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Abstract: ZA27 alloy-based composites reinforced by 10~40 vol% Ti;AlC, particles were prepared by pressureless sintering

mechanically alloyed powders at 870 °C for 2.5 h. The effects of Ti;AlC, content on hardness, density, stretching and bending

performance were studied. The results demonstrate that a well bonded interface could be obtained by weak reaction occurring at the

interface between Ti;AlC, and ZA27 alloy during sintering process, which is beneficial to the mechanical properties of the

Ti3AIC,/ZA27 composites. An increase in TisAlC; content (up to 30 vol%) leads to enhanced hardness and mechanical strength of

the composites due to dispersion strengthening of nano-sized Ti;AlC; particle. However, with an increase in Ti3AlC, content to 40

vol%, the hardness and strength decrease because of the growing number of pores. Compared the four composites with different
Ti3AlC; contents, the 30Ti3A1C,/ZA27 composite possesses the best properties of 310 MPa for tensile strength, 528 MPa for bending

strength and 1236 MPa for Vickers hardness. Besides the good interfacial bonding, the improved mechanical properties of the

Ti3AlC,/ZA27 composites are also attributed to the fine-grained microstructure and well dispersed reinforcements.
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Since the ZA27 alloy (Zn-27wt% Al) was reported to be
one of the top three in terms of high-performance, high
aluminium zinc casting alloys, it has been widely used in low
speed, high load bearings, and bushing applications'".
However, a main problem, which directly relates to its
applications, is the poor mechanical properties of the alloy at
elevated temperatures above 100 °C™. Ceramic phase
reinforcement appears to be an effective way to improve the
high-temperature properties of ZA-alloys. Researches on
ZA-alloy matrix composites reinforced with different ceramic
particles showed that the composites exhibit high elastic

1 wear strengthls’é], and corrosion resistance!”

modulus®™*
compared with the parent matrix alloy. So preparation of
zinc-base composites with good comprehensive performance
has gained considerable attention.

In recent years, many works were focused on M, 14X,
ceramics (M is a transition metal, 4 is a group IIIA to VIA
element and X is C or N, n = 1~3). It is now well known that,

the 4 atom in MAX phases is weakly bonded to M, whereas
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the covalent M-X bonds are much stronger. Such a
MAX
properties, but also metallic properties. In addition, weakly

bonded A4 atom layers may be out-diffused from the MAX
8-15]

specificity endows phases not only ceramic

phase under certain conditions™ ', As one of the typical
representative of the MAX family, Ti;AlC, phase has caught
our eyes due to its good combination of specially mechanical,
electrical, thermal, and chemical properties'®. Considering
the Al atom broken away from Ti;AlC,, a strong chemical
affinity is expected between Ti;AlC, and molten ZA27, where
Al is one of the alloying elements. Besides, compared with
other reinforcements of Zn-matrix composites (ZMC), as
shown in Table 1" the thermal expansion coefficient of
Ti;AlC, is closer to that of ZA27 than the others. Hence,
Ti;AlC, has a potential to be an ideal enhancement phase of
ZA27 alloy.

Main purpose of this work is to study the effect of the
volume fraction of Ti;AlC, reinforcement on the mechanical
properties of Ti;AlC,/ZA27 composites prepared by pressure-
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Table 1 Thermal expansion coefficients of ZA27 alloy and
reinforcement phases applied in ZMC (X 10
ZA27 Ti;AlIC, Graphite SisNg SiC  TiC  ALO;  Si

25.9 9.0 2.57 211 54 652 6.8 3.0

less sintering a mixture of mechanically alloyed Ti;AIC, and
ZA27 powders. X-ray diffraction, scanning
microscopy and transmission electron microscopy were used

electron

to characterize the phase composition and microstructure of
the Ti3A1C,/ZA27 composites.

1 Experiment

A commercial ZA27 powder (particle size <200 um, Hunan
Luxixian Antai New Materials Company, China) and the
home-made Ti;AlC, powder (purity 98%, average particle size
6.8 um)™" were used as the starting materials. Here, the Ti;AlC,
powder was synthesized by pressureless sintering a mixture of
Ti:Al:1.8TiC:0.2Sn (molar ratio) at 1450 °C with a holding time
of 10 min in Ar atmosphere. The heating rate was 30 °C/min.
The volume ratio of Ti;AlC, to ZA27 was selected as 1:9, 2:8,
3:7 and 4:6. The two powders were mixed using a planetary
mill (QM-3SP4) for 3 h in a steel containers under vacuum with
rotational speed of 300 r/min and ball-to-powder mass ratio of
10:1. The mixed powders were firstly compacted into a
cylindrical green body with 50 mm in diameter and ~8§ mm in
thickness, and then the body was isostatically cold-pressed
(KJYc 200-600/300) with 220 MPa for 2 min. All the four
Ti;AICy/ZA27 composites were pressurelessly sintered at
870 °C for 2.5 h in Ar atmosphere with a heating rate of 30
°C/min.

Phase composition of the four samples were identified by
X-ray diffraction (D8 ADVANCE A25, Bruker, Germany). The
density of the composites was tested by Archimedes method in
distilled water using four parallel specimens. The theoretical
density of the testing composites was determined by the
equation:

p=pxfi+p,x(1- 1) (1)
where p; and p, are the theoretical density of the Ti;AlC, and
ZA27 alloy (5.0 g/em®), respectively, and £ is the volume
fraction of Ti;AlC, particle.

Both the tensile and bending tests were conducted at a
loading speed of 0.3 mm/min at room temperature, and the
average strength values of four specimens were obtained for
each composite. Dimensions of the tensile specimen are shown
in Ref. [21] with a thickness of 2 mm. The flexural strength was
measured with the specimens of 3 mmx4 mmx36 mm using a
three-point bending device (SUNS UMTM4204, China) with a
span size of 30 mm. Hardness of all samples was measured by a
Vickers hardness tester (HVS-1000 Z, China) using a static load
of 20 N and a dwell time of 15 s. The fracture surfaces and
polished surfaces of specimens were observed using a scanning
electron microscope (JSM 6700F, JEOL, TOKYO, JAPAN).
Ti;AlCy/ZA27
characterized by a high resolution transmission electron
microscope (TECNAI F20, FEI, USA) equipped with an energy
dispersive X-ray analysis (EDS) system.

Microstructure  of  the composites  was

2 Results and Discussion

2.1 Morphology of the mechanically alloyed powder

Fig.1 provides the morphologies of raw ZA27 powder and
as-mechanically alloyed (MAed) mixtures of Ti;AlC, and
ZA27 powder with a volume ratio of 3:7. It can be seen
clearly from Fig.1b that the mixture powders agglomerate
together to form larger clusters with different sizes owing to
cold welding effect. Careful observation of an agglomerate
reveals that each cluster consists of much fine particles with
size of about 5 pm (shown in Fig.1c). Compared with the raw
ZA27 powder exhibited in Fig.la, mechanical alloying
technology decreases the particle sizes from ~20 pm to 5 pm.
2.2 XRD analysis of the Ti;AlC,/ZA27 composites

XRD patterns of the four samples are shown in Fig.2.
Besides the main phases of Zn rich phase, Al rich phase and
Ti;AlC,, two new phases of Alyg,Tig36 and TiC were detected
in the composites. However, the contents of the two new
phases are minor according to the result of quantitative
analysis using a Jade software. It can be deduced that a small
amount of Ti;AlIC, decomposed into TiC, Al and Alj¢,Tig 36 at
the sintering temperature of 8§70 °C under an effect of matrix
alloy. The reaction could be expressed as follows'”':
Ti,AlC, —22— Al Ti, ,, +TiC+Al 2

Fig.1 SEM micrographs of raw ZA27 powders (a) and as-MAed mixture of Ti;AlC, and ZA27 powders (b, c)
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Fig.2 XRD patterns of the Ti3;AlC,/ZA27 composites

Here, liquid ZA27 plays a role as catalyst because it could
provide an easy diffusion path for Al atom. Generally, Ti;AlC,
is stable until 1400 °C in vacuum without any liquid metal™.
Decomposition of Ti;AlC,, induced by the de-intercalation of Al
atoms from Ti;AlC,, is promoted by the appearance of liquid

ZA27, and leads to the formation of TiC'*".
2.3 Relative density analysis of the Ti;AlC,/ZA27 composites

Table 2 shows some fundamental physical and mechanical
properties of the Ti;AlC,/ZA27 composites. Relative density
(RD), which represents the defect level of materials, has a
great impact on the mechanical properties of the composites.
Relationship between RD of the composites and content of
Ti;AlC, reinforcement is shown in Fig.3. It is clear that
relative densities of the Ti;AlC,/ZA27 composites show a
monotonic decrease with an increase in Ti;AlC, addition, from
93.1% for 10 vol% Ti;AlC, to 87.7% for 40 vol% Ti;AlC,. It
needs to be noted that the theoretical density of TiC (4.25
g/cm3) and AlggsTig36 (3.55 g/cm3 ) are similar to the density of
Ti;AlC, (4.25 g/cm’). Moreover, the content of the new phases
is very low because of the weak interface reaction, so we
ignores the change of composite theoretical density after
reaction

In accord with the result of RD, morphologies of tensile
fracture surface for the Ti;AlC,/ZA27 composites demonstrate
that the number of pores increase with an increase in Ti;AlIC,
content, as shown in Fig.3. As a whole, the fracture surfaces of

Table 2 Experimental data of Ti;AlC,/ZA27 composites

Sample RD/% UTS/MPa UBS/MPa Elongation/% Hardness/MPa
10Ti;AIC,/ZA27 93.1+£0.4 19011 369+16 0.78 999+78
20TisAlC,/ZA27 91.5+0.3 261+£13 470£14 0.92 1178+100
30Ti;AIC,/ZA27 90.9+0.5 3104 528+6 1.42 1236172
40Ti;AIC,/ZA27 87.7£0.3 239+5 39943 0.94 1224472

*UTS: ultimate tensile strength; UBS: ultimate bending (or flexural) strength

Fig.3 Fractographs of tensile fracture surfaces of the TisAlIC,/ZA27 composites: (a) 10TisAICo/ZA27, (b) 20TisAlCo/ZA27,

(¢) 30Ti3AIC,/ZA27, and (d) 40Ti;AIC,/ZA27
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all composites are smooth, and no obvious dimples can be
found. So a brittle fracture feature of the Ti;AlC,/ZA27
composites is deduced.

2.4 Strength analysis of the Ti;AlC,/ZA27 composites

Fig.4a shows the tensile stress-strain curves of the testing
Ti;AlCy/ZA27 composites containing various Ti;AlC, contents.
Generally, all the four composites have low ductility as shown
in this diagram. Among them, the 30Ti;AlC,/ZA27 has the
highest elongation rate of 1.45%, and the 10Ti;AlC,/ZA27 has
the minimum value of 0.78%. Fig.4b exhibits the average
tensile properties of the Ti;AlC,/ZA27
composites. Within Ti;AlC, volume fraction limits of 10~30
vol%, both the tensile strength and flexural strength of the
composites are gradually improved with an increase in
Ti;AlC, content. But the two kinds of strength drop as the
Ti;AIC, volume fraction reaches to 40 vol%. The
30Ti;AlCy/ZA27 composite possesses the highest tensile
strength of 310 MPa, which is 53% higher than 203 MPa for
ZA27 matrixm], and the highest flexural strength of 528 MPa,
which is 55% higher than 340 MPa for Ti;AIC, *). While the
10Ti;AlC,/ZA27 has the lowest mechanical strength among
the four samples. Therefore, the content of Ti;AlC, plays a
key role in mechanical properties of the Ti;AlC,/ZA27
composites. On the premise of good interface bonding and
uniform distribution, the more Ti;AIC, particles are added, the
higher strength are achieved in the Ti;AlC,/ZA27 composites.
That means the strengthening effect of the Ti;AlC,
reinforcement is outstanding. However, pores are also
increased in the composites with an increase in content of
Ti;AlC,. Particularly, when Ti;AlC, volume fraction reaches
to 40 vol%, some macro pores are observed in
40Ti;AlC,/ZA27 (Fig.3d), and a brittle rupture occurs under a
lower stress level for the 40Ti;AlC,/ZA27 composite.

Fig.5a displays a representative TEM image of the 30Ti;AlCy/
ZA27 composite. It can be seen that Ti;AlC, particle (marked
by white solid arrows) with sizes of 40~60 nm are uniformly
distributed in ZA27 matrix formed by Zn rich phase (the black
area) and Al rich phase (the white area). Dispersion
strengthening of the nano-sized Ti;AlC, particles, which is

and flexural

Zn rich phase

Al rich phase Ti,AIC,

BN v

Ti,AIC,

attributed to mechanical alloying, is another reason for the
high mechanical properties of the Ti;AIC,/ZA27 composites.
A high-resolution TEM (HRTEM) image of the boundary
between Ti;AlC, and Al rich phase, as shown in Fig.5b,
exhibits a well bonded interfaces between reinforcement and
matrix without any defects, which endow the composites with
enhanced mechanical properties. Although some reaction
happens according to the result of XRD, there is no obvious
interfacial reaction zone on the boundary. That means the
reaction is weak, and not every Ti;AlC, particle is involved in
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Fig.4 Tensile stress-strain curves of the TisAIC,/ZA27 composites (a)
and ultimate tensile strength and bending strength of the
TisAlC,/ZA27 samples at room temperature (b)

Fig.5 Typical TEM microstructure of 30Ti;AlCo/ZA27 composite (a), HRTEM image of the interface between Ti3AlC, and matrix (b), and BSE

image of polished surface of 30Ti;AlC2/ZA27 composite (c)
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Fig.6 Effect of Ti;AIC, content on hardness of the Ti;AIC,/ZA27

composites

decomposition reaction. The high mechanical strength of the
composite could also be attributed to the homogeneous
dispersion of the Ti;AlC, particle, as shown in Fig.5c. In spite
of some black pores on the sample surface, there are no large
flaws in the composites, which indicate a weak effect of the
pores on the mechanical properties of the composites.
2.5 Hardness analysis of the Ti;AlC,/ZA27 composites

It is different from the trend of RD curve that the
hardness curve of the composites, as shown in Fig.6,
changes in the opposite direction as the content of
Ti;AIC, increases. Since the hardness of Ti;AIC, (2.0~
5.0 GPa®") is much higher than that of ZA27 (1215 MPa)™*"),
which is approximately equal to 1192 MPa), an increase in
hardness for the composite with more harder particles is
expected. However, the maximum hardness of 1236 MPa is
reached for the Ti;AlC,/ZA27 composites with 30 vol%
reinforcement. A slight decrease in hardness for the
40Ti3AlC,/ZA27 composite is caused by the growing number
of defects which collapses under the loading conditions. From
the above analysis, it can be concluded that the
30Ti;AIC,/ZA27 composite exhibits the best mechanical
properties.

3 Conclusions

1) A weak reaction occurs at the interface between Ti;AlC,
and ZA27 alloy during sintering process of Ti;AlC,/ZA27
composite at a temperature of 870 °C, which leads to a
good interface bonding between the reinforcement and the
matrix. The reaction can be explained by XRD analysis as
follosv

Ti,AlC, —22— Al , Ti, +TiC+Al

2) Ti;AlC,/ZA27 composite with 30 vol% Ti;AlC,
reinforcement possesses the best mechanical properties among
the four testing materials. And the tensile strength, bending
strength and Vickers hardness of the composite are 310 MPa,
528 MPa and 1236 MPa, respectively.

3) The superior mechanical properties for the Ti; AlC,/ZA27

composite achieved by pressureless sintering are mainly
attributed to a good interfacial bonding, caused by the weak
reaction, and dispersion strengthening of nano-sized Ti;AlC,
particle. Meanwhile, a fine grain size gotten by planetary ball
mixing and uniformly distributed reinforcements are also
beneficial to the mechanical properties of the Ti;AlC,/ZA27
composites.
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