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a b s t r a c t

An analysis of controlled-mechanism of grain growth in the undercooled Fe–4 at.% Cu immiscible alloy
was presented. Grain growth behavior of the single-phase supersaturated granular grains prepared in
Fe–Cu immiscible alloy melt was investigated by performing isothermal annealings at 500–800 ◦C. The
thermo-kinetic model [Chen et al., Acta Mater. 57 (2009) 1466] applicable for nano-scale materials was
vailable online 9 April 2011
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extended to the system of micro-scale undercooled Fe–4 at.% Cu alloy. In comparison of pure kinetic
model, pure thermodynamic model and the extended thermo-kinetic model, two characteristic annealing
time (t1 and t2) were determined. The controlled-mechanism of grain growth in undercooled Fe–Cu alloy
was proposed, including a mainly kinetic-controlled process (t ≤ t1), a transition from kinetic-mechanism
to thermodynamic-mechanism (t1 < t < t2) and purely thermodynamic-controlled process (t ≥ t2).

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The study of granular materials (e.g. Fe–Cu alloy) consisting of
erromagnetic particles has become very useful in hi-tech appli-
ations, mainly due to the occurrence of giant magnetoresistance
ffects in such materials [1]. Numerous studies on Fe–Cu granular
lloys prepared by sputtering [2] or melt-spinning [3] techniques
ave been carried out. The single-phase supersaturated granular
rains for the Fe–4 at.% Cu immiscible alloy have been prepared
pplying highly undercooled solidification technique [4]. Subjected
o low undercooling, a coarse dendritic pattern was obtained,
here both Cu solute segregation and dot substructure can be

bserved. If the initial melt undercooling �T was higher than a
ritical value �T*, a typical granular structure was formed, where
he dot substructure still existed because of post-recalescence
ffect [4]. Therefore, only if both sufficiently high undercooling and
apid quenching immediately after recalescence were carried out,
single-phase supersaturated granular grains could be obtained,
here the Cu precipitation and the dot substructure were sup-
ressed [4].

The highly undercooled rapid solidification is a non-equilibrium
olidification which changes the growth velocity and solidification
ehavior [4,5], thus inducing that the as-solidified Fe–Cu granular

rains are unstable because of the non-equilibrium effects. It is very
mportant to investigate how to obtain the microstructures with
igher stabilization to extend their application.

∗ Corresponding author. Tel.: +86 0516 83897715; fax: +86 0516 83591870.
E-mail address: chenzheng1218@163.com (Z. Chen).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.014
Stability of the as-prepared alloys with respect to grain
growth was discussed controversially. Some authors [6–8] claimed
that solute drag (i.e. kinetic effect) by alloy or impurity atoms
reduced the mobility of the grain boundaries (GBs) whereas others
attributed it to a vanishing GB energy �b (i.e. thermodynamic effect)
[9–12]. As is well known, for grain growth, the kinetic model points
to the evolution process of grain size, whereas, the thermodynamic
model favors the effect of GB energy decreasing with GB segrega-
tion. In other words, the stabilized grain size cannot be determined
by the kinetic models, and the evolution of grain size cannot be
described by the thermodynamic approaches [13–15]. Therefore,
the thermo-kinetic model which combines the effect of kinetics
and thermodynamics is more appropriate for describing the pro-
cess of grain growth. Departing from Borisov’s equation [16], Chen
et al. [14] derived a thermo-kinetic model for the evolution of grain
size by incorporation of the reduced GB energy into the parabolic
kinetics of grain growth. Furthermore, a thermo-kinetic descrip-
tion was performed by Gong et al. [17] for nano-scale grain growth
through analysis of the effect of GB segregation on the initial GB
excess amount, � b.

This paper presented a mechanism of a single-phase supersat-
urated granular grains formation through an analysis of the effects
of absolute solute trapping and ı/� massive transformation after
recalescence by taking Fe–4 at.% Cu immiscible alloy as the exper-
imental alloy. The thermo-kinetic model considering the mixed
effects of solute drag and reduced GB energy was extended to

describe micro-scale grain growth and then was applied to analyze
the grain growth in undercooled Fe–Cu alloy. Finally, based on two
characteristic annealing time (t1 and t2), the controlled-mechanism
of grain size evolution was discussed.

dx.doi.org/10.1016/j.jallcom.2011.04.014
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chenzheng1218@163.com
dx.doi.org/10.1016/j.jallcom.2011.04.014
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In 1992, Weissmüller [9] first presented a concept for the stabi-
lization of nanocrystalline (NC) solids against grain growth by GB
segregation. Later, an analogous analytical treatment was derived
by Kirchheim [10] and Liu and Kirchheim [11] on the basis of Gibbs
ig. 1. Microstructure of the as-solidified single-phase supersaturated granular
rains in undercooled Fe–4 at.% Cu alloy (with undercooling at 210 K).

. Experimental details

Applying glass fluxing combined with cyclic superheating and rapid quenching
nto the Ga–In–Sn bath after recalescence, a homogeneous supersaturated granu-
ar grain was obtained for the undercooled Fe–4 at.% Cu alloy melts. The detailed
xperimental procedure is available in Ref. [4].

To investigate the behavior of grain growth and solute segregation, isothermal
nneals at different temperatures (500–800 ◦C) were conducted in a vacuum-
lectrical-resistance furnace under the protection of Ar atmosphere. The annealing
emperature was selected below the eutectoid point (≈850 ◦C) to avoid the solid
tate transformation [18]. The as-solidified and as-annealed microstructures of
he undercooled Fe–Cu alloy were examined using VEGAII XMH scanning electron

icroscopy (SEM). Composition was identified using VEGAII XMH energy-dispersive
ode (EDS). Examination of the crystalline phase was conducted by Panalytical
’pert Pro type X-ray diffractometer (XRD).

. Experimental results

Combined highly undercooled solidification with rapid quenching after recales-
ence, a homogeneous supersaturated granule grain was prepared. However, the
s-formed single-phase equiaxed grains were not the final stabilized microstructure.
pon annealing at high temperatures, grain growth concurred with segregation of
u atoms to GBs.

.1. Formation of single-phase supersaturated granular grain

The as-solidified microstructure of single-phase supersaturated granular (with
T = 210 K) has been shown in Fig. 1. The composition of the alloy was determined to

e 96 at.% Fe and 4 at.% Cu, with no detectable contaminations using SEM-EDS. From
he analysis of EDS, the solute distribution in single grain was almost symmetrical,
ndicating that the solute segregation was suppressed, see Fig. 2.

Preparation of single-phase supersaturated granular grain in the Fe–4 at.% Cu
mmiscible alloy melt has been described in Ref. [4]. Herein, a concise description
f two prerequisites was given which, from the side of solidification and solid-state
ransformation, influence the formation of single-phase supersaturated granular
rain.

As mentioned in Ref. [4], analysis of dendrite growth should refer to nonlin-
ar liquidus and solidus at high �T values. Accordingly, for undercooled Fe–Cu
lloys, the extended dendrite growth model [19] (i.e. Eqs. (1)–(7) in Ref. [4]) incor-
orating non-linear liquidus and solidus, non-equilibrium solute diffusion, and
on-equilibrium interface kinetics, is quite applicable to describe the solidification
rocess quantitatively. With sufficiently high undercooling (�T ≥ �T(VD) ≈ 196 K),
he transition of V − �T relation from power law to linear growth as well as the
artition-less solidification (i.e. absolute solute trapping) occurred thus providing
ne prerequisite for forming a homogeneous solid solution (see Fig. 4 in Ref. [4]).

The other prerequisite for forming a homogeneous solid solution is suppression
f the dot substructure originating from ı/� solid-state transformation. Previous
esearch found that the dot substructure could be suppressed by rapid quenching
mmediately after recalescence [4]. Subjected to high cooling rate, the ı/� trans-
ormation mode was changed from volume diffusion controlled transformation to
nterface controlled massive transformation [20,21], which can be suppressed by
ufficiently high cooling rate.
.2. Heat treatment of the as-solidified granular grains

Heat treatment was taken for the as-prepared single-phase supersaturated gran-
lar grains. The grain size observed by SEM is plotted in Fig. 3. Obvious grain growth
Fig. 2. Cu concentration profiles measured with EDS across the grains of the
microstructures (lines in the insert micrograph). (a) As-solidified at �T = 210 K; (b)
annealed at 800 ◦C for 60 min.

occurred with the annealing time when annealing the samples at different temper-
atures and then tended to a stabilized value.

Fig. 4 shows the microstructures of the samples annealed at 600 ◦C and 800 ◦C,
respectively. In all samples a white halo at the GBs was formed and the white halo
tended to be thicker with increasing the annealing time. It could be resulted by
a significant Cu segregation which could be evidenced by the analysis of SEM-EDS
(Figs. 2 and 4). The XRD spectrum of the sample annealed at 800 ◦C for 60 min is plot-
ted against the as-solidified sample in Fig. 5, where only �-Fe phase is evidenced.
XRD confirmed that no secondary phases were present in any of samples including
the sample annealed at 800 ◦C for 60 min. It was suggested that only Cu solute segre-
gation led to the stabilized grain size and then established a metastable equilibrium
state. Similar results could also be obtained in the samples annealed at 500 ◦C and
700 ◦C.

4. Thermo-kinetic grain growth model applicable for
undercooled Fe–Cu alloy

4.1. Thermodynamic description
Fig. 3. Evolution of the average grain size with the annealing time for the Fe–4 at.%
Cu alloy (�T = 210 K) annealed at different temperatures. The symbols are the exper-
imental data annealed at 500, 600, 700 and 800 ◦C; the dotted, dashed and solid lines
are calculated using Eq. (6) (the parabolic model), Eq. (7) (the pure kinetic model)
and Eq. (9) (the thermo-kinetic model), respectively.
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ig. 4. Microstructure of the as-annealed single-phase supersaturated granular gra
c) 800 ◦C, 30 min; (d) 800 ◦C, 60 min.

dsorption equation [12],

b = �0 − �b0

[
RT ln

(
x0 − 3�bVm

D

)
+ �Hseg

]
(1)

here �0 is the GB energy for pure solvent, Vm the molar volume

f the alloy, �Hseg the enthalpy change of segregation per mole
f solute, x0 the average concentration of the whole system, � b0
he saturated solute excess amount, � b (≤� b0) is the solute excess
mount at GBs.

ig. 5. XRD patterns for the as-solidified and the annealed single-phase super-
aturated granular grains in undercooled Fe–4 at.% Cu alloy: (a) as-solidified at
T = 210 K; (b) annealed at 800 ◦C for 60 min.
different temperatures and annealing time. (a) 600 ◦C, 30 min; (b) 600 ◦C, 60 min;

It can be inferred from Eq. (1) that grain growth stops with � b
approaching � b0 as �b is close to zero. However, is the GB segre-
gation saturated or not at the beginning of grain growth, i.e. the
value of � b must be lower than or equal to � b0? Departing from
Gibbs equation [12] and McLean’s treatment for GB segregation
[22], Gong et al. [17] categorized the state criterion of initial GB
segregation as saturated GB segregation condition (� b/� b0 = 1) and
unsaturated GB segregation condition (� b/� b0 < 1).

For � b/� b0 = 1, according to the first order Taylor expansion, Eq.
(1) can be rewritten as,

�b = �0 − �b0(RT ln x0 + �Hseg) + 3RT� 2
b0VM

x0

1
D

(2)

For � b/� b0 < 1, Eq. (1) can be rewritten as,

�b = �0 − �b0(RgT ln x0 + �Hseg) + 3�b0RTVm�b

x0D
(3)

For strong segregating undercooled Fe–Cu system within micro-
scale, a relation between � b and D (see Appendix A) gives the GB
excess amount as,

�b ≈ x0�
(

D

6
+ �

)
(4)

Substitution of Eq. (4) into Eq. (3) leads to,

�b = �0 − �b0

[
RT

(
ln x0 − Vm�

)
+ �Hseg

]
+ 3�b0RTVm��

1
(5)
2 D

Apparently, Eq. (5) is analogous to �b = �1 − �2D from Chen et al.
[14] and the difference between Eq. (5) and that from Chen et al. lies
in whether the effect of the configurational entropy is considered
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r not. Although the model proposed by Chen et al. [14] was appli-
able for grain growth of nano-scale materials, the present model
as been extended to undercooled Fe–Cu alloy within micro-scale
ccording to the “surface segregation effect” [22–25] (see Section
.1 and Appendix A). In all samples a white halo at the GBs was
ormed and the white halo tended to be thicker. It could be resulted
y a significant Cu segregation which could be evidenced by the
nalysis of SEM-EDS (Figs. 2 and 4).

Note that GB concentration increased with the increase of
nnealing time (see Figs. 2 and 4). In other words, GB excess amount
b increased gradually and tended to the saturated value � b0. This

ighlights the fact that the assumption of the initial unsaturated GB
egregation condition (� b/� b0 < 1 [17]) is suitable for undercooled
e–Cu system; for this case Eq. (5) is preferable.

.2. Kinetic description

The driving force for GB migration arises from its curvature. A
lassical theory for grain growth [6] deduces that the growth rate,
(i.e. dD/dt) is related to the interface mobility, M, and the driving

orce P(V),

= MP(V) = M
�b

D
⇒ D2 − D2

0 = 2M�bt (6)

his classical parabolic model is precisely applicable to high-purity,
ingle-phase materials. In general, both M and P(V) are functions of
tate variables such as T and x0 [26]. According to Rabkin [27], the
olute drag term PS is introduced to model the stagnation of growth
n most real materials. Regarding the dependence of solute drag on
B concentration (Xb) and velocity (V), the drag term should be
iven as PS = ˇD × dD/dt [8], so that the model is given as,

(V) = PS + V

M
⇒

(
1
M

+ ˇD
)

dD

dt
= �b

D
⇒ (D2 − D2

0)

+ 2Mˇ

3
(D3 − D3

0) = 2M�bt (7)

ith ˇ as a constant. As compared to the previous model from
ichels et al. [7], an integrated effect of solute drag due to Xb and
is thus expected as a more rational manner for the stabilization.

.3. Thermo-kinetic description

With reference to [14,28], as the GB area decreases upon
rain growth, the segregated solute atoms must be re-distributed
hroughout the GB network. Meanwhile, the activation energy for
B diffusion is increased, accompanied with a decreased GB diffu-
ion coefficient, Db. From Borisov’s equation [16], once Db and the
attice diffusion coefficient Dl become equivalent, a thermodynamic

etastable equilibrium state (i.e. �b = 0) results. Thus, incorpora-
ion of the GB energy decreasing with GB segregation into the
arabolic kinetics is physically practicable [13–17]. Analogous to
he treatment of Ref. [14], a substitution of Eq. (5) into (7) leads to,

D

D0

D(1/M + ˇD)
�1 + (�2/D)

dD =
∫ t

0

dt (8)

ith �1 = �0 − � b0(RT(ln x0 − Vm�/2) + �Hseg), �2 = 3� b0RTVm��,
nd the boundary condition as: t = 0, D = D0 and t = t, D = D(t).

Integrating Eq. (8) leads to an evolution of grain size with time,[( )3 ( )3
]

ˇ

3�1
D + �2

�1
− D0 + �2

�1

+
(

1
2�1M

− 3
2

ˇ�2

�2
1

)[(
D + �2

�1

)2
−

(
D0 + �2

�1

)2
]
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+
(

3ˇ�2
2

�3
1

− 2�2

M�2
1

)
(D − D0) +

(
�2

2

�3
1 M

− ˇ�3
2

�4
1

)

ln
D + (�2/�1)
D0 + (�2/�1)

}
= t (9)

with D0 as the initial average grain size. Eq. (9) is defined as the
model for grain growth considering the mixed effect due to kinet-
ics and thermodynamics. The equation gives the evolution of the
average grain size with the annealing time.

5. Model application in grain growth of the as-prepared
granular grains

The as-formed equiaxed grains are not the final stabilized
microstructure. Upon annealing at high temperatures, grain growth
concurs with segregation of Cu atoms to GBs.

5.1. Validity of the thermo-kinetic model applied to undercooled
Fe–Cu alloy

It should be noted that the above models (cf. Kirchheim’s [10],
Chen et al.’s [14,15] and Gong et al.’s [17]) are truely applied to
nano-scale grain growth, however, for the undercooled Fe–Cu sys-
tem, the real grain size and GB thickness are in micro-scale. Since
Fe–Cu system has a large positive enthalpy of mixing [29], the
decomposition tendency of the as-prepared grains at elevated tem-
peratures is very strong. As for a grain, because the broken bonds in
GBs are more than in the bulk, and moreover, the cohesive energy
of Cu is 3.55 eV, which is smaller than that of Fe (4.25 eV), GB seg-
regation of Cu must occur.

In the case of the solute segregation in nano-scale, the GB seg-
regation should conform to the saturated equivalent monolayer
segregation [22], which occurs at the very surface of the GB (i.e.
� b0 ≈ ı�Xb0, with Xb0 as the saturated GB content and GB thickness
ı ≈ 3 × 10−10 m [23]). However, in binary alloys of two transition
metals, such as Fe and Cu [24], the real segregation can build
up to several equivalent monatomic layers, i.e. “surface segrega-
tion”. Therefore, the surface segregation of undercooled Fe–Cu alloy
(in micro-scale) takes place at the actual segregation sites (i.e.
� b ≈ ��Xb, with Xb as the GB content and � ≈ 10−7 m the actual
GB thickness [23], Fig. 4) averaged in the whole GB zone.

In conclusion, the present thermo-kinetic model is more rational
for the analysis of grain growth in micro-scale undercooled Fe–Cu
alloy with strong segregating effect. Under specific limitations Eq.
(9) is reduced to previous models.

(i) If �b is considered as a constant value (i.e. GB energy effect is
neglected), Eq. (9) will be reduced to pure kinetic model (Eq.
(7)), i.e. Rabkin’s model [27].

(ii) If the GB energy effect is solely considered, Eq. (9) will reduce to
pure thermodynamic model (Eq. (5)) which is consistent with
the illustration by Kirchheim’s [10] and Krill’s model [26].

5.2. Model calculations

The Fe–Cu system has an equilibrium solubility limit of 1.9 at.%
Cu in Fe at 850 ◦C and at lower temperatures the equilibrium
solubility is reduced further to about 0 [18]. Therefore, the thermo-
kinetic model is quite applicable for micro-scale grain growth in
undercooled Fe–Cu alloy with strong segregating tendency. The

parabolic model (Eq. (6)), pure kinetic model (Eq. (7)), pure ther-
modynamic model (Eq. (5)) and thermo-kinetic model (Eq. (9)) are
applied to analysis the mechanism of grain growth and solute seg-
regation.
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Table 1
Values for parameters used in the calculations in terms of Eq. (9).

Parameters Temperature/◦C

500 600 700 800

GB energy (�0) J/m2 0.79 0.79 0.79 0.79
Saturated excess (� b0) at.% 2.9 × 10−5 2.9 × 10−5 2.9 × 10−5 2.9 × 10−5
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determined by Eq. (7) increases continuously and exceeds the
grain size Dthermo-kinetic determined by Eq. (9) at t > t1. That is
to say, the controlled-mechanism of grain growth changes from
kinetic-controlled mechanism to mixed mechanism of kinetics and
Actual GB thickness (�) �m 0.1
Enthalpy change (�Hseg) kJ/mol 49.15
Mobility (M) m4/J s 1.9 × 10−11

The parabolic model (Eq. (6) with constant �b and ˇ = 0), the pure
inetic model (Eq. (7) with �b as constant and ˇ = 1/MD0 [27]) and
he thermo-kinetic model (Eq. (9)) with ˇ = 1/M1) were applied to
t the experimental data, see Fig. 3. The parameters are shown in
able 1. From Fig. 3, the classical parabolic model (dotted lines)
annot be brought into agreement with the experimental data.
he pure kinetic model could give a fit description at 500 ◦C and
00 ◦C and the initial stage at 700 ◦C and 800 ◦C. It is evidenced
hat although the rate of grain growth is partially inhibited due to
he solute drag effect, the pure kinetic model still could not give
satisfied description. A good fit to the experimental data is only
btained using the present thermo-kinetic model (Eq. (9)) due to
he introduction of the mixed effect of GB energy and solute drag.

According to Martin and Doherty [30], the surface free energy for
ure Fe is 2.2 J/m2 and thus the GB energy �0 for pure Fe is approx-

mately 1/3 of the surface free energy (≈0.73 J/m2) [26,31]. In fact,
oth pulsed laser deposition and undercooled solidification are all
on-equilibrium processes. Moreover, the exact value of �0 has not
een determined, but only roughly estimated value 0.7–0.8 J/m2.
0 was chosen to be 0.79 J/m2 according to the analysis of Liu for
C Fe–Ag alloy through pulsed laser deposition [32]. Upon fitting,
Hseg, M and � b0 act as the fitting parameters. �Hseg was fitted

s 49–59 kJ/mol (Table 1), which was close to the roughly esti-
ated value 40 kJ/mol using �Hseg ≈ RT ln xop − (10 ± 6) [10] with

op ≈ 1.9 at.% Cu in Fe (at 850 ◦C) as the terminal solute solubility
18].

. Discussions

In Section 3, the formation of the as-prepared single-phase gran-
lar grains and the subsequent grain growth and solute segregation
ere described for undercooled Fe–4 at.% Cu alloys. At high tem-
eratures the grains grew rapidly during a relatively short period
f time and then the grain size did not change essentially any
ore with time. On this basis, the characteristic time and possi-

le controlled-mechanism of grain growth will be discussed in this
art.

As described by Refs. [13–15], the evolution of grain size with
ime is a kinetic process controlled by thermodynamic factor
reduced GB energy with grain growth). That is to say, the thermo-
ynamic factor or kinetic factor may play the main role at different
eriods of annealing time in the whole thermo-kinetic process.
bviously, the rapid increase of grain size is a kinetic process, and

he final period is a thermodynamic stabilized stage. It could be
urther evidenced by the model calculations that the pure kinetic

odel (Eq. (7)) was used to describe the rapid increase of grain size

t initial stage, and that the stabilized grain size (D*) can be deter-
ined using pure thermodynamic model (Eq. (5)) when �b = 0. The
hole process of grain size evolution could be rationally catego-

1 The selection of constant ˇ will not influence the model analysis. For example,
= �b/D2

max (with Dmax as the limiting grain size) was determined by Michels et al.
7]; Rabkin [27] gave a hypothetical value ˇ = 1/MD0. Regarding the complexity of
alculation depending on ˇ, ˇ = �2/M was assumed by Chen et al. [14]. In order to
erive an analytical model, ˇ = 1/M was assumed in the present case.
0.1 0.1 0.1
52.29 55.39 58.49
4.9 × 10−11 2.1 × 10−10 2.1 × 10−9

rized as three stages: initial kinetic stage, middle mixed stage and
final thermodynamic stage. Consequently, there must be two char-
acteristic annealing time that could determine the transition from
kinetic process to thermodynamic process quantitatively. How-
ever, how can the characteristic time be determined physically?

Three theoretical models of grain growth (pure kinetic model
(Eq. (7)), pure thermodynamic model (Eq. (5)) and thermo-kinetic
model (Eq. (9)) was compared in Fig. 6. Both Eqs. (7) and (9)
could describe the rapid increase of grain size at the period
of t ≤ t1 well. It can be concluded that the same mechanism
(i.e. mainly kinetic-controlled mechanism) controlled the evo-
lution of grain size at t ≤ t1. However, the grain size Dkinetic
Fig. 6. Evolution of the average grain size and GB energy with the annealing time
annealed at 600 and 800 ◦C. Then GB energy is calculated using Eq. (13) (see Fig. 8).
Two critical times were determined. t1: Dkinetic determined by Eq. (7) equals to
Dthermo-kinetic determined by Eq. (9); t2: Dthermo-kinetic tends to D* when �b tends to
0 (D* is determined using Eq. (5) when �b = 0).
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Fig. 8. Evolution of the GB energy with the annealing time at different temperatures

An analysis of thermal stabilized mechanism of single-phase
ig. 7. Arrhenius plot of the GB mobility M against the annealing temperature cal-
ulated using Eq. (11). The activation energy Q = 117.6 kJ/mol was given.

hermodynamics because of the incorporation of GB energy effect at
1. Therefore, t1 could be determined as an important characteristic
ime.

On the other hand, both Eq. (5) (when �b = 0) and Eq. (9) could
escribe the stabilized grain size at the period of t ≥ t2 well. As
hown by Fig. 6, Dthermo-kinetic tends to D* because of the incor-
oration of GB energy effect and almost reaches it at t2 (�b = 0).
herefore, t2 could be determined as another characteristic time
hich forecasts a transition from mixed controlled growth to
urely thermodynamic-controlled growth.

Until now, in comparison of Eqs. (5), (7) and (9), the two critical
nnealing time could be determined,

=
{

t1 Dkinetic = Dthermo-kinetic

t2 D ≈ D∗ (�b ≈ 0)
(10)

With regard to the two characteristic time, the overall process
f grain growth can be categorized as follows:

1) Mainly kinetic-controlled growth (t ≤ t1)
The kinetic approach suggests that mobility M plays an

important role in grain growth. The GB mobility, M can be
expressed in an Arrhenius-type equation [7],

M = M0 exp
(

− Q

RT

)
(11)

with R as the gas constant, M0 a constant and Q the activa-
tion energy for isothermal grain growth. Fit of Eq. (11) to the
calculated value of M (Table 1) a straight line (Fig. 7) was
resulted, and a constant activation energy Q = 117.6 kJ/mol can
be deduced from the slope of the line, which is closer to the
value of 125 kJ/mol for GB diffusion in NC Fe produced by high
energy ball milling [33]. Meanwhile, the value is slightly lower
than the activation energy for GB diffusion of 174 kJ/mol in Fe
[34]. According to the detection of Ref. [33], the grain growth of
undercooled Fe–Cu alloy is controlled by GB diffusion. There-
fore, the low activation energy (Q = 117.6 kJ/mol) and high GB
mobility M (i.e. kinetic process) may play an important role on
the rapid increase of grain size at the initial stage.

2) A transition from kinetic-controlled growth to thermodynamic-
controlled growth (t1 < t < t2)

A quasi-quantitative analysis for the effect of GB energy on

the grain growth is given by differentiation of Eq. (5) over t,

d�b

dt
= �2

D2

dD

dt
(12)
calculated using Eq. (13). Obviously, the GB energy infinitely approaches zero with
annealing time.

In combination with Eqs. (5) and (7) with ˇ = 1/M (see Section
5.2) leads to,

∫ �b

�1

�1 + �2 − �b

(�1 − �b)4�b

d�b = M

�2
2

∫ t

0

dt (13)

The evolution of GB energy with the annealing time for as-
prepared Fe–Cu granular grains is calculated (Figs. 6 and 8)
using the parameters listed in Table 1. As shown in Fig. 8, �b
decreases with grain growth. When t > t1, GB energy decreases
rapidly and tends to zero at t ∼ t2 thus the growth rate of
Dthermo-kinetic decreases due to the GB energy effect. Conceptu-
ally, the GB energy is reduced with solute segregation since
solute atoms can effectively reduce elastic mismatch strains
in the GBs [35]. As for Fe–Cu alloys, the extremely low-solid-
solubility of Cu in Fe [18] usually implies that these systems
with extensive Cu segregation (Figs. 2 and 4). The effect of ther-
modynamics increases with solute segregation. Therefore, at
ranges t1 < t < t2, it is a transition of controlled-mechanism from
mainly kinetic mechanism (i.e. GB diffusion) to main thermo-
dynamic mechanism (i.e. reduction of GB energy with solute
segregation).

(3) Purely thermodynamic-controlled growth (t ≥ t2)
Obviously, the migration of GB should be rapid due to the low

activation energy (Q = 117.6 kJ/mol) and high GB mobility M.
Unfortunately, only rapid increase of grain size occurs at t ≤ t1,
especially at 700 and 800 ◦C. Once t ≥ t2, �b ∼ 0, the stabilized
size D* tends (see Fig. 6),

D∗ = 3�b0RTVm��

�b0

[
RT(ln x0 − (Vm�/2)) + �Hseg

]
− �0

(14)

Therefore, with the decrease of GB energy, i.e. the decrease of
driving force of GB migration, the thermodynamic effect is a key
stabilized mechanism at the final stage in undercooled Fe–Cu
alloys.

7. Conclusions
supersaturated granular grains in the undercooled Fe–4 at.% Cu
immiscible alloy was presented. The main conclusions can be sum-
marized as follows:
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. The thermo-kinetic model proposed by Chen et al. applicable
for nano-scale materials was extended to be used in micro-scale
undercooled Fe–4 at.% Cu alloy granular grains. The model was
consistent with the experimental results.

. In comparison of pure kinetic model, pure thermodynamic
model and the extended thermo-kinetic model, two character-
istic time (t1, t2) were determined.

. The controlled-mechanism of grain growth process in
undercooled Fe–Cu alloy was proposed, i.e. a mainly
kinetic-controlled process (t ≤ t1), a transition from kinetic-
mechanism to thermodynamic-mechanism (t1 < t < t2) and
purely thermodynamic-controlled process (t ≥ t2).
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ppendix A. Estimating the solute excess amount of
ndercooled Fe–Cu alloy

As for undercooled Fe–Cu immiscible alloys, the GB may be rep-
esented as a region having volume Vb = A� with A as the GB area
nd � the GB thickness. The concentration of solute in this region is
b = �X˛, � is a distribution coefficient. A simple mass balance calcu-

ation can be adopted to predict the overall concentration of solute
toms in a given sample, x0 [7,36],

0 = X˛
V˛

V0
+ Xb

Vb

V0
(A1)

here V˛ represents the volumes of the matrix, V0 = V˛ + Vb the
ntire sample volume.

The fraction of GB volume follows (assuming spherical grains of
iameter D) [37],

= Vb

V˛
= ((D/2) + �)3 − (D/2)3

(D/2)3
≈ 6�

D
(A2)

hen

0 = Xb

[
1
�

+ f

1 + f

(
1 − 1

�

)]
(A3)

Generally, the GB segregation should conform to the satu-
ated equivalent monolayer segregation [22], i.e. the monolayer
egregation occurs at the very surface of the GB (GB thickness
≈ 3 × 10−10 m). However, the real segregation can build up to sev-
ral equivalent monatomic layers in binary alloys of two transition
etals, such as Fe, Ni, Cu, Ag, and Au [24]. This is called “surface

egregation”. The surface segregation takes place at the actual seg-
egation sites (with � ≈ 10−7 m as the actual GB thickness, Fig. 4)
veraged in the whole GB zone. Generally, the grain size of under-
ooled Fe–Cu alloys between 10 �m and 100 �m, and � between
.1 and 1 �m (� ≈ 0.1 �m [23]). Since Fe–Cu system has a large
ositive enthalpy of mixing [35], the decomposition tendency of
he as-prepared single-phase solid solution at elevated tempera-
ures is strong. Therefore, for strongly segregating Fe–Cu systems,
t can be reasonably assumed � 	 1. Then combining Eqs. (A1)–(A3)
ives,

b − X˛ = Xb
� − 1

�
= x0(� − 1)

1 + (f/(1 + f ))(� − 1)
= x0

(1 + f )
f

(A4)
� b is the solute excess amount at GBs, which can be expressed
s [38],

b = �(�bXb − �˛X˛) (A5)

[
[

[
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where �b and �˛ are the density in the GB and in the matrix, respec-
tively. Suppose the mean density of the GBs and of the whole system
are equal to that of the dilute alloy, i.e. �b ≈ �˛ ≈ �, the solute excess
amount at GBs can be given as,

�b = ��(Xb − X˛) ≈ x0�
(

D

6
+ �

)
(A6)

As for undercooled Fe–Cu alloys, � b in Eq. (A6), standing for the
actual segregation sites averaged in the whole GB, whereas, � b0 in
Eq. (9), corresponding to the maximum sites for the first equiv-
alent monolayer segregation, can be expressed as ı�Xb0, where
ı (≈3 × 10−10 m) cannot be considered as the real GB width, but
as the monatomic thickness. That is to say, the saturated equiva-
lent monolayer segregation, Xb0, occurs at the very surface of the
GB (≈3 × 10−10 m), whereas the bulk segregation, Xb takes place
at the actual segregation sites averaged in the whole GB zone
(≈1 × 10−7 m), with Xb 
 Xb0 [23].
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