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Part I: Mix design and fresh properties
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Abstract

The purpose of this research is to investigate the effect of recycled gravel on the rheological
properties of self-compacting concrete (SCC). In this experimental study, five types of gravel were
used to prepare nine SCC mixtures with a Water/Binder ratio (W/B) of 0.4 and a binder dosage of
475 kg/m3. The control SCC is made entirely of regular crushed gravel, whereas the other mixes use
recycled gravel to replace the regular crushed gravel to varying degrees. Slump flow by Abrams cone,
V-Funnel test, J-Ring test, L-Box test, and sieve stability segregation test were used to investigate the
properties of the fresh SCC mixtures. The results show that all SCC mixtures have good deformability
and resistance to segregation, with the exception of mixtures made from bituminous mixtures gravel
and crushed brick. SCCs of binary mixtures containing two types of gravel (regular crushed gravel and
recycled gravel) produce acceptable results that meet the AFGC and EFNARC recommended criteria.
Keywords: recycled concrete aggregates, brick, marble, bituminous aggregates, SCC fresh properties
Kulcsszavak: Gjrahasznositott beton adalékanyagok, tégla, marvany, bitumenes adalékanyagok,
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SCC friss tulajdonsagai

1. Introduction

The concept of producing fluid concretes that spread in the
formwork without the use of vibrating effort is an intriguing
solution that allows for uniform structures and the avoidance
of possible errors in the placement of the concrete, particularly
elements of very complex shape. This is how the concept of
self-compacting concrete (SCC) came to be [1]. These very
fluid concretes were also very stable and had a high resistance
to segregation and bleeding. The technique of concrete poured
under water was used to meet the usually contradictory conditions
(deformability and resistance to segregation); in fact, the first
generation of self-compacting concretes is formulated in the same
way as the concretes intended for submerged structures, but with
a lower viscosity and thus a higher workability. In order to resist
the segregation of large aggregates and the bleeding phenomenon,
these concretes frequently contain viscosity agents or colloidal
agents. This type of concrete is of particular interest in Algeria,
where the imperatives of improved work quality and formwork
complexity have become increasingly apparent in recent years.
Recycled aggregates are aggregates that have been obtained by
recycling concrete from demolition. Indeed, these aggregates
have a variety of applications in civil engineering, most notably
in road construction and the preparation of concrete for various
buildings. Furthermore, current environmental policy encourages
their use in order to reduce raw material consumption and
comply with environmental regulations. In this context, several
studies have been conducted in Algeria and other countries over
the last ten years in order to use waste as recycled aggregates in
ordinary concrete and SCC. These investigations include the
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study of the influence of crushed sand by Benabed [2, 3] and the
recovery of construction and demolition waste (particularly brick
and concrete) by Azzouz et al. [4], Douara [5] and Nezergui [6].

This study focuses on the effect of gravel type characteristics
(coarse aggregates) on the properties of SCC in the fresh state.
The study aims to evaluate the behavior of SCC based on the
physical characteristics of coarse aggregates and the properties
of self-compacting mortar in the fresh state. The influence
of the type of gravel (ordinary or recycled) and the shape of
the gravel grains (flattened or elongated) on the rheological
properties of SCC was investigated.

2. Materials and experiments

2.1 Identification and characterization of materials

In this study, Ordinary Portland cement (CEM I 42.5) was
used in the preparation of the various SCC mixtures, which
were manufactured in accordance to standard NT 47.01 with
densities and specific surface areas of 3.15 and 3700 cm?/g,
respectively. The chemical properties of cement and MP are
given in Table 1. In order to avoid using high cement content
and to develop an SCC at a lower cost while also contributing to
environmental preservation, a prudent solution consists in using
a binary mixture containing the marble powder (MP) as mineral
addition [2] with a degree of substitution of 10%, because it gave
a fluid and homogeneous mixture. This powder has a density
of 2.70 and a fineness of 3600 cm?/g (Table I). Throughout this
study, a single type of third-generation high water-reducing
superplasticizer was employed. It is based on polycarboxylates,
which significantly improve the fluidity of fresh concrete.
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Binder Sio, i P,0, Loss ignition
Cement 18.83 61.54 1.27 4.20 5.31 1.96 0.49 0.20 0.21 0.29 5.70
MP 0.42 56.01 0.12 0.13 0.06 0.01 0.01 0.01 0.43 0.03 42.78

Table 1 Chemical composition of cement and marble powder MP
1. tdbldzat A cement és a mdrvdny (MP) kémiai dsszetétele

-
o . o
Passant

Refus

Fig. 1 Stages of elaboration and preparation of recycled gravel: 1/- Breaking up the blocks of material used with a hammer. and breaking up the material fragments to dimensions
suitable for the opening of the crusher, 2/- Crushing of fragments using a two-jaw crusher, 3/- Screening procedure (separation of the different granular classes 3/8 and 8/16)
1. dbra Az tjrahasznositott kavics feldolgozdsdnak és el6készitésének szakaszai: 1/- A felhaszndlt anyagtombok torése kalapdcesal és az anyagdarabok apritdsa a torégép nyildsdra
alkalmas méretiire, 2/- A darabok apritdsa kétpofds torégéppel, 3/- Szitdlds (a kiillonbozd szemcseméretii - 3/8 és 8/16 - frakcidk szétvdlasztisa)

(3/8)

(8/16) (8/16) (8/16) (8/16) - (8/16)
Gravel (OCG) Gravel (RBG) Gravel (WMG) Gravel (DCG) Gravel (GBM)

Fig. 2 Different types of aggregate used
2. dbra Az alkalmazott aggregdtumok
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Properties 0CG WMG RBG DCG BMG
Size (mm) (3/8) (8/16) (3/8) (8/16) (3/8) (8/16) (3/8) (8/16) (3/8) (8/16)
Absolute density 2.691 2.673 2.711 2.695 2.216 2.227 2.568 2.592 2.286 2.292
Apparent density 1.365 1.395 1.368 1.392 0.946 0.949 1.127 1.18 1.128 1.048
Compactness (%) 50.72 52.19 50.48 51.65 42.69 42.61 43.89 45.52 49.34 45.72
Porosity (%) 49.28 47.81 49.52 48.35 57.31 57.39 56.11 54.48 50.66 54.28
Water absorption (%) 231 1.46 0.44 0.28 10.91 9.67 8.23 5.90 111 1.60
Surface cleanliness (%) 0.29 0.19 0.81 0.18 0.78 0.26 1.79 1.27 0.28 0.39
Elongation coefficient 0.33 0.57 0.30 0.48 0.34 0.37 0.39 0.64 0.42 0.62
Kurtosis coefficient 0.33 0.45 0.38 0.39 0.33 0.48 0.33 0.43 0.33 0.47
Los-Angeles (%) 25.1 21.1 32.7 28.3 42.8 46.3 345 26.4 23.8 25.6
Micro-Deval (%) 8.2 5.2 8.1 15.6 16.1 36.8 12.9 11.2 8.4 11.9

Table 2 Properties of the aggregates used
2. tabldzat A felhaszndlt adalékanyagok tulajdonsdgai

A river sand SA (0/5) of siliceous nature was used with density
of 2.65 for the preparation of SCC mixes. An ordinary crushed
gravel (OCG) of limestone nature, and four types of recycled
gravel produced in the laboratory (Fig. 1); recycled gravel
(WMG) made from crushed white marble waste, recycled
gravel (RBG) made from crushed red brick waste, recycled
gravel (DCG) made from crushed demolition concrete, and
recycled gravel (BMG) made from milling and recycling
bituminous mixtures. They are divided into two granular
classes of each type (3/8 and 8/16) as shown in Fig. 2. The
different properties of the aggregates used are summarized in
Table 2. The particle size analysis was performed in accordance
with standard NF EN 933-1 [7], and the particle size curves of
the various aggregates are shown in Fig. 3.

—e—0CG8/16 —a—0CG3/8 —»—GRB 8/16 /8 8/16 3/8

—%—GDC 8/16
100

—+—GBC3/8 8/16 3/8 o/
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" / /

70 j
7 il
g o
i il

Y, J[ )

o / $

ol / /
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0

0.1 1.0 100.0

Sieve size (mm)

Fig. 3 Particle size curves of the different aggregates studied
3. dbra A vizsgdlt aggregdtumok szemcseméreteloszldsa

2.2 Mix-design of SCC

The self-compacting mortar (SCM) phase is critical in the mix-
design of SCC, because it provides lubrication between the coarse
aggregate particles, viscosity, mobility and overall SCC stability.
SCM’s properties are similar to those of SCC, namely a low shear
threshold to ensure flow under gravity alone and sufficient plastic
viscosity to ensure non-segregation concrete during flow. Simpler
alternative tests for assessing the fluidity of SCM are proposed, such
as the mini-slump test and the mini-funnel test (V-funnel) [8].
The Okamura method was used to formulate the SCM, with
improvements in the sand content (S/M) and the water/binder
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ratio (W/B). The slump test, in which the diameter (D) obtained
must be between (270 mm D 330) [9], and the V-funnel test, in
which the flow time obtained must be between 2-10 s [8], are
used to adjust the superplasticizer/binder ratio (Sp/B).
According to Jin and Domone [8], mortar tests are performed
because SCC has a smaller bulk aggregate volume than ordinary
concrete and thus the mortar’s properties are dominant. Because
the evaluation of the properties of the mortar is an integral
part of the formulation of the SCC, knowing of the properties
of the mortar is useful. As a result, testing mortar is far more
convenient and straightforward than testing concrete (Fig. 4).

-

| 100

L Dimensions en mm

Fig. 4 Self-compacting mortar (SCM) tests: 1/ Mini slump cone test 2/ Mini V-funnel
4. dbra  Ontomorédé habarcs (SCM) vizsgdlatok
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Family A Family B
S/M = 0.5
W/B = 0.4 SCC 2 SCC 3 SCC5 SCC6 SCC7 SCC8 SCC9
Constituents 100% 100% 100% (50%0CG  (50%0CG  (50%0CG  (50%0CG
WMG BMG RBG  +50%WMG) +50%BMG) +50%DCG) +50%RBG)
Cement (kg/md) 433.7 433.7 433.7 433.7 433.7 433.7 433.7 433.7 433.7
Marble powder (kg/m?) 41.3 41.3 41.3 413 413 413 413 413 413
Sand (kg/m?) 901.5 872.3 916.6 937.7 960.5 883.1 901.9 914.7 920.7
(kg/m?) (3/8) 270.8 — — - — 139.6 122.4 126.2 114.9
Recycled gravel (8/16) - 588.3 444 451.9 350.2 285.0 247.8 243.2 2125
(kg/m?) (3/8) — 293.7 220.9 221 172.7 142.3 123.3 118.9 104.8
Water (kg/m?) 197.0 182.9 205.6 252.8 273 193.0 202.7 228.4 240.3
Sp (%) 1.00 1 1 0.9 0.9 1 1 1 1
Superplasticizer
Sp (kg/m?) 4.8 4.8 4.8 4.3 4.3 4.8 4.8 4.8 4.8

Table 3 Mix-proportions of the different SCC
3. tabldzat Az ontomorodd betonok (SCC-k) keverékardnyai

The results of slump and flow time tests on SCC enabled the
following conclusions to be drawn:

= The slumps and flow times obtained are between 303 mm
and 324 mm and 2.69 and 3.46 s, respectively, and are
consistent with the values proposed by Domone and Jin [8].

= The ratios S/M = 0.5 and W/B = 0.4 will be used for all
mortars in the following work because they produce
fluid and homogeneous mortars.

= Sp/B ratio = 1.0% will be used in the rest of the work
because it produced a fluid and homogeneous mixture
that met the three SCM criteria.

= MP with content of 10% will be used in the following
work for all SCC mixtures because it produces fluid and
homogeneous mortars.

In the laboratory, nine different SCC mixtures were prepared.
These mixtures contain coarse aggregates with a maximum
diameter of 16 mm, and recycled gravel was used as a replacement
for ordinary gravel at substitution rates by volume of 0, 50, and
100%. All of the compositions have a powder content of 475 kg/
m?®, W/B ratio of 0.4 and S/M ratio of 0.5. Mix-proportions of the
different types of SCC are given in Table 3.

3. Experimental results

3.1 Slump flow test
3.1.1 Slump

According to EFNARC [10], a concrete with a diameter of
650-800 mm in the slump flow test is considered a BAP. According
to Fig. 5, it should be noted that all SCC mixtures have slump
values between 682-765 mm, which falls within the previously
mentioned range. As a result, most of mixtures are within the
range of BAP class SF2 (660 to 750 mm) according to AFGC [11],
with the exception of the BAP3 mixture (based on BMG), which
is within the range of class SF3 (760 to 850 mm). As a result of the
AFGC [11] recommendations, all SCC mixtures are characterized
by good deformability. SCC5 made with crushed brick gravel
(RBG) has a minimum slump of 682 mm. This is because coarse
aggregates have a flat and elongated shape. The latter absorb
more water and thus have a higher demand for it. As a result, the

workability of the concrete is reduced. Aarre and Domone [12]
recommend a slump of 650 mm to 700 mm for good SCC.
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Fig. 5 Slump flow results of the different types of SCC
5. dbra Az 6ntomorods betonok (SCC-k) zsugoroddsi eredményei

3.1.2 Slump flow time T500

The time required to reach a diameter of 50 cm is the second
parameter entered into the Abrams cone slump test. Fig. 6 depicts
the results of the flow time T500. It should be noted that, the flow
time T500 results of all SCC are lower than those proposed by
Domone et al. [9]. This is most likely explained by the mixtures’
high viscosity. The lowest flow time is found in the mixture of SCC3
of family A made with gravel of bituminous mixtures (GBM), as
shown in Fig. 6, and this can be justified by its large high slump
(765 mm) and the value of the minimum T500 equal to 0.95 s.

ElSerie A HSerie B
2.0

=
«

Flow time T500 (sec)
-
=]

e
0

0.0 — LA v : T
SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8 SCC9

Type of SCC

Fig. 6 T500 results of the different types SCC
6. dbra A kiilonboz tipusii ontomorods betonok (SCC-k) T500 eredményei
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3.2 J-ring test

The J-ring test is simple to perform and provides an accurate
measurement of workability loss in the presence of obstacles.
Daczko [13] suggests comparing slump measurements without
and with the J-ring present for this purpose.

3.2.1 J-ring slump flow (S])

Fig. 7 depicts histograms of the J-ring slump results. It can
be seen the clear difference in the slump values of the mixtures
when the J-ring is absent versus present for all of the mixtures
with the same rate. This distinction is interpreted by the
blocking caused by the J-obstacles ring. It is also observed the
increase in the slump of the J-ring of SCC3 of family A made
with recycled gravel (BMG), which has a significant value and
provides the best value (728 mm). In comparison to SCC4 and
SCC5 (100% recycled gravel) mixtures of the family A, SCC8
and SCC9 of the family B (50% OCG + 50% recycled gravel)
exhibit a large slump of J-Ring.

BSerie A MSerie B
750

~
(=3
(=)

J-Ring flow (mm)
-
@
=)

600 -

SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8 ScCCo
Type of SCC

Fig. 7 ]-Ring flow results of the different types of SCC
7. dbra  J-gyfiriis dramldsi eredmények a kiilonbozé ontomorods betonokndl (SCC)

Table 4 shows the flow of SCC as a function of the flow
difference without and with J-ring [14]. Based on these
findings, it is possible to conclude that, the mixtures (SCC1,
SCC2, SCC4, SCC5, and SCC7) have an adequate passage
capacity and resistance to segregation in heavily reinforced
areas.

Mix. Slump - Slump Evaluation
(J-Ring) (mm) of flow

SCC1 (100%0CG) 23
SCC2 (100%WMG) 16
SCC4 (100%DCG) 9  (0-25) Good flow
SCC5 (100%RBG) 19
SCC7 (50%0CG+50%BMG) 24
SCC3 (100%BMG) 37
SCC6 (50%0CG+50% WMG) 34 02550 Partily
SCC8 (50%0CG+50%DCG) 27 blocked flow
SCCY (50%0CG+50%RBG) 36

Table 4 Flow of different types of SCC according to the difference in slump without
and with the ring
4. tablazat A kiilonbozd tipusii ontomorods betonok (SCC-k) folydsa a gyiirii nélkiili és a
gyitirtivel valé siillyedés kiilonbsége alapjdn
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3.2.2 J-ring slump flow time T500]

The J-ring test determines the capacity of passage to fill all
voids. The flow time T500] results for the various SCC mixtures
are translated into histograms in Fig. 8. The flow time T500
(1.25 s-2.40 s) in the presence of the J-Ring is acceptable when
compared to the absence of the J-Ring for all types of SCC. As a
result, the SCC passage capacity is suitable for all compositions.
The delay is significant for SCC2 mixtures made with marble
waste gravel (WMG) and SCC5 mixtures made with crushed brick
gravel (RBG). This is because gravel grains are flat and elongated.
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Fig. 8 T500 J-Ring result of the different types of SCC
8. dbra Az 6ntomorodé betonok (SCC) T500 J-gyilirti eredményei

3.2.3 Height of J-ring slump flow (Difference in height: Bj)

It is widely accepted that in order to mitigate the risk of non-
blocking, the difference in height (Bj = Hint — Hext) must be
less than 20 mm. According to some authors [15], the risk of
non-blocking is only satisfied if Hint - Hext < 15 mm. Fig. 9
depicts the height of flow (Bj) results obtained from J-ring
tests. It should be noted that the risk of mixtures blocking is
low for the majority of the mixtures. SCC5 and SCC9 mixtures
containing flat and elongated gravel grains, but low for SCC2.
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Fig. 9 Difference in height BJ-Ring of the different types of SCC
9. dbra Az 6ntomorodé betonok (SCC) BJ-gytirii magassdgkiilonbségei

3.3 V-funnel flow time test

One method for determining the viscosity and resistance to
segregation of SCC is to test the flow through the V-funnel.
According to Domone and Jin [8], the flow time values range
between 2-10 s. Based on the obtained results, it can be concluded
that, all SCC mixtures produce good results with flow time ranging
between 5.3-7.35 s. SCC3 of family A made from bituminous
mixtures gravel yields the lowest flow time value (BMG).
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Sonebi and Bartos [16] achieved a T500 time of less than
2 seconds with SCC mixture containing approximately 40%
more paste than ordinary concrete. SCC4 of family A achieves
the highest value (7.35 s) using crushed concrete gravel (GDC).
This is explained by an increase in the mixture’s compactness,
and thus an increase in viscosity [17].

Safawi et al. [18] demonstrated that the V-Funnel flow
time is an appropriate tool for describing the tendency of
segregation. As a result, the tendency for concrete to segregate
is very high for very short flow times (less than 2 s). This
implies that low viscosity mixtures segregate easily. If there
is too much aggregate, for example, the inverted cone shape
will obstruct the flow of concrete. On the other hand, a high
flow time can be associated with low deformability due to high
paste viscosity and/or high intergranular friction [19]. SCC4
and SCC5 mixtures have a higher viscosity than the others,
resulting in V-funnel blocking. This is due to type of gravels,
grain water consumption as well as the grain settling effect.
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Fig. 10 Flow time results of the different types of SCC
10. dbra Az 6ntomorodé betonok (SCC-k) folydsi id6 eredményei

3.4 Sieve stability segregation test
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Fig. 11 Resistance to segregation 1 (%) of the different types of SCC
11. dbra Az ontomorods betonok (SCC-k) m szegregdcioval szembeni ellendlldsa (%)

According to AFGC recommendations [11], the optimum
percentages of cement grout passing through the sieve are
between 0% and 15%. By using recommended values, it is
clear that, the majority of SCC mixtures have good resistance
to segregation and bleeding, except for mixtures of bituminous
mixtures gravel SCC3 (100% BMG) and SCC7 (50% BMG),
which have higher percentages (>15%) than other SCC mixtures
due to low viscosity. As a result, these SCC are less viscous and

unstable. On the one hand, the large amount of mortar (sand +
cement) contained in SCC, the nature of the addition and the type
of gravel used, ensure good resistance to segregation. According
to Corinaldesi and Moriconi [20], mixtures of SCC with 100%
crushed concrete gravel and stone powder as mineral additions
may have improved flowability and segregation resistance.

3.5 L-Box test

The L-Box test is notable for providing an accurate assessment
of three capacities: filling, passage, and resistance to segregation.
Fig. 12 depicts the results of varying the H,/H, ratio based on
the type of gravel. The gravel substitution had no effect on the
SCCs’ filling capacity. The H,/H, ratio varies between 80.42%
and 93.7% for all SCC (except SCC5). As a result, this ratio
exceeds 80% as required by EFNARC recommendations [10].

The H,/H, ratio of SCC5 made from gravel (RBG) remains
below the EFNARC limit. This may be explained by the flattened
and elongated shape of the coarse aggregates. This latter causes
a decrease in the H,/H, ratio and increases the risk of gravel
blocking behind the steel bars of the L-Box [21]. The results
show that when ordinary crushed gravel (OCG) is completely or
partially replaced by crushed concrete gravel (DCG), the L-box
filling capacity improves for the SCC4 and SCC8 mixtures.

Three parameters influence the H,/H, ratio, according to
Sonebi et al. [21]: the amount of water, the amount of coarse
aggregates in the mixture and the amount of superplasticizer.
The first two parameters increase the H,/H, ratio but increasing
the dosage of aggregates decreases the H,/H, ratio and increases
the risk of blocking of the coarse aggregates behind the steel
bars of the L-Box.

3.6 Visual examination of SCC static segregation

The vertical (static) segregation control test of SCC mixtures
is a very simple test and consists of sawing the hardened
concrete specimen in the direction of the pour and directly
observing the aggregate distribution over the height of the
concrete. Fig. 13 clearly shows that the nine SCC mixtures
presented here are not subjected to static segregation. In fact,
the aggregates are evenly distributed across the entire height of
the sawn samples. This observation was made in all cases and
resulted in the same conclusion.

The results demonstrated that limiting sieve stability to 15%
is slightly severe, as concretes with sieve values greater than
15% (SCC3 and SCC?7) did not exhibit static segregation. The
L-box test simulates concrete flow in reinforced formwork.
This test allows you to determine whether or not there is
concrete blockage at the reinforcing bar level. The sieve
stability test results can be used to make a judgment about
vertical segregation.

Vertical segregation is not a significant risk in an SCC with
a viscous and cohesive paste. However, this method remains
an indirect appreciation of static segregation. Given the high
fluidity of SCC, the risk of vertical (static) segregation is not
insignificant. As a result, it is critical to inspect the uniformity
of the granular skeleton in the concrete mass. Bensebti et al. [22]
demonstrated that this type of segregation is not visible and
can only be observed using very advanced techniques.
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12. dbra Az ontémorédo betonok (SCC-k) L-Box vizsgdlati
eredményei
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Fig. 13 Visual examination of static segregation of the different types of SCC
13 dbra Az ontomorods betonok statikus szegregdcidjdnak vizudlis vizsgdlata

4. Conclusions

Based on the findings of this study, a number of conclusions
can be made including the following:

= Ordinary crushed gravel (OCG) SCC is found to meet
the wet state properties required by EFNARC and AFGC
recommendations;

= Crushed marble waste gravel (WMG) has fairly similar
wet characteristics, but use of this type of gravel (WMG)
is ineffective, because it is very expensive;

= Crushed brick gravel (RBG) significantly reduces SCC
slump, due to the flat and elongated shape of gravel
(RBG) as well as the high water absorption.

= Incorporating of Bituminous mixtures (BMG) in SCC
appears to improve deformability but exhibits poor
resistance to segregation and bleeding.

= The risk of mix blockage is low for most SCC mixes, but
high for mixtures of marble waste gravel (WMG) and
crushed brick gravel (RBG) containing coarse aggregate
grains of flat and elongated shape.

= The minimum value of the V-funnel flow time is obtained
for SCC3 made from bituminous gravel (BMG). SCC4
crushed concrete gravel (DCG) and SCC5 crushed brick
gravel (RBG) mixtures have higher viscosity than the
other mixtures, resulting in V-funnel blocking. This is
due to each type of gravel’s grain water consumption as
well as the grain settling effect.

= To improve SCC’s static stability and resistance to
segregation, the coarse aggregate content is reduced
while the fines content is increased.
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Abstract

Corrosion resistance is one of the essential criteria in the automotive industry, especially in harsh
climates, as it causes severe damage to vehicles. Therefore, the anti-corrosion factor should be
a complementary and integral part of other safety standards. An experimental investigation for
monitoring and evaluating the corrosion behavior of high strength low carbon steel plates with
different surface characteristics and treatments conditions used in the automotive industry exposed
to a salty, corrosive thermo-accelerated medium has been introduced in this empirical study. The
produced samples are divided into four main groups: welded, unwelded, coated, and uncoated.
These samples were exposed to an aggressive chemical medium consisting of salty-aqueous spray
with a 5% NaCl concentration at 35°C with speed and pressure. All changes in surface features,
including topography, roughness, and corrosion products, were measured and analyzed periodically
every 8 hours for 24 hours by scanning electron microscopy, optical microscopy, and CSPM imager
surface roughness analysis. The results showed that the coated samples had lower roughness
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values and lower corrosion products after 24 hours under the salty-aqueous spray test.
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1. Introduction

Since the 1930s, rock salt has started to be sprayed on roads
in the winter to de-ice and prevention of the formation. Adding
salt (or salty solutions) reduces the freezing point of water to
below -20°C, where the salt acts as an inhibitor of the ability of
water molecules to form solid ice crystals so they remain liquid
[1, 2]. Although this method saves thousands of lives and
prevents thousands of accidents annually, on the other hand, it
has caused pollution and the emergence of many of its adverse
effects on plants, insects, aquatic animals, water sources, and
wetlands, close to these roads [3-9]. Furthermore, a significant
problem has been arisen for cars due to salt spray which is
corrosion. Repeated exposure to salt affects the unpainted parts
of the car and the painted parts. As the coating layer becomes
unstable and micro-holes begin to appear, which allows the
penetration of water and its contents of salts, leading to the
formation of underneath bubbling up. Eventually, the coating
layer begins to flake off. Rusty metal layers appear under it,
which will soon flake off and fall, resulting in the holes if not
treated [10-14]. Therefore, it is essential to consider the issue of
corrosion in vehicles at a level not less than other safety factors
such as body stiffness, strength, airbags, crash severity sensing,
fuel consumption efficiency, fire resistance, and so on [15-17].

A wide range of metals and alloys are used in the automotive
industry, including, steels, aluminium alloys, composite
materials, and other lightweight materials, So, according to
this diversity, the corrosion behavior varies from one material
to another of these materials. Many types of steels are used
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in the automotive industry, the most common being high-
strength steel, with various grades, and mild steel, as shown
in the Fig. 1, represents the safety cage of Volvo XC60 which
indicates the materials used in its manufacture [18-28].
The use of a high-strength steel in the vehicle’s body can be
increased the capacity for energy absorption and plastic
deformation resistance of the component. To maintain
weldability and formability of automotive parts, high-strength
steel will have a low alloying and carbon content, with several
alloying elements such as titanium, copper, vanadium, and
niobium, which are added to obtain a strengthened structure
[29-33]. Electrochemical reactions mainly cause corrosion in
automobiles, in addition to other corrosives such as humidity,
temperature, a range of air contaminants like chlorine, sulphur
oxides, nitrogen oxides, de-icing salts that are the subject of
this study. The steel is immersed in a suitable electrolyte, such
as water or road salt, and certain localized anodes and cathodes
are created. Electrons move from the anodes to the cathodes
during anodic oxidation and cathodic reduction, as seen in
Fig. 2 [34-37]. There are many techniques used for corrosion
protection and the most common of which is zinc coating or
as it is called galvanization. Coating by Zinc provides good
corrosion resistance to steel through cathodic control. The
zinc coating layer has an effective adhesion to the steel surface
which will improve the corrosion and abrasion resistance due
to the characteristics of the galvanizing process. Besides the
effectiveness of this technology, it is also considered as low cost
and easier to implement compared to other technologies [36,
38-41].
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Fig. 2 Corrosion of an automotive body structure
2. dbra Az autdipari karosszéria szerkezetének korrozidja

2. Materials and methods

2.1 Materials used

High strength low alloy steel was used in this study. The
chemical composition analysis of high-strength low carbon
steel shown in Table I was carried out by the ICP-OES method
using spectrometer 720 ES.

Chemical composition, %

Si P Cr Ni Cu
0.07 0.012 0.230 0.140 0.010 0.022 0.036 0.050 0.002 0.003

Table 1 Chemical composition of high strength low alloy steel
1. tdbldzat Nagy szildrdsagii, alacsony otvizetii acél kémiai sszetétele

2.2. Samples preparation

Four samples of high strength low alloy steel (HSLA) plates
with dimensions of 5 cm width, 5 cm length, and 1 mm
thickness, whose details are illustrated in Table 2, were used
in this study. The welding process is done using tungsten inert
gas arc welding (TIG welding) by Elektra Beckum Industrie
WIG 160 DCI. Stress relieving heat treatment was performed
at 120 °C for 1 hour, after the cutting and welding process. To
provide the optimum surface adhesion, the samples have been
cleaned by immersion for 1 min in a dilute HCI mixed with
2 ml of hexamethylenediamine (HMD) corrosion inhibitor
to mitigate the effect of HCI on the sample surface upon

immersion. After removing the samples from the cleaning
solution, they are washed with distilled water, then dried with
cotton and placed in a closed container containing a moisture
barrier to prevent their oxidation. All sides of the samples
are completely coated with a layer of a 200 um thickness of
liquid zinc spray type MAESTRO. The thickness of the coating
layer was measured by paint thickness tester PCE-CT 25FN. A
summary of the processing steps shown in Fig. 3.

Sample Treatment condition

Unwelded and uncoated

Unwelded and coated

Welded and uncoated

(W N R

Welded and coated

Table 2 Details of test samples
2. tabldzat  Vizsgdlati mintdk részletezése

—|-> Unwelded plates| —|->

Welded plates
TIG welding

Immersion in
—| dilute HCI+2 ml
of HMD for 1min

g5

Coated plates
U"‘I‘;z‘:d 200um of Zinc,
P coating layer

HSLA plates
5x5x1 mm

Stress relieving
heat treatment

Fig. 3 Processing steps of HSLA plates
3. dbra A HSLA lemezek feldolgozdsi lépései

2.3 Tests
2.3.1 Salt spray

Thermo-accelerated salt spray test under 5% NaCl salt
spray was used to simulate corrosion conditions in natural
atmospheres was done according to ISO 9227 [42]. Salt spray
cabinet model SF/450 found at University of Miskolc, Hungary
was used to complete this test. All surface characteristics of the
samples have been recorded before the test started. All surface
changes were measured and analyzed during three specific
periods, 8, 16, and 24 hours, respectively at 35°C.

2.3.2 Scanning Electron Microscopy (SEM)

This analysis used to determine the spatial distribution of
corrosion products on the surface of samples by Carl Zeiss EVO
MA10 SEM found at the University of Miskolc in Hungary.

2.3.3 Optical Microscopy

In this surface inspection, Carl Zeiss light optical microscopy
with a magnification of 50x was used to detect the extent and
spatial distribution of rust, and secondary precipitated phases
at the surface of the samples.

2.3.4 Surface roughness

The CSPM imager program shown in Fig. 4 has been used
to surface roughness mapping and evaluation parameters. The
investigated surface roughness parameters were mainly the
average of the roughness profile (Sa) and core roughness depth
(Sk). This superficial evaluation was done according to ISO 21920
for profiles [43, 44] and ISO 25178 for 3D measurements [45].
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4. dbra A CSPM imager program

3.Results and Disscusion

3.1 SEM analyses for Surface corrosion products

Insuchanartificial environment with precipitating salty water
with 5% NaCl that mimic the natural conditions of corrosion,
HSLA steel plates start corroding in the aqueous salt solution
containing dissolved oxygen according to electrochemical
reaction mechanism, therefore, there will be migrating tiny
local anode and cathode sites with iron dissolution (which
will oxidized to ions) and oxygen reduction, respectively. Then
the iron(II) and iron(III) cations can react with the anions
(first of all OH- anions) present nearby with the formation of
soluble and non-soluble oxide-hydroxides and other corrosion
products depending on the actual local electrochemical
reactions and physical transport circum- stances (diffusion,
the solution flows, etc.) [46]. Surface inspection of the samples
after exposure to 5% NaCl salt spray for 24 hours has been
accomplished by SEM-EDX analysis, and the details are shown
in Fig. 5 and Fig. 6, respectively. The corrosion products of this
process are listed as oxides in Table 3. In Fig. 5, the unwelded
and uncoated sample showed a severe oxidized surface state
that extended over most of the surface, and this state is very
clear in Fig. 6 as well. The chemical composition of this
oxidized surface contained about 86.53 wt.% FeO. The analysis
also showed that the surface of the unwelded and uncoated
sample contained some compound-bound chlorine (CL0)
with a quantity of 10.55 wt.%. This indicates that the chloride
ions migrated or penetrated the steel surface. Since the chloride
ions can quickly and easily dissipates because this sample does
not have any protective layer. These ions will initiate and/or
develop their corrosion layer through the possible subsequent
formation of various iron-oxide-hydroxide (rust) compounds.

In the unwelded and coated sample, the oxidized surface
state was reduced by 94.5%, where the FeO content has been
decreased from 86.53 wt.% to only 4.75 wt.%. The FeO formation
on the coated sample surface is because of the possibility of
creating microcracks in the areas of invisible defects of the
zinc coating layer resulting from the attack of chloride ions.
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Thus, the speed of the salt spray helped in the penetration of
the saline solution inside the zinc coating layer and thus led to
the destroyed (i.e., chemically modified and dissolved away)
and peeling of parts of this protective layer. Because of this, the
chloride ions content in the oxidized surface was 1.86 wt.%,
which is also reduced by 82.4% of what it was in the uncoated
sample. As for the welded-uncoated sample, we can notice an
increase in the FeO value to 87.95wt.%, which is higher than
the unwelded-uncoated sample value, as this sample did not
withstand the attack of chloride ions, where the C1,O was high
(9.96 wt.%) as well as the extension of the oxidized surface
to include the welding area as well as shown also in Fig. 6,
although carry out a stress removal treatment to get rid of the
heat-affected zone (HAZ). It is possible that this is related to
the presence of some micro-defects in the welding area results
from the inefliciency of the welding process entirely along with
the sample, which caused the appearance of rust in the welding
surface.
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Fig. 5 SEM analysis for HSLA steel plates after exposure to 5% NaCl salt spray
for 24 hours, (a) unwelded and uncoated sample, (b) unwelded and coated
sample, (c) welded and uncoated sample, and (d) welded and coated sample

5. dbra A korrozids teszt utdn (24 6ra, 5%-os NaCl sépermet) a HSLA acéllemezek
SEM-elemzése: (a) hegesztés és bevonat nélkiili minta, (b) hegesztés nélkiili
bevonatos minta, (c) hegesztett bevonat nélkiili minta, (d) hegesztett és
bevonatos minta
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Fig 6. Surface topography and roughness measurements of high strength low alloy
steel after 24 hours of exposure to 5% NaCl salt spray, (a) unwelded and
uncoated sample, (b) unwelded and coated sample, (c) welded and uncoated
sample, and (d) welded and coated sample

6. dbra HSLA acéllemezek feliileti topogrdfidjdnak és érdességének mérési eredményei
a korrozids teszt utdn (24 6ra, 5%-os NaCl s6permet): (a) hegesztés és bevonat
nélkiili minta, (b) hegesztés nélkiili bevonatos minta, (c) hegesztett bevonat
nélkiili minta,(d) hegesztett és bevonatos minta.
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EDX composition analysis, wt%

Components
a b c d

CL,0 10.55 1.86 9.96 2.99
sio, 2.25 1.75 154 15
MnO 0.67 0.76 0.55 0.94
FeO 86.53 4.75 87.95 6.98
Zno 74.65 - 72.36

Table 3. ‘The chemical composition of HSLA steel samples at different test durations

under 5% NaCl salt spray analyzed by SEM-EDS, (a) unwelded-uncoated
sample, (b) unwelded-coated sample, (c) welded-uncoated sample, and (d)
welded-coated sample

3. tdbldzat HSLA acélmintdk kémiai dsszetétele SEM-EDS elemzéssel 5%-os NaCl
sépermet utdn: (a) hegesztés és bevonat nélkiili minta, (b) hegesztés nélkiili
bevonatos minta, (c) hegesztett bevonat nélkiili minta, (d) hegesztett és
bevonatos minta.

@ Unwelded and uncoated samples
@ Unwelded and coated samples
@ Welded and uncoated samples
@ Welded and coated samples

Fig. 7 EDX mapping analysis for HSLA steel plates
7. dbra HSLA acéllemezek EDX elemzése

As for the welded-coated sample, the oxidized surface was higher
than in the unwelded-coated sample, where the FeO content was
(6.98 wt.%) as we note from Fig. 7 that despite the coating, the
welding area has also oxidized. The reason for this is the rapid
appearance of microcracks in the coating layer that covers the
welding area, because it is uneven, so the superficial protuberances,
no matter how small, will be prone to peeling the paint layer off
it and being attacked by chloride ions. Therefore, we see that the
proportion of CLO is also high (2.99 wt.%) when compared with
the CL,O proportion of the unwelded-coated sample. The EDS
analysis of HSLA steel plates is shown in Fig. 7. Rust is made up
of a variety of oxides, including hydrated oxides, oxyhydroxides,
and other crystalline and amorphous compounds, although the
major components are iron and oxide. As a result, determining
the oxygen ratio in the rust layer can provide insight on corrosion
process under similar exposure conditions. To further understand
the initial corrosion, the chemical composition of the rust layer
was examined after 24 hours period of salt spray exposure at
typical locations and showed several corroded regions. General
corrosion developed throughout the area, as seen in Fig. 5, and Fig.
6. Corrosion progressed in the sample un welded- uncoated and in
the welded and uncoated sample, that was conformed also by peaks
of oxygen in EDS analysis. The overall decrease in the corrosion
rate in the samples with coating suggests that the corrosion delay
was due to the Zinc coating layer because it decrease the harmful
attack of chlorides. Corrosion in welded-uncoated sample in
reality, when comparing the corrosion in the weld and HAZ zones,
these zones is more severe due to the thermal effect because the
welding temperature and these with effect of chlorides it will be
weak to resist the corrosion [47].

3.2. Monitoring and evaluation of optical micrographs for
the surface

Light optical micrographs for the surface of samples are
presented in Fig. 8. The visual examination revealed that the
corrosion initiated and started on the whole surface area of
unwelded-uncoated and welded-uncoated samples. Inspection of
the unwelded-coated and welded-coated samples upon corrosion
initiation typically revealed one distinct corroding spot, which in
some cases was surrounded by significantly smaller corrosion pits
on the coating layer. The small corrosion pits were interpreted as
micro defects where corrosion had initiated but could not reach
stable pit growth (in contrast to the dominating corrosion state).

Fig. 8 Light optical micrographs of HSLA steel plates after 24 hours of exposure to
5% NaCl salt spray, (a) unwelded and uncoated sample, (b) unwelded and
coated sample, (c) welded and uncoated sample, and (d) welded and coated
sample

8. dbra A korroziés teszt utdn (24 6ra, 5%-0s NaCl sépermet) a HSLA acéllemezek
fénymikroszképos felvételei: (a) hegesztés és bevonat nélkiili minta, (b)
hegesztés nélkiili bevonatos minta, (c) hegesztett bevonat nélkiili minta, (d)
hegesztett és bevonatos minta

3.3 Surface topography changes in roughness

The change in surface roughness on the HSLA steel plates
surface was mentioned in Fig. 6. Before the salt spray test,
the surface of the samples has a typical ground topography.
However, this simple regular surface pattern soon changes,
where more irregular surface and complex topography appear,
depending on the type of sample and the duration of exposure to
the saline solution. This new topography represents rust, as well
as changes to the coating layer. In the stage of the appearance
of rust and the effect of the coating layer due to saline solution,
the surface roughness will change drastically, as its values will
rise, as expected, as shown in the Fig. 9 and 10, which represent
roughness average and core roughness depth respectively.
Uncoated samples generally have the highest roughness rates,
and welded samples are the highest despite being coated.
Unwelded and coated sample showed the lower roughness
values during the different test durations under 5% NaCl salt
spray; also welded and coated sample showed slightly higher
roughness values comparing with sample unwelded one. These
samples (coated) appeared good resistance for corrosion after
24 hours under 5% NaCl salt spray because the zinc coating layer
improved the ability to resist the attack of chloride ions and that
will lead to progress in the corrosion process slowly. In addition,
the values of the roughness depth parameters (Sk) are on average
more than twice as high as their roughness average equivalent
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(Sa) on the corroded surfaces. One possible reason for this can
be that the corrosion appears crater-like at certain points on the
surface and therefore has a high surface in homogeneity, which
is better detected by roughness depth characteristics.

8

Roughness average, Sa

@—@®—® Unwelded and uncoated samples
r @—@—® Unwelded and coated samples
@ —©@—@ Velded and uncoated samples
@—@—@ \Velded and coated samples
0 T ‘ T I T | T I T | T

0 4 8 12 16 20 24
time, hr.

Fig. 9 Roughness average (Sa) values for HSLA steel plates at different test durations
under 5% NaCl salt spray
9. dbra Kiilonbozé idejii sépermet (5% -os NaCl) teszt utdn a HSLA acélemezek
dtlagérdessége (Sa)

Core roughness depth, Sk

@—@—© Unwelded and uncoated samples
@—@—©® Unwelded and coated samples
@—@—@ Welded and uncoated samples
@—@—©® Welded and coated samples
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Fig. 10 Core roughness depth (Sk) values for HSLA steel plates at different test
durations under 5% NaCl salt spray
10. dbra  Kiilonbozé idejii sépermet ( 5% -os NaCl ) teszt utdn a HSLA acélemezek
magmagassdga (Sk)

4. Conclusions

The oxidized areas spread on the whole surface of the
uncoated samples after 8 hours after exposure to the salt
spray; this chemical attack also caused significant changes in
the surface topography. The percentage of zinc compounds in
the case of unwelded-coated samples was higher than that of
welded-coated samples by 3.07%, indicating that part of the
coating layer has peeled off the welding area, which contributed
to its exposure to the attack of chloride ions. Corrosion points
appear on the weld area extensively even though they are
coated, and stress relieving heat treatment is applied. We believe
this behavior may result from the inefficiency of the welding
process along the welded surface through the appearance of
micro-cracks after welding or the entry of oxygen due to the
shallowness of the inert gas which caused poor insulation and
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full enclosing of the welding area from the outside atmosphere.
Therefore, manufacturers must pay attention to these areas and
ensure the total efficiency of the welding to provide maximum
safety in vehicles. The lowest rates of surface roughness were
in the unwelded and coated samples, where the roughness of
these samples was less than the welded and coated samples by
17.2% and 5.5% for the roughness average and core roughness
depth, respectively. Also, the intensity of the roughness rate
after exposure to salt spray varies in the case of the unwelded-
uncoated samples and welded-uncoated samples, where the
roughness average and core roughness depth were higher in
the case of welded-uncoated by 10.8% and 20, respectively than
unwelded-uncoated samples, after 24 hours exposure to the
saline spray. Concentrations of oxygen and iron oxide (FeO) in
welded samples, whether coated or uncoated, are higher than
those unwelded ones, which indicates that the salt spray has
been penetrated the coating layer earlier than the unwelded
ones. The irregular diverse topography of the welding area
plays a pivotal role in increasing the coating removal rate from
them, making this area susceptible to corrosion, and this is also
observed from the low content of ZnO in the welded samples,
which is 3.16% less than its unwelded-coated counterparts.
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Abstract

The paper considers a new technology for obtaining ceramic materials based on slawsonite,
which is a two-stage one. The first stage is the synthesis of the slawsonite phase and the
grinding of the synthesized material. The second stage is the formation of raw material by
the method of slip casting into plaster molds and the subsequent firing of the products. The
effect of temperature-time regimes on the properties of slawsonite ceramics has been studied.
Changeable technological parameters: firing temperature of products - 1,350 °C and 1,400 °C,
exposure at maximum temperature - 2 and 4 hours. The morphology and phase features of the
samples were studied by X-ray phase analysis and scanning electron microscopy. Regularities of
changes in physical and mechanical properties depending on the temperature and duration of
firing of experimental ceramics are established. It is proved that with an increase in the duration
of firing of samples, the values of water absorption and open porosity decrease and the density
of slawsonite ceramics increases. The mechanical and dielectric properties of experimental
ceramics are experimentally studied, the values of which are in the ranges € = 5.8 - 13.2;
o =140 - 390 MPa.

Keywords: Slawsonite, radio-transparent materials, morphology, phase features, mechanical
properties, dielectric properties

Kulcsszavak: Slawsonit, radiétranszparens anyagok, morfoldgia, fazisjellemzok, mechanikai
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1. Introduction

In wartime, the development of new types and classes of
weapons is essential to ensure the state integrity of Ukraine.
The development of new generations of guided air-to-air,
air-to-surface missiles and anti-aircraft missiles requires the
development and implementation of a wide range of materials
with improved physicochemical, mechanical, thermal and
electrophysical characteristics.

The interest of developers in the problem of creating radio-
transparent ceramic materials with operating temperatures
up to 1,500 °C is obvious. As a rule, materials for this purpose
are powder ceramics based on refractory compounds. Powder
technology in comparison with a sitall technology provides the
increased stability and reproducibility of physical and chemical
properties of materials. Modern technologies allow to obtain a
wide range of properties through the manufacture of materials by
modifying them with various additives to add special properties.

The relevance of the direction and research as a whole is in
finding materials that can satisfy a set of specific requirements
for the manufacture of aircraft elements and investigate the
dependence of the influence of technological parameters on
the structure that determines its properties.
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2. Analysis of literature data and problem
statement

Slawsonite ceramics is a fairly new and promising material
for obtaining radio-transparent fairings. It belongs to electrical
ceramics. Strontium anorthite SrAlSi)O, belongs to the
feldspar group of minerals, has a high melting point (1,765 °C),
reduced thermal expansion coefficient (6.5 - 10° 1/degree), low
values of dielectric constant (6.0-7.0) and tangent. dielectric
loss angle (11.0 - 50.0 - 10*) in a wide temperature and
frequency ranges [1-4]. The properties of slawsonite ceramics
depend on the chemical and phase composition, macro- and
microstructures, as well as on the technological methods of
manufacturing products [5-7].

In the USA, to create more advanced high-temperature radio-
transparent materials, glass-ceramics based on monoclinic
strontium and barium aluminosilicates are considered,
which has the following characteristics: dielectric constant
€ = 6.55 - 7.0; dielectric loss tangent tan 6 = (8 - 25) - 10%,
for strontium-containing compositions: € = 6.16 - 6.77 and
tan § = (11 - 50) - 10* at 1,100 °C [8,9].


https://creativecommons.org/licenses/by-nc/2.0/
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In works [10, 11], densely sintered materials based on
strontium-anorthite ceramics with low temperature coefficient
of linear expansion (TKLE) values (32.0 - 33.4) - 107 deg."’
were obtained, which causes their high heat resistance (not
lower than 850 °C). High density values (2.40 - 2.50 g/cm®) and
mechanical compressive strength limits (237 - 246 MPa) are
observed. In turn, the dense microstructure allows to achieve
high dielectric values (e = 4.4 - 4.8; tgd = 0.005 - 0.007) at a
frequency of 10 GHz.

In South Korea, the solution to the problem of obtaining
ceramic materials containing only the stable monoclinic form
of slawsonite was achieved at Daejin University (Department
of Materials Science and Engineering), which made it possible
to obtain glass-ceramic composite materials with high radio
transparency, strength, and low TKLE values. Glass ceramics
containing monoclinic strontium anorthite were obtained
based on the stoichiometric composition after crystallization
at 1,100 °C for 1 hour or at a temperature of > 1184 °C for a
shorter period [12, 13].

However, the production of glass-ceramic materials based
on aluminosilicate systems using network technology is an
energy-intensive process (glass melting temperature is about
1,600 °C - 1,700 °C), and also introduces a limitation on the
complexity of the forms of finished products. Therefore, it is
important to take into account the availability and simplicity
of the technology for obtaining the final product.

NTU “KhPI” performs works [14-16] on obtaining radio-
transparent ceramics using ceramic technology by semi-dry
pressing. The authors of the works investigated possible ways of
formation and conditions of low-temperature synthesis of the
slawsonite phase. In [16], slawsonite ceramics were obtained
during single-stage firing in an induction laboratory furnace
at a temperature of 1,550 °C with holding at this temperature
for 5 hours. However, in this work, when forming samples,
the semi-dry pressing method was used, which does not allow
obtaining products of complex shape.

In modern conditions, in most areas of engineering and
technology, they are most promising for use as structural
products with an intergranular and uniform structure. All
the most important properties of products are determined,
as a rule, by the microstructure and phase composition of the
material, which are determined by the structure of the initial
powder, the firing mode, etc. Therefore, within the framework
of this study, an important task is to develop technological
parameters for creating a material that can meet a number of
basic requirements for products obtained using slip casting.

3. The purpose and objectives of the study

The purpose of this work is to study the influence of
technological parameters on the morphological features of
slawsonite ceramics. To achieve these goals, it is necessary to
solve the following tasks:

= to develop technological parameters for obtaining

slawsonite radio-transparent ceramics by the method of
water slip casting;

= to study the structural and phase features of the obtained
ceramic samples;

= to study the operational and dielectric properties of
the obtained samples, which determine the quality of
finished products.

4. Materials and methods

Slawsonite was chosen as the main phase, which according to
the level of electrophysical properties satisfies the requirements
for radio-transparent materials and allows to obtain materials
with a low reflection coefficient of radio waves and high heat
resistance. G-00 alumina, strontium carbonate and quartz sand
were used as raw materials, and a eutectic additive of lithium
carbonate and stanum oxide was used to intensify the synthesis
process.

Samples were prepared using a two-stage technology. In the
laboratory, the mixture was homogenized by grinding raw
materials in a ball mill with their subsequent passage through
a sieve Ne 015. The resulting press powder was moistened with
a solution of carboxymethyl cellulose («<UGUR SELULOZ
KIMYA», Turkey) moisture content - 8%. Then the formation
of briquettes with dimensions of 50x20x50 mm from semi-dry
masses was carried out by pressing the mixture on a manual
hydraulic press MHP-10 under a pressure of 20 MPa. Drying
in the oven was carried out at a temperature of 80 °C, to a
residual humidity of not more than 1.0%. The synthesis in a
muffle furnace at a rate of 10 degrees/min at a maximum firing
temperature of 1250°C with a holding time of 2 hours was
performed. The synthesis of the synthesized substance took
place for 10 minutes in the planetary mill Retch, before passing
through a sieve Ne 0063 and the residue on it no more than 1.0%.

The slurry from the synthesized substance with a moisture
content of 30% was obtained in a ball mill at a ratio of substance:
ceramic layers 1:3, with the addition of a diluent Dolapix PC 67.
To obtain the raw product a ready slurry was poured into
gypsum mold. Drying of the raw material was carried out in an
oven to a residual moisture of not more than 1.0%. The firing
of the dried raw material was carried out in a silitic furnace
Nabertherm in an accelerated mode: the rate of temperature
accumulation — 12 - 15 degrees/min, the maximum firing
temperature was 1350 °C and 1400 °C; exposure at maximum
temperature — 2 and 4 hours. The fired products were subjected
to machining.

Determination of dielectric properties was carried out on the
immittance meter E 7 - 8 at a frequency of 1 kHz. Samples
with a diameter of 37 mm and a thickness of 5 mm and an
electrode diameter of 30 mm were used to determine the
dielectric constant. To ensure a tight fit of the electrodes, the
samples for research were ground. With the measured values
of the electrical capacity of the samples, dielectric permeability
was determined.

Determination of the apparent density and water absorption
of the samples was carried out in a method of hydrostatic
weighing in water.

The phase composition of the experimental samples was
determined using the method of X-ray phase analysis (XRD).
X-ray diffractograms were taken on a Dron-3M diffractometer
with CuK, — by radiation and a nickel filter under constant
conditions of its operation.
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The study of the microstructure of the samples and the
morphology of the surface of their faults was carried out by
direct scanning electron microscopy using a scanning electron
microscope PhenomPro Desktop SEM (Thermo Fisher
Scientific, USA) with an accelerating voltage of 15 kV.

5. Results and discussion

Ceramics synthesized at a temperature of 1250 °C with a
holding time of 2 hours were investigated by X-ray phase
analysis to determine the completeness of the reaction of
formation of the slawsonite phase. The results of X-ray phase
analysis are shown in Fig. I.
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Fig. 1 Bar radiograph of slawsonite synthesized at a temperature of 1250 °C
1. dbra 1250 °C hémérsékleten szintetizdlt slawsonit rontgenfelvétele

At the synthesis temperature of 1250°C (Fig. 1.) the data
indicate that the reaction of slawsonite synthesis is not
complete. In addition, to the peaks of the crystalline phase of
slawsonite, insignificant peaks of the intermediate compound
strontium metasilicate are observed. However, there are no
peaks of carbonates, which indicates the complete course of
the dissociation reaction of the compound SrCO,. Due to this
reaction, the synthesis of the phase is accompanied by a large
fire shrinkage (up to 20%) and can lead to defects during firing
of products by one-stage technology. In connection with the
above, this research uses a two-stage ceramic technology for
antenna fairings.

To conduct experiments to establish the best technological
parameters for the production of fairings from slawsonite
ceramics in the framework of this work, firing temperature of
samples — 1350 °C and 1400 °C, and exposure time at maximum
firing temperature - 2 and 4 hours were selected as the variable
technological parameters. To compare the samples, their
physical-mechanical and dielectric properties were studied.
The result was the arithmetic mean of three parallel tests. The
results of studies of samples of slawsonite ceramics are shown
in Table 1.

The fired samples were characterized by the absence of
visible defects. From the obtained data we could see that with
increasing the firing time from 2 to 4 hours, the indicators
of both physical-mechanical and dielectric properties of
slawsonite ceramics improve.
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Tﬁringioc T fing? Water Open Apparent Bending  Apparent
hours  absorption,  porosity, density, strength,  dielectric
) % glem® MPa permittivity
2 5.2 13.1 2.52 139 13.2
1350
4 0.3 0.7 2.85 392 5.8
2 5.1 12.9 2.53 175 11.6
1400
4 4.2 10.8 2.60 219 9.7

Table 1. Physical-mechanical and dielectric properties of samples of slawsonite
ceramics

1. tdbldzat A slawsonit kerdmiamintdk fizikai-mechanikai és dielektromos tulajdonsdgai

The best indicators of physical and mechanical properties of
the test samples are obtained at a firing temperature of 1350 °C
and exposure for 4 hours (water absorption - 0.3%, apparent
density - 2.85 g/cm?, porosity - 0.7%, flexural strength -
392 MPa), which indicates a high density of the cast workpiece.
The samples were also characterized by low apparent dielectric
permittivity & — 5.8, which meets the requirements for radio-
transparent materials. The indicators of the investigated
properties are close in values to the indicators of the samples
of slawsonite ceramics obtained by the method of semi-dry
pressing under the same conditions of the firing temperature
- 1350°C.

Structural and phase features of the obtained ceramics were
studied by X-ray diffraction and scanning electron microscopy.
The results of qualitative X-ray phase analysis showed that at
firing temperatures above 1350 °C in all samples there is only
the phase SrALSi,O,, which indicates the completeness of
the reactions of formation of the main phase. For example,
Fig. 2. shows a bar-radiograph of samples obtained at a firing
temperature of 1350 °C.
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Fig. 2 Bar radiograph of slawsonite ceramics obtained at firing temperature of 1350 °C
2. dbra 1350 °C-os égetési hémérsékleten késziilt slawsonite kerdamidk rontgenfelvétele

Morphological features of the surfaces of the obtained
slawsonite ceramics were investigated using scanning electron
microscopy. Photomicrographs of fractures of samples fired at
temperatures of 1350 °C and 1400 °C and with exposure for 2
and 4 hours are shown in Fig. 3-6.
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Fig. 3 Microstructure of samples of slawsonite ceramics at a holding time of 2 hours Fig. 5 Microstructure of samples of slawsonite ceramics at a holding time of 2 hours
at a temperature of 1350 °C at a temperature of 1400 °C
3.dbra Az 2 6ra hétartdssal 1350 °C hémérsékleten készitett slawsonit 5. dbra Az 2 6ra hétartdssal 1400 °C hémérsékleten készitett slawsonit
kerdmiamintdk mikroszerkezete kerdmiamintdk mikroszerkezete

16kv 4" x5,000 s,...r:*w* 1350_4

b)
Fig. 4 Microstructure of samples of slawsonite ceramics at a holding time of 4 hours Fig. 6 Microstructure of samples of slawsonite ceramics at a holding time of 4 hours
at a temperature of 1350 °C at a temperature of 1400 °C
4. dbra Az 4 ora hétartdssal 1350 °C hémérsékleten készitett slawsonit 6. dbra Az 4 6ra hétartdssal 1400 °C hémérsékleten készitett slawsonit
kerdmiamintdk mikroszerkezete kerdmiamintdk mikroszerkezete
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Images Fig. 3 (a), 4 (a), 5 (a), 6 (a) allow us to assess the natural
roughness of the chip surface, the porosity of the samples and
the homogeneity of the material structure. In the images Fig.
3(b), 4(b), 5(b), 6 (b) starting from 1350 °C we could see the
active growth of the crystalline structure of slawsonite.

In samples with a holding time of 2 hours at a firing
temperature of 1350 °C, the presence of pores with a size of
about 10 um, which significantly impairs the mechanical
properties of the samples. With increasing exposure time to
4 hours, we see a densely sintered, homogeneous structure
with pores of no more than 1-2 um and a clearer structure
of slawsonite, which also reduces the dielectric permittivity.
Based on the results of the study of the microstructure, we
assumed that increasing the holding time to 4 hours has a
positive effect on the operational and dielectric properties of
the obtained ceramics.

According to the results of complex researches it is
established that the material acquires the best properties at
firing temperature of 1350°C and endurance at maximum
temperature for 4 hours in the studied area of technological
parameters. Ceramic nose fairings obtained according to
the recommended technological parameters of production
have the following properties: water absorption - 0.7 - 0.9%,
apparent density — 2.6 - 2.8 g/cm?, porosity — 1.6 - 2.2%, limit
bending strength - 340 - 360 MPa and apparent dielectric
permittivity - 6.5 - 7.2.

The obtained materials based on slawsonite meet the
requirements of the standard GOST 20419-83 (subgroup 420)
and can be used for the creation of radio-transparent ceramics
and the manufacture of radio-transparent ceramic nose
fairings. It is established that according to the values of these
characteristics, the materials belong to the radio-transparent
ceramics and can be used in the aerospace industry for the
manufacture of individual parts.

6. Conclusions

Asaresultofthework, themorphologicalfeaturesofslawsonite
ceramics were investigated. The influence of technological
parameters on the physical-mechanical and dielectric
properties of the obtained ceramics is studied. According to
the results of complex researches, the following technological
parameters of production of radio-transparent ceramic nasal
fairings on the basis of slawsonite are recommended: the first
stage — synthesis at a temperature of 1250 °C, endurance time
at the maximum temperature — 2 hours; the second stage is
the formation of the fairing by the method of slip casting into
gypsum molds, the firing temperature of the fairing - 1350 °C,
the holding time at maximum temperature - 4 hours.

Ceramic  nose  fairings  obtained by  optimal
technological parameters have the following properties:
water absorption — 0.7 - 0.9%, apparent density - 2.6 - 2.8 g/cm’,
porosity — 1.6 - 2.2 %, strength bending - 340 - 360 MPa and
apparent dielectric permittivity - 6.5 - 7.2.

Developed materials based on the slawsonite phase SrALSi,O,
meet the requirements of GOST 20419-83 for technical ceramic
products (subgroup 420-Celsius) and meet the requirements
for modern radio-transparent ceramic materials.
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Abstract

The rice husk ash (RHA), which is bio-based and rich in the amorphous silica, was separately
composited with polystyrene (PS) and K30 grade of polyvinylpyrrolidone (PVP) through the
solution casting procedure. This bio- and natural-originated material was obtained from thermal
pyrolysis of the rice husk (RH) at an elevated temperature. PS used in this study, was prepared by
suspension radical polymerization and then the average molecular weight and polydispersity index
for the synthesized PS were obtained via gel permeation chromatography. The pure polymers and
the prepared bio-composites were characterized using X-ray diffraction (XRD) analysis and Fourier
transform infrared (FT-IR) spectroscopy. Also, the effects of RHA on the XRD and FT-IR results were
also studied. The thermal properties of these composites verified via thermogravimetry (TGA)
analysis and differential thermal analysis (DTA), showed the enhancing effect of this additive on
the thermal stability of the polymer matrices. In other word, the degradation temperatures of the
polymers were enhanced as well as the increase of the final residual chars after incorporating
the additive to the polymers that can be due to its good interactions and compatibility with these
polymer matrices. Owing to the solubility of polyvinylpyrrolidone in water, some studies were
performed on the hydrophilicity (water vapor absorption) of PVP and its composite. But, polystyrene
due to its non-polar nature, didn’t show the detectable ability in the water vapor absorption, so
its hydrophilic characteristics were not additionally investigated. The results showed that the
PVP-RHA bio-composite has the more hydrophobicity than the pure polyvinylpyrrolidone, which
can be important in its usages, especially in the medical/pharmaceutical fields. Generally, RHA
exhibited the good interactions with both PVP (the water-soluble material) and PS (the hydrophobic
material) that can be attributed to the high diversity in the RHA components with the different
polarities. RHA contains carbonic material, metal oxides, silica, silanol groups, etc.

Keywords: polyvinylpyrrolidone, polystyrene, rice husk ash, composite, thermal and hydrophobic
features
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1. Introduction

Polymer composites are the multi-component materials that
are synthesized with the aim of modifying properties of various
polymers and achieving the new characteristics and products
[1-5]. The issues that accompany crude oil-based materials
have encouraged many researchers to turn to biomaterials for
different applications such as polymer composites. Polymer bio-
composites in which at least one component is bio origin, are
environmentally friendly and have benefits, e.g, renewability,
non-toxicity, abundance and good availability. Among the
bio-originated materials for this purpose, the residual material
resulted from the industry of rice cultivation and production
(i.e., both the cultivation and the post-harvest periods) as
agricultural wastes can be used as the cheap and high-quality
bio-additive. In rice mill industry, during the processing of the
harvested rice, the large quantities of rice husk are produced.
This material is the substantial environmental residue that can

be converted into the proper materials with the high thermal
stability, namely, rice husk ash by thermal decomposition
protocol under the certain atmospheres and conditions [6-8].

Based on the review of the scientific literature, it was found
that this bio-additive has been employed in many research
studies. For example, rice husk ash has been exploited as the
sustainable and the green biological waste for applications in
renewable energy industries and building materials [6]. Also,
in different cases, it has been studied as the convenient bio-
sorbent for the removal of various pollutants such as toxic
heavy metal ions from aqueous systems that the applicable
results were obtained for the water treatment [9]. In addition
to these examples, rice husk ash has been used in the structure
of geopolymers to improve their desired traits [10]. Moreover,
rice husk ash has been exploited as the suitable and inexpensive
filler for the preparation of various polymeric composites [7, 8,
11 and 12], as well as its usages in highly efficient catalysts for
using in organic chemical reactions [12-15].
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Solution casting is the simple and the widely applied
procedure in various research studies for the preparation
of polymeric and other composites. For example, it has
been employed to synthesize the efficient Nafion/mordenite
composite membranes with the good permeability and the
high uptake ability [16] and to prepare the superhydrophobic
composite films [17].

Polystyrene which is soluble in non-polar solvents such
as benzene and toluene, is the common polymer exploited
in many usages and researches, e.g., the linear polystyrene
films were synthesized via dissolving in the tetrahydrofuran/
ethanol mixture and then evaporating with the aid of
electricity for evaluating the effect of applied voltage on its
characteristics [18]. Also, in another research work, a thin layer
of polystyrene was created by casting the polystyrene solution
in dimethylformamide under special conditions and then the
light reflection features of the resulting films were studied [19].

Unlike polystyrene, polyvinylpyrrolidone is the water-
soluble polymer that its composites are used in the bio-
related fields, such as biomedicine. For instance, the films
consisting of chitosan, polyvinylpyrrolidone and silver oxide
nanoparticles were produced as the wound healing agents
with the high antibacterial activity due to the presence of
chitosan and silver oxide in their structure. Wound healing
specifications of this substance was better than those of cotton,
pure chitosan and other reported chitosan-based hemostatic
dressings [20]. As well, polyvinylpyrrolidone/polyvinylbutyral
composite has been applied as the stable binder for electrodes
in supercapacitor structure that can be dispersed in aqueous
electrolytes [21]. In another study, the palladium nanospheres
stabilized on polyvinylpyrrolidone, were employed as the
simple and new electrochemical sensor for amperometric
detection of H,0, [22].

It is expected that the rice husk ash can properly interact
with both PS and PVP that are different together in polarity.
This could be owing to the high diversity in the components
present in RHA. This bio-material can react both chemically
(e.g., by silanol groups (Si-O-H) with PVP) and physically
(e.g., through the carbonic part of the bio-additive specially
with PS that is the hydrophobic polymer) with these polymers.
Van der Waals bondings are from the physical interactions
that can be occurred between these polymers and the ash as
an interfacial interplay.

It is noteworthy that after reviewing the literature, no article
or the research work was reported on the thermal traits of
RHA composites with polyvinylpyrrolidone and polystyrene.
Based on the aforementioned ideas and the historical
explanations, the main purpose of this paper was to prepare
the PVP-RHA and PS-RHA composites by the solution casting
technique and then to investigate the thermal properties of
these materials. In addition, due to the importance of the
polyvinylpyrrolidone hydrophilicity in some applications
such as sutures, hemostatic materials (e.g., wound dressings)
and other medical applications, the hydrophilicity of the PVP
composite with RHA was also studied via evaluating the water
vapor absorption by these composites.
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2. Experimental

2.1 Materials

Polyvinylpyrrolidone (type K30) was purchased from
Sobhan Pharmaceutical Company (Rasht, Iran). Polystyrene
was synthesized by suspension polymerization method based
on the published article [23]. The toluene sample used to
dissolve polystyrene and to prepare the favorite solution of this
polymer was produced by Merck chemical company. The rice
husk studied in this study and its preparation procedure were
the same ones as reported in [24]. Also, the rice husk ash was
synthesized by pyrolysis of the prepared rice husk sample in a
lab-scale furnace as previously reported [24].

2.2 Instrumentation

The process of sonication on the solutions was done using
an ultrasonic bath (Sono Swiss, Sw3H, Switzerland). The gel
permeation chromatography (GPC) was done via Knauer
Instrument (Germany) for evaluating the average molecular
weight and polydispersity index of the synthesized polystyrene.
X-ray diffraction (XRD) measurements were performed on a
Philips diffractometer (PW1840 made in Holland Netherlands)
with Cu-Ka radiation. The Bruker Alpha FT-IR spectrometer
was used to record the Fourier transform infrared (FT-IR)
spectra using KBr disks. Thermogravimetric (TGA) analysis
and differential thermal analysis (DTA) for investigating
the thermal behaviors of the prepared samples were
performed under the nitrogen atmosphere via Perkin-Elmer
thermoanalyzer apparatus at the heating rate of 20 °C/min in
the temperature range of 40 - 800 °C. The transformation of
the rice husk to the favorite ash was accomplished by using
a Nabertherm furnace (made in Germany) adjustable up to
the temperature of 3000 °C. The moisture content of RH was
removed via heating protocol via a drying oven (FN500P,
NUVE, Turkey).

2.3 Synthesis of polystyrene

The polystyrene sample used in this paper was synthesized
via the suspension polymerization of styrene as the olefin
monomer and benzoyl peroxide as the initiator of radical
polymerization in a three-neck balloon under a nitrogen
atmosphere and the certain conditions on the basis of the
reported procedure carried out by Slobodian et al. [23]. The
three-neck balloon was equipped with a mechanical stirrer
to properly agitate the polymerization medium during the
polymerizing the styrene monomer.

2.4 Preparing the rice husk and the rice husk ash

The rice husk (RH) was obtained by using the steps of milling,
washing with distilled water, drying, smashing and then
sieving by a stainless-steel sieve (200 mesh size), respectively,
as reported in the previous study [24]. The rice husk ash was
produced by burning the finely powdered rice husk at elevated
temperatures as in [24].
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2.5 Determining the solid and moisture content of the rice husk

The weight difference of the sample before and after the
drying process at 110°C for 1 h, was used for evaluating the
moisture content of RH. And then, the percentage of the
moisture trapped in the RH samples was computed by Eq. (1)

[24].
. Initial weight — Final weight
Moisture content of RH (%): = - - 100 (1)
Initial weight

To determine the solid residues of RH after pyrolysis, the
given amount of the dried RH was put under the pyrolysis
conditions at 600 °C for 1h and then the solid content of the
RH sample after burning process was measured by Eq. (2) [24].
Weight of dr.ied RH —.Weight of RHA . 100 @)

Weight of dried RH

RHA (%):

The more detailed information about the protocols used to
determine the solid and moisture content of RH, have been
reported in [24].

2.6 Preparing the PVP and PS composites with RHA

The uniformly powdered and sieved ash was added to the
solution of PVP in the acidic distilled water along with the
simultaneous stirring with a magnetic stirrer. The resulting
mixture was agitated with the magnetic stirrer for 24 hours and
then was placed in an ultrasonic bath for 20 min in order to
the better dispersion of RHA in the solution. Finally, the well-
dispersed ash in the aqueous PVP solution was poured into
a glass plate and posited under the drying condition at 60 °C
to prepare the final PVP-RHA composite. To synthesize the
polystyrene composite, the uniform polystyrene solution in the
toluene solvent was obtained at the ambient temperature. Then,
by using the mechanical and ultrasonic agitation methods,
the rice husk ash was uniformly dispersed in the polystyrene
solution. Afterward, by evaporating toluene and drying the
sample, the PS-RHA composite was synthesized for employing
in the various desirable analyses.

2.7 Water vapor absorption tests

A simple method was applied to investigate the hydrophilicity
of the PVP samples. In this experiment, the certain amounts
(initial weight) of the polyvinylpyrrolidone samples was placed
on a Whatman paper for the certain period of time and then
incubated in the cylindrical chamber with the dimensions
similar to Fig. 1. The chamber was then sealed for a convenient
time at 25°C and the water vapor absorbed by the samples
during the period of incubation was evaluated by weighing the
sample via Eq. (3). At least 5 specimens of each sample were
tested in this experiment and the average of the results was
considered as the final result for the water vapor absorption
of the sample. In all the hydrophilicity tests, the chamber
contained 2 ml distilled water and the experiments were
carried out in the ambient temperature and pressure.

. final weight — initial weight
water vapor absorption (%) = .

100 (3)

initial weight

In addition, the photographic method was employed to
determine the amount of water vapor absorption by taking a
picture of the wetted paper beneath the sample and evaluating

the wetted area as the qualitative criterion of the absorbed
water.

Fig. 1 'The schematic representation of the chamber dimensions used in this study for
testing the water vapor absorption by the PVP samples
1. dbra A PVP-mintdk vizglzfelvételének vizsgdlatdhoz haszndlt kamra méreteinek
sematikus dbrdzoldsa

3. Results and discussion

3.1 The compositions of RH and RHA

The main components of RH were observed to be silica,
cellulose, lignin, hemicelluloses, soluble compounds and
inorganic residue as reported in the previous study [24].
Moreover, the RHA composition was measured as L.O.I
(12.70%), ALO, (0.25%), SiO, (80.82%), P,0., (0.44%), SO,
(0.39%), K,O (1.25%), CaO (0.82%), Fe,O, (0.38%), Cl (1.99%)
and Na,O (0.96%) by using X-ray fluorescence (XRF) analysis.
The moisture content of the rice husk sample (8.2 + 0.3 wt%)
was found to be within the range of the reported values
(8-15%). Also, the results exhibited that the RH weight loss
during the pyrolysis process is 79.4 + 1%, i.e., RH leaves 20.6 +
1% of the solid residue (RHA) [24].

3.2 Gel permeation chromatography (GPC)

Gel permeation chromatography analysis was employed
to determine the molecular weight and the molecular weight
distribution (PDI) of the synthesized polystyrene. The results
of this analysis were shown in Fig. 2 and Table 1. As can be seen
from these data, the weight and number average molecular
weight values are 33949 and 19905 g mol™, respectively. The
amount of molecular weight distribution for this prepared
polymer was similar to that of the commercial polystyrene as
reported in the literature [25].

Characteristic Amplitude

Weight Average Molecular Weight 33949 g mol*
Number Average Molecular Weight 19905 g mol*
Z Average Molecular Weight 56512 g mol*
Z+1 Average Molecular Weight 84505 g mol*
Peak Molecular Weight 22409 g mol*
1.705

Polydispersity Index

Table 1 Average molecular weight and molecular weight distribution data for the
synthesized polystyrene
1. tabldzat A szintetizdlt polisztirol dtlagos molekulatomege és molekulatomeg-eloszldsa
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Fig. 2 GPC chromatogram for the synthesized polystyrene
2. dbra A szintetizdlt polisztirol GPC kromatogramja

3.3 X-ray diffraction (XRD)

Sample Pos. Height FWHM d Rel. Int. Crystal

[°2Th.]  [cts] [°2Th.] [A] [%] size

PS 19.2 1084 1.3 4.6 100 1.2
3.7 41.6 0.2 23.6 21.4 6.5

5.3 34.8 0.2 16.56 17.9 7.9

PS-RHA 8.5 10.5 0.6 10.3 5.4 2.4
11.1 8.6 2.5 7.9 4.4 0.6

20.2 193 2.8 4.4 100 0.5

9.9 86.7 1.9 8.9 30.8 0.8

PVP 23.0 2810 1.0 3.9 100 1.5
3.4 14.3 2.8 26.2 7.6 0.5

9.9 86.2 2.5 8.9 45.9 0.6

PVP-RHA 11.6 111.7 1.2 7.6 59.4 1.2
235 188 0.3 3.7 100 4.4

Table 2 Characteristics of the peaks observed in the XRD patterns
2. tabldzat Az XRD mintdkban megfigyelt csiicsok jellemzbi

The crystallinity degree of the polymer composites as an
essential factor determining the physical and mechanical
differences between the composites and the parent polymers,
was qualitatively investigated by XRD analysis. Fig. 3 shows the
XRD patterns of polystyrene, polyvinylpyrrolidone and their
composites with the rice husk ash. The large and relatively
narrow peak of polystyrene at 20 around 20 indicate the semi-
crystalline nature of polystyrene [26, 27] while the peaks
of polyvinylpyrrolidone located at 20 of 10 and 23 indicate
the amorphous morphology for PVP [28]. It is obvious that
the molecular arrangement and interactions between the
composite components are of the main factors controlling the
polymer crystallinity. According to Table 2, upon incorporating
the filler to the polymer mortices, the polystyrene peak at 26
of 19.2 was shifted to 20.2 and also d parameter accordance
with this peak was decreased from 4.6 A° to 4.4 A°® while its
FWHM (full width at half maximum) was enhanced from
1.3° to 2.8°. the examples of peaks shift for PVP were 23.0°
to 23.5% 3.9 A° to 3.7 A° and 1° to 0.3° for 26, d-spacing and
FWHM, respectively. These studies exhibited that upon adding
the ash to these polymeric materials, FWHM and thereby the
crystal size values of the samples are also changed, indicating
the effect of RHA on the morphology of these polymers. It
is noteworthy that, the intensity of the composite peaks was
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also significantly decreased as compared to the pure polymers.
Moreover, the appearance of the new peaks in the patterns of
the composites, exhibits the creation of the new crystalline
area in the composites (Table 2). These changes occurred in the
XRD patterns of PVP and PS after incorporating RHA into the
polymer matrices, indicate the effective interfacial interplays
between RHA and the polymers.
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Fig. 3 XRD patterns of the samples
3. dbra A mintdk XRD eredményei

3.4 FT-IR spectroscopy

FT-IR analysis was performed to investigate the effect
of the silica-rich rice husk ash on the polystyrene and
polyvinylpyrrolidone vibrotational bands. The recorded
FT-IR spectra of PS, PS-RHA, PVP and PVP-RHA can be
observed in Fig. 4. In the case of polystyrene, the important
peaks were occurred at around 3070-3000 cm (the C-H
stretching modes for the benzenoid ring), 2850-2920 cm™ (the
stretching modes of the saturated C-H bands) and 1596 cm™
(assigned to the aromatic C=C bonds) [29]. The weak peaks at
1660 to 2000 cm™! were attributed to the C-H bending mode
of benzenoid rings while the ones at 1446 and 1490 cm™ were
related to the stretching vibration mode of the benzenoid rings
framework. The bands appearing at around 757 and 695 cm™
were also attributed to the C-H bending vibration mode of the
benzenoid ring [30]. The peak at 3442 cm™ could be related
to the stretching vibration of O-H band due to the very small
amounts of the absorbed water in the composite or to the
peak overtone at 1721 cm™. It should be noted that the peak
located at 3442 cm™ was shifted to 3425 cm™ wave number,
which is the noticeable shift and can be due to the interactions
and bonds between the silica-contained bio-additive and
polystyrene structure. In other word, these interactions have
been able to weaken the strength of these bonds thereby shift
their stretching vibrations to the lower wave numbers as well as
the significant decrement in their intensities.

In the case of polyvinylpyrrolidone, the C=O and C-N
stretching modes were appeared at about 1654 and 1285 cm™,
respectively. The results showed that the N and O atoms in PVP
form the chemical bonds with SiO, existed in the rice husk ash,
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which influenced on the coupling effect between C-O and C-N
bonds [30-32]. The bands at 1014, 1222 and 1431 cm’! were
assigned to the CH, rocking, twisting and scissoring vibrations
[26]. In addition, the wide band at 3452 cm™ assigned to
the O-H stretching vibration modes of the water molecules
absorbed by the hydrophile polymer, was observably shifted to
3428 cm while the band at 2142 cm™ was objectively shifted
to 2131 cm™ wavenumber [32]. As well as these observable
shifts to the lower wavenumbers, their intensities were also
noticeably reduced. Additionally, a weak peak appearing at
about 460 cm™ could be due to the deformation of the Si-O
bonds present in the RHA structure [33].

All these remarkable change in the peak wavenumbers
and their intensities are the strong reasons for the presence
of the good interactions between the components within
the composites that have been able to cause such extensive
and observable changes in most of the FT-IR peaks of these
polymers. It is worthy of note that the RHA sample led to the
similar effects on the FT-IR and XRD patterns of linear low
density and high density polyethylenes [34].

3442—( 3425-
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1446~
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Fig. 4 IR spectra for the polymers and their composites
4. dbra A polimerek és kompozitjaik IR-spektrumai

3.5 Thermal properties

The thermal analysis is one of the most conventional and
aplicabale experiments for studing polymeric materials. This
analysis is very important because of the nesacary to improve
the thermal stability of materials for various type of applications,
especially when the material is subjected to the condition with
the high temperatures, e.g., especial applications in aerospace
and defense industries.

TGA/DTG and DTA analyses revealed that the thermal
features of PS and PVP can be improved by incorporating the
rice husk ash to them that is detailly explained in the following
sections.

On the basis of Fig. 5 (a), the initial weight losses equal 5%
and 8% were appeared in the temperature range of 40-150°C
for PVP-RHA and PVP, respectively that is attributed to the
elimination of the absorbed water. The peak starting at 350 °C
and ending at around 500 °C is related to the decomposition
temperature of PVP while the final weight loss starting at 500 °C
is related to the combustion of organic residuals in the matrix
[28]. As can be seen, the onset and offset temperatures of PVP
degradation step have not significantly changed. However, in
the themperature range of 450-600°C, PVP-RHA exhibited

1-8.3% final char content more than that of PVP confirming
the stabilizing effect of RHA on PVP. Additionally, no weight
loss was observed above 675 °C for PVP-RHA and 710 °C for
PVP which indicates the completion of the sample pyrolysis
at these temperatures. This difference in the decomposition
completion between two samples also implies the higher
thermal stability of the composite as compared to pure PVP.

In the case of polystyrene (Fig. 5 (b)), it can be seen that
polystyrene also decomposes in one step and its main
degradation range is from 350°C to about 450°C that is
consistent with the data reported in the literature [35]. As
the stabilizing effect of silica on PS has been reported in
literature [36], here, also the silica contained RHA enhanced
the temperature in which polystyrene starts the degradation
to the higher temperatures as compared to the pure polymer
(Fig. 5(b)). Moreover, the composite has exhibited the higher
residual char compared to the pure polystyrene indicating the
stabilizing effect of the filler on the thermal stability of the
polystyrene.

All the observed improvements in the degradation
temperature and the higher residual char of the polymers at
the elevated temperatures, can be attributed to the effective
interfacial interactions between the polymers and RHA.
Moreover, the ash undoubtedly has the high thermal stability
that can lead to the enhancing influence on the thermal
behavior of PS and PVP.
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Fig. 5 TGA results of (a) PVB, PVP-RHA and (b) PS, PS-RHA
5.dbra TGA eredmények a) PVE, PVP-RHA és b) PS, PS-RHA

The results of DTA have been sumerized in Fig. 6. The
endothermic peak appeared at about 100°C, was related to
the polyvinylpyrrolidone glass transition temperature (T,)
parameter. The broad endothermic peak at around 350 °C, is
asigined to the thermal decomposition of the PVP samples
acordance to the main thermal weight losses in TGA of PVP
samples. The exothermic peaks at about 450 °C, are related
to the thermal pyrolysis of the remaining residual organic
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compounds. Also, the number of peaks observed for the pure
polymer was greater than that of the composite (Fig. 6), i.e.,
the mechanism of the PVP thermal degradation is differ from
that of PVP-RHA. It can be seen that the surface area under
DTA curve of PVP-RHA composite is lower than that of the
pure PVP that shows the less absorbed tharmal energy by the
composite compared to the parent PVP (Table 3). This can be
due to the fewer thermal events (such as degaradation and
other thermally events or changes) in this sample and also to
the stabilizing effect of RHA on the PVP thermal traits.

In the case of PS samples, similiar to PVP, the endothermic
peak related to the Tg transition has appeard at 100 °C while
the exothermic peak accordanc to the decomposition of PS
has ocuured at the lower themperatures (around 300 °C) as
compared to the PVP samples. Similarly, incorporating RHA
to polystyrene affects the thermal stability of this polymer that
led to the lower anergy absorbtion (the surface area under the
sample curve) during the themperature elevation from the
ambient temperature to ~750 °C (see Table 3).

The same reasons mentioned in the TGA section (the
improved interfacial polymer/RHA interactions and the high
thermal stability of RHA) can be employed for explaining the
improving effects of RHA on the DTA results.
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Fig. 6 Results of DTA analysis for the prepared samples
6. dbra Az elédllitott mintdk DTA-elemzésének eredményei

Sample Surface area under the curves (uV °C)
in the range of 100-600 °C
PS 4515
Ps-RHA 4036
PVP 4750
PVP-RHA 4325

Table 3 Comparison of the thermal energy absorbed by the samples
3. tabldzat A mintdk dltal elnyelt héenergia osszehasonlitdsa

3.6 Hydrophilicity study of polyvinylpyrrolidone and its
composite

It is clear that polyvinylpyrrolidone is the very hydrophilic
and water-soluble polymer. In contact with moisture, this
polymer absorbs the water molecules and its shape is converted
from the powdery morphology to the lumpy/aggregated
morphology. Maybe, for this reason, it has been employed in
the hydrophilic drugs as the hydrogel [37]. Decreasing the
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PVP hydrophilicity could be the interesting aim for some
usages of this polymer. For instance, the amount of water vapor
absorbed by PVP-contained drugs has been previously studied
[38]. Also, in other work the water vapor absorbed by PVP
samples have been investigated that water vapor absorption
was increased upon enhancing the relative humidity [39].

Here, the experimental results showed that the incorporation
of the SiO,-contained ash reduces the hydrophilicity of
polyvinylpyrrolidone, according to which the water vapor
absorption of polyvinylpyrrolidone composite was less than
that of the pure PVP. This conclusion can be applicable/useful
for the polyvinylpyrrolidone usages specially in some bio-
applications that require the more hydrophobicity.

Also, the effect of the incubation time on the water vapor
absorption was measured for the same amount (0.01 g) of the
absorbent samples. The changes observed in the absorption
values upon increasing the time can be seen in Fig. 7. Regardless
of the difference in the amount of the water absorbed by the
polymeric materials, the rate of water uptake by the samples
was decreased after about 3 hours and reached its highest value
after about 24 hours (Fig. 7).

32 ——PVP-RHA

——- PVP

Water absorption (mg)

0 6 12 18 24
Contact time (h)

Fig. 7 Effect of the contact time (incubation time) on the water vapor absorption
results
7. dbra A kontaktid (inkubdcids id6) hatdsa a vizg6z abszorpciéjdra

In other investigation, the effect of the initial weight (mass)
of the absorbent on the water absorption parameter by the
samples was evaluated and it was found that the water vapor
absorption values of the samples increase upon increasing the
amount of PVP and its composite. The trend of these changes
(i.e., the changes occurred in the curve slope) can be seen in
Fig. 8. This observation may be due to the fact that increasing
the amount of absorbent leads to the increase of the number of
water-absorbing sites at the sample surface.

Other experiment was comparison of the wetted area of
the paper beneath the samples after hydrophilicity tests by
incubation of the samples in the chamber. Comparing the
circular wetted area can be the qualitative presentation of
the amount of water absorbed by the PVP sample from the
chamber environment (Fig. 9). This moist circular area around
the sample on the paper is due to the water vapor trapped
by the samples and then transferred to the paper below it.
As can be seen in Fig. 9, the prepared composite exhibited
the lower wetted area as compared to PVP due to its lower
tendency for absorbing the water molecules than the pure
polyvinylpyrrolidone.
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Fig. 8 Effect of the initial mass of the absorbent samples on the water vapor
absorption results
8. dbra Az abszorbens mintdk kezdeti tomegének hatdsa a vizg6z abszorpcidjdra

A reasonable explanation for reducing the hydrophilicity
of this polymer composite with RHA is the relatively strong
bonds of polyvinylpyrrolidone with the bio-additives that
are strong enough to reduce the dissolution of the composite
in water. As shown in Fig. 9, the wetting area is uniform
for polyvinylpyrrolidone because polyvinylpyrrolidone
completely dissolves in water and uniformly penetrates into
the paper. However, the image taken for the composite was
seen as an irregular pattern due to the additive existence in its
composition. The circles drawn on the papers after the test, are
the areas in which water and the soluble polyvinylpyrrolidone
have penetrated within the paper matrix, and the remaining
dark stain from the composite can be related to the insoluble
solid particles.

Fig. 9 'The typical images taken from the wetted areas of the papers located beneath
PVP and PVP-RHA, after the water vapor absorption test
9. dbra A PVP és PVP-RHA alatt taldlhaté papirok nedvesitett teriileteirdl késziilt
tipikus képek a vizgbzfelvétel vizsgdlat utin

4. Conclusion

In summary, this study showed that the rice husk ash can
affect the XRD patterns of PS and PVP in the form of 20 and
intensity of the XRD peaks. Also, the FT-IR peak locations and
intensities were also exhibited the changes after adding this
bio-additive to the aforementioned polymers. Moreover, RHA
led to enhancing the degradation temperature and the final
residual solids (i.e., the thermal stability) of these polymers
as observed in the TGA analysis. The DTA observations
revealed the ~8.9% and ~10% decreases in the amount of
the heat absorbed by PVP-RHA and PS-RHA, respectively
during the elevation of temperature from ambient temperature

to ~600 °C as compared to the parent samples. Moreover,
after incorporating the rice husk ash to the PVP matrix, the
degradation behavior and mechanism (the number of the
peaks appeared in the DTA analysis) of this polymer was also
changed. These observations can be attributed to the chemical
structure of this bio-additive that contains more than 80%
silica and the small proportions of metallic elements, and
to its high thermal stability. Additionally, the water vapor
absorption procedures exhibited the increasing effect of the
rice husk ash on the PVP hydrophobicity after compositing it
with this polymer matrix, which can be useful results for the
bio-applications of this polymer. The fact that RHA have been
capable to properly interact with both the hydrophilic PVP and
the hydrophobic PS and to change their characteristics, could
be ascribed to the high variety in the components of RHA. On
the other word, this bio-material can react both chemically
(e.g., via -Si-O-H groups with PVP) and physically (e.g., via
the carbonic part specially with the nonpolar/hydrophobic PS
as the interfacial interactions) with the polymers.
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Abstract

In this work, Sedlecky ml kaolinite, Nabalox No. 315 alumina and corn starch were used. The
powder mixtures were milled and uniaxially pressed into pellets. Some properties of the raw
materials and mixtures were investigated like TG, DTA, and the gas composition formed during
the sintering process. The pellet samples were pre-sintered in the electric kiln under an oxygen-
free reduction atmosphere at 1250 °C and then sintered in nitrogen gas at 1450 °C. The
composition and microstructure of the produced specimens were tested.

The pyrolysis results show that in reducing pre-sintering 25 wt% of the mass of the corn additive
remove from the ceramic body as gas. The remained part of the corn can incorporate into the
material structure, and it may affect the further heat treatment processes. The mullite content
of the ceramic samples increased from 43 wt% to 70 wt% because of high-temperature sintering
in nitrogen gas. The mullite crystal structure has also changed. The increase in the amount of
mullite phase is a consequence of the sintering process since the free SiO, and Al,O, formed
mullite crystals.

Keywords: alumina, free SiO,, mullite, pyrolysis, sintering process

épitdoanyag - Journal of Silicate Based and Composite Materials

Emese KUROVICS

is received her PhD degree in 2022 at the
University of Miskolc. Where she is working as
an assistant research fellow at the Institute of
Ceramics and Polymer Engineering.

Jamal Eldin F. M. IBRAHIM

is a lecturer in the University of Bahri, Khartoum,
Sudan, he graduated from University of Marmara,
Istanbul, Turkey, Institute of Pure and Applied
Sciences, Department of Metallurgical and
Materials Engineering, for the time being, he is a
PhD student in the University of Miskolc, Institute
of Polymer and Ceramics Engineering, under
supervision of Dr. Istvan Kocserha.

Mohammed TIHTIH
is a lecturer in the Sidi Mohamed Ben Abdellah
University, Morocco, he graduated from Faculty

of sciences Dhar El Mahraz, Fez, Morocco,
Department of Physics, for the time being, he is a
PhD student in the University of Miskolc, Institute
of Ceramics and Polymer Engineering, under
supervision of Dr. Istvan Kocserha.

Emese SEBE
is a PhD student at Institute of Energy and
Quality, University of Miskolc, Hungary.

Kulcsszavak: aluminium-oxid, szabad SiO,, mullit, pirolizis, szinterelési folyamat

1. Introduction

Nowadays, a growing number of research works are carried
out on the production of high-value-added products using
waste or plant-origin renewable materials, which can also
be observed in the case of research and development of new
ceramic materials and products [1-14].

The authors in their previous works [15-19] have already
shown the role of the plant origin additive in the production
of ceramics. Usually, kaolin or zeolite rocks were used as raw
minerals [17-19] because the goal was to produce ceramics
with high mechanical strength using natural raw materials. The
research and applications of clay-based composite materials
have drawn a great deal of attention in recent years [20-22].
The mullite phase is formed during the thermal decomposition
of clay minerals at above 1000°C. During the sintering
process of the ceramic products, different kiln atmospheres
or temperatures can be used. Changing these parameters
can produce different products with different properties. For
example, the carbothermal reduction (CR) or the carbothermal
reduction and nitridation (CRN) reactions of different clay
minerals are well known. During the CR or CRN reactions,
high-tech ceramic powders (SiC, Si,0ON,, Si,N,, SIAION) can
be produced from traditional raw materials [20-27].

The authors have studied the possibilities of manufacturing
advanced ceramics from traditional, relatively inexpensive raw
materials and plant-origin additives by using the CR and CRN
sintering processes.

2. Materials and experiments

During this research work, the authors used Sedlecky
ml kaolin, Nabalox 315 alumina, and corn starch to make
two mixtures. Corn starch was used as the carbon source
additive that is necessary for the carbothermal processes.
The composition of the mixtures was: mixture A — 90 wt%
kaolin, 10 wt% alumina and mixture B — 64 wt% kaolin, 7 wt%
alumina and 29 wt% corn starch. The raw materials were mixed
in a planetary ball mill for 25 minutes at 150 rpm. Cylindrical
samples were prepared with a diameter of 25 mm from the
powder by the compression process. The pressed samples
were first sintered at 1250 °C in a reduction atmosphere. This
sintering method was partly the same as the carbothermal
reduction, because of this the CR abridgment was used as
a sign for the samples which were sintered in a reduction
way. Later the samples were sintered at a higher temperature
(1450 °C) using flowing nitrogen gas, like in the carbothermal
reduction and nitridation process (CRN) of clay minerals. The
use of higher amounts of corn starch in the described processes
already significantly deteriorates the stability of the ceramic
specimen during the heat treatment processes and therefore,
in the present work was maximized the amount of corn starch
to 29 wt%.

Before the heat treatments, the powders and mixtures
were studied with a Derivatograph-C equipment to get
the thermogravimetry (TG) and differential thermal
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analysis (DTA) curves of the samples. In a pyrolysis study,
the authors observed in advance the evolution of the gases
during the heat treatment process in the case of the corn starch
used, their evolution temperature, and the variation in the
volume fraction of the gas components. In this way, for the
carbothermic reactions important parameters were studied in
advance: formation of CO and CO,, residual liquid, and solid
matter. The duration of the pyrolysis test was 2 hours using a
heating rate of 10 °C/min. The test was performed in an electric
tube furnace up to 900 °C. Composition of the formed gases
was determined with a DANI 500 gas chromatograph.

The phase compositions of the sintered ceramics were
determined by an X-ray diffractometer (XRD). To perform the
phase composition analysis, the specimens were ground in a
mortar into a sufficiently fine-grained powder. In this way, the
average phase compositions were determined. The amorphous
content was determined indirectly: the sum of all the crystalline
phases considered to be 100% with the amorphous content.
Test parameters: Cu Ka irradiation, accelerating voltage 40 kV,
current 30 mA, step scanning mode, and the measurement
range is 3-70° (20). The microstructures were studied by
Scanning Electron Microscopy (SEM) and Plasma-Focused-
Ion-Beam Scanning Electron Microscopy (PFIB-SEM).

3. Results and discussions

In order to design the carbothermic reactions, the formation
of CO and CO, gases was investigation in the case of corn
starch additives. The specified total gas composition of the
synthesis gas is summarized in Table I, which clearly shows
that the measured composition of the synthesis gas produced
during the study is almost identical for the starch and mixture
B (64 wt% kaolin, 7 wt% alumina and 29 wt% corn starch).

Tested Gas composition, V/V%
samples
co CH4 cz'c4
Corn starch 3291 31.58 23.23 10.31 1.97 <0.1
Mixture B 30.45 3813 20.70 8.78 1.94 <0.1

Table 1 Total gas composition measured in the pyrolysis test
1. tabldzat A pirolizisvizsgdlat sordn mért teljes gdzosszetétel

The study shows that combustible carbonaceous gases
start to evolve, and volatile substances and hydrocarbons are
released from the sample at temperatures above 350°C in
oxygen-depleted media (Fig. 1). In the test of the corn starch,
more than 25 % of its original mass retained as pyrolysis coke
and more than 50 % as pyrolysis oil. It shows that when using
oxygen-depleted pre-sintering (CR), it expects that 25% of the
mass of the plant additive (starch) will be removed from the
ceramic samples as gas, and the remainder can incorporate into
the material structure of the pre-sintered ceramic. Conversely,
if this test was performed under conventional oxidation
conditions, most of the starch would be removed as gas, as can
be seen in the case of the thermogravimetry (TG) of the raw
material (Fig. 2).
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Fig. 1 Variation of gas composition during the pyrolysis test of corn starch
1. dbra A gdzdsszetétel véltozdsa a kukoricakeményitd pirolizisének vizsgdlata sordn
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Fig. 2 Thermo-analytical curves of the corn starch
2. dbra A kukoricakeményits termoanalitikai gorbéi

After pyrolysis, the remaining high carbon content of the
corn starch can play an important role as a carbon source
during sintering in a nitrogen gas and can also contribute to
the formation of a new pore structure during the second heat
treatment (CRN sintering). The color of the samples changed
depending on the used mixture and heat treatment (Fig. 3).

Heat treatment
CR CRN

Mixture

A
(0 wt%
corn additive)

B
(29 wt %
corn additive)

Fig. 3 'The heat-treated samples
3. dbra A hokezelt mintik

As a result of CR sintering, the corn additive could not burn
out from the ceramic matrix through the formation of CO or
CO, gases. The skeletal structure of the corn particles remained
in the ceramic body to increase the carbon content of the pre-
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sintered (CR) samples (Fig. 4). This remained carbon content
can help to incorporate nitrogen into the aluminosilicate
ceramic structure [11].

The average results of the XRD measurements can be seen
in Table 2. Based on the amount of phases, the mullite content
of the ceramic samples increased from 43 wt% to 70 wt% as a
result of high-temperature CRN sintering. The type of mullite
transformed, and new mullite crystals formed by the reaction
of free SiO, in the ceramic samples with the alumina, so the
amount of mullite phase increased. The results show that a
relatively high amorphous content was formed in the samples B
(64 wt% kaolin, 7 wt% alumina and 29 wt% corn starch), while
any nitrogen-containing crystalline phase was not detected.
Le., the residual carbon content from the corn starch proved
to be insufficient to allow the formation of significant amounts
of crystalline SiO,N,, Si;N,, or SiAION phases in the material
structure.

R
™, J s
CZBSD Date :15 Apr 201
Time :10:56:56

Fig. 4 'The remained part of the corn starch in the ceramic body after sintering
reduction atmosphere (CR)
4. dbra A kukoricakeményit maradék része a kerdmia testben a szinterezés utdn
redukciés atmoszférdban (CR)

Mixture sign (wt% corn)

Heat treatment

Amorphous 22 24 37 30
TR
£ % Mullite 43 70 43 70
o .
@ § Corundum 9 - 14 -
o8
§ § Cristobalite 25 5.5 4 -
Quartz 1 0.5 2 -

Table 2 The average phase compositions of the samples
2. tdbldzat A ik dtlagos fdziso stel

The microstructure of the sintered samples shows needle-
like mullite crystals with nanocrystals whose feature size is
smaller than 200 nm. Large amount of amorphous phase
which also includes these nanocrystals was stated by the X-ray
measurement. Based on the PFIB-SEM studies of the sample
B (64 wt% kaolin, 7 wt% alumina and 29 wt% corn starch)
(Fig. 5), these nanocrystals are mullite crystals therefore the
mullite content is even higher than the XRD results show.

Mag= S00KX
WD =11.0mm
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Fig. 5 The microstructure of the CRN sintered sample B by SEM (a) and PFIB-SEM (b)
5. dbra A szinterezett B minta mikroszerkezete SEM (a) és PFIB-SEM (b) segitségével.

4. Conclusions

Based on the pyrolysis study of the reducing pre-sintering
(CR) of ceramic samples containing corn starch additive, some
part of the additive remained in the structure. 25% of the mass
of the plant additive was removed from the ceramic samples
in gaseous form, and the remained part can incorporate into
the material structure. As a consequence, plant origin additive
(corn starch) can play an important role as a carbon source
and contribute to form new phase composition and to the
formation of a different pore structure during the second heat
treatment (CRN).

Based on the phase composition investigations it can be
stated, that the mullite content of the ceramic samples increased
during the CRN heat-treatment. Sintering at 1450 °C (CRN)
changed the morphology of mullite particles from plates to
needle-like crystals. The amount of mullite phase boosted from
43 wt% to 70 wt% by reason of high-temperature sintering in
nitrogen gas (CRN). This way, mullite ceramics with higher
purity were produced, compared with CR sintered specimens
due to the amount of mullite phase increased by 27 wt%. This
increase in the amount of mullite phase is a consequence of
the sintering process since the free SiO, and Al,O, were able to
form mullite crystals.
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