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Abstract: The characteristics of microstructures and mechanical properties of the multi-layer spray deposited
SiCp/Al-6.5Fe-0.6V-1.3Si, SiCp/Al-8.5Fe-1.3V-1.7Si and SiCp/Al-10Fe-1.3V-2Si composite sheets obtained by rolling after
extruding were investigated. The evolution of the grain and phases of these composites during processing were examined, and the
influence of the microstructures on the mechanical properties was analyzed. The experimental results show that the ultimate tensile
strengths o, of the three kinds of composite sheets are 420, 535, 470 MPa respectively at room temperature, and 232, 285, 300 MPa
at 315 °C and 148, 180, 200 MPa at 400 “C. The excellent mechanical properties can be attributed to the high solid solubility, fine
grain size, Al;,(Fe,V);Si precipitation particles and the SiC particles. And the composition of the matrix alloy has an obvious effect

on the mechanical properties of the as-rolled sheets.
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1 Introduction

Early in 1986, Al-Fe-V-Si system heat resistant
aluminum alloy was developed by SKINNER et al of
Allied-Signal Corp. by plate fluid cast (PFC)
technology[1], which can be used at temperature as high
as 400 ‘C and is believed to be a substitute for titanium
alloy for applications at elevated temperature.
Considerable research efforts[2—4] have been spent in
the development of rapidly solidification (RS)
Al-Fe-V-Si system heat resistant aluminum alloy for its
low density, excellent ambient and elevated-temperature
properties, outstanding heat stability, ductibility and
fracture toughness.

The Al-8.5Fe-1.3V-1.7Si (8009Al) alloy reinforced
with ceramic particulates (for example, SiC particulates),
short fibers or whiskers[5—7] possess good elevated-
temperature properties due to the presence of thermally
stable dispersoids in the microstructure. And their high
creep strength is due to the high fraction (typically
20%—30%) of the stable dispersoids Al;,(Fe,V);Si which,
owing to their low coarsening rate, can play an important
strengthening role for a long exposures duration at

elevated temperature[8]. And the added ceramic
particulates can increase the elastic modulus of the
materials at least to about 700 K[9].

The typical methods for preparation of SiC,/
Al-Fe-V-Si composite include rapid solidification/
powder metallurgy (PM), plate fluid cast and spray
deposition (SD). In previous works, the present authors
emphasized on the RS/PM and PFC of the composite
which were relatively complex, but the multi-layer spray
deposition was involved rarely, and sheet of the
composite has been investigated hardly, especially the
sheets of SiC,/Al-6.5Fe-0.6V-1.3Si and SiC,/Al-10Fe-
1.3V-28i composite.

The aim of this work is to provide complete
description of correlations between the microstructure
and the mechanical properties of SiC,/Al-Fe-V-Si
composites, especially the effects of microstructure on
the elevated temperature properties, and an optimum
process of manufacture of sheets of these composites
was provided.

2 Experimental

The nominal composition of Al-Fe-V-Si alloy in
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this study is Al-8.5Fe-1.3V-1.7Si. SiC particles with a
volume fraction of 15% and mean size of about 10 pm
are selected as the reinforcement phase. The composite
preforms were firstly fabricated by a self-developed
spray deposition equipment. The processing parameters
of the spray deposition experiments are given in Table 1.
The relative density of the as-deposited preforms was
about 89% measured by Archimedes method.

Table 1 Process parameters of multi-layer spray deposition

experiment
Process parameter Value
Atomization temperature/K 1223-1373

Diameter of melt stream/mm 3.2-4.0

Spray height/mm 200-350

Rotational speed of substrate/(r-min”") 100-300
Scan velocity of nozzle/s 10-30

Pressure of atomization gas/MPa 0.7-0.9
Transportation pressure of SiC powder/MPa 0.3-0.5
Atomization angle/(°) 15-30

Hot extruding was used to densify the composite
preforms. For hot extruding processing, the composite
billets were heated up to 490 C and kept for 1 h and then
extruded into a sheet of 125 mm in width and 20 mm in
thickness at an extrusion ratio 4 of 11.

Our earlier work demonstrated that the optimum
temperature for rolling was 490 ‘C[10—11], which was
different from the alloys without reinforcement in which
mechanical properties decrease with rolling temperature.
Before hot rolling, the billet was heated at 490 “C for 1h.
The pass reduction was about 10%. The billet was heated
at 490 C for 10 min/pass. The obtained SiC,/Al-Fe-V-Si
sheets were 0.6—1.5 mm in thickness.

Samples for transmission electron microscopy
observation were mechanically and chemically thinned.
Initially, 3 mm diameter discs were cut and polished with
abrasive papers to a thickness of about 100 um. Adopting
a double jet technique, these discs were
electrochemically polished in a solution of 25% nitric
acid in methanol at —25 ‘C. These were characterized by
a H800 type microscope.

Tensile specimens with the tensile axis parallel to
the longitudinal direction were machined from the sheets
of the as-rolled composite or alloy. Tensile tests were
conducted at 20, 315, 400 C respectively at a strain rate
of 5x10* s'. To ensure equilibration and minimize
temperature fluctuations during testing, the specimens
were maintained at the specified temperature for 30 min
before test. Elongation was determined from load-
displacement plots as well as from scribing marks on the
sample surface.

All the procedure was repeated, and to assure

reliability of the experimental data, all the data was taken
from the average.

3 Results and discussion

3.1 Microstructures

Fig.1 presents the shape, size of the grains and the
distribution state of the dispersoid particles of
SiC,/Al-6.5Fe-0.6V-1.3Si, SiC,/Al-8.5Fe-1.3V-1.7Si and
SiC,/Al-10Fe-1.3V-2Si composites, with the TEM
micrograph of the Al-8.5Fe-1.3V-1.7Si alloy sheet as
comparison. It can be seen from Figs.1(a)—(c) that
a-Alj»(Fe,V);Si dispersoid particles with nearly spherical
shape distribute mostly along the grain boundaries, a few
of which distribute inside the grains. Especially for the
SiC,/Al-8.5Fe-1.3V-1.7Si composite, almost all of the
dispersoid particles distribute along the grain boundaries,
while some of the particles disperse inside the grains. As
our earlier work demonstrated, few dispersoids are found
inside the grains, which results from the displacement of
the grain boundaries until they are pinned by the
dispersoids[12]. As result, grain growth is limited by the
dispersoids and the grains do not grow evidently after hot
work. The size of the dispersoid particles in the three
composites is 50—100 nm, and the grain sizes of the three
composites are about 600, 800 and 500 nm respectively.
The mean size of the a-Al;,(Fe,V);Si dispersoid particles
in the Al-8.5Fe-1.3V-1.7Si alloy unreinforced with SiC
particles is about 500 nm as shown in Fig.1(d). Thus, it
can be concluded that the addition of SiC particles can
refine the grain and dispersoid to a deep degree, and
prevent the matrix grains and dispersoid particulates
from coarsening during hot working, which may be
attributed to the partial dissolution of SiC particles
surface formed by injecting silicon into the alloy matrix
to stabilize the dispersoids (a-Al;,(Fe,V);Si). It is worth
noticing that, the volume fraction of a-Alj,(Fe,V);Si
dispersoid particles in the matrix evaluates about 25%
(volume fraction) in SiC,/Al-6.5Fe- 0.6V-1.3Si, 30% in
SiCy/Al-8.5Fe-1.3V-1.7Si and 35% in SiC,/Al-10Fe-
1.3V-2Si as Fe content increases.

Considering the effect of SiC particles addition on
the microstructure of alloy matrix, it is necessary to
determine the microstructures of the SiC matrix interface.
Fig.2(a) shows the morphology of the SiC-matrix
interface, and the distribution of the dispersoids, and
Fig.2(b) shows a high magnification micrograph of the
interface in Fig.2(a). It can be found that the dispersoids
distribute relatively uniformly in the matrix (Fig.2(a)),
and the size is about 50 nm. Nano-crystal cells can be
seen from Fig.3(b), which formed into a transition region
(200—400 nm in width) near the SiC particle boundary in
matrix, an amorphous interface of 2.5-3 nm in width.
The nano-crystal cells of high magnification (3—5 nm in
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Fig.1 TEM micrographs of SiC,/Al-Fe-V-Si composites sheets with Al-8.5Fe-1.3V-1.7Si alloy sheet for comparison: (a)
SiCy/Al-6.5Fe-0.6V-1.3Si; (b) SiC/Al-8.5Fe-1.3V-1.7Si; (¢) SiC,/Al-10Fe-1.3V-2Si; (d) Al-8.5Fe-1.3V-1.7Si alloy

Fig.2 HRTEM micrographs of SiC/
matrix  interface in  as-rolled

15SiC,/Al-8.5Fe- 1.3V-1.7Si
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diameter) and a amorphous interface of 2.5-3 nm in
width can be seen from Fig.2(c). Table 2 lists the obvious
silicon concentration gradient in the matrix near the
SiC/matrix interface. It can be found that silicon
concentration fell down from 30.13% (mole fraction) at
point 4 to 21.22% at point D in Fig.2(a), which means
partial dissolution of the SiC particle surface and
interface reaction between the SiC particles and alloy
matrix.

Table 2 Si content at different points in matrix in Fig.2(a) near
SiC/matrix interface

Position x(Si)/%
A 30.13
B 28.39
C 25.32
D 21.22

3.2 Mechanical properties

Table 3 presents mechanical properties of the SiC,/
Al-Fe-V-Si composite and Al-8.5Fe-1.3V-1.7Si alloy for
comparison at different test temperatures. It is obviously
that almost at the three test temperatures, both tensile
strength o0, and yield strength oy, of the composites
increase as Fe content increases (with the exception of
tensile strength o, of SiC,/Al-10Fe-1.3V-2Si composite
at ambient temperature), while elongation percentage J
of the composites decreases monotonously as Fe content
increases. As Fe content rises from 6.5% to 8.5% (mass
fraction), and then to 10%, the tensile strength of the
composites rises from 420 MPa to 535 MPa, but falls to
520 MPa for Fe content of 10% at 25 C, and from 232
MPa to 285 MPa and to 300 MPa at 315 “C as Fe content
increases, and from 148 MPa to 180 MPa then to 200
MPa, while elongation percentage of the composites
declines from 4.5% to 2.5% to 1.3% at 25°C as Fe
content increases, from 5.0% to 4.5% to 3.7% at 315 C,
and from 5.8% to 5.0% to 5.0%. According to our earlier
work[10—11], mechanical properties of SiC,/Al-8.5Fe-
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1.3V-1.7Si composite are more excellent compared with
those of Al-8.5Fe-1.3V-1.7Si alloy without SiC particle
reinforcement at ambient temperature. Simultaneously, it
is easily found that the addition of SiC particle into
Al-8.5Fe-1.3V-1.7Si alloy greatly enhances mechanical
properties at elevated temperature (both 315 C and
400 C).

Both tensile strength and yield strength of alloy and
composite materials decrease as test temperature
increases, while elongation increases.

3.3 Discussion

As mentioned above, it can be seen from Fig.1 that
the volume fraction of a-Al;x(Fe,V);Si dispersoid
particles in the matrix elevates as Fe content increases.
Correspondingly, the tensile strength and yield strength
elevates as Fe content increases in Table 2.
Simultaneously, it can be found that addition of SiC
particles can refine the grain and the dispersoid which
corresponds to the more excellent mechanical properties
of the SiC,/Al-8.5Fe-1.3V-1.7Si composite compared
with those of Al-8.5Fe-1.3V-1.7Si alloy. The two
characteristics can be attributed to several aspects as
follows.

First of all, high cooling rate of the alloy droplets
during atomization and deposition on the cool substrate
is the key factor which ensures the excellent mechanical
properties of both the alloy and composites. Due to the
high cooling rate, the chemical composition segregation
can be effectively reduced, grains are greatly refined,
solid solubility can be widely extended and fine
metastable phase particles usually form. Average cooling
rate was up to 2.55x10* K/s for the droplets with
diameter of 100 um flying to the disk in the course of
spray deposition. Such a high cooling rate increases the
solid solubility of Fe atom into the a(Al) matrix which
was up to 4% (mole fraction) at room temperature and
was much higher than that under the condition of
equilibrium  solidification (only 0.025%). Lattice
parameters of a(Al) increase because of the atom radius

Table 3 Mechanical properties of SiCy/Al-Fe-V-Si composite at different test temperatures with Al-8.5Fe-1.3V-1.7Si alloy for

comparison
25°C 315°C 400 C

Material
O'b/MPa O'Olz/MPa 0/% O'b/MPa O'Olz/MPa 0/% O'b/MPa O'Olz/MPa /%
FVS0612/SiC 420 405 4.5 232 189 5.0 148 136 5.8
FVS0812/SiC 535 485 2.5 285 228 4.5 180 150 5.0
FVS1012/SiC 520 475 1.3 300 290 3.7 200 182 5.0
FVS0812 470 415 4.0 250 200 7.0 165 130 9.0

Every datum in Table 3 is taken as an average value from more than five data
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distinctness between Al and Fe, which can result in the
distortion of the lattice of a(Al) phase and subsequently
solution strengthening. As mentioned, the adding of SiC
particles can further enhance the cooling rate of the melt
droplets when they collide with the droplets during
flying and co-deposite with the droplets on the substrate,
which thus enhancing solution strengthening further.

Fine grain  strengthening and  dispersoid
strengthening are another ones. As mentioned, the high
cooling rate (10* K/s) of the multi-layer spray deposition
processing can ensure fine microstructure, and the
co-deposition of SiC particles increase the cooling rate of
the deposite, which can refine the grain size of the alloy
matrix and the dispersion phase a-Aljy(Fe,V);Si particle
and increase its volume fraction. The stabilization of fine
dispersoid particles owing to the SiC particles was
another factor of the high strength of the composite.
SiC,/Al-8.5Fe-1.3V-1.7Si is a typical kind of dispersion-
strengthening composite. The finer grains, higher volume
fraction of the dispersion particles of the composite
compared with the alloy without reinforcement played an
important role in strengthening of the composite. In the
alloy matrix, the dislocations and the grain boundaries
can easily be pinned by the both particles. The higher
volume fraction of the dispersion phase particles with
smaller size can lead to better strengthening effect.

The advantageous influence of SiC particles on the
mechanical properties of the composite was one of the
key factors. Firstly, the presence of the SiC particles can
improve the strength mainly by the load transferring
from the matrix to the reinforcement due to the mismatch
in the elastic constants. SiC particles and a(Al) matrix
bond compactly through shear deformation. As well
known, strength of SiC particles is higher than that of
o(Al) matrix, which results in a stagnant zone of high
dislocation density near the SiC particle. Besides, the
subsequent hot working (extrusion, rolling) makes SiC
particles of wedge angle blunt, which ultimately
increases the strength of the composite. Additionally,
SiC particles reacted with Al matrix as follow, and
formed a layer of amorphous interface of 2.5-3 nm in
width, and injected silicon into the matrix, which
resulted in silicon concentration in the matrix elevated.
The elevation of silicon concentration around
a-Aljy(Fe,V);Si phase prevents this phase transforming
into 6-Alj3(Fe,V),, which plays a stabilizing role of the
dispersoid particles (a-Aljy(Fe,V);Si) with low r value.
The stabilization function of SiC particles to
o-Al,(Fe,V);Si  prevents the  dispersoids from
coarsening:

4A+3SiC=AL,C5+3Si (1)

Compared with those of the alloy without addition
of SiC particles, the dispersoids of the composites

maintained finer and more dispersed. According to
Eqn.(2), yield strength oy, elevates as r decreases and ¢r
increases. Therefore, higher tensile strength of the
composites of 15SiC,/Al-8.5Fe-1.3V-1.7Si and 15SiCy/
Al-10Fe-1.3V-2.0Si compared with that of Al-8.5Fe-
1.3V-1.7Si alloy was obtained:

Cop c )y )

where r is the radius of dispersed phase particles, gy, is
yield strength, and ¢, is volume fraction of dispersed
phase.

Strength  of  dispersion-strengthened  material
depends not only on the nature of matrix and dispersed
phase, but also on the volume fraction, distribution, size,
morphology of the disperse phase, and bonding strength
between the disperse and matrix. According to the
strengthening mechanism, it is considered that the
decline of strength resulting from temperature ascending
can be contributed to the several aspects as follows:
crystallization softening of the matrix, rapid diffusion of
solute atoms, growth or coarsening of strengthening
phase, dislocation climb and crystal boundary migration.
Growth or coarsening of the strengthening phase is one
of the key factors in the mentioned aspects. The
influence of dispersed phase particles on yield strength
can be expressed as Eqn.(2):

As shown in Fig.2, r of SiC,/Al-8.5Fe-1.3V-1.7Si is
much less than that of Al-8.5Fe-1.3V-1.7Si, and r of the
composite is higher than that of the alloy evidently, and
the volume fraction of a-Al;x(Fe,V);Si dispersoid
particles in the matrix evaluates as Fe content increases
from SiC,/Al-6.5Fe-0.6V-1.3Si to SiC,/Al-8.5Fe-1.3V-
1.7Si, and to SiC,/Al-10Fe-1.3V-2Si. It can be deduced
that oo, of SiC,/Al-8.5Fe-1.3V-1.7Si is higher than that
of Al-8.5Fe-1.3V-1.7Si, and that of the three composites
increases as Fe content increases according to Eqn.(1),
which agree with that shown in Table 3.

4 Conclusions

1) Both the alloy and the three composites prepared
by spray deposition are characterized with excellent
mechanical properties, which can be attributed to high
cooling rate refining the microstructure.

2) SiC particles react with Al matrix and form a
layer of amorphous interface of 2.5—-3 nm in width, and
inject silicon into the matrix, which plays a stabilizing
role the dispersoid particles (a-Aljx(Fe,V);Si).

3) The fraction of a-Aljx(Fe,V);Si
dispersoid particles in the matrix evaluates as Fe content
increases from SiC,/FVS0612 to SiC,/FVS0612, and to
SiC,/FVS1012, leading to mechanical properties
improvement as Fe content increases. The ultimate
tensile strength of SiC,/FVS0612, SiC,/FVS0812, and

volume
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SiC,/FVS1012 are 420, 535, 520 MPa at 25 C, 232, 285,
300 MPa at 315 C, and 148, 180, 200 MPa at 400 ‘C
respectively.

4) Mechanical properties of SiC,/Al-8.5Fe-1.3V-
1.7Si composite are more excellent when compared with
those of Al-8.5Fe-1.3V-1.7Si alloy.
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