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The thermodynamic stability induced
by solute co-segregation in nanocrystalline

ternary alloys

The grain growth and thermodynamic stability induced by
solute co-segregation in ternary alloys are presented.
Grain growth behavior of the single-phase supersaturated
grains prepared in Ni—Fe—Pb alloy melt at different under-
coolings was investigated by performing isothermal an-
nealings at 7'=400°C-800°C. Combining the multicom-
ponent Gibbs adsorption equation and Guttmann’s grain
boundary segregation model, an empirical relation for
isothermal grain growth was derived. By application of
the model to grain growth in Ni-Fe-Pb, Fe—Cr-Zr and
Fe-Ni—Zr alloys, it was predicted that driving grain
boundary energy to zero is possible in alloys due to the
co-segregation induced by the interactive effect between
the solutes Fe/Pb, Zr/Ni and Zr/Cr. A non-linear relation-
ship rather than a simple linear relation between 1/D*
(D* the metastable equilibrium grain size) and In(7) was
predicted due to the interactive effect.
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1. Introduction

Nanocrystalline (NC) materials (grain size <100 nm) have
unique properties compared with their coarse grained
counterparts [1, 2]. However, thermally driven grain-size
instability limits the processing and applications of NC
metals. It has been observed that some alloys retain a
nano-scale grain size at high temperatures through solute
segregation, which can be attributed to kinetic or thermo-
dynamic stabilization effects. Kinetic stabilization of grain
size slows the rate at which grain growth progresses [3, 4].
Thermodynamic stabilization reduces the grain boundary
(GB) energy [1]. Weissmiiller [5], Krill [6] and Kirchheim
et al. [7] investigated thermodynamic stabilization for bin-
ary alloys using the Gibbs adsorption equation. Subse-
quently, the study of thermodynamic stabilization was
further extended to concentrated alloys by Trelewicz and
Schuh [8].

All the above models and experiments were based on the
effect of single solute on stabilization of NC alloys (i.e.,
binary alloys). This seriously limited the development of
new NC alloys with high stabilization. In 1975, Guttmann
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[9] developed a model for GB segregation in non-ideal mul-
ticomponent systems and worked out an analytical solution
for simple ternary alloys. If two elements strongly attract
one another, they will precipitate in the matrix. However,
if their interaction is less strongly attracted they will co-seg-
regate to the boundaries to lower the free energy of the
system. Furthermore, the segregation of one element can in-
duce segregation of the other one. This model could explain
why the addition of alloys enhanced impurity segregation
[9, 10]. Stabilization of nano-scale grain size in base binary
alloys by adding suitable ternary or multi solutes has been
reported in recent investigations [11]. The effect of zirco-
nium addition on grain size stability of mechanically al-
loyed NC Fe—Cr or Fe—Ni alloy was reported by Saber et al.
[12, 13]. Zr and Y were also used as an addition to NC
Cu-Al alloy to improve its stabilization and strength at high
temperatures [11]. The doping of La** and Y3* into zirconia
(YSZ) was designed to obtain stabilized YSZ by targeting a
decrease in average GB energy [14]. However, in these in-
vestigations, the share of each solute in thermodynamic sta-
bilization and the interactive effect of solutes (i.e., solute
co-segregation) on the grain growth have not been distin-
guished theoretically.

This work aims to present a simple analytical model de-
scribing thermodynamic stabilization of nano-scale grain
size in multi-component alloys. Then the model will be ap-
plied to the grain growth process of Ni—-Fe—Pb, Fe-Ni—Zr
and Fe—Cr—Zr alloys and the contribution of each solute—
solute and solute—solvent interaction parameters will be
elucidated.

2. Experimental procedure

Using glass fluxing combined with cyclic superheating and
rapid quenching into a Ga—In—Sn bath after recalescence, a
homogeneous supersaturated grain was obtained for under-
cooled Ni-Fe—Pb alloy melts with 1.5 at.% Fe and 1 at.%
Pb. The detailed experimental procedure is available in
Ref. [15].

To investigate the behavior of grain growth and solute
segregation, isothermal anneals at different temperatures
(400-800°C) were conducted in a vacuum electrical-resis-
tance furnace under the protection of an argon atmosphere.
The as-solidified and as-annealed samples of the under-
cooled Ni—Fe-Pb alloy were sectioned, polished and etched
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by using 5 g FeCl; + 10 mL HCI + 100 mL. H,O. The mi-
crostructure of as-annealed samples was obtained by using
an OLYMPUS-PMG3 optical microscope. The grain size
was measured by using a Leco image analysis instrument.
The structures of GB and precipitated phases and their cor-
responding selected-area electron diffraction (SAED) pat-
terns were analyzed by transmission electron microscopy
(TEM, JEM 2100 microscope). The concentration distribu-
tion was detected by TEM-EDS (energy-dispersive X-ray
spectroscopy).

3. Model derivation

The basic assumptions are known that the fixed number of
the adsorbing site for free surface adsorption corresponds
simply to the sites equivalent of a completed monatomic
layer of adsorbate. Guttmann developed a series of theories
to allow for interactions between two co-segregation spe-
cies in ternary or higher order systems [9],

Xpi x.i exp(—AG;/RT)

Crio 2 AG;
1 i —) -1
+ZXJ[GXP<RT> }

Jj=1

(1)

where X, is the fraction of the GB monolayer available for
segregated atoms at saturation, X, is the actual fraction, Xp
and X, are typically the molar fractional monolayers segre-
gated by the impurity and alloying elements of bulk con-
tents X, and X,», respectively, as for a ternary dilute sys-
tem. Additionally,

AG| = AGY + o/, X (2)

AG, = AGY + o, X5 (3)

where AGY and AG) are the free energies of segregation of
the impurity and alloying elements separately in the matrix.
The interaction coefficients o/, refer to the changes in near-
est-neighbor bond energies in forming the alloy-impurity
bonds. The numerical values have been determined from
the heat of mixing but better values can be obtained from
measurements of the effects of the alloy elements on the so-
lubility of the impurities. In the first approach, with some
simplifications [9],

Ay, = app — a3 — ags 4)

where the subscripts 1, 2 and 3 refer to the impurity, alloy
and matrix atoms, respectively. The «; are in turn the bin-
ary molar regular solution parameters defined by [10],

ajj = ZNo [Sz:/ - W] (5)

where Z is the coordination number and N is Avogadro’s
number. The ¢; is simply the interaction energy between
the nearest-neighbour atoms i and j.

The most general form of Gibbs adsorption theorem can
be expressed by [16],

do = —SdT — )~ I'idy, (6)
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op — ag = —ApRTXyy

with o as the GB energy analogous to the surface tension, S
the entropy, I; and g, the density of the ith component at
the GB and its chemical potential, respectively. The dilute
homogeneous binary alloys at constant temperature are,
certainly, the most relevant and interesting from the GB
segregation point of view. Using the Gibbs—Duhem equa-
tion and Henry’s law, Eq. (6) reduces to,

1 1
do — — (FZRTdXz n F3RTdX3> 7)
X, X;

where 1 is considered as a solvent and elements 2 and 3 as
weakly attracted solutes. I’y and I'} are the solute excess
at GBs, which can be expressed as X;,4p and X;34p, with
p and 4 as the density and thickness (about 0.8 nm [17]) of
the GB, respectively. Assuming that X3 is constant, Eq. (7)
can be simplified as,

T RTdX
do=——2""22 (8)
X
From Eq. (1),
Xp20Ca exp(522)
1-X+X, exp(AGz) X3 + Xz exp (AG’)

©)

Xpp =

Given the boundary conditions: X =0, ¢ = g, for pure sol-
vent;, X =X,, 0 =0, for binary alloy, integration of
Egs. (8) and (9) gives,

oy
/ g = _ApRTXbO

ao

/xz exp (AG’;) X (10)
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And then,

exp(3%)

[(rxen(Gr)

exp (&7)

exp(&r) — 1

(1 xiew(42) -x) an

By assuming AG, > RT, AG3 > RT [18], Eq. (11) can be
further given as,

AG3 AG;
op = a9 — RT T In | X3 exp RT + X5 exp RT

4+ RT1T 50 In X5 + I'0AG3 (12)

exp (%) -1

AG
—X3 + exp (R—Tz) — 1>X2] + ApRTX 0

Similarly, assuming that X, is constant, we can also get,
AG, AG3
=0agy— RTI';yIn|X X
op = 0y 30 n[ 2CXP< T>+ 3¢ Xp(RT)}
+ RTI301In X, + I'30AG, (13)
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Considering the interactive effect of solutes in multicompo-
nent, an integrated equation of GB energy can be obtained,

T+ T T3V
oy = 09— RT( 122150 | (g — 2123V
2 Dx

AG; 30 Vi AG,
exp| —=| + | x20 — exp| —=
RT Dx RT
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In addition, Eq. (14) can be developed to multicomponent

alloys as,
= i=n 30V,
O'bZO'O*RT@hl (Xio ’ m)
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The last term of Eqgs. (14) and (15) is the change of grain
growth driving force caused by the solutes atoms interac-
tion. In Eq. (15), when n =2, namely for the binary alloy,
the last term was eliminated, and we can get the same equa-
tion as Liu et al. [18]. Hence there exists a state at which the
polycrystal is stable with respect to the variation of solute or
stable phase at GBs and grain growth leads to a more stable
equilibrium when compared with an unchanged grain size
and solute segregation. A metastable thermodynamic equi-
librium (metastable grain size D*) is then obtained when
oy is equal to “0” according to Eq. (14).

4. Experimental results, model application
and discussion

4.1. Grain growth and solute co-segregation in Ni-Fe—Pb
alloy at different undercoolings

4.1.1. Formation of single-phase supersaturated grains

The as-solidified microstructure of the single-phase super-
saturated grain (with AT =200, 220, 230 K) is shown in
Fig. 1. Using TEM-EDS the composition of the alloy was
determined to be about 97.5 at.% Ni, 1.5 at.% Fe and
1 at.% Pb, with no detectable contamination. From the ana-
lysis of EDS, the solute distribution in a single grain was al-
most uniform, indicating that the solute segregation was
suppressed through the rapid solidification and solute trap-
ping effect of undercooled melt. The microstructural evolu-
tion and the refinement mechanism of the highly-under-
cooled rapid solidification in Ni-based alloys have been
studied extensively. An important outcome of high under-
cooling experiments is the observation of an abrupt grain
refinement at a critical value AT* which has been analyzed
in a variety of Ni-based alloys, such as pure Ni [19], Ni-B
[15], DD3 [19], Ni—Cu [20] and Ni—C [21]. It indicates that
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Fig. 1. Fit using Eq. (12) to the evolution of the grain size obtained in
Ni-1.5 at.% Fe-1 at.% Pb alloy with temperature. (a) The as-solidified
grain at AT = 220 K; (b) The as-annealed grain at 800 °C.

the grain refinement transition is a rather universal process
occurring in undercooled melts. However, the as-formed
single-phase equiaxed grains were not the final stabilized
microstructure [22]. On this basis, the grain growth process
of the grains in undercooled Ni-1.5 at.% Fe-1 at.% Pb alloy
will be clarified.

4.1.2. Heat treatment of the as-solidified grains

The grain size established from OM and TEM is plotted in
Fig. 1. Obvious grain growth occurred with the annealing
time and annealing temperatures. Figure 2 shows the
bright-field TEM images of undercooled Ni—Fe-Pb alloy
at AT =220 K at different annealing temperatures. In all
samples GBs tended to become thicker with the annealing
time increasing, and finally precipitated particles formed,
as shown in Fig. 2c. It could be attributed to the segregation
of significant solutes (Fe or Pb). The SAED pattern of the
sample annealed at 800 °C for 60 min is plotted in Fig. 2d
and e, where only a-Ni phase is evidenced in the grain inner
and FePb; phase is detected in GBs. This confirmed that the
interactive effect of Fe and Pb led to the stabilized grain
size and then established a metastable equilibrium state.
Similar results could also be obtained in the samples an-
nealed at 500 °C and 700 °C, as shown in Fig. 1.

4.1.3. Model application of grain growth
in Ni-1.5 at.% Fe-1 at.% Pb alloy

The co-segregation model (Eq. (14) with g, =0) was ap-
plied to fit the experimental data, (see the solid line in
Fig. 1). The parameters are shown in Table 1. From Fig. 1,
this model could give a fit description of grain size evolu-
tion with annealing temperature. According to Ref. [17],
o, was estimated as 0.87 J m™2 and I, and Iy, were fitted
as 1.00 x 1073 and 2.54 x 1073, respectively (Table 1). AG,
and AG, were fitted as 19 and 92 kJ mol!, respectively.
Obviously, Fe is a weakly segregating solute and Pb is a
strongly segregating element [23]. It is evidenced that the
interactive effect of Pb and Fe induced the co-segregation
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Ni 82.98 at.%
Fe 4.55 at.%
Pb 12.47 at.%

Fig. 2. Bright-field TEM images of undercooled Ni—Fe—Pb alloy at
AT =220 K at different annealing temperatures: (a) as-solidified sam-
ple; (b) T=600°C; (c) T=800°C; (d) and (e) are the SAED patterns
of the GB phase (FePbs) and grain inner phase (0-Ni).

of Fe and Pb in Ni matrix (Fig. 2) and then resulted in the
reduction of GB energy [18].

The case above is a metastable rather than stable equilib-
rium because the formation of precipitation of FePb; from
saturated GBs is kinetically hindered at 7'< 800°C [7]. As
for the strongly segregated system, the tendency of solute
segregation to GB is very strong. It is so easy to form a satu-
rated GB to accommodate the additional solute atoms
(Fig. 2b). If the nominal impurity concentration in the alloy
slightly exceeds the corresponding solubility limit, the ex-
cess impurity atoms leaving the GB should cause the nu-
cleation of the particles of impurity-rich phase (Fig. 2c).
According to the Gibbs adsorption isotherm for surfaces
and GBs, with the onset of precipitation, the chemical po-
tential may be reduced, leading to an increasing GB energy
from zero and therefore providing the driving force for ra-
pid grain growth [24]. So the grain size is larger than the
calculated size at 800 °C, as shown in Fig. 1. But with the
further increase of annealing temperature or time, the con-
trolled-mechanism of grain growth will transform to second
phase precipitation from solute segregation, as shown in
Fig. 2c¢ [24]. Similar experimental results have been de-
tected in NC Ni-P alloys and Al oxide. Above the solubility
limit of P and yttrium, YAG and Ni;P precipitates form and
considerable grain growth occurs [25-27].

4.2. Thermal stability of NC Fe—Cr—Zr
and Fe-Ni—Zr alloys

The model predictions can be compared with experimen-
tal results for NC Fe—Cr—Zr and Fe—Ni—Zr alloys prepared
by ball milling [28]. Firstly, we investigated the influence
of Zr and Ni solute atoms on the stability of the grain size
of NC Fe—-Ni—Zr produced by ball milling. Figure 3 shows
the grain size vs. annealing temperature for ternary Fe—
Ni—Zr alloys and binary Fe-8 at.% Ni alloy annealed at
different temperatures up to 1000°C. Annealing of the
as-milled nanostructured Fe-8 at.% Ni resulted in a rapid
coarsening of the microstructure and the eventual coarsen-
ing to the micron scale above 600 °C [24]. Fits of Eq. (14)
to the average grain sizes are shown in Fig. 3. According
to Ref. [17], o, was estimated as 0.73 J m™2 and Iy, I,
AG, and AG; were fitted as shown in Table 1 which were
close to the estimated values by Saber et al. [29]. We ob-
served that a NC microstructure remained stable up to an-
nealing to 700 °C. It was postulated that the grain growth
in Fe-Ni—Zr alloys below 700 °C was blocked by the de-
crease of GB energy (i.e., the driving force) induced by
the co-segregation of interactive Zr and Ni [28]. Although
the segregation free energy AG, is much smaller than
AGj;, the segregation of Ni still proceeds due to the co-
segregated effect.

Table 1. Physical parameters of alloys used in the calculations [15-18, 23, 29].

Parameters Units Fe-10Cr-xZr Fe-8Ni-xZr Ni-1.5Fe-1Pb
o0 Jm32 0.73 0.87
Ty mol m2 0.2x 107 0.6x 1077 1.0x 107
T3 mol m™2 1.85x 107 1.85x 107 2.54x107
AG, kJ mol™! 2 19
AGs kJ mol™! 92-106.2 89.7-100.1 92
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Fig. 3. Fits using Eq. (14) to the evolution of the grain size obtained in
the single-phase NC solid solutions of Fe-Ni—Zr with temperature
[24].

A similar prediction to the above could also be detected
in the grain growth of NC Fe—Cr—Zr [28] and Fe—Zr alloys
[30]. The estimated grain size versus isochronal annealing
temperature for Fe-4 at.% Zr and Fe-10 at.% Cr with differ-
ent amounts of Zr is plotted in Fig. 4. The addition of Cr
and Zr significantly extends the stability of nano-scale grain
size up to higher temperature. According to the theoretical
treatment of Kirchheim et al. [7], a simpler relation was de-
rived by differentiating Eq. (14) with respect to T as,

4
dInT
(I + IT'3) In (xze%> + I'yolnixs + I'soInxs — H(T)
N 3Vl
(16)
AGy AGy
(xze KT — X3€ Rl )F20F30
FO = r20 —+ F30 =+ (86, 74G3) (17)
XoX3€  RT
(Fz() + F30) (AGQ)CQ@A’% + AG3X3€ARLT3)
H(T) = (18)

AG, AG3
(xzeW + x3 eW> RT

The right-hand side of Eq. (16) depends on temperature too,
because the change in D* gives rise to the change in x;. Ap-
parently, Eq. (16) is analogous to Eq. (13) from Liu et al.
[18] and the difference between Eq. (16) and that from Liu
et al. lies in whether the temperature dependence of the sol-
ute excess and segregated free energy induced by a third
element are considered or not. If the effect of the third ele-
ment is neglected, Eq. (16) will reduce to Liu’s model (see
Eq. (13) in Ref. [18]).

Figure 4 presents good agreement with Fe—-Cr—Zr and
Fe—Zr alloys. The detailed parameters are shown in Ta-
ble 1. The physical parameters of NC Fe—Zr alloy are given
in [17]. However, it is a curvilinear relationship according
to Eq. (16) for data with Fe—Cr—Zr alloys. Only a linear re-
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Fig. 4. Relation according to Eq. (16) for experimental data of NC
Fe—Cr—Zr [28] and NC Fe—Zr [30].

lation with similar slopes according to data with 4 at.% Zr
was given. Saber et al. [29] has shown that addition of Ni/
Cr in the ternary Fe-Ni—Zr/Fe—-Cr—Zr alloys affected the
grain growth process. The interaction energy (w?/Ni=
245k mol”' and %" =—_6kImol! [29]) of NC
Fe—Ni—Zr and Fe—Cr—Zr increases the effectiveness of ther-
modynamic stabilization. Combining the experimental evi-
dence and model calculation of Ni-Fe—Pb, Fe-Ni—Zr and
Fe—Cr—Zr alloys, it can further provide evidence that o, re-
duces to zero when grain growth is suppressed with satu-
rated GBs and the interactive effect between solutes could
promote the co-segregation and strengthen the thermal sta-
bility.

5. Conclusions

The grain growth and thermodynamic stability induced by
solute co-segregation in ternary alloys were presented. The
main conclusions are as follows.

1. Using molten glass purification combined with cycle
superheating methods and isothermal annealings, growth
behavior of the single-phase supersaturated grains pre-
pared in Ni-Fe—Pb alloy melt was analyzed.

2. Combining the multicomponent Gibbs adsorption equa-
tion and Guttmann’s grain boundary segregation model,
an empirical relation for isothermal grain growth was
derived. By application of the model to the grain growth
in Ni-Fe-Pb, Fe—Cr-Zr and Fe-Ni—Zr alloys, it was
predicted that driving grain boundary energy to zero is
possible in alloys due to co-segregation induced by the
interactive effect between solutes Fe/Pb, Zr/Ni and Zr/
Cr.

3. A non-linear relationship between 1/D*and In(7) rather
than a simple linear relation was predicted due to the in-
teractive effect.

The work was supported by the Fundamental Research Funds for the
Central Universities (2015QNA27).
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