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a b s t r a c t

Nature of solute distribution in copper single crystals alloyed with 0–100 at.% Ni has been investigated
via temperature dependence of the yield stress. The composition–property diagram developed and inter-
preted in terms of the kink-pair nucleation model of flow stress in solid–solution crystals shows that the
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solute distribution is statistically random in Cu–Ni single crystals with solute concentration c ≤ 14 at.%
Ni, and is non-random for c between 14 and 50 at.% Ni. Similarly, the solute distribution is statistically
random in Ni–Cu single crystals with c ≤ 20 at.% Cu, and deviation from statistically random distribution
of solute occurs for all other values of c up to 50 at.% Cu.

© 2010 Elsevier B.V. All rights reserved.
emperature dependence
ature of solute distribution

. Introduction

The physical, functional, electrical and mechanical properties
f crystalline materials are closely linked to the microstructural
evelopments [1–11] which occur in the lattice. This is true for
oth solid–solution as well as nominally pure element crystals.
or instance, solute segregation to partial dislocations [2–5] and
tacking faults [6] as well as local ordering (whether short-range
rder or clustering) of solute atoms [7–9] in single-phase binary
nd ternary alloys play an important role in this regard. So is the
ase with the nominally pure metals [10–12] in which migration
f point defects, e.g. residual gaseous and metallic impurity atoms
nd above-equilibrium vacancies, etc., to the cores of dislocations
odify their mechanical properties.
As far as alloys are concerned, the non-random distribution

f solute atoms has a marked effect on the principal features of
olid–solution hardening, such as the temperature and concentra-
ion dependence of yield stress and associated activation volume
13–18], the stress dependence of activation volume [19], and the
henomenon of stress equivalence [9,20,21]. So is the case for other
echanical properties of solid–solution crystals, such as work-

ardening rate [22], internal friction [23], creep [22,24], stress

elaxation [25,26], and strain rate sensitivity of flow stress [27].
o explore the relationship between the temperature dependence
f critical resolved shear stress (CRSS) of solid–solution crystals and
he nature of solute distribution, Butt and co-workers [13–16] car-
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ried out investigations with a number of copper-based binary alloy
systems. They found that the CRSS � of Cu–Zn [13], Cu–Al [14],
Cu–Ge [15] and Cu–Mn [16] varies with the deformation tempera-
ture T in accord with the relation:

ln � = A − BT (1)

in the temperature domain where diffusional processes in the crys-
tal are dormant. Here A and B are positive constants values of which
depend on the solute concentration c, and can be determined from
the experimental �–T data plotted in semi-logarithmic coordinates
by least-squares fitting method. For each solid–solution system
referred to, the experimental value of constant B [=−dln �/dT],
which is a measure of the degree of temperature dependence of
CRSS, decreases as solute concentration c increases till a critical
value cm, and then increases with further increase in c till the first
solubility limit. This indicates that the modes of solute distribu-
tion in the crystals with solute concentration c below and above
cm are not the same. The values of cm determined in this man-
ner for copper-based alloys were found to be 27 at.% Zn, 7 at.%
Al, 5 at.% Ge and 1 at.% Mn, which are well below the respective
first solubility limit of Zn, Al, Ge and Mn in copper lattice. This
behaviour was also observed in the case of non-metallic KBr–KCl
solid–solution crystals containing 8–41 mol% KCl with cm = 35 mol%
KCl [28] and KCl–KBr solid–solution crystals containing 9–45 mol%
KBr with cm = 35 mol% KBr [29].
One can readily gather from the standard equilibrium phase dia-
grams for copper-based binary alloys that the solubility of Zn, Al,
Ge and Mn in Cu to form single-phase binary solid–solution is lim-
ited, whereas Ni can be dissolved in Cu to any extent. Hence it was
considered more instructive to extend the above cited investiga-
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taining 5–40 at.% Cu for the deformation temperatures between 60
and 373 K. The measured CRSS values in both the cases are due to
Suzuki [32]. The straight lines were drawn through the date points
for a given solute concentration by least-squares fitting method
M.Z. Butt et al. / Journal of Alloys

ions carried out with copper-based alloys with limited solubility
ange to the one with complete solubility range. The mode of solute
istribution in Cu–Ni solid–solution crystals with solute content

n the range 0–100 at.% Ni was thus explored in the present work
y constructing a composition–property diagram within the frame
ork of the KPN model [30,31] of solid–solution hardening. The
ealth of data obtained by Suzuki [32] with Cu–Ni alloy single

rystals (c = 5–95 at.% Ni) annealed at 1000 ◦C for a few days or at
050 ◦C for two weeks prior to their deformation in tension at rather
low strain rate in the temperature range 20–373 K, was consid-
red for this purpose. Analysis was confined to the data pertaining
o only those crystals which did not change their orientation dur-
ng annealing treatment. The �–T data obtained by Kamada and
oshizawa [33] with relatively less concentrated Cu–Ni alloy sin-
le crystals (c = 0.5–5.3 at.% Ni) annealed at 1000 ◦C for 48 h and
urnace cooled down to room temperature before tensile testing
t a strain rate of 6 × 10−5 s−1 in the temperature range 1.6–315 K,
as also taken into account.

. The KPN model

In the KPN model of flow stress in solid–solution crystals, Butt
nd Feltham [30,31] visualized yielding to occur as a consequence of
he breakaway of edge-dislocation segments simultaneously from
everal, randomly distributed, closely spaced, solute–atom pinning
oints. These barriers were regarded as “smeared out” over the seg-
ent length in a manner somewhat similar to the “kink-pair mode

f escape” of screw dislocations from a Peierls barrier [34]. Pinning
f screw dislocations with solute atoms was considered too weak
y comparison to result in effective barriers to glide. The CRSS �
f the solid–solution crystals, which depends on the deformation
emperature T and the solute concentration c, is then given by the
elation [30,31]

= �oexp
(

−mkT

Wo

)
(2)

hich is valid over the temperature range where no diffusional
ffects occur in the crystal. It should be noted that Eq. (1) is an
lternative form of Eq. (2) with A = ln �o and B = (mk/Wo). Here �o is
he CRSS as T → 0 K, Wo is the interaction energy between the edge-
islocation segment of length Lo and the solute atoms close to it,
= ln(�̇o/�̇) is a constant equal to 25 ± 2.3 for the deformation rate

˙ o = 10−3 − 10−5 s−1 and the pre–exponential factor �̇o = 107 s−1,
nd k is the Boltzmann constant. In terms of the microscopic slip
arameters, �o = 4Uc1/2/nb3 and Wo = n(Uc1/2Gb3)1/2, where G is the
hear modulus, b is the length of the Burgers vector, U represents
he average binding energy of a solute atom with the edge disloca-
ion, nb is the maximum critical height of the bulge, somewhat akin
o a kink-pair, in the process of its nucleation after the initial break-
way of an edge-dislocation segment simultaneously from several
olute-atom pinning points to the saddle configuration. The value
f n is expected to be 4–6 in the case of concentrated face-centred
ubic and hexagonal close-packed alloy crystals with low intrinsic
attice friction whereas it would be somewhat smaller, i.e. 1–2, for
ody-centred cubic alloy crystals with high intrinsic lattice friction.

It is worthy of note that the value of U is numerically less than
he maximum binding energy Umax [35] of a solute atom with the
dge dislocation arising from the size-misfit ı = (1/b)(db/dc) and

odulus-mismatch � = (1/G)(dG/dc) of solute in the solvent or host

attice. It is so because a “partially flexible” dislocation lying in
he glide plane containing a concentration of randomly dispersed
olute atoms cannot be “fully pinned” individually at all the solute
toms along its length.
Fig. 1. Log–linear relationship between the CRSS � and the deformation tempera-
ture T for Cu–Ni single crystals. Data points were taken from Suzuki [32].

3. Data analysis

The data points in Fig. 1 denote the values of CRSS � of Cu sin-
gle crystals alloyed with 5–50 at.% Ni in the temperature range
77–373 K, while those in Fig. 2 pertain to Ni single crystals con-
Fig. 2. Log–linear relationship between the CRSS � and the deformation tempera-
ture T for Ni–Cu single crystals. Data points were taken Suzuki [32].
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Table 1
Values of constants A and B in Eq. (1) along with linear correlation coefficient r and standard deviation SD for Cu–Ni alloys. Slip nucleation parameters of the KPN model were
evaluated from the theoretical formulae on using (a) G = 4.5 × 104 MPa, b = 0.2556 nm and Gb3 = 4.7 eV for c = 0.5–40 at.% Ni in Cu lattice, (b) G = 6.0 × 104 MPa, b = 0.2524 nm
and Gb3 = 6.0 eV for c = 50 at.% Ni in Cu lattice, and (c) G = 7.5 × 104 MPa, b = 0.2492 nm and Gb3 = 7.2 eV for c = 5–40 at.% Cu in Ni lattice.

c A B (10−3) r SD �o (MPa) Wo (eV) n U (meV) Lo (b) vo (b3)

0.5 at.% Ni 0.952 3.468 −0.990 0.039 2.6 0.621 10.7 10.1 861 2303
1.3 1.556 3.384 −0.990 0.044 4.7 0.637 8.9 9.6 584 1299
3.2 2.170 2.781 −0.999 0.021 8.8 0.775 8.2 10.6 410 841
5.3 2.382 2.593 −0.996 0.020 10.8 0.831 8.0 10.0 365 730

5 at.% Ni 2.585 2.547 −0.999 0.004 13.3 0.846 7.6 11.8 321 610
10 3.040 2.163 −0.994 0.039 20.9 0.996 7.3 12.5 251 458
20 3.474 2.109 −0.999 0.014 32.3 1.021 6.4 12.1 189 302
30 3.767 2.314 −0.999 0.017 43.2 0.931 5.5 11.3 151 208
40 4.060 2.561 −0.999 0.012 58.0 0.841 4.6 11.2 119 137
50 4.149 2.109 −0.999 0.010 63.4 1.021 4.8 10.8 135 162

5 at.% Cu 2.912 1.983 −0.997 0.025 18.4 1.086 7.2 14.2 342 612
27.5
43.4
60.1
65.2
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U = W2
o

Gb3n2c1/2
(4)
10 3.316 1.878 −0.998 0.013
20 3.770 1.715 −0.973 0.060
30 4.096 2.105 −0.998 0.013
40 4.178 1.855 −0.999 0.012

n accord with the model Eq. (1), which predicts a linear relation-
hip between ln � and T. The values of positive constants A and B,
long with linear correlation coefficient r and standard deviation
D, obtained in each case are given in Table 1.

Similarly, Fig. 3 depicts the temperature dependence of the CRSS
of Cu single crystals with solute content 0.5–5.3 at.% Ni between
0 and 315 K in log–linear coordinates. Date points denote the CRSS
alues measured by Kamada and Yoshizawa [33]. The straight line
tted to the data points for a given solute concentration by least-
quares fitting method provides the values of positive constants A
nd B in Eq. (1). These values together with those of linear correla-
ion coefficient r and standard deviation SD obtained for each alloy
oncentration are also given in Table 1. It should be noted that the
RSS values below 50 K were not included in Figs. 1–3 due to the

nomalous �–T dependence observed at rather low temperatures
32,33], and were analyzed elsewhere [36].

Using the values of A and B, one gets the values of �o (=exp A)
nd Wo (=mk/B) given in Table 1. Knowing �o and Wo, one can eval-
ate the microscopic parameters n and U for the complete Cu–Ni

ig. 3. Log–linear relationship between the CRSS � and the deformation tempera-
ure T for Cu–Ni single crystals. Data points were taken from Kamada and Yoshizawa
33].
1.147 6.5 13.7 266 432
1.256 5.9 13.9 202 300
1.023 4.6 12.3 152 177
1.161 4.9 12.3 150 185

alloy system on substituting appropriate values of c, G and b in the
relations [30,31]

n3 =
(

Wo

Gb3

)2 (
4G

�o

)
(3)
Fig. 4. Dependence of the KPN model parameter Wo (=mk/B) on the solute
concentration c for the complete range of Cu–Ni alloy system in linear–linear rep-
resentation.
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Fig. 5. Relationship between the solute concentration c and the KPN model param-
eters (a) Wo and (b) �o for Ni–Cu alloys in logarithmic coordinates.

Fig. 6. Relationship between the solute concentration c and the KPN model param
ompounds 498 (2010) 102–106 105

derived from the model expressions �o = 4Uc1/2/nb3 and
Wo = n(Uc1/2Gb3)1/2. The length of the edge-dislocation segment

Lo = b
(

4Gn

�o

)1/2

(5)

involved in the unit activation process of yielding at T → 0 K, and
the associated activation volume [30,31]

vo =
(

1
4

)
nLob2 (6)

were also evaluated, and are listed in Table 1 along with the values
of n and U. These values are of the right order of magnitude for
the glide of edge-dislocation segments in solid–solution crystals,
as anticipated in the KPN model.

To detect any heterogeneity of solute distribution in the alloy
crystals we shall now examine the concentration dependence of
the parameter Wo(=mT/B) on the solute concentration c for the com-
plete Cu–Ni alloy system. The points in Fig. 4 denote the values of
Wo for Cu–Ni alloy single crystals containing 0.5–95 at.% Ni given
in Table 1, while those for pure Cu and pure Ni crystals were taken
from Feltham and Kauser [37] and Butt and Sattar [18], respectively.
One can readily note that in the case of Cu–Ni alloys, Wo increases
monotonically with c up to about 14 at.% Ni in accord with the
model prediction, i.e. Wo ∝ c1/4, which is based on statistically ran-
dom distribution of solute atoms. However, as c increases beyond
cm ≈ 14 at.% Ni, Wo decreases till 40 at.% Ni by about 30%, indicat-
ing a departure from the random solute distribution. Similarly, Wo

increases monotonically with c up to about 20 at.% Cu in the case
of Ni–Cu alloy single crystals, and later on variation of Wo with c
becomes irregular till 50 at.% Cu such that the experimental values
of Wo are lower than the theoretically expected ones (Wo ∝ c1/4)
encompassed by the broken Wo–c curve in Fig. 4. It means that the

distribution of Cu solute atoms in the Ni host lattice is statistically
random below cm ≈ 20 at.% Cu, and beyond that it is non-random.

Thus in Cu–Ni alloy system (c = 0–100 at.% Ni), the distribution of
solute atoms is non-random for the solute concentrations between
14 and 80 at.% Ni, whereas for all other values c, it is statistically

eters (a) n, (b) U, (c) Lo and (d) vo for Ni–Cu alloys in logarithmic coordinates.
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Table 2
Numerical values of constants C and D in Eq. (7) for a linear relationship between
ln P and ln c, along with linear correlation coefficient r and standard deviation SD,
for Ni–Cu (c ≤ 20 at.% Cu) and Cu–Ni (c ≤ 14 at.% Ni) alloy single crystals.

Alloy P C D r SD c range

Ni–Cu Wo 0.39 +0.11 +0.989 0.015 5–20 at.% Cu
�o 4.76 +0.62 +0.999 0.022
n 1.54 −0.14 −0.999 0.002
U 2.60 −0.01 −0.654 0.016
Lo 4.70 −0.38 −0.999 0.009
vo 4.88 −0.51 −0.999 0.006

Cu–Ni Wo 0.31 +0.16 +0.963 0.055 0.5–14 at.% Ni
�o 4.55 +0.68 +0.993 0.099
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Phys. Lett. 25 (2008) 3808–3810.
n 1.69 −0.12 −0.977 0.033
U 2.61 +0.07 +0.697 0.085
Lo 4.62 −0.40 −0.993 0.057
vo 4.92 −0.53 −0.992 0.080

andom. Literature survey shows that there is a strong tendency of
endrite formation during crystal growth in many important com-
ercial alloys [38–45]. For instance, dendrites have been observed

n rather concentrated Cu–Ni solid–solution crystals with c = 20, 30,
0 and 75 at.% Ni [42–45]. Also, the phenomenon of solute trapping

n the case of rapid solidification of the alloys [46] results in a cored
tructure with regions of different chemical compositions. In fact,
he heterogeneity of the solute distribution due to dendritic growth
r concentration gradient due to solute trapping in rather concen-
rated Cu–Ni alloy crystals is removed during their heat treatment
t 1000 ◦C for a prolonged period of time [32,33]. However, natural
geing of the annealed specimens prior to their deformation allows
egregation of solute atoms to some extent in rather concentrated
olid–solutions. Had these alloy crystals been quenched after heat
reatment in order to freeze the statistically random solute distri-
ution achieved during annealing, and not allowed to age at room
emperature prior to tensile tests, the points denoting Wo values
ould have been on the broken Wo–c curve (Fig. 4) between 14

nd 80 at.% Ni. This can, however, be confirmed only by further
xperimentation on the above lines in future work.

To substantiate the observed correlation between Wo and c
Fig. 4) further, we shall now examine the concentration depen-
ence of the macroscopic parameters Wo and �o (Fig. 5) as well
s that of the microscopic parameters n, U, Lo and vo (Fig. 6). The
oints in Figs. 5 and 6 denote the values of the model parameters
eferred to above for Ni–Cu alloy single crystals (c = 5 to 50 at.% Cu),
aken from Table 1, as function of solute concentration c in loga-
ithmic coordinates. The straight line drawn through data points
y least-squares fitting method for c up to 20 at.% Cu in each case,

s represented by the mathematical expression:

n P = C + D ln c (7)

ere P stands for the model parameters under investigation, and
he numerical values of constants C and D, along with linear corre-
ation coefficient r and standard deviation SD, are given in Table 2.
owever, the data points for c > 20 at.% Cu in Figs. 5 and 6 show
arked deviation from the straight line encompassed by Eq. (7) for
≤ 20 at.% Cu in all the cases, which again indicates that the mode
f solute distribution in Ni–Cu alloy single crystals with c ≤ 20 at.%
u is different from that for c > 20 at.% Cu.

Finally, reference to Eq. (7) together with the value of constant D
or the model parameter Wo given in Table 2, shows that Wo ∝ c0.11,
hereas the KNP model predicts Wo ∝ c0.25 with the stricture that G,
, n and U are independent of c. The difference in the observed and
redicted values of the exponent, i.e. 0.11 and 0.25, respectively,
an be accounted for in terms of the observed weak c-dependence
f the microscopic parameters n and U. Assuming G and b are inde-
endent of solute concentration c, we can readily note (Table 2) that

[
[
[
[

ompounds 498 (2010) 102–106

U is almost independent of c and n ∝ c−0.14 so that Wo ∝ nc0.25 ∝ c0.11.
Similarly, the difference in the observed (�o ∝ c0.62) and predicted
(�o ∝ c0.50) c-dependence of �o is accounted for on noting that
�o ∝ n−1c0.5 ∝ c0.64. Moreover, the observed c-dependence of Lo and
vo, i.e. Lo ∝ c−0.38 and vo ∝ c−0.51, can be accounted for with reference
to Eqs. (5) and (6) together with n ∝ c−0.14, which predict Lo ∝ nc−0.25

and vo ∝ n2c−0.25, respectively. On the same lines, one can also
account for the observations in relation to the c-dependence of Wo,
�o, n, U, Lo and vo (Table 2) for Cu–Ni alloys with c < 14 at.% Ni.

4. Conclusions

From the composition–property diagram developed in terms
of the KPN model of solid–solution hardening, we conclude that
the temperature dependence of the CRSS of the whole Cu–Ni
solid–solution system (c = 0–100 at.% Ni) depends not only on the
solute concentration but also on the nature of solute distribution.
The solute distribution is statistically random in the Cu–Ni alloy
single crystals for c ≤ 14 at.% Ni and for c ≥ 80 at.% Ni. However, for
all other values of the solute concentration c between 14 and 80 at.%
Ni, deviation from statistically random distribution of solute occurs
in the Cu–Ni alloy crystals.
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