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In order to study the effects of sintering conditions on the properties of TiAl-based materials, 
two different compositions (TiAl-15 wt% Ti3AlC2 and TiAl-25 wt% Ti3AlC2) were chosen and 
manufactured by spark plasma sintering at 900 °C/7 min and 1000 °C/15 min. The results 
showed that increasing the MAX phase content had a positive effect on the relative density and 
mechanical properties, but simultaneous increasing the temperature and holding time is more 
effective in the improvement of properties. For TiAl-15 wt% Ti3AlC2 sample, the relative 
density, Vickers hardness, fracture toughness, and bending strength increased from 92.3%,      
3.6 GPa, 10.9 MPa.m1/2, and 206 MPa to 95.2%, 4.5 GPa, 12.0 MPa.m1/2, and 336 MPa, 
respectively, as the sintering temperature and holding time increased from 900 °C/7 min to 
1000 °C/15 min. In the case of the TiAl-25 wt% Ti3AlC2 sample, increasing the sintering 
temperature and holding time from 900 °C/7 min to 1000 °C/15 min led to the improvement of 
relative density, Vickers hardness, fracture toughness, and bending strength from 92.8%,        
4.1 GPa, 11.2 MPa.m1/2, and 270 MPa to 97.5%, 4.6 GPa, 11.8 MPa.m1/2, and 340 MPa, 
respectively. 
© 2022 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

TiAl-based materials are drawn the wide attention of researchers due to 
their privileged features such as low density, high melting temperature, 
good creep and oxidation resistance, and good corrosion properties. 
These unique properties have made them suitable choices to utilize in 
various high-temperature structural usages and automobiles [1–4]. 
However, the development and application of such materials have been 
restricted by their shortcomings like weak formability and low-
temperature ductility [5–7]. Therefore, utilizing a suitable consolidation 
technique and reinforcement introduction or changing the composition 
is an appropriate approach to overcome such weaknesses [8–11]. Spark 
plasma sintering (SPS) as a newly developed  route that uses a direct or  

 
pulsed current and external load, simultaneously, can be employed to 
manufacture TiAl-based composites with developed microstructure 
[12–15]. The microstructure and mechanical properties of titanium 
aluminides can be controlled by the SPS temperature. The changes are 
observed in the microstructure of TiAl as the temperature increases 
[16–19]. Spark plasma sintering of pre-alloyed Ti-47Al-2Cr-2Nb [5], 
Ti-46Al-9Nb [20], Ti-44Al-2Cr-2Nb-1B [5], and Ti-48Al-2Cr-2Nb 
[21] has led to the achievement of different lamellar, two-phased 
(γ+α2), and duplex microstructures depending on initial powder 
composition and the processing temperature. Similar microstructural 
concurrence has been reported for pre-alloyed powders of Ti–43.9Al–
4Nb–0.95Mo–0.1B as the function of sintering temperature. 
Manufacturing of pre-alloyed Ti-43Al-5Nb-2V-1Y powders by the SPS 
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process results in nearly lamellar, fully lamellar, and duplex 
microstructures with temperature change [22]. It should be mentioned 
that the extreme growth of TiAl grains as a result of increasing the 
processing temperature was observed in the microstructure of SPSed 
Ti-47Al powders, which led to a decrease in yield strength and 
hardness, but an eligible improvement of ductility [23]. Moderate 
ductility and excellent creep resistance were achieved as a result of the 
formation of a nearly lamellar microstructure [24]. 
In recent decades, composites making has been recognized as a suitable 
approach for improving the mechanical and physical properties of 
materials. Therefore, the combination of MAX phases and intermetallic 
components has been studied to make composites [25]. It is worth 
noting that MAX phases are a newly developed group of materials with 
a hexagonal layered structure having both metallic and ceramic features 
at the same time. Because of their unique properties such as a high 
melting point, superior strength, good electrical and thermal 
conductivity, and thermal stability, these materials have received the 
growing attention of researchers to use in structural applications [26–
28]. TiAl-Ti2AlC composites have been manufactured by spark plasma 
sintering of TiC, Al, and Ti powders. It is known that the TiC content 
in the powder mixture dramatically affects the phase evolution and 
microstructure development of the SPSed samples [29]. Mechanical 
alloying and spark plasma sintering has been employed to synthesize 
TiAl-Ti2AlC composites utilizing Al, Ti, and CNTs to obtain a 
composite with a microstructure consisting of interpenetrating 
networks of Ti2AlC and equiaxed TiAl grains. Coarsening of TiAl 
grains is observed when the SPS temperature increases from 950 to    
1150 °C, resulting in the degradation of mechanical properties [30]. 
Ball-milling and spark plasma sintering of graphene and pre-alloyed 
Ti-48Al-2Nb-2Cr powder were utilized to manufacture TiAl-Ti2AlC 
nanocomposites, where the Ti2AlC precipitates were uniformly 
dispersed in the fully lamellar microstructure. In mentioned research, 
the effect of microstructure evolution on oxidation resistance is 
discussed [31]. 
In the present work, in order to assess the effects of temperature and 
soaking time, TiAl-based composites reinforced with 15 and 25 wt% 
Ti3AlC2 were spark plasma sintered under an external pressure of       
40 MPa at different temperatures of 900 and 1000 °C with different 
holding time of 7 and 15 min. 

 Experimental 2.

Commercial elemental powders of aluminum and titanium as well as 
the synthesized MAX phase of Ti3AlC2 were chosen as the initial 
materials for the preparation of TiAl-Ti3AlC2 composite samples. 
Metallic Ti and Al powders in equal molar ratios were utilized as raw 
precursors for the in-situ synthesis of intermetallic TiAl by SPS 
procedure. To prepare the MAX phase of Ti3AlC2, a powder mixture of 
graphite, Al, and Ti was mechanically-activated and then processed by 
the self-propagating high-temperature synthesis (SHS) (details in Ref. 
[32]). It should be stated that the purity of the obtained Ti3AlC2 MAX 
phase is 85 wt%, in other words, the final powder contains 15 wt% 
TiC, which is obtained as an impurity during the synthesis of Ti3AlC2. 
Ti3AlC2 powder was added in different contents of 15 and 25 wt% as 
the reinforcement in the TiAl matrix. The weighted powder mixtures of 
Ti3AlC2, Al, and Ti were ball-milled at 300 rpm for 60 min. After that, 
each powder mixture was divided into two parts to consolidate under 
different sintering conditions (soaking time of 7 and 15 min, SPS 

temperature of 900 and 1000 °C). Prepared powder mixtures are poured 
into an appropriate graphite mold covered with a flexible graphite sheet 
to minimize sticking the powder composites to the die. 
After inserting the die in the spark plasma sintering furnace (model: 
20T-10), an initial minimum pressure (~8 MPa) was applied (details in 
Ref. [33]). A set of TiAl-15 wt% Ti3AlC2 (sample 1) and TiAl-25 wt% 
Ti3AlC2 (sample 2) was spark plasma sintered at 900 °C for 7 min 
under an external pressure of 40 MPa, and another set of TiAl-15 wt% 
Ti3AlC2 (sample 3) and TiAl-25 wt% Ti3AlC2 (sample 4) was spark 
plasma sintered at different conditions (temperature of 1000 °C for      
15 min under the same pressure). Grinding surfaces of as-SPSed 
samples was performed by a diamond grinding disk to eliminate the 
graphite foil. Measurement of bulk density was performed employing 
Archimedes method. Theoretical densities of as-SPSed samples were 
calculated by the rule of mixture. The ratio of bulk density to the 
theoretical density of as-SPSed samples reported the relative densities 
of as-SPSed samples. For measurement of bending strength, the rod-
shaped samples were cut in dimensions of 3 × 4 × 25 mm3 with a wire 
cut tool (Charmilles Robofill 310 wire EDM) equipped a wire, which 
had 0.25 mm thickness. The surfaces of the samples and the cut parts of 
rod-shaped samples were polished for Vickers hardness and the 
bending strength tests, respectively. The three-point method was 
employed to determine the bending strength of as-SPSed specimens at 
room temperature utilizing a crosshead loading rate of 0.5 mm/min 
(ASTM C-1161- 02C). To measure the fracture toughness of as-SPSed 
samples, the rods (with dimensions of 3 × 4 × 25 mm3) were sharply 
notched with a depth of 0.4 of the specimen width and tested by single 
edge notched beam (SENB) method. A three-point bending test device 
with a constant crosshead speed of 0.5 mm/min and a fixed length of 
the gauge (20 mm) was used to test the notched rods. Finally, the 
assessment of fracture toughness values was performed with the 
following formula: 

1
2

IC 2
3PLaK Y
2BW

= ×        (1) 

where L is gauge length, P is the maximum applied load, W is the 
width of the sample, a is the depth of the notch, B is rod thickness, and 
Y is geometric constants. 
The Vickers hardness of as-SPSed specimens was evaluated by 
indentation method through exerting a 2 kg of load (19.6 N) utilizing 
the Vickers diamond pyramid. The crack propagation paths created 
during the SENB test were investigated through field emission 
scanning electron microscopy (Mira3, Tescan). 

 Results and discussion 3.

Table 1 shows the composition, sintering conditions, relative density, 
and mechanical properties (bending strength, Vickers hardness, and 
fracture toughness) of as-SPSed composite samples. Fig. 1 shows the 
measured relative density values of as-SPS samples. As it is clear from 
Fig. 1, increasing the content of Ti3AlC2 from 15 wt% to 25 wt% has a 
positive influence on the densification, so that the relative density for 
the composites sintered at 900 °C for 7 min and for composites sintered 
at 1000 °C for 15 min improved by about 0.5% and about 2.5%, 
respectively. As can be seen, changing the SPS conditions has led to 
changing the relative density value. The maximum value of relative 
density (97.52%) belongs to sample 4 including 25 wt% Ti3AlC2, 
which was sintered at a higher  temperature  and  time.  An  increase  in  
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Table 1. Composition and properties of the spark plasma sintered TiAl-based composites. 

Sample 
no. 

Composition Sintering conditions Relative 
density 

(%) 

Bending 
strength 
(MPa) 

Vickers 
hardness 

(GPa) 

Fracture 
toughness 
(MPa.m1/2) 

Temperature 
(°C) 

Time 
(min) 

1 (TiAl-15 wt% Ti3AlC2) 900 7 92.34 ± 0.23 250 ± 21 3.7 ± 0.7 11.75 ± 0.52 

2 (TiAl-25 wt% Ti3AlC2) 900 7 92.78 ± 0.32 270 ± 42 4.1 ± 0.5 11.21 ± 0.33 

3 (TiAl-15 wt% Ti3AlC2) 1000 15 95.21 ± 0.37 336 ± 21 4.5 ± 0.2 11.98 ± 0.10 

4 (TiAl-25 wt% Ti3AlC2) 1000 15 97.52 ± 0.28 340 ± 19 4.6 ± 0.40 11.81 ± 0.2 

 
 
temperature has a direct effect on the processing kinetics and leads to 
an increase in the diffusion rate of atoms and the formation of       
bonds  in  the  structure. Also, increasing the holding time creates more 
opportunities for atoms to diffuse and increase the density of the 
samples. 
To investigate the effect of temperature and the dwell time of the SPS 
process on the phase evolution of as-sintered samples, their XRD 
patterns were analyzed, which can be seen in Fig. 2. It seems that 
increasing the temperature and holding time of SPS has not changed 
the crystalline phases and new phases have not formed. TiAl as the 
main phase and Ti3AlC2 along with Ti3Al and Ti2AlC as the in-situ 
synthesized phases are identified in the microstructure of the samples 
spark plasma sintered at 1000 °C for 15 min under 40 MPa.   
The displacement-time-temperature (DTT) diagrams of samples 3 and 
4 made during the SPS process are demonstrated in Fig. 3. The DTT 
diagrams displaying the temperature variations as well as the shrinkage 
amount in the samples over time are similar to samples 1 and 2 (see 
Ref. [33]). Two slope changes can be seen in Figs. 3a and 3b.               
17 minutes after the start of the processing when the temperature 
reached ~450 °C, the first change is observed, which could be related 
to Al melting at the beginning of heating. It is worthy to mention that 
aluminum melts at 660 °C, but the real temperature inside the graphite 
mold and between the powder particles is different from the 

temperature written in the diagram measured by an infrared sensor 
(thermocouple) located outside of the mold. The reason for this 
phenomenon is that the local temperature can quickly rise to a much 
higher than the temperature measured by the thermocouple [34], 
thereby, melting of Al may be possible. Above ~450 °C, the slope of 
the temperature diagram increases up to the maximum temperature 
(1000 °C). The beginning of the exothermic reaction of TiAl formation 
is the reason for aforesaid occurrences. Besides, the TiAl phase reacts 
with the TiC phase as a byproduct of the formation of Ti3AlC2 leading 
to the synthesis of the Ti2AlC MAX phase, which is also exothermic. 
Such an exothermic reaction increases the slope of the diagram. 
Also, as can be observed in Fig. 3, the shrinkage behavior of both 
samples is similar. According to the relevant diagram, first, the slope of 
shrinkage has a gentle increasing trend up to 15 min, and the total 
amount of sample shrinkage until the 15th min is 1 mm. As the 
aluminum starts to melt, the samples shrink by a further 3.5 mm. After 
that, there is no compaction in the specimens for up to 30 min. Owing 
to the applied final pressure and the progression of sintering; a sudden 
increase in the shrinkage curve from 4.5 to 5.5 mm can be seen.  
Derivatives of DTT diagrams were utilized to determine the accurate 
time and temperature of synthesis and to understand the sintering 
progress more clearly. Therefore, two graphs including displacement 
rate versus time and displacement rate versus temperature for samples 

Fig. 2. XRD patterns of a) sample 3 and b) sample 4. Fig. 1. Relative densities of as-SPSed composite samples. 
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3 and 4  were  also  plotted  as  shown  in  Figs.  4  and  5,  respectively. 
There are a few slight peaks and 2 sharp peaks in the 
displacement rate diagram vs. time shown in Fig. 4. It seems 
that the initial applied load causes the first weak peaks to appear 
in times of about 6 and 11 min and the Al melting is the reason 
of the first sharp peak that can be observed between 16 and       
23 min. The dissolution of titanium powder in molten Al and 
the formation of TiAl seem to be the reasons that no specific 
peak is observed in the time range of 25 to 32 minutes. Also, the 
Ti2AlC MAX phase is synthesized by the chemical reaction 
between the in-situ formed TiAl matrix and titanium carbide as 
the byproduct of the Ti3AlC2 formation. Eventually, the second 
sharp peak observed in 32.5th min is attributed to the maximum 
applied load, which results in the completion of the 
densification and sintering process.  
Fig. 5 shows a few slight peaks and two sharp peaks in the 
displacement rate versus temperature diagram. As can be seen in Fig. 5, 
the sharp peak appears at about 400 °C. This phenomenon can be 
related to the Al melting, which drastically affects the amount of 
mandrel displacement. No peak is detected at the temperature range of 
460 to 600 °C that may be related to the formation of the                 
TiAl matrix and synthesis of the Ti2AlC MAX phase because of a 
chemical reaction between the TiC phase as a byproduct of Ti3AlC2 
formation and TiAl matrix phase. The application of maximum 
external load at the temperature of 650 °C that results in the 
displacement and movement of the mandrels, more compaction of the 

powder mixture, and full densification, is the reason of appearing the 
relatively sharp peak at this temperature. It should be noted that the 
appearance of the first minor peaks is attributed to the applied initial 
load. 
Fig. 6 presents the bending strength of as-sintered samples according to 
their sintering conditions. As can be seen in Fig. 6, on one hand, 
increasing the amount of Ti3AlC2 has a positive influence on the 
bending strength, on the other hand, changing SPS conditions 
(increasing SPS temperature and holding time) results in higher 
bending strength. Bending strength can be influenced by different items 
like grain size, microstructural defects, additive type, and relative 
density. Increasing the Ti3AlC2 content not only improves the 
sinterability and densification but also prevents grain growth by being 
located at grain boundaries and limiting their movements. It should be 
mentioned that Ti2AlC, as the byproduct of Ti3AlC2, also has the role 
of inhibiting grain growth, which increases with an increase in the 
Ti3AlC2 content. Therefore, the amount of Ti3AlC2 has a direct 
influence on the bending strength of as-SPSed composite samples, so 
that bending strength of as-SPSed samples increases from 250 to      
270 MPa as the Ti3AlC2 increased from 15 to 25 wt%. As can be seen 
in Fig. 6, the bending strength of sample 3 (TiAl-15 wt% Ti3AlC2) and 
sample 4 (TiAl-25 wt% Ti3AlC2), sintered at higher temperature and 
longer time, is more than those of samples 1 and 2. As it is discussed 
before, increasing the sintering temperature and holding time leads to 
the enhancement of relative density, which has a direct effect on the 
bending strength. Bending strength values were obtained as 336 and 

Fig. 3. DTT variations during the spark plasma sintering of a) sample 3 and b) sample 4. 

Fig. 4. Displacement rate vs. time for a) sample 3 and b) sample 4. 



142                   SYNTHESIS AND SINTERING 2 (2022) 138–145 M. Akhlaghi et al. 

 

340 MPa for samples 3 and 4, respectively. Although, the measured 
bending strength values of as-SPSed samples are less than those 
reported by other researchers [35, 36]. Also, compared to the bending 
strength of the TiAl matrix phase (460 MPa) [37] and Ti3AlC2 additive 
[38], this property of as-SPSed samples is lower which can be related 
to the presence of porosities in their microstructure. In the case of 
sample 4, it seems that increasing the Ti3AlC2 content resulted in 
agglomerates formation of these MAX phases acting as the defects; 
therefore, the bending strength of this sample could not be increased 
more than 340 MPa. It is worthy to say that the obtained bending 
strength of 340 MPa for sample 4 with a relative density of 97.5 is in 
good agreement with that of the TiAl-based composite (360 MPa) with 
a relative density of 99% reported by other researchers [37].  
The values of Vickers hardness of as-SPSed composite samples 
are shown in Fig. 7. As can be seen in Table 1 and Fig. 7, 
simultaneous increase of time, temperature, and content of 
Ti3AlC2 improve hardness. Increasing the Ti3AlC2 from 15 to 25 
wt% leads to an improvement of Vickers hardness from 3.7 to 
4.1 GPa. Meanwhile, increasing the holding time and processing 

temperature also helps the additive content to further improve 
this property, so that the Vickers hardness values for           
TiAl-15 wt% Ti3AlC2 and TiAl-25 wt% Ti3AlC2 samples, 
sintered at 1000 °C for 15 min, are calculated as 4.5 and          
4.6 GPa, respectively. Vickers hardness is a feature of the 
material showing its resistance against plastic deformation when 
the load is applied and generally measured by indentation test. It 
should be mentioned that pores and porosities have less 
resistance against applied mechanical load; therefore, Vickers 
hardness of fully-dense materials is higher than that of porous 
materials. As previously mentioned the role of Ti3AlC2 in 
inhibiting grain growth, increasing the amount of this MAX 
phase leads to the modification of the microstructure and thus 
the improvement of Vickers hardness. Also, an increasing the 
Ti3AlC2 content leads to further Ti2AlC formation during the 
SPS process. This phase can not only act as the inhibitor of the 
growth of matrix grains but also hardens as-SPSed samples 
owing to its intrinsic hardness (4.5 GPa) [39] that is higher than 
that of the Ti3AlC2 phase (2.7 GPa) [40]. According to Table 1 

Fig. 5. Displacement rate vs. temperature for a) sample 3 and b) sample 4. 

Fig. 6. Bending strength of as-SPSed composite samples. Fig. 7. Vickers hardness of as-SPSed composite samples. 
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and Fig. 7, changing the sintering temperature and holding time 
in samples 3 and 4 not only enhances the densification and 
bending strength but also improves the Vickers hardness. As it 
is mentioned before, increasing the temperature and holding 
time provides the chance for the penetration of atoms and the 
rearrangement of particles leading to improvement of 
sinterability and densification. Therefore, the enhancement of 
Vickers hardness of samples 3 and 4 can be a result of density 
improvement. As can be seen in Fig. 7, increasing the amount of 
Ti3AlC2 to 25 wt% in samples sintered at 1000 °C for 15 min 
has a slight effect on improving the hardness, so that only about 
2% is able to improve the hardness. It seems that this 
observation is because of the formation of some agglomerates 
owing to the presence of more Ti3AlC2, higher temperature, and 
longer holding time.  
Fig. 8 demonstrated the fracture toughness values of the as-
SPSed sample. It is clear that the changing trend of the fracture 
toughness values of the as-SPSed samples is slightly different 
from the changing trend of their flexural strength and Vickers 
hardness values. According to Fig. 8, the value of the fracture 
toughness is decreased from 11.75 to 11.21 for samples sintered 
at 900 °C for 7 min and from 11.98 to 11.81 MPa.m1/2 for 
samples sintered at 1000 °C for 15 min by increasing in the 
amount of Ti3AlC2 additive from 15 to 25 wt%, respectively. 
According to the standard deviation calculated for samples, it 
seems that the obtained fracture toughness values do not differ 
much. But these values of fracture toughness are remarkably 
higher than those reported for different ceramic matrix 
composites [41–44]. 
FESEM fractographs of samples 2 and 4 fractured in the SENB 
test and related cracks are presented in Fig. 9. As can be 
observed in Fig. 9, some toughening mechanisms such as crack 
deflection, crack branching, and crack bridging occur in as-
SPSed samples. Considering the ability of MAX phases with a 
layered structure and high aspect ratio to absorb crack energy, 
the appropriate toughness of these samples seems reasonable. 

Fig. 9. SE-FESEM fractographs of a, b) sample 2 (reprinted with 
permission of Ref. [45]) and c, d) sample 4 tested by SENB method. 

a) 

b) 

c) 

d) 

Fig. 8. Fracture toughness of as-SPSed composite samples. 
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 Conclusions 4.

The effect of sintering conditions (SPS temperature and holding time) 
and Ti3AlC2 content on the physical and mechanical as-sintered TiAl-
based composites was investigated. Densification of these materials 
was performed by spark plasma sintering of the elemental titanium and 
aluminum along with the synthesized Ti3AlC2 MAX phase. For this 
purpose, two samples with the composition of TiAl-15 wt% Ti3AlC2 
composition and two other samples with the composition of            
TiAl-25 wt% Ti3AlC2 were prepared. One sample from each group was 
sintered once at 900 °C for 7 min under 40 MPa and again at 1000 °C 
for 15 min under 40 MPa. Increasing the sintering temperature and 
holding time had a positive effect on the relative density and 
mechanical properties, so that for the first group of samples: the 
relative density, Vickers hardness, fracture toughness, and bending 
strength reached 95.21%, 4.49 GPa, 11.98 MPa.m1/2, and 336 MPa and 
for the second group of samples: the relative density, Vickers hardness, 
fracture toughness, and bending strength reached to 97.52%, 4.58 GPa, 
11.81 MPa.m1/2, and 340 MPa, respectively.  
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