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This work studies the structural evolution of Cu-xCr (x=3, 5 and 8 wt.%) alloys processed by mechan-
ical alloying using X-ray diffraction profiles, scanning microscopy and microhardness analysis. X-ray
diffraction analysis using the modified Williamson-Hall and Warren-Averbach methods were used to
determine structural properties, such as crystallite size, stacking fault probability and energy, dislocation
density, lattice parameters and crystallite size distribution of metallic powder as a function of Cr amount
and milling time. Lattice defects increase the Gibbs free energy and the Gibbs free energy curves shift
upward, therefore the solubility limit change.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is interesting to pursue the development of novel high per-
formance materials due to modern-day demand. For this reason,
nanomaterials are very interesting because they exhibit an unusual
combination of properties such as strength, good ductility, high
fracture toughness, and good corrosion resistance [1]. These new
and unsuspected chemical and physical properties are not found
in coarse-grained materials [2]. Recently, the synthesis of amor-
phous, intermetallic, and nanocrystalline materials has received
attention. These materials can be obtained by non-equilibrium pro-
cesses, such as mechanical alloying (MA), rapid solidification, vapor
phase condensation, or irradiation/ion implantation. MA is a sim-
ple and versatile process that transfers high amounts of energy
from milling balls to the alloy powder during the milling process
[3]. MAis a dry, solid-state powder processing technique involving
repeated welding, fracturing and re-welding of powder particles in
a high-energy ball mill [3]. The main attributes of MA are the exten-
sion of a solid solution, refinement of structures in the nanometer
range, production of fine dispersion of a second phase, and synthe-
sis of novel crystalline, quasi-crystalline and amorphous phases.
The main objective of this work is to analyze the synthesis of Cu-xCr
alloys (x=3, 5 and 8wt.%) by MA and to study the solid solution
extension of Cr into Cu. The Cu-Cr system exhibits a very limited
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equilibrium mutual solubility (0.8 at.% Cr in fcc-Cu) at the eutectic
melting temperature of 1075 °C [4], whereas the solubility of Cu in
bcc-Cr is negligible.

2. Experimental procedure

The experiments were performed using copper and chromium powders. The
copper was 99wt.% Cu, contained less than 1000 ppm of oxygen and particle sizes
ranged between 170 and 400 mesh. The chromium powder particle sizes ranged
between 170 and 325 mesh. In a typical run, copper powder was mixed with
chromium (3, 5 and 8 wt.%), and the mixture was placed in a 25 ml stainless steel
container and milled in a SPEX 8000D mill with argon for 0.5, 4, 8 and 50 h. Stain-
less steel balls of 8 mm diameter using a constant balls/powder ratio of 10:1. The
X-ray diffraction (XRD) analysis was conducted in a Siemens D5000 diffractometer
with copper radiation of Koy =0.154056 nm, and annealing pure copper was used
the standard. Whole patterns were measured in an angular range between 38° and
120° in 260 and a Jeol 5410 was used for scanning electron microscopy (SEM).

3. Results and discussion
3.1. XRD results

X-ray diffraction analysis was used to obtain structural fea-
tures of the Cu-Cr alloys. X-ray patterns shows typical behavior of
mechanically alloyed metallic powders [3], increase of peak broad-
ening, shift of diffraction lines, disappearance of lines of diffractions
of solute due to severe plastic deformation, as shown in Fig. 1. As
a reference, the X-ray pattern of pure un-milled Cu is shown. The
strongest Cr peak is {110}, which is around 26=44.39° [5], and it
disappears at milling times of 0.5, 8 and 50 h for 3, 5 and 8 wt.%Cr
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Fig. 1. X-ray diffraction patterns of (a) Cu-3%Cr, (b) Cu-5%Cr and (c) Cu-8%Cr.

alloys, respectively. The disappearance of this peak is frequently
assumed to be the formation of solid solution [3].

X-ray diffraction peak analysis was made applying the mod-
ified Warren-Averbach method, Eq. (1) [6], where A(L) is real
Fourier coefficient, d is the area averaged crystallite size (or grain
size), L=nas is a distance normal to the reflecting planes {hkl},
n is the harmonic number, a3 =A/2(sinf, —sinf), and (6, —01)
is the angular range of the measured diffraction profile, 6 is the
Bragg angle, X is the X-ray wavelength, p is the dislocation den-
sity, B=mb?%/2, b is the Burger vector, Re is the effective outer
cutoff radius of dislocations, Ry and R, are the auxiliary parame-
ters and C are the average contrast factors. This method considers
anisotropic strain using a dislocation model based on the mean
square strain of dislocated crystals [7,8]. This model uses disloca-
tion contrast factors (C) to take into account the contribution of a
dislocation strain on diffraction profile broadening, which depends
on the relative orientations of the line (I) and Burger vector (b)
of the dislocation and diffraction vector (g). Thus average contrast
factors can be expresses as C = Cy,0o(1 — gH2) [9], where g is a con-
stant, Cp,0 is the average dislocation contrast factor for the h00

reflections, H2 = (h2kZ + k212 + 2h2)/(h% + k2 +12)2, and h k| are Miller
indices.

lnmuz-(é)—wﬂm(%)m%)
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3.1.1. Determination of average contrast factors C

3.1.1.1. Determination of q. From the linear regression of the left
hand side versus H2 of Eq. (2) the parameter q can be deter-
mined experimentally [9] where AK=2cos0(A0)/A, K=2sin6/A
[10], ¢ =(c/D)?, B=mA%b%p[2 and A one parameter determined by
Re.

<AW—¢

e ) = BChoo(1 — gH?) (2)

Table 1 lists g values calculated with Eq. (2). The theoretically
calculated pure edge and screw dislocation g parameters for pure
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Table 1
q values of the Cu-Cr alloys.
% Cr Milling time (h)
0.5 4 8 50
3 1.83 223 1.63 1.65
5 1.86 2.13 1.74 1.90
8 2.03 141 2.31 2.35

Cu are gedge = 1.63 and Gscrew =2.37 [9] for the system {111}(110).
Due to the low percentage of Cr used in this study theses val-
ues were assumed for the Cu-Cr alloys. Observing theses values,
Table 1, all experimental g values of the Cu-Cr alloys are inside
this range. However if an experimental g value were out of this
range, a different dislocation type that provides a larger q value
range could be considered, such as the (111){110} type dislo-
cations in fcc crystals, which are prismatic loops as observed by
TEM [11].

3.1.1.2. Determination of Cyoq. The Cpo0o values can be determined
from Fig. 2 [9], where C, ¢ is shown as a function of A and ¢y /caq4 for
pure edge and screw dislocations (A is the Zener factor and ¢;; are
elastic coefficients). Due to the low percentage of Cr used in this
study, the ¢;; of all alloys were approximated by pure Cu. The ¢;
values are: c11 =168.4GPa, c13 =121.4GPa and c44 =75.4GPa [12].
Therefore, the Zener factor and cq,/cy4 ratio are 3.208 and 1.61,
respectively. The value found was Cj,go = 0.3040, which it will be
used for all Cu-Cr alloys. Finally with ;¢ and g, the average con-
trast factors, C, can be determined as a function of milling time and
percentage of Cr using C = Gy 0(1 — gH?2) [9].

Fig. 3 shows a comparison of results obtained by mod-
ified Williamson-Hall method (MWH) [6] and traditional

Fig. 2. The average contrast factors of the h 00 reflections for fcc crystals: (a) edge
and (b) screw [9].

Fig. 3. Example of plots of the modified Williamson-Hall method for a Cu-5%Cr
alloy at (a) 4, 8 and 50 h, and (b) plot of the traditional Williamson-Hall method for
a Cu-5%Cr alloy at 50 h.

Williamson-Hall method (WH) [13] for a Cu-5%Cr alloy, respec-
tively. The MWH take account anisotropic strain and WH isotropic
strain. Fig. 3(a) shows that when increase milling time increases,
AK shifts upward, indicating a decrease of crystallite size and
increase in dislocation density (Fig. 4(a) and (b), respectively).
Similar behavior for all Cu-Cr alloys was found. Fig. 3(b) shows
an example of the traditional Williamson-Hall method [13], for
the Cu-5%Cr alloy milled for 50 h. It is possible to observe that the
AKvalues of the {111} and {2 22} reflections are less than others
reflections. Due to anisotropic strain, AK is not a linear func-
tion of K and therefore, the traditional Williamson-Hall method
does not approximate AK well. Similar behavior was found for
all Cu-Cr alloys. Fig. 3(a) shows that when using the modified
Williamson-Hall method, AK follows smooth curves as a function
of KC1/2, thus AK does not increase monotonously with the order
of reflections. This phenomenon occurs in all Cu-Cr alloys studied,
suggesting that the alloys contain anisotropic strain caused by
dislocations. Considering that MA causes severe plastic deforma-
tion, the modified Warren-Averbach or Williamson-Hall methods
give a better interpretation than traditional methods, due to
anisotropic deformation produced by dislocations. The traditional
Williamson-Hall method consider that strain is in the materials at
random (for this reason it is used root-mean square strain (¢2)1/2),
and modified Williamson-Hall and Warren-Averbach methods
consider that the relative atom displacement due to strain is not
random. Thus, the contrast factor better represents the strain in
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Fig. 4. The (a) crystallite size and (b) dislocation density as a function of the Cu-Cr
alloy milling time.

materials due that the correlations between displacements are
long range [14].

3.1.2. Crystallites sizes and dislocation density

Fig. 4(a) shows that crystallite size (determined by modi-
fied Warren-Averbach method) decrease when milling time is
increased for all Cu-Cr alloys. The crystallite size for pure Cu was
around 500 and 18 nm at 0 and 50 h of milling, respectively. The
crystallite size obtained after 50 h of milling is in agreement with
results of Al-Hajry et al. [15], who reported a crystallite size of
14nm for pure milled Cu. Additionally, a smaller crystallite size
was obtained increasing the Cr amount, suggesting the alloy solid
solution is harder and stronger than pure metal, which affects the
crystallite size. The crystallite sizes are around 10 nm at 50 h, for
all Cu-Cr alloys. When solute atoms are dissolved into the solid
solution, they increase the hardness, increasing its fragmentation
tendency [16]. This finding is in agreement with results reported
by Eckert et al. [16]. Nanostructures are formed by the deforma-
tion that occurs in shear bands located in unstrained grains. The
grain size (or crystalline size) decreases steadily and the shear band
coalesces when milling time increases. The small angle boundaries
were replaced by higher angle grain boundaries, implying grain
rotation producing disclinations [17], as reflected by the absence
of texture in the electron diffraction pattern and random orienta-
tion of the observed grains (contributing to X-ray peak diffraction
broadening), from the lattice fringes in the high resolution electron
images. Thus, dislocation free nanocrystalline grains were formed.
As milling continues, the nanocrystalline grains reach a satura-
tion value. Due to the difficulty of dislocation generation at the

Fig. 5. Variation of (a) stacking fault probability and (b) staking fault energy as a
function of Cr amount and milling time.

nanocrystalline size, the existing dislocations will rearrange and
some become eliminated. For this reason, the strain and disloca-
tion density decrease. In nanocrystalline materials, the grain size
can coincide with crystallite size, due that the crystallite size is
the smallest scale length in a microstructure. Fig. 4(b) shows that
dislocation density (determined by modified Warren-Averbach
method) increases with milling time until typical values of materi-
als with severe plastic deformation [18,19],and then the dislocation
density decreases, as mentioned above.

3.1.3. Stacking fault probability and energy

Stacking fault probability (o) was determined from peak rel-
ative shift of pair reflections {200}-{111}, {220}-{200}, and
{311}-{220} [10], and stacking fault energy (y) were calculated
by Eq.(3)[20], where K7 11wq is 6.6 £ 0.1, G1 1 1 is the shear modulus
in the {111} fault plane, and a is the lattice parameter.

K1 11w0G1110 b\?_ - Re\ | 1

N {(zn) (’”’C““(L)}a @

As shown in Fig. 5(a) the « values increase as milling times
and Cr amounts increase. Higher o values were obtained at 50 h
for all the Cu-Cr alloys, around to 10-2. Similar results have been
reported by other authors for copper alloys [21,22]. In early stud-
ies, o values between 10~2 to 103 [23,24] have been published
for copper alloys. Gayle and Biancaniello [22] observed increases
of o until ~7.8 x 10~3 for Cu-10%Co at 32 h of milling and Aguilar
et al. [25] observed values of ~8 x 10~3 for Cu-2 wt.%Cr-6 wt.%Mo
at 4 h of milling. The « increment confirms the behavior observed
in Fig. 3(b), confirming the presence of anisotropic strain. Staking
fault lead to less AK values of {111} and {22 2] reflections than
other peaks. Finally « values are in agreement with the disloca-
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Fig. 6. Lattice parameters of the Cu-Cr alloys as a function of milling time.

tion density values [22]. When metallic powders suffer a severe
plastic deformation, the dislocation density increases, as shown in
Fig. 4(b). The elastic energy is proportional to Gb2, where G is the
shear modulus and b the Burger vector. Ideal and dislocation have
Burger vector of a/2[110] and a partial dislocation of a/6[211].
Therefore, from an energetic point of view, partial dislocation is
favored, increasing the o values, which is higher in materials with
low y values, such as Cu-Cr alloys. In fcc materials, y decreases
when solute atoms enter the solvent lattice [26]. From Fig. 5(b) it
is observed a decrease of y when milling time and amount of Cr
increase until values between 10 and 30 mJ/m2. This supports the
formation of a Cu-Cr solid solution.

The lattice parameter, which was calculated by Cohen’s method
[27], decreased when milling time and amount of Cr are increased,
Fig. 6. This is because the atomic radius of Cr is lower than the
atomic radius of Cu [28].

Crystallite size distributions, ¢(x), were determined by Eq. (4),
assuming a log-normal distribution [29-31], where m and o are the
distribution median and variance, respectively, and d is the crystal-
lite or grain size. The crystallite size distribution shifted to lower
crystallite sizes when milling time and percentage of Cr increases,
confirm a crystallite size refinement. Fig. 7 shows examples for two
alloys with 5 and 8 wt.% Cr.

1 In(d/m)>
W(x) = (er)l/zdaexp{M} (4)

3.2. SEM and hardness results

All Cu-Cr alloys showed particle refinement, which was
observed by SEM. Fig. 8 shows an example for of Cu-3%Cr alloy,
and is a typical example of metallic powders processed by MA
[3], where is shows refinement of particles. After some milling
time, a thin layer is formed on the balls and inner wall of the vials
[3,32]. This layer is good because it prevents contamination from
the milling balls and vial wall to metallic powders. It was found
that the Vickers microhardness (HV) of this layer formed on balls
and microhardness of balls increased with milling time until reach
300 and 1000 HV, respectively at 50h, as shown in Fig. 9(a) (for
Cu-3%Cr alloy). Fig. 9(b) shows HV values of Cu-Cr alloys com-
pared to pure Cu. The alloy HV values are consistently higher than
the pure milled Cu HV values. The Cu-8%Cr and Cu-5%Cr alloys
presents higher HV values than Cu-3%Cr for milling times of less
than 8 h, but at 50 h, the HV values are similar for the three alloys.
The hardness values of pure Cu milled are due to (i) strain hard-
ening and (ii) grain boundary (or crystallite size) strengthening,
and hardness values of alloys are due to the two last mechanism

Fig. 7. Crystallite size distributions of (a) Cu-5%Cr and (b) Cu-8%Cr.

plus (iii) solid solution strengthening (assumed by disappearance
of Cr diffraction lines, which occurs at high milling times, decrease
stacking fault energy and lattice parameter). Finally Fig. 9(b) is in
agreement with Figs. 4 and 5, due that shows that structural fea-
tures changes higher of the Cu-Cr alloys produced are higher at
lower milling times than 8 h.

3.3. TEM results

Fig. 10(a) shows an example of TEM image for a Cu-3%Cr alloy
milled 50 h. Itis possible to observe the presence of crystallites. This
behavior was observed for all Cu-Cr alloys. The results shows that
the crystallite size obtained from XRD, Fig. 4(a) are smaller than
the crystallite size determined from TEM, this is agreement with
results of another works [29,31]. The crystallites sizes calculated by
X-ray methods are usually less than the ones determined by TEM
micrographs [33,34], as shown the scheme of the Fig. 10(b). Size
provided by XRD is the average of the smallest undistorted region
in the material, whereas TEM is related to regions separated by
more-or-less sharp contours in TEM micrograph. The X-ray meth-
ods can determine the size of coherently scattering domains within
internal grain areas with a weakly distorted crystal lattice. Whereas
the TEM method measure a complete crystallite size. The crystallite
anisotropy can significantly influence the results obtained, since X-
ray measures crystallite size in the direction perpendicular to the
surface and TEM measures crystallite size in the plane parallel to
the sample surface.

Finally can be said, the formation of solid solution is in agree-
ment with disappearance of the strongest Cr peaks, decreases in
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Fig. 8. SEM micrographs of Cu-3%Cr powders milled at (a) 0.5h, (b) 4h, (c)8h and (d) 50 h.

stacking fault energy, lattice parameters and crystallite sizes and
distributions. Yavari [35] have proposed that the extension of a
solid solution in a system with a positive mixing enthalpy can be
due to presence of crystallite particles smaller than 2 nm. A fraction
of the crystallites in the Cu-Cr alloys are around 2 nm, as shown in
Fig. 7. Ogino et al. [36] reported similar results, for an extension
of solid solution of 50%Cr in Cu. Aguilar et al. [37,38] reported that
free energy stored as crystalline defects (grain boundary and elas-
tic energy due to dislocations) at 50 h of milling is higher than the

mixing free energy, AG™X for Cu-8%Cr, as shown in Fig. 11. Fig. 12
shows a Darken-Gurry plot [3] of Cu with other metals. Between
Cu and Cr, conditions exist for the formation of a solid solution,
as both elements have similar atomic radius and electronegativity.
The increase in crystalline defect density during milling allows for
stored energy which increases the free energy of the Cu-Cr powder.
Thus, free energy curves are move upwards, changing the solubility
limit, and allowing a solid solution extension as has been shown by
other work in mechanical alloying [39,40].

Fig. 9. Hardness Vickers of (a) layer formed on the balls and (b) Cu-Cr alloys.
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Fig. 10. (a) TEM image shows crystallite size of a Cu-3%Cr alloy at 50 h of milling and (b) schematic picture of crystallites and comparison of X-ray and TEM sizes.

Fig. 11. Energy values, the line is the regular model assumption and the squares are
the total free energy data points stored as crystalline defects for the Cu-3 and 8%Cr
alloys [37].

Fig. 12. Modified Darken-Gurry plot for copper [3].

4. Conclusions

The modified Williamson-Hall and Warren-Averbach methods
are better interpretations of X-ray diffraction profiles than the clas-
sic methods.

Crystallite size, stacking fault energy decrease and strain, dis-
location density, stacking fault probability and hardness of Cu-Cr
alloys increase due to the severe plastic deformation caused by
milling. Data collected in this study are in agreement with other
published research in the mechanical alloying of metallic powders.

The MA process increases the crystalline defect density. Thus,
the stored energy is sufficient to increase the Cu-Cr solubility. This
conclusion is supported by the disappearance of the strongest Cr
reflection and a reduction in the lattice parameter and stacking
fault energy.
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