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Introduction

Ultra-high temperature ceramics (UHTCs) have been
attracting considerable attention due to their out-
standing properties such as high melting point, fine
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ABSTRACT

TaC and HfC are recognized as potential ultra-high temperature ceramics for
application in refractories and coating materials. However, the test of mechanical
property under high temperature is difficult. In this paper, the mechanical
properties of TaC and HfC at high temperature are systematically investigated by
density functional theory. The results revealed that their elastic constants, elastic
moduli and elastic anisotropy all display a monotonic decreasing trend with
increasing temperature, and the anisotropy of TaC is stronger than that of HfC ata
given temperature. TaC and HfC both have eight possible dislocations. As the
applied shear stress increases, the activation energies and critical resolved shear
stress (CRSS) of all dislocations are decreased. As the temperature increases, the
CRSS is decreased. Moreover, the yield strength and hardness of TaC and HfC
both decreased with the increase of temperature. The hardness decrease from 0 to
400 K is mainly due to the proportion change of the two major dislocations
(1/2(110) 0° perfect dislocations and 1/6(121) 30° partial dislocations). Then the
hardness sharply decreases at 400 K, which is attributed to the activation of
1/6(112) 90° partial dislocations. The hardness decrease from 500 K is attributed
to the CRSS change of 1/6(112) 90° partial dislocations and 1/6(121) 30° partial
dislocations. In addition, the influence of strain rate and dislocation density are
revealed, which shows that their hardness are both increased with increasing
strain rate, while decreased with increasing dislocation density.

chemical and thermal stability, excellent wear resis-
tance, as well as high strength and hardness [1-3].
Transition metal carbides (TMCs) belong to a typical
subset of UHTCs, among which TaC and HfC are
outstanding for their extremely high melting point
(near 4000 °C) [4], making them potential materials
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applied in the field of refractories and coating mate-
rials [5]. Besides, these Bl-structure refractory car-
bides or nitrides are a significant strengthening phase
in the design of refractory alloys [6, 7]. Therefore,
their mechanical properties under high temperature
need to be explored for structural design in practical
application.

A number of experimental research on TaC and
HfC have been made in the past years. Ferro et al. [8]
evaluated the hardness of HfC using an area law-of-
mixtures approach with respect to the indentation
size effect. Zhang et al. [9] revealed that high tem-
perature densification can enhance the mechanical
properties of TaC. However, due to the complexity of
sample preparation and the difficulty of experimental
process, very few studies have been performed on the
mechanical properties at high temperature. Nowa-
days, with the development of first-principles calcu-
lation based on density functional theory (DFT), it is
possible to accurately predict the mechanical prop-
erties at high temperature. Sai Gautam et al. [10]
investigated the mechanical properties and thermo-
chemical properties of TaC and HfC with respect to
pressure via first principles calculations. Yu et al. [11]
studied the stability of various tantalum carbides at
0 K by first-principles simulations, and they also
clarified the relationship between phase content and
mechanical properties. Throughout these publica-
tions, although some achievements have been made
in the past, the influence of temperature on
mechanical properties has not been involved in their
methods, and the plastic deformation mechanisms of
TaC and HfC under high temperature are not well-
known, which restricts the further development of
TaC and HfC. In our method, the mechanical prop-
erties at high temperature is innovatively determined
by first principles calculation and quasi-harmonic
approximation (QHA).

In this paper, the temperature-dependent
mechanical properties of TaC and HfC were investi-
gated based on the theoretical methods proposed by
Wen et al. [12] and Feng et al. [13]. Firstly, the sta-
bility of the two TMCs was verified. Their elastic
constants, elastic moduli and elastic anisotropy were
calculated and analyzed. The possible dislocations
were determined and the activation energy and CRSS
of each dislocation were calculated. Furthermore, the
yield strength and hardness of the two TMCs were
calculated, and the deformation mechanism at high
temperature were revealed. In addition, the influence
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of strain rate and dislocation density on hardness was
also discussed.

Computational methods
DFT calculations

The DFT calculations in this work were performed by
the Vienna ab-initio Simulation Package (VASP) [14].
The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhoff (PBE) [15, 16] exchange
correlation functions was applied to evaluate the
exchange—correlation energy. The interaction
between ions and electrons was described by pro-
jector augmented wave (PAW) potential [17]. The
cut-off energy of plane-wave used was 600 eV. The
energy threshold was set as 107 eV/atom and the
force threshold of ionic relaxation was set to be
0.01 eV/A. The Debye frequency is defined as the
maximal value of phonon frequencies, which can be
determined by the finite displacement method using
PHONOPY code [18]. The Debye frequencies of TaC
and HfC have been determined to be 18.23 THz and
17.12 THz, respectively.

Temperature-dependent elastic constants

Based on the “geometry optimization method for
arbitrary symmetry crystals” (GOMASC) method
proposed by Wen et al. [12, 19], the Helmholtz free
energy F[X(¢); T] can be expressed as follow [19]:

F[X(e); T] = E[X(&)] + Foip[X(¢); T] (1)

where X(¢) is the crystal lattice with a strain of &,
E[X(¢)] represents the static energy of the crystal lat-
tice X(¢) at 0 K, Fyp[X(&); T] is the vibrational Helm-
holtz free energy obtained based on quasi-harmonic
assumption. Isothermal constants C;(T) can be
obtained from the derivative of F[X(¢); T]. There are
three independent constants (Cy1, C1, and Cyy) for a
cubic crystal. In order to construct linear equations to
acquire elastic constants, three forms of deformation,
namely [9, J, J, 0, 0, 01, [9, -6, 6°/(1-6), 0, 0, 0] and
[62/(1-6%), 0, 0, 25, 0, 0] are needed.

According to Ref. [20] and [21], the Young's mod-
ulus (E), bulk modulus (B), and shear modulus (G)
can be expressed as follow:

By = Bgr = (C11 + C12)/3 (2)
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Gy = (C11 — C12 +3Cu4)/5 (3)
Gr = 5(C11 — C12)Cas/[4Css + 3(C11 — C12)] 4)
B = (By + Br)/2 (5)
G = (Gy + Ggr)/2 (6)
E =9BG/(3B+G) (7)

where V and R subscripts are Voigt and Reuss esti-
mates, respectively.

Generalized stacking fault energy

The plastic deformation of crystalline materials is
usually correlated to the slip of dislocations. Gener-
alized stacking fault energy (GSFE) distributions are
utilized to identify the possible types of dislocations.
The GSFE was calculated via slab model. For each
kind of slip plane, a supercell structure with 16 atoms
was built, with the slip plane located in the middle. A
vacuum layer with a thickness of 15 A was set on the
side of supercell parallel to the slip plane. The atom
above the slip plane were rigidly moved with a
Burgers vector b. Then the slipped supercell was
relaxed in the direction perpendicular to the slip
plane. The GSFE is the increased energy compared to
the un-slipped supercell. The Brillouin zone in
k-space was sampled by Monkhorst-Pack mesh [22]
of 7 x 7 x 1. The energy convergence threshold was
set to be 1 x 107 eV/atom.

Temperature-dependent yield strength

According to Feng’s method [13], the activation
energy W.(7) of dislocation can be considered as a
function of applied stress 7 as follow:

_ AGPh, . 32 (A2Gr\ 2
We(r) = =5 () = () (37 ®
i 2
A; = cos*f + sin’p 9)
1—v
2 o 2
Ay — (14 v)cos [31—1;(‘)1 2y)sin“f (10)

where x. is the critical width of kink pair, b is the
Burgers vector, & is the kink height, G is the shear
modules, r represents the radius of dislocation core, f§
is the angle between the dislocation line and Burgers
vector, v is Poisson’s ratio.

The temperature-dependent critical resolved shear
stress (CRSS) at a given temperature T, applied stress
7, and plastic strain rate ¢ can be expressed as:

2n A1Gb?h , /x biyv

T s = ! ) _ PmI%46VD

TCRSS = A, 1503G { 27 ln( r) kBTln( é )]
(11)

where vp and p,, are the Debye frequency and den-
sity of mobile dislocations, respectively. 4, indicates
the mean free path for dislocations crossing the bar-
rier, kg represents the Boltzmann constant.

Based on the calculated CRSS of dislocation, the
temperature-dependent yield strength of polycrys-
talline are calculated according to Sachs model [23].
A polycrystalline model with 30,000 randomly ori-
ented gains was built. When the proportion of plas-
tically vyielded grains reaches 90% [24], the
corresponding uniaxial stress is defined as the yield
stress of polycrystalline. According to Tabor’s law,
the hardness is approximately three times of the yield
stress [25], based on which, the temperature-depen-
dent hardness of TaC and HfC were calculated.

Results and discussion
Stability

TaC and HfC are both NaCl-type structure, as shown
in Fig. 1. The relaxed lattice parameters of TaC
(4.47 A) and HfC (4.65 A) are in good agreement with
experimental values [26, 27]. The phonon spectrum of
TaC and HfC at various temperatures are calculated
and illustrated in Fig. 2. It is seen that the phonon
spectrum of TaC (Fig. 2a) and HfC (Fig. 2b) do not

Figure 1 Crystal structure of TaC and HfC.
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Figure 2 Phonon spectrum of a TaC and b HfC at different temperature.

have any imaginary frequencies, which indicates that
TaC and HfC are both dynamically stable [28, 29]. It
should be noted that the phonon frequencies of the
two TMCs both decrease with the increasing tem-
perature. This phenomenon is because that with
increasing temperature, the atomic distance is gen-
erally increased, which results in a smaller force
constant and a lower phonon frequency.

Temperature-dependent elastic properties

The temperature-dependent elastic constants and
elastic modulus of TaC and HfC were obtained, and
the results are shown in Fig. 3. It is seen that the
elastic constants and modulus both show a mono-
tonic decreasing trend with temperature rising, and
the values of elastic constants and elastic modulus of
TaC are both higher than those of HfC at a given
temperature, indicating that TaC possesses relatively
more excellent elastic properties than HfC. Our
results are compared with other research in Table 1.
As can be seen, there exists a good consistency
between our calculated results and other available
researches for TaC [30-32] and HfC [30, 33, 34].

In order to efficiently investigate and visualize the
anisotropic elastic properties of TaC and HfC, the 3D
surfaces of Young’'s modulus E and shear modulus
G at different temperatures for the two TMCs were
plotted by using ELAM code [35], as shown in Fig. 4.
From Fig. 4a and b, the maximal value of the Young's
modulus for the two TMCs both appear
in < 100 > direction, and the minimal value both
locate in < 111 > direction. The 3D surface of the
shear modulus (Fig. 4c and d) contains two kinds of
surfaces, in which the solid one inside denotes the
minimal values, while the translucent one outside
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denotes the maximal values. Figure 5a—d shows the
2D projections of the 3D surface on {100} plane,
where different temperatures are denoted by differ-
ent colors, and the maximum and minimum values
are denoted by solid and dash curves, respectively. It
is seen that Young’s modulus and shear modulus for
the two TMCs are both decreased with increasing
temperature, and the maximum and minimum value
of shear modulus are both in the < 110 > direction.
In addition, it should be noted that the maximum and
minimum value of shear modulus for HfC nearly
overlapped at 1200 K (Fig. 4d), which indicates that
the gap between the maximum value and the mini-
mum value is getting smaller and nearly closed to
zero with the increase of temperature. The decreasing
speed of the maximum value is higher than that of
the minimum value.

The extent of the 3D surface deviated from sphere
can reflect the extent of anisotropy [36]. It is noted
that the 3D surfaces of Young's modulus and shear
modulus for the two TMCs (Fig. 4) both tend to be
spherical with increasing temperature, which means
their anisotropy are both weaken. This can also be
reflected by the shape of the projection in Fig. 5,
where the 2D projection tend to be circular with the
increase of temperature. At a given temperature, the
3D surface of HfC is always closer to spherical, which
means its elastic anisotropy is relatively weaker. To
quantify the elastic anisotropy of TaC and HfC, the
anisotropy index AY is expressed as follows [37]:

Gy By
AY=5—"+_=-6>0 12
Gr * Br - (12)
For an isotropic crystal, A" is identically zero. A
large value of AY means the elastic anisotropy is
strong. The elastic anisotropy index of the two TMCs
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Figure 3 Temperature-dependent elastic properties of TaC and HfC. a Elastic constants of TaC. b Elastic modulus of TaC. ¢ Elastic

constants of HfC. d Elastic modulus of HfC.

Table 1 Comparison of our

Carbides Method

calculated elastic constants Cj;,

Elastic constants

Elastic modulus

bulk modulus B, shear
modulus G, Young’s modulus

C11

E with other research TaC Present
Calc. [32]
Expt. [30]
Calc [31]
HfC Present
Calc. [34]
Expt. [33]
Expt. [30]

708

527.1
500

Ciz Caa B G E v
730.2 143.4 166.1 339.0 209.0 520.1 0.24
132 176 324 215 0.23
344 216 537 0.24
317 209 514 0.23
531.5 112.8 165.4 2523 181.7 439.7 0.21
107.1 160.0 247.1 178.4 431.4 0.21

180

242 195 461 0.18

at different temperatures were calculated, as shown
in Fig. 5e. The elastic anisotropy index for the two
TMCs both descend with temperature, indicating a
weaken tendency. Meanwhile, the anisotropic index
of HfC is always smaller than that of TaC at any
given temperature, indicating a relatively stronger
anisotropy of TaC.

Dislocations slip mechanism

It is reported that the favorable slip system in TaC
is < 110 > {111} [38, 39], whereas in HfC is < 110 >
{110} [40], where they are both low-indexed planes
and directions. In order to comprehensively explore
the deformation mechanism of TaC and HfC, three
low index planes {111}, {110} and {100} were selected
to determine the dislocation types. The calculated

@ Springer
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Figure 4 Temperature-dependent 3D surface of Young’s modulus and shear modulus for TaC and HfC. a Young’s modulus for TaC.
b Young’s modulus for HfC. ¢ Shear modulus for TaC. d Shear modulus for HfC. The unit is GPa.

GSFE distributions are displayed in Fig. 6. Local
minima of GSFE distribution corresponds to the
stable stacking fault which leads to the dissociation of
dislocations. From Fig. 6, the GSFE distribution of the
two TMCs are very similar, which is attributed to
their same crystal structure. On {111} plane (Fig. 6a
and b), there are three kinds of possible perfect dis-
locations, namely 1/2[110] 0° perfect dislocation,
1/2[101] 60° perfect dislocation and 1/2[011] 60°
perfect dislocation. There is a local energy minimum
along [121] direction with 1.78 J/m* for TaC and
3.38 J/m? for HfC, respectively, which leads to the
decomposition of the perfect dislocations. According
to the geometric and energy conditions of dislocation
dissociation, the perfect dislocation on {111} plane
can be dissociated as:

1/2[110] — 1/6[121] + 1/6[211] (13)
1/2[011] — 1/6[121] +1/6[112] (14)
1/2[101] — 1/6[112] +1/6[211] (15)

@ Springer

Thus, there may be four kinds of dislocations on
{111} plane for TaC and HfC: 1/2[110] 0° perfect
1/2[011] 60° perfect
1/6[121] 30° partial dislocations and 1/6[112] 90°
partial dislocations. From Fig. 6c and d, there are two
kinds of perfect dislocations on {110} plane. There is
no local energy minimum on this plane, which means
the perfect dislocations on {110} plane would not be
dissociated. Therefore, there are only two types of
dislocations on the TaC and HfC on this plane:
1/2[110] 0° perfect dislocation and [001] 90° perfect
dislocations. From Fig. 6e and f, there are two kinds
of perfect dislocations 1/2[011] 0° and 1/2[011] 90°
perfect dislocations on {100} plane. There is no local
energy minimum on this plane, suggesting that the
two perfect dislocations will not be decomposed.
Therefore, there are only these two types of perfect
dislocations on {100} plane. Based on the GSFE dis-
tributions, all possible dislocations of the two TMCs
are listed in Table 2

dislocations, dislocations,



J Mater Sci (2023) 58:157-169

90

(0 i

150
180

210°

270

(e) 05

—=—TaC
0.4 H —e—HfC

03+

0.2+

Anisotropy index

01+

— o

1500

o'o 1 I ' 't h 4
0 300 600 900 1200

Temperature (K)

(b)

180

(@)

180

163

150 /

—0K

— 300K
——600 K
— 900K
— 1200 K

210"

150 /

210"

300

Figure 5 Projections of elastic moduli on {100} plane and anisotropy index at different temperatures. a Young’s modulus of TaC.
b Young’s modulus of HfC. ¢ Shear modulus of TaC. d Shear modulus of HfC. e Anisotropy index for TaC and HfC.

Temperature-dependent strength/hardness

The activation energies of all dislocations in TaC and
HfC as a function of applied stress are shown in
Fig. 7. It is seen that the activation energies of all
dislocations are decreasing with increasing applied
stress. The activation energies of dislocations on {111}
and {100} planes intersect with each other, indicating
that there exists a competitive relationship between
different dislocations. Based on the activation energy,

the CRSSs of all dislocations as a function of tem-
perature were calculated and shown in Fig. 8. It is
seen that the CRSS of all dislocations decrease
monotonically as the temperature rises.

The proportion of yielded grains in polycrystalline
is shown in Fig. 9a. At 0 K, the grains in TaC and HfC
start to be yielded under applied stress of 5.79 GPa
and 4.96 GPa respectively, and 90% grains are yiel-
ded under applied stress of 7.95 GPa and 7.10 GPa,

@ Springer
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Figure 6 GSFE distributions
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Table 2 Dislocation types on - - -
slip planes of TaC and HfC Slip plane Dislocation type b (A) h(A)
TaC HfC TaC HfC
{111} 1/6(112) 90° partial dislocations 1.827 1.896 2.740 2.845
1/6(121) 30° partial dislocations 1.827 1.896 2.740 2.845
1/2(110) 0° perfect dislocations 3.164 3.285 2.740 2.845
1/2(011) 60° perfect dislocations 3.164 3.285 2.740 2.845
{110} 1/2(110) 0° perfect dislocations 3.164 3.285 4.475 4.646
(001) 90° perfect dislocations 4.475 4.646 4.475 4.646
{100} 1/2(011) 90° perfect dislocations 3.164 3.285 3.164 3.285
1/2(011) 0° perfect dislocations 3.164 3.285 3.164 3.285

respectively. When the temperature reaches 300 K,
the grains in TaC and HfC start to be yielded under
applied stress of 3.81 GPa and 3.21 GPa respectively,
and 90% grains are yielded under applied stress of
6.85 GPa and 6.08 GPa respectively. It can be con-
cluded that the yield strength of the two TMC poly-
crystalline are both decreased with the increase of
temperature.

The temperature-dependent hardness of TaC and
HfC are shown in Fig. 9b. It is seen that the hardness
of TaC and HfC are both decreased with increasing
temperature. The hardness of the two TMCs at room
temperature (300 K) are 20.57 GPa for TaC and 18.25
GPa for HfC, which is in good agreement with
experimental values [8, 9, 41-44]. In order to better
understand the mechanism of plastic deformation at
high temperature, the proportion of grains yielded by

@ Springer

different dislocations were calculated, and the results
are shown in Fig. 10. The two TMCs possess almost
the same dislocation proportions at any given tem-
perature. From 0 to 400 K, the plastic deformation of
TaC and HfC are both governed by 1/2(110) 0°
perfect dislocations, 1/6(121) 30° partial dislocations,
1/2(011) 0° perfect dislocations and 1/2(011) 90°
perfect dislocations, with the former two being the
majority. In this temperature range, the proportion of
1/2(110) 0° perfect dislocations decreases, while that
of 1/6(121) 30° partial dislocations increases (the
other two dislocations are minorly changed) as the
temperature rises. The CRSS of 1/2(110) 0° perfect
dislocation decreases slightly as the temperature
rises, while that of 1/6(121) 30° partial dislocations
decrease in

drop dramatically (Fig.8), so the
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Figure 8 Temperature-dependent CRSS of dislocations on {111}, {110} and {100} planes. a TaC; b HfC.
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Figure 9 a Proportion of
yielded grains as a function of

~

J Mater Sci (2023) 58:157-169

(a
"
£
uniaxial stress. b Comparison g 10k Iaggo*; . :ggo'fm (b) 25} - —9o—TaC —o—HfC
R — Hfc-
between our calculated g -------- ‘0_ ------------- - A 0:0\0‘ Exp?® » Exp®
. . 3 i [ | el ¥ b f
hardness with experiments 2 . S = 20 ‘o\‘\:\o Exp? o Expg
vl o o\ c
(“Ref. [9], °Ref. [41], “Ref. S 06 /o & sl Ny Al b s
d e c e e o, 0, o Expd e Exp
[42], Ref. [43], °Ref. [43], 5 . iy 8 o
g o e \
fRef. [8], &Ref. [41], "Ref. S i § 10f \°\Z\.
[-% i ] \,
[44]). ¢ Temperature- g 02 S £ ol \o\:::\o
dependent hardness under ko i 9339
P tislocation donsi 2 o0 i . $:39:0.0.
various dislocation density. = . . Wi 0y . . . .
d Temperature-de endenty g g . 4 . 10 2 ks 19 o it
hard P d P rai 2 Uniaxial stress o (GPa) Temperature (K)
ardness under various strain
rates. (©) TaC o 10"m* (d) TaC 10"
20+ —pm=10"m'2
w —p,,=10"m? =
10} =
5 0 e pm=10"m'z a
§ o 11 g
g Hfc — p,=10"m @ HfC e=10"s"
£ 20 ——p,=10"m i
= . _pm=1o|zm I
——p,=10"m
0 - : 0 v . "
0 500 1000 1500 2000 0 500 1000 1500 2000

Temperature (K)

~

-
o

e
©
"

B 1/2<170>0° perfect dislocations of {110} plane
[ <001>90° perfect dislocations of {110} plane
[ 172<011>90° perfect dislocations of {100} plane
I 1/2<017>0° perfect dislocations of {100} plane
[ 172<017>60° perfect dislocations of {111} plane

Normalized proportion of yield grains ™

o o
b o

|onammsen ARG |

| Peiavmcasamene G

| SR |

[ |

| sy |
[ ]

0.2+ [_1172<170> 0° perfect dislocations of {111} plane
[[]1/6<112>90° partial dislocations of {111} plane
[ 1/6<121>30° partial dislocations of {111} plane
0.0
QLR PESESESES S SL SO DL SN
R L SO OOU ROy

Temperature (K)

Temperature (K)

)

-
o

i I
-
[ 1/2<170>0° perfect dislocations of {110} plane
[ <001>90° perfect dislocations of {110} plane

e
©
1

e
o
1

e
K
L

[[]1/2<011>90° perfect dislocations of {100} plane
[ 1/2<017>0° perfect dislocations of {100} plane
[ 1/2<017>60° perfect dislocations of {111} plane

Normalized proportion of yield grains =

0.2 [_]1/2<170> 0° perfect dislocations of {111} plane
[_11/6<112>90° partial dislocations of {111} plane
[ 1/6<121>30° partial dislocations of {111} plane
0.0- 5 o | |
UL LSS PO L ECL LS. SRS DS
N e O T RN S

Temperature (K)

Figure 10 Proportion of activated dislocations at different temperature. a TaC; b HfC.

hardness from 0 to 400 K (Fig. 9(b)) can be attributed
to the proportion change as well as the sharply
decreased CRSS of 1/6(121) 30° partial dislocations.
Above 400 K, depart from the four dislocations,
1/6(112) 90° partial dislocations are also activated,
whose CRSS is the same as the 1/6(121) 30° partial
dislocations (Fig. 8), so the sudden drop in hardness
at 400 K (Fig. 9b) is due to the total proportion of
1/6(112) 90° partial dislocations and 1/6(121) 30°
partial dislocations reaches a very large value. As
temperature rises, their total proportion continually

@ Springer

increases, which exceeds 70% at 500 K and reaches
100% at 800 K.

In addition, the influence of dislocation density and
strain rates on hardness were also studied, and the
results are shown in Fig. 9c and d. It is found that
under a given temperature, as the dislocation density
rises, the hardness of TaC and HfC are both
decreased. As the strain rate rises, the hardness of
TaC and HfC are both increased. This means that the
dislocation density and strain rate have great influ-
ence on the hardness of materials.
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Conclusions

In this paper, the mechanical properties of TaC and
HfC at high temperature were explored via first-
principles calculations, and the main conclusions
were obtained as following;:

(1) TaC and HfC are both dynamically stable, and
their phonon frequencies are decreased as the
temperature rises.

(2) The elastic constants, elastic moduli and elastic
anisotropy of TaC and HfC all show a mono-
tonic decreasing tendency as temperature rises.
At a given temperature, the anisotropy of TaC
is stronger than that of HfC.

(3) TaC and HfC both have eight possible disloca-
tion types by analyzing the GSFE surfaces. The
activation energies of all dislocations are
decreased with applied shear stress. The CRSS
of all dislocations is decreased with
temperature.

(4) The yield strength and hardness of TaC and
HfC are both decreased as temperature rises.
The decrease in hardness from 0 to 400 K is
attributed to the increased proportion as well as
the sharply decreased CRSS of 1/6(121) 30°
partial dislocations. The sudden drop in hard-
ness at 400 K is attributed to the total propor-
tion of 1/6(112) 90° partial dislocations and
1/6(121) 30° partial dislocations reaches a very
large value. The hardness decrease above 500 K
is mainly attributed to the continually increased
proportion as well as the continually decreased
CRSS of 1/6(121) 30° partial dislocations and
1/6(112) 90° partial dislocations.

(5) Under a given temperature, as the dislocation
density rises, the hardness of TaC and HfC is
both decreased. As the strain rate rises, the
hardness of TaC and HfC is both increased.
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