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Applying the regular solution model, the Gibbs free energy of mixing for substitutional binary
alloy system was constructed. Then, thermodynamic and kinetic parameters, e.g., driving force
and solute drag force, controlling nanoscale grain growth of substitutional binary alloy systems
were derived and compared to their generally accepted definitions and interpretations. It is
suggested that for an actual grain growth process, the classical driving force P = y/D (y the
grain boundary (GB) energy, D the grain size) should be replaced by a new expression, i.e.,
P’ =1vy/D — AP. AP represents the energy required to adjust nonequilibrium solute distribution
to equilibrium solute distribution, which is equivalent to the generally accepted solute drag force
impeding GB migration. By incorporating the derived new driving force for grain growth into
the classical grain growth model, the reported grain growth behaviors of nanocrystalline Fe-4at.
pct Zr and Pd-19at. pct Zr alloys were analyzed. On this basis, the effect of thermodynamic and
kinetic parameters (i.e., P, AP and the GB mobility (M“®)) on nanoscale grain growth, were
investigated. Upon grain growth, the decrease of P is caused by the reduction of y as a result of
solute segregation in GBs; the decrease of AP is, however, due to the decrease of grain growth
velocity; whereas the decrease of M©® is attributed to the enhanced difference of solute molar
fractions between the bulk and the GBs as well as the increased activation energy for GB

diffusion.
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I. INTRODUCTION

NANOCRYSTALLINE materials exhibit many
unique properties which are normally superior to their
coarse-grained counterparts, and therefore have great
potentials in a variety of applications.!' > However, due
to a high volume fraction of grain boundaries (GBs), the
driving force for grain coarsening of the nanocrystalline
materials is rather high, and the thermal stability of this
kind of materials is poor. Many pure nanocrystalline
metals, e.g., Sn, Pb, Al, Mg, Cu, and Pd, ete. o are
subjected to apparent grain coarsening even at room
temperature. This strongly hinders the applications of
these materials. Therefore, enhancing thermal stability
of nanocrystalline materials is a fundamentally impor-
tant issue regarding the applications of nanocrystalline
materials.
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METALLURGICAL AND MATERIALS TRANSACTIONS A

According to the classical grain growth theory,!%'!

the velocity of grain growth (dD/d¢) is expressed by the

product of driving force (P = y/D) and GB mobility
(MP),

%):MGB.P:MGB% 1]

Accordingly, the enhanced thermal stability of
nanocrystalline materials can be achieved by either
reducing the driving force or reducing the GB mobility.
It has been demonstrated widely that both of the above
two strategies can be achieved by alloying foreign
elements.!""'¥ Therefore, understanding the alloying
effects on grain growth of nanocrystalline materials will
be essentially important for enhancing their thermal
stability. So far, plenty of efforts and progresses!'> =
have been reported in evaluating the alloying effects
both thermodynamically and kinetically. However, sev-
eral issues are still required to be clarified, which are
summarized briefly below.

A. Thermodynamic Description for Grain Growth of
Nanocrystalline Alloy System

Thermodynamic descriptions of a nanocrystalline
alloy system have been carried out by Weissmiiller,!'*"!
and other authors,!'*1%?* 33 yielding a conclusion that
the minimum of Gibbs energy of a system corresponds
to a zero GB energy caused by solute segregation.
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Basically, the reported models assume an equilibrium
solute distribution* in the bulk and GB phases, and thus

*The equilibrium solute distribution referred in the context is not
equivalent to the equilibrium state of the system but only means the
solute distribution in bulk and GB follows the equilibrium GB segre-
gation equation.

follow the equ111br1um GB segregatlon equation, e. g,
Mclean’s model.**! This means, at a glven state, name

a given D, the solute molar fractions in the bulk (Xz)
and GBs (XGB) are determined by the equilibrium GB
segregation equation. However, for an actual grain
growth process, the nonequilibrium system prevails, and
in turn, the solute distribution will no longer follow the
equ111br1um GB segregatlon equation, thus leading to
deV1at10ns of X° and X°® from their equilibrium
values.’**5! As a consequence, the above-mentioned
thermodynamlc descriptions will not be suitable for the
actual grain growth. Hence, how the nonequilibrium
solute distribution affects the thermodynamics of an
actual grain growth process will need a detailed analysis.

B. Solute Drag in an Actual Grain Growth Process

It is generally accepted that, kinetically, for an actual
grain growth process, the asymmetric distribution of
solute in the vicinity of GBs causes the solute drag effect
on migration of GBs.120:21 By incorporation of the
solute drag force Py, into Eq. [1], the grain growth
equation considering the solute drag effect can be
expressed as?>243¢!

5 = MGB (P - Psolute) [2]

However, this kind of approaches incorporates arbi-
trarily the kinetic effect (solute drag force) into the
thermodynamic term (driving force). Whether this
treatment is physically meaningful deserves a further
analysis.

A widely accezpted form of solute drag force was
defined by Cahn!*"

dE
Pyolute = —Ny / (XGB - dy dy [3]

where N, dE/dy, XOB, X° and y are the number of
atoms in the GB phase, the interaction energy between
solute and GB, the compositional profile of solute at
GB, an constant solute molar fraction, and the distance
of an atom from GB, respectively. Since it is difficult to
solve analytically the compositional profile at the GB,
Eq. [3] is hardly used to describe quantitatively the
solute drag effect on grain growth. Although some
simplified solute drag models are subsequently proposed
by assuming the difference between solute molar frac-
tions in the bulk and GB phases is proportional to D,
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and then used to describe the solute drag effect on the
nanoscale grain growth.”*>* However, this assumption
actually lacks of theoretical supports and on the other
hand, brings unclear constants to the models.**%?

C. Evolution of Thermodynamic and Kinetic Parameters
upon an Actual Grain Growth

For an ideal parabolic grain growth of pure poly-
crystalline metals, the thermodynamic and Kkinetic
parameters involved in grain growth equation, i.e.,
the GB energy and the GB mobility, are constant.
When solute elements are introduced, solute distribu-
tions in the system will be changing during grain
growth. In this case, interactions between the solute
and the GB are bound to change these thermodynamic
and kinetic parameters. This has been modeled exten-
sively both thermodynamically!’> ' and kineti-
cally.?*?! However, early investigations on the
thermodynamic and kinetic effects are more or less
independent, without considering the interplay in
between. This may limit the understanding of the
effects of the thermodynamic and kinetic parameters
on the grain growth of nanocrystalhne materials. As
stated by Borisov,””! upon grain growth, GB mobility
is related to GB energy, which implies that during
grain growth thermodynamics and kinetics of a system
may actually be linked. Recently, Chen er al.*® estab-
lished a thermokinetic model for the grain growth in
nanocrystalline alloy systems and linked the GB energy
with the activation energy. On this basis, the authors
found that upon grain growth a decrease of GB energy
is accompanied with an increase of activation energy.
However, Chen et al’s work does not consider the
effect of the difference between the solute molar
fractions in bulk and GB (ie., X°® — X°). As sug-
gested by Molodov et al.,®® the change of X°® — x°
also plays a role in determlmng the GB mobility. A
further quantitative analysis on the evolution of
thermodynamic and kinetic parameters during an
actual grain growth is, therefore, essential for under-
standing the effects of these parameters on the grain
growth behaviors.

In order to clarify the above-mentioned issues, the
thermodynamic and kinetic effects of alloying on the
nanoscale grain growth of substitutional binary alloy
systems will be analyzed in this work. First, adoPtlng a
regular solution model proposed by Trelewicz!!” and
Saber,!"®!"! the molar Gibbs free energy of mixing for an
actual grain growth process is constructed in Section II.
Then, the driving force for grain growth considering
nonequilibrium solute distribution is derived in Section
III. On this basis, a new grain growth equation in
combination with the changed GB mobility is obtained
in Section III. In Section IV, applying the derived
model, the grain growth behaviors of two nanocrys-
talline substitutional alloys, i.e., Fe-4at. pct Zr and
Pd-19at. pct Zr, are analyzed and the effects of the
thermodynamic and kinetic parameters on the grain
growth are illuminated.
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II. GIBBS FREE ENERGY OF MIXING

According to References 17 and 18, for nanocrys-
talline alloy systems, the Gibbs free energy of mixing
depends on three variables, i.e., X°®, X and D. Upon
grain growth, the evolutions of these parameters deter-
mine the change of the Gibbs free energy of mixing. In
order to illuminate the difference between the equilib-
rium solute distribution and the nonequilibrium solute
distribution upon grain growth, we define two kinds of
kinetic grain growth processes.

1. Grain growth assuming equilibrium solute distribu-
tion. In this process, the solute distribution in the
bulk and GB phases is determined by the equilib-
rium GB segregation equation.

2.  Grain growth considering nonequilibrium solute dis-
tribution. In this process, the solute distribution in
the bulk and GB phases does not follow the
equilibrium GB segregation equation. Solute molar
fractions in the bulk and GB phases deviate from
their equilibrium values.

A. Constructions of Gibbs Free Energy of Mixing

1. Gibbs free energy of mixing assuming equilibrium
solute distribution

In order to construct the total Gibbs free energy of
the system, the regular solution model proposed by
Trelewicz!'” and Saber'®!”! is adopted. Following the
approaches of Hillert®” and Saber,""® molar Gibbs free
energy of mixing (MGFEM) for a polycrystalline alloy
system (Gpiy) 1s derived as (see Appendix A)

Gmix = 0zX°(1 — X*) (1 — f) + 0wzXB(1 — XOB)f
+ (XBoaps + (1 — XP)opyg)f + Hetas XBf
+RT{(1 = NH[X°InX* + (1 - X*) In(1 — X°)]
HXP I X 4+ (1 - xP)In(1-Xx®)]} 4]

where w, z, o, 0a, 0B, VA, VB, Helas, and f are the inter-
action energy, the coordination number, the scale factor
of bond energy between the bulk and GB, the molar
GB areas of solute (A) and solvent (B) atoms, the GB
energies of solute (A) and solvent (B) atoms, the elastic
energy due to atomic size mismatch, and the volume
fraction of GBs, respectively. The terms wzX®(1 — X°)
(1 N+ wuzXB(1 — XB)f, (X5B 5,00 + (1 — X9B)
7808)f, Heas XOBf and RT{(1 — /) [X*InX*+ (1 — X?)In
(1= X°)] + f[XBInXYB + (1 — XB)In(1— XB)]} cor-
respond to the contributions of enthalpy of mixing of
bulk and GB, the energy penalty required to form GB,
the elastic energy induced by atomic size mismatch, and
the contributions of entropy of mixing of bulk and GB,
respectively. Separating these terms and restructuring
them according to their contributions, the MGFEM of
bulk (G®..) and GB (GSB) are expressed as

mix mix
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Goi = 0zX° (1= X°) + RT[X°InX* + (1 - X°) In(1— X*)]
[Sal

GSB —ow)zXGB(l —XGB) + (XGBO'AyA + (1 —XGB)O'BVB)

+Hoos XO8 + RT[XB1n X9® + (1 — X9®) In(1 — X9®)]
[Sb]

Comparing Eq. [4] to Eq. [5], Gmix (Eq.[4]) can be
rewritten as

Gmix = (1 _f)G:’IiX +fGani]?< [6]

2. Gibbs free energy of mixing considering nonequilib-
rium solute distribution
For an actual grain growth process, the solute diffusion
is slower than the GB motion, so that an asymmetric
solute distribution along the GB is always expected.[**"!
In this case, the average solute molar fraction in the bulk
and GB ?hases will deviate from their equilibrium
values.?**! By introducing two increments of deviations
AXY® and AX®, X°® and X® in the case of nonequilib-
rium solute distribution will be replaced by X2 + AXS®B
and X® + AX®, respectively. Following Eq. [5], MGFEM
in the actual grain growth process is then modified as
GPh. = Gh. + AGY [7a]

mix mix mix

GoY = Goi + AGOR

mix mix mix

[7b]

where AGY. and AGSE represent the additional energy
. . B
contributions to MGFEM due to AX® and AX“®, respec-

tively. By comparing Eq. [7] to Eq. [5], AG®,, and AGSE
are derived as**

**It should be noted the second term of Taylor expansion was
omitted in the current derivation, since it was concluded (not shown
here) that omitting this term leads only to rather small changes in the
values of G®. and GSB related parameters, and to significant predi-

gestion of the current model.

X+ Ax®
b _ S
AGY, = wzAX®(1 — 2X*) + RTAX® I
(8a]
AGSE = ocszXGB(l - XGB) + AXCB(gays — oBYB)
XGB o+ AXGB
H,sAXC® + RTAXCB]
e * M7= XxGB — AxGE
[8b]
Similar to Eq. [6], the MGFEM G/ ., can be given as
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By substituting Eq. [7] into Eq. [9] and assuming
AGpix = (1 — HAG®. + fAGSB . Eq. [9] is then rewritten

mix mix’
as
;nix = Gmix + AGmix [10]

B. Evolution of Gibbs Free Energy of Mixing upon Grain
Growth

Upon grain growth, GB area decreases continuously,
leading to the redistribution of solute in the bulk and
GB phases, and thus the change of the MGFEM. The
solute redistribution in the bulk and GB phases should
follow two constraint conditions: (1) mass conservation
law, and (2) solute segregation equation.

The mass conservation equation for solute distribu-
tion in the bulk and GB phases can be written as

XP(1—f) + X5Bf=x° [11]

where X? is the total solute molar fraction. For a con-
stant GB thickness 26, f can be expressed as a function

of D:
f=1- (DT_é)s 12

At a given state (D), X* and X°® can be correlated by
the following solute segregation equation:

XGB Xxb Hy.
I—XGBZI—XbeXp<R7%> [13]

In the general treatments, e.g., Mclean’s segregation
model,*! the segregation enthalpy Hie, is assumed as a
constant. This is practical for a relatively low X5,
where the solute—solute interaction is negligible. How-
ever, for a high X°®, the solute—solute interaction may
influence Hj,, which will no longer be a constant.*! In
Appendix B, an expression of Hg, considering the
solute—solute interaction is derived as

Hyey = Hy — C1 X8 + 0o X° [14]

with  Hy = wz — awz — (6a74 — 0BYg) — Heas, C1 =
—2amwz and C, = —2mz. In the following model deriva-
tion, X* and X°® will follow Eq.[13] with the new
expression of Hye, (Eq. [14]).

On this basis, applying the above two constraint
conditions, X® and can be expressed as functions of
D by solving Eqgs. [11] through [13]. Then, for the grain
growth assuming the equilibrium solute distribution,
substituting Eq. [12] into Eq. [6], the evolution of
MGFEM upon grain growth can be expressed as a
function of D:

D -6\’ D -6\’
a0 = (25) et (1- (%) it

[15]
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While for the grain growth considering the nonequi-
librium solute distribution, Eq. [15] will be replaced by

D -6\’ D -6\’
6r0) = (252) 1= (252) ot

[16]

III. DRIVING FORCE FOR GRAIN GROWTH
AND A NEW GRAIN GROWTH EQUATION

Driving force for grain growth corresponds to the
reduction of Gibbs free energy of the system against
volumetric change of the system (dV), which can be
given as

Vin Vi
Vo Vbidp

dD
dV:VD( >:3Vm [17]
D
where Vp and Vp 4 gp denote the volume of spherical
grain with grain size D and D + dD, respectively. Then
the driving force for grain growth assuming the equi-
librium solute distribution (P) can be given by
_dGmix(D) D dGnix(D)

P= v~ 3V, dbD [18]

For grain growth considering the nonequilibrium
solute distribution, the driving force (P) can be

expressed as
B dGi . (D) D dGnix(D) + dAGix (D)

/ —
F= dv  3Vn dD

(19]

A. Driving Force Assuming Equilibrium Solute
Distribution

Before proceeding with the following derivations, it is
necessary to clarify two different definitions of the
chemical potential of solute in GB (u$®) and bulk (u%)
in the literature.">'>*1 When solute distribution
between GB and bulk reaches equilibrium state, accord-
ing to References 15 and 39, u§® and 1} follow the
following relationship:

HR" = i} =A% [20]

with 49® as the molar GB area.
By solving Eq. [18] mathematically (see Appendix C),
the driving force for grain growth can be obtained as

0 0 mix A
P=— (Ga_f(D)_ 2(X9® — Xb)> 1 [21]

Vin D
where Z is the Lagrangian multiplier (see Appendix B).
Following the approaches of Hillert™ and Krill,!'
the Gibbs free energy of bulk and GB for a binary
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Fig. 1—Gibbs free energy diagram for a binary polycrystalline alloy
system. G® and GOP represent the molar Gibbs free energies of bulk
and GB, respectively. p&, u$B, b, and u§B are chemical potentials.
The superscripts A and B, and the subscripts b and GB represent so-
lute and solvent, bulk, and grain boundary, respectively.

polycrystalline alloy system is illustrated in Figure 1,
where two identical slopes of tangents at X°® and X® for
GB and bulk, i.c., gf(gg and g%, correspond to the
Lagrangian multipliers as defined in Appendix B (see
Eq. [B3]). Then, u& and u§® can be written as

8GGB
0X6B

b
,ug:Gb—O—ai(l—Xb),

o uSB = G9B 4

(1-x°%)
22]

Substituting Eqs. [22] and [B3] into Eq. [20], one can
obtain

1 [0G
y=—— (= — A(XB — x° 23
/) = 4GB ( of ( ) [23]
where G (=fG°B + (1 — /)G®) denotes the Gibbs free
energy of system. According to References 17 and 18,
G and Gy« follow the energy conservation equation,
i.e., —Gmix + G = Giora, Where G represents the
total Gibbs free energy of system before mixing. Dif-
ferentiating this equation yields %—?:0%—';‘.“. Accord-
ingly, Eq. [23] can be rewritten as '

1 [(0Guix(D) B
?=—G8 <7a P A(XOP — X°) [24]
Since 49 = V,,/5, by comparing Eq. [24] to Eq. [21],
the driving force for grain growth in the case of equi-
librium solute distribution can be obtained as

P=1 [25]

Equation [25] has the similar form to the classical
definition of driving force for grain growth. However,
the classical grain growth equation (Eq. [1]) is developed
for pure polycrystalline metals, where 7 is a constant; in
alloy system, y becomes no longer a constant, but a
function of D, ¢f. Eq. [24].

METALLURGICAL AND MATERIALS TRANSACTIONS A

B. Driving Force Considering Nonequilibrium Solute
Distribution

Equation [25] is obtained by assuming the equilibrium
solute distribution during grain growth, and therefore
cannot represent the driving force for an actual grain
growth where the nonequilibrium solute distribution
prevails. Substituting Eq. [18] into Eq. [19], the driving
force for grain growth considering the nonequilibrium
solute distribution can be expressed as

_ [0Gmin(D)

— (X8 — xb
P o M )
5 1 D dAGwi(D) 7 D dAGpix(D)
VmaD 3V, dD D 3V, dD
26]
Compared to Eq.[25], one additional term

33“] dAG&“g(m appears in Eq. [26]. This term is defined as

AP, which is totally due to the existence of AX“® and
AX® in the case of nonequilibrium solute distribution.
Therefore, this additional term actually corresponds to
the energy required to adjust the nonequilibrium solute
distribution to the equilibrium one. Since the nonequi-
librium solute distribution is always expected in an
actual grain growth process, the driving force for the
actual grain growth should not conform its classical
definition, i.e., P = y/D, but be separated into the part
to drive GB migration and the part to adjust solute
molar fractions from their nonequilibrium values to the
equilibrium ones. The additional term AP can thus be
considered as the force impeding GB migration, in other
words, the solute drag force. This is compatible with the
combination of driving force and drag force as Eq. [2].
So far, it becomes clear that the incorporation of solute
drag force into driving force in the grain growth
equation (Eq. [2]) is physically meaningful.

C. A New Grain Growth Equation

By incorporating the driving force for grain growth
considering the nonequilibrium solute distribution
(Eq. [26]) into Eq. [1], the grain growth equation can
be presented as

C:T? _ MOBp — pfCB (% _ AP), 27]

where the effect of solute segregation on M“® has been
well accounted for using a model established by Molodov
et al.B¥ yiz.,

B _ VmDGB
M = ORT(XCB — X?) 28]

where D92 (:DOGB exp(— %)) represents the solute
diffusion coefficient in the GB’phase. As referred to in
Chen’s work,*” the activation energy for GB diffusion
0°® is not a constant but related to the activation
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energy for bulk diffusion Q° and GB energy 7 by the
following equation:

0%® = 0" — 4" [29]

Combining Eqgs. [27] through [29] thus gives an
improved grain growth equation:

ap  D§Pexp(~2H2)
At~ RT(XSB—Xxb) 5

(% - AP) [30]

Compared to the classical grain growth equation
(Eq. [1]), this new equation considers the concurrent
changes of GB energy, solute drag force, and GB
mobility, as well as the nonequilibrium solute distribu-
tion during grain growth, and therefore, will be more
appropriate to describe the actual grain growth behav-
iors of nanocrystalline alloy systems.

IV. ANALYSES OF ACTUAL GRAIN GROWTH
BEHAVIORS OF NANOCRYSTALLINE SUBSTI-
TUTIONAL BINARY ALLOYS

In this section, the present model will be used to
describe the experimental results obtained in nanocrys-

talline Fe-4at. pct Zr'** and Pd-19at. pct Zr!"! alloys,
where Zr is substitutional solute element. Evolution of
three controlling parameters, i.e., the driving force, the
solute drag force, and the GB mobility, upon grain
growth will be evaluated and discussed.

A. Comparison of Model Calculations with Experimental
Results

The values of the physical parameters are listed in
Table I. Due to lack of reference sources, two fitting
parameters, ie., O° and o are taken. By using
0 = 0.4 nm," the D-r curves for nanocrystalline
Fe-4at. pct Zr and Pd-19at. pct Zr alloys were calculated
by solving Eq. [30] numerically, Figures 2(a) and (b). It
is shown that the calculated D-¢ curves (the solid lines)
exhibit fairly good agreements with the experimental
data for both alloys. For the two alloys, the grain size
increases rapidly in the early stage of grain growth; as
the annealing time increases further, the grain grows
slowly; in the late stage of grain growth, the grain size
approaches a saturated value (marked by the dash lines
in Figures 2(a) and (b)).

For Fe-4at. pct Zr alloy, Q is fitted as 242 kJ/mol
which is similar to the activation energy for bulk
self-diffusion of Fe (251-282 kJ/mol*®). The slight
deviation between the two values may be caused by

Table I. The Values of the Physical Parameters of Fe-4at. Pct Zr and Pd-19at. Pct Zr Alloys (A = Solute and B = Solvent)
Alloys
Parameters Fe-4at. Pct Zr Pd-19at. Pct Zr
z 8 12
o (A = Vima/d, m?/mol) (Ref. [17]) 34,979 34,979
o (0B = Vinp/9, m?/mol) (Ref. [17]) 17,769 22,135
VA (J/m?) (Refs. [43, 44]) 0.636 0.636
Vg (J/m?) (Refs. [15, 43, 44]) 0.805 0.7
Hy,s (kJ/mol) (Refs. [45, 46]) —109.3 —174
o (kJ/mol) (w = 4H,;,/z, Ref. [47]) —12.5 —30.333
0° (kJ/mol) (fitted) 242 225
o (fitted) 0.758 0.616
30+ Saturated grain size ] BT Saturated grain size _/:
16 B

= Expermental data, Ref. [42]

grain size, D (nm)

15+ Calculated by Eq. (30)
104
5+ ; . : : ——]
0 15 30 45 60 190 200
annealing time, t (min)
(a)

= Experimental data, Ref. [15]
Calculated by Eq. (30)

grain size, D (nm)

0 500 1000 1500 5000
annealing time, t (min)
(b)

Fig. 2—Evolution of grain size (D) as a function of annealing time () for (a) Fe-4at. pct Zr alloy at 1073 K and (b) Pd-19at. pct Zr alloy at
873 K. The solid lines were calculated by Eq. [30]. The closed squares are experimental data cited from Refs. [15, 42]. The dash lines mark the

calculated saturated grain sizes.
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the promotion of Fe diffusion by Zr.***’! For Pd-19at.
pet Zr alloy, the fitted Q° (225 kJ/mol) is again close to
the activation energy for bulk self-diffusion of Pd
(266 kJ/mol),*® and the small deviation can be ascribed
to the same reason for Fe-4at. pct Zr alloy. In addition,
o 1s fitted as 0.758 for Fe-4at. pct Zr and 0.616 for
Pd-19 at. pct Zr alloys, which are in a reasonable scale
of agreement with 0.33-1 suggested in Reference 18.

B. Evolution of Driving Force upon Grain Growth

1. Driving force assuming equilibrium solute distribu-
tion

Assuming the equilibrium solute distribution, the
driving force for grain growth corresponds to P(=1y/D),
where, using Eqs. [24] and [25], y and P were calculated
and are shown in Figures 3 and 4, respectively. With the
increasing D, both y and P decrease continuously and
approach zero in the late stage of grain growth.

The approach of P to zero upon grain growth can be
ascribed to the reduction of GB energy, which has been
discussed extensivelP/ and is attributed to the solute
segregation in GBs.!'"*!*°°2 The kinetic reduction of

12
0 40.5
— 0.104 &
£ {04 €
S ~
< 0.08- <
= Maximum grain size 1°3 =
E 0.06 observed in experiments T'J
& w
§ 0.04- Calculated saturated 102 \é
s grain size 1 ©
5 ;
@ 0.02- 1% o
o O

0.00 : . ; r— 00

5 10 15 20 25

grain size, D (nm)

Fig. 3—Evolution of y as a function of D for Fe-4at. pct Zr and
Pd-19at. pct Zr alloys calculated using Eq. [24]. The physical param-
eters adopted in the calculations are listed in Table 1.

10
P --- Eq. (25)
81 .~ —Eq.(26)
--—- Eq. (31)

driving/drag force(107J/m®)

5 10 15 20 25
grain size, D (nm)
(a)

GB energy during grain growth has been less studied.
The only relevant research was reported in Reference 26,
wherein the evolution of GB energy with time was
performed but involved an assumption that X% — x® s
proportional to D. This assumption is to some extent
arbitrary and may not be suitable for true cases. This
defect has been overcome in the present model, because
X9Band X can be obtained directly by solving Eqgs. [11]
through [13] numerically. As shown in Figures 5(a) and
(b), X°B and X®, as well as X8 — increase contin-
uously with the increasing D, indicating that the solute
segregation in GBs is enhanced during grain growth.
Along with the increases of XOB, x® and X°B — X®, the
GB energies of the two alloys decrease continuously,
Figure 3. Once D reaches the calculated saturated grain
size marked in Figures 2(a) and (b), the GB energy
drops to zero. This suggests that the stagnation of grain
growth can be attributed to the vanished GB
energy/driving force. Apparently, during grain growth,
the continuous increase of — enhances the
solute segregation in GBs, and, in turn, leads to the
continuous reduction of GB energy and final attainment
of zero GB energy. It is further noted from Figures 5(a)
and (b) that the evolution of X°® with D does not follow
a linear law shown by Krill ez al. "> This is probably
caused by the solute—solute interaction which reduces
the GB segregation enthalpy and leads to a smaller X®
compared with the case of linear law.

2. Driving force considering nonequilibrium solute
distribution

Considering the nonequilibrium solute distribution
during grain growth, the driving force for grain growth
corresponds to P'(=y/D — AP). Using Eq. [26], P’ as a
function of D for the two alloys was calculated and is
shown in Figures 4(a) and (b). In contrast to P, P’
increases first, then decreases continuously, and
approaches zero in the late stage of grain growth. Once
grain growth starts, P’ is only about 35 pct of P for
Fe-4at. pct Zr and about 45 pct of P for Pd-19at. pct Zr.
As grain growth proceeds, the difference between P and
P’ decreases and vanishes finally.

2.0

154 °

/ ---- Eq. (25)

—-—- Eq.(26)

driving/drag force (107 J/m®)

grain size (nm)

(b)

Fig. 4—Evolution of P, P’, and AP as functions of D for (a) Fe-4at. pct Zr and (b) Pd-19at. pct Zr alloys. The dash, solid, and dot lines were
calculated using Egs. [25], [26], and [31], respectively. The calculated parameters are listed in Table I.
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Fig. 5—Evolution of X°B, X*, and X°B — X® as functions of D for (a) Fe-4at. pct Zr and (b) Pd-19at. pet Zr alloys. The curves were calculated
by solving Egs. [11] through [13]. The physical parameters adopted in the calculations are listed in Table 1.

Since P’ consists of two parts, P and AP, the deviation
of P from P’ is certainly caused by AP. As mentioned
before, AP stands for the energy required to adjust the
nonequilibrium solute distribution to the equilibrium
solute distribution. Therefore, the magnitude of AP
depends on the degree of deviation from the nonequi-
librium to the equilibrium solute distribution. At a
higher grain growth velocity, this deviation becomes
more significant, and thus, a higher energy (i.e., AP) will
be predicted. From Figures 2(a) and (b), in the begin-
ning of grain growth, the grain growth velocity is rather
high, which results in a high AP and, in turn, a small P’,
Figures 4(a) and (b). With the time being, the velocity
reduces rapidly. As a consequence, AP decreases fast,
and its impact on P’ becomes weak and vanishes finally
in the late stage of grain growth. Consequently, the
difference between P and P’ reduces continuously and
vanishes in the end.

The above analyses clearly show that in the early stage
of an actual grain growth, owing to the pronounced
nonequilibrium solute distribution, a large fraction of
energy will be spent on adjusting the solute distribution
from its nonequilibrium state to its equilibrium state.
Therefore, for an actual grain growth, P’ is more
practical to stand for the driving force for grain growth
rather than P.

C. Effects of Solute Drag on Grain Growth

It has been mentioned in Section III that the differ-
ence between P and P’, i.e., AP, can be considered as a
force impeding the GB migration, namely, the solute
drag force. Also, in Section IV-B-2, it was shown that
AP is strongly related to the grain growth velocity; a
higher velocity results in a larger AP. Then, in this
section, it is proposed to correlate AP to the grain
growth velocity (v), to study its impact on the grain

growth, and accordingly, demonstrate its Kkinetic
character.

1. Kinetic character of solute drag force

AP can be formulated by solving %‘g(m (see

Appendix D) as
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AP — 20w0zV v
~ 3R2T2 D D3 dD

2
(zHM)%Hﬂ

31]

Differentiating y over D using Eq. [24], we will have

_ 200zVy y 30(D — 5)2 y
AP="3RT D <2f+ D3 )B
RT
5(XC _ XP) aXGB}
X
Vin oD

Combining Eqgs. [1] and [28], y can be given as

SRT(XC® — XP)
V== D (33

Substituting Eq. [33] into Eq. [32], AP will be corre-
lated with v by the following equation:
20wz0 (XGB — Xb)

AP=
3DGBRT

RT 5(XGB — x*) 9xGB
2f(—2ocwz+XGB(1 _XGB)) 7 2D

X v

2
. (2f+ 36(D —3) > SRT(XSB — x°)

D’ vo.pos "

[34]

It is suggested from Eq. [34] that AP, thermodynam-
ically originating from A and AX®, is related to v in
nature. Since AX®® and AX® fulfill the mass conserva-
tion law (i.e., AX9Bf = —AX°(1 — f)), the change of
AXS® and AX® should be responsible for the evolution
of AP. Figures 6(a) and (b) display the calculated AX°®
and AP as functions of v for the two alloys, wherein,
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Fig. 6—Evolution of AX®® and AP as functions of v for (a) Fe-4at. pct Zr and (b) Pd-19at. pct Zr alloys. The solid lines (AX®®) and dash lines
(AP) were calculated by Eqgs. [D7] and [34], respectively. The values of the physical parameters used in the calculations are listed in Table 1.
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Fig. 7—Comparison of the D-t curves calculated by Eq. [30] (including solute drag effect) and Eq. [35] (neglecting solute drag effect) for (a)
Fe-4at. pct Zr alloy and (b) Pd-19at. pct Zr alloy. The values of physical parameters used in the calculations are listed in Table I.

apparently, the enhanced AX®® with the increasing v
leads to the increase of AP, because higher AX“P
corresponds to larger energy required to adjust the
solute distribution as addressed above. This is compat-
ible with the general statement that upon grain growth,
the increase of velocity enhances the solute drag
force.””! Therefore, AP exhibits its kinetic character.

2. Effect due to solute drag

From the analyses above, the solute drag force occurs
in the actual grain growth process where the nonequi-
librium solute distribution prevails; no solute drag force
occurs for the equilibrium solute distribution. The effect
of solute drag on the actual grain growth can be
illuminated by comparing the case considering the solute
drag effect to the case neglecting the effect.

Neglecting AP in Eq. [30], a grain growth equation
without considering solute drag effect can be obtained as

b_ ., 4GB
d£ B DOGB exp (_ 0 R,;l ) El -
dt RT(XSB—Xb) 5 D

Using Eq. [35], the evolutions of D with ¢ for Fe-4at. pct
Zr and Pd-19at. pct Zr alloys were calculated and are shown

METALLURGICAL AND MATERIALS TRANSACTIONS A

in Figures 7(a) and (b), respectively, where the curves
calculated by Eq. [30] (including solute drag effect) are also
plotted for comparison. It is shown that when the solute
drag effect is involved, the grain coarsening is slowed down.
In the carly stage of grain growth, the difference of grain
sizes between the two cases is relatively large, indicating a
relatively strong solute drag effect. While in the late stage of
grain growth, such a difference becomes rather small,
suggesting a rather weak, even negligible solute drag effect.

The solute drag effect on grain growth behaviors is
closely related to AP. That is to say, a high grain growth
velocity corresponds to a large AP and a strong solute
drag effect in the early stage of grain growth, Figures
6(a) and (b). As the grain growth proceeds, AP is
becoming small due to a continuous decrease of v, which
will certainly lead to the weakening of solute drag effect.
The calculations further show the same saturated grain
sizes predicted by Eqs. [30] and [35]. As the grain growth
becomes saturated, the grain growth velocity
approaches zero, and thus the solute drag force vanishes
(Figures 6(a) and (b)), which will, then, lead to the
convergence of the saturated grain sizes in the two cases
(Figures 7(a) and (b)). One may note further from
Figures 7(a) and (b) that the differences between the
grain size evolutions considering the solute drag force
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Fig. 8—Evolutions of GB mobility (M) as a function of grain size (D) for (a) Fe-4at. pct Zr. (b) Pd-19at. pct Zr alloys. The curves were calcu-
lated by Eq. [28]. The solid lines correspond to a changed X°B — X® upon grain growth, while the dash lines were calculated by assuming a con-

stant XSB — X® (the initial values of
Table 1.

and the case neglecting the solute drag force are
sufficiently small, suggesting that AP plays only a minor
role in grain growth of the two alloys. This is in
accordance with the conclusion in Reference 24.

D. Grain Boundary Mobility

In general, upon modeling real grain growth, M°® in
the grain growth equation was taken as a fitting
parameter and assumed as a constant, ¢f. References
24 and 25. Following Egs. [28] and [29], however, M©®
is correlated with several parameters which are changing
upon grain growth, e.g., X9 X°, and Q®. Therefore,
for an actual grain growth process, M® would be taken
as a variable rather than a constant. Substituting the
calculated X°B, X*, and v, as well as the values of the
essential physical parameters listed in Table I, into
Egs. [28] and [29], the evolutions of MS® with D for
Fe-4at. pct Zr and Pd-19at. pct Zr alloys were calcu-
lated, Figures 8(a) and (b), respectively. It is shown that

decreases continuously upon grain growth. Differ-
ent from the driving force, a zero is never attained
during the whole grain growth process, implying that
the inhibition of grain growth should not be ascribed to
the zero M“® as stated in References 22,53 through 55.

Following Eq. [28], the change of M“® upon grain
growth is related to X°® — X® and Q°B. The influence of
0°® on M has been discussed preciously,?®3%>" where
it was demonstrated that during grain growth, the
increase of Q°® will reduce M“B. Due to the negl'Bgible
change of Q° upon grain growth, the increase of 0 can
be ascribed to the reduction of y caused by solute
segregation in GBs,P°%71 ¢f Eq.[29]. The effect of
Xé — X" on B was neglected in previous mod-
els, 23657 although the factor of X°B — X® reflects the
number of atoms required to adjust their positions to suit
the migration of GB.®*® However, the calculations
performed in this work indicate that during grain growth,
XSB _ X increases continuously (Figures 5(a) and (b)),
which, according to Eq. [28], will surely reduce M©®. For
a higher X°® — X®, more atoms will be required to adjust
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XSB — X* in Figs. 5(a) and (b)). The values of physical parameters used in the calculations are listed in

their positions to suit GB migration. This kinetic process
will retard the GB migration and, therefore, reduce MCB,
Figures 8(a) and (b) display the calculated M°® values
with varied and constant X°® — X°, where it is shown
that the change of X°® — X® during grain growth
influences MY*® significantly. With the increasing D,
XYB _ X’ is enhanced (Figures 5(a) and (b)); therefore,
the resulting reduction of M“® becomes more and more
significant compared with the case of constant X8 — X

V. CONCLUSIONS

Based on the regular solution model proposed by of
Trelewicz and Schuh!'” and Saber,!'® the Gibbs free energy
of mixing for substitutional binary alloy systems consider-
ing nonequilibrium solute distribution was established.
Accordingly, the relevant thermodynamic and kinetic
parameters, ie., the driving force and the solute drag,
influencing the grain growth in substitutional binary alloy
systems were derived and compared with their generally
accepted definitions and interpretations. The improved
model was used to analyze the érain growth behaviors of
nanocrystalline Fe-4at. pct Zr'* and Pd-19at. pct Zr!'”
alloys. Evolutions of these thermodynamic and kinetic
parameters influencing grain growth were evaluated and
discussed. The main conclusions are summarized as follows:

1. For grain growth occurring in substitutional binary
alloy system, assuming equilibrium solute distribu-
tion, the driving force for grain growth is in
accordance with 1its classical definition, i.e.,
P = y/D. While for an actual grain growth, where
nonequilibrium solute distribution prevails, the
driving force should be replaced by P = y/D — AP.

2. AP represents the energy required to adjust
nonequilibrium solute distribution to equilibrium
solute distribution in the system. This parameter is
equivalent to the generally accepted solute drag
force impeding the GB migration. Since AP is
correlated to v, this quantity possesses Kkinetic
character and can be enhanced by increasing v.
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3. For nanocrystalline Fe-4at. pct Zr and Pd-19at. pct
Zr alloys, both the thermodynamic and kinetic
parameters, ie., P, AP, and M“®, are changing
upon grain growth. With the increasing D, P and
AP decrease and approach zero at the late stage of
grain growth, and meanwhile, M°® decreases as
well; however, it does not reach zero in the whole
grain growth process.
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APPENDIX A: GIBBS FREE ENERGY OF MIXING

APPENDIX B: DERIVATION OF GRAIN BOUND-
ARY SEGREGATION ENTHALPY Hg,

For a closed system, solute distribution follows the
mass conservation equation, i.e., X'b(l -+
XGBf = X°. MGFEM (G,y;,) tends to reach its mini-
mum determined by conditional extremum. Basically,
Lagrangian L is defined as

L=Gux+A(X°(1 -+ X% X"  [BI]

where /4 is the Lagrangian multiplier. The conditional
extremum equations are given by

oL OG pix
gxs — gyos =0 [B2a]

aL 8Gmix D)
oy~ axe A=) =0 [B20)

Substituting Eq. [6] into Eq. [B2] and arranging
Eq. [B2], one can obtain

oGSE  aGd.
9XGB ~ oxb ~ [B3]

Solving the left-hand side of Eq. [B3], the GB
segregation equation will be achieved as

According to Saber er al' the MGFEM in XGB Xb Hgeq
nanocrystalline system is expressed as 1 _ XGB ] _ Xbexp(RT) [B4]
Gmix = a)sz(l — Xh)(l -N+ occovz(Xb(l — XGB) + XGB(I — Xb))f

+ v((XGB + Xb)aAyA +(1- X0 41— XGB)aByB)f—i— am(l — ZV)ZXGB(I — XGB)f
+ (1= 2v) (X5Boays + (1 — XOB)opyg)f + Hetas X8
+ RT{(1 = /)[X°In X* + (1 — X°) In(1 — X°)] + /[X“PIn X°® + (1 — X°®) In(1 — X°P)]} [A1]

where v denotes the effective bond coordination con-
tributing to transitional region. In Saber’s calcula-
tions,'"™ v was taken as 1/2, which implies the
nanocrystalline materials consist of the bulk and tran-
sitional regions. However, this is inconsistent with the
generally accepted concept that nanocrystalline is con-
stituted by the bulk and GB phases,*” where v
corresponds to 0. In this work, we follow Hillert’s
model™ and set v = 0in Eq. [Al]; the expression of
Gmix Will then be simplified as

Gix = 0zX°(1 — X*) (1 — f) + 0wz XB(1 — XOB)f
+ (X%Baaya + (1 — X9®)opyp)f + Helas X8
+ RT{(1 = N[X"InX* + (1 — X*) In(1 — X*)]
+/1XBIn X5B 4 (1 — X9®) In(1 — X9B)]}
[A2]
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where Hy = wz — awz — (6aYA — 08Yg) — Helas, C1 =
—2owz and C, = —2wz. The term Hy — C; X8 + C,X°
corresponds to the segregation enthalpy Hy, .e.,

Hyeg = Hy — C1 X8 4 O X° [BS]

APPENDIX C: SOLVING OF %%nx(2)
Differentiating G,ix(D) (Eq. [15]) over D yields

dGpix(D)  OGmix OX®  OGyix OXB  0Gmix Of

ap x> op Toxor ap o op €V

Substituting the solved a(g;ﬁ and 2?(‘(2% by Egs. [6] and

[B3] into Eq. [C1] gives
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f +6Gmixg [C2]

dGnix(D) ox® OXCB
of oD

i Lo op

Differentiating Eq. [11] over D, we have

oX® oxXs® of
8—D(1_ﬂ+—8D f:a_D(Xb_XGB) (€3]

Comparing Eq. [C2] with Eq. [C3], (2] will be
solved as

dGmix(D)_ 8Gmix(D)
b | of

)| & ey

— A(X5B - x°

APPENDIX D: SOLVING OF %A¢n(2)

Substituting  X°® + wX°® and X°+ AX® into
Eq. [11], we will have AX°(1 — /) = —AX°Bf. Substi-
tuting this relation into AGmix = (1 — /)AGS, +fAGSE,
AG ix 18 expressed as

AGmix = _AXGBf

{ wz — 0wz — (GAYA — 0BYR) — Helas — 20zXP + 20wz X8 }

— RT(In S In o0

1-Xb—AXb

[D1]

The term wz — awz — (6aYA — 0BYp) — Helas — 202X°
+20wzXO® in Eq. [D1] is the segregation enthalpy, cf.
Eq. [14]. Using Eq. [14], this term can be converted
into a function of X® and X°B. Then, Eq. [D1] is

changed as
AGpix = —AXGBf{HO — X8+ Gox®
D2
(i XPAXE a2
TR T xoE —AxcE T T xb _ Ax®

Changing Eq. [13] into its logarithmic form, we have

XGCB X°
1XGB_1n1Xb> = Hiee

RT(ln [D3]

Since segregation enthalpy represents the difference in
energy of solute atoms between the bulk and the GB,** 34
and is a function of solute molar fraction (see Eq. [14]);
therefore, we will have

rrl1 XOB 4+ AXCB | X°+ AXP
(nl—XGB—AXGB_nl—Xb—AXb> [D4]
= Hy — Cy (X% + AX9®) + G (X° + AXP)
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On this basis, Eq. [D2] will be changed as
AGpix = —AXSBf(C1AXSE — CAX®) D3]

AX® and AX“® in Eq. [D5] obey the mass conservation
law, namely, AX’(1 — /) = —AX°Bf. For nanocrys-
talline materials with a grain size in the range of
6-30 nm, assuming the thickness of GB to be 0.8 nm, f
is estimated to be about 0.18-0.04. In this case, accord-
ing to the above mass balance equation, AX“® will be
far higher than AX®. On the other hand, since C; and
C, in Eq. [D5] are in the same order, c.f. Eq. [B4] and
Table I, the term C,AX® in the bracket of the right-
hand side of Eq. [DS5] will be negligible compared to
C;AXCB. Then, neglecting C,AX® and substituting
C, = —2amz and the expression of f (Eq.[12]) into
Eq. [D5], AGix can be further simplified as

AGis = —20022f(AXB)? [D6]
According to Reference 20, for the case of low-veloc-

ity limit (e.g., v < 107> m/s), the average value of AX“®
can be calculated by

AXOP = —— (X5B — X")y [D7]

Combining Egs. [1], [28] and [D7], AG,x is rewritten
as

2owzf V2 92
AGpix = ————-2 D8
R2T2 D2 (D8]
Differentiating Eq. [D8] over D, dAG#‘(D) can be solved
as
dAGin(D)  2awzV?Z o 30(D—0)*\ 7y dy
i rrep|\YTT p ¥
[D9]
NOMENCLATURE
GB Grain boundary
MGFEM Molar Gibbs free energy of
mixing
o Scale factor of bond energy
between the bulk and the GB
w Interaction energy in the bulk
phase
z Coordination number
oa/oB Molar GB area of pure A/B
atoms
Ya/VB GB energy of pure A/B atoms
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X°/xCB

Solute molar fraction in the
bulk/GB phase

AX®/AXCB Increment of solute molar
fraction in the bulk/GB phase

x° Global solute molar fraction

f Volume fraction of GBs

1) GB thickness

v Velocity of GB migration

MCB GB mobility

DCB Solute diffusion coefficient in
the GB phase

0°/0°" Activation energy for solute
diffusion in the bulk/GB phase

y GB energy

Pyolute Solute drag force

H Elastic energy of solute atoms
in the GB phase

1R/ uSB /b uSB Chemical potential of A/B
atom in the bulk/GB phase

A Lagrangian multiplier

Vin Molar volume

Gotal Total Gibbs free energy before
mixing

Vo/Vb + dD Average volume of
grain(D)/grain(D + dD)

AGmix, AGY, , AGSE  Additional MGFEM due to
AX"/AX5B(system, bulk, GB)

Gmix» G2, GSB MGFEM assuming
equilibrium solute distribution
(system, bulk, GB)

I G GISB MGFEM considering
nonequilibrium solute
distribution (system, bulk, GB)
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