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Abstract: Mechanical alloying is among the few cost effective techniques for synthesizing nanocrys-
talline alloy powders. This article reviews mechanical alloying or ball-milling of (NC) powders of
Fe-Cr alloys of different compositions, and the remarkable oxidation resistance of the NC alloy. The
article also reviews challenges in thermal processing of the mechanically alloyed powders (such as
compaction into monolithic mass) and means to overcome the challenges.

Keywords: nanocrystalline (NC) alloy; microcrystalline (MC) alloy; mechanical alloying; ball-milling;
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1. Introduction

Nanocrystalline (NC) structure of alloys (instead of their traditional microcrystalline
(MC) counterparts) is reported to remarkably improve some of the properties, such as
strength and corrosion resistance [1–4]. Mechanical alloying of powders of the con-
stituent elements is among the most commonly employed approaches for producing
NC alloys [2,4–6]. This article reviews challenges in consolidation of mechanically alloyed
Fe-Cr powders into monolithic solids and their sintering for achieving close-to-theoretical
density, and circumvention of the challenges. The article also presents examples of im-
provements in oxidation/corrosion resistance properties of a few alloy systems due to the
NC structure, and their mechanistic explanations.

2. Mechanical Alloying for Nanocrystallinity

A few processing techniques have been employed for synthesis of nanocrystalline
(NC) alloys, such as electrodeposition [7], mechanical alloying [2,4–6], severe plastic de-
formation [8], sputtering, electron beam evaporation, pulse laser ablation [9], gas con-
densation [9,10], and sol-gel [11]. Some of these techniques (viz., sputtering, electron
beam evaporation, pulse laser ablation, gas condensation and sol-gel) have limitations of
producing only thin films or tiny samples of NC materials. Several critical applications,
such as mechanical or corrosion testing, require bulk monolithic samples. For synthesis
of bulk NC materials, mechanical alloying [2,4–6] and electrodeposition [7] have been
widely employed.

A few metals [7], and Ni-Fe and Ni-Co alloys [5,6,12,13] were among the early NC
metallic materials synthesized by pulsed electrodeposition. However, processing of NC
metallic materials by pulsed electrodeposition requires promotion of nucleation and sup-
pression of growth of the depositing grains, and, in order to bias nucleation, organic
additives are added to the electrolyte used for electrodeposition [7]. A post-synthesis ther-
mal decomposition is employed for removal of these additives. However, often, the organic
additives still remain in the electrodeposited NC material and deteriorate its properties
(such as causing embrittlement). In contrast, NC metal and alloy powders synthesized by
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mechanical alloying technique are generally free from such artefacts [2,4–6]. For critical
applications such as mechanical or corrosion testing, the mechanically alloyed powders
need to be compacted into monolithic mass. Depending on the thermal and mechanical
characteristics of NC materials, various techniques have been employed for their com-
paction [14], such as hot compaction [15], high pressure/lower temperature compaction,
in-situ consolidation [16], hot isostatic pressing [17], and explosive compaction [18]. Often,
the consolidated material is subjected to sintering in order to achieve the theoretical density.
The thermal stability of NC material governs the choice of sintering temperature and time.
Examples of mechanical alloying of elemental powders into NC alloy powders of a few
systems, their consolidation and sintering, and the associated challenges and circumven-
tion are discussed in the succeeding sections. The role of the NC structure in remarkably
influencing oxidation resistance is also discussed.

3. Mechanical Alloying of Fe-Cr Alloy Powders and Their Consolidation

Powders of Fe and Cr (purity: 99.9%, particle size: <10 µm) were mechanical alloyed
into Fe-Cr alloy powders with different Cr contents (2, 5, 10, and 20 wt%) for the purpose
of investigation of the role of nanocrystalline (NC) structure of Fe-Cr alloys in their oxida-
tion/corrosion resistance [19]. NC Fe-Cr alloy powders were synthesized under an inert
environment of toluene, using an air-cooled planetary ball-mill (300 rpm), tungsten carbide
balls, and a powder-to-ball weight ratio of 1:10. The ball milling was continued for 20 h,
and the crystallite grain size was determined intermittently, from the broadening of X-ray
diffraction (XRD) peaks and the Scherrer equation [20]. Figure 1 shows the decrease in the
grain size with increasing milling duration and confirms the grain size to have stabilized
well and truly in the nanocrystalline regime (~20 nm) for all the powders, after 15–20 h of
mechanical alloying [21]. It should be noted that the indirect determination of nanocrys-
talline grain size by XRD has been confirmed by direct measurements by transmission
electron microscopy [21].
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Figure 1. Decrease in the crystallite grain size with increasing duration of milling of elemental
powders into Fe-Cr alloy powders with different Cr contents [21].

As mentioned earlier, for critical applications such as generating specimens for me-
chanical or corrosion testing, the mechanically alloyed powders need to be compacted
into monolithic mass. However, it may be a non-trivial task to accomplish compaction of
powders of NC Fe-Cr alloys, because the crystal structure of Fe and Fe-Cr alloys is body
centred cubic (BCC), which resist plastic deformation and have high hardness. Therefore,
the plastic deformation and material flow that are necessary for an effective compaction
required for consolidation of Fe and Fe-Cr alloys necessitate application of high pressures
and high temperatures. Seigel [22] reported that for plastic deformation of NC (10 nm) Fe
(that has a hardness of 10 GPa), the pressure needs to be greater than the yield strength,
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i.e., 3.5 GPa (~1/3rd of hardness), that can be prohibitively high. Therefore, to accomplish
compaction at moderate loads, it becomes necessary to elevate the compaction temperature
in order to enhance plastic flow. However, the compaction temperature cannot be too high
because that will cause excessive grain growth and loss of nanocrystallinity. Therefore, it
becomes essential to identify the temperature-time window for accomplishing compaction
without allowing excessive grain growth and loss of NC structure.

Malow et al. [23] successfully compacted NC Fe to ~100% of the theoretical density, by
employing a pressure of 2.7 GPa at 475 ◦C. However, when the NC Fe-10Cr alloy powder
that was prepared as described earlier was compacted at 2 GPa and 515 ◦C, only 92% of the
theoretical density could be achieved, indicating the need for increasing the compaction
temperature. To identify an appropriate temperature-time window for softening of hard-
ened NC Fe-Cr alloy powders but avoiding the excessive grain growth, the mechanically
alloyed powders produced as shown in Figure 1 [21] were subjected to annealing at 500,
600, and 700 ◦C in a reducing environment for different durations (3–120 min). The aver-
age grain size was determined after intermittent durations of annealing (again, from the
broadening of XRD peaks and the Scherrer equation [20]). Figure 2 shows a typical set of
XRD spectra for Fe-10Cr alloy mechanically alloyed for 3–120 min at 500 ◦C. The peaks are
seen to broaden with increasing time of annealing because of the increasing grain growth.
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Figure 2. XRD spectra for mechanically alloyed Fe-10Cr alloy annealed for different durations
(0–120 min) at 500 ◦C ([24], reproduced with copyright clearance).

Figure 3 shows the grain growth of Fe-10Cr alloy powder during annealing at 500,
600, and 700 ◦C for durations up to 120 min. Though the grains grow rapidly during the
initial stage of annealing at each temperature, the intensity of growth is faster at higher
temperatures. Grain growth plateaued after 15 min at 500 ◦C, whereas grains continued
to grow rapidly at 600 and 700 ◦C. In fact, at 700 ◦C, the grain growth was so rapid that
after 60 min the grains tended to grow beyond the nanocrystalline regime. The grain
growth took off after 90 min also at 600 ◦C. Figure 4 compares the grain growth data for
the mechanically alloyed Fe-10Cr NC alloy powder extracted from Figure 3, which are
compared with those reported in the literature for ball-milled powders of NC Fe and an
Fe-Al alloy [9,23–28]. There are considerable variabilities, particularly at temperatures
above 400 ◦C. Such variabilities are attributed largely to the impurities in the powders.
Some impurities such as oxide particles pin the grain boundaries and impede grain growth,
and therefore powders with such impurities resist grain growth over higher temperature
regimes. So, the purer the NC powder, the greater is its susceptibility to grain growth, and
the lower is the temperature at which the rapid grain growth starts. The grain growth
impeding due to impurities is more readily offered by alloying elements with greater
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thermodynamic susceptibility to form oxides, for example the Fe-Al alloy in Figure 4 shows
resistance to grain growth over a higher temperature regime [28]. In fact, this effect has
been successfully exploited for increasing the temperature regime for stability of NC alloys,
as will be discussed subsequently.
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Figure 3. Grain growth of mechanically alloyed Fe-10Cr nanocrystalline alloy powder during
annealing at 500 ◦C (a), 600 ◦C (b) and 700 ◦C (c) for different durations up to 120 min ([24],
reproduced with copyright clearance].
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Figure 4. Grain growth data in literature for ball-milled nanocrystalline Fe and two Fe-alloy powders
during annealing at different temperatures for different durations: [1] NanoStructured Materials, 6
(1995) 421 (Ref [25]), [2] NanoStructured Materials, 12 (1999) 685 (Ref [26]), [3] Acta Mater, 45 (1997)
2177 (Ref [23]), [4] Progress in Materials Science, 33 (1989) 223 (Ref [9]), [5] Mater. Sci. Forum, 343 (2000)
683 (Ref [27]), [6] NanoStructured Materials 9 (1997) 71 (Ref [28]), and [7] Mater Sci Engineering-A, 494
(2008) 253 (Ref [24]).

On the basis of the grain growth data in Figure 3, a time-temperature window of
600 ◦C and 30 min was selected for improving ductility and flow of mechanically alloyed
NC powder of Fe-10Cr alloy for successful compaction of the powder into monolithic discs
(under a uniaxial pressure of 2.7 GPa). The consolidated discs are seen in Figure 5. The
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density of the discs was determined to be 98% of the theoretical density. The compacted
discs were sintered at 600 ◦C for 1 h to improve the density to ~99%. Again, grain growth
data in Figure 3 were the basis for the choice of sintering time and temperature. Grain size
of the sintered discs (52 nm) was very much in the nanocrystalline regime.

4. Oxidation Resistance of Mechanically Alloyed NC Fe-Cr Alloys

Fe-alloys with sufficient contents of specific alloying elements (namely Cr, Al and Si)
develop a continuous surface layer of oxides of such alloying elements (i.e., Cr2O3, Al2O3
or SiO2) that remarkably retards oxidation rate of such alloys. Defect contents of these
oxides are remarkably low [29]. As a result, the counter diffusivity of elements involved
in oxidation is insignificantly low through the surface layer of such oxides, hence the
remarkable oxidation resistance of such alloys. Enabling the development of a continuous
surface layer of these protective oxides is the basis for corrosion resistance of alloys. Most
common examples are stainless steels (i.e., Fe-Cr alloys) and Al-alloys that readily develop
robust surface barrier layers of Cr2O3 and Al2O3 respectively, and hence, such alloys
possess excellent oxidation/corrosion resistance [29].

The development of a full-fledged continuous external layer of chromia, alumina or
silica requires availability of a sufficient amount of the specific alloying elements (viz.,
Cr, Al or Si) at the surface [29]. The critical concentration of such alloying content for a
given alloy can be determined by Wagner’s calculations [30] (e.g., stainless steels possess
18–20 wt% Cr [3]). The critical concentration is governed directly by the diffusivity of the
element (and the factors that influence diffusivity, e.g., temperature). It is well-known
that at moderately elevated temperatures, grain boundary diffusivity far exceeds the
lattice/bulk diffusivity [31]. The temperature range for the Fe-Cr system is 300–400 ◦C
(as shown in Table 1). Therefore, it is obvious that diffusivity will be higher in the case
of a nanocrystalline (NC) alloy (that possess remarkably high grain boundary volume
fraction [9]) than its microcrystalline counterpart. Indeed, Wang et al. [31] reported the
Cr diffusion in a NC iron to be four orders of magnitude greater than that in its MC
counterpart. On this basis, it was hypothesized that an Fe-Cr alloy with sufficient Cr
content will possess much superior oxidation resistance when the structure of the alloy
is nanocrystalline (NC) vis-à-vis the same alloy with microcrystalline (MC) structure.
On the same basis, it was further hypothesized that with NC structure, considerably
lower chromium contents may be sufficient to achieve oxidation resistance similar to
common high chromium microcrystalline alloys. These hypotheses were nicely validated
by Singh Raman et al. [19,32]. For example, as seen in Figure 5, a NC Fe-10Cr alloy (that
was synthesized by mechanical alloying, as described in the preceding section) showed
nearly an order of magnitude superior resistance to oxidation than the MC alloy of same
composition, during air-oxidation at 300 ◦C for 3120 min [19,32]. The secondary ion mass
spectroscopy (SIMS) depth profiles of Cr through the oxide scale thickness (Figure 6)
demonstrate the remarkably higher Cr contents of the protective oxide layer of the NC
alloy than that in the MC alloy, thus accounting for the remarkably superior oxidation
resistance of the NC alloy [19]. In fact, it took some time (120 min) for sufficient Cr to enrich
in the oxide layer to develop a full-fledged protective layer of Cr2O3. At this stage, the
oxidation rate of NC alloy became insignificant and similar to that for a stainless steel (that
possess ~20 wt% Cr), whereas the MC alloy continued to oxidize at a high rate because of
its inability to form a full-fledged protective layer of Cr2O3. It was possible to explain the
stark difference in colour of the NC and MC alloy oxidized for 3120 min (interested readers
may refer to [32] for the explanation).
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Table 1. Diffusion coefficients of Cr in NC and MC iron [31].

Temperature Lattice (Db) m2/s GB (Db) m2/s NC Iron (Dn) m2/s MC Iron (Dm) m2/s

300 ◦C 1.2 × 10−26 8.6 × 10−22 1.7 × 10−17 –
340 ◦C 3.7 × 10−25 1.7 × 10−20 1.6× 10−16 –
380 ◦C 7.6 × 10−24 2.3 × 10−19 2.8 × 10−15 3.6 × 10−19

840 ◦C 1.5 × 10−15 3.7 × 10−12 – 2.2 × 10−15
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Figure 6. SIMS depth profiles for Cr in the oxide scale of Fe-10%Cr alloy with nanocrystalline
(nc or NC) and microcrystalline (mc or MC) structures, oxidized for 120 h in air at 300 ◦C alloys.
([19], reproduced with copyright clearance).

5. Mechanical Alloying of Fe-Cr-Ni-Zr Alloy Powders and Their Consolidation

As shown in Figure 3, mechanically alloyed Fe-Cr nanocrystalline (NC) powders
undergo rapid grain growth when annealed at temperatures above 600–700 ◦C. Therefore,
such powders can lose nanocrystallinity upon exposures to higher temperatures, which
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means temperatures must be <700 ◦C for: (a) further thermal processing of such NC
powders (such as consolidation/sintering, as described in the preceding section) and
(b) applications where the NC structure of alloy is required (such as high temperature
oxidation resistant NC alloys). Therefore, it is highly attractive to explore means for
retaining nanocrystallinity of mechanically alloyed Fe-Cr alloyed powders at temperatures
>700 ◦C. As described in the preceding section, impurities such as oxide particles pin the
grain boundaries and impede grain growth, and as a result, some NC powders of Fe and
Fe-Cr alloy resisted grain growth until higher temperature, as shown in Figure 4. Zr readily
forms oxides that are thermodynamically stable up to very high temperatures. Following
the ball-milling procedure described earlier, Fe, Cr, and Ni powders with and without 2
wt% Zr were mechanically alloyed to synthesize NC Fe-10Cr-5Ni and Fe-10Cr-5Ni-2Zr
alloy powders, with an objective of increasing the high temperature processibility of the
powders, such as compaction at higher temperature, due to Zr addition [33]. The alloy
was added with 5 wt% Ni, for improving ductility of the compacted alloy, since NC alloys
are known to suffer from poor ductility [1,2,33]. It should be noted that in the relatively
recent times, researchers have successfully employed spark plasma sintering for in-situ
consolidation [34].

Grain size of the Fe-10Cr-5Ni alloy powders with and without Zr addition was
measured by XRD technique (as described earlier) after annealing for 1 h at various
temperatures. As shown in Figure 7, NC powder of Zr-containing alloy resists grain
growth during annealing at much higher temperatures. In fact, grain size of Zr-containing
NC alloy powder remains well within NC regime upon annealing even at 1000 ◦C, whereas
the Zr-free alloy undergoes rapid grain growth during 1 h annealing at 700 ◦C and the
grains grow into the regime of >100 nm. Mechanically alloyed NC powder of Fe-10Cr-
5Ni-2Zr was hot-compacted at 400 ◦C into discs that could be sintered at a very high
temperature (1000 ◦C), on the basis of the grain growth data shown in Figure 7 [33]. For
improving ductility, the NC Fe-10Cr-5Ni-2Zr alloy powder was mixed with an equal
amount of microcrystalline (MC) Fe-10Cr-5Ni-2Zr alloy powder and compacted/sintered
into discs of Fe-10Cr-5Ni-2Zr alloy with bimodal grain size distribution (50% NC + 50%
MC). The alloy with bimodal grain size distribution showed improved ductility [33]. In
simple terms, the bimodal alloy has considerable (50%) MC component where dislocations
can travel greater distance before being pinned, and hence better ductility.
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6. Oxidation Resistance of Mechanically Alloyed NC Fe-Cr-Ni-Zr Alloys

Oxidation resistance of NC Fe-Cr alloys has been shown to be considerably superior to
that of their MC counterparts [3], as also seen in Figure 5, and the reasons for the superior
oxidation resistance of NC alloy is discussed in the literature [32] and summarized in
the preceding section. Consistent with this trend, nanocrystalline Fe-10Cr-5Ni-2Zr alloy
oxidized at much slower rate than its microcrystalline counterpart, as shown in Figure 8.
The role of nanocrystalline structure in improving oxidation resistance is further supported
from the observation that the Fe-10Cr-5Ni-2Zr alloy with bimodal grain size distribution
(i.e., 50% nanocrystalline and 50% microcrystalline content) oxidized at somewhat higher
rate (Figure 8), because of their smaller nanocrystalline content. The most striking obser-
vation was that the oxidation resistance of nanocrystalline Fe-10Cr-5Ni-2Zr alloy Cr) was
in the same regime as that of a microcrystalline Fe-20Cr-5Ni alloy (whose 20% Cr content
is similar to a common stainless steel.) The SIMS depth profiles of Cr through the oxide
scale thickness (Figure 9) show considerably lower Cr contents of the protective oxide layer
of the microcrystalline Fe-10Cr-5Ni-2Zr alloy, whereas the Cr content was considerably
higher in protective oxide of all the alloys with high oxidation resistance [33]. In fact, the
relative Cr contents of the protective oxide scales of various alloys commensurate well
with their corresponding oxidation resistance.
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7. Opportunities

It is well known [29] that the defect content of Al2O3 is considerably less than that of
Cr2O3, and hence a surface layer of Al2O3 is more protective. However, at the Al contents
required for developing a continuous protective layer of Al2O3 on a steel, the alloy will
suffer from unacceptable loss in mechanical property (such as loss of toughness). However,
it has been possible to develop Al2O3 layer on Fe-Cr-Al and Ni-Cr-Al alloys (that have
acceptably low Al contents), with the help of the phenomenon called, “third element
effect” [29]. In this phenomenon, the alloy with sufficient Cr first forms a continuous
layer of Cr2O3, which stops outward diffusion of Al, thereby facilitating Al accumulation
(just underneath the Cr2O3 layer) to the level that is sufficient for the development of a
full-fledged layer of Al2O3. Thus, with the “third element effect” of Cr, the alloy develops
a protective layer of Al2O3 in spite of the low Al content of the alloy. As discussed in the
preceding sections, NC structure profoundly accelerates diffusion; hence, it is expected to
facilitate the “third element effect”. Therefore, it will be interesting to investigate the role
of NC structure of mechanically alloyed systems in promoting the “third element effect”.

8. Conclusions

Nanocrystalline (NC) powders of Fe-Cr alloys can be synthesized by mechanical
alloying. However, consolidation of these powders into monolithic mass is a challenge
because of their high hardness due to body-centered cubic crystalline structure of Fe-Cr
systems. In order to promote plastic flow, compaction is required to be carried out at high
temperatures; however, too high a temperature can cause grain growth and loss of NC
structure. A temperature-time window is optimized for hot-compaction of NC powders of
Fe-Cr alloys without losing NC structure. In order to enable hot processing of the powders
at much higher temperatures without losing NC structure, Zr was added to the alloy
during mechanical alloying that pins grain boundaries and suppresses grain growth. As
a result, compaction temperature of powders of Fe-10Cr-5Ni-2Zr alloy can be as high as
1000 ◦C.
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Oxidation resistance of compacted nanocrystalline (NC) Fe-10Cr alloy is found to be
remarkably superior to its microcrystalline (MC) counterpart. The superior oxidation resis-
tance of NC alloy is attributed to the much greater grain boundary volume of NC structure
that causes sufficient diffusion of Cr in oxide layer and development of a protective layer of
Cr-oxide, whereas the MC alloy fails to develop this protective layer because of insufficient
Cr diffusion. In fact, Cr content of the protective oxide layer developed during oxidation of
NC Fe-10Cr-5Ni-2Zr alloy at 550 ◦C is similar to that of a MC Fe-20Cr alloy (i.e., common
stainless steel); hence, the two alloys show similar oxidation resistance. Regarding further
opportunities, it will be interesting to investigate the role of NC structure of mechanically
alloyed systems in promoting the “third element effect”.
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