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Abstract The application of an external dc electric
field £ =5 kV/cm during the annealing of electrode-
posited Cu foil at 150-195 °C retarded grain growth.
The time dependence of the grain size both with and
without the field was

D = A,exp(—Q/RT)t"

where A, = (3.53-4.35) x 10°ms™, Q =11.3-11.6
kJ/mole and n = 0.048-0.052. The field consistently
reduced A,, but had no clear effect on Q and n.
Consideration of the grain growth kinetics in terms
of the expression dD/dt = M, exp (-Om/RT)P? gave
Owm = Q/n = 233-239 kJ/mole and g = 1/n-1 = 19.1-20.1.
Theoretical considerations along with data in the
literature on grain boundary migration in Al and Cu
suggest that these values of ¢ and Qys could reflect
the action of impurities. Several possibilities are
given for the decrease in A, and the corresponding
retardation of grain growth by the field. Good accord
occurred for a reduction by the field of the disloca-
tion density contribution to the driving force P.
Grain growth data in the literature, along with the
present results, are in some accord with both the
impurity drag and topology models; hence both
should be considered in any analysis of grain growth
kinetics.
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Introduction

To obtain higher strength and/or ductility there has
developed in recent years a strong interest in metals
with grain size in the submicron range. However,
because of the high internal energy, fine-grained metals
will tend to be unstable, leading to rapid grain growth.
Since in prior work [1] it was found that the application
of an external dc electric field during the annealing of
cold worked Al and Cu wire retarded recovery and
recrystallization, the objective of the present investi-
gation was to determine the effect of an electric field
on grain growth in a metal with a submicron grain size.
The material employed was electrodeposited Cu foil,
which is used in the fabrication of electronic devices.

Experimental

The material was 18 pm thick, free-standing, electro-
deposited (EP) Cu foil provided by H. D. Merchant,
courtesy of Gould Electronics. The foil has the
following characteristics [H. D. Merchant, private
communication]: (a) a slightly elongated grain struc-
ture and a moderate (220) texture, (b) average
midsection planar grain size D,,, = 0.60 um (Fig. 1)
and (c) the grains contain numerous sub-boundaries,
dislocations ( p ~ 10"*m~?) and twins. Tensile tests
after annealing at 100-250 °C indicated that the
microstructure is relatively stable to ~100 °C and then
softens at higher temperatures.

Specimens (37 x 7 mm?) cut from the as-received
foil were annealed without and with an external dc
electric field £ = 5 kV/cm for various times (separate
specimens) in a silicone oil bath at 150, 170 and



J Mater Sci (2007) 42:3994-4003

3995

(b}d’{) g T— T 7% L I L L T ]
ShE EP Cu (18m thick)
30 F

25 |

FREQUENCY %

o Ly

0 0.5 1 1.5
d (pm)

Fig. 1 (a) TEM micrographs at two magnifications of the EP Cu
foil and (b) linear intercept grain size distribution of the foil.
From Merchant [H. D. merchant, private communication]

195 + 0.5 °C. The field was applied when the specimen
reached the bath temperature. A schematic of the
electrical arrangement is presented in Fig. 2. The
electric current which occurred during annealing with
the field was measured in the manner shown. Following
annealing, the specimen was rinsed in ethanol and then
in water prior to etching for 90 s in a solution of 10 g

ammonium persulfate in 100 ml water at room tem-
perature. The etching removed ~1.5 pm thickness from
each side of the foil. The matte (top) and shiny
(bottom) sides of the etched specimen were examined
with a Hitachi 5-3020N scanning electron microscope
(SEM) at 10,000 x magnification. The mean linear
intercept grain size D was determined for each side of
the foil from random lines drawn across respective
micrographs.

Results

The microstructure of the top side had a cauliflower
form characteristic of a columnar electrodeposited
structure; the bottom had decided crystallographic
features, including twin boundaries. Although the grain
boundaries in both the top and bottom sides were not
sharply outlined by the etch, there was nevertheless
sufficient difference in the appearance of adjacent
regions to permit identification of individual grains.
The initial grain size D, of the bottom side was
1.25 pm; that of the top side was 0.53 um. These values
are in accord with the grain size at the midsection
determined by TEM, for which D, ranged from 0.3 pm
to 1.2 um with D,,, = 0.6 um (Fig. 1).

Log-log plots of the grain size D versus the
annealing time ¢ at the three temperatures are pre-
sented in Fig. 3a, b for the top and bottom sides of the
foil, respectively. The lines give for the time-depen-
dence of grain growth

D = At" (1)

where A increases with annealing temperature 7, but
decreases with electric field E, while the time exponent
n is relatively independent of 7 and E. Making the
usual assumption that the grain growth kinetics follow
an Arrhenius-type behavior, expansion of Eq. 1 gives

D = A,exp(—Q/RT)t" (2)

where A, is the pre-exponential and Q is an apparent
activation energy. The magnitudes of n, A, and Q
obtained from a linear regression analysis of all the
data are presented in Table 1. The magnitude of A,
consistently decreased with the field, but the field had
no clear effect on Q and n. Similar values and trends
for the three parameters were obtained from a graph-
ical analysis of the plots of log D vs. log ¢, and from
plots of log (dD/dt) vs. log D, where the influence of D,
is avoided.

The electric current / which occurred during the
annealing of the specimens with field is shown in Fig. 4.
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Fig. 2 Schematic of the
electrical arrangement
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It was of the order of yA and always initially increased
slightly with time and then decreased continuously at
longer times. It increased appreciably with temperature.

Discussion
Time dependence of grain growth

Grain growth during the annealing of polycrystalline
metals is usually expressed by [2]

D" — D7 = Bt = [B,exp(—Q"/RT)]t (3)

where D, is the initial grain size, m>2, B, is the pre-
exponential and Q% the activation energy for the
process. As mentioned above, the influence of D, in
any further analysis is avoided by taking the time
derivative of Eq. 3, which gives

dD/dt = B/mD™""! = [B,exp(—Q*/RT)]/mD"!
(4)

The magnitude of the grain size exponent m can
then be obtained from a plot of log(dD/d¢) vs. log D.
The value of m obtained from such plots for the
present material was of the order of 20. Hence, for the
present electrodeposited Cu, D™ > D' and Eq. 3
reduces to

D = BY"exp(—Q*/mRT)t'/™ (5)
which is the equivalent to Eq. 2 with n = 1/m, A, = By
and Q = nQ*. Hence, Eq. 2 is a valid expression for the

time-dependence of grain growth in the present
annealing study.
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Theory

Classical grain growth theories [3, 4] give for grain
boundary migration velocity in a pure metal

V =dD/dt = MP (6)

where M is the grain boundary mobility and P is the
driving force, the latter being the gain in Gibbs free
energy 6G when a segment of the boundary having an
area 0A undergoes a displacement dx and thereby
sweeps through a volume 6Adx. The driving force is
considered to consists of three components

PZPS-I-Pgb—Pi (7)

where P; is the volume stored energy, P, the energy of
the grain boundary and P; that due to the presence of
impurities or added solutes. P; is usually negative, since
impurities or solutes normally exert a drag on the
boundary.

Dislocations, either free or contained in cells or
subboundaries, are a major source of P;. The magni-
tude of P due to free dislocations is given by [3]

Psq = pub® (8)

where p is the dislocation density, u the shear modulus
and b the Burgers vector. In the case of subboundaries
of spacing d [5]

Pas = apb/2nd 9)
where o =1 for screw dislocations and ~3/4 for edge

dislocations. The contribution of the grain boundary to
Pis

Py, = By/D (10)
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Fig. 3 Log grain size D vs. log time ¢ for annealing at 150-195 °C
(a) top side of foil and (b) bottom side

where vy is the grain boundary energy and f =2 for
three-dimensional growth [3] and 0.25 for two-dimen-
sional grain growth [6].

In the absence of impurities or solutes grain bound-
ary mobility is given by [3]

M = M, exp(—Owm/RT) = QDy /kTx (11)

where M, is the pre-exponential and Oy is the
activation energy for the thermally activated grain
boundary segment jump process. Dy; is the corre-
sponding diffusion coefficient, Q the atomic volume
and x the jump distance. When existing grain boundary
vacancies are involved in the jump process, Oy, is equal
to the activation energy for grain boundary diffusion
0Oy, If the formation of vacancies needs to be consid-
ered, O\ becomes that for lattice or volume diffusion
Q.

A complex relationship between V and P results
with the presence of impurities or solutes. Taking into
account the detailed form of the interaction energy of a
solute atom with a grain boundary, Liicke and Stiiwe
[3] obtained the behavior shown in Fig. 5 for the
variation of V with P as a function of solute concen-
tration c. The variation of V with P according to Cahn’s
impurity drag theory [4] is illustrated in Fig. 6. In the
low velocity region the boundary migration rate is
controlled by the diffusion of the solute atoms perpen-
dicular to the boundary, while in the high velocity
region the diffusion of the solvent atoms across the
boundary is controlling. Gordon and Vandermeer [7, §]
proposed that a continuous transition occurs between
the low and high velocity regions, as shown in Fig. 6.
The form of the curve in Fig. 6 leads to the general
expression

V =dD/dt = MP? (12)

where g~ 1 at the low and high boundary velocities
and g > 1 at the intermediate or transition velocities.

An alternate approach to grain growth kinetics
considers the topology of the grain ensemble. Employ-
ing this approach Rhines and Craig [9] developed the
following expression for the time dependence of grain
growth

1/Ny = 1/Nyo[1 + My0ot] (13)

where N, is the number of grains per unit volume at
time ¢, Ny, the number at zero time, M the grain
boundary mobility and y the grain boundary energy. 0
is a so-called ‘‘sweeping constant” defined as the
number of grains lost when the grain boundary sweeps
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Table 1 Grain growth parameters for the annealing of electrodeposited Cu at 150-195 °C without and with an electric field £

Side E (kV/cm) Ay (nm/s™) QO (kJ/mole) n Corr. Coeff. qg=1/n-1 0* = Q/n(kJ/mole)
Top 0 258 11.61 0.063 0.912 14.87 184
Bottom 0 61.2 11.51 0.041 0.915 23.39 281
Avg 435 11.56 0.052 19.13 232
Top 5 114 11.44 0.053 0.916 17.87 216
Bottom 5 59.1 11.23 0.043 0.922 22.26 261
Avg 353 11.33 0.048 20.07 239
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Fig. 5 Schematic of grain boundary velocity V as a function of
the driving force P = P, + P; for different solute concentrations
with C;>C,>C;. From Liicke and Stiiwe [3]

through a unit volume of material and was estimated to
have a value of 4. ¢ is the product of the surface area
times the surface curvature per grain, i.e., ¢ = kSy/Ny,
where « is the total surface curvature and S, is the total
surface area per unit volume. Experimentally, ¢ was
found to be a constant. With 0 and ¢ being constant,
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Fig. 6 Schematic of the grain boundary migration rate as a
function of the driving force according to Cahn’s [4] impurity
drag theory. From Vandermeer [7]

Eq. 13 gives D — D3 = Bt, which is frequently found
for grain growth. Equation 13 was modified by Atkin-
son [10] to the following expression

1/Ny = 1/Nyo + (M0 1y /N )t (14)

where 0* is the number of grains which vanish when
the boundaries sweep through a volume equal to the
mean grain volume v = N, !, which concept had been
proposed by Doherty [11].

Employing a novel Monte Carlo computer simula-
tion procedure Anderson et al. [12] included grain
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boundary topology in their treatment of grain growth.
In their model the microstructure is mapped onto a
discrete lattice and its temporal evaluation is monitored
with respect to the shape and size of the grains. This
gave microstructures similar to those of real metal
specimens and gave the temperature dependence of the
grain growth time exponent n shown in Fig. 7. Ander-
son et al. [12] proposed that experimental values of
n < 0.5 reflect the influence of topology rather than
impurities, solutes, preferred orientation or second
particles, which are usually considered to be responsi-
ble.

Theoretical considerations of experimental results
Without electric field

Considering Eqgs. 4, 11, and 12, one obtains
dD _ Boexp(—Q*/RT)

= [M, exp(—Om/RT)|P?

dr mD™—1
(15)
Taking P, =2y/D gives
dD Boexp(—Q*/RT) .1
— = P =M, - RT)|P?
Gyt P Moexp(—Qu/RT)
(16)
where according to the impurity theories P = P+

Py — P;. As pointed out by Hu and Rath [2], when
P, > (Ps — P;) the two expressions for dD/dt in Egs. 15
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Fig. 7 Temperature dependence of the time exponent n obtained
by Anderson et al. [12] from computer simulation of grain growth
considering grain topology. Ty = melting temperature in K

and 16 are equivalent, giving g=m —1, Oum = Q*
and M, = B,/m(2y)"", which in turn are related to
Ao, Q and n of Eq. 2 when D™ > D! and Eq. 5
prevails. Further, since the dislocation density in the
present EP Cu is ~10'* m™ and the average grain size
during the annealing without field is ~1.5 pm, and
taking for Cu the values y = 0.65J/
m?, u =421 x 10°°N/m? and b =256 x 107" m,
one obtains employing Eqs. 9 and 10
Pyg~28 x10°N/m? and Py, ~ 1.3 x 10°N/m?, i.e.
Py, > Ps 4. The magnitude of P; for the present material
is not known.

Considering Eq. 16, and assuming that
P, > P; — P;, the V vs. P behavior pertaining to grain
growth of the present EP Cu is compared in Fig. 8 with
that of other coppers [13-19] (including electrodepos-
its) and with measurements of grain boundary migra-
tion rate in Al [20, 21], all extrapolated to the
homologous temperature T = 0.4Ty,. Except for those
from Rath and Hu [20] the data points in Fig. 8 were
determined from the midrange of the results in a given
reference and thus are simply typical or representative
values. They include a range in impurity or solute
content, measuring method, nature of the driving force
and annealing temperature.

To be noted regarding Fig. 8 are the following: (a)
the behavior of Cu is similar to that of Al, (b) the
behavior of both Cu and Al is relatively independent of
the nature of the driving force and the measuring
method employed and (c) within the considerable
scatter, the general behavior of both the Cu and Al
resembles that shown in Fig. 6. Further, considering
the present tests on EP Cu, the large value of the
driving force exponent g = 19.1 with £ =0 given in
Table 1 is in accord with the transition region normally
ascribed to impurities. Finally, it should be mentioned
that the behavior in Fig. 8 of the Cu materials with a
nanometer (nc) grain size is in general accord with
those having a coarser grain size.

Of further interest is a comparison of the magnitude
of the time exponent n and the activation energy Q%
obtained in the prent tests on the EP Cu with those
reported in the literature. Hence, n and Q* for Al and
Cu are plotted versus the homologous annealing
temperature TA/7Ty in Fig. 9. Included are the results
by Malow and Koch [27, 28] for Fe, since they cover a
wide range in temperature (0.35-0.6274/Ty) and in
grain size (nano to microcrystalline). Also included in
Fig. 9 are the computer simulation results by Anderson
et al. [12] based purely on topology considerations. It is
seen in Fig. 9 that n varies from 0.05 to 0.5 and Q%
from grain boundary diffusion Qy, to lattice diffusion
Q, or solute diffusion Qg > Q,.

@ Springer
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Fig. 8 Log grain boundary
velocity Vat T/Ty = 0.4
versus driving force P for Al
(open symbols) and Cu (filled
symbols). ZR = zone refined,;
HP = high purity;

EP = electrodeposited;
OFHC = oxygen-free, high
conductivity; D,, = initial
grain size. Measurement
method: * = grain boundary
migration, ** = grain growth,
**% = recrystallization. Data
from [13-21]

Fig. 9 The time exponent n
and the normalized activation
energy OQ*/Ty versus the
homologous annealing
temperature 7/Ty. Open
symbols are for Al [22-24]
given in [2]; filled symbols are
for Cu [present and 13, 14, 15,
17, 25, 26]; symbol + is for Fe
[27, 28] and symbol x is for
computer simulation based on
topology [12]. The letters in
the parentheses following the
authors indicate the
following: HP = high purity;
EP = electrodeposit;

D, = initial grain size; f
indicates values were taken
from [2]. Activation energy
for grain boundary diffusion
Oy and for lattice diffusion Q,
from [29]

When considering » for different materials in Fig. 9
there is no consistent or clear variation of n with
Ta/Ty. However, for a given material over a suffi-
ciently wide temperature range n increases Wwith
temperature. Moreover, as is indicated by the results
for Fe [27, 28], n does not vary with grain size from
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micrometers down to nanometers. Similar values and
trends for n have also been reported for microcrystal-
line metals in general (Fig. 10 [2]) and for nanocrys-
talline metals and compounds (Fig. 11 [27]). Further, it
should be noted that the values of n and Q* for the
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tests on EP Cu are in accord with those obtained for
metals in general and with the model by Anderson
et al. [12].

Hence, the present results on EP Cu without field
along with metals in general, are in some accord with
both the impurity and topology models for grain
growth.

It is desirable at this point to examine the degree
of accord between the experimental results in Figs. 8
and 9 and the predictions of the impurity drag [3, 4]
and topology theories [9, 10, 11, 12]. Although the
experimental V vs. P behavior in Fig. 8§ resembles
that in Fig. 6 predicted by the impurity model, the
resemblance is only approximate at best and in view
of the large scatter cannot be taken as unambiguous

predicted by the computer simulations of Anderson
et al. [12]. Especially striking is the good agreement
between the experimental temperature dependence of
n for Fe [27, 28] with that predicted by the computer
simulations. This accord (and that in Fig. 8) in the
behavior of nanocrystalline materials with those having
a much coarser grain size is in contrast to some reports
[30, 31] that nanocrystalline metals have an unusually
high resistance to grain growth. Malow and Koch [27]
have proposed that the observed exceptionally high
resistance to grain growth in nanocrystalline materials
probably results from the presence of defects such as
cavities, impurities and precipitates.

The above considerations indicate that grain growth
in metals is in some accord with both the impurity drag
and the topology models. The scatter in Figs. 8 and 9
and discrepancies often cited for either model could
thus reflect that both mechanisms are concurrently
operative. Therefore, in grain growth studies one needs
to consider the geometry or topology of the grains as
well as their size.
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Grain growth with electric field

It was found in the present tests that the application of
an electric field retarded grain growth rate in our
electrodeposited Cu. Further, the field consistently
reduced the pre-exponential A, in Eq. 1, but had no
clear effect on n or Q. A possible effect of an electric
field on grain growth could be through an influence on
the electronic structure of the grain boundary [32] and
in turn on the grain boundary energy y. Assuming that
P, > P, — P; and employing Eq. 16 with B, = A}/"
and m = 1/n one obtains

(7e/70)' " = (AoE/Aop) (17)

where sub E is with field and sub-zero without. Taking
n = 0.05, Agp = 43.5 um/s"” and Ap g = 35.3 um/s” from
Table 1 and y, = 0.65 J/m? one obtains yg = 0.53 J/m?,
which represents an 18% reduction in the grain
boundary energy by the field. Whether an external
electric field can give such a reduction in grain
boundary energy in a metal is an open question.

Another possibility for a reduction in grain growth
by the field is through a reduction in the driving force
component Ps4 due to the presence of dislocations.
Support for a reduction in dislocation density by the
field is provided by the decrease in flow stress and
strain hardening rate which occurred during tensile
tests on the present EP Cu with application of an
electric field [33]. Employing Eq. 16 and assuming that
P, + P4 > P;, and that the existing dislocation density
varies with D!, one obtains

AO,E
Ao,o

Pgb + PsqE Pgb + pE,sz 353
= — = =——=081 (18
Py + poub? 435 (18)

Pgb + Ps,dp

where pg is the dislocation density with the field, p,
that without and the ratio 35.3/43.5 for A, is from
Table 1. Since in general the dislocation density in
metals is proportional to the square of the flow stress,
we obtain from the effect of electric field on the yield
stress of the present EP Cu at 150 °C in [33]

ﬂ_E:[
Po

a,(E) )] 2: {70 MPa

2
o, (E=0 100 MPa} 049 (19)

Substituting pg = 0.49p, from Eq. 19 into Eq. 18

gives

Po = 0.19Py,/0.32 ub? (20)
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Taking Py = 1.3 x 106J/m?(D = 1.5 um), Eq. 20
gives p, = 2.8 x 10" m~2, which is in accord with TEM
measurements ( ~ 10'* m~2) on the electrodeposited Cu
foils [H. D. Merchant, private communication, 34].
Moreover, taking for the tensile tests p, = 6, ,/M oub)?
with ¢,, = 100 MPa [33], M = 3and o = 0.25 at 150 °C
one obtains p, =1.5x 10¥m~2, which also is in
reasonable accord with the TEM measurements and
with that obtained from the grain growth results
employing Eq. 20. The mechanism by which an external
electric field can influence the motion of dislocations in
the interior of the specimen is however not clear. To be
mentioned in this regard is that in the prior work [33] it
was found that the decrease in flow stress produced by an
electric field increased with the charge density at the
specimen surface.

Considering the topology model for grain growth, a
decrease in growth rate by a field would occur if the
field decreased either the parameter 6* or x in Eq. 14.
Measurements of these topology parameters for eval-
uating this possibility are however lacking.

Electric current

The magnitude of the electric current shown in Fig. 4 is
similar to that measured by Wu and Conrad (WC) [35]
for silicone oil using Al electrodes. Onsager [36]
proposed that the conductivity of dielectric liquids
such as silicone oil results from the dissociation of ionic
species contained therein. The activation energy QO
obtained from the effect of temperature on the current
I, (t = 1 min) in Fig. 4 is 70 kJ/mole; that obtained by
WC for their silicone oil at 80-150 °C was 52 kJ/mole.
The difference could be due to the amount of impu-
rities (especially H,O) in the two oils. Whether the
current had any direct influence on the grain growth
kinetics is not known. It is too small (nA) for a
conventional electron wind effect.

Summary and conclusions

1. The application of an external dc electric field
E =5 kV/cm retarded grain growth in electrode-
posited Cu foil ( D, = 0.6um) annealed at
150-195 °C.

2. The grain growth kinetics both without and with
electric field were given by

D = A, exp(—Q/RT)t"
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where A, = (3.5-4.4) x 107 s™, Q~11.3-11.6 kJ/
mole and n = 0.048-0.052. The field consistency
reduced A, but had no clear effect on Q and n.

3. Considering the present results in terms of the
expression for grain boundary migration rate
dD/dt = M, exp(—Owm/RT)P? gave Qm = Q/n =
233 —239kJ/mole and ¢ = 1/n-1 =19.1-20.1.
These values of Oy and ¢ are typical when impu-
rities govern grain growth kinetics.

4. Several possibilities are given for the decrease in
A, by the field and the corresponding retardation
of grain growth. Good accord occurred for a
reduction by the field of the dislocation density
contribution to the driving force P.

5. Grain growth data in the literature along with the
present results are in some accord with both the
impurity drag and topology models, indicating the
need to consider both in any analysis of grain
growth kinetics.
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