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ABSTRACT

A grain growth process in the melt spun low-solid-solubility Fe-B alloys was analyzed under the initial
saturated grain boundary (GB) segregation condition. Applying melt spinning technique, single-phase
supersaturated nanograins were prepared. Grain growth behavior of the single-phase supersaturated
nanograins was investigated by performing isothermal annealing at 700 °C. Combined with the effect of
GB segregation on the initial GB excess amount, the thermo-kinetic model [Chen et al., Acta Mater. 57
(2009) 1466] was extended to describe the initial GB segregation condition of nanoscale Fe-B alloys.
In comparison of pure kinetic model, pure thermodynamic model and the extended thermo-kinetic
model, an initial saturated GB segregation condition was determined. The controlled-mechanism of
grain growth under initial saturated GB segregation condition was proposed using two characteris-
tic annealing times (t; and t,), which included a mainly kinetic-controlled process (t < t;), a transition
from kinetic-mechanism to thermodynamic-mechanism (t; < t<t;) and pure thermodynamic-controlled

process (t>t;).

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

The melt spinning technique allows the rapid solidification
of metallic alloys to produce amorphous or nanocrystalline (NC)
materials [1-3]. NC ribbons of Fe-based alloys, such as Fe-B,
Fe-Si-B-P-Cu, Fe-Cu-Mo-Si-B have been proved to possess excel-
lent soft magnetic properties because of the reduction of grain
size [4,5]. Analogously, Liu et al. reviewed that the new rare
earth—-Mg-Ni-based hydrogen storage alloys with small crystal
grains were usually prepared by rapid quenching and melt spinning
[6], since the reduction of grain size upon melt spinning obviously
enhances the cyclic stability of the alloy electrodes.

However, the melt spinning technique is a non-equilibrium
solidification which changes the growth velocity and solidification
behavior [4,7,8], so that the melt-spun alloys are unstable because
of the non-equilibrium effects. For nanoscale alloys, the thermal
stability is crucial to engineering applications. Therefore, an under-
standing of the thermal stability is scientifically and technologically
important.
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Stability of the as-prepared alloys with respect to grain growth
was discussed controversially. Some authors claimed that solute
drag (i.e., kinetic effect) by alloy or impurity atoms reduced the
mobility of the grain boundaries (GBs) [9-11] whereas others
attributed it to a vanishing GB energy o}, (i.e., thermodynamic
effect) [12,13]. However, the stabilized grain size cannot be deter-
mined by the kinetic models, and the evolution of grain size cannot
be described by the thermodynamic approaches [14]. According to
Zhang et al. [15], nanoscale grain growth belongs to a kinetic pro-
cess controlled by thermodynamic factor (reduced o), with grain
growth). Therefore, the thermo-kinetic model which considers the
mixed effect of kinetics and thermodynamics is more appropri-
ate for describing the process of grain growth. Liu et al. [16] first
attempted to introduce variable activation energy Q and o, into the
parabolic growth law. Afterwards, Chenetal. [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 description was performed by Gong
et al. [17] for nanoscale grain growth through analysis of the effect
of GB segregation on the initial GB excess amount, I",. However,
the initial GB condition and corresponding controlled-mechanism
of thermal stability in NC Fe-B alloys has not still been reported.

This paper presented a formation of single-phase super-
saturated nanograins prepared by melt spinning technique in
low-solid-solubility Fe-B alloys. Combining the effect of GB segre-
gation on the initial GB excess amount, the thermo-kinetic model
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considering the mixed effects of solute drag and reduced GB energy
was extended to describe the initial GB condition of NC Fe-B alloys.
On this basis, the initial GB condition of NC Fe-B alloys was deter-
mined. Finally, based on two characteristic annealing times (t;
and t;), the controlled-mechanism of grain size evolution was dis-
cussed.

2. Experimental details

NC Fe-B ribbons were prepared using melt spinning technique. High-purity
elemental Fe and B better than 99.9% were mixed to form 3 g Fe-B master alloy
containing 8, 10, 12 and 14 at.% B, respectively. The master alloy was melted with
the temperature up to 1300K (100K superheat) in a quartz tube under the pro-
tection of Ar atmosphere. Under a pressure of 150 mbar, the melt in the tube was
ejected through a slotted nozzle (i.d. ~0.9 mm) onto a rotating Cu wheel (diameter
Dcy =200 mm); a small gap of about 0.7 mm was held between the nozzle and the
Cu wheel. The cooling rate was controlled through the variation of the melt pud-
dle size by changing the tangential speed of Cu wheel (21-73 m/s). The detailed
experimental processes and parameters could be found in Ref. [8].

To investigate the behavior of NC grain growth and solute segregation, isother-
mal annealing at 700°C were conducted in a vacuum electric resistance furnace
under the protection of Ar atmosphere at different annealing times.

X-ray diffraction (XRD) was performed for the as-spun and as-annealed sam-
ples on a Panalytical X'pert Pro type X-ray diffractometer with Cu Ka radiation
(Acu=0.1542nm) at a slow scan rate of 0.01s~' and 100 steps per degree. The con-
tributions of Cu Ko were subtracted out using XRD software (MDI Jade 5.0) and the
instrumental broadening was removed using a Si-powder standard. The average
value of the grain sizes was calculated using the Scherrer formula from five intense
peaks(110,200,211,220,310), with the standard deviation of these values from
the above peaks as the error. Several annealing experiments were repeated and XRD
analysis was performed to check the reproducibility of the experimental results.

The as-spun and as-annealed microstructures and crystallography characteris-
tics of the spun Fe-B ribbons were studied using JEM-200CK transmission electron
microscopy (TEM) and selected-area electron diffraction (SAED). The structures and
sizes evidenced by XRD were validated further by TEM.

3. Experimental results

Applying melt spinning technique, single-phase supersaturated
nanograins were prepared for low-solid-solubility Fe-B alloys.
However, the as-spun single-phase nanograins were unstable.
Upon annealing at high temperatures, grain growth occurred with
segregation of B atoms to GBs.

3.1. Formation of single-phase supersaturated nanograins

Generally, the equilibrium microstructures at room tempera-
ture (RT) for the hypoeutectic Fe-B alloys are a-Fe and a-Fe + Fe;B
[18]. However, upon melt spinning the cooling rate is several orders
larger than that of the equilibrium solidification, which leads to the
kinetic undercooling much higher than the hypercooling limitation
of the alloy melt. Accordingly, an irregular eutectic morphology (o~
Fe + Fe3B) was formed under the hypercooled state instead of the
equilibrium hypoeutectic structure [19].

Fe-10at.% B alloy was taken as an example to analyze the forma-
tion of single-phase supersaturated nanograins in the melt spinning
process. In order to prepare nanograins in Fe-10at.% B alloy, the
precipitation (i.e., Fe;B or Fe3B) caused by solute segregation must
be suppressed. Fig. 1 shows the XRD profile of samples prepared
at different tangential speeds of Cu wheel (m/s). For 21 m/s, both
a-Fe and Fe,B phases were observed. It could be confirmed further
by TEM in Fig. 2, which showed eutectic morphology (a-Fe + Fe;B).
To identify each phase in the as-solidified structure, SAED analy-
ses were also performed (see Fig. 2b and c), which showed that the
white area belonged to a-Fe phase and the dark area belonged to
Fe,B phase. But the content of Fe;B phase decreased and almost
vanished with the increase of tangential speed of Cu wheel as
shown in Fig. 1. For 73 m/s, only a-Fe phase was found in the melt-
spun sample (Fig. 3), which was consistent with the corresponding
XRD profile (i.e., without Fe, B or metastable Fe3B phase) as shown
in Fig. 1.
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Fig. 1. XRD pattern for the melt spun Fe-10at.% B alloy with different tangential
speeds of Cu wheel (m/s).

The other essential condition of forming the single-phase super-
saturated nanograins is that the grain size in the as-spun samples
must reduce to the nanoscale. Because of the higher cooling rate
the grain size of Fe-B alloys reduced to nanoscale rapidly. This can
be evidenced by the XRD pattern shown in Fig. 1 and TEM results
shown in Fig. 3.

Until now, the single-phase supersaturated nanograins have
been prepared in Fe-10at.% B alloy. Similar results could also be
obtained in the samples of Fe-8at.% B, Fe-12at.% B, Fe-14at.%
B alloys (Fig. 1). Afterwards isothermal annealing of the as-spun
single-phase supersaturated nanograins at 700 °C was conducted.

3.2. Heat treatment of the as-spun nanograins

Fig. 4 shows bright-field TEM images of the Fe-10 at.% B samples
annealed for 1h and 1.5h at 700 °C, respectively. The XRD spectra
of NC Fe-B ribbons containing 8, 10, 12 and 14 at.% B annealed at
700°C for different annealing times are plotted in Fig. 5, where
only a-Fe phase is identified. XRD profile confirmed that no other
phases were present in any of the annealed samples. The grain size
determined by XRD is plotted in Fig. 6. In comparison of the grain
size determined by TEM, it is confirmed that the average grain size
determined by XRD is proper. As shown in Fig. 6, obvious grain
growth occurred with the annealing time and then tended to a
stabilized value.

It should be noted that the solute segregation of B cannot
be observed from Fig. 4. Herein the thermo-kinetic grain growth
model was employed to analyze the process of grain growth and
the effect of solute segregation of B (see Sections 5.2 and 6.2). The
detection of solute segregation will be performed in our coming
work directly.

4. Thermo-kinetic grain growth models applicable for NC
Fe-B alloys

4.1. Kinetic model

The driving force for GB migration arises from its curvature.
A classical theory for grain growth from Burke and Turnbull [20]
deduces that the growth rate, V(i.e., dD/dt) is related to the interface
mobility, M, and the driving force P(V),
Op 1 dD _ Op

V=MPV)=MP = oo = (1)
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Fig. 2. Typical bright field morphology of the melt-spun Fe-10 at.% B alloy with the tangential speed of 21 m/s: (a) microscopic morphology, (b) SAEDP of a-Fe and (c) SAEDP

of Fe,B.

This classical parabolic model is precisely applicable to high-
purity, single-phase materials. In general, both M and P(V) are
functions of state variables such as T and x [21]. As for NC
solutions, the solute drag term Ps is introduced to model the stag-
nation of growth in most real materials. Regarding the dependence
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Fig. 3. Typical bright field morphology (a) and diffraction spot (b) of the melt spun
Fe-10at.% B nanograins with tangential speed of 73 m/s.

of solute drag on GB concentration (Xgg) and V, the drag term
should be given as Ps = 8D x dD/dt [22], so that the driving force is
revised as,

%4 1 dD oy
with 8 as a constant. As compared to the previous model from
Michels et al. [11], an integrated effect of solute drag due to Xgg and
V is thus expected as a more rational manner for the stabilization
[23].

4.2. Thermodynamic model

In 1992, Weissmuiller [24] first presented a concept for the stabi-
lization of NC solids against grain growth by GB segregation. Later,
an analogous analytical treatment was derived by Kirchheim [12]
and Liu et al. [13] on the basis of Gibbs adsorption equation [25],

op =00 — FbO |:RT In (Xo - 3F$Vm) + AHseg:| (3)

where o is the GB energy for pure solvent, V;; the molar volume
of the alloy, AHseg the enthalpy change of segregation per mole
of solute, xg the average concentration of the whole system, I
the saturated solute excess amount, I, (<1 7g) is the solute excess
amount at GBs.

It can be inferred from Eq. (3) that grain growth stops with I"j,
approaching I'pg as o} is close to zero. However, is the GB segre-
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Fig. 4. Bright field TEM images for the melt spun Fe-10 at.% B nanograins (73 m/s)
annealed at 700°C for 1 h (a) and 1.5 h (b), respectively.

gation saturated or not at the beginning of grain growth, i.e., the
value of I, must be lower than or equal to I';¢? Departing from
Gibbs equation [25] and McLean’s treatment for GB segregation
[26], Gong et al. [17] categorized the state criterion of initial GB
segregation as saturated GB segregation condition (I"/I o =1)and
unsaturated GB segregation condition (I"p/I'pg<1).

For I',/I"po =1, according to the first order Taylor expansion, Eq.
(3) can be rewritten as,

3RTIZVin 1

Oop =0p — Fbo(RT lnxo + AHseg) + o D

(4)

For I'y/I"y9 <1, Eq. (3) can be rewritten as,

3ToRTVin T},

op = 09 — THo(RT Inxg + AHseg) +
xoD

(5)
Applying the equation of mass conservation to strongly segregating
systems, the GB excess for NC materials is obtained as [14],

D
I'y = 8(pceXcB — PgXg) ~ X0 P (E + 5) (6)

with § as the GB thickness, pcp and pg as the density, and X¢g and
Xg as the concentration, of the GB and the matrix.
Substitution of Eq. (6) into Eq. (5) leads to,
Vinp

op=09— I |:RT (11’1 X0 — T) + AHseg:| + 31 RT Vmép%

(7)

Apparently, Eq. (7) is analogous to o, =071 - 03D from Chen et al.
[14] and the difference between Eq. (7) and that from Chen et al. lies
in whether the effect of the configurational entropy is considered
or not.

4.3. Thermo-kinetic model

With reference to [14,27], as the GB area decreases upon
grain growth, the segregated solute atoms must be re-distributed
throughout the GB network. Meanwhile, the activation energy for
GB diffusion is increased, accompanied with a decreased GB diffu-
sion coefficient, D,. From Borisov’s equation [27], once D;, and the
lattice diffusion coefficient D; become equivalent, a thermodynamic
metastable equilibrium state (i.e., 0, =0) results. Thus, incorpo-
ration of the GB energy decreasing with GB segregation into the
parabolic kinetics is physically practicable [28]. Analogous to the
treatment of Ref. [14], a substitution of Eq. (5) and Eq. (7) into Eq.
(2) leads to,

t

D
D(1/M + D
/ %(w:/dt (8)
p, 1 2 /
with
% I
o0 — Ty [RT(lnxo SRR AHSEg} , ﬁ <1,
o1 =
00 — I'ho[RT(Inxo) + AHseg], Fibb() =1,
(9)
31, RTViép, Fibbo <1,
92 =\ 3[ZRTVn T, )
X0 Ty

and the boundary condition as: t=0, D=Dg and t=t, D=D(t).
Integrating Eq. (8) leads to an evolution of grain size with time,

B 023 02\? 1 3 poa
{301 (o 32) = (o ) |+ (2o e
2 2 3802
X (D-i-%) —(D0+ﬂ) + ﬂgé_zié (D — Dy)
oz} log} o3 Mo
o2 o3
+ T2 — ’3742 IHM —t (10)
oM o] Do +(02/01)
with Dy as the initial average grain size. Eq. (10) 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 applications

The as-spun nanograins were not the final stabilized microstruc-
ture. Upon annealing at high temperatures, grain growth occurred.

5.1. Validity of the thermo-kinetic model

Because of the intrinsic limitation of thermodynamic and kinetic
models, the present model is a relative intact one in that it couples
the mixed effects due to thermodynamics and kinetics for the anal-
ysis of nanoscale grain growth in Fe-B alloys. Subjected to specific
limitations, Eq. (10) will be reduced to previous models.

1. Pure thermodynamic and pure kinetic limitations: (i) if the
GB energy effect is neglected (o}, is considered as an average,
constant GB energy), Eq. (10) will be reduced to Rabkin’s model
[23] (pure kinetic model, Eq. (2)); (ii) If the kinetic process
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Fig. 5. XRD patterns for the melt spun Fe-B alloys (73 m/s) annealed at 700°C for different times: (a) Fe-8 at.% B, (b) Fe-10at.% B, (c) Fe-12 at.% B and (d) Fe-14 at.% B.

is neglected, Eq. (10) will be reduced to pure thermodynamic
model (Egs. (5) and (7)) which is consistent with the illustration
by Kirchheim’s [12].

2. Initial GB condition limitations: (i) if ',/I"po <1, Eq. (10) will
be reduced to Chen et al.’s model (a thermo-kinetic analytical
model at unsaturated GB condition [14]); (ii) if I'p/I"'po=1 and
the solute drag effect is neglected, Eq. (10) will be reduced to
Gong et al’s model (a thermo-kinetic analytical model at satu-
rated GB condition [17]).

5.2. Model calculations

The Fe-B system has an equilibrium solubility limit of 0.04 at.%
B in Fe at 890°C and the equilibrium solubility is reduced fur-
ther to near zero at lower temperatures [18]. Therefore, the
thermo-kinetic model is quite applicable for describing nanograin
growth in melt spun Fe-B alloys with strong segregating ten-
dency. The parabolic model (Eq. (1)), pure kinetic model (Eq. (2)),
pure thermodynamic model (Egs. (4) and (7)) and thermo-kinetic
model (Eq. (10)) are applied to analysis the mechanism of grain
growth.

As shown in Fig. 6, the parabolic model (Eq. (1) with constant
o and B=0), the pure kinetic model (Eq. (2) with o}, as constant
and =1/MDg [23]) and the thermo-kinetic model (Eq. (10)) with

B=1/M") were applied to fit the experimental data employing the
parameters listed in Table 1. From Fig. 6a, the classical parabolic
model (dotted lines) cannot be brought into agreement with the
experimental data. The pure kinetic model could fit the initial stage
within 1000 s. Although the rate of grain growth is partially inhib-
ited due to the solute drag effect, the pure kinetic model could not
give a satisfied description. A good fit to the experimental data is
only obtained using the present thermo-kinetic model (Eq. (10))
due to the introduction of the mixed effect of GB energy and solute
drag.

In the fit of Eq. (10) to the experimental data, oy was 0.83 ]/m?
according to the analysis of Darling et al. for NC Fe-based alloys
[29] while I',9, M and AHseg acted as the fitting parameters; see a
detailed fitting procedure given in Ref. [14]. As for different initial
GB conditions (i.e., I'p/I'pg<1 and I',[/I"pg=1), the fitted values
of I'pg and M were almost uniform (Table 1). When I"y/I"g<1,
AHseg was fitted as 70.84, 69.23, 67.94 and 66.81kJ/mol; when
I'y/T'yo=1, AHseg was fitted as 67.04, 65.45, 64.11 and 62.88 k] /mol

1 The selection of constant 8 will not influence the model analysis. For example,
B = 01 /D2, (With Diax as the limiting grain size) was determined by Michels [11];
Rabkin [23] gave a hypothetical value 8=1/MDy. Regarding the complexity of calcu-
lation depending on B, 8=0,/M was assumed by Chen et al. [14]. In order to derive
an analytical model, S=1/M was assumed in the present case.
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Fig. 6. Evolution of the average grain size with the annealing time for the melt-spun
Fe-B nanograins (73 m/s) annealed at 700 °C. The symbols are the experimental data
with different B concentrations. (a) The dotted, dashed, solid lines are calculated
using Eq. (1) (the parabolic model), Eq. (2) (the pure kinetic model) and Eq. (10)
(the present thermo-kinetic model at I",/I"po = 1), respectively; (b) the solid line is
calculated using Eq. (10) at I'y/po < 1.

(Table 1) for alloys with 8, 10, 12 and 14at.% B, respectively.
AHseg was roughly estimated as 75.63 kJ/mol using the equation of
AHseg ~RTInxop — (10 £ 6) with Xop (~0.04 at.% Bin Fe at T~ 890 °C
[18]) as the terminal solute solubility [ 12], which is compatible with
the fitted values of the two cases.

According to the analysis of Section 4.3, the thermo-kinetic
model was classified two cases, i.e., the initial saturated GB con-
dition and the initial unsaturated GB condition. As shown in Fig. 6a
and b, both of models could give fit descriptions. That is to say, the
thermo-kinetic model is applicable for describing the process of
grain growth and as for the NC Fe-B alloys the initial GB condition
should be analyzed further (see Section 6.1).

Table 1

6. Discussion

In Section 3, the formation of the as-spun single-phase super-
saturated nanograins and the subsequent grain growth and solute
segregation were described for melt spun Fe-B alloys. It is evi-
denced that the grains grew rapidly during a relatively short period
of time and then the grain size did not change essentially any more
with time. Based on the present thermo-kinetic model, the initial
GB condition and possible controlled-mechanism of grain growth
will be discussed in this part.

6.1. Analysis of initial GB condition

According to the analysis of Section 5.2, it is still difficult to
determine the initial GB condition of grain growth in NC Fe-B alloys.
In addition, both the thermo-kinetic models at saturated condi-
tion and unsaturated condition could give satisfied description. It
means that it is difficult to determine the actual initial GB condi-
tion through the comparison of the fitting parameters, "9, M and
AHseg (Section 5.2).

According to the analysis of Gong et al. [17], the initial GB con-
dition could be decided by the ratio of I'p/I"pg. If I'p/I'pg~1,itis a
saturated GB condition; And if I"p/I"pg « 1, it is an unsaturated GB
condition. A combination of McLean’s treatment of GB segregation
[26] and the two relations Xg=xo — I",Vin/D (where X; is the con-
centration of the matrix, Eq. (3)) [12] and I, ~ §0Xgg (Eq. (6)) [30]
leads to the relation [17],

-1
Iy ~ |1 eXp(—(AHseg/RT))

To %o — (3TVm/D) (1)

In combination of the calculated results of Eq. (10) at I'p/I"pp<1
and the parameters in Table 1, the evolution of I",/I"y with the
annealing time is calculated and shown in Fig. 7, where I'p/I ",
(0.995-0.996) approaches 1.1t is evidenced that the initial saturated
GB condition is determined in NC Fe-B alloys. Conceptually, the GB
energy is reduced with segregation since solute atoms can effec-
tively reduce elastic mismatch strains in the GBs [31]. As for Fe-B
alloys, the large B solute concentration (8-12 at.%) and the extreme
low-solid-solubility of B in Fe (~0.04 at.% B in Fe at T~ 890°C [18])
implied extensive GB segregation for these systems. This result was
also evidenced in NC Ni-O sample with 6039 ppm O [32], where
I'y|T"po was calculated as 0.9948 and 0.9998 by Gong et al. [17].
Similarly, due to the strong segregating tendency and high solute
concentration in NC Fe-B alloys, the initial saturated GB condition
(I'p/I'po ~ 1) was determined.

6.2. Characteristic time and controlled-mechanism of grain
growth in NC Fe-B alloy

As described in Refs. [14,15,28], grain growth is a kinetic process
controlled by thermodynamic factor. That is to say, the ther-
modynamic factor or kinetic factor may play the main role at

Values for physical parameters of NC Fe-B alloys used in the calculations in terms of Eq. (10).

Parameters Concentration (at.%)

8 10 12 14
GB energy, oy (J/m?) 0.83 0.83 0.83 0.83
Saturated excess, I'pg (at.%) 1.8x 107> 1.8x 107> 1.8x107> 1.8x 107>
Actual GB thickness, § (nm) 0.8 0.8 0.8 0.8
Enthalpy change, AHseg (KJ/mol) (I7/I"po=1) 67.04 65.45 64.11 62.88
Enthalpy change, AHseg (KJ/mol) (17/I"po < 1) 70.84 69.23 67.94 66.81
Mobility, M (xm?*/]s) (I'y/Tpo=1) 3.9x10°13 3.5%x 10716 1.3 x10°16 5.9 x 1017
Mobility, M (m*[Js) (I'y/Tpo<1) 6.1x10°13 3.9x10°16 1.6x 10716 59x 1017
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Fig. 7. Evolution of I',/I"pp with the annealing time for the melt-spun Fe-B
nanograins (73 m/s) annealed at 700 °C. It is calculated by Eq. (11) in combination
of Eq. (10) at I',/ "y < 1 using parameters in Table 1.

different periods in the whole annealing process. Obviously, the
rapid increase of grain size is a kinetic process (Fig. 6), and the
final period is a thermodynamic stabilized stage. Three theoretical
models of grain growth (pure kinetic model (Eq. (2)), pure thermo-
dynamic model (Eq. (4)) and thermo-kinetic model (Eq. (10)) were
compared in Fig. 8. Both Egs. (2) and (10) could describe the rapid
increase of grain size well at the period of t < t;. It can be concluded
that the evolution of grain size was controlled by the same mecha-
nism (i.e., mainly kinetic-controlled mechanism) at t < t;. However,
the grain size Dyjperic determined by Eq. (2) increased continuously
and exceeded the grain size Dyhermo-kinetic determined by Eq. (10) at
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t>t; as shown in Fig. 8. It indicated that the controlled-mechanism
of grain growth happened to change from kinetic-controlled mech-
anism to mixed mechanism of kinetics and thermodynamics at t;
because of the incorporation of GB energy effect. Therefore, t; could
be determined as an important characteristic time.

On the other hand, as shown in Fig. 8, both Eq. (4) (o, =0) and
Eq. (10) could describe the stabilized grain size at the period of
t>t, well. As shown in Fig. 8, Dihermo-kinetic tended to D™ because
of the GB energy effect and almost reached it at t; (0}, =0). There-
fore, t; could be determined as another characteristic time which
forecasted a transition from mixed controlled growth to purely
thermodynamic-controlled growth.

From above analysis, in comparison of Egs. (2), (4) and (10), two
critical annealing times were defined,

t1,
t=

t2,
With regard to the two characteristic times, the controlled-
mechanism can be categorized as follows:

Dkinetic = Dthermo—kinetic

(12)
D ~ D*(o}, ~ 0)

(i) Mainly kinetic-controlled growth (t <ty):

Using the parameters listed in Table 1, the evolution of
GB energy with the annealing time is calculated according to
Appendix A and shown in Fig. 8. At t < t{, GB energy as the driv-
ing force of GB migration is of a higher value. On the other hand,
the comparison of Egs. (1), (2) and (10) shows that solute drag
effect is not able to inhibit grain growth. The resistance of GB
migration induced by solute drag is feeble, thus grain grows
rapidly at the initial stage. Therefore, it is a mainly kinetic
controlled-mechanism at the range of t < t;.
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Fig. 8. Evolution of the average grain size and GB energy with the annealing time for the melt-spun Fe-B nanograins (73 m/s; 8, 10, 12 and 14 at.% B) annealed at 700°C.
GB energy is calculated using Eq. (A2). Two critical annealing times were determined. t;: Dyjnetic determined by Eq. (2) equals t0 Dinermo-kinetic determined by Eq. (10); t,:
Drthermo-kinetic tends to D* when o, tends to 0 (D* is determined using Eq. (4) when o}, =0).
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(ii) A transition from  kinetic-controlled
thermodynamic-controlled growth (t; <t<ty):
As shown in Fig. 8, the grain size Dihermo-kinetic determined
by Eq. (10) increased slowly because of the introduction of GB
effect and was exceeded by the grain size Dyjetic determined by
Eq. (2) at t>t;. As for the low-solid-solubility Fe-B alloys, the
effect of thermodynamics increased with solute segregation
(Fig. 8). Therefore, at the range of t; <t<t,, it is a transition
of the controlled-mechanism from main kinetic mechanism to
main thermodynamic mechanism.
(iii) Pure thermodynamic-controlled growth (t > t5):
Apparently, only rapid increase of grain size occurs at t <ty.
Once t > t,, 0 ~0, the stabilized size D* was calculated using
Eq. (4) (see Fig. 8),

3172 RT Vi /%0
- To(RTInXxg + AHseg) —0g

growth  to

*

(13)

Therefore, with the decrease of driving force of GB migration,
the thermodynamic effect is a key stabilized mechanism at the
final stage in melt spun Fe-B alloys.

Thermodynamical equilibrium GB segregation is considered in
the whole theoretical treatment using the present thermo-kinetic
model. Equilibrium GB segregation occurs as a result of inhomo-
geneities in the solid giving rise to sites of GBs for which solute
atoms have a lower free energy [33]. In real grain growth of
nanograins in Fe-B alloys, the initial condition, i.e., the distribu-
tion of solute atoms between grain interior and GBs may not be
thermodynamical equilibrium, and thus some time is needed for
solute atoms to diffuse into GBs to reach equilibrium. The analogous
phenomenon was evidenced in Ni-P experiment [34] that the stag-
nation of grain growth was due to P solute segregation [14]. Similar
results were also found in NC Pd-Zr and Fe-Zr alloys [21,35].

7. Conclusions

A grain growth process in the melt spun low-solid-solubility
Fe-B alloys was analyzed under the initial saturated GB segregation
condition. Applying melt spinning, single-phase supersaturated
nanograins were prepared. Grain growth behavior of the single-
phase supersaturated nanograins was investigated by performing
isothermal annealings at 700 °C. The main conclusions of this anal-
ysis can be summarized as follows:

1. In combination with the effect of GB segregation on the initial
GB excess amount, the thermo-kinetic model was extended to
describe the initial grain boundary condition of NC Fe-B alloys.

2. In comparison of pure kinetic model, pure thermodynamic
model and the extended thermo-kinetic model, an initial sat-
urated GB segregation condition was determined.

3. The characteristic times (t; and t;) were determined. The
controlled-mechanism of grain growth in NC Fe-B alloys
was proposed, including a mainly kinetic-controlled process
(t<ty),atransition from kinetic-mechanism to thermodynamic-
mechanism (t; <t<ty) and pure thermodynamic-controlled
process (t>t;).
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Appendix A. Calculation of the GB energy with annealing
time

A quasi-quantitative analysis for the effect of GB energy on the
grain growth is given by differentiation of Eq. (4) over t,
dO’b _ 02 dD

dt — D2 dt
In combination with Egs. (4) and (A1) with 8=1/M (see Section 5.2)
leads to,

(A1)

t

Op _
/ D025, M g (A2)
o (01—0p) 0y b

The evolution of GB energy with the annealing time for as-spun
Fe-B nanograins was calculated (Fig. 8) using the parameters listed
in Table 1. As shown in Fig. 8, o, decreases with grain growth, but it
approaches only infinitely zero (Fig. 8). Thermodynamically, “zero”
value should be considered as an ideally limitation for o}, [16].
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