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Abstract: 45 wt.% SiCy/6092Al, 5 wt.% S-LiAlSi04/6092A1 and (45 wt.% SiC,+ 5 wt.% S-LiAlSiO4 (Euc))/6092A1
matrix composites were successfully fabricated by spray-forming and die forging technology. The microstructures,
interface structures, and phase composition of the composites were analyzed with optical microscope (OM), scanning
electron microscope (SEM), transmission electron microscope (TEM), and X-ray diffractometer (XRD). The thermal
expansion properties, bending strength, and bending modulus of the composites were tested by thermal dilatometer and
electro-mechanical universal testing machines, respectively. The results show that the SiC, and S-LiAlSiO4 (Euc)
particles are uniformly distributed in the 6092Al matrix, and a strong bonding interface is formed with the Al matrix.
The SiCy/Al, and Euc/Al interfaces of the (45 wt.% SiC,+5 wt.% Euc)/6092Al1 matrix composite are straight and clear.
However, the interface reaction is not found. After solution treatment and artificial aging (T6), the coefficient of thermal
expansion (CTE), bending strength, and bending modulus for (45 wt.% SiCp,+ 5 wt.% Euc)/6092Al matrix composites
are 14.68x107° K! in the temperature range of 303—473 K, 589 MPa, and 165 GPa, respectively.

Key words: spray-forming; Al matrix composites; interface structure; coefficient of thermal expansion (CTE); bending
strength; bending modulus

However, these methods have several disadvantages.
For example, the particles are not evenly dispersed,
easy to agglomerate and have interface reaction to
generate brittle phase, which greatly reduces the
comprehensive properties of composites [5]. In
recent years, spray-forming technology has been
adopted to SiC,/Al composites with high volume of

1 Introduction

Due to the requirement of working
environment, high strength and low expansion
coefficient is becoming more and more important
for the reliability and life spans of satellite

structural parts. At present, it is urgent to develop
particle reinforced Al matrix composites with high
strength, low expansion and high thermal
conductivity to replace Ti alloy, which can reduce
the weight of satellite structural parts and reduce
the production cost [1,2].

Many preparation methods have been
proposed to fabricate SiCy/Al composites with high
volume fraction of SiC, such as stirring casting,
powder metallurgy, and pressure impregnation [3,4].

SiC,p, which has many advantages, such as uniform
particle dispersion, fast cooling rate, fine grain size,
uniform microstructure and low oxidation degree,
and can reduce the formation of AlsCs; at the
interface effectively [6].

SiC, has the characteristics of high strength,
excellent wear resistance, and low thermal
expansion, etc., and has been widely used in the
fields of high-temperature structural materials,
friction materials, thermal insulation materials, and
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building materials [7,8]. The density of SiC,
(3.216 g/cm®) is lower than that of TiC (4.93 g/cm?),
TiB> (4.52 g/em®), and ALO; (3.5 g/cm?), and the
price for SiC, is also the lowest. It can be used to
reduce the weight of satellites and the cost of
satellite production and launch. In recent years,
scholars have conducted much research on spray-
forming SiC,/Al matrix composites. WU et al [9]
have prepared 15 vol.% SiC,/7075A1 composites
with uniform distribution and small porosity of SiC,
by spray-forming. The composites show super-
plasticity at a deformation temperature of 723 K
and strain rate of 0.001-0.1 s’!. YUAN et al [10]
have prepared ultra-high-strength SiC,/Al composite
by spray-forming and extrusion process, with an
elastic modulus of 100 GPa and a tensile strength of
785 MPa. p-LiAlSOs (Euc) particles are important
types of negative expansion material, and the
coefficients of thermal expansion (CTEs) along
a-axis and c-axis of the cell are 7.8x107°% and
—17.5x10° K, respectively [11]. XUE et al [12]
have prepared Euc/Cu composites by the vacuum
hot pressing sintering method with a relatively low
CTE. It has been found that the increases in the
volume fraction of Euc particles simultaneously
decrease the CTE and thermal conductivity of the
composites. WANG et al [13] have found that the
CTE of Euc/Cu composites decreased with the
reduction of residual stress by annealing, and the
lowest CTE 1is obtained after thermal cycling at
323-632 K. In conclusion, the existing research is
mainly focused on SiC, or Euc particle single-phase
reinforced metal matrix composites, while the
research on SiC, and FEuc particles hybrid
reinforced 6092Al matrix composites is rarely
reported.

In this work, SiC, and Euc particles hybrid
reinforced 6092Al matrix composites were prepared
by spray-forming and die forging technology. The
effects of SiC, and Euc particles on the micro-
structure, interface structure, and properties of the
composites were studied, which laid a theoretical
foundation for the industrial application of SiC, and
Euc particles hybrid reinforced Al
composites.

matrix

2 Experimental

The 6092Al alloy was used as the matrix
material, and the positive expansion material, SiC,,

and the negative expansion material, Euc particles,
were used as the reinforcement phase. The chemical
composition of 6092Al is given in Table 1. The
physical properties of the matrix and reinforcing
particles are given in Table 2. The schematic of the
experimental setup is shown in Fig. 1.

Table 1 Chemical composition of 6092Al alloy (wt.%)

Mg Cu Si Fe
0.80-1.20  0.70-1.00  0.40-0.80 0.30
Zn Ti O Others Al
0.25 0.15  0.05-0.50 0.15 Bal.

Table 2 Physical properties of matrix and reinforcing

particles
. Size/ Density/ CTE/
Raw material C 61—
pm (grem™) 10°K™!
6092Al - 2.70 23.20
SiC, 2—6 3.21 6.58
Euc particles 2-8 2.60 —6.20

The 45 wt.% SiCp/6092Al, 5 wt.% Euc/6092Al,
and (45 wt.% SiC,+ 5 wt.% Euc)/6092A1 matrix
composites were prepared on SF380 large-scale
injection molding equipment, which were named as
Sample 1, Sample 2, and Sample 3, respectively.
The Al alloy was smelted in a graphite crucible with
a melting temperature of 1053 K, and the entire
smelting and refining process was protected by
anhydrous N, to avoid oxidation. Gas blowing
treatment [14,15] is an effective way to refine
6092Al alloys. After refining the Al alloy, the
temperature was raised to 1103 K, and the molten
metal was poured into the preheated graphite
crucible through a sealed flow channel. The molten
metal in the crucible flowed out through a liquid
guiding tube with an inner diameter of 3—5 mm and
was fogged in the atomizer. SiC, and Euc particles
were also transported to the atomizer by a
quantitative powder feeding device, and the
particles were fully mixed with high-pressure N
(pressure of 1.2—1.6 MPa) in the atomizer to form a
solid—gas two-phase flow. SiC,, Euc particles,
atomized solid, and liquid particles were deposited
on a circular iron substrate plate 100—250 mm away
from the atomizer to prepare SiC, and Euc particles
hybrid reinforced Al matrix composites deposited
billet with the size of d150 mm x 1000 mm. The
composite billets were firstly processed into a round
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Fig. 1 Schematic of experimental setup

ingot of d120 mm % 200 mm and placed in a
forging mold, then heated to 863 K for 1h, and
finally pressed on a 315 t press for 20 s. The master
cylinder pressure and stroke of 315t press are
3.15x10°N and 300 mm, respectively. After
demolding, the sample was turned over 180°, and
forged again with the same process. Finally, Sample
1, Sample 2, and Sample 3 were subjected to
solution treatment and artificial aging of solid
solution treatment at 793 K for 1.5 h and artificial
aging at 443 K for 3 h.

The morphology and distribution of reinforced
particles in the Al matrix were observed by
DMC4500 (OM) and Quanta 650 FEG (SEM). The
microstructure and interface structure of the
samples were analyzed by JEOL 2100 (TEM) and
the connected energy spectrometer was used to
analyze the elemental composition of the samples.
The transmission samples were mechanically
pre-thinned to approximately 70 pm and then ion
thinned. The thermal expansion performance was
tested on an L75VS1600 thermal dilatometer with
the sample size of d6 mm x 30 mm, and the heating
rate of 3 °C/min.

3 Results

3.1 Microstructure

The metallographic image of Sample 3 is
illustrated in Fig. 2. As illustrated, SiC, and Euc
particles are uniformly distributed in the Al matrix
without agglomeration. The typical SEM micro-

Solid—gas
two-phase
flow

O Atomized liquid

@ Liquid with particles

Fig. 2 Morphological distribution of SiC, and Euc
particles in 6092 Al matrix

structures of Sample 1, Sample 2, and Sample 3 are
shown in Fig. 3. As can be seen from Figs. 3(a, b),
there are two regions in the secondary electron (SE)
image, namely the Al matrix and SiC,. As shown in
Fig. 3(c), there are three regions in the SE image,
which are the Al matrix, SiC,, and Euc particles,
respectively. The line scan energy spectrograms
(EDS) of Figs. 3(d) and 3(e) correspond to Line 1
and Line 2 in Fig. 3(c), respectively. According to
the change in Al and Si element contents in
Fig. 3(d), it can be judged that this particle is SiC,.
According to the change of Al, Si, and O element
contents in Fig. 3(e), it can be judged that this
particle is a Euc particle. As shown in Figs. 3(a—c),
a large number of irregular SiC, and a small amount
of Euc particles are uniformly dispersed in the Al
matrix.
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Fig. 3 SEM images of Sample 1 (a), Sample 2 (b), and Sample 3 (c), and scan energy spectra for Line 1 (d) and Line 2

(e) in Fig. 3(c)

3.2 Interface structure

Figure 4 shows TEM images of the interface
between the reinforcing particles and the Al matrix
of Sample 3 after T6 treatment. As shown at the
SiC,y/Al interface of Sample 3 (Fig. 4(a)), the SiC,
in the composites is a typical hexagonal close-
packed 6H-SiC with a 6-layer period, which
belongs to a-SiC. According to the diffraction spots
in the figure, the black regular area is SiC, (2), and
the gray area is a(Al) (1). The SiC,/Al interface is
clear and smooth, and no reactants are generated.
As shown at the Euc/Al interface of Sample 3
(Fig. 4(b)), the Euc/Al interface is clear and no
interfacial reaction occurs. According to the
diffraction spots, the black region is Euc particles
(4), while the gray region is a(Al) (3). The images
in the upper right corner of Figs. 4(a, b) are high-
resolution TEM images of the SiCy/Al interface and
Euc/Al interface. The atoms near the SiCy/Al
interface and Euc/Al interface are closely arranged,
and the interface is clean, flat, straight, and no other
reactants are formed. The interplanar spacings of
SiC, and Euc particles are 4=0.251nm and
d=0.215 nm, respectively.

The X-ray diffraction patterns of Sample 1,
Sample 2, and Sample 3 after T6 treatment are
shown in Fig. 5. It can be seen that the main phase
compositions of Sample 1 are a(Al) and 6H-SiC,
those of Sample 2 are a(Al) and Euc, with a few
Mg»SiO4 and LiAlSi>Os phases, while those of
Sample 3 are a(Al), 6H-SiC and Euc.

3.3 Property
3.3.1 Thermal expansion properties

The thermal expansion curves of the (SiC, +
Euc)/6092A1 composites with different mass
fractions at 303—473 K are shown in Fig. 6. It is
shown that the CTE of the Al matrix composites
increases with the increase of temperature. At
temperatures below 373 K, the CTE increases
rapidly; however, the increase tends to be gentle
with temperatures higher than 373 K. The mass
fraction of SiCpand Euc particles has a significant
effect on the linear expansion properties of the
composites. With the increase of the mass fraction
of Euc particles, the linear expansion coefficient
of the composites decreases significantly. Table 3
shows that the CTEs of Sample 1, Sample 2, and
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Fig. 4 TEM images of reinforcing particle/matrix interface and diffraction spots of reinforcing particles in Sample 3:

(a) SiCp/Al interface; (b) Euc/Al interface
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Fig. 5 XRD patterns of composite samples after T6
treatment

Sample 3 in the temperature range of 303—473 K
are 15.58x107°, 21.54x10°° and 14.07x10°K',
respectively. Figure 6 also shows the comparison of
CTE curves of the composites before and after
T6 treatment. As shown, the CTEs of Sample 1,
Sample 2, and Sample 3 after T6 treatment show
little change compared with those before T6
treatment. As can be seen from Table 3, the
CTEs of Sample 1, Sample 2, and Sample 3 in the
temperature range of 303—473 K after T6 treatment
are 15.89x107°%, 21.51x10°°, and 14.68x10°K!,
respectively.

21+
18
M
515t
i
=
O 12+ — Sample 1
— Sample 1 (T6)
Sample 2
9F — Sample 2 (T6)
Sample 3
6 — Sample 3 (T6)
320 360 400 440 480
Temperature/K

Fig.6 CTE of (SiC, + Euc)/6092Al composites in
temperature range of 303—473 K

3.3.2 Mechanical properties

As shown in Table 3, after T6 treatment, the
bending strength values of Sample 1, Sample 2, and
Sample 3 are 613, 355, and 589 MPa, respectively,
and the bending moduli are 172, 82, and 165 GPa,
respectively. The densities of Sample 1, Sample 2,
and Sample 3 are 2.85, 2.60 and 2.75 g/cm’,
respectively, measured by the Archimedes principle.
Solid solution treatment at 793 K for 1.5h and
artificial aging at 443 K for 3 h increase the
density, bending strength and modulus of the
composites.
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Table 3 CTE, density, bending strength, and bending modulus of composite samples

At forging state

After T6 treatment

Sample i ; ; ;
No CTE/ Density, Bending Bending CTE/ Density, Bending Bending
: 106K pl(g-em) strength, modulus, 10K pl(g-em™) strength, modulus,
o/MPa E/GPa o/MPa E/GPa
1 15.58 2.85 494 113 15.89 2.92 613 172
2 21.54 2.60 302 46 21.51 2.67 355 82
3 14.07 2.75 485 96 14.68 2.82 589 165

For Sample 3 after the heat treatment, the
higher solid solution temperature makes the Al
matrix have a certain fluidity. The Al matrix
gradually fills the pores during the solid solution
process, which promotes the densification. The heat
treatment makes the Al matrix and the reinforcing
particles more closely combined, and the interface
area between the particles and the matrix increases.
When the composite is under load, the soft matrix
can more effectively transfer the load to the hard
SiC, through the interface, thereby improving the
bending strength of the composites. This is
consistent with the findings of HONG et al [16],
whose study showed that the thermo-mechanical
properties of the SiCy/Al composites are mainly
attributed to the changes in the degree of
densification and interfacial bonding. Incomplete
densification and poor interface bonding may cause
poor interface conductance and weak bending
strength.

4 Analysis and discussion

4.1 Interface analysis

The interface of composite material refers to
the small area between the matrix and the
reinforcement particles where the chemical
composition changes significantly and the
composites combine for load transfer. As can be
seen from Fig. 4(a), SiC,/Al and Euc/Al interfaces
of Sample 3 are flat, clean, and continuous without
precipitates, and hole defects. It can be inferred that
the interface structure of Sample 3 is a direct atomic
bonding between the reinforcing particles and the
matrix. According to the diffraction spots in Fig. 4,
the SiC, has hexagonal crystals with a lattice
constant a=0.308 nm, and the a(Al) phase is
composed of face-centered cubic crystals with a
lattice constant ¢=0.405 nm. The phase interface is
formed between two adjacent phases with different
crystal structures and grain orientations. The

calculation of the lattice misfit for the SiC, and
o(Al) phases is 23%; that is to say, the SiCy/Al
interface is approximately a semicoherent interface,
which indicates that the SiCy/Al interface in Sample
3 has a strong bonding.

SiC,/Al interface exists in several types, such
as obviously reactive interface, slightly reactive
interface, and clean interface [17]. The obviously
reactive interface refers to the continuous reaction
layer generated by the reaction between SiC, and Al
matrix. The interface reactants are usually brittle
phases, Al4C; or MgAl>Os. The continuous interface
reaction layer composed of these brittle phases is
prone to crack initiation under tensile load, which
is seriously detrimental to the performance of
composites [18]. The slightly reactive interface
refers to the interface with discrete distribution of
reactants at the SiCy/Al interface and the step
interface. From the viewpoint of wettability, as long
as a small amount of discontinuous small reactants
appear on the interface of the composite material,
the wettability between SiC, and Al will be
improved, thereby realizing the effective transfer of
load from matrix to reinforcement [19,20]. The
clean interface is formed by atomic bonding
between SiC, and Al. Through the TEM image
analysis (Fig. 4), the clean interfaces obtained in
this experiment are all chemically bonded clean
interfaces formed by tight atomic matching. And
the X-ray diffraction pattern (Fig. 5) shows that the
main phase compositions in the composite material
sample are a(Al), 6H-SiC and Euc. It can be
inferred that no interfacial reaction occurs when the
Al matrix composites are prepared by spray-
forming technology and die forging technology.

Figure 7 shows the TEM image of Sample 3.
As can be seen, dislocations are observed near the
SiC,/Al interface and in the Al matrix. This
probably results from the large difference in CTE
among SiC,, Euc particles, and Al matrix. In the
cooling process after forging, the thermal residual
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stress is generated between the matrix and the
reinforcement due to their synchronous shrinkage.
To release the accumulated thermal residual stress,
dislocations are generated in the matrix, leading to
the work hardening of the composite. During the
preparation process, the matrix undergoes plastic
deformation to increase the dislocation density,
resulting in the strengthening of the matrix, thereby
improving the mechanical properties of the
composites.

Dislocations

a(Al)

Dislocations

Fig. 7 TEM images of Sample 3: (a) Dislocation near
SiC,/Al interface; (b) Dislocation within a(Al)

4.2 Properties of composite materials

The CTE is used to characterize the change in
the volume or length of materials when heated, and
it is one of the important thermophysical properties
of Al matrix composites. The CTE can be divided
into linear expansion coefficient and volume
expansion coefficient. In this work, the effects of
the mass fraction and T6 treatment on the linear
expansion coefficient of Al matrix composites were
studied.

The reinforcing particles of Sample 3 are
uniformly distributed in the matrix, the atoms near
the SiCy/Al and Euc/Al interfaces are closely
arranged, and the interface is clean and straight. In
the process of thermal expansion, the reinforcing
particles can constrain the expansion effect of the
matrix, thus reducing the CTE of the material. Euc
particles have strong atomic bonding bonds. When
the temperature rises, the expansion of atomic
spacing is not obvious, the crystal lattice changes
dynamically, and the flexible structure occupies
the original blank part in the crystal lattice, so
Euc particles present negative expansion. In the
temperature range of 303—-473 K, the average
coefficient of linear expansion of Sample 3 is the
lowest, 14.07x10°K™!, which is 9.69% and
34.68% lower than that of Sample 1 and Sample 2,
respectively.

As shown in Fig. 6, all the linear expansion
coefficients of the composites decrease in the
presence of SiC, and Euc particles in the Al matrix.
This is consistent with previous works, because the
CTE of SiC, and Euc particles is much lower than
that of the Al matrix [21,22]. In addition, the CTE
of composite samples can also decrease as the mass
fraction of SiC, and Euc particles increases. The
CTE of the Al matrix composites reinforced by
particles with different mass fractions has little
change after T6 treatment, because the thermal
expansion properties of the composites are mainly
related to the properties and mass fraction of
reinforced particles [23,24].

It can be seen from Table 3, the bending
strength and modulus of Sample 1 are the largest,
followed by Sample 3, and those of Sample 2 are
the least. When the content is low, the reinforcing
particles can disperse in the Al matrix and improve
the deformation resistance of the Al matrix by
hindering dislocation movement or the coordinated
deformation of grain boundaries [25]. The higher
the particle content is, the smaller the average
particle spacing is, and the more significant the
enhancement effect is. When the volume content of
reinforcing particles is equal to that of Al matrix,
especially when the ceramic particles generate a
three-dimensional interconnected skeleton network
in the Al matrix, the coordination deformation
ability of the Al alloy grain is seriously restricted by
the rigid ceramic particles, and the plasticity of
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the composite is reduced, but the brittleness is
significant [26]. Excessive reinforcing particles
content makes the composites brittle, resulting in
the decrease of strength. This phenomenon is
consistent with the effect of SiC, volume fraction
on the bending strength and modulus of materials
studied by LIU et al [27]. When SiC, volume
fraction varies from 39% to 62%, the bending
strength of SiCp/Al composites increases first and
then decreases, and reaches the maximum value
when the SiC, volume fraction is 52%. When the
content of reinforcing particles is low, the Al matrix
has some plastic deformation ability, and the
strength of the composites increases with the
increase of content. When the content is too high,
the brittleness of composites increases, and the
strength decreases.

5 Conclusions

(1) The (45 wt.% SiC,+ 5 wt.% Euc)/6092Al
matrix composites prepared by spray-forming and
die forging have been successfully applied to the
preparation of the structures of satellite. The SiC,
and Euc particles are uniformly distributed in the
6092Al matrix. The SiC,/Al and Euc/Al interfaces
of the (45 wt.% SiCp+ 5 wt.% Euc)/6092Al matrix
composites are straight and clear with no hole
defects, and interface reaction are not found.

(2) After solution treatment and artificial
aging, the value of CTE for the (45 wt.% SiC, +
5 wt.% Euc)/6092Al matrix composites is 14.68%
109K™!, which is the lowest in the temperature
range of 303—473 K. The bending strength and
modulus of the (45 wt.% SiC,+ 5 wt.% Euc)/6092Al
matrix composites after solution treatment and
artificial aging are 589 MPa and 165 GPa,
respectively, which are increased by 65.92% and
101.2% compared with 5 wt.% Euc/6092A1 without
SiC,.

(3) The (45 wt.% SiC,+ 5 wt.% Euc)/6092Al
matrix composites have good comprehensive
mechanical properties due to their excellent
bonding interface, high dislocation density, and
dispersed strengthening particles.
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X SHRATIAUXRDYA A 4 RHARE 0 S 2. SR 450 A R A 3047 4 W, SR SISO B 7 T g R 8
ML Z AR R Ik YERE . 25 Mo AR S g AT . 25 5RR I (45% SiCpt5% Euc)/6092A1 245 &
B BRAGFERRLAT Buc BURLTE 6092A1 B A3 5), I S4RIAARTE ORI 245G 1T, SiCy/Al F1 Euc/Al ST
MW, BA RIMAE R FAMRHAREZ RSN TR RS, 75 303~473 K iR A, (45% SiCp+ 5% Euc)/
6092A1 F£ 2 HAPERARE I LRIAK RECH 14.68x107°0 K, 25 3 BE RN B 43 59135 3] 589 MPa il 165 GPa.
XHEIR: WEHTARY; BREEAMEL REEW; AWK AE(CTE): Sinag, SiE

(Edited by Bing YANG)

near-net-shape SiC/Al composites [J]. Journal of Alloys and



