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Abstract

The processes of design and manufacturing continue to expand with extraordinary opportunities due to the
emergence and development of additive manufacturing technologies. Additive manufacturing processes rad-
ically differ from traditional manufacturing methods and require a completely new engineering approach.
As a result, new possibilities emerge, allowing the creation of geometries that were previously difficult or
impossible to produce using other technologies. Significant application opportunities exist in fields such as
medicine and many sectors of industry due to this advancement. The range of materials used in additive
manufacturing is constantly improving and expanding, although the most significant results are in the area
of industrial applicability, which is the focus of this research. It is important to mention that besides Selective
Laser Sintering / Selective Laser Melting (SLS / SLM), Fused Filament Fabrication (FFF) is worth considering
for producing metal parts, due to lower costs and the possibility of manufacturing larger parts. The aim of
the research is to examine the microstructural and macrostructural characteristics of finished components
produced by FFF.

Keywords: additive manufacturing, material extrusion, stainless steel, microstructural characterization.

1. Introduction

Additive manufacturing of metal products is
increasingly common in the production of auto-
motive parts and medical prosthetics, thanks to
a wide range of processes and materials. These
processes require significant investment and
complex equipment to ensure the safe handling
of metal powder with minimal health risks. The
metal powders used in processes branded as
SLS® (Selective Laser Sintering) or DMLS (Direct
Metal Laser Sintering) have particle sizes ranging
from 15 to 50 ym, posing similar health risks to
operators as welding [1, 2]. Among other rea-
sons, these health risks, along with the substan-
tial investment costs and laser-related safety con-
cerns, have spurred multiple research directions
that employ new methods for the additive manu-
facturing of metal parts [3].

1.1. Additive Manufacturing of metal mate-
rials

Among the seven types of additive manufactur-
ing processes defined by the ISO 52900-1 terminol-
ogy standard, one variant of material extrusion is
fused filament fabrication (FFF). The first step in
filament-based metal printing involves producing
green parts. These components have not yet un-
dergone the debinding and sintering processes.
While they are accurate in shape and size, their
surface roughness and density are not as well reg-
ulated as in laser processes. After the debinding
process, the green parts require the most atten-
tion and are referred to as brown parts due to
their characteristic color at this stage. These parts
are porous, brittle, and lack the binder that helps
hold them together. According to previous litera-
ture reviews, this process has limitations due to
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Fig. 1. The process of metal FFF printing.

the strength of the test specimens, as the internal
parts require a minimum level of infill [1, 3].

The FFF process is simple to perform and re-
quires minimal investment compared to other
additive manufacturing processes. Another ad-
vantage is that when producing complex parts,
there is no need to create channels to remove un-
used powder from the work area [4, 5, 6].

Figure 1. illustrates the process of producing
metal parts based on filament-based technology.

1.2. Post-processing techniques

As mentioned in the previous paragraph, the
green parts produced in this way require further
treatments to obtain test specimens with prop-
erties nearly identical to those made from solid
materials [1, 3].

During these treatments, the first step is to re-
move the binder. The resulting brown parts must
then be sintered at high temperatures. If neces-
sary, additional processes, such as heat treatment
or hot isostatic pressing, can be performed to en-
hance mechanical properties [4, 5].

There are three main methods for binder re-
moval:

- solvent-based: using trichloroethane or hep-

tane;

- thermal: applying a temperature range of 60-

600°C;

— catalytic: using nitric acid or oxalic acid at

temperatures between 110-150°C [7].

After binder removal, the brown parts reach
their final state through high-temperature sin-
tering, undergoing a shrinkage of 10-20% com-
pared to the green part. To compensate for this, it
is crucial to focus on appropriate scaling settings

during the design phase. The dimensions of the
test specimens need to be increased to varying ex-
tents in the X, Y, and Z directions. The necessary
values are provided by the manufacturer of the
filler material [8].

During sintering, six mechanisms of material
transport are distinguished:

— surface diffusion;

— lattice diffusion;

— grain boundary diffusion;

— evaporation and condensation;

— viscous flow;

- plastic flow [9].

After the sintering process, the porosity of the
workpieces is expected to be between 10-20%,
depending on the temperature applied. Nitrogen,
argon, and hydrogen can be used as protective
gases during sintering. Several factors influence
the sintering process:

- heating rate;

- sintering temperature;

- sintering process duration;

- furnace atmosphere [10].

2. The methodology of the experiment

The printing was done using BASF Ultrafuse 17-
4PH filament. This type of filler material is one
of the most common in metal printing literature.
Essentially, it is a composite filament produced by
extruding a blend of 1.4542 grade stainless steel
powder and a binder. The key characteristics re-
lated to the processing conditions of this printing
filler material are shown in Table 1.

Table 1. Recommended processing parameters for
BASF Ultrafuse 17-4PH filament [8]

Recommended processing parameters

Nozzle temperature 230-250 °C

Bed temperature 90-100 °C

Nozzle diameter >0,4 mm

Printing speed 15-50 m/s

Cooling nem

Scaling of specimens X and Y direction: 119%
Z direction: 122%

To produce the green parts, we used a Craft-
Bot Flow Idex XL 3D printer operating on fila-
ment-based technology.

2.1. The modified manufacturing paramters

During the experiment, test specimens com-
monly used in Metal Injection Molding (MIM)
were printed with modified settings [11].
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Each piece was printed with 100% infill and ori-
ented in the X-Y plane. Three parameters were
selected as variables in the CraftWare slicing
software, based on previous literature findings,
which could impact mechanical properties and
printing time:

- layer thickness (mm);

— printing speed (mm)/s);

— infill orientation (°) [12, 13, 14].

Printing speed fundamentally affects the move-
ment speed of the printer head, thus influencing
printing time. However, it may also influence the
degree of adhesion between layers, potentially af-
fecting tensile strength [15, 16, 17].

Preliminary experiments indicated that print-
ing speed needed to be reduced, so its values had
to be chosen from a lower range.

Table 2. The various printing parameters used for
manufacturing the test specimens

Experi- Layer Printing | Infill orien-
ml:a o height speed tation
(mm) (mm/s) ©)
#1 0,2 25 45
#2 0,3 15 45
#3 0,4 35 45

The green part is shown in the Figure 2.

2.2. Binder removal and sintering

Materials composed of different metal powders
and binder systems require varied binder remov-
al and sintering technologies and atmospheres,
so in this exepriment we enlisted the services of
Elnik System GmbH [18].

In the binder removal cycle, the specimens are
initially preheated to 120 °C at a low heating rate.
Initially, the rate is set to 5 °C, then reduced to 1
°C, and finally to 0.5 °C per minute. Once 120°C is
reached, they are held at this temperature for 45
minutes. Subsequently, the acid flow begins, last-
ing for one hour per 1 mm of wall thickness. The
flow rate of the acid is 3.4 ml per minute. After the
acid flow is complete, the specimens are held at
120 °C for 90 minutes to clean the furnace and pre-
pare for opening.

The binder removal process is illustrated in the
Figure 3.

CD 3045 furnace (Figure 4) is used for removing
the Catamold binder system patented by BASF.

After binder removal, sintering takes place in a
different apparatus. The sintering cycle (Figure 5)
begins with a re-binder removal phase. Initially,
the temperature is raised to 450°C at a rate of 5°C
per minute, and then held at this temperature for
150 minutes.

Fig. 3. Diagram of the binder removal process.

Fig. 4. CD 3045 binder removal furnace. [18]

Fig. 2. The manufactured green part.

Fig. 5. Diagram of the sintering process.
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The next step involves heating to 600°C at a rate
of 3°C per minute and holding it for 60 minutes.
Sintering occurs at 1380°C, reached at a heating
rate of 5°C per minute, and held for 180 minutes.
Finally, the furnace is allowed to cool freely to
room temperature.

The MIM 3045 sintering furnace is shown in the
Figure 6.

The finished specimen (Figure 7) with metallic
properties after binder removal and sintering.

3. Results and evaluations

The following imaging techniques offer vari-
ous advantages, enabling detailed analysis of the
structure and composition of test specimens. The
electron microscope produces high-resolution
images, revealing fine details at nearly nanom-
eter levels. The confocal microscope allows for
the visualization of three-dimensional structures
with optical sectioning capability. The light mi-
croscope provides a more comprehensive view of
the samples, enabling observation of larger-scale
features and overall morphology. These imaging
methods offer valuable insights into the micro-
structural characteristics of the samples. The im-
ages were taken from test specimens subjected to
tensile testing, which is not covered in the current
research.

Fig. 6. MIM 3045 sintering furnace. [18]

3.1. Electron microscopy images

The microstructural examination images were
taken using a Zeiss Sigma 300 VP scanning elec-
tron microscope (SEM) with a secondary electron
(SE) detector. This detector can detect low-ener-
gy electrons, allowing for the determination of
surface shape and morphology. Additionally, the
backscattered electron detector (BSD) provides
further assistance by identifying different ele-
ments of the periodic table with atomic number
sensitivity. The images shown in Figures 8-10
were taken from the fracture surfaces of the ten-
sile-tested specimens.

Significant porosity is observed on the surfaces
of all examined experimental samples. Porosity
is influenced by the sintering conditions among
other factors. An interesting phenomenon is ob-
served on the sample of Exp. #3, where at lower
magnifications, the surface of the layers appears
heavily granular, yet at 2000x magnification,
it seems less porous compared to the other two
samples. It appears that the fusion of layers is
more effective with smaller layer thicknesses.

Fig. 8. Exp. #1 SEM image with SE detector.

Fig. 7. The final metal specimen. [11]

Fig. 9. Exp. #2 SEM image with SE detector.
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Fig. 10. Exp. #3 SEM image with SE detector.

3.2. Polished specimen sections under a
light microscope

Embedded polished samples were prepared
from the experiments. After polishing, the sam-
ples were analyzed using a Zeiss Axio Imager
M.2m microscope. Microscopic examination
allows for a comparison between the polished
section and the fracture surface, with particular
attention to the porosity and material continuity
defects visible in the SEM images.

After polishing, images of the samples were tak-
en. Figures 11-13. show the samples from each
experiment at 25, 50 and 100x magnifications.

In Exp. #1, larger material continuity defects are
observed in the initial layers, which can be attrib-
uted to the green product and, consequently, to
the printing process. Although the layers mostly
fused well in the inner part of the cross-section
after sintering, layering is still noticeable on the
outer surface (shell).

A similar observation can be made for the sam-
ple from Exp. #2, with the difference that the in-
dividual layers and weaker layer fusion are more
visible in the cross-section taken from the head
along the hole.

In Exp. #3, the initial layer defects are also vis-
ible, and larger material continuity defects are
seen along the layers in the sample taken along
the hole.

At both lower and higher magnifications, signifi-
cant porosity is evident in all test specimens.

3.3. Etched and polished specimen sections
under a confocal microscope

The confocal microscope creates a virtual plane
through optical imaging. It can produce high-qua-
lity images with fine details and greater contrast

Fig. 11. Microstructural image of the Exp. #1 speci-
men in polished condition.

Fig. 12. Microstructural image of the Exp. #2 speci-
men in polished condition.

Fig. 13. Microstructural image of the Exp. #3 speci-
men in polished condition.
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than traditional microscopes. Additionally, this
imaging technique allows for the reconstruction
of virtual three-dimensional images of the exam-
ined object. The microscopic images were taken
using an Olympus OLS5000-SAF confocal micro-
scope. The images captured with the confocal mi-
croscope are shown in Figures 14-16.

The yellowish-brown hue visible in the images
is caused by the residue of the etchant remaining
on the polished surface. For etching the polished
sections (since the material of the sample is stain-
less steel) a solution called aqua regia were used,
composed of:

— 10 ml nitric acid;

— 20 ml hydrochloric acid;

— 30 ml water.

The etchant was applied to the samples using a
pipette, left on for 1 minute, then rinsed with wa-
ter and cleaned with alcohol before drying.

The microstructures visible in the images exhib-
it minor variations but are generally consistent.
Porosity, as observed with the light microscope, is
consistently present in all experimental samples.

Fig. 14. Microstructural image of the Exp. #1 speci-
men in etched condition.

Fig. 15. Microstructural image of the Exp. #2 speci-
men in etched condition.

Fig. 16. Microstructural image of the Exp. #3 speci-
men in etched condition.

4. Conclusions

The microscopic polished samples presented in
this research are part of the findings from a more
extensive study. The images clearly show that the
produced test specimens exhibit significant po-
rosity. It is also observed that processing param-
eters have a substantial impact on the resulting
micro- and macrostructure. These cavities and
pores are well-visualized in the electron micros-
copy images. Micro- and macrostructural defects
significantly reduce the achievable mechanical
properties of materials produced through addi-
tive manufacturing. Therefore, defining the opti-
mal printing strategy and parameters to achieve
the best and most homogeneous products is of
paramount importance. The defects identified
during the research open up opportunities for
further studies, such as evaluating the effective-
ness of binder reduction and detailed analysis of
the effects of sintering parameters.
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Abstract

During vehicle design, the mass of the components and their resistance to collision are important criteria,
as they affect fuel consumption and make the vehicle safer. In this study, we examined the deformation of
high-strength materials commonly used in the automotive industry in the form of tailored welded blanks.
Tests were conducted both in an experimental environment and in a simulation environment, measuring the
punch displacement associated with the specimens to characterize the deformation. In designing the speci-
mens, the weld seam was placed perpendicular and parallel to the rolling direction, thus creating different

deformation states.

Keywords: forming limit diagram, sheet metal forming, tailor welded blanks.

1. Introduction

When designing vehicles, weight plays an im-
portant role as a criterion. By reducing weight,
the fuel consumption of vehicles can be improved.
Lowering fuel consumption not only makes vehi-
cle operation more economical, but it also helps
to meet increasingly stringent emission stand-
ards. It is important to note that in addition to
emission requirements, numerous other equally
important requirements must be considered dur-
ing vehicle design, such as the collision resistance
of the vehicle body, which is primarily ensured
by the strength of the material. In the industry,
three different methods are generally used to re-
duce weight. The first method is the use of high-
strength, lightweight materials, known as HSS
(High Strength Steel), a group of which includes
dual-phase steels. These materials are character-
ized by excellent strength properties due to their
special microstructure, allowing the required
strength to be ensured with thinner sheets in spe-
cific applications. Another increasingly prevalent
method today is the application of optimization
techniques in structural design, such as optimiz-
ing material use or geometry based on load dis-
tribution.

The third option involves manufacturing tech-
niques such as the use of tailor welded blanks

and various hot forming processes. Among these
methods, tailor welded blanks offer significant
potential for improving vehicle safety and reduc-
ing weight, which can also lower manufacturing
costs through reduced tooling expenses or short-
er production times. The individual parts of tai-
lor welded blanks are tailored in size, thickness,
and material quality depending on the purpose
of the installation location [1, 2]. Furthermore,
their application can improve the dimensional
accuracy of components by potentially replacing
joining processes during assembly. In this study,
we analyzed the interaction of different proper-
ties of blank sections with respect to formability
using the finite element method with the help of
AutoFormR7 simulation software [3, 4].

2. Materials

For the selection of materials needed for the
production of tailor welded blanks, we chose
traditional and high-strength steels that are com-
monly used in the automotive industry.

2.1. Low-carbon steels

Amongtraditionallow-carbonsteels,the HC340LA
cold-rolled base material was selected. The low
carbon content allows for easy machinability,
formability, and weldability. Thanks to cold roll-
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ing, it also features good surface quality, shape,
and dimensional accuracy. This type of material
is mainly suitable for applications where machi-
nability is more significant than the load-bearing
capacity or strength of the finished part.

2.2. High-strength steels

Dual-phase steels are second-generation high-
strength steels primarily used in the automotive
industry. In these steels, the combination of soft
ferrite and hard martensite components provides
high strength and good formability. The charac-
teristics of the material depend on the ferrite/
martensite ratio and the distribution of marten-
site islands. Dual-phase steels exhibit outstanding
tensile strength but do not have a distinct yield
point. Martensite generally constitutes 5-30%
of the microstructure, but in exceptionally high
tensile strength materials, it can reach up to 40%.
These materials allow for reducing damage dur-
ing vehicle collisions without significantly in-
creasing the vehicle’s weight. In the test samples,
HCT600X and HCT980X materials were welded
separately to HC340LA material in each case.

3. Tailor-welded blanks

To conduct the tests, samples were produced
in advance, which are necessary for the meas-
urements carried out in real conditions. Tailor
welded blanks consist of various properties and
sizes of sheets that are joined using some welding
method. These blanks present challenges in plas-
tic forming, partly due to the presence of the weld
seam. Several studies have already examined the
weld seam and its surroundings to map the ef-
fects of different forming processes [5, 6].

In our case, the sheet blanks were joined using
laser welding. The welding was performed with-
out filler material, and to protect the weld seam,
we used 4.6 purity argon shielding gas at a flow
rate of 18 liters per minute, but only provided gas
protection on the crown side. The gas was supplied
by an external nozzle. In laser welding, the shape
and power of the laser beam are influenced by nu-
merous parameters, which are detailed in the MSZ
ENISO 11145 standard [7]. We selected the welding
parameters based on our previous experiences, as
presented in Table1 [8]. The aim of the article is not
to discuss the quality of the welding; rather, weld-
ing served the sole function of creating a solid bond
between the two sheet materials. Furthermore, dur-
ing the numerical analysis, the welding parameters
were not utilized, as the software interprets the
bonding technology differently from reality.

Table 1. Welding parameters for HC340LA-HCT600X
and HC340LA-HCT980X material combina-

tions
Pairs HC340LA- HC340LA-
HCT600X HCT980X

Welding speed,
V,, (m/min) 2.5 2.5
Continuous power out-
put, P (kW) 1.2 1.2
Focus position (mm) 0 0
Focus spot area, A 0.0394 0.0394
(mm?) ) )
Heat input, Q () 1200 1200
Power density, 106 L1n6
Q/A (W/em?) 3.05-10 3.05-10
Specific heat input,
oW, Jlem?) 288 288

4. Numerical analysis

The simulation studies were conducted using
the AutoFormR7 finite element software, which
is one of the most advanced software tools in the
field of sheet metal forming.

4.1. Tool layout

During the setup of the simulation environment,
the input data was entered into the software
based on realistic values. Accordingly, for deter-
mining the size and position of the tool geome-
tries, we used a Nakazima test tool setup that can
be mounted on an Erichsen 142-40 type universal
sheet metal testing machine. The arrangement of
forming tools and the layout of sample parts are
depicted in Figures 1 and 2 within the simulation
environment

In the depiction, the restraining ring is not
shown, as it appears not as a geometry but as a
constraint in the software. The diameter of the
pull ring is 160 mm, and its iron cross-section is
15 mm. The position of the pull ring can be seen
in Figure 3.

4.2. Input parameters

For achieving the most accurate simulation re-
sults, we provided the mechanical properties of
the materials under investigation to correspond
with reality. Therefore, from the premanufac-
tured sample material, sheet specimens were fab-
ricated for tensile testing, and the results of these
tests were converted into input parameters.

We described the flow curves of the materials
using the combined Swift-Hockett-Sherby equa-
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Fig. 1. Tool layout in AutoFormR?7 software (side
view).

Fig. 2. Sool layout in AutoFormR?7 software (top
view).

Fig. 3. The position of the pull ring (blue line).

tion [9] the input values of which are summa-
rized in Table 2.

The parameters listed in the table are as fol-
lows: s sheet thickness, m hardening parameter,
C hardening constants, g, true stress, g, satura-
tion stress, a and p weighting parameter, g, initial
yield stress, R,, ultimate tensile strength.

Table. 2. Flow curve input data

Material A EIE] L
340LA | 600X | 980X
s (mm) 1 1 1
» g, 0.02 0.04 0.01
Gy
o | 2 m 0.22 0.16 0.098
<5}
g C (MPa) 578 1044 1578
g o, (MPa) 229 448 788
>
5 2| g,MPa) | 456 780 1160
2| 2
5| 3 a 8.6 21 102
EJ &‘3 p 0.81 0.812 0.785
= 2| g,(MPa) | 235 443 | 7984
R, (MPa) | 343 668.9 | 1122

In order to appropriately model sheet metal
forming processes, it is also necessary to deter-
mine the flow stress condition. The equation de-
scribing this was also determined from tensile
tests by fabricating specimens perpendicular to
the rolling direction, parallel to it, and at a 45-de-
gree angle to it. For determining the forming limit
diagram, material parameters according to the
ArcelorV9model [10,11] developed by F. Cayssials
were used. The purpose of the study is not to com-
pile and edit the forming limit diagrams of vari-
ous materials. The aim of the study is to examine
under identical conditions how different material
pairings affect each other. The mentioned data is
summarized in Table. 3.

Table 3. Input data for forming limit diagram

Ng‘;‘f HC340LA | HCT600X | HCT980X

e T 1.82 0.865 0.73
ks
2 Tis 131 0.929 0.894
B2 | 1y 2.38 0.941 0.828
T:; M 6 6 6
= T 1.71 0.916 0.837
g AG 90
% % &3 20.5 12.5 6.3
SE| R

,90
5 oy 325 669 1111

The parameters listed in the table are as follows:
r, plastic strain ratio at 0°, r,, plastic strain ratio
at 45°, ry, plastic strain ratio at 90°, M weighting
parameter, r, average plastic strain ratio, A
R

G,90°
m,90*
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4.3. The test specimens examined in the
simulation

When selecting the geometry of the test speci-
mens, in line with the tool geometries, various
square specimens with different bridge widths
(20-200 mm) were used, as commonly employed
in Nakazima testing. The selection of test speci-
men geometries aimed to comprehensively cover
the possible major strain regions of the forming
limit diagram (FLD). Due to the different stress
states created by the varied test specimen de-
signs, the location of fracture is not constant; fail-
ure will be observed to some extent at varying
locations. The utilized test specimen geometries
are illustrated in Figure 4.

As mentioned earlier, the formation of differ-
ent material pairings was done through laser
welding. However, both in reality and in the sim-
ulation software, the orientation of the welding
seam differed. Based on the orientation of the
welding seam, two cases were distinguished: Case
,A’ where the welding seam (red line) is perpen-
dicular to the rolling direction (colored line), and
Case ,B’ where the welding seam is parallel to the
rolling direction. Figures 5. and 6 illustrate these
two types on a randomly selected test specimen.

5. Simulation results

During the evaluation of the results, the basis
of comparison was provided by the stamping dis-
placement values achieved until the failure of the

Fig. 4. Test specimen geometries

Fig. 5. Location of weld seam type ,,A

Fig. 6. Location of weld seam, type ,B”

specimens with different material pairings and
welding seam orientations. The values listed in
Tables 5-8 thus illustrate the stamping displace-
ment until failure of the specimens.

5.1. ,A” type specimens

In the case of specimens with type ,A’ weld
seams, perpendicular to the rolling direction,
the evaluation of results involved continuing
the forming process until one of the constituent
materials reached its forming limit diagram. For
the HC340LA-HCT600X material pairing, the re-
sults are summarized in Table4, while for the
HC340LA-HCT980X TWB, they are presented in
Table 5. In the tables, the bridge width refers to
the smallest width of the specimens.

Table 4. Material pairing of HC340LA-HCT600X with
type ,,A” weld seam

»A” type, HC340LA-HCT600X
Bridge width Punch stroke Punch stroke
(mm) HC340LA (mm) | HCT600X (mm)
20 35.2 28.7
40 38.2 32.2
80 41.5 35.2
125 44.2 36.7
200 47.7 43.2
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5. tablazat. Material pairing of HC340LA-HCT980X
with type ,A” weld seam

conditions in case ,,B”. The results of this will be
illustrated in Table 8.

»A” type, HC340LA-HCT980X Table 8. Material pairing of HC340LA-HC340LA with
Bridge width | Punch stroke | Punch stroke type ,,B” weld seam
(mm) HC340LA (mm) | HCT980X (mm) ,B” type, HC340LA-HC340LA
20 317 22.7 Bridge width Punch stroke Punch stroke
40 35.7 26.2 (mm) HC340LA (mm) | HC340LA (mm)
80 44.1 29.2 20 36.7 36.7
125 41.3 30.7 40 39.6 39.6
200 41.2 30.2 80 44.8 44.8
In this seam arrangement, except for the speci- 125 45.8 45.8
men with a bridge width of 200, the material with 200 54.1 54.1

higher strength and simultaneously lower form-
ability reached its forming limit diagram first.
Therefore, the global formability was solely de-
termined by the formability of the material with
higher strength.

5.2. ,B” type specimens

In the case of specimens with type ,B” weld
seams, parallel to the rolling direction, the eval-
uation of results involved continuing the form-
ing process until one of the materials reached its
forming limit diagram. The results are summa-
rized in Tables 6 and 7.

Table 6. Material pairing of HC340LA-HCT600X with
type ,,B” weld seam

,»B” tipus HC340LA-HCT600X

Bridge width Punch stroke Punch stroke
(mm) HC340LA (mm) | HCT600X (mm)
20 31.2 -
40 34.7 -
80 31.7 -
125 30.2 -
200 34.7 38.2

Table 7. Material pairing of HC340LA-HCT980X with
type ,B” weld seam

»B” type, HC340LA-HCT980X

Bridge width Punch stroke Punch stroke
(mm) HC340LA (mm) | HCT980X (mm)
20 31.2 -
40 33.7 -
80 31.2 -
125 32.7 -
200 30.2 32.2

In terms of results, it’s also important for us
to know what stamping displacement a HC-
340LA-HC340LA pairing yields under identical

From this, it can be observed that the hinder-
ing effect of deformation by the higher-strength
layer significantly manifests itself on the low-
er-strength side, which always corresponds to the
failure side in the ,,B” cases. Global deformation
deteriorates more significantly in specimens with
larger bridge widths. This can be explained by the
fact that the three-axis deformation state in these
specimens is reduced to a planar deformation
state.

6. Conclusions

In our paper, we examined the global formabil-
ity of customized welded sheets and the interac-
tion between individual layers. The physical test-
ing of the specimens is currently ongoing, and we
primarily presented simulation results. We inves-
tigated two cases based on the orientation of the
welding seam, with two different TWB configura-
tions composed of different components, in five
different deformation states each. Based on the
results obtained, we can make two observations:

- Incase,A’, the plates composing the specimens
deformed collectively; therefore, the material
with the forming limit diagram positioned
lower (higher strength) experienced failure
earlier, with the exception of the 200x200 mm
case;

- In case ,B’, the lower strength material (HC-
340LA) consistently fails earlier. Furthermore,
it can be noted that the failure point is signif-
icantly unaffected by the different strength
materials (HCT600X-HCT980X) within this
strength range.

As part of the research, our further aim is to in-
vestigate material pairings where the HC340LA
material is paired with other materials of varying
strength levels, in order to observe the effect of
strength differences on global formability. Addi-
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tionally, we will conduct tests on existing spec-
imens in real-world conditions, following the
method outlined in the simulation environment,
and compare their results with the simulation
findings.
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Abstract

Laser welding is becoming increasingly common in industrial applications for welding stainless steels. To
reduce costs, hot-rolled stainless steel beams can be replaced by laser-welded structures. In our research, the
corrosion resistance of laser-welded T-joints made of 1.4301/304 austenitic stainless steel were investigated.
The joints were welded one or both sides, with different combinations of travel speed and laser power. Elec-
trochemical corrosion measurements were performed in 3.5% NacCl solution in a standard three-electrode

corrosion cell.

Keywords: laser welding, stainless steel, electrochemical corrosion.

1. Introduction

Laser welding (52 according to ISO 4063:2023)
is becoming increasingly common in industrial
applications. Thanks to the high energy density,
welding can be performed with lower heat input,
low heat-affected area and higher productivity
(travel speed) [1, 2]. Due to the low thermal con-
ductivity of stainless steels, there is a significant
amount of warping during welding, which can be
reduced by the low heat input of laser welding.
In laser welding, a distinction is made between
solid-state laser welding, gas laser welding and
diode laser welding. Thanks to the rapid develop-
ment of the technology, a fusion depth of up to
15 mm can be achieved when welding stainless
steels [3, 4].

Stainless steels are steels containing at least
10.5% chromium and up to 1.2% carbon [5].
Thanks to chromium alloying, a passive oxide
layer is formed on their surface, which protects
them from environmental effects. Rolled and
welded stainless steel beams are increasingly
used in structural engineering and interior de-
sign. Thanks to their corrosion resistance, main-
tenance tasks can be reduced. The most common-
ly used material grades are 1.4301 (AISI 304) and
1.4404 (AISI 316L) austenitic stainless steels [6, 7].

Corrosion is the physico-chemical interaction
between a metal and its environment, which
results in a change in the properties of the met-
al and often in a deterioration of the functional
properties of the metal, the environment and the
engineering system they form [8]. The typical
mode of failure for stainless steels is some form
of localised corrosion attack. The most common
form of localised corrosion is pitting. This form
of corrosion is a localised anodic dissolution con-
centrated in a small area, the rate of which can be
extremely rapid. It occurs in the form of pits or
holes on the surface, with varying morphologies
and depths.

The corrosion resistance of nickel alloys and
stainless steels can be determined from their
composition by the pitting resistance equivalent
(PRE). The most commonly used method for aus-
tenitic and duplex steels are:

PREN=Cr+33-Mo+ 16N

Electrochemical corrosion measurements can
be used to determine the pitting corrosion po-
tential of materials with a passive layer, at which
voltage the surface passive layer is locally dam-
aged and the metal goes into solution.
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2. Test materials and methods

In our research, we used austenitic corrosion re-
sistant steel material grade 1.4301 (AISI 304) with
a thickness of 4 mm, the composition of which is
shown in Table 1.

The T-joints were made without chamfering and
without a joint gap using tack welds.

Table 1. The chemical composition of material grade

1.4301
Symbol C Mn Si Cr Ni
1.4301 0.08 2 0.75 18 8

The welds were made with two WSX ND60 weld-
ing heads powered by a Raycus RFL-6600S laser
source with a nominal power of 6600 W. The two
side T-joints were made simultaneously with two
fillet welds using two laser welding heads facing
each other.

The welds were made with three different pa-
rameter combinations: the samples welded from
both sides ( Figures 1 and 2) at 1.5 m/min with a
power of 3630 W and at 2 m/min with a power of
4620 W.

The sample welded from one side (Figure 3)
was produced at a speed of 1 m/min and a power
of 3960 W.

The laser beam was wobbled along a straight
line 0.2 mm wide for each sample. The shielding
gas used for welding was grade 4.6 nitrogen.

Electrochemical corrosion measurements were
carried out using a standard three-electrode cor-
rosion cell and a Biologic SP-150 potentiostat. The
test setup is shown in Figure 4: a platinum mesh
was used as a counter electrode, an oversaturated
AgCl/KCl electrode as a reference electrode and
the welded sample as the working electrode. The
electrolyte was a 3,5 % NaCl solution prepared
from high purity NaCl and distilled water.

After the corrosion cell was assembled, the sys-
tem was left to rest for 45 min to stabilize the open
circuit potential (OCP). After resting, the voltage
was scanned from OCP =-0.2 Vto OCP =415V
at arate of 1 mVy/s.

3. Results and discussion

The current density—potential curves recorded
by the potentiostat were used to compare the cor-
rosion properties of each joint Figure 5 shows the
results of the three test specimens.

The open circuit potentials of the samples are
shown in Table 2. The open circuit potential of
the hot-rolled plate is -0.07+0.02 V. The open cir-

Fig. 1. Cross section of the two sided T-joint, etched
with Adler

Fig. 2. Cross section of the two sided T-joint, etched
with Adler.

Fig. 3. Eross section of the one sided T-joint, etched
with Adler.

cuit potential of the three welded samples is al-
most the same, no significant difference can be
measured between the samples.
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Table 2. The open circuit potentials of the samples
measured in 3,5% NaCl solution

Sample ocp
3630 W + 1.5 m/min -0.11 £ 0.02V
4620 W + 2 m/min -0.11 £ 0.03V
3960 W + 1 m/min -0.10 + 0.03V

Fig. 4. Standard three electrode corrosion cell setup.

Fig. 5. The results of the electrochemical corrosion
measurements conducted in 3,5% NaCl solu-
tion.

Fig. 6. The pitting potentials of the samples, measured
in 3,5% NaCl solution.

The curves shown in Figure 5 can be divided
into three distinct parts: the initial reduction
phase, the oxidation phase during the scanning of
voltages more positive than the open circuit po-
tential, and the subsequent passive phase. During
the passive phase, the current density does not
increase, or increases only very slightly, as the
voltage increases. When the voltage is increased
beyond a certain point, the current density in-
creases rapidly, this voltage is called the pitting
potential.

The T-joint welded from both sides at a trav-
el speed of 1.5 m/min shows the highest pitting
potential. The pitting potential of each sample is
shown in Figure 6.

The more negative the pitting potential of a
given sample in a given medium, the sooner and
easier it is for pitting to occur. A more positive
pitting corrosion potential indicates a more noble
behaviour and better corrosion properties in the
given medium.

4. Conclusions

In our study, we investigated the corrosion
properties of single- and double-sided T-joints
prepared by laser welding at different power
and different travel speeds in a 3.5% NacCl solu-
tion. Based on the obtained current density-po-
tential curves, the specimen welded at a speed of
1.5 m/min and a power of 3630 W showed the
highest pitting potential. The pitting potential of
the sample also welded from both sides at 2 m/
min with a power of 4620 W was significantly
lower, presumably due to excessive undercut.

The T-joint, made from one side with a power
of 3960 W and a travel speed of 1 m/min, was not
a full penetration weld, which is likely to have
caused crevice corrosion in the joint gap, result-
ing in increased current density and lowering
the measured pitting potential. To confirm this
hypothesis, it is necessary to examine the site of
pitting corrosion in the welded joint.
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Abstract

In engineering practice, high strength materials attract extraordinary attention. Such materials can be pro-
duced by many different methods, from which, multiaxial forging was selected. In this work a sum of four
samples were compressed by two-directional multiaxial forging. The achieved logarithmic deformation in
each step was 0.8 while the accumulative plastic strain of the workpieces were 0.8, 1.6, 2.4, and 3.2. The hard-
ness of the samples was examined in 200 points of measurement on the surface of the mid-section of each to

investigate hardening patterns.

Keywords: severe plastic deformation, multiaxial forging, microstructural analysis.

1. Introduction

The methods of severe plastic deformation
(SPD) are especially suitable for enhancing
strength, toughness, and fatigue resistance [1,
2]. During SPD, due to the high amount of plastic
deformation, an increase in dislocation density
will be apparent. This causes an increase in areas
surrounded by non-equilibrium grain bounda-
ries. These are the so-called dislocation cells. The
emerging structure can be nano (NG) or ultrafine
(UFG) grained. The former is made of dislocation
cells, where grains differ from each other only
by a couple of degrees in their orientation [3, 4].
while in the latter, grains are bound by high-angle
equilibrium boundaries. These “building blocks”
are formed as the dislocation density rises and
the borderline dislocations eliminate each other.
Differences show in the size as well. The nano-
grained area is defined on an interval between
10-100 nm, while the UFG territory starts at cou-
ple hundred nm and ends at 1 pm [3, 5].

When using the methods of SPD, the aim usually
is the creation of UFG structure. Former studies
showed that materials, that possess such a struc-
ture would be able to endure much higher defor-

mation compared to common, cold rolled steel,
along the grain refinement induced increase in
strength [6, 7].

When examining the UFG and coarse-grained
variation of the same material, UFG will be able
to deform almost as much as the latter, while its
strength could exceed several times that of the
cold rolled state [7].

Though SPD includes several processes this
study focuses primarily on multiaxial forging [8].

As a result of our previous research, a closed-die
multiaxial forging tool, capable of producing UFG
structure, was manufactured [9]. Microstructu-
ral examinations were conducted on workpieces
formed by this tool in the transverse and normal
directions. These showed the formation of UFG
structure, along with a higher hardness in the
middle line of the samples defining a character-
istic pattern for each one of them. When moving
towards the side of the sample, the increase in
hardness shows a declining gradient. This dif-
ference is caused by the design of the tool. The
sides of the samples that show a lower hardness
contact the covers of the die, which resulted in
friction hindered deformation despite good lubri-
cation [10].
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Our aim with this study was to expand previous
findings by examining the longitudinal section
of workpieces processed by the same tool on the
same deformation spectrum.

2. Experimental

2.1. Material

The material used for the experiments was
Cu99.9 industrial grade copper. The material was
already at our disposal due to former studies,
and the dimensions of the tool were determined
so that they could withstand the resulting forces
from the sample during the process.

A total of 4 column-shaped workpieces were
produced of the chosen material. These had the
nominal dimensions of 10x10x20 mm. After
manufacturing, the pieces were subjected to heat
treatment for 15 minutes at 950 °C, then cooled
in water.

2.2. Equipment

A sketch of the closed-die multiaxial forging tool
is shown in Figure 1. The tool can be divided into
three main parts. These are the center block, the
tool housing, and the linear actuators. The first
one is responsible for positioning the stamps, fur-
thermore it is connected through an intermediate
piece to the housing. The latter is to provide a
frame embracing the tool, as well as to aid in the
tool movements. The main function of the linear
actuators is to move the stamps and forward the
load to them.

The forming done by the tool is shown in Figu-
re2. It is important to highlight that at any step,
only one of the two pairs of stamps is working,
while the other is always secured in its position,
passively closing die (Figure 2a). When finishing
a forging step (Figure 2b), the ejectors are pushed
in, settling back to the initial positioning (Figure
2c). Following this, another forging step can be
executed, concluding a whole forging cycle (Figu-
re 2d).

2.3. Experiment

The forming of the workpieces was done with
an MTS 810 type universal material testing ma-
chine. The performed forming cycles of the sam-
ples were 0.5, 1, 1.5 and 2, respectively. Due to
the design of the tool, each forging step caused
0.8 logarithmic plastic deformation. Hence, the
cumulative plastic strain was 0.8, 1.6, 2.4 and 3.2,
respectively.

Fig. 1. Sketch of the multiaxial forging tool. The color
markings are as follows: the center block is
red, the housing is green, and the ejectors are
blue. Uncolored parts (excluding the screws)
belong to the linear actuators.

Fig. 2. Demonstration of one forging cycle. Red shows
the housing that positions stamps, the active
stamps are blue, while the passive ones are
green. The workpiece is turquoise.

First, as preparation for the metallographic
examination, the workpieces were cut on the
longitudinal 10x20 mm cross-section along the
centerline, parallel to the sides, which came in
contact with the covers of the die. The cutting was
followed by grinding and polishing. Both steps
were performed on a Struers Tegramin-30 type
automatic polishing machine. In the last polish-
ing step 1 um diamond suspension was used with
10 N load on each sample for 8 min.
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2.4. Microhardness testing

After the preparation of the samples, micro-
hardness was measured on their surfaces at 200
points. The examination was extended with a vir-
gin (non-deformed) sample for reference. In this
case, however, the measurement was performed
at only 40 points due to the assumption of iso-
tropic microstructure. The matrix of the measure-
ment points is shown in Figure 3. One is for the
non-formed sample (a), while the other is for the
formed workpieces (b). The outer points of the
matrix are 0.5 mm from the edge of both speci-
mens, thus, in the latter case, some points may fall
into the resin. These, however, can be easily dis-
tinguished since there is a significant difference
in the hardness of the resin and the copper.

The measurements were completed using an
MCT type programmable microhardness test
instrument. This uses the Oliver & Pharr (O&P)
method [11] for the calculation of hardness,
based on the indentation and the load of the
piercing tool.

a)

b)

Fig. 3. Measurement matrix on the virgin (a) and the
formed (b) specimens. Every intersection indi-
cates a measurement point.

3. Results

Based on the measured points, the hardness
map of each sample was generated as seen in Fi-
gures4-8. The missing points on the maps were
artifacts, mostly indented into the resin. The
range of the scales was defined globally, so that
the different maps could be compared to one an-
other. On the left side of each scale the minimal
and maximal hardness value of the measurement
belonging to that specific map is presented.

Figure 4 shows that the hardness map is homo-
geneous, the hardness values on the virgin sample
are between 32-65 HVO0,5 (avg: 52.6+8,3 HV0,5).
This interval is sufficiently narrow, thus, the 40
measurement points are sufficient to represent
the hardness of the whole surface. Furthermore,
since all the specimens were prepared the same
way, their initial state can be assumed isotropic.

The most significant increase in hardness oc-
curred right after the first forging step (Figure5).
Although only faintly visible, the characteristic
pattern (later visible for each sample) appears
as well: a much higher hardness can be observed
along the diagonals [12]. The microhardness
here appears between 102.3-177.3 HVO0,5.

By the end of the first forming cycle (Figure 6)
By the end of the first forming cycle.

In the third forming step the interval of the
values of hardness narrows down between
124.4-189.6 HVO0,5 (Figure 7), which indicates a
conspicuous rise in hardness on the edges of the
specimen. At the same time the widening of the
middle, high hardness territory can be observed.
This is caused by the hardening of the parts that
deform to a higher extent, and therefore, are

Fig. 4. Hardness map of the reference specimen.
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Fig. 5. Hardness map of the specimen formed for one
step.

Fig. 7. Hardness map of the specimen formed for
three steps.

Fig. 6. Hardness map of the specimen formed for one
cycle.

more resistant to deformation, causing the less
deformed parts to gain in on them.

By the end of the second forming cycle (Fig-
ure8), the hardness-interval is pushed and nar-
rowed down. Thus, the hardness values will be
between 129.5-207.3 HVO0,5. This phenomenon
can be experienced in comparison with the third
forming step along the diagonals as well. On the
edges of the specimen a low hardness zone is sep-
arated.

Figures 9-12 show the distribution of the hard-
ness for different steps. Until the third forming
step the histograms show a movement in the
direction of the higher hardness. By the second
forming cycle, the peak stays between 170 HV0,5
and 180 HVO0,5, though the interval of distribution

Fig. 8. Hardness map of the specimen formed for two
cycles.

narrows down and does not lie as wide as in the
third step.

4. Conclusions

It was made clear, that using the O&P method
causes significantly more errors to appear than
with the use of a manual hardness measuring
method. Nonetheless the productivity of this
method compensates for the number of errors,
for in the time needed to complete the manual ex-
amination, several times as many measurements
can be completed with the O&P method.

The characteristic cross-shaped pattern along
the diagonals is formed because of the friction
between the workpiece and the die, despite good
lubrication. The friction causes the workpiece at
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Fig. 9. The histogram of the hardness values of the
first forming step.

Fig. 11. The histogram of the hardness values of the
third forming step.

Fig. 10. The histogram of the hardness values of the
first forming cycle.

these contact areas to stick to the covers, thus re-
ducing the deformation they suffer in these areas,
and at the same time inflicting more significant
deformation along the diagonals.

Based on Figures 9-12 the following statement
can be made: until the end of the second forming
cycle, the hardness rises continuously. This is il-
lustrated through the displacement of the histo-
grams.
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Abstract

In forming technologies and their simulation, knowing the flow curve characteristic of the material is an
essential parameter. Acquiring this knowledge is particularly challenging for sheet materials in high strain
ranges. It is well-known that friction and geometric relationships have a distorting effect on the flow curves,
thus compensation is necessary. However, the geometric ratio can not only influence the formation of the
flow curve, if our material shows anisotropic behaviour. In our research, using compression tests, we exam-
ined the deformation relations of deformed specimens through digital imaging methods. The stack compres-
sion test is widely used to determine the flow curve in a broad range of large deformation. During the test,
several disk specimens with the same geometric characteristics were stacked on top of each other to form a
final test piece, and then compression tests were conducted on these assemblies. We found that at low values
of the geometric ratio (0.1 in our study), the proportion of plastic, planar principal strains indicating aniso-

tropic behaviour is greater than at higher geometric ratios (0.5 and 1.0 in our study).

Keywords: disk compression test, stack compression test, anisotropy.

1. Introduction

The stack compression tests are mentioned in
early literature with the aim of extending the
measurable range of material behaviour to in-
clude larger deformations beyond those covered
in tensile tests. Additionally, Barlat et al. [1] pro-
posed describing the biaxial material behaviour
with the normal direction compression of sheets.

Accurate knowledge of flow curves is essential
for various sheet forming technologies. Under-
standing higher deformation ranges, which are
often encountered during sheet forming, poses
significant challenges. To gain insight into these
ranges, several methods have been developed,
such as uniaxial compression testing, hydraulic
bulge testing, the Watts-Ford-test, or the stack
compression test [2]. Merklein and Kuppert [3]
were among the first to conduct stack compres-
sion test, which we also employ in our study.

While each method has its advantages and dis-
advantages, friction and geometric considera-
tions are particularly troublesome in methods in-
volving methodology of compression. Regarding
friction, it is commonly assumed to be constant
during testing, a notion challenged by Coppieters
et al. [4], Kraus et al. [5] and Gil et al. [6], both con-
sidered the friction coefficient to be variable with
pressure during testing. Siebel és Christiansen et
al. [7] proposed a flow curve equation compensa-
tion for geometric considerations in compaction
testing. During the Watts—-Ford-test Graf et al. [8],
Chermette et al. [9] and Banabic et al. [10] also
made recommendations regarding the relation-
ship between various geometric dimensions of
the test specimen.

Geometric correction is not only important for
proper approximation of flow curves but also
for describing anisotropic plastic behaviour,
where the test specimen deforms non-uniform-
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ly in different directions. Anisotropic behaviour
is known from fracture tests, where the ratio of
cross-directional and thickness-directional defor-
mations of the sheet specimen is referred to as
the anisotropy factor. However, in mechanically
equivalent biaxial tensile stress states achieved
with uniaxial compression, the sheet may be-
have differently. In the literature, the proportion
of in-plane deformations measurable during ex-
periments conducted under such stress states is
termed biaxial, or two-directional, anisotropy fac-
tor [1]. It is necessary, however, to examine the
dependence of this measure on factors known
to influence the formation of flow curves during
compression. These factors include friction and
the length-to-diameter ratio. In this article, we fo-
cus on the effect of the latter factor.

2. Preparation and execution of the
experiments

The tests were conducted on sheet material la-
belled DC04, which, due to its ferritic microstruc-
ture, endows it with good formability properties,
making it widely used in various industries.

2.1. Presentation of test specimen

The test specimens were fabricated from sheet
metal. Cutting was performed using the Trumpf
TruLaser Cell 7020 system, a 4 kW diode la-
ser-based equipment. The cutting accuracy of the
device is £0.02 mm. Nitrogen gas was used during
cutting.

Considering the cross-section of the selected test
specimen to be circular, its nominal diameter is
10 mm, and its nominal thickness is 1 mm. The
precise dimensions of diameter and thickness
were determined from the average of fifty test
specimen geometries. The rolling direction of the
sheet was always marked.

2.2. Presentation of testing equipment

The experiments were conducted using the
INSTRON 4482 electromechanical universal test-
ing machine, capable of applying tensile, bend-
ing, shear, and compression loads, and determin-
ing strength and plasticity characteristics. The
INSTRON 4482 testing machine is shown in Fig-
urel.

We equipped the machine with cylindrical
pressure plates, with a diameter of 40 mm and
a thickness of 20 mm. The pressure plates were
made of highly alloyed tool steel designated as
K110, which had an average hardness of 57 HRC
after heat treatment. The pressure surfaces were

Fig. 1. Instron4482 electromechanical universal test-
ing machine.

Fig. 2. The polished pressure plates.

polished, as shown in Figure 2. This was neces-
sary to reduce the friction between the workpiece
and the tool.

2.3. Positioning and lubrication

During the experiment, it is crucial to ensure
the uniaxial alignment of the specimens. Manual
positioning is not sufficient, so we created a posi-
tioning unit using additive manufacturing on the
Craftbot flow idex xl device. The material used is
BASF’s PLA, and it consists of two halves. When
closed, the surfaces of the test specimens and
the inner walls of the positioning device create
point-like contact, reducing the degree of uniaxial
error. The unit and the disk assembly it arrang-
es can be seen in Figure 3 displaying the unit’s
length-to-diameter (I/d) ratio.

The surfaces of the test specimens in contact
with the pressure plates were treated with Luba
21 high-pressure lubricant. However, no lubrica-
tion was applied to the surfaces of the test spec-
imens in contact with each other, aiding in pro-
moting bulk material behavior.



26 Koliis M. L., Borbély R., Béres G. ]. — Acta Materialia Transylvanica 7/1. (2024)

2.4. Execution of compression tests

The experiments were conducted for three
different cases. In the first case, a single disk
(Iength-to-diameter ratio: 0,1) was used, in the
second case, five disks (length-to-diameter ratio:
0,5), and in the third case, ten disks (length-to-di-
ameter ratio: 1,0) were stacked and subjected to
compaction tests at a constant strain rate, with
a threefold frequency of measurements. A test
specimen between the pressure plates can be
seen in Figure 4.

The displacement of the crosshead occurred at a
rapid traverse speed of 3 mm/min, while the pre-
load did not reach 250 N. This value corresponds
to compressive stresses of 3-10 MPa, which is less
than 5% of the yield strength but sufficient to sta-
bilize the assembly before the main loading be-
gins. Subsequently, the crosshead proceeded de-
pending on the height of the assemblies, ensuring
the following relationship is fulfilled.

v = W10, (1)
where v is the displacement speed of the cross-
head, and h is the initial height of the currently
compacted assembly.

In Figure 5 the assemblies are visible after com-
paction. The compression of each assembly con-
tinued until we approximately reached half of the
initial height.

2.5. Scanning and measurement of test
specimens

Subsequently, the scanned images of the com-
pacted test specimens were obtained using the
Vinyl Open Air device. The equipment employs
a single camera with a resolution of 1.3 mega-
pixels and capable of achieving an accuracy of
6 um. The test specimens were fixed to the ma-
chine’s magnetic table. The point cloud generated
during scanning is depicted in Figure 6. The point
clouds contain the coordinate points of the entire
assemblies after compaction.

We reduced the number of elements in the
scanned point cloud, helping to speed up mod-
elling. The model based on the simplified point
cloud is shown in Figure 7.

Fig. 3. Positioning unit and the stack made by it.

Fig. 4. Execution of the compression tests.

Fig. 5. The stacks after compression test.

Fig. 6. The scanned specimen.

Fig. 7. The model based on the simplified point cloud.
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3. Results

The necessity of scanning plays a role in meas-
uring deformations occurring during compres-
sion tests. While we can directly calculate the
thickness-directional deformation (¢ of the test
specimens during testing from the values of the
crosshead displacements (taking into account the
stiffness of the machine), the in-plane deforma-
tions remain hidden between the pressure plates.
(For the calculation of thickness-directional
deformations, we used the statistical sheet thick-
ness as the initial size.)

By measuring the in-plane deformations, we can
infer the anisotropic behavior of the test speci-
mens. An example of this can be seen in Figure 8,
where the parallel (¢) and perpendicular (g,,)
logarithmic deformations to the rolling direction
are clearly different. A difference of nearly one
millimeter is observed between certain dimen-
sions of the test specimen at a 0,5 l/d ratio.

The calculation of effective, true plastic defor-
mations (&g is possible based on the knowledge of
the flow condition (assumption), for which in this
study, we applied the Hill’48 theory [11]. For this
purpose, only the in-plane principal deformations
and the average normal anisotropy factor (R val-
ue) obtained from tensile tests need to be known,
which, based on our previous measurements, can
be assumed to be 1.706 for the DC04 material. In
Table 1, § expresses the ratio of in-plane princi-
pal deformations, which is also equal to the value
of the biaxial elongation anisotropy factor (r,) :

@)

The values of the anisotropy factors for tensile
testing and biaxial elongation can be illustrated
by Figures 9 and 10.

During tensile tests, the normal anisotropy fac-
tor varies slightly as deformation progresses, as
shown in Figure 9. Approximating with a linear
function, we provided the average of three meas-
urements in the text.

Based on Figure 10, the value of anisotropy as-
sociated with biaxial elongation can also be con-
sidered variable depending on the geometric ra-
tio or the effective deformation.

4. Conclusions

A convenient method for capturing flow curves
in large deformation ranges is compaction testing.
However, its execution requires geometric and
frictional corrections.
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Fig. 8. The difference in diameter between the rolling
direction and the perpendicular direction.

Fig. 9. Anisotropy (R) Value Determined from Tensile
Testing.

Fig. 10. The change in biaxial anisotropy (R) value as
a function of the l/d ratio.

Table 1. The measured and calculated deformations

ld gy & €90 & B

0.1 -0.355 | 0.241 0.167 0.476 0.69
0.5 -0.633 | 0.356 0.286 0.748 0.80
1.0 -0.675 | 0.370 0.303 0.784 0.82
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In our study, we examined whether it is neces-
sary to consider the geometric ratio when deter-
mining the biaxial anisotropy factor or if it only
distorts the shape of the flow curves. We conduct-
ed our investigations on test specimens with 1/d ra-
tios 0of 0.1, 0.5, and 1.0. Deformations were derived
from changes in mid-diameter using digital image
correlation.

Our results indicate that the measured value of
the biaxial anisotropy factor is slightly distorted
in the examined geometric ratio and deformation
range when the length-to-diameter ratio is small
(in our case, 0.1). However, significant differences
are not observed for length-to-diameter ratios of
0,5 and above.
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Abstract

This article deals with the issue of repairing wooden structures with 3PHV60 type resin. The first step of
the research was to understand the material properties of 3PHV60 resin. The information provided by the
resin manufacturer and the tests based on fracture tests have greatly contributed to the proper study of the
behaviour of this material. The use of resin for the repair of timber structures is discussed in relation to the

type of internal forces.

Keywords: structural timber, epoxy resin, timber repair, reconstruction, restoration.

1. Introduction

Many times during the renovation of an exist-
ing building, the question of consolidation of the
wooden bearing structures arises. To this end, a
number of solutions are used in practice, in terms
of the use of materials or the degree of interven-
tion.

The central question of the research is whether
the resin type 3PHV60 can be suitable for the local
repair of wooden structures.

In this paper, I will present experiments on
3PHV60 resins. I will then focus on the consoli-
dation of wood with resins, grouped according to
the type of stresses. The tests are based on frac-
ture tests.

2. General description of 3P type epoxy
resin

3P resins are two-component systems, which
are copolymers of polyisocyanate/waterglass. 3P
resins are named after the initial letters of the An-
glo-German words for their components: polysi-
licic acid, polyisocyanates, phosphoric acid esters
[1].

The ,,A” component of hard 3P resins is always
Na-waterglass and the ,B” component is MDI
(methylene diphenyl isothiocyanate and its deriv-
atives) [1].

The production of 3P resin starts with a simple
but careful mixing of components A and B. The

two components are homogenised in a volume
ratio of 1:2 (Figure 1).

The resin is considered homogeneous when the
total volume has become a uniform latte colour.

3. Material properties of 3SPHV60 type
epoxy resin

3PHV60 is a type of hard resin, a subtype of type
3P resins. Break tests were carried out to deter-
mine the material properties. Part of the tests
were carried out at Polinvent KFT in Gydl, the oth-
er part at the Adolf Czaké Laboratory of Strength
of Materials of the Budapest University of Tech-

Fig.1. The ,A” and ,,B” components of 3P resin.
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nology and Economics. All resin specimens were
tested at least on the 7th day after their manufac-
ture.

3.1. Determination of tensile strength of
resin type 3PHV60

I used a mould to produce the specimens used
to determine the tensile strength of the resin. The
liquid resin was poured into the mould as shown
in Figure 2 and after 7 days it was broken off
using a Zwick Roell Z150 (Figure 3.) at the BME
Laboratory of Strength of Materials.

3PHV60 is a type of hard resin, a subtype of type
3P resins. Break tests were carried out to deter-
mine the material properties. Part of the tests
were carried out at Polinvent KFT in Gy4l, the oth-
er part at the Adolf Czakd Laboratory of Strength
of Materials of the Budapest University of Tech-
nology and Economics. All resin specimens were
tested at least on the 7% day after their manufac-
ture.

Table 1 summarises the force at fracture (F,,),
from which, knowing the cross-section (A), the
normal stress (o) at the moment of fracture can
be determined.

The average normal stress at fracture is
19.46 N/mm?, with a standard deviation of
1.92 N/mm?.

Table 1. Tensile test results of resin specimens at

fracture
* ® omd | o)
1 719.58 42.36 16.99
2 826.58 41.12 20.10
3 846.67 46.59 18.17
4 861.33 48.29 17.83
5 1063.34 49.08 21.67
6 1102.94 50.14 22.00

3.2. Determination of shear strength of
resin type 3PHV60

To determine the shear load capacity of the
3PHV60 resin, 5 specimens of 20x20x120mm ge-
ometry were prepared. The breaking test was car-
ried out on day 7 after casting.

Table 2 summarises the force at fracture (F_,.),
from which the maximum shear force (V,,,), can
be calculated and, knowing the sheared area (A),
the shear stress (1) can be calculated.
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Fig. 2. Test specimens used to determine the tensile
strength of the resin.

Fig. 3. Measurement of tensile strength of resin.

Fig. 4. Resin specimens tested in tension.
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Table 2. Shear test results of resin specimens at frac-

ture
i F('W ‘i’f\};" (m?nZ) (Njmm?)
1 12 884 6442 400 16.11
2 12114 6057 400 15.14
3 11 935 5967 400 14.92
4 10 882 5441 400 13.60
5 12 272 6136 400 15.34

The average shear stress at fracture is
15.02 N/mm? at a deviation of 0.81 N/mm?2.

Fig. 5. Resin specimens to be tested in shear at the
beginning of the setting phase.

Fig. 6. Resin test specimen shear test.
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3.3. Determination of the moment capacity
of resin type 3PHV60

For the determination of the moment capacity
of the 3PHV60 resin, the standard MSZ EN 13982-
2:2003 was used, which provides guidance on the
geometry of the specimens and the conduct of the
fracture tests.

The breaking tests were carried out with the
Instron breaking machine of the resin manufac-
turer Polinvent Ltd.

5 specimens with a geometry of 20X20X120 mm
were made and loaded with a concentrated force
at half the span.

Table 3 summarises the force at fracture (F_,.),
from which the maximum bending moment can
be calculated (M_,,), and, knowing the section
modulus (W) the bending stress (o) can be cal-
culated.

Fig. 8. Resin specimen tested for bending.

Fig. 7. Typical fracture pattern of resin specimens
tested in shear.

Fig. 9. The sketch of the bending strength test of res-
in.
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Table 3. Fracture results of resin specimens tested

for bending
i F('W (NMS% (m?ns) (/)
1 2228 55710 1.333 41.78
2 2433 60 825 1.333 45.63
3 2496 62 400 1.333 46.82
4 2420 60 500 1.333 45.39
5 2467 61 675 1.333 46.26

The resin has an average bending strength
of 45.63 N/mm? at a standard deviation of
1.76 N/mm?.

From the force-displacement diagram, we can
observer that a brittle fracture has occurred here
too.

3.4. Determination of the local compressive
strength of resin type 3PHV60

To determine the local compressive strength of
the resin, I tested the specimens used in the bend-
ing strength experiments. Again, the behaviour of
5 specimens was measured,loaded on a 20x20 mm
surface.

In Table 4 I have summarized the compression
at maximum force (dH) and the normal stress val-

ue from local compression (Gpegge)-

Table 4. Results of local compression tests on resin

specimens.
@ | am | om | oy
1 2228 400 1.333 73
2 2433 400 1.333 75
3 2496 400 1.333 76
4 2420 400 1.333 74
5 2467 400 1.333 76

The average value of the stresses from local com-
pression is 75 N/mm?, with a standard deviation of
1.16 N/mm?2.
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4. Use of 3PHV60 epoxy resin on soft-
wood structural elements

To determine the applicability of the resin on
wood, I carried out the following experiments:

— Adhesion tests of wood-epoxy resin (sectional,

parallel to grain and perpendicular to grain);

— Shear load tests;

— Bending load capacity tests.

At the time of writing, a compression load test is
still in preparation, and the resin is in the process
of setting.

For the experiments I used specimens of common
spruce (picea abies) below 12% relative humidity.

4.1. Adhesion test of 3PHV60 type resin and
wood on the sectional side

The test specimens illustrated in Figure 11 were
used to test the adhesion of the resin and wood on
the sectional side of the wood. The 2 20x40 mm
sectional faces of the wood were coated with res-
in and the two specimens were then joined to-
gether to give a 1600 mm? adhesion area. After
the 7 day resin curing period, the fracture tests
were carried out.

In terms of resin consistency, this study was split
into two parts. In the first series, a very liquid
resin, at the very beginning of the setting phase,
was applied to the sectional side of the wood. In
the second series, a more viscous resin, more ad-
vanced in the setting phase, was applied to the
sectional faces of the wood specimens.

Fig. 10. Outline of the local compression strength test
of resin.

Fig. 11. Adhesion test of the resin and wood on the
sectional side of the wood.
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Fig. 12. Adhesion testing of resin applied on the sec-
tional side of the wood.

Table 5. Result of the adhesion testing ont the sec-
tional side, Series 1.

E A Sectional | Average

# (llt\lﬁx ]} adhesion | adhesion

(N/mm?) | (N/mm?)
1 2756 1600 1.72
2 4286 1600 2.67
3 5263 1600 3.28
4 5056 1600 3.16

2.70

5 3850 1600 2.40
6 4909 1600 3.06
7 3367 1600 2.10
8 5172 1600 3.23

Table 6. Result of the adhesion testing ont the sec-
tional side, Series 2.

E A Sectional | Average
# (11‘\‘13)?1 ) adhesion | adhesion
(N/mm?) | (N/mm?)
9 6977 1600 4.36
10 6102 1600 3.81
11 7988 1600 4.99 5.04
13 10248 1600 6.40
14 9070 1600 5.66

The average adhesion on the sectional side of the
wood obtained in the second series is 86% higher
than the average value obtained in the first series.

Fig. 13. Test speciments for fibre adhesion testing of
resinous wood.

4.2. Adhesion test of resin type 3PHV60 and
wood parallel to grain

For the fibre direction adhesion test of resin and
wood, similar specimens were used as in the pre-
vious test, except that this time the sides of the
wood specimens parallel to the fibre direction
were coated with resin (Figure 13). After wait-
ing for 7 days of curing time, the specimens were
loaded with the breaking machine until the res-
in-timber bond was destroyed.

In the case of the fibre adhesion test, 8 speci-
mens were taken and the fracture results are
summarised in Table 7.

The results of the second series of adhesion test
on the sectional side of the wood are similar to
the results of the fibre adhesion tests.

Table 7. Resin-timber fibre directional adhesion

F LI di'l Average
# (‘I'\'Iﬂ)x (rr?m) ;fi(;gz;::; adhesion
(N/mm?) (N/mm?)
1 7865 1600 4.91
2 7049 1600 4.40
3 7753 1600 4.84
4 4631 1600 2.89
5 7529 1600 4.70 +80
6 10692 1600 6.68
7 7488 1600 4.68
8 8494 1600 5.30
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4.3. Adhesion tests of resin type 3PHV60 and
wood perpendicular to grain

In this experiment, 8 specimens were also made
with the same adhesion surface (A), as in the pre-
vious two adhesion tests. The bonded specimens
have an adhesion area of 40x40 mm?.

Table 8. Epoxy-resin wood adhesion perpendicular to

grain
Adhesion
F A perpendicu- Average
# s .~ | adhesion
(N) (mm) | lar to grain y
(N/mmz2) (N/mm?)
1 5379 1600 3.36
2 4705 1600 2.94
3 5054 1600 3.15
4 6941 1600 4.33
3.20
5 4449 1600 2.78
6 4912 1600 3.07
7 4437 1600 2.77
8 5032 1600 3.14
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In the case of the perpendicular adhesion test,
the wooden test specimens are used for tension
perpendicular to grain. In this test, failure typi-
cally occurs in the wood and not at the interface
between the resin and the wood. This is not sur-
prising, as the strength properties of wood are the
lowest in the perpendicular tensile load.

4.4. Testing of shear loads

To test the shear load capacity of resin rein-
forced wood, 3 series of measurements were tak-
en and compared after the measurements.

4.4.1. Shear load test of a full cross-section
timber specimen

In this series, my goal was to obtain data on
the average shear load of the tested wood. Then,
in the following series, using this wood, we will
model weakening on the test specimens, followed
by improvement of weakening in practice.

8 wooden specimens of 40x40x120 mm solid
cross-section were produced, the test is illustra-
ted in Figure 17.

Fig. 14. Adhesion test of the resin 3PHV60 and wood
perpendicular to grain/

Fig. 16. Outline of the full cross-section sheared wood
test specimen experiment.

Fig. 15. Measuring the adhesion of resin and wood
perpendicular to grain.

Fig. 17. The full cross-section sheared wood speci-
men.
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Table 9 summarises the measured shear load
values. The average shear stress at the moment of
failure is 5.03 N/mm?2, with a standard deviation
of 0,45N/mm?.

The value of the maximum shear force (V
equal to half the force P
of fracture.

max) 1s

nax applied at the moment

Table 9. Shear strength of full section timber speci-

mens

Average
Shear
Vv A shear

L (llw\lfsX (mm) ilt\ll}f:rgnt zl; strength
(N/mm?2)

1 8693 1600 5.43

2 7664 1600 4.79

3 8148 1600 5.09

4 9187 1600 5.74

5.03

5 7518 1600 4.70

6 6817 1600 4.26

7 7743 1600 4.84

8 8623 1600 5.39

The average of breaking forces measured here
are 16 098 N.

4.4.2. Investigation of the shear strength of
weakened cross-sectional timber spec-
imens

For the measurement, seven specimens of
40x40x120 mm, as used in the previous subsec-
tion, were prepared, on which a regular geom-
etry cross-section reduction was applied in the
shear-loaded section. In the loaded section, I re-
moved a 20x20x40 mm section of the wood.

In this case, the shear-resistant wood cross-sec-
tion area is reduced to 800 mm?.

Table 10. Shear strength of weakened cross-sectional

timber specimens
Average
# Px Vinax A s tsr l;flagl;h sheaf
(N) N | mm) | g ey | strength
(N/mm?)
1 13378 | 6689 800 8,36
2 15 329 7664 800 9,58
3 16 570 | 8285 800 10,35
4 17110 | 8555 800 10,69 8,53
5 11 542 5771 800 7,21
6 11747 | 5873 800 7,34
7 9 861 4930 800 6,16

The average breaking forces measured here are
13648 N.

35

Fig. 18. Shear load test with weakening.

Fig. 19. Shear load test with weakening.

4.4.3. Shear strength testing of resin supple-
mented weakened wood specimens

Regular ,weakened” specimens formed on the
test specimens described in section 4.4.2 were filled
with 3PHV60 resin and then these specimens were
also broken while waiting for the resin to set.

Table 11. Shear strength of weakened cross-section
timber speciments filled with epoxy resin

Average | Average
# Poax Vinax shear | breaking
(N) (N) force force
() )
1 20531 10 265
2 18 096 9048
3 21734 10 867
4 17129 8564
9313 18 626
5 15 327 7 663
6 18 014 9007
7 18 204 9102
8 19 983 9991
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Fig.20. Shear test specimens supplemented with
resins.

Fig. 21. Shear test specimens supplemented with
resins.

The average value of the breaking forces for the
resin-filled weakened specimens was 18626 N,
while for the full cross-section intact wood speci-
mens it was 16098 N.

4.5. Bending load capacity tests

For the bending load tests, I used the standard
[4] MSZ EN 408:2010+A1:2012, which specifies
the geometrical and loading parameters required
for the bending load tests. Several series were
performed for this test as well as for the deter-
mination of shear load capacities. By comparing
the series I try to draw conclusions about the ef-
fectiveness of the methods. In these tests I com-
pare the forces at the moment of fracture, not the
bending stresses.
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4.5.1. Bending load capacity of the specimens
weakened in the bottom side

I measured 5 specimens of 40x40x800 mm
geometry with a span of 720 mm. I loaded the
specimens at the thirds of the span. At half of the
span, a regular cross-section weakening was car-
ried out by cutting a 40x20x20 mm body from
the bottom side of the specimens.

Fig. 22. Bend capacity test of resin-filled specimens
weakened in the bottom side.

Table 12. Breaking forces for weakened test speci-
mens in the bottom side

P Average of bre-
# ('1'\‘1“)" aking forces
()

1 1395

2 411

3 658 801.30

4 549

5 991

4.5.2. Bending load capacity of resin-filled
specimens weakened in the bottom side

The specimens used in section 4.5.1 were taken
as a basis. The weakened section was filled with
resin and the forces at the moment of fracture
were measured after the 7-day setting time.
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Fig. 23. Bend capacity test of resin-filled specimens
weakened in the bottom side.

Table 13. Summary of lower-belt weakened, resin-
reinforced test specimens

P Average of brea-
# (‘I“\‘B" king loads
)

1 1730

2 1064

3 1650

1243.17

4 1285

5 1032

6 696

4.5.3. Bending load capacity of specimens
weakened in the upper side
As in section 4.5.1, 5 specimens were made, with
the difference that this time the weakening was
applied in the upper belt.

Table 14. Summary of upper-side weakened test
specimen breaking loads

P Average of bre-
# (II‘\‘Ia)X aking loads
)
1 942
2 1024
3 1581 1304
4 1578
5 1386

Fig. 24. Test of the bending capacity of timber speci-
mens weakened in the upper side.

4.5.4. Bending load capacity of resin-filled
specimens weakened in the upper side

7 test specimens similar to 4.5.3 were prepared,
with cross-sectional weakening filled with resin.
In my study A Régi fa tartdszerkezeti elemek dl-
lapotfelmérése roncsoldsmentes, illetve téréseken
alapulo vizsgdlatokkal [5], presented at the Con-
ference on Civil Engineering and Architecture in
2019, the average value of the breaking forces of
the unweakened specimens (32 specimens) was
4566N.

Fig. 25. Filling the weakened timber parts with epoxy
resin.
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Fig. 26. Investigation of the bending capacity of resin
reinforced timber specimens weakened in the
upper side.

Table 15. Summary of upper-side weakened resin-
filled timber test specimens

# P ax Torési erék atlaga
N) (W)

4009
4092
4860
4446
3413
4194
5693

4387

N OO W N

5. Conclusions

Through the measurements presented in this
study, I gained insight into the potential of using
3PHV60 resin in the restoration of damaged tim-
ber structures.

The primary objective of the adhesion test meas-
urements was to investigate the use of resin to
repair tensioned timber structural members and
joints.

Madrton P. — Acta Materialia Transylvanica 7/1. (2024)

For the reinforcement of weakened or, in prac-
tice, mechanically damaged wood elements sub-
ject to shearing, the use of the 3PHV60 resin I
have tested may be a good alternative. The addi-
tion of resin to the reduced timber cross-section
resulted in higher shear load capacities than the
full cross-section timber specimens.

For timber structural members subjected to
bending, a very important issue is whether the
damage is on the tension or compression side of
the timber. If the damage is on the compressive
side, the original bending strength of the wood
can be recovered by filling with resin. If the dam-
age is on the tensile side, filling the mechanically
damaged area with resin may improve the bend-
ing strength, but other applications (e.g. glued
steel or composite sheet) to be tested later may be
required to restore the original strength.
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Abstract

This research examines the effect of salt bath, and nitriding processes on hot forming tool steel. The chosen
steel is BOHLER W350 ISOBLOCK hot forming tool steel, which is widely used in the industry for pressure
casting. After surface treatment, some samples were exposed to cyclic heat and corrosion effects in a molten
aluminium medium, thus simulating the conditions experienced during pressure casting. Microhardness
measurements were performed on the samples treated with different procedures. The results were com-
pared using a scanning electron microscope and energy-dispersive X-ray spectrometry.

Keywords: plasma nitriding, salt bath nitriding, hot work tool steel.

1. Introduction

Today, aluminium castings account for a signif-
icant proportion of automotive components. Alu-
minium is a light metal that enables the produc-
tion of light machine parts without deterioration
of their strength characteristics.

In the production of these parts, the casting tool
plays a prominent role: even when used at high
temperatures, it must show high resistance to
both mechanical and corrosion effects. The indus-
try uses hot-forming tool steel as the raw material
for casting tools, which retains its heat resistance
even at the melting point of aluminium. In order
to preserve the quality of the tool in the long term,
its surface treatment is essential.

Nitriding is a thermochemical surface treatment
during which nitrogen is diffused into the sur-
face of the workpiece in order to create a hard,
wear-resistant layer containing nitrides [1, 2].
Many versions of nitriding are used in different
industries in accordance with the requirements
of the given area of use.

Previous research has reported an improvement
in the thermal fatigue life of 1.2343 and 1.2344

steels after various nitriding treatments [3, 4].
Yucel Birol [5] investigated the effect of plasma
nitriding against thermal fatigue for 1.2365 steel.
During the thermal fatigue test between 450 °C
and 750 °C lasting 500 cycles, the original surface
hardness of the surface treated steel 1084 HV0.02
decreased to 250 HV0.02. The authors attributed
the phenomenon to the thermal damage of the
surface compound layer, the decrease in nitrogen
content, and the microstructural transformation
of the substrate.

In other research, Guang Chen et al [6] per-
formed a similar experiment on steel number
1.2344 surface treated by salt bath nitriding at
different temperatures (430, 450 and 470 °C) and
treatment time (4, 6 and 8 hours). The specimens
were held in molten aluminium at 750 °C for 30
minutes. As a result of their research, it can be
concluded that the hardness values of the sam-
ples decreased from 1050-1317 HVO0.1 to 855-891
HVO0.1.

However, no literature data compares the two
nitriding processes based on the results of ther-
mal fatigue experiments performed under the
same conditions. During our research, the cyclic
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thermal fatigue test was performed on specimens
treated with plasma nitriding and salt bath nitrid-
ing, and then the treatment procedures in terms
of the decrease in hardness values and the change
in nitrogen concentration were compared.

2. Research methodology

2.1. The examined steel and its treatments

The material examined during the research was
BOHLER W350 ISOBLOCK hot forming tool steel,
whose chemical composition is shown in Table 1.

The raw material was obtained as a steel bar with
a cross section of 20x20 mm, then cut into 5 mm
thick test pieces with a water-cooled abrasive cut-
ting disc cutting machine. This type of steel is pre-
cipitation hardenable, so to reach its desired hard-
ness, three annealing steps must be performed in
its heat treatment cycle. The third annealing tem-
perature coincides with the nitriding temperature,
so the two processes were performed in one step.
The preliminary heat treatment of the test speci-
mens is shown in Figure 1.

The salt bath treatment was carried out in a car-
bonitriding medium with a low cyanide content
at 580 °C for 2.5 hours. Plasma nitriding was car-
ried out at 520 °C in a 1:3 nitrogen and hydrogen
gas mixture for 25 hours. During both technol-
ogies, the goal was to create a compound layer
with a thickness of 10 ym and a diffusion layer
with a thickness of 100 pm.

During aluminium pressure casting, molten alu-
minium at 650-700 °C was injected into the cavi-
ties of the casting tool, which often exceeded the
speed of 30 m/s, at a pressure of up to 1300 bar
[6]. The surface of the tool was exposed to strong

Table. 1. Chemical composition of the test specimens

C Si Mn Cr Mo v
0.38 0.20 0.55 5.00 1.80 0.55

Table. 2. Notations of the samples

Sample Name
Reference R1
Reference, cyclic heated R2
Salt bath nitrided S1
Salt-bath nitrided, cyclic heated S2
Plasma nitrided P1
Plasma nitrided , cyclic heated P2

mechanical stress and severe corrosion effects.
Damages caused by complex deterioration mech-
anisms are thermal fatigue, wear and corrosion.

During the research, the samples were subject-
ed to cyclic heat and corrosion effects in a molten
aluminium medium. The specimens were im-
mersed in an aluminum medium at 700 °C for 5
minutes, then cooled in air for 5 minutes for 10
cycles.

After the surface treatment and corrosion test-
ing, the samples were cut perpendicular to the
surface. The mounted cross-section samples were
sanded and polished. The samples have been
given a name for ease of reference, as shown in
Table 2.

2.2. The test methods

Vickers hardness was measured on the samples
in accordance with ISO 18203:2016, the standard
for determining surface-treated crust thickness.
First, the core hardness was measured from the
average of three measurements taken in the mid-
dle of the samples.

After that, the additional measurement points
were taken from the surface of the sample every
0.05 mm, in two measurement rows, offset by
0.025 mm from each other. A total of 20 measure-
ments were made on one sample.

The mounted and polished samples were chem-
ically etched with 2% Nital solution for 60-90 sec-
onds, which made the microstructure visible and
ready for further examinations.

Before the tests, performed with a Zeiss EVO MA
10 type scanning electron microscope (SEM), the
surface of the sample embedded in the mounting
resin was coated with a thin layer of gold, and then

T A
cC)
1200

30min
30min 1030°C

1000 30min 930°C

800 120min
120min 620°C

600 550°C
400

200

t (min)

Fig. 1. Preliminary heat treatment of the samples.
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the samples were attached to the sample holder
with double-sided, carbon-based adhesive tape.
The chemical composition of samples was deter-
mined by energy-dispersive X-ray spectrometry
(EDS) during the electron microscopic examina-
tions. During these tests, elemental analysis was
performed on the individual samples, and the
precipitates found on them, and the material
quality of any compound layers that may have
formed was determined.

3. The results of the tests

3.1. The results of the microhardness meas-
urement

The results of the microhardness measurement
are summarized in Figures 2 and 3.

Based on the results, it can be concluded that al-
though the salt bath nitrided sample has a thick-
er diffusion zone, its hardness is lower than that

of the plasma nitrided sample. In the case of the
samples treated in molten aluminium, a signifi-
cant decrease can be seen in the hardness values.
It was an average of 10% for the reference sam-
ple, an average of 6.3% for the salt-bath-treated
sample up to a layer depth of 0.1 mm, and 17.8%
for the plasma-nitrided sample..

3.2. The results of the examinations per-
formed with a scanning electron micro-
scope

Figure 4 shows the network structure formed in
the case of the nitrided samples, which appears
more strongly in the samples treated in the salt
bath.

The white band visible on the surface of the
samples was presumably the compound layer,
but this can only be confirmed after elemental
analysis. The nets appeared even more densely at
the corners of the samples (Fig. 5).

1200
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800
700
600
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400
300

Keménység (HV0,2)

0,03

0,13
Feliilett6] mért tdvolsag (mm)

0,23 0,33 043

Fig. 2. Comparison of the results of each procedure
before aluminium treatment.
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Fig. 3. Comparison of the results of individual proce-
dures after aluminium treatment.
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Fig. 4. Cross-sectional view of sample S1.

Fig. 5. Nitride structure formed on S2 sample’s edge.
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3.3. Results of energy dispersive X-ray spec-
trometry

Due to their high nitrogen content, the nitride
structure visible on the sample’s edges was ni-
tride precipitation, which formed along the grain
boundaries.

Along the corners, nitrogen was present in a
higher mass percentage. This phenomenon can
be attributed to the fact that at the corners of the
samples, nitrogen has the opportunity to diffuse
into the base material from several directions,
due to the resulting local supersaturation, the ex-
cess amount of nitrogen appears in the form of
precipitates along the grain boundaries [7].

This so-called edge effect was primarily ob-
served during plasma nitriding. However, a high-
er nitrogen content can be detected in each nitrid-
ed sample. Based on the results of the EDS test,
in the case of the plasma nitrided samples, this
amount was almost twice the nitrogen content of
the samples treated in the salt bath.

The corners of the nitrided samples are presum-
ably harder due to the edge effect, but they are
more brittle. This phenomenon was not desirable
in all cases, as the hardened material can easily
break off with tools subject to dynamic stress.
However, due to their good tribological proper-
ties, hard edges have a good resistance to wear.
During examination of the top surfaces of the ni-
trided samples, it was found that their nitrogen
content was almost the same. A possible reason
for this was that although the two processes were
performed with different production parame-
ters, the goal was to achieve the same diffusion and
compound layer thickness in both cases. Nitrided
samples with index 2 show a significant decrease in
nitrogen content. The values measured on different
samples and areas are illustrated in Table. 3.

Based on the results, it can be concluded that
while the nitrogen content of the salt bath sam-
ples decreased by only nearly 40%, the plasma

Table. 3. Change in nitrogen concentration of indivi-
dual samples

Nitrogen content (m/m%)
Sample 1 2 A (%)
S (on top surface) 4.6 2.8 39.1
S (corner) 5.7 3.5 38.6
P (on a top surface) 5.8 1.9 67.2
P (corner) 10.5 3.6 65.7

nitrided samples lost a much more significant
amount of nitrogen, their nitrogen content de-
creased by 66-67%..

This phenomenon can be explained by the fact
that the e-nitrides formed during salt bath nitrid-
ing are presumably thermodynamically more sta-
ble and have better heat resistance [8].

The statement is also supported by the results
obtained during the hardness measurement,
where, in the case of the sample treated in the
salt bath, the hardness level decreased to a much
lesser extent because of heat cycling.

During decomposition, diffusion processes start
towards areas poorer in nitrogen, which was the
environment surrounding the test pieces. As a re-
sult, the nitrided layer became depleted in nitro-
gen. In contrast to the reference sample, complete
dissolution of the base material or the nitrided
layer on the surface of the test specimen that un-
derwent both plasma and salt bath nitriding was
not discovered.

4. Summary of results

The microhardness measurement tests deter-
mined the different hardnesses and layer depths
achieved by each nitriding process. It can be con-
cluded that the surface hardness of the plasma
nitrided sample is higher, but the thickness of
the formed layer is somewhat smaller than in the
case of samples produced by the salt bath process.

After cyclic treatment in the aluminium bath,
the electron microscopic examination showed
that the nitrided layer protected both nitrid-
ed samples from the formation of intermetallic
compounds. At the same time, in the case of both
treatments, a significant change can be observed
in the hardness of the samples and the thickness
of the nitrided layer. In this regard, it can be con-
cluded that after treatment, the sample nitrided
in the salt bath suffered less damage in terms of
both hardness and layer thickness during the cy-
clic heat load.

The elemental analysis supported the assump-
tions made in previous measurements, and we
were able to make further findings regarding the
composition of the samples. From the high nitro-
gen concentration of the nitride structure located
on the edge of the samples, it can be concluded
that the edge effect mainly affects plasma-nitrid-
ed samples.

In the case of nitrided samples suffering from
corrosion in molten aluminium, we could make
the statement that the sample treated in a salt
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bath loses its nitrogen content to a lesser extent
than the plasma nitrided piece. This was ex-
plained by the different thermodynamic stability
of the different nitrides and the diffusion process-
es following the decomposition.
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Abstract

In our research, we investigated the effects of laser power and travel speed on the weld geometry in case of
manual laser welding. Our experiments revealed that a characteristic two-part weld geometry is obtained
under our experimental parameters. It was also found that increasing the laser power leads to a nearly linear
increase in the weld width, while increasing the travel speed leads to a decrease in the weld width. The pen-
etration depth does not increase further above a certain power level. A decrease in travel speed results in an
increase in penetration depth. At the travel speeds tested, a narrow and deep weld geometry was obtained at
the 70-80 % power level and a wider but shallower weld at the 90-100 % laser power level.

Keywords: manual laser beam welding, laser power, travel speed, weld geometry.

1. Introduction

Laser beam welding, after laser beam cutting,
is the most widely used laser material processing
technology, and its mechanised version is widely
used in industry due to its many advantages [1].
The advantages of laser welding are the very low
heat-affected zone created by the highly concen-
trated laser beam focused over a small area and
the much lower heat input compared to conven-
tional fusion welding processes, which minimises
deformation of the workpiece by internal stresses
[2, 3]. Its cost-effectiveness also makes it popular
in industrial applications, as the high initial in-
vestment cost is quickly recovered due to its high
processing speed and thus high productivity [4].
In recent years, hand-held laser welding equip-
ment has also appeared on the market, offering
user-friendly operation with a lightweight weld-
ing gun and working cable, and a small, easily
movable beam source [5]. A growing number of
companies are selling and using such equipment
in Hungary, but due to its novelty, there is cur-
rently very little experience with this process.

In the present study, we investigated the effects
of laser power and travel speed on the weld ge-
ometry in the case of manual laser beam welding
of austenitic stainless steel.

2. Welding and evaluation procedure

In our research, two series of experiments,
each consisting of 10 welds, were carried out on
2.7mm wall thickness, 42 mm outer diameter,
1.4301 grade austenitic stainless steel tubes by
manual laser beam welding without the addition
of any welding filler metal.

In general, the chemical composition of the steel
used is shown in Table 1.

Table 1. The chemical composition of the 1.4301
grade austenitic stainless steel [6]

C Si Mn P S
<0.07 <1.00 <2.00 <0.045 <0.03
N Cr Ni Fe
<0.10 17.5-19.5 | 8.0-10.5 rest.
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It should be highlighted that, in order to ensure
the reproducibility of the welds during the exper-
iments, the hand-held laser beam welding gun
was enclosed in a device to ensure its stability,
thus eliminating errors due to the unproven hu-
man hand. To ensure a uniform travel speed, the
tube material was rotated by means of a rotating
device.

Welding of the experimental series was carried
out using an XTW-1000 type optical fibre hand-
held laser beam welding machine manufactured
by Jinan Xintian Technology Co. of China. The ma-
chine produces a laser beam with a wavelength
of 1080 nm and can deliver a maximum power
of 1000 W. The machine’s control panel allows
the laser power output to be set in percentage
form. The first set of experiments was welded at
24 cm/min and the second set of experiments
at 40 cm/min, with the laser power varied from
100% to 20% in 10% steps. Based on the experi-
ences of our preliminary experiments, no weld is
formed at 10% laser power, so the 10% power lev-
el was skipped from the present study. In addition
to the power delivered, it is possible to select the
wobbling mode of the laser beam within the gun
and to adjust the frequency and amplitude of this
movement. The laser beam is swung inside the
welding gun by optically guiding the laser beam
[7]. Our welds were made without swinging the
laser beam. The shielding gas used was nitrogen
of 4.6 purity at 2.5 bar.

To ensure that the position of the cross-sections
tested was the same for all bead-on-plate welds,
the specimens were cut in the same position
along their longitudinal axis using a Struers Dis-
cotom-10 water-cooled disc cutter. The specimens

were then embedded and metallographic grind-
ings were made. Starting with P600 sandpaper
and moving to progressively finer grain-size pa-
per, we arrived at P2500 sandpaper. To remove
the fine scratches, the samples were polished
using a suspension of 3 pm diamond grains.
The seam geometry was developed by etching.
The etching of the grindings was performed using
Adler etchant with the following composition:

- 9 g copper ammonium chloride;

— 150 ml hydrochloric acid;

- 45 g ferric chloride 6-hydrate;

- 75 ml distilled water.

Using the etchant, the geometry of the welds was
developed by etching the samples for 2-3 seconds
at room temperature and then examining them
under an Olympus SZX 16 stereo-microscope. Fi-
nally, photographs of the welds were taken using
Stream Essentials software to measure the seam
width and fusion depth values required for the
evaluation. From these values, diagrams were
drawn, with some microscopic images plotted as
examples to illustrate the resulting weld geome-
tries.

3. Results and evaluation

By observing the microscopic images shown in
figures 1-2, it can be observed that the pointwise
wobbling mode results in an interesting seam ge-
ometry consisting of two parts, a wider and shal-
lower heat conducting part and a narrower and
deeper deep seam part.

Figure 1. shows the resulting seam width
as a function of laser power and travel speed.
The graph shows that the seam width increases
with increasing power at both speeds, but to dif-

Fig. 1. Weld width as a function of laser power and travel speed.
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Fig.2. Fusion depth as a function of laser power and travel speed.

ferent extents, with a steeper - almost linear - curve
at 24 cm/min and a flatter curve at 40 cm/min.

It can be concluded that both increasing the la-
ser power and decreasing the travel speed will
result in an increase of the seam width.

The inset micrographs clearly show that at the
same power level, a higher travel speed leads to a
smaller weld width.

Figure 2. plots the fusion depth as a function of
laser power and travel speed. It can be said that
the fusion depth is maximum at power levels of
70-80%, increases gradually at lower power levels
and decreases again above 80%. It is interesting
to observe that in the 70-80% power range, the
welds with a much greater fusion depth were
produced at 40 cm/min than at 24 cm/min, the for-
mer achieving a fusion depth of 5.91 mm, while
the latter only achieved a fusion depth of 3.14
mm. Looking at the inset microscopic images and
the data from the diagrams, it can be concluded
that the weld geometries are slender and deep at
70-80% laser power and wider and shallower at
90-100%.

4. Conclusions

In the present study, bead-on-plate welds were
welded by manual laser beam welding on auste-
nitic stainless steel tubes to investigate the effects
of laser power and travel speed on the weld ge-
ometry. Based on our results, the following con-
clusions can be drawn:

— by using a pointwise wobbling mode, two
parts of the weld shape - a wider and shallow-
er heat conducting part, and a narrower and
deeper deep seam part - are formed;

— asthelaser poweris increased, the weld width
increases almost linearly;

— increasing the travel speed leads to a decrease
in the seam width;

— in the 70-80% power range, the fusion depth
of a weld made at a travel speed of 40 cm/min
exceeded that welded at a travel speed of
24 cm/min;

— at the test speeds, a slender and deep weld ge-
ometry was obtained at the 70-80% power lev-
el and a wider and shallower weld geometry
at the 90-100% power level.
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Abstract

This study investigates how different input parameters (speed and feed rate) affect the force components
during welding and weld strength. In addition, we used microscopic imaging to observe the welding defects
that occurred and their effects on failure. The measurement results show that welding forces decrease with
increasing tool speed. The highest weld strength (28.5 MPa) was obtained at 1000 rpm and a feed rate of

8 mm/min.

Keywords: friction Stir Welding, polycarbonate, welding force, joint efficiency.

1. Introduction

Today, polymers are widely used in various
industries. As these materials spread, we need
high-quality economical joining technologies. As
in the case of metals, the most commonly used
bonding technology with polymers is also weld-
ing. Due to its wide industrial application, ultra-
sonic welding [1], laser welding [2], and friction
stir welding [3] of polymers are still popular re-
search fields.

Friction stir welding is a welding technology
based on friction, patented in the early 90s [4].
During the process, a rotating tool is guided along
the line where the plates are to be joined. Fric-
tion occurs between the tool and the plates, which
produces the temperature required for welding
and the formation of the seam. Friction stir weld-
ing can produce a high-quality bond, and is also
economical, environmentally friendly and ener-
gy-efficient [5].

Although at an industrial level, it is mostly used
for aluminium, the possibility of using it on poly-
mers has been researched since the beginning of
the 2000s. [6]. In addition to the advantages men-
tioned above, tests have proved that the technol-
ogy is suitable for welding thicker polymer sheets
and welding of thermoplastic polymer matrix
composites [7].

Figure 1 shows the schematic diagram of fric-
tion stir welding and the force components dur-
ing the process.

Polycarbonate (PC) is widely used in the auto-
motive, construction and healthcare industries
[9]. It has excellent mechanical and thermal prop-
erties, and is also one of the few polymers that
can be produced in water-clear or optical quality.

Due to its wide range of applications and its
water-clear property, many publications have
focused on stir-friction welding tests of polycar-
bonate (PC) in recent years.

Fig. 1. A schematic diagram of friction stir welding. [8]
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Derazkola et al. [10] ] investigated the joining of
polycarbonate (PC) plates by friction stir welding.
The purpose of the study was to find a correla-
tion between the welding parameters and the
mechanical properties of the seam. They welded
4 mm thick PC plates. During the welding exper-
iments, tool speed, feed rate, tool depth and tool
angle were changed. After the welding tests, ten-
sile strength, hardness and specific fracture ener-
gy were tested. The best tensile strength (55 MPa)
and flexural strength (61 MPa) were achieved
with 2200 1/min, a feed rate of 105 mm/min, a
tool inclination angle of 2,5° and a tool depth of
1.2 mm.

Ahmed et al. [11] also investigated the friction
stir welding of PC plates. They used three rota-
tional speeds (1000, 1500 and 2000 1/min) and
four feed rates (25, 50, 75 and 100 mm/min).
With most parameters they managed to produce
seams without defects. The best tensile strength
(66 MPa) was achieved with a rotational speed of
1500 1/min and a feed rate of 50 mm/min, and a
rotational speed of 1000 1/min and a feed rate of
50 mm/min.

Lambiase et al. [12] friction stir spot welded PC
plates. They used three rotational speeds (2000,
4000 and 6000 1/min), and five feed rates (20, 40,
60, 80 and 100 mm/min). Their results showed
that a high feed rate makes the seam thin. They
achieved the highest tensile strength (32 MPa)
with a feed rate of 60 mm/min.

Vidakis et al. [13] friction stir welded 4 mm
thick PC sheets. They measured the force compo-
nents during welding. In addition to the welding
parameters, they also varied the diameter of the
pin and shoulder. The morphological characteris-
tics of the seams were examined with an optical
microscope, while the porosity of the seams was
examined by micro-computer tomography. Their
results indicated that a low feed rate reduces the
porosity of the seam and affects its dimensional
accuracy. Also, a low feed rate and high rotation
speed reduce the forces in the process.

Kumar et al. [14] examined the weldability of
polycarbonate (PC) and acrylonitrile butadiene
styrene (ABS). They welded together 6 mm thick
PC and ABS plates. They used three different ro-
tational speeds (800, 1200 and 1600 1/min), feed
rates (6, 12 and 18 mm/min) and tool angles (0, 1
and 2°). The tool had a threaded geometry. They
found that tensile strength increases as rotation-
al speed and the inclination angle of the tool are
increased. The best tensile strength was achieved
with a feed rate of 12 mm/min (22,42 MPa).

In this study, we investigate the friction stir
welding of 4 mm thick PC sheets. The force com-
ponents during welding and the strength of the
seams are examined as a function of the input pa-
rameters. We also examine welding defects.

2. Materials and methods

During the tests, 4 mm thick optical quality DO-
CANAT clear 099 (Quattroplast Kft.,, Budapest,
Hungary) plates were welded together. The weld-
ing test specimens were cut to an overall size of
90x110 mm, so after welding, we were able to cut
the standard flat tensile test specimens from the
samples. Figure 2. shows the cutting and num-
bering of the welding test specimens.

The welding tests were performed on a MAZAK
Nexus VCN 410A-II CNC milling machine. The
force components during welding (F,, Fy, F,, - Fig-
ure 1) were measured with a Kistler9257B piezo-
electric force meter clamped under the machine
vice. The range of the force meter is F, = F, =
-5..5kN and F, = -5...10 kN [15].

Using the three measured force components, we
calculated the resultant force during welding as
follows:

(1)

The tensile tests of the 3 tensile specimens per
measurement point was performed with a Zwick
Z005 tensile tester at a test speed of 10 mm/min.
We recorded images of the welding seams with a
Dino-lite AM3113T type microscope.

The tool used during the welding tests was cho-
sen based on the literature [13]. The geometry of
the pin was cylindrical. The diameter of the pin
was 4 mm, while the diameter of the shoulder
was 10 mm, and the material of the tool was C45
steel. The welding tool used is shown in Figure 3.

Fig. 2. The cutting and numbering of the welding test
specimens.
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Fig. 3. The welding tool used.

Table. 1. Welding parameters

Levels
Parameters
-1 0 1
rotational speed -n,
X, 1/perc 600 800 1000
X feed rate —v 6 3 10
2 mm/perc

Fig. 4. Force components during welding.

Fig. 5. The effect of the welding parameters on axial

force (F).

AWe used three different rotational speeds and
feed rates. The parameters were determined
based on preliminary experiments and the liter-
ature ( Table 1).

We used a full design of experiments (all param-
eter combinations).

3. Results

3.1 Analysis of the registered forces

Figure 4 shows the forces during welding. In ad-
dition to the three force components (F,, Fy, and
F,) we showed the resultant force (F,) too. There
is no significant sideways (F,) or force in the feed
direction (F)). The greatest force is axial force (F,)
so this affects the resultant force most (F,). For all
three force components, the forces can be divided
into three sections during welding. An initial sec-
tion, where forces increase suddenly, as the tool
enters the welding zone, then welding with uni-
form forces and a decreasing section as the tool
leaves the welding zone.

During the evaluation of forces, we always eval-
uated the average forces in the uniform welding
section because this characterizes the welding
process best

3.2. The results of the evaluation of forces

There is very little sideways force (F,) and force
in the feed direction (Fy) during welding. There-
fore, we examined the axial force component (F,)
and the resultant welding force (F,).

Figure 5 shows the effect of the axial force (F,)
depending on welding parameters. As rotation-
al speed increases, forces decrease. This can be
observed in the friction stir welding of other pol-
ymer materials as well [8, 13, 16]. As rotational
speed is increased, the temperature in the weld-
ing zone increases, and the polymer material ex-
erts less resistance on the welding tool. Feed rate
has less influence on the axial force (F)), than the
rotational speed of the tool.

Figure 6 shows the main effects plots of F, Fe as
a function of welding parameters. Since the dom-
inant force during welding is the axial force (F,)
the tendencies are similar here, too. As rotational
speed increases, the force component decreases.

3.3. The results of strength tests

The seams were characterized with their tensile
strength. We cut 3 tensile specimens from each
welding sample and performed tensile tests on
the specimens. The average of the three tensile
tests were considered. Figure 7 shows the aver-



Stadler R. G., Horvdth R. - Acta Materialia Transylvanica 7/1. (2024) 51

age tensile strength of each measurement point
and the standard deviation of the three tensile
strengths.

The greatest seam strength was achieved with
a tool rotational speed of 1000 1/min and a feed
rate of 8 mm/min: average tensile strength was
28.5 MPa. The lowest seam tensile strength was
4.2 MPa with 1000 1/min and 6 mm/min.

The greatest seam strength was always obtained
with a feed rate of 8 mm/min. Also, standard devi-
ation was rather high, which can be attributed to
welding defects in the seams.

3.4. The analysis of welding defects

Figure 8 shows a typical seam from a top view.
In addition to the pin, the shoulder also plays an
important role in creating the seam. The seam is
not optical quality. At the border of the shoulder,
burr formed at every measurement point.

To analyse welding defects and their effects, we
produced microscopic images of the cross-sec-
tions of the tensile specimens before and after
the tensile test. In the cross-sectional image of the
measurement point of the lowest tensile strength
(n = 1000 1/min and v,= 6 mm/min) a tunnel de-
fect was clearly visible (Figure 9). The tunnel de-
fect is a part with significant material loss along
the seam [17]. The defect occurred in the retreat-
ing side and probably greatly reduced strength.
Figure 10 shows the microscopic image of the
specimen after the tensile test, where it is clear-
ly visible that failure occurred along the tunnel
defect.

At higher RPMs, the seam became thinner,
which is also a typical defect in friction stir weld-
ing [17]. In this case, the thickness of the plate is
reduced below the original thickness (Figure 11).

4. Conclusions

In this article, we performed a friction stir weld-
ing tests of 4 mm thick polycarbonate (PC) sheets.
During the welding process, we measured the
forces in 3 directions, from which we calculated
the resultant welding force, and also examined
the measured forces during the welding process.
The quality of the seams was characterized with
a tensile test. The welding defects were examined
with a microscope. Based on our results, we ar-
rived at the following conclusions:

— The force characterizing the welding process
can be divided into three sections: initial sec-
tion, when the force increases; a steady sec-
tion with a uniform force; and a final section,
when the force decreases.

Fig. 6. The effect of the welding parameters on result-
ant force (F ).

Fig. 7. The effect of welding parameters on the
strength of the seam.

Fig. 8. A characteristic seam from a top view.

Fig. 9. Tunnel defect at measurement point 7.
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Fig. 10. 7th measurement point — specimen after the
tensile test

Fig. 11. Seam thinning.

— Among the forces during welding, the axial
force (F,) is dominant and this affects the re-
sultant force most.

- As tool rotational speed is increased, both the
axial force (F,) and the resultant force (F,) de-
crease.

— We obtained the highest tensile strength with
a tool rotational speed of 1000 1/min and a
feed rate of 8 mm/min (28.5 MPa), and the low-
est tensile strength (4.2 MPa) with a rotational
speed of 1000 1/min and a feed rate of 6 mm/
min.

— The microscopic images showed tunnel de-
fects and seam thinning in several measure-
ment points
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Abstract

Machine manufacturing and the automotive industry are often faced with supply chain problems for the
raw materials used in the largest proportion (steel and aluminium) and the resulting large price changes.
One solution to the lack of raw materials could be the introduction of new materials. Glass-fibre-reinforced
plastic (GRP) profiles produced by pultrusion can be suitable for replacing metallic materials in many appli-
cations. However, one of the reasons for their limited distribution is the lack of well-established joining pro-
cesses. The aim of the research is to test the tensile strength of the bolted connection of GRP sheet materials
of different thickness according to an experimental design. Based on the experimental results, bolted joint
recommendations can be provided for the examined GRP sections.

Keywords: GRP, pultrusion, bolted joint, failure.

1. Introduction

Pultrusion technology is a manufacturing pro-
cess that produces composite profiles reinforced
with longitudinal and continuous fibres. The rein-
forcing fibre material is most commonly glass or
carbon fibre, although there are also natural fibre
reinforcements available. The matrix material is
usually a resin, typically polyester or epoxy. In the
Pultrusion manufacturing process, the reinforc-
ing fibres are first drawn into a resin bath. Then,
the fibres and resin are pulled together through a
heated mould designed to create the desired ge-
ometry. The matrix material gradually cross-links
within the mould, and the resulting composite is
cut to the appropriate length as it exits the mould.
Figure 1 illustrates the manufacturing process.

Fig. 1. The pultrusion manufacturing process [1]

The pultrusion process offers several advantag-
es over other composite manufacturing process-
es, including the ability to produce profiles with
consistent cross-sectional dimensions and prop-
erties, high strength-to-weight ratios, and tailored
mechanical properties. Additionally, the process
is highly automated and can be scaled up for
high-volume production. However, there are also
several challenges associated with pultrusion,
such as the potential for voids or defects in the
resulting composite and limitations on the com-
plexity of the profiles that can be produced [1].
Pultrusion technology allows for the cost-effec-
tive and precise manufacturing of profiles with
unique cross-sections that are otherwise not pos-
sible or difficult to produce using conventional
materials. The design of an efficient profile geom-
etry and structure can be achieved by determin-
ing the fibre composition and orientation based
on known load direction and type. The mechan-
ical properties of fibre-reinforced composite sec-
tions are dependent on the percentage by volume
of the reinforcing fibres. This technology has be-
come increasingly popular in the construction
industry; however, the lack of a mature bonding
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technology is the only obstacle to its rapid expan-
sion. Two possible bonding technologies are the
adhesive- and the bolted bonding. The moulding
tool is treated with a mould release agent. From
here, this material can be transferred to the pro-
files. This results in a low surface energy that is
not favourable for adhesive joints, requiring sur-
face treatment (cleaning) before bonding. The
bolted bonding is more typical for GRP profiles
than adhesive bonding [2, 3].

Due to the fibre reinforcement, the mechani-
cal properties of glass fibre reinforced polymer
profiles approach the load-bearing capacity of
structural steels in the fibre direction, but the
transverse load-bearing capacity can be an order
of magnitude lower depending on the construc-
tion. The critical property of sections is, therefore,
transverse strength. The holes required for bolt-
ing tear the fibres. The orientation of the fibres,
their location, and the spacing of discontinuities
must be considered when designing the bonding
technology to ensure resistance to tensile and
bending stresses. These factors fundamentally af-
fect the mode of failure. Our research aims to inves-
tigate the quality and failure modes of twist bond-
ing of GRP profiles of varying thicknesses [4, 5].

2. Failures of bolted joints in GRP pro-
files

Prior to the tests, based on a review of the litera-
ture, the possible failures occurring in the bolted
connection of the GRP profiles were summarized.
The possible failure modes are shown in Figure 2.
During profile examination, several types of fail-
ure may occur, which are primarily influenced by
hole placement.

Bearing type failure is a common type of failure
that can occur at the edge of a bore, where the fas-
tener comes into contact with the base material.
It typically occurs when the bore position is cho-
sen poorly and is characterized by failure of both
the base material and the fastener (Figurel).
Net-tension failure, on the other hand, occurs
when the bore diameter and the fastener are too
large in relation to the width of the base material,
resulting in cracking of the sheets in the trans-
verse direction, with the base material tearing.
Shear-out failure is caused by shear stresses and
typically occurs in the main loading directions at
the boundary of the hole caused by the fastener,
when the fastener diameter is too small and is
usually accompanied by damage to the fastener.
Finally, cleavage failure occurs as an outgrowth

55

Fig. 2. Failure modes: a) Plastic deformation b) Net-
tension c) Shear-out d) Cleavage [4]

failure and typically occurs in flat sections when
the bore position tolerance is inadequate, leading
to rupture and shear occurring together [6, 7].

3. Experimental conditions, measure-
ments and results

In this chapter, the geometric design of the test
specimens and the assembly required for the ex-
periment are described. Additionally, the com-
piled experimental plan is presented.

3.1. The design of test specimens, experi-
mental design

During the experiments, the overlapped GRP
plates were fastened to each other with bolts.
Figure 3 shows the geometric parameters of the
GRP plates. During the series of experiments, the
length (L) and width (W) of the specimens were
not changed. Variable parameters were the thick-
ness of the base material (t), the diameter of the
fasteners and the hole (d), the distance between
the holes (b) and the distance from the edge of the
base material (a) [6, 8, 9].

During the tensile test, uniaxial tensile stress
had to be provided so that the load force (F) ex-
erted by the tensile machine was applied to the
centre plane of the joint. In the case of overlap-
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Fig. 3. Geometry of GRP profiles.

Fig. 4. Assembly suitable for tensile testing.

Table. 1. Summary of the experimental design, deter-
mination of the experimental constants and

variables.
Specimen Hole Bolt di-
dimensions dimensions mensions
— o | 8 g
£ 5E55\%8F 2E 2F:f : =B
& ol g _E,
1)t 4
2|t 6| 50 | 500 | 25 [37,5| 41 | M4 | 3
3 |t |10
4|t | 4
51t 50 | 500 | 50 | 75 | 5,2 | M5 6
6 | t; | 10
70t 4
8 |t 50 | 500 | 100 | 150 | 6,4 | M6 | 10
9 |t; |10

ping joints, this can be ensured by using a joint
washer of the same thickness as the base material
(Figure 4).

The experimental variables required for the
experiment were determined based on a review
of the current international literature on the re-
search topic. A summary of the experiments is
shown in Table 1. [6, 10]. Three tensile tests were
performed. The bolts used for the tests were in
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accordance with the MSZ EN ISO 4014 standard
and had a strength class of 8.8. The bolt nuts were
standard MSZ EN ISO 4034 and had a strength
class of 8. Washers made of stainless-steel flat
washers according to MSZ EN ISO 7094 were
used. This was necessary to distribute the load
on the surface of the GRP profiles as effectively
as possible. The tightening torque of the bolts was
based on a review of the literature. G. J. Turvey
observed in his research that the quality of the
joint is influenced by the tightening torque of the
bolts. Therefore, the tests were carried out in a
finger-tight state, the values are listed in Table 1
[4, 6,71

3.2. Mechanical testing of the raw material

The bond strength of the specimens was tested
on an INSTRON 5800R 4482 universal material
testing machine in accordance with the relevant
standards. As a reference measurement, the ten-
sile strength of the base material was also meas-
ured. During the tensile test of the base material,
the following results were measured: the 4 mm
thick GRP sheet ruptured at 50 kN, the 6 mm thick
sheet at 75 kN and the 10 mm thick sheet at 95 kN.

3.3. Mechanical testing of the test specimens

Based on the experimental design, three tensile
tests per series of experiments were performed.
The experiments resulted mainly in bearing type
failures. At 6 mm and 10 mm thickness, the bolts
were found to be weak, as nearly identical values
were measured during the experiments. The fail-
ure modes were also the same, in all cases the fas-
teners were trimmed. At 10 mm plate thickness,
the hole was only damaged when using an M6
bolt, but this was barely noticeable. At 6 mm plate
thickness, the use of an M6 bolt resulted in notice-
able hole deformation, i.e. bearing-shaped fail-
ure, but the tensile force amplified the shear of
the bolt. When using M5 and M4 bolts, the shear
of the bolts was clearly measured.

Different results were obtained for a plate thick-
ness of 4 mm. Table 1 shows the number of exper-
iments as 1, 4 and 7. In each of these series of ex-
periments, three were measured and the results
are shown in Figure 5. The figure shows that,
compared to the M4 bolt, the M5 can withstand
218% more load and the M6 260% more load.
Compared to the M5 bolt, the M6 could withstand
119% more load. This result is consistent with the
literature finding that the highest bond strength
is associated with bearing type failure. For the
4mm GRP plate, the M4 bolts suffered shear fail-
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Fig. 5. Tensile test results for GRP plates.

Fig. 6. a) Bearing type failure with sheared fastener
(t=6, M6 bolt)
b) Shear type failure (t= 4 mm, M5 bolt).

ures, while the M5 and M6 bolts suffered mixed,
but increasingly bearing-like failures. By increas-
ing the diameter of the bolts, increasingly higher
bond strength was achieved, but there is an upper
limit to this when the hole required for the bond
diameter breaks too much glass fibre, and the
failure mode is Shear-out or Cleavage as shown in
Figure 2 (c and d). The bond strength would then
show a downward trend again..

During the series of experiments, we observed
two typical failures (Figure 6). More common is
the bearing type (Figure 6.a), which in all cases
was connected with a sheared fastener, but the
raw material was damaged to varying degrees.
The other is shear failure, which only occurred
with a plate thickness of 4 mm (Figure 6.b). Dur-
ing this failure, the fastener was torn from the
base material (without significant damage to the
fastener).

4. Conclusion

During the experiments, two typical failure
types were observed. Based on research in the lit-
erature, bearing failure ensures the greatest pow-
er transmission. In the case of the 10 mm thick
GRP plates, the fasteners used proved to be in-
adequate, as the failure of the test specimen was
always caused by the shearing of the fasteners.
Therefore, further research is needed here.
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For the 6 mm thick plates, the M4 and M5 bolts
were also cut, and the hole was not significant-
ly damaged. For the M6 screw, the hole shown
in Figure 6.a showed slight deformation, but the
measurement results show clear shearing of the
fastener. These results suggest that even with
a plate thickness of 6 mm, further tests will be
needed with M6 and larger fasteners.

Different results were obtained when testing 4
mm GRP sheets. The use of the M4 fastener re-
sulted in the lowest bond strength with shear-out
failure alone (Figure 6.b). The fastener remained
almost intact and was torn from the material.
The M5 and M6 bolts showed a mixed shear-out
and bearing failure pattern, but the fastener was
not significantly damaged. Based on the results
(Figure 5), it is not recommended to use M4 or
smaller bolts for a 4 mm thick GRP plate. When
M5 bolts were used, a 218% increase in bond
strength was measured compared to M4 bolts. It
can be seen that a larger screw diameter results
in a more favourable bond strength, but there is
an upper limit to this. Too many fibre breaks re-
sult in lower bond strength.

Overall, it can be stated that our results can be
used as basic data for future research. It would
be advisable to carry out a new series of exper-
iments for each plate thickness, using fasteners
with a larger diameter. In this way, a techno-
logical recommendation could be developed for
every material thickness.
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