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Nanopowders of Feg54Cro18Alo26Sioo16 and Al,O3 were synthesized from Fe,0s, Cr, Si, and Al powders
using high-energy ball milling. A high-density nanocrystalline 3.7Fe 54Cro.18Alp.26Si0.016—Al. O3 composite
was consolidated with mechanically synthesized powders of Al,03; and 3.7Fe( 54Cro.18Alp26Sio.016—-Al2 03
through a pulsed current activated sintering (PCAS) method within 1 min. The hardness of the composite

and the average grain sizes of Al;03 and Feg54Cro13Alo26Sio.016 Were investigated.
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1. Introduction

It is increasingly being recognized that new material applica-
tions require functions and properties that are not achievable with
monolithic materials. Metal matrix composites combine metallic
properties (ductility and toughness) with ceramic characteristics
(high strength and modulus), leading to greater strength in shear
and compression and higher service temperature capabilities. The
attractive physical and mechanical properties that can be obtained
with metal matrix composites, such as high specific modulus,
strength-to-weight ratio, fatigue strength, temperature stability
and wear resistance, have been documented extensively [1-5]. As
a result, metal matrix composites are recognized as candidates for
aerospace, automotive, biomaterial and defense applications.

Iron-aluminium-chromium-silicon alloys are applicable as
structural materials and as coatings for high-temperature appli-
cations [6]. Their excellent corrosion resistance is due to the
formation of a dense, protective alumina scale coating. Alumina
(a-Al;03 in particular) demonstrates a low rate constant, even at
temperatures above 1000°C [7].

However, like many alloys, the
iron-aluminium-chromium-silicon alloys in

applications  of
industry have
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been limited due to low hardness. The hardness can be improved
significantly through reinforcement with hard ceramic particles,
such as Al,0O3 [8], and through the fabrication of nanostruc-
tured composites [9]. Al,O3 has a density of 3.98 g/cm3, Young’s
modulus of 380 GPa, excellent oxidation resistance and good high-
temperature mechanical properties [10]. Hence, a microstructure
consisting of a FeAlCrSi alloy and Al,O3 may satisfy the oxi-
dation resistance and high temperature mechanical property
requirements of a high-temperature structural material.

Discontinuously reinforced metal matrix composites have
been produced using several processes, including powder met-
allurgy, spray deposition, mechanical alloying, casting, and
self-propagating high-temperature synthesis (SHS). A technique
that uses high-energy ball milling and mechanical alloying of pow-
der mixtures (which is a combination of mechanical milling and
chemical reactions) has been reported as an efficient method for
preparing nanocrystalline metals and alloys [11].

Nanocrystalline materials have received much attention in the
advancement of engineering materials due to their improved
physical and mechanical properties [12,13]. Nanomaterials typ-
ically possess high strength, high hardness, excellent ductility,
and toughness. Therefore, increasing attention has been paid to
the development of potential nanomaterial applications [14]. The
grain sizes in sintered materials are much larger than those in
pre-sintered powders due to the fast grain growth that occurs
during conventional sintering processes. Therefore, even though
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Fig. 1. XRD pattern of the mechanically alloyed 3.7Fe54Cro18Alp26Si0.016—Al203
powder.

the initial particle size is less than 100 nm, the grain size rapidly
increases up to 2 wm or larger during conventional sintering [15].
As aresult, controlling the grain growth during sintering is a key to
the commercial success of nanostructured materials. Pulsed cur-
rent activated sintering methods, which can be used to rapidly
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Fig. 2. FE-SEM image of the 3.7Fe54Cro 138Alo26Si0016—Al203 composite, and X-ray
mapping of O, Al, Si, Fe, and Cr.
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Fig. 3. Plots of B, cosd versus cos @ for 3.7Feq54Cro 18Alp26Sio016 and Al,03 in the
mechanically alloyed powders.

manufacture dense materials within 2 min, can effectively control
the grain growth [16,17].

The goals of this work were to fabricate a new nanopowder using
high-energy ball milling, produce a dense nanocrystalline Al,03-
reinforced Fe-Cr-Al-Si composite from mechanically alloyed
powders within 1min via pulsed current activated sintering
method and to evaluate its hardness and grain size.

2. Experimental procedures

Powders of 99% pure Fe,03 (<5 um, Alfa Co.), 99.5% pure Al (<325 mesh, Alfa
Co.), 99.5% pure Si (<325 mesh, Alfa Co.), and 99.8% pure Cr (<10 wm, Alfa Co.) were
used as the starting materials. Fe,03, 0.67Cr, 0.06Si, and 2.96Al powder mixtures
were milled in a high-energy ball mill (Pulverisette 5 planetary mill) at 250 rpm for
10h to produce Al,053 +3.7Feq54Cro.18Alo26Sio016. Tungsten carbide balls (8.5 mm
in diameter) were used in a sealed cylindrical stainless steel vial under an argon
atmosphere. The weight ratio of balls to powder was 30:1. Milling resulted in a
significant reduction of grain size, the magnitudes of which were calculated using
Suryanarayana’s and Norton’s formula [18]:

kA

Br(Bcrystalline + Bitrain )COSO = m s

M
where B; is the full width at half-maximum (FWHM) of the diffraction peak
after instrument correction, Brystatine and Byrain are the FWHM values caused
by the small grain size and internal stress, respectively, k is a constant of
0.9, A is the wavelength of the X-ray radiation, L is the grain size, n is the
internal strain, and 0 is the Bragg angle. The parameters B and B; follow
Cauchy’s form with the relationship B=B; +Bs, where B and Bs are the FWHM
values of the broadened Bragg peaks and the standard sample’s Bragg peaks,
respectively.

After milling, the mixed powders were placed in a graphite die (external diam-
eter of 45 mm, inner diameter of 20 mm, height of 40 mm) and then introduced into
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Fig. 4. Variations in temperature and shrinkage displacement with heating time
during pulsed current activated sintering of 3.7Feg 54Crg.18Alp26Si0.016—Al203 pow-
ders.

a pulsed current (on time; 20 s, off time; 10 ws) activated sintering system (Eltek,
South Korea), shown schematically in [16,17]. The four major stages in the synthesis
were evacuation of the system, application of uniaxial pressure, heating of the sam-
ple by an induced current, and cooling of the sample. The process was conducted
under a vacuum of 40 mTorr.

Microstructural information was obtained from product samples that were pol-
ished at room temperature. Compositional and microstructural analyses of the
products were conducted using X-ray diffraction (XRD) and a scanning electron
microscope (SEM) with energy dispersive X-ray analysis (EDAX). The Vickers hard-
ness was measured by performing indentations on the sintered samples at a load of
10kg and a dwell time of 15s.

3. Results and discussion

Fig. 1 shows the XRD results for the high-energy, ball-milled
powders. Fe; 03, Cr, Si, and Al reactant powders were not detected,
while the Fe-Cr-Al-Si alloy and Al,03 were detected. Based on the
above results, the mechanical alloy was completely formed during
milling. The net reaction can be considered a combination of the
following two reactions:

Fe,03 + 2Al — 2Fe + A1203 (2)
2Fe 4+ 0.67Cr + 2.96Al + 0.06Si — 3.7FEQ,54C1'0,18A10.265i0’016 (3)

Reaction (2) is the exothermic reaction for which the standard
enthalpy of reaction ranges from —847 k] to —811 k] over the tem-
perature range of 700 °C (just above the melting temperature of Al,
660°C) to 1500 °C (just below the melting point of Fe, 1536 °C).
Fig. 2 shows an FE-SEM image and EDS results of high-energy,
ball-milled powders. The powders were very fine agglomerations.
Atoms of Fe, Cr, Al, Siand O were detected with EDS. The particle size
could not be calculated using the linear intercept method due to the
agglomeration of powders. Fig. 3 shows a plot of B; sinf as a func-
tion of cos A to calculate the particle size using Suryanarayana’s and
Norton’s formula [18]. The intercept (KA/L) was used to calculate
the crystallite size (L). The average grain sizes of Fe-Cr-Al-Si and
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Fig. 5. XRD patterns of the 3.7Fe(54Cro18Alo26Si0.016-Al203 composite heated to
1100°C.

Al,03, as determined using Suryanarayana’s and Norton’s formula,
were approximately 6 nm and 47 nm, respectively.

Fig. 4 shows the variations in the shrinkage displacement and
surface temperature of the graphite die with heating time during
the processing of the Fe-Cr-Al-Si and Al, O3 system. When a pulsed
current was applied, the specimen experienced thermal expansion,
and the shrinkage displacement slowly increased to approximately
800°C, thenincreased abruptly at approximately 1100 °C. As shown
in Fig. 5, the XRD pattern of a sample heated to 1100°C showed
evidence of Fe-Cr-Al-Si alloy and Al,03. An FE-SEM image of the
3.7Fe( 54Crp 18Alg 26Sig 016—Al, 03 composite is shown in Fig. 6, indi-
cating that the structure consisted of nanophases with no pores.
Thus, a nearly fully dense nanocomposite was obtained. Fig. 7
shows a plot of B;-cos 6 versus sin 8 used to calculate the structure
parameters, including the average grain sizes of the Fe-Cr-Al-Si
alloy and Al,03. The grain sizes of the Fe-Cr-Al-Si alloy and Al;03
obtained from the XRD data and Suryanarayana’s and Norton’s for-
mula were 22 nm and 48 nm, respectively. The average grain sizes
of the sintered Fe-Cr-Al-Si alloy and Al,03 were not significantly
larger than those of the initial powders, indicating the absence of
significant grain growth during sintering. The retention of the grain
size was attributed to the fast heating rate and relatively short

18i 15.0kV 8.8mm x100k SE(U)

Fig. 6. FE-SEM image of the 3.7Fe(54Cro13Alo26Sio.016—Al203 composite heated to
1100°C.
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Fig. 7. Plots of B, cos 6 versus cos @ for 5.33Feg37Cro.16Alp.4Sio07 and Al,Os3 in the
composite sintered at 1100°C.

exposure of the powders to the high temperature. The role of cur-
rent in sintering has been the focus of several attempts to explain
the enhanced sintering and improved characteristics of the prod-
ucts. The current effect has been interpreted in terms of the fast
heating rate due to Joule heating, the presence of plasma in pores
separating powder particles, and the intrinsic contribution of the
current to mass transport [19-22].

Vickers hardness measurements were performed on polished
sections of the 3.7Fe( 54Crg.18Alp26Sip.016-Al,03 composite using a
10kgs load and a 15 s dwell time. The calculated hardness value of
the 3.7Fe(54Cro 13Alo.26Si0.016—Al,03 composite was 450 kg/mm?,
an average of five measurements. The hardness was equated
to the fracture toughness of the 3.7Feq54Crg.18Alg.26Si0.016—Al203
composite because no cracks were formed near the indent.
The absence of reported hardness and toughness values for the
3.7Feq 54Crg.18Alg.26Si0.016—Al,03 composite precludes direct com-
parisons to the results obtained in this study. However, the
hardness and fracture toughness of Al 03 with a grain size of4.5 pum

were previously reported as 1800 kg/mm? and 4 MPam!/2, respec-
tively [23]. The hardness of the 3.7Feq 54Crg.13Alg26Sip.016-Al203
composite was less than that of monolithic Al,03, but the frac-
ture toughness was greater due to the addition of the ductile
Fe-Cr-Al-Si alloy.

4. Conclusions

Nanopowders of FEO.54CI'0.18A10'26510.016 and A1203
were fabricated from Fe,0s3, Cr, Si, and Al powders using
high-energy ball milling. The average grain sizes of the
3.7Feq54Crg.18Alg26Sin.016 alloy and Al,03; prepared via PCASM
were 7nm and 47 nm, respectively. Densification of a nanos-
tructured 3.7Feq54Crg18Alg26Sio016—Alo03 composite prepared
from mechanically alloyed powders was accomplished using the
PCASM. Complete densification was achieved within a processing
time of 3 min under an applied pressure of 80 MPa and an induced
current. The average grain sizes of the Feg 54Crg 13Alg26Sig.016 alloy
and Al,03 prepared through PCASM were approximately 22 nm
and 48 nm, respectively, and the average hardness value was
450 kg/mm?2.
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