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bstract

ense bulk Ta2AlC ceramic was synthesized by an in situ reaction/hot pressing method using Ta, Al, and C as initial materials. The average grain
ize of Ta2AlC is 15 �m in length and 3 �m in width. The physical and mechanical properties were investigated. Ta2AlC is a good electrical and
hermal conductor. The flexural strength and fracture toughness of Ta AlC were measured to be 360 MPa and 7.7 MPa m1/2, respectively. The
2

ypical layered grains contribute to the damage tolerance of this ceramic. After indentation up to 200 N at the tensile surface of the beam specimens,
o obvious decrease of the residual flexural strength was observed. Even at above 1200 ◦C, Ta2AlC still retains a high Young’s modulus and shows
xcellent thermal shock resistance, which renders it a promising high-temperature structural material.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Mn + 1AXn (where M is an early transition metal, A is an
group element, X is C or N, and n = 1–3), also called MAX

hases, is a family of ternary phases with hexagonal structure.1,2

hey are electrically and thermally conductive, machinable,
amage tolerant, and resistant to thermal shock, and promis-
ng for high-temperature applications.3–7 When n is 1, A is Al,
nd X is C, M2AlC phases are represented. Recently, the syn-
hesis and characteristics of Ti2AlC,8–10 Cr2AlC,11,12 V2AlC,13

b2AlC,14,15 Ta2AlC,16–20 etc. have been investigated. For
a2AlC, Sun et al.16 calculated the elastic modulus of 318.6 GPa
nd density of 11.52 g cm−3 by ab initio total energy calcula-
ions. Manoun et al.17 found that the compressibilities of Ta2AlC
long the c axis and along a axis were almost identical. Lin et

l.18 confirmed the layered microstructure feature of Ta2AlC
y high resolution transmission electron microscopy. Gupta et
l.19 identified that Ta2AlC had poor oxidation resistance. Very
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chanical properties

ecently, Gupta et al.20 found that Ta2AlC/Ag-based composite
howed the good tribological performance over a wide tempera-
ure range against Ni-based superalloys and alumina. However,
o the author’s knowledge, there are seldom reports on the
hysical and mechanical properties of Ta2AlC. As a potential
igh-temperature structural ceramic, it is necessary to under-
tand the intrinsic physical and mechanical characteristics of
a2AlC. In this paper, dense bulk Ta2AlC was fabricated by an

n situ reaction/hot pressing method using Ta, Al, and C powders
s initial powders. The electrical resistivity was investigated in
temperature range of 10–300 K. The molar heat capacity and

hermal conductivity, as well as mechanical properties, were
etermined from ambient temperature to 1500 K. The physical
nd mechanical properties were compared with those of other
l-containing 211 phases, such as Ti2AlC and Cr2AlC.

. Experimental details
Commercial powders of tantalum (−200 mesh, 99%), alu-
inum (−300 mesh, 99%), and graphite (−200 mesh, 99%)
ere used as initial materials for fabricating Ta2AlC. The as-

mailto:yczhou@imr.ac.cn
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ture toughness measurement is 4 mm × 8 mm × 36 mm. The
notch machined by EDM is 4 mm in length and ∼0.15 mm
in width with the notch radius of ∼0.03 mm. The crosshead
speeds for flexural strength and fracture toughness tests were
680 C. Hu et al. / Journal of the Europea

eceived Ta, Al, C powders with molar ratio of 2:1.2:0.9 were
eighed and ball-milled in an agate jar for 12 h. After sieving
ith a 100-mesh screen, the mixture of powders was uniaxi-

lly pressed in a BN-coated graphite die under 5 MPa. Then
he green compact was heated to 1550 ◦C with a heating rate
f 15 ◦C min−1 in a flowing Ar atmosphere. The sample was
eld at 1550 ◦C for 30 min under a pressure of 30 MPa, and then
nnealed at 1400 ◦C for 60 min. At last, the sample was cooled
own to room temperature with the furnace cooling rate. The
ontaminations on the surface were removed using a high-speed
unning grinding wheel.

The density of as-prepared Ta2AlC sample, measured by
he Archimedes principle, yields 11.46 g cm−3, which is close
o the theoretical value of 11.52 g cm−3. Phase compositions
ere determined by X-ray diffraction (XRD) (Rigaku D/max-
400, Tokyo, Japan) utilizing Cu K� radiation (λ = 1.54178 Å)
t a scanning speed of 0.04◦/step. The measurement of grain
ize was conducted using a grain-intercept method. The pol-
shed surface of Ta2AlC sample was etched in an acid solution
onsisting of HF, HNO3, and H2O mixed at an equal volume
raction, and then was observed by a scanning electron micro-
cope (SEM) (LEO Supra35, Oberkochen, Germany) equipped
ith an energy dispersive spectroscopic (EDS) system. At least
fty grains were measured. The microstructure of Ta2AlC was

nvestigated by SEM. Thin-foil sample for transmission elec-
ron microscope (TEM) investigation was prepared by slicing,
rinding to ∼20 �m, dimpling down to ∼10 �m and ion milling
t 4 kV. The microstructure features were observed by a 300 kV
ecnai G2 F30 TEM (FEI Co., Eindhoven, Netherland).

All specimens used for the physical and mechanical tests were
achined by an electrical discharged method (EDM), and then

round and polished down to 1.0 �m diamond grits. The elec-
rical conductivity of Ta2AlC was measured in a temperature
ange of 10–300 K by a four-point probe method in a super-
onducting quantum interference device (SQUID) (Quantum
esign, San Diego, USA), using a sample with a dimension of
mm × 1 mm × 10 mm. The thermocouple sticking to the sam-
le could instantaneously measure the temperature of sample.
he test current was 10 mA. The thermal expansion coefficient

TEC) of Ta2AlC was measured by a thermal mechanical ana-
yzer (TMA) (Setsys 24, Caluire, France) under a flowing Ar
tmosphere from ambient temperature to 1100 ◦C with a heat-
ng rate of 2 ◦C min−1, using a column specimen of 6 mm in
iameter and 8 mm in length. The temperature conductivity
oefficient and molar heat capacity of Ta2AlC were measured
sing a disk sample with a dimension of Φ12.7 mm × 1.5 mm by
FlashlineTM-5000 thermal properties analyzer (Anter Corp.,
ittsburgh, USA). The thermal conductivity, λ (W m−1 K−1),
as calculated based on the equation12:

= α
cpd

M
× 10−1 (1)

n which α is the coefficient of temperature conductivity

cm2 s−1), cp the molar heat capacity (J mol−1 K−1), d the den-
ity (g cm−3) and M the molar mass (kg mol−1).

The flexural strength was measured using a three-point bend-
ng method and the fracture toughness was measured using

F
a
b

ig. 1. X-ray diffraction pattern of Ta2AlC synthesized by an in situ reaction/hot
ressing method.

ingle-edge notched beams (SENB). The specimen size for
exural strength is 3 mm × 4 mm × 36 mm and that for frac-
ig. 2. Scanning electron microscope (SEM) micrographs of (a) etched surface
nd (b) fractured surface of Ta2AlC. The magnification in (b) shows typical kink
ands.
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ig. 3. HRTEM micrograph of Ta2AlC. The viewing direction is [1 2̄ 1 0]. The
nset shows the arrangements of two Ta layers per Al layer.

.5 and 0.05 mm min−1, respectively. To understand the tough-
ning mechanisms, in situ cracks were produced according to
he pre-cracking method developed by Bao and Zhou.21 Vickers
ardness was measured by a microhardness tester at loads of
.5, 2, 10, 30, and 50 N with a dwell time of 15 s. The indents
ere investigated by SEM. The damage tolerance was evalu-

ted by testing the post-indentation residual flexural strength
fter indenting at loads of 100, 200, and 300 N at the middle
pan of the 3 mm × 4 mm × 36 mm samples. The indent sizes
ere measured through an optical microscope. Measurement of

hear strength was conducted by a punch-shear method.22 The
verage thickness of thin plate is 0.1 mm and the ratio of thick-
ess to diameter of the punch hole is ∼0.1. The crosshead speed

s 0.5 mm min−1. The shear-fractured surface was observed by
EM.

ig. 4. Evolutions of electrical conductivity and electrical resistivity of Ta2AlC
n the temperature range of 10–300 K.

p
t
a
3
l
i
t
t
o
s
d
a
s
b
i
T
a
w
T

ig. 5. Temperature dependence of molar heat capacity and thermal conductivity
f Ta2AlC.

Temperature dependence of Young’s modulus of Ta2AlC was
erformed by an impulse excitation technique (IET). A speci-
en with a dimension of 3 mm × 15 mm × 40 mm was heated in
HTVP-1750-C furnace (IMCE, Diepenbeek, Belgium) with a
eating rate of 3 ◦C min−1 up to 1200 ◦C in vacuum on the order
f 10−3 mbar. Thermal shock resistance of Ta2AlC was tested
n air by annealing the samples (3 mm × 4 mm × 36 mm) at the
esting temperature for 15 min, and then immediately quench-
ng in the ambient water. The testing temperatures were 400,
00, 800, 1000, and 1200 ◦C, respectively. The retained flexural
trength was measured by a three-point bending method in a uni-
ersal testing machine. The cross-sectioned surface of quenched
amples was investigated by SEM.

. Results and discussion

.1. Microstructure

By XRD analysis, Ta2AlC is determined as the predominant
hase in as-prepared sample, as shown in Fig. 1. Fig. 2 shows
he etched surface and fracture surface of Ta2AlC. The aver-
ge size of plate-like grains of Ta2AlC is 15 �m in length and
�m in width (Fig. 2(a)). Delamination, kinking, intergranu-

ar and transgranular fractures are revealed in Fig. 2(b). The
nsert is a magnification of the rectangular region, which shows
he typical kink band in an individual grain. The microstruc-
ure feature was investigated by TEM. The atom arrangement
f Ta2AlC projected on a (1 2̄ 1 0) plane indicates the layer
tacking sequence of Ta and Al atoms along the [0 0 0 1]
irection, as shown in Fig. 3. The inset shows the atomic
rrangements of two Ta layers and one Al layer alternately
tack along the [0 0 0 1] direction. The Ta layers are separated
y close packed Al atoms on (0 0 0 1) plane, and the stack-

ng sequence of Ta and Al atoms is ABABAB. The weak
a-Al bond16 in Ta2AlC suggests that shear deformation is
long Al plane. So, the kink bands can be easily formed,
hich contributes to the plastic irreversible deformation of
a2AlC.10,23–25
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Table 1
Typical physical and mechanical properties of Ta2AlC, Ti2AlC, and Cr2AlC

Properties Ta2AlC Ti2AlC2,8,9 Cr2AlC11,12

Lattice parameters (Å) a = 3.079; c = 13.854 a = 3.051; c = 13.637 a = 2.858; c = 12.818
Density (g cm−3) 11.46 4.11 5.21
Temperature coefficient of resistivity, β (K−1) 0.0042 0.0035 0.0028
Electrical conductivity (×106 �−1 m−1) 3.91 4.42 1.4
Thermal expansion coefficient (×10−6 K−1) 8.0 8.2 13.3
Heat capacity at 25 ◦C (J mol−1 K−1) 93.6 78 84.3
Thermal conductivity at 25 ◦C (W m−1 K−1) 28.4 46 17.9
Vickers hardness (GPa) 4.4 ± 0.1 2.8 3.5
Compressive strength (MPa) 804 763 –
Shear strength (MPa) 112 ± 24 – –
Flexural strength (MPa) 360 ± 19 275 378
Fracture toughness (MPa m1/2) 7.7 ± 0.2 6.5 –
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.2. Electrical and thermal properties

.2.1. Electrical properties
Fig. 4 displays the temperature-dependent electrical conduc-

ivity and electrical resistivity of Ta2AlC from 10 to 300 K.
he relationship between electrical conductivity and electrical

esistivity is

= 1

σ
(2)

n which ρ is the electrical resistivity (�� m), σ the electrical
onductivity (��−1 m−1). At room temperature, the electrical
onductivity of Ta2AlC is 3.91 × 106 �−1 m−1, which is 2.8
imes higher than that of Cr2AlC (1.4 × 106 �−1 m−1)12 and
lose to that of Ti2AlC (4.6 × 106 �−1 m−1).2 The total density
f state (DOS) at Fermi level of Ta2AlC (2.98 (eV cell)−1) is
ower than those of Cr2AlC (6.83 (eV cell)−1) and Ti2AlC (3.10
eV cell)−1), which indicates the lack of carriers in Ta2AlC.26

owever, the higher electrical conductivity of Ta2AlC, com-
ared with Cr2AlC, may result from the higher mobility
f carriers.26 With the increasing temperature, the electri-
al conductivity of Ta2AlC decreases from 37.8 × 106 to
.89 × 106 �−1 m−1. It is seen that the electrical resistivity
ncreases linearly above 75 K, indicating a metallic characteris-
ic of Ta2AlC.2,5 Fitting the resistivity with temperature ranging
rom 75 to 300 K, we obtain an expression:

(�� m) = ρ0(1 − β	T ) = 0.229[1 − 0.0042(273.15 − T )](3

n which ρ0 is the electrical resistivity at 273.15 K (�� m), β the
emperature coefficient of resistivity (K−1) and T the absolute
emperature (K). The temperature coefficient of resistivity is
.0042 K−1, which is higher than those of Ti2AlC (0.0035 K−1)2

nd Cr2AlC (0.0028 K−1).12

.2.2. Thermal properties

The average thermal expansion coefficient (TEC) of Ta2AlC

ested from room temperature to 1100 ◦C is 8.0 × 10−6 K−1,
hich is lower than those of Ti2AlC (8.2 × 10−6 K−1)8 and
r2AlC (13.3 × 10−6 K−1).12 Fig. 5 presents temperature

o
(
t
(

305 278
127 116

ependence of molar heat capacity and thermal conductivity
f Ta2AlC. It is seen that the molar heat capacity of Ta2AlC
ncreases with temperature following a third-order polynomial
nd approaches to a constant. At ambient temperature, the
olar heat capacity of Ta2AlC is 93.6 J mol−1 K−1, which is

igher than those of Ti2AlC (78 J mol−1 K−1)8 and Cr2AlC
84.3 J mol−1 K−1).12 A linear fitting of the thermal conductivity
f Ta2AlC with temperature yields a function:

= 29.16031 − 0.00241T (4)

ith a coefficient of determination, r2, of 0.98. The thermal
onductivity decreases linearly with increasing temperature.
rom ambient temperature to 1227 ◦C, the thermal conductiv-

ty decreases from 28.4 to 25.5 W m−1 K−1, which is similar to
hose of Ti2AlC8 and Cr2AlC.12 At room temperature, the ther-
al conductivity of Ta2AlC is 28.4 W m−1 K−1, which is higher

han that of Cr2AlC (17.9 W m−1 K−1),12 but lower than that of
i2AlC (46 W m−1 K−1).2 Additionally, it is known that the total

hermal conductivity is associated with both the electronic and
honon contributions (λtotal = λelectron + λphonon).2 At 25 ◦C, the
alculated λelectron of Ta2AlC based on the Wiedmann–Franz
aw (λelectron = L0σT, where σ is the electrical conductivity at

he Kelvin temperature, T, and L0 = 2.45 × 10−8 W � K−2)2 is
8.3 W m−1 K−1, which is nearly equal to the experimental total
hermal conductivity of 28.4 W m−1 K−1. Therefore, it is con-
luded that the electrons mainly contribute to the conductivity
f Ta2AlC at room temperature.

.3. Mechanical properties

.3.1. Flexural strength and fracture toughness
Table 1 summarizes the measured physical and mechani-

al properties of Ta2AlC together with those of Ti2AlC and
r2AlC. The flexural strength of Ta2AlC evaluated by a three-
oint bending method is 360 MPa, which is higher than that

f Ti2AlC (275 MPa)9 but slightly lower than that of Cr2AlC
378 MPa).12 The fracture toughness of Ta2AlC determined on
he SENB samples (7.7 MPa m1/2) is higher than that of Ti2AlC
6.5 MPa m1/2).9 Therefore, Ta2AlC shows improved flexural
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ig. 6. Crack propagation on the polished surface of Ta2AlC, showing the
oughening mechanisms: (a) grains pull-out and bridging and (b) crack zigzag
eflection.

trength and fracture toughness compared with Ti2AlC at room
emperature.

Wang and Zhou5 reported the tortuous crack path as well
s the bridging and pull-out of Ti3AlC2 grains resulted in a
ough fracture surface and high fracture toughness. In order to
nvestigate the toughening mechanisms of Ta2AlC, in situ cracks
ere produced based on pre-cracking method,21 as shown in
ig. 6. Similarly, the zigzag propagation of cracks together with
ridging and pull-out of Ta2AlC grains were observed, which
esults in a rough fracture surface and high toughness.

.3.2. Vickers hardness, damage tolerance and shear
trength

Fig. 7 shows the Vickers hardness as a function of testing load.
he hardness is load-dependent. With increasing load from 0.5
o 50 N, the hardness gradually decreases from 9.1 to 4.4 GPa.
uch a phenomenon is sometimes referred to as Indentation-Size
ffect (ISE).27–29 Similarly, this tendency has been observed

ig. 7. Vickers hardness of Ta2AlC versus indentation load at ambient temper-
ture, and SEM micrograph of a hardness indent (50 N).
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ig. 8. Indentation load dependence of residual flexural strength of Ta2AlC.

n Ti2AlC9 and Cr2AlC.11 At a lower load, the bigger scatter
ay be attributed to the anisotropic nature of grains.3,5 It is

een that the hardness value inclines to a constant above 10 N
oad. Therefore, the intrinsic hardness of Ta2AlC is close to
.4 GPa, which is higher than that of Ti2AlC (2.8 GPa)9 and
r2AlC (3.5 GPa).12 The Vickers indent produced at a load of
0 N (see the inset of Fig. 7) shows that no cracks emanate
rom the diagonals of indent. The cross-section of indent reveals
hat the damage is constrained in a local district with multiple
nergy-absorbing mechanisms of delamination, grains push-out,
ntergranular and transgranular fractures. Low30 demonstrated
hat the micro-damage of Ti3SiC2 was widely distributed within
he shear-compression zone around and below the Vickers con-
acts. Bao et al.31 observed that the indentation on the layered
eramic resulted in lax grains at the indent perimeter, rather
han brittle cracks at the corners of the indent. It is concluded
hat Ta2AlC has similar quasi-plasticity with Ti3SiC2.

From previous reports,2–4 it is known that Ti3SiC2 is dam-
ge tolerant. Below a critical load value, the post-indentation
exural strengths of Ti3SiC2 are almost independent of inden-

ation loads.2,3,7 We expect that Ta2AlC should also have the
amage tolerance. The experimental results of indentation load
ependent residual flexural strength of Ta2AlC are displayed in
ig. 8. It is seen that below 200 N (indent size, 335 �m), the
esidual flexural strength of Ta2AlC samples does not degrade
ith increasing indentation load. Even under the Vickers con-

act damage of 300 N (indent size, 397 �m), the residual flexural
trength still maintains about 94% of that of undamaged sam-
les. The indent size is about 10% of the sample’s width. It
s proven that Ta2AlC is damage tolerant and insensitive to
he defects produced at indentation load less than 200 N. In
ther words, Ta2AlC is insensitive to a defect smaller than
35 �m.

In addition, the measured shear strength of Ta2AlC is low,
nly 112 MPa. It is observed that the punch-shear holes show

erfect shapes without macrocracks emanating and propagating,
hich indicates the machinable capability. In the fracture sur-

ace (not shown for brevity), the fragmented debris as well as
ransgranular fractured grains is observed.
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ig. 9. Temperature dependence of normalized Young’s modulus of Ta2AlC.

.3.3. High-temperature Young’s modulus and thermal
hock resistance

Young’s modulus of Ta2AlC as a function of temperature
s plotted in Fig. 9. Below 900 ◦C, a slowly linear decrease is
bserved with increasing temperature. Whereas, there is a break
t temperature between 900 and 1000 ◦C. Above 1000 ◦C, more
apid decrease of Young’s modulus is observed with increasing
emperature. However, even up to 1200 ◦C, the modulus loss of
a2AlC is only 28%, which demonstrates the high-temperature
tiffness of this ceramic.32 The thermal shock resistance was also
nvestigated by measuring the retained strength after quenching.
ig. 10 shows the residual flexural strength of Ta2AlC as a func-

ion of quenching temperature. When quenching at 600 ◦C, the
etained flexural strength has a lowest value of 230 MPa, which
s about 64% of unquenched ones. Bao et al.33 determined that
he strength degradation was probably ascribed to water infiltra-
ion that led to the grain boundary weakness. Similarly, the loose

rains in surface layer of Ta2AlC when quenching at 600 ◦C are
bserved, as shown in Fig. 11(a). When increasing the quench-
ng temperature, the abnormal thermal shock behavior of Ta2AlC

ig. 10. Residual flexural strength of Ta2AlC as a function of quenching tem-
erature.
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ig. 11. SEM micrographs of cross-sectioned surface of Ta2AlC samples
uenching at (a) 600 ◦C and (b) 1000 ◦C.

ppears. Up to 1200 ◦C, the residual flexural strength of Ta2AlC
ncreases to 308 MPa. Zhang et al.6 proved that surface oxide
ayers essentially acted as thermal barriers that reduced the sur-
ace heat transfer coefficient so that the transient tensile stresses
n the substrate was decreased. In Fig. 11(b), it is seen that when
uenching at 1000 ◦C, some microcracks only distribute in the
uter oxidation layer (Ta2O5 and AlTaO4) of Ta2AlC, and the
ubstrate keeps integrity. Therefore, the high residual flexural
trength of Ta2AlC can be obtained, showing excellent thermal
hock resistance.

. Conclusions

Laminar-grained Ta2AlC ceramic was fabricated by an in situ
eaction/hot pressing method using Ta, Al, and C as initial mate-
ials. Ta2AlC is demonstrated to be a good electrical and thermal
onductor. In the temperature range of 10–300 K, the electrical
onductivity decreases from 37.8 × 106 to 3.89 × 106 �−1 m−1;
nd from ambient temperature to 1227 ◦C, thermal conductivity
ecreases from 28.4 to 25.5 W m−1 K−1. Ta2AlC also exhibits
he typical mechanical properties like other layered ternary car-
ides. Ta2AlC possesses low Vickers hardness of 4.4 GPa, shear

trength of 112 MPa, high compressive strength of 804 MPa,
nd fracture toughness of 7.7 MPa m1/2. Below 200 N indenta-
ion load in the middle span of a beam specimen, no decrease
f residual flexural strength of Ta2AlC samples is observed,
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ndicating the good damage tolerance. Up to 1200 ◦C, Ta2AlC
till remains high Young’s modulus and shows excellent thermal
hock resistance.
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