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Abstract

PACs: 81.20.Ev, 66.30.-h, 61.46.Hk, 61.05.cp.

Effects of ball diameter on the crystalline size, induced strain, and atomic diffusion in Cu-50%Fe immiscible alloy
system have been investigated. Milling parameters affect atomic diffusion in binary or ternary systems separately.
The aim of this research work is to prove the fact that ball diameter is an important parameter. It is shown that
different diameters can change milling power, and consequently, the final crystalline size and atomic diffusion can
alter. X-ray diffraction and scanning electron microscopy were used to analyze the effect of ball diameter. It is
shown that the strain increases from 0.0025 to 0.0052, while the crystalline size decreases to 18 nm.
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Background

In recent years, immiscible systems have been of great
interest, owing to the non-equilibrium structure trans-
formation and technological merits related to them.
However, the mechanisms for structure transformation
in immiscible systems during the process of alloying are
still under debate [1]. The repeated fracturing and cold
welding of powder particles during mechanical alloying
(MA) process induce a reaction between solid compo-
nents of the initial mixture [2]. Mechanically stored en-
thalpy caused by internal strains due to a very high
density of dislocations and a large fraction of grain
boundaries can serve as a driving force for the formation
of alloy [3]. A special advantage of MA is to produce
alloys of immiscible elements such as Cr-Cu [4], Ag-Cu,
Cu-Fe [5], Cu-W [6,7], and Al-Pb [8], which are difficult
to produce by conventional methods because of the
problem of heavy segregation while solidifying from the
liquid phase. In such cases, MA provides a route to
obtain a homogeneous distribution in the solid phase
[5,9,10]. During MA, ball energy transfers to the
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entrapped powders and causes severe plastic deform-
ation, so it enhances the density of dislocations and pro-
motes the formation of excess vacancies [11]. On the
other hand, pipe diffusion needs low temperature and a
high strain rate or stress which are provided by MA
[12,13]. These conditions together increase atomic diffu-
sion and consequently lead to the formation of a solid so-
lution of Cu (Fe). The most important and well-known
parameter which is still under investigation in most of re-
search works is milling time. The effect of other milling
parameters such as milling speed [14], amount of process
control agent [15], and ball-to-powder ratio (BPR) [16]
has also been investigated. Our recent research [17] was
focused on the optimization of mechanical alloying
by finding the optimum level of milling parameters.
Although these parameters are obviously effective, ball
diameter seems to be the missed one. By using different
mixtures of ball diameters, namely 15 and 10 mm, at the
same BPR, we face two specific conditions. In the 10-mm
case, we have more balls and consequently more surfaces
and effective impacts. In the 15-mm case, although the
rate of effective impacts decreases, the amount of trans-
ferred energy per collision increases which depends on
the kinetic energy of the balls. The aim of the present
study is to determine the effect of ball diameter on
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Table 1 Milling conditions of the samples used in this
research
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diffusion rate and crystalline size of nanocrystalline of
Cu-50%Fe produced by MA.

Experimental procedure

Mechanical alloying was performed in a high-energy
ball milling Fritsch P-5 planetary mill (Fritsch, Idar-
Oberstein, Germany) using stainless steel containers and
balls of different diameters. The Cu-50 at% Fe alloy pow-
ders were produced by milling a mixture of copper (pur-
ity 99.7%, <100 pm) and iron (purity: >99%, <100 pm)
powders, both purchased from Merck (Whitehouse Sta-
tion, NJ, USA). To prevent agglomeration, 1 wt.% stearic
acid was added to the initial powders. After milling, the
powders were removed from the container. The milled
samples were analyzed by X-ray diffraction (XRD) in a
Siemens (D-500) diffractometer (Siemens Corporation,
Cherry Hill, NJ, USA) using CuKa radiation (A = 0.154
nm) and by scanning electron microscopy (SEM) using a

Sample BPR Speed (rpm) Time (h) Ball diameter (mm)
CF1 20 200 5 15
CF2 20 200 10 15
CF3 20 200 20 15
CB1 20 200 5 10
CB2 20 200 10 10
B3 20 200 20 10
CD1 20 200 5 5
cD2 20 200 10 5
D3 20 200 20 5
CH1 20 200 5 5,10
CH2 20 200 10 510
CH3 20 200 20 510
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Figure 1 XRD patterns, SEM image, and distribution curve of CF series. (@) XRD patterns of samples CF1, CF2, and CF3. (b) SEM image of
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Philips model MV2300 operated at 25 kV (FEI Co.,
Hillsboro, OR, USA). In the previous research work [17],
we investigated the most appropriate and effective
milling conditions. These values were recognized as ro-
tation speed of 200 rpm and BPR of 20. Samples were
mechanically alloyed for different times: 5, 10, and 20 h.
The samples were mechanically alloyed using different
types of ball diameters such as 15, 10, and 5 mm and a
mixture of 10 and 5 mm. Milling conditions of these
samples are shown in Table 1.

The crystallite size and induced strain evolutions for
milled powders were carried out using the Williamson-
Hall method. This method is based on the broadening
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of the diffraction lines due to the strain and crystal-
lite size. The Williamson-Hall equation is expressed as
follows [15]:

(B? — B) cosf = @ + §.sin6, (1)

where B; is the full width at half-maximum of the mech-
anically alloyed powder peaks, By is the breath of
unmilled powder peaks, 1 is the wavelength of X-ray, S is
the internal microstrain, and d is the crystalline size.
Note that S is the slope and (0.891)/d is the intercept.
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Figure 2 XRD patterns, SEM image, and distribution curve of CB series. (a) XRD patterns of samples CB1, CB2, and CB3. (b) SEM image of
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Results and discussion

The XRD spectra shown in Figure la correspond to the
CF series of the milled samples in different milling times.
It is obvious that by increasing the milling time, the in-
tensity of the peaks are decreased, broadened, and
shifted to lower degrees. Peak broadening is due to a de-
crease in crystallite size and internal strain. The CF
series are milled by 15-mm balls. According to the
Williamson-Hall equation, the crystallite size for sample
CF3 is calculated to be about 23 nm, and the induced
strain is about -0.0031. The negative coefficient is be-
cause of compressive stress which the impacts caused.
The decreasing intensity of the peaks corresponded to
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Fe, and its shifting to lower degrees proves that Fe atoms
are soluble in Cu lattice; hence, the solid solution of Cu
(Fe) is formed. Figure 1b shows the SEM image of CF3
and reveals that its grain size is in the range of 90 to 100
nm. The crystallite size distribution which is correlated
to sample CF3 is shown in Figure 1c.

Figure 1c shows that the average crystallite size in
Figure 1b is about 90 nm which is more than the cal-
culated amount from the Wiailliamson-Hall equation.
During the milling process, powders are subjected to frac-
ture, and consequently, the free surface energy increases.
Although stearic acid is added to prevent agglomera-
tion, it cannot appropriately work. Most of the particles
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Figure 3 XRD patterns, SEM image, and distribution curve of CD series. (a) XRD patterns of samples CD1, CD2, and CD3. (b) SEM image of
sample CD3. (c) Distribution curve of the crystallite size of sample CD3.
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agglomerate so that bigger particles are produced. In
other words, each particle in the SEM photographs con-
tains three or more particles. Figure 2a shows the XRD
patterns of the CB series which are subjected to the same
milling process as the CF series, and the only difference is
in their ball diameter. In the CB series, the diameter is 10
mm, while it is 15 mm in the CF series.

According to the Williamson-Hall equation, the crys-
tallite size is 21 nm, and the induced microstrain is
-0.0033. Another evidence of improving milling condi-
tion using smaller balls is the crystallite size distribution
of the final particles. In these series of samples, the aver-
age crystallite size in the SEM photograph is less than
80 nm (Figure 2c). A glance comparison of the XRD spec-
tra between the CF and CB series shows that the inten-
sity of Cu peaks is decreased. Increasing the number of
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effective impacts and the amount of entrapped powders
are two main factors on this difference. The smaller the
size of the balls, the lower the kinetic energy. So, we pre-
dicted a less progressive milling condition by reducing
the diameters of balls.

Figure 3 is related to the CD series milled by 5-mm
balls. In the samples milled by 5-mm balls, the intensity
of the peaks related to both Fe and Cu is not as much
significant as the previous series. In other words, there is
a critical value for ball diameter. At critical diameter, a
perfect balance between kinetic energy, number of effect-
ive impacts, and amount of entrapped powders occurs.
Using balls smaller than this critical value, such as the
CD series, leads to less effective impacts and weakening
of the milling conditions. The induced microstrain for
CD3 is —0.0025, and the crystallite size is about 27 nm.
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Figure 4 XRD patterns, SEM image, and distribution curve of CH series. (a) XRD patterns of samples CH1, CH2, and CH3. (b) SEM image of
sample CH3. (c) Distribution curve of the crystallite size of sample CH3.
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Figure 5 Williamson-Hall plot of milled samples.

The last samples include those which are milled with a
mixture of balls. It is imaginable that when we use a
mixture of balls, smaller balls can fill the space between
bigger balls. This rearrangement of balls leads to the in-
crease in the number of impact energy. Besides, the
weight of each bigger ball is equal to three or four smal-
ler balls (pertaining to their diameters). It means that we
can replace two bigger balls with eight to ten smaller
balls, and the space between these big balls can be filled
by smaller balls, while the kinetic energy of balls has not
been reduced dramatically. Figure 4 shows the XRD
spectra, SEM photograph, and crystallite size distribu-
tion of the final nanocrystals.

In Figure 4a, it can be easily observed that all peaks have
decreased in their intensities, and in comparison with other
series of samples, broadening is more significant. A peak
appeared at around 36°, corresponding to the contamin-
ation that might be added to the powder mixture from the
milling media. Based on image analyzer results, Figure 4c
is drawn which shows that the crystallite sizes are mostly
in the range of 60 to 75 nm. As it was predicted, using a
mixture of balls with different diameters causes better
millings results. According to the Williamson-Hall equa-
tion, the induced microstrain and crystallite size are
-0.0052 and 18 nm, respectively. Figure 5 shows the
Williamson-Hall plot of the milled samples. The CH series
(mixture of balls of different sizes) which shows the best
result has a sharper slope and is placed higher than
the other series, and according to Equation 1, results in
the finest crystallite size. The CD series which was milled
by 5-mm balls was placed lower than other series which
leads to a more crystalline size. Its slope is lower than
others which implies a lower induced microstrain.

Conclusion

The effect of the different mixtures of ball diameter on the
formation of Cu-50% Fe nanocrystallites has been studied
by X-ray diffraction and SEM. By reducing the diameter of
the balls down to the critical value, the number of effective
impacts and the amount of entrapped powders increased,

while in diameters lower than the critical value, the kinetic
energy of the balls decreases dramatically; consequently,
the milling process weakened. Using a mixture of differ-
ent ball diameters results in better milling conditions.
An appropriate mixture of balls can result in the best
milling conditions. In this research, a mixture of 5-mm
and 10-mm balls results in a crystalline size of 18 nm
and induced strain of 0.0052.
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