 × 50 mm mould of size, and then 

the top was located on crest of the mould. Following this the sample was pressed by a 

pneumatic cylinder, where a pressure load of 2 bar was applied to the sample for one 

hour. Affected by this the cemented reed mixture was compressed, resulting in a 

pressed reed panel which is similar to wood wool insulation boards.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 

The process of pressing a reed panel 
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2. RESULTS AND DISCUSSION 

Compressive strength testing was performed on cement foams at 7, 14 and 28 days 

of age. The test was made with an INSTRON electromechanical tensile and com-

pression testing apparatus. The measurement results of the compressive strength of 

cement foam can be seen in Figure 5. The mean of the compressive strength results 

measured at 7 and 28 days of age was 0.85 MPa, while the mean values for the 14 

day results were 0.64 MPa. 

 

 
 

 
Figure 5 

Compressive strength of cement foams 

The specimen density of the cement foams was determined from their geometric 

data. The highest density was in the 7 days samples, this values was 643 kg/m3. The 

lowest density was shown by dried and measured cement foams after 14 day of age 

with average values of 623 kg/m3. The average densities of the samples aged for 28 

days were 640 kg/m3. 

It can be stated that the reeds do not absorb water from the cement paste when 

the reeds are treated with the mineralizing material. It is important that the reeds 

treated with water glass glued together. Due to foaming of the sample, its volume 

increases and this is the reason why some reed seeds broke or moved out of place.  
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After curing time the pressed reed panel was dried to constant weight and then its 

thermal conductivity was measured. The test was carried out with the RAPID K type 

instrument, which work on the principle of heat flux measurement. According to the 

examination a favourable thermal conductivity value (0.0738 W/mK) was measured, 

as it is in the set value range (0.07–0.08 W/mK). 

 

 
Figure 6 

Thermal insulation reed panel 

It can be seen in Figure 6 that the insulating panel was very stable and solid after it 

was removed from the mould. In the research work only the thermal conductivity 

was determined as a qualifying test, because it was the primary aim. Further qualifi-

cation tests are also planned for the future. 

CONCLUSION 

Based on the experiments, it can be stated that reed particles can be used in different 

forms to produce cement foams. During the mixing of the reed particles into the 

cement foam by the reed gradually adding, a sufficiently homogeneous cement paste 

can be prepared, which is suitable for foaming with hydrogen peroxide. By this 

method some of primary materials applied can be replaced, thus a more environmen-

tally friendly product can be produced. Using a combination of 4 wt% hydrogen per-

oxide and 10 wt% reed particles proportionally to the weight of cement, test specimens 

with a specimen density of 620–650 kg/m3 were prepared. It is 28 days compressive 

strength showed a value of around 1 MPa.  

It was proved to be possible to prepare reed seeds with fine reed particles 

(d < 5 mm) and water glass, however the foaming cement damaged the reed seeds 

fixed into the mould. Thus, further investigation are needed for such apply. 

During the production of the thermal insulation panel, the DDC CEM I 52.5 N 

type cement is suitable, so a stable thermal insulation board can be prepared.  
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WETTING AND GRAIN BOUNDARY PENETRATION  

OF 42CRMO4 STEEL BY COPPER 

 

DHEERAJ VARANASI1 – PÉTER BAUMLI2 

 

 
Abstract: Process like brazing and soldering are used in electronic packaging of integrated 

circuits, fabrication of heat exchangers for both commercial and aerospace applications. They 

are also used in manufacturing of high-performance sturdy equipment. Wetting plays a major 

role in these processes as it determines the efficiency and efficacy of the joints. The present 

study is focussed on understanding the wettability of low alloyed steels like 42CrMo4 (1.2 w% 

Cr, 0.75 w% Mn, 0.3 w% Mo) by molten copper. The experiments were conducted at 1,100 °C 

under vacuum. The sessile drop technique is used and a good wetting is observed by copper on 

the surface of the steel. The wetting is almost spontaneous agreeing with the widely known 

phenomenon of excellent metal/metal wetting. Scanning Electron Microscopy (SEM-BSD) 

analysis showed excellent grain boundary wetting and corresponding groove formation at the 

steel/Cu interface. These grooves formed at the interface further leads to formation of copper 

channels which will result in grain boundary penetration of steel by copper. 

Keywords: steels, wetting, grain boundary penetration, low alloyed steels 

 

 

INTRODUCTION 

Wetting as a precursor to brazing processes is well known in the scientific field as 

can be seen in studies on brazing [1–2]. Since copper is the most widely used braze 

filler and steels are the most commonly used industrial equipment, there is a general 

interest in the interactions of copper-steel/iron. Interactions of copper as liquid metal 

on iron/steel surfaces was studied extensively since the second half of last century 

[3–7].  

Perhaps, the most comprehensive literature in the interaction of iron/Cu with re-

gards to grain boundary wetting and grain boundary penetration was discussed by 

[8]. They investigated the copper penetration into iron grain boundaries. Their in-

vestigation resulted in formulation that during melting of copper and subsequent in-

teraction with iron grain boundaries, the grains of iron separate and vacancies would 

be formed on the surface. These vacancies would then create a channel which would 

be filled by liquid copper. The driving force is the surface/interface free energy. The 

surface of iron experiences liquid metal embrittlement and the grain boundary cracks 
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encouraging further penetration. Copper interaction with medium carbon steels was 

reported by [9–10] and observed both wetting and grain boundary penetration. The 

grain boundary penetration observed grew exponentially with time. 

Grain boundary penetration is also of prime focus in the wetting studies [11–12] 

focussed on the non-wetting/wetting transition of the grain boundaries in alloys. Wet-

ting also includes phenomenon of spreading and studies mentioned in [13–14] deal 

with spread characteristics of wetting in metal/ceramic systems. Investigations into the 

wetting factors were discussed by [15] from perspective of wetting liquids. Just as 

wetting is in focus in the field of joining, dewetting/non wetting studies are also on rise 

to understand the reasons for spallation of joints attributed by the behaviour of various 

materials and their interface. These were reported in the studies [16–18].  

The present study focusses solely on the grain boundary wetting and grain 

boundary penetration of Cr-Mo low alloyed steel by copper.   

 

1. EXPERIMENTAL 

The composition of the steels used in the study is tabulated below Table 1.  

 

Table 1 

Composition of steels used in the study 

Steel 
Fe 

w% 
C w% 

Cr 

w% 
S w% 

Mn 

w% 

Mo 

w% 
Source 

42CrMo4 rest 0.40 1.3 0.030 0.75 0.30 XRF 

 

Wetting as a precursor for brazing was conducted by copper on steel surface. The steel 

is cut to size 10*7*5 mm, ground and polished prior to experimentation. A small piece 

of copper foil is (99.99% pure) of 70 micron thickness and is cut and subjected to 

ultrasonication in an acetone bath. The piece of copper is placed on top of steel sur-

face and is put in a vacuum furnace equipped with resistance heating (Figure 1).  

 

 

Figure 1 

Arrangement of copper foil on steel for sessile drop wetting experiment is 

shown in Figure 1.a and the spontaneous wetting observed at the melting point of 

copper is shown in Figure 1.b. It just took 3 seconds for the copper foil on the left 

picture to achieve the perfect wetting seen in the right picture 

Steel

Cu
1a 1b Cu

Steel
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The wetting experiment was conducted under vacuum with a residual pressure of 

10–8 bar. The furnace is heated from room temperature to a temperature of 

1,100 °C, which is sufficiently just above the melting point of copper (1,083 °C) in 

steps at a heating rate of 20 °C/min. The sample was kept at this temperature for 5 

minutes before cooling down. Cooling is done via furnace cooling; no external cool-

ing sources were used. The sample was left in the furnace to cool. 

Post experimentation, the samples are removed from the furnace and are mounted 

in Bakelite resin and later analyzed by Scanning Electron Microscopy (SEM – EDS). 

The equipment used for this purpose is Carl Zeiss EVO MA10 equipment. All the 

images were taken in BSD mode with an accelerated voltage of 20 KV.  

 

2. RESULTS AND OBSERVATIONS 

First observation we make during the experiment is that as the melting point of cop-

per is reached, the copper foil melts on the surface of steel spontaneously. Figure 1.b 

shows this spontaneous melting of copper on the steel. This spontaneous wetting is 

followed by dissolution of Fe from the steel grain boundary. Grains of Fe are visible 

in the middle of copper droplet, which can be observed in Figure 2. These grains are 

solidified in the drop as the substrate is cooled down from experimental temperature 

to room temperature. Hence, it is safe to assume these precipitates would be ferritic 

in structure (at least theoretically at room temperature). 

 
 

Second observation is the grain boundary penetration of the steel by the molten cop-

per. Figure 3 shows the observed grain boundary penetration of steels.  

 
 

 

 

Figure 2 

Fe grains dissolved in copper during the wetting 

experiment. Grain boundary wetting of steels is 

also observed at the steel/Cu interface 
 

Figure 3. Grain Boundary penetration of 42CrMo4 steel by molten copper can be 

observed. Small precipitates of Fe are dissolved in molten copper, seen in small dark 

grey spots throughout the copper 
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3. DISCUSSION 

Wetting is the spread of liquid on a solid surface. Generally metal/metal systems 

have good wetting owing to the formation of metallic bonds. The wetting angle is 

defined in terms of interfacial energies [19] as given in Equation 1.  
 

 𝑐𝑜𝑠𝜃 =  
𝝈𝒔𝒗−𝝈𝒔𝒍

𝝈𝒍𝒗
  (1) 

Where, σSV, σSL and σLV are the interface energies (J/m2) of between solid-vapor, 

solid-liquid and liquid-vapor phases, θ is the contact angle. This famous equation 

was devised by Thomas Young in nineteenth century. Dupree extended the equation 

to accommodate adhesion given in Equation 2. 
 

 𝑊𝑎 =  𝜎𝑠𝑣 + 𝜎𝑙𝑣 − 𝜎𝑠𝑙  (2) 

Where, Wa is the adhesion energy (J); all other quantities are as previously defined. 

From above, we can see that wetting is mostly attributed to imbalance of interfa-

cial energies as explained by [20]. Excellent wetting was already observed as seen 

in Figures 3.a–b. The wetting observed is a consequence of Equation 1. Logic dic-

tates this can be proven by finding the contact angle theoretically from calculations. 

Figure 4 shows the contact angle, 3.2°, of Cu sessile drop on surface of the steel 

measured from the image analysis provided within the SEM software. This is in ac-

cordance with the angle measured using the KSV contact angle measurement soft-

ware embedded with Young–Laplace programming. The contact angle calculated by 

the software is 3.79°, which is considered as near perfect wetting. 

 

Figure 4 

Wetting contact angle of Cu on 42CrMo4 steel as observed and measured  

from image analysis software from SEM. The angle of 3.2° is observed  

which is almost perfect wetting angle 

 

The copper spreading on the surface of steel was instantaneous. The drive for the 

spread and wetting can be calculated from Equation 1. The three quantities, σSL,, σSG, 

3.2°
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σLG. are previously defined in the manuscript. Well defined equations are defined 

and formulated by G. Kaptay for finding the interfacial energies [21–22]. The equa-

tions are given below, Equations (3–6). 

 

 𝜎𝑆/𝑔 ≅  
𝛼𝑠.[𝑞.𝑅.𝑇𝑚,𝑠+ ∆𝑚𝐻𝑠+ ∫ 𝐶𝑃,𝑠𝑑𝑇

𝑇𝑚,𝑠
𝑇

]−2.𝑇

𝑓𝑠.𝑉𝑚,𝑠
2/3.𝑁𝐴𝑣

1/3   (3) 

 

 𝜎𝑙/𝑔 ≅  
0.182.[𝑞.𝑅.𝑇𝑚−𝐶𝑃,𝑙.(𝑇−𝑇𝑚)]−2.𝑇

1.06.𝑉𝑚,𝑙
2/3.𝑁𝐴𝑣

1/3   (4) 

 

 𝜎𝑠/𝑙  ≅  
0.310.𝑓𝑏

1/3.∆𝑚𝐻𝑠+0.343.𝛺𝑠−𝑙+3.3𝑇

𝑉𝑚,𝑠
1/3.𝑉𝑚,𝑙

1/3.𝑁𝐴𝑣
1/3   (5) 

 

Where, σSg, σlg, σsl are the interfacial energies of solid-gas, liquid-gas and solid-liquid 

phases. αs and fs are the solid crystal parameters which are considered as average 

constants of 0.20 and 1.1 respectively. q is correlation parameter of value 25.4, R is 

universal gas constant, 8.3145 J/mol K, ΔmHs is the melting enthalpy of the solid 

(KJ/mol), CP,s and CP,l are the heat capacities of the solid and liquid at temperature T 

(J/Kmol), T is required temperature (K), Vm,s and Vm,l are the molar volumes 

(m3/mol) of solid and liquid metals in study (Here Fe and Cu respectively), NAv is 

Avogadro constant (6.023*1023 /mol), Ωsl is the solid-liquid interaction energy J/mol. 

However, for metals with eutectic composition like Sn-Cu, Fe-Cu, the interaction 

energy is defined from Equation 6, [22] given below: 

 

 𝛺𝑠𝑙 ≅  
𝐺0

𝑀,𝑠− 𝐺0
𝑀,𝑙−𝑅.𝑇𝑒𝑢.𝑙𝑛𝑥

(1−𝑥)2   (6) 

 

Where, G0
M,s and G0

M,l (J/mol) are the standard Gibbs energies of solid higher melt-

ing point metal and liquid higher melting point metal respectively, Teu (K), is the 

eutectic temperature of the alloy, R (J/mol K) is the universal gas constant, x is the 

mole fraction of the higher melting point component in the eutectic composition.  

The data required was taken from [23–25] and calculated accordingly to obtain 

the following interfacial energy values, Table 2. 
 

Table 2 

Interfacial energies calculated for  

Fe/Cu system following Equations 3–6 

σsg 2.12 J/m2 

σlg 1.384 J/m2 

σsl 0.6431 J/m2 

 

 𝐶𝑜𝑠𝜃 =  
2.12−0.6431

1.384
= 1.07 ± 0.1 J/m2  (7) 
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Once contact has been established between the solid/liquid phases, the adhesion 

energy comes into play which is essential in maintaining the bond between atoms of 

dissimilar composition in our case atoms of steel and copper. The adhesion energy 

can be expressed in terms of surface tension and contact angle by the following re-

lation, colloquially known as Young–Dupree equation [19]. 

 

 
𝑊𝑎

𝜎𝑙𝑔
= 1 + 𝐶𝑜𝑠𝜃   (8) 

Substituting the values form Table 2 and Equation 7 into Equation 8 gives us adhe-

sion energy of 2.86 ± 0.1 J/m2. This, when compared to the surface tension value of 

1.384 J/m2 is higher and the difference between these two energies provide the driv-

ing force for the spread of copper on the surface of steel and ensures perfect wetting 

between the steel/Cu system.  

Grain boundary penetration is an essential part of wetting and follows from ther-

mal grooving at the interface [26]. Copper penetration observed at the steel/Cu in-

terface follows from the formation of grooves at the grain boundary of steel. General 

condition for penetration is given in Equation 9 [27–29].  

 σGB ≥ 2 σSL   (9) 

 

where σGB (J/m2) is the grain boundary energy, σSL (J/m2) is the solid/liquid interface 

energy. The grooves observed at the steel grain boundary/Cu interface further en-

hance the probability of penetration of liquid copper by formation of channels as 

explained by [8]. Furthermore, precondition for penetration is understood from the 

relation between dihedral angle (φ), σSL and σGB [30] given in Equation 10.  

 

 𝑐𝑜𝑠 (
𝜑

2
) =  

𝜎𝐺𝐵

2.𝜎𝑆𝐿
  (10) 

The dihedral angle φ is defined as the angle made by the liquid upon intersecting 

with the solid grain boundary and is a measure of penetration of the liquid into the 

solid and for penetrating case like ours the φ is 0°. Therefore, complete wetting and 

hence grain boundary penetration is observed.  

CONCLUSIONS 

1. Wetting and grain boundary penetration of a low alloyed 42CrMo4 steel was 

observed by molten copper under vacuum.  

2. Near perfect wetting was observed of the steel by copper where the spread of 

copper on the surface of steel was almost instantaneous upon melting. The 

Young-Dupree model was used to show the drive for the spreading and wet-

ting which is in accordance with the observations. 

3. Grain boundary penetration by copper was also observed in the steel, the ob-

servations of which are supported by the theory.   



                  Wetting and Grain Boundary Penetration of 42CrMo4 Steel by Copper 329 

 

 

 

ACKNOWLEDGMENTS 

Our research was carried out as part of the GINOP-2.3.2-15-2016- 00027 Sustaina-

ble operation of the workshop of excellence for the research and development of 

crystalline and amorphous nanostructured materials project implemented in the 

framework of the Szechenyi 2020 program. The realization of this project is sup-

ported by the European Union.  

The authors are also thankful to dr. Daniel Koncz-Horvath and dr. Anna Sycheva 

for SEM measurements. A special thanks to Mrs. Aniko Markus and Mrs. Napsugar 

Bodnar for their help in sample preparation.  

REFERENCES 

[1] Cadden, C. H. (2006). Brazing. Ency. Mater: Sci & Tech, pp. 1–7. 

[2] Janczak-Rusch, J., Kaptay, G., Jeurgens, L. P. H. (2014). Interfacial design 

for joining technologies: an historical perspective. Journal of Materials Engi-

neering and Performance, 23 (5), pp. 1608–1613. 

[3] Mullins, W. W. (1957). Theory of Thermal Grooving. J. Appl. Phy., Vol. 28, 

No. 3, pp. 334–339. 

[4] Yoshida, T. (1980). Dissolution and Deposit of Base Metal in Dissimilar 

Carbon Steel Brazing. Welding Journal, Vol. 59 (10), pp. 278–282. 

[5] Young, G. F. (1973). On the grian boundary theory of Fisher and Whipple. J. 

Appl. Phy., Vol. 44, pp. 5151–5154. 

[6] Ishida, T. (1986). The Interaction of Molten Copper with Solid Iron. J. Mater. 

Sci., Vol. 21, pp. 1171–1179. 

[7] Huppmann, W. J., Petzow, G. (1978). The role of grain and phase boundaries 

in liquid phase sintering. Berichte der Bunsengesellschaft für physikalische 

Chemie, Vol. 82, No. 3, pp. 308–312. 

[8] Fredriksson, H., Hansson, K., Olsson, A. (2001). On the Mechanism of Liquid 

Copper Penetration into Iron Grain Boundaries. Scandanavian Journal of 

Metallurgy, Vol. 30, pp. 41–50. 

[9] Varanasi, D., Baumli, P. (2018). Grain boundary behavior of copper with C45 

meidum carbon steel. Resolution and Discovery, 3 (2), pp. 1–5. 

[10] Varanasi, D., Szabo, J. T., Baumli, P. (2019). Investigation of the Copper Pen-

etration and Joint Microstructure Observed in Low Alloyed Steels. Nan-

oWorld J., Vol. 5, No. 3, pp. 36–40. 

[11] Straumal, B. B., Kogtenkova, O. A., Murashkin, M. Y., Bulatov, M. F., 

Czeppe, T., Zięba, P. (2017). Grain boundary wetting transition in Al–Mg al-

loys. Materials Letters, 186, pp. 82–85.  



330                                        Dheeraj Varanasi – Peter Baumli 

 

  

[12] Protasova, S. G., Kogtenkova, O. A., Straumal, B. B., Zięba, P., Baretzky, B. 

(2011). Inversed solid-phase grain boundary wetting in the Al–Zn system. 

Journal of Materials Science, 46 (12), pp. 4349–4353. 

[13] Eustathopoulos, N. (1998). Dynamics of wetting in reactive metal/ceramic 

systems. Acta Materialia, 46 (7), pp. 2319–2327. 

[14] Landry, K., Eustathopoulos, N. (1996). Dynamics of wetting in reactive 

metal/ceramic systems: linear spreading. Acta Materialia, 44 (10), pp. 3923–

3932. 

[15] Kumar, G., Prabhu, K. N. (2007). Review of non-reactive and reactive wetting 

of liquids on surfaces. Advances in Colloid and Interface Science, 133 (2), pp. 

61–89. 

[16] Redon, C., Brochard-Wyart, F., Rondelez, F. (1991). Dynamics of dewetting. 

Physical Review Letters, 66 (6), p. 715. 

[17] Liu, C. Y., Kim, H. K., Tu, K. N., Totta, P. A. (1996). Dewetting of molten 

Sn on Au/Cu/Cr thin‐film metallization. Applied Physics Letters, 69 (26), pp. 

4014-4016. 

[18] Xu, L., Bandyopadhyay, D., Shi, T., An, L., Sharma, A., Joo, S. W. (2011). 

Dewetting kinetics of thin polymer bilayers: Role of under layer. Polymer, 52 

(19), pp. 4345–4354. 

[19] Kaptay, G. (2018). The chemical (not mechanical) paradigm of thermodyna-

mics of colloid and interface science. Advances in Colloid and Interface Sci-

ence, 256, pp. 163–192. 

[20] Yost, F. G., Romig, A. D. (1987). Thermodynamics of wetting by liquid me-

tals. MRS Online Proceedings Library Archive, 108. 

[21] Kaptay, G. (2005). Modelling interfacial energies in metallic systems. Mate-

rials Science Forum, Vol. 473, pp. 1–10.  

[22] Kaptay, G. (2019). Thermodynamic stability of nano-grained alloys against 

grain coarsening and precipitation of macroscopic phases. Metallurgical and 

Materials Transactions A, 50 (10), pp. 4931–4947. 

[23] Kaptay, G. (2008). A unified model for the cohesive enthalpy, critical tempe-

rature, surface tension and volume thermal expansion coefficient of liquid 

metals of bcc, fcc and hcp crystals. Materials Science and Engineering A, 495 

(1–2), pp. 19–26. 

[24] Barin, I. (1989). Thermochemical data of pure substances. Weinheim, VCH. 

[25] Dinsdale, A. (1989). SGTE data for pure elements. Teddington, United King-

dom, National Physical Laboratory, p. 195. 



                  Wetting and Grain Boundary Penetration of 42CrMo4 Steel by Copper 331 

 

 

 

[26] Mullins, W. W. (1957). Theory of thermal grooving. Journal of Applied Phy-

sics, 28 (3), pp. 333–339. 

[27] Straumal, B. B., Kogtenkova, O., Zięba, P. (2008). Wetting transition of grain-

boundary triple junctions. Acta Mater., 56 (5), pp. 925–933.  

[28] Kaptay, G. (2018). On the solid/liquid interfacial energies of metals and al-

loys. Journal of Materials Science, 53 (5), pp. 3767–3784. 

[29] Kaptay, G. (2016). Modelling equilibrium grain boundary segregation, grain 

boundary energy and grain boundary segregation transition by the extended 

Butler equation. Journal of Materials Science, 51 (4), pp. 1738–1755. 

[30] Schmatz, D. J. (1983). Grain boundary penetration during brazing of alumi-

num. Welding Journal, 62 (10), pp. 267–271. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Responsible for the Publication: Prof. dr. Zita Horváth 

Published by the Miskolc University Press under leadership of Attila Szendi 

Responsible for duplication: Works manager: Erzsébet Pásztor 

Technical editor: Csilla Gramantik 

Proofreader: Zoltán Juhász 

Number of copies printed:  

Put the Press in 2020 

Number of permission: TNRT–2020– 224 –ME 

 

  


