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bstract

study has been performed to synthesize polycrystalline bulk Ti3AlC2 by hot pressing from TiCx (x = 0.6) and Al powder mixture at the temperature
ange of 800–1600 ◦C under 25 MPa for various times. Relatively pure Ti3AlC2 was successfully synthesized above 900 ◦C. Small amount of Ti2AlC
s a secondary phase was observed along with Ti3AlC2 below 1400 ◦C. With increasing hot pressing time to 1250 ◦C, the amount of un-reacted
iCx was gradually decreased while Ti3AlC2 was appeared to be a dominant phase. The densification of Ti3AlC2 was examined as a function of
ot pressing temperature up to 1600 ◦C as well as it was investigated with hot pressing time at 1250 ◦C. Near fully dense Ti3AlC2 was synthesized
s the hot pressing time was increased at 1250 ◦C. Fully dense and pure Ti3AlC2 could be synthesized by hot pressing above 1400 ◦C. The resulting
i3AlC2 above 1400 ◦C showed the typical laminated and platelet grain structure of ternary carbides. With increasing processing temperature to
600 ◦C, the typical platelet grain structure of Ti3AlC2 was started to be destroyed and significant grain coarsening was occurred, which might

e caused by partial melting of Ti3AlC2. The Vickers hardness of bulk Ti3AlC2 was about 3.5–6 GPa under the loading of 10 N. The maximum
exural strength of synthesized bulk Ti3AlC2 was over 900 MPa. The new process using TiCx/Al powder mixture as a starting material made it
ossible to shorten the synthesis time, to reduce processing temperature, as well as to improve the flexural strength of Ti3AlC2.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The ternary carbides and nitrides with layered structure have
een given attention since they possess many of good proper-
ies both of metals and ceramics. The layered ternary carbides
nd nitrides are chemical resistant, heat resistant and main-
ain strength at high temperatures. Surprisingly, they are readily

achinable, relatively soft compare to transition metal carbides
nd nitrides, good electrical and thermal conductors, damage
olerant, and thermal shock resistant.1–5

Most of previous studies on ternary carbides have been
oncentrated on Ti3SiC2, but not many for Ti3AlC2 due to dif-
culties in synthesis of bulk Ti3AlC2 with high purity. One of
he ternary carbide ‘312’ families, Ti3AlC2, was first synthe-
ized by Pietzka and Schuster in the system of Ti, TiAl, Al4C3,
nd carbon powder mixture in 1994.6 Ti3AlC2 was found to be

∗ Corresponding author. Tel.: +82 2 958 5472; fax: +82 2 958 5489.
E-mail address: spark@kist.re.kr (S.-W. Park).

1 Current address: National Core Research Center for Nanomedical Technol-
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sostructure with Ti3SiC2 and it belongs to a hexagonal crys-
alline system with lattice parameters of a and c as 0.30753 nm
nd 1.8578 nm, respectively.2,3,7

A few powder metallurgical processes have been reported to
abricate a bulk high purity Ti3AlC2. Barsoum et al. fabricated
ulk Ti3AlC2 by hot isostatic pressing (HIP) at 1400 ◦C for 16 h
nder 70 MPa using a powder mixture of Ti, Al4C3, and graphite
owders.1 In their study, the Vickers hardness, the Young’s
odulus, the flexural strength, and the compressive strength

f synthesized bulk Ti3AlC2 were reported as 4 GPa, 333 GPa,
60 MPa, and 375 MPa, respectively.1 However, it requires long
rocessing time, high pressure, and high temperature. In their
rocess, Al4C3 was used to avoid Al loss by evaporation during
he synthesizing process, but it was reported that about 4 vol.%
f secondary phases (mostly Al2O3) was presented in the synthe-
ized bulk Ti3AlC2 by hot isostatic pressing due to the reaction
etween Al4C3 and H2O. Chen and Zhou8 also studied to syn-

hesize Ti3AlC2 at 1500 ◦C under 25 MPa by hot pressing using

mixture of Ti, Al, and graphite with various contents of �-
l2O3. The Vickers hardness, the flexural strength, and the

racture toughness of synthesized bulk Ti3AlC2 with 5 vol.%

mailto:spark@kist.re.kr
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.015
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with small amount of Ti2AlC was to be a main crystalline
phase and some of un-reacted TiCx was remained as a miner
phase. With further increasing the hot pressing temperature, the
contents of un-reacted TiCx and Ti2AlC second phases were
80 J.-H. Han et al. / Journal of the Euro

l2O3 were about 3.8 GPa, 420 MPa, and 8.5 MPa m1/2, respec-
ively. Zhou et al.9 and Ge and Chen10 reported that Ti3AlC2
as synthesized by self-propagating high temperature synthesis

SHS) method using Ti, Al, and carbon black powder mixture.
t is interesting that they synthesized relatively pure Ti3AlC2
ith small amounts of TiC and Ti2AlC as secondary phases by
HS process although elemental Al, Ti, and carbon black were
sed in starting powder mixture. Wang and Zhou11 also fabri-
ated a fully dense and relatively pure Ti3AlC2 by a solid–liquid
eaction and simultaneous in situ hot pressing using Ti, Al, and
raphite powder mixture at 1500 ◦C in only for 5 min. However,
hey found secondary phases such as TiC, Ti2AlC, and graphite
n the bulk Ti3AlC2 fabricated below 1500 ◦C, which might be
ue to the complicated reaction paths in the reaction system
onsisting of Ti, Al, and carbon elemental powders. The flexu-
al strength, the fracture toughness, and Vickers hardness of the
i3AlC by Wang and Zhou were about 340 MPa, 7.2 MPa m1/2,
nd 2.5–4.7 GPa, respectively.11 Recently, Zhou et al.12 reported
hat spark plasma sintering (SPS) method is an economical and
imple way to fabricate fully dense Ti3AlC2 with relatively high
urity from either: (1) Ti, Al, and activated carbon powder mix-
ure or (2) Ti, Al4C3, and activated carbon powder mixture. It
as also reported that excess Ti and Al should be added to

ompensate the loss of Ti and Al by evaporation during SPS
rocess.

In the present study, we developed a fabrication process for
ynthesizing bulk Ti3AlC2 with high purity using new starting
aterials to eliminate or minimize the formation of interme-

iate phases during the synthesis process. Polycrystalline bulk
i3AlC2 was synthesized by hot pressing using TiCx (x = 0.6)
nd Al powder mixture as a staring material which might make
t possible to shorten the synthesis time, to reduce processing
emperature, as well as to increase the purity for Ti3AlC2. We
xamined the effects of hot pressing temperature and time on
icrostructure, densification, and mechanical properties of syn-

hesized Ti3AlC2 and also discussed the role of starting materials
sed in this study for synthesis as well as mechanical properties
f Ti3AlC2.

. Experimental procedures

Pure Al and TiCx (x = 0.60) mixed powders were used as
tarting materials for fabrication of bulk Ti3AlC2. TiCx (x = 0.6)
as synthesized by a high temperature reaction using Ti pow-
er (<45 �m, 99.9% purity, High purity chemicals, Japan) and
raphite powder (average particle size 10 �m, 99.95% purity,
EC Corp.) mixture with a following process: Ti and graphite
owder were mixed with a composition of Ti:C = 3:1.8 in molar
atio using SPEXTM mill (8000M Mixer/Mill, Spexmill Inc.)
or 30 min in Ar; and then formed into a cylindrical shaped
reen body by a uni-axial pressing at 20 MPa followed by a
old isostatic pressing at 40 MPa. Ti/graphite green body was
eat treated under the vacuum of 1 × 10−2 Torr at 1550 ◦C for

h which formed a bulk TiCx. The synthesized TiCx was ground

n Ar and then screened TiCx powders sized under 45 �m.
The synthesized TiCx and commercially available Al pow-

er (<45 �m, 99.7% purity, Strem chemicals Inc.) were then

F
p
(

Ceramic Society 28 (2008) 979–988

ixed 3–1.1 in molar ratio using SPEXTM mill in Ar for 10 min.
he TiCx/Al powder mixture was put into the BN spray coated
raphite mold. Finally, bulk Ti3AlC2 was synthesized by hot
ressing at the temperature range of 800–1600 ◦C under 25 MPa
or 0–4 h in Ar.

X-ray diffraction (M03XHF22, MAC Science Co. Ltd.)
tudies were performed to confirm crystalline phases of the
ynthesized Ti3AlC2. The density of synthesized bulk Ti3AlC2
as measured by Archimedes method. The microstructure
f the bulk Ti3AlC2 was examined by scanning electron
icroscope (XL-30 FEG, FEI) equipped with energy disper-

ive spectroscopy (EDS) after polishing and etching with a
F–HNO3–H2O solution the synthesized bulk Ti3AlC2 spec-

men. Furthermore, a study of high resolution transmission
lectron microscopy (JEM 4010, Jeol) has been performed with
i3AlC2 synthesized by hot pressing at 1250 ◦C and 1400 ◦C.
hree point bending tests (3360 series, Instron Corp.) were
erformed to measure flexural strength of bulk Ti3AlC2 speci-
en with dimensions of 3 mm × 4 mm × 25 mm, for which span

ize and cross head speed used were 20 mm and 0.5 mm/min,
espectively. Vickers hardness test (Micro Photonics Inc.) was
erformed on the fine polished surface of bulk Ti3AlC2 by vary-
ng indentation load between 10 N and 100 N.

. Results and discussion

Fig. 1 shows X-ray diffraction (XRD) patterns of bulk
i3AlC2 specimen synthesized by a hot pressing method using
iCx (x = 0.6) and Al mixed powder as a starting materials at the

emperature range of 800–1600 ◦C for 60 min under 25 MPa.
s shown in Fig. 1(a), for the specimen synthesized at 800 ◦C,
n-reacted TiCx and Al were found to be main crystalline
hases, and Ti2AlC was presented as a minor phase. As the
ot pressing temperature was increased to 1000 ◦C, Ti3AlC2
ig. 1. XRD patterns of the samples hot pressed using TiCx (x = 0.6) and Al
owder mixture at various temperatures of (a) 800 ◦C, (b) 1000 ◦C, (c) 1250 ◦C,
d) 1300 ◦C, (e) 1500 ◦C, and (f) 1600 ◦C for 60 min under 25 MPa.
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radually decreased while the intensity of Ti3AlC2 peaks are
etting stronger with hot pressing temperature. For the speci-
en synthesized at 1400 ◦C and 1500 ◦C shown in Fig. 1(d) and

e), most of all phases were identified as Ti3AlC2. However, as
hown in Fig. 1(f), small amounts of TiCx was appeared in the
pecimen synthesized at 1600 ◦C, which might be due to the
artial decomposition of synthesized Ti3AlC2 at 1600 ◦C.

Fig. 2 shows SEM microstructures of Ti3AlC2 specimen syn-
hesized by a hot pressing method at the temperature range of
00–1600 ◦C for 60 min under 25 MPa. Fig. 2(a) shows SEM
icrostructures of fracture surface for the specimen synthesized

t 800 ◦C. Un-reacted TiCx particles covered with un-reacted Al
ere found; presumably Al remained at the surface of TiCx par-
icles at this temperature. The microstructure of etched surface
f Ti3AlC2 synthesized at 1000 ◦C is shown in Fig. 2(b). Striped
tching patterns with a certain direction were observed inside of
ynthesized Ti3AlC2 particles that the shape was not different

s
l
g
i

ig. 2. SEM micrographs of the samples hot pressed using TiCx (x = 0.6) and Al pow
400 ◦C, (e) 1500 ◦C, and (f) 1600 ◦C for 60 min under 25 MPa.
Ceramic Society 28 (2008) 979–988 981

rom those of starting TiCx particles. As can be seen in Fig. 2(c),
late-like structures are visible as well as relatively dense bulk
i3AlC2 was synthesized with increasing the hot pressing tem-
erature. Platelet shaped Ti3AlC2 grains became apparent in
he microstructures of specimens synthesized at 1400 ◦C with
spect ratio of platelet developed as high as five (see Fig. 2(d)).
ith further increase of the hot pressing temperature, the grain

ize of Ti3AlC2 was increased, but the aspect ratio of Ti3AlC2
rains was preserved as shown in Fig. 2(e). It was also observed
hat each platelet shaped Ti3AlC2 grains were consisting of lam-
nated layers which has been reported in previous studies.1–3,7–14

hen the hot pressing temperature reached to 1600 ◦C, Ti3AlC2
rain was unexpectedly grown as shown in Fig. 2(f). And, the

hape of Ti3AlC2 grain was significantly changed by partial
oosing platelet grain structure and the aspect ratio of Ti3AlC2
rain was decreased to about 1.5–2.0. These sudden changes
n microstructures of Ti3AlC2 at 1600 ◦C might be due to

der mixture at various temperatures of (a) 800 ◦C, (b) 1000 ◦C, (c) 1300 ◦C, (d)
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ig. 3. Density change of the samples hot pressed using TiCx (x = 0.6) and
l powder mixture at various temperatures of 800–1600 ◦C for 60 min under
5 MPa.

ither partial melting of Ti3AlC2 or partial decomposition of
i3AlC2. The partial melting of Ti3AlC2 would be a main rea-
on for this drastic change in microstructures of Ti3AlC2 because
he curved grain boundaries of Ti3AlC2 grains are observed
n Fig. 2(f), which presumably was occurred by rapid grain
oundary migrations and grain growth due to partial melting
f Ti3AlC2 grains. Moreover, it was clearly observed that melt
queezed out from the specimens during hot pressing at 1600 ◦C

nder 25 MPa. Also, the formation of TiCx by the decomposition
f Ti3AlC2, which is confirmed by XRD study shown in Fig. 1(f),
ould make the grain growth difficult by acting as pinning

ites.

s
T

m

ig. 5. SEM micrographs of the samples hot pressed using TiCx (x = 0.6) and Al pow
0 min, and (d) 240 min under 25 MPa.
ig. 4. XRD patterns of the samples hot pressed using TiCx (x = 0.6) and Al
owder mixture at 1000 ◦C with various reaction time for (a) 0 min, (b) 10 min,
c) 60 min, and (d) 240 min under 25 MPa.

The densities of samples hot pressed using TiCx (x = 0.6)/Al
owder mixtures are changed with hot pressing temperature as
hown in Fig. 3. The densities of samples are increased with the
ot pressing temperature up to about 1300 ◦C, and then it reached
he theoretical density of Ti3AlC2, 4.25 g/cm3. The density of
ample hot pressed at 1600 ◦C is slightly higher than theoretical
ensity of Ti3AlC2 due to the formation of TiCx and/or TiC (den-

3
ity ∼ 4.9 g/cm ) by the partial decomposition of synthesized
i3AlC2 at that temperature.

The results of X-ray diffraction, scanning electron
icroscopy, and high resolution transmission electron

der mixture at 1000 ◦C for various reaction time of (a) 0 min, (b) 10 min, (c)
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icroscopy of the specimen synthesized by hot pressing at
000 ◦C under 25 MPa as a function of time in Ar are presented
n Figs. 4–6. Fig. 4 shows XRD patterns of the specimen
ynthesized at 1000 ◦C as a function of time under 25 MPa
n Ar. For the specimen instantly furnace cooled as soon as
eached at 1000 ◦C, un-reacted TiCx and Al were appeared
s major phases with Ti3AlC2 and Al3Ti as minor phases.
fter 10 min at 1000 ◦C, peak intensities of TiCx, Ti3AlC2 and
l3Ti were not notably changed, but Al peaks were diminished
ostly due to the reaction with TiCx (see Fig. 4(b)). Further

ncrease of hot pressing time to 60 min resulted in a significant
ncrease of contents of Ti3AlC2 phases with un-reacted TiCx

s a minor phase and without Al3Ti phases, and resulted in a
ormation of a new crystalline phase, Ti2AlC (see Fig. 4(d)).

ith further increase to 240 min, Ti3AlC2 became a dominant
hase with only small amounts of Ti2AlC phase which is shown
n Fig. 4(d). It was found that the only small amount of TiCx was

nvolved in the formation of Al3Ti during the synthesis process
f Ti3AlC2 by hot pressing using TiCx and Al powder mixture
t 1000 ◦C. Al3Ti was seemed to be formed by the reaction
etween molten Al and TiCx at the surface of TiCx particles

u
0
T
o

ig. 6. TEM micrographs of the synthesized Ti3AlC2 by hot pressing at 1000 ◦C for
egion (a); (d) indexing of SAED patterns.
Ceramic Society 28 (2008) 979–988 983

uring the early stage of the reaction. With increasing hot
ressing time, Al3Ti would react with TiCx to form Ti3AlC2.
s soon as Al started to diffuse into TiCx particles, Ti3AlC2
ere seemed to be predominantly synthesized without forming
l3Ti as an intermediate phase. The formation of Ti2AlC might
e explained by the uneven distributions of carbon vacancies
n TiCx particles. When the reaction time is sufficiently long
nough to form Ti3AlC2, Ti2AlC will be further reacted
ith un-reacted TiCy (y > 0.6) with relatively low vacancy

oncentration in TiCx particles to form Ti3AlC2 as a following
eaction:

.8TiCy + 1.1Ti2AlC = Ti3Al1.1C1.8 (y = 0.8) (1)

Fig. 5 shows SEM microstructures of etched surfaces for the
amples synthesized by hot pressing using the TiCx (x = 0.6)
nd Al mixed powders as a function of reaction time at 1000 ◦C

nder 25 MPa in Ar. For the specimen synthesized at 1000 ◦C for
min and 10 min corresponding to Fig. 4(a) and (b), un-reacted
iCx particles and Al are dominant phases with small amount
f Al3Ti and Ti3AlC2, which can be assumed with results of

60 min: (a) TEM HR image; (b) enlarged image of (a); (c) SAED patterns on
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RD study given in Fig. 4(a) and (b). With increasing the syn-
hesis time shown in Fig. 5(c) and (d), needle-like (striped)
tching patterns were observed in synthesized Ti3AlC2 parti-
les. Fig. 6 represents the result of TEM study for formation of
i3AlC2 synthesized by reaction between TiCx and Al powder at
000 ◦C for 1 h under 25 MPa. Fig. 6(a) and (b) shows high reso-
ution TEM images in which two distinctively different regions
ndicated with letters “a” and “b”. Phases “a” and “b” were
dentified as TiCx and Ti3AlC2, respectively, and the phases are
onfirmed by selected area electron diffraction (SAED) images
resented in Fig. 6(c) and (d). According to the TEM study, it
s assumed that the striped etching patterns appeared in SEM

icrostructures would be occurred by preferred etching either
he phase boundaries between TiCx and Ti3AlC2 or grain bound-
ries in synthesized Ti3AlC2. As shown in Fig. 5, the density of
triped etched patterns was appeared to be increased with the
ynthesis time, which may be due to the development of new
i3AlC2 grains and increase of twin boundaries of synthesized
i3AlC2. The densification of synthesized Ti3AlC2, however,
as not been completed at 1000 ◦C even after holding for 4 h.
oreover, the shape of synthesized Ti3AlC2 was not changed
uch comparing to that of un-reacted TiCx powder at this con-

ition. Therefore, densification of synthesized Ti3AlC2 by the
eaction with TiCx and Al depends upon not only pressure and

ime, but also strongly on temperature.

Fig. 7 shows XRD patterns of the specimen synthesized using
he TiCx (x = 0.6) and Al powder mixture by a hot pressing at
250 ◦C as a function of the synthesis time (0–240 min) under

r
F
w
p

ig. 8. SEM micrographs of the samples hot pressed using TiCx (x = 0.6) and Al pow
0 min, and (d) 240 min under 25 MPa.
x

owder mixture at 1250 ◦C for various reaction time of (a) 0 min, (b) 15 min, (c)
0 min, and (d) 240 min under 25 MPa.

5 MPa. As shown in Fig. 7(a), the specimen instantly furnace
ooled as soon as reached at 1250 ◦C was found to be consist-
ng of mainly Ti3AlC2 with small amounts of TiCx and Ti2AlC.

ith increasing the hot pressing time, amounts of TiCx was
educed, but the amounts of Ti2AlC was consistent with time.

or the specimen hot pressed for 240 min at 1250 ◦C, TiCx phase
as not observed, but Ti2AlC phase was remained as a miner
hase. Ti2AlC may need more time for the reaction with residual

der mixture at 1250 ◦C for various reaction time of (a) 0 min, (b) 15 min, (c)
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iCx to form Ti3AlC2 at 1250 ◦C. Fig. 8 shows SEM microstruc-
ures of etched surface for the samples synthesized using TiCx

x = 0.6) and Al powder mixture by a hot pressing at 1250 ◦C as
function of hot pressing time (0–240 min) under 25 MPa in Ar.
or the specimen instantly furnace cooled as soon as reached
t 1250 ◦C, striped etched patterns were observed as shown in
ig. 8(a), which were appeared similar to those observed in

he specimen hot pressed at 1000 ◦C for 240 min. With increas-
ng a hot pressing time to 15 min, Ti3AlC2 grains were clearly
isualized with a size less than 2 �m as shown in Fig. 8(b).
ince XRD patterns in those two specimens were not different
rom each other, the sudden change in microstructure of synthe-
ized Ti3AlC2 might be due to the rearrangement of synthesized
i3AlC2 grains. With progress of hot pressing, the densification
nd the grain growth of synthesized Ti3AlC2 were simultane-
usly occurred as shown in Fig. 8(c) and (d). A density of the
amples synthesized by a hot pressing using TiCx (x = 0.6)/Al
owder mixture was sharply increased when hot pressing time
as increased to 60 min as shown in Fig. 9. The relative den-

ity of synthesized bulk Ti3AlC2 by hot pressing at 1250 ◦C
or 240 min was found to be close to the theoretical density of
i3AlC2. Previous study has been reported that brittle-ductile

ransition temperature (BDTT) of Ti3AlC2 is in the range of
000–1050 ◦C.1,11 Plastic deformation of Ti3AlC2 under com-
ression could be occurred at elevated temperatures, and the
ensification of synthesized Ti3AlC2 seemed to be enhanced
y a plastic deformation by hot pressing at the temperature
bove BDTT. In this study, we have obtained a theoretical den-
ity of Ti3AlC2 at 1250 ◦C under 25 MPa. As a result, it is
resumed that plastic deformation of Ti3AlC2 could be success-
ully took place at 1250 ◦C under the pressure used in this study
25 MPa).

Fig. 10 shows the variation of flexural strength and fracture
oughness of polycrystalline bulk Ti3AlC2 synthesized using
iCx/Al powder mixture as a function of hot pressing tempera-

ure. As shown in Fig. 1, the synthesized bulk Ti3AlC2 samples
y hot pressing are consisting mainly of Ti3AlC2 and small

mount of Ti2AlC and TiCx except the synthesized sample at
00 ◦C. The flexural strengths (closed circle) and fracture tough-
ess (closed square) of Ti3AlC2 were dramatically increased

ig. 9. Density change of samples hot pressed using TiCx (x = 0.6) and Al powder
t 1250 ◦C for 0–240 min under 25 MPa.

i
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ig. 10. Variation of flexural strength and fracture toughness of synthesized
i3AlC2 as a function of hot pressing temperature.

ith the hot pressing temperatures at 1300 ◦C and 1250 ◦C,
espectively. Presumably, the densification of Ti3AlC2 at those
emperatures could be a main reason for this sudden increase.
he flexural strength is then significantly decreased with hot
ressing temperature after it reached a peak at 1300 ◦C while the
racture toughness sustained the value around six after it reached
peak. The maximum flexural strength of Ti3AlC2 synthesized
y hot pressing at 1300 ◦C was about 920 MPa, and the maxi-
um fracture toughness of Ti3AlC2 synthesized by hot pressing

t 1250 ◦C was as high as about 7.5 MPa m1/2. Although fracture
oughness of Ti3AlC2 synthesized in this study is similar to those
eported in previous studies, flexural strength of Ti3AlC2 synthe-
ized in this study is significantly higher than the literature values
hich are about 300–450 MPa. It has been known that impurities

uch as Ti2AlC and TiCx existing in Ti3AlC2 are beneficial to the
exural strength.1,8,11 Interestingly, although Ti3AlC2 synthe-
ized in previous studies contained impurities such as un-reacted
iCx, Ti2AlC, or other intermediate phases, the flexural strengths
f Ti3AlC2 were reported below 450 MPa. Therefore, we could
onsider other factors improving flexural strengths of Ti3AlC2
n this study. The average grain size of Ti3AlC2 synthesized
y hot pressing at 1300 ◦C was measured by a standard met-
llographic technique, and it was about 5 �m which is much
maller than the average grain size, 10–20 �m, in previous stud-
es. Therefore, flexural strength of Ti3AlC2 synthesized in this
tudy expects to be higher than literature values. However, it is
ot good enough to explain the dramatic increase of the flexural
trength of bulk Ti3AlC2 synthesized at 1300 ◦C. In Fig. 6, it
as mentioned that nano-sized Ti2AlC and TiCx phases were

ormed inside Ti3AlC2 phases, which may strengthen Ti3AlC2
ffectively.15,16 It might be another important factor to be able to
xplain the exceptionally increased flexural strength of Ti3AlC2
omparing to literature values. With increasing hot pressing
emperature from 1300 ◦C to 1500 ◦C, Ti2AlC further reacted
ith residual TiCx to form Ti3AlC2 and the grain size of bulk
i3AlC2 was abruptly changed from fine to course grain. There-

ore, since two important factors deciding the flexural strength of
i3AlC2 are disappeared, the flexural strength of bulk Ti3AlC2
ynthesized above 1400 ◦C is significantly decreased. The rep-
esentative fracture surfaces of bulk Ti3AlC2 synthesized by hot
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grain pull-out were occurred around the indent mark as shown
in Fig. 13(b), which would impede the crack growth at the
edge of indents by effective releasing the energy for crack
growth.
Fig. 11. SEM fracture morphologies of Ti3AlC2 synthesized at

ressing at 1300 ◦C and 1500 ◦C for 1 h are shown in Fig. 11.
ig. 11(b) and (d) are enlarged micrographs of Fig. 11(a) and (c),
espectively. Inter-granular fracture is dominantly observed for
he bulk Ti3AlC2 synthesized at 1300 ◦C while the bulk Ti3AlC2
ynthesized at 1500 ◦C shows apparent transgranular fracture
ode since fracture surface shows clear laminated layers. Inter-

stingly, even though the bulk Ti3AlC2 synthesized at 1300 ◦C
hows inter-granular fracture mode, the flexural strength is sig-
ificantly higher than the specimen fractured in trans-granule
anner (see Fig. 10). The strength of grain boundary of poly-

rystalline bulk Ti3AlC2 might be stronger than that of Ti3AlC2
rains which consisted of layered structure. Since the strength
f Ti3AlC2 grains could be enhanced by reinforcement of nano-
ized phases such as TiCx and Ti2AlC inside of the layered
i3AlC2, the strength of Ti3AlC2 grains overwhelmed that of
rain boundaries. Therefore, for bulk Ti3AlC2 synthesized at
300 ◦C, inter-granular fracture was predominantly occurred.
he nano-sized phases inside Ti3AlC2 grain was disappeared

hrough further reaction between residual TiCx and Ti2AlC to
ynthesize Ti3AlC2 with increasing hot pressing temperature,
hich resulted transgranular fracture in bulk Ti3AlC2 synthe-

ized above 1400 ◦C. The improved flexural strength of Ti3AlC2
ynthesized at 1300 ◦C seems to be due to fine microstructures
s well as reinforcement of in situ formed nano-sized phases
uch as Ti2AlC and TiCx.
Fig. 12 shows the variation of Vickers hardness of bulk
i3AlC2 synthesized by hot pressing at 1300 ◦C and 1500 ◦C.
ickers hardness of bulk Ti3AlC2 was about 3.5–6 GPa and

he hardness decreases with indentation load which are similar
F
a

C ((a) and (b)) and 1500 ◦C ((c) and (d)) for 1 h under 25 MPa.

o those of other ternary carbides.1,8,11,17,18 Vickers hard-
ess was appeared to be higher in fine grained Ti3AlC2
ynthesized at 1300 ◦C. The microstructures around Vickers
ndent marks of synthesized Ti3AlC2 under load of 100 N
re shown in Fig. 13. Any of sharp indentation cracks were
ot observed, but quasi-plastic deformation phenomena such
s layer delamination and kink band formation as well as
ig. 12. Variation of Vickers hardness of synthesized Ti3AlC2 nano-composites
s a function of indentation load.
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ig. 13. (a) SEM micrographs of Vickers indents on the Ti3AlC2 synthesized
t 1500 ◦C. (b) Is an enlarged microstructure of square in (a).

. Conclusions

Polycrystalline Ti3AlC2 was successfully synthesized by hot
ressing from TiCx (x = 0.6) and Al powder mixture at the tem-
erature above 1000 ◦C under 25 MPa. Time dependency of
orming Ti3AlC2 was also investigated. Ti3AlC2 was imme-
iately synthesized at 1000 ◦C with small amount of Al3Ti.
fter about 4 h at 1000 ◦C, Ti3AlC2 became a dominant phase
ith small amount of Ti2AlC. With increasing hot pressing

ime at the temperature of 1000–1250 ◦C, the kinetics of syn-
hesizing Ti3AlC2 was faster and it became a predominant
hase in a short period of time. The densification of Ti3AlC2
as examined as a function of hot pressing time and tem-
erature. Near fully dense Ti3AlC2 was synthesized above
250 ◦C in 1 h and fully dense and relatively pure Ti3AlC2 was
btained at 1250 ◦C after 4 h holding and above 1400 ◦C in a
hort period of holding time. The resulting Ti3AlC2 showed
he typical laminated structure of ternary carbides. By TEM

tudy, the formation of nano-sized TiCx and Ti2AlC phases
n Ti3AlC2 phases was investigated. And, the existence of
he nano-phases in Ti3AlC2 is assumed to be a strengthen-
ng factor of the specimen. It was found that elongated grain

1
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tructure of Ti3AlC2, which was stable until 1500 ◦C, was not
table at 1600 ◦C that might be occurred by partial melting of
i3AlC2.

Fracture toughness of Ti3AlC2 synthesized in this study is
imilar to those reported in previous studies. The maximum flex-
ral strength of synthesized bulk Ti3AlC2 was over 900 MPa.
lexural strength of Ti3AlC2 synthesized in this study is sig-
ificantly higher than the literature values which are about
00–450 MPa. It could be explained by the reinforcement of
ano-sized phases such as residual TiCx and Ti2AlC in Ti3AlC2
hase and smaller average grain size. Nano-sized reinforce-
ent of residual TiCx and Ti2AlC intermediate phase phases in
i3AlC2 phase was possible by synthesizing Ti3AlC2 using TiCx

nd Al powder mixture used in this study. The flexural strength
as then significantly decreased with hot pressing temperature.
rain coarsening might be the main reason of the decrease in
exural strength. The Vickers hardness of bulk Ti3AlC2 was
bout 4.5–6.5 GPa under the loading of 10 N.
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