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Abstract

Iron aluminum alloy with composition of 30, 35 and 40 at % Al were prepared via powder metallurgy route:
mechanical milling, consolidating, sintering. Solid solution Fe (Al) formed after several hours milling, and completely
at around 10h from elemental powders. During sintering, phase transformation take place from solid solution Fe(Al)
into intermetallic FeAl and carbon impurities from elemental powder lead to an in situ precipitation of k-AlFe,C, .
simultaneously. Mechanical properties were improving with higher Fe contents and higher sintering temperature with
maximum hardness of 5.5 GPa and maximum yield stress of compression test of 700 MPa in the sample of 30 at %Al,
1 h sintering of 1300°C after 10 h milling. The mechanical properties of sintered samples will be discussed in term of
microstructure, precipitate and phase formed after sintering.
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Introduction

Iron and aluminum are common metallic elements used in many
industries such as building, automobile or aircraft. Fe-Al alloys are also
well-known as advanced materials with many advantageous properties,
in particular relatively low cost, low density (as compared with steels),
excellent oxidation and corrosion resistance [1-5]. Besides, the Fe-Al
alloys are potential candidates for structural application at elevated
temperatures and a promising substitute for stainless steels [6] with
advantages of their availability as raw materials and as strategic elements
for resource conservation (Cr is an example). These advantages have
led to the identification of several potential uses including heating
elements, heat-exchanger piping, automobile and other industries [7].

In addition, for ages, many researchers have energetically
investigated light material with good mechanical properties to save
energy resources which are becoming exhausted. Fe-Al alloys are one
of candidate for those purposes. Fe-Al alloys are some of candidates
for those purposes. However, the Fe-Al alloys show lower mechanical
properties than stainless steel. If the mechanical properties of Fe-Al
alloys can be improved by employing some sorts of method, they must
be applicable in various fields of industries. In general, Fe-Al alloys
are strengthened by dispersed hardening method [8-11], where TiC
[8], TiN [9] and Fe,Al with TiB, and AL O, [10,11] are known as the
reinforcements, for examples. However, less attention was paid to the
strengthening of matrix materials.

Powder metallurgy is well-established method to synthesize a
variety of equilibrium and non-equilibrium phases with the structure of
nanocrystalline, quasicrystalline, grain refinement or amorphous etc.,
starting from blended powders [12-14]. Mechanical alloying (MA) such
as a ball milling is one of the techniques of powder metallurgy and is
a simple and useful processing technique. In MA method, a solid-state
reaction proceed involving repeated welding, fracturing and re-welding
of powder particles [12,13]. The MA process allows one to overcome
problems, such as large difference in melting points of the alloying
components as well as unwanted segregation or evaporation that could
occur during melting and casting [9]. Thus, the aim of present paper is
to investigate the characteristic of Fe-Al alloys formed by MA method.
The results are used to understand the mechanical properties and its
application to composite materials.

Experimental Procedure

Fe powder of 99.9% purity (300 mesh, Merck) and two different Al
powders (100 mesh, 90.0% purity, Merck) and (100 mesh, 99.9% purity,
Wako) were used as the starting materials. The composition of Al in the
alloy was controlled to be 30, 35 and 40 at %, which are denoted as Fe-
30Al, Fe-35Al, and Fe-40Al, respectively. Different mixtures of Al and
Fe powders were milled for different milling duration of 0, 2, and 10 h
using high-energy planetary ball milling using Pulverisette 5 (Fritsch).
The milling process was taken place under argon atmosphere, with the
rotation speed of 300 rpm. The vessel with the volume of 500 ml and
balls with the diameter of 10 mm which are made from stainless steel,
were employed as the milling media. No process control agent (PCA)
was used. The ball-to-powder weight ratio was 5:1, and in total about
40 g of samples was used.

The milled samples were compacted under the pressure of 350 MPa
using stainless steel die with ¢16 mm of inner diameter by means of
hydraulic press. The compacted samples were then subjected to sintering
process at different temperatures of 1000, 1100, 1200 and 1300°C under
low pressure of Ar gas in silica tube. The phase change was investigated
by X-ray diffraction (XRD) method using Rigaku RINT2100CM]
with Cu-Ka radiation. The microstructure of sample was observed
using scanning electron microscopy (SEM, JSM-5800) with energy
dispersive X-ray analysis (EDX, EDAX JAPAN). For calculating the
average particle size in the milled powder, 10 SEM images have been
considered for each sample. About 200 particles from each image have
been measured using SI Viewer software. Then the average particle size
was calculated using measured particle size from the images.

Mechanical properties of the consolidated compacts were evaluated
by Vickers hardness and compression tests. The Vickers hardness was
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measured under the load of 300 g. For the compression test, cubic
specimens with the dimension of 2x2x2 mm?® were prepared from the
sintered samples. Errors of approximately +2% were observed in the
Vicker's indentation and compression test. All surfaces of the specimens
were polished with 1000 grit SiC paper.

Results

Results of ball milling

When the Al powder (Wako) with higher purity was used for the
milling, the sample powders are entirely welded to balls and vessel, and
no powdery sample were obtained. On the other hand, in the case of
Al powder (Merck) with lower purity, powdery samples were obtained
even after 10 hours of milling and the yield of the samples was about
92-95%. After 30 h of milling, the yield was about 20%. In order to
investigate the reason for this difference, the natures of impurity in Al
powder with lower purity were analyzed. As the result, Al powder with
lower purity contained about 2 at % of carbon which may play a role of
PCA and contribute to prevent samples from clumping. Hereafter, we
will mainly report the results using the Al powder with lower purity.
In case of high purity Al (99.9%), it will be denoted as “high purity Al”.

Microstructure of milled powder

Figure 1 shows the SEM images of Fe-35Al sample after the milling.
The particle size of the sample powder decreases with increasing milling
time. After 10 h milling, the milled sample seem to be homogeneous
and the average particle size was about 2 um. Besides, Fe element
cannot be distinguished from Al by mean of EDX analysis.

The XRD profiles of the powders for various milling time are
shown in Figure 2. After 1 h of milling, sharp peaks of elemental iron
and aluminum can be seen, indicating that both elements remained in
the milled mixture. There seem to be no peak of contaminant carbon
originated from initial Al powder with lower purity. However, it should
be noted that the 0.6 at % of carbon was detected in the milled mixture
by mean of the Carbon/Sulfur Determinator (EMIA-520, Horiba). After
10 h of milling, the peaks of Al seem to be almost disappeared. With
increasing the milling time, all the remaining peaks with bcc structure
shift to lower angle and broaden, and the intensities of all the peaks are
weakened. The similar tendency was observed for all the compositions.

Microstructure of sintered sample

Figures 3, 4 and 5 show the XRD patterns for the sample powders of
Fe-30Al, Fe-35Al and Fe-40Al milled for 10 h, respectively. The patterns
clearly indicated that the sintered samples using Al powder with lower
purity consist of intermetallic FeAl with bcc structure accompanied
by a small amount of k-AlFe,C , carbide phase, while the sintered
samples using Al with higher purity consist of only FeAl. For all the

compositions, the amount of x-AlFe,C,, phase shows the largest value
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Figure 1: Sample of Fe35Al after milled.
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Figure 2: XRD patterns of samples Fe35Al, as milled.
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Figure 3: XRD pattern of samples Fe30Al after sintered.

at the sintering temperature of 1100°C. Relative peak of k-AlFe,C ,
precipitated in XRD pattern showed the clear trend under different
sintered conditions, as shown in Figure 6.

The lattice parameter (a ) was measured to confirm the formation of
solid solution after milling and intermetallic compound after sintering
[15], as shown in Table 1. The lattice parameters of the sintered samples
are plotted in Figure 7 as a function of sintering temperature. In the case
of Fe-35Al and Fe-40Al, their lattice parameters showed the similar
values but are greater than Fe-30Al It indicates that during sintering,
the solid solution transformed to intermetallic compound, which cause
the reduction in lattice parameter. Krasnowski et al. [9] showed the
result when milling of 45 at.% Fe, 45 at.% Al, 5 at.% Ti and 5 at.% C
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Figure 5: XRD pattern of samples Fe40Al after sintered.

after 35 h MA, solid solution Fe(Al) formed with lattice parameter of
2.921 A°.

The contribution of k-AlFe,C , carbide phase in Fe-35Al alloy
showed in Figure 8. It is found that finely dispersed k-AlFe,C_ . carbide
phase can be seen. The EDAX analysis showed the composition of
each element in the k-AlFe,C . carbide phase, which confirmed the it’s
formation as shown in Figure 9.

Mechanical properties

The results of Vickers hardness test of the sintered Fe-35A1 compact
are shown in Figure 10. For the comparison, the results for Fe-35Al
using high purity Al without MA, which did not include the carbide

phase, is also shown. It is found that the Vickers hardness of the sample
increases with increasing the milling time or sintered temperature. It is
also found by comparing the results of the sample using high purity Al
with the sample using low purity one that the x-AlFe,C . phase does
not contribute to the hardness. Figure 11 shows the Vickers hardness
as a function of sintered temperature for the sample milled for 10 h.
The lower the content of Al become, the higher the Vickers hardness
becomes, while the effect of sintering temperature seemed to be more
significant. As long as our experimental conditions, the maximum
hardness, 5.5 GPa was achieved for Fe-30Al at the sintered temperature
of 1300°C.

The results of the compression tests for the samples sintered at
1300°C for 1 h with the rate of 0.2 mm/sec are shown in Figure 12. The
maximum yield stresses of Fe-30Al, Fe-35Al and Fe-40Al were 720, 690
and 630 MPa, respectively.

Discussion

Factors of mechanical properties

Using Scherrer equation, the crystallite size of Fe-35Al was
calculated to be 5.26 nm, after 10 h of milling. After the sintering
process, it was increased up to 6.40 nm and 8.1nm at temperature
1000°C and 1300°C, respectively, indicating the coarsening effect.
According to Hall-Petch equation, mechanical properties, i.e., strength
and hardness will decrease with the increase of crystallite size [7].
However, the mechanical properties of the alloy showed the better
results at higher sintering temperature. This suggests us to look at
density values, as shown in Table 2. It is found that, at higher sintered
temperature, the higher density was obtained. However, the density of
sintered samples is relatively low (~83% of theoretical density). Thus

Sintered temperature, °C

Figure 6: Amount of k-AlFe,C

,C, 5 Precipitated vs. sintered temperature.

Lattice parameter as

Sample calculated (A°)
Fe elemental powder 2.895
Fe30Al as milled 2.912
Fe30Al sintered at 1300 degree 2.895
Fe35Al solid solution Fe(Al) 2.922
Fe35Al intermetallic FeAl 2.898

Fe40Al solid solution Fe(Al) 2.93
Fe40Al intermetallic FeAl 2.898
Fe50Al as milled (Krasnowski et al. [9]) 2.921

Table 1: Calculated lattice parameter of samples.
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Figure 7: Lattice parameter vs. sintering temperature.

Figure 8: Microstructure of sintered sample Fe35Al.

the density of sintered samples strongly affected on the mechanical
properties. As the results, the decrease of mechanical properties due
to the increase of crystalline size was compensated by the increase of
density which led to the increase of mechanical properties.

As for the effect of MA on the mechanical properties, it is well-
known that MA brings about considerable lattice defects such as
dislocation. In case of Fe-Al system, it was reported that point defect
in B2 site of FeAl are introduced, which is anti-site Al atom, anti-site
Fe atom, vacancy on B (Al) sublattice and vacancy on a (Fe) sublattice
[7,16,17]. Since the lattice defects contribute to the increase in some
sort of mechanical properties, the Vickers hardness and yield stress of
the sample with increasing milling time.

Finally, we will focus on the existence of carbide phase, K—A1F63C045.
It originally comes from the stabilizer of Al powders, but seems to play a
role as PCA as mention above. The sample including the carbide phase

showed the almost same hardness value as the sample without carbide
phase using high purity Al It suggests that the strength of carbide phase
is similar to that of intermetallic FeAl. It might be applicable to the
mechanical alloying, since we can use the stabilized, popular aluminum
powders as starting materials instead of the high purity reagents. In
addition, the amount of carbide phase is changed depending on the
sintering temperature as shown in Figure 6 [18-20]. The maximum
of carbide phase when sintered at 1100°C, but at higher sintering
temperature, its amount decreases and seems to be stable at sintering
temperature of 1200 and 1300°C. This may due to the loss of carbon at
high sintering temperature. Thermodynamically, it suggests that Al C,
may be formed from k-AlFe,C , carbide phase [21,22]. The formation
of Al,C, caused the reduction of total k-AlFe,C,, phase.

3705

As mentioned before, the high purity aluminum cannot mill even
an hour. Therefore, we only can compare the effect of k-AlFe,C, _ carbide
phase in the case of no milling. The results show a small different, which
is the FeAl alloy with presence of k-AlFe,C . carbide phase possess a
bit higher hardness. The lower purity aluminum can mill for long time,
even up to 30 h. In this case, carbon impurity play a role as PCA and
then, k-AlFe,C . carbide phase formed after sintering. The milling
process also reduced grain size of carbon, and x-AlFe,C . carbide phase
precipitated during sintering was very fine distribution in FeAl alloy.
This is also important to mechanical properties. The fine particulate
of k-AlFe,C , carbide will strengthen the FeAl alloy by impeding the
motion of dislocation [4,13]. The alloy remains the major load bearing
constituent and will be strengthened in proportion to the effectiveness

of the dispersion as a barrier to dislocation movement.

Element at.%

Fe 59.11
Al 2535
C 15.54

Figure 9: k-AlFe,C,

phase precipitated with EDAX analysis.

3705

Figure 10: Micro Vickers hardness of Fe35Al.
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Figure 11: Micro Vickers hardness of FeAl alloys after 10 hrs milled.

Fe30Al

Fe35Al1

Fe40Al

Yield stress 6, MPa

Strain e, mm

Figure 12: Compression test of FeAl, sintered at 1300°C.

Sample Density (g/cm?)

Fe35Al 0 h milling, high purity Al, sintered at 1300°C 4.995
Fe35Al 0 h milling, sintered at 1300°C 4.963
Fe35Al 10 h milling, sintered at 1300°C 5.316
Fe35Al 1 h milling, sintered at 1300°C 5.124
Fe35Al 10 h milling, sintered at 1100°C 5.207
Fe35Al 1 h milling, sintered at 1100°C 5.029
Fe35Al ideality, calculated 6.015

Table 2: Density of samples Fe35Al.

Comparison with literatures

Moris et al. [18,19] reported that the Vickers hardness of the sample
with the composition of Fe-40Al consolidated by hot isostatic pressing
(HIP) after 10 h of ball milling with 1 at.% of Y,O, was 3.5 GPa, which
is similar to our results as shown in Figure 11. Another result of Fe-28Al
using Tubular shaker for 24 h and subsequent spark plasma sintering by
Zadra et al. [16] showed the hardness of 5.2 GPa, which is slightly lower
than our results, 5.5 GPa (Figure 11). The reason for these differences
would be due to the nature of each mechanical alloying method. The

ball milling and shaker may be need much longer time to get the
improved in mechanical properties. The planetary ball milling is high
energy process because of high rotating speed, which caused to large
amount of defects.

L. Pang et al. [5] reported the yield streng of 512 MPa for Fe-40Al
formed by induction melting method, which is lower than our results,
630 MPa. This showed the advantageous of milling process to the
mechanical properties. By using milling, the grain size was significant
decreased, which improve the strength due to Hall-Petch equation.

The results of hardness and compressive strength showed
the properties of FeAl intermetallic compound with presence of
k-AlFe C . carbide phase. The improvement mechanical properties
by reinforcement phase promising many interesting. Further work
is need to applied this result to fabricate FeAl base composite with
multi reinforcements such as TiB,, TiC and ALO, is very attractive to

understand how they affect each other.

Conclusion

The results of this work showed that Solid solution Fe(Al) formed
after 10 hours milled for the alloys of Fe-30Al, Fe-35Al and Fe-40Al
from elemental powders Fe and Al (product of Merck Co. Ltd.)
After sintering, phase transformation from solid solution Fe(Al) into
intermetallic FeAl. In situ precipitated of k-AlFe,C,, carbide phase after
sintering process and this phase not effect to mechanical properties of
sample. The sintering temperature at 1300°C in 1 hour showed the best
results in mechanical properties. Mechanical properties of FeAl alloys
were improved by mechanical alloying.
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