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Abstract 

A model is proposed to describe the kinetics of solute segregation to partial dislocations in 
solid solutions of cold-rolled alloys. The case when half edge and half screw dislocations are 
present is considered. The model gives account of the kinetic behaviour observed in a de- 
formed Cu-19 at% A1 alloy where two unknown processes could be assessed during calorimet- 
ric isothermal experiments. The faster process corresponds to segregation to screw dissociated 
dislocations while the slower one corresponds to segregation to edge dissociated dislocations 
Experimental activation energies, larger for edge dislocations, are close to that for pipe dif'fh- 
sion along the partials corrected by pinner binding energy terms. It is also predicted that seg- 
regation occurs faster as the dislocation density is increased. A quantitative comparison of ex- 
perimental results with model predictions is given. 
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Introduction 

It is well known that in solid solutions o f  co ld-worked Cu annealed be low the 
recrys ta l l iza t ion temperature,  a hardening effect  [ 1-4] called anneal hardening 
[5-11]  is produced due particularly to the interaction o f  solute atoms with lattice 
defects .  This e f fec t  may cause a considerable increase in f low stress, in which 
solute locking to dislocations plays the most  important  role [12, 13], al though 
solute segregation to stacking faults may not be disregarded [14]. 

The above phenomenon  is important  not only in the elucidat ion o f  the hard- 
ening mechanism,  but it is also o f  primary interest for studies o f  static [15] and 
dynamic  strain ageing [15-18] and also for strain sensit ivity determinat ions .  
Most  works on solute-dislocat ion interactions do not take into account  two main 
effects  that characterize Cu solid solutions, namely:  a) the fact that dislocations 
are dissociated and b) the distribution character  o f  extended dislocations,  sensi- 
t ive to the deformat ion mode (rolling, drawing, torsion, flexion, etc.). 
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534 VARSCHAVSKY, DONOSO: SEGREGATION 

We have modelled solute-dislocation pinning effects in a recent paper [ 19], 
testing qualitatively the hypothesis that this is the main cause of the predominant 
hardening mechanism. The model was based on energetic considerations taking 
into account the above mentioned a) and b) alloy features. Such an energetic ap- 
proach is very suitable with differential scanning calorimetry (DSC) as an effec- 
tive experimental tool for assessing dislocation densities and energy balance 
compatible with the segregation process. 

As it is important to examine the kinetics of solute anchoring to partial dislo- 
cations in deformed Cu solid solutions, the present work chiefly discloses a 
model based on the previous one as a starting point for predicting the kinetics of 
the pinning process and for testing its validity in Cu-19 at% A1 using isothermal 
microcalorimetric experiments. 

Segregation kinetics 

A previous work [ 19] established that the energy AHd(~) evolved during seg- 
regation of solute atoms to partial dislocations with a probability density func- 
t ionf l~)  ascribed to a dislocation character qb is given by: 

�89 

AHd(O) = ~pb2 J[/(O) [AHaI(O)cdl(O)+ Z~a2(O)cd2(O)] dO 
c c (1) 

where p is dislocation density, b is Burger's vector, c is alloy composition; 
AHa1(~), AHa2(~) and Cdl(~), Cd2(q b) are binding energies and equilibrium solute 
concentrations in the leading and trailing partials, respectively. 

In particular it was shown for cold-rolled copper solid solutions [4, 19] that a 
bimodal-extreme-discrete distribution where half edge and half screw dissoci- 
ated dislocations are present is suitable to describe the evolved energy associated 
with the segregation process, that is 

AHd = ~pb2 [AHaeCde at- AHasCds ] (2) 
c 

where subscripts e and s refer to edge and screw dislocations, respectively. 
During segregation the evolved heat AH(t) at time t is a function of  kinetic 

paths of solute concentrations ce(t) and cs(t) of edge and screw dislocations be- 
fore equilibrium values Cde and Cds are attained, expressed as: 

AH(t) = c [A/-/aeCe(t) + A/-/asCs(t)] (3) 

The effective solute composition at arrested dislocations is determined by the 
ageing time of  the dislocations. A number of models have been designed, based 
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on diffusion and drift of solute in the stress fields of dislocations in order to ex- 
plain the various time dependences found. Assuming a general Cottretl-Bilby 
solute concentration kinetics as a starting point [20]: 

and 

Ce(t) = c ( K e D t )  n (4) 

Cs(t) = c(KsDt)" (5) 

where D is the effective solute diffusion coefficient of  the underlying process, 
while Kc and Ks are constants depending on solute-dislocation binding energy. In 
the original Cottrell-Bilby model n=2/3. These expressions are valid only for the 
early stages of segregation. If a Louat's [21 ] correction of the general Cottrell- 
Bilby analysis used here to include saturation at longer ageing times is applied, 
that is, when the maximum number ofpinners that may be accommodated in the 
dislocation core is considered, Eqs (4) and (5) become 

ce(t) =Cde[1--exp(" c(KeDt)nl]~ae ).] (6) 

and 

cs(t) =CdsIl--exp(- c(KsDt)nltcds )J (7) 

As a first approximation, in order to express Eqs (5) and (7) in a Mehl-Johnson- 
Avrami form, equilibrium concentrations are considered to be governed by 
Boltzmann statistics, and for the present case they are: 

and 

( AHae'] Cde = C exp,-- ~ )  (8) 

( AHas'] 
Cds = C e x p l - - - - ~ )  (9) 

With the above assumptions and considering D=Doexp(-Q/RT), Do being the 
diffusion 

(10) 

where 
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and 

/_Q - laHae 
1 n 

re = - -  exp 
KeDo RT 

(11) 

1 (12)  s= - oeXp ) 
the activation energies for both processes being Q-(1/n)AHae and Q-(1/n)AHas, 
Xoe=l/K~9o and Xo~=l/K09o. If the reacted fraction associated with the process is 
defined by: 

AH(t) (13) y = - -  
AHd 

Eqs (2) and (10) yield the convex linear combination: 

/ E/:;J/ f n/ i-oxp[-C-' l 
t L t f  s) _1 

(14) 

o r  

with 

[(~ee] n ] expI-(t~ n ] 1 - y = V exp - + ( l -v)  L [.Zs) (15) 

~ / =  /~r"/ae C d e (16) 
~'IaeCde + Z~'/asCds 

Hence, the present model predicts that two processes with different relaxation 
times are involved in segregation kinetics. Since the reacted fraction is based on 
heat measurements, it is very suitable for DSC evaluation. 

Numerical  results concerning Cu-19 at% AI 

This section analyses DSC and isothermal calorimetric trace features in a de- 
formed aCu-A1 alloy in connection with the segregation kinetic model proposed 
herein. The Cu-A1 alloy used was chemically analyzed and found to contain 
9.0+0.1 wt%, 19 at% aluminium. It was prepared in a Batlzers VSG 10 vacuum 
induction furnace from electrolytic copper (99.95 wt%) and aluminium 
(99.97 wt%) in a graphite crucible. The ingot was subsequently hot forged at 
923 K to a thickness of 10 mm, pickled to remove oxide from the surface, an- 
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healed in a vacuum furnace at 1123 K for 36 h to achieve complete homogeneity, 
and cooled in the furnace to room temperature. It was then cold rolled to 1.5 mm 
thickness with intermediate anneals at 873 K for one hour. After the last anneal 
the material was heat treated at 873 K, furnace cooled at a rate of  5 K h -L and fi- 
nally cold rolled to 0.75 mm thickness (50% reduction). 

Microcalorimetric analysis of  the samples was performed in a DuPont 2000 
thermal analyzer. Specimen discs of  0.75 mm thickness and 6 mm diameter were 
prepared. To increase measurement sensitivity, a high-purity and well-annealed 
copper discs, in which no thermal events occur in the temperature range em- 
ployed, was used as a reference. To minimize oxidation, dried nitrogen 
(0.8• 10 -4 m 3 rain -1) was passed through the calorimeter. 

D S C  c u r v e s  

A material slowly cooled in the furnace was chosen in the present case, be- 
cause prior to cold work it is in a highly ordered state, determined by the equilib- 
rium value of  the first short-range-order (SRO) parameter at freezing tempera- 
ture [22]. After deformation the alloy gets disordered to an extent readily deter- 
mined [ 19], along with the creation of  excess vacancies. On heating, reordering 
of  the alloy takes place to a degree of  order determined by the equilibrium value 
of  the first SRO parameter at the final temperature of  stage 1 of  the DSC trace 
shown in Fig. 1 a. Stage 2, which overlaps stage 1, corresponds to segregation of  
solute to partial dislocations [19], while stage 3 corresponds to a disordering 
process [2, 22-24] somewhat overlapping with stage 4 corresponding to recrys- 
tallization [2, 25]. A pre-anneal of  20 rain at a temperature lower than the peak 
temperature of  stage 1, at which stage 2 still does not start, anneals-out the reor- 
dering effect present in Fig. 1 a, as shown in Fig. 1 b. Hence, the segregation peak 
can be clearly isolated. It should be emphasized that a low heating rate was era- 
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Fig. 1 DSC traces on heating at 0.08 K s -1 for: a) furnace cooled and cold-rolled Cu-19 at% 
A1; b) furnace cooled, cold-rolled and pre-annealed material 
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ployed in order to minimize the overlapping effect produced as the heating rate 
is increased, thus avoiding simultaneous reactions (order and segregation) at 
temperatures chosen for isothermal runs. In this way these two non-isothermal 
runs allow selection of the temperature range of isothermal experiments using 
samples pre-annealed at 430 K. It is worth recalling that non-isothermal runs 
were unsuccessful in detecting two processes during segregation, even at very 
low heating rates. Only weak evidences that a complex reaction associated with 
stage 2 is taking place can then be noticed. 

Isothermal microcalorimetry 

DSC outputs for isothermal segregation are shown in Fig. 2. The temperature 
range for these experiments was chosen between 450 and 530 K. In order to 
make the experimental results compatible with the segregation model proposed, 
it will be assumed that equation: 

1_y;A expE_ i expE_ i I  17, 
is valid with different time constants "l~l, "~2 and with parameters A and (l-A) as 
cofactors, and with the same time exponent n for both processes. In order to 
search for the time exponent, selected values ofn were tried. By making variable 
changes t*=t n, x*l='c~ and "c~=~2 and using Eqs (4), (5), (6) and (7) of Ref. [26], "el, 
"~2 and A can be determined for each n tested. After employing n=l/3, 2/5, 1/2, 
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Fig. 2 DSC traces for isothermal solute segregation to partial dislocations at the indicated 
temperatures for furnace cooled, cold-rolled and pre-annealed Cu-19 at% A1 alloys 
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2/3, 3/5, 3/4 and l, the best fit to the experimental curves was obtained for n=2/5. 
The corresponding % '~2 and A values are listed in Table 1 for various annealing 
temperatures. 

Table  1 Values of  time constants "cl, "c 2 and parameter A for n=2/5 at different annealing 
temperatures T 

T/K "cl/min "c~/min A 

475 15.64 6.05 0.70 

490 6.30 2.86 0.687 

500 3.81 1.57 0.675 

515 1.65 0.82 0.665 

530 0.91 0.45 0.66 

The corresponding ( l -y )  functions v s .  t 2/5 (solid lines) plotted in Fig. 3 agree 
satisfactorily with the experimental points extracted from the traces. Data points 
from DSC outputs for the very early stages of  the segregation reactions, where 
some departures of  the two exponential laws are observed, were omitted in the 
numerical analysis. The ln(1-y) v s .  t 2/5 curves in Fig. 4 show that a single expo- 
nential law is followed for longer times, while there is a superposition of two 
processes for short annealing times, the first process being more rapid than the 
other one, which is dominating for longer times. 
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To get a numerical insight into the temperature dependence of  the two proc- 
esses, an Arrhenius equation was set up for relaxation times z~ and Zz. From plots 
ofln'c, and ln'cz v s .  1/Tshown in Fig. 5, the corresponding activation energies E,, 
E2 and the respective specific time constants "Co~, %2 were determined, giving Et = 
110.3 kJ mo1-1, E2= 100.1 kJ mol -~, "Co~=3.4x10 -~ rain and I;o2=1.5• -l~ min. 
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Fig. 5 Ln x vs.  1/Tplots for the two processes taking place during solute segregation to par- 
tial dislocations in Cu-19 at% AI 

It is interesting to note that the activation energy from Kissinger plots, (not 
shown here for brevety's  sake) obtained from non-isothermal traces at different 
heating rates, gives for stage 2 a value of  106.3 kJ mol -] close to the higher value 
obtained from the isothermal runs for the two processes. The fact that the two 
processes cannot be separated in non-isothermal experiments is probably due to 
lack of  sufficient resolution. 

Discussion 

To analyze the experimental values of  activation energy it is necessary to 
consider that diffusion enhancement due to deformation is reflected by pipe dif- 
fusion along dislocations. Pipe diffusion may result because, after the deforma- 
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tion process, a gliding dislocation arrested by a less mobile forest dislocation 
will now mainly increase its solute concentration by the passage of  solutes from 
the more anchored forest to the less anchored gliding dislocation. Thus, the ef- 
fective diffusion coefficient can be written as: 

D = Dpg + Db(1 - g) (18) 

where Dp is the pipe diffusion coefficient, Db is the lattice diffusion coefficient, 
and g is atom fraction associated with the pipe. Assuming that the dislocation 
core cross-section contains 2 atoms 

2~op (19) 
g =  bp 

in which ~o is the atomic volume and bp=0.58 b is the Burger's vector of  a partial 
edge or screw dissociated dislocation. Even for extremely high dislocation den- 
sities g<<l giving D=Dpg+Db. At temperatures below half the melting point, 
where most of  the segregation takes place, Dpg can be much greater than Db [27], 
thereby yielding D=Dpg, or 

2~op 

where the activation energy for pipe diffusion Qp was taken similar to that of  
grain boundary diffusion [ 11] which in turn is a little more than half of  that for 
volume diffusion Ob ~ 162.8 kJ mo1-1 [28]. On the other hand, the pre-exponential 
factor of  Dp, can be taken from lattice diffusion Dop=Dob=6.68xl 0 -s m2s -1 [29]. 
For instance, at 530 K, which is the higher temperature employed in isothermal 

30 3 10 15  2 runs, taking f~o=7.1xl0- m ,  b=2.6x10 - m and p=4.6x10 m- [19] from a 
. . . . .  5 �9 - previous work, one obtains in principle D/Du=l .57x l  0 thus making very hkely 

that most of  the diffusion takes place along dislocations. 
The activation energy for pipe diffusion was estimated as Qp=81.4 kJ mo1-1 

[28]. However, if the binding energy is not negligible, then the solute can change 
the pipe structure, for example fill in open spaces and make it harder for atoms to 
move along the dislocations (pinner effects). This effect cannot be quantified so 
simply, and there is no widely accepted theory on solute diffusion or on the effect 
of  solutes on solvent diffusion, as there is for lattice diffusion. The above effect 
should produce an increase in effective activation energy, as predicted by the 
present model which depends on the magnitude of  binding energy (edge or screw 
dissociated dislocations) and on the time exponent provided all segregation oc- 
curs by atom flux along the pipes. Thus, Eqs (11) and (12) yield for the effective 
activation energy for pipe diffusion with n= 1/3 [30]: 

Eep = Qp - 3 A H a e  (21) 
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for edge and 

Esp = Qp - 3AHas (22) 

for screw dislocations. It is expected that in the very early stages of  the process 
when solute concentration at dislocations is far from its saturation value, pinned 
solute atom effects will not contribute to the activation energy, regardless of  the 
dislocation character as predicted by Eqs (4) and (5) with D=Dp [21 ]. 

Since the previously calculated values for the solute-dislocation binding en- 
ergies are AHa~=-8.40 kJmol -l and AHas=-4.84 kJmo1-1 [19], it follows that 
E~p=101.1 kJmol -z and Esp=92.2 kJ mol -l, which values are about 10 and 4% 
lower than the measured experimental values E1 and E2, respectively. In turn, E1 
and E2 are a little more than half the effective activation energies for volume dif- 
fusion which from Eqs (11) and (12) yield: 

3AM (23) E~b = Qb - ~" ae 

for edge, and 

35j /  (24) 
Esb = Qb - ~" as 

for screw dislocations, with n=2/3 [20]. Values of  Ez and E2 are still much lower 
than E~b=Esb even ifpinner effects are disregarded. Therefore one can further in- 
fer that E1 and E2 correspond to the experimental apparent measured activation 
energies for solute segregation to edge and screw dislocations, respectively, 
where mainly pipe diffusion takes place. 

It is worth recalling that already pinned solute atoms are stronger obstacles to 
solute movement inside the dislocation core for a pipe (-3AHa~, -3AHas) than for 
a bulk (-3/2AHae, -3/2AHas) diffusion mechanism regardless of  the dislocation 
character, pinner effects being always larger for edge dislocations. 

The experimental apparent activation energy Qapp for solute segregation in 
the early stages of  pinning can now be evaluated. From the measured values E1 
and E2 and n and considering that: 

5 (25) 
El = Qapp - gAHae 

and 

5 (26) 
El = Qap. -  aeas 

one obtains Qapp=89.3 kJ mo1-1 from Eq. (25) and 88.0 kJ mol -l from Eq. (26), 
which, as expected, are in excellent agreement, differing by less than 1%. Note 
that Qapp is a little larger than Qp, but much smaller than Qb, thus reflecting that 
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the prevailing mechanism for solute segregation in this alloy after 50% cold roll- 
ing is pipe diffusion. 

As said before in the present study, an experimental time exponent n=2/5 was 
found. It was also mentioned previously that for bulk diffusion and short times 
n=2/3 has been derived [20]; an analogous argument applied to pipe diffusion 
yields n = 1/3 [31 ]. The long time approximation for bulk and pipe diffusion in- 
cluding concentration gradients, leads to n= 1/2 [32]. The exponent 2/3 for bulk 
diffusion is a consequence of  the fact that during the time t, solute from a dis- 
tance of  up to r may diffuse to the dislocation. For sufficiently short times the dif- 
fusion distance r increases as r o~ (Dt) 1/3 (D=diffusion constant) [20]. In the case 
of  free diffusion in volume only, solutes inside a tube of  radius r enclosing the 
dislocation core can arrive at it within t. The volume of  the tube being propor- 
tional to r 2, the line concentration of  solutes pinned increased proportionally to 
t 2/3. It follows that n=2/3. In the case of  pipe diffusion, the diffusion path is re- 
stricted to a line. Hence, not the whole volume of  the enclosing tube proportional 
to r 2 ~ t 2/3 is the possible source for solute diffusion within t; instead, only the 
whole number of  forest lines up to a length r o~ t 1/3 ending at the dislocation pro- 
vide diffusion. Such a mechanism results in n = 1/3 [31 ]. Specific questions con- 
cerning n have been recently discussed [30, 33-35]. The value n=l/3 has also 
been occasionally reported in the literature for aluminium alloys [ 16, 17]. For 
these alloys only one process is expected to take place in the process of  segrega- 
tion [ 16, 17], because of  their high stacking fault energy which prevents disloca- 
tions from dissociating. The value n=2/5 here found might be consistent with a 
mechanism of  pipe diffusion, in conjunction with some bulk diffusion in the later 
stages when pipes tend to be exhausted; both mechanisms affected by the already 
solute-pinned atoms, consistently with the activation energy analysis. 

The constants Ke and Ks in Eqs (11 ) and (12) are proportional to the binding 
energies/~r/ae and AH~s [18, 21], so that "Coe/'l:os=0.576 which is comparable with 
the experimental ratio %1/'~o2=0.223, being within the same order of  magnitude. 
Since from Eq. (20) one can take as a first approximation for the effective diffu- 
sion constant 

setting the measured values "1:o1=%e(=3.4• -11 min) and ~o2 = 
"~os(=l.5xl0 -l~ min), gives K~=l.02xl018 m 2 and Ks=2.31xl017 m 2 for the alloy 
under study. These values differ by almost one order of  magnitude from those 
theorectically predicted for bulk diffusion [18] and although higher, they lie 
whithin the same order of  magnitude of  those for pipe diffusion [30] in the range 
of  temperatures employed. It is difficult to attain a higher degree of  accuracy 
probably due to the range of  values which Do can assume arising from a certain 
degree of  flexibility which exists in the choice of  p and DoU. However, the values 
found for ~o~ and "~o2 seem quite reasonable. It is also worth noting from Eqs (11 ), 
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(12) and (27) that the larger the dislocation density, the lower the expected val- 
ues Of Zoe and Xos, thus contributing to the enhancement of the kinetic process. 

Regarding the experimental values of  the constant A, they are somewhat 
lower than those of  W calculated from Eqs (8), (9) and (10), giving 
0.80/0.79/0.782/ 0.775/0.765 for the corresponding temperatures of 
475/490/500/515/530 K. This might be attributed to the choice of a Boltzmann 
distribution for Cae and cos as a first approximation, to achieve a more tractable 
sigmoidal behaviour for ce(t) and c~(t). In fact, ifa Fermi distribution [ 19] is used 
for car and ca~ only to evaluate ~t', values of 0.748/0.73/0.719/0.71/0.70 are ob- 
tained, which are closer to the experimental values ofA. 

Finally, the model developed herein is based on previous energetic results 
(19), predicting that half edge and half screw dislocations are present (Eq. (2)), 
and the observed kinetic behaviour confirms that such dislocation distribution 
characterizes cold-rolled Cu-19% Al. 

Conclusions 

This study leads to the conclusion that the disclosed model predicting two 
processes in the kinetics of solute segregation to partial dislocations during iso- 
thermal experiments, shows that these processes actually occur in a cold-rolled 
Cu-19 at% A1. It can also confirm that half edge and half screw dislocations are 
present during this deformation mode. The segregation rates increase with the 
dislocation density and are larger for screw than for edge dislocations. Most of 
the segregation takes place by pipe diffusion along the partials. 
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