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Abstract

Multi-layer spray deposited Al-8.5Fe—1.3V-1.7Si alloy was co-deposited with 15 vol% SiC particulate
(SiCp). The microstructure of the composite as-rolled has been determined using transmission electron
microscopy (TEM). Elevated temperature properties of the composite have been investigated by comparing
the tensile mechanical properties at 20°C, 315°C and 400°C for the composite. The significance of these
results for microstructure at elevated temperature, operating strengthening mechanisms and the effects of
SiCp reinforcement in such an alloy system, is discussed.

© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

The combination of multi-layer spray deposition and reinforcement with co-
deposited ceramic particulate is a powerful tool for developing high performance
materials with enhanced strength and stiffness, wear resistance, stability of prop-
erties at elevated temperature and reduced density. The Al-Fe—V-Si alloy system
has attracted considerable interest in recent years due to its high-temperature appli-
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cations. In recent years, there has been a large amount of research on the rapidly
solidified Al-Fe—V-Si alloys for possible applications in aerospace structures [1-7],
especially on the multi-layer spray deposited Al-Fe—V-Si alloy. The Al-8.5Fe—
1.3V-=1.7Si (8009 type) alloy is believed to be a promising candidate for application
at elevated temperatures, especially if it is reinforced with ceramic particulates (for
example, SiC particulates), short fibers or whiskers [8—12]. These composites pos-
sess good elevated-temperature properties and high creep strength due to the high
fraction (typically 20-30%) of stable dispersoids (viz. Alj2(Fe, V)3Si dispersoids)
which, owing to their low coarsening rate, maintain their strengthening role also for
long exposures at elevated temperature [13]. Furthermore, such ceramic particulate
reinforcements increase their Young’s modulus at least to about 700 K [14].

Considerable research effort [9, 11, 15] has been expended in the development
of semi-empirical approaches and analytical treatments for a description of creep
behavior of Al-Fe-V-Si alloy or SiC/Al-Fe—V-Si composite. However, few in-
vestigations of the elevated temperature properties of SiC reinforced aluminum
alloys matrix composite have been reported. This article shows the results of an
elevated temperature properties study on multi-layer spray deposition Al-8.5Fe—
1.3V=1.7Si/SiCp composite. The elevated temperature properties data are combined
with data on the effect of microstructure and silicon carbide.

2. Materials and Experimental Method

The material used in this study was multi-layer spray deposited Al-8.5 wt%Fe—
1.3 wt%V-1.7 wt%Si (namely 8009Al) with 15 vol% «-SiC particulates. The com-
posite preforms were first fabricated by a self-developed spray deposition apparatus.
The processing parameters of the spray deposition experiments are given in Table 1.
Hot extruding was used for densification of the composite preforms. For hot extrud-
ing processing, the composite billets were heated up to 490°C and kept for an hour
and then extruded into a sheet of 125 mm in width and 20 mm in thickness at an
extrusion ratio A of 11. The as-extruded composites were rolled at 490°C. The ob-
tained Al-8.5Fe—1.3V-1.7Si/SiCp composite sheets were 0.6-0.8 mm in thickness.

Table 1.
Process parameters of the spray deposition experiments

Process parameters Value
Atomization temperature (K) 1223-1373
Diameter of the melt stream (mm) 3.2-3.6
Spray height (mm) 200-350
Rotate speed of the substrate (r~min_1) 100-350
Scan velocity of the nozzle (s) 10-30

Pressure of the atomization gas (MPa) 0.7-0.9
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Constant strain rate of 0.2 mm/min tensile tests were performed using an electro-
mechanical testing machine at temperatures of 20, 315 and 400°C. The microstruc-
ture of the composite was analyzed by means of X-ray diffraction (XRD), optical
microscopy (OM), scan electron microscopy (SEM) and transmission electron mi-
croscopy (TEM).

3. Results
3.1. Microstructure

Transmission electron microscopy (TEM) showed relatively uniform distributions
of the silicides (Alj2(Fe, V)3Si) in the «-Al matrix in either unreinforced or rein-
forced samples, and optical microscopy (OM) showed relatively uniform distribu-
tion of the SiCp in the reinforced sample.

Compact and uniform microstructure can be seen both in the Al-8.5Fe—1.3V-
1.7S1 alloy unreinforced (Fig. 1(a)) and in the Al-8.5Fe—1.3V-1.7Si alloy rein-
forced with SiC particles (Fig. 1(c)). The composite showed a random distribution
of SiCp, of size 8 to 12 um (Fig. 1(c)) with occasional evidence of smaller shattered
SiC particles with size about 3 um. The presence of pores around the SiC particles
and between deposited particles gives rise to poor mechanical properties due to ox-
ide films and insufficient metallurgical bonding. Typical TEM micrographs of the
silicides (Aljz(Fe, V)3Si) in the o-Al matrix in unreinforced alloy are shownare in
Fig. 1(b), in which silicides of 500 nm in diameter can be seen. TEM micrographs
of the silicides (Alja(Fe, V)3Si) in the «-Al matrix in the as-spray deposited, as-
extruded, and as-rolled after extruding condition shown in Fig. 1(d), (e) and (f)
respectively, which are dominated by a generally uniform distribution of nearly
spherical silicide particles with most at grain boundaries and a few at within «-Al
grains. With extruding following multi-layer spray deposition, «-Al grains grow
to a certain extent, from about 300 nm in size to about 600 nm in size, whereas,
with rolling following, grain size decreases to 400 nm. Matrix grain size was not
measured easily in Fig. 1(f), because grain boundaries were harder to distinguish
because of high dislocation density and high SiC content. As indicated in Fig. 1(d),
(e) and (f), all silicides (Alja(Fe, V)3Si) size of reinforced alloy remained stable at
50 to 80 nm.

Comparing Fig. 1(b) with Fig. 1(d), (e) and (f), it may be observed that with the
reinforcement of SiC particulates, silicide particle size decreases to a great extent
(from 500 nm to 50 nm) because of the increase of the cooling rate of «-Al matrix.
At the same time, grain size decreases also.

Considering the effect of SiC particle addition on the microstructure of alloy
matrix, it is necessary to determine the microstructures of the SiC—matrix interface.
Figure 2(a) shows the morphology the distribution of the dispersoids, and the size
is about 50 nm. An amorphous SiC—Al interface of about 5 nm in width is found in
the composite as shown in Fig. 2(b). Nano-crystal cells can be seen from Fig. 2(c),
which formed into a transition region (200-400 nm in width) near the SiC particle
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Figure 1. Micrographs of unreinforced (a) and reinforced (b), (¢), (d), (e) Al-8.5Fe—1.3V-1.7Si alloy,
TEM micrographs (a)—(d), showing uniform distributions of silicides (Aljp(Fe, V)3Si) in the a-Al
matrix and OM micrograph, (e) showing uniform distribution of SiCp; (a) unreinforced alloy as-rolled
after extruding, (b) reinforced alloy as-spray deposited, (c) reinforced alloy as-extruded, (d) reinforced
alloy as-rolled after extruding, (e) SiC in reinforced alloy.

boundary in the matrix. The interface between the SiC particle and the Al matrix
is the SiC contact with Al matrix, as illustrated in Fig. 2(d) and 2(e). As shown in
Fig. 2(d), some rod-like Al4C3 phase between the SiC particles and the matrix was
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Figure 2. HRTEM micrographs of the SiC—matrix interface in the as-rolled Al-8.5Fe—1.3V—
1.7Si/15SiCp. (a) Al matrix and SiC particle, (b) amorphous SiC—matrix interface, (c) area near the
interface in matrix, (d), (e) interface of crystallographic orientation relationships, and (f) Al4C3.
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Table 2.
Si concentration at different points in matrix in Fig. 2(a) near
the SiC-matrix interface

Position A B C D

Si concentration (at%)  30.13  28.39  25.32  21.22

detected, which was about 10 nm in diameter and 50 nm in length in the matrix near
the interface. It can be considered harmless to the interface bonding strength since it
was of quite small dimension. Furthermore, a clean, smooth and uniform interface
was observed between the SiC particles and the Al matrix in Fig. 2(e). The Al4C3
phase was derived from the reaction between aluminum and SiC. This reaction
originates from a dissolution—precipitation mechanism [16]. SiC is dissolved in Al,
resulting in the saturation of carbon in Al, and precipitation of Al4C3 in the form
of tabular aggregates which penetrate the SiC. It can be concluded that diffusion
bonding results in a strong interfacial bonding in the composite. It should also be
pointed out that some kinds of crystallographic orientation relationships may exist
between the SiC particles and the Al matrix as shown in Fig. 2(e), and the atomic
match bonding is possibly the reason for the high interface bonding strength in the
spray-deposited composite. Figure 2(f) is a TEM image of the Al4C3 phase with
high magnification in Fig. 2(d). As seen from Fig. 2(f), the Al4C3 phase exhibits
the micro-twin microstructure. The twinned Al4C3 phases belong to the hexagonal
system, which is a 180° secondary rotation twin with (003) plane as twinning plane
and [001] direction as twinning axis. The long axis direction of Al4C3 is parallel
to (003) plane and perpendicular to the [001] direction. The long axis direction of
Al4C3 is the [210] direction. The Al4C3 phases are 180° secondary rotation twins
with (003) plane as twinning plane and [001] direction as twinning axis [17].

Table 2 shows the obvious silicon concentration gradient in the matrix near the
SiC—matrix interface. The silicon concentration fell from 30.13 at% at point A to
21.22 at% 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.

3.2. Mechanical Properties

The tensile properties at 20, 315 and 400°C given in Table 3 show ultimate and
proof strengths decreasing with increase in test temperature, whether unreinforced
or reinforced. In contrast, elongations to fracture for both increase to some extent
with test temperature increase. Reinforcement increases ultimate tensile strength
by 13 at% to 20 at% for Al-8.5Fe—1.3V-1.7Si at 20, 315 and 400°C while elon-
gation to fracture was reduce at all test temperatures. Ultimate tensile strengths
of Al-8.5Fe—1.3V-1.7Si at 315°C (with or without reinforcement) remain up to
about 55% of values measured at 20°C, while the ones for both reinforced and un-
reinforced are typically one-third of their strengths on testing at 20°C. With SiC
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Table 3.
Tensile properties at 20, 315 and 400°C*

Condition Al-8.5 wt%Fe—1.3 wt%V—-1.7 wt%Si
Unreinforced +15 vol%SiCp
Tested at 20°C
UTS (MPa) 470 535
0.2 (MPa) 470 485
ef (%) 4 2.5
E (GPa) 88 107
Tested at 315°C
UTS (MPa) 250 + 4 300+ 5
00.2 (MPa) 200+ 3 245 + 4
ef (%) 7 5.5
Tested at 400°C
UTS (MPa) 165+ 5 186 + 5
00.2 (MPa) 130 150
ef (%) 9 7.5

* Where UTS = ultimate tensile strength; o9, = 0.2% proof
stress; g = elongation to fracture.

particle addition, the Young’s modulus of the alloy increased from 88 GPa to about
107 GPa.

4. Discussion
4.1. Microstructure

The larger silicide particulate size of ~500 nm for Al-8.5Fe—1.3V-1.7Si alloy
without reinforcement compared with ~80 nm for the alloy reinforced with SiC par-
ticulates reflects both a relatively coarse scale of microstructure in the as-rolled after
extruding Al-8.5Fe—1.3V-1.7Si alloy and appreciable coarsening of the silicide as-
sociated with processing at a relatively high temperature (495°C). The Al-Fe—V-Si
silicide (Alja(Fe, V)3Si) dispersoid size of ~80 nm of reinforced alloy is similar
to that reported by previous workers for consolidated Al-Fe—V-Si [18-20]. In the
first instance, the presence of SiCp elevates the cooling rate to 10*~10% K/s, which
contributes to a much finer scale of microstructure (including grains of «-Al matrix
and silicide particles). In the next instance, it is attributed to that the fact that the
silicides deposited in the processing of spray deposition tend to cluster and grow
up at grain boundaries at a relatively high temperature in the next processing. The
silicides will decompose and transform to coarse phase of Alj3Fe4 of exposure at
a high temperature for a long time. The absence of the Alj3Fe4 and stabilization of
the silicide (Alj2(Fe, V)3Si) in the SiCp-reinforced composite could be attributed to
partial dissolution of SiCp, injecting silicon into the matrix; this would tend to stabi-



Downloaded by [Siauliu University Library] at 06:49 17 February 2013

176 Y. He et al. / Advanced Composite Materials 20 (2011) 169-178

lize the Al-Fe—V-Sisilicide (Al (Fe, V)3Si) against its replacement by embrittling
Alj3Feq4. Such partial dissolution of SiCp could also account for the precipitation of
AlsC3 which appears in the investigation of Hambleton et al. [21]; it thus provides
indirect supporting evidence for the observed stabilization for Al-Fe—V-Si silicide
(Al (Fe, V)3Si) in the presence of SiCp.

4.2. Mechanical Properties

The more excellent mechanical properties for Al-Fe—V-Si alloy reinforced with
SiC particulates compared with the unreinforced alloy at all the three test tempera-
tures brings about this improvement through the operation of several factors.

The presence of the SiC particles improved the strength mainly by the load trans-
fer from the matrix to the reinforcement due to the mismatch in the elastic constants.
SiC particles and «-Al matrix bond together compactly through shear deformation.
As well known, the strength of SiC particles is higher than that of the «-Al matrix,
which resulted in a stagnant zone of high dislocation density near the SiC particle.
Besides, the subsequent hot working (extrusion, rolling) of blunt SiC particles with
a wedge angle increased the strength of the composite.

Aluminum matrix composites have been widely studied since it was found that
ceramic whisker or particulates could greatly increase the specific modulus and
other mechanical properties of such aluminum alloys. The addition of SiC par-
ticulates to aluminum alloys increased the moduli by about 30%, but the high
temperature strength of the composite, primarily controlled by the composition and
heat treatment of the aluminum alloy matrix, is not promising. It was concluded
that the enhancement of the high temperature strength was dominated by the mi-
crostructure of the matrix, but also was affected by addition of SiC particulates.
As previously mentioned, the adding of SiCp elevates the cooling rate of the ma-
trix greatly; this contributes to a much finer scale of microstructure of the matrix
(including grains and silicide dispersions), and stabilizes the Al-Fe—V-Si silicide
(Aly2(Fe, V)3Si) against its replacement by embrittling Alj3Fey, both of which con-
tribute to the excellent high temperature mechanical properties. The clean, smooth
and uniform interface of crystallographic orientation relationships existing between
the SiC and Al matrix results in a high strength bond at the interface between the
SiC particle and the Al matrix in the composite, and contributes to the excellent
mechanical properties.

Fine Al4C3 particles were dispersed in the Al matrix, strengthening the com-
posite through precipitation strengthening [22, 23], which improves the mechanical
properties of the composite further.

5. Conclusions

1. Mechanical properties of SiCp/Al-8.5Fe—1.3V-1.7Si composite are greatly im-
proved when compared with that of Al-8.5Fe—1.3V-1.7Si alloy without SiC
particle reinforcement at ambient temperature, which results from the much
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finer microstructure (grains and dispersed particulates) of the composite as a
result of the adding of SiC particles.

2. The addition of SiC particulates to aluminum alloys could greatly increase the
modulus of aluminum alloys, and the indirectly evaluated high temperature
strength to a certain extent.

3. The adding of SiCp elevates the cooling rate of the matrix greatly, which con-
tributes to a much finer scale of microstructure of the matrix, and stabilizes the
Al-Fe—V-Si silicide (Alj2(Fe, V)3Si) against its replacement by embrittling
Alj3Fe4, both of which contribute to the excellent high temperature mechanical
properties.

4. The clean interface of crystallographic orientation relationships results in a high
strength bond. Both of the strong bond interfaces contribute to improve the
mechanical properties. Some rod-like Al4C3 phase of about 10 nm in diameter
and 50 nm in length is distributed in the matrix near the interface. Fine twinned
AlsC3 phases are dispersed in the Al matrix: these strengthen the composite
by precipitation strengthening and improve the mechanical properties of the
composite further.
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