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ceramics with the use of different additives

K. Lobach Y. Kupruyanova I. Kolodzy S. Sayenko
V. Shkuropatenko V. Voyevodm A. Zykova A Bykov2
0. Chunyayev L. Tovazhnyanskyy

1National Science Center Kharkiv Institute of Physics and Technology,
1 Akademicheskaya Str., 61108 Kharkiv, Ukraine
?National Technical University "Kharkiv Polytechnic Institute”,
2 Kyrpychova Str., 61002 Kharkiv, Ukraine

Received March 7, 2018

The influence of different additions on the densification behavior of SiC based ceramics
has been investigated. The SiC matrices reinforced by additives of amorphous B, Cr, Si
were fabricated using High Speed Hot Pressing Method. Additives content was in the
range from 0.5 to 3 wt. % . Microstructural characteristics of silicon carbide ceramics
were analyzed by X-ray diffraction, scanning electron microscopy and elemental distribu-
tion analyses. A fine-grained and dense ceramics with advanced mechanical properties were
produced at optimal processing conditions. SiC ceramics with Cr and Si additives possess
the best structural and mechanical characteristics: micro hardness 28.0-30 GPa and frac-
ture toughness K, = 6.2-4.7 MPa-m1/2, respectively. The sintering process by High-Speed
Hot Pressing Method leads to the fine-grained structure formation and increase of the
fracture toughness of ceramics. The structural and mechanical properties of SiC ceramics
can be improved by effective additives content controlling.

Keywords: silicon carbide, nuclear, ceramics, sintering, micro hardness, fracture
toughness.

WcenemoBano BANAHNE PA3JINUYHLIX TOOABOK Ha MEXAHW3MLI YIIOTHEHMS KepaMUKH! Ha
ocaose SiC. Marpunsr SiC, apmuposansbsie gobasramu amopdroro B, Cr, Si, marorosiens
METOJOM BBICOKOCKOPOCTHOIO Tropsadvero mpeccoBamusa. Comep:xanme n00aBOK HAaXOIUJIOCH B
nuamazore ot 0,5 mo 3 mac.% . MHUKPOCTPYKTYPHBIE XaPAaKTePUCTUKN KEPAaMUKH KapbOuma
KPEeMHHUSA IPOAHAJN3UPOBAHLL ¢ IIOMOINBI0 PEHTTEHOBCKOU IUMPAKINN, CKAHUPYIOMIEH DJIeK-
TPOHHON MUKPOCKOIIMH M aHAJIM3a DPacipenejeHns dieMeHToB. OnpemeseHbl ONTUMAJIbHBIE
YCJIOBUS IIPOIECCa MSTOTOBIEHUSA MEJKO3EPHHCTOM M IJIOTHON KepPaMHUKN C YJIYYIIeHHBIMU
MexaHudeckuMu cBokictBamu. SiC-xepammra ¢ mob6asramu Cr m Si obmamaer ayumwmmm
CTPYKTYPHBIMUA M MEXAHHUYECKMMM XapaxKTepucTuxkamMu: MuUrporsepgocTbio 28.0—-30 I'lla u
Koa(pdunmenTom TpemuHocToliKocTn K, = 6.2-4.7 MIIa-m!/2 coorsercrsenno. IIpomece
CHEKAHWA METOJOM BBICOKOCKOPOCTHOI'O TOPAYEro IIPEeCCOBAHUA IPHUBOAUT K 00PasSOBAHUIO
MEJKO3ePHUCTON CTPYKTYPLI M MHOBBIIIIEHUIO TPEI[MHOCTONKOCTH KepamMukKu. CTPyKTypHBIE U
Mmexannueckue csoiicrBa SiC-kepaMuku Moryr ObITh yaydlIeHBl IyTeM 3(PMEeKTUBHOTO KOH-
TPOJIA COLep:KaHUA H00aBOK.
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OmTuMizallis BIJaCTUBOCTEN KepaMiku KapOixy KpeMHil0 3 BHKOPHUCTAHHAM Pi3HUX T00ABOK.
K.B.Jlobau, I0.E.Rynpianosa, 1.B.Konodiii, C.J0.Caenro, BA.Illxyponamenro, B.M.Boegodin,
I'B.3urosa, A.O.Buxos, O.M.Hyusaea, JI.JI.Tosaxnancoruil.

HocaimKeHo BIJINB PIisHUX M00AaBOK Ha MeXaHIBMHW YIIiJILHEHHS KepaMiKM Ha OCHOBI
SiC. Marpuni SiC, apmosani gobasxamu amopgmoro B, Cr, Si, Burorosmemno 3 BUKopucTau-
HAM METOAY BUCOKOIIBUAKICHOTO TapAduoro mpecyBaHHa. KoHieHTpalia 106aBoK 3HAXOIMJIA-
ca y mpiamasoui Bix 0,5 mo 8 mac.% . MiKpoCTPYKTYPHI XapaKTepUCTUKU Kepamiku kapbixy
KPeMHiIo TIpoaHali3oBaHo 3a JOMMOMOTOI0 PeHTreHiBehKOI Audpariii (XRD), ckanywouoi erek-
TpouHOI Mikpockomii (SEM) i amanisy posmoxiny emementis (EDX). Busnaueno omTuMaibHi
YMOBU TIPOIleCY BUTOTOBJIEHHA ApiOHO3epHMCTOI 1 mMiiabHOI KepaMikM 3 ToJimimeHUMU Me-
xaHiuamMu BaactuspocTamu. SiC-xepamika 3 mobasxamm Cr i Si memoHCTPYe Kpaimi CTPyK-
TypHi 1 Mexamiumi xapaxrepmcrumru: Mmikporsepgicts 28,0-30 I'lla i kKoedimient Tpimm-
nHocritikocri K, = 6,2-4,7 MIIa-m!/2 Bigmosizmo. IIpomec CHIKAHHS METOLOM BHCOKO-
UIBUAKICHOTO TapsayoTo MPecyBaHHSA NPU3BOAUTEL A0 YTBOPEeHHSA APiOHO3ePHMCTOI CTPYKTYpPHU i
migBuImIeHHEs TpimuHOCTiMKOoCTI Kepamiku. CrpykTypHI i Mmexaniuri Baactusocti SiC-repami-

KN MOXKYTh OyTu moJinimeHi miasgxoMm eeKTHBHOIO KOHTPOJIIO BMicTy m0o0aBOK.

1. Introduction

In view of the post-accident effects in
the nuclear reactors, novel technologies are
being developed to improve the safety and
economics of nuclear fuels for reactors.
Since the event at Fukushima Daiichi in
2011, new concepts were proposed for appli-
cation in light water reactors (LWRs) with
the aim to increase safety margins during
accidental conditions. Standard fuel com-
prises uranium dioxide ceramic pellets
sealed in a zirconium alloy cladding tube.
There was recorded that advanced fuel ma-
terials and designs could provide greater
levels of accident tolerance. The Accident
Tolerant Fuels (ATF) programme was
launched with the aim of finding alterna-
tive fuel and cladding materials with opti-
mal operating parameters under normal
conditions and enhanced performance dur-
ing accidents. Dense silicon carbide (SiC) ce-
ramics and composites are very attractive
engineering ceramics at the high thermo
mechanical conditions, in particular for
high temperature and nuclear applications.
Due to extremely high binding energy about
5 eV, SiC ceramics demonstrate high chemi-
cal and radiation resistance. Superior stabil-
ity of SiC under high temperature steam to
that of metal is critical motivation for light
water reactor application [1, 2].

Composites based on silicon carbide ce-
ramics have been a long-time candidate ma-
terials for accident tolerant fuel claddings
programme for years [3—5]. SiC ceramics
were of great interest in other fields due to
its oxidation resistance and strength at
high temperatures, both of which are a
valuable attribute for an ATF cladding. Sili-
con carbide ceramic composites have been
proposed as a potential cladding material [6]
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and also as channel boxes for boiling water
reactors [7]. Compare to zirconium alloy,
SiC has principal advantages during acci-
dent conditions, such as resistance to irra-
diation and significant oxidation resistance
up to 1200-1500°C under accident condi-
tions. SiC composite claddings demonstrate
very good high temperature properties and
dimensional stability. In addition, SiC com-
posites possess high strength at 1200-
1500°C and thermal conductivity, acceptable
neutron absorption cross sections better about
25 % than the zirconium alloys [8-11].

The main advantages for using SiC to
improve accident tolerance are following:

— High melting temperature — 2730°C;

— Low nominal and high temperature
steam corrosion kinetics;

— Low heat of oxidation and oxidation rate.

The oxidation behaviour of SiC in water
vapour containing environments was exam-
ined in detail [12]. SiC exhibits exceptional
oxidation resistance in water vapour up to
1700°C. Even in the high pressure condi-
tions, the oxidation rate of SiC is well
below that of Zr-based alloys. This attrib-
ute, combined with high-temperature
strength of these materials, proves them as
one of the leading ATF cladding candidates
under examination. The oxidation of SiC
has been studied in a variety of gaseous
environments [13]. Of particular interest
for the nuclear industry is oxidation resis-
tance in a water/steam environment [14]. It
has been shown, that radiation significantly
affects important material properties rele-
vant to it as a fuel cladding [15]. Sintering
and properties of SiC materials with incor-
porated additives had been widely studied.
Carbides are extensively used in applica-
tions that demand corrosion, wear and ra-
diation resistance. The excellent resistance
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exhibited by the carbides is due to their
unique combination of high hardness and
fracture toughness. The bulk mechanical
properties and unique resistance of carbides
are strongly affected by their composition
and microstructural parameters [16, 17].
The different additives, such as oxides, Si,
B, transitional metals of IV-VI subgroups,
as sintering activators were added to im-
prove the sintering and fracture toughness
of SiC ceramics. The mechanism of ceramics
sintering is depended on the powder particle
sizes, distribution of the additives, and sin-
tering process parameters. The effect of ad-
ditives on the ceramic sintering mechanism
relates to its content and uniformity. The
distribution of additives is very important
factor during sintering process. The uni-
form distribution of additives is beneficial
for improving the densification and micro-
structure formation during the sintering
procedure [18-21]. The main approach to en-
hance the mechanical properties and fracture
toughness is sintering of materials with dense
and uniform grain microstructure.

The aim of the present study was the
effects of the different additives on the mi-
crostructural and mechanical properties of
SiC ceramics for high-temperature and nu-
clear applications.

2. Experimental

The highly dispersed powders were used
as alloying additives for producing ceramics
based on silicon carbide (SiC):SiC powders
of the grade 440 NDP (Superior Graphite
Co) with a predominant particle size
0.44 um were chosen as primary material,
and powders of B (amorphous), Si, and Cr,
with a predominant particle size <3 um as
additives. The optical microscopy images of
powders are presented in Fig. 1. The powders
were added to the mixture with the carbon
additions in an amount of 0.5 to 8 wt. %.

Mixing of the initial powders was carried
out in a planetary mono-mill "Pulverisette 6"
(Germany) in isopropyl alecohol medium with
a rotation speed of 300 rpm during 3 h.

Forming and sintering of the samples
were made by the method of high-speed hot
pressing in vacuum in a graphite mold. The
equipment was developed in NSC KIPT in
the framework of joint collaboration project
(STCU P-154) with Argon National Labora-
tory and Superior Graphite Co (USA). The
optimum process parameters were pre-
viously determined and described [22]: sin-
tering temperature 2050°C, pressure
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40 MPa and holding time 30 min. The sam-
ples size was 25x25x4 mm3.

The open porosity and density of the
samples were determined by hydrostatic
weighing method.

The diffractometry was carried out using
a DRON-4-07 X-ray diffractometer in cop-
per Cu-K, radiation using a Ni selectively
absorbing B-filter. The diffracted radiation
was detected by a scintillation detector.

The hardness tests of SiC ceramic sam-
ples were made on a AMH-8 microhardome-
ter by indentation of a four-sided 136-de-
gree Vickers diamond pyramid. The optimal
load value was chosen 9.8 N. The hardness
calculations were carried out according to
the standard procedure with the measure-
ment of the diagonals of the print:

Hy = P/d2, 1)

where Hy, is hardness, P is the load on the
indenter, d2 is the square of the diagonals
of the indentor’s print.

The measurements of fracture toughness
of ceramic carbide are complicated because
of high brittleness of these materials. Esti-
mation of fracture toughness values was
made at 9.8 N load conditions. The equa-
tions of fracture toughness of ceramic brittle
materials, which are in a good agreement
with experimental data, were formulated by
Evans, Charles and Wilshaw [23] and by Nii-
hara [24]. Equations for fracture toughness
coefficient (K ;) calculation were obtained by
Niihara semiempiric dependence, commonly
used for brittle ceramics [24, 25]:

where a is the half-diagonal of the inden-
tor’s print, Hy, is the hardness of the mate-
rial, and L is the length of the radial crack,
E is Young modulus, ¢ is the constraint
factor (= 3).

The microstructure and morphology of
the samples were studied by JEM-700F
scanning electron microscope. The Energy-
dispersive X-ray spectroscopy (EDS) method
with a high-energy electron beam was used
for determination of the elements and dis-
tribution in the SiC-Si and SiC-Cr samples.

3. Results and discussion

The physical properties and phase compo-
sition of SiC ceramic samples with/without
alloying additives obtained at the same
technological parameters as previously re-

Functional materials, 25, 3, 2018
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Fig. 1. Images of initial powders: a — SiC; b — powders of amorphous boron; ¢ — powders of Si;

d — powders of Cr.

ported [22] were presented in Table 1.
Analysis of the data given in Table 1 indi-
cates that a slight decrease in the relative
density is observed in SiC ceramic samples
with alloying additives: up to 98.4 %
(amorphous B), 97.8 % (Cr).

X-ray diffraction analysis of the samples
revealed the presence of one phase a—SiC of
polytype—SiC—6H with hexagonal lattice,
whereas the introduction of the alloying ad-
ditives leads to structural changes and the
formation of a second o—SiC polytype of
silicon carbide—SiC-4H in different weight
contents (Table 1, Fig. 2). In addition, the
lines of free carbon of different intensity
were detected for all ceramics.

Electron microscope images of the frac-
tured cross-sections of the samples SiC +
1.0 % Si+ 0.3 % C and SiIC+ 0.5 % Cr+
0.15 % C were presented (Fig. 3, 4). The
structure of SiC sample with the Si addi-
tives demonstrates a very dense and uni-
formly fine-grained structure (99.4 % of
the theoretical values). The grain sizes were
in the range 0.3-2.2 um with a predomi-
nant grain size of 1.5 um.
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Analysis of SEM/EDX results for SiC +
0.5 % Cr+0.15 % C sample demonstrate
that Cr adding leads to inclusions forma-
tion, probably of Cr,C, chromium carbide
types (Fig. 5). According to small amount of
Cr, the presence of phase of Cr,C, chromium
carbide formation was not detected on XRD
patterns of the ceramic samples (Fig. 2c).

The main approach to enhance the me-
chanical properties and fracture toughness
is sintering of materials with dense and uni-
form grain microstructure. The strength of
ceramics increases with the decrease of
grain size and porosity.

The hardness tests of SiC ceramic sam-
ples were made by indentation under load
condition 9.81 N. Figure 6 shows that at
the corners of the indenter prints, cracks
appear on all samples, except the sample
with the Cr additives. This fact indicates an
increase in the crack resistance and fracture
toughness coefficient, which is also con-
firmed by the calculations carried out ac-
cording to formula (2). It is known, that
Vickers hardness and fracture toughness
characteristics are correlated and Hy /K.
ratio is determined the material resistance
to surface mechanical damages [25]. Table 2
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Table 1.Properties and crystalline phases of the SiC samples

Ceramic composition SiC SiC+1.5% B+ SiC + 0.5 %Cr + SiC+ 1.0 % Si+
0.75 %C 0.15 % C 0.8 % C
Open porosity, % 0 0-5 0-1 0-1
Density, g/cm 3 3.19 3.15 3.16
Relative density, p, 99.4 +£0.75 98.4 £ 0.75 97.8 £0.75 99.4 +£0.75
%
Phase composition |SiC—6H 99 % SiC—6H 45.7 % SiC-6H 95.5 % SiC—-6H 83.8
C-1% SiC—4H 48.5 % SiC—4H 2.8 % SiC—4H 16.2 %
C-10.7 % C-1.7%
2500 -
e * - SiC-6H
+'_%C'6H - SiC-4H
2000 - +-C
a) 2000 1 b)
@ 1500 9
0— 0—
1000 T . 1000 |
500 ’ ) {
04 i /-“V-JU‘_:;U___‘. J‘L%I_LJ,J,U,\L,I,l‘,,;v,‘l’_ 01 s AL
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20, deg 20, deg
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Fig. 2. XRD patterns of the samples: a — SiC,
Cr+0.15% C,d — SiC+1.0% Si+ 0.3 % C.

shows the values for hardness and fracture
toughness calculations.

As can be seen from the obtained data, at
the similar relative density parameters, the
hardness and fracture toughness values are
markedly increased especially in samples
with additive Cr and Si. SiC samples with-
out additives produced by High-Speed Hot
Pressing Method demonstrate high density
and microhardness parameters but low frac-
ture toughness coefficients. There is a prob-
lem of manufacturing of thin-wall tubes
(claddings) from SiC brittle ceramics. The
fracture toughness parameters increase
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b—SiC+1.5% B+0.75% C,c — SiC+0.5%

from K;0=4.3 MPaml/2 for SiC ceramic
samples to K;r=6.2 MPa-ml/2 for SiC

samples with Cr additives.
The high physical and mechanical proper-

ties of SiC with Si alloying additives were
attributed to a dense structure (99.4 % of
theoretical value) with grain sizes in the
range 0.3—-2.2 um and a predominant size of
1.5 um. In addition, melting temperature of
Si is 1414,85°C and more lower than SiC sin-
tering temperature about 2050-2100°C. This
fact results in liquid phase formation on the

Functional materials, 25, 3, 2018
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\
-— lpm  NSC_KIPT
20.0kV SET SEM WD 10 . Omm)

Element wt. % at. %

C 32.54 53.01

Si 67.46 46.99
Total 100.00

8
keV

Fig. 3. SEM images and EDX spectra of (SiC + 1.0 % Si + 0.8 % C) sample.

B
Cnektp 1

10 um

Element wt. % at. %
C 17.14 33.07
O 2.06 2.99
Si 73.63 60.75
Cr 717 3.20
Total 100.00

Crektp 1

Fig. 4. SEM images and EDX spectra of (SiC + 0.5 % Cr + 0.15 % C) sample.

grain boundaries and acceleration of ceramic

densification process during sintering.
In contrary, adding of boron additives

with melting temperature about 2076°C did
not lead to liquid phase formation during
sintering process and results in lower values
of relative density (98.4 % of theoretical

Functional materials, 25, 3, 2018

value). The lower density parameters may
be attributed to boron oxidation process and
boron oxide evaporation at hot pressing

temperature conditions.
The uniform distribution of chromium

over the ceramic matrices and the formation
of carbides were observed (Fig. 5). The uni-
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Table 2. Values for hardness and fracture toughness calculations

Ceramic material Load P, |Crack radius| Crack length | Hardness Fracture Ratio
N a, um L, um Hy, GPa | toughness K, H,

MPam!/2  |103/K,.
SiC 9.81 28.0 21.0 27.3 4.3 6.5
SIC+1.5% B+0.75 % C| 9.81 25.50 26.0 28.2 3.6 7.8
SiC+0.5 % Cr+0.15 % C| 9.81 25.80 8.90 28.0 6.2 4.5
SiC+1.0% Si+0.83% C| 9.81 24.74 15.52 30.0 4.7 6.4

lpm  NSC_KIPT
SEM WD 10 . Omm|

c)

d)

Fig. 5. SEM and EDX images of (SiC + 0.5 % Cr + 0.15 % C) sample.

form distribution of chromium at the grain
boundaries may be due to the fact, that the
elasticity of saturated chromium wvapor
heated in vacuum is several orders of mag-
nitude higher than that of other refractory
transition metals [26]. Intensive evapora-
tion rapidly accelerated the mass transfer of
chromium in the powder mixture. This effect
improves the uniformity of the distribution
of chromium and, consequently, improves the
speed and uniformity of sintering.
Previously was reported, that dense and
uniform SiC ceramics demonstrate high me-
chanical parameters: micro hardness 24 GPa
[27, 28] and fracture toughness coefficient
K;c =5 MPam!/2 [28]. At present study,
SiC ceramic samples without additives also
show high mechanical parameters: micro
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hardness 27.83 GPa and fracture toughness
coefficient K- = 4.3 MPaml/2. Further-
more, a small amount of chromium adding
results in significant increase of mechanical
properties: microhardness to 28.0 GPa and
fracture toughness coefficient up to
6.2 MPa-m!/2.

The mechanism of ceramics sintering is
depended on the powder particle sizes, mix-
ing procedure and sintering process parame-
ters. The distribution of additives is very
important factor during sintering process.
The effect of additives on the ceramic sin-
tering mechanism relates to its content and
uniformity. The uniform distribution of ad-
ditives is beneficial for improving the mi-
crostructure formation during the ceramic
manufacturing procedure.

Functional materials, 25, 3, 2018
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d)

Fig. 6. Images of the indentor’s print: a — SiC, b — SiC+ 1.5 % B+ 0,75 % C, ¢ — SiC + 0.5 %

Cr+0.15% C,d — SiC+ 1.0 % Si+ 0.8 % C.

4. Conclusions

SiC ceramics are proposed as new clad-
dings materials for nuclear and other
branches of science and industries. Ceramic
materials based on SiC with different alloying
additives were investigated in this study for
further applications in nuclear power indus-
tries (nuclear fusion and fission).

Sintering process by High-Speed Hot
Pressing Method leads to the fine-grained
structure formation and increase of the
fracture toughness of ceramics. The results
of microcracking under indentation condi-
tions were revealed the increase in hardness
and crack resistance of SiC ceramics with Cr
and Si additives. In contrast, alloying addi-
tive boron in amorphous form has not influ-
enced on the densification process under the
sintering conditions, as evidenced by the in-
sufficiently high density of SiC ceramics. In
addition, it was demonstrated that samples
of SiC with alloying additives (0.5 % Cr +
0.15 % C) and (1.0 % Si+ 0.3 % C) are

Functional materials, 25, 3, 2018

characterized by the best structural and me-
chanical properties: microhardness — 28.0—
30.0 GPa, fracture toughness coefficient
K;c=6.2-4.7 MPa-ml/2, respectively. The
strength of ceramics increases with the uni-
form and fine-grained structure formation.
The samples sintered with Cr and Si addi-
tives demonstrate fine grain microstructure
and advanced mechanical properties, which
confirms the advantages of alloying addi-
tives using.

The safety and performance Dbenefits
from Accident Tolerant Fuels conception
will be realized only to the extent that new
technologies and materials are widely
adopted and applied in operating reactors.
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