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Abstract Interfacial velocities during grain growth stud-
ies of nanocrystalline materials have been investigated.
Two types of interfacial velocity parameters were devel-
oped in Ni and Ni—Co alloys. The first was a transformation-
averaged parameter based on the time to consume the
nanocrystalline matrix by abnormal grain growth. The
second was a time-averaged parameter based on the rate of
size increase of the largest growing grains. Despite the
ultra-high driving force and rapid loss of nanostructure
during annealing, the averaged grain boundary velocities
are considerably lower than reported velocities during
recrystallization in high purity systems for the same
homologous temperature. It was found that the time-aver-
aged abnormal growth front velocity decreased with
increasing migration distance, which was interpreted in
terms of a dynamic sulfur segregation model.

Introduction

The issue of interfacial velocity has not been widely
addressed in grain growth studies of nanocrystalline mate-
rials. This is perhaps surprising, considering that it is the
velocity distribution of the migrating grain boundaries that
ultimately controls the thermal stability and provides insight
into the rate-limiting dragging forces. Grain growth in
nanocrystalline Ni electrodeposits containing S-impurities
has been extensively studied (e.g., [1-11]). These nano-
structures undergo a complex sequence of multi-staged grain
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growth during isothermal annealing. There is an initial stage
of abnormal grain growth [1, 2], in which a small fraction of
the starting grains (on the order of 0.01%) grow into the
100-1000 nm size range. The initial abnormal growth stage
is completed once the migrating abnormal growth fronts
(AGFs) of the nonuniformly growing grains have impinged
and consumed the otherwise stable nanocrystalline matrix
[4-6]. The resulting structure has a relatively narrow grain
size distribution and further growth occurs uniformly at a
much slower rate [5, 6]. Eventually, however, a second stage
of abnormal growth is initiated which is characterized by
cuboidal shaped grains growing via the migration of planar
reaction fronts that are composed of many individual grain
boundary segments [6, 8]. Although the initial stage of
abnormal grain growth contributes to this unusual mor-
phology, it is beyond the scope of the present study.

The mechanisms controlling abnormal grain growth in
nanocrystalline Ni are not fully understood at present. A
study of abnormal grain growth in commercial grade
polycrystalline Ni reported a correlation between grain
boundary faceting and abnormal grain growth, which was
interpreted in terms of anisotropy in the grain boundary
energy [12]. For nanocrystalline Ni electrodeposits, there is
a growing body of experimental evidence indicating that
there is a change in crystallographic texture during the
initial abnormal growth stage [9—11]. Electrodeposits with a
strong (001) as-deposited fiber texture experienced a
strengthening of the (111) texture during the initial
(abnormal) growth stage [9]. A similar effect of decreasing
(100) texture with increasing (111) texture was observed in
electrodeposited nanocrystalline Ni-45%Fe [13] and has
also been reported over a range of Ni—Fe alloy concentra-
tions, e.g., from permalloy (Ni-22%Fe) [14] to invar
(Ni-64%Fe) [15]. These crystallographic texture changes
have generally been interpreted in terms of an orientation
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dependence of the grain boundary energy [10, 15]. How-
ever, these texture changes are not simple and their
evolution depends on the annealing temperature and
the starting (as-deposited) texture [9]. A recent study in
nanocrystalline Ni observed that the first grown grains had a
(311) texture, but that the dominant texture gradually
changed to a (111) orientation with prolonged annealing
[11].

It is the initial loss of nanostructure by abnormal grain
growth that has the greatest technological significance and
it can occur quickly; at 693 K the nanocrystalline Ni matrix
is consumed in less than 30 s [6]. An in-situ transmission
electron microscopy (TEM) annealing study of electrode-
posited nanocrystalline Ni [7] showed that migration of the
AGFs occurred in discontinuous steps over limited sections
of the reaction front. Nanocrystalline Ni—Co alloys exhibit
a similar overall type of nonuniform grain growth and can
have a relatively broad range of thermal stability [16]. The
present study examines experimental results from previous
ex-situ TEM annealing studies in Ni and Ni—Co alloys by
the same authors [4-7, 16] to investigate two issues of
grain boundary velocity in nanocrystalline materials. First,
an overall transformation-averaged AGF velocity, based on
the time to consume the nanocrystalline matrix, was
determined to examine the effect of annealing temperature
and electrodeposit thermal stability. Second, the time-
averaged AGF velocity for the most rapidly growing size
class of grains was measured as a function of grain size.
This approach provides unique insights into the nature of
the rate controlling mechanisms during grain growth in
nanocrystalline electrodeposits.

Experimental

Nanocrystalline Ni and Ni—Co alloys (Ni-37%Co,
Ni-52%Co, and Ni-74%Co) were synthesized by pulse
current electrodeposition [17, 18]. Samples were electro-
deposited onto Ti cathodes and subsequently mechanically
stripped from the substrate to produce free-standing sheets.
The starting microstructure of each electrodeposit was
extensively characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), and infra-red
(IR) spectroscopy—microstructural characterization sum-
marized in Table 1. Details on the microstructural
characterization of the Ni [4-7] and Ni—Co [16] electro-
deposits are reported elsewhere. Each electrodeposit
exhibited a uniform and equiaxed microstructure. Grain
size distribution parameters of the starting microstructure
(mean, d,, range, ry, and standard deviation, sy) were
determined by measuring the size of more than 250 grains
from dark field TEM micrographs; the as-plated electro-
deposits had mean grain sizes of 20 nm (Ni) and 12 nm
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Table 1 Microstructural characterization summary of the as-depos-
ited structures: mean grain size, dy, range, ry, and standard deviation
So; sulfur concentration [S], and carbon concentration [C] (both alloy
and impurity concentrations specified by weight)

Sample do (nm) 1o (nm) 5o (nm)  [S] (ppm) [C] (ppm)
n-Ni 20 <5-50 9.1 850 350
n-Ni-37%Co 12 <5-36 54 190 220
n-Ni-52%Co 12 <542 6.0 340 450
n-Ni-74%Co 12 <5-38 5.8 550 680

(Ni-Co alloys). The Ni, Ni-37%Co, and Ni-52%Co
deposits all had the «(FCC) crystal structure, while the
Ni—74%Co electrodeposit had a two phase o + ¢ (HCP)
structure. The sulfur and carbon impurity concentration in
each electrodeposit was measured by IR spectroscopy;
sulfur values ranged from 190 to 850 ppm (by weight) and
carbon values ranged from 220 to 680 ppm, which are
typical values for nanocrystalline electrodeposits produced
from saccharin containing electrolytes [19].

Average interfacial velocities were determined by
measuring the size increase of the abnormally growing
grains. Samples were annealed in a salt bath and subse-
quently thinned to electron transparency for TEM
characterization. The effect of temperature on the average
grain boundary velocity was determined by isothermally
annealing samples from the nanocrystalline Ni electrode-
posit at 493 K for times ranging from 600s to
8.64 x 10° s; at 593 K for times ranging from ~1 s to
3.96 x 10* s; and at 693 K for times ranging from <I s
to 3.6 x 10 s. The effect of increasing the thermal sta-
bility by alloying on the average grain boundary velocity
was examined in nanocrystalline Ni—37%Co, Ni—52%Co,
and Ni—74%Co; samples were annealed at a constant
temperature of 573 K for times ranging from 10 s to
3.6 x 10*s. The present study examined these annealed
microstructures to determine several simple interfacial
velocity parameters for nanocrystalline electrodeposits.
Dark field TEM provided a means for obtaining the relative
number fraction of nanocrystalline matrix grains and
abnormally growing grains based on crystallographic ori-
entation with respect to the electron beam [4, 5]. Bright
field TEM provided imaging of significantly more grains
and was used to estimate the size of the largest annealed
grains.

Results and discussion

Transformation-averaged interfacial velocity

Equivalent transformed microstructures were needed to
meaningfully compare interfacial migration rates at
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different temperatures and in different alloy systems. The
simplest measure is the change in mean grain size, Ad,
from the as-deposited to the ‘fully’ annealed microstructure
at the end of abnormal grain growth (i.e., at the point when
the nanocrystalline matrix has been completely consumed
by abnormal grain growth). Experimentally measuring this
parameter is made easier by the fact that the rate of further
grain growth decreases by a factor of ~10% once the
nanocrystalline matrix has been consumed and the growth
mechanism changes from abnormal to normal grain growth
[4-6]. For example, isothermal annealing of nanocrystal-
line Ni at 593 K for 1 h resulted in a mean grain size
increase from 20 to 350 nm, at which point the nanocrys-
talline matrix had been completely consumed and a slower
normal grain growth stage had begun. During the next 10 h
of continuing normal grain growth, the mean grain size
only increased by an additional ~50 nm [4-6]. In addition,
there was no significant difference between the grain size
(~350 nm) just after complete consumption of the nano-
crystalline Ni matrix for samples annealed at 493, 593, and
693 K, suggesting that there was comparatively little effect
of temperature on the density of abnormally growing grains
over the 200 K annealing window studied.

In contrast to the size increase, it is more difficult to
measure the length of time required to consume the
nanocrystalline matrix. However, it is possible to bracket
the end point of abnormal grain growth by using annealing
times that result in incomplete (Af;) and complete (Az.)
consumption of the nanocrystalline matrix. For example,
Fig. 1 presents bright field TEM images of nanocrystalline
Ni annealed for 5 s (Fig. 1a) and 30 s (Fig. 1b) at 693 K,
corresponding to just before and just after the complete
consumption of the nanocrystalline matrix. At lower tem-
peratures, the annealing time required to fully consume the
nanocrystalline matrix was found to increase from between
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Table 2 Summary of average abnormal growth front velocity
parameters: annealing temperature (7); bracketing annealing times for
incomplete (#;) and complete (#.) consumption of the nanocrystalline

matrix; and corresponding upper (vione') and lower (vi&%r) velocity
estimates
System T  £(s) fe (s) Vitans. Vigane:
(K) (nm/s) (nm/s)
n-Ni 493 432 x 10° 8.64 x 10° 3.8 x 107* 1.9 x 107*
n-Ni 593 1.8 x 10° 3.6 x 10° 9.2 x 1072 4.6 x 1072
n-Ni 693 5 30 33 55
n-Ni— 573 60 120 3.1 15
37%Co
n-Ni— 573 600 3.6 x 10° 0.28 47 x 1072
52%Co
n-Ni— 573 7.2 x 10° 3.6 x 10 27 x 1072 5.4 x 1073
74%Co

1.8 x 10° and 3.6 x 10 s at 593 K and from between
432 x 10° s and 8.64 x 10° s at 493 K [6], Table 2. A
transformation-averaged interfacial velocity based on the
mean grain size increase can be obtained using the brac-
keting time intervals as:

Ad
AL (1)

Values are summarized for the three isothermal
annealing temperatures in Table 2. This parameter is
effectively a global kinetic average over all of the
growing grains and over the full transformation time,
making it relevant to the kinetic parameters measured by
differential scanning calorimetry (DSC), as will be
discussed below. Note that while it is difficult to extract
the volume fraction transformed from a continuous range
of annealed grain sizes, an estimate can be taken from the
measured grain size distributions by using the largest grain

Virans =

Fig. 1 Bright field TEM images of nanocrystalline Ni annealed at 693 K for 5 s (a) and 30 s (b), showing the transformed microstructures just

before and after complete consumption of the nanocrystalline matrix
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size from the starting nanostructure as the transformation
threshold (i.e., ~50 nm for Ni, Table 1). Using this
approach, the lower time estimates of 4.32 x 10° s at
493 K, 1.8 x 10% s at 593 K, and 5 s at 693 K correspond
to volume fractions transformed of ~0.94, ~0.97, and
~0.93.

As would be expected, the transformation-averaged
velocities for nanocrystalline Ni strongly depend on the
isothermal annealing temperature, between 3.8 x 10~* and
1.9 x 10~* nm/s at 493 K and between 33 and 5.5 nm/s at
693 K. Upper and lower average velocities are shown in
Fig. 2 in the form of an Arrhenius plot (i.e., natural logarithm
of rate as a function of inverse absolute temperature). Sam-
ples from the same nanocrystalline Ni electrodeposit were
previously studied by DSC [4]; an activation energy for
abnormal grain growth (Q = 1.46 eV) was obtained by
annealing samples at multiple heating rates (0.083—1.33 K/s)
and measuring the shift in peak temperature with increasing
scanning rate, using a modified Kissinger analysis [20]. This
activation energy is shown in Fig. 2 as a line of slope —Q/kg
where kg is the Boltzmann constant. Figure 2 shows that the
relative increase in transformation-averaged interfacial
velocity by TEM characterization of ex-situ annealed elec-
trodeposits is consistent with the activation energy of
abnormal grain growth measured by DSC.

The effect of electrodeposit thermal stability due to
alloying on vy,,s was studied in the Ni—Co alloys by
bracketing the annealing time required to completely
consume the nanocrystalline matrix at 573 K. The Ni—
37%Co electrodeposit had the lowest thermal stability;

———Q=146¢V [4]
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Fig. 2 Transformation-averaged interfacial velocity estimates for
nanocrystalline Ni based on the mean grain size increase through
abnormal grain growth (error bars denote the upper and lower bound
estimates from Table 2). The solid line has a slope of —Q/kg, where
Q = 1.46 eV is the activation energy of grain growth for the same
electrodeposit determined by differential scanning calorimetry [4] and
kg is the Boltzmann constant
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only 60-120 s were required to consume the nanocrystal-
line matrix. In contrast it took between 7.2 x 10° and
3.6 x 10* s to consume the nanocrystalline matrix of the
Ni—74%Co electrodeposit, Table 2. The grain sizes at the
end of abnormal grain growth were 380, 350, and 400 nm,
leading to Ad parameters of ~370, ~340, and ~390 nm,
for the Ni-37%Co, Ni-52%Co, and Ni—-74%Co electro-
deposits, respectively. Upper and lower transformation-
averaged interfacial velocities for the Ni—Co electrode-
posits were calculated using Eq. 1 and are summarized in
Table 2. Note that volume fraction transformed estimates
of ~097, ~0.92, and ~0.93, were obtained for the
incomplete annealing times in the Ni-37%Co, Ni-52%Co,
and Ni—74%Co deposits, respectively.

The nanocrystalline Ni—Co electrodeposits were also
previously characterized by DSC [16]. The peak tempera-
ture, T}, of grain growth (i.e., the temperature at which the
maximum rate of transformation along the DSC scan
occurs, e.g., [20]) provides a useful relative indicator for
ranking the thermal stability. The transformation-averaged
velocity range (defined by the upper and lower velocity
limits, Table 2) at 573 K is plotted as a function of DSC
peak temperature in Fig. 3 for nanocrystalline Ni—Co at the
arbitrarily selected scanning rate of 0.67 K/s (T, = 584,
613, and 619 K, for the Ni-37%Co, Ni—-52%Co, and Ni—
74%Co, respectively [16]). Note that the approximately two
orders of magnitude difference between the v.,,s parame-
ters for the Ni-37%Co and Ni—74%Co electrodeposits span
only a 35 K difference in the peak temperature of grain
growth.

T T T T T T T T T 1
580 590 600 610 620 630
T (K)

Fig. 3 Transformation-averaged (v.,s) interfacial velocities for
nanocrystalline Ni—Co alloys at 573 K as a function of the peak
temperature (7},) of grain growth obtained from differential scanning
calorimetry at a scanning rate of 0.67 K s~! [16]. Note that the error
bars denote the upper and lower bound estimates from Table 2
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Time-averaged AGF velocities

Figure 4a presents a grain size distribution obtained from
dark field TEM images of nanocrystalline Ni annealed at
493 K for 4.32 x 10’ s, corresponding to a volume frac-
tion transformed of ~0.94. Overall, the grain sizes range
from <5 nm to ~800 nm out of a total sampling of ~ 500
grains. However, no measurable size increase was seen for
the majority of the grains. This can be more clearly seen in
Fig. 4b where the grain size distribution is plotted over the
0-100 nm size range. Also shown in Fig. 4b are the grain
size distributions over the same size range from the starting
nanostructure and after 600 s of annealing at 493 K (i.e.,
corresponding to a volume fraction transformed of ~0.1).
There was no measurable shift in the position of the modal
peak with increasing annealing time. This suggests that the
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Fig. 4 Grain size distribution (full scale (a) and <100 nm size range
(b)) for nanocrystalline Ni after annealing at 493 K for 4.32 x 10° s
(sample size ~500 grains). Also shown in (b) are the grain size
distributions for the as-deposited nanostructure and after 600 s of
annealing at 493 K

curvature-based driving force for AGF migration is not
decreasing until impingement with other abnormally
growing grains occurs.

Further insight into the AGF velocity can be obtained by
examining the time-averaged velocity of the largest
abnormally grown grains. The right skew limit of the
partially transformed grain size distribution (i.e., the size
class of the largest abnormally grown grains) provides a
unique reference point for linking the isothermally
annealed microstructures, i.e., effectively providing an
upper time-averaged limit as to how fast the AGFs can
migrate through the nanocrystalline matrix. However, the
right hand skew of the grain size distribution as measured
from dark field TEM imaging (Fig. 4a) was sparsely pop-
ulated despite the large number of grains measured (>500
per sample). To obtain a more meaningful estimate for the
largest grain size class, bright field TEM imaging was used
since all of the abnormally growing grains in a particular
region are visible and the issue of overlapping grains
becomes less and less significant for the largest grains in
the annealed nanostructure.

Figure 5 presents the largest abnormal grain size class,
L., measured from bright field TEM images for nanocrys-
talline Ni plotted as a function of the isothermal annealing
time at 493 and 593 K. The parameter L, was determined
from the average of the ten largest grain size measurements
for each annealing condition (error bars give the standard
deviation). There is initially a rapid increase in the size of the
largest grains, which is followed by a much slower increase
through the remaining period of abnormal grain growth.
This transition can be understood by considering the fol-
lowing. Near the end of abnormal grain growth the largest
grains are surrounded either by the comparatively stable
~20 nm grain size matrix or by other abnormally grown
grains [5, 6]. When two migrating AGFs encounter, there is a
sharp reduction in the local curvature, causing a substantial
local decrease in the driving force for further migration.

Simple estimates for the time-averaged AGF velocities
can be obtained from the right skew limit of the grain size
distributions. In one approach, the velocity vagr is obtained
by tracing the largest grain size, L,, obtained at annealing
time ¢, back to the previously annealed nanostructure, L,
obtained at #,_; as:

Lx - fol

VAGF =~/ -
2(ty — te—1)

(2)

Figure 6 presents vagr estimates for nanocrystalline Ni
as a function of annealing time at 493 and 593 K. At both
temperatures, the time-averaged AGF velocity rapidly
decreases with increasing annealing time. The most
significant reduction occurs during the earliest stages of
abnormal grain growth. For example, at 493 K the largest
grain size class increases from 50 to 135 nm after 600 s,
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Fig. 5 Largest abnormally grown grain size class, L,, as a function of
isothermal annealing time in nanocrystalline Ni at 493 K (a) and
593 K (b)

corresponding to vagr = 7.1 X 1072 nm/s. If the AGF
velocity continued at this average rate, a grain size on the
order of 500-600 nm would be expected after 3600 s of
annealing. In fact, the largest size class after 3600 s is
<300 nm (Fig. 5). This early period of nonlinear grain size
increase is occurring before significant AGF impingement
limits the size of the largest grains. This can be seen in Fig. 7
where bright field TEM images of typical abnormally grown
grains in the largest size class for annealing times of 600,
1200, and 3600 s at 493 K are shown. At these earliest
points, the largest abnormally growing grains are generally
entirely surrounded by nanocrystalline matrix—i.e., before
impingement of adjacently growing grains lowers the
migration rate and the overall volume fraction transformed
is still comparatively low (i.e., ~0.2 after 3600 s at 493 K).

The time-averaged AGF velocity of the largest size class
was also measured in the Ni—Co alloys. Samples were
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Fig. 6 Time-averaged abnormal growth front velocity (vagr) as a
function of isothermal annealing time in nanocrystalline Ni during the
early stages of abnormal grain growth at 493 K (a) and 593 K (b)

annealed at 573 K for times ranging from 10 s to
3.6 x 10*s. The largest abnormal grain sizes were mea-
sured from bright field TEM micrographs and are plotted as
a function of annealing time in Fig. 8. There is a significant
difference in the rate of largest grain size increase between
the three electrodeposits. For example, after 30 s of
annealing at 573 K the largest grain sizes are 800, 300, and
65 nm for the Ni-37%Co, Ni-52%Co, and Ni—-74%Co
electrodeposits, respectively. However, the overall shape of
the curves is approximately the same for the Ni—Co elec-
trodeposits (Fig. 8) as for the Ni electrodeposit (Fig. 5).
Time-averaged AGF velocities were also calculated for
each of the Ni—Co electrodeposits and are plotted as a
function of annealing time in Fig. 9. Like the case for Ni,
the largest decrease in vagg occurs during the earliest
annealing time. Furthermore, in this earliest period the
abnormally growing grains are again generally surrounded
by stable nanocrystalline matrix [16].
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Fig. 7 Bright field TEM images showing typical abnormally grown
grains in nanocrystalline Ni after isothermal annealing at 493 K for
600 s (a), 1200 s (b), and 3600 s (c)

Previously reported grain boundary velocities

The average interfacial velocities from the present study
can be considered with respect to experimentally measured
grain boundary velocities from bicrystal and recrystalliza-
tion studies, see reviews in [21-23]; comparisons can be

made on the basis of the driving force for grain boundary
migration and the homologous annealing temperature.
Homologous temperatures for the isothermal annealing
experiments in Ni (7, = 1726 K) were 0.29, 0.34, and 0.40.
The homologous temperature at 573 K for the Ni-37%Co,
Ni—52%Co, and Ni-74%Co electrodeposits is ~0.33. The
driving force for grain growth can be expressed as P = ay/d
where o is a grain shape factor (for tetrakaidekahedra
o = 2.37 [24]), y is the excess interfacial free energy, and d
is the grain size. Taking an extrapolated value for the excess
interfacial free energy of Ni (y = 1.0 J/m? [25]) and the
starting grain size (d = 20 nm), gives an estimated driving
force for grain growth on the order of 1.2 x 10® J/m’. Note
that the driving force of grain growth in the Ni—Co elec-
trodeposits is expected to be on the same order of magnitude.

Curvature-driven bicrystal studies typically have rela-
tively low driving forces for grain boundary migration, on
the order of 10°-10° J/m® [21, 22], which is up to six
orders of magnitude lower than the driving force in the
present study. Note that despite the higher driving force,
the largest time-averaged AGF velocity measured in this
study (vagr &~ 36 nm/s at the start of abnormal grain
growth for the largest growing grains in nanocrystalline Ni
at 593 K) are still much lower than the grain boundary
migration rates typically seen in conventional bicrystal
studies. For example, grain boundary velocities of up to
1 x 10° nm/s have been measured in Pb [26] and Al [27]
bicrystal studies. However, those studies were conducted at
much higher homologous temperatures, 0.79-0.99 [26] and
0.81-0.91 [27]. A more direct comparison can be made to
studies of heavily deformed single crystals undergoing
recrystallization. These typically have a much higher
driving force, on the order of 10°-107 J/m? [21, 22], and
are generally conducted at lower homologous tempera-
tures, e.g., 0.25-0.45 [21]. Furthermore, like abnormal
grain growth, recrystallization is a discontinuous solid state
reaction which lowers the microstructural defect density
(i.e., of grain boundaries or dislocations, respectively) via a
reaction front (i.e., a migrating grain boundary) that sepa-
rates the transformed and untransformed regions.

The largest of the time-averaged and the overall trans-
formation-averaged interfacial velocities (normalized by
their respective driving forces for grain growth) are plotted
in Fig. 10 as a function of the homologous annealing
temperature. Also shown in Fig. 10 are previously reported
grain boundary velocities from recrystallization studies that
are plotted over the homologous temperature range at
which the measurements were made [28-32]. There are
several things to note. First, the normalized grain boundary
velocities during recrystallization in zone-refined materials
[28-30], having for example a purity of 99.9999% or better
[28], is much higher than even the largest of the normalized
time-averaged interfacial velocities measured in the present
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Fig. 8 Largest abnormally
grown grain size class, L,, as a
function of isothermal annealing
time at 573 K for the
nanocrystalline Ni-37%Co (a),
Ni-52%Co (b), and Ni-74%Co
(c) electrodeposits

Fig. 9 Time-averaged
abnormal growth front velocity
(vagr) as a function of
isothermal annealing time at
573 K for the nanocrystalline
Ni-37%Co (a), Ni-52%Co (b),
and Ni-74%Co (c)
electrodeposits

study. At a homologous annealing temperature of 0.33,
the normalized recrystallization velocities range from
7.39 x 107" m*J s [30] to 1.36 x 107> m*J s [29]. In
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contrast, the largest time-averaged AGF velocity at
0.33 T, was observed in the nanocrystalline Ni—37%Co
electrodeposit, with largest abnormally growing grains
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Fig. 10 Experimentally measured grain boundary velocities, v,
normalized by the driving force, P, as a function of homologous
temperature 7/T,, for data from the present study and previous
recrystallization studies [28-31, 33]

having normalized upper velocities in the range of
1.38 x 1071°-4.45 x 107" m*/J s. Furthermore, these
were the fastest migrating AGFs (i.e., of the largest grains)
and most AGFs are migrating at a much slower rate.

However, there are instances where the normalized
recrystallization velocities are comparable to the results of
the present study. For example, the normalized grain
boundary velocity for recrystallization in a study of 97%
rolled gold single crystals [31] containing 20 ppm Fe is
plotted in Fig. 10. At annealing temperatures below 290 °C
(0.42 T,,) grain boundary migration was controlled by solute
drag and the resulting normalized velocities overlap the
measured values of the present study. In addition, a recent
study of recrystallization in a single phase Al-0.05 wt.% Si
alloy measured the grain boundary velocity over the tem-
perature range of 295-400 °C. Grain boundary mobilities
were determined from the slope of boundary velocity plotted
as a function of driving pressure; an activation energy of
Q = 147 kJ/mol (with a pre-exponential constant of
M, =178 x 108 m*/J s) was found and it was concluded
that the recrystallization kinetics were solute diffusion
controlled [32]. While it can be difficult to meaningfully
compare grain boundary mobilities measured in different
temperature regimes, an extrapolated value for the mobility
in Al-0.05 wt.% Si [32] down to a homologous temperature
of 0.33 T,,, gives a value of 5 x 1077 m*/J s, which is
comparable to the normalized velocities seen in the present
study.

Perhaps the most direct comparison can be made to a
recent study of recrystallization in cold-rolled Ni at 728 K
having 0.5 ppm S impurities [33]. The driving forces for
grain boundary migration ranged from 2.3 x 10° to

11.3 x 10° J/m®;, when the driving force exceeded
~7x10° J/m?, the boundary was able to break free from
the sulfur impurities resulting in a grain boundary velocity
of 730 nm/s. At lower driving forces when the sulfur was
attached to the boundaries, the grain boundary velocity was
below 30 nm/s, which is comparable to the velocities seen
in the present study. It is interesting to note that while the
driving force for grain boundary migration in the present
study of nanocrystalline Ni is approximately 10-50 times
higher than those in the recrystallization study of Ni [33],
the total sulfur impurity concentration is approximately
1700 times higher for the nanocrystalline case.

Dragging forces

It is worth restating that both velocity parameters in the
present study are time-averaged migration rates. In addi-
tion, these velocities are significantly lower than the
instantaneous interfacial velocities measured during in-situ
TEM annealing of the same Ni electrodeposit [7]. The
characterization approach in [7] showed that migration
occurred in discontinuous steps over limited sections of the
AGF. It is interesting to note that there is recent evidence
from three-dimensional XRD microscopy indicating that
grain boundary migration during recrystallization of com-
mercial purity aluminum occurs by abrupt movement of
individual boundary segments [34]. Figure 11 shows an
example of the boundary velocity profile for the early
stages of one nonuniformly growing grain during the
in-situ TEM annealing of nanocrystalline Ni; migration
occurred through a series of rapid migration events (of up
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Fig. 11 Velocity profile of nanocrystalline Ni during in-situ TEM
annealing giving the estimated instantaneous AGF boundary segment
velocity as a function of annealing time at ~681 K [7]. The vagr
parameter of the present study would correspond to a time-weighted
average of the discrete boundary migration steps
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to 700 nm/s) followed by periods of stagnation [7]. Note
that the most rapid boundary segment velocities may have
been higher since the temporal resolution was limited to
successive video frames (at 0.033 s intervals) and the most
rapid events occurred from one frame to the next. This
would put the normalized boundary segment velocity
closer to the values that are typically seen during recrys-
tallization in high purity materials (e.g., [28-30]). In other
words, while the overall time-averaged migration rates for
the fastest grains are comparable to the cases of solute-
controlled recrystallization, the instantaneous velocity rates
may approach what is seen in higher purity materials.
Local transformation events of this type are obviously not
accessible from the temporally frozen microstructures
obtained after ex-situ annealing, and the vogr parameter of
the present study would represent a time-weighted average
of the discrete boundary segment migration steps.

For abnormal grain growth into an otherwise stable
nanocrystalline matrix (Fig. 4b), the curvature-based driv-
ing force would be essentially constant [35]. In other
words, the rate of growth would be nearly constant until
AGF impingement. The fact that this is not observed during
the earliest stages of abnormal grain growth indicates that
the mobility decreases as the growth fronts advance
through the nanocrystalline matrix. The relatively high
sulfur concentration in the nanocrystalline matrix (190—
850 ppm, Table 1) may explain both the locally discon-
tinuous AGF migration observed by in-situ TEM annealing
[7] and the time-averaged AGF velocity with increasing
migration distance measured in the present study. Sulfur
impurities could act as a dragging force through either or
both of solute drag [36, 37] or Zener drag (C. Zener quoted
in [38]). There is strong grain boundary segregation
potential for sulfur in nickel. Enrichment factors (i.e.,
¢ = [Slge/[S]g, where [S]gg is the grain boundary sulfur
concentration and [S]g is the bulk sulfur concentration) on
the order of 2 x 10* [39] to 2 x 10° [40] have been
reported. To act as a rate-limiting mechanism, sulfur would
need to accumulate at the AGFs. At 693 K, the bulk dif-
fusion coefficient of S in Niis D = 4.3 x 1072! m%/s [41];
the characteristic diffusion length, (x) = \/Dt, of S in the
time required to consume the nanocrystalline Ni matrix at
693 K (r = 30 s, Table 2) is only ~0.4 nm, i.e., compa-
rable to the grain boundary width. Therefore, relatively
little bulk sulfur diffusion would be expected for the
annealing conditions of this experiment.

However, solute collection at migrating grain bound-
aries [42—44] can lead to a diffusion mechanism which
bypasses the bulk diffusion process. Indeed, an accelerated
segregation mechanism for sulfur in nickel was reported
[45], and was later attributed to the collection of sulfur by
migrating grain boundaries during recrystallization [46].
This process of grain boundary migration-assisted sulfur

@ Springer

segregation during the recrystallization of cold-worked
nickel has been reported to be 10°~10° times faster than
segregation through bulk diffusion [47]. Furthermore, there
is experimental evidence suggesting that sulfur is collected
at the migrating AGFs in nanocrystalline nickel during
annealing. Klement et al. [1] observed sulfur enrichment at
the interface between abnormally grown grains and the
surrounding nanocrystalline matrix for a nickel electrode-
posit annealed at 493 K for 1800 s. Similar observations
were made in a three-dimensional atom probe (3DAP)
study of 16 nm starting grain size nickel that was annealed
at 523 K for 1 h [48]. Moreover, a study on the effect of
starting nanostructure on the thermal stability of nano-
structured cobalt found that the sulfur impurity
concentration (in the range of 240-980 ppm) was the most
important parameter in determining the thermal stability:
the peak temperatures of grain growth and the activation
energies of grain growth each increased with increasing
bulk sulfur concentration [49].

A dynamic sulfur segregation mechanism may be able to
explain both the time-averaged interfacial velocity mea-
surements of the present study and the intermittent grain
boundary migration seen by in-situ TEM annealing [7].
Once a critical amount of sulfur is accumulated at the
migrating AGF, growth may be temporarily halted at which
point precipitation of nickel sulfides could occur, which
would reduce the local pinning force [50], allowing
migration to be reinitiated. There is some experimental
evidence to support this interpretation. The as-received
selected area electron diffraction patterns exhibited only
the Ni (FCC) diffraction rings [4-7], while annealed
nanostructures exhibited both Ni (FCC) rings and extra
diffraction spots corresponding to second phase precipi-
tates. A typical example is shown in Fig. 12 for a
nanocrystalline Ni electrodeposit that had been isother-
mally annealed at 493 K for 3600 s. Note that the second
phase particles were too small to be directly observed in the
contrast-rich annealed nanostructures. However, the inter-
planar spacing corresponding to the diffracting planes of
the extra diffraction spots within the first Ni (111) ring
were calculated by measuring their radial distance from the
directly transmitted (000) beam. While it was difficult to
unambiguously index all additional diffraction spots, some
of the measured interplanar spacings can be accounted for
by Ni3S, precipitates.

Finally, it is interesting to compare the results of this
study to those from an in-situ TEM annealing study of
abnormal grain growth in pulse-laser deposited nanocrys-
talline Ni [51]. Grain boundary velocities of 5.5 X 1073-
60 nm/s were reported over the homologous temperature
range of 0.29-0.39 [51]. These values are comparable in
magnitude to the transformation-averaged velocities of the
present study (Table 2) and were conducted over
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Fig. 12 Typical selected area electron diffraction pattern of electro-
deposited nanocrystalline Ni after 3600 s of isothermal annealing at
693 K; arrows indicate examples of extra diffraction spots observed
in addition to the Ni (FCC) diffraction rings

essentially the same temperature range (0.29-0.40 T,).
Similar to the present study, it is possible that a dynamic
solute drag mechanism might be a contributing factor to the
comparatively low grain boundary velocities reported in
the pulse-laser deposited Ni. While impurity values were
not specifically reported in that in-situ TEM annealing
study [51], Rutherford backscattering spectrometry of
pulse-laser deposited Ni from a related study reported O
contamination values of up to 1.4 wt.% [52]. In electro-
deposited nanocrystalline Ni, oxygen impurities on the
order of 0.6 wt.% (deliberately introduced by applying a
reversing pulse during deposition) were found to signifi-
cantly increase the thermal stability with no measurable
grain growth below 623 K and only limited growth from 19
to 35 nm after 150 min at 673 K [53]. Unlike the present
study, however, the formation of second phase precipitates
was not reported in pulse-laser deposited Ni after abnormal
grain growth; instead, stacking fault tetrahedra were seen in
the wake of the migrating AGFs [51]. These defect struc-
tures have not been seen in previous grain growth studies
of nanocrystalline Ni electrodeposits (e.g., [1, 2]) and were
not seen in the present study. Stacking fault tetrahedra
formation was attributed to the elimination of excess vol-
ume associated with the annihilated grain boundaries [51].
It has been suggested that vacancies can act as a dragging
force [54] and their effect might become important for the
smallest grain size nanocrystalline materials when the
excess volume associated with the grain boundaries

becomes significant [55]. Indeed, the intercrystalline vol-
ume fraction associated with the smaller starting grain size
of the pulse-deposited nanocrystalline Ni (6 nm [51]),
would be approximately three times larger than that of the
20 nm starting grain size Ni of the present study [56].

Conclusions

Two velocity parameters were developed to quantify the
interfacial migration rates in nanocrystalline materials, an
overall transformation-averaged parameter and the time-
averaged AGF velocity of the most rapidly growing grains.
The temperature dependence of the transformation-aver-
aged grain boundary velocity is consistent with the
activation energy of grain growth measured by calorimetry.
Furthermore, the interfacial velocity is strongly dependent
on the thermal stability of the particular electrodeposit—a
difference in calorimetric peak temperature range of 35 K
leads to nearly two orders of magnitude difference in
transformation-averaged interfacial velocity. Despite the
rapid loss of nanostructure at elevated temperatures, the
time-average AGF velocities in nanocrystalline electrode-
posits are several orders of magnitude lower than the
normalized grain boundary velocities reported during
recrystallization in high purity systems. Furthermore, the
grain boundary velocity decreases with increasing migra-
tion distance. These observations can be interpreted in
terms of a dynamic sulfur segregation model, in which the
migrating AGFs collect sulfur as they migrate through the
nanocrystalline matrix.
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