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Abstract X-ray diffraction and thermal measurements

were used to investigate the microstructural, structural, and

thermal properties of nanocrystalline Fe prepared by ball

milling process. The crystallite size refinement down to the

nanometer scale is accompanied by the increase of the

internal level strains and the dislocations density. The lat-

tice distortion is evidenced by the increase of both the

lattice parameter and the static Debye–Waller parameter.

The grain boundary enthalpy decreases above 12 h of

milling. The nanostructured paramagnetic bcc a-Fe domain

is extended by about 75 K at the expense of both the

magnetic bcc a-Fe and nonmagnetic fcc c-Fe domains as

compared to coarse-grained pure a-Fe.

Keywords Nanomaterials � Iron powders �
Microstructure � X-ray diffraction � Thermal analysis

Introduction

Nanostructured materials (NSM) are characterized by a

particular nanometer-scale microstructure and an important

grain boundaries (GBs) surface area. Because of the large

number of crystalline interfaces, it was suggested that an

important fraction of the materials has disordered micro-

structure with no short-range order, which is comparable

with a gas-phase structure [1]. Therefore, NSM exhibit

excellent physical, magnetic, mechanical, and chemical

properties that are different from those of coarse-grained

crystalline or amorphous alloys [2].

Ball milling (BM) has been applied in synthesizing

nanocrystalline (NC) metals, solid solutions, alloys, and

intermetallics [2–4]. During the milling process, materials

are subjected to high-energy impacts through ball-to-ball

and/or ball-to-vial wall collisions of the grinding media.

The obtained nanostructured powders consist of particles

composed of nanometer size grains linked to each other

through GBs. The structure of GBs, which has been con-

troversially debated, can be viewed as heterogeneous and

partially disordered systems with a significant fraction of

defects.

Among the many metallic systems processed by ball

milling, Fe is of particular interest. Iron is paramagnetic

above Tc (1,043 K) and still bcc. In the nanostructured pure

iron, a different magnetic response is observed compared to

that of bulk iron, especially at low temperatures. The

observed magnetic anomalies have been interpreted in

terms of spin-glass-like behavior [5]. A reduction of satu-

rated magnetic moment of nanostructured Fe is observed.

These changes have been explained on the basis of the

reduced size of the nanograins and the high amount of

atoms at the interfaces [6]. The early studies of nanocrys-

talline Fe by X-ray diffraction (XRD) suggested a wide,

disordered GB component without noticeable atomic short-

range order [1]. These findings were supported by results

from EXAFS spectroscopy evidencing a large reduction in

nearest neighbor coordination number [7]. Taking into
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20 Août 1955 of Skikda, B. P. 26, Route d’El-Hadaiek,

21000 Skikda, Algeria

e-mail: s.azzaza@gmail.com

S. Azzaza � S. Alleg

Laboratory of Magnetism and Spectroscopy of Solids,

Department of Physics, Faculty of Science, University Badji

Mokhtar of Annaba, B. P. 12, 23000 Annaba, Algeria

J.-J. Suňol
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account all these features, a precise knowledge of the

microstructure is of crucial importance for the complete

understanding of the magnetic behavior.

In the present paper, the evolution of microstructural

and thermal properties of ball milled pure Fe is discussed

as a function of milling time.

Experimental

Elemental pure iron powder (purity, 99.9/%) was milled in

a planetary ball mill (Fritsch Pulverisette P7) under argon

atmosphere using hardened steel containers and balls. The

rotation speed was 350 rpm and the powder-to-ball mass

ratio was about 2:30. Microstructural evolution during the

milling process was followed by XRD using a D501 Sie-

mens diffractometer in Bragg–Brentano (h - 2h) geometry

by using a CuKa radiation of 0.154056 nm wavelength, a

Ni filter, a graphite monochromator, and a proportional

detector. The diffraction profiles of the unmilled and milled

samples were obtained by varying 2h from 20� to 110� with

a step scan of 0.02� and a counting time of 20 s. The

standard corundum Al2O3 was used as the standard sample

to estimate the instrumental parameters like 2h correction,

peak asymmetry, and peak broadening parameters (U, V,

and W). It was also assumed that Al2O3 standard specimen

did not have any size and/or strain broadening. Structural

and microstructural parameters were obtained from the

Rietveld refinement of the XRD patterns by using the

MAUD program which combines the Rietveld method and

the Fourier analysis to describe the broadening of Bragg

peaks [8, 9]. Since the nanocrystalline materials present

high amount of defect density and strain anisotropy, the

modified Williamson–Hall (MWH) method, which is lim-

ited to cubic crystals, is also used to estimate the density

and character of dislocations during milling.

The thermal characterization was carried out by differ-

ential scanning calorimetry (DSC) in a DSC30 equipment

of Mettler-Toledo and by thermogravimetry (TG) in a

TGA851 Mettler-Toledo equipment. The sample mass used

in thermal studies was about 100 mg. The milled Fe

powders were heated under argon atmosphere to avoid

oxidation at a continuous heating rate of 10 K min-1.

Methods of analysis

Diffraction methods are very powerful tools for the char-

acterization of nanocrystalline phases. Adequate phase

identification using XRD relies not only on the position and

the intensity of the peaks but also takes into account the

width and the shape of the peaks. Those later facilitate the

characterization of defects, scattering domain size distri-

bution, and even the thermal oscillations of atoms.

In the present study, we have adopted the Rietveld’s

structure and microstructure refinement method [8–10] of

X-ray powder diffraction step scan data to obtain the

refined structural and microstructural parameters. For

instrumental broadening correction, a specially processed

Al2O3 standard was taken as the instrumental standard and

the most suitable pseudo-Voigt analytical function [11] is

adopted for the fitting of the experimental profiles. The

variation of full width at half maximum (H) of the Al2O3

reflection was assumed to follow Caglioti relation [12]:

H2 ¼ Utan2hþ V tanhþW : ð1Þ

The U, V, and W parameters of instrumental broadening,

instrumental asymmetry, and Gaussianity of reflections

were evaluated for the present setting of the instrument

using this standard Al2O3. All these instrumental parame-

ters were incorporated in the convolution fitting process

and the values were kept fixed.

After the refinement of the instrumental parameters, the

positions of the peaks are corrected by successive refine-

ments for systematic errors taking into account the zero

shift error and sample displacement error. The background

is refined as a four-degree polynomial followed by the

refinement of the crystal structure parameters such as the

lattice parameters, the atomic coordinates, and the Debye–

Waller factor. When the profiles broadening are Miller

indices (h k l) dependent, the crystallite size, d, and mi-

crostrain, hr2i1/2, are evaluated from anisotropic model

based on the Popa rules [13, 14]. This model is applied

assuming that the crystallite and the microstrain fields have

ellipsoidal shape. All the parameters are refined by an

iterative least-square minimization.

The Marquardt least squares procedure was adopted for

minimizing the difference between the observed and sim-

ulated powder diffraction patterns and the minimization

was carried out by using the reliability index parameter;

Rwp (weighted residual error) and RB (Bragg factor) defined

as

Rwp ¼
P

i wi I0 � Icð Þ2
P

i wiI
2
0

" #1=2

ð2Þ

and

RB ¼ 100

P
I0 � ICj j
P

I0

: ð3Þ

The goodness of fit (GoF) is established by comparing

Rwp with the expected error, Rexp:

Rexp ¼
N � P
P

i wiI
2
0

� �1=2

; ð4Þ

where I0 and Ic are the experimental and calculated inten-

sities, respectively; wi = 1/I0 and N are the mass and
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number of experimental observations, and P is the number

of fitting parameters. This leads to the value of goodness of

fit, GoF [8, 9]:

GoF ¼ Rwp

Rexp

: ð5Þ

Refinement continue till convergence is reached with the

value of the quality factor, GoF very close to 1 (varies

between 1.05 and 1.2) which confirms the goodness of

fitting between Io and Ic.

Dislocation density and character

The characterization of dislocation substructure using XRD

data has received much attention. Many methods have been

proposed to extract the density and character of dislocation

(screw or edge) by fitting model/theoretical functions to the

diffraction profiles. The dislocation densities for each

sample were determined by using the Modified William-

son–Hall (MWH) method. In this method, the interpreta-

tion of the strain broadening is based on the dislocation

model of the mean square strain. Here we note that from

the present evaluation procedure only the overall average

of dislocation densities was obtained (isotropic case). The

determination of the geometrically necessary dislocations

density would involve measurements of the Rocking-

curves; however, this was not the goal of the present

research. Hence, by using the values of the average crys-

tallite size, hdi, and average r.m.s strains, hr2i1/2, that are

deduced from the Rietveld refinement, the average dislo-

cation density qD values is evaluated following the same

procedure as adopted in some X-ray line broadening

analyses [15]:

qD ¼
2
ffiffiffi
3
p
hr2i1=2

hdib ; ð6Þ

where b is the Burger’s vector which describes the mag-

nitude and the direction of lattice distortions. The direction

of b depends on the plane of dislocation which is usually on

the closet-packed plane of unit cell. In the case of bcc-Fe,

the closet-packed plane is (111). The magnitude of b is

given by

b ¼ a

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
; ð7Þ

where a is the unit cell length of the crystal; h, k, and l are

Miller indices.

In order to determine the character of dislocations, we

have also supposed coherent domains with isotropic size.

In fact, the XRD results were analyzed according to the

model proposed by Ungár et al. [16] which is based on the

modified Williamson–Hall plot:

DK ¼ 0:9

d
þ bK �C1=2 þ O K2 �C

� �
; ð8Þ

where K = 2 sinh/k, DK is the H (full width at half max-

imum); b the constant depending on the effective outer cut-

off radius of dislocations, the Burgers vector and the den-

sity of dislocations. �C is the average contrast factor of

dislocations given by

�C ¼ �Ch00 1� qH2
� �

ð9Þ

with

H2 ¼ h2k2 þ h2l2 þ k2l2
.

h2 þ k2 þ l2
� �2

� �
ð10Þ

�Ch00 values have been calculated for bcc systems as a

function of elastic constant C11, C22 and C44 [16]. q is

related to the nature of the dislocations (screw or edge) and

can be deduced directly from the line profile analysis of the

diffraction pattern. Indeed inserting (9) into the quadratic

form of (8) yields

DKð Þ2�a
K2

¼ b �Ch00 1� qH2
� �

: ð11Þ

From the linear regression of the left-hand side of

Eq. (11) versus H2, the parameter q can be determined. The

values used for the calculation of this parameter (q) for

pure edge and pure screw dislocations are 2C44/(C11 -

C12) = 2.416 and C12/C44 = 1.215. The value of �C200 for

pure iron was calculated using the program ANIZC [17]. It

has been demonstrated that the value of �C200 for most

materials does not change significantly for different types/

nature (screw or edge) of dislocations [18]. In the ‘Marqx’

[19] program, the average value of 0.3 can be used for most

materials (cubic) and can be refined since small variations

in the value of �C200 do not directly affect the refined values

of q (nature of dislocations) [18, 19].

Results and discussion

Microstructure

XRD analysis can provide information on the structural

and microstructural characteristics of materials since the

width and the intensity of the diffraction peaks depend on

lattice strain, crystallite size, and other imperfections in the

powders such as stacking faults. The accuracy of the XRD

measurements is crucial to the quantitative analysis for

crystallite size and microstrains which are an essential

requirement for quantitative studies of NC materials.

The XRD patterns of the ball-milled Fe powders showed

that the diffraction peaks become substantially broadened

and reduced in intensity. The h110i Bragg diffraction peak
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of un-milled and ball milled powders for 9 and 24 h is

shown in Fig. 1. This broadening can be attributed to the

decrease of crystallites size and the increase in the lattice

distortion. Both features originate from the repeated frac-

turing and cold welding of particles and are explained by

their large plastic deformation. Indeed, it is observed that

the h200i peak broaden much more as compared to other

peaks. This could be due to slight tetragonal distortion [20]

or to the difference in the elastic modulus of the single

crystal Fe in h200i crystallographic direction [21]. This

elastic anisotropy gives rise to strain anisotropy (disloca-

tion model of strain anisotropy) [16]. According to the

anisotropic model, the best Rietveld refinement of the XRD

patterns is obtained with two components: one attributed to

crystalline grains and the other to the GBs (Fig. 2). This

model was firstly established by Lutterotti et al. [8] to

quantify the amorphous fraction in ceramic materials

containing a glassy phase. It was also used by Guérault

et al. to estimate the GBs concentration in NC fluoride

powders [22]. Within the framework of this model, the

GBs phase is considered as a NC solid where the long-

range order is lost. The crystallites are hence of the same

order of the cell and the r.m.s. microstrain is then neglected

and set equal to zero. The quality factors of fitting, GoF,

also corroborated the above findings (Table 1).

The anisotropic model suggests an anisotropic distribu-

tion of the microstructural parameters as confirmed by the

non-spherical grain shape (see inset in Fig. 2). This

graphical representation of the three-dimensional size dis-

tribution at different milling times may be attributed to the

heterogeneous arrangement of dislocation in the powders,

resulting from the cellular structure developed during

plastic deformation.

The crystallite size, d, and r.m.s. (root mean square)

microstrains for different hhkli directions are presented in

Table 2. d is found to be lower along the h200i direction.

Accordingly, hr2i1/2 is higher along this direction. This

behavior was also observed in ball-milled Fe–30Co [23]

and in pure Fe [21]. It is probably due to the elastic

modulus of bcc-Fe (Table 2). It is observed that the crys-

tallite size decreases with milling time and levels off after

12 h. The minimum average crystallite size has been

attributed to a balance between the formation of dislocation

structure and its recovery by thermal processes [24]. The

dislocations density, qD, of the Fe powders is plotted versus

milling time in Fig. 3. One observes that qD increases from

0.015 9 1016 m-2 to about 1.21 9 1016 m-2 after 24 h of

milling. The qD values are comparable to the dislocation

densities limit in metal achieved by plastic deformation

(1016 m-2 for edge dislocations). For the milled NC Fe, the

maximum qD determined by the Fourier method was about

1.653 9 1016 m-2 [20]. Zhao et al. have reported for NC

Fe that qD increases from 0.013 9 1016 to

1.173 9 1016 m-2 with increasing milling time from 0 to

80 h, then decreases slightly to 1.023 9 1016 m-2 (140 h)

on further milling [25]. It is obvious that the properties of

NC are milling conditions dependent.

Figure 4 shows the q values for different milling times.

The theoretical values of q for pure edge and pure screw

dislocation are calculated according to the methodology

described by Ungár and co-workers [16], for pure iron

qedge = 1.28 (pure edge) and qscrew = 2.67 (pure screw).

These theoretical values are then compared with experi-

mental ones. During the first stage of milling, the screw

Table 1 Quality factors of fitting

Milling time/h 0 3 6 9 12 24

GoF 1.03 1.08 1.00 1.20 1.07 1.05

RB/% 4.87 3.72 5.77 6.02 4.89 5.09

Rwp/% 10.12 7.13 10.18 9.46 7.44 8.14

Rexp/% 9.83 6.59 10.14 7.87 6.94 7.72

Table 2 Crystallite size, hdi, and r.m.s. microstrain, hr2i1/2, as

derived from the refinement of the XRD patterns with the anisotropic

model

Milling

time/h

hhkli directions

h110i h200i h211i h310i

0 hdi ± 2/nm 246.6 209.7 246.6 212.7

hr2i1/2 ± 0.02/% 0.0242 0.038 0.024 0.029

3 hdi ± 1/nm 72.57 59.6 72.57 64.01

hr2i1/2 ± 0.03/% 0.233 0.394 0.233 0.345

6 hdi ± 1/nm 39.60 21.42 39.60 28.39

hr2i1/2 ± 0.02/% 0.412 0.517 0.412 0.491

9 hdi ± 1/nm 16.6 13.02 16.6 14.32

hr2i1/2 ± 0.01/% 0.674 0. 881 0.674 0.760

12 hdi ± 2/nm 12.37 11.15 12.37 11.92

hr2i1/2 ± 0.03/% 0.872 1.024 0.872 0.905

24 hdi ± 1/nm 12.08 11.01 12.08 11.75

hr2 i1/2 ± 0.04/% 0.930 1.031 0.930 0.931
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01
6  

m
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Fig. 3 Evolution of dislocations density versus milling time
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dislocations are the major component. Their nature changes

to about 50–50 for 9 and 12 h of milling but after 24 h of

milling, the edge character dominates. The fraction of two

dislocation types can be extracted in the following form

(Table 3):

q ¼ geqedge þ gsq
screw: ð12Þ

The volume fraction associated with GBs, deduced from

the Rietveld refinement, increases from 5 to 25 % with

decreasing crystallite size from *108 to 12 nm, respec-

tively (Fig. 5). In the NC alloys, the important contribution

of the interface which is about 14–20 % of the total Fe has

been attributed to the small crystallite size (*5 nm) [26].

The GBs thickness can be estimated by considering a

spherical shape of grains using the formula:

hEi ¼ hdi
ffiffiffiffiffiffiffiffi
100

PG

3

r

� 1

	 


; ð13Þ

where hdi denotes the average crystallite size and PG is the

volume fraction of the crystalline phase (grains). Hence,

the estimated GBs thickness of the powders milled for 3, 9,

and 24 h is about 0.7, 0.9, and 1.1 nm, respectively.

Comparable values (between 0.5 and 1 nm) were obtained

by Rawers et al. [27]. In most nanostructured alloys, the

estimated thickness of the interfaces was roughly found at

2–3 atomic layers that is physically consistent with the

thickness of the surface layer encountered in non-inter-

acting nanoparticle systems [28]. In the ball milled FeCo

powders, the GBs proportions were 18 and 6 % for crys-

tallite size of about 12 and 40 nm, respectively [29].

The slight shift of the diffraction peaks of the bcc-Fe to

the smaller (or larger) angles with increasing milling time

suggests the variation of the Fe lattice parameter as shown

in Fig. 6. The lattice parameter decreases during the first

three hours of milling, then it increases to reach a maxi-

mum value of about 0.2874 nm after 12 h of milling and

decreases again after 24 h of milling. The increase of the

lattice parameter during milling can be caused by the

increase in the density of dislocations with their charac-

teristic strain fields, whereas the decrease of this parameter

(12–24 h) should arise from the grain compression due to

the presence of compressive stress fields within the non

equilibrium GBs inside the crystallites and, as a result,

causes a decrease in the lattice parameter [30]. Another

reason may be the oxidation of the finite a-Fe grains which

accelerates their fracture [31]. Although during milling

neither Fe oxides phases were detected by X-ray studies;

however, traces of oxidation and some contaminations

(both below the sensitivity limits of the techniques applied)

cannot be excluded. The relative deviation of the lattice

parameter, a, in comparison to that of the perfect crystal,

a0, which is defined by Da ¼ a�a0

a0
, reaches as much as

0.31 % after 24 h of milling. This value is comparable to

that obtained for the ball milled pure Fe for 50 h in a

vibratory Spex 8000 mill with a balls-to-powder mass ratio

of 10:1 [32].

The lattice structure of the nanometer-sized crystallites

obtained by ball milling deviates evidently from the equi-

librium state. The lattice distortion in various NC materials

is manifested by a significant change in Debye–Waller

parameter (DWP) [33] which is a measure of the dis-

placement of atoms from their ideal positions. It consists of

static (DWPS) and thermal (DWPT) components.
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Fig. 4 Nature of dislocations (q) as a function of milling time

Table 3 The calculated screw and edge dislocations fraction

Milling time/h gedge/% gscrew/%

0 17.266 82.734

3 31.504 68.496

6 26.705 73.295

9 50.029 49.971

12 45.218 54.782

24 76.475 23.525
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Fig. 5 Evolution of GBs proportion as a function of crystallite size
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According to the diffraction theory [34], DWPS is related

to the static displacement of the atom from the equilibrium

position caused by defects such as vacancies, interstitials,

and dislocations. However, DWPT is the contribution from

the thermal vibrations of the atom around the equilibrium

lattice site and is grain-size independent. Since all XRD

patterns were taken at ambient temperature, the DWPT of

the Fe is fixed to 0.35 Å2 [35]. DWPS increases with

milling time (Fig. 7) to about 0.981 ± 0.05 Å2 after 12 h

of milling. It was reported that the static DWP in various

NC samples increases by l00–900 % compared to the

equilibrium values [33] due to the existence of the lattice

distortion in the nanocrystallite lattice.

Thermal stability

Characterization of the thermal properties of materials is a

critical step toward understanding the phase formation.

When the sample undergoes a transformation (phase tran-

sition, recovery or recrystallization), heat is absorbed/

evolved which can be accurately measured using DSC [36].

We are mainly interested in the recovery/recrystallization

process occurring during heating of the ball milled samples.

The DSC scans of the unmilled and milled samples have the

same form. Therefore, the DSC scans exhibit a broad

exothermic hump composed of two main peaks at about 405

and 560 K and two endothermic peaks (Fig. 8). The first

sharp exothermic peak, situated around 450 K, may be

attributed to the oxidation of nanostructured Fe powders [37]

as confirmed by the mass gain in the TG analysis as shown in

Fig. 9. The iron oxide may be due to the contamination of the

ball milled powder. The second broad exothermic reaction in

the temperature range 560–850 K can be related to recovery,

strain relaxation and/or grain growth. Since the transition

heats evolving in the atomic reordering and in the grain

growth are comparable in value [4], both atomic disorder and

nanocrystallite boundaries are thus major sources of
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mechanical energy storage. This behavior is typical for

highly deformed materials. The endothermic peaks are

related to the ferromagnetic–paramagnetic transition and

a ? c phase transformation, respectively.

The stored enthalpy, DH, change during the milling

process is estimated from the DSC curve. The area under

such a curve between any two temperature limits yields an

enthalpy change.

DH increases (Fig. 10) with increasing milling time,

reaches a maximum value of about 0.839 kJ/mol after 12 h

of milling, then decreases slightly to about 0.751 kJ/mol

after 24 h of milling. The obtained values which are higher

than those reported by Zhao et al. [25] can be attributed to the

milling conditions. Similar variations of DH were found in

the milled NC Ni [24]. It has been reported that the maximum

energy departure from equilibrium for particulate materials

with a crystallite size of 5 nm was about 10 kJ/mol [38]. The

corresponding value for materials with a dislocation density

of *1016 m-2 was 1 kJ mol-1. These values show the large

amount of stored energy in nanostructured materials. The

stored enthalpy corresponds mostly to the defects recovery

of the milled powders which includes two contributions:

non-equilibrium lattice defects in grains and in the GBs. The

former contribution is mainly due to the elastic energy of

dislocations situated in the grains, and the latter originates

principally from the structural and compositional deviations

in GBs region from the inner part of the grains.

By assuming that the milled powders are isotropic (size and

strain) and using the obtained dislocation density data, the molar

stored energy per molar unit volume, Edis, due to the presence of

the dislocations in the powder can be estimated from Eq. (14).

The stored energies are typically less than 1 kJ/mol.

Edis ¼ AGb2q lnðRe=r0Þ; ð14Þ

with A is equal to 1/(4p(1-v)) and 1/4p for the edge and

screw dislocation, respectively; where v is the Poisson’s

ratio equals to 0.291 for Fe [28]; G is the shear modulus

equal to 8.073 9 1010 N m-2 [39]. Re and r0 are the outer

and the inner cut-off radii of the dislocations, respectively.

The inner cut-off radius can be assumed equal to the length

of Burger vector (r0 = b). Re in NSM would far exceed

crystallite size. Therefore, since the crystallite size is (hkl)

dependent, the average crystallite size hdi is considered as

the outer cut-off radius of the dislocations. The interaction

energy of the dislocations can be neglected since, for NC

materials, individual grains contain only a few amounts of

dislocations [20]. Since the grains contain screw and edge

dislocations in different proportions, the constant A must be

averaged for the two types of dislocations as

A ¼ 1

4p
ge

1� m
þ gs

� �
: ð15Þ

Figure 10 shows the variation of different energies

versus milling time. It can be seen that DEdis attains a

maximum value of about 0.117 kJ/mole after 12 h of

milling (Fig. 10) but it yields only a very small fraction of

DH, suggesting that most of DH arise from the GBs. Hence,

The GBs enthalpy release, DHGBs can be estimated by

separating DEdis from DH. In fact, it can be seen that the

DHGBs yield a dominant part (*78–90 %) in DH which is

in good agreement with the increase of GBs fraction during

milling process. The atoms at GBs may have a slight dif-

ferent coordination number compared to those in the grain,

and the bonds are also distorted [40]. Above 12 h of

milling, the grain size remains constant while the GBs

enthalpy decreases. This behavior can be explained by the

fact that further milling results in a GBs relaxation which

causes variations in the thermal and structural properties.

The variation of Curie temperature, Tc, and the a ? c
transition temperature, Ta?c, during the milling process are

shown in Fig. 11. Tc decreases with increasing milling time

by about 41 K compared to that of bulk iron after 24 h.

However, the a ? c transformation temperature increases

to 1,230 K after 24 h of milling. The decrease of Curie

400 600 800 1000 1200

–0.3

–0.2

–0.1

0.0

0.1

0.2

Δ
m

/m
g

Temperature/K

 0 h
 3 h
 6 h
 9 h
 12 h
 24 h

Fig. 9 TG curves of the ball milled Fe powders at different milling

times

0 6 12 18 24

0.0

0.3

0.6

0.9

ΔH
GBS

ΔH

ΔE
dis

E
ne

rg
y/

kJ
 m

ol
–1

Milling time/h

Fig. 10 Stored enthalpy and elastic strain energy variation versus

milling time

1044 S. Azzaza et al.

123



temperature might be due to the grain size refinement. In

fact, if the grain sizes are small enough, the structural

distortions associated with the surfaces or interfaces can

lower the Curie temperature [41]. The structural distortions

can be confirmed by the Fe lattice parameter increasing

with the milling time. It has been reported on far from-

equilibrium nanostructured metals that interfaces present a

reduced atomic coordination and a wide distribution of

interatomic spacing compared to the crystals and conse-

quently, the atomic arrangement at the GBs may be con-

sidered close to the amorphous configuration and should

therefore alter the Curie temperature [42]. For most

observations in the literature, the Curie temperature does

not deviate strongly from that of the bulk materials [43].

According to the variations of both the Curie temperature

and the a ? c-Fe phase transformation temperature

(Ta?c), it is obvious that the paramagnetic nanostructured

bcc c-Fe domain is extended by about 75 K at the expense

of both magnetic bcc a-Fe and nonmagnetic fcc c-Fe as

compared to coarse grained bcc a-Fe.

Conclusions

Nanostructured Fe powders were obtained by ball milling in

a high-energy planetary ball mill (Fritsch Pulverisette P7).

The increase of the GBs surface area can be linked to the

crystallite size reduction and the increase of the dislocation

density. The screw dislocations are the major component in

the early stage of milling. Their nature changes to 50–50

during the intermediate stage of milling and after 24 h of

milling, the screw character dominates again.

The bcc a-Fe paramagnetic temperature domain is

extended by about 75 K at the expense of both magnetic

bcc a-Fe and nonmagnetic fcc c-Fe as the milling process

progresses. The Curie temperature decreases by about 41 K

as compared to bulk iron.
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