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In this paper, the 3rd part of a series of publications on the sinterability and characteristics of 
TiAl–Ti3AlC2 composites, the microstructure development during the synthesis and sintering 
processes was studied by scanning electron microscopy (SEM). Chemical evaluation of various 
phases in the developed microstructures was performed using energy-dispersive X-ray 
spectroscopy (EDS) in different ways such as point, line scan and two-dimensional elemental 
map analyses. For this purpose, five samples were fabricated with different percentages of 
Ti3AlC2 MAX phase additive (10, 15, 20, 25, and 30 wt%). Ball-milling and spark plasma 
sintering (SPS: 900 °C/7 min/40 MPa) of as-purchased Al and Ti powders with already-
synthesized Ti3AlC2 additive were selected as composite making methodology. SEM/EDS 
analyses verified the in-situ manufacturing of TiAl/Ti3Al intermetallics as the matrix during the 
SPS process and the presence of Ti3AlC2 as the ex-situ added secondary phase. Moreover, the 
in-situ synthesis of Ti2AlC, another member of MAX phases in Ti-Al-C system, was also 
detected in titanium aluminide grain boundaries and attributed to a chemical reaction between 
TiC (an impurity in the initial Ti3AlC2 additive) and TiAl components. 
© 2022 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Titanium aluminides are subjected to broad research works to mature 
high-temperature industrial applications because of their low density, 
burn and oxidation resistances, good thermal stability, as well as high 
strength and Young modulus [1–4]. Anyway, such intermetallics 
technologically suffer from structural and chemical inhomogeneity, 
manufacturing difficulty, low ductility at ambient temperature and 
creep resistance [5–8]. Therefore, microstructural refining is a trick to 
achieve reproducible and well-balanced mechanical characteristics. For 
this purpose, several solutions have been proposed such as adding grain 
growth inhibitors or processing by additive manufacturing (AM) [9, 
10] or powder metallurgy (PM) [11, 12]  routes.  In  methods  based  on  

 
PM, mechanical milling (MM) or double mechanical milling (DMM) 
of powder mixtures prior to reactive sintering is essential in 
microstructure refining of synthesized titanium aluminide [13–15]. 
Spark plasma sintering process (SPS) can be employed to make TiAl 
materials with refined microstructure [16–19]. The SPS temperature 
controls the microstructure of titanium aluminides, and as the 
temperature increases, the microstructure changes [20–23]. Depending 
on the sintering temperature and the powder composition, various two-
phased (γ+α2), duplex, and lamellar microstructures were obtained by 
SPS of pre-alloyed Ti–47Al–2Cr–2Nb [5], Ti–44Al–2Cr–2Nb–1B [5], 
Ti–48Al–2Cr–2Nb [24], and Ti–46Al–9Nb [25] powders. Similar 
results were observed for the microstructural compliance of pre-alloyed 
Ti–43.9Al–4Nb–0.95Mo–0.1B powders with SPS temperature. Duplex, 
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fully lamellar, and nearly lamellar microstructures were achieved by 
SPS of pre-alloyed Ti–43Al–5Nb–2V–1Y powders as a function of the 
sintering temperature [26]. Anyway, increasing the sintering 
temperature caused noteworthy growth of the TiAl grains, produced by 
SPS of Ti–47Al powders, that resulted in drop in hardness and yield 
strength but slight rise in ductility [27]. Moreover, it was found that 
achieving a nearly lamellar microstructure results in moderate ductility 
at room temperature associated with strong creep resistance [28]. An 
amazing observation was happened during the fabrication of a sample 
using fine TiAl powders with high amounts of Nb additive, in which 
increasing the SPS dwell time resulted in microstructural refinement 
[29].  
In recent years, fabrication of composites that are a combination of 
intermetallics and MAX phases of titanium and aluminum has been 
considered [30]. It should be noted that the MAX phase materials are 
relatively a novel class of ternary layered ceramics with burgeoning 
research potential [31–36]. Mei and Miyamoto [37] sintered TiAl–
Ti2AlC composites by SPS of Al, Ti and TiC powders. They found that 
the amount of TiC in the initial powder mixture has a large effect on 
the microstructure and phase evolution of the sintered composites. 
Chen et al. [38] manufactured TiAl–Ti2AlC composites by hot pressing 
of a mixture Ti, Al and TiC or C, and found that the nature of the 
carbon source has a remarkable influence on the resulting 
microstructures. Yang et al. [39] employed mechanical alloying and 
SPS for synthesis of TiAl–Ti2AlC composites using Ti, Al and carbon 
nanotubes to attain a microstructure including equiaxed TiAl grains and 
interpenetrating networks of Ti2AlC. They reported that with increasing 
the SPS temperature from 950 to 1150 °C, the TiAl grains coarsened 
remarkably, which led to a drop in mechanical properties. Liu et al. 
[40] fabricated TiAl nanocomposites with fully lamellar microstructure 
and uniformly dispersed Ti2AlC precipitates by ball-milling and SPS of 
pre-alloyed Ti−48Al−2Nb−2Cr powder and graphene. They 
systematically discussed the relationship between the attained unique 
microstructure and outstanding oxidation resistance. Wang et al. [41] 
fabricated TiAl–Ti2AlN composites with an innovative network 
structure, i.e., distribution of the in-situ formed Ti2AlN around the fine 
lamellar TiAl matrix, by hot pressing route.  
In the current research work, previously-synthesized Ti3AlC2 additive 
with different amounts (10, 15, 20, 25, and 30 wt%) is added to in-situ 
synthesized TiAl intermetallic. Microstructure development during the 
SPS-manufactured TiAl–Ti3AlC2 composites is reported as the 3rd part 
of a series of papers. The 1st and 2nd parts of this series were published 
recently and devoted to “sintering and densification” (Ref. [42]), and 
“phase evolution” (Ref. [43]), respectively. Mechanical and 
fractographical properties of the samples will be published in the near 
future. 

 Experimental procedure 2.

MAX phase of Ti3AlC2 was already synthesized in our laboratory at   
the Materials and Energy Research Center (MERC) via the self-
propagating high-temperature synthesis (SHS) of the mechanically-
activated elemental powder mixture of Ti, Al, and graphite (see details 
in Ref. [44]). It should be noted that the purity of produced MAX   
phase was 85 wt%, and in other words, 15 wt% TiC impurity was 
synthesized with it. The synthesized material was used in different 
amounts (10, 15, 20, 25, and 30 wt%) as the reinforcement phase in   
the TiAl matrix composites.  

Similar powders of Al and Ti, with equal molar ratios, were also 
employed as raw materials for in-situ manufacturing of TiAl matrix 
through spark plasma sintering process. Before performing the SPS 

a) 

b) 

c) 

d) 

e) 

Fig. 1. SEM images of the polished surfaces of 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. 
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process, Al, Ti and Ti3AlC2 mixtures were mixed by 300 rpm ball-
milling for 60 min. Subsequently, each mixture was separately poured 
into a suitable graphite mold, the prepared mold was placed in the SPS 
furnace (model: 20T-10), an initial vacuum of 12–15 Pa was supplied, 
and a preliminary pressure of ~8 MPa was applied (see details in Ref. 
[42]). Finally, the synthesis and sintering processes were completed 
under 40 MPa load at 900 °C temperature for 7 min soaking time. 
After grinding and cleaning the graphite foils attached to the sintered 
samples, sandpapers and diamond paste were used for final polishing. 
The prepared surfaces were microstructurally investigated by scanning 
electron microscopy (SEM: FEI ESEM Quanta200) and tested for 
chemical analysis (point, line scan and two-dimensional elemental 
map) with energy-dispersive X-ray spectroscopy (EDS: EDAX 
TEAM™). 

 Results and discussion 3.

In this section, the microstructural results of TiAl–Ti3AlC2 composites 
are discussed, which is the 3rd part of a series of papers, two parts of 
which have already been published. In other words, for a more detailed 
study of the densification behavior and measured relative density 
values (reported in the 1st part of this series: Ref. [42]), and the in-situ 
phases formed during the synthesis and sintering processes (published 
as the 2nd part of this series: Ref. [43]), the microstructure development 
of TiAl–Ti3AlC2 composites is examined using SEM/EDS analyses.  
SEM results captured from all five samples are presented in Fig. 1 
(secondary and backscattered electron images on the left and right, 
respectively). In these images, two areas of light gray and dark gray 
can be seen. According to the EDS analysis performed on the samples, 
will be discussed below, it was found that the light gray phases are 
related to MAX phases and the dark gray phases are linked to titanium 
aluminides (TiAl and Ti3Al). Therefore, the developed microstructures 
are consistent with the XRD results. Yeh and Su [45] also detected the 

Ti3Al intermetallic as a major secondary phase together with the TiAl 
due to the Ti–Al reaction during the self-propagating high-temperature 
synthesis (SHS) of elemental powders. Of course, it should be noted 
that light elements such as carbon are not accurately identifiable by 
EDS analysis and there are some errors in the quantitative evaluations. 
However, the results reported in the literature [46, 47] confirm the EDS 
outcomes of this study.  
SEM images with higher magnification along with EDS elemental 
maps taken from two TiAl-based composites with 15 wt% and 25 wt% 
Ti3AlC2 additives are presented in Figs. 2 and 3, respectively. The 
results of these figures also confirm the findings of the XRD analyses, 
as described in Ref. [43], so that TiAl, Ti3Al, Ti3AlC2 and Ti2AlC 
phases are detected in the sintered composites. The results of the 
quantitative analysis reported in Ref. [43] confirmed that although the 

B 

C 

Fig. 2. SEM image of the polished surface and EDS elemental maps of 
TiAl–15 wt% Ti3AlC2 composite. 

Fig. 3. SEM image of the polished surface and EDS elemental maps of 
TiAl–25 wt% Ti3AlC2 composite. 

Fig. 4. EDS analysis taken from the point indicated by “+” in the SEM 
image of Fig. 3. 
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TiAl is the main phase of matrix, significant amounts of Ti3Al also 
appeared during the synthesis of the TiAl. Therefore, the matrix of 
composites prepared by SPS can be considered as a mixture of 
intermetallic compounds of TiAl (dominant phase) and Ti3Al. 
However, in the sample containing 25 wt% Ti3AlC2, due to the more 
contact of the TiAl matrix with the MAX phase additive, the reaction 
of TiC particles (synthesized as impurity along with the Ti3AlC2 
reinforcement) with the matrix phase is more probable. As a result, the 
amount of SPS-induced Ti2AlC phase is higher. Chen et al. [38] found 
that during the hot pressing of Ti/Al/C and Ti/Al/TiC powder mixtures, 
aimed at making TiAl–Ti2AlC composites, titanium reacts with 
aluminum to form TiAl below 900 °C, but above this temperature, TiAl 
reacts with TiC to form fine grain TiAl–Ti2AlC microstructure with 
homogeneous distribution of Ti2AlC MAX phase in TiAl matrix.  
Fig. 4 shows the results of EDS analysis taken from the in-situ 
synthesized Ti2AlC phase at the grain boundaries, indicated by “+” in 
the SEM image of Fig. 3. The measured atomic percentages 
(approximately 50, 30, and 20 at% for the titanium, aluminum and 
carbon, respectively) are compatible with the stoichiometric ratios of 
the elements in the Ti2AlC compound (50, 25, and 25% for the 
titanium, aluminum and carbon, respectively). The reason of the lower 
value measured by EDS analysis for the carbon may be related to the 
light nature of this element.  
The high-magnification SEM image and EDS line scan analysis of the 
polished surface of the composite sample with 20 wt% Ti3AlC2 
additive are shown in Fig. 5. As can be seen, the light Ti3AlC2 MAX 
phases are seen along with the dark titanium aluminide matrix. This 
observation is well consistent with the results obtained from EDS line 
scan profiles. Based on this figure, it is clear that Ti with a green 
profile has a lower concentration in the dark phases than in the light 
ones. This observation is consistent with the assumption that the dark 
and light regions correspond to the titanium aluminide and Ti3AlC2 
phases, respectively, because given the chemical formula of the two 
compounds, it is obvious that the atomic percentage of Ti in the 
Ti3AlC2 MAX phase is three times greater than the atomic percentage 
of Al. However, these two elements have equal atomic percentages in 
the composition of TiAl intermetallic. A similar trend can be seen in 
the red profile of Al, which has an inverse behavior of Ti concentration 
variations.  

The Ti2AlC MAX phase, which is synthesized at the grain boundaries 
of the TiAl matrix, is also seen in this micrograph. Elemental analysis 
of this phase (Ti2AlC), which corresponds to the distance of ~17 μm in 
the horizontal axis of the EDS line scan analysis, indicates that the 
Ti2AlC has more titanium than the TiAl but less titanium than the 
Ti3AlC2. Also, the concentration of aluminum in Ti2AlC is less than 
TiAl phase but higher than Ti3AlC2. Both observations are perfectly 
consistent with the stoichiometric ratios of Al and Ti elements in the 
chemical formulas of these three compounds. Another interesting point 
is that although carbon is a light element and the result of EDS analysis 
is not much reliable, in the purple profile of C, a slight peak is seen at 
the distance of 17 μm. This observation is also in harmony with the 
presence of carbon in the Ti2AlC but its absence in the TiAl.  

 Conclusions  4.

In the 3rd part of a series of publications, devoted to processing-
microstructure-properties correlations in TiAl–Ti3AlC2 composites, the 
microstructural development during the synthesis/sintering of starting 
Ti3AlC2 (10, 15, 20, 25, and 30 wt%) as well as Ti and Al materials 
was investigated. Along with the ex-situ added Ti3AlC2 MAX phase, 
the in-situ formed TiAl/Ti3Al intermetallics and another MAX phase 
(Ti2AlC) were seen in the sintered microstructures created by SPS at 
900 °C. The Ti2AlC was in-situ synthesized through the chemical 
reaction between TiC impurity and part of the TiAl. All of the above-
mentioned observations, revealed by SEM along with EDS via the 
point, line scan and two-dimensional map analyses, were in complete 
agreement with the findings of densification and phase analysis 
performed in the 1st and 2nd parts of this research study.  
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Fig. 5. SEM image of the polished surface and EDS line scan profiles of TiAl–20 wt% Ti3AlC2 composite. 
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