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a b s t r a c t

In this paper, the bulk nano-layered composite, which contains Ti3AlC2, Cr2AlC and TiC, has been synthe-
sized by self-propagating high-temperature synthesis with the pseudo-hot isostatic pressing process
(SHS/PHIP). The density, hardness, flexural strength and fracture toughness of the fully dense com-
posite are 4.55 ± 0.02 g/cm3, 10.53 ± 0.48 GPa, 592 ± 25 MPa and 6.23 ± 0.35 MPa m1/2, respectively. The
vailable online 15 July 2010

eywords:
i3AlC2

r2AlC
n+1AXn

nano-layered composite exhibits a high hardness, flexural strength, and fracture toughness due to the
toughening of the overlap joint lamellas of the Ti3AlC2–Cr2AlC phases and the strengthening of the
homogeneously dispersed fine TiC particles.

© 2010 Elsevier B.V. All rights reserved.
HS/PHIP
echanical properties

. Introduction

As the member of the layered ternary Mn+1AXn phases (where
= 1, 2, 3, M is an early transition metal, A is a IIIA or IVA element and
is C or N), Ti3AlC2 and Cr2AlC possess a unique combination of the
roperties of both ceramics and metals: readily machinable, ther-
al and electrical conductive, thermal shock and high-temperature

xidation resistant, damage tolerant, lightweight, and elastically
tiff [1–5].

However, the weaknesses such as low hardness and unsatisfied
trength limit their widespread applications. Considerable efforts
o strengthening of MAX phases, second phase formed from qua-
ernary system needs to be incorporated for forming a composite.
i et al. [6] synthesized the Ti3AlC2/TiB2 composite using Ti, Al,
raphite and B4C powders as raw materials, and it exhibits higher
echanical properties when compared with the Ti3AlC2 ceramic.
lso Ti2AlC–Ti3AlC2–Ti3SiC2 composite, Ti3SiC2–TiC composite and
i3Si(Al)C2/SiC composite successfully formed from Ti–Si–Al–C sys-
em are reported by Hong et al. [7], Zhang et al. [8] and Wan et al.
9], respectively. The most possible MAX phases in Ti–Al–C system
re Ti3AlC2 and Ti2AlC [10]. Cr2AlC has been identified to be the

nly MAX phase in the Cr–Al–C system [5,11]. Thus, the coexis-
ence of these phases and other binary carbides (such as TiC) in a
i–Cr–Al–C system composite is possible. And a composite formed
rom this system would improve the mechanical properties com-
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pared with the monolithic MAX phase ceramic. It is reported that
the 1.5Ti–0.5Cr–Al–C system presents the possible composite and
the coexistence of the TiC and MAX phases [12]. However, the resul-
tant 1.5Ti–0.5Cr–Al–C product by SHS method still needs to be
investigated: bulk densification, phase composition and properties.

In this paper, bulk (Ti3AlC2–Cr2AlC)/TiC nano-layered compos-
ite was attempted to synthesize by SHS/PHIP, using Ti, Cr, Al, and
carbon black powders as raw materials. The phase composition and
microstructure of the composite were investigated. The density and
room-temperature mechanical properties such as Vickers hard-
ness, flexural strength, and fracture toughness of the composite
were determined through various techniques.

2. Experimental procedure

Titanium (<45 �mØ, 99.4% purity), chromium (<45 �mØ, 99.0% purity), alu-
minium (<29 �mØ, 99.7% purity) and carbon black (≈7 �mØ, 99.0% purity) powders
were used as the raw materials. The powders with the stoichiometric ratios of
Ti:Cr:Al:C 1.5:0.5:1:1 were mixed by planetary mill in absolute alcohol for 12 h.
The ZrO2 ball was used as milling media. The mixed powders were dried by the
rotary vacuum evaporator after being sieved. Then the powder mixtures were com-
pacted uniaxially in a die. The powder mixtures were hold at a pressure of 20 MPa for
30 s, using the mold with a 55 mm in diameter and 200 mm in height. Then the pre-
compacted block was put in an 75 �mØ mold. Resistance wire filled with amorce
was used as the portfire and was put under the pre-compacted block. Sand was used
as the medium of the pseudo-hot isostatic pressing process. The W–Re5/26 thermo-
couple was embedded into the sample. A temperature recorder with a 0.2 s picking

cycle was used to collect the temperature data. The SHS reaction generated after
ignition. Then the SHS sample was obtained by the reaction of the pre-compacted
block. After the system arrived at the point of adiabatic combustion temperature
Tad, it was kept upon 1600 K for 25 s. A 225 MPa PHIP pressure was forced on the
pressure head, in which the dwell time was set as 25 s. The SHS/PHIP process details
could be found elsewhere [13].

dx.doi.org/10.1016/j.jallcom.2010.07.057
http://www.sciencedirect.com/science/journal/09258388
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dissolve into the Ti–Al melt and then grow into layered Ti3AlC2 [10].

T
S

ig. 1. X-ray diffraction patterns of the samples prepared by (a) SHS and (b)
HS/PHIP.

Powders porphyrized from the products were used for the XRD analysis. In
he Rietveld method, the XRD pattern was determined by XRD (RINT2000 vertical
oniometer, Japan) with Cu K� radiation at 40 kV and 30 mA at a scanning speed of
.02◦/s. SEM (HITACHI S-4700, Japan) was used to observe the microstructure of the
amples. A 2% HNO3–HF solution was used as the corrosion medium of he polished
urface of the samples. The elements of the phases were evaluated by the energy dis-
ersive spectrometer, EDS, (EDAX, AMETEK). The density of the synthesized sample
as measured by the Archimedes principle. Vickers hardness data were determined

y Micro-586 equipment using the loads of 1 N, 2 N, 5 N and 10 N, respectively. Flex-
ral strength at room-temperature was measured in three-point bending at a cross
ead speed of 0.5 mm/min, using parallelepipeds with dimensions of 4 × 3 × 36 mm.
racture toughness was measured using the method of single edge notched beam
SENB), and 2 × 4 × 22 mm parallelepipeds with 2 mm notch were measured using
speed of 0.05 mm/min.

. Results and discussion

.1. Phases composition

The XRD patterns of the samples prepared by SHS and SHS/PHIP
s shown in Fig. 1. It is detected that Ti3AlC2 (JCPDS 52-0875), Cr2AlC
JCPDS 29-0017) and TiC (JCPDS 32-1383) phases with unwanted
r2Al and Al8Cr5 compounds are identified in the XRD patterns.
eports show there have Ti3Al1−xSixC2 [14], Ti3Si0.5Al0.5C2 [15],
i3Si0.9Al0.1C2 [16], Ti2Al(C0.5,N0.5) [17], Ti3Al(C0.5,N0.5) [17], and
he M-site solid solutions such as (V,Cr)3AlC2 [18] and (V,Cr)2AlC
18,19]. And the solid solutions could solution strength the com-
osite [14–19], but there’s no M-site solid solutions is detected in
he samples. It is explained by the larger atomic size and valence
lectrons differences between Cr and Ti, which leads to less phase
tability of M-site solid solutions [4,20]. It is reported that the
nwanted Cr2Al and Al8Cr5 are also found in Cr2AlC synthesized
y hot pressing [4,5,21]. But there’s no Cr2Al is detected in the
HS/PHIP sample. Crystal structure and peak profile parameters

re refined by using a DBWS code in Cerius computational pro-
ram for materials research [6]. Based upon the Chung F.H. method
22], the contents of Ti3AlC2, Cr2AlC, TiC and Al8Cr5 formed in the
ulk composite are estimated from the refined XRD peak intensities

able 1
ummary of the X-ray phase analysis of synthetic (Ti3AlC2–Cr2AlC)/TiC composite.

Phase composition Crystal structure Lattice constants (Å)

Ti3AlC2 P63/mmc Hexagonal a = 3.07(14), c = 18.53(61)
Cr2AlC P63/mmc Hexagonal a = 2.85(62), c = 12.85(79)
TiC Fm–3m (2 2 5) Cubic a = 4.31(92)
Al8Cr5 R3m (1 6 0) Hexagonal a = 12.75(05), c = 7.96(23)
Fig. 2. The temperature and pressing pressure variation in the SHS/PHIP process.

according to the following formula:

WTi3AlC2
=

ITi3AlC2
(104)

ITi3AlC2
(104) + 0.868ICr2AlC

(103) + 1.351ITiC
(200) + 1.095IAl8Cr5

(303)

(1)

WCr2AlC =
ICr2AlC
(103)

ICr2AlC
(103) + 1.152ITi3AlC2

(104) + 1.597ITiC
(200) + 1.261IAl8Cr5

(303)

(2)

WTiC =
ITiC
(200)

ITiC
(200) + 0.74ITi3AlC2

(104) + 0.643ICr2AlC
(103) + 0.811IAl8Cr5

(303)

(3)

WAl8Cr5
=

IAl8Cr5
(303)

IAl8Cr5
(303) + 0.913ITi3AlC2

(104) + 0.793ICr2AlC
(103) + 1.234ITiC

(200)

(4)

where WTi3AlC2
, WCr2AlC, WTiC and WAl8Cr5

are the mass frac-
tions of Ti3AlC2, Cr2AlC, TiC and Al8Cr5, respectively. ITi3AlC2

(104) ,

ICr2AlC
(103) , ITiC

(200), and IAl8Cr5
(303) are the integrated diffraction intensities of

the Ti3AlC2(1 0 4), Cr2AlC(1 0 3), TiC(2 0 0) and Al8Cr5(3 0 3) peaks,
respectively. The results of the XRD phase analysis of synthetic
(Ti3AlC2–Cr2AlC)/TiC composite are listed in Table 1. According to
the result of XRD analysis, the density of the composite is calculated
as 4.6743 g/cm3.

The measured temperature and pressing pressure variation in
the SHS/PHIP process is given in Fig. 2. The adiabatic combus-
tion temperature Tad is measured as 1862.1 K (t = 14.8 s). The Tad is
higher than the decomposed temperature of Ti3AlC2 (1723 K [10])
and Cr2AlC (1773 K [23]). So, Ti3AlC2 and Cr2AlC were synthesized
while the system is cooling. The 225 MPa pressure of the PHIP pro-
cess is measured to start when it reached 1610.9 K, and kept on
for 25.8 s. This point is slightly lower than the 1673 K for Ti3AlC2
[24] and the 1673 K for Cr2AlC [5,11,25] prepared by hot pressing.
It is reported that Ti–Al melt and TiC crystallites are firstly formed
during the combustion of Ti3AlC2 in Ti–Al–C system, and TiC would
Ti–Al intermetallic compounds are frequently found in the Ti–Al–C
system. However, there’s no Ti–Al intermetallic compound in this
Ti–Cr–Al–C system. The Cr–Al intermetallic compound other than
Ti–Al intermetallic compound in the sample reflects the two facts.

Theoretic density (g/cm3) Content (wt.%) Content (vol.%)

4.27(01) 39.5 43.24
5.22(71) 25.7 22.98
4.93(86) 29.5 27.92
4.22(88) 5.3 5.86
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Fig. 3. SEM photograph of the fracture surface of the porous SHS sample.

irst, if Cr–Al melt and Ti–Al melt were formed before the formation
f MAX phases, the Gibbs energy of the Cr–Al intermetallic com-
ound (as the Al8Cr5 [26], at the high-temperature) is lower than
he Ti–Al intermetallic compound of Ti3Al [10]. And it is inclined
o form Cr–Al intermetallic compound. Second is the firstly formed
iC adequately consumed and reacted with the Ti–Al melt.

.2. Microstructure observation

A typical SEM micrograph of the fracture surface of the SHS
ample is shown in Fig. 3, which reveals many holes in the sam-
le. A possibility of this SHS sintering phenomenon may due to the
reducing atmosphere. Another possibility is caused by the high

apor pressure of Al. The typical SEM micrograph of the fracture
urface of the SHS/PHIP sample is shown in Fig. 4(a). The den-
ity of bulk SHS/PHIP sample is 4.55 ± 0.02 g/cm3 (97.34% of the
.6743 g/cm3 calculated by XRD analysis), which is 115% larger
han that of the porous SHS sample (2.11 g/cm3). The high dense
f the composite may be due to the Al-melt during the synthesis

rocess. Cleavage planes could be observed in the bulk SHS/PHIP
ample. The cleavage planes are alternately tore into about 50 nm
ayer, which confirms the nano-layered of MAX phases, as shown
n Fig. 4(b).

able 2
omparison of fabrication details and mechanical properties.

Comparison items Ti3Al1.1C1.8 [24] Ti3AlC2 [27] Cr2AlC

Fabrication methods HIP [24], HP [27] HP [4,5
Raw materials Ti, graphite, Al4C3 [24]; Ti, Al,

graphite [27]
Cr, Al,
graphi

Synthesis temperature (◦C) 1600 [24], 1500 [27] 1400 [
Holding time 16 h [24] 5 min [27] 1 h [4,1
Applied pressure (MPa) 70 [24], 25 [27] 20 [25
Impurity phase Al2O3 [24], none [27] Cr7C3 [

Al8Cr5

Procedure Complicated [24], simple [27] Simple
Cost High [24], low [27] Low [4
Density (g/cm3) 4.2 [24] 5.1 [11
Vichers hardness (GPa) 3.5 [24] 2.5–4.7 [27] 5.2 [11

[28]
Flexural strength (MPa) 375 ± 15 [24], 340 [27] 494 ± 2

378 [2
Fracture toughness (MPa·m1/2) 7.2 [27] 5.8 [4]

a Not reported.
Fig. 4. (a) The SEM photograph of the fracture surface and (b) the typical nano-
layered structure in the SHS/PHIP sample.
The Ti3AlC2–Cr2AlC phases uniformly distribute in the sample,
in which the interface are dispersed with TiC particles, as given in
Fig. 5(a)–(c). The diameter of the TiC particles is about 1 �m. There
have disaccord Ti3AlC2–Cr2AlC phases are Ti–Al–C rich phases with

Ti3AlC2/TiC –Al2O3

composite
This work

,11,21,25,28] CS + HP [30] SHS/PHIP
Cr7C3, Cr3C2 [25]; Cr, Al,
te [4,5,11,21,28]

TiO2, Al, graphite
[30]

Ti, Cr, Al, carbon
black

4,5,11,25,28], 1330 [21] 1500 [30] –
1,21,25,28], 30 min [5] 30 min [30] 25 s

], 30 [4,5,11,28] 10 [30] 225
11,21,25,28], Cr2Al [21],
[21]

Al3Ti [30] Cr2Al, Al8Cr5

[4,11,21,25,28] Simple [30] Very simple
,11,21,25,28] Low [30] Very low
], 5.2 [25], 5.21 [28] –a 4.55 ± 0.02
], 5.5 [5], 3.3–5.5 [4], 3.5 13.3 ± 1.1 [30] 10.53 ± 0.48

2 [25], 483 ± 29 [11],
8]

466 ± 39 [30] 592 ± 25

5.8 ± 0.3 [30] 6.23 ± 0.35
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2
exhibits toughening and strengthening effect. The improvement in
the mechanical properties can be mainly ascribed to the contri-
bution of homogeneously dispersed fine TiC particles and overlap
joint lamellas of the Ti3AlC2–Cr2AlC phases.
ig. 5. (a) SEM photograph of the corrosion polished surface of the SHS/PHIP s
i3AlC2–Cr2AlC phase in the samples (inset is the EDS of zone A) and (d) single-size

ittle Cr, as shown in the inset EDS of zone A in Fig. 5(c). It is clear
hat there’s more Ti3AlC2 other than Cr2AlC in this place. Because
he SHS/PHIP process last no more than 60 s and the phase formed
fter the reaction, the diffusion time is inadequate. The disaccord
tart composition in located place would result in a phases uni-
ormly distribute in the sample. It is indicated that the firstly formed
hases are in situ synthesized. It is interesting to find that there
ave special ‘Y’ and ‘H’ shaped overlap joint lamellas, as shown in
ig. 5(b) and (c). And the most important reveal of the special ‘Y’ and

H’ is that the composite is composed of uniform distributed over-
ap joint lamellas, and each lamella is composed of nano-layered
i3AlC2–Cr2AlC phases.

.3. Mechanical properties

The comparison of fabrication details and mechanical proper-
ies between the reported materials and the present composite are
isted in Table 2. The Vickers hardness values of the nano-layered
omposite are given in Fig. 6. It is reported that the elastic recovery
roduced a smaller indent after indentation result in a high Vickers
ardness at low indentation loads [5]. The measured Vickers hard-
ess of the composite at the load of 10 N is 10.53 ± 0.46 GPa, which

s significantly higher than the high purity single phase Ti3AlC2
3.5 GPa [24], 2.5–4.7 GPa [27]) and Cr2AlC (5.2 GPa [11], 5.5 GPa [5],
.3–5.5 GPa [4] and 3.5 GPa [28]) compound. It is reported that the
ickers hardness of TiC is about 28.5–33.5 GPa [29], which is much

arger than that of Ti3AlC2 or Cr2AlC. It indicates that the fine par-

icle TiC has an intensively strengthening effect on the composite.
he flexural strength at room-temperature is 592 ± 25 MPa, which
s higher than that of Ti3AlC2 (375 ± 15 MPa [24], 340 MPa [27]) and
r2AlC (494 ± 22 MPa [25], 483 ± 29 MPa [11] and 378 MPa [28]).
owever, the fracture toughness is 6.23 ± 0.35 MPa m1/2, which
and (b) uniform distributed Ti3AlC2–Cr2AlC and TiC phases. (c) The disaccord
ith about 1 �m diameter.

is lower than that of Ti3AlC2 (7.2 MPa m1/2 [27]), but still slight
higher than Cr2AlC (5.8 MPa m1/2 [4]). For the Ti3AlC2/TiC–Al2O3
composite reported by Chen et al. [30], the hardness, flexural
strength and toughness are, respectively, 10.53 ± 0.48 MPa [30],
466 ± 39 MPa [30] and 5.8 ± 0.3 MPa m1/2 [30]. Compared with
the Ti3AlC2/TiC–Al2O3 composite, the difference between the
Ti3AlC2/TiC–Al2O3 and (Ti3AlC2–Cr2AlC)/TiC is the incorporating of
the Cr2AlC (replaced Al2O3) into the Ti3AlC2–TiC. And a remarkable
flexural strength and a higher toughness indicate that the Cr AlC
Fig. 6. Effect of indentation loads on the Vickers hardness.
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. Conclusions

The bulk nano-layered composite has been successfully syn-
hesized by SHS/PHIP. The phase composition of SHS sample and
HS/PHIP sample was investigated. The composite is composed
f uniform distributed overlap joint lamellas and fine particle TiC
about 1 �m), and each lamella is composed of nano-layered (with
he thickness of 50 nm) Ti3AlC2–Cr2AlC phases. The formation of
he MAX phases is detected as in situ synthesis while the system is
ooling. The density of compacted SHS/PHIP is 4.55 ± 0.02 g/cm3,
hich is 115% larger than that of the 2.11 g/cm3 of the SHS
orous sample. The hardness, flexural strength, and fracture tough-
ess of the SHS/PHIP compacted sample are 10.53 ± 0.48 GPa,
92 ± 25 MPa, 6.23 ± 0.35 MPa m1/2, respectively. Due to the tough-
ning of the overlap joint lamellas of the Ti3AlC2–Cr2AlC phases and
he strengthening of the homogeneously dispersed fine TiC parti-
les, the nano-layered composite exhibits a high hardness, flexural
trength, and fracture toughness.
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