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Abstract
The thermal stability and elevated temperature mechanical properties of SiCp/Al–11.7Fe–1.3V–1.7Si (Al–
11.7Fe–1.3V–1.7Si reinforced with SiC particulates) composites sheets prepared by spray deposition (SD)
→ hot pressing → rolling process were investigated. The experimental results showed that the composite
possessed high σb (elevated temperature tensile strength), for instance, σb was 315.8 MPa, which was tested
at 315◦C, meanwhile the figure was 232.6 MPa tested at 400◦C, and the elongations were 2.5% and 1.4%,
respectively. Furthermore, the composite sheets exhibited excellent thermal stability: the hardness showed
no significant decline after annealing at 550◦C for 200 h or at 600◦C for 10 h. The good elevated temper-
ature mechanical properties and excellent thermal stability should mainly be attributed to the formation of
spherical α-Al12(Fe, V)3Si dispersed phase particulates in the aluminum matrix. Furthermore, the addition
of SiC particles into the alloy is another important factor, which the following properties are responsible
for. The resultant Si of the reaction between Al matrix and SiC particles diffused into Al matrix can sta-
bilize α-Al12(Fe, V)3Si dispersed phase; in addition, the interface (Si layer) improved the wettability of
Al/SiCP, hence, elevated the bonding between them. Furthermore, the fine Al4C3 phase also strengthened
the matrix as a dispersion-strengthened phase. Meanwhile, load is transferred from Al matrix to SiC par-
ticles, which increased the cooling rate of the melt droplets and improved the solution strengthening and
dispersion strengthening.
© Koninklijke Brill NV, Leiden, 2009

Keywords
Spray deposition, elevated temperature properties, thermal stability, SiC particle

* To whom correspondence should be addressed. E-mail: haoliang2005abcd@126.com
Edited by JSCM and KSCM

© Koninklijke Brill NV, Leiden, 2009 DOI:10.1163/156855109X434766

http://www.brill.nl/acm


352 L. Hao et al. / Advanced Composite Materials 18 (2009) 351–364

1. Introduction

In 1986, Skinner used plate fluid cast technology (PFC) to develop an Al–Fe–V–Si
system heat resistant aluminum alloy [1], which has been used for temperatures up
to 400◦C, so it is believed to be one of the best candidates for titanium alloys. Rapid
solidification (RS) Al–Fe–V–Si system heat resistant aluminum alloy exhibits low
density, excellent ambient and elevated-temperature properties, outstanding heat
stability, ductibility and fracture toughness, so considerable research effort have
been made [2–9].

The study of the mechanical properties and the thermal stability of Al–8.4Fe–
1.3V–1.7Si indicated that the high temperature mechanical properties of Al–Fe–V–
Si alloy exposed at 753 K for 500 h had no evident change compared with ambient
temperature mechanical properties of the alloy, but they dropped remarkably after
heat exposure above 753 K. The α-Al12(Fe, V)3Si metastable phase did not un-
dergo evident coarsening after heat exposure at 753 K for 500 h. Recrystallization
in α-Al matrix occurred, the aggregation of α-Al12(Fe, V)3Si occurred at the grain
boundaries at 873 K [10].

The preparation methods for SiCP/Al–Fe–V–Si composite include rapidly solidi-
fication/powder metallurgy (RS/PM) and spray deposition (SD). In previous works,
researches emphasized on RS/PM of the composite, the process of which are rel-
atively complex, while the multi-layer spray deposition was involved in rarely and
the sheet of the composite had been investigated hardly. In this paper, sheets of the
SiCP/Al–11.7Fe–1.3V–1.7Si composite were prepared by the method of advanced
multi-layer spray deposition. The microstructures, the mechanical properties at el-
evated temperature and thermal stability of the composite were investigated.

The aim of this article is to describe the elevated temperature mechanical prop-
erties and the thermal stability of SiCP/Al–11.7Fe–1.3V–1.7Si composite and set
forth the correlations between the microstructure and excellent mechanical prop-
erties of the composite, furthermore, provide the reinforcement mechanism of SiC
particles.

2. Methods

The nominal composition of Al–Fe–V–Si alloy in this study is Al–11.7Fe–1.3V–
1.7Si (mass percent). The reinforcement phase β-SiC particles with hexagonal
lattice introduced into the alloy was produced by Weifang Aochuan Micro Pod-
wer Co. Ltd. in China. It took up a volume fraction of 15% and mean size of about
10 µm. The composite preforms were firstly fabricated by a self-developed spray
deposition equipment. The processing parameters of the spray deposition experi-
ments are shown in Table 1. The density of the as-deposited preforms was 88%
measured by Archimedes’ method.

Hot pressing was used for densification of the composite performs. The as-
deposited performs were cylinders with the size of 300 mm in diameter and 400 mm
in height. The preforms were turned to 155 mm in diameter before hot working. The
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Table 1.
Process parameters of the multi-layer spray deposition [21]

Atomization temperature (K) 1223–1373
Diameter of the melt stream (mm) 3.2–3.6
Spray height (mm) 200–350
Rotation speed of the substrate (rev min−1) 100–350
Scanning velocity of the nozzle (s) 10–30
Pressure of atomization gas (MPa) 0.7–0.9

as-turned billets were heated up to 450◦C and then hot pressed to a column with the
diameter of 165 mm. The temperature of the hot pressing model was heated up
to 410◦C. The as-pressed columns were turned to 155 mm in diameter and then
hot-pressed again.

The optimum temperature for hot rolling was 490◦C, which was different from
the unreinforced alloys. Before hot rolling, the billet was preheated for 1 h. The
pass reduction was about 10%. The billet was heated for 10 min/pass. The obtained
SiCP/Al–11.7Fe–1.3V–1.7Si composite sheets were 0.6–0.8 mm in thickness.

The annealing test was performed on the HBRVU-187.5 hardness tester pro-
duced by Shanghai Material Testing Machine Factory. Brinell hardness (HB) was
measured under the condition of 613 N for 30 s. The specimens were cut from the
rolled SiCP/Al–11.7Fe–1.3V–1.7Si composite. The annealing temperatures were
350◦C, 450◦C, 550◦C, 600◦C and 620◦C, respectively. The annealing times were
1, 3, 5, 10, 20, 30, 50, 70, 100, 150 and 200 h for 350◦C, 450◦C and 550◦C, respec-
tively. When annealing at 600◦C, one sample was taken out every hour from 1 h to
10 h; when annealing at 620◦C, the products were sampled every hour from 1 h to
5 h.

Tensile specimens with the tensile axis parallel to the longitudinal direction were
machined from sheets of the as-rolled composite. The mechanical properties of the
composite were examined by means of tensile testing with a tensile velocity of
0.5 mm/min. The high temperature tensile tests were performed on WDW-E200
computer-controlled universal material testing machine which was produced by
Shijin Group Inc. in China. GB/T 228-2002 of China was adopted as the testing
standard of the tensile tests. The microstructures of the composite were exam-
ined by Siemens D-5000 X-ray diffraction (XRD), H-800 transmission electron
microscopy (TEM) manufactured by Hitachi and JEM-3010 high resolution trans-
mission electron microscopy (HREM) which was manufactured by JEOL.

3. Results and Discussion

3.1. The Microstructures of the Composite

It can be seen in Fig. 1 that the XRD patterns of the composite as-deposited, as-
pressed and as-rolled are similar, the main peaks correspond to β-SiC phase, α-Al
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Figure 1. X-ray diffraction patterns of SiCP/Al–Fe–V–Si composite as-deposited, as-hot pressed and
as-rolled after hot pressed (hot pressed and rolled at 490◦C).

Figure 2. The fractograph of SiCP/Al–11.7Fe–1.3V–1.7Si composite at 200◦C.

phase and α-Al12(Fe, V)3Si phase. No new peak appeared during the following hot
work, and it suggested that the dispersion of the α-Al12(Fe, V)3Si phase kept steady
and free from transformation to γ -Al13Fe4 phase during hot work (up to 490◦C).
Figure 2 gives the fractograph of SiCP/Al–11.7Fe–1.3V–1.7Si composite tested at
200◦C, in which new smooth surface of SiC particle formed at the fracture can be
seen. So it can be safely concluded that SiC particles have undergone tremendous
load transferred from the Al matrix which leads to the fracture of SiC particles,
which can enhance the composite.

Figure 3(a) exhibits the metallographic structure of SiCP/Al–11.7Fe–1.3V–1.7Si
composite, from which we can see that SiC particles distribute homogeneously
in the Al matrix. Figure 3(b) presents the microstructures of the composite sam-
ples, which exhibits the shape and the size and the distribution of the Al grain
and α-Al12(Fe, V)3Si. Both of them can be determined by means of SAD. From
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Figure 3. Metallographic and TEM micrographs of SiCP/Al–11.7Fe–1.3V–1.7Si composite:
(a)–(b) as-rolled; (c) heat exposure at 620◦C for 10 h.

Fig. 3(b), it can be seen that the α-Al12(Fe, V)3Si dispersoid particles of nearly
spherical shape distribute in the Al matrix grains and along the grain boundaries;
the sizes of the dispersoid particles and grains are 30–80 nm and 300–400 nm, re-
spectively. Additionally, the volume fraction of α-Al12(Fe, V)3Si is about 30–40%.
It is interesting to note that the mass of the α-Al12(Fe, V)3Si dispersoids are ag-
gregated and are mainly located along the grain boundaries which separates the
Al grains from each other. By investigation of the microstructure of Al–11.7Fe–
1.15V–2.3Si, it can be found that it has a similar microstructure to that of spray
deposited SiCP/Al–11.7Fe–1.3V–1.7Si composite and the size of α-Al12(Fe, V)3Si
particles is about 50 nm [11]. Figure 3(c) presents the condition of SiCP/Al–11.7Fe–
1.3V–1.7Si composite as exposed to 620◦C for 10 h. It is clear in Fig. 3(c) that the
grain size has grown to 0.8–1 µm; most of the α-Al12(Fe, V)3Si dispersoids grew
up to 100–200 nm, while a small number grew up to 300–400 nm. The research
for Al–12.4Fe–1.2V–2.3Si as-extruded alloy prepared by RS/PM suggested that
most grains coarsened, a few grow up to 1 µm after heat exposure at 500◦C for
100 h [12].
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Figure 4. Al4C3 micrographs near the interface of Al matrix and SiC particle.

In our unpublished work, we found that the Si content was reducing gradually
along the direction of the arrow in Fig. 4(a), which means that Si diffused from
SiC particles into the Al matrix; in other words, the SiC particles reacted with the
Al matrix. Based on all the information above, the following reaction on the inter-
face of Al matrix and SiC particles during hot working and heat exposure can be
formulated [13]:

Al(in Al alloy) + SiC → Al4C3 + Si(in Al alloy) (1)

As well known, reaction (1) exists in the Al/SiC composite universally [13–17] and
the resultant products of reaction are definite. The formation of a cylindrical-shaped
phase near the interface of Al matrix and SiC particles in SiCP/Al–11.7Fe–1.3V–
1.7Si composite after heat exposure at 620◦C for 10 h can also be reported, as
shown in Fig. 4(a) and 4(b). Analyzing FFT of the phase (on the right corner of
Fig. 4(b)), the interplanar spaces were 0.34 nm and 0.28 nm, respectively, which
were matched with that of (1 1 0) and (0 1 2) in Al4C3. Based on the analysis
above, the cylindrical-shaped phase was determined as Al4C3. From Fig. 4(a), it
can be seen that the Al4C3 phase is cylindrical-shaped, whose height and width
are about 40 nm and 10 nm, respectively. Figure 4(b) is obtained by magnifying
the Al4C3 phase in Fig. 4(a). From the height of the magnified image, it can be
ascertained that the Al4C3 phase exhibited microtwin microstructure. Since the mi-
crotwin microstructure of Al4C3 phase has been characterized in paper [18], the
characterization of Al4C3 phase is omitted here. Figure 5 presents the HREM im-
ages of the interface of Al matrix and reinforcement particle SiC. From the images,
it is certain that the interface of the Al matrix and SiC particles is crystalline and
the width of the interface is no more than 3 nm. The interface is rather planar and
clean without any void. The orientation of the interface is different from that of Al
matrix or SiC. By measuring the interplanar distance of the interface (Fig. 5(a)),
it is clear that the interplanar distance is matching with (1 1 1) of Si. So it can be
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Figure 5. HREM micrographs of the interface of Al matrix and SiC particle.

Table 2.
The densities and relative densities of as-spray deposited, as-hot pressed and as-rolled SiCP/Al–
11.7Fe–1.3V–1.7Si composite

State Experimental density Theoretical density Relative density
(g/cm3) (g/cm3) (%)

As-spray deposited 2.682 3.031 88.4
As-hot pressed 2.988 3.031 98.6
As-rolled 3.029 3.031 99.9

safely concluded that the interface is made up of Si. Though the interface is narrow,
the bonding is strong [19].

3.2. Relative Densities of SiCP/Al–11.7Fe–1.3V–1.7Si Composites

Table 2 presents the relative densities of as-spray deposited, as-hot pressed, as-
rolled SiCP/Al–11.7Fe–1.3V–1.7Si composites. From the table, it can be seen that
the relative density of SiCP/Al–11.7Fe–1.3V–1.7Si remarkably increases after hot
pressing and reach up to 98.6%, which illustrates that hot pressing is an effec-
tive process for densification. Furthermore, the state of full density was achieved
throughout the rolling process.

3.3. Elevated Temperature Mechanical Properties of the Composite

Table 3 exhibits the mechanical properties of the samples of as-rolled SiCP/Al–
11.7Fe–1.3V–1.7Si composite measured at different temperatures. From the Ta-
ble 3, it can be seen that the tensile strength (σb), yield strength (σ0.2) and elongation
(δ) of the composite samples are 315.8 MPa, 196.1 MPa and 2.5% at 315◦C, respec-
tively, while the figures are still up to 232.6 MPa, 127.7 MPa and 1.4% measured
at 400◦C.
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Table 3.
The mechanical properties of SiCP/Al–11.7Fe–1.3V–1.7Si com-
posite at different temperatures

Tensile temperature σb σ0.2 δ

(◦C) (MPa) (MPa) (%)

25 581.2 518.4 4.5
100 461.5 362.7 4.2
150 396.5 286.9 3.5
200 372.2 221.2 3.3
250 347.8 282.3 2.8
315 315.8 196.6 2.5
350 255.8 219.1 2.7
400 232.6 127.7 1.4

Table 4.
Comparison of mechanical properties between SiCP/Al–11.7Fe–1.3V–1.7Si (FVS1212) composite
and Al–11.7Fe–1.3V–1.7Si alloy (SiCP/FVS1212)

Alloys and composites Ambient temperature properties Elevated temperature properties
(25◦C) (315◦C)

σb (MPa) σ0.2 (MPa) δ (%) σb (MPa) σ0.2 (MPa) δ (%)

RS/PM FVS1212[20] 636 605 8.7 303 297 6.8
SD SiCP/FVS1212 581 518 4.5 315 196 2.5

Table 4 lists the mechanical properties of spray-deposited SiCP/Al–11.7Fe–
1.3V–1.7Si composite and RS/PM Al–11.7Fe–1.3V–1.7Si alloy. The tensile strength
of RS/PM Al–Fe–V–Si alloy is higher than that of SD alloys with the same chem-
ical composition, due to the higher cool rate of rapid solidification than spray
deposition. Compare with each other, it can be found that σb of spray-deposited
SiCP/Al–11.7Fe–1.3V–1.7Si composite is lower than that of RS/PM Al–11.7Fe–
1.3V–1.7Si alloy under ambient temperature, but the former is higher than the
latter at 315◦C, which illustrates that SiC particles play a key role in enhanc-
ing the mechanical properties, especially elevated mechanical properties of the
Al–11.7Fe–1.3V–1.7Si. The reinforcement mechanism will be discussed in the fol-
lowing discussion section.

3.4. Hardness Evolution

Figure 6 gives the evolution of the hardness of the SiCP/Al–11.7Fe–1.3V–1.7Si
composite as annealing time at different temperatures. From Fig. 6(a) to 6(c), it is
found that the hardness of the composite samples had no evident drop at 350◦C,
450◦C and 550◦C for 200 h. After exposure at 600◦C for 10 h, the hardness of
the composite fell slowly and the hardness still maintained onto 106 HB after 10 h
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(a) (b)

(c) (d)

(e)

Figure 6. Room temperature hardness after annealing at certain temperatures for different time:
(a) 350◦C × 200 h, (b) 450◦C × 200 h, (c) 550◦C × 200 h, (d) 600◦C × 10 h and (e) 620◦C ×
5 h.

(Fig. 6(d)). After annealing at 620◦C for 5 h, the hardness of the composite sam-
ple fell more evidently than others and the hardness is below 100 HB (Fig. 6(e)).
In our previous work [21], the hardness of the Al–8.5Fe–1.3V–1.7Si alloy sam-
ples prepared by the spray deposition technology showed no evident decline after
exposure at 540◦C for 100 h, 580◦C for 2 h or 600◦C for 1.5 h, but the hard-
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ness dropped rapidly after exposure at 600◦C more than 1.5 h. In addition, the
hardness of SiCP/Al–11.7Fe–1.3V–1.7Si composite prepared by spray deposition
technology in our previous research declined rapidly after exposure at 620◦C for
1 h. Paper [5] reported that the hardness of Al–8.4Fe–1.3V–1.7Si alloy prepared by
multi-layer spray deposition dropped rapidly to 103 HB after exposure at 500◦C for
200 h. Based on the above facts, it can be concluded that the thermal stability of
SiCP/Al–11.7Fe–1.3V–1.7Si composite prepared by spray deposition is excellent.
The mechanics will be analyzed in the discussion.

3.5. Discussion

Rapidly solidified Al–Fe–V–Si alloys exhibit excellent elevated temperature me-
chanical properties, which should be attributed to the formation of the metastable
α-Al12(Fe, V)3Si phase in the Al matrix. The α-Al12(Fe, V)3Si phase keeps steady
up to 500◦C and its coarsening rate is very low (ν = 8.4 × 10−27 m3/h under the
condition of 425◦C and the ratio of Fe and V is 10; while, ν = 2.9 × 10−26 m3/h
when the ratio of Fe and V is 5) [22]. The α-Al12(Fe, V)3Si dispersoids are so
concentrated on Al grain boundaries that they can hinder the growing and re-
crystallizing of Al grains when the environmental temperature rises. The plastic
deformation of SiCP/Al–11.7Fe–1.3V–1.7S composites happened by the sliding of
the grain boundary under elevated temperature. The α-Al12(Fe, V)3Si particles can
pin dislocations, and consequently delay the sliding of grain boundaries validly un-
der high temperature.

Compared with rapidly solidified Al–Fe–V–Si alloys, spray-deposited SiCP/Al–
11.7Fe–1.3V–1.7S composite presents approximate elevated temperature mechan-
ical properties, while the mechanical properties of Al–Fe–V–Si alloy prepared
by rapid solidification and powder metallurgy are higher than that of the spray-
deposited alloys generally. This is because the cooling rate of the rapid solidifi-
cation process is higher than that of spray-deposition, which makes the sizes of
the Al grains and α-Al12(Fe, V)3Si finer. The improvement of the spray-deposited
SiCP/Al–11.7Fe–1.3V–1.7S composite indicates that the introduction of SiC par-
ticles into the alloy is a key factor in increasing the mechanical properties. Now,
special attention will be paid to the reinforcement mechanism of SiC particles. The
following aspects are considered as the main strengthening mechanisms:

(1) The reaction between SiC particles and Al matrix plays a key role. Si released
from SiC particles diffuses into the Al matrix, which changes the dissolved
dynamic of α-Al12(Fe, V)3Si and reduces the coarsening rate of α-Al12(Fe,
V)3Si, which makes it more difficult to form brittle Al13Fe4 [23]. Furthermore,
the Si interface between SiCP/Al increases the wettability between them, and
thus improves the bonding of them. In addition, the dispersed Al4C3 phase is
so fine that it can strengthen the composite through the proposed mechanism
of dispersion strengthening [24, 25]. During heat exposure, the degree of the
reaction increases as temperature rises, and more Si diffuses into the Al matrix,
so the reaction plays a more important role in strengthening the composite.
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(2) Load is transferred to SiC particles from Al matrix due to the mismatch in the
elastic constants. From Fig. 2, it is certain that SiC particles are cut off during
the tensile tests, which suggests higher load is needed when the breakage of
SiCP/Al–11.7Fe–1.3V–1.7S composite occurs.

(3) The bonding of SiC particles and Al matrix is strong. The fracture of as-rolled
SiCP/Al–11.7Fe–1.3V–1.7Si occurs at the position where the bonding is weak
usually; however, there is strong bonding between SiC particles and Al matrix
in the as-rolled composite, which can be seen from Figs 2 and 4. The crack
extends when cutting through SiC particles and a new smooth surface of SiC
particles forms (Fig. 2).

(4) The introduction of SiC particles increases the cooling rate of melt droplets
when the particles insert into the drops during the atomization, which can re-
fine the Al grain of the alloy matrix and the dispersion phase α-Al12(Fe, V)3Si
particles and increase their volume fraction. The finer Al grains and the higher
volume fraction of dispersion particles of the composite compared to the al-
loy without reinforcement are important for strengthening the composite. The
volume fraction was up to 30–40%. From Fig. 4, it can be seen that the size
of the dispersoid particles and mean grain size are 30–80 and 300–400 nm,
respectively. After exposure at 620◦C for 10 h, the figures were 100–200 nm
and 0.8–1 µm, respectively. Under such a high temperature, the coarsening rate
of both was much lower compared with the alloy without SiC particle rein-
forcement. The strengthening resulted by the fining of grain size obeys the
Hall–Petch equation:

σS = σ0 + Kyd
−1/2, (2)

where σ0 and Ky are both constant, σ0 is the resistance that the grain inte-
rior produces on formation, while d is the resistance grain boundary acts on
formation. Because the value of d in SiCP/Al–11.7Fe–1.3V–1.7Si composite
increased more slowly than that of the alloy without SiC particle reinforce-
ment, the elevated temperature mechanical properties and the thermal stability
are improved. Under elevated temperature, the coarsening rate of α-Al12(Fe,
V)3Si and Al grains is relatively low, which resulted in the excellent mechani-
cal properties and the good thermal stability.

(5) Solution strengthening: The average cooling rate was up to 2.55 × 104 K/s for
a droplet of diameter in 100 µm flying to the disk in the course of spray depo-
sition. Such a high cooling rate increases solid solubility of Fe atoms into the
α-Al matrix, which was high to 4 at%, though it was only 0.025 at% in the con-
dition of equilibrium freezing. The lattice parameter of α-Al increased because
of the difference in atomic radius between Al and Fe, which resulted in the
distortion of the lattice of α-Al phase and subsequently solution strengthening.
Our previous work proved that the adding of SiC increased the cooling rate of
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the melt droplets by accelerating the heat exchange of the melt droplets to the
SiC particles, which can enhance solution strengthening further [26].

The above mechanics also impact on the elevated temperature mechanical prop-
erties of the composite simultaneously. At different temperature interval, point (1)
affects the mechanical properties in different degrees. During elevated temperature,
Si diffuses from SiC particles into the Al matrix more rapidly, which determines
the influence that results from the reaction between Al matrix and SiC particles.
This makes the influence on the mechanical properties more significant under these
conditions; when the temperature is relatively low, the action is weaker. The other
mechanics play a similar role at different temperature intervals.

4. Conclusions

(1) SiCp/Al–11.7Fe–1.3V–1.7Si sheets prepared by spray deposition (SD)-hot
pressing-rolling process exhibited excellent elevated temperature mechanical
properties. For instant, σb was 315.8 MPa when tested at 315◦C, but the figure
was 232.6 MPa at 400◦C. The addition of SiC particles into the Al–Fe–V–
Si alloy made the composite exhibit similar elevated temperature mechanical
properties compared to the rapidly solidified/powder metallurgy Al–Fe–V–Si
alloy of similar composition without SiC particle reinforcement.

(2) SiCp/Al–11.7Fe–1.3V–1.7Si sheets also presented high thermal stability. The
hardness after heat exposure at 550◦C for 200 h or 600◦C for 10 h declined
obscurely. The improvement of the thermal stability arises from the influence
of SiC particles.

(3) In SiCp/Al–11.7Fe–1.3V–1.7Si composite, a reaction between SiC particles
and Al matrix occurred; an interface formed between Si and Al/SiCP. Further-
more, some Si diffuses from SiC particles into the Al matrix with the formation
of Al4C3. The diffusion of Si into the matrix stabilized the α-Al12(Fe, V)3Si
phase. Dispersed entwined Al4C3 particles are so fine that they can strengthen
the matrix.
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