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Observation of an unusual case of triple-line instability
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Bi vapors penetrate along the triple lines in electrodeposited Ni specimens to form open channels at 800 and 900 �C. This triple-
line instability can be interpreted as a case of triple-line wetting by a gas phase. Further controlled experiments using high-purity Ni
specimens suggest that the presence of S impurities is essential. This unusual wetting phenomenon is related to the formation of a
bilayer complexion in Ni–Bi and its occurrence can significantly affect microstructural stability and corrosion resistance.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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It is well known in classical physical metallurgy
that the ratio of the grain boundary (GB) energy (cgb)
and surface energies (cS) is �1/3 (in the range of 0.2–
0.5) for most pure metals [1]. In multicomponent alloys,
adsorption (segregation) of the solutes (or impurities)
can often reduce both cgb and cS according to the Gibbs
adsorption theory [2]. The Rice–Wang model for GB
embrittlement suggests that adsorption reduces 2cS

more than cgb, resulting in a decrease in the work of
adhesion (2cS – cgb assuming isotropic cS, which repre-
sents the difference in the equilibrium interfacial ener-
gies; it differs from, but is correlated with, the actual
work of separation) [3]. This also implies that adsorp-
tion would likely increase the ratio of cgb/cS. In practice,
it is uncommon (but theoretically possible) to observe
cases where cgb/cS >1. Thermodynamically, the ratio
of cgb/cS must be <2; otherwise, a GB is no longer stable
and will spontaneously separate into two free surfaces.

A series of recent Viewpoint articles emphasized the
importance of understanding and controlling triple
lines/junctions (a.k.a. triple-grain junctions in a poly-
crystal where three GBs meet) [4–6]. Thermodynami-
cally, if cgb/cS >

ffiffiffi

3
p
� 1.73, a triple line is no longer

stable (for isotropic cS and ignoring torques and tri-
ple-junction line energies), as shown in Figure 1. This
may be viewed as a case of triple-line wetting by a vapor

phase, but it is more complex than the usual case of wet-
ting since the triple-grain junction line is replaced with
three new triple lines in addition to the formation of
three new solid–gas surfaces (Fig. 1). This paper reports
such a case of triple-line instability; here, the critically
large ratio of cgb/cS is likely induced by the strong
interfacial adsorption of Bi, along with S impurities, in
electrodeposited Ni. The occurrence of this unusual
high-temperature capillary phenomenon can signifi-
cantly affect the microstructural stability and corrosion
resistance.

For the first batch of experiments, electrodeposited
Ni foils were prepared following a pulsed electrodepos-
ition procedure [7] with minor modifications. Prior to
electrodeposition, the Cu substrates and Pt counter-
electrode were ground with SiC films (up to 800 grit),
fine polished by 1.0 lm Al2O3 colloidal suspensions
and cleaned in acetone. A bath composed of
NiSO4�6H2O (300 g l�1), NiCl2�6H2O (45 g l�1) and
H3BO3 (45 g l�1), with additives of saccharine (5 g l�1)
and sodium lauryl sulfonate (0.25 g l�1), was used. Each
deposition was conducted for 30 min with continuous
stirring, and the bath temperature was maintained at
65 ± 1 �C. The effective current density was kept at
0.1 A cm�2 (by using an “on” time of 5 ms with the cur-
rent density of 0.4 A cm�2, followed by an “off” time of
15 ms, periodically). The thickness of the electrodepos-
ited Ni was �40 lm (Fig. S1). The as-deposited speci-
mens were characterized by X-ray diffraction (XRD)
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using a Rigaku (Tokyo, Japan) RU-200BH diffractome-
ter operating at 40 kV and 100 mA, which revealed no
impurity phase (Fig. S1). After the electrodeposition,
the Cu substrates were dissolved in aqueous solutions
containing CrO3 (250 g l�1) and sulfuric acid
(15 cm3 l�1), and free-standing electrodeposited Ni foils
were used in the subsequent experiments.

In the second batch of controlled experiments, two
sets of high-purity Ni specimens (99.9945 at.%; pur-
chased from Alfa Aesar), with and without pre-treat-
ment to dope S, were used to determine the effects of
impurities. The S-doped specimen was made by anneal-
ing high-purity Ni in a covered container together with S
powder (without direct contact) at 400 �C for 1 h in a
horizontal tube furnace flowing under Ar + 5 mol.%
H2; subsequently, surface S residuals were ground off
and annealed again at 600 �C for 1 h in Ar + 5% H2

to homogenize the S. All specimens were slightly
ground, fine polished and cleaned prior to additional
experiments.

Subsequently, the Ni specimens and a small amount
of Bi powder were placed on the opposite sides of a cov-
ered alumina boat (without direct contact), and isother-
mally annealed at the desired temperature for 4 h in a
flow of Ar + 5% H2 gas. For comparison, Ni specimens
were also annealed at identical conditions without Bi
powder/vapor. The annealed specimens were character-
ized by scanning electron microscopy (SEM) with a Phi-
lips XL30 field emission microscope.

Figure 2 shows SEM images of selected representa-
tive surfaces of the electrodeposited Ni specimens
annealed in the Bi vapor at various temperatures. After
annealing at 700 �C, all 230 triple junctions examined
were stable (i.e. free of open channels: Fig. 2a,b). After

annealing at 800 �C, open channels were observed to
form at 20/89 (�23%) triple junctions examined
(Fig. 2c,d; Fig. S2). After annealing at 900 �C, open
channels were observed to form at 85/326 (�26%) triple
junctions examined (Fig. 2e,f; Fig. S3). These open
channels have dimensions ranging from 200 nm to
1 lm (Fig. 2d,f); Figs. S2 and S3); further careful exam-
ination with SEM cannot determine the bottoms of the
channels, indicating they are deep (beyond the SEM
depth of field). They represent a case of triple-line insta-
bility at the annealing temperature, as schematically
illustrated in Figure 1. Moreover, this triple-line insta-
bility is likely anisotropic since it was only observed at
�1/4 of triple junctions on the surfaces. Grooving at
GBs and surface faceting were also evident (Fig. 2;
Figs. S2 and S3). In contrast, all the 363 triple junctions
examined were stable in the electrodeposited Ni speci-
mens annealed at 700–900 �C without the Bi powder/
vapor, as shown in Figure S4 and summarized in
Table S1 in the Supplementary materials. This compar-
ison implies that the occurrence of the triple-line insta-
bility was induced by the presence of the Bi vapor;
presumably, Bi atoms adsorb/segregate at both surfaces
and GBs at the annealing temperature.

It is well known that electrodeposited Ni has a low
purity (�99.5%) [8,9]. Thus, a second batch of experi-
ments using high-purity Ni was conducted. Surprisingly,
SEM micrographs showed that all 75 triple junctions
examined in the high-purity Ni specimens annealed at
800 and 900 �C in Bi vapors were stable (free of open
channels), as shown in Figure 3 and Table S1, despite
the occurrence of some grooving and faceting (Fig. 3).
This result suggests that the presence of impurities in
electrodeposited Ni was important for the occurrence
of this triple-line instability.

Fig. 2. Representative secondary electron SEM micrographs of
electrodeposited Ni specimens annealed in Bi vapor at (a, b) 700 �C,
(c, d) 800 �C and (e, f) 900 �C for 4 h. All triple junctions examined
were stable at 700 �C; open channels were observed for �1/4 of the
triple junctions in specimens annealed at 800 and 900 �C.

Fig. 3. SEM micrographs of typical triple junctions of high-purity Ni
specimens annealed in Bi vapor at (a) 800 �C and (b) 900 �C in which
all triple junctions examined were stable.

Fig. 1. A triple-grain junction line is unstable if cgb/cS >
ffiffiffi

3
p

for a
simplified case of isotropic interfacial energies. This instability condi-
tion ignores the contributions of triple-junction line energies because
the open channels are >100 nm in their dimensions, but the triple-
junction line energies can be critically important during the nucleation
stage of this instability.
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Since S is known as a major impurity element in elec-
trodeposited Ni that strongly segregates to both surfaces
and GBs [8,9], we hypothesize that the presence of S
impurities (as a co-dopant in addition to Bi) is essential
for the occurrence of this triple-line instability. Indeed,
similar triple-line instability was observed in a high-
purity Ni specimen that was pre-doped with S (using
the procedure described above) and subsequently
annealed in Bi vapor at 900 �C (Fig. 4; Fig. S5). The
dimensions of these open channels was greater (>1 lm;
Fig. 4), and it occurred at a smaller fraction (�7.5%)
of the triple junctions; these might have resulted from
the larger grain size and inhomogeneous S distribution.
Nonetheless, this controlled experiment suggested that S
co-doping could induce triple-line instability. Although
no prior study investigated the effects of impurities on
triple-line wetting/instability, a recent study did reveal
that the presence of minor impurities in Ni can signifi-
cantly change GB wetting and liquid metal penetration
behaviors in ***Ni–Bi (the primary phases are under-
lined) [10].

This unusual phenomenon of triple-line instability
(wetting by a gas phase) is likely related to the formation
of a bilayer complexion (a type of “2-D interfacial
phase” that are called “complexions” to emphasize that
they are not “phases” according to the rigorous Gibbs
definition [11–15]; it is important to differentiate com-
plexions, which are interfacial chemical/structural states
that are thermodynamically two-dimensional, from pre-
cipitated thin layers of secondary bulk/three-dimen-
sional phases at GBs) that was recently observed in
Ni–Bi [16], as well as in Cu–Bi [17] and Si–Au [18].
The atomic structure of this bilayer complexion in Ni–
Bi is schematically illustrated in Figure S6; specifically,

one monolayer of Bi adsorbs on each of the Ni grain
surfaces strongly, and the two adsorbed Bi layers
bonded weakly. In a phenomenological thermodynamic
model that is schematically illustrated in Figure S6 [16]
(the basic concepts of which were verified by quan-
tum–mechanical calculations [19,20]), the excess free
energy of a general Ni GB with bilayer adsorption of
Bi can be expressed as:

cðbilayerÞ
gb ¼ 2cðmono�BiÞ

S � DcðBi�BiÞ þ Dcðre:Þ; ð1Þ

where cðmono�BiÞ
S is the excess free energy of a free surface

with a monolayer adsorption of Bi, DcðBi�BiÞ represents
the bonding energies (per unit area) between two
adsorbed Bi layers, and Dcðre:Þ represents the effects of
relaxation and reconstruction. Since Ni–Bi bonds are
strong and Bi–Bi bonds are weak, there is little relaxa-
tion (Dcðre:Þ is likely relatively small and equilibrium
cS � cðmono�BiÞ

S ). Thus, to the first order of approxima-
tion, we estimate:

cgb

cS
� 2� DcðBi�BiÞ

cS
: ð2Þ

Since the Bi–Bi bonds are weak, DcðBi�BiÞ is small;
consequently, cgb/cS can be critically large.

However, no triple-line instability in the high-purity
Ni specimens implies that cgb/cS should still be less than
ffiffiffi

3
p

for Bi-doped Ni (Figs. 1 and 3). Unstable triple-lines
were only observed in Bi and S co-doped Ni, where both
S and Bi are known to strongly segregate at surfaces and
GBs. The presence of S impurities (co-dopants) can fur-
ther reduce the GB and surface energy of Bi-doped Ni
according to the Gibbs isotherm:

dc
dlðSÞ

� �CðSÞ; ð3Þ

where l(S) and C(S) are the chemical potential and GB
excess, respectively, of S. c can be either surface or
GB energy. Analogous to the Rice–Wang model of
GB embrittlement (assuming Cgb

(S) � 2CS
(S), which is an

approximation here), segregation of the S co-dopants
will reduce 2cS more than cgb because the surface segre-
gation enthalpy is generally greater (more negative) than
GB segregation enthalpy. Thus, it is possible that co-
segregation of S further increases the ratio of cgb/cS to
>�

ffiffiffi

3
p

to induce triple-line instability.
In the current case, open channels were only observed

at a fraction of triple lines/junctions (Table S1), which
can be explained by anisotropy in the interfacial energies
(both cgb and cS). For an isotropic case, the value of cgb/
cS can be measured by the dihedral angles at GB
grooves. Unfortunately, the faceting and anisotropy
make such quantitative measurements infeasible in the
current case. Nonetheless, severe grooving was observed
(Figs. S2, S3 and S5), indicating large cgb/cS ratios. A
large cgb/cS ratio is correlated with a low GB cohesion
and severe GB embrittlement. In fact, it is known that
both S and Bi cause significant GB embrittlement of
Ni [8,9,16,19–21].

In summary, an unusual high-temperature capillary
phenomenon of triple-line instability (wetting by a gas
phase to form open channels) was reported. While tri-
ple-line wetting by liquid phases at high temperatures

Fig. 4. SEM micrographs of triple-line instability observed in a high-
purity Ni specimen that was first doped with S in a pre-treatment and
subsequently annealed in the Bi vapor at 900 �C.

Y. Zhang, J. Luo / Scripta Materialia 88 (2014) 45–48 47



Author's personal copy

was observed for a small number of systems, including
AlN–Y2O3 [22], SrTiO3–La2O3 [23], ZnO–Bi2O3 [24],
W–Ni [25] and Ni–Bi [16], this is the first report of tri-
ple-line wetting by a gas phase, which is rare because
it requires a critically large cgb/cS ratio (cgb/cS >

ffiffiffi

3
p

with
an isotropic approximation, vs. cgb/cS � 1/3 for pure
metals). This unusual triple-line instability likely results
from strong interfacial segregation of both Bi and S.
Specifically, it could be explained by the formation of
a unique bilayer complexion in Ni–Bi and the effects
of additional co-segregation of S. This phenomenon
occurs concurrently with severe GB embrittlement
[8,9,16,19–21], and it can significantly impact on the
microstructural stability and corrosion resistance.

This work was supported by the US Office of
Naval Research, under a MURI Grant (No. N00014-
11-1-0678; managed by Dr. Dave Shifler). The authors
thank Prof. Martin Harmer and other MURI colleagues
for numerous stimulating discussions.

Supplementary data associated with this article can
be found, in the online version, at http://dx.doi.org/
10.1016/j.scriptamat.2014.05.020.

[1] D.A. Porter, K.E. Easterling, Phase Transformation in
Metals and Alloys, CRC Press Taylor & Francis Group,
Boca Raton, FL, 1992, 2nd ed.

[2] P. Wynblatt, D. Chatain, Metall. Mater. Trans. 37A
(2006) 2595.

[3] J.R. Rice, J.-S. Wang, Mater. Sci. Eng. A107 (1989) 23.
[4] A.H. King, Scr. Mater. 62 (2010) 889.
[5] G. Gottstein, L.S. Shvindlerman, B. Zhao, Scr. Mater. 62

(2010) 914.

[6] W.C. Carter, M. Baram, M. Drozdov, W.D. Kaplan, Scr.
Mater. 62 (2010) 894.

[7] A.M. Elsherik, U. Erb, J. Mater. Sci. 30 (1995) 5743.
[8] X.F. Zhang, T. Fujita, D. Pan, J.S. Yu, T. Sakurai,

M.W. Chen, Mater. Sci. Eng., A 527 (2010) 2297.
[9] Y.M. Wang, S. Cheng, Q.M. Wei, E. Ma, T.G. Nieh, A.

Hamza, Scr. Mater. 51 (2004) 1023.
[10] K.M. Asl, J. Luo, Acta Mater. 60 (2012) 149.
[11] P.R. Cantwell, M. Tang, S.J. Dillon, J. Luo, G.S. Rohrer,

M.P. Harmer, Acta Mater. 62 (2014) 1.
[12] S.J. Dillon, M. Tang, W.C. Carter, M.P. Harmer, Acta

Mater. 55 (2007) 6208.
[13] M.P. Harmer, Science 332 (2011) 182.
[14] W.D. Kaplan, D. Chatain, P. Wynblatt, W.C. Carter, J.

Mater. Sci. 48 (2013) 5681.
[15] M. Tang, W.C. Carter, R.M. Cannon, Phys. Rev. B 73

(2006) 024102.
[16] J. Luo, H. Cheng, K.M. Asl, C.J. Kiely, M.P. Harmer,

Science 333 (2011) 1730.
[17] A. Kundu, K.M. Asl, J. Luo, M.P. Harmer, Scr. Mater.

68 (2012) 146.
[18] S. Ma, K. Meshinchi Asl, C. Tansarawiput, P.R. Cantw-

ella, M. Qi, M.P. Harmer, J. Luo, Scr. Mater. 66 (2012)
203.

[19] J. Kang, G.C. Glatzmaier, S.H. Wei, Phys. Rev. Lett. 111
(2013) 055502.

[20] Q. Gao and M. Widom, arXiv:1312.3362 (2014).
[21] N. Marie, K. Wolski, M. Biscondi, Scr. Mater. 43 (2000)

943.
[22] G. Pezzotti, A. Nakahira, M. Tajika, J. Eur. Ceram. Soc.

20 (2000) 1319.
[23] Y. Furukawa, O. Sakurai, K. Shinozaki, N. Mizutani, J.

Ceram. Soc. Jpn. 104 (1996) 900.
[24] M. Elfwing, R. Osterlund, E. Olsson, J. Am. Ceram. Soc.

83 (2000) 2311.
[25] V.K. Gupta, D.H. Yoon, H.M. Meyer III, J. Luo, Acta

Mater. 55 (2007) 3131.

48 Y. Zhang, J. Luo / Scripta Materialia 88 (2014) 45–48


