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Abstract: Ti-coated SiC, particles were developed by vacuum evaporation with Ti to improve the interfacial bonding of
SiC,/Al composites. Ti-coated SiC particles and uncoated SiC particles reinforced Al 2519 matrix composites were
prepared by hot pressing, hot extrusion and heat treatment. The influence of Ti coating on microstructure and
mechanical properties of the composites was analyzed by scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS). The results show that the densely deposited Ti coating reacts with SiC particles to form TiC and
TisSi; phases at the interface. Ti-coated SiC particle reinforced composite exhibits uniformity and compactness
compared to the composite reinforced with uncoated SiC particles. The microstructure, relative density and mechanical
properties of the composite are significantly improved. When the volume fraction is 15%, the hardness, fracture strain
and tensile strength of the SiC, reinforced Al 2519 composite after Ti plating are optimized, which are HB 138.5, 4.02%
and 455 MPa, respectively.
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1 Introduction

Aluminum matrix composites reinforced with
silicon carbide particles (SiC,/Al) show good
mechanical strength, stiffness, fatigue resistance,
wear, and creep behavior, and have been widely
applied in aerospace, aircraft, automotive and other
industries [1—4]. However, the major problem
encountered in SiCy/Al composites is the weak
interface bonding between SiC, and aluminum alloy
matrix [5,6]. A good interfacial bonding can avoid
the stress concentration and result in the excellent
mechanical properties of SiCy/Al composites.
Improving the wettability and decreasing the
melting point of Al matrix are the two main ways to
mitigate this problem [7-9].

Adding alloy elements and surface
modification are the common methods to improve
the relative density and interface bonding of
SiC,/Al composites. The addition of Mg and/or Si
element decreases the melting point of Al alloy and
improves the relative density of the Al matrix
composites [10,11]. However, the mechanical
properties of the composites are largely reduced
when excessive amount of the alloy elements is
added [12]. The electroless deposition of Ni or Cu
on SiC particles is a popular surface modification
method to improve the relative density and matrix
strength of SiC,/Al composites [13]. Whereas, the
coating could not improve the interfacial bonding
since the coating layers diffuse into the Al alloy
matrix during sintering [14,15]. Therefore, it is

essential to develop a new coating that could not
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only enhance the relative density of composites but
also improve the interfacial bonding strength. It is
reported that Ti can react with SiC,and Al to form
TiC and other metallic compounds such as TisSi;
and TiAl; [16—18], which enlightens us to develop a
suitable coating on the SiC particles. A TisSis
coating has been prepared by salt-bath plating and
improved the relative density and interfacial
bonding of the composites [19—21]. However, the
microstructure, mechanical  properties, and
mechanism of Ti-coated SiC particles reinforced Al
2519 matrix by powder metallurgy have not been
fully investigated.

In this work, an evaporation method under
vacuum atmosphere was used to form a new
structure of a Ti layer on the surface of uncoated
SiC particles. The structure of the Ti coating and the
microstructure and mechanical properties of the Al
2519 matrix composites reinforced with different
volume fractions of Ti-coated and uncoated SiC
particles were investigated.

2 Experimental

2.1 Raw materials

Al 2519 alloy powder with an average size of
75 pm and purity of 99.9% was produced by gas
atomization with N, (Bolangsida Materials, China).
Chemical composition of the as-received Al 2519
alloy powder is listed in Table 1. Conventional
abrasive grade a-SiC particles (Huarong Ceramics,
China) with an average size of 14 um acted as the
reinforcing phase. High-purity Ti powder
(99.999%) with an average size of 75 pum was
served as the raw material for the surface
modification of SiC particles.

Table 1 Chemical composition of gas-atomized Al 2519

alloy powder (wt.%)
Cu Si Fe Mn Mg
6.0 0.10 0.15 0.28 0.19
Ti Zr \Y% Others Al
0.06 0.018 0.05 <0.1 Bal.

2.2 Process of Ti coating

The surface modification of SiC particles with
Ti was performed using a diffusion method in a
vacuum reactor. Before the coating process, the SiC
particles were cleaned and activated by NaOH and

dilute HNO; solutions. The SiC particles were
dipped into a 2.5 mol/L NaOH solution and a
10 wt.% HNOj; solution in a boiling condition and
stirred for 20 min. Then, the SiC particles were
dried in vacuum oven at 80 °C for 24 h. The dried
SiC particle and Ti powder with the mass ratio of
1:2 added with 2 wt.% alcohol were mechanically
mixed at low speed (approximately 50 r/min) for
8 h. The ball-to-powder mass ratio was 5:1 to
ensure that the SiC, was fully surrounded by the Ti
powder. The mixed powder was put into an alumina
crucible and then heat-treated at 850 °C for 4 h in a
vacuum of 1.0x107° Pa. After heat treatment, the
Ti-coated SiC particles obtained by
mechanical sieving to exclude the Ti powder.

Wwere

2.3 Preparation of SiC,, /Al 2519 composites

The Al 2519 powder and (5—20)vol.%
Ti-coated SiC particles were ball-mixed at
190 r/min for 10 h with a mass ratio of 10:1. After
that, the mixed powder was die-pressed in a steel
crucible with a diameter of 32 mm. The selected
pressure was 57 MPa and the holding time was
2 min. The green compacts of about 70% relative
density were then hot-pressing sintered at 550 °C
under a pressure of 13 MPa for 1 h in vacuum
atmosphere with a heating rate of 10 °C/min. The
samples were extruded at 400 °C with an extrusion
ratio of 9:1. Finally, the extruded samples were
solution-treated at 525 °C for 1h, followed by
water quenching, and then artificially aged at
190 °C for 3 h and 150 °C for 24 h, successively.
For comparison, Al 2519 alloy and SiC,/Al 2519
composites reinforced with uncoated SiC particles
were prepared and followed by the identical
processing and aging conditions.

2.4 Characterization

The density of the SiCy/Al 2519 composites
was measured by Archimedes method using an
accurate balance (1 mg). The X-ray diffraction
(XRD) was performed using a D/max-vb 2500
diffractometer with Cu K, radiation at a scanning
speed of 2 (°)/min to detect the phase composition.
The microstructures of the uncoated and Ti-coated
SiC particles and SiC,/Al 2519 composites were
detected using a scanning electron microscope
(SEM, Quanta—200) equipped with an energy
dispersive spectrometer (EDS). The tensile tests
were carried out by an Instron MTS 810 mechanical
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testing machine at a loading rate of 0.2 mm/min.
The micro-hardness of the material was measured
using an HBS—62.5-type Brinell durometer with a
5 mm-diameter steel ball under a load of 62.5 kg for
30 s. The polarization curves were measured by
sweeping the potential from —1.5 to —0.5 V at a
scanning rate of 2 mV/s.

3 Results and discussion

3.1 Characteristics of Ti-coated SiC,

The SEM images and corresponding EDS
spectra of the uncoated and Ti-coated SiC particles
are shown in Fig. 1. From Fig. 1(a), the surface of
uncoated SiC particles is neat and clean and the
sharp angle is clearly observed. Compared with the
uncoated SiC particles, the angle of Ti-coated SiC
particles becomes smoother and a distinct Ti
coating is observed, as seen in Fig. 1(b). From the
magnified image, the surface of SiC particles is
covered by uniform and dense Ti particles with a
grain size of about 200 nm. Additionally, the
corresponding EDS spectrum of the Ti-coated SiC
particles shows that the Ti element is observed
besides the Si and C elements on the surface of the
SiC particles, as seen in Fig. 1(d).

The XRD patterns of the Ti-coated SiC
particles are shown in Fig. 2(a). It is observed that
other than the Ti layer, TisSi; and TiC phases also

exist on the surface of the modified SiC particles.
During the process of surface modification, Ti
atoms were generated by volatilization from the Ti
powders and then deposited on the surface of SiC
particles under a vacuum of 1.0x10° Pa. Therefore,
TisSi; and TiC layers are generated according to the
following reactions [22]:

SiC— Si+C (1)
Ti+C—TiC (2)
5Ti+3Si— TisSis 3)

The previous report suggested that the reaction
between SiC and Ti is controlled by the atomic
diffusion rate [23]. The smaller atomic radius
results in the faster diffusion rate. So the diffusion
rate of C is the fastest, that of Si is the second and
that of Ti is the slowest. This indicates that the C
atoms in SiC diffuse quickly to form TiC which is
close to the Ti side because of the higher affinity of
Ti to C than Si atoms [24]. With the increase of
holding time, the Ti atoms diffuse to the surface of
SiC particles to form TisSi; beside the SiC side [25].
The variation of element concentration of Ti, Si,
and C through the cross-section can be observed
from the structure of Ti coating on SiC particles, as
shown in Figs. 2(b) and (c). It is also observed that,
the concentration of Ti first reaches a peak from the
coating to the SiC,, while the corresponding
concentrations of Si and C are almost zero. This

d
(e) S Point C ) Si Point D
C C .
Ti Ti
0 2 4 6 80 2 4 6 8
Energe/keV Energe/keV

Fig. 1 SEM images of uncoated (a) and Ti-coated (b) SiC particles and corresponding EDS results of point C (c) and

point D (d) as marked
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Fig. 2 XRD patterns (a) and cross-sectional microstructure (b) of Ti-coated SiC particles, collection of individual

element concentration profiles (¢), and surface structure of Ti-coated SiC particle (d)

result suggests that the outer layer is a pure Ti
coating. While the concentration of C reaches a
peak faster than that of Si, then decreases lightly
with the increasing concentration of Si, indicating
that the TiC phase is formed at first and then TisSi;.
Therefore, the surface structure of Ti-coated SiC
particles is SiC/TisSi3/TiC/Ti, from inner to outside,
and the corresponding mechanism diagram of
Ti-coated SiC particle is shown in Fig. 2(d).

3.2 Microstructures of SiC,/Al 2519 composites
The microstructures of Al 2519 matrix
composites reinforced with (5-20) vol.% Ti-coated
SiC, are presented in Fig.3. As shown in
Figs. 3(a)—(d), most of the Ti-coated SiC particles
are well-distributed in the extruded SiCy/Al 2519
composites with different volume fractions. The
mechanical properties of composites are influenced
significantly by the distribution of ceramic particles
and interface structure [26]. The homogeneous
distribution of Ti-coated SiC, whose sharp corner is
passivated results in uniform deformation and
prevents stress concentration. It can be observed
from Figs. 3(e) and (f) that, obvious pores and flaws
exist at the interfaces of the composites reinforced
with uncoated SiC particles. However, no apparent

defects exist around the Ti-coated SiC particles.
Therefore, it can be inferred that only a small
interface adhesive force exists between the
uncoated SiC, and the matrix, while the interfacial
bonding is significantly improved when the
Ti-coated SiC particles serve as reinforcement.
Figure 4 displays the magnified SEM images
of the extruded SiC,/Al 2519 composites showing
the contact between two SiC particles and the
corresponding EDS line scanning map. As observed
from Fig. 4(a), there is direct surface contact
between two uncoated SiC particles in the
aggregation area. The corresponding EDS line
scanning map of Fig. 4(c) shows that the spectrum
intensity of Al at the interface of the two particles is
weak and the decrease of Si spectrum intensity is
little. However, a transition layer (white phase) is
observed in Fig. 4(b), which blocks the direct
surface contact between two Ti-coated SiC
particles. From the corresponding EDS line
scanning map of Fig. 4(d), a sharp drop in the
spectrum intensity of Si occurs between two
particles and the spectrum intensity of Ti
increases at the same position. This phenomenon
indicates that the Ti coating still exists on the
surface of SiC particles after consolidation and heat
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Fig. 3 Microstructures of Al 2519 matrix composites reinforced with 5 vol.% (a), 10 vol.% (b), 15 vol.% (c), and
20 vol.% (d) Ti-coated SiC particles and high magnification images of composites reinforced with 15 vol.% uncoated (e)

and 15 vol.% Ti-coated (f) SiC particles

treatment. Therefore, the Ti coating could reduce
the possibility of micro-crack formation at the
particle agglomeration and contribute to the
improvement of mechanical properties of the
composites.

3.3 Properties of SiC,/Al 2519 composites

The relative density of the Al 2519 matrix
composites reinforced with different volume
fractions of SiC with and without Ti coating is
shown in Fig. 5. It is observed that the relative
density of the composites decreases with the
increase in the volume fraction of SiC, but those
with Ti-coated particles exhibit a higher density.
Compared with the uncoated SiC particles, the
wettability between the Al matrix and Ti-coated SiC

particles is significantly improved, and the matrix
could effectively spread on the surface of the
Ti-coated particles [19]. Thus, most of the micro-
pores and obvious flaws are highly reduced during
hot pressing and extrusion, resulting in the
improvement of relative density of the composites
reinforced with Ti-coated SiC particles.

The hardness of the SiC,/Al 2519 composites
reinforced with different volume fractions of SiC is
shown in Fig. 6. It can be observed that there is a
significant improvement in the hardness of Al 2519
alloy with the addition of SiC particles. The
hardness of the SiC,/Al 2519 composites increases
with the increase in volume fraction of SiC. The
improvement of hardness is mainly attributed to the
load transfer from matrix to SiC, [27] and the hard
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Fig. 4 Magnified SEM images of 15vol.%SiC,/Al 2519 composites showing contact between two uncoated (a) and
Ti-coated (b) SiC particles and corresponding EDS line scanning maps (c, d), respectively
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Fig. 5 Relative density of extruded SiCy/Al 2519
composites as function of volume fraction of SiC

SiC particles prevent the plastic deformation of
matrix. Additionally, the composites reinforced with
Ti-coated particles exhibit higher hardness as
compared with the composites reinforced with
uncoated SiC because there is a good interface
bonding between the Ti coating and matrix.

The ultimate tensile strength and fracture
strain of the SiC,/Al 2519 composites reinforced
with different volume fractions of SiC are shown in

150
140

Hardness (HB)

—=— SiC,/Al 2519

—o— Ti-coated SiC,/A12519
10 15

#(SiC)/%

Fig. 6 Hardness of extruded SiC,/Al 2519 composites as

function of volume fraction of SiC

20

Fig. 7. The ultimate tensile strength increases first
and then decreases with the increase in volume
fraction of both Ti-coated and uncoated SiC
particles. Generally, the strength of metal matrix
composites increases gradually with the increase in
volume fraction of reinforcement to a certain value
and then decreases. However, the uniform
dispersion of SiC, decreases and the porosity of
composite increases with the increase in volume
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fraction of SiC,, leading to a decrease of the
relative density. Thus, the existence of micropores

easily produces stress concentration that
decreases the tensile strength of the SiC/Al 2519
composites [28,29]. The fracture strain of

composites decreases with the increase in volume
fraction of both Ti-coated SiC, and uncoated SiC,.
Therefore, the best ultimate tensile strength would
be achieved when the suitable volume fraction of
reinforcement matches with uniform dispersion.
Therefore, the Ti-coating on the surface of SiC
particles improves the wettability, enhances the
interface bonding strength, and reduces the

micropores, thus
composite.

The above analysis is further confirmed by
SEM images of the tensile fracture surfaces of
the SiC,/Al 2519 composites reinforced with
15 vol.% Ti-coated and uncoated SiC particles, as
shown in Fig. 8. It is observed from Figs. 8 (a) and
(b) that, flaws between the SiC, and matrix and few
dimples are presented in the composite reinforced
with uncoated SiC particles, indicating that
cleavage fracture and interface debonding occur
under external pressure. However, the Ti-coated
SiC particles combine closely with the matrix

enhancing the strength of

480
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Fig. 7 Tensile strength (a) and fracture strain (b) of extruded SiC,/Al 2519 composites as function of volume fraction

Fig. 8 Tensile fracture surfaces of Al 2519 matrix composites reinforced with uncoated SiC, (a, b) and Ti-coated

SiC, (c, d)
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without flaws and a great many deep dimples are
observed, as seen in Figs. 8(c) and (d).

The potentiodynamic polarization curves of
SiC,/Al 2519 composites in 3.5 wt.% NaCl solution
before and after SiC particles are coated with Ti are
shown in Fig. 9. Corrosion potential and corrosion
current density of SiC,/Al 2519 composites are
listed in Table 2. It can be seen that the composite
material prepared by Ti-coated SiC is positively
shifted compared with SiC,/Al 2519, and the
corrosion current density is decreased, indicating
that the corrosion rate of the material is also
reduced, and the corrosion resistance is enhanced.
Due to the good wettability of Ti and Al, the
composites reduce the cracks and holes between
SiC and Al during the sintering process, thereby
improving the corrosion resistance.

=71 SiC,/Al12519

-8 Ti-SiC,/A12519
-1I.4 —1I.2 -ll.O —0'.8 -06 -04
Potential/V
Fig. 9 Polarization curves of 15vol.%SiC,/Al 2519
composites reinforced with uncoated SiC, and Ti-coated

SiC

P

Table 2 Corrosion potential and corrosion electrical
density of 15vol.%SiCy/Al 2519 composites reinforced
with uncoated SiC, and Ti-coated SiC,

Condition Peor/V Jeon/(WA-cm?)
SiC,/A12519 -1.20 11.35
Ti-coated SiC,/A12519  —1.11 5.38

4 Conclusions

(1) A dense Ti coating with fine grains is well
created on the surface of SiC particles by plating in
a vacuum reactor, and the structure of the interface
is SiC/TisSi3/TiC/Ti.

(2) The presence of Ti coating on the surface
of SiC particles improves the wettability between

the SiC and matrix, resulting in a more
homogeneous distribution of the SiC particles in the
composites reinforced with Ti-coated particles.

(3) The relative density, hardness, fraction
strain, and tensile strength are significantly
increased in the composites reinforced with
Ti-coated particles as compared with the uncoated
ones owing to the uniform distribution, smooth
shape of the Ti-coated SiC, and the reduced
micro-pores. The hardness, fracture strain, and
tensile strength of the Al 2519 composites
reinforced with 15 vol.% Ti-coated SiC, reach the
maximum values of HB 138.5, 4.02%, and
455 MPa, respectively. The corrosion potential
and corrosion current density are —1.11V and
5.38 pA/cm’, respectively.
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