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Abstract

Hetero-modulus ceramic—ceramic composite materials (HMC) present the combination of ceramic matrix with high Young’s modulus and the
inclusions of a dispersed phase with low Young’s modulus. The densification of 60-100 vol% TiC-0-40vol% C (graphite) HMC during hot-
pressing of powder compositions at 2200-2400 °C and applied pressures of 8—16 MPa is studied. The general theory of bulk-viscous flow for
porous body is developed to describe obtained experimental data. This relation as well as Kovalchenko’s equation for the evolution of relative
density for non-uniform deformation of porous body, incorporating different stages of creep, are used to determine the activation energy and
the exponent constant of hot-pressing process, which values are 270 £ 30 kJ mol~! and 3 4 0.3, respectively. The obtained experimental data are
discussed on the basis of extensive and detailed analysis of the previous studies on diffusion and diffusion-related phenomena in the Ti—C system.
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1. Introduction

Hetero-modulus ceramic—ceramic composite materials
(HMC) present the combination of ceramic matrix with high
Young’s modulus (300-600GPa) and the inclusions of a
dispersed phase with significantly lower Young’s modulus
(15-20 GPa). By means of the making of HMC, it becomes
possible to use brittle refractory compounds (carbides, nitrides,
borides, silicides, oxides) in the most modern high-temperature
structures. The generally low thermal shock resistance of
these materials with the highest elastic modulus can be
greatly improved by the addition of low-modulus graphite and
graphite-like boron nitride inclusions.! Another great advantage
of HMC is an excellent machinability by conventional tools
with a high grade of accuracy? that is normally impossible with
conventional ceramics.

Refractory carbide—carbon composites® are prospective
materials for high-temperature application, e.g. as thermally
stressed parts of rocket engines, elements of thermal protec-
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tion for re-entry flying apparatus, highly loaded brake-shoes in
aviation and automotive engineering, high-temperature heating
elements and others, including titanium carbide—graphite com-
position, which above all, because of its relatively low Z, is
a candidate for thermonuclear and fusion reactors as a plasma
facing material.*

High-temperature hot-pressing technique possesses practi-
cally unlimited possibilities for the production of HMC based
on different high-modulus matrices and low-modulus additives
in the widest range of their content ratios. But, though the den-
sification during hot-pressing for refractory carbides and their
powder compositions with metals were studied thoroughly,>8
no kinetics data on carbide—carbon compositions densified by
similar processes have been yet published.

Therefore, the goal of the present work is to study the kinetics
and mechanism of densification for titanium carbide—graphite
compositions as a general example of hot-pressing processing
for HMC fabrication, to find an acceptable description of the
process, which could be used for the subsequent modeling of
evolution for porous structures in refractory carbide—carbon sys-
tems, and to compare with those inherent to single phase metal
carbides.
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2. Experimental procedure

The matrix for the HMC in the present investigation of
high-temperature hot-pressing densification kinetics consisted
of carbothermic titanium carbide powders (KZTS, Sverdlovsk
Region, Russia) equiaxed but irregular in shape with a parti-
cle size 1-4 pm, contained 78.5 wt.% Ti, 19.6 wt.% C, 0.7 wt.%
W, 0.5wt.% O, 0.4wt.% Fe, 0.1 wt.% Co. The powders of
natural graphite marked YeUZ-M and standardized by GOST
10274-82 (KKZ, Chelyabinsk Region, Russia) with mineral
remains less than 0.1 wt.% were used as low-modulus addi-
tives. The densities d determined by XRD method were 4.90
and 2.26gcm™> for titanium carbide and graphite phases,
respectively. The compositions were prepared by mixing in
a rolling mill with rubber-coated milling rods. Hot-pressing
was conducted in a set of dies made of structural graphite
marked GMZ-A (ChYeZ, Chelyabinsk, Russia) of 70 mm out-
side diameter and 20 mm inside diameter. Approximately 15 g
of dried 60-100 vol% TiC—0-40 vol% C powder compositions
was charged into graphite die set for each hot-pressing run.

A technological map of hot-pressing processing together with
a typical curve of measured linear shrinkage of a specimen is
shown in Fig. 1. The general parameters of hot-pressing pro-
cess, temperature T and applied pressure P, were changed in the
ranges as follows: 2200-2400 °C and 8-16 MPa, respectively,
at that time the furnace pressure in each of the experiments was
fixed at two levels: 1 Pa (the pressure of residual gases) — before
the isothermal mode (soaking) was achieved and 20 kPa (the
pressure of argon atmosphere) — after its beginning. The values
of parameters 7'and P were chosen on the grounds of the practice
of HMC production by hot-pressing.

Dilatometric measurements of a specimen height 4 were car-
ried out permanently by means of a special mechanical sensor
with a 2.5 pm-accuracy. Special experiments were used to deter-
mine the thermal drift of the dilatometric measuring system. The
apparent density of polished hot-pressed specimens calculated
after the procedures of machining, weighing and linear measur-
ing was used to determine the final relative density yr according
to equation:

d x 100% (1)
"= Unicdnic + vede ’
where d is the apparent density of hot-pressed titanium
carbide—graphite HMC specimen, vTic, vc, respectively, the
titanium carbide and graphite contents in composition, vol%,
and dric, dc, respectively, the titanium carbide and graphite
XRD densities, gcm™>. The relative density y at any time t
during the hot-pressing with constant pressure under isothermal
conditions was calculated from the data on the linear shrinkage®:

J— hf 2
V—Vf<h> )

where Ay is the final height of a hot-pressed specimen mea-
sured by the dilatometric system and 4 the current height of the
specimen during the hot-pressing processing, so a hot-pressing
densification kinetic curve was established from the calculated
values.
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Fig. 1. Technological map for investigation of the densification kinetics as
evolutions of temperature 7 (a), applied pressure P (b) and furnace pressure
(atmosphere) p,, (c) with hot-pressing processing time f combined with a typical
dilatometric curve of measured linear shrinkage (d) for a TiC—C HMC specimen.

The elicitation of the interface boundaries while microstruc-
ture researching was provided by anode etching of the pol-
ished specimens of the hot-pressed TiC-C HMC in the
sodium—phosphate electrolyte with the addition of the catalytic
CuS04-H,S0y solution!?. The anodization of specimens was
conducted under voltage 3.5 V for 20-30 s at room temperature.
The colored microstructure of the compositions were observed
in Epitype-2 (Carl Zeiss Jena, Germany) optical microscope and
photographed with micro-photo equipmen MFN-12 (LOMO,
Russia).

3. Results and discussion
3.1. Densification kinetics

The total shrinkage of TiC—C HMC during the complete cycle
of high-temperature hot-pressing given by

Ah hep — h
S = () == 100% 3)
h), hep
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Fig. 2. Evolutions of the relative density y for 80 vol% TiC-20 vol% C compo-
sition with isothermal soaking time t during hot-pressing processing at different
temperatures: (2, 5, 7) T=2200°C; (1, 4, 6) T=2300°C; (3) T=2400°C and
applied pressures: (6 and 7) P =8 MPa; (3-5) P=12MPa; (1 and 2) P=16 MPa.

where hcp is the height of the cold-pressed specimen before
hot-pressing processing, amounted to 30-80% dependent on
carbide—carbon ratio in HMC (see Fig. 1d). The total shrink-
age S considerably increased with other equal parameters, when
the volume percentage of low-modulus graphite additive rises.
The numerous experiments of TiC—C hot-pressing processing
showed that shrinkage of HMC and densification corresponding
to it mostly were observed during the heating of materials up
to the temperature of isothermal soaking 7, so the increase of
density on the stage with the constant values of parameters T
and P occured in rather limited terms.

The evolutions of relative density y while hot-pressing for
the 80 vol% TiC-20vol% C HMC are presented in Fig. 2. The
increase of temperature 7 and pressure P significantly caused
the density of HMC that was reached during the hot-pressing
isothermal soaking under the constant applied pressure. The rate
of linear shrinkage during the isothermal soaking reduced from
the highest to a practically constant lower value for fixed T and
P (Fig. 3). This transition to the constant value was passed as
soon as higher temperature and lower pressure of the soaking.
The enlargement of the soaking time higher than 30-40 min was
insignificant for the final density of hot-pressed material.

The theory of bulk-viscous flow for porous body,!! based on
the general theory of deformation of solids, gives us for the case
of uniaxial compression with the absence of transversal strains
the expression for the relative density as follows:

dy _ 3Pd-yp

4
dr 4ny @)

where 7 is the coefficient of shear viscosity for porous body. The
integration of Eq. (4) leads to:
3P (Tdr

yo — 1
-y=-vw=—1 — Q)
y—1 4 Jo n

In

In the earlier papers devoted to the hot-pressing processing
of single phase carbide materials>~ it was shown that the value
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Fig. 3. Evolutions of the shrinkage rate 1/ x dh/dt for 80 vol% TiC-20 vol%
C composition with isothermic soaking time t during hot-pressing processing
at different temperatures: (2) 7=2300°C; (1, 3, 4) T=2400°C and applied
pressures: (2 and 4) P=8 MPa; (3) P=12MPa; (1) P=16 MPa.

of coefficient of shear viscosity for porous carbides while being
densified increases, and thus, it is a variable dependant on time
of treatment.

The densification process of the TiC—-C HMC considerably
differs from those for pure carbides, because of constant value
for coefficient of shear viscosity during the isothermal soaking.
That is expressed by linear dependence on time for the value
of @(y)=In(1 — y) — (1 — y), which is supposed in the case of
the integration of Eq. (4) taking into account the independent
character of n:

3P
ln(l—J/)—(l—V)=—Ef+ln(1—yo)—(1—yo) (6)

or
3P
P(y) — P(n0) = — T @)
n
P
AD(y) = —3—1 ®

4n

At the same time in similar conditions of the hot-pressing,
the coefficient of shear viscosity for 100 vol% TiC composition
appeared to be a time-dependant parameter (Fig. 4).

The increase of carbon volume content vc in the hot-pressed
TiC—C HMC caused the corresponding decrease of the final rel-
ative density yr and increase of viscosity (slope of lines in the
plots of @(y) — 1) during the procedure.

3.2. Influence of temperature and applied pressure

The growth of viscosity is observed also while values of
temperature 7" and pressure P, parameters of hot-pressing pro-
cess, are reduced. The examples of dependencies &(y)—t
for 80vol% TiC-20vol% C are shown in Fig. 5. All those
experimental dependencies are characterized by constant val-
ues for the coefficient of shear viscosity during the hot-pressing,
which could be calculated accordingly to Egs. (6)—(8) for the
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Fig. 4. Characteristics of densification @(y) during hot-pressing process-
ing for the TiC-C compositions at 7=2300°C and P=12MPa: 1-60vol%
TiC—40vol% C; 2-70vol% TiC-30vol% C; 3-80vol% TiC-20vol% C;
4-100vol% TiC.

different experimental temperatures 7" and pressures P. For
80vol% TiC-20vol% C composition the values of n lie in
(0.3-3.0) x 10'! Pas interval, that is one order of magnitude
higher than Kovalchenko!? had obtained for the single phase
TiC hot-pressed at the similar temperatures and pressures.

Linearization of the coefficient of viscosity dependency on
temperature in the coordinates of In(n/T) — 1/T (Fig. 6) allows to
determine the activation energy of viscous flow Q in accordance
to the mechanics of continuum media equation'3:

n=AT exp <RQT> 9)

where A’ is a constant independent on temperature, having
dimension of kgm~! s~ K~

Application of this equation for studied hot-pressing pro-
cesses gave for the activation energy Q a value of 270+
30kJ mol ™.
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Fig. 5. Characteristics of densification @(y) during hot-pressing processing
for 80 vol% TiC-20vol% C composition at different temperatures: (1, 3, 6)
T=2200°C;(2,4,7) T=2300°C; (5) T=2400 °C and applied pressures: (1 and
2) P=8MPa; (3-5) P=12MPa; (6 and 7) P=16 MPa.
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Fig. 6. The Arrenius plot of In(n/T) for the hot-pressed 80 vol% TiC—20 vol%
C composition at different applied pressures, P: (1) 8 MPa; (2) 12 MPa; (3)
16 MPa.

Analysis of obtained experimental data for the viscos-
ity dependency on applied pressure during hot-pressing in
lg n — 1g P coordinates (Fig. 7) leads to:

n=A"pP*k (10

where A” is a constant independent on applied pressure. Eq.
(10) is similar to the equation proposed by Skorokhod!! for the
effective non-elastic viscosity describing the rheological par-
ticularities of non-linear creep of porous body. The obtained
experimental data give us a value for k of 3 £0.3. By combin-
ing Egs. (9) and (10), it is possible to submit the generalized
expression for the coefficient of shear viscosity for porous mat-
ter during hot-pressing:

n = ATP % exp <RQT> (11)

where A is a constant independent on the 7'and P parameters. The
constant A reflects the capability of the microstructure of porous
system to densify (sinter) while hot-pressing processing, so it
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Fig. 7. The coefficient of shear viscosity values for the hot-pressed 80 vol%
TiC-20vol% C composition at different temperatures, 7: (1) 2200°C; (2)
2300°C.
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could be applied as a criterion for the preliminary preparation
(e.g. milling) and content optimization (e.g. volume fraction of
low-modulus additives) of HMC compositions before the high-
temperature treatment.

3.3. Creep model
Inserting the generalized expression for the viscosity of

porous matter that was obtained above to Eq. (7), it is possi-
ble to transform the latter one to:

_ _ 3l 9
D(y) — P(y0) = il 77 CXP( RT) 12)
or
_cr (e
AP(y) = RT T exp (— RT) (13)

Eq. (13) corresponds to a general relationship of steady-state
(secondary) creep of materials'#:

: = o o (14)
&=Co"— exp | ——
wr TP\ T

where ¢ is the strain rate during steady-state stage of creep,
o the applied stress, k the Boltzman constant, Q' the activa-
tion energy for creep, C the constant independent of applied
stress o and temperature 7 and 7 is the creep exponent constant.
At high temperatures the creep exponent n = (0 Iné/0 Ino)y,
which illustrates the stress sensitivity of a material, !> could
have a value from 1 to 10. When it is usually realized between
3 and 5.5 this regime is called power-law creep,'® but in the
case of the experimental evidence that n =1 Eq. (14) describes a
Newtonian dislocation (linear) creep as known as Harper—Dorn
mechanism!+16.

Constructing the deformation-mechanism map for the
transition-metal carbides Frost and Ashby!® applied for the TiC
power-law creep exponent n the value equals 5.0, but there are
contradictory data in literature. Williams!” defined for single
crystal of TiCpge under compressive stress n=5.5 in a tem-
perature range of 800—1600 °C, while Spivak et al.'®!° found
for TiCy 95 the value n=1 at 2100-2300 °C, which increases to
n=3-4 at 2300-2600 °C. The latest study by Tsurekawa et al.2"
brought the following results for steady state strain rate: n=7
in a temperature range of 1475-1855 °C and about 5 at 2000 °C.

From the detailed consideration of the interconnection of
equations for densification during hot-pressing and creep of solid
matter jointly with the general theory of volume viscous flow,
Kovalchenko?! has proposed the equation for evolution of rel-
ative density y incorporating «-, 8- and k-creep equations for
non-uniform deformation of porous body, which is realized into

a rigid die while hot-pressing processing®>23:

y ! ! !’
AXAw=3/ YD 002y, — APy P
bq
’ (15)

where AX,(y)=X,(y) — Xu(yo) is a residual of antiderivative
functions taken for current and initial values of relative den-
sity y, P the Laplace’s (capillary forces) pressure, A and n’ are

Table 1
Values of exponent constant n from Eq. (15) for different compositions based
on refractory compounds

Class Composition n Reference
Carbide TiC 3 21,22
ZrC 3 2
Nitride TiN 3 2
Boride TiB,? 4 25
TiB, 3 2
ZrB, 2 2
CrB, 2 24
Silicide MoSi, 2 2
Cermet TiC-Nb 2 26
WC-Nb 2 26
TiC-Ni-Mo 1 27

* Containing 1.5 wt.% Fe.

constants corresponding to Eq. (14): A=C/kT and n’ =n. The
adequacy of this mathematical model for description of hot-
pressing processes for the powders of refractory compounds was
confirmed by a series of papers?!~?7 (Table 1). Denisenko and
Mai?® also came to the derivation of the equation that insignifi-
cantly differs from the Kovalchenko’s formula:

4 "_ (!
AFG) = [ SR =y Ry
W

0

n” Q//
= MP rexp< RT> (16)
Application of Kovalchenko’s formula for the experimental
data obtained in the present work showed that Eq. (15) delin-
eates well the densification processes of the TiC—C HMC during
hot-pressing with applied constant pressure under isothermal
conditions, when the value of exponent constant n equals 3. Pre-
viously the value n=3 was successfully used for the model of
hot-pressing processes for pure and iron-contaminated titanium
carbide?!?2. For the case with n=3 Eq. (15) transformed as

7 6
3 5
X3(y)=y7+%+§y5+74+§y3+33/2+77/
1
+— 4+ 8In(l—y) (17)
-y

The experimental TiC—C composition densification depen-
dencies on time were converted with the application of tabled
values of X3(y) function submitted in appendix to Kovalchenko’s
study?2. Those for the 80 vol% TiC—~20 vol% C HMC are shown
in Fig. 8. The calculated values of X3(y) dependencies con-
sidered by the In[T X3(y)/(P + PL)3] — 1/T plot give us the
same value for Q=270+ 30kJ mol~!, as it was obtained pre-
viously while modeling the viscous flow processes during the
hot-pressing procedure.

3.4. Recrystallization effect
Due to Arrhenius plots the analysis of thermally activated

processes allows to draw several conclusions concerning the
probable physical mechanism. The calculated and experimen-
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Fig. 8. Characteristics of densification AX3(y) during hot-pressing process-
ing for 80 vol% TiC-20vol% C composition at different temperatures, 7: (a)
2200°C; (b) 2300°C and applied pressures, P: (1) 16 MPa; (2) 12MPa; (3)
8 MPa.

tal literature data on vacancies formation and motion, diffusion
and diffusion-controlled processes for the Ti—C and relative sys-
tems are shown in Tables 2—4. The values of apparent activation
energy Q for titanium and carbon self-diffusion, recrystalliza-
tion of carbide phase and creep behavior of the TiC compositions
are collected there from different sources.

The formal kinetics analysis of densification (sintering) pro-
cess for the TiC—C HMC carried out in the present work deter-

Table 2
Values of the formation and motion energy E for vacancies in titanium carbide
phase

Process Phase Energy E (kJ mol~1) Reference
Formation of Ti-vacancies TiCi o 345 29
Formation of C-vacancies TiCy o 119 2
Formation of C-vacancies TiCop.99 13443 30
Motion of Ti-vacancies TiCy o 300 2
Motion of C-vacancies TiCi o 475 29
Motion of C-vacancies TiCo.94 460 + 50 31
Motion of C-vacancies TiCy o 370+ 10 32

mined the direct functional relation between internal properties
of treated material system (%, y) and external parameters of influ-
ence on the system by high-temperature treatment (7, P, 7). But
there is an obvious necessity to use the exploration of composite
microstructure for better understanding of the physical nature of
densification process, because apart from the discharge of the
powder (porous) system from non-equilibrium macrodefects,
i.e. sintering process, the several processes, including hetero-
diffusion and recrystallization, are realized during hot-pressing.
In similar systems, those processes closely connect with the
densification of porous matter. Micrographs of the hot-pressed
TiC-C HMC with different contents of low-modulus graphite
inclusions are shown in Fig. 9. The microstructure analysis of
compositions revealed the significant influence of the inclusions
located predominantly at the carbide grain boundaries on the
matrix grain growth. The increase of graphite content from 10
to 40 vol% caused to the reduction of TiC mean grain size on
3—4 times (Fig. 10). The saturated by carbon carbide phase in
HMC is characterized by the lower values of lattice parame-
ter (a =0.4326 nm) and microhardness (HV =24 GPa) compared
with those for quasi-stoichiometric TiCj_ x19. The kinetics anal-
ysis of the TiC—C HMC formation during hot-pressing undoubt-
edly evidences that the densification of materials is controlled by
power-law creep process characterized by ¢ o . The thermally
activated glide-controlled creep with lower value of activation
energy Q and exponent n =~ 3 is often observed during the high-
temperature ceramics processing'®. However, during the initial
stages, the reaggregation of powder particles due to the interre-

Fig. 9. Microstructures of the TiC—C hot-pressed compositions with different carbon contents: (a) 10 vol%; (b) 20 vol%:; (c) 30 vol%:; (d) 40 vol%, colored anode

etching.
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Table 3
Values of apparent activation energy Q for different types of diffusion and diffusion-controlled processes in titanium carbide
Process Phase Temperature range (°C) Activation energy Q (kJ mol~!) Reference
Lattice self-diffusion of Ti TiCo.67-097 1920-2215 740 £ 15 33
Lattice self-diffusion of C TiCo.97 14502280 400+5 i
Lattice self-diffusion of C TiCo.84 2000 410 3
Grain-boundary diffusivity TiC_, >1800 240 36
Grain-boundary diffusivity TiCi_x 920-1645 270 3
Grain-boundary diffusivity TiCo.97 - 543 16
Dislocation core diffusion TiCop.97 - 543 16
Recrystallization® TiCy_, <2000 120 3
Recrystallization” TiCo .08 1500-2050 140410 3
Recrystallization® TiCo 96 16002000 190 40
Recrystallizationd TiCo 63-0.75 1200-1600 230 +£5-10% 41
Recrystallization® TiCo.03 1400-2100 243+ 6 42
Recrystallization® TiCo 63-0.75 1650-1850 260 £ 5% 4
Recrystallizationf TiCop.93 2300-2500 280410 7
Creep (compression, 3.9630 x 1073 s~!, n=10) TiCo.05 1010-1240 240+ 10 “4
Creep (compression, 3.9-630 x 1079 s~!, n=5.3) TiCo 05 1570-2000 470430 44
Creep (compression, 870 MPa, n=5.5) TiCo.96 800—1600 320 17
Creep (compression, load relaxation) TiCo.03 1200-1600 390 45
Creep (compression, 2-500 x 1073 s™!, n=7) TiCi_x 1475-1855 560 20
Creep (compression, 2-500 x 1075 s~! n=5) TiC_x ~2000 >560 20
Creep (compression and bending, n=2.7) TiCy_y 1400-1700 380 46
Creep (compression and bending, n=3.5) TiCy_ 1700-2000 650 46
Creep (bending, 5-17 MPa, n=1) TiCo 05 2000-2300 425420 19
Creep (bending, 17-30 MPa, n=3-4) TiCo.95 2300-2600 600 £ 30 19
Creep (bending, 5-12MPa, n=1) TiCo.04 2300-2600 625430 18
Creep (tension, 48—55 MPa) TiCo.96 1640-1700 542 47
Creep (tension, 4855 MPa) TiCo.96 1730-1810 730 47
Creep (extrapolation of calculated data) TiC10 9101180 160 48
Creep (extrapolation of calculated data) TiCi o 1230-2000 520 48
Creep (bending, 3-10MPa, n=1) TiC-C# 2400-2800 590-680 + 30 49
Creep (bending, 3-10MPa, n=1) Tic-Ch 2400-2800 545-660 =+ 30 49

? Sintered body after volume deformation.

b After surface cold-hardening.

¢ Pressureless sintered powders.

4 Grain growth during solid-state hot-pressing of titanium carbide with metal titanium.

¢ Grain growth during liquid-phase sintering of titanium carbide with metal titanium.

f Sintered body.

& Added 6-28 vol% carbon black.

- Added 6-28 vol% flake graphite.
Table 4
Values of apparent activation energy Q for densification processes during hot-pressing of transition metal carbides
Composition Temperature range (°C) Applied pressure (MPa) Relative density (y) Activation energy Q (kJ mol~!) Reference
TiCp.63-0.94" 1200-1600 7-35 0.84-1.0 117 £5-10% 3
TiCo.96 2100-2300 16 ~0.94 140 £5-10% 6
TiCo.93 1300-1900 25-120 0.85-0.95 180-315 30
TiCo.95 2200-2500 8-30 0.94-0.96 285-335+5% 7
TiCo.05° 2000-2600 5-25 0.75-1.0 380 2
TiCo.04 2100-2700 5-13 0.65-0.97 510 2
80 vol.% TiC-20vol.% C 2200-2400 8-16 0.64-0.98 270+£30 Present work
ZrCo g6 1700-2400 40 0.75-0.98 170 3
ZrCrp 2200-2400 16 ~0.91 190 £ 5-10% 6
ZrCop.02 2200-2600 10-30 0.94-0.96 270-285+5% 7
HfC 2500-2700 16 ~0.92 215£5-10% 6
VCoazs 2000-2400 10-30 0.94-0.96 160-180£5% 7
NbCo 74 1460-1660 48-54 <0.93 24010 32
NbCo 74 1630-1830 64 0.93-0.99 470 2
NbCo.99 2200-2400 16 ~0.89 360 +5-10% 6
TaCj o 2600-2800 16 ~0.91 405 £5-10% 6

# Reactive solid-state hot-pressing of titanium carbide with metal titanium.
% Tron contaminated: 0.2 wt.%.
¢ Hot isostatically pressed.
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Fig. 10. Dependencies of the average matrix grain size L for the TiC—C hot-
pressed compositions on the volume fraction of graphite inclusions (experimen-
tal dots). Calculated curves according to Eq. (18) for different values of r: (1)
10 wm; (2) 5 wm; (3) 2.5 wm and Eq. (19) for 7: (2%) 5 wm.

lation sliding and the fragmentation of particles play the most
important role for the densification process. Practically, these
processes finish during the heating before the isothermal soak-
ing or at the beginning of it as it is shown, in particular, by the
non-linear character of dependency AX3(y) — t during the ini-
tial stage (see Fig. 8b), where the value n < 3. Probably, interface
and boundary processes, such as grain slipping, angular rota-
tion and others contribute in certain ways to the deformation
of porous composition during the subsequent stages of hot-
pressing. The proof of this tendency could be the lower value
of Q obtained experimentally in this work, but also the mani-
festation of superplasticity revealed in the TiC—C system, where
it was observed the anomalous increase of creep rate for the
quasi-eutectic compositions*’.

The presence of low-modulus graphite inclusions retards the
recrystallization of titanium carbide matrix. It was found that the
observed microstructure of the hot-pressed TiC—C HMC is well
described by the formula, which is analogous to the classical

Zener pinning equation for stable grain size>>:

4 r

L= 30100 (18)

where L is the average matrix (titanium carbide) grain size and
r is the nominal drag radius of pinning force. This fact is evi-
denced by the plot of L versus vc, where obtained experimental
data on the TiC—C HMC with different graphite content (Fig. 10,
dots) are compared with results calculated accordingly to Eq.
(18) (Fig. 10, curves) for the values of r equal to 2.5, 5 and
10 wm. In the hot-pressed HMC, the most significant pinning
force is exerted by graphite particles, but another factor that
inhibits grain boundary motion is the influence of pores. There-
fore, taking into account this factor, the expression for porosity:
p=1—yand general relation vric + vc = 100 Eq. (18) should be
transformed as

4 r
L =—

3 (1 — (vtic/100)y)

19)

which includes 7 that merges both inhibiting factors: graphite
particles and pores, and corresponds approximately to the linear
size of “general drag” 27 = 10 pm.

Graphite inclusions result in the conservation of a widely
developed grain boundary network, which plays the role of
quasi-amorphous sinks or shorter diffusion paths (circuits) for
point defects, mostly vacancies, from sources to the exter-
nal boundary of compacts. Obviously, this is the most impor-
tant distinction between carbide—graphite HMC and single
phase carbide materials, which leads to the extremely different
viscosity—time relations for these materials during the hot-
pressing (see Fig. 4). The collective recrystallization of single
phase materials accompanied by the significant grain growth
causes viscosity of porous body to rise gradually while porosity
is decreasing during the hot-pressing (sintering) process. Sam-
sonov and Kovalchenko>* made an attempt to take it into account
by the introduction of special modification of Eq. (4):

n=n'(l1+br) (20)

where b is a constant coefficient for given temperature corre-
sponding to grain growth rate. Probably, it is possible to find out
the direct links between b and grain growth kinetics constants,
but unfortunately, there are no experimental data in literature to
compare these links for different types of materials.

3.5. Densification mechanism

Hot-pressing and sintering of powder refractory compound
compositions relate to the diffusion-controlled processes, which
are determined in binary systems not only by individual par-
tial coefficients of self-diffusion for components, but also by
an effective coefficient, the so called chemical interdiffusion
coefficient!®. While healing macrodefects, e.g. pores, there is
a strong possibility of dehomogenization in carbide phase due
to considerable difference (10°—~10* times) in metal and car-
bon atoms mobilities’>3*. The presence of great amounts of
excess carbon obviously changes the concentrations of point
and linear defects in carbide matrix phase compared with those
for quasi- or hypo-stoichiometric carbides, therefore the den-
sification of carbide—graphite HMC is developing in different
way. At the same time with the sintering of carbide phase the
noticeable rearrangement of graphite phase takes place during
the treatment. It is realized en route to the deeper ordering of
atomic structure, which brings about the reduction of interlayer
spacing for graphite from d=0.339 nm up to d=0.335 nm. This
variation of volume corresponds to 1.2% that is commensurate
with the residual porosity of material in the final stage of hot-
pressing. Difference in electron structure of carbide and graphite
cause considerable discrepancy in self-diffusion coefficients of
carbon in these phases that leads to some difficulties in the
formation of interphase contact between carbide and graphite
micrograins in the initial stage, but also in its extension during
consequent stages of sintering or hot-pressing. At high tem-
peratures besides the solid-state diffusion mechanisms mass
transport in porous carbide—graphite compositions is realized by
vaporization—condensation reactions>>. Graphite particles pos-
sess flakes form, so the greater part of their surface relates to
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basal planes (00 1), which are characterized by covalent bonds
with high grade of directivity and enrichment; such character-
istics make the surface of graphite particles relatively inert for
contact interaction. Metal diffusion coefficients in the normal
direction to the basal plane approximately twice less than in the
parallel direction, and the value of activation energy of diffusion
in normal direction is 10% higher>®. The high anisotropy of the
physical properties of graphite causes the thermal expansion in
perpendicular direction to the basal planes to be 200 times higher
than in parallel, so it is not unexpected that the compressibility of
graphite microcrystals in the perpendicular direction to the basal
planes is 10*~10° times greater. In cooperative effect together
with the reduction of interlayer spacing and the preferential ori-
entation of the graphite inclusions®’ during high-temperature
hot-pressing these phenomena lead to the perturbation of conti-
nuity and high grade of defectiveness for the carbide—graphite
interface and, additionally, brings about the reduction of HMC
relative density with increase of carbon volume content?.

After the qualitative consideration of the densification kinet-
ics, it is necessary to pass on to the quantitative characteristics
of this process, which are obtained in the present work. It is
rather clear that the first main constant, exponent n, which
value equalled 3, identifies the TiC—C HMC hot-pressing pro-
cess as deformation realized by intraparticle (lattice dislocation)
mechanism!® in carbide micrograins. But it is quite difficult
to find an appropriate explanation for the apparent activation
energy Q, which value of 270 £30kJmol~! is far from lat-
tice self-diffusion constants for both titanium>? and carbon*33.
Unfortunately, the present work is a pioneer in hot-pressing
kinetics of the MeC—C HMC, so there is no chance to com-
pare the obtained value with those in analogous systems, but,
nevertheless, there are some papers on the hot-pressing of TiC
and ZrC, which submit close values for activation energy Q (see
Table 4). The values close to the energy activation for dislocation
slip mechanism,>® which is proposed to be about 200 kJ mol~!,
were claimed also for the apparent activation energy of titanium
carbide recrystallization**~#2. Undoubtedly, the kinetics data are
linked to two main high-temperature processes, such as densi-
fication and grain growth, so they should be considered jointly.
However, the interpretation of Q in the case of hot-pressing and
recrystallization of refractory compound compositions requires
certain caution. Both of these processes often involve several
mechanisms of mass transport, which may operate whether inde-
pendently as parallel mechanisms, so, e.g. in the case of creep
consideration:é = ZZZ] &;, or sequentially, as serial mecha-
nisms: ¢ =1/ ZZ;I(I /&;). There is simpler situation with the
latter one, because in this case the slower process determines
entirely the value of Q. Any diffusion mechanism includes two
sequential processes, such as the formation/annihilation of point
defects and motion of them through volume, along the grain
boundaries or via dislocation core.

The experimentally obtained value of Q will have an unequiv-
ocal meaning only if the conditions are controlled by the same
diffusion mechanism. Otherwise, it will be difficult to interpret
Q values, if you do not use special description for diffusion
process, like, e.g. in the case of power-law-creep operated by
climb-plus-glide mechanism'®. This mechanism can also occur

in the TiC—C HMC at high temperatures, when carbon diffusion
controls the non-conservative dislocation motion under loading
and the transport of matter occurs by lattice diffusion as well as
dislocation core diffusion. Different mechanisms may contribute
to the overall diffusive transport more or less significantly in dif-
ferent ranges of temperatures and stresses, so it is necessary to
use the value of effective diffusion coefficient'®:

D =Dy fi+ Da2fz (21

where D1, D; are, respectively, the lattice and dislocation core
diffusion coefficients and f1, f> respectively, the fractions of atom
sites associated with each type of diffusion.

The most acceptable way to explain the value of Q obtained
in the present work is to propose that diffusion along the grain
boundaries predominates as a mechanism of mass transport
while the TiC-C compositions are hot-pressed in the studied
range of temperatures and applied pressures. Though, Frost and
Ashby!® proposed for the transition metal carbides ZrC and
TiC higher values for both boundary and core diffusion acti-
vation energy, these values are in good agreement with data
submitted for short circuit diffusion in TiC;_, by Adelsberg
and Cadoff,3® Vansant and Phelps37 and Sura and Kohlstedt>°
(see Tables 3—4). Therefore, it can be concluded that during
hot-pressing the densification of the TiC—C compositions is con-
trolled by grain-boundary or dislocation core diffusion of carbon
and/or titanium in the carbide phase.

Obviously, it is necessary to carry out further investigation
to clarify that point, because, the models applied in this work,
unfortunately, do not allow to identify the individual mecha-
nisms and determine their contributions to the general process
of densification. Another disadvantage of the obtained mathe-
matical description is that when analyzing creep process during
hot-pressing, it does not take into account the elasticity modu-
lus dependency on temperature. Only application of the similar
function helped to select the different mechanisms in creep pro-
cess for some high-temperature materials>®.

Finally, it is necessary to state that the next step of the
refractory compound—graphite HMC hot-pressing exploration
should be the superposed analysis of microstructure kinetics
for porosity and grain growth of the materials while thermal
and pressure loading. It is not only interesting to understand
high-temperature physical and chemical effects better, but also
is very useful for manufacturing practice. The application of sin-
tered hard alloys (cermets) allows utilization of the hardness of
carbides, nitrides, borides and similar compounds for engineer-
ing purposes, but utilization of their excellent high-temperature
properties would be possible in HMC. Therefore, the develop-
ment of hot-pressing technique of this class of ceramics, as the
most successful method of its manufacturing, is of great practical
importance.

4. Conclusions

The present work was, essentially, a study of densification and
crystallization behavior during hot-pressing of hetero-modulus
ceramic—ceramic composite materials (HMC), which present
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the combination of ceramic matrix with high Young’s modu-
lus and the inclusions of a dispersed phase with low Young’s
modulus. The following conclusions concerning 60—100 vol%
TiC-0-40vol% C (graphite) powder compositions, which were
hot-pressed at 2200-2400 °C and applied pressures of 8—16 MPa
can be drawn:

(1) The developed relation from the general theory of bulk-
viscous flow as well as Kovalchenko’s equation for the
evolution of relative density for non-uniform deformation
of porous body, incorporating different stages of creep,
can be successfully used for the interpretation of densi-
fication kinetics. Due to the application of these func-
tional dependencies it became possible to determine the
activation energy Q and the power-law exponent constant
n of the hot-pressing process, which values were equal
2704+ 30kJ mol~! and 3 £ 0.3, respectively.

(2) The presence of low-modulus graphite inclusions retards the
recrystallization of titanium carbide matrix. The increase
of graphite content from 10 to 40 vol% caused the reduc-
tion of mean TiC matrix grain size on 3—4 times. The
saturated by carbon TiC phase in HMC is characterized
by lower values of lattice parameter (a=0.4326 nm) and
microhardness (HV =24 GPa) compared with those for
quasi-stoichiometric TiC;_. The microstructure of the hot-
pressed TiC—C composites with different graphite content
is well described by the classical Zener pinning equation
for stable grain size. The reduction of the TiC—C compo-
sitions density observed with increase of graphite content
is explained by the cooperative effect of several factors,
such as the reduction of graphite interlayer spacing from
d=0.339nm up to d=0.335nm during high-temperature
hot-pressing, the diffusion difficulties for metal atoms in
the normal direction to the basal planes (00 /), and the high
value of anisotropy of thermal expansion and compressibil-
ity for graphite microcrystals.

(3) The kinetics analysis of the hot-pressing process for the
TiC—C HMC shows that the densification is controlled by
power-law creep process characterized by ¢ o . Though
this mechanism of thermally activated glide-controlled
creep is often observed during the ceramics processing,
there are some particularities in the densification and recrys-
tallization behavior, which are inherent, probably, namely to
the HMC, because of their specific physico-chemical prop-
erties and microstructure. The most likely mechanism of
mass transport in the TiC—C HMC in the studied range
of temperatures and applied pressures is grain-boundary or
dislocation core diffusion of carbon and/or titanium in the
carbide phase.
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