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X-ray peak broadening analysis of FesgNisq nanocrystalline alloys
prepared under different milling times and BPR using size strain

plot (SSP) method

Introduction
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Abstract. FesgNisg nanocrystalline alloys were prepared by mechanical alloying method at different milling
times of 2, 5, 10, 30, 50 and 70 h and ball powder ratios (BPR) of 10:1, 20:1 and 30:1. The structures of
prepared powders were studied by X-ray diffraction (XRD). The broadening of the diffraction peaks were
analysed using size strain plot (SSP) method and the lattice strain and crystallite size of the nanocrystals were
calculated. In addition, the typical morphological studies were performed by scanning electron and transmis-
sion electron microscopies (SEM and TEM). The results showed that the crystallite size of the nanocrystals
decreased with the milling time and BPR increases; whereas, the lattice constant (a) increased. Vibrating
sample magnetometer (VSM) study of the powder prepared at 50 h and BPR 30:1 showed that the sample
exhibits both the superparamagnetic and ferromagnetic properties in nanocrystallite size range.

Keywords. Fe-Ni; peak broadening; X-ray diffraction; ball milling.

of nanostructured materials, amorphous alloys and quasi-

Soft magnetic materials are used extensively in electro-
motors as voltage and current transformers, saturable
reactors, magnetic amplifiers, inductors and chokes
(Zhang 1997; Saravanan et al 2001; Yoshizawa 2001;
Lee et al 2004, 2012; Ma et al 2006; Zheng et al 2009;
Yildiz et al 2013). Fe-Ni alloy known as a typical soft
magnetic material exhibits attractive magnetic properties.
Fe,oNigg alloys exhibit the highest known permeability of
95,000 with a coercive force of only 0-02 A cm™ for syn-
thesized soft magnetic materials. FesoNiso has a higher
coercive force and saturation magnetic induction when
compared to Fey,oNigy for the same excitation field (Bas
et al 2003), whereas Fe;oNiz shows a higher electrical
resistivity (Liu et al 2005). Therefore, very high perme-
ability and very low coercive force of Fe-Ni alloys make
them suitable for use in circuits that are excited by very
low currents and require quick response. Nanostractured
materials show interesting properties due to finite size.
Therefore, several chemical and physical methods have
been designed to prepare Fe—Ni nanocrystalline materials
such as electroless chemical reduction, rapid sintering
nanotemplate approach (Kim et al 2007; Moustafa and
Daoush 2007; Lee et al 2012). Among these methods,
mechanical activation like high-energy ball milling
of crystalline solids provides a way for the synthesis
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crystalline phases (Menzel et al 2001; Suryanarayana
2001). Mechanical alloying (MA) is a solid-state powder
processing technique involving repeated fracturing, welding
and re-welding of powder particles in a high-energy ball
mill system. MA has been used for synthesizing a variety of
equilibrium and non-equilibrium alloy phases starting from
blended elemental or pre-alloyed powders (Suryanarayana
2001). Milling time length is one of the important parame-
ters in milling operation. Usually, the time length chosen
for milling operation is the one in which a balance state is
created between fracturing and cold welding in particle
powders. The time required is different based on the fol-
lowing parameters, from which, type and speed of mill-
ing, ratio of ball to powder and temperature are mentioned.
In this work, FesoNisy nanocrystals were prepared by high-
energy ball milling technique using powder of pure crystal-
lite metals as starting materials and toluene was used as a
process control agent (PCA). Different alloying times and
ratio of ball to powder (BPR) were considered. The struc-
tural properties and XRD peak broadening of the prepared
materials were investigated by SSP method to evaluate the
crystallite sizes and lattice strains.

2. Experimental
2.1 Materials and methods

High purity Fe and Ni powders (99-5 and 99-98%, respec-
tively, from Sigma-Aldrich) were used to synthesize
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FesoNiso nanocrystallite alloy by a commercial Fritsch
Pulverisette 5 planetary ball-mill mechanical alloying
machine. Eight samples with the molar combination of
50-50 were prepared. It is necessary to use a process con-
trol agent (PCA) to prevent agglomeration of the powders
(Pei-Heng et al 2005). For this propose, toluene was used
as a PCA in this research. In addition, to prevent oxida-
tion of the mixed powder during the milling process,
the mixed powders were sealed in a 125 mL cylindrical
vial containing stainless steel balls (d = 10 mm) inside
a glove box with argon atmosphere. The alloying times of
2, 5, 10, 30, 50 and 70 h and BPR of 10:1, 20:1 and
30:1 are chosen for ball-milling process of the eight
samples. Vial rotation speed was fixed at 300 rpm for all
the samples. To avoid excessive heating during milling,
each 1 h of milling process was followed by a stay during
10 min under the argon atmosphere at room temperature.

2.2 Instrumental

X-ray diffraction patterns were recorded using D8,
Bruker. Field emission scanning electron and transmis-
sion electron microscopies (FESEM and TEM, Hitachi)
have been used for morphology and microstructure
observations. For providing these images, very little
amount of milled powder poured on carbon glue which is
connected to sample vessel, so that powder particles
would not pile on each other.

3. Results and discussion
3.1 X-ray diffraction studies

Figure 1(a) shows the evolution of X-ray diffraction
patterns of the prepared FesoNiso nanocrystal powders
under BPR 30:1 and different milling times of 2, 5, 10,
30, 50 and 70 h. It is clearly observed that the FWHM of
the (111) peak increases with increase in the milling time
as crystallite size decreases. XRD pattern of the sample
milled for 2 h shows reflections corresponding to body-
centered-cubic (BCC) Fe (Im-3m, ref. code: 00-006-0696)
and face-centered-cubic (fcc) Ni (Fm-3m, ref. code: 00-
001-1258) metals. In addition, the crystallite size of the
prepared powders are definitely smaller for Fe and Ni
pure powders, figure 1(b). It shows that the bonds
between Fe and Ni atoms are broken during the milling
process, resulting to smaller crystallite size product. For
all of the samples milled for more than 2 h, FesgNisg solid
solutions (Fm-3m space groups, ref. code: 0-003-1209)
are formed with broader diffraction peaks and therefore,
smaller crystallite sizes are obtained. Figure 2 shows X-
ray diffraction patterns of FesoNiso nanocrystallite powders
prepared by ball-milling method with different BPR
(10:1, 20:1 and 30:1) at alloying times of 50 h. As
expected, FWHM of the diffraction peaks are broadened
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with increasing BPR. This suggests a continuous decrease
of the crystallite size. Smaller crystallite size results in
the increase of grain boundaries, which in return
increases surface/volume ratio and therefore, there will
be more atoms on the surface. Furthermore, free bonds
between atoms increase and lower average force will be
experienced by an atom from the other atoms, which will
result in the increase of the lattice constant in smaller
grains.

3.1a Evaluation of the crystallite size and mechanical
properties: The crystallite size and lattice strain of the
FesoNiso nanocrystals prepared at different milling times
of 2, 5, 10, 30, 50 and 70 h and different BPR of 10: 1,
20:1 and 30: 1 (milled for 50 h) were calculated by size—
strain plot method (SSP). Normally, the crystallite size of
the crystals are determined by X-ray line broadening
method using the Scherrer equation

D = (kA/Scos0),

where D is the crystallite size, A the wavelength of the
radiation (1.54056 A for CuK« radiation), k a constant
equal to 0-94, S the peak width at half-maximum intensity
(FWHM) and @ the peak position. The breadth of the
Bragg peak is a combination of both instrument- and
sample-dependent effects (Khorsand Zak et al 2011). To
decouple these contributions, it is necessary to collect a
diffraction pattern from the line broadening of a standard
material (e.g. silicon) to determine the instrumental
broadening. The instrument-corrected broadening, /o
corresponding to the diffraction peak of the samples were
estimated using the relation

kA

I% = [(ﬂz)measured - (ﬁz)instrument] =D= m
According to our previous works, line broadening was
essentially isotropic using the Williamson—Hall method
(Khorsand Zak and Abd. Majid 2010; Khorsand Zak et al
2011), indicating that the diffracting domains were iso-
tropic and a micro-strain contribution also occurred.
However, in the cases of isotropic line broadening, a
better evaluation of the size-strain parameters can be
obtained by considering an average size-strain plot
(SSP), which gives less weight to data from reflections at
high angles, where the precision is usually lower. In this
approximation, it is assumed that the crystallite size
profile is described by a Lorentzian function and that the
strain profile is described by a Gaussian function
(Khorrami et al 2012; Khorsand Zak et al 2012a, b).
Furthermore, the peak broadening that occurred due to
the strain is estimated from &=~ f;/tand (Cullity 1956).
The total peak broadening is obtained from the following
equation

B = Bs + Po-
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Figure 1. (a) X-ray diffraction patterns of FesoNiso hanocrystalline powders prepared at different mill-
ing times of 2, 5, 10, 30, 50 and 70 h with BPR of 30:1. (b) X-ray diffraction of the pure Fe and Ni
powders.
= slope of the linearly fit data, where the root of the
= * FeNi y-intercept gives the strain. Figure 4(a) shows the average
* g crystallite size of FesoNigo vs milling time and their corre-
*‘i" sponding strain lattice values. As can be seen, at the early
stage of milling, the crystallite size increases rapidly, but
—_ W“l' decreased with increase in the milling time with a final
g BPR 10:1 value of about 16-30 nm. This crystallite size value is
= W’I'WM smaller than that reported for FegoNisy nanocrystals syn-
= | thesized via gas-condensation method (Scorzelli et al
® M b "Ml"‘r'fh . ) .
S | R 201 i w “"Wﬂ\d' bl 1986; Djekoun et al 2004). Figure 4(b) presents the varia-
€ #‘1 H..W*M tion of the crystallite size of FesoNiso samples milled for
,l,.lh'ﬂf'*f . ™ _ 50 h vs BPR (10:1, 20:1 and 30:1). It can be seen that
BPR 30 i TN the value of crystallite size of FesoNis, decreased when
BPR increases due to effective encounter between mate-
L rials and balls. The lattice constant of the samples as a
e s e £ s s function of milling time and BPR are shown in figure 5.
20 (deg) It is clearly observed that the lattice constant increases
9 with the crystallite size increase. As mentioned earlier,
Figure 2. X-ray diffraction patterns of FesNis, nanocrystal- decrease in crystallite size resulted to lower average inner

line powders prepared at milling time of 50 h under different
BPR of 10:1,20:1and 30: 1.

Therefore, we obtain
> A &)?
(dhia B €0sG) :B(dhklﬁhkl cosd) + 5

where A is a constant that depends on the shape of the
particles; for spherical particles, it is given as approxi-
mately 3/4 and can be used for the samples. In figure 3(a
and b), the term (dny G cosd)? is plotted with respect to
(dhk.zﬂhk. cosd) for both orientation peaks of FesoNisg
nanoparticles from 26 = 20° to 70° for samples prepared
at different milling times and different BPR, respectively.
In this case, the crystallite size is determined from the

force in the lattice, which results in the increase of the
lattice constant (a).

3.2 Morphology analysis

Powder morphologies were studied by SEM imaging.
Figure 6(a—d) shows the morphological evaluation of
FesoNisg alloy prepared with BPR 30: 1 and milling times
of 30, 50 and 70 h. Figure 6(d and e) shows TEM
morphology of the sample prepared at 50 h with BPR
30: 1 attached to its corresponding EDX, respectively. It
is clearly seen that the powders contain small particles
that agglomerated together in bigger particles. These
agglomerated particles are separated and dispersed in
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Figure 3. Size-strain plot of FesgNiso nanocrystalline powders prepared at (a) different milling time and (b) under
different BPR.
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Figure 4. Variation of crystallite size and lattice strain for FesoNisy nanocrystalline powders prepared
(a) at different milling times and (b) under different BPR.
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Figure 5. Variation of lattice constant for FesoNiso nanocrystalline powders prepared (a) at different milling times
and (b) under different BPR.

ethanol solution using ultrasonication process and then  These images confirm that the sizes of the particles are in
dropped on a silicon substrate for SEM imaging. The nanorange, which is confirmed with TEM images. In
insets of SEM images show the higher magnification addition, the sizes of the agglomerate particles are
SEM images of the prepared particles in scale of 500 nm.  decreased by increasing the milling time from 30 to 70 h.
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Figure 6. (a—c) SEM micrograph of FesoNiso nanocrystalline powders prepared (a) at different
milling times of 30, 50 and 70 h. (d and e) TEM image of FesoNisy nanocrystalline powders prepared at
milling time of 50 h under BPR of 30: 1 and its corresponding EDX, respectively.
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Figure 7. VSM graph of FesoNiso nanocrystalline powders prepared at
milling time of 50 h under BPR 30: 1.

The EDX carried out on the sample prepared at 50 h with 3.3 Vibrating sample magnetometer analysis

BPR 30:1, figure 6(d). The elements of Fe, Ni and Au

are detected in the EDX spectrum. Existence of Au is  Figure 7 shows an example of hysteresis curve (M vs H)
related to the gold-coating process of sample before SEM  for sample milled for 50 h. By looking at the image, a
imaging. saturation magnetization (M) of 120 emu/g is obtained



1152

for the sample. Guittoum and co-workers (2008) showed
that the My is decreased with increasing the milling time
due to decreasing of the crystallite size. Also, it is well
known that iron and nickel show ferromagnetism
behaviour. But supermagnetism behaviour was found in
FesoNisg alloy. This behaviour is related to the small crys-
tallite size of the sample (Sorensen 2001). There is a size
limit, which small particles can no longer gain a favour-
able energy configuration, because of the formation of
domains costs energy due to wall formation. For a parti-
cle size, D, the magnetostatic energy is equal to M2D>.
For a critical size or single domain size, D, below which a
particle will not form a domain. Then, we have D~ y/ M2,
Here y is the domain wall energy per unit area. The
amount of D, for Fe and Ni particles were obtained to be
14 and 55 nm, respectively (Leslie-Pelecky and Rieke
1996). If we look at the enlarged part of the hysteresis
curve in figure 7, it can be seen that the sample shows
small ferromagnetism beside the superparamagnetism
behaviour. It is due to the existence of the particles
bigger than 15 nm in the synthesized powder. These results
are in good agreement with the results obtained from
SEM and TEM images.

4. Conclusions

The FegoNiso nanocrytalline powders were prepared by a
mechanical alloying method. The effect of milling time
(2, 5, 10, 30, 50 and 70 h) and BPR (10:1, 20:1 and
30:1) on the XRD peak broadening, crystallite size and
lattice strain were investigated. The crystallite size of the
samples prepared at different milling times of 2, 5, 10,
30, 50 and 70 h and different BPR of 10:1, 20:1 and
30:1 were obtained to be 27-78, 26-79, 25-89, 19-74,
17-86, 16-30 nm and 19-74, 18-29 and 17-89 nm, respec-
tively. Typical morphological studies were carried out on
the samples prepared at milling times of 30, 50 and 70 h
and particle size of the samples were observed to be less
than 50 nm. Finally, VSM study of the sample, which
prepared at milling time of 50 h with BPR of 30:1
showed both superpara- and ferro-magnetic properties
due to the small particle size.
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