Abnormal Grain Growth in Bulk Cu—The Dependence on
Initial Grain Size and Annealing Temperature
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The dependence of abnormal grain growth (AGG), a so termed secondary recrystallization, on anneal -
ing temperaturein the range between 600 °C and 1050 °C has been observed in pure bulk Cu specimens
compressed to various levels between 5 and 75 pct. There is no grain texture after annealing. The
average grain size after primary recrystallization, which represents the initial grain size for secondary
recrystallization during further annealing, decreases with increasing deformation and is nearly indepen-
dent of the annealing temperature, in agreement with previous observations. The incubation time for
AGG decreases and the number density of abnormally large grains increases with increasing deforma-
tion (hence, adecreasing initial grain size) and increasing annealing temperature. At low temperatures,
most of the grain boundaries are faceted, with some facet planes probably of singular structures
corresponding to cusps in the polar plots of the grain-boundary energy vs the grain-boundary normal.
With increasing temperature, the grain boundaries become defaceted and, hence, atomically rough.
The observed grain-growth behavior appears to be qualitatively consistent with the movement of
faceted grain boundaries by two-dimensional nucleation of boundary steps. The temperature depen-
dence appears to be consistent with roughening of grain boundaries. Before the onset of AGG, stagnant
growth of the grains occurs at low rates, probably limited by slow two-dimensional nucleation of
boundary steps, and, at low deformations and low annealing temperatures, the stagnant growth persists
for 100 hours. The specimens with relatively small initial grain sizes (because of high deformation)

show double AGG when annealed at high temperatures.

[. INTRODUCTION

| F a deformed polycrystal is annealed further after com-
pletion of the primary recrystallization, the grains coarsen
because of the grain-boundary energy. Such a grain growth
often occurs abnormally and is usually called secondary
recrystallization.'! In this report, we will use both terms,
abnormal grain growth (AGG) and secondary recrystalliza-
tion, interchangeably, because AGG &fter the primary recrys-
tallization is our main subject. The secondary recrystalliza-
tion has been observed in many pure metals such as Fed
Cd,® Po,l®! Zn,[ Cu,158 Ni,I"8 and Ag,[®1%Y aswell asin
aloys. In Ni'® Ag,[*Y and single-phase alloyd*2%® without
any notable textures, AGG was observed to occur at rela
tively low temperatures when most of the grain boundaries
were found to be faceted. At high temperatures close to the
melting pointsin certain atmospheres, the grain growth was
found to be normal, with all of the grain boundaries defaceted
and, hence, atomically rough.®1-*4 Such a correlation
between the grain-boundary structure and the grain-growth
behavior was aso found in such oxides as BaTiO;*® and
Al,0,.[18

Because at least some segments of the faceted grain
boundaries were likely to be singular with atomically flat
structures, it was proposed®117] that AGG occurred because
the faceted grain boundaries moved by either two-dimen-
sional nucleation of boundary steps or by growth on the
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steps produced by dislocations, in analogy to the AGG of
polyhedral grainsin liquid*®! or vapor.[*%%l Because at high
temperaturesthe defaceted grain boundaries have atomically
rough structures, they move continuously, resulting in nor-
mal growth behavior. In Nit® and Ag,[*Y the incubation time
for AGG was observed to decrease and the number density
of abnormal grainswas observed to increase asthe annealing
temperature increased, and Yoon et al.''! suggested that
such atemperature dependence was consistent with the step-
growth mechanism if the grain-boundary-roughening transi-
tion was taken into account.

The purpose of this work is to observe the dependence
of AGGinbulk Cuoninitial grain size and annealing temper-
ature. Bulk Cu was selected because of its own importance,
as well as for a model of other polycrystaline materials.
Because the AGG bhehavior depends critically on both of
these variables, it was necessary to study their effects ssimul-
taneoudly. The initial grain size for AGG is the grain size
obtained after primary recrystallization, which was found to
vary with deformation but to be nearly independent of the
annealing temperature in a-brass? and other metals.[?2%
Experimentally, therefore, we will observe the dependence
of the secondary recrystallization behavior on deformation
and annealing temperature.

The abnorma grain growth has been observed in both
bulk and thin films of Cu. Kronberg and Wilson® found
that when a heavily cold-rolled thin Cu plate was annealed
at temperatures between 400 °C and 1050 °C, cubically
aligned grain textures appeared and the abnormally growing
large grains had a coincidence-site lattice-orientation rela-
tionship to the grains formed during primary recrystalliza-
tion. Thesize of the abnormally growing grainswas observed
to decrease with increasing heating rate to the annealing
temperatures, and the incubation time for the initiation of
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AGG was observed to decrease with increasing annealing
temperature. But the evolution of the grain structure during
the annealing treatments was not presented, and, thus, the
dependence of AGG on annealing temperature could not be
fully characterized.

Cigdem(® investigated AGG in bulk Cu deformed to vari-
ous strains up to 15 pct, but the annealing was done in a
narrow temperature range of 550 °C to 650 °C and only for
1 hour. He observed alarge change of the average grain size
with deformation, but the results were inadequate to fully
characterize the dependence of AGG behavior on deforma-
tion and annealing temperature. In thin films formed by
deposition, there has apparently been no attempt to systemat-
ically vary the initial grain size. Unlike the bulk specimens,
texturesusually develop in thin films, and the AGG behavior
is believed to be determined by the surface energy and
Stre$_[24,25,26]

Also in other polycrystalline materials, a systematic study
of the dependence of secondary recrystalli zation on deforma-
tion and annealing temperature is still lacking. In Fel227:28]
and stainless stedl,*? for example, the observations were
limited to the effects of low deformations, which were below
the levels required for recrystalization. In a Si-steel plate
with a characteristic Goss texture, Woo et al.*% reported
that the annealing temperatures required for AGG increased
with the grain size obtained after the primary recrystalliza-
tion. Their micrographs also showed that after 1 hour of
annealing treatments, the average size of the abnormally
growing grains, apparently after their impingement with each
other, decreased with increasing deformation and anneal-
ing temperature.

It is necessary to produce and examine many specimens
to fully characterize the dependence of secondary recrystalli-
zation on deformation, annealing temperature, and annealing
time. These three experimental variables were, therefore,
judiciously selected inthiswork to reveal the critical changes
in the grain-growth behavior. The deformation was carried
out in such a way as to eiminate any texture in the bulk
specimens. The deformations were mostly above the level
required for primary recrystallization. We will attempt to
show that the step-growth mechanism provides a qualitative
framework for explaining therelatively complex dependence
of the secondary recrystallization on deformation, annealing
temperature, and annealing time.

Il. EXPERIMENTAL PROCEDURE

Copper cylindersof 99.9999 pct purity, 11 mm in diameter
and 20 mm in length, were compressed to a 30 pct reduction
in length and annealed at 500 °C for 30 minutes in vacuum
to obtain a recrystallized microstructure of fine grains. The
Cu cylinders were then compressed to 5, 10, 20, 35, 50, 65,
and 75 pct reductions in length. The specimens were rapidly
pushed into the center of a tube furnace preheated to 600
°C, 700 °C, 800 °C, 900 °C, 950 °C, or 1050 °C, annealed
for various periods in a vacuum of 104 to 107° torr, and
guenched in water. The annealed specimens were sectioned
perpendicular to their axes and through their centers for
microscopic observations. The polished surfaceswere etched
in a solution of 50 mL hydrochloric acid, 75 mL ethyl
acohol, 75 mL water, and 10 g copper (I1) sulfate pentahy-
drate. The grain-boundary morphology was examined by
optical microscopy, scanning electron microscopy (SEM),
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Fig. 1—The optical microstructure of the specimen annealed at 500 °C for
30 min after 30 pct compression representing the initial structure for all
subsequent deformation and annealing experiments.

and transmission electron microscopy (TEM). The equiva-
lent sphere diameters of the grains were measured by tracing
along the grain boundaries on micrographs using a digitizer
connected to a personal computer. About 300 grains were
randomly sel ected in each specimen to determinethe average
grain size and grain-size distribution.

1. RESULTS AND DISCUSSION

The as-received Cu cylindrical rods had grains of about
500 um in diameter and with somewhat irregular shapes, but
without any twins. After compressing to a30 pct reductionin
height and annealing at 500 °C for 30 minutes, grains of
about 200 um in average size were obtained, as shown in
Figure 1. When the specimens with the structure shown in
Figure 1 were again compressed to various levels and
annedled at various temperatures, most of them showed pri-
mary recrystallization and, subseguently, AGG. The speci-
men series deformed to a certain level and annedled at a
given temperature for various times will be designated by
its deformation/temperature. Thus, the specimen series
deformed to 50 pct and annealed at 800 °C is designated
as 50 pct/800 °C. Each specimen will be designated by
deformation/temperature/time; thus, 50 pct/800 °C/1 min
designates the specimen deformed to 50 pct and annealed
at 800 °C for 1 minute.

Thelocal strainsat various points of the compressed speci-
mens were estimated by finite-element analysis. The strains
a the center of the specimens, where the microstructural
observations were made, were found to be fairly uniform
and dlightly higher than the compression in height. The
microstructures observed after the annealing treatments
were, indeed, found to be fairly uniform in this zone.

A typica recrystalization and AGG behavior was
observed in the 50 pct/800 °C series, as shown in Figure 2.
After annealing for 1 minute (Figure 2(a)), primary recrystal-
lization appeared to be complete, with an average grain size
of about 38 um, which is much smaller than that shown in
Figure 1. (The grain size is the approximate diameter, or
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Fig. 2—The optical microstructures of the specimens annealed at 800 °C for (a) 1 min, (b) 4 min, (c) 10 min, and (d) 24 h after 50 pct compression.

the equivalent sphere diameter when given numerically.)
Thetermination of the primary recrystallization (and, hence,
the beginning of the secondary recrystallization) was deter-
mined by the appearance of grainswith distinct grain bound-
aries. In some specimen series, it was also confirmed by
measuring the Vickers microhardness with a diamond pyra-
mid head of about 1 mm size. The Vickers hardness number
of the specimen after deforming to 50 pct was 145, and after
annealing at 800 °C for 1 minute, it decreased to 68. During
further annealing, it gradually decreased and became 55 after
24 hours. These values are close to the Vickers hardness
number of 58 to 62 reported earlier!® for fully annealed Cu.
Therefore, for the 50 pct/800 °C series, it was decided that
the primary recrystallization was complete after 1 minute,
with the grain structure shown in Figure 2(a). For this speci-
men, the presence of distinct grain boundaries and the
absence of many dislocations produced by deformation were
confirmed by observations using TEM.

As expected from the previous observations in single-
phase materials?*?>23 the grain size after the primary
recrystallization at 800 °C was found to sharply decrease
with increasing deformation, as shown in Figure 3. In the
specimen series compressed to 10 pct, for example, the
recrystallization did not appear to be complete after anneal-
ing for 7 minutes at 800 °C, but after 15 minutes it appeared
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Fig. 3—The variation of the average grain size after primary recrystalliza-
tion at 800 °C with the level of compression.
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Fig. 4—The optical microstructures of the specimens annealed at 800 °C for (a) 15 min, (b) 30 min, (c) 2 h, and (d) 24 h after 10 pct compression.

to be complete, with a Vickers hardness of 66. As shown
in Figure 4(a), the grain size was 158 xm, which was smaller
than the initial size (about 200 wm) shown in Figure 1.
In the specimen compressed to 5 pct, it was not clear if
recrystallization occurred, but after annealing for 1 hour at
800 °C (Figure 10(b)), distinct grain boundaries appeared,
with a Vickers hardness of 61. Therefore, this was selected
to represent the initial state for the subsequent grain growth.
Because the primary recrystallization was not the main
objective of thiswork, completion of the primary recrystalli-
zation was not precisely determined using finetimeintervals
for the annealing treatments. Therefore, the average grain
sizes shown in Figure 3 represent only approximately the
initial values for subsequent grain growth. The actual values
could be dlightly smaller than these, because these were
obtained from the specimens where the termination of pri-
mary recrystallization appeared to be quite certain.

All of the specimens compressed to various|evels between
10 and 75 pct showed AGG during annealing at 800 °C, as
shown by the examples of Figures 2 and 4 for those com-
pressed to 50 and 10 pct, respectively. In the specimens
compressed to 50 pct, AGG occurred after annealing for 4
minutes (Figure 2(b)), with some grains growing to sizes as
large as about 400 um, while the matrix grains were still
fine. After 10 minutes (Figure 2(c)), AGG appeared to be
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nearly complete, with the large grains impinging upon each
other. When annealed further for 24 hours (Figure 2(d)), the
smaller grains disappeared and thelarge grains grew slightly,
to an average size of about 650 um. The X-ray pole figures
of these specimens were compared to that of a Cu powder
compact in order to determine the grain textures. The speci-
men compressed to 50 pct had a slight deformation texture,
but none of the annealed specimens showed any texture.
This result agrees with the previous observationd®-32 that
even rolling below 80 pct does not produce any texture after
annealing treatments.

The grain-boundary shapes in various specimens were
examined under either TEM, when the grainswererelatively
fine, or under SEM, when the grains became relatively large
by AGG. The grain boundaries in the specimens annealed
at 800 °C showed pronounced faceting. Thegrain boundaries
faceted at relatively large scales areindicated by the numbers
1through 6 in Figure 5(a) for the 5 pct/800 °C/24 h specimen,
and their faceted structureswere verified at ahigher magnifi-
cation under SEM, as shown for two of these in Figures
5(b) and (c). It is likely that the other grain boundaries,
which appeared to be smoothly curved in Figure 5(a), were
also faceted at finer scales. The TEM observations showed
that about 60 to 70 pct of the grain boundaries in the 50
pct/800 °C/1 min specimen (Figure 2(a)) were faceted, as
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Fig. 5—The optical micrograph (a) of the 5 pct/800 °C/24 h specimen with
grain boundaries faceted at large scales numbered from 1 to 6 and the SEM
micrographs (b) and (c) of the grain boundaries 1 and 3.

exhibited in Figure 6. These faceted shapes of the grain
boundaries resembled those observed previously in other
metals.!8123 Most of the grain boundariesin the specimens
annealed at temperatures lower than 800 °C were a so found
to be faceted, as will be described later, but with increasing
annealing temperature, the fraction of the faceted grain
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Fig. 6—(a) and (b) The TEM micrographs of the faceted grain boundaries
observed in the 50 pct/800 °C/1 min specimen.

boundaries decreased while the fraction of the smoothly
curved boundaries increased. The details of this dependence
on annealing temperature will be described later in this
report. In general, the sizes of the faceted segments appeared
to increase with the heat-treatment time and, hence, the
grain size.

The faceted grain boundaries in these Cu specimens are
similar to those observed in Ni [ Ag,[*3 a Ni-based super-
aloy,* a stainless stedl [*¥ BaTiO,,[*53 and AlL,O,.1% As
explained earlier,[811121617 4t |east some facet planes of
faceted general grain boundaries are likely to be singular,
with atomically flat structures corresponding to the cusps
in the polar plot of the grain-boundary energy () vs the
grain-boundary normal or the inclination angle. The faceting
of general grain boundaries has important implications on
their atomic structure, because it meansthat the grain-bound-
ary energy is critically dependent on the boundary normal.
These faceted grain boundaries can move by two-dimen-
sional nucleation of steps or on existing steps produced by
dislocations, as proposed by Gleiter.[3>3631 As proposed
earlier!811121617 gnd j|lustrated in Figure 7, the grain-bound-
ary migration rate will then increase nonlinearly with the
driving force, causing rapid growth of only large grains and,
hence, AGG. Such nonlinear variations of the migration rate
with the driving force arising from boundary curvature were,

VOLUME 32A, AUGUST 2001—1915



Growth Rate (R)

v

Driving Force (AQ)

Fig. 7—Schematic variation of therate of grain growth by two-dimensional
nucleation with the driving force at high and low temperatures with the
dashed curve for the dislocation growth mechanism at high temperature.

25+

- - ()
o (6] o

Frequency (%)
[$)]

00 05 10 15 20 25 30 35 40 45
r/r
Fig. 8—The measured grain size distribution of the specimen shown in
Fig. 4(c).

indeed, observed in bicrystals of All%® and an Fe-3 pct Si
aloy.® If the grain boundaries have an atomically rough
structure, the migration rate will increase linearly with the
driving force. Then, normal grain growth will occur. In Ni,®
Ag,[* a Ni-based superalloy,*d and a stainless sted,[** the
grain boundaries were observed to become defaceted and,
therefore, atomically rough at high temperatures close to the
melting points, and norma growth behaviors were,
indeed, observed.

If the faceted grain boundaries migrate by growth on the
steps produced by dislocations, the migration rate at low
driving forces will be substantially higher than that by two-
dimensional nucleation, as shown by a dashed curvein Fig-
ure 7. But at high driving forces, the growth can still occur
by two-dimensional nucleation, and, with either type of hon-
linear migration behavior with driving force shownin Figure
7, AGG can occur in the system of many grains. The two-
dimensional nucleation model will be used for qualitative
discussions in this report.

The observed dependence of AGG on initia grain size
(which is determined by the deformation, as shown in Figure
3) and on annealing temperature appears to be consistent
with this step-growth mechanism. We first examine the
dependence on initial grain size. One characteristic of AGG
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isthat it often appearsto occur suddenly during theannealing
treatment, asif thereisan incubation time. After the primary
recrystallization is completed, the grains undergo some
coarsening before distinct AGG occurs. With still relatively
narrow grain-size distributions, this stage of growth may
appear to resemble normal growth, but because this type of
growth was believed to occur also by a step mechanism,
Yoon et al.l'”l proposed to call it “stagnant growth.” The
duration of this stagnant growth corresponds to the incuba-
tion time for AGG.

Inthe 10 pct/800 °C series shownin Figure 4, for example,
the stagnant growth appeared to occur during annealing for
2 hours (Figure 4(c)). The grain-size distribution of the 10
pct/800 °C/2 h specimen shown in Figure 4(c) was deter-
mined over a wide specimen area, carefully distinguishing
the twin boundaries from the grain boundaries. This grain-
size distribution with somelarge grains was wider than those
observed for normal grain growth in ALY In this stage of
growth, it thus appeared that some grains began to grow
dlightly faster than the average and at some point began to
accelerate to producethe distinct AGG structures. Therefore,
experimentally, the duration of the stagnant growth or,
equally, the incubation time for AGG could not be deter-
mined unambiguously. Hence, the period exactly between
the completion of the primary recrystallization and the first
distinct appearance of AGG was chosen as the incubation
timefor AGG. Figure 4 was selected as an example, because
the duration of the staghant growth and, therefore, the appar-
ent incubation period wasfairly long. As pointed out earlier,
the primary recrystallization appeared to be complete after
15 minutes (Figure 4(a)), with an average grain size smaller
than the initial value, and, hence, the period for the primary
recrystallization was likely to be shorter than 15 minutes.
Itisalso possiblethat the transition from the stagnant growth
to AGG is actually quite gradual. Then, the incubation time
for AGG will beinherently ambiguous and will only roughly
indicate the first appearance of distinct AGG at various
stages of the observation. Even when there is no primary
recrystallization with very low or even no deformation, there
can still be stagnant growth and, eventually, AGG, depending
on the initial grain size and the heat-treatment temperature.
Therefore, the apparent incubation timefor AGGisgenerally
meaningful with or without the primary recrystallization.
The AGG behavior in Cu at low deformations will be exam-
ined in our next article.

As can be seen in the micrographs of Figures 2 and 4 and
as shown in Figure 9, the incubation time was observed to
decrease sharply with increasing deformation or decreasing
initial grain size. The stagnant growth leading to AGG after
a certain incubation time, which decreases with decreasing
initial grain size, appears to be consistent with the step-
growth mechanism. In the theory of growth by two-dimen-
sional nucleation of boundary steps,[*"#4 the growth rate (R)
depends on the step-edge free energy (o(T)) and the driving

force (Ag) as
— Vo (T)?
R exp (Tng) =

where V,, is the molar volume, h is the step height, k is the
Boltzmann constant, and T is the temperature. As in most
of the grain-growth theories, it may be assumed that Ag is
approximately given as
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Fig. 9—The variation of the incubation time for AGG with the level of
compression in the specimens annealed at 800 °C.

AG(r. 1) = ﬁvmy(% - %) 2
|

where Bisageometric factor, yisthegrain-boundary energy,
r; isthe size of the growing grain, and T is the average size
of the grains surrounding it, which may be assumed to be
the average size of all grains. For a large grain growing
abnormally in the matrix of fine grains, T will represent the
average size of the matrix grains. Writing r; = afT,

Ag(F,r) = = (“—_1) 3

(2%

Because the driving force for the growth of a grain of size
r; depends on both T and «; (equal to r;/T), the size of the
large grains relative to T (or «;) must be large enough to
exceed the critical driving force (Ag*). The Eq. [1] for R
asafunction of Agisschematically shownin Figure 7 at two
temperatures. Because this equation describes the growth by
mononucleation, it is expected to be valid at relatively low
driving forces. Asthedriving forceincreases, polynucleation
is expected to occur with a dlightly different dependence on
Ag, and above Ag*, Ris expected to increase linearly with
Ag, as shown in Figure 7, because the growth will be limited
by the rate the of atom jump across the boundary.

It appears that initialy (at the completion of the primary
recrystallization), none of thelarge grains has alarge enough
size to exceed Ag*, which is required for AGG. Then, al
grains will grow at very low rates in the low-driving-force
range shown in Figure 7. Such a slow growth limited by
the nucleation of steps is the stagnant growth. During the
stagnant growth, large grains can grow relatively faster than
the increase of the average size because of the nonlinear
variation of the growth rate with the driving force, and when
the large grains attain the critical sizes required to exceed
Ag*, they will undergo accelerated growth to produce AGG.
If the initia T value is smaller, the time required for the
large grains to exceed Ag* will be shorter. Therefore, the
incubation time will decrease with decreasing initial grain
size, in agreement with the experimenta results shown in
Figure 9.

If at any stage of the stagnant growth r becomes larger
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than BVY/Ag*, even a grain of infinitely large size cannot
grow abnormally. Then, AGG will never occur and the stag-
nant growth will persist indefinitely during the annealing
treatment. In the 5 pct/800 °C series shown in Figure 10,
the stagnant growth appeared to persist during annealing for
100 hours, and it is possible that even during further anneal-
ing, AGG will not occur. In such a specimen, even a grain
of very large size, which may be produced artificialy by,
for example, diffusion bonding a large single crystal, may
not grow at a high rate. Therefore, it appears that there is
a maximum limit to the initial grain size for AGG.

The possibly persistent stagnant growth shown in Figure
10 (for the specimen deformed to 5 pct) or the stagnant
growth during a relatively long period (2 hours), shown in
Figure 4 (for the specimen deformed to 10 pct), before the
occurrence of AGG may appear to resemble normal growth,
but their mechanisms are fundamentally different. The stag-
nant growth occurs because none of the large grains, often
because of the large matrix grain size or the low temperature,
are exposed to a sufficiently large capillary driving force to
exceed Ag*, as shown in Figure 7. Then, even the large
grains will grow slowly, limited by the step nucleation or
movement, although they will grow relatively faster than
the smaller grains. If some grains during the stagnant growth
become large enough to exceed Ag*, they will grow rapidly
with kinetic roughening of the grain boundaries, producing
the AGG behavior. In normal grain growth, the grain bound-
aries are thermodynamically rough, with abundant thermally
induced steps. Therefore, all grains can rapidly grow without
any limitation of the boundary step process. The stagnant,
abnormal, and normal growthsare, thus, critically dependent
on the thermodynamic and kinetic roughening of the grain
boundaries.

The number of abnormally large grainsin the early stages
of AGG and their sizes after their impingement were also
found to depend on the level of deformation. In Figure 2,
for the 50 pct/800 °C series, for example, some grains grew
to large sizes after annealing for 4 minutes (Figure 2(b))
and began to impinge upon each other after 10 minutes
(Figure 2(c)). The impingement appeared to be almost com-
plete after 24 hours (Figure 2(d)) with the disappearance of
most of the fine grains. Because most of the large grains
were formed at the early stages of AGG and grew until
they impinged upon each other, the grain sizes after the
impingement decreased with increasing number density of
the abnormal grains in the early stage. As shown in Figures
2 and 4, the number of abnormal grains increased with
increasing deformation, and, therefore, the size of the
impinged grains decreased, as shown in Figures 11 and
12. Figure 11 shows the microstructures of the specimens
compressed to various levels and annealed at 800 °C until
the abnormally large grains impinged upon each other, and
their average sizes at various compressions are shown in
Figure 12. (Figure 11(c) is same as Figure 2(c), but is shown
again to facilitate the comparison.) In the specimens com-
pressed to 20 and 10 pct, there were only 5 and 3 large
impinged grains, respectively, at the specimen cross sections,
and their average sizes are shown in Figure 12. In the speci-
mens compressed to 35, 50, 65, and 75 pct, the ten largest
grains were selected to obtain the average values which are
aso shown in Figure 12. Although the number of grainsthat
were used to estimate the average sizes was small because of
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Fig. 10—The optical microstructures of the specimens annealed at 800 °C for (a) 5 min, (b) 1 h, (c) 24 h, and (d) 100 h after 5 pct compression.

the limited total numbers at low deformations, Figure 12
roughly shows the large variation of the impinged abnormal
grain size with compression, which isaso evident in Figure
11. The observed variation of the number density and, hence,
the impinged size of the abnormal grains with the level of
deformation can also be explained in terms of Eq. [3]. The
number of grains with large enough relative sizes during
the stagnant growth to exceed Ag* will increase with the
decreasing average grain sizet for the same normalized size
distribution (or the same «;), according to Eq. [3]. Further-
more, the probability of producing an abnormal grain per
unit volume of the specimen will increase with theincreasing
number density of the grains.

After the large grains impinge upon each other, they usu-
ally undergo slow stagnant growth indefinitely. The 50 pct/
800 °C series shown in Figure 2 appeared to be such a case,
as well as the specimens deformed to lower levels. But in
the specimens compressed to 65 and 75 pct, AGG occurred
again during further annealing after the impingement, as
shown in Figure 13 for the 65 pct/800 °C series. The first
AGG occurred after annealing for 2 minutes (Figure 13(b)),
the impingement occurred after 10 minutes (Figure 13(c)),
and AGG occurred again, resulting in very large grains after
24 hours (Figure 13(d)). A similar double AGG behavior
was observed in the 75 pct/800 °C series. Such double AGG
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occurred in these specimens, apparently because the grain
sizes after the first impingement were 198 and 168 um,
respectively, for the 65 pct/800 °C and 75 pct/800 °C series,
which were smaller than the grain size of 244 um for the
5 pct/800 °C/1 h specimen (Figure 10(b)), which showed,
apparently, a persistent stagnant growth behavior during
annealing for 100 hours. In contrast, the 50 pct/800 °C series
showed an impinged grain size of 657 um, which was larger
than 244 um. Therefore, this specimen was, indeed, expected
to show persistent stagnant growth after the impingement,
without adouble AGG behavior. Therefore, the double AGG
behavior is consistent with the maximum limit of the initial
grain sizefor AGG. Previously, the AGG behaviorsin poly-
crystals were apparently not examined completely enough
to discover the double AGG behavior.

The annealing treatments of the deformed specimenswere
also carried out at 600 °C, 700 °C, 900 °C, 950 °C, and 1050
°C. The grain sizes after primary recrystallization appeared
to beindependent of the annealing temperature, in agreement
with the previous observations of Eastwood et al. in a-
brass?!! and Al.[?A Therefore, theinitial grain sizesfor grain
growth in the specimens deformed to various levels and
annedled at different temperatures are approximately the
same as those shown in Figure 3 for the annealing tempera-
ture of 800 °C. The times required to complete the primary
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Fig. 11—The optical microstructures of the specimens annealed at 800 °C (a) for 20 min after 20 pct compression, (b) for 10 min after 35 pct compression,
(c) for 10 min after 50 pct compression, and (d) for 10 min after 75 pct compression.
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Fig. 12—The average sizes of the impinged abnormal grains in the speci-
mens annealed at 800 °C after compressing to various levels.

recrystallization were shorter at higher temperatures. The
grain growth in the 50 pct/1050 °C seriesis shown in Figure
14. The primary recrystallization appeared to be complete
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after 30 seconds (Figure 14(a)), and the subsequent grain
growth (up to 2 hours) appeared to be almost normal, without
any pronounced AGG. In contrast, the 20 pct/1050 °C/3 min
specimen showed a distinct AGG.

When examined under SEM, most of the grain boundaries
in the 50 pct/1050 °C/2 min specimen (Figure 14(d)) were
found to be smoothly curved (defaceted), as shownin Figure
15, in contrast to the faceted grain boundaries in the 5 pct/
800 °C/24 h and 50 pct/800 °C/1 min specimens, shown in
Figures 5 and 6, respectively. It, thus, appeared that most
of the grain boundaries underwent defaceting transitions at
temperatures between 800 °C and 1050 °C and became
rough. Such a defaceting transition of general grain bound-
aries is similar to that observed in Nil® and a Ni-based
superalloy.[*3 But even at 1050 °C, which is fairly close to
the melting point (1083 °C), some grain boundaries still
remained faceted. Previously, it was also observed that in a
carburizing atmosphere all grain boundaries in Ni became
defaceted at 0.7 T,,, where T,, is the melting point, but in
vacuum, some grain boundaries remained faceted even at
0.95 T,,. Therefore, in vacuum, most of the grain boundaries
in both Cu and Ni became defaceted at temperatures close
to their melting points, but a small fraction of them
remained faceted.
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Fig. 13—The optical microstructures of the specimens annealed at 800 °C for (a) 1 min, (b) 2 min, (c) 10 min, and (d) 24 h after 65 pct compression.

As pointed out earlier by Yoon et al.'” and Lee et al.,[®
the defaceting transition of grain boundaries is analogous
tothat of thecrystal surface. The defaceting transition, which
isusually afirst-order transition,™*¥ normally implies rough-
ening of the boundaries with singular orientations corres-
ponding to the cuspsin the polar plot of the boundary energy
vs the inclination angle. If the roughening of singular grain
boundaries is a higher-order transition analogous to the
roughening of crystal surfaces, it can be represented by a
gradually decreasing boundary step-edgefreeenergy (o(T)),
with the increasing temperature becoming O at the rough-
ening transition temperature.l*~%%l Therefore, the R vs Ag
curveswill be strongly temperature dependent, asillustrated
in Figure 7. The value of Ag* will decrease with increasing
temperature until it becomes 0 at the roughening transi-
tion temperature.

The dependence of AGG behavior on temperature can
be readily predicted from the two-dimensional nucleation
model, using Egs. [1] and [3]. Combining these two equa-
tions, the growth rate (R) for a grain of size r; will be
—aymo(T) )

(4]

e

Therefore, the decrease of o(T) with increasing temperature
will have the same effect as decreasing the initial average
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grain size. It is then expected that the incubation time for
AGG will decrease, the number of the abnormal grains will
increase, and, hence, the size of impinged grains will
decrease with increasing annealing temperature. These pre-
dictions were found to qualitatively agree with the
observations.

The incubation time for AGG was observed to decrease
with increasing annealing temperature. For examples, in the
specimens deformed to 20 pct, the earliest times for observ-
ing AGG were 3 minutes at 1050 °C, 10 minutes at 800 °C,
and 1 hour at 700 °C. In the specimens deformed to 50 pct,
the earliest times for AGG were 15 minutes at 600 °C, 15
minutes at 700 °C, 4 minutes at 800 °C (Figure 2(b)), and
1.5 minutes at 950 °C. These times only roughly represent
the incubation times for AGG, because they are difficult to
determine precisely. The 20 pct/600 °C series showed stag-
nant growth during annealing for 100 hours, and itispossible
that even upon annealing for much longer periods, AGG
will not occur as in the case of the 5 pct/800 °C series
(Figure 10) discussed earlier. Because Ag* islarger at lower
temperatures, the maximum average size for AGG (r*) is
smaller. Therefore, although the specimens deformed to 20
pct have asmaller grain size after recrystallization than those
deformed to 5 pct, they can undergo persistent stagnant
growth at low temperatures. Such a behavior indicates that

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 15—The SEM micrograph of the defaceted grain boundaries in the
50 pct/1050 °C/2 min specimen.

there is a lowest temperature required for AGG for a given
initial grain size or deformation. This lowest temperature
for AGG increases with increasing initial grain size.

For the same deformation, the number density of abnor-
mally large grains decreased with decreasing temperature.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The microstructural evolution during annealing for the 50
pct/600 °C series is shown in Figure 16 as an example. The
abnormal grains appeared after annealing for 15 minutes
(Figure 16(b)), and their number density was smaller (and,
hence, their sizes larger) than the abnormal grains observed
in the 50 pct/800 °C/4 min specimen (Figure 2(b)). The
impinged abnormal grains were, therefore, larger at 600 °C
(Figure 16(d)) than those at 800 °C (Figure 2(c)). As shown
in Figures 17 and 18, the impingement of the abnormal
grains generally occurred later, and their average sizes were
larger at lower temperatures.

As pointed out earlier, this observation is consistent with
Eq. [4], which shows that decreasing o(T) (with increasing
temperature) has the same effect as decreasing T on AGG,
but it should be noted that the change of o(T) affects the
probability of AGG per grain, while the change of T can
affect both the probabilities of AGG per unit volume as well
as per grain. As pointed out earlier, the grain size at the
completion of primary recrystallization appeared to be inde-
pendent of the annealing temperature, and, hence, the initial
grainsizesfor AGG at different annealing temperatureswere
approximately the same if the deformation levels were the
same. In order to confirm that the variation of the impinged
grain size with the annealing temperature shown in Figure
17 was not caused by any variation of the initial grain size,
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Fig. 16—The optical microstructures of the specimens annealed at 600 °C for (a) 3 min, (b) 15 min, (c) 30 min, and (d) 2 h after 50 pct compression.

some specimens deformed to 50 pct wereinitialy recrystal-
lized at 800 °C for 1 minute to obtain the structure shown
in Figure 2(a) and were separately annealed further at 600 °C,
700 °C, 800 °C, and 950 °C. The impinged grain sizes were
approximately the same as those in Figures 17 and 18.

As pointed out earlier, all specimens heat treated at low
temperatures showed many faceted grain boundaries. Figure
19 shows the SEM micrographs of the faceted grain bound-
aries in the 50 pct/600 °C/30 min specimen (Figure 16(c)).
Asshown in Figure 16, AGG appeared to be nearly complete
in this specimen and most of the grain boundaries were
faceted, as shown in Figure 19.

Asthe temperature exceeds or approaches the roughening
temperatures of the grain boundaries, most of the grains can
grow at high rates approaching the continuous growth rate.
Then, the growth behavior can approach that of normal
growth. The growth behavior observed in the 50 pct/1050
°C series shown in Figure 14 appears to be such a case.
Because of the rapid grain growth, it could not be clearly
determined if AGG occurred between the heat-treatment
periods of 30 and 40 seconds (Figures 14(a) and (b)), but
the growth after 90 seconds, shown in Figures 14(c) and
(d), appeared to be normal. If the annealing temperature can
be further increased until all grain boundaries become rough,
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they will grow normally because all of them can grow contin-
uously. During annealing at 1050 °C, distinct AGG was still
observed when the recrystallized grain size was larger with
a 20 pct deformation, because with some grain boundaries
still remaining faceted, distinct AGG can still occur with a
relatively large initial grain size.

When the 50 pct/950 °C/6 min specimen (shown in Figure
20(c)) with impinged abnormal grains was further annealed
for 10 hours (Figure 20(d)), the grains showed a double
AGG behavior producing very large grains. In contrast, the
50 pct/800 °C series (Figure 2) did not show such a double
AGG behavior, because the impinged grains were large. The
65 pct/800 °C (Figure 13) and 75 pct/800 °C series, on the
other hand, showed double AGG, because the impinged
grains were smaller than those in the 50 pct/800 °C series.
Summarizing the grain-growth behavior of the specimens
deformed to 50 pct, AGG occurred at 600 °C, 700 °C, and
800 °C, double AGG occurred at 900 °C and 950 °C, and
nearly normal growth occurred at 1050 °C.

The observed variation of the grain-growth behavior with
deformation and annealing temperature is summarized in
Figure 21. The stagnant growth behaviors were observed to
be persistent during annealing for 100 hours and are likely
to last for much longer periods. The nearly normal growth
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Fig. 17—The optical microstructures of the specimens annealed at (a) 600 °C for 2 h, (b) 700 °C for 1 h, (c) 800 °C for 10 min, and (d) 950 °C for 6 min

after 50 pct compression.
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Fig. 18—The average sizes of the impinged abnormal grains in the speci-
mens compressed to 50 pct and annealed at various temperatures.

in the 50 pct/1050 °C series (indicated by A) deviates from
the pattern because, with the grain boundaries mostly rough
and with a relatively fine initial grain size, the growth at
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this temperature resembled normal growth. This result con-
firms the earlier proposal®+'" that the normal growth is
actually alimit of AGG when al grain boundaries become
rough and, hence, can move continuously without producing
the boundary steps. Or, the rough grain boundaries can be
viewed as having an infinite number of thermally activated
boundary steps.

Previoudly, the kinetics of AGG has been often analyzed
with the Johnson—Mehl—Avrami equation*’-% for the
nucleation and growth process. But, because the fine matrix
grains also undergo stagnant growth during AGG, as can be
seen, for example, in Figures 2, 13, 16, and 20, it is not
quite correct to apply this equation assuming that the matrix
remains constant during AGG.

[V. CONCLUSIONS

The observation of the faceted grain boundaries in pure
Cu indicates, as in other pure metals®'Y and single-phase
aloys,[*213 that AGG occurs by the boundary step mecha-
nism. Thefinematrix grainsundergo stagnant growth limited
by the slow rates of step production at low driving forces,
and the stagnant growth may persist forever at low tempera-
tures with alarge initial grain size. The incubation time for
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Fig. 19—(a) through (c) The SEM micrographs of the faceted grain bound-
aries (indicated by arrows) observed in the 50 pct/600 °C/30 min specimen
(shown in Fig. 16(c)).

AGG decreases and the number density of abnormally large
grains increases with decreasing initial grain size and
increasing annealing temperature. At high temperatureswith
asmall initial grain size, double AGG occurs. These observa
tionsare qualitatively consistent with and, therefore, provide
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indirect evidence for the step-growth mechanism by two-
dimensiona nucleation. Even with dislocations essentially
the same, the step-growth mechanism can apply with similar
effects of the step-edge free-energy change with temperature
and matrix grain size. A better understanding of the migra-
tion mechanism of the faceted grain boundaries is needed.
Although the grain-size distributions were determined for
some of the specimens, they often are not more revealing
than direct observations of the microstructures, becausethere
are expected to be inherent ambiguities in distinguishing
among the stagnant, abnormal, and normal growth modes,
according to the step-growth model. Each growth mode is
alimiting case of the other and, hence, often is not clearly
distinguishable from it. Numerical solutions and modeling
of the growth behavior with the step-growth mechanism will
be useful for quantitative analysis of the observations.

In this work, all specimens were first compressed to 30
pct and annealed at 500 °C for 30 minutes in order to fix
theinitial grain size before the subsequent compression and
annealing treatments. If thisinitial grain size is varied, the
AGG behavior will aso changeat |ow deformations, because
the recrystallized grain size will generaly be larger with a
larger initial grain size at low deformations.[65152 But at
high deformations, the recrystallized grain size and, hence,
AGG behavior will be nearly independent of theinitial grain
size. For the specimens deformed to 5 and 10 pct in this
work, it is possible that primary recrystallization did not
occur at temperatures below 800 °C and, hence, there was
no decrease of the grain size from the initial value. But the
results are still significant for showing the variation of the
AGG behavior with the initial grain size. In order to avoid
the effect of remaining strain, the initial grain size has to
be now defined more carefully as the stage when the grains
have grown sufficiently to be free of any strain. The effect
of low strains at the levels below those required for primary
recrystallization will be described in our next article.
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