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ULTRAFINE-GRAINED MATERIALS

Stabilization of nanocrystalline grain sizes by solute additions
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Abstract This paper will review the grain growth in
nanocrystalline materials with emphasis on the grain size
stabilization that can result from solute additions. The grain
growth in nominally pure nanocrystalline metals will be
presented followed by descriptions of the stabilization of
nanocrystalline grain sizes by kinetic approaches and ther-
modynamic strategies. The descriptions of nanocrystalline
grain size by solute additions will be taken from the literature
as well as from recent research in the authors’ laboratory.
Examples of kinetic stabilization, which involves reduction
of the grain boundary mobility, include second phase drag,
solute drag, chemical ordering, and grain size stabilization.
The thermodynamic stabilization, which is due to the low-
ering of the specific grain boundary energy by solute
segregation to the grain boundaries, will be described for
systems including Pd—Zr, Fe-Zr, Ni-W, Ni-P, and Co-P.
Recrystallization during grain growth will be presented for
the Ti-N system. Finally, a summary of alloys where
nanocrystalline grain sizes can be maintained at annealing
temperatures close to the melting point will be presented.

Introduction

Knowledge of the thermal stability of nanocrystalline
materials is important for both technological and scientific
reasons. From a technological point of view, the thermal
stability is important for consolidation of nanocrystalline
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particulates without coarsening the microstructure. That is,
many methods for synthesis of nanocrystalline materials
result in particulate products which must be consolidated
into bulk form. Since most consolidation processes involve
both heat and pressure, the temperature stability of the
nanoscale microstructure is always at risk. The goal of
particulate consolidation is to attain essentially 100% the-
oretical density and good particulate bonding while
preventing or minimizing grain growth of the nanocrys-
talline grains.

Understanding the scientific nature of stability, grain
growth of nanocrystalline microstructures is a criterion for
allowing strategies for minimizing grain growth to be
developed. A basic scientific question with regard to nano-
crystalline materials is whether their behavior involves “new
physics” or is simply the expected grain size dependent
behavior extrapolated to nanocrystalline grain sizes. Ther-
mal stability is an important phenomenon to be addressed in
this regard. The thermal stability in a broader sense involves
not only the stability of the grain structure, that is, the
microstructure, but also the stability of the structure of the
grain boundaries in nanocrystalline materials. A number of
investigations on the thermal stability of nanocrystalline
materials have been conducted. Grain growth in nanocrys-
talline materials has been reviewed by Suryanarayana [1],
Weissmuller [2], and Malow and Koch [3].

In spite of the high driving force for grain growth and
the observation of grain growth, at least abnormal grain
growth, even at very low homologous temperatures, sig-
nificant stabilization of nanocrystalline grain structures has
been observed in many materials. The one common feature
of such materials is that they are multi-component, that is,
either alloys or contain impurities. There are two basic
ways in which grain growth can be reduced. The first is the
kinetic approach in which the grain boundaries are pinned
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in various ways to decrease grain boundary mobility. The
second is the thermodynamic approach in which the driv-
ing force for grain growth is lowered by reducing the grain
boundary energy.

In the kinetic approach the grain boundary mobility is
reduced by various possible mechanisms. These include
porosity drag [4], second phase drag [5], solute drag [6],
chemical ordering [7], and grain size stabilization [8]. The
thermodynamic approach depends upon the reduction of
the grain boundary energy by solute segregation. Since the
driving force for grain growth is directly proportional to the
grain boundary energy, reducing the grain boundary energy
should minimize grain growth. Addition of solute atoms that
segregate to the grain boundaries will affect the grain
boundary energy. This concept has been modeled by
Weissmuller [9, 10], Kirchheim [11], Liu and Kirchheim
[12], and Millett et al. [13]. The grain size at the metastable
thermodynamic equilibrium was found in their analysis to be
determined by the grain boundary energy, the enthalpy
change of grain boundary segregation, and the solute excess
of an equivalent grain boundary monolayer at saturation.
Good agreement for these predictions of the temperature
dependence of the metastable grain size was obtained for
Pd;gg_xZrx alloys [12]. The thermodynamic approach to
grain size stabilization by segregation of solute, impurity
atoms to the grain boundaries appears to be an effective
method for stabilization of nanocrystalline grain size.

This paper will review the grain growth in nanocrystalline
materials. First the grain growth of nominally pure nano-
crystalline metals will be described. This will be followed by
discussions of the stabilization of nanocrystalline grain sizes
by kinetic approaches and by thermodynamic strategies. The
recent dramatic decrease in grain size by recrystallization
phenomena will be presented. Finally, a summary of
examples of extreme stabilization of nanocrystalline grain
structures at temperatures near the material’s melting point
will be given. Recent work from the authors’ laboratory will
be emphasized along with results from the literature.

Grain growth in pure nanocrystalline metals

Significant grain growth, that is, doubling of the initial
nanocrystalline grain size in 24 hours, has been observed at
room temperature in a number of pure, relatively low melt-
ing temperature elements such as Sn, Pb, Al, and Mg [14].
Because of the large amount of grain boundary enthalpy
stored in the large grain boundary area in nanocrystalline
materials, a high driving force for grain growth is expected.
Giinther et al. [15] studied grain growth in pure Cu, Ag, and
Pd and found grain growth occurring at much lower tem-
peratures than those observed for recrystallization of the
elements after heavy cold deformation. In fact, grain growth

in Cu and Pd was observed even at room temperature. This is
particularly dramatic for Pd which has a high melting tem-
perature of 1,552 °C such that room temperature is only 0.16
of the melting temperature—a very low homologous tem-
perature. In all these cases the grain growth was observed to
be abnormal. That is, a few grains grew to micron sizes while
most grains remained nanoscale. Gertsman and Birringer
[16] studied abnormal grain growth in nanocrystalline Cu
prepared by the inert gas condensation method with bulk
densities of 93%, 96%, and 97%. After holding the samples
for times of more than one month at room temperature,
abnormal grain growth was observed in all samples. The
abnormally coarse grains exhibited a range of sizes, most
were <l pum, but some were >2 pm. The nanocrystalline
grains surrounding the coarser grains were about 10-50 nm
in size. However, the coarser-grained regions only repre-
sented a few percent of the sample volume, with the
nanocrystalline grains remaining stable in most of the sam-
ples. The growth rate for the average grain size, determined
by X-ray diffraction line broadening analysis, was larger for
the samples with the higher average densities, implying that
porosity was hindering grain boundary migration. The gen-
eral explanation given for abnormal grain growth is an
inhomogeneous structure for the as-processed samples such
that grain growth inhibitors such as pores, impurities, or even
grain boundary structure are not evenly distributed and rapid
grain growth can occur where such inhibitors are absent due
to the large driving force and high grain boundary mobility in
these regions.

The grain growth in nominally pure elemental metals
typically pushes the average grain size to above the
nanoscale, that is, greater than 100 nm at annealing tem-
peratures less than 0.5 of the melting temperature. This is
illustrated in Fig. 1 for nominally pure Pd [17], Fe [18, 19],
Cu [20], and Ni [21].

Grain Size vs. T/T,, for pure Cu, Fe, Pd, Ni
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A general expression for grain growth in terms of the
velocity of the boundary can be given as: v ~ M  where
M is the grain boundary mobility, y is the specific grain
boundary energy, and r is the average grain radius [22, 23].

Examples of kinetic stabilization of nanocrystalline
grain sizes

In the kinetic approach the grain boundary mobility is
reduced by various possible mechanisms. We will focus on
those that involve the action of solute atoms.

Second phase drag: There have been a number of
examples of grain boundary pinning in nanocrystalline
materials by the presence of small second phase particles—
the Zener drag mechanism [24]. The expression for the
pinning pressure exerted on the grain boundary by small
particles is:

p _3Fy
£7

where P is the pinning pressure exerted by the particles on
unit area of the boundary, F is the volume fraction of
randomly distributed spherical particles of radius r, and y is
the specific grain boundary energy. It is clear that a high
volume of small particles is desirable to increase the pin-
ning pressure and thus to impede grain boundary mobility.
The stabilization in 5 nm grain size Ni-P alloys, which
were produced by electrodeposition, did not take effect
until after an increase of the grain size by a factor of 2-3
[5]. The solid solution of the Ni—1.2% P alloy did not
measurably grow and was stable as a solid solution up to an
annealing temperature of 473 K. For annealing tempera-
tures of 523 and 623 K, the grain size initially increased by
a factor of 2-3, before the grain size stabilized, which
coincided with the precipitation of a second phase, NisP.
Although other retarding effects in reducing the grain
boundary mobility are considered (solute drag), the pinning
of the grain boundaries by Ni;P as the second phase was
believed to be the major factor of the grain size stabiliza-
tion at 573 and 623 K. The same effect was found for
electroplated 10 nm Ni with an addition of 0.12 wt.% S
[25], where it was attributed to the formation of nickel
sulfide precipitates. Another example of nanocrystalline
grain size stabilization by second phase particles is the
work of Perez et al. [26]. The authors studied the thermal
stability of cryomilled Fe-10 wt.% Al and found that a
grain size of about 20 nm was maintained after annealing
to about 600 °C, and even after annealing at 1,100 °C the
grain size only grew to about 50 nm. This excellent grain
size stability was attributed to the presence of nanoscale
Al,O3 and AIN dispersoids. Another example of small
particle induced grain size stabilization is for an Al—base
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alloy by Shaw et al. [27]. An Algs3Fe;Cr,Ti, alloy was
prepared by mechanical alloying. The as-milled alloy was a
solid solution of Al. After annealing at various tempera-
tures the internal strain was released, intermetallic
compound particles precipitated, and there was some grain
growth. The precipitation of a variety of intermetallics
with Cr, Fe, or Ti was followed with several analytical
techniques. There was essentially no grain growth at
temperatures up to about 300 °C with the grain size dis-
tribution from TEM being about 6-45 nm. Even after
heating to 450 °C (0.77T,,), the grain size distribution was
still nanoscale, that is, from 20-100 nm. The authors
believe that the inhibition of grain growth at the lower
annealing temperature was due to solute drag on the grain
boundaries, but at the higher temperatures was due to
pinning of the boundaries by the nanoscale intermetallic
precipitates.

Solute drag: In the case of grain growth in nanocrystalline
materials containing solutes or impurities, the segregation of
the solute atoms to the grain boundaries may depend upon
the grain size. This problem was treated by Michels et al. [6],
with several experimental examples given. The equilibrium
segregation to grain boundaries can be attained by diffusion
of solute atoms through the lattice to the boundaries, or by
the entrapment of solute at the boundaries as they move.
Since in nanocrystalline materials grain growth usually
occurs at temperatures too low for significant lattice diffu-
sion, it is suggested that the latter mechanism is more likely.
This mechanism of solute entrapment by moving boundaries
was used by Knauth et al. [28] to explain the differences in
DSC results for grain growth in nanocrystalline Ni and Ni-1
at.% Si. While grain growth started at about the same tem-
perature in both materials, the growth in the Ni-1 at.% Si
alloy slowed dramatically, presumably as the result of
entrapment of Si atoms at the grain boundaries and their
effect on the boundary mobility. Michels et al. [6] provided
additional evidence for solute entrapment in moving grain
boundaries for the Pd-19 at.% Zr nanocrystalline alloy. The
grain size increased with annealing time at 600 °C from
about 5 nm to a saturation value of about 16 nm. At the same
time, the solute composition at grain boundaries (determined
by lattice parameter measurements) increased from 19% Zr
to about 27% Zr.

Chemical ordering: Reduced grain growth has been
observed for ordered nanocrystalline intermetallic com-
pounds. For example, the thermal stability of Fe;Si with and
without 5% Nb additions was studied by Gao and Fultz,
[7, 29]. The mechanical alloying of the alloys resulted in
disordered products with an initial grain size <10 nm for the
(Fe3Si)gsNbs alloy. Three different processes were identified
to occur simultaneously, when the samples were annealed
isothermally at temperatures between 350 and 500 °C. In an
initial stage, the grain growth is thought to take place
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uninhibited. After that, the segregation of Nb to the grain
boundaries, occurring at the same time as grain growth, is
believed to provide the alloy with considerable stabilization
of the grain size over the Fe;Si alloy. The other process that
is thought to inhibit the grain growth is the chemical ordering
process to form the DO; structure of the ordered Fe;Si,
which did not happen homogeneously, but rather by nucle-
ation and growth. It was also suggested that the segregation
of the Nb atoms to the grain boundaries and the ordering
process are interdependent. The ordering process is simpli-
fied by the diffusion of the Nb atoms out of the grains,
because the ordering is easier in Fe3Si compared to
(Fe3Si)gsNbs. Bansal et al. [30] replaced the Nb additions
with Mn, which is not expected to segregate to the grain
boundaries since it replaces Fe atoms on specific sites in the
ordered DOj structure. The ordering kinetics of the alloy
with Mn were found to be accelerated compared to the binary
alloy. At the same time, the grain growth was slowed down,
which was linked to the enhanced ordering kinetics. The
authors suspected decreasing grain boundary mobility with
an increase of the ordering parameter of the alloy upon
annealing. They conclude that once ordering had taken
place, the grain growth is inhibited, hypothesizing that the
grain boundary mobility is decreased in the ordered com-
pound. This may be due to the fact that diffusion is typically
slower in ordered structures compared to their disordered
counterparts.

Grain size stabilization: Grain size dependent stabil-
ization of a nanocrystalline microstructure has been
experimentally observed [31, 32] and more recently pre-
dicted by theoretical models. Estrin et al. [33] suggest that
at small grain sizes the rate-controlling step for boundary
migration is transport of excess volume, located at the
grain boundaries, away from the moving boundaries. In
computer simulations of Upmanyu et al. [34] it was shown
that the excess volume released from the boundaries during
grain growth is incorporated into the crystalline lattice in
the form of vacancies. This increase in the non-equilibrium
vacancy concentration gives rise to an increase in free
energy that counteracts the decrease in free energy asso-
ciated with the reduction in grain boundary area during
grain growth. These theories lead to a prediction of a linear
dependence of the grain size on annealing time when the
grain size is below some critical value. Linear growth
kinetics are in agreement with experimental work of Krill
et al. [32] on nanocrystalline Fe.

Examples of thermodynamic stabilization
nanocrystalline materials

Since the driving force for grain growth is directly pro-
portional to the grain boundary energy, reducing the grain

boundary energy should minimize grain growth. Addition
of solute atoms that segregate to the grain boundaries will
affect the grain boundary energy. The energy varies with
the overall solute concentration, ¢, according to the Gibbs
(adsorption) equation:

07,/01In ¢, = —RT T}

where T is the temperature, 7, is the specific interfacial
energy, c, is the solute concentration, and Iy is the inter-
facial excess of the solute atoms. For grain boundary
segregation of solute, I'y > 0 and therefore 7y, will decrease
with increasing ¢,. Hondros and Seah [35] reported a
decrease in 7, for several binary alloys. The greater the
difference in atomic size is between the solute and solvent
atoms, more negative is the initial slope of the vy, vs. ¢
curves. This suggests that elastic strain energy induces
solute segregation to grain boundaries [35]. Based on this,
solute additions to induce the lowering of the grain
boundary energy and stabilize the grain size against
coarsening should be much larger, or smaller, than the host
atom. Weissmuller [9, 10] has applied these ideas to
nanocrystalline materials and quantified the effects of
segregation on grain size stability. He predicts that for
alloy systems with a large heat of segregation, the nano-
crystalline alloy is in a metastable state for a particular
grain size which decreases with increasing concentration of
the solute element. In the metastable state, the specific
grain boundary energy is zero. Subsequently, Kirchheim
[11] and Liu and Kirchheim, [12] have extended these
concepts and have compared their predictions with exper-
imental data. The grain size at the metastable
thermodynamic equilibrium was found in their analysis to
be determined by the grain boundary energy, the enthalpy
change of grain boundary segregation, and the solute
excess of an equivalent grain boundary monolayer at sat-
uration. Good agreement for these predictions of the
temperature dependence of the metastable grain size was
obtained for Pd;gg_x Zry alloys [12]. Other experimental
studies of the stabilization of nanocrystalline grain size by
the lowering of the grain boundary energy due to solute
segregation have been reported for Ni—P alloys [36], RuAl
with Fe impurities [37], Nb—Cu alloys [38], Ti—Cu alloys
[39], Y-Fe alloys [40], and TiO, with Ca [41]. In those
alloy systems that are metastable solid solutions due to
non-equilibrium processing, the grain size stabilization
appears to be dominated by the segregation of solute to the
grain boundaries and the lowering of the grain boundary
energy at lower annealing temperatures. At higher tem-
peratures when precipitation of solute-rich phases can
occur, dramatic increases in grain growth are typically
observed showing that the loss of grain boundary segre-
gation is more important than any stabilizing effect of the
second phases.

@ Springer
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An alloy system which has been studied extensively is
nanocrystalline Pd with Zr additions [42—44]. The results
have been summarized by Krill et al. [45]. The latter
authors derive an expression for the grain boundary energy
as affected by solute segregation as follows:

Y =7y, — AH™® ("f‘i), where 7y, = the specific grain
boundary energy of the pure element, AH*® = the
enthalpy of segregation of B solute atoms to the grain
boundary, ng® = number of moles of B solute atoms
segregated to the grain boundary phase, and A = total
grain boundary area. Insertion of typical numbers for these
quantities gives a value for y ~ 0 when AH**¢ = 25 KJ/
mol or more. The segregation enthalpy of Zr in Pd is
estimated to be 31 kJ/mol [46]. However, the solid solu-
bility of Zr in Pd at 600 °C is 12 at.% and increases up to
17 at.% at the peritectic temperature [47]. In their initial
studies of the Pd—Zr alloys, Krill and co-workers [42, 43]
found that ball milling induced metastable solid solutions
up to 20 at.% Zr. At concentrations of 21 at.% Zr and
higher, the intermetallic Pd;Zr phase formed. The lattice
parameters of the metastable Pd—Zr alloys (>12 at.% Zr)
showed an approximately linear increase with Zr concen-
tration [42]. The lattice parameters decreased on annealing
at 500 °C which the authors attributed to the segregation of
Zr atoms to the grain boundaries. Annealing for two hours
at 500 °C increased the grain sizes, but the increase was
less as Zr concentration increased. The approximately
linear decrease in grain size with at.% Zr for the annealed
samples has a higher slope than that of the as-milled alloys.
The authors subsequently found [45] that raising the Zr
concentration increased the onset temperature for signifi-
cant grain growth and it suppressed the rate at which
coarsening progressed. They attributed these effects to the
segregation of Zr atoms to the grain boundaries. This
segregation may lead either to kinetic stabilization by
solute drag on the boundaries or to thermodynamic sta-
bilization by lowering the grain boundary energy, or a
combination of the two. From their X-ray data for grain
size and lattice parameter changes with Zr concentration
and annealing temperatures up to 1,125 °C, the authors
[45] estimated the areal density of Zr atoms segregated to
the grain boundaries, which increased with annealing
temperature, and the specific grain boundary energy, which
decreased with annealing temperature. The authors suggest
that while the enhanced stabilization at low and moderate
temperatures may be partly due to solute drag, only the
thermodynamic stabilization can provide a credible
explanation for the enhanced stability at high temperatures.
Subsequently, annealing of the 15, 19, and 20 at.% Zr
nanocrystalline alloys was conducted at 1,500 °C, a tem-
perature ~ 95% of the melting temperatures. The grain size
of the 15 at.% Zr sample grew slightly, while those of the
19 and 20 at.% Zr samples remained approximately at the
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values obtained at 1,125 °C. The grain sizes vs. annealing
temperature, normalized by the melting temperature, are
plotted in Fig. 2 for these alloys.

Recently, Darling et al. [48] studied the influence of
solute Zr atoms on the stability of the grain size of nano-
crystalline Fe. Zr was selected for this study of potential
thermodynamic stabilization because Zr in Fe has a large
positive elastic enthalpy of +92 kJ/mol and a large nega-
tive enthalpy of mixing of —118 kJ/mol [46]. The large
elastic enthalpy indicates that these alloys should favor
grain boundary segregation of solute atoms. The large
negative enthalpy of mixing suggests that once segregates
form on a grain boundary, the solute atoms should resist the
formation of the several Fe—Zr intermetallic phases indi-
cated by the phase diagram [49]. These thermodynamic
data suggest that nanocrystalline Fe(Zr) should be an ideal
system for a study of thermodynamic grain size stabiliza-
tion. The nanocrystalline Fe(Zr) alloys were prepared by
ball milling of the elemental powders at compositions of 1,
4,7, and 10 atomic percent Zr. Milling was carried out for
20 hours at room temperature. The milled powders, after
characterization for grain size, were subsequently heat
treated at 340, 500, 700, 850, 1,000, 1,150, and 1,375 °C for
60 minutes in an Ar/2%H atmosphere. The as-milled
powders showed metastable solid solubility for all the
alloys (1-10 at.% Zr) studied. On annealing, precipitation
of Fe,Zr was observed at 1,000 °C for the 7 at.% Zr alloy,
and at 500 °C for the 10 at.% Zr alloy. The 1 and 4 at.% Zr
alloys maintained complete solubility (from X-ray diffrac-
tion measurements) at all annealing temperatures and times
including 1,375 °C for one hour. On isothermal annealing it
was found that the grain size grew initially, and then
stagnated with further annealing time. At the same time the
lattice parameter of the Fe (Zr) solid solution decreased
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rapidly toward that of pure Fe. These results are illustrated
in Fig. 3 for the Fe-4 at.% Zr alloy annealed at 800 °C. The
drop in lattice parameter on annealing must mean that Zr
solute atoms leave the Fe lattice and segregate to the grain
boundaries. However, energy dispersive spectroscopy
(EDS) showed that some Zr segregation to the particle
surfaces also occurred. Therefore, a precise analysis of the
amount of Zr segregated to the grain boundaries was not
possible. The grain size versus T/Ty;, where T is the
annealing temperature and Ty is the liquidus temperature of
the alloy, is given in Fig. 4 for nanocrystalline Fe, Fe-10
at.% Cr, Fe-1 at.% Zr, and Fe-4 at.% Zr. It is evident that
the grain size of pure nanocrystalline Fe grows to greater
than 100 nm at temperatures below about 0.5 7/T\;. The
addition of 10 wt.% Cr to nanocrystalline Fe has little effect
of the grain size stabilization, as might be expected since Cr
has a similar atomic size to Fe and the elastic enthalpy
is ~ 0 such that complete solubility is observed and little
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Fig. 4 Grain size versus reduced annealing temperature (7/7y,) for Fe
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[50]

grain boundary segregation is likely. However, both the 1
and 4 at.% Zr additions to nanocrystalline Fe resulted in
significant stabilization of the grains with little difference
between the 1 and 4 at.% Zr alloys. There is very little grain
growth in the Fe-1 at.% Zr nanocrystalline alloy until about
0.5 T/T\;. However, this grain growth stops at a temperature
between 0.6 and 0.7 T/Ty; and, remarkably, stays about
constant up to temperatures near the melting point, i.e., 92—
95% of T\1. Based on a simple estimate, and the observation
of surface segregation and lattice parameter change in the
Fe-1 at.% Zr alloy, it appears that stabilization can be
achieved with less than a monolayer of Zr on the grain
boundaries. Increasing the solute content to 4 at.% Zr
produced no additional stabilization and no intermediate
phases.

A very detailed study of grain boundary segregation has
been carried out by Detor and Schuh in nanocrystalline Ni—
W alloys made by electrodeposition [50, 51]. The elastic
enthalpy for W solute in Ni is estimated to be 60 kJ/mol
[45] although there is significant solid solubility of W in Ni
of >10 at.% W [52]. From precise lattice parameter mea-
surements as a function of W composition [50] and from
atomistic computer simulations [51] and atom-probe
tomography [53], it was determined that the segregation
tendency for W to grain boundaries in Ni is weak. Segre-
gation energy decreased with W addition from a dilute limit
value owing to solute—solute interactions in the grain
boundaries. The grain boundary energy decreased with W
additions but did not reach zero for any composition or
grain size considered. Detor and Schuh [54] have subse-
quently measured the grain growth in their electrodeposited
nanocrystalline Ni-W alloys. The as-deposited grain size
was a function of composition, with the smallest grain sizes
(3 nm) corresponding to the highest W content (21 at.%)
and the largest grain size (70 nm) for the lowest W con-
centration (6 at.%). The grain size for three Ni-W samples
is plotted versus reduced annealing temperature (7/Ty;) in
Fig. 5. These data were obtained by analysis of X-ray dif-
fraction line broadening. However, TEM studies on these
samples showed good agreement with the X-ray data and
gave no evidence for abnormal grain growth. While good
stabilization compared to pure Ni occurs for these alloys up
to about 7/T\; = 0.4, significant grain growth begins by
T/Ty ~ 0.5 and the grains grow to above 100 nm (out of
the nanoscale regime) by 0.6-0.7. The initial grain sizes of
the electrodeposited alloys, and the stabilization, are strong
functions of the W concentration. The Ni-21 at.% W alloy
with as-deposited grain size of 3 nm is the most stable. It
does precipitate the intermetallic compound NiyW at the
highest annealing temperature of 900 °C. The lower W
content alloys maintain the fcc solid solution structure up to
this temperature. The grain growth curves for the three
alloys shown in Fig. 5 appear to be almost parallel. This
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suggests that the stabilization effectiveness for the various
alloys may be similar if they were normalized to the same
as-deposited grain size. Whether the stabilization is par-
tially due to solute drag or thermodynamic stabilization is
not clear although reduction in grain boundary energy was
determined [51].

The dependence of as-deposited grain size on composi-
tion in nanocrystalline alloys prepared by electrodeposition
had been clearly noted in Ni—P alloys [36]. The authors
studied the microstructures of Ni—P alloys including the
grain boundary segregation with tomographic atom probe
analysis. The composition dependence of the grain size was
explained by assuming a metastable grain boundary phase,
of 15 at.% P, and thickness of 0.8 nm and using a mass
balance calculation. It was possible to predict the grain
size—P concentration relationship in as-deposited and
annealed alloys. For low P content (less than about 5 at.%)
the grain size increased upon annealing, while at the higher
concentrations (>10 at.%) there was little difference
between the as-deposited and annealed grain size. These
were for annealing temperatures around 300 °C which are
below the critical temperature where Ni;P formation starts.
At 15 at.% P the samples become amorphous—in a sense,
become “all grain boundary.” This same approach might
also apply to the Ni—-W nanocrystalline alloys made by
electrodeposition, as discussed above. Whether similar ideas
can be applied to nanocrystalline alloys made by other
methods such as ball milling is problematic.

Nanocrystalline Co-1.1 at.% P was prepared by pulsed
electrodeposition [55]. Its thermal stability was studied by
a variety of characterization methods including tomo-
graphic atom probe analysis. The thermal stability of the
alloy at temperatures below about 733 K was attributed to
the reduction in grain boundary energy due to segregation
of P to the grain boundaries. At temperatures between 673
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and 733 K, the allotropic phase transformation, hcp—Co to
fcc—Co, occurs and abnormal grain growth is observed. It
was suggested that there is a synergistic relationship
between the abnormal grain growth and the phase
transformation.

Recrystallization during grain growth
of nanocrystalline materials

There is one example of the apparent recrystallization of
the nanocrystalline grain structure during annealing. That is
the work of Sun et al. [56] on nanocrystalline Ti produced
by cryomilling. That is, the Ti powder was milled in liquid
nitrogen. A fine grain size of about 20 nm was obtained
along with the addition of about 2 wt.% nitrogen. The
nitrogen was in solid solution in the hcp Ti matrix. The
grain size, as determined by X-ray diffraction and checked
by TEM, increased up to about 80 nm at 350 °C. At
slightly higher annealing temperatures the samples under-
went a dramatic recrystallization phenomenon and the
average grain size decreased to about 15 nm. Annealing at
temperatures up to 720 °C resulted in a small increase in
average grain size to about 27 nm. These grain size results
are plotted in Fig. 6 versus normalized annealing temper-
ature, 7/Ty;. The authors attribute the recrystallization
reaction to the reordering of the nitrogen atoms in the
octahedral interstices in the hcp Ti phase. No annealing
was carried out above the temperature where the hcp phase
transforms to the bec structure. It is not clear how general
such recrystallization phenomena may be in terms of pro-
viding decreased grain sizes in nanocrystalline materials at
elevated temperatures. Preliminary results [57] in our lab-
oratory suggest, in fact, that such behavior may be seen in
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Fig. 6 Grain size versus reduced annealing temperature (7/7y) for
Ti-2 wt.% N; data from ref. [59]
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other alloy systems. More research is needed to confirm
these results and define the mechanism responsible.

Summary: examples of nanoscale grain size
stabilization at high homologous temperatures

We have described the stabilization of nanocrystalline grain
sizes to temperatures approaching the melting point of the
alloys in the Pd—Zr [45] and Fe—Zr [48] systems. In addition,
Botcharova et al. [58] have reported high stability of the
nanocrystalline Cu matrix in Cu—Nb alloys. Nanocrystalline
Cu and Cu-Nb alloys were prepared by the consolidation of
mechanically alloyed powder. The alloys showed a micro-
structure with a grain size below 50 nm. Cu and Nb have
little mutual solid solubility in equilibrium. Previous studies
of the ball milling of Cu and Nb powders have suggested
that about 3—4 at.% Nb metastable solid solution can be
formed in Cu milled at room temperature [59] or up to about
10 at.% Nb in Cu milled at liquid nitrogen temperature [60].
The study of Botcharova et al. [58] did not report the
as-milled microstructure, but after consolidation at different
temperatures (600, 700, and 800 °C) Nb precipitates were
seen in the alloys studied (5, 7, and 10 at.% Nb). On sub-
sequent annealing the Nb particles coarsened significantly
while the Cu matrix grain size showed some growth, but
remarkable stability. At 1,000 °C, 0.94 of the melting
temperature, the Nb precipitates had grown to about 600 nm
while the Cu grains for the Cu-10 at.% Nb alloy remained at
about 50 nm. No explanations were offered for this
behavior.

For the cases of grain size stabilization in the Pd—Zr
[47} and Fe-Zr [50} alloys, it seems likely that thermo-
dynamic stabilization mechanisms are important. In fact,
Krill et al. state [ref. 47 p. 1140] that “only the thermo-
dynamics of segregation provide a credible explanation for
the lack of grain growth at higher temperatures.” The case
of the Cu-Nb alloys is more complex since there is the
presence of the second phase Nb particles along with
metastable solid solution of Nb in Cu.

It is now clear that significant stabilization of nano-
crystalline grain structures can be achieved up to
temperatures near the melting point of the alloys. The
detailed mechanisms responsible still require clarification.
The intriguing possibility of recrystallization phenomena
opening up a wide range of alloys with nanocrystalline
grains at high temperatures to make feasible consolidation
of particulates is an area deserving of further study.
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