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The study of mechanical alloying in the Cu–Fe system, as a model system for those with positive 
heats of mixing, has been investigated. The effects of impact force which pertains to ball-to-powder ratio, 
rotation speed and milling time, on the strain and grain size of final powders have been studied. The aim 
of this research was to find the optimum condition for mechanical alloying of Cu–Fe system by the auto-
matic design and analysis of Taguchi experiments. X-ray diffraction (XRD) was used to analyze the 
effect of incoming energy on the diffusion rate. 
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1. Introduction 

Over the last three decades, powder processing by ball milling has attracted wide 
practical interest as it offers a simple but powerful way to synthesize non-equilibrium 
phases and microstructures from nanograin materials to extended solid solutions, 
amorphous phases [1–3], chemically disordered compounds [4–7], and nanocompo-
sites [8, 9]. Mechanical alloying (MA) can be comparable with those methods accom-
panied by cold working (dislocation density about 1011 cm–2). In MA, powders are 
entrapped between ball–ball and ball–wall and the impact force of the collision trans-
fers to them. Therefore, powders undergo a severe plastic deformation, which causes 
a strain rate of 10 s–1 and, therefore, significantly enhances dislocation density. If two 
different kinds of powder particles are joined together and then flattened because of 
the impact force, they become like a lamellar composite (thickness ca. 0.1–0.5 μ), and 
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the diffusion distance decreases. Another significant parameter which promotes diffu-
sion during MA is the presence of new surfaces. Fracturing powders results in appear-
ance of new surfaces which are clean, i.e. without oxide layers, and prepare good sites 
for atomic motion and diffusion. Mechanically alloyed powders also exhibit extension 
of equilibrium solid solubility limits, which is important in miscible systems [10, 11]. 
It becomes more significant in systems such as Cr–Cu [12], Ag–Cu, Cu–Fe [13], Cu–
W [14, 15] and Al–Pb [16] which are immiscible at room temperature by using other 
methods and are partially or even fully soluble by using MA. 

The Cu–Fe system does not form any intermetallic compounds and has negligible 
mutual solid solubility in equilibrium at temperatures below 700 °C because of the 
large positive enthalpy of mixing [17]. During MA, the energy of balls transfers to the 
entrapped powders and causes severe plastic deformation, thus enhancing density of 
dislocations and promotes the formation of excess vacancies [18]. On the other hand, 
pipe diffusion needs low temperature and high strain rate or stress which are provided 
by MA [19, 20]. These conditions together increase atomic diffusion and consequently 
lead to the formation of solid solutions of Cu(Fe). Although there exist lots of research 
work on the formation [21–23] and characterization [24–27] of the Cu–Fe immiscible 
system, there is no analytical viewpoint on the effect of milling parameters and mixed 
fraction of its mechanical alloying. Note that according to Jiang et. al. [25], mechani-
cal alloying leads to the formation of single-phase solid solutions of up to 60 at. % Fe 
in Cu, and 20 at. % Cu in Fe but according to our research, based on XRD peak posi-
tion and width changes, no detectable dissolution of Cu in Fe is observed. This re-
search work addresses the optimum parameters to diffuse Fe in Cu, and also the ef-
fects of impact force on the strain and grain size of final powders in Cu–Fe systems 
have been studied. The Taguchi method is a scientifically rigorous mechanism for 
evaluating and implementing improvements in processes, materials, equipment, and 
facilities. These improvements are aimed at improving the desired characteristics and 
simultaneously reducing the number of defects by studying the key variables control-
ling the process and optimizing the procedures or design to yield the best results. In 
other word, Taguchi helps to design samples to find these optima and reduces the 
number of required samples and consequent tests. 

2. Experimental 

Mechanical alloying was performed in a high-energy ball milling Fritsch P-5 
planetary mill using stainless steel containers and balls (15 mm in diameter). The 
50% Cu–50% Fe alloy powders were produced by milling 3.2 g of copper powder 
(99.7% pure, <100 μm) and 2.8 g of iron powder (> 99% pure), both purchased from 
Merck. Stearic acid (1 wt. %) was added to the initial powders in order to prevent 
agglomeration. After milling, the powders were removed from the container. The 
milled samples were analyzed by X-ray diffraction (XRD) in a Siemens (D-500) dif-
fractometer using CuKα radiation (λ = 0.1540510 nm).We used an automatic design 
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and the analysis of Taguchi experiments to find the optimum parameter values. Three 
most significant factors including ball-to-powder ratio (BPR), time and speed were 
chosen. We assumed that arranging two levels for each of these factors can help to 
realize the values of most significant parameters. Therefore, the BPR values 10 and 20 
have been chosen. For time and speed, levels of 10–20 h and 200–400 rpm realized to 
be the finest amounts. Based on 2-level control factors Taguchi offers L-4 design 
which is listed in Table 1. CF0 represents a mixture of unmilled elemental powders. 

Table 1. Conditions and parameters of the experiment 

Sample BPR Time 
[h] 

Speed 
[rpm] 

CF1 10 10 200 
CF2 10 20 400 
CF3 20 10 400 
CF4 20 20 200 

3. Results and discussion 

XRD spectra of the milled samples are shown in Fig. 1. The diffraction Bragg 
peaks are broadened, shifted and reduced in intensity. Several factors such as decrease 
in crystalline size, internal strain and broadening, due to the X-ray machine itself, can 
be related to the peak broadening. We omit the third factor and investigate on the first 
two. Each sample has its own conditions (different BPR, speed and milling time) 
which cause the changes in peaks. Note that each of the selected parameters affects 
changes in peaks by its own power which can be analyzed employing Taguchi proce-
dure. This power is a combination of impact factor (which pertains to BPR and speed) 
and milling time. On the other hand, it is clear that diffusion of Fe atoms in Cu lattice 
results in broadening of peaks. Diffusion of Fe atoms in Cu lattice leads to increase in 
the lattice constant. It means that the lattice parameter of Cu increases which leads to 
the reduction in degree of peaks. Although Fe and Cu have similar atomic radii, and 
mechanical alloying can promote the formation of both Fe(Cu) and Cu(Fe), based on 
XRD results (changes in width and position of (110) peak) and even considering 
atomic radius and melting temperature prove that atomic diffusion of Fe into Cu ma-
trix and consequently formation of Cu(Fe) is more likely than Cu atoms to diffuse into 
Fe matrix.  

Table 2 lists peak position, broadening values, relative crystallite sizes and lattice 
parameters of Cu. The crystallite size evolution for milled powders was determined by 
the Williamson–Hall method. The method is based on the broadening of the diffrac-
tion lines due to the strain and crystallite size. The Williamson–Hall equation is ex-
pressed as [28]: 
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0

0.89( )cos siniB B S
d
λθ θ− = +   (1) 

where Bi is the full width at a half-maximum (FWHM) of the peaks of mechanically 
alloyed powders, B0 the width at a half-maximum of peaks of unmilled powders,  
θ – the Bragg angle, λ the wavelength of X-ray, S the internal microstrain and d – crys-
tallite size.  

 
Fig. 1. XRD spectra of milled samples at various milling conditions 

Table 2. Peak positions, width of (111) peak,  
microstrain and crystallite size of samples 

Sample 2θ (111)
[deg] FWHM Microstrain S Crystallite size

d [nm] 
Lattice parameter

[nm] 
CF0 43.64 0.27 – - 0.3588 
CF1 43.50 0.32 –0.0017 42 0.3594 
CF2 43.46 0.29 –0.0011 65 0.3592 
CF3 43.50 0.36 –0.0024 30 0.3597 
CF4 43.44 0.41 –0.0031 23 0.3599 

 
A comparison of these values with each other shows that the shift of (111) peak is 

more significant in CF4, which means that its operating condition is the most signifi-
cant. From Taguchi design and its analysis, it is clear that the important factors are 
BPR, speed and time, respectively. 

According to Eq. (1), the crystallite size of samples can be calculated from the in-
tercept of the straight line, whereas the values of microstrain can be obtained from the 
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slope of this line. Figure 2 illustrates the effect of milling condition on the microstrain 
and the crystallite size of samples. As shown in Fig. 2, the value of 2 2

0( )cosiB B θ−  
decreases linearly with sinθ. It is obvious that negative slope of these lines correlates 
to the compressive induced stress caused by ball collisions. The impact energy of balls 
has a direct relationship with their collision speed and their numbers (which create the 
 

 

Fig. 2. Williamson-Hall plot: effect of milling parameters on microstrain and crystallite size 

PBR factor). These factors, i.e. impact energy and milling time can explain the ar-
rangement of the straight lines. The greater the impact energy, the higher is the in-
duced strain. Another noticeable parameter is lattice parameter of Cu matrix. As listed 
in Table 2, and considering dissolution of Fe atoms in Cu lattice, substituting Fe atoms 
into Cu lattice result in increasing of the distance of Cu planes. Difference between Cu 
and Fe atomic radii causes this change. So as a result of Fe dissolution into Cu lattice, 
in addition to the effect of induced microstrain, lattice parameters change (Table 2). 
Taguchi design can estimate the optimum condition to achieve the least crystalline 
size which was the last sample. One can estimate that using BPR of 20, time of 20 h 
and speed of 200 rpm are the optimum parameters just like sample CF4. Although it 
might seem that increasing the speed could enhance the impact energy, it should be 
kept in mind that an increase above the criyical value leads to adhesion of balls to the 
wall of vials. Incidentally, at speeds higher than the critical value, there is no effective 
impact and collision, therefore energy of balls is not transferred to the powders. This 
fact can be seen in sample CF2. This sample was treated at a speed of 400 rpm, which 
is estimated to be over the critical value. As is explained about the impact energy, this 
sample has the least effective incoming energy. Another point which can be inferred 
about milling condition is that although mechanical alloying is a time-dependent proc-
ess, optimizing other factors could help to improve the milling process and conse-
quently decrease milling time dramatically. For example, although sample CF2 is 
milled for about 20 h due to deviation of other milling parameters from their optimum 
values, it has the least induced strain. 
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Each sample was milled at different milling times to investigate on the effect of 
these conditions on Fe fraction which diffused into Cu lattice. Kinetic of Fe dissolu-
tion into Cu lattice can be followed by the evolution of the (110) X-ray peak intensity 
of the unmixed Fe as a function of milling time. The obtained curves of the mixed 
fraction of Fe which are considered as the fraction transformed (Fig. 3) can be well 
described by the Johnson–Mehl–Avrami kinetics formalism in which the fraction 
transformed exhibits a time dependence of the following form [29, 30]: 

 ( )( )1 exp nX kt= − −  (2) 

where n is the order of reaction or the Avrami parameter, X is the volume fraction 
transformed, t is the milling time and K is the rate constant. 

 
Fig. 3. Mixed fraction of Fe in function of lnt 

 
Fig. 4. Johnson–Mehl–Avrami plot in function of milling time 

The kinetic parameters, n and k, can be deduced from the double logarithmic plot 
lnln(1/(1–X)) vs. lnt. These curves represent the amount of mixed fraction for the least 
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intensive and most intensive condition across milling time. As expected, milling with 
the most effective condition results in diffusion of more Fe atoms into Cu lattice for 
the same milling time. For instance, while less than 10% of Fe can diffuse into Cu 
lattice during the first 5 h of milling for CF2, up to 30% of Fe atoms diffuse into Cu 
lattice for CF4. Another point, the rate of solubility is higher for CF4 in comparison 
with other samples, which can be seen in Fig. 4. The obtained Avrami parameters  
n2 = 0.60 and n4 =0.64 are quite small (n < 1) and differ significantly from those usu-
ally obtained for the nucleation and growth during the crystallization process. 

These values are comparable to those obtained for transformation controlled by 
the diffusion at the interface and by the dislocation segregation. This might be corre-
lated to the existence of a high density of dislocations and various types of defects 
induced by severe plastic deformations during milling [31, 32]. 

4. Conclusion 

Ball-milled Cu–50 % Fe powdered mixture has been studied by X-ray diffraction. 
Using Taguchi design L-4 introduces 4 different samples which can estimate signifi-
cant values of three most significant factors: BPR, time and speed among 2 levels. It 
predicts that using PBR of 20 and time of 20 hrs together with a speed of 200 rpm can 
reduce the crystalline size to the minimum achievable value, and increase microstrain 
to the highest available. One of the samples which was produced at these data shows a 
crystalline size of 23 nm and microstrain of 0.0031. Calculating the Avrami parameter 
proved how it is possible to enhance atomic diffusion by finding the best combination 
of milling conditions. 

References 

[1] SURYANARAYANA C., Prog. Mater. Sci., 46 (2001), 1. 
[2] MURTY B.S., NAIK M.D., MOHAN R.M., RANGANATHAN S., Mater. Forum, 16 (1992), 19. 
[3] SCHULTZ L., Mater. Sci. Eng., 97 (1988), 15. 
[4] ERMAKOV A.E., YURCHIKOV E.E., ELSUKOV E.P., Fiz. Tverd. Tela, 4 (1982), 1947. 
[5] ELSUKOV E.P., BARINOV V.A., GALAKHOV V.R., YURCHIKOV E.E., ERMAKOV A.E., Phys. Metals 

Metall., 55 (1983), 119. 
[6] BAKKER H., ZHOU G.F., YANG H., Mater. Sci. Forum, 179–181 (1995), 47. 
[7] JANG J.S.C., KOCH C.C., J. Mater. Res., 5 (1990), 498. 
[8] YING D.Y., ZHANG D.L., Mater. Sci. Eng. A, 286 (2000), 152. 
[9] DJEKOUN A., OTMANI A., BOUZABATA B., BECHIRI L., RANDRIANANTOANDRO N., GRENECHE J.M., 

Catalysis Today, 113 (2006), 235. 
[10] ROJAS P.A., PEÑALOZA A., WÖRNER C.H., FERNÁNDEZ R., ZÚÑIGA A., J. Alloys Comp., 425 (2006), 

334. 
[11] SCHWARZ R.B., PETRICH R.R., SAW C.K., J. Non-Crystal. Solids,  76 (1985), 281. 
[12] OGINO Y., YAMASAKI T., MURAYAMA S., SAKAI R., J. Non-Crystal. Solids, 117–118 (1990), 737. 
[13] RAVISHANKAR N., ABINANDANAN T.A., CHATTOPADHYAY K., Mater. Sci. Eng. A, 304–306 (2001), 

413. 



M. R. VAEZI et al. 608

[14] GAFFET E., LOUISON C., HARMELIN M., FAUDOT F., Mater. Sci. Eng. A, 134 (1991), 1380. 
[15] ABOUD T., WEISS B.Z., CHAIM R., Nanostr. Mater., 6 (1995), 405. 
[16] FANG F., ZENG M.Q., CHE X.Z., ZHU M., J. Alloys Comp., 340 (2002), 252. 
[17] HUANG X., MASHIMO T., J. Alloys Comp., 288 (1999), 299. 
[18] KRASNOWSKI M., KULIK T., Scripta Mater., 48 (2003), 1489. 
[19] WU F., ISHEIM D., BELLON P., SEIDMAN D.N., Acta Mater., 54 (2006), 2606. 
[20] DAS D., CHATTERJEE P.P., MANNA I., PABI S.K., Scripta Mater., 41 (1999), 861. 
[21] HUANG X., MASHIMO T., J. Alloys Comp., 288 (1999), 299. 
[22] WEI S., YAN W., LI Y., LIU W., FAN J., ZHANG X., Physica B, 305 (2001), 135. 
[23] HUANG J.Y., JIANG J.Z., YASUDA H., MORI H., Phys. Rev. B, 58 (1998), 45. 
[24] YANG Y., ZHU Y., LI Q., MA X., DONG Y., WANG G., WEI S., Physica B, 293 (2001), 249. 
[25] JIANG J.Z., GENTE C., BORMANN R., Mater. Sci. Eng. A, 242 (1998), 268. 
[26] GAFFET E., HARMELIN M., FAUDOT F., J. Alloys Comp., 194 (1993), 23. 
[27] ORECCHINI A., SACCHETTI F., PETRILLO C., POSTORINO P., CONGEDUTI A., GIORGETTI CH., BAUDELET F., 

MAZZONE C.G., J. Alloys Comp., 424 (2006), 27. 
[28] WILLIAMSON G.K., HALL W.H., Acta Metall., 1 (1953), 22. 
[29] CHRISTIAN W., The Theory of Transformations in Metals and Alloys, Part I, 2nd Ed., Pergamon 

Press, Oxford, 1975. 
[30] AVRAMI M., J. Chem. Phys., 9 (1941), 177. 
[31] GUPTA R., GUPTA A., Mater. Sci. Eng. A, 304–306 (2001), 442. 
[32] MOUMENI H., ALLEG S., GRENECHE J.M., J. Alloys Comp, 419 (2006), 140. 

Received 22 August 2007 
Revised 26 November 2007 

 


