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Abstract Nanocrystalline (nc) and microcrystalline (mc)

Fe10Cr alloys were prepared by high energy ball-milling

followed by compaction and sintering, and then oxidized in

air for 52 h at 400 �C. The oxidation resistance of nc

Fe10Cr alloy as determined by measuring the weight gain

after regular time intervals was compared with that of the

mc alloy of same chemical composition (also prepared by

the same fabrication route and oxidized under identical

conditions). Oxidation resistance of nc Fe10Cr alloy was

found to be in excess of an order of magnitude superior

than that of mc Fe10Cr alloy. This article also presents

results of secondary ion mass spectrometry (SIMS) of

oxidized samples of nc and mc Fe–Cr alloys, evidencing

the formation of a more protective oxide scale in the nc

alloy.

Introduction

Synthesis of nanocrystalline Fe–Cr alloys

Nanocrystalline (nc) alloys have been produced by pro-

cesses such as ball-milling, sputtering, electron beam

evaporation, pulse laser ablation [1], gas condensation

[2, 3], and sol–gel [4] method. Among these techniques,

high energy ball-milling has been most widely used

because of simplicity and potential to scale up for large

production [5–7]. However, ball-milled powders require to

be compacted. Groza [8] has reviewed various techniques

employed for compaction of different nc materials, viz.,

high pressure/lower temperature compaction, in situ con-

solidation [9], hot compaction [10], hot iso-static pressing

[11], explosive compaction [12]. However, compaction of

nc Fe–Cr alloys appears to be a non-trivial task. The dif-

ficulties arise due to the restrictions on plastic deformation

posed by the high hardness, which necessitates high pres-

sures/temperatures for consolidation and sintering, for

example, pure iron with an average grain size of 10 nm

shows a hardness value of 10 GPa [13]. Plastic deforma-

tion, which is a necessary condition for effective com-

paction requires applied pressure to be in excess of yield

stress and approximately one-third of the hardness (i.e.,

3.5 GPa), for which facilities are not easily available in

most research laboratories. Plastic flow, high densification,

and inter-particle bonding can be achieved by compaction/

sintering at high temperatures. However, fabrication at

excessively high temperatures will lead to the common

instances of grain growth.

It may be possible to produce nc Fe–Cr alloys with close

to theoretical density and without too excessive grain

growth, by employing a suitable combination of tempera-

ture and pressure in hot compaction process. The other

possibility could be, to soften the material, by prior thermal

treatment. The latter may be less effective but, attractive

for the situations where hot compaction facilities are not

readily available. This article presents a description of the

success in exploring the suitable fabrication window for nc

Fe–Cr alloys, for circumventing the fabrication hurdles, as

described earlier.
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Oxidation resistance of nanocrystalline alloys

Nanocrystalline materials are characterized by a grain size

of up to about 100 nm whereas submicron materials are

characterize by a grain size of up to 0.1–0.3 lm [1, 2].

When the grain size is below a critical value (5 nm), more

than 50 vol% of atoms are associated with the grain

boundaries. Consequently, properties of the nc materials

differ significantly as compared to conventional micro-

crystalline (mc) materials of similar chemical compositions

[1, 2, 14]. The structure, high grain boundary area fraction,

change in thermodynamic properties, and diffusion of

impurities and alloying elements can cause considerable

differences in oxidation behavior of nc materials [1, 2,

15–18].

It was believed that nc metals and alloys may have

inferior oxidation resistance due to their large volume

fraction of grain boundaries and triple points. On the

contrary, many investigations have reported enhanced

oxidation resistance due to nc structure. For instance,

oxidation resistance of FeBSi [19], Ni-based alloys [20],

Zr and its alloys [21], Cr-33Nb [22], and Cu–Ni–Cr

alloys [23] is reported to be superior in their nc form. It

is noted that the improved oxidation resistance in nc

alloys arises mainly because of the faster diffusion of

elements that can form passive oxide film and/or because

of improved adhesion of passive film formed over nc

structure.

A number of studies have examined the oxidation

resistance of conventional microcrystalline Fe–Cr alloys,

and it is established that formation of Cr oxide layer in

higher Cr alloys and Fe–Cr mixed oxide layer in relatively

low-Cr alloys (which largely depends on the diffusion of

Cr from bulk to the alloy/oxide interface) is the governing

mechanism of oxidation resistance of Fe–Cr alloys

[24–27]. It has already been shown that grain refinement in

Fe–Cr and Ni–Cr alloys improves their oxidation resistance

because of faster diffusion of Cr caused by increased

fraction of grain boundaries [24, 27–31]. However, grain

refinement in most of the investigations is limited to the

micrometric regime.

Diffusion of alloying elements and impurities in nc

alloys is reported to be several orders of magnitude greater

than that in their microcrystalline counterparts. Therefore,

Fe–Cr alloys where diffusion of Cr plays major role in

determination of oxidation resistance, nc structure may

facilitate the establishment of Cr oxide layer and as a

result, the necessary oxidation resistance may be attained at

much lower Cr contents (than in the case of microcrystal-

line alloys of same composition).

This study presents a comparison of oxidation resistance

of nc and microcrystalline Fe10Cr alloys at 400 �C.

Experimental procedure

Synthesis of nanocrystalline Fe–Cr alloys

Fe–Cr alloy with a nominal Cr content of 10 wt% was

prepared by mechanical alloying (using a SPEX model

8000 shaker mill). As starting materials, high purity pow-

ders (99.9% purity and particle size \10 lm) of Fe were

loaded into a tool steel vial under vacuum with 440C

stainless steel balls (6.4–7.9 mm in diameter). Ball-to-

powder weight ratio was kept at 10:1. High energy ball-

milling was carried out for 20 h. Ball-milled nc alloy

powder was annealed at 500, 600, and 700 �C in forming

gas atmosphere (98% Ar ? 2% H2) in order to understand

the grain growth kinetics.

On the basis of the grain growth data, the ball-milled

alloy powders were annealed at 600 �C in a forming gas

atmosphere for 30 min. Ball-milled and annealed powders

were compacted at room temperature into pellets (diame-

ter = 12 mm and thickness = 1.5 mm) under a uni-axial

pressure of 3GPa. Density of the pellets (before and after

sintering) was measured by gas pyconometry. The com-

pacted pellets were sintered at 600 �C for 1 h in forming

gas atmosphere to improve the density and interparticle

bonding.

X-ray diffraction (XRD) was performed on the as-mil-

led, annealed, and compacted samples with a CuKa radia-

tion (k = 0.1541 nm) at a scan rate of 0.3�/min, and at 50

steps per degree. Grain size of the nc alloy after various

stages of fabrication was determined from the X-ray peak

broadening using the Voigt function [32], after eliminating

the instrumental and lattice strain contributions to peak

broadening. The four most intense peaks (110, 200, 211,

220) were used to calculate the grain size. In order to

ensure reproducibility, several annealing treatments and the

X-ray analyses were duplicated. The accuracy of the grain

size determination was within ±4 nm.

Oxidation resistance of nc vis-a-vis microcrystalline

Fe–Cr alloys

The compacted and sintered disks of nc and microcrystal-

line Fe10Cr alloys were polished to 2400 grit silica paper

finish and subjected to oxidation in air for durations up to

3120 min (52 h) at 400 �C. At this temperature the grain

boundary diffusion is much greater than the lattice diffu-

sion. For the particular investigation of the role of nano-

metric vis-à-vis micrometric grain size in the development

of oxidation resistance, a mc Fe-10 wt% Cr alloy with

much larger grain size (1.5 lm) was simultaneously sub-

jected to the same oxidation treatment as the nc Fe–Cr

alloy. Weight change during the oxidation was recorded by
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weighing the samples in a Cahn balance (least count

0.1 mg) after regular time intervals. Weight gain experi-

ments were repeated several times to ensure the repro-

ducibility of the results.

In order to understand the role of the nanostructure on

oxidation rate, thin oxide films formed during oxidation

need to be characterized for the Cr content. Cr content of

oxide layers on Fe–Cr alloys have earlier been character-

ized by secondary ion mass spectrometry (SIMS) [33–35].

The thin oxide films formed in different durations at

400 �C over nc and microcrystalline Fe-10 wt% Cr alloys

were characterized by SIMS depth profiling, using a

Cameca ims (5f) dynamic SIMS instrument. Other SIMS

parameters were: Cs? ion primary beam (10 nA), depth

profiling of craters of 250 lm 9 250 lm area. In dynamic

SIMS instrument, Cs? ions were used to sputter the oxide

film and elemental analysis was performed simultaneously

to characterize the composition of the oxide film.

Results and discussion

Synthesis of nanocrystalline and microcrystalline

materials

Grain growth behavior of the ball-milled nc Fe10Cr alloy

at 500, 600, and 700 �C is presented in the Fig. 1. Grain

size after various steps of annealing was determined using

XRD analysis as described in ‘‘Synthesis of nanocrystalline

Fe–Cr alloys’’ section. As evident from the Fig. 1, initial

grain growth is rapid at each of the three temperatures and

is a strong function of temperature, as suggested from the

increasing intensity of the initial grain growth with tem-

perature (Fig. 1). Annealing at 500 �C marks a rapid grain

growth in the beginning which was limited to the first

15 min, and no significant change in grain size in the

course of further annealing. At 600 and 700 �C, grains

continued to grow with time, even beyond 15 min.

Compaction of the ball-milled powder under a uni-axial

pressure of 3 GPa at room temperature was not successful,

as this resulted in disintegration of the pellets. It became

obvious that it would be necessary to reduce hardness and

improve ductility of the powder, before it was subjected to

the pressure compaction. Based on the grain growth data

shown in Fig. 1, a prior annealing at 600 �C for 30 min

was selected with a view to prior softening of the powder

without any excessive grain growth. Prior annealing at

600 �C for 30 min though resulted in some grain growth

(Fig. 1), the grain size of the alloy was still found to be

well within the nc range (42 nm). Most importantly,

because of the softening caused by the prior annealing, it

was possible to compact the powder into pellets (diame-

ter = 12 mm, thickness = 1.5 mm) at a pressure of 3 GPa

at the room temperature. As a result of this compaction, the

green density of the material obtained was close to the

theoretical density. Compacted pellets were sintered for 1 h

at 600 �C, which further improved the density close to

100% of the theoretical density. However, the sintering

caused some further grain growth. The grain size of the

sintered pellets was determined to be 52 nm (±4 nm).

To prepare microcrystalline alloy specimens, ball-milled

powders of Fe10Cr alloy were annealed at 600 �C then

compacted under a uniaxial pressure of 3 GPa and then

sintered at 840 �C for 3 h. Test specimen of both nc and

microcrystalline Fe10Cr alloys were 12 mm in diameter

and 1.5 mm in thickness. Grain size of microcrystalline

material as determined by optical microscopy was 1.5 lm.

Density and grain size of the samples (used in the current

study) after various processing steps are presented in

Table 1.

Oxidation of nanocrystalline and microcrystalline

Fe-10% Cr alloys

In order to compare the influence of nc and mc structures

on oxidation of Fe10Cr alloy, the compacted and sintered

pellets of both nc and microcrystalline Fe10Cr alloys were

oxidized at 400 �C for durations up to 3120 min. Oxidation

kinetics data (Fig. 2) show the microcrystalline alloy to be

oxidizing at a considerably greater rate than the nc alloy.

After 3120 min of oxidation, weight gain of microcrys-

talline Fe10Cr alloy was found to be nearly 18 times

greater than that of the nc Fe10Cr alloy.

As described in ‘‘Oxidation resistance of nanocrystalline

alloys’’ section above, oxidation resistance of Fe–Cr alloys

is associated primarily to the chemical characteristics and

the Cr content of the thin inner oxide scale. Oxide layer

with greater Cr content provides superior oxidation resis-

tance. Availability of sufficient Cr at the alloy–oxide
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Fig. 1 Grain growth of Fe10Cr alloy at: (a) 500 �C, (b) 600 �C and

(c) 700 �C
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interface is essential for the effectiveness of internal to

external oxidation transition to form a continuous Cr2O3

layer. Establishment of such continuous oxide layer of

solute depends on the several factors which include: (a) the

concentration and diffusion of the solute in the alloy, (b)

the diffusion of the oxygen in the alloy, (c) diffusion of

oxygen in the external oxide film, and (d) the growth rate

of the solute-oxide layer. In practice this means that, under

a particular set of conditions, continuous and protective

scale of solute-oxide forms at or above a critical concen-

tration of solute (B, in a binary alloy A–B) which has been

given as per following equation [29, 36, 37]:

NB ¼
V

zBMo

pkp

DB

� �1
2

where NB is the critical amount of solute B required for the

formation of an external solute-oxide layer, V is the molar

volume of the alloy, ZB is the valance of the B atoms, MO is

the atomic weight of oxygen, DB is the diffusion coefficient

of B in the alloy, and kp is the parabolic rate constant for

the exclusive formation of the B-oxide (B can be substi-

tuted by Cr in the case of Fe–Cr system).

At a given temperature and external oxygen partial

pressure, the critical amount of Cr required for the for-

mation of external Cr2O3 layer will only depend upon the

diffusion coefficient of Cr in the alloy. Diffusivity of the

alloying elements in nc materials is reported to be much

greater than that in microcrystalline materials [17, 18].

Diffusion in a material can be characterized as the com-

bined effect of diffusion through the grain boundaries and

lattice diffusion and can be written as:

D ¼ f Dgb

� �
þ 1� fð ÞDb

where f is the grain boundary area fraction, Dgb is the grain

boundary diffusion coefficient, and Db is the bulk diffusion

coefficient. The grain boundary area fraction (in nc mate-

rials) is much greater than that in microcrystalline materials

and therefore contribution of grain boundary diffusion

coefficient in nc materials is significantly greater which

leads to a significant increase in the overall diffusion

coefficient of alloying elements.

Since the diffusivity of Cr in the nc alloys is a few

orders of magnitude greater [17, 18], the critical amount of

Cr required for the formation of an external Cr2O3 scale

drops down significantly and considerable oxidation

resistance is obtained at lesser Cr contents. On the other

hand, diffusivity of Cr in microcrystalline Fe10Cr alloy is

several orders of magnitude lower, and hence 10% Cr is not

enough to form an external Cr2O3, which explains the

considerably greater weight gains of the microcrystalline

alloy at 400 �C.

The considerable difference in the Cr enrichment in the

inner oxide scale developed on the nc and microcrystalline

alloys has duly been correlated by SIMS depth profiles

(Fig. 3). The most notable finding of the SIMS profiles is

that the highest Cr content of the inner layer of nc Fe10Cr

alloy is considerably greater than the highest Cr content in

the inner layer of microcrystalline Fe10Cr alloy. At this

considerably higher Cr content of the oxide layer on nc

Fe10Cr alloy, the inner oxide layer can be assumed to be of

Cr2O3, which will establish that it is possible to develop a

protective layer of Cr2O3 in the case of nc Fe–Cr alloys at

considerably low Cr contents and therefore it is possible to

form a Cr2O3 scale in nc Fe10Cr alloy. As the reported

literature [33–35] would suggest, inner oxide layer of the

microcrystalline alloys with low Cr (\12%) would at best

be a mixed spinel type Fe–Cr oxide. Such low Cr alloys

would fail to develop a Cr2O3 layer. It seems the consid-

erably greater oxidation rate of microcrystalline Fe10Cr

alloy (as compared to nc Fe10Cr alloy) can be explained on

the basis of the considerably higher Cr content of the inner

oxide layer and possible development of the protective

oxide layer of Cr2O3 over the latter.

Table 1 Grain size and density of the test specimens after various fabrication steps

Grain size,

ball-milled

powder

Annealing,

ball-milled

powder

Grain size,

ball-milled and

annealed powder

Green density,

compacted pellets

(% of theoretical density)

Sintering

compacted

pellets

Density, sintered

pellets (% of

theoretical density)

Grain size,

sintered pellets

(test specimen)

nc Fe10Cr 14 nm 600 �C/30 min 42 nm *100 600 �C/60 min *100 52 nm

mc Fe10Cr 14 nm 600 �C/30 min 42 nm *100 840 �C/180 min *100 1.5 lm
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Fig. 2 Oxidation kinetics of nanocrystalline (nc) and microcrystal-

line (mc) Fe10Cr alloys oxidized at 400 �C for 3120 min
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Conclusions

1. It has been possible to produce nc Fe-10% Cr alloy by

ball-milling route. Though hot compaction would be

an ideal choice, the alloy powder could be successfully

compacted close to the theoretical density, by

employing a step of prior annealing of the powder. The

compacted pellets have been successfully sintered

while retaining the grain size within the nc range.

2. Oxidation resistance of nc Fe10Cr alloy is found to be

far better than that of microcrystalline alloy of similar

chemical composition. SIMS depth profiling and

theoretical understanding of oxidation of Fe–Cr alloy

further verify that the improved oxidation resistance of

nc alloys is due to the formation of a Cr-rich oxide

layer.
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