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Abstract

Based on a thermodynamic approach, a unified formula was proposed to describe distinct
Hall-Petch relationships (HPRs) of unalloyed nanostructured materials (u-NSs: Fe, Cu,
Ni, Pd, and Mo) and alloyed ones with low- or high-melting temperature alloying metals
(low-Tn, or high-Tr, a-NSs: NiyMo_y, FexZr_, NiyCu;_,, and FexCuj_,). As the grain
size decreases to several nanometers, the yield strength first increases and then decreases
for u-NSs and low-Ty, a-NSs, obeying the inverse HPR (IHPR), while it monotonically
increases for high-Ty, a-NSs. For the former, the decrease is induced by the reduction in
activation energies of interface migration and dislocation gliding, along with the thermally
driven decline, lattice expansion, and bond weakening of interface atoms. In the latter
case, the monotonic increase or the elimination of IHPR is relevant to the negative interface
energy induced by the segregation of alloying atoms at grain boundaries. Our predictions
are validated by the available experimental results.

Keywords: Hall-Petch relationship; nanostructured materials; alloying; interface energy

1. Introduction

Nanostructured materials (NSs) are commonly used in various fields due to their high
strength /weight ratio compared to coarse-grained counterparts [1-3]. The mechanical
properties of unalloyed NSs (u-NSs) have aroused much attention thanks to their high
strength, which is linked to their small grain size (D) [4]. When D > 30 nm, for example, the
yield strength (o) increases with lowering D. This is the Hall-Petch relationship (HPR) [5,6],
and, considering the temperature effect, it can be given as [7-9]

o(T,D) = o(T, ) + kq(T)D /2 1)

where T is the working temperature, o(T,c0) is the friction stress with bulk oo, and k4(T)
is a constant depending on the resistance to dislocation movement at grain boundaries
(GBs). As D decreases, the GB/volume ratio increases, resulting in enhanced dislocation
pile-ups at GBs, and then increased o(T,D) [10,11]. As D decreases further, however, o(T,D)
does not always increase but can begin to decrease below a critical size (D.), which is the
inverse HPR (IHPR) [11]. IHPR has also been observed for alloyed NSs with low-melting-
temperature (I') alloying metals (low-T'w a-NSs) [12,13]. However, such a decrease in
o(T,D) is absent for a-NSs with high-T, alloying metals (high-Tr, a-NSs) [14,15]. To further
our understanding of the strengthening mechanisms of NSs, it is necessary to elucidate
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distinct relationships for u-NSs and a-NSs. Several classical models have been proposed
for IHPR, such as the dislocation-based model [7,16], the diffusion-based model [17], the
GB-shearing model [18], and the grain-boundary phase or bonding model [19,20], but they
fail to elucidate the elimination of IHPR for high-Tr, a-NSs.

Based on Lindemann’s melting criterion and Mott’s expression of vibrational entropy (Syib),
our group proposed that the decrease in Ty (D) of nanocrystals (NCs) induced by surface coordi-
nation imperfection can be modeled as TNC(D)/ T (c0) = exp[(—2S.i,/3R)/(D/Dy — 1)] [21,22],
where Sy ~ Sm = Hm/Tm, with S, being the melting entropy and Hyy, the melting enthalpy; R
is the ideal gas constant; and Dy = 6k denotes the critical diameter, with / as the atomic diameter,
where almost all atoms of the NC are located on the surface and the crystalline structure is no
longer stable. Using such a D-dependent TNC(D) formula and a phenomenological equation
with o(T,D) relying on the conventional GB gliding through boundary diffusion [9,23], where
boundary diffusion or analogous behavior is also important at room temperature for NSs [24-26],
a thermodynamic model for o(T,D) of NSs at room temperature and above was proposed as [27]
NC ( D)

o(T,D) = o’(o0) + {kt —O—kd'(T)D*l/z} exp[TmZT

] ()

where 0’(0) is a T-independent term, k; is a constant, and kq'(T) = kq(T)/ exp[TrII\fC(D)/ 27)].
The 0'(c0), kt, and kq4'(T) values can be figured out by fitting results from the literature.
However, since the grains of NSs are different to those of NCs with free surfaces, the
aforesaid TN (D) formula in Equation (2) is inappropriate for plotting the HPR or IHPR
curves of NSs. Specifically, the grains of NSs possess weaker bond deficits with a lower
interface energy compared to free NCs, resulting in the variation in thermal properties
of NSs differing to that of free NCs [28,29]. Moreover, Equation (2) also fails to elucidate
the elimination of IHPR for high-Tr, a-NSs. A comprehensive model effective to elucidate
distinct relationships between D and o(T,D) of u-NSs and a-NSs is still required.

Attempts have been made to study the Young’s modulus (Y) of NSs, and it was found
that the Y(T,D) of NSs decreases on lowering D, and that such a decrease is smaller than
that of free NCs [30,31]. Using in situ tensile tests, moreover, Zhu et al. [32] found that the
Y(T,D), o(T,D), and ultimate tensile strength of Ag nanowires increase on lowering D, and
proposed that the D-dependence of o(T,D) is mainly caused by the stiffening size effect
of Y(T,D). One may thus expect that the o(T,D) of NSs can be worked out by solving the
D-dependent Y(T,D). By considering the effects of thermally driven effect, lattice expansion,
and bond weakening concerning the coordination imperfection of GBs, a model regarding
the D-dependent Y(T,D) of NSs was proposed as [29]

Y(T,D) _ Y¢(T,D) Yg(0,D)
Y(T,00)  Y(T,00) Y(0,00)

©)

where Y1(T,D)/Y(T,00) denotes the thermally driven effect associated with TIIT\IS(D), and
Yg(0,D)/Y(0,00) denotes the effects of lattice expansion and bond weakening. Equation (3)
indicates the importance of the thermally driven effect, lattice expansion and bond weak-
ening in o(T,D) variation in NSs. In addition, since the local energy density decreases
as the bond energy declines, o(T,D) should also decrease according to the proportional
relationship between o(T,D) and energy density [33]. Furthermore, in a-NSs, alloying
atoms tend to aggregate at GBs, where they form new bonds and thereby alter the nature
of the GBs [14,34]. Specifically, when these newly formed bonds are weaker than the
interior bonds of the base metal (e.g., in low-Try a-NSs), the GB energy (ygp) is positive,
indicating that additional energy is required to form such GBs. In contrast, when GB
bonds are stronger than interior bonds (e.g., in high-Tm a-NSs), yg, becomes negative,
implying that the GBs are energetically more stable than the bulk of the base metals. This
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fundamental change in GB energetics leads to distinct variation trends for o(T,D). However,
these contributions have not previously been considered in evaluating the o(T,D) of NSs. It
is notable that this linkage between the T, of alloying elements and the sign of v}, should
be regarded as a first-order approximation. In real NSs, vy, is also strongly influenced by
segregation chemistry, complexion transitions, and interfacial phases. Incorporating such
effects would be a valuable direction for future refinement of the framework.

In this contribution, we developed a unified formula to predict the o(T,D) values of
u-NSs and a-NSs by considering the interface energy based on presently available theories
of fine grain strengthening, solid solution strengthening, and alloying strengthening. The
roles of g, lattice expansion, and bond weakening were also evaluated by considering the
alloying effect. The predictions are in good agreement with the experimental results.

2. Methods

Referencing Equations (1)—(3) and combining the aforesaid proportional relationship
between o(T,D) and Y(T,D), o(T,D) of NSs can be evaluated by

o(T,D)
0(T,00)

2T§;[5(D)] o1(T, D) o5(0,D)
T o(T,c0) 0(0,00)

=1+k(T)D" "% exp| (4)
where k(T) is a constant; o1(T,D)/o(T,00) = [TN>(D) — T]/[Tm(c0) — T], denoting the
thermally driven effect; and op(0,D)/ 5(0,00) = [l(c0)3e(D)]/[I(D)3e(c0)] denoting the effects
of lattice expansion and bond weakening, with & being the lattice constant and ¢ the bond
energy. The KT)D~Y 2exp [2TNS(D)/T] term covers the contributions from the activation
energies of interface migration and dislocation gliding [20,27].

The TNS(D), h(D), and (D) values should be known to obtain o(T,D) using
Equation (4). Based on the aforementioned TN®(D) equation and considering the role
of Ygp, TNS(D) was explored with [28]

Tn’(D)/ T (o) = exp[~8(28yip/3R)/(D/Do — 1)] )

where ¢ is the additional term induced by the difference between the free surface and the
solid-solid interface, which can be given as

5 =1/[1+ (Var/vgp = 1) (2Sio /3R +1)] (6)

where vsy is the surface energy. Meanwhile, h(D) and ¢(D) can be worked out using a
hard-sphere approach and the D-dependent interface energy [35], as follows:

h(D)/h(c0) =1+ h(c0) /3D @)
£(D)/e(00) = [Ec(D)/Ec(e)]/ |6(Zgn/ Zy — 1) h(e0) /D +1] (®)

where
E«(D)/Ec(0) = [1 —1/(12D/Dg — 1)] exp[—6(2Sp/3R) /(12D /Dy — 1)] )

Here, Ec(D) is the cohesive energy of NSs, and Z}, and Zg, denote the atomic coor-
dination numbers of bulk and GBs, respectively. Zy, = 8 and Zg, = 7 for body-centered
cubic (BCC) crystals, and Z;, = 12 and Z, = 11 for face-centered cubic (FCC) and hexagonal
close-packed (HCP) crystals. Sy, = Hy, /Ty, is the bulk solid—vapor transition entropy, with
Hy, being the heat of vaporization and Tj, the boiling point.
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In addition, Y(T,D) declines as the difference between T and TNS(D) decreases [36].
On lowering D, the velocity of atomic movement accelerates through the thermally driven
effect, altering the degree of plastic deformation. It is thus necessary to consider the
influence from T and TN°(D) suppression using the thermally driven term. Substitut-
ing the D-dependent TN°(D) in Equation (5) into Equation (4), a unified formula can be
developed as

o(T,D)
o(T, )

(10)

D/Dy—1)" o(T,c0) 0(0,00)

Here, k(T) can be obtained by fitting experimental results regarding o(T,D) as the
function of D at a certain T using the least-squares method in order to ensure consistency
across a wide range of reported experiments. k(T) represents an effective parameter in-
tegrating several physically meaningful contributions, similar to the classical Hall-Petch
coefficient. Hence, even with only a small number of data points, Equation (10) can be
adopted to predict the o(T,D) values of u-NSs and a-NSs at any D in the full size range
from micrometer to nanometer, including the maximums of o(T,D) at D..

To work out o(T,D) with Equation (10), the & term should be solved with the vy,
associated with Equation (6). For u-NSs, ygp(00) = 4hHmSyip/ (3VsR) with Vs being the
molar volume [37]. For a-NSs, ygp(00) = Eqp(00) — Ecgp(00) [38], where E,(c0) and Egp(o0)
denote the cohesive energies of bulk atoms and GB atoms, respectively. Also, E, = Zpep,/2
and Ecgp = [Zgpegp + (Zp — Zgp)epl/2 with Zg), = Zsy, where Zy is the atomic coordination
number of a surface, ¢, and &g, are the bond energies of the bulk and GBs, respectively.
Generally, NCs consist of (111) facets with Zs, = 9 and (100) facets with Zs, = 8 [37].
Zgb = (N100Z100 + N111Z111)/ (N100 + N111) is thus used, where N1gg and N11; are the num-
bers of (100) and (111) facets, respectively. NCs can be described by the Wulff construction
developed by minimizing ys, with a given enclosed volume [37,39-41], where truncated
octahedra with regular hexagonal facets are regarded as the regular one [42]. Upon this,
N1go/Ni11 = 3(n?> — 4n + 4)/[4(3n* — 9 + 7)], and Ny = 16n> — 3312 + 24n — 6, where
Niotal is the total number of atoms and 7 is the number of atoms at the edge. As n or N
increases, N1go/N111 increases by up to 25%. Accordingly, the equivalent D of the faceted
cluster can be given as D = Niota-/3h [42]. Moreover, the case of Nygg/N111 = 0, with the
assumption that the surface consists only of (111) facets, is also calculated for comparison.
For a-NSs, ygp(c0) is positive for low-Ty, a-NSs since E,(o0) > Ecgp(0), but it becomes
negative for high-Tr, a-NSs since Eqp,(00) < Ecgpp(00).

3. Results and Discussion

Figure 1 plots the o(T,D) curves for u-NSs of Fe, Cu, Ni, Pd, and Mo. On lowering
D, o(T,D) increases and then reaches a maximum value when D = D, where D, is about
10-30 nm. Below D, the further decrement of D leads to a shrinkage of o(T,D). As D > D,
TNS(D) approximately equals to Tm(c0). The excess volume at GBs and the interface
energy are both large [43], enhancing the dislocation pile-ups and hindering the dislocation
movement at GBs. This results in the increase in o(T,D) with lowering D. As D < D,
however, TNS(D) decreases accompanied by interface softening [26]. As a result, the
boundary diffusion or gliding begins to dominate the deformation, and o(T,D) starts to
decrease. Meanwhile, the thermally driven decline can be enhanced by the decrease in
TNS(D), while lattice expansion and bond weakening may also enhance interface softening.
All these effects lead to a reduction in o(T,D) below D.. Notably, currently available
experimental data for o(T,D) in u-NSs and a-NSs cover only limited D ranges; however,
the variation trends predicted by our model are broadly consistent with the experimentally
observed trends within the accessible ranges.
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Figure 1. o(T,D) as a function of D~1/2 for u-NSs of (a) Fe, (b) Cu, (c) Ni, (d) Pd, and (e) Mo using
Equation (10). T = 300 K in (a-d), and T = 293 K in (e). Symbols are experimental results with A [44],
% [44], and e [45] in (a) for u-NSs of Fe, A [44], <7 [25], O [46], and e [45] in (b) for Cu u-NSs, < [47],
v [47], B [48], A [49], and e [48] in (c) for u-NSs of Ni, e [25] and [J [50] in (d) for u-NSs of Pd,
and M [45] in (e) for u-NSs of Mo. v/ in (b) is a theoretical result from ref. [51]. See Table 1 for the

necessary parameters.

Table 1. Parameters of the selected metals used in the model calculation.

Fe Cu Ni Pd Mo
h(o0) (nm) [52] 0.312 0.290 0.298 0.338 0.380
Hum(co) (kJ/g-atom) [52] 13.8 13.0 17.5 17.6 32.0
Ten(o0) (K) [52] 1809 1358 1726 1825 2896
Hy,(c0) (k] /g-atom) [52] 347 300 378 380 600
T (00) (K) [52] 3134 3200 3186 3236 4926
Ygb(00) J/m?) 2 0.69 0.59 0.93 0.76 1.34
vv(00) (J/m?) [53] 242 1.79 2.38 2.00 291
(300, o0) (MPa) 100 [44] 25 [44] 395.5 [48] 343.3 [50] 333.3 [54]
k(T) (nm!/2) b 6.76 x 1074 1.92 x 1072 2.36 x 107* 8.41 x 107° 2.26 x 1077

ay,=71,71,6.6,89,and 9.4 cm3/ g-atom for Fe, Cu, Ni, Pd, and Mo, respectively [52]. b k(T) was obtained
by fitting all experimental results listed in the caption of Figure 1 with the least-squares method in terms of
Equation (10). T = 300 K for Fe, Cu, Ni, and Pd, and T = 293 K for Mo.

To further understand the roles of activation energy, lattice expansion and bond
weakening, and thermally driven effects in the reduction in o(T,D), Figure 2 gives the
curves of k(T)exp [2TN*(D)/T1, [h(c0)*e(D)]/[I(D)*¢(e0)], and [TN*(D) — T1/[Tim(c0) — T1
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as functions of D~1/2 for u-NSs of Fe, where the case of free NCs is also given in Figure 2a.
From Figure 2a, the contribution of activation energy to the reduction in o(T,D) increases
on lowering D for u-NSs and free NCs. At temperatures far below Ty (o), GBs are hard
and exist as barriers to the dislocation movement. However, GBs start to soften due to
the TNS(D) suppression, and the activation energy of GBs migration decreases, resulting
in the reduction in o(T,D). Moreover, the variation in u-NSs is weaker than that of free
NCs because Yeb /VYsv < 1. Figure 2b shows that the effects of lattice expansion and bond
weakening on the reduction in o(T,D) increase with lowering D. The lattice expansion
of u-NSs at small D values leads to Y(T,D) suppression at room temperature [29]. As
there is a proportional relationship between the shear modulus (G) and Y(T,D), G(T,D)
also decreases with lowering D. Moreover, (D) increases with lowering D, and thus the
lattice resistance decreases accordingly, leading to easier dislocation movement and plastic
deformation [55]. Moreover, the single bond energy weakening of u-NSs brings about
a decline of local energy density. Due to the proportional relationship between Y(T,D) and
the bond energy density [33], Y(T,D) and o(T,D) also decrease. The thermally driven effect
on the reduction in o(T,D) is found to become more obvious with lowering D from Figure 2c.
As D decreases, the ratio of low-coordination atoms at GBs to total atoms increases, resulting
in the decrement of TN°(D). This means that u-NSs have high-temperature properties with
lowering D, leading to the further reduction in o(T,D).

120

. (a)
= 1004
2 ] NSs
2 804
28
o 60 NCs
A ]
2 40-
o |
T 204

0
S 1.00 (b)
ey
Q 096
=
Q 092-
MLO
% 0.88
= 1.00- (©)
s
& 0.96-
-
1 092-
S
%’;a
& 0.88-

: T : | ' | ' T '
0.0 0.1 02 03 0.4 05

D—l/Z (nm—l/2)

Figure 2. (a) k(T)exp [2TNS(D)/T), (b) [I(c0)*e(D)]/[1(D)*e(c0)], and (c) [TNY(D) — T1/[Tm(e0) — T]
as functions of D~1/2 for u-NSs of Fe using Equations (5)—(9) with T = 300 K, where the case of free
NCs with TNC(D) is also plotted in (a) for comparison. See Table 1 for the necessary parameters.
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As regards the strength of contributions from different effects, the contribution of
activation energy to the reduction in o(T,D) is up to 70% at D~1/2 = 0.5 nm~1/2 from
Figure 2a, and the combined contribution of lattice expansion and bond weakening and the
thermally driven effect increases up to around 24% at D=1/ = 0.5 nm /2 from Figure 2b,c.
This infers that the effects of lattice expansion and bond weakening and the thermally
driven effect are relatively weak but cannot be neglected.

Figure 3 exhibits the curve of D, as a function of Yeb /vsv for u-NSs of Fe, Cu, Ni,
Pd, and Mo to reveal the role of yg,. The plot shows that D. increases significantly with
increasing vgp /vsv and D¢ is about 10-30 nm, which is consistent with experimental
results [27]. This suggests the vital and non-negligible role of v, on D¢ and o(T,D).

40
30
Mo 7
J L d .7
£
5 -
QO 20_ ///
Pd .~
J ®
-7 e
Fe - Ni
10 o _-"o
-7 Cu
0 : | : | '
0.2 0.3 04 0.5
ygb/ysv

Figure 3. D, as a function of Yeb /7vsv for u-NSs of Fe, Cu, Ni, Pd, and Mo with T = 300 K. The dashed
line is the exponential fit to the data. See Table 1 for the necessary parameters.

Different v, values are relevant to different alloying metals for a-NSs, and one
can thus speculate that the variation in o(T,D) with lowering D will be complicated.
Figure 4 shows the o(T,D) curves for a-NSs of Ni-Cu, Fe-Cu, Ni-Mo, and Fe-Zr. For the
a-NSs of Ni-Cu and Fe-Cu shown in Figure 4a,b, o(T,D) increases with lowering D and
begins to decrease when D < D, suggesting that the o(T,D) of low-T, a-NSs also fol-
lows the IHPR. In this case, the weak bonds of alloying atoms segregated at GBs result in
the relaxation of local pressure and positive ygp, values. Similarly to the IHPR of u-NSs,
therefore, GBs become easier to move with lowering D, leading to the reduction in o(T,D).
For the a-NSs of Ni-Mo and Fe-Zr shown in Figure 4c,d, interestingly, o(T,D) increases
monotonically with lowering D, demonstrating the elimination of IHPR for high-Ty, a-NSs.
In this case, the segregation of alloying atoms also occurs at GBs. However, yg, becomes
negative, and TN°(D) is increased, leading to the interface stiffening and thus an increase
in the activation energy of boundary diffusion. Similarly to the dislocation pile-ups, this
will also hinder the GBs” movement, and subsequently o(T,D) increases continuously with
lowering D even below 10 nm, eliminating the IHPR observed for u-NSs and low-T, a-NSs.
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Within the experimentally accessible D ranges, our model predictions show reasonable
consistency with observed trends.

3000

] (@)
2000 *

1000+

240

] (b)
200

160
120

15,000 ; ©
Nij Moy 14 !

o(T, D) (MPa)
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- == -Nij,5Mo

5000

5000
4000
3000
2000+
1000+
0 T T ' | T T ' | '
0.0 0.1 0.2 0.3 0.4 0.5
D-]/2 (nm-l/Q)

(d)

Figure 4. o(T,D) as a function of D~Y/2 for a-NSs of (a) Nig 56Cuig 44, (b) Fegg 9g5Cug 015, (€) Nig.s6Mog 14
and Nig7gsMog 22, and (d) Feg 99Zr¢ 91 using Equation (10) with T = 300 K. Symbols are experimen-
tal results with ¥ [56] in (a) for a-NSs of Nig56Cug44, ® [12] in (b) for a-NSs of Fegg 9g5Cug 015,
M [14] in (c) for a-NSs of NipgsMop 14 and Nig 7sMog 29, respectively, and A [15] in (d) for a-NSs of
Feo‘ggzro‘gl . Ni alloyed with other Mo contents (Ni0.81M00‘19, Ni0.87M00.13, Nio'glMOO.og, Ni0'94M00.06,
Nip 97Mog o3, and Nig g9Mog 1) denoted by O [14] is also shown in (c) for reference. See Table 2 for
the necessary parameters.

Table 2. Parameters of the selected alloys used in the model calculation.

Nig.g6Mog.14 Nip.7sMog.22 Feg.99Zr.01 Nig.56Cug.44 Fe.985Cug.015
h(o0) (nm) 2 0.309 0.316 0.313 0.294 0.312
Hpn (o) (k] /g-atom) 2 19.5 20.7 13.9 15.5 13.8
Tin(o0) (K) 2 1889.8 1983.4 1812.2 1564.1 1802.2
Hy(c0) (k]/g-atom) 2 409.1 426.8 349.3 343.7 346.3
Ty (o0) (K) 2 3429.6 3568.8 3149.5 3192.2 3135.0
Ygb(0) (J/m?) —2.46 —4.92 —-0.15 0.77 0.93
Ysv(00) (J/m?2) P 2.38 2.38 242 2.12 242
(300, c0) (MPa) 2 386.8 381.8 344.9 232.5 98.9
k(T) (nm1/2) ¢ 2.71 x 107° 4.96 x 107° 1.11 x 1074 1.75 x 1073 459 x 107°

2 For a-NSs (AyB1_y), P = xPa + (1 — x)Pp as the first-order approximation, with P = (o), Hm(c0), T (),
Hy(00), Tp(c0), or 0(300, o0). Our qualitative predictions (e.g., the presence or elimination of IHPR and the
sign change in g) are independent on reasonable variations in these alloy parameters. If we can obtain the
corresponding accurate values, predictions will agree better with experimental results. For Zr, i(c0) = 0.310 nm,
Hp(c0) = 21 k] /g-atom, Ty (o) = 2128 K, Hp(c0) = 580 k] / g-atom, T, (c0) = 4682 K [52], and ¢(300, o) = 500 MPa
[57]. ® For Nig.gsMog.14, Nig.7sMo0g.22, Feg.99Zrg.01, and Feg.og5Cug.015, the Yoy (c0) values of the main elements
(Ni and Fe) were used, while 0.56Ysy-re + 0.44vsy-cy Was used for Nig.56Cug.44. € k(T) is obtained by fitting all
experimental results listed in the caption of Figure 4 with the least-squares method in terms of Equation (10),
where T =300 K.
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The present validation of Equation (10) is primarily based on room temperature
datasets for simple metals and binary alloys. Application to chemically complex alloys,
high-entropy systems, or thermally stabilized nanocrystalline materials will require ex-
tended parameterization that explicitly accounts for segregation thermodynamics and
interface phase behavior.

4. Conclusions

In summary, based on the interface migration of atoms and D-dependent TNS(D),
a unified thermodynamic formula was developed for distinct HPR and IHPR of u-NSs,
low-Tr, a-NSs, and high-Tm, a-NSs. This formula predicts that the o(T,D) of u-NSs increases
with lowering D and begins to decrease when D < D, following the IHPR. The reduction
in o(T,D) below D¢ is attributed to the combining effect of activation energy, the thermally
driven effect, and lattice expansion and bond weakening. For low-Ty, a-NSs, o(T,D) also
follows the IHPR. However, the IHPR is eliminated for high-Ty, a-NSs, where o(T,D)
monotonically increases with lowering D due to the negative interface energy induced by
the aggregation of high-Tr, alloying atoms at GBs. To verify the predictions, o(T,D) values
were compared with available experimental results, and good agreement can be found.
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