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Abstract: In this study, Ti3(Al,Ga)C2/Al2O3 composites were successfully synthesized by in situ hot 
pressing at 1350 ℃ for 2 h using Ti, Al, TiC, and Ga2O3 as raw materials. X-ray diffraction and 
scanning electron microscopy were used for characterizing the phase identities and microstructures of 
the sintered composites. The dependence of the Vickers hardness and flexural strength on the Al2O3 
content was found to be in single-peak type. Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 composite exhibited 
significantly improved mechanical properties. Vickers hardness and flexural strength of the composite 
reached 6.58 GPa and 527.11 MPa, which were 40% and 74% higher than those of Ti3AlC2, 
respectively. Formation of solid solution and incorporation of second phase of Al2O3 resulted in the 
opposite influence on the fracture toughness. Finally, the hardening and strengthening mechanisms 
were discussed in detail. 
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1  Introduction 

Mn+1AXn phases, in short MAX phases, are a class of 
ternary layered compounds, where M represents transition 
metal elements, A represents A-group elements (mostly 
III A and IV A), and X denotes carbon or nitrogen 
element [1–4]. Theoretically, the bonding in MAX 
phase is metallic-covalent-ionic in nature, which was 
calculated by ab initio pseudopotential method based 
on density functional theory [5,6]. The coexistence of 
three types of chemical bonds indicates that these 
compounds have features of both metals and ceramics. 
For example, they have electrical and thermal 
conductivity, ductility, and machinability similar to 
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metals. At the same time, some of the compounds have 
high melting point, high specific strength, and elastic 
modulus similar to ceramics [7].  

Ti3AlC2 is an important Al-containing member of 
MAX phase which exhibits several remarkable properties. 
For example, Ti3AlC2 has excellent oxidation properties 
when exposed to oxidizing environments, due to the 
formation of a highly passivating and continuous 
alumina layer [8,9]. Tzenov and Barsoum [10] showed 
that Ti3AlC2 did not deform like a metal when it was 
cut with a high-speed steel knife, even without the use 
of coolant and lubricant, and only micro-flaking occurred. 
Moreover, they also reported that Ti3AlC2 has high 
thermal stability when the temperature is above 1600 ℃; 
it behaves plastically and shows a high compressive 
strength under compression deformation. However, He 
et al. [11] reported that in the crystal structure of most 
M3AlC2, M d–Al p hybridizations locate below the 
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Fermi level and are weaker than the M d–C p bonds. 
Ti3AlC2 has also been reported to have a strong covalent 
bond between Ti and C, while a relatively weak metal 
bond between Ti and Al [12,13]. It indicates that the 
Al atomic layers and the Ti6C dioctahedral layers in 
Ti3AlC2 are loosely bound, and this poor bonding also 
results in a relatively low strength of the material.  

Substitution of M, A, or X sites has been widely 
reported to improve the mechanical properties of MAX 
phases owing to the solid solution hardening effects 
and solid solution strengthening effects [14–20]. For 
example, Gao et al. [18] synthesized Ti3(Al1xSix)C2 
solid solutions with the entire composition range and 
found a significant hardening effect at x = 0.5. In our 
previous study, it was found that flexural strength and 
hardness of Ti3AlC2 were significantly improved by 
introduction of Ga on the Al-sites [19]. Zhu and Pan 
[20] synthesized a series of (Ti1x,Mox)2AlC solid 
solutions with x up to 0.2, and the research showed that 
(Ti0.8,Mo0.2)2AlC exhibited superior performance 
compared to their counterparts. They deduced that the 
substitutional atoms of Mo improved the wettability 
between the metallic phase and the ceramic phase, and 
thus modified the microstructure of resultant material. 
Yu et al. [21] synthesized Ti2AlCxNy solid solutions by 
hot isostatic pressing and investigated the X-site solid 
solution effects on the microstructures, electronic 
structure and transport properties of Ti2AlC. 

Moreover, incorporation of a second phase is also 
an attractive method to effectively improve the 
mechanical properties of MAX phases [22–24]. Al2O3 
has been commonly selected as a reinforcement for 
Ti2AlC- and Ti3AlC2-based MAX phases [16,20,25–28], 
owing to its high hardness (18 GPa), high elastic modulus 
(386 GPa), and almost similar thermal expansion 
coefficient (8.3×106 K1) to MAX phase (Ti2AlC 
(8.2×106 K1) or Ti3AlC2 (9.0×106 K1) in particular). 
Wu et al. [29] reported that incorporation of Al2O3 into 
Ti3AlC2 matrix improved its wear resistance, because 
Al2O3 particles acquired a part of load and restrained 
large-scale deformation and microfracture of Ti3AlC2. 
Mehrizi and Beygi [30] synthesized Ti3AlC2/Al2O3 
nanocomposite by mechanical alloying of TiO2, Al, and 
C powder mixtures. They pointed out that Ti3AlC2 was 
not synthesized by a single reaction between TiO2, Al, 
and C, but by a series of reactions between intermediate 
products (TiAl and TiC). Yeh et al. [31] fabricated 
Ti3AlC2/Al2O3 composites by in situ reactive hot pressing 
technique. They pointed out that during the hot pressing, 

both matrix and reinforcement were formed through in 
situ process which promoted good bonding between 
matrix and reinforcement. The fine grain size and the 
formation of uncontaminated interfaces of the Al2O3 
reinforcement could further strengthen the material. 

In this study, introduction of Ga on the A-sites of 
MAX phase together with the in situ Al2O3 generated 
by thermit reaction between Al and Ga2O3 was 
investigated. The effect of the in situ formed Al2O3 
content on the microstructures and mechanical properties 
including hardness, flexural strength, and fracture 
toughness of the composites was investigated in detail. 
The hardening and strengthening mechanisms of the 
composites were also discussed. 

2  Materials and methods 

Commercially available titanium powders (280 mesh, 
99% purity, Xi’an BaoDe Powder Metallurgy Co., Ltd.), 
aluminum powders (100–200 mesh, 99.9% purity, 
Sinopharm Chemical Reagent Co., Ltd.), gallium oxide 
powders (99.99% purity, Haoxi Nano Technology 
(Shanghai) Co., Ltd.), and titanium carbide powders 
(99.9% purity, Haoxi Nano Technology (Shanghai) Co., 
Ltd.) were used as starting raw materials to synthesize 
Ti3(Al1x,Gax)C2/Al2O3 composites, where x = 0.1, 0.2, 
0.3, 0.4, 0.5, together with Ti3AlC2 as reference. The 
molar ratio in the initial composition was calculated by 
the following reaction. Considering the partial 
sublimation of Al and Ga together with C uptake from 
the graphite die during the sintering process, the final 
molar ratio of Ti, Al, Ga2O3, and TiC was adjusted to 
1:1.2:x:1, which was designed according to the previous 
investigation [19]. 

 
2 3

3 1 2 2 3(

Ti Al Ga O 2TiC
2
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x
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The powders were mixed via planetary ball milling 
at 350 rpm for 2 h using acetone as ball milling media 
with a ball-to-material ratio of 3:1. After ball milling, 
the mixed powders were dried and then loaded into a 
graphite die pre-coated with BN inside. Further, hot 
pressed sintering was performed at pressure of 28 MPa 
and temperature of 1350 ℃ under vacuum of 10−1 Pa 
for 2 h. Finally, the samples were allowed to cool down 
to room temperature in furnace. The sintered samples 
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were polished with a series of emery papers with grit 
size of up to 1500 and then ultrasonically cleaned in 
distilled water before examination. 

The crystalline phases of sintered samples were 
identified by powder X-ray diffraction (XRD, D8 
Advance, Brooke, Germany) with Cu Kα radiation at 
40 kV and 40 mA, and diffraction data were collected 
automatically with a scanning step of 0.02 and a 
scanning rate of 6 ()/min. The polished and slightly 
etched (using a mixture of HF:HNO3:H2O solution 
with volume ratio of 1:1:2) surface of samples was 
observed by optical digital microscopy (DSX510, 
Olympus, Japan). The microstructure of the fracture 
surface was investigated by scanning electron microscopy 
(SEM, Verios 460, FEI, USA) with an attached energy- 
dispersive X-ray spectroscopy (EDS) instrument. 

Density of the sintered samples was measured by 
the Archimedes principle using a Sartorius-BSA224S 
electronic balance. The Vickers hardness was conducted 
using an HXD-1000 Vickers Hardness tester, by Vickers 
indentation method with an indentation load of 9.8 N 
and dwell time of 15 s. Moreover, according to the 
GB/T 6569-2006 standard, the sintered specimens were 
cut into 4 mm × 3 mm × 20 mm standard specimens, and 
the three-point bending tests were carried out to obtain 
the flexural strength using the universal material testing 
machine with a cross-head speed of 0.5 mm·min1. 
Furthermore, fracture toughness was also measured by 
the three-point bending method with the specimen size 
of 4 mm × 2 mm × 20 mm and notch depth of 0.4 h 
(SENB samples) using the universal material testing 
machine with a cross-head speed of 0.05 mm·min1. 
Each final value was the average of five to ten individual 
measurements. 

3  Results 

3. 1  Microstructures 

The XRD patterns of Ti3(Al1x,Gax)C2/Al2O3 composites 
with different x are shown in Fig. 1, and the peak zone 
in the 2θ range of 38°–44° of all patterns are enlarged 
to illustrate the shift of the peaks more clearly. The 
diffraction peaks of all samples are very sharp, indicating 
a high crystallinity of samples. Figure 1(a) demonstrates 
that Ti3AlC2 (JCPDS No. 52-0875) is detected as the 
main phase and the characteristic peaks at 9.620°, 
19.222°, 34.120°, 36.866°, 38.940°, 41.842°, 48.646°, 
52.458°, 56.612°, and 60.368° correspond to (002),  

 
 

Fig. 1  XRD patterns of sintered Ti3AlC2 (a) and 
Ti3(Al1x,Gax)C2/Al2O3 composites: (b) x = 0.1; (c) x = 0.2; 
(d) x = 0.3; (e) x = 0.4; (f) x = 0.5. 

 

(004), (101), (103), (104), (105), (107), (108), (109), 
and (110) planes, respectively. According to the 
previous investigation, Ti3AlC2 could be formed by the 
following chemical reactions [27]. During the heating 
process of sintering, Ti–Al intermetallics are formed by 
the reaction between Ti and melted Al at about 700 ℃, 
which is higher than the melted point of Al. With the 
increase of temperature, TiC reacts with Ti–Al 
intermetallics and Ti2AlC is formed at 1100 ℃. Ti3AlC2 

is formed above 1200 ℃ during the further reaction 
between TiC and Ti2AlC. Moreover, the minor phases 
correspond to Ti2AlC (JCPDS No. 29-0095) and TiC 
(JCPDS No. 65-8417). Quantitative analysis of com-
positions for the sintered Ti3AlC2 and Ti3(Al,Ga)C2/Al2O3 
composites was performed by Rietveld refinement and 
the results are shown in Table 1. 

Figures 1(b)–1(f) illustrate that the diffraction peaks 
of Ti3AlC2/Ti3(Al,Ga)C2 are situated approximately at 
similar positions as shown in Fig. 1(a), but become 
broaden, lose intensity, and shift to large angles. This 
result indicates the shrinkage of cell volume due to the 
solid solution effect of Ga element. Moreover, the new 
phase of Al2O3 can be indexed in these patterns, and 
the three specific diffraction peaks at 35.276°, 43.475°, 
and 57.753° are, respectively, indexed to (104), (113), 
and (116) of Al2O3 (JCPDS No. 10-0173). The intensity 
of Al2O3 diffraction peaks increased with increasing 
Ga2O3 content, supporting the occurrence of the thermit 
reaction between Al and Ga2O3, which can be expressed 
as follows:  

 2 3 2 3Al Ga O Ga Al O    (2) 

Values of ΔfG
0 of Al2O3 and Ga2O3 are 1582.3 and 

998.3 kJ·mol1, respectively [32], and the Gibbs free 
energy in the thermit reaction is 584.0 kJ·mol1. ΔG < 
0 shows that the above mentioned reaction is thermo-
dynamically feasible. 
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Table 1  Compositions of the sintered Ti3AlC2 and Ti3(Al,Ga)C2/Al2O3 composites calculated by Rietveld refinement of 
the diffraction patterns 

Specimen Ti3AlC2/Ti3(Al,Ga)C2 Ti2AlC TiC Al2O3 

Ti3AlC2 96.97 wt% 0.39 wt% 2.64 wt% — 

Ti3(Al0.9,Ga0.1)C2/Al2O3 95.02 wt% 0.85 wt% 1.99 wt% 2.14 wt% 

Ti3(Al0.8,Ga0.2)C2/Al2O3 90.73 wt% 3.27 wt% 0.04 wt% 5.96 wt% 

Ti3(Al0.7,Ga0.3)C2/Al2O3 89.65 wt% 2.79 wt% 0.59 wt% 6.97 wt% 

Ti3(Al0.6,Ga0.4)C2/Al2O3 87.66 wt% 2.89 wt% 0.93 wt% 8.52 wt% 

Ti3(Al0.5,Ga0.5)C2/Al2O3 84.84 wt% 3.73 wt% 0.21 wt% 11.22 wt% 

 
Figure 2 shows the fracture microstructures of 

Ti3AlC2 and the fracture microstructures obtained by 
the EDS analysis of Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3. 
SEM images (Figs. 2(a) and 2(b)) reveal that the 
angular-grained particles are distributed in the plate- 
like grain boundaries. EDS (Figs. 2(c) and 2(d)) result 
indicates that the plate-like grains (marked as Spectrum 
1) consist of Ti:Al:Ga:C atomic ratio of 54.67:14.21: 
7.37:23.76, which is close to that for Ti3(Al0.6,Ga0.4)C2. 

The dispersive particle (marked as Spectrum 2) has the 
Al:O atomic ratio of 38.65:61.35, which could be 
identified as Al2O3 grain.  

The grain shape and size of Ti3(Al1x,Gax)C2/Al2O3 
composites with different x were observed using an 
optical digital microscope, and some typical cases are 
shown in Fig. 3. Combined with the microstructure and 
elemental analysis shown in Fig. 2, the light matrix 
with elongated shape corresponds to Ti3(Al1x,Gax)C2 
MAX phase, and the dark dispersive particles correspond 
to Al2O3. Noteworthy, the mean length of matrix phase 
grains measured by nano measure is 39.9±3.5 μm and 

the mean width is 10±1.1 μm. With the increase of 
Al2O3 content, the shape of the composite grains turns 
to be spindle-like rather than thin flakes. The average 
matrix grain size of Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 
composite (Fig. 3(e)) is 20.7±8.6 μm in length and 5.4± 
1.7 μm in width, which is much smaller than that of the 
bulk Ti3AlC2 (shown in Fig. 3(a)). Thus, solid solution 
of Ga has little effect on microstructure of Ti3AlC2 
[16,19], and the grain refining of Ti3(Al,Ga)C2/Al2O3 
composites should be ascribed to the in situ formation 
of Al2O3. However, when the content of Al2O3 is higher 
than 10.3 vol% (Fig. 3(f)), Al2O3 particles appear to 
agglomerate and the uniformity of the microstructure 
gets destroyed. The agglomeration of Al2O3 particles 
could be attributed to the in situ formation of Al2O3 
before the formation of Ti3(Al1x,Gax)C2 solid solution 
during the heating process of sintering. The temperature 
suitable for thermit reaction between Al and Ga2O3 is 
approximately in the range of 700–900 ℃ according 
to the reported studies [25–27]. This temperature is 
lower than the formation temperature of Ti3AlC2 and 

 

 
 

Fig. 2  SEM images and EDS spectra of the fracture surfaces of Ti3AlC2 and Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 composites. 
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Fig. 3  Metallograph of the polished and etched surfaces 
of Ti3AlC2 (a) and Ti3(Al1x,Gax)C2/Al2O3 composites: (b) 
x = 0.1; (c) x = 0.2; (d) x = 0.3; (e) x = 0.4; (f) x = 0.5. 

 
solid solution, which is above 1200 ℃. Therefore, 
when the Ga2O3 content is high, the formed Al2O3 

particles tend to accumulate which further influence 
the sintering process of Ti3(Al,Ga)C2/Al2O3 composites.  

The measured densities and the relative densities of 
Ti3(Al1x,Gax)C2/Al2O3 composites are displayed in Fig. 4. 
The density of Ti3AlC2 is 4.137 g·cm3 and it increases 
to 4.535 g·cm3 for Ti3(Al0.5,Ga0.5)C2/12.4vol%Al2O3 
composite. The relative densities of sintered composites 
were also calculated and displayed. The results indicate 
that the introduction of Ga2O3 could promote the 
densification of Ti3(Al,Ga)C2/Al2O3 composites since 
all the composites have relative density higher than 
that of Ti3AlC2. However, relative density obviously 
decreases for Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 and 
Ti3(Al0.5,Ga0.5)C2/12.4vol%Al2O3 composites. The 
decrease of relative density with higher Al2O3 content 
can be explained by the accumulation of Al2O3 

particles which would hinder the densification process 
of the composites, and that is in accordance with the 
microstructures shown in Fig. 3. 

 

 
 

Fig. 4  Densities and relative densities of Ti3(Al1x,Gax)C2/ 
Al2O3 composites. 

3. 2  Mechanical properties 

The Vickers hardness (Hν) and flexural strength (σ) of 
the Ti3(Al,Ga)C2/Al2O3 composites are shown as a 
function of Al2O3 content in Fig. 5. Vickers hardness of 
Ti3(Al,Ga)C2/Al2O3 composites increases from 4.70 to 
6.58 GPa with the change in Ga content from 0 to 40%, 
and the hardness of Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 is 
40% higher than that of Ti3AlC2. With the further increase 
of Al2O3 content, Vickers hardness of Ti3(Al,Ga)C2/Al2O3 
composites decreases dramatically. The same tendency 
could also be found for flexural strength. With the 
increase in Al2O3 content, the flexural strength of the 
composites first increases and then decreases. The 
Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 composite possesses 
the maximum flexural strength of 527.11 MPa, which 
is 73.97% higher than that of Ti3AlC2 (302.99 MPa). 

Figure 6 presents the hardness indentations (load of 
9.8 N) of Ti3AlC2 and Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 
 

 
 

Fig. 5  Vickers hardness and flexural strength of the 
Ti3(Al1x,Gax)C2/Al2O3 composites. 

 

 
 

 
 

Fig. 6  Vickers indentation morphologies of Ti3AlC2 (a), 
and Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 composite (b). 
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composite. Obviously, the indentation on Ti3AlC2 plane 
is rhombic, while that on Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 
composite is square. Notably, the mean indent size of 
Ti3AlC2 is approximately 65.46 μm, which is greater 
than that of Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 (46.73 μm). 
The result indicates that the Ti3(Al0.6,Ga0.4)C2/ 
10.3vol%Al2O3 composite possesses higher hardness. 
Figure 6(b) reveals that no distinct cracks emanate 
from the diagonals, and the microdamage and local 
fracture can be observed only in the vicinity of the 
indentation, indicating a better resistance to damage. 

Figure 7 shows the fracture toughness of Ti3(Al,Ga)C2/ 
Al2O3 composites. When Ga content is less than 40%, 
fracture toughness of composites shows little difference 
compared to that of Ti3AlC2. The fracture toughness of 
Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 is 7.18 MPa·m1/2, which 
is slightly lower than that of Ti3AlC2 (7.63 MPa·m1/2). 
However, when the Ga content exceeded 40%, together 
with the increase of the in situ formed Al2O3 content, 
the fracture toughness decreased dramatically due to 
the severe agglomeration of the Al2O3 phase (as shown 
in Fig. 3(f)).  

4  Discussion 

4. 1  Densification behavior 

Higher densities were achieved for Ti3(Al1x,Gax)C2/Al2O3 
composites with increasing x, illustrating that the 
introduction of Ga2O3 could promote the densification 
of Ti3(Al,Ga)C2/Al2O3 composites. On one hand, Ga 
atom has a higher relative atomic mass and a smaller 
relative atomic radius than Al atom. Substitution of Ga 
for Al could cause the increase of density. On the other 
hand, in situ formed Al2O3 particles by thermit reaction 
of Ga2O3 and Al distributed at the grain boundaries, 
which could inhibit the grain growth of the matrix during 
sintering process. Pinning effect of Al2O3 particles could 
account for the grain refining of Ti3(Al,Ga)C2/Al2O3  

 
 

Fig. 7  Fracture toughness of Ti3(Al1x,Gax)C2/Al2O3 
composites. 

 

composites as discussed above and shown in Fig. 3. 
The high surface energy on account of fine grains 
could provide strong driving force for densification. 
However, when the in situ formed Al2O3 content is 
high, the Al2O3 particles tend to aggregate which leads 
to the loose microstructure and negative influence on 
the densification of composites. 

4. 2  Hardening and strengthening mechanisms 

In order to investigate the influence of solid solution 
and in situ formed Al2O3 particles on the mechanical 
performance of Ti3AlC2, mechanical properties of 
Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 composite obtained 
in this study were compared with those of the monolithic 
Ti3AlC2, Ti3AlC2/Al2O3 composite, and Ti3(Al0.6,Ga0.4)C2 
solid solution reported and the results are listed in 
Table 2. Both Vickers hardness and flexural strength of 
Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 composite are 
significantly improved compared to those of Ti3AlC2, 
Ti3AlC2/Al2O3 composite, and Ti3(Al0.6,Ga0.4)C2 solid 
solution. This can be attributed to the synergistic effect 
among solid solution strengthening, solid solution 
hardening, and in situ formed ceramic second phase 
Al2O3. Compared to Ti3AlC2, Al2O3 has high hardness 
(18 GPa) and high elastic modulus (386 GPa), which is 
conducive to improve the hardness and flexural strength 
of composites. Moreover, due to the higher thermal 

 
Table 2  Mechanical properties of the as-prepared Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 composite, together with that of 
Ti3AlC2, Ti3AlC2/Al2O3, and Ti3(Al0.6,Ga0.4)C2 reported 

 Hardness (GPa) Flexural strength (MPa) Fracture toughness (MPa·m1/2) References 

Ti3AlC2 3.5–4.7 340 7.2 [13] 

Ti3AlC2/Al2O3 5.5 500 8.8 [24] 

Ti3(Al0.6,Ga0.4)C2 5.23±0.47 277.69±15.02 5.65±0.30 [19] 

Ti3AlC2 4.70±0.54 302.99±13.27 7.63±1.37 Present work 

Ti3(Al0.6,Ga0.4)C2/ 20at%Al2O3 6.58±0.72 527.11±30.62 7.18±0.72 Present work 
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expansion coefficient of Ti3AlC2 (9.0×106 K1) than 
that of Al2O3 (8.3×106 K1), the compressive residual 
stresses produced around Al2O3 particles in the 
Ti3(Al,Ga)C2/Al2O3 composites during cooling in the 
sintering stage is also a reason for the improvement of 
hardness and strength [27]. On the other hand, the in 
situ formed Al2O3 particles distributed at the grain 
boundaries exhibited the pinning effect to hinder grain 
boundary migration during sintering process, which 
resulted in relatively fine grain of Ti3(Al,Ga)C2 solid 
solution (as shown in Fig. 3). Moreover, fine grain size 
could improve yield strength as explained based on the 
Hall–Petch relationship [33], that is 

 1/2
0  y kd     (3) 

where σy is the yield stress for a polycrystal, σ0 refers 
to the yield stress for a single crystal, and k and d 
represent the stress concentration factor and the average 
grain size, respectively. However, noteworthy, the loose 
microstructure and destruction of uniformity caused by 
agglomeration of numerous Al2O3 particles (for 
Ti3(Al0.5,Ga0.5)C2/12.4vol%Al2O3 composite) would 
have significant adverse effect on the mechanical 
properties of composites and lead to the decrease of 
Vickers hardness and flexural strength.  

When Al2O3 content of Ti3(Al,Ga)C2/Al2O3 composites 
is less than 10.3 vol%, fracture toughness of composites 
shows little difference from that of Ti3AlC2. With the 
further increase of Al2O3 content, fracture toughness of 
composite decreases. In our previous study, Ti3(Al,Ga)C2 
solid solutions containing 0, 10, 20, 30, and 40 at% Ga 
were fabricated, and fracture toughness of solid solution  

 

decreased linearly with increasing Ga content. For 
Ti3AlC2, crack deflection caused by the lamellar structure 
is in favor of fracture toughness and fracture energy. 
However, partial substitution of Ga for Al would disturb 
the order of the crystal lattice, and there would also be 
local stress generated by lattice mismatch which has 
deleterious effect on the toughness. Therefore, fracture 
toughness of Ti3AlC2 decreases with the solid solution 
of Ga. The fracture toughness of Ti3(Al0.6,Ga0.4)C2/ 
10.3vol%Al2O3 composite obtained in the present 
study is 7.18±0.72 MPa·m1/2 which is higher than that 
of Ti3(Al0.6,Ga0.4)C2 reported in previous study (5.65± 
0.30 MPa·m1/2). This result has indicates that the in situ 
formation of Al2O3 could improve the fracture toughness. 
In order to investigate the toughening mechanism, the 
typical fracture surfaces of Ti3(Al,Ga)C2/Al2O3 composites 
with different Al2O3 content together with the reference 
Ti3AlC2 are shown in Fig. 8.  

Transgranular fracture and typical delaminating 
fracture can be observed for Ti3AlC2. The lamellar 
structure significantly influences crack propagation, 
which accounts for relatively high fracture toughness. 
The zigzag crack path including crack deflection, 
branching, and bridging could be observed for 
Ti3(Al,Ga)C2/Al2O3 composites. The high-magnification 
micrograph shown in inset of Fig. 8(c) reveals that Al2O3 
particles are distributed in boundaries of Ti3(Al,Ga)C 
particles, and there are no visible delamination cracks 
at the interfaces between the Al2O3 particles and 
Ti3(Al,Ga)C2 matrix. Typical pull-out of Al2O3 particles 
could also be observed, which is conductive to flexural 
strength and fracture toughness. Moreover, the finer 

 
 

Fig. 8  SEM images of the fracture surfaces of Ti3AlC2 (a), Ti3(Al0.9,Ga0.1)C2/2.7vol%Al2O3 (b), Ti3(Al0.6,Ga0.4)C2/10.3vol%Al2O3 

(c), and Ti3(Al0.5,Ga0.5)C2/12.4vol%Al2O3 (d). 
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microstructure and residual stress caused by the 
incorporation of in situ Al2O3 could also promote crack 
deflection, which could further explain the relatively high 
fracture toughness of Ti3(Al,Ga)C2/Al2O3 composites 
compared to that of Ti3(Al,Ga)C2 solid solution.  

5  Conclusions 

Highly dense Ti3(Al,Ga)C2/Al2O3 composites containing 
2.7, 5.4, 7.9, 10.3, and 12.4 vol% Al2O3 together with 
the reference Ti3AlC2 were fabricated by in situ reactive 
hot pressing method. For Ti3(Al,Ga)C2/Al2O3 composites, 
Al2O3 particles distributed in boundaries of Ti3(Al,Ga)C 
particles, and with the increase of Al2O3 content, finer 
microstructures with reduced grain size could be 
achieved. With the increase in the Al2O3 content from 
0 to 12.4 vol%, both the Vickers hardness and the flexural 
strength of the Ti3(Al,Ga)C2/Al2O3 composites first 
increased and then decreased. The Ti3(Al0.6Ga0.4)C2/ 
10.3vol%Al2O3 composite exhibited the optimal 
mechanical properties. Compared to Ti3AlC2, its Vickers 
hardness and flexural strength were enhanced by 40 
and 74%, respectively. This result can be attributed to 
the synergistic effect among solid solution strengthening, 
solid solution hardening, and in situ formed ceramic 
second phase Al2O3. Solid solution and incorporation 
of second phase Al2O3 exhibited the opposite influence 
on the fracture toughness of Ti3AlC2. 
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