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Abstract

Hetero-modulus ceramics (HMC) present an opportunity to combine a ceramic matrix having high Young’s modulus with inclusions of a material
having a considerably lower value of Young’s modulus. The manufacturing method for the powder transition-metal carbide—graphite HMC
with synthetic binder was studied. A statistical model for the cured-pressed carbide—carbon powder composition with resin binder was developed
employing the statistical fractional factorial experimental design with the 252 matrix type for several processing parameters. During the subsequent
carbonisation of these compacts, the mutual influence between the carbide phase and the phenol-formaldehyde binder leads to the specific
transformations in resin-bonded HMC. The pyrolysis reactions in the resin begin at lower temperatures and the products oxidise carbides with
the formation of metal oxycarbides and oxides, so the behaviour of HMC depends strongly on the carbide content. The mass gain of carbonised
compacts is compensated for by their swelling, so the bulk density in the wide range of contents does not vary after carbonisation. Possessing lower

strength, the resin-bonded HMC have better thermal shock/fatigue resistance than materials hot-pressed at high temperatures.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hetero-modulus ceramics (HMC) present an opportunity
to combine a ceramic matrix having high Young’s mod-
ulus (300-600 GPa) with inclusions of a material having
considerably lower values of Young’s modulus (15-20 GPa).
Subsequently, it becomes more effective to use brittle materi-
als (carbides, nitrides, borides and oxides) in the most modern
high-temperature engineering applications. The generally low
thermal shock resistance of these brittle materials with high
elastic moduli can be greatly improved by the addition of
low-modulus graphite or graphite-like boron nitride. Simi-
lar materials, successfully applied in rocket and spacecraft
design,'? were referred to as “high-E-low-E composites” in
the USA? and “hetero-modulus ceramics” in the USSR, Russia
and Ukraine,* also known as “soft ceramics”, with reference
to the significant advantage of HMC, namely the remark-
able machinability by conventional tools with a high grade of
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accuracy” that is normally unfeasible with conventional ceram-
ics. The experience gained through the application of HMC
was subsequently shifted from space and nuclear technolo-
gies to metallurgy and machinery, as HMC provided significant
engineering opportunities.*>1%-12 The modification of HMC,
refractory transition-metal carbide—carbon composites>~!2 are
prospective materials for a number of high-temperature appli-
cations: as thermally stressed components of rocket engines,
elements of thermal protection for re-entry flying appara-
tus, highly loaded brake-shoes in aviation and automotive
engineering, diaphragms for casting metallurgical equipment,
high-temperature lining and heating elements and others, includ-
ing TiC—carbon composites, which (because of the relatively low
Z of components) are real candidates for thermonuclear fusion
reactors as plasma facing materials.”

High-temperature hot-pressing seems to be an established
method for the manufacture of transition-metal carbide—graphite
composite products.'®!! However, there are a number of signif-
icant restrictions inherent to the fabrication of such compacts
using high-temperature methods. As a result, the high finan-
cial cost of special tools for high-temperature hot-pressing as
well as difficulties associated with the production of com-
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Table 1

Physico-chemical characteristics of transition-metal refractory compound powders
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Compound  Average particle Specific surface Density (gcm™3)

Lattice parameters (nm)  Chemical contents (wt%)

size (pm) area (m? g~ 1)
Pycnometric ~ XRD Me c? (6] N B W (Fe+Co)®
TiC—x 4+£2 1.5 4.80 4.75 0.4328 78.0 19.1 05 04 - 1.5 04
ZrCi_y 4+£2 1.6 6.45 6.44  0.4695 869 109 0.6 04 - 09 02
HfCy_, 2+1 2.5 12.10 12.52  0.4642 91.9¢ 6.8 0.7 05 - 0.8 0.1
ZrB,_ 4 241 2.0 6.15 6.10 a=0.3172;=0.3525 79.8 - - - 184 09 03

4 Total carbon content.

® Sum total of iron and cobalt content.

¢ Sum total of hafnium and zirconium content.
4 Used as an additive to ZrCj_y.

pacts with complicated shapes and accurately controlled sizes,
significantly hinder the wider application of carbide—carbon
HMC. These restrictions make it desirable to develop a pro-
cess for manufacturing HMC that requires lower temperatures
and allows for the possibility of employing conventional tools
for materials processing; a process that uses an appropriate
binder, such as a synthetic carbonaceous resin, could help
to avoid such a high level of expenses in energy, equipment
and auxiliary materials. The advantages of the application of
synthetic resins in the production of refractory materials are
described in a recent review by Ewais,'® but in practice only
limited information about ceramics processing with synthetic
binders, such as phenol-formaldehyde and phenol-furfural
resins, is available in the literature. Such research in this field
is presented only for refractory oxides'>~!° and non-metallic
compounds.?0-22

The goal of this work was to explore the feasibility of the
application of synthetic resins as a binder for the fabrication
of transition-metal carbide powder compositions with carbon
and study the mutual influence and interaction between these
refractory compounds and synthetic resins during the curing-
pressing and heat treatment processing of carbide—carbon HMC
over a range of temperatures and applied pressures. The
study of these problems is also important for the develop-
ment of a multi-temperature hot-pressing scheme for HMC
production first proposed by Shabalin et al.'® Such a scheme
presents the opportunity of shape-forming of these materials
through several stages of manufacture: at the beginning by
low-temperature hot-pressing with the highest pressures that
are possible by employing conventional pressing tools with
application of temporary binders and/or lubricants, then by
the moderate-temperature hot-pressing accompanied with the
removal/transformation of the binder/lubricant for the subse-
quent formation of HMC and at the final stage of the scheme by
high- or ultra-high-temperature hot-pressing employing special
equipment.

2. Experimental

Fine powders of titanium, zirconium and hafnium carbides
and zirconium diboride (as an additive to zirconium carbide)
were used for the fabrication of HMC in this work. The powders
of refractory compounds were produced by self-propagating

high-temperature synthesis with subsequent milling ina WC-Co
alloy lined rolling mill with the balls made from the same materi-
als (Table 1). The powders of natural graphite marked YeUZ-M
with lattice parameter ¢ = 0.678 nm and mineral residue less than
0.1 wt% were taken as the low-modulus component. To com-
pare the behaviour of carbon during the processing of HMC,
different kinds of carbon black (CB) marked TG-10, PM-30
and PM-50 with mineral residue less than 0.15 wt% were also
applied, where the number included in the brand of commer-
cial CB approximately corresponds to its specific surface area
measured in m? g~

Two kinds of synthetic resins were used as a carbonaceous
binder for the carbide—carbon HMC:

- phenol-formaldehyde (Bakelite LBS-5), the solution of
phenol-formaldehyde resol resin in ethanol with resin con-
tent of 50-55 wt%, free phenol content less than 8.0 wt% and
water content less than 9.0 wt% and

- carbamide—formaldehyde—furan (Resin KF-90), the product
of carbamide polycondensation with formaldehyde modified
by furfuryl alcohol, with nitrogen content less than 9.0 wt%,
free formaldehyde content less than 2.3 wt% and pH between
7.0 and 9.0.

The carbide—carbon powder compositions were prepared by
mixing in a rolling mill with rubber-coated milling rods for 24 h.
The carbonaceous binders LBS-5 or KF-90 with 3-5 wt% of
oleinic acid as a surface-active compound (SAC) were diluted
24 times by ethanol or isopropanol and added to the powder
compositions for the subsequent steps in the process. The higher
level of dilution was used for compositions with higher car-
bon content. Dried in air at 50-70 °C for 1-2 h, the HMC were
treated in a 35 mm diameter stainless steel die by uniaxial press-
ing with simultaneous heating by the electro-resistive method at
defined values of processing parameters (temperature, pressure
and time of treatment). The overview of the manufacturing pro-
cess of synthetic resin-bonded HMC in general is presented in
Fig. 1.

The mass and linear dimensions for compacted and car-
bonised samples of HMC were measured thoroughly before and
after thermal treatment with at least 0.5% accuracy. The differ-
ential thermal analysis (DTA) was determined on a modified
derivatograph in an argon atmosphere from room tempera-
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Fig. 1. Overview of the manufacturing process of synthetic resin-bonded HMC.

ture up to 1000°C with heating rate 10-20°Cmin~!. For
the thermogravimetric analysis (TGA), the samples (mass of
about 0.3-0.6 g and sizes of 10 mm x 10 mm x 2 mm) were cut
from the cured and pressed compacts; the surfaces of samples
were preliminarily smoothed, polished and cleaned. The TGA
was carried out in the isothermal regime with accumulation
of gaseous products of carbonisation reactions, applying spe-
cial equipment fitted with microbalance.?® The pressure in the
reaction chamber (volume of about 1 dm?®) was maintained in
the range of 10-100Pa. The heating up to the defined tem-
peratures for the isothermal exposure proceeded at a rate of
about 100°Cmin—!. Time of the exposure amounted to 2h,
though in practice the variation of mass for HMC samples
was observed only during the first 20-40 min of each run. The
X-ray diffraction (XRD) analysis of carbonised HMC was per-
formed by employing the diffractometer DRON (Burevestnik,
Russia) with Fe, Cu and Mo filtered radiation. The assessment
of uniformity was accomplished by the microscopy analysis
with an Epitype-2 (Carl Zeiss Jena, Germany) and an elec-
tron probe microanalysis (EPMA) with a Camebax MS 46
(France).

To test the carbonisation process of HMC with indus-
trial equipment, a multi-chamber electro-graphite carbonisation
gaseous furnace was used for the heat treatment of the TiC—C
compacts with different carbide content. The TiC-C com-
pacts containing 30 vol% phenol-formaldehyde binder LBS-5
were manufactured by uniaxial pressing at 250 °C and 70 MPa,

Table 2
The schedule of heat treatment in a multi-chamber electro-graphite carbonisation
gaseous furnace used for the fabrication of synthetic resin-bonded TiC—C HMC

Current time of heat Temperature Average heating rate
treatment (h) (°0) ech™h
0 25 12.5
10 150 10
20 250 7
35 350 5
45 400 5
55 450 5
65 500 10
75 600 10
115 1000 10
125 1100 20
130 1200 0
135 1200 —20
140 1100 —16
200 150 -

exposed for 15 min. The samples of 35 mm in diameter and
15 &+ 3 mm in height were set into 60 mm x 120 mm x 240 mm
graphite capsule, which was closed with CB filling and graphite
caps. The heat treatment of the experimental capsule with the
TiC-C compacts was accomplished according to the regime
shown in Table 2. Additionally, the experiments with substi-
tution of TiC for the equimolar mixture TiO, with carbon were
launched to evaluate the contribution of the redox processes
to the formation of resin-bonded carbide—graphite HMC. The
samples were prepared according to reaction:

TiO, 4+ 3C < TiC + 2CO (1)

using identical methods and the same values of processing
parameters. The only difference for the compacts containing
TiO, +3C instead of TiC was the double reduction in weight
of the x(TiO; +3C) + yC powder compositions compared with
the xTiC + yC compositions. This appeared to be necessary for
the approximate conservation of the filler/binder ratio for the
prepared materials.

For testing of the thermal shock/fatigue resistance, the sam-
ples of HMC were obtained by a curing-pressing procedure
with subsequent carbonisation in the same industrial regime.
The samples of carbonised compacts were machined into the
shape of O-rings with outside diameter of 35 mm, height 15 mm
and inside/outside diameters ratio d/D =0.5. The samples were
exposed to cyclic thermal shock loading by radial thermal
flow from the arc-charge argon—nitrogen plasma jet of stan-
dard equipment.?* Cycle times were controlled automatically by
switching on and off with the shortest possible period (approxi-
mately 10 s). After thermal loading, the samples were tested with
the universal testing machine ZOM 5/91 to determine the tensile
strength rupture limit by the radial compression method.? These
values were compared with the value for the high-temperature
hot-pressed HMC before thermal loading.
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3. Results and discussion

3.1. Pressing and curing of powder composition with
synthetic binder

The pressing and curing procedure of carbide—graphite HMC
with a synthetic resin as a binder is very important for the subse-
quent carbonisation process of the materials, so it was necessary
to evaluate the effects of the main processing parameters (X;) of
the procedure on the general properties of the compacts (Yy).
These parameters, taken as independent variables (X;) for the
statistical fractional factorial experimental design with the 252
matrix type, were:

- temperature of die (X; =220-260 °C);

- applied pressure (X, =40-80 MPa);

- phenol-formaldehyde binder content (X3 =20-45 vol%);

- carbide content in powder composition (X4 =45-75 vol%);
- time of curing-pressing treatment (X5 = 15-25 min).

Within the framework of the developed statistical model, it
was acceptable in the case of the volume content account in
carbide—carbon HMC with synthetic binder to use the aver-
age value of 2.0 gcm ™ for the density of the carbon (graphite)
phase.

The apparent bulk density of HMC compacts ¥; (gcm™3), is
given as:

do = — ()

where M is the mass of a compact, V the volume of a compact
and the density of the so-called “unibinder” Y5 (gcm™3), which
is expressed by the equation as follows:

M= 2 M
dpy = | —=1=—— 3
= (V5 v

where M; is the mass of the ith powder component and V; is the
volume of the ith powder component; these were assigned as
response functions (Yy) in the experimental design for the above
mentioned purposes.

The regression statistical analysis carried out at a 95% confi-
dence level for the obtained experimental data shows that several
of the coefficients in the equation:

i=5 i, j=5
Yi = by + Zi:lbiX,- + Zi’jzlbinin 4)

possess much lower confidence, including all the coefficients
that reflect the interconnections between the variables. In the
coded form (—1 < X; < 1), the expressions obtained for Y] and
Y, are:

Y1 =2.504 0.068X, + 0.097X4 5)
Y> =0.564 +0.257X5 + 0.111 X5 (6)
which can be converted to the conventional form:

do=1914+34x1073P +6.5 x 10 3 vpec 7

dp = —0.548 4+ 0.021vy, 4 0.022¢ ®)

where P is the applied pressure (MPa), vmec the carbide con-
tent in powder composition (vol%), vy the phenol-formaldehyde
binder content (vol%) and ¢ is the time of curing-pressing treat-
ment (min).

Consideration of the obtained Eqs. (5)—(8) shows that, in the
studied range (factorial space) of variables, both types of density
are not affected by the temperature of the die X, although the
applied pressure X; influences the bulk density of the material
Y1 alone. The density of the uni-binder Y>, which is independent
of the applied pressure X5, represents not only the average den-
sity of the synthetic resin binder but also takes into account the
macro- and microdefects (e.g. pores) at the boundaries between
carbide and graphite micrograins as a characteristic of inter-
granular volume. Therefore, the independent behaviour of this
property is essentially clear in this case. This is explained in
terms of the elastic time effect (“green spring”) and partial loss
of binder through extrusion from gaps in pressing tools, which
increase with a rise in applied pressure X,. As a result of the
above, the porosity of compacts could not be reduced by means
of further pressure increase alone.

Applying some fundamental principles of powder
technology,?® it is possible to approximate the densities (Y)
as a function of processing parameters Y; =f(X;) in terms of a
combination of two quasi-linear parts of the property—parameter
plot, which are characterised by significantly different values
of AY/AX;:

AYy
Xi + Yr(0), -1 =X = X5
Y, = ©)
AYr
AX; 2Xi + (X)) +46, Xis<X; <1
where
(AYk> Ye(Xis) = V(=D _ .
~ = Ay; = const;
AYy
AX: ), ~0; §~0; Yi(0) = Br; Yi(Xis) = Yis
Hence, Eq. (9) can be simplified as follows:
AxiXi+ Bri, —1<X; < Xj,
Y, = ki ki i is (10)
Yks’ Xix = Xi = 1

where Xjs is the so-called point of “saturation”, which divides the
region of variable values into two parts, and Y, respectively, the
“saturation” value of the property corresponding to the constant
(approximated) value of Y} in the second part of plot (Fig. 2).
The dependencies of bulk density Y; on carbide content
X4, varying from 0 to 90vol% for the different types of
carbide—carbon HMC, are shown in Fig. 3. For the materials
with vMec < 45 vol%, the negative deviation from linearity is
explained by a significant increase of the specific surface area
of the powder mixture due to the increase of carbon volume
content. The introduction of similar refractory compounds to
carbide—graphite HMC does not upset the linear form of the
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Yk = Aki Xi + Bki
;ﬂ Yk = Yks ——
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Fig. 2. Graphical interpretation of the model of the property—parameter plot
Yk = fiX;) for the carbide—carbon compacts formed with synthetic resin binder.

density—content plot, as was shown experimentally for the addi-
tion of zirconium diboride to zirconium carbide compositions
(Fig. 4). The application of different kinds of CB as a carbon
component in compositions with carbides leads to the necessity
of increasing the binder content for the fabrication of compacts
with the same values of apparent bulk density. For a larger spe-
cific surface area, one would expect to use a proportionally
increased amount of synthetic binder (Fig. 5). Within the frame-
work of the developed model for carbide—carbon compacts with
binder, this behaviour becomes clear and can be interpreted as a
shift of X3, to a region of higher values of X3.

3.2. Pyrolysis of synthetic binder and concurrent processes

The variation of mass due to pyrolysis of a synthetic binder
in the carbide—carbon HMC, taking into account the coke yield
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Fig. 3. The apparent bulk density of compacts vs. the volume content of powder
carbide for transition-metal carbide—graphite compositions with 30 vol% of syn-
thetic resin binders cured and pressed at 250 °C and 60 MPa: (1) TiC—C (Resin
KF-90); (2) TiC-C (Bakelite LBS-5); (3) ZrC-C (Resin KF-90); (4) ZrC-C
(Bakelite LBS-5); (5) HFC-C (Bakelite LBS-5).

3.5

3.4 /
® 33 / /
c 2 /
G
o /
© 32

1
31
=
g /
10 20 30 40 50
v, vol.%

zrc’

Fig. 4. The apparent bulk density of compacts vs. the volume content of car-
bide for zirconium carbide—graphite compositions with additives of zirconium
diboride (30 vol% of Bakelite LBS-5) cured and pressed at 250 °C and 60 MPa:
(1) ZrC-0-40vol% ZrB,-50 vol% C; (2) ZrC-10-50 vol% ZrB,—40 vol% C.

of binder in percentage, «, is given by:

AMN
M),
cupdy (k — 100) x 100%

(100 = uy) (vvecdytec + vede + iz vid ) + 100cupd;
(11)

where ¢ denotes the degree of solvent dilution, d{) the binder
content in solution (g cm™3), upec and ve the carbide and carbon
content of the powder composition (vol%), respectively, dvec
and dc the densities of each of the carbide and carbon phases
(gem™3) and v; and d; are the content of powder composition
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Fig. 5. The apparent bulk density of compacts vs. the volume content of carbide
for titanium carbide—carbon compositions with different kinds of carbon and
binder contents pressed and cured at 250 °C and 60 MPa (volume contents of
Bakelite LBS-5 are given in parentheses): (1) CB PM-50 (30%); (2) CB PM-
50 (35%); (3) CB PM-50 (40%); (4) CB PM-30 (30 and 35%); (5) CB TG-10
(30%); (6) Graphite YeUZ-M (30%).
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Fig. 6. The derivatogram of the 90 vol% TiC-10 vol% C (graphite) composition
with 30 vol% of Bakelite LBS-5 binder in an argon atmosphere.

(vol%) and the density (gcm™3) of the ith modifying additive,
respectively. The increase of carbon content in the composition
after similar heat treatment can be shown to be:

cupdpk (UMeC + >0 Ui)

Ave(%) =
ve(%) cvndik + 100dc(100 — vp)

12)

The accepted scheme of the pyrolysis (thermal destruction)
of phenol-formaldehyde resins during heat treatment from 150
to 1000 °C includes®’—2:

- at150-350 °C, the dehydration from post-curing reactions and
the increase of the degree of cross-linking;

- at 350400°C, the dehydration and formation of diphenyl
ether structures by the reaction with hydroxyl and methylene
groups and thermal branching (fragmentation) of the polymer
structure to yield lower molecular weight species;

- at 400-600 °C, the liberation of gaseous by-products: carbon
monoxide formed due to the decomposition of ether linkages,
methane formed from the cleavage of methylene bridges as
well as carbon dioxide, water vapour and hydrogen; the forma-
tion and isomerisation of heterocycles as well as the formation
and subsequent structurisation of carbocycles stabilised by
aliphatic bridges;

- at 600-700 °C, the condensation of aromatic ribbon molecules
and destruction of 3D polymers, accompanied by the libera-
tion of hydrogen;

- above 700 °C, the continuous dehydrogenation and aromati-
sation of the whole carbonaceous structure.

With reference to the only communication on the problem by
Lukina et al.,? it is clear that the catalytic activity of transition-
metal carbides, especially in the form of fine powders with
developed surface areas, effectively transform the process of
thermal degradation of phenol-formaldehyde resin.

A typical derivatogram of the carbide—graphite HMC with
phenol-formaldehyde binder is shown in Fig. 6. The samples

100

S (©)

dy,/dy,s %
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v
i
j

2 (b)

AVIV, %

, %
N

4
3
s 50 /
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s o \\?3
<
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Fig. 7. The relative variations of mass (a), volume (b) and apparent bulk density
(c) vs. the temperature of vacuum carbonisation with accumulation of pyrolysis
products for the metal carbide—graphite compacts with 30 vol% of Bakelite LBS-
5 binder: (1) 10 vol% TiC-90 vol% C; (2) 10 vol% ZrC-90 vol% C; (3) 90 vol%
ZrC-10vol% C; (4) 30 vol% ZrC-30 vol% ZrB,—40vol% C.

of material showed an endothermal peak at about 205 £5°C,
which corresponds to the dehydration reactions inherent to the
post-curing cross-linking processes of Bakelite LBS-5, as the
curing-pressing of resin is characterised by a deficiency of time
for the completion of polycondensation reactions. Another fea-
ture of the DTA plot of the phenol-formaldehyde resin-bonded
MeC-C HMC is the existence of the broad endothermal range,
starting at about 270 °C and with a maximum at 440+ 10 °C.
Most likely, this range reflects the destruction processes con-
nected with the split of methylene bridges and ether linkages
of polymer, accompanied by intensive liberation of gaseous by-
products. It was observed that the analogous processes in pure
phenol resins proceed at higher temperatures, ' though there are
some publications that give just the opposite signs to the DTA
peaks obtained from pyrolysis of phenol—formaldehyde resins.>*
Taking into account the fact that the graphite filler does not
cause phenol resin decomposition,®° this observation confirms
the influence of carbide as a catalyst of pyrolitic reactions, but
no reproducible effects on the DTA plot correlated with the car-
bide content in the powder composition or any other processing
parameters in this study.

However, during the pyrolysis in the resin-bonded HMC, the
back influence of the binder, particularly the products of binder
destruction, on the carbide phase of HMC was also detected. This
leads to the partial oxidation of the carbide, which was some-
times visible in the external appearance of the samples after
carbonisation heat treatment. The combined TGA, dilatometric
(shrinkage) and densitometric measurement data for different
materials carbonised with the accumulation of gaseous prod-
ucts of reactions at pressure of 10-100 Pa are shown in Fig. 7.
The TGA data conformed to the value of AM,, which was
calculated according to Eq. (11). For those calculations, the mag-
nitude of the coke yield for Bakelite LBS-5, k=50.54+0.5%
was determined experimentally in free-carbide graphite com-
positions by slow heating of samples (<0.5°Cmin~') up to
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Fig. 8. The relative variation of mass (a), linear dimensions in radial (b) and coaxial (c) directions, volume (d) and apparent bulk density (e) vs. the volume content of
carbide for the TiC-C (graphite) HMC with 30 vol% of Bakelite LBS-5 binder (1) in comparison with those for identically prepared and treated materials containing
equimolar amounts of mixture TiO; + 3C instead of TiC (2) (curve (3) in (a) is calculated using Eq. (11) for the AM/M plot).

1200 °C in protective CB layer. It was found that, for carboni- from each other. The oxidation of transition-metal monocarbide
sation with high heating rate and presence of metal carbide, this phases by the gaseous products of pyrolysis (H,O, CO,, CO),
yield could be reduced to less than 35%. The TGA curves for ~ which starts at temperatures higher than 500 °C, leads the rich-
the HMC with high and low carbide content significantly differ =~ carbide HMC to deviate significantly from the mass-loss values
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observed during the carbonisation process for synthetic resins
without any filler or with only the carbon filler present. The
mechanism of the pyrolysis in the phenol-formaldehyde binder
clearly changes in the presence of the carbide phase, essentially
because water, which usually participates in the auto-oxidative
mechanism of polymer carbonisation,?” is involved in this case
in the oxidation process of carbide phase of HMC. The trans-
formation of carbide into oxide is accompanied by a significant
increase of molar volume,35 so oxide formation heightens the
level of internal stresses in the carbonised carbide—carbon HMC.
For several compositions, especially having been heat-treated at
temperatures upward of 600 °C in vacuum, these stresses could
lead to the partial rupture of the HMC. The modification of
carbide—carbon HMC by refractory borides, which are more
resistant to oxidation at 600—-1000 °C, prevents this. An example
of this was found with the 30 vol% ZrC-30 vol% ZrB,—40 vol%
C composition, where the carbonisation behaviour was more
successful and similar to the graphite-rich materials (see Fig. 7a).

Unlike some of the other synthetic binders, phenol-
formaldehyde resin is characterised by a significant shrinkage
of the entire structure,>® which approaches 50%. The pycno-
metric density—pyrolysis temperature plots for those resins36-3%
and some composites based on them,?® in the wide tempera-
ture range from 200 to 1200 °C, are described by an S-shaped
curve with low-temperature minimum at 400-500 °C, high-
temperature maximum at 900-1100 °C and a quasi-linear part
between the extremes. The linear shrinkage of Bakelite LBS-
5 without any filler, during the treatment with heating rate of
5°C min~! in the range of 400-800 °C, effectively increases lin-
early with temperature.*® However, in this temperature range,
both apparent bulk and pycnometric densities of the carboni-
sation products also grow approximately linearly, leading to a
constant level of porosity for the carbonaceous residue. The ther-
modestruction of pure LBS-5 occurs especially intensively at
500-530 °C. The structural transformation of 3D carbonaceous
residue continues up to 850-950°C. The resulting structure
possesses a higher density compared with the 3D polyconden-
sation structure of the initial polymer, as the yield of volatile
products is not significant and the value of shrinkage is quite
high. The propagation of decomposition by the formation of
low-molecular-weight fragments allows the suborganic mass to
conserve certain plasticity in the temperature range of inten-
sive solid state pyrolysis. For the resin-bonded carbide—carbon
HMC, whilst the carbonisation temperature increases, similar
behaviour coupled with the high surface tension of carbona-
ceous residue and its significant adhesion to powder particle
surfaces brings about the increase of volume shrinkage of the car-
bonised compacts, although in general the inherent weight loss
of the material during the carbonisation process overmatches this
shrinkage and results in a steady reduction of the bulk density
(see Fig. 7b and c). The presence of catalysts, such as transition-
metal carbides, probably lowers the plasticity due to an increase
of the molecular weight of fragments®3 and elevates the porosity
of carbonaceous residue because of an increase in volatile prod-
ucts yield,'® so these circumstances hamper the preparation of
the high-performance carbide-rich HMC. In spite of continuing
liberation of gaseous pyrolysis products at temperatures higher

than 650 °C, further increase of the heat treatment temperature
does not lead to any noticeable reduction of the bulk density for
the studied HMC.

The analysis of the relative variations of weight and dimen-
sions for samples, which were heat-treated in an industrial
electro-graphite carbonisation gaseous furnace, showed that
these variations depend substantially on the carbide/carbon ratio
in HMC. Fig. 8 represents the results of carbonisation heat treat-
ment for the TiC—graphite HMC in comparison with identically
prepared and treated compositions containing equimolar amount
of TiO; + 3C mixture instead of TiC. In spite of the intensive
evolution of volatile products, which brings about a weight loss
of material, the HMC with carbide content more than 40 vol%
were characterised after carbonisation by an increase in weight,
i.e. positive values of AM/M. According to Eq. (11), and tak-
ing into account the experimentally obtained value of coke yield
for the applied resin, the calculations were carried out for the
A M/ M-vric plot (Fig. 8a). It was found that the magnitudes of
mass variation calculated from Eq. (11) are in better agreement
with those for the samples containing the mixture of oxide with
carbon than for compacts containing the carbide—carbon HMC.
The deviation of calculated magnitudes from experimental data
depends on the carbide content in HMC and can be explained via
the oxidation processes of the carbide phase. The propagation
of oxidation reactions was confirmed by XRD analysis of the
carbonised samples of HMC. The results of this XRD analysis
for the samples, which differed in carbide content and condi-
tions of carbonisation, are summarized in Table 3. It is quite
obvious that the interactions between carbides and products of
pyrolysis reactions occur with some transformations of the car-
bide phases, including the formation of metal oxides. This was
typical for carbonisation in vacuum, as well as for treatment
under atmospheric pressure, and was independent of the rate
of gas exchange for a wide range of temperatures and heating
rates, so there is strong justification in suggesting an internal
oxidation mechanism during the carbonisation process of HMC.
Furthermore, microscopy, XRD phase analysis and EMPA for
the external and internal areas of the cross-sections of the car-
bonised compacts provide solid grounds to remove the lack of
uniformity of the samples from consideration and to confirm a
predominant interaction of the carbide with H,O, CO and CO3,
which are released from the degrading polymer.

The thermodynamic calculations carried out by Boosz*!' and
Voitovich*? for the reactions of transition-metal carbides with
CO, CO; and H»>O showed that, not only are these reactions
in the range of the temperatures from 400 to 1200 °C possible,
but are preferable to those reactions of gasification of carbon by
CO; and/or conversion of H,O by carbon. In connection with
this, Eq. (11) should be altered as follows:

(5)..-
M K,a
K100 — vp)vMecdMec(o/100) — cvbd,;(IOO —K)

(100 — vy) (vMecheC + vede + Zi:’llvidl) + 100vad{)
x100% (13)




Table 3
Contents and structural characteristics of carbonised metal carbide—graphite HMC

Composition Carbonisation Phases contents after carbonisation® Lattice parameter of
parameters carbide phase® (nm)
Atmosphere Heating rate Temperature Treatment Before After
(°Cmin~1) (§©)] time (h) carbonisation carbonisation
. 400-600 C, TiC,0, 0.431 £+ 0.001
10vol% TIC-90 vol% C 10-100Pa 700-900 C, TiC, 0y, TiO (r)° 043258 0.430 + 0.004
rolvsis ’ro ducts ~100 400-500 2 TiC,0,, C :I: 0.0003 0.4305 £ 0.0008
90 vol% TiC~10vol% C PYIOysIS p 600-700 TiC, Oy, TiO,(r+a)¢, C : 0.430 £ 0.002
800-900 TiC,0,, TiO,(r), C 0.429 + 0.003
10 vol% TiC-90 vol% C C, TiC,O;, TiO2(r) 0.426 + 0.005
30 vol% TiC-70 vol% C ~100kPa, C, TiC,Og, TiO2(r) 0.427 £+ 0.005
50 vol% TiC-50 vol% C atmosphere of TiC,0;, TiOx2(r), C 04328 0.425 + 0.004
60 vol% TiC—40vol% C combustion <0.5 1200 200 TiC,O;, TiOy(r), C i 0.0003 0.424 + 0.006
70 vol% TiC-30vol% C products in gas TiC,O;, TiOx2(r), C ’ 0.424 + 0.004
80 vol% TiC-20 vol% C furnace TiC,O;, TiOy(r), C 0.422 + 0.005
90 vol% TiC-10 vol% C TiC,O;, TiOx(r), C 0.423 + 0.004
10vol% ZrC-90 vol%C 400-500 C, ZrC,0, 0.4665 + 0.0006
vol% ZrC-90 vol% 600—800 C, ZrC, 0y, ZrOy(t)° 0.454 £ 0.003
400-500 ZrC,0,, C 0.4622 + 0.0008
. 600 Z1C, 0y, ZtO5(c)', C 0.460 + 0.002
90 vol% ZrC-10vol% C I?Odl]j)(?t:’a, pyrolysis 100 700 5 Z1C,0,. ZtO(c + OE, C Oi.4(6)905003 0451 + 0.003
P ) 800 ZrOs(t), ZrC,0,, C ’ 0.446 + 0.006
400-500 ZrC,0y, ZrB;, C 0.466 + 0.002
§?§°f’ozvlfo}3gv°‘% 600700 ZrC,0y, ZrBs, ZrOx(t+m)", C 0.455 + 0.003
2 7 800 Z1By, ZtOs(t+m), ZrC,Oy, C 0.455 £ 0.005

4 Results of XRD analysis.

" Dispersion was calculated at 95% confidence level.

¢ 1, rutile modification of TiO,.

d r+a, mixture of rutile and anatase modifications of TiO,.

¢ t, tetragonal modification of ZrO,.

et t, mixture of cubic and tetragonal modifications of ZrO5.

£ ¢, cubic modification of ZrO,.

hgy m, mixture of tetragonal and monoclinic modifications of ZrO;.
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Fig. 9. The rate of interaction between carbide phase and products of pyrolysis
a vs. the volume content of carbide for the TiC—C (graphite) HMC with 30 vol%
of Bakelite LBS-5 binder calculated using Eq. (13).

where K is the stoichiometric coefficient for these systems
(K=0.534,0.310 and 0.168 for TiC, ZrC and HfC, respectively)
and « is the rate of interaction between the carbide phase and
the products of pyrolysis (%). This equation is in good agree-
ment with experimental dependencies of the relative variations
of mass for the synthetic resin-bonded carbide—carbon HMC
obtained after carbonisation. The rate of interaction «, repre-
sents a gross-characteristic of the carbide—oxide transformation
during the carbonisation process. The calculated values of «,
according to experimental data (Fig. 8a) and Eq. (13), are shown
in Fig. 9 as a function of carbide content for the HMC contain-
ing TiC. The increase of o with the reduction of carbide content
in the materials also confirms the internal nature of the carbide
oxidation process and its spread throughout the bulk of the HMC
compacts.

This method of comparative analysis of carbonisation
behaviour for materials containing carbide and oxide also allows
the assessment of the contribution of the oxidation process of
the carbide to the variation of linear and volume dimensions
of carbonised carbide—graphite compacts. The partial transfor-
mation of carbide to oxide leads to an increase of both radial
and coaxial dimensions of the compact, so volume shrinkage
is observed only for materials with carbide content less than
30 vol%, which demonstrates a weak contribution of the oxide
formation process to the volume variation. It was also revealed
that the carbonised carbide—graphite HMC have a tendency
to swell by as much as 5%. The mass increase of such car-
bonised compacts due to oxidation has a compensatory influence
on the apparent bulk density, so for the TiC—C HMC in the
range of carbide contents from 20 to 80vol%, the apparent
bulk density does not change significantly after carbonisation.
However, the carbonisation is very sensitive to the carbide and
oxide content because of the influence of these compounds on
the polymerisation and pyrolysis processes, which are them-
selves dependant on the physico-chemical nature of the filler.
Deviations of the AM/M-content plot for carbonised compacts

containing oxide from the values, calculated according to Eq.
(11) for inert filler, confirmed the specific influence of oxide on
the physico-chemical transformation of binder and its proper-
ties during the curing and subsequent heat treatment of these
materials. The introduction of interaction rate « for the descrip-
tion of carbonisation process should be considered to be an
attempt to approximate the interaction between carbide phases
and pyrolysis products, because the real process of carbide oxi-
dation involves the formation of other, more complicated phases
such as oxycarbides MeC, O, (see Table 3). The XRD patterns
for carbonised carbide—graphite HMC are characterised by sig-
nificant variations in profile and position of the diffraction peaks,
for which carbonised samples had lower intensities and higher
values of half-width. This results in a significant increase of sta-
tistical dispersion for the determined values of carbide phase
lattice parameters.

Thus, the presence of the synthetic binder, such as phenol-
formaldehyde resin, in the carbide—carbon HMC changes the
process of formation of these structures due to the mutual influ-
ence of the fine powder composition and the organic binder. The
experimental data obtained in the present work demonstrates
the high degree of chemical interaction between the carbide
components of HMC and the thermally-degrading polymer; a
situation requiring improved heat-treatment procedures in order
to fabricate high-performance carbide-rich HMC.

3.3. Thermal shock/fatigue resistance testing

The main purpose of thermal shock resistance testing was to
compare the performance of carbide—graphite HMC, obtained
in this work by the carbonisation of synthetic resin-bonded com-
pacts, with those of high-temperature heat-treated materials with
the same carbide content. Hence two types of HMC were tested
for the degradation of their strength characteristics during ther-
mal shock cycling: a composition hot-pressed from powder at
2700°C and 12MPa, 70vol% TiC-30vol% C (TKU-3)° and
the composition with the same carbide/graphite ratio bonded
by 30vol% of Bakelite LBS-5 and carbonised by heating up
to 1200 °C with a working cycle of 200 h in a multi-chamber
gaseous electro-graphite carbonisation furnace (see Table 2).
The determined values of the tensile rupture strength for com-
positions that underwent different thermal loading were quoted
to the ultimate tensile strength at room temperature for TKU-
3 (00) and plotted in coordinates o/op—N (number of thermal
shock cycles). The resulting curves for both materials are shown
in Fig. 10. Possessing lower tensile strength, the synthetic resin-
bonded materials nevertheless appeared to be more successful
in thermal shock/fatigue resistance than the composition with
higher strength characteristics and this was due to the spe-
cific structure of the material formed during the interaction
between the powder composition and the carbonised binder. A
detailed justification of this conclusion will require additional
investigation and is beyond the scope of this work. For fur-
ther optimisation of the microstructure of synthetic resin-bonded
carbide—graphite HMC, with an eye to improving desirable
physical properties, a thorough study of the transformations in
the materials during the heat treatment processing is required
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Fig. 10. The normalised tensile strength vs. number of thermal shock cycles for
the 70 vol% TiC-30 vol% C (graphite) HMC: (1) cured-pressed and carbonised
with 30 vol% of Bakelite LBS-5; (2) high-temperature hot-pressed.

to produce a generic process for consistent manufacture of this
type of ceramic.

4. Conclusions

This work has essentially been a novel, process-orientated
study of the transition-metal carbide—graphite compositions
with synthetic binder for the fabrication of HMC. The process
included a precursory curing-pressing procedure as well as car-
bonisation heat treatment, which was accompanied by the dual
processes of pyrolysis of the binder and carbide oxidation. In
summary:

1. A mathematical model for the properties of carbide—carbon
compacts with synthetic binder was developed employing
the statistical fractional factorial experimental design with
a 252 matrix type for a number of processing parameters.
Applying fundamental principles of powder technology, the
model was extended over primarily studied factorial space
to interpret the specific behaviour of compositions with a
synthetic binder. The pressing procedure was characterised
by a viscous flow of binder into the intergranular spaces of
the powder composition. This flow was accompanied by the
polycondensation process of the resin, which was affected by
catalytic properties of the solid surfaces of transition-metal
carbide particles.

2. The processes of pyrolysis of the polymer binder began at
rather lower temperatures than was observed for the phe-
nol resin without any filler and confirmed the influence of
transition-metal carbides as catalysts of similar reactions.
Though the experimentally determined value of the coke
yield for Bakelite LBS-5 amounted to 50.5 + 0.5%, it could
be reduced by 35% or more due to the cumulative effect
of high rates of heating and the presence of metal carbide.
However, a back influence of the binder was also detected, in
particular, pyrolysis products on the carbide. The rate of inter-
action between these products and the carbide phase after

carbonisation for a 200 h cycle with maximum temperature
of 1200 °C exceeded the value of 20% complete transfor-
mation of carbide and led to the partial oxidation with the
formation of complicated intermediate phases, such as oxy-
carbides MeC,0,, as well as metal oxides. Therefore, the
behaviour of carbide—graphite HMC during the carbonisa-
tion process was shown to depend strongly on the carbide
content in these materials. The compensational influence of
the mass increase inherent for the carbonised compacts, due
to carbide oxidation, resulted in the invariance in the appar-
ent bulk density after the carbonisation process for the TiC—C
HMC in the range of carbide contents from 20 to 80 vol%.

3. Possessing lower tensile strength when compared with
high-temperature hot-pressed materials, the synthetic
resin-bonded HMC nevertheless possess better thermal
shock/fatigue resistance characteristics.
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