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Microstructural evolution and hardness change during isothermal annealing (300-550 �C, 30 min) of
nanostructured Al-11.6Fe-1.3V-2.3Si alloy, prepared by mechanical alloying (MA) of elemental powders,
were investigated using x-ray diffraction, transmission electron microscopy, and Vickers microhardness
test. The results showed that the microstructure of the alloy after 60 h of MA consisted of a nanostructured
Al-based solid solution with embedded Si. Annealing of the as-milled powders led to grain growth, internal
strain release, and precipitation of the Al12(Fe,V)3Si compound above 400 �C. The grain growth of Al
enhanced above the onset temperature for the precipitation of Al12(Fe,V)3Si phase. The grain size of Al
after 30 min of annealing at 550 �C reached �50 nm. Solute drag was responsible for retarding the grain
growth below 400 �C, and above that temperature the grain growth was mainly limited by second-phase
drag. The hardness (219 HV) of as-milled Al-11.6Fe-1.3V-2.3Si alloy decreased after annealing at 300 �C,
but above that temperature the hardness increased with increasing the annealing temperature and reached
�250 HV after annealing at 550 �C for 30 min.
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annealing, nanostructured material, precipitation

1. Introduction

Al-Fe-V-Si alloys are of the best high temperature aluminum
alloys because of their good room and high temperature
strength, ductility, fracture toughness, and excellent thermal
stability. The microstructure of these alloys, which are usually
processed via rapid solidification methods, consists of nearly
spherical dispersions of Al12(Fe,V)3Si phase in a fine-grained
Al matrix. This intermetallic phase is responsible for the good
properties of the rapidly solidified Al-Fe-V-Si alloys (Ref 1, 2).

Nanostructured materials have been the subject of intensive
study over the past years owing to their unique properties
compared with coarse-grained materials (Ref 3). Mechanical
alloying (MA) is a widely used method for synthesis of
nanostructured materials (Ref 4). Because the product of MA is
in the form of powder, subsequent consolidation is necessary to
obtain a fully dense bulk sample. Conventional consolidation
processes are usually performed at high temperatures or include
a heating step (Ref 4). Therefore, grain growth and phase
transformation can occur during the consolidation process and
affect the properties of final bulk material. Because of these
problems, many studies have been devoted to the thermal
stability of nanostructured materials (Ref 5-9). These studies
demonstrated that nanostructured materials have limited grain

growth because of a number of factors that affect the grain
boundary mobility. These factors include: solute drag, second-
phase drag, and grain boundary segregation (Ref 6). Beside
grain growth, other phenomena like internal strain release and
phase transformation (second-phase precipitation) can also
occur upon the heating of nanostructured materials which can
have an effect on their properties.

In our previous works (Ref 10, 11), we produced the bulk
nanocrystalline Al-Fe-V-Si alloys by MA and subsequent hot
pressing of elemental powders and studied their room and high
temperature mechanical properties and their thermal stability.
Because exposure to high temperatures is unavoidable in the
production of bulk nanocrystalline samples from the mechan-
ically alloyed Al-Fe-V-Si powders, it is necessary to know the
structural evolutions which take place upon heating of the
milled powder and their effects on the mechanical properties.
Based on the above, the aim of the present study was to
investigate the microstructural evolutions and hardness change
during the isothermal annealing of the mechanically alloyed
Al-11.6Fe-1.3V-2.3Si powder at different temperatures.

2. Experimental Procedures

The powders of Al (99.5% purity), Fe (99.8% purity), V
(99.5% purity), and Si (99.8% purity) with nominal composi-
tion of Al-11.6Fe-1.3V-2.3Si (wt.%) were used as starting
materials. The MA was performed in a high energy planetary
ball mill at room temperature under argon atmosphere for 60 h.
In order to prevent severe sticking of aluminum powders to the
balls and vial, 1.5 wt.% of stearic acid was used as the process
control agent. After the MA, the powders were heat treated to
investigate the structural changes during the subsequent
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heating. For this purpose, a small amount of powders were
placed in a sealed capsule and then annealed at temperatures
between 300 and 550 �C for 30 min in a conventional furnace.
After the heat treatment, the capsule was cooled in the air.
Structural changes after annealing were determined by x-ray
diffraction (XRD) in a Philips X� PERT MPD diffractometer
using filtered Cu Ka radiation (k = 0.15406 nm). The XRD
patterns were recorded in the 2h range of 10-90� (step size
0.05�, time per step 1 s). The grain size and internal strain of
powders were evaluated from the broadening of XRD peaks
using the Williamson-Hall method (Ref 12):

b cos h ¼ 0:9k
d
þ 2e sin h; ðEq 1Þ

where b is peak full width at half maximum intensity, k is
the wavelength of the x-ray (0.15406 nm), h is the Bragg an-
gle, d is the average grain size, and e is the average internal
strain.

Microstructure of the heat-treated powders was examined by
transmission electron microscopy (TEM). The TEM sample
was prepared by suspending the powder in ethanol using
ultrasonic vibration. A drop of the suspension was then placed
on a carbon-coated copper grid and dried. The sample was
investigated using a 120 kV Philips CM120 transmission
electron microscope. Microhardness tests were conducted on
the cross section of the powder particles using a Vickers
indenter at a load of 25 g. The microhardness samples were
prepared by mounting a small amount of powder in a carbon-
based resin followed by grinding and polishing.

3. Results and Discussion

3.1 XRD Results

Figure 1 shows the XRD patterns of as-milled Al-11.6Fe-
1.3V-2.3Si powder mixture and also after annealing at 300,
400, 500, and 550 �C for 30 min. It was indicated in our
previous study that after 60 h of MA, the mixed powder
consisted of nanostructured Al solid solution with a grain size
of 19 nm and an internal strain level of �0.55% in which Si
phase was embedded (Ref 13). Reduction of grain size during
the MA increases grain boundary area and reduces diffusion
distances that can facilitate formation of intermetallics on a
subsequent heat treatment.

According to Fig. 1, after 30 min of annealing at 300 �C, no
new phase was formed from the as-milled powder and the
structure consisted of the nanostructured Al solid solution. Si
peaks was also observed in the XRD pattern. By 30 min of
annealing at 400 �C, Al12(Fe,V)3Si peaks were observed in the
XRD pattern and the Si peaks were disappeared. The disap-
pearance of Si peaks is due to the transfer of this element to the
Al12(Fe,V)3Si intermetallic compound by the precipitation
reaction. By increasing the annealing temperature to 500 �C,
the intensity of Al12(Fe,V)3Si peaks increased. This is because
the precipitation enhanced at higher temperatures. By increas-
ing the annealing temperature to 550 �C, the intensity of
Al12(Fe,V)3Si XRD peaks only increased slightly. It is worth
mentioning that undesirable phases were not observed after
annealing at any of the mentioned temperatures.

The lattice parameter of Al was calculated based on the
Nelson-Riley method [14] by plotting the value of lattice

parameter computed for each peak versus the Nelson-Riley
function and extrapolating the line passed from them to the
point where the Nelson-Riley function becomes zero. Figure 2
shows the lattice parameter of Al as a function of the
temperature for 30 min anneal. The lattice parameter of Al in
the as-milled condition was 0.4041 nm, which is substantially
lower than that of pure Al. This is because of the dissolution of
Fe, V, and Si atoms in the Al lattice and formation of an
Al(Fe,V,Si) solid solution (Ref 13).

According to Fig. 2, the lattice parameter of Al remained
unchanged after annealing at 300 �C. This is consistent with
the XRD result in Fig. 1 which indicated that the Al-based
solid solution was still stable after 30 min of annealing at
300 �C.

Figure 2 shows that the Al lattice parameter increased after
annealing at 400 �C. This is due to the rejection of smaller Fe,
V, and Si atoms from the Al lattice and formation of the
Al12(Fe,V)3Si intermetallic compound. However, as Fig. 2
shows, the lattice parameter of sample annealed at 400 �C was
lower than the lattice parameter of pure Al, indicating that some
of the Fe, V, and Si atoms still remained in solution with Al.
Annealing at 500 �C caused further increase in the lattice
parameter. As can be seen, the Al lattice parameter has a sharp
increase at this temperature but still is slightly lower than the
lattice parameter of pure Al. This shows that most of the Fe, V,
and Si atoms were rejected from the solid solution and formed
Al12(Fe,V)3Si phase. After 30 min of annealing at 550 �C, the
lattice parameter of Al reached to the lattice parameter of pure
Al. This indicates that nearly all the solute elements were
rejected from the Al matrix and formed the Al12(Fe,V)3Si
precipitates. Considering the XRD results and lattice parameter
changes, and by assuming that the precipitation was completed
at 550 �C, the volume fraction of Al12(Fe,V)3Si phase formed
in each temperature was estimated and included in Fig. 2.

It has been shown by previous researches that nano grains,
high level of internal strain, and supersaturation are all
metastable (Ref 5), therefore precipitation would expected
upon heating of the MA-processed Al-11.6Fe-1.3V-2.3Si alloy.
The onset temperature of precipitation depends strongly on the
diffusion coefficient of the alloying elements involved in the
precipitation. The lattice diffusion length of an element is
obtained by the Einstein equation (Ref 15):

Fig. 1 XRD patterns of 60 h-milled Al-11.6Fe-1.3V-2.3Si alloy
after 30 min of annealing at various temperatures
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; ðEq 2Þ

where
ffiffiffiffiffi

R2
p

is the lattice diffusion length, D is the diffusion
coefficient, and t is the time. Table 1 shows the diffusion data
and lattice diffusion length for Fe at 300 and 400 �C in
30 min. According to Table 1, the lattice diffusion length for
Fe at 300 and 400 �C in 30 min is 4.5 and 126 nm, respec-
tively. This result suggests that the mobility of Fe, which is
the main alloying element in the studied alloy, is not enough
at 300 �C for precipitation to occur, but it is high enough at
400 �C. According to the XRD results, the onset temperature
for precipitation was 400 �C, which is in agreement with the
diffusion data.

3.2 Grain Growth

Figure 3 shows the changes in Al grain size and internal
strain at different annealing temperatures. It is observed that the
grain size of Al increased with increasing the annealing
temperature. The grain size of Al changed little below 400 �C,
but above it the grain growth became more significant. Internal
strain decreased in a constant rate with raising the annealing
temperature. This alloy appeared to have good thermal stability
upon annealing so that the initial grain size of 19 nm for the as-
milled sample increased to 49 nm after 30 min of annealing at
550 �C (�0.9Tm).

The enhancement of grain growth above the onset temper-
ature for the precipitation of Al12(Fe,V)3Si compound is
suggested that solute drag is responsible for retarding the grain
growth below 400 �C and at temperatures above 400 �C, due to
the precipitation of Al12(Fe,V)3Si intermetallic phase, the grain
growth is mainly limited by the second-phase drag. Segregation

of solute atoms at grain boundaries reduces the grain boundary
mobility and grain boundary energy, therefore hindering the
grain growth. The drag force excreted by the solute atoms is
proportional to the diffusion coefficient of the solute atoms and
the difference between the solute concentration at the grain
boundary and in the grain interior (Ref 5). According to
Table 1, the lattice diffusion length for Fe, the main alloying
element, at 300 �C in 30 min is only 4.5 nm. Therefore,
because the grain growth of Al requires diffusion of the Fe, V,
and Si atoms, the grain growth of Al will be limited at 300 �C.
However, the lattice diffusion length for Fe at 400 �C in 30 min
is 126 nm. Therefore, significant grain growth of Al at 400 �C
becomes possible. According to the XRD results, the precip-
itation of Al12(Fe,V)3Si occurred at 400 �C, therefore second-
phase drag impedes the grain growth of Al at temperatures
higher than 400 �C, and solid solution drag becomes less
important. The effect of solid solution drag diminishes with
increasing the temperature to 550 �C.

According to Fig. 3, the grain growth of Al is more
significant between 400 and 500 �C where most of the
precipitation of Al12(Fe,V)3Si compound occurred (Fig. 2).
Therefore, it can be concluded that the grain growth is
accelerated by the precipitation of second phase. It has been
shown that the decrease of solute drag during the precipitation
can led to an acceleration of grain growth, especially in very
fine-grained or nanocrystalline materials (Ref 16).

Figure 4 shows the TEM image of the sample annealed at
550 �C for 30 min, after which the precipitation was almost
completed. At this temperature, only the second-phase drag can
retard the grain growth of Al. According to the Zener equation,
the maximum grain size obtained in the presence of second-
phase particles can be obtained from the following equation
(Ref 17):

dm ¼
4r

3f
; ðEq 3Þ

where dm is the grain size after grain growth occurred com-
pletely, r is the mean radius of second-phase particles, and f
is the volume fraction of pinning particles. The second-phase
particles in the TEM image have a diameter between 10 and

Fig. 2 The lattice parameter of Al in Al-11.6Fe-1.3V-2.3Si powder after 60 h of MA and annealing at different temperatures for 30 min. The
dashed line indicates the lattice parameter of pure Al. The right axis illustrates the volume fraction of Al12(Fe,V)3Si precipitates

Table 1 Diffusion data for Fe in solid Al [21]

D at 300 �C,
m2/s

ffiffiffiffiffiffi

R2
p

at 300 �C,
nm

D at 400 �C,
m2/s

ffiffiffiffiffiffi

R2
p

at 400�C,
nm

1.129 10�20 4.5 8.889 10�18 126
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40 nm and a mean diameter of �25 nm. Taking f = 0.37
(nominal value) and r = 12.5, Eq 3 led to a mean grain size
of �45 nm, a value close to the grain size (49 nm) obtained
from the Williamson-Hall method.

3.3 Hardness Changes

Figure 5 shows the Vickers hardness of the as-milled
Al-11.6Fe-1.3V-2.3Si alloy powders after annealing at different
temperatures for 30 min. The average hardness value of the
alloy powder after 60 h of MAwas 219 HV. This high hardness
value in the as-milled condition is mainly resulted from three

effects: solid solution hardening, very small grain size, and
relatively high level of internal strain. Note that by 30 min of
annealing at 300 �C, the hardness value decreased to 184 HV,
but above 300 �C the hardness increased with increasing the
temperature of 30 min anneal. The decrease in hardness at
300 �C is attributed to the grain growth and release of internal
strain (Fig. 3). At 400 �C, the hardness increased compared
with that after annealing at 300 �C, due to the precipitation of
Al12(Fe,V)3Si intermetallic phase (Fig. 1). In fact, at this
temperature grain growth and release of internal strain still tend
to reduce the hardness value, but the effect of Al12(Fe,V)3Si
precipitates in increasing the hardness predominates and the
hardness value increases. Annealing at 500 �C led to further
increase in hardness so that, after annealing at this temperature
the hardness value reached to �255HV, which is even higher
than the hardness value in the as-milled condition. The further
increase in hardness at 500 �C is caused by the formation of
more precipitates of Al12(Fe,V)3Si intermetallic compound
(Fig. 2). As can be seen in Fig. 5, annealing at 550 �C had no
significant effect on the hardness. The above results indicate
that if high strength is desirable, consolidation must performed
in the temperature range of 500-550 �C.

Fig. 3 Grain size of Al in the Al-11.6Fe-1.3V-2.3Si alloy after 60 h of MA and 30 min of annealing at various temperatures

Fig. 4 TEM bright field image of the Al-11.6Fe-1.3V-2.3Si alloy
powder after 60 h of MA and annealing at 550�C for 30 min

Fig. 5 Room temperature Vickers hardness of mechanically alloyed
Al-11.6Fe-1.3V-2.3Si alloy powder after 30 min of annealing at vari-
ous temperatures
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The hardness increase after the precipitation of Al12(Fe,V)3
Si intermetallic compound is resulted from two parameter: high
volume fraction of precipitates and their very small size
(Fig. 4). According to the second-phase hardening theories, the
strength increase due to the presence of second-phase particles
is directly proportional to their volume fraction and inversely
proportional to their size (Ref 18). Here because of a high
volume fraction (0.37) and very small size (d �25 nm), the
Al12(Fe,V)3Si precipitates had a strong influence on hardness
and could compensate the hardness reduction caused by the
loss of solid solution hardening, grain growth, and release of
internal strains at higher temperatures.

The results obtained here were not completely in line
with the results of other works. Shaw et al. (Ref 19)
reported that the hardness of MA-processed Al93Fe3Ti2Cr2
alloy decreased after annealing at temperatures up to
450 �C, where precipitation of intermetallics occurred
above 300 �C. Nayak et al. (Ref 20) observed that the
hardness value of 20 h mechanically alloyed Al-Fe alloys
increased after annealing at temperatures up to 400 �C, but
decreased after annealing at temperatures above 400 �C.
They attributed the increase in hardness to the precipitation
of intermetallic compounds and the hardness reduction to
the coarsening of microstructure and annihilation of defects
being created during MA.

4. Conclusions

In the present study, microstructural and hardness changes
during the isothermal annealing of 60 h mechanically alloyed
Al-11.6Fe-1.3V-2.3Si powder at temperatures between 300 and
550 �C were investigated. The following results were drawn:

• The microstructure of powder after MA consisted of a
nanostructured Al-based solid solution in which Si phase
was embedded.

• Annealing of the as-milled Al-11.6Fe-1.3V-2.3Si alloy led
to three important phenomena: precipitation of the Al12
(Fe,V)3Si phase, grain growth, and internal strain release.

• No phase transformation occurred after annealing at
300 �C, but Al12(Fe,V)3Si phase precipitated after anneal-
ing at 400 �C and its volume fraction increased with
increasing the annealing temperature to 550 �C.

• The grain growth of Al enhanced above the onset tempera-
ture for the precipitation of Al12(Fe,V)3Si compound. The
grain size of Al after 30 min of annealing at 550 �C
reached to �50 nm. Solute drag is responsible for retarding
the grain growth below 400 �C, and above that temperature
the grain growth mainly limited by second-phase drag.

• The hardness of as-milled Al-11.6Fe-1.3V-2.3Si alloy
(219 HV) decreased after annealing at 300 �C, but above
that temperature the hardness increased by increasing the
annealing temperature and reached to �250 HV after
annealing at 550 �C for 30 min.
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