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Abstract In order to clarify the effect of C/Ti atom ratios(χ) on the deformation behavior of TiCχ at high temperature, single

crystals having a wide range of χ, from 0.56 to 0.96, were deformed by compression test in a temperature range of 1183~2273 K

and in a strain rate range of 1.9 × 10−4 ~ 5.9 × 10−3 s−1. Before testing, TiCχ single crystals were grown by the FZ method in

a He atmosphere of 0.3 MPa. The concentrations of combined carbon were determined by chemical analysis and the lattice

parameters by the X-ray powder diffraction technique. It was found that the high temperature deformation behavior observed

is the χ-less dependent type, including the work softening phenomenon, the critical resolved shear stress, the transition

temperature where the deformation mechanism changes, the stress exponent of strain rate and activation energy for deformation.

The shape of stress-strain curves of TiC0.96, TiC0.85 and TiC0.56 is seen to be less dependent on χ, the work hardening rate after

the softening is slightly higher in TiC0.96 than in TiC0.85 and TiC0.56. As χ decreases the work softening becomes less evident

and the transition temperature where the work softening disappears, shifts to a lower temperature. The τc decreases

monotonously with decreasing χ in a range of χ from 0.86 to 0.96. The transition temperature where the deformation

mechanism changes shifts to a lower temperature as χ decreases. The activation energy for deformation in the low temperature

region also decreased monotonously as χ decreased. The deformation in this temperature region is thought to be governed by

the Peierls mechanism.
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1. Introduction

Titanium carbide, which will be hereafter described as

TiCχ(χ is C/Ti atom ratio), has the lowest density among

the monocarbides of group IVa, Va transition metals, and

exhibit electrical and thermal conductivities as good as

those of metals. Hence it is expected to be used as additive

of structure materials under severe environmental con-

ductions. For such a practical use, as well as fundamental

interests, it is important to clarify the mechanical pro-

perties of TiCχ at high temperatures. Another interesting

characteristic of TiCχ is that TiCχ has nonstoichiometry

over a wide range of χ from about 0.5 to 1.0 without

changing the crystal structure.1-4) Many investigations con-

cerning the effect of χ on deformation behavior of TiCχ

at high temperature have been made so far. Samsonov5)

reported that the Vickers hardness of sintered polycry-

stalline TiCχ with χ from 0.73 to 0.94 decreases with

decreasing χ over the temperature range room tempera-

ture to 2270 K. Spivak6) carried out the high temperature

creep test for hot-pressed polycrystalline TiCχ, 0.63 ≤

χ ≤ 0.96, at very high temperature from 2370 to 2870 K

and showed that the creep rate takes a minimum around

χ = 0.9. And Miracle7) conducted Vickers hardness, four

point bending and compression tests for hot pressed poly-

crystalline TiCχ having χ from 0.66 to 0.93 at tempera-

ture from room temperature to 1470 K and showed that

the strength decreases with decreasing χ.

In most of the above investigations, sintered or hot pre-

ssed polycrystalline samples were used. In these samples,

and appreciable content of impurities is usually included

and the impurities are liable to form second phases of low

melting point at grain boundaries,8-10) thereby causing

grain boundary sliding at relatively lower temperature
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which is different from the intrinsic mechanical properties

of TiCχ.
4-6) Further around pores stress concentration

occurs depending on the size and shape of pores. In short,

for sintered TiCχ the effects of impurities, grain boundaries

and pores on the mechanical properties are significant.

Therefore, for obtaining the reliable data on the effect of

χ on the mechanical properties of TiCχ, it is necessary to

use well-characterized single crystals having no effect of

grain boundaries and pores and negligible amounts of

impurities. Such a single crystal experiment on the relation

between high temperature deformation behavior of TiCχ

and χ was carried out only by Williams.11) However, the

range of χ was limited to relatively higher values(χ ≥

0.79), and his result was confined to the temperature

dependence of critical resolved shear stress.

In the present research, TiCχ single crystals with a

wide range of χ from 0.56 to 0.96 were grown by the

floating zone technique and deformed by the compre-

ssion test at temperatures from 1183 to 2273 K and at

strain rates from 1.9 × 10−4 to 5.9 × 10−3 s−1 to investigate

the effect of χ on the shape of stress strain curves, the

dependence of temperature and strain rate on the critical

resolved shear stress.

2. Experimental Procedures

TiC1.0(average particle size 1.7 um, purity 99.8 %,

Kojundo Chemical Co. Ltd.) and Ti powders(average par-

ticle size 2 um, purity 99.9 %, Mitsubishi Materials Co.

Ltd.) were mixed so that the composition of TiCχ lay in

a range from 0.56 to 0.96 in χ, and then isostatically

pressed at 200 MPa for 60 s into rods of 10 mm in

diameter and 150 mm in length. The rods were degassed

and presintered by r. f. induction heating at about 1550 K

for 5.2 ks in a vacuum of 10 mPa and then fully sintered

at 2670 K for 3.6 ks in a He atmosphere of 0.2 MPa.

Single crystals were grown by the floating zone technique

in a He atmosphere of 0.3 MPa. Specimens(size 2 mm ×

2 mm × 3 mm) with single slip orientation were cut out

from the single crystals with a low speed diamond cutter

and then polished with emery papers and diamond paste.

The concentrations of combined carbon were determined

by chemical analysis and the lattice parameters by the X-

ray powder diffraction technique. Table 1 shows the com-

positions and lattice parameters TiC1.0, and three kinds of

single crystals.

The compression test was conducted in a vacuum of

1.3 mPa at temperature from 1183 to 2273 K and at

strain rates from 1.9 × 10−4 to 5.9 × 10−3 s−1. The details

of the testing machine, heating method and temperature

measurement used were the same as those described in

previous papers.12,13) 

3. Results

Figs. 1-3 show the temperature dependence of yielding

behavior of TiC0.96, TiC0.85 and TiC0.56 compressed at a

strain rate of 5.9 × 10−4 s−1. At lower temperatures the

work softening phenomenon occurs irrespectively of com-

position, however, it tends to become less evident with

decreasing χ. 

Fig. 4 shows general shapes of stress-strain curves of

TiC0.96, TiC0.85 and TiC0.56 compressed at 1283 K and at a

strain rate of 1.9 × 10−3 s−1. The shape is seen to be less

dependent on χ, the work hardening rate after the softening

is slightly higher in TiC0.96 than in TiC0.85 and TiC0.56.

Fig. 5 shows the temperature dependence of critical

resolved shear stress(τc), which corresponds to the upper

yield stress when the work softening is present and to the

0.2 % proof stress when it is absent. The value of τc

decreases monotonously with increasing temperature. τc is

normalized by the shear modulus(G),2,14) and plotted

against the reciprocal of temperature in Fig. 6. The

Fig. 1. Temperature dependence of yield behavior for TiC0.96 com-

pressed at a strain rate of 5.9 × 10
−4

s
−1

.

Table 1. Chemical composition(mass %) and lattice parameter(nm)

of TiCχ.

Composition Carbon(total) Lattice parameter

TiC1.0 19.70 0.43273

TiC0.96 19.31 0.43293

TiC0.85 17.71 0.43303

TiC0.56 12.84 0.43189
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curves are divided into two parts with different slopes by

a transition temperature(Tc); the low and high temperature

regions. It is also seen that the value of Tc is the highest

for TiC0.96 and decreases in the following order; TiC0.96

→ TiC0.85 → T0.56; Tc decreases with decreasing χ.

Figs. 7, 8 show the double-logarithmic plot of τc/G

against plastic shear strain rate(γ). It is seen that there is

a good linear relationship between log(τc/G) and log γ.

The reciprocal of the slope of these straight lines gives

the stress exponent of the strain rate(m).12,14) Since our

previous research12,13) showed that in each of the two

temperature regions the value of m is less dependent on

temperature, in the present work m was measured at two

temperatures of 1283(Fig. 7) and 2083 K(Fig. 8). The

Fig. 2. Temperature dependence of yield behavior for TiC0.85 com-

pressed at a strain rate of 5.9 × 10−4 s−1.

Fig. 3. Temperature dependence of yield behavior for TiC0.56 com-

pressed at a strain rate of 5.9 × 10−4 s−1.

Fig. 4. Stress-strain for TiC0.96, TiC0.85 and TiC0.56 compressed at

1283 K at a strain rate of 1.9 × 10−4 s−1.

Fig. 5. Temperature dependence of critical resolved shear stress(τc)

for TiC0.96, TiC0.85 and TiC0.56 compressed at a strain rate of 5.9 ×

10
−4

s
−1

.
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result is shown in Table 2. In the high temperature region,

m does not depend significantly on χ; m = 4.93. In the

low temperature region, however, m is dependent on χ;

m = 10 in higher χ(= 0.96) and m = 6 in lower χ(= 0.56).

Fig. 9 is a plot of τc at the upper yield points against χ.

It is noted that χ dependence of τc varies with temperature

and the dependence is very marked at lower temperatures.

In the lower temperature region, τc decreases monoto-

nously with decreasing χ in a range of χ = 0.96 to 0.85,

in agreement with the result of Williams,11) but increases

with further decrease in χ and τc takes a peak χ = 0.75.

The value of τc decreases again at χ = 0.56. The peak in

τc at χ = 0.75 lowers with increasing temperature and

finally disappears at 2273 K.

From the result described in Figs. 5-8, the relation bet-

ween the plastic shear strain rate(γ), the critical resolved

shear stress(τc) and the absolute temperature(T), is ex-

pressed as γ = A(τc/G)
mexp(−Q/RT), where A is constant,

Q the activation energy for deformation and R the gas

constant. Q obtained from the slope of Fig. 6, which

gives Q/Rm, and the stress exponent(m), for the high and

low temperature regions are listed in Table 2. The value

of Q depends on χ and decreases with decreasing χ in

each of the two temperature regions. 

4. Discussion

The results obtained in the present research show that

the high temperature deformation behavior of TiCχ is the

Fig. 9. Dependence of τc on C/Ti atom ratio(χ) for TiCχ com-

pressed at a strain rate of 5.9 × 10−4 s−1. τc is the values at upper

yield point.

Fig. 6. Log(τc/G) vs. 1/T for TiC0.96, TiC0.85 and TiC0.56 compressed

at a strain rate of 5.9 × 10
−4

s
−1

. The arrows indicate the transition

temperature of mechanism controlling deformation(Tc).

Fig. 7. Log(τc/G) vs. log γ at 1283 K for TiC0.96, TiC0.85 and TiC0.56.

Fig. 8. Log(τc/G) vs. log γ at 2083 K for TiC0.96, TiC0.85 and TiC0.56.

Table 2. Values of m and Q in the high and low temperature regions.

High temperature region Low temperature region

m Q(kJ/mol) m Q(kJ/mol)

TiC0.96 5.3 470 10 300

TiC0.85 4.8 359 9 259

TiC0.56 4.7 318 6 179
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χ less-dependent type12) includes work softening pheno-

menon, the critical resolved shear stress, the transition

temperature where the deformation mechanism changes,

the stress exponent of strain rate, in the low temperature

region and the activation energy for the deformation in

the low and high temperature regions. Each of these

behaviors will be discussed below.

The work softening phenomenon became less clear with

decreasing χ. For the decrease in χ, two effects should

be considered: one is the effect of increasing the interac-

tion between dislocations and carbon vacancies, and the

other is the effect of decreasing the Peierls barrier.5,12)

The elastic interaction between dislocations and vacancies

is short range and will decrease with an increase in

dislocation density due to deformation. Therefore, if the

increasing effect of dislocation-vacancy interaction is do-

minant, the work softening, which is caused by the

decrease in the mean dislocation velocity, should become

more conspicuous with decreasing χ. On the contrary, if

the decreasing effect of the Peierls stress15) due to a

decrease in χ is dominant, the effective stress acting for

dislocation motion decreases and the work softening

should become less evident as χ decreases. Therefore,

the present result that the work softening decreased with

decreasing χ supports the view that the decreasing effect

of the Peierls stress is dominant compared with the

increasing effect of dislocation-vacancy interaction. 

It was found in this research that τc does not decrease

monotonously with decreasing χ and the χ-dependence of

τc varies with temperature. The χ dependence of τc was

similar to that of work softening and may be understood

in the manner as the case of work softening. Williams11)

showed that there is a good linear relationship between τc

and χ in a range of χ from 0.79 to 0.95 over the

temperature range 1080 to 1870 K. Also in the present

research, similar results were obtained in almost the same

composition range(Fig. 9); however, the slope of the

linear part was much steeper and absolute value of τc

was higher by approximately 20 % than those in the

result of Williams. These differences may come from the

differences in the degree of perfection of crystals, the

composition direction and the rigidity of machine used.13)

There are some reports which described the transition

temperature(Tc) similar to Fig. 6. However, the values of

Tc reported so far are considerably different from each

other. This difference may come from the differences in

carbon/titanium atom ratio, the impurity content, the degree

of perfection such as the initial dislocation density.13)

Yoshinaga16) showed that Tc shifts to higher temperatures

as the strain rate increases. As seen from the γ = ρmbυ

and υ = Bτe
m*

∝ exp(−Q/RT)τe
m*,12,13,15)

 where ρm is the

mobile dislocation density, b the magnitude of Burgers

vector, B the mobility of dislocations, m* the effective

stress exponent of dislocation velocity, τe
m*

 effective stress,

the increase in γ may result mainly from the increase in

dislocation velocity(υ), Furthermore, the decrease in flow

stress above Tc was shown to be caused by the diffusion

of carbon atoms which act as the barrier to dislocation

motion(carbon diffusion mechanism).14,15) Therefore, Tc is

considered to depend on the relative magnitude of υ to

carbon diffusion rate: when υ becomes faster, the de-

crease in flow stress is not expected to occur until the

carbon atoms can diffuse along with dislocations, which

may result in the shift of Tc to higher temperatures with

increasing strain rate. In this research, the effect of

variation in impurity content with χ is assumed to be

negligible and the other parameters are almost the same,

and thus we can discuss the effect of nonstoichiometry

on Tc of TiCχ. For the carbon diffusion controlling

deformation, the value of Q in υ = Bτe
m*

∝ exp(−Q/RT)τe
m*

may correspond to the activation energy for carbon self-

diffusion(Qd

c). Provided that in the strain rate constant

test the initial dislocation density in samples used is the

same and the value of dρm/dε is independent of compo-

sition, the temperature at which carbon atoms can diffuse

along with dislocations moving at a velocity υ should

decrease as the value of Qd

c

 decreases. Since the activation

energy for deformation in the high temperature region

was found to decrease with decreasing χ(Table 2), one

can understand that Tc shifts to lower temperatures as χ

decreases.

It is well known that stress exponent(m) of strain rate,

is related to the effective stress exponent(m*) of υ, by

m = m*/(1 − τi/τ). In this research, the value of m ob-

tained in the low temperature region decreased with

decreasing χ. This can be attributed to a decrease in m*

or τi/τ or both with decreasing χ, as seen from m = m*/

(1 −τi/τ). As shown in detail in previous paper12,13) and

Kurishita,17) the dislocations distribute inhomogeneously in

high χ samples(0.86 ≤ χ ≤ 0.95), whereas in low χ sam-

ples(χ = 0.59 and 0.75), their distribution is fairly uniform

and many junctions are formed. The junction formation

is thought to indicate a significant contribution of the

secondary slip system to deformation. The fairly homo-

geneous distribution and the activation of the secondary

slip system suggest that the value of m* is small.18-21) On

the other hand, if m* is small, marked work softening is

expected to occur. However, in TiC0.56 the work softening

became less marked in spite of the smallest value of m.

This disagreement suggests that the magnitude of work

softening cannot be definitely correlated to the value of m*.

Since the deformation in the high temperature region is

considered to be controlled by carbon diffusion as men-

tioned previously, the observed decrease in the activation

energy for deformation with decreasing χ suggests that the

height of potential barrier on the diffusion path of carbon
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atoms depends on composition. On the other hand, the

activation energy for deformation in the low temperature

region also decreased monotonously as χ decreased. Since

the deformation in this temperature region is thought to be

governed by the Peierls mechanism,14,15,22) it appears that

the observed decrease in activation energy with decreasing

χ is correlated to a decrease in the Peierls barrier due to

the decreasing in titanium-carbon bond strength as χ

decreases.

4. Conclusions

In order to clarify the effect of C/Ti atom ratio(χ) on

the high temperature deformation behavior of TiCχ, cry-

stals in a wide range of χ from 0.56 to 0.96 were grown

by FZ method and subjected to the high temperature

compression test at temperatures from 1183 to 2273 K

and at strain rates from 1.9 × 10−4 to 5.9 × 10−3/s. The

high temperature deformation behavior of TiCχ is the χ

less-dependent type includes work softening phenomenon,

the critical resolved shear stress, the transition tempera-

ture where the deformation mechanism changes, the stress

exponent of strain rate, in the low temperature region and

the activation energy for the deformation in the low and

high temperature regions. As χ decreases the work

softening becomes less evident and transition temperature

where the work softening disappear shifts to a lower tem-

perature. The τc decreases monotonously with decreasing

χ in a range of χ from 0.86 to 0.96. The transition

temperature where the deformation mechanism changes

shifts to a lower temperature as χ decreases. 
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