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a b s t r a c t

Nanopowders of 3.3Fe0.6Cr0.3Al0.1 and Al2O3 were synthesized from Fe2O3, Cr, and Al powders by high-
energy ball milling. A high density nanocrystalline 3.3Fe0.6Cr0.3Al0.1–Al2O3 composite was consolidated by
a high frequency induction heated sintering (HFIHS) method within 3 min from mechanically synthesized
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powders of Al2O3 and 3.3Fe0.6Cr0.3Al0.1. The average grain sizes of Al2O3 and 3.3Fe0.6Cr0.3Al0.1 were 84
and 32 nm, respectively.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Iron–aluminum–chromium alloys are applicable as structural
aterials and coatings for high temperature applications [1]. Their

xcellent corrosion resistance is due to the formation of a dense,
rotective alumina scale. Alumina, �-Al2O3 in particular, demon-
trates a low rate constant even at temperatures above 1,000 ◦C [2].
owever, as with many alloys, Fe0.6Cr0.3Al0.1 exhibits a low fric-

ional resistance due to its low hardness. One method to improve
ardness is to add Al2O3 to form composite nanostructured mate-
ials [3]. Traditionally, discontinuously reinforced metal matrix
omposites have been produced by several processes including
owder metallurgy, spray deposition, mechanical alloying, casting,
nd self-propagating high temperature synthesis (SHS). A tech-
ique using high-energy ball milling and mechanical alloying of
owder mixtures, which is a combination of mechanical milling

nd chemical reactions, has been reported to be efficient for the
reparation of nanocrystalline metals and alloys [4].

Nanocrystalline materials have received much attention as
dvanced engineering materials due to their improved physical and
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mechanical properties [5,6]. Nanomaterials typically possess high
strength, high hardness, excellent ductility, and toughness. There-
fore, increasing attention has been paid to developing potential
nanomaterial applications [7]. The grain sizes in sintered materi-
als are much larger than in the pre-sintered powders due to the
fast grain growth that occurs during conventional sintering pro-
cesses. Therefore, controlling grain growth during sintering is one
of the keys to the commercial success of nanostructured materials.
High frequency induction-activated sintering methods, which can
be used to quickly manufacture dense materials within 2 min, can
be effective to control grain growth [8,9].

The goals of this work were to fabricate a new nanopowder
using high-energy ball milling and a dense nanocrystalline Al2O3-
reinforced Fe–Cr–Al composite within 3 min from mechanically
alloyed powders via a high frequency induction activated sinter-
ing method and to evaluate its mechanical properties (hardness
and fracture toughness) and grain size.

2. Experimental procedures

Powders of 99% pure Fe2O3 (<5 �m, Alfa Co.), 99.5% pure Al (<325 mesh, Alfa Co.),

and 99.8% pure Cr (<10 �m, Alfa Co.) were used as the starting materials. Fe2O3, Cr,
and 2.1Al powder mixtures were first milled in a high-energy ball mill (Pulverisette
5 planetary mill) at 250 rpm for 10 h. 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 the balls-to-powder was 30:1. Milling resulted in a significant reduc-
tion of grain size. The grain sizes of the Fe–Cr–Al alloy and Al2O3 were calculated

dx.doi.org/10.1016/j.jallcom.2010.09.067
http://www.sciencedirect.com/science/journal/09258388
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culate the structure parameters including the average grain sizes of
the Fe–Cr–Al alloy and Al2O3. The grain sizes of the Fe–Cr–Al alloy
and Al2O3 obtained from the X-ray data and using Suryanarayana’s
and Norton’s formula were 32 and 84 nm, respectively. An
Fig. 1. XRD pattern of the mechanically alloyed 3Fe0.67Cr0.33–Al2O3 powder.

sing Suryanarayana’s and Norton’s formula [10]:

r (Bcrystalline + Bstrain) cos q = k�

L
+ sin q (1)

here Br is the full width at half-maximum (FWHM) of the diffraction peak after
nstrument correction, Bcrystalline and Bstrain are the FWHM values caused by the small
rain size and internal stress, respectively, k is a constant with a value of 0.9, � is the
avelength of the X-ray radiation, L is the grain size, � is the internal strain, and � is

he Bragg angle. The parameters B and Br follow Cauchy’s form with the relationship
= Br + Bs , where B and Bs are the FWHM values of the broadened Bragg peaks and

he standard sample’s Bragg peaks, respectively.
After milling, the mixed powders were placed in a graphite die (outside diame-

er of 45 mm, inside diameter of 20 mm, height of 40 mm) and then introduced into
pulsed current activated sintering system (Eltek, South Korea), which is shown

chematically in [8,9]. The four major stages in the synthesis are: (Stage 1) evacu-
tion of the system, (Stage 2) application of uniaxial pressure, (Stage 3) heating of
he sample by an induced current, and (Stage 4) cooling of the sample. The process
as carried out under a vacuum of 40 mTorr.

Microstructural information was obtained from product samples that were pol-
shed at room temperature. Compositional and microstructural analyses of the
roducts were conducted using X-ray diffraction (XRD) and a scanning electron
icroscope (SEM) with energy dispersive X-ray analysis (EDAX). The Vickers hard-

ess was measured by performing indentations on the sintered samples at a load of
0 kg and a dwell time of 15 s.

. Results and discussion

The X-ray diffraction results for the high-energy ball milled
owders are shown in Fig. 1. The Fe2O3, Cr, and Al reactant pow-
ers of were not detected whereas the products, Fe–Cr–Al alloy and
l2O3, were detected. Based on the above results, the mechanical
lloy was completely formed during the milling. The net reaction
an be considered as a combination of the following two reactions:

e2O3 + 2Al → 2Fe + Al2O3 (2)

Fe + Cr + 0.1Al → 3.3Fe0.6Cr0.3Al0.1 (3)

eaction (2) is the well known exothermic reaction for which the
tandard enthalpy of reaction ranges from −847 to −811 kJ over the
emperature range of 700 ◦C (just above the melting temperature of
l, 660 ◦C) to 1,500 ◦C (just below the melting point of Fe, 1,536 ◦C).

The FWHM value obtained from the XRD pattern of the milled
owder is larger than that of the raw powder due to internal strain
nd reduction of the grain size. Fig. 2 shows a plot of Br sin � as a
unction of cos �. The intercept (K�/L) can be used to calculate the
rystallite size (L). The average grain sizes of Fe–Cr–Al and Al2O3

etermined by Suryanarayana’s and Norton’s formula were about
0 and 66 nm, respectively.

The variations in the shrinkage displacement and surface tem-
erature of the graphite die with heating time during the processing
f the Fe–Cr–Al and Al2O3 system are shown in Fig. 3. When an
Fig. 2. Plot of Br cos � versus cos � of Fe0.67Cr0.33 and Al2O3 in the mechanically
alloyed powders.

induced current was applied, the specimen experienced thermal
expansion and the shrinkage displacement slowly increased with
temperature up to about 900 ◦C and then abruptly increased at
about 1,150 ◦C. The X-ray diffraction pattern of a sample heated
to 1,150 ◦C is shown in Fig. 4, where the Fe–Cr–Al alloy and Al2O3
were detected. Fig. 5 shows a plot of Br cos � versus sin � used to cal-
Fig. 3. Variations of the temperature and shrinkage displacement with heating time
during high frequency induction heated sintering of 3Fe0.67Cr0.33–Al2O3 powders.
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Fig. 6. (a) FE-SEM image and (b) median crack propagating of the 3Fe0.67Cr0.33–Al2O3

composite heated to 1,150 ◦C.
Fig. 4. XRD patterns of the 3Fe0.67Cr0.33–Al2O3 composite heated to 1,150 ◦C.

E-SEM image of the 3.3Fe0.6Cr0.3Al0.1–Al2O3 composite is shown in
ig. 6(a). It can be seen that the structure consisted of nanophases.
he average grain sizes of the sintered Fe–Cr–Al alloy and Al2O3
re not significantly larger than the initial powders, indicating the
bsence of significant grain growth during sintering. This reten-
ion of the grain size is attributed to the high heating rate and the
elatively short exposure of the powders to the high temperature.
he role of the current (resistive or inductive) in sintering and or
ynthesis has been the focus of several attempts aimed at provid-
ng an explanation for the observed enhancement of sintering and
he improved characteristics of the products. The role played by
he current has been interpreted differently with the effect being
xplained in terms of the fast heating rate due to Joule heating, the
resence of plasma in pores separating powder particles [11], and

he intrinsic contribution of the current to mass transport [12–14].

Vickers hardness measurements were made on polished sec-
ions of the 3Fe0.67Cr0.33–Al2O3 composite using a 50 kgf load
nd a 15 s dwell time. The calculated hardness value of the

ig. 5. Plot of Br cos � versus cos � of Fe0.67Cr0.33 and Al2O3 in the composite sintered
t 1,150 ◦C.
3Fe0.67Cr0.33–Al2O3 composite was 1,160 kg/mm2. This value rep-
resents an average of five measurements. Indentations with
sufficiently large loads produced median cracks around the indent.
The length of these cracks permits an estimation of the fracture
toughness of the material using Niihara et al.’s expression [15]:

KIC = 0.023
(

c

a

)−3/2
Hv a1/2 (4)

where c is the trace length of the crack measured from the center
of the indentation, a is half of the average length of two indent
diagonals, and Hv is the hardness.

The calculated fracture toughness value of the
3.3Fe0.6Cr0.3Al0.1–Al2O3 composite was about 15 MPa m1/2. As
in the case of the hardness value, the toughness value is the
average of five measurements. A higher magnification view
of the indentation median crack in the composite is shown
in Fig. 6(b), which shows that the crack propagated deflectly
(↑). The absence of reported hardness and toughness values of
the 3.3Fe0.6Cr0.3Al0.1–Al2O3 composite precludes making direct
comparisons to the results obtained in this study. However, the
hardness and fracture toughnesses of Al2O3 with a grain size of
4.5 �m were previously reported as 1,800 kg/mm2 and 4 MPa m1/2,
respectively [16]. The hardness of the 3.3Fe0.6Cr0.3Al0.1–Al2O3

composite is lower than that of monolithic Al2O3, but the fracture
toughness is higher than the value of Al2O3 due to addition of the
ductile Fe–Cr–Al alloy.
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. Conclusions

Nanopowders of Fe–Cr–Al and Al2O3 were fabricated from
e2O3, Cr, and Al powders by high-energy ball milling. The aver-
ge grain sizes of the Fe–Cr–Al alloy and Al2O3 prepared by HEBM
ere 10 and 66 nm, respectively. Using the high frequency induc-

ion activated sintering method, we accomplished densification of
anostructured 3.3Fe0.6Cr0.3Al0.1–Al2O3 composite from mechani-
ally alloyed powders. Complete densification could be achieved
ithin a processing time of 3 min under an applied pressure of

0 MPa and an induced current. The average grain sizes of the
e–Cr–Al alloy and Al2O3 prepared by HFIHS were about 32 and
4 nm, respectively. The average obtained hardness and fracture
oughness values were 1,160 kg/mm2 and 15 MPa m1/2, respec-
ively.
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