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Reactive processing of titanium carbide 
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Part 1 Liquid-phase sintering 
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The reactive sintering of titanium carbide with titanium metal was studied using mech- 
anical mixtures of fine-grained powders heated in vacuum above the TiC-Ti  eutectic 
temperature. Mixtures with bulk compositions of TiCo.94 to TIC0.63 yielded nonstoichio- 
metric carbide with less than 0.5 wt % residual titanium metal after sintering, while 
residual metal was observed at higher titanium concentrations. The effects of time, 
temperature, and composition on Mohs hardness, final porosity and final grain-size were 
determined using a Box-Wilson experimental design. The experimental ranges studied 
were sintering times of 10 to 100 min, sintering temperatures of 1650 to 1850 ~ C, and 
compositions from TIC0.94 to TiCo.s8. Over these experimental ranges, the effects of time 
and temperature were small compared with those of composition. The Mobs hardness 
increased approximately linearly from two to nine with increasing percentage of titanium 
metal in the starting powder. The average grain size ranged from 15 to 70/~m, increasing 
with increasing time and temperature. For bulk compositions TiCo.94 to TiCo.7o grain 
growth was largely due to the conversion of titanium to substoichiometric carbide which 
grows epitaxially on the carbide grains. Substantial grain growth occurred for higher 
metal concentrations. The open porosity decreased from 28% to 16% as the amount of 
titanium metal in the starting powders was increased. Both the grain growth and the 
densification during reactive sintering of titanium-titanium-carbide mixtures were 
analysed in terms of a sintering model adapted from Kuczynski. A factor which empiri- 
cally describes the behaviour of the system over a range of compositions was incorporated 
into the equations proposed by Kuczynski. Microstructural evidence and the activation 
energies for grain growth and densification all indicate that the rapid reaction between 
titanium metal and titanium carbide to form substoichiometric carbide occurs via short- 
circuit diffusion of carbon out of the carbide grains along Ti2C platelets. Low sintered 
densities are attributed to the rapid formation of a solid titanium-carbide skeleton which 
prevents significant particle rearrangement in the eutectic liquid. Solution-precipitation 
processes do not appear to contribute significantly to the densification in this system. 

1. I n t r o d u c t i o n  
Transition-metal carbides form a class of  extremely 
hard, refractory materials. The microhardness of 
the carbides, 20 000 to 30 000 MPa, is intermediate 
between alumina, 18000MPa, and diamond, 
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70 000 MPa. The melting points of the transition- 
metal carbides are in the range 2000 to 4000~ C 
[l]. These two properties make the  transition- 
metal carbides attractive for wear-resistant parts 
such as ~ cuttingtools and e:~trusion dies and for 
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high-temperature applications such as nozzles and 
turbines in jet engines. However, these same 
properties impose significant ~manufacturing 
difficulties. High-purity powders of carbides 
sinter very poorly, even at temperatures approach- 
ing the melting point. 

The approach most widely used to facilitate 
densification of various carbides is to sinter 
carbide particles with 5 to 40 wt % of a metal suc h 
as nickel, cobalt or iron which melts at approxi-~ 
mately half the melting point of the carbide. The 
base-metal binder phase greatly enhances the 
fracture toughness o f  the  cermets, a property 
which is important for:oses such as cutting tools; 
however, high-temperature app!icati0n o f  cermets 
is limited b y  the melting 'point of the binder 
phase [2]. 

Titanium carbidei like the other group IV and 
V transition-metal mon0carbides, exists with the 
NaC1 structure oyer:a v.ery wide range of  carbon- 
metal ratio, TiCo,97 to .TiCo~47 [3]..This wide range 
of composition suggests that it might be possible 
to produce high-density, single-phase titanium 
carbide by the reactive liquid-phase sintering of 
mixtures of nearly stoichiometric titanium carbide 
and titanium metal: 

TiCx + nTi - - (n  + 1)TiC~ (1) 

where y = x[(n + 1). Such a material might find 
high-temperature applications while being as easily 
fabricated as the base-metal cermets. 

In the present paper, the effects of sintering 
times and temperature on final porosity and grain 
size are determined over a range of compositions. 
Models describing the sintering, behaviour are 
developed as extensions of a statistical sintering 
model presented by Kuczynski [4]. The resulting 
equations describe sintering in a multiphase, 
reactive system. The reaction and sintering mech- 
anisms are deduced from microstructural obser- 
vations, determination of  phases present, and 
observed activation energies for grain.growth and 
densification. 

2. Experimental design 
Two experiments are reported in the present 
study. The first experiment (experiment A) exam- 
ined liquid-phase reactive sintering of titanium- 
titanium carbide compacts as a function of com- 
position only. Samples of bulk compositions 
TiCx - where x = 0.94, 0.84, 0.75, 0.69, 0.63 
and 0.58 - were fired simultaneously at 1750 ~ C. 
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for 1 h. The second experiment used a design 
(Fig. !) developed by Box and Wilson [5] to study 
the liquid-phase reactive sintering of ti tanium- 
titanium carbide mixtures. The independent 
variables were sintering time, t, sintering tempera- 
ture, T, and the bulk carbon-titanium ratio, C. 
The dependent or response variables measured on 
the sintered samples were porosity, average grain 

s i z e ,  Mobs hardness, and phases present. The 
temperatures chosen, 1650 to 1850 ~ C, were all 
'above the eutectic temperature. The sintering times 
covered one order of magnitude, 10 to 100min. 
The bulk compositions, TIC0.94 to TiCo.ss, were 
in the single phase TiC region of the phase diagram. 
The sintering schedules were run in random order 
to avoid biasing the results. 

The Box-Wilson is a composite experimental 
design. It is built up of a two-level factorial, 
i.e. the points which lie on the corners of the 
cube in Fig. 1, plus star points. The star points in 
this experiment were chosen such that the distance 
from the centre point is equal to the distance of 
the factorial points from the centre. Thus, all of  
the experimental points lie on a sphere in t ime-  
temperature-composition space. If the steps 
chosen for each independent variable are approxi- 
mately equal in the magnitude of their effect on 
the response variable(s), then an unbiased view of 
the response surface is obtained because the 
variance is equal in magnitude in all directions. 

This experimental design compares favourably 
with three-level factorials in terms of the precision 
with which a regression equation can be fitted to 
the data and in terms of its ability to evaluate the 
interactions between the independent variables 
and higher-order terms. A first-level interaction 
between time and composition, for example, 
might mean that the grain growth of high-titanium 
samples as a function of time differed from that of 
low-titanium samples. 

The inclusion of a higher-order term means that 
the response surface is curved and that a response 
variable is better described by a term such as t n or 
Tm. The advantage of the Box-Wilson design is 
that it requires only fifteen runs, while a three- 
level full factorial requires twenty-seven runs for 
the three independent variables being studied. 

Four replicates were run at the centre point 
of the Box-Wilson experiment. These replicates 
provide an estimate of the random errors which 
might arise from measurement errors in either the 
independent or the response variables. Replicating 
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Figure 1 Box-Wilson experimental design. The positions of the circles indicate the experimental conditions used in 
sintering experiment B. The numbers within the circles are the sample identification numbers used in Table III. 

the centre point gives a good estimate of  the errors 
over the range o f  the independent variables with a 
minimum number of  runs. After the data were 
examined, four additional samples were prepared 
from compositions between TiCo.66 and TiCo.56 and 
sintered at 1750 ~ C for 63 rain to bett~r quantify a 
sharp change in slope in the grain size against 
composition data in this composition region. 

The data generated from the sintering exper- 
iment were interpreted in terms of  a sintering 
model adapted from the literature [4]. The 
modelling was done by least-squares linear 
regression. The goodness o f  fit was judged in two 
ways. First the residuals or the differences between 
observations and predictions, Y- -  17", were exam- 
ined. A good model is characterized by small 
residuals of  random sign. Residuals which are not 
randomly positive and negative indicate that there 
is curvature in the data for which the model does 
not account. The size of  the residuals is evaluated 
by calculating the residual mean square, S~: 

s~ = [ z ? :  + z ( Y -  ?)q/(n - 1) (2) 

where n is the number of  observations and (n - l) 
is the degrees of  freedom. The residual mean 
square from regression is then compared with the 
variance o f  the replicates by a standard statistical 
variance ratio or F test to determine whether these 
two estimates of  variance are significantly different 

F = S~/S~ (3) 

where $1 is always the larger of  the two variances. 
The calculated value of  F is compared with the 
values of  F which could be obtained due to 
sampling variations at given levels of  probability 
and for various degrees of  freedom [6]. These 
expected values of  F are tabulated in numerous 
statistical texts and mathematical handbooks. 
Second, the square of  the multiple correlalion 
coefficient, R 2, is examined. If more variables are 
included in the regression equation then R 2 will 
increase, even if the variable added is of  no real 
value. To compensate for this effect, the value of  
R 2 corrected for degrees of  freedom is calculated as 

[Z} 7z + Z ( Y - -  Y ) 2 ] / ( n - p )  (4) 
R 2 = I - ( r  - P ) / ( ,  - 1 )  
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where p is the number of coefficients fit in the 
regression equation [7]. 

3. Experimental methods 
The titanium and titanium-carbide powders used 
in this experiment had average particle sizes, as 
measured by Coulter counter, of 10 and 7gm, 
respectively. The particle-size distributions are 
shown in Fig. 2. The carbon and oxygen levels 
were measured by decomposing the samples under 
oxidizing or reducing conditions, respectively, and 
analysing the evolved gases by infrared spec- 
troscopy. The sample purity was determined by 
flame-emission spectroscopy. As indicated in 
Table I, oxygen was a primary contaminant in 
both powders. Some metal impurities (Fe, Co and 
Ni) were detected, presumably arising from 
milling operations during the manufacture of the 
powders. The carbon-metal ratio of the TiC 
powder was 0.94. 

Titanium-carbide and titanium powders were 
mixed by tumbling in nalgene jars for a minimum 
of 16h. 10-g pellets were cold pressed in a 2cm 
die at 14MPa (2000psi). These pellets were 
sintered in a tungsten-element furnace under a 
vacuum of less than 2 x 10-4torr. A W/W-26%Re 
thermocouple was used to record temperatures 
less than 1800~ C. Optical pyrometry was used at 
higher temperatures. Temperatures were controlled 
to +5 ~ C. Heating and cooling rates were 50~ 
min-tthroughout the study. 

Polished sections of sintered samples were 
etched and stained for 15 to 30sec in a 1:1:4 
solution of nitric, hydrofluoric and lactic acids. 
Optical micrographs were taken in reflected light. 
Grain sizes were determined on the photomicro- 
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Figure 2 Particle-size distribution of starting powders 
determined by Coulter counter. 

T A B L E I Chemical analysis of starting powders 

Sample Element Concentration 
(wt %) 

TiC C 18.5 
O 0.91 
Co 0.01 to 0.1 
Ni 0.01 to 0.03 

Ti C 0.12 
O 2.29 
Fe 1.0 to 3.0 
Ni 0.03 to 0.1 
Cr, Mg 0.01 to 0.03 

graphs using a tine4ntercept technique with a 
correction factor of  1.5 [8]. Mean grain sizes and 
standard deviations were calculated from fifty 
line-intercept measurements for each sample. 

Hardness was measured using the Mohs scale [9]. 
This comparative scratch test, which uses minerals 
of known hardness, was chosen in preference to 
microhardness measurements because it provides 
an indication of the strength of bonding between 

particles rather than the hardness of individual 
grains. The Mohs scale is a linear hardness scale 
for values of nine and below. Single crystals of  
titanium carbide have a hardness of nine on the 
Mohs scale. 

Open porosity, skeletal density and bulk 
density were measured by Archimedes' principle 
on samples which had been dried to constant 
weight. 

X-ray diffraction was used to determine the 
crystalline phases present and to estimate the 
relative proportions of those phases. Diffrac- 
tometer traces were obtained on powder samples 
for values of 20 from 10 to 60 at 2 ~ min -t. The 
peak height of the strongest line of titanium, 
(011)  at 2 0 = 4 0 . 3  ~ , was used to estimate the 
amount of residual titanium metal. Diffraction 
peak heights measured on sintered samples were 
compared with a calibration curve, shown in 
Fig. 3, which was generated using unsintered 
mixtures of  titanium carbide and titanium metal. 
The limit of detection by this method was 0.5 wt % 
residual titanium. Lattice parameters were calcu- 
lated from the (224)  line of TiC at 20 = 121 ~ 
using an internal silicon standard. 

4. Exper imental  results 
4.1. Exper iment  A:  the effect of  

composi t ion 
The crystalline phases, grain size, Mohs hardness 
and porosity of the sintered samples from exper- 
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Figure3 X-ray diffraction calibration 
curve for determining the amount of 
residual titanium metal in sintered 
samples. 

iment A, which studied the effects o f  composition, 
are tabulated in Table II. The bulk compositions 
of  these samples lie in the single-phase TiC field. 
X-ray diffraction data demonstrate that TiC is the 
major crystalline phase in all of  the sintered 
samples. The lattice parameter for each sintered 
samples is plotted in Fig. 4 as a function of  bulk 
composition. A small extra diffraction peak at 

0 .213nm was observed in the sintered sample 
with a bulk composition o f  TIC0.63. The TiCo.s8 
sample (35wt% titanium metal in the starting 
mixture) contained 17wt% residual metal. The 
metal was observed at triple junctions and along 
grain boundaries. 

Optical micrographs showing the sintered 
microstructures of  sintered samples TiCo.69, 

TiCo.63 and TiC0.s8 are presented in Fig. 5. Note 
the intragranular texture evident in the micro- 
graphs. Coalescence of  pores was pronounced in 
the high titanium samples. Large ( >  1 ram) well- 
rounded pores are numerous in the TiCo.s8 sample. 
The pore size -in the TiCo.s8 sample is approxi- 
mately four times that in the TiCo.63 sample. 

The open porosity is plotted as a function of  
bulk composition in Fig. 6. These data indicate 
that the open porosity of  the sintered samples 
decreases smoothly with increasing titanium 
content. 

The grain size increased very little during the 
sintering of  samples with C-T i  ratios greater than 
0.65. However, as is clearly seen in Fig. 7, grain 
growth was pronounced at higher titanium levels. 

T A B L E I I Experiment A: Ti-TiC compacts sintered at 1750 ~ C for l hour 

Sample Bulk Grain size % open Mohs Residual Ti 
C-Ti (/~m) porosit y hardness (wt %) 

A1 0.94 13 32 2 n.d. 
A2 0.84 13 30 4.5 n.d. 
A3 0.75 14 29 5 n.d. 
A4 0.69 13 26 8.5 n.d. 
A5 0.63 35 21 9 > l*t 
A6 0.58 75 17 8.5 17*t 

*In tragranular texture. 
tXRD peak at 0.213 nm. 
n.d. = none detected. 
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Figure 4 Lattice parameter or" sintered TiC as a 
function of composition. 

The Mohs hardness as a function of  com- 
position is plotted in Fig. 8. The Mohs hardness, 
H, increases approximately linearly with increasing 
metal content in those samples which have less 
than 1 wt % residual metal. The equation obtained 
by a least squares fit to the data is 

H = 2 1 . 1 - - 2 0 . 1 C  (4) 

with R 2 = 87.7%, corrected for degrees of  freedom, 
where the composition, C, is expressed as the bulk 
carbon-t i tanium ratio. 

The initial or green density of  the powder com- 
pacts was found to be a linear function of  ca rbon-  
titanium ratio, as indicated in Fig. 9. 

4.2. Experiment B: effects of time, 
temperature and composit ion 

A second series of  samples (experiment B) were 
prepared to examine the roles of  sintering time 
and temperature, as well as C-Ti  ratio, on the 
final porosity and grain size. The results of  this 

Figure5 Optical micrographs of etched surfaces of 
samples from experiment A. The samples were all sintered 
in vacuum at 1750~ for 1 h. The compositions of the 
samples were (a) TiCo.69, (b) TIC0.63, (c) TiCo.58. 
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Figure 6 Open porosity against composition for 
the sintered Ti-TiC samples of experiment A. 

Figure 7 Mean grain size against composition 
for the sintered TiC samples of experiment A. 
The grain growth which occurs simply by the 
conversion of titanium metal to titanium 
carbide is indicated. 
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Figure 8 Mohs hardness against composition 
for sintered samples from experiment A. 
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Figure 9 Green density against composition for 
cold pressed 10g pellets used in sintering 
studies. 

experiment are tabulated in Table III. The open 

porosity ranged from 28% to 17% for all but  the 

high ti tanium sample, B9. The coalescence of 

pores in sample B9 was extreme, leading a non- 

uniform distribution of pores larger than 1 mm 
in diameter. Due to this nonuniform distribution 

of pores, the open porosity of 6% and total 

porosity of 13% measured for a piece of this 

sample may not be representative of the average 

porosity. 

The measured grain sizes ranged from 15 to 

68/am. Grain size is a strong function of com- 
position. This result is shown in Fig. 10 where 

data for all times and temperatures are plotted. 
The data points collected in addition to those 

specified by the Box-Wilson design (i.e. samples 
19B to 22B) were chosen to better quantify the 

change in slope of the grain size against C - T i  

ratio plot. 
In all cases the X-ray diffraction data indicate 

T A B L E I I I Experiment B: the effects of time, temperature and composition 

S a m p l e  Temperature Time Bulk Grain size % open Relative 
(~ C) (min) C-Ti (~m) porosity density 

A1 1650 32 0.72 19.6 25.7 0.72 
A2 1690 16 0.84 15.4 27.7 0.70 
A3 1690 16 0.63 19.6 23.4 0.76"t 
A4 1690 63 0.84 17.0 25.4 0.71 
A5 1690 63 0.63 31.7 20.3 0.79"t 
A6 1750 10 0.72 15.5 27.8 0.71t 
A7 1750 32 0.94 17.0 24.0 0.73 
A8 1750 32 0.72 22.1 23.0 0.77 
A9 1750 32 0.58 57.6 6.35 0.87 
A10 1750 100 0.72 23.8 21.7 0.77 
All  1810 16 0.84 16.8 24.7 0.72 
A12 1810 16 0.63 37.3 21.4 0.78* 
A13 1810 63 0.84 20.4 23.9 0.72 
A14 1810 63 0.63 37.6 18.0 0.81"$ 
A15 1850 32 0.72 22.2 20.5 0.77 
A16 1750 32 0.72 16.9 24.7 0.73 
A17 1750 32 0.72 19.3 23.4 0.74 
A18 1750 32 0.72 20.4 23.2 0.74* 
A19 1750 60 0.66 27.5 20.6 0.76 ~: 
A20 1750 60 0.61 45.8 17.9 0.805 
A21 1750 60 0.59 51.8 20.0 0.79 $ 
A22 1750 60 0.56 67.7 16.6 0.84 :~ 

*XRD line at 0.213 nm. 
tlntragranular texture. 
$Sample contains large, > 1 mm, pores. 
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Figure 10 Mean grain size against composition 
for sintered samples from experiment B. Data 
for all of the sintering times and temperatures 
have been plotted. The grain growth which is 
expected to result from the conversion of 
titanium metal to carbide is indicated. 

that TiC is the major crystalline phase present. 
Residual metal, 3 wt %, was detected only in the 
highest titanium sample, B9. In some samples a 
small X-ray diffraction peak (less than 2% relative 
intensity) at approximately 0.213nm appeared 
on the shoulder of the TiC (200) peak, 0.217 nm. 
Those samples in which a diffraction peak at 
0.213 nm was detected are indicated in Table III. 

Optical micrographs of samples B3 and B9 are 
shown in Figs. 1 la and b. In sample B9, residual 
titanium metal is observed at the triple junctions. 
The texture in the interior of the grains in both 
micrographs suggests the po~ible presence of a 
minor amount of a second phase. Those samples 
with this intragranular texture are indicated in 
Table III. 

5. Modelling of the sintering process 
A variety of processings parameters including time, 

temperature, composition, particle siZe, particle 
shape, green density and firing atmosphere are 
important in the sintering process. The problems 
of understanding the mechanisms and kinetics of 
sintering are largely due to the complexity of 
systems of practical interest. Particles are always 
to some extent irregular in shape, nonuniform in 
size, impure, inhomogeneously packed and so on. 

The approach most frequently employed in the 
modelling of sintering is to make simplifying 
assumptions about the particle geometry and then 
to develop models for specific sintering mechan- 
isms or specific stages of the sintering process [10]. 
The result of  these simplifications is that exper- 
imental verification of any sintering model is 
difficult and open to debate; and application of 
sintering models to more complicated systems, 
such a multiphase reactive mixtures, has generally 
not been attempted. 

Figure 11 Optical micrographs of polished and etched section of sintered TiC samples: (a) sample B3, (b) sample B9. 
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A less widely used approach introduced by 
Kuczynski [4] applies the methods of statistics 
to a more general model which is developed for 
a distribution of particle sizes. It is this model 
which we will examine in connection with the 
present study. The first equation of interest for 
the present study describes the grain size, a, as a 
function of time, t, initial porosity, Po, and start- 
ing grain size, ao: 

[K3Vog2] S-1/2..X: F/Ko(~__~t 

: [ e _x] eg (5) 

where Vo is the average pore volume at t = 0; ~b is 
the probability of a pore having the proper neigh- 
bourhood for shrinkage; Ko comes from Zener's 
relationship, a = Kor/P, where r is the average pore 
size; a = 8zrT~2D/[kT] where 3' is the boundary 
energy, ~2 is the atomic volume, and D is the 
diffusion coefficient for the process(es) which 
contribute to sintering; g is a geometric factor 
relating the average pore volume, Vo, to the 
average pore radius. ~ 

Kuczynski notes that Equation 5 is often 
observed to reduce to 

a 3 - a ~  = (1 +x)Kq~xt/Po. (5a) 

The second equation of interest for Kuczynski's 
work describes the porosity: 

1 1 n~aJ"~-nlt 

p'h pgl g2K2oV o (6) 

Equations 5 and 6 can be combined to give the 
third equation required to analyse the present 
sintering data: 

ae% = aoeg ~. (7) 

The exponents in Equations 5, 6 and 7 are related 
by 

nl  = n2n3. (8) 

These three equations from Kuczynski [4] are 
similar to, but more general than, many of the 
sintering models in the literature. The equations 
were developed for single-phase, solid-state sinter- 
ing. Modifications must be made to describe liquid- 
phase reactive sintering of titanium-titanium 
carbide compacts over a range of composition. 
Let us examine those features which might be 
sensitive to changes in composition. In Equations 
5 and 6 changes in the Ti-TiC ratio effect Po 
because increasing the titanium level is observed 
to increase the greenodensity. Vo would likewise 
be influenced by changd~ in composition. 7 is also 
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expected to be a function of composition. We shall 
therefore look for functions of composition, 
A(C), which describe the composition-dependent 
behaviour ofKo, Po, V0, and 3' such that Equations 
5 and 6 can be rewritten for the present study in 
the form 

a n2 --ard 2 = A(C)Dt /T;  (5b) 

l IP "1 - -1 /P~  ~ = A , (C)Dt /T .  (6a) 

Examination o f  the shape of the grain size "9  
versus composition curves in Figs. 7 and 10 
suggests that a power function is a reasonable 
empirical choice for the functions A(C).  The 
equations by  whi;ch we will attempt to model the 
present sintering data are therefore Equation 7 and 

a "~- --a"2 = A2C p exp(-- Q / R T ) t / T ;  (5c) 

1/P nl -- 1/P n~ = A3 C p exp (-- Q / R T ) t / T .  

(6b) 

6. Application of sintering models to data 
To obtain a relationship between grain size and 
porosity, the following data were fitted to 
Equation 7. Values for final open porosities are 
listed in Table III. Values of initial porosity were 
calculated from the green densities plotted in 
Fig. 9 and therefore represent a lower limit for Po. 
In these equations, Po applies to pores which are 
already rounded': With liquid titanium present, 
rounding occurs in the first few minutes of sinter- 
ing. In the same short time, mechanical rearrange- 
ment of particles can take place so that the true 
value of Po may be somewhat lower than the value 
used in this analysis. The final grain sizes are listed 
in Table III. 

A least-squares linear regression of the final 
open porosity, green density, and final grain-size 
data are given by 

a/14.3/am = (Po/P) lg4 (7a) 

with R 2 = 88.4%, adjusted for degrees of freedom. 
The value of ao calculated from the regression 
analysis, 14.3/am, is in good agreement with the 
particle size of the starting powders. It is also 
consistent with the final grain size observed for 
samples sintered with no metal additions which 
were very porous and therefore experienced little 
or no grain growth. A plot of grain size versus 
P/Po is provided in Fig. 12. 

The grain growth data were fitted to Equation 
5c by taking the logarithm of both sides of this 
equation, 
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Figure 12 Mean grain size against porosity. The line is a 
least-squares fit of the data to Equation 7. The intercept 
gives a value of 14.3 #m for the initial grain size and the 
slope of the line gives the value of 1.74 for the exponent 
n 3 in Equation 7. 

~(a "' - a g 9  = in(A) +q in(0 +P in(C) 

+ r ln(1/T)  -- Q/RT (5d) 

The model we have adopted predicts that the 
values o f  q and r in Equation 5d should be 1 ; but 
it is convenient to introduce these exponents for 
the purpose of  performing the least-squares linear 
regression. Using the value o f  ao = 14.3 #m deter- 
mined above, and the final grain-size data listed in 
Table III, the best linear-regression fit was obtained 
for n2 = 3. Including the In ( I /T )  term in Equation 
5d did not improve the regression, The value 
determined for q was 1.06, in excellent agreement 
with the model. The final regression equation 
obtained from Equation 5d is 

a 3-a3o = 6 x 10-Tcm3sec -1 

x exp [(-- 260kJ  M-~)/RT]tC -9 
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Figure 13 Observed grain size against values calculated 
from Equation 5e. The solid line represents equality of 
the observed and predicted values. 

with R 2 = 84.9%, corrected for degrees of freedom. 
The grain-size data are welt described by Equation 
5 ,  as is illustrated graphically in Fig. 13, where 
the observed grain size is plotted against that 
predicted by Equation 5e. 

Equations 5e and 7 can be combined to describe 
the porosity: 

(Po/P)-- 1 = 6 x 10-Tcm3sec-1 

x exp [ ( -  260 kJ M-1)/RT] tao3C -9. 

(6c) 

The observed values of  P/Po are plotted in Fig. 14 
against the values predicted by Equation 6c to 
give an indication o f  the quality of  the fit of  this 
model to the experimental data. 

7.  Discussion 
The dependence of  grain size and porosity on 
composition in Equations 5e and 6c are useful in 
that it quantifies the data, but must be con- 
sidered more carefully in order to understand the 
processes which are being described. The relation- 
ship between final grain size and composition, 
plotted in Figs. 7 and 10 for experiments A and B, 
is best understood as two linear functions o f  com- 
position, although it can be mathematically 
described as a power-law function of  composition 
At compositions between TiCo.94 and TiCo.7o grain 
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growth is due largely to the reaction of titanium 
metal with titanium carbide to form an epitaxial 
shell of substoichiometric carbide around the 
original titanium carbide grains [11]. The grain 
growth due to this reaction was calculated as a 
function of composition using the molar volumes 
of TiC which can be determined from the com- 
position and the lattice parameters plotted in 
Fig. 4. The starting grain size was taken to be 
14~m from the value calculated from Equation 7. 
At bulk compositions higher in titanium than 
TIC0.70 there is a marked increase in grain growth 
with increasing metal content. 

In Fig. 10 the grain size against composition 
data for all of the samples (i.e. for all of the 
sintering times and temperatures) fall on the same 
curve as those of experiment A plotted in Fig. 7. 
Sintering time and temperature appear to have no 
effect on the location of the inflection point in 
Figs. 7 and 10. Therefore the marked increase in 
the rate of grain growth at bulk compositions with 
x < 0.70 must be due to a compositional effect. 

One possible explanation for the accelerated 
growth rate at higher metal levels is that the liquid 
phase exists long enough during the sintering 
process to promote densification and to allow 
accelerated grain growth via diffusion through the 
liquid phase. Two points deserve comment, how- 
ever. First, for 21 vol% metal in the starting mix- 
ture (bulk composition = TiCo.72) all of the metal 
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has disappeared in less than 10min at 1750~ 
(sample B6). For 31vo1% metal in the starting 
mixture (bulk composition = TiC0.6a)all of the 
metal has disappeared in less than 16min 
(sample B3). Thus, most of the samples whose 
values are plotted in Figs. 7 and 10 had liquid 
titanium metal present for only a small fraction 
of the sintering time. Only samples A6 and B9 
which started with 35 vol % metal phase contained 
unreacted metal at the end of the sintering cycle 
at 1750 ~ C. If grain growth and densification were 
accelerated by diffusion through the liquid, these 
samples might be expected to represent disconti- 
nuities in the curves of grain size and porosity 
against composition (Figs. 6, 7 and 10) and to 
have grain sizes substantially larger and porosities 
notably smaller than observed. We conclude, 
therefore, that diffusion through the liquid phase 
and solution-precipitation processes play little or 
no role in the sintering of titanium-titanium 
carbide compacts. Second, changes in sintering 
temperature did not shift the inflection point in 
the curves of grain size against composition, even 
though the rate of disappearance of the titanium 
metal increases with increasing temperature [11]. 
If grain growth was enhanced by diffusion through 
the liquid then at higher temperatures, where the 
liquid disappears more quickly, rapid grain growth 
would occur a smaller fraction of the sintering 
time and the time dependence of grain growth 
should deviate from that predicted by the model. 

We propose, instead, that the rapid grain 
growth at higher metal loadings is controlled by 
a decrease in porosity; that is, grains can grow only 
when they are in contact with other grains. The 
grain size data in Fig. 7, then, are explained 
largely by the changes in porosity shown in Fig. 6. 

The strong dependence of grain size and 
porosity on the Ti-TiC ratio appears to arise 
for two reasons. First, the green density decreases 
as the titanium content increases (Fig. 9) because at 
room temperature the titanium metal is relatively 
ductile (particularly in comparison to the brittle 
TIC). Second, rearrangement of TiC particles in 
the titanium liquid appears to be an important 
mechanism of densification. Densification due to 
solid-particle rearrangement during nonreactive 
liquid-phase sintering is a function of the volume 
of liquid [12]. Because the titanium metal in the 
present study rapidly reacts to form a carbide 
skeleton, densification by rearrangement of the 
carbide grains in the eutectic liquid is limited. The 



particle rearrangement that occurs in the eutectic 
liquid before a carbide skeleton forms has the effect 
of  changing the value of  P as a function of  com- 
position. Because P was included in the function 
A(C) in Equations 5 and 6, the empirical value o f  
A(C) also describes any changes o f  P due to initial 
solid-particle rearrangements. The fact that a solid 
carbide skeleton forms so rapidly in the t i tan ium- 
titanium-carbide system permits the adaptation of  
Kuczynski's model for solid-state sintering to these 
data. 

The activation energy for grain growth, and 
consequently for densification, 260kJM -1, is 
similar to that measured for diffusion of  carbon 
along grain boundaries and along TiC-Ti2C inter- 
faces [11, 13-16] .  In the matrix Ti diffuses 
nearly five orders of  magnitude more slowly than 
C and with an activation energy nearly twice that 
for carbon diffusion [17, 18]. Although no direct 
measure of  grain boundary diffusion of  Ti in TiC 
is available, tracer diffusion of  niobium in poly- 
crystalline TiC [19] suggests that metal and carbon 
atoms may diffuse at similar rates and with similar 
activation energies along grain boundaries. 
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