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Five TiAl–Ti3AlC2 composite samples containing (10, 15, 20, 25 and 30 wt% Ti3AlC2 MAX 
phase) were prepared by spark plasma sintering technique at 900 °C for 7 min under 40 MPa. 
For this purpose, metallic titanium and aluminum powders (aiming at the in-situ formation of 
the TiAl matrix phase) were ball-milled with predetermined contents of Ti3AlC2 MAX phase, 
which already was synthesized using the same metallic powders as well as graphite flakes. 
Displacement-time-temperature variations during the heating and sintering steps, displacement 
rate versus temperature, displacement rate versus time, and densification behavior were 
studied. Two sharp changes were detected in the diagrams: the first one, ~16 min after the start 
of the heating process due to the melting of Al, and the second one, after ~35 min because of 
the sintering progression and the applied final pressure. The highest relative densities were 
measured for the samples doped with 20 and 25 wt% Ti3AlC2 additives. More Ti3AlC2 addition 
resulted in decreased relative density because of the agglomeration of MAX phase particles. 
© 2021 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Titanium aluminides are excellent materials for structural applications 
such as automobile and aerospace industries because of their 
exceptional combination of characteristics [1–3]. TiAl has low density, 
high melting point, good corrosion resistance, excellent oxidation 
performance, and creep resistance [4–6]. Anyway, this intermetallic 
material suffers from low-temperature ductility and poor formability 
[7–10]. Spark plasma sintering (SPS) has been used to overcome the 
poor low-temperature ductility of TiAl. Compared to the conventional 
powder metallurgical methods, SPS has many benefits such as control 
of  sintering  parameters,  functional  simplicity,  high  sintering  speed, 
 

 
and good reproducibility which helps to obtain contaminant-free, 
homogeneous, and grain refined microstructures [11–16]. 
By the introduction of some metallic additive such as Co and Fe, the 
ductility of TiAl increased via the replacement of aluminum sites with 
the added metal atoms. Nevertheless, the ductility of TiAl decreased by 
the addition of Ni, because another intermetallic phase of NiTi is 
formed at the grain boundaries [17]. TiAl material with enhanced 
compression properties was obtained by spark plasma sintering using 
excessive yttrium additive, which led to the formation and dispersion of 
fine strip-like YAl2 particles [18]. High-temperature oxidation 
resistance of TiAl was improved by the addition of Nb or Ta, which 
support the formation of protective Al2O3 non-porous layer [19]. Low 
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wear and good self-lubricity were achieved for TiAl materials by the 
addition of Cu-coated graphite. Such a superior tribological 
characteristic was related to the synergetic influences of formation of 
soft tribo-film and hard TiC reinforcement [20].  
Beside the metals, ceramic additives can be used as reinforcement to 
strengthen the TiAl-based materials, in other words, via the 
development of TiAl matrix composites. For instance, remarkable 
enhancement in the compression strength of TiAl-based composites, 
sintered by hot pressing, was observed by the addition of nano-sized 
TiB2 ceramic. Simultaneous improvement in ductility and strength of 
TiAl intermetallics was achieved by the introduction of nano-sized 
Ti5Si3 compound [21]. Increased densification and mechanical 
performance in TiAl materials was also reported through TiB2 
reinforcing that in-situ synthesized by self-propagating high-
temperature synthesis methodology [22]. Addition of nano-sized Y2O3 

led to enhanced tensile strength and elongation in spark plasma sintered 
high-Nb containing TiAl intermetallics, due to the activation of second-
phase strengthening and fine-grain strengthening mechanisms [23]. 
Beside the ceramics and metals, MAX phases such as Ti2AlC are also 
appropriate additives for TiAl materials because of the closeness of 
their thermal expansion coefficients and specific weights. It should be 
mentioned that MAX phases have layered structures with combination 
of both ceramic and metallic properties [24, 25]. The TiAl–Ti2AlC 
composites were fabricated by self-propagating high-temperature 
synthesis [26] and vacuum arc melting [27] using the elemental 
powders of Ti, Al and C, as well as reactive hot pressing of TiC, Ti and 
Al powders [28] and spark plasma sintering of mechanically alloyed 
Al–Ti powders with carbon nanotubes [29].  
Recently, a TiAl–15 wt% Ti3AlC2 sample was manufactured by our 
group using spark plasma sintering of Ti, Al and Ti3AlC2 powders at 
1000 °C for 15 min under 40 MPa [30]. We also synthesized the 
Ti3AlC2 MAX phase in a tubular furnace through self-propagating 
high-temperature synthesis of elemental powders (graphite as carbon 
source) [31]. Using such a MAX phase as the reinforcement also led to 
the performance enhancement in other advanced materials including 
the ultrahigh temperature ceramics like TiB2 [32] and ZrB2 [33]. 
In this work, five TiAl-based composites doped with 10, 15, 20, 25 and 
30 wt% Ti3AlC2 MAX phase additive were densified by spark plasma 
sintering at 900 °C for 7 min under 40 MPa. Displacement-time-
temperature variations during the sintering of TiAl–Ti3AlC2 
composites, displacement rates as the function of temperature/time and 
densification behavior of the TiAl-based composites versus the amount 
of Ti3AlC2 additive are studied in this paper as the first part of a series 
of publications. Subsequent parts devoted to phase analysis, 
mechanical properties, microstructure evolution, and fractographical 
characterizations will be published in the near future.  

 Experimental procedure 2.

The as-purchased Ti and Al as well as the as-synthesized Ti3AlC2 
powders were used as starting materials for fabrication of               
TiAl–Ti3AlC2 composites. Titanium and aluminum were selected with 
equal molar ratios to react with each other to form the in-situ matrix 
phase of TiAl. The Ti3AlC2 compound, previously prepared in our 
laboratory [31] by the mechanically activated self-propagating high-
temperature synthesis method through ball-milling (Retsch PM100) the 
titanium, aluminum and graphite raw materials for 1 h (please see    
Fig. 1), was added as the reinforcement to the powder mixtures. The 
technical characteristics of all as-purchased materials are reported in 
Table 1. 
The values of 10, 15, 20, 25 and 30 wt% Ti3AlC2 were selected in the 
composition of raw materials to fabricate five TiAl-based composite 
samples. Each powder mixture was ball-milled at a speed of 300 rpm 
for 1 h. 
The powder mixture prepared for the sintering of each sample was 
calculated to be about 18 g, in order to achieve a final thickness of      
~5 mm, and poured into a graphite die with an internal diameter of      
30 mm (Fig. 2). It should be noted that to prevent direct contact of 
powders with the die and pistons, graphite foils with a thickness of       
1 mm were used to completely cover the inner surface of the die and 
the surfaces of the plates. After placing the die filled with the materials, 
the preliminary pressure applied to the powder mixture was set to a 
minimum (about 8 MPa).  

Fig. 1. TEM image of the as-synthesized Ti3AlC2 MAX phase in our 
laboratory. 

Fig. 2. The graphite die and pistons used for spark plasma sintering 
of TiAl–Ti3AlC2 composites. 
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Table 1. Technical specifications of the as-purchased raw materials.  

Initially, a vacuum of 12–15 Pa was applied and the on-off times of the 
electrical pulses were set to 2–12; namely, the current was connected 
for 2 milliseconds and it was cut off for 12 milliseconds. By digitally 
recording parameters such as the displacement of the furnace mandrels 
(which can be easily related to the shrinkage of the sample), the 
instantaneous temperature and the elapsed time, the progress of the 
sintering process was controlled. Spark plasma sintering was completed 
at 900 °C under 40 MPa for 7 min for all samples using an SPS furnace 
(20T-10, China). 

Archimedes method was used to calculate the density of sintered 
samples according to ASTM C 373-88 standard. Each sample was held 
in boiling water for 5 h and then in distilled water at room temperature 
for 24 h to measure immersed weight (W1). After cleaning the surface 
water from the samples, the wet weight (W2) was determined. The 
samples were then placed in a dryer at 110 °C for 12 h and then the dry 
weight (W3) was measured. These measurements were repeated three 
times for each sample. Finally, the bulk density, the relative density, 
the apparent porosity and the water absorption of the samples were 
calculated using the following formulas. 
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where ρb is the bulk density, ρth is the theoretical density, RD stands for 
the relative density, P stands for the porosity, and WA stands for the 
water absorption. 

 Results and discussion 3.

After removing the sintered samples from the graphite die, grinding 
operation was used to remove the graphite foils attached to the 
specimens. Images of the sintered samples are presented in Fig. 3. The 
appearance of all five samples is without macroscopic defects or voids. 
Fig. 4 shows the displacement-time-temperature (DTT) diagrams for all 
five composites made by the spark plasma sintering method, which 
display the temperature changes as well as the amount of shrinkage in 
the samples over time. 
As can be seen in Fig. 4, in the temperature variation curves, two 
changes can be detected in the diagrams. The first change is seen at the 
temperature of about 400 °C, 16 minutes after the start of the heating 
process, which can be due to the melting of aluminum at the beginning 
of the process. It should be noted that the melting temperature of 
aluminum is 660 °C but the temperature specified in the diagram, 
recorded by the thermocouple (an infrared sensor) located outside of 
the die, is different from the actual temperature inside the die and 
between the powder particles. Due to instantaneous plasma sparks, the 
local temperature between the particles in SPS method is much higher 
than the temperature measured by the thermocouple [34, 35]. At        
400 °C, the temperature rise slope suddenly increases to the final 
temperature of 900 °C. The reason for this phenomenon is directly 
related to the beginning of the formation reaction of TiAl matrix, which 
is extremely exothermic. In addition, another exothermic reaction 
occurs simultaneously between the matrix phase and the lateral phase 
of TiC formed as a byproduct during the synthesis of Ti3AlC2. Such 
reaction leads to the production of Ti2AlC MAX phase. The formation 
of this compound is also exothermic, which results in a sharp rise in 
temperature after 400 °C.  
Regarding the shrinkage of the specimens, as can be seen, the amount 
of shrinkage increases with a gentle slope up to 16 min and the 
specimen shrinks by about 1 mm. The aluminum then melts and the 
sample shrinks by another 3 mm. Subsequently, no compaction is seen 
in the samples until after about 35 min, the contraction suddenly 
increases from 4.5 to 5 mm, which is a sudden increase in the 
contraction curve due to the sintering progression and the simultaneous 
application of the final pressure. Finally, another compaction of about 
0.5 mm occurs so that the total shrinkage of the samples reaches about 
5.5 to 6 mm.  
Derivatives of DTT diagrams were used to accurately determine the 
temperature and time of synthesis and to interpret the sintering process 
more precisely. Thus, the graphs of displacement rate as a function of 
temperature (Fig. 5) and displacement rate as a function of time (Fig. 6) 
for five TiAl–Ti3AlC2 composites were also drawn.  

Powder Particle size (μm) Purity (%) Supplier 

Ti < 40 99.5 Alfa Aesar 

Al < 60 99.0 Fluka 

Graphite < 50 99.5 Merck 

Fig. 3. Five spark plasma sintered TiAl-based samples with different amounts of Ti3AlC2 additives. 
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A sharp peak and a few slight peaks are shown in all displacement rate 
vs. temperature graphs shown in Fig. 5. The main peak, which is larger 
and more distinct, occurs at a temperature of about 400 °C, which may 
be related to the melting of aluminum. This phenomenon drastically 
changes the amount of mandrel displacement and appears in the chart 

as a sharp peak. At temperatures between 400 and 700 °C, no specific 
peak is observed, which is probably related to the reactions of TiAl 
matrix formation and synthesis of Ti2AlC due to the reaction between 
the TiAl matrix with TiC phase alongside main Ti3AlC2 additive. The 
slight peak that occurs at a temperature of about  700 °C  is  due  to  the  

Fig. 4. Displacement-time-temperature variations during the SPS of TiAl–Ti3AlC2 composites. 
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Table 2. Bulk density, apparent porosity, and water absorption of the 
SPSed TiAl–Ti3AlC2 samples. 

application of final pressure at this temperature, which leads to the 
displacement of the mandrels and greater compaction of the samples, 
and helps the part to approach near full density.  
In the displacement rate diagram as a function of time (Fig. 6), two 
sharp peaks and a few initial slight peaks can be identified. The initial 
weak peaks, which appear in about 4 and 10 minutes, are related to the 
rearrangement of the powder particles due to the initial applied 
pressure. The first sharp peak, seen between 15 and 20 minutes, is due 
to the melting process of aluminum. There is no specific peak in the 
curves between 22 and 32 minutes, which is probably related to the 
dissolution of titanium particles in molten aluminum and the formation 
of the TiAl matrix. Also, a reaction between TiC (byproduct of the as-
synthesized Ti3AlC2 additive) and the in-situ synthesized TiAl matrix 
occurs and the Ti2AlC MAX phase is formed. Finally, another sharp 
peak is seen before the 35th min, which is related to the final applied 
pressure and leads to the densification of the parts.  
The results of measurements and calculations of bulk density, apparent 
porosity and water absorption of all five sintered TiAl–Ti3AlC2 
composite samples are reported in Table 2. Fig. 7 also shows the 

relative density variations as a function of the amount of Ti3AlC2 MAX 
phase additive. According to the values obtained from the relative 
density calculations, it is clear that the best results are related to the 
samples containing 20 and 25 wt% additives. The worst result is for the 
sample reinforced with 30 wt% of Ti3AlC2 additive. As presented in 
Table 2, the addition of Ti3AlC2 (to 25 wt%) reduces the apparent 
porosity because the MAX phase, as a sintering aid, helps to improve 
the densification of the material. Higher amounts of Ti3AlC2 appear to 
have the negative effect via increasing the amount of apparent porosity, 
which leads to a decrease in relative density, perhaps due to 
agglomeration of the MAX phase particles.  

Sample 
no. 

Ti3AlC2 
content 
(wt%) 

Bulk 
density 
(g/cm3) 

Apparent 
porosity 

(%) 

Water 
absorption 

(%) 

1 10 3.72 ± 0.02 4.59 1.2 

2 15 3.72 ± 0.01 4.14 1.1 

3 20 3.73 ± 0.01 4.07 1.1 

4 25 3.74 ± 0.06 4.03 1.1 

5 30 3.65 ± 0.02 5.07 1.3 

Fig. 6. Displacement rate as a function of time for A: TiAl–10 wt% 
Ti3AlC2, B: TiAl–15 wt% Ti3AlC2, C: TiAl–20 wt% Ti3AlC2, D: 
TiAl–25 wt% Ti3AlC2, and E: TiAl–30 wt% Ti3AlC2 composites. 

Fig. 5. Displacement rate as a function of temperature for A: TiAl–10 
wt% Ti3AlC2, B: TiAl–15 wt% Ti3AlC2, C: TiAl–20 wt% Ti3AlC2, D: 

TiAl–25 wt% Ti3AlC2, and E: TiAl–30 wt% Ti3AlC2 composites. 
Fig. 7. Relative density of the as-sintered TiAl-based composites as a 

function of amount of Ti3AlC2 additive. 
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 Conclusions 4.

Role of various amounts of Ti3AlC2 MAX additive (10, 15, 20, 25 and 
30 wt%) on the spark plasma sinterability of TiAl matrix composites 
was investigated. Sintering by SPS route was performed in vacuum 
atmosphere at 900 °C for 7 min under 40 MPa using the ball-milled 
metallic Ti and Al particulates with the self-synthesized Ti3AlC2 MAX 
phase. Displacement-time-temperature variations in the heating and 
sintering steps, as well as displacement rates versus temperature and 
time were plotted. Two remarkable changes were observed in the 
diagrams: (1) due to the melting of Al after ~16 min, and (2) because of 
the final applied load and the sintering progression after ~35 min. 
Densification progression in terms of the bulk density, the relative 
density, the apparent porosity, and the water absorption were studied 
and compared. The highest relative density was achieved by the 
addition of 20 or 25 wt% Ti3AlC2.  
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