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Abstract: The interfacial reaction behavior of Al and Ti3AlC2 at different pouring temperatures and its effect on the 
microstructure and mechanical properties of the composites were investigated. The results show that the addition of 
3.0 wt.% Ti3AlC2 refines the average grain size of α(Al) in the composite by 50.1% compared to Al6061 alloy. 
Morphological analyses indicate that an in-situ Al3Ti transition layer of ~180 nm in thickness is generated around the 
edge of Ti3AlC2 at 720 °C, forming a well-bonded Al−Al3Ti interface. At this processing temperature, the ultimate 
tensile strength of Al6061−3.0 wt.%Ti3AlC2 composite is 199.2 MPa, an improvement of 41.5% over the Al6061 matrix. 
Mechanism analyses further elucidate that 720 °C is favourable for forming the nano-sized transition layer at the 
Ti3AlC2 edges. And, the thermal mismatch strengthening plays a dominant role in this state, with a strengthening 
contribution of about 74.8%. 
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1 Introduction 
 

Al6061 alloy is one of the heat treatable 
wrought aluminum alloys, which is widely used for 
various brackets, heat exchangers and structural 
components owing to its excellent plasticity, 
weldability and corrosion resistance [1]. However, 
Al6061 alloy does not have sufficient strength and 
significant wear resistance, thus limiting its 
engineering applications especially in high load or 
high temperature environments. To date, some 
traditional ceramics, such as Al2O3 [2], SiC [3], and 
B4C [4] are widely used as reinforcements for 
aluminum matrix composites (AMCs) due to their 
high strength and hardness. Unfortunately, these 
non-deformable ceramic reinforcements are brittle, 
predisposing to low plasticity and early failure of 
the composites. As a class of kinking nonlinear 

elastic reinforcements, MAX phases have attracted 
widespread attention since their first launch. The 
unique nano-layered crystal structure endows the 
MAX phases with excellent ceramic-like and metal- 
like properties, such as high elastic modulus, easy 
machinability and good thermal conductivity [5]. 
Hence, the MAX phases are considered to be ideal 
reinforcements for optimising the microstructure 
and mechanical properties of different metal 
matrices. 

Titanium aluminum carbide (Ti3AlC2) is one of 
the typical representatives of the MAX phases, with 
the optimum oxidation resistance and processability 
among the MAX phases reported so far [6]. 
However, studies on this phase reinforced AMCs 
are very limited, probably due to the poor 
wettability of Ti3AlC2 with the molten metal. In 
recent years, attempts devoted to the preparation of 
Al−Ti3AlC2 composites by casting process are also  
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emerging. ZHAI et al [7] investigated the influence 
of Ti3AlC2 contents on the tribological behaviors of 
the composites produced by agitation casting at 
750 °C. The results indicated that the porosity of the 
composites increases with increasing reinforcement 
content, which may be caused by the weak bonding 
interface between Ti3AlC2 and the Al matrix. In 
addition, it is easy to find that the content of 
Ti3AlC2 in Al−Ti3AlC2 composites prepared by 
powder metallurgy process is 10.0−35.0 wt.% [8,9], 
which is much more than the casting process 
(<5.0 wt.%). However, the porosity of the 
composites increases with increasing reinforcement 
content due to the mechanical infiltration between 
the reinforcement and the Al matrix, rather than 
ionic adsorption or interfacial reactions. Therefore, 
electroless coating has been used to enhance the 
interfacial bonding strength between the Ti3AlC2 
and the matrix. But, it will inevitably lead to a 
complicated preparation process. 

Amazingly, the structure of Ti3AlC2 is typified 
by strong covalent Ti—C bonds intercalated with Al 
layers via weaker Ti—Al bonds, which spawned an 
innovative idea for the preparation of in-situ AMCs. 
WANG et al [9] prepared Ti3AlC2−Al3Ti aluminium 
composites using hot-press sintering at 780 °C. 
Their findings revealed that the Ti atoms around the 
edges of Ti3AlC2 would diffuse into Al matrix and 
then react with Al atoms to form in-situ Al3Ti, 
which is tightly combined with Al, thus 
strengthening the interface. WANG et al [10] 
researched the ductility of Ti3AlC2/Al composites 
prepared with spark plasma sintering. Their finding 
indicated that the Al3Ti whiskers, which can 
improve the interfacial bonding strength, are 
formed on the surface of Ti3AlC2 phases when the 
sintering temperature ≥620 °C. Moreover, it has 
been shown that Al3Ti has a good lattice match with 
Al and may act as a non-homogeneous nucleation 
site during solidification of molten Al, thus 
improving the interfacial bonding with the Al 
matrix [11]. These studies are good inspirations for 
inducing the in-situ Al3Ti generated on the surface 
of the Ti3AlC2 phases by properly controlling the 
reaction temperature, which in turn promotes the 
synergistic reinforcement of Ti3AlC2−Al3Ti to 
AMCs. However, the reaction temperature for 
generating optimum Al3Ti grain size and content 
requires precise control. Also, this concept has 
rarely been investigated in the casting process, even 

though the process is a relatively low cost and easy 
industrial production method for manufacturing 
complex structural parts. Therefore, it is meaningful 
and challenging to investigate the interfacial 
strengthening of Ti3AlC2 in molten AMCs. 

In this study, the Al6061−Ti3AlC2 composites 
were fabricated by ultrasonic-assisted casting. The 
effects of different Ti3AlC2 contents on the 
micromorphology of Al6061 composites were 
studied. Based on this, the interfacial reaction of Al 
and Ti3AlC2 at different pouring temperatures and 
its effect on the mechanical properties of the 
Al6061 composites were investigated. Finally, the 
reaction and strengthening mechanisms of Ti3AlC2 
on Al6061 composites were discussed as well. 
 
2 Experimental 
 
2.1 Materials 

Commercially available Al6061 alloy was 
selected as the matrix. Table 1 shows the chemical 
composition of the matrix measured by an optical 
emission spectrometer (OES). Ti3AlC2 particles 
were used as the reinforcement, and the synthesis 
process was referred to the previous study [12]. 
Firstly, the Ti, Al, C and Sn powders with a molar 
ratio of 3꞉1꞉1.8꞉0.2 were well-dispersed by magnetic 
stirring for 1 h in ethanol solution and then drying 
at 75 °C under 1 kPa. After that, the proportioned 
powders were mixed by ball milling for 3 h at 
300 r/min. The well-mixed powders were cold- 
pressed into a d40 mm compact under 105 MPa, 
and then put into a vacuum tube furnace with a 
ceramic boat for calcining at 1400 °C under a 
5 mPa vacuum, with a holding time of 20 min. The 
prepared Ti3AlC2 compact was finally ground and 
sifted through a 500 mesh sieve to get the fine 
particles. Figure 1 illustrates the specific fabrication 
process of this experiment. 
 
Table 1 Chemical composition of Al6061 alloy (wt.%) 

Mg Si Fe Cu Cr Mn Zn Ti Al 

0.99 0.55 0.33 0.20 0.12 0.10 0.08 0.03 Bal. 
 
2.2 Fabrication of Al6061−Ti3AlC2 composites 

Referring to the findings of ZHAI et al [7] and 
YU et al [13], the addition of Ti3AlC2 was set as 2.0, 
3.0 and 4.0 wt.% in this experiment, respectively. 
Hereafter, AT2.0, AT3.0 and AT4.0 were used as  
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Fig. 1 Schematic diagram of fabrication process of Al6061−Ti3AlC2 composites 
 
the designations of the composites. The Al6061 
alloy was heated to 750 °C in a resistance furnace 
until complete melting, and then held for 20 min. 
Thereafter, the melt temperature was cooled to 700, 
720 and 740 °C, respectively, and then a specific 
amount of Ti3AlC2 particles were successively 
added into the Al6061 melt. To disperse the Ti3AlC2 
particles uniformly in the melt, high-intensity 
sonication was performed at 2.8 kW ultrasonic 
power for 10 min. Also, an argon atmosphere was 
employed to prevent the oxidation of Ti3AlC2 particles 
and molten Al during the process. Subsequently, the 
melt was poured into a preheated steel die (~200 °C) 
with dimensions of d10 mm × 150 mm, and then 
air-cooled to produce the designed composites. 
 
2.3 Characterization 

The phase transitions of the raw materials and 
the prepared composites were identified by an 
X-ray diffraction (XRD, Rigaku, Japan). The 
specimens of different Al6061−Ti3AlC2 composites 
were polished by Al2O3 suspension with a particle 
size of 0.5 μm, and then etched with a 0.5 vol.% 
hydrofluoric acid solution. The microstructure, 
phase composition and fracture morphology were 
examined by a scanning electron microscope 
equipped with an energy-dispersive spectrometer 
(SEM, Tescan-Vega3, China). The micro-interface 

structure between Al and Ti3AlC2 was observed  
by a transmission electron microscope (TEM, 
JEM−2100F, Japan). 
 
2.4 Evaluation of mechanical properties 

Mechanical properties of the Al6061 and the 
prepared composites were evaluated for Vickers 
hardness and tensile strength. The Vickers hardness 
was measured with a micro-hardness tester 
(HVX−1000A, China) at a load of 1.96 N with a 
holding time of 15 s. Seven random measurements 
were taken on each sample to ensure confidence in 
the data. In addition, the hardness (HV) of the 
composites was calibrated by the ratio of the load F 
(N) to the area S (mm2) in contact between the 
indenter and the material. The equation is shown as 
Eq. (1) [14], where D (mm) is the average size of 
the measured diagonal of the indentation. 
 
HV=F/S≈0.1891F/D2                                 (1) 
 

The room temperature tensile tests were 
performed on a universal testing machine (UTM5105, 
China) at a strain rate of 0.5 mm/min. The casting 
specimens were machined into tensile test bars of 
d6 mm and 60 mm in gauge length. Five test bars 
were randomly selected for each sample, and 
average test was taken to support the performance 
calibration. 
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3 Results and discussion 
 
3.1 Phase analyses and microstructures 
3.1.1 Phase analyses of Ti3AlC2 and composites 

Figure 2 shows the secondary electron SEM 
image and the XRD pattern of the Ti3AlC2 particles. 
These particles are irregularly shaped with an 
average size of 6.24 µm and an aspect ratio of 1.86, 
as well as the typical three-dimensional layered 
morphology of Ti3AlC2 can be clearly observed in 
the upper right corner of Fig. 2(a). XRD analysis 
shows that the diffraction peaks index mainly to the 
Ti3AlC2 phases (JCPDS No. 52-0875), and only 
faint TiC crystalline impurity peaks are detected,  
as shown in Fig. 2(b). This suggests that the 
composition of Ti3AlC2 prepared under this 
experimental conditions can be guaranteed. 

Figure 3(a) depicts the XRD patterns of 
Al6061−Ti3AlC2 composites poured at 740 °C. It 
can be noted that these composites consist mainly 

of four phases: Al, Al8Fe2Si, Mg2Si, and Ti3AlC2, 
which is consistent with previous studies [15]. In 
addition, the XRD patterns show weaker Al3Ti 
diffraction peaks when the addition content is 
greater than 3.0 wt.%. This indicates that Ti3AlC2 is 
effectively compounded into the matrix under 
experimental conditions and reacts with Al to form 
in-situ Al3Ti. Figure 3(b) shows the XRD patterns 
of AT3.0 composites poured at 700, 720 and 740 °C. 
Only diffraction peaks of the added Ti3AlC2 phases 
are detected at pouring temperatures of 700 and 
720 °C, except for the Al6061 alloy composition. 
As the temperature increases to 740 °C, weak Al3Ti 
peaks can be observed in the XRD pattern. It is 
worth stating that this differs from the findings of 
WANG et al [9], where no Al4C3 is detected in the 
present study. We speculate that this is related to the 
poor or even absence of reaction between Ti3AlC2 
and Al at lower temperatures, and to the fact    
that the content of Al4C3 generated by this reaction 
is much lower, so that it cannot be detected in XRD. 

 

 
Fig. 2 SEM image (a) and XRD pattern (b) of Ti3AlC2 particles 
 

 
Fig. 3 XRD patterns of Al6061−Ti3AlC2 composites poured at 740 °C (a) and AT3.0 composite poured at different 
temperatures (b) 
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With the above XRD results, we can tentatively 
assume that as the temperature increases, more 
Ti3AlC2 reacts with Al and eventually produces 
more in-situ Al3Ti. Therefore, it is conceivable to 
control the interfacial reaction behavior between Al 
and Ti3AlC2 via adjusting the pouring temperature. 

3.1.2 Microstructures of Al6061−Ti3AlC2 composites 
Figure 4 illustrates the back-scatter SEM 

images of Al6061 and the Al6061−Ti3AlC2 

composites at pouring temperature of 740 °C. As 
shown in Fig. 4(a), the as-cast Al6061 mainly 
consists of coarse primary α(Al) grains, and the 

 

 
Fig. 4 SEM images of samples at pouring temperature of 740 °C: (a) AT0; (b) AT2.0; (c) AT3.0; (d) AT4.0; (e−h) EDS 
results of Spectra 1, 2, 3 and 4, respectively; (i−l) Grain size distribution of (a−d), respectively 
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second phases are distributed in a non-continuous 
network along the grain boundaries. The EDS 
results of Spectra 1 and 2 are shown in Figs. 4(e) 
and (f) and are presumed to be Al8Fe2Si and  
Mg2Si according to their atomic ratios [15,16]. 
Figures 4(b−d) clearly show that the glossy white 
particles are uniformly distributed in the matrix, 
with a few light grey rods scattered nearby, as 
marked by the green and red arrows, respectively. 
EDS analyses (Figs. 4(g) and (h)) confirm that the 
atomic ratios of the two mentioned substances are 
similar to those of Ti3AlC2 and Al3Ti phases [9,10], 
respectively. This indicates that when the pouring 
temperature increases to 740 °C, the Ti element in 
Ti3AlC2 readily reacts with the Al element in the 
matrix to form in-situ Al3Ti. Moreover, the average 
grain size of Al6061 matrix is 43.8 μm as measured 
by Image J analysis software. As the Ti3AlC2 
content increases from 2.0 wt.% to 3.0 wt.%, and 
then to 4.0 wt.%, the size of primary α(Al) refines 
significantly, with reduction of 31.2%, 50.1% and 
40.9%, respectively (Figs. 4(i−l)). This may be due 
to the uniformly dispersed Ti3AlC2 particles and the 
lattice coherency between Al and in-situ Al3Ti, 
which acts as a good heterogeneous nucleation, and 
thus effectively inhibits the growth of α(Al) grains. 
In addition, a partial agglomeration of Ti3AlC2 is 
present in Fig. 4(d), and more rod-like Al3Ti phases 
are observed compared with Figs. 4(b) and (c). 
Therefore, considering the refining effect of α(Al) 
grains and the dispersion of Ti3AlC2, we presume 
an optimal addition of 3.0 wt.%. 

To further compare the reaction degree 
between Ti3AlC2 and Al at different pouring 

temperatures, SEM morphologies of AT3.0 
composites at 700, 720 and 740 °C are observed, as 
shown in Fig. 5. The Ti3AlC2 particles tend to 
distribute around the α(Al) grain boundaries. In 
Fig. 5(a), no visible light gray phase is observed 
along the edges of the Ti3AlC2 particles, suggesting 
that the interfacial reaction may not occur at 700 °C. 
In Fig. 5(b), a faint nascent light gray phase can be 
observed along the edges of a few Ti3AlC2 particles, 
which could be the Al3Ti detected in Fig. 4. In 
contrast, the average length of in-situ Al3Ti reaches 
7.6 µm and its content increases significantly when 
the pouring temperature is increased to 740 °C 
(Fig. 5(c)). The average volumes of Ti3AlC2 and 
Al3Ti are calculated by distinguishing the 
contrasting difference of the various phases in 
Figs. 5(a−c) using a software of Image-Pro Plus. 
The results show that the volumes of Ti3AlC2 are 
2.4%, 2.2% and 1.7%, and the volumes of Al3Ti are 
0, 0.4% and 1.0% at temperatures of 700, 720 and 
740 °C, respectively. 

Figure 5(d) shows the EDS mapping results 
corresponding to Fig. 5(c). From the elemental 
distribution of Al, Ti and C in the region where the 
reinforcement phases are located, the distribution 
areas of Ti and Al elements are larger than that of C 
element, which may be due to the formation of an 
in-situ Al3Ti layer at the outer edge of Ti3AlC2 
particles during the reaction. This phenomenon    
of in-situ Al3Ti generated at the boundary of 
Ti3AlC2 particles is consistent with the previous 
findings [10]. It is noteworthy that the rod-like  
gray phases can be observed from Fig. 5(c) and   
its mapping results, which is consistent with the 

 

 
Fig. 5 SEM images of AT3.0 composites at various pouring temperatures: (a) 700 °C; (b) 720 °C; (c) 740 °C; (d) EDS 
mappings of (c) 
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observation in Fig. 4. This may be due to the fact 
that Al atoms preferentially react with Ti atoms 
along the edge of Ti3AlC2, which has a smaller 
distribution than Al atoms. Therefore, Al3Ti 
generated by the reaction is more inclined to grow 
in strips along the edge of Ti3AlC2 particles. 

Figure 6 shows SEM images and line scan 
results of the composites fabricated at 740 °C. It 
can be observed that the intensity fluctuations of the 
Al, Ti and C elements are across the interface. In 
the glossy white areas, the intensity of Ti is stronger 
than that of Al, and the peak intensity of C is also 
stronger. In the light grey area, the intensity of the 
 

 
Fig. 6 SEM images of AT3.0-740 °C composite (a, b), 
and elemental line scan results (c) marked in (b) 

peaks for the elements Al and Ti are opposite, and 
the C peak is weaker. As a result, it can be further 
speculated that the reaction at the interface between 
the reinforcements and the 6061 matrix produces 
the in-situ Al3Ti measured in Fig. 4. 

Figure 7 shows TEM images of AT3.0-720 °C 
composite. As shown in Fig. 7(a), a colour 
difference nascent phase is distributed at the 
Al−Ti3AlC2 interface, with a layer thickness of 
~180 nm. Figure 7(c) shows the EDS results of the 
selected areas 1 and 2 in Fig. 7(a), it can be 
tentatively identified that the reaction layer is 
composed of in-situ Al3Ti. In addition, the EDS 
mappings of Al, Ti and C of Fig. 7(a) are shown in 
Fig. 7(d), indicating that there is no enrichment of 
elemental C in the nascent phase at the Ti3AlC2 
edges. Figure 7(b) illustrates the HRTEM 
morphology and selective area electron diffraction 
(SAED) patterns of the Zones A and C. The lattice 
spacings of Zone A are 0.2732 and 0.4297 nm, 
respectively, which could originate from the (110) 
and (002) facets of Al3Ti with a crystal axis of 
[110] . Similarly, the lattice spacings of the two 
crystal facets in the Zone C are 0.2340 and 
0.2341 nm, identical to the (111)  and (111) 
crystal facets of Al and align along the Al[01 1]  
crystal axis. Therefore, combining the EDS 
analyses and SAED patterns, it can be further 
identified that nano-sized Al3Ti is generated around 
the edges of Ti3AlC2, and the corresponding 
reactive transition layer is the Al−Al3Ti interface. 

In addition, a mutually embedded and clean 
Al−Al3Ti interface is clearly observed in Fig. 7(b), 
indicating the presence of a strong interfacial 
bonding. Moreover, the blue box on the left of 
Fig. 7(b) shows the inverse fast Fourier transform 
(IFFT) image corresponding to the interface zone  
B, revealing the presence of a large number of 
dislocation tangles near the interface layer (marked 
as “T”). This may be due to the good lattice match 
between nano-sized Al3Ti and Al [11]. On the one 
hand, it promotes bridging between Al and Ti3AlC2, 
and induces load transfer from Al3Ti to Ti3AlC2 
through the Al−Al3Ti interface. On the other   
hand, it also effectively accumulates interfacial 
dislocations and relieves stress concentration. 

Based on the above analyses, it can be  
noticed that when the pouring temperature is lower 
than 700 °C, no visible interfacial reaction occurs 



Zhi-bin LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2756−2771 2763 

 

 
Fig. 7 (a) TEM image; (b) HRTEM morphology; (c) EDS results of Areas 1 and 2 in (a); (d) EDS mappings of Al, Ti 
and C for (a) 
 
between Al and Ti3AlC2. As the temperature 
increases to 720 °C, the interfacial reaction induces 
and generates in-situ Al3Ti. Thereafter, the grain 
size and content of Al3Ti increase as the 
temperature continues to increase. Besides, it is 
demonstrated that the following interfacial reaction 
between Al and Ti3AlC2 exists during hot-press 
sintering at 780 °C [9]. 
 
3Ti3AlC2+32Al→2Al4C3+9Al3Ti             (2) 
 

With the beginning of the reaction, Al atoms in 
the matrix react with Ti atoms in the reinforcement 
to form the in-situ Al3Ti, consuming part of the Ti 
atoms in Ti3AlC2, but its original crystal structure 
remains unchanged. As the temperature increases, 
the reaction between Al and Ti3AlC2 intensifies  
due to the increase in thermal energy, and part of 
the Ti3AlC2 reacts completely with Al. However, 
comparing with results obtained by WANG et al [9] 
at 780 °C sintering, the present study is able to 
produce Al3Ti with an average grain size below 
180 nm at 720 °C, which is mainly linked to    
the two potential factors. On the one hand, the 

liquid α(Al) surrounds Ti3AlC2 particles at high 
temperature, providing a path for the diffusion of Al 
atoms [17]. On the other hand, the transient and 
local high temperature and pressure triggered by the 
acoustic cavitation of high-energy ultrasound 
promote the wetting between the reinforcement and 
the matrix, and lower the interfacial reaction 
temperature [18]. However, as the temperature is 
increased to 740 °C, a rapid increase in Al3Ti 
content can be observed in the microstructure and 
the particle dimension reaches the micron-level 
(Fig. 5(c)). Therefore, we believe that the strong 
interfacial bonding is formed between Al3Ti and Al 
when the pouring temperature reaches 720 °C. It 
plays a role in promoting the load transfer to 
Ti3AlC2 particles as well as interfacial strengthening, 
which is beneficial to the mechanical properties of 
the composite. Yet, as the temperature continues to 
rise, the coarser Al3Ti significantly changes the 
stress distribution in the interfacial region, resulting 
in more stress transfer to the harder Al3Ti and 
cracking in the near-interface region, which may 
weaken the mechanical properties of composite. 
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3.2 Mechanical properties 
Figure 8 shows the Vickers hardness and 

tensile properties of the AT3.0 composite prepared 
at different pouring temperatures. Figure 8(a) 
reveals that the hardness of the composites 
generally shows an increasing trend with the 
increase of pouring temperature. AT3.0-740 °C 
composite has the maximum hardness of HV 73.8, 
an increase of 22.0% compared with AT3.0-700 °C 
composite. On the one hand, as the pouring 
temperature rises, the internal pore defects of the 
composites are reduced and the reinforcements are 
uniformly dispersed in the microstructure, further 
restraining the local matrix deformation and 
promoting more load transfer to the harder 
reinforcements [19]. On the other hand, the increase 
in pouring temperature accelerates the interfacial 
reaction between Al and Ti3AlC2, leading to an 
increase in the production of in-situ Al3Ti. Herein, 
the hardness of Al3Ti (6.0 GPa) [6] is greater than 
that of Ti3AlC2 (2.7 GPa) [20], so the hardness of 
the composite increases with the increase in pouring 
temperature. 

The engineering tensile stress−strain curves of 
AT3.0 composites at different pouring temperatures 
are plotted in Fig. 8(b). Table 2 presents the results  

of Vickers hardness, elastic modulus, yield  
strength (YS), ultimate tensile strength (UTS) and 
elongation of each AT3.0 composite. The variation 
of tensile mechanical properties with temperature is 
also drawn in Figs. 8(c, d) to better understand the 
role of pouring temperature. It can be seen from  
Fig. 8(c) that the elastic modulus shows a tendency 
of increasing and then decreasing with the increase 
of pouring temperature, and the elastic modulus 
reaches a maximum of 75.6 GPa at 720 °C. In this 
study, the Ti3AlC2 particles are completely 
surrounded by the Al6061 melt, which lends itself 
to the Hashin−Shtrikman lower limit model (H−S 
lower model) to describe the theoretical elastic 
modulus of the composite [13,21].  

m m r r
c m

r m m r

( 1)
( 1)

E V E VE E
E V E V

+ +
= ×

+ +
                 (3) 

 
where Ec denotes the elastic modulus of composite, 
Em, Er, Vm and Vr represent the elastic moduli   
and volume fractions of Al6061 and Ti3AlC2, 
respectively, given the Er of Ti3AlC2 is 297 GPa [6]. 
The red dashed line in Fig. 8(c) indicates the 
theoretical result of the H−S lower model 
(71.5 GPa), which is very close to the experimental 
value of AT3.0-700 °C. At 700 °C, the interface 

 

 

Fig. 8 (a) Vickers hardness; (b) Engineering tensile stress−strain curves of AT3.0 composites; (c) Elastic moduli 
variation curves; (d) Variation of YS, UTS and elongation 
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Table 2 Numerical results of Vickers hardness and tensile properties of each experimental material 

Material Vickers hardness (HV) Modulus/GPa Yield strength/MPa 
Ultimate tensile 
strength/MPa 

Elongation/% 

Al6061-720 °C 51.3±0.3 69.7±0.2 72.5±1.9 140.7±2.3 4.9±0.2 

AT3.0-700 °C 60.5±0.4 72.2±0.4 85.9±2.6 174.4±1.9 3.8±0.2 

AT3.0-720 °C 65.5±0.5 75.6±0.3 94.9±3.5 199.2±2.8 4.5±0.2 

AT3.0-740 °C 73.8±0.5 71.2±0.4 98.6±3.2 204.5±3.3 3.5±0.2 

 
between the reinforcement and the matrix is nearly 
a non-reactive interfacial wetting, with a clean 
interface at this temperature. The matrix stress 
cannot be transferred to the reinforcements 
effectively, so the elastic modulus is relative low. 
With the increase of pouring temperature to 720 °C, 
a moderate interfacial reaction occurs at the 
interface of Al and Ti3AlC2. The fine in-situ Al3Ti 
whiskers bond well with Al, improving the 
efficiency of load transfer at the interface, and the 
elastic modulus is also enhanced. Thereafter, the 
interfacial reaction intensifies and the grain size and 
yield of Al3Ti increase rapidly, which improves the 
chance of interfacial cracks. In addition, Al3Ti has a 
lower elastic modulus (216 GPa) [22] compared 
with Ti3AlC2, so the elastic modulus of AT3.0 
composite decreases instead at this temperature. 

The YS and UTS of AT3.0 composites 
generally show an increasing trend with increasing 
temperature, while the elongation reaches a 
maximum of 4.5% at 720 °C and then decreases 
with increasing temperature (Fig. 8(d)). At 720 °C, 
the YS, UTS and elongation of the composites 
increase by 10.4%, 14.2% and 17.5%, respectively, 
compared to 700 °C. Figure 9 shows the increments 
of UTS and elongation for AT3.0-720 °C and 
compares the strengthening effect of Ti3AlC2 or 
Al3Ti particles on other Al alloys. It can be noted 
that with the addition of the reinforcement, the 
composites exhibit an improvement in strength at 
the expense of plasticity in general. In this work, 
AT3.0-720 °C has a UTS increment of 41.5% and 
elongation of −8.1% compared to Al6061 matrix, 
providing a significant increase in strength with 
only a slight decrease in plasticity. This is probably 
owing to the fact that the reinforcing phases play a 
role in impeding dislocation motion and inhibiting 
grain growth. Moreover, as the temperature 
increases to 720 °C, with a moderate interfacial 
reaction, the nano-sized Al3Ti around the Ti3AlC2 

 
Fig. 9 Comparison of increment of UTS and elongation 
with other investigations 
 
strengthens the bonding with Al matrix. Also, the 
dislocation density increases (Fig. 7(b)), which in 
turn improves the strength of the composite. As the 
temperature is further increased to 740 °C, the 
coarse Al3Ti exerts a stronger hindering effect    
on dislocation motion due to its high hardness,  
and the strength continues to increase. However,  
the plasticity of the composites is somewhat 
compromised due to the further exposure of the 
brittleness of Al3Ti. 

The SEM images of the tensile fracture for 
AT3.0 composites at 700, 720 and 740 °C are 
shown in Fig. 10. At a pouring temperature of 
700 °C, Ti3AlC2 shows obvious cleavage features in 
the lamellar orientation and is characterised by 
interfacial cracks with the Al matrix, indicating a 
weak interfacial bond (Fig. 10(a)). As the pouring 
temperature increases to 720 °C (Fig. 10(b)), no 
cracks are observed at the interface, with well 
bonded interfaces and a significant increase in 
dimple characteristics, reflecting better plasticity 
than that at 700 °C. For the fracture at 740 °C 
(Fig. 10(c)), visible coarse cracks could be observed 
near the rod-like particles, which could be the Al3Ti 
particles detected in Fig. 4(c). 
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3.3 Mechanism  
3.3.1 Interfacial reaction mechanism 

A thermodynamic analysis of the possibility 
that Ti3AlC2 reacts with Al melt to form in-situ 
Al3Ti is carried out. Based on the second law of 
thermodynamics and the solid−liquid phase change 
of the matrix during the interfacial reaction, the 
Gibbs free energy change 

c
( )TGΘ∆  for the reaction 

equation (2) can be expressed as [30]  
c

c 0 0
fusd (Al)

T
T T pT

G H C T HΘ Θ ∗∆ =∆ + ∆ −∆ −∫  

c

0 0

*
fus

c
fus

(Al)( d )
(Al)

T p
T T

C HT S T
T T

Θ ∆ ∆
∆ + −∫         (4) 

 
where T0 is the room temperature, Tc is the pouring 
temperature, Tfus(Al) is the fusion point of Al 
(933 K), ΔHfus(Al) is the melting enthalpy of Al 
(10711 J/mol), pC∗∆  is the the average reaction 
heat capacity of T0 and Tc, and 

0TH Θ∆  and 

0TSΘ∆  are the standard molar enthalpy change, 
standard molar entropy change between products 
and reactants, respectively. Table 3 lists the enthalpy, 
entropy and heat capacity of each phase in the 
reaction system. The calculation shows that 973GΘ∆  
is −266.7 kJ at 700 °C, thus the Ti atoms on the 
surface of Ti3AlC2 may react with Al in the melt. 

To analyse the effect of pouring temperature 
on the reaction rate, the Arrhenius model is used  
to explain the relationship between the atomic 
diffusion coefficient Kr and temperature T in the  

reaction system in terms of the reaction kinetics 
[34].  

r 0 exp( )QK K
RT

= ⋅ −                        (5) 
 
where R is the gas molar constant (8.314 J/(mol·K)), 
K0 is the diffusion constant (1.57×103 m/s), and Q is 
the effective activation energy (195.8 kJ/mol) [35]. 
Hereby, the diffusion coefficient is calculated to be 
4.86×10−8 m/s at 700 °C, increasing by 1.6 and 2.6 
times at 720 and 740 °C respectively. Thus, the 
higher the pouring temperature is, the greater the 
atomic thermal activation energy and the bigger 
inter-diffusion coefficient between Al atoms in the 
melt and Ti atoms in Ti3AlC2 are, which intensifies 
the reaction process and promotes the nucleation 
growth of Al3Ti. The reaction between the Al melt 
and Ti at the edge of Ti3AlC2 is shown in Fig. 11. 
According to the Al−Ti phase diagram, the 
maximum equilibrium concentration of Ti in the  
Al melt is 0.13 at.% at 700 °C [36]. When the Ti 
content exceeds 0.13 at.%, a peritectic reaction 
occurs between Ti and Al. However, the small 
content of Ti3AlC2 added in this experiment and  
the low diffusion coefficient at 700 °C result in a 
weak reaction. As the temperature increases to 
720 °C, the reaction intensifies due to the increase 
in diffusion coefficient and an accompanying 
increase in particle size and content of Al3Ti, which 
in turn forms a nano-sized Al3Ti transition layer 

 

 
Fig. 10 SEM images of tensile fracture for AT3.0 composites at 700 °C (a), 720 °C (b) and 740 °C (c) 
 
Table 3 Enthalpy, entropy, and heat capacity of each phase in interfacial reaction system 

Phase 
Enthalpy (298 K)/ 

(J·mol−1) 
Entropy (298 K)/ 

(J·K−1·mol−1) 
Specific heat capacity 
(298 K)/(J·K−1·mol−1) 

Specific heat capacity 
(973 K)/(J·K−1·mol−1) 

Ref. 

Al 0 28.3 24.3 31.7 [31] 

Ti3AlC2 −427000 101.0 101.4 152.5 [32,33] 

Al3Ti −142256 94.6 98.4 118.8 [31] 

Al4C3 −207275 104.6 116.0 178.2 [31] 

298 413854HΘ∆ =−  J, 298 148.0SΘ∆ =− J/K, 5.25pC∗∆ =− J/K 



Zhi-bin LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2756−2771 2767 

 

 
Fig. 11 Schematic illustration of reaction between Al melt and Ti at edge of Ti3AlC2 

 

around the Ti3AlC2. Thereafter, the diffusion 
coefficient continues to increase with temperature 
and the Al3Ti content and particle size are excessive. 
So, its brittleness adversely affects the performance 
of the composite. Therefore, 720 °C is considered to 
be the optimum interfacial reaction temperature. 
3.3.2 Strengthening mechanism 

The strength of AT3.0 composite achieves a 
large increase and maintains good plasticity at a 
pouring temperature of 720 °C. It is likely that 
Ti3AlC2 and the nano-sized Al3Ti generated at this 
temperature play a synergistic role on the composite 
by grain refinement strengthening (ΔσGR), load 
transfer strengthening (ΔσLT), and thermal mismatch 
strengthening (ΔσCTE). Hereby, model calculations 
are performed to analyse the contribution of 
different strengthening mechanisms on the yield 
strength. 

The uniformly dispersed Ti3AlC2 particles can 
effectively inhibit the growth of α(Al) grains, thus 
improving the mechanical properties of the 
composite. Herein, the Hall−Petch model is usually 
used to calculate the improvement of yield strength 
by grain refinement [37].  

( )1/2 1/2
GR com md dσ λ − −∆ = −                     (6) 

 
where λ is the Hall−Petch constant of 74 MPa·μm1/2 
for Al [38], and dcom and dm are the average    
grain sizes of the composite and Al6061 matrix, 
respectively. 

Both Ti3AlC2 and their surrounding in-situ 
Al3Ti particles can improve the yield strength by 
means of transferring loads. As shown in Figs. 5 
and 7, Al3Ti is mainly dispersed at the edges of 
some Ti3AlC2 particles, and partially scattered in 
the matrix under acoustic cavitation to act as a 

non-homogeneous nucleation core. Hence, the 
increase in yield strength caused by load transfer 
strengthening can be expressed as [39]  
ΔσLT=φVrσm                                             (7) 
 
where φ and Vr refer to the aspect ratio and volume 
fraction of the reinforcement, respectively, and σm 
denotes the yield strength of the Al6061 matrix. 

The difference in thermal expansion 
coefficient (CTE) between the matrix and 
reinforcing phases triggers lattice distortion near the 
interface when the composite is subjected to plastic 
deformation, and then generating a higher 
dislocation density. Moreover, to accommodate the 
difference in CTE, geometric dislocations are 
spontaneously generated around the reinforcing 
phases, thus increasing the flow stress of the matrix. 
Figure 12 shows the dark-field TEM morphology  
of AT3.0-720 °C composite. A large number of 
dislocations are generated around the Ti3AlC2 
particles (Fig. 12(a)), and dislocation accumulation 
around the nascent Al3Ti phases can also be seen in 
Fig. 12(b). The CTE of pure Al (23×10−6 K−1) [40] 
is greater than that of Ti3AlC2 (9.2×10−6 K−1) and 
Al3Ti (15×10−6 K−1) [23], implying that both phases 
play an important role in the thermal mismatch 
strengthening. The strengthening induced by 
thermal mismatch can be calculated by the 
following model [41]: 
 

CTEσ αMb ρ∆ =                           (8) 
 
ρ=12ΔβΔTVr/[bd(1−Vr)]                    (9)  
where α is the constant (~1.25) [41], M is the shear 
modulus of Al6061 (~26 GPa), b is the amplitude of 
Burgers vector of Al (0.286 nm) [42], Δβ is the 
CTE mismatch between Al and reinforcement, ΔT 
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Fig. 12 Dark-field TEM images: (a) Low magnification; 
(b) Enlarged view of green zone in (a); (c) Contribution 
of each strengthening mechanism 
 
is the temperature variation from pouring 
temperature to room temperature, and d is the 
average size of reinforcement. 

In summary, increments are calculated for the 
various strengthening models of the AT3.0-720 °C 
composite. Wherein, the thermal mismatch 
strengthening plays a dominant role with a contribution 
of about 74.8%. Then the second phase strengthening 

follows with a contribution of about 14.5%, and 
thereafter, the grain refinement strengthening with a 
contribution of about 10.7%. The results of the 
contribution rate of each strengthening mechanism 
are presented in Fig. 12(c). 

The effects of the interfacial bonding state 
between the reinforcement phases and the Al matrix 
on the mechanical properties are further explored 
by analyzing the changes in the interfacial reaction 
of Ti3AlC2 at temperatures of 700, 720 and 740 °C, 
as shown in Fig. 13. A weak interfacial bonding can 
be observed in Fig. 13(a) (700 °C), where the 
interface between Ti3AlC2 and Al is clear. When 
subject to external stresses leading to plastic 
deformation, it can only be absorbed by the 
deformation of Ti3AlC2, while excessive stress 
transfer can cause interfacial cracking before its 
deformation (Fig. 13(d)). As the temperature 
increases to 720 °C, the interfacial reaction at the 
edge of Ti3AlC2 particles increases, forming a fine, 
well-bonded transition layer (Fig. 13(b)). At this 
point, the nano-sized in-situ Al3Ti can effectively 
absorb the interfacial stress and promote the 
transfer of stress to Ti3AlC2 sufficiently (Fig. 13(e)), 
thus exhibiting better strength and the highest 
elongation. Subsequently, with the increase of pouring 
temperature, Al atoms rapidly diffuse into Ti3AlC2 
particles and continue to react with Ti atoms, 
resulting in a large number of rod-shaped Al3Ti  

 

 
Fig. 13 SEM morphologies (a−c) and schematics (d−f) of interfacial bonding between Al and Ti3AlC2: (a, d) 700 °C;  
(b, e) 720 °C; (c, f) 740 °C 
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formed and splitting the Al−Ti3AlC2 interface 
(Fig. 13(c)). In this case, more stress is absorbed by 
the harder Al3Ti. However, the brittle nature of 
Al3Ti makes it more likely to be a source of crack 
initiation and induces crack expansion along the 
micron-sized Al3Ti particles (Fig. 13(f)), leading to 
an increase in strength but a significant decrease in 
plasticity. Consequently, excellent comprehensive 
mechanical properties of AT3.0-720 °C composite 
are inextricably linked to the interfacial bonding 
state. 
 
4 Conclusions 
 

(1) At a content of 3.0 wt.% Ti3AlC2, the grain 
size of α(Al) in the Ti3AlC2-Al6061 composite is 
optimal, with a reduction of 50.1% compared with 
Al6061 matrix. 

(2) At 720 °C, a nano-sized Al3Ti transition 
layer is generated around the edge of Ti3AlC2 
particles in AT3.0 composite, forming a well- 
bonded Al−Al3Ti interface, which effectively 
accumulates interfacial dislocations and transfers 
interfacial stresses. 

(3) The UTS of the composites shows an 
overall increasing trend with increasing pouring 
temperature. The UTS of AT3.0-720 °C is increased 
by 41.5% compared with Al6061 matrix, but the 
elongation decreases slightly. 
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Ti3AlC2增强 Al6061 复合材料的显微组织、 
界面反应及力学性能 
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摘  要：研究 Al 和 Ti3AlC2 在不同浇铸温度下的界面反应及其对复合材料显微组织和力学性能的影响。结果表   

明，与 Al6061 基体相比，添加 3.0% (质量分数)Ti3AlC2 可使复合材料中 α(Al)的平均晶粒细化 50.1%。形貌分析表

明，当浇注温度为 720 ℃时，在 Ti3AlC2 边缘生成厚度约为 180 nm 的原位 Al3Ti 过渡层，形成结合良好的 Al−Al3Ti

界面。在此温度下，Al6061−3.0%Ti3AlC2(质量分数)复合材料的极限抗拉强度为 199.2 MPa，比 Al6061 基体提高

41.5%。机理分析进一步阐明，浇注温度为 720 ℃有利于在 Ti3AlC2 边缘生成纳米级过渡层。此状态下，热错配强

化起主导作用，其强化贡献率约为 74.8%。 
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