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Thermal Response of Electrodeposited Copper

HARISH D. MERCHANT
Gould Electronics, Eastlake, OH 44095-4001

Thermal response of electrodeposited copper has been characterized by monitor-
ing changes in microstructure, tensile strength, elongation, and microhardness
following 30 minute isothermal anneal at temperatures between 23 and 450°C.
By judicious control of additives to the electrolyte, considerable enhancements
of strength, hardness, and anneal resistance are obtained. When recrystallization
is shifted to higher temperatures, annealing proceeds by recovery-like processes;
prior to the onset of recrystallization, significant strength loss may occur by
recovery. Recrystallization initiates near the substrate side of the deposit and
progresses along an uneven front across the deposit thickness. The micro-
hardness and tensile response monitors indicate several unusual anneal-related
microstructural processes: (i) precipitation (of microvoids) hardening, (ii) disso-
lution and reprecipitation, (iii) stepped progress of recovery and recrystalliza-
tion, and (iv) embrittlement (loss of elongation) at low anneal temperatures and
prior to the onset of recrystallization.
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INTRODUCTION

The isothermal anneal kinetics of electrodeposited
copper have been recently reported.! At low tempera-
tures, the anneal response is “recovery” like; that is,
the response is small in magnitude, occurring slug-
gishly over a wide temperature range, with apparent
activation energy about 0.3 eV. At higher tempera-
tures, the anneal response is “recrystallization” like;
that is, the response is large in magnitude, occurring
precipitously over a relatively narrow temperature
range with an apparent activation energy about 0.6
eV. This activation energy is considerably less, by a
factor of two to three, than that for recrystallization of
the bulk wrought copper.! The postulated microstruc-
tural process for recrystallization anneal of bulk cop-
per is grain boundary migration,?® but that for the
electrodeposit appears to be subgrain rotation,* or
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subgrain boundary migration.® This is due largely to
the peculiar defect-saturated microstructure of the
electrodeposit. Small grain size (about 1 pm), high
dislocation density (about 10! cm-2), and large point
defect (vacancies and vacancy clusters) concentration
(about 0.1%) are common features.t Superimposed on
this array of defects, under correct conditions, are
closely spaced (about 0.2 pm) growth twins which
thread through the grains.” The annealing characteris-
tics of the deposit depend upon the thermal response
of these defects, in particular upon the thermal stabil-
ity of the sub-boundary dislocation configurations.8
The defect structure of the electrodeposit, and
thereby its annealing behavior, can be tailored by
manipulating the deposition overpotential® or by in-
troducing additives to the electrolyte prior to de-
position.!® The additives adsorb on the growing de-
posit interface, influence the adatom attachment ki-
netics, and generate a defect structure with its par-
ticular anneal response. In this investigation, three
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flgl 4. Anneal response of rolled and electrodeposited (ED-C) control
oils.

The tensile property variations with anneal tem-
perature in Fig. 4 and Fig. 5 represent changes aver-
aged over the whole foil thickness. In view of the
progressive nature of recrystallization (Fig. 2), the
microhardness characterization specific to mid-thick-
ness is perhaps more indicative of the structural
changes instituted by annealing. Nonuniform defect
structure, variable response of defects to tempera-
ture, and uneven progression of the recrystallization
front result in considerable scatter of hardness as
“soft” and “hard” spots on the microscopiclevel. These
readings are averaged to give a representative hard-
ness value. Figure 6 shows the microhardness varia-
tions with anneal temperature for foils 1 to 3. The
thermal response in terms of hardness is ap-
proximately equivalent to the tensile property varia-
tions in Fig. 5. The hardness monitor, however, pro-
vides additional details. The hardness drop is precipi-
tous, pinpointing a structural change within a narrow
thickness and temperature range. For foil 3, even at
the deposit mid-thickness, complete recrystalliza-
tion, and significant attenuation of defect concentra-
tion appear to occur sluggishly over a range of tem-
peratures.

The proneness to anneal softening for foil 2 at
around 200°C is circumvented for foil 1, where signifi-
cant strength and hardness stabilities are main-
tained up to 300°C. As compared to foils 1 and 2, the
fine grained foil 3 represents (i) a large enhancement
of strength in the pre-anneal and post-anneal states,
as well as (ii) an increase in the anneal transition
temperature. Moreover, the anneal response for foil 3
is drawn out over a wide temperature range. Figure 7
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Fig. 5. Anneal response of electrodeposited foils.

shows the anneal response in terms of strength and
hardness normalized with respect to the correspond-
ing preanneal values. Several subtleties in the an-
neal-induced structural changes become evident: a
hardness maximum in the recovery region for foil 2,
two strength-related recovery stages in foils 1 and 3
and stepped recrystallization for foil 3. In Fig. 6,
anomalous changes in hardness appear to initiate at
75 and 180°C.

Figure 8 shows these effects more clearly by nor-
malizing with respect to the 75 and 180°C hardness
values, respectively. The precipitate (microvoid) dis-
solution/precipitation type changes are seen for foils
1 and 3 in the recovery region with a hardness mini-
mum between 120 and 135°C. The recrystallization
type changes are observed with a sharp hardness
drop in the 175-210°C range for foil 2 and 215-300°C
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Fig. 6. Effect of anneal temperature on microhardness (10 g load).

(maximum rate at 225-255°C) range for foil 3. The
recrystallization response at mid-thickness for foil 3
is about 35°C higher than that for foil 2.

Figure 9 compares the strength loss due to an-
nealing (averaged over the foil thickness). The strength
loss begins at higher temperature for foils 1 to 8 than
for the ED-C control foil, stressing the additive effect
on the anneal response. The figure separates out (i)
recovery (prior to precipitous drop in strength) and (ii)
recrystallization (during and following precipitous
drop in strength) effects, respectively. The recovery-
related loss is shown normalized with respect to the
preanneal strength, whereas the recrystallization-
related loss is normalized with respect to the strength
at temperature where recrystallization initiates. For
foil 1, the recrystallization is delayed until up to about
400°C (as compared to 100°C for ED-C); when the
recrystallization occurs, it does so over a short tem-
perature range (390-410°C) and its extent (strength
loss) is small,

For foil 3, the beginning of recrystallization is
delayed to about 215°C, but it continues, first rapidly
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Fig. 7. Effect of anneal temperature on normalized hardness (H/H,,)
and strength [(UTS),/(UTS),,l.
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Fig. 8. Normalized hardness vs anneal temperature relation to identify
dissolution/precipitation and recrystallization reactions.

and then sluggishly, up to 350°C. The recovery-re-
lated strength loss is virtually nonexistent for the
rolled foil but it appears to be characteristic of the
electrodeposited foils. In particular the foil 1, for
which the recrystallization is delayed for up to about
400°C, shows an especially large (24%) strength loss
due to recovery processes.

UNIQUE ASPECTS OF ELECTRODEPOSITS

During electrodeposition, vacancies and ag-
glomerated microvoids are formed at growth steps,
grain boundaries, and morphological valleys.¢ The
hydrogen evolved at the cathode, especially during
low current efficiency deposition process, accumu-
lates at vacancies, microvoids, and dislocations as
molecular specie, forming gas bubbles.15-1" Disloca-
tions are generally associated with the microvoids,
usually sitting on bends in the dislocations; in turn,
hydrogen bubbles pin the dislocations.’ The bubbles
of optimum size hinder the motion of dislocations,
increasing strength and lowering ductility. The post-
deposition changes in defect structure under me-
chanical or thermal impulse occur within the frame-
work of this hydrogen impregnated point defect struc-
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Fig. 9. Anneal induced UTS loss due to recrystallization and recovery.

ture. During annealing, the true voids normally shrink,
but the gas bubbles coarsen. ! Unlike the microvoids
formed in post-quench anneal (which disappear dur-
ing the course of recrystallization), the microvoids in
electrodeposits show surprising stability against high
temperature anneal; suggesting that an intense in-
teraction with other defects or impurities is taking
place.”” Following recrystallization, or even during
the deposition process, the coarsened microvoids or
hydrogen bubbles become associated with the grain
boundaries. The escape of trapped hydrogen requires
dissociation of molecules, lending a special stability to
theinteracting grain boundary/hydrogen bubble struc-
ture.

Greater the overpotential at which the deposit is
prepared, greater is (i) defect concentration, (ii)
subgrain structure development, (iii) stored energy
(which reflects how the substructure responds to
annealing),? and (iv) thermal instability.2! Low-angle
boundaries and twin interlayers are more stable than
the nonequilibrium vacancies, vacancy complexes/
clusters, individual dislocations and perhaps stack-
ing faults; all of which begin to anneal out by recovery
processes at or near the room temperature® without
the diminution of overall dislocation density.?? At
higher anneal temperatures, disintegration of the
sub-boundaries ensues; a process which is more likely
in deposits having relatively high diffusion activity
(low melting temperature, high vacancy concen-
tration).?? At and above a critical (recrystallization)
temperature, the dislocation density (or related prop-
erty such as hardness) decreases rapidly with the
anneal temperature.?22¢ The recrystallization does
not appear to take place by nucleation and growth of
new grains; rather, in situ recrystallization, or growth
of selected grains at the expense of others, seems to be
the mode of transformation.® The resistance to an-
nealing is largely due to the stabilized subgrain con-
figuration; twins and moreimportantly the sub-bound-
aries determine the thermal stability of electrode-
posit.®

The additives introduced in the electrolyte facilitate
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the deposition process in a variety of ways.?:26 Unless
added in excess or decomposed during deposition to
its atomic components, the additive does not enter the
deposit structure. A very small quantity can pro-
foundly affect the nucleation and growth kinetics on
the cathode surface, thereby stimulating or suppress-
ing the development of lattice defects.! The additive
action has a far reaching effect on defect configuration
and microstructure of the deposit.2"?® Some additives
stabilize the substructure and enhance the thermal
stability, others have a deleterious effect.2?

DISCUSSION OF RESULTS

There are several unique aspects of mechanical
performance and thermal response electrodeposits
observed in this study:

i  highuniformelongationin the as-deposited state
(10%) and following complete recrystallization
(35%).

ii significant nonuniform elongation related re-
covery, attributed to embrittlement.

iii embrittlement (loss of elongation following an-
nealing)just priortothe onset of recrystallization,
in the temperature range in which recovery and
recrystallization occur simultaneously (foils ED-
C and 3).

iv  hardness maximum (foil 2) and minimum (foils
1 and 3) in the recovery stage.

v additive induced enhancement of strength (foil
3) and recrystallization temperature (foils 1 and

3).

vi recrystallization over a wide temperature range
(foil 3).

vii two-stage recovery (foils 1 and 3) and recrys-
tallization (foil 3).

Effects (i) to (iii) are peculiar to the electrodeposits
in general; they are, no doubt, related to fine grain
size and to the infrastructure of stable microvoids
which tend to restrict grain growth and to hinder the
motion of dislocations.!” The sustained recovery has
been observed for shock-loaded copper,® attributed to
the well-defined subgrain structure with only small
long-range misorientations. Pre-recrystallization
embrittlement for copper has also been observed.3
The fact that embrittlement in the recovery range
near room temperature is connected with nonuniform
elongation is perhaps indicative of the microvoid/
dislocation interactions and of hydrogen activity. Ef-
fects (ii) and (iii) are accentuated and effects (iv) to
(vii) are instituted by the introduction of additives to
the electrolyte. The strength enhancement for foil 3 is
due mostly to grain refinement; the electrodeposits
obey Hall-Petch relationship (relating strength or
hardness to grain size) over a wide range of grain
sizes,’2% other contributions to defect structure re-
maining more or less constant. Enhancement of re-
crystallization temperature can be attributed to the
stabilization of sub-boundary dislocation configura-
tion. The last two effects, recrystallization over a wide
temperature range and two-stage recovery and
recrystallization processes, convey anincreased addi-
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tive related interactions of dislocations with the point
defects and microvoids.

CONCLUSIONS

Electrodeposits are characterized by an extremely
high concentration of lattice defects.® However, the
defects are distributed nonuniformly;® accordingly,
the microstructural response to annealing is also
nonuniform.

Electrodeposited foil, in the as-deposited as well as
the annealed state, has significantly higher elonga-
tion than rolled foil; this is apparently due to the finer
scaled structure of the electrodeposit.

Defect structure, grain size, strength, and anneal
response of electrodeposit can be tailored by judicious
introduction of additives to the electrolyte.® In com-
parison with the control (ED-C), strength and hard-
ness of copper deposit can be enhanced substantially
(foil 1); anneal temperature at which precipitous
changes in mechanical properties (recrystallization)
occur can be enhanced significantly, from 120°C for
control (ED-C) to 400°C for foil 1.

Thermally induced recovery-like changes in me-
chanical properties are small for the rolled foil, but
are typical for the electrodeposit. If the re-
crystallization-like changes are shifted to higher an-
neal temperatures, annealing proceeds by recovery; a
significant strength loss, and the corresponding elon-
gation gain, may occur by recovery processes prior to
the onset of recrystallization.

Recrystallization initiates near the substrate side
of the deposit and progresses across the deposit thick-
ness along an uneven front (foil 2).

Several unusual microstructural changes occur
during annealing, emphasizing the complex charac-
ter of the recovery and recrystallization processes.
The corresponding property changes are (i) harden-
ing or softening during recovery stage, (ii) stepped
recovery and recrystallization stages, (iii)
embrittlement during recovery or just prior to recrys-
tallization, and (iv) recrystallization over a wide tem-
perature range.
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