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The development of efficient thermal interface materials (TIMs) has become an emerg-

ing  demand mainly driven by the continual rise in power dissipation of high-performance

microprocessors. In this context, Bi-based alloys are among the promising types of TIMs for

electronic packaging applications. However, the influence of the microstructural arrange-

ment  on mechanical strength of Bi–Ni alloys remains barely understood. To overcome this

issue,  this study aims to develop quantitative microstructure features-tensile properties

correlations for a Bi–0.28 wt.%Ni alloy solidified in a wide range of cooling rates (Ṫ). In addi-

tion  to the phase diagram calculated by the Thermo-Calc software (SSOL6 database) and

differential scanning calorimetry analysis, the characterization of the Bi3Ni intermetallic

compound is carried out using X-ray diffraction and SEM microscopy with energy disper-

sive  X-ray spectroscopy. Wavy instabilities in the plate-like morphology of the Bi matrix

are  shown to occur for Ṫ ≤ 0.13 ◦C/s. Besides that, more significant variations in yield and

ultimate tensile strengths, �y and �u, respectively, are associated with a certain range of

microstructural spacings between Bi plates (�) from 47.6 to 135.2 �m.  Hence, Hall–Petch type
relations are proposed to describe the variation of both �y and �u as a function of �.

©  2020 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction
Continuous innovation in the electronics industry, increasing
functionality of personal electronic devices, and significant
miniaturization of integrated circuits are some factors that

∗ Corresponding author.
E-mail: cheung@fem.unicamp.br (N. Cheung).

https://doi.org/10.1016/j.jmrt.2020.03.013
2238-7854/© 2020 The Authors. Published by Elsevier B.V. This is a
creativecommons.org/licenses/by-nc-nd/4.0/).
have driven studies on thermal management technologies
to ensure reliable operation and to enhance the lifetime
of electronic components, such as highly integrated central
processing units (CPUs), light-emitting diodes (LEDs) prod-
ucts, and energy harvesting systems [1,2]. To avoid electronic
devices working under overheating conditions, thermal inter-

face materials (TIMs) have been commonly used between a
heat-generating device (microprocessor and semiconductor
chips for instance) and a heat dissipating device (e.g. heat sink)
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Fig. 1 – Schematic representation of the experimental methods used in the present study.

F rmo
d

t
i
d
h

ig. 2 – (a) Bi–Ni binary phase diagram calculated by the The
iagram emphasizing the eutectic alloy.
o fill in air gaps, which act as a barrier to heat transfer, improv-
ng the thermal coupling [3,4]. However, with the rise in power
ensity due to shrinking feature sizes in electronics, effective
eat removal may become a critical issue for the progress in
-Calc software (SSOL6 database). (b) Partial Bi–Ni phase
communication, energy harvesting, information, and lighting
technologies [4]. Hence, developing new TIMs with enhanced
performance has been crucial to meet the thermal manage-
ment requirements of next-generation electronics.
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Fig. 3 – (a) DSC profile of the eutectic Bi–Ni alloy and (b) cooling curves recorded along the length of the ingot during
directional solidification.

Fig. 4 – (a) Macrostructure and (b) Ni concentration, Ṫ, and VE profiles as a function of position (P) from the cooled bottom to

the top of the Bi–0.28 wt.%Ni alloy ingot.

TIMs may be classified as thermal grease, metallic TIMs,
conductive elastomer TIMs, phase-change materials, and
emerging TIMs such as composites, polymer solder hybrid,
or smart TIMs [5]. Among the several types of TIMs available,
both commercially as well as in the research and develop-
ment phase, low-melting temperature alloys (LMAs), typically
composed of In, Ga, Sn, and Bi, have drawn attention because
besides offering low thermal resistances at small contact
pressure and at a thin bond line, they have also high thermal
conductivity as compared to traditional polymeric TIMs [5–8].
Gao and Liu [7], for example, reported thermal interface resis-
tance as low as 2.6 mm2 kW−1 with a pressure of 0.05 MPa for

a Ga-based TIM, which is an order lower than that of the best
commercialized thermal greases. On the other hand, despite
LMAs offer low thermal interfacial resistance, interfacial
reactions with substrates may lead to a gradual decrease in
performance and eventual failure. Analyzing two types of
LMAs sandwiched on both sides with Cu after different stages
of aging, Yang et al. [9] concluded that: (i) while the thermal
resistance of a 17Sn51In32Bi alloy remained almost constant,
the thermal resistance of a 17Sn26In57Bi alloy increased by
about 51% after 800-h aging and (ii) the degradation of the
thermal performance of the investigated LMAs TIMS was
attributed to the interfacial reaction between Cu and the
molten LMAs. Given this strategic importance of LMAs, a
comprehensive characterization of such alloys is, therefore,
not only of scientific but also of technological interest aiming

to improve their performance as TIMs.

A thermal interface resistance as low as 0.253 mm2 kW−1

has been reported for a TIM consisting of an array of Hg
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Fig. 5 – Representative longitudinal (left-side) and transverse (right-side) microstructures along the length of the eutectic
B
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i–Ni alloy ingot.

icrodroplets deposited on a silicon die [10]; however, like Cd
nd Pb, Hg is a hazardous substance and should be avoided
ue to its toxicity and environmental effects [11]. Compared
ith these elements, Bi is both environmental and health

riendly. In fact, owing to its unique chemical properties, Bi
as also been suggested for various applications as a thermo-
lectric material [12], optical and electro-optical devices [13],
all sensors [14], hydrophobic surfaces [15], as well as lubri-
ant materials [16]. As stated by Septimio et al. [17], a critical
ssue in developing new Bi-based alloys is the enhancement

f a specific property without promoting deleterious effects in
nother one. Despite some reports in the literature have eval-
ated the processing/microstructure/property correlations in
Bi–Ag [18,19], Bi–Zn [20], Bi–Sb [21], and Bi–In–Sn [22], the liter-
ature is still scarce on publications detailing such correlations
in new Bi-based alloys suitable for applications as TIMs, focus-
ing on the effects of the interaction of the Bi-rich phase and
intermetallic particles on the resulting properties.

Assessing both interfacial morphology and tensile proper-
ties of joints between Bi–Ag alloys and two metallic substrates,
Cu and Ni, Song et al. [23] have reported that the formation
and the morphology of the Bi3Ni intermetallics have a strong
influence on the tensile strength and fracture morphology of

the Bi-Ag/Ni joints. Overall, despite intermetallic compounds
(IMCs) in joints are considered to be beneficial for the purpose
of wetting and bonding, massive growth of brittle IMCs may
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Fig. 6 – (a) XRD patterns and (b) SEM-EDS point microanalysis at different positions in the Bi–0.28 wt.%Ni ingot referring to
y in
samples with (Ṫ = 0.13 ◦C/s) and without (Ṫ = 7.31 ◦C/s) wav

cause early bond failure [24]. By examining the Bi-Ni phase dia-
gram, it can be seen that Bi and Ni do not form solid solutions;
however, two IMCs, Bi3Ni and BiNi may be formed. According
to Sheikhi and Cho [25], Bi3Ni is softer and more  brittle than
BiNi. Dybkov and Duchenko [26] reported a rapid reaction at
the Ni-Bi interface at 150, 200 and 250 ◦C, which resulted in
the formation of Bi3Ni; however, no BiNi IMCs was observed.
While Lee et al. [27] demonstrated by the cracks formed along

the edges of the indentation mark that the Bi3Ni phase is
quite brittle, such compound has also been known to be a
superconductor [28,29]. Considering such interesting physical
stabilities in the Bi matrix.

characteristics, a better understanding on the effects of mor-
phology, size, volume fraction, and distribution of BiNi and
Bi3Ni IMCs throughout the Bi matrix on the properties of Bi–Ni
alloys may open new perspectives to the development of new
TIMs based on such alloys.

Due to the low yield strength of low melting point metals
and their related alloys, they can be easily deformed and, con-
sequently, there is a risk of flowing out during the attachment

process, which might result in short circuits during opera-
tion of electronic devices [4]. Furthermore, because of their
susceptibility to severe distortion during both handling and
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Fig. 7 – Elemental SEM–EDS mapping showing Bi3Ni particles at the contours of Bi plates.
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Fig. 8 – Microstructural spacing between

se, just the attachment of a heat sink is typically enough to
ompletely collapse the joints [30]. Considering the challenge
o overcome this significant drawback, as well as the great
otential of Bi-Ni alloys for application as TIMs, the goal of
he present contribution is to investigate the microstructure
volution of a eutectic Bi–0.28 wt.%Ni alloy in a wide range of
olidification cooling rates, establishing correlations between
icrostructural parameters and both yield and ultimate ten-

ile strengths.
.  Experimental  procedure

he studied eutectic Bi–0.28 wt.%Ni alloy was prepared from
ommercially pure Bi (containing 0.0007 wt.%Pb, 0.001 wt.%Cd,
Bi plates as a function of both VE and Ṫ.

0.001 wt.%Sn, 0.0027 wt.%Ag, and <0.0001 wt.%Fe) and Ni
(containing 0.002 wt.%Pb, 0.002 wt.%S, 0.017 wt.%Co, and
0.0040 wt.%Fe). The experimental solidification setup used to
obtain the samples was designed in such a way that heat
was extracted only through the water-cooled bottom leading
to vertically upward growth, as described in previous papers
[31,32]. A schematic illustration in Fig. 1 provides a general
sequence of the experimental steps with some detailing infor-
mation included.

When the thermocouple closest to the chilled base mea-
sured a temperature of about 301 ◦C – approximately 10%

above of the eutectic temperature (274 ◦C) – the electrical
windings were disconnected, and the water flow was imme-
diately initiated, thus permitting the onset of the directional
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s as
Fig. 9 – Yield and ultimate tensile strength

solidification. Well-known experimental techniques [33–36]
were applied to calculate both cooling rate (Ṫ) and eutectic
growth rate (VE) using the temperature-time data recorded by
a set of five fine type J thermocouples positioned along the
length of the directionally solidified ingot.

The resulting cylindrical ingot was sectioned along its
vertical axis, grounded and etched with a solution of aqua
regia reagent (3HCl:1HNO3) to reveal the macrostructure.
Metallographic samples were extracted from different lon-
gitudinal and transverse sections along the length of the
directionally solidified ingot to assess the microstructure evo-
lution from the cooled bottom to the top. No etching was
necessary for microstructural characterization of these sam-
ples. The examination of the microstructure was carried out
using optical microscopy (Olympus GX41), scanning electronic
microscopy – SEM (Inspect F50) coupled with energy disper-
sive spectrometer – EDS (Oxford-X-MAX), and X-ray diffraction
– XRD (Panalytical X’Pert PRO MRD  XL). The line intercept
method [37,38] was used for measuring the microstructural
spacing (�) between Bi plates on transverse sections of as-
solidified microstructures. Moreover, thermal analysis was
performed using a differential scanning calorimeter (DSC)
Netzsch, model 200 F3 Maia. The Ni concentration of each
sample was determined by using a Rigaku Rix 3100 X-ray Fluo-
rescence Spectrometer. Finally, the specimens were subjected
to tensile tests using a MTS  810-FlexTest 40 machine, accord-
ing to specifications of the ASTM Standard E 8M/04 at a strain
rate of 10−3 s−1.
3.  Results  and  discussion

According to the Bi–Ni phase diagram calculated by the
Thermo-Calc software and shown in Fig. 2, Bi and Ni do
 a function of the microstructural spacing.

not form solid solutions; however, Bi3Ni and BiNi IMCs
may be formed. It is also noted three invariant reac-
tions: LIQUID + FCC A1(Ni) ↔ BINI at 614 ◦C (peritectic),
LIQUID + BINI ↔ BI3NI at 470 ◦C (peritectic), and LIQ-
UID ↔ BI3NI + RHOMBOHEDRAL A7(Bi) at 274 ◦C (eutectic).
Overall of the mixing ratios for Bi and Ni, the Bi–Ni eutectic
composition (investigated in this work) has the lowest possible
melting temperature, as expected. Moreover, the DSC  exper-
imental curve for the Bi–0.28 wt.%Ni alloy at a cooling rate of
0.041 ◦C/s (Fig. 3(a)) confirms that 274 ◦C is the temperature at
which the eutectic transformation occurred. Phase change can
also be noticed through slope changes of the cooling curves at
274 ◦C, as can be seen in Fig. 3(b), for the Bi–0.28 wt.%Ni alloy.

The typical resulting macrostructure of the directionally
solidified ingot is depicted in Fig. 4(a). It can be seen that a
columnar macrostructure prevailed along the entire length
of the investigated eutectic Bi–Ni alloy ingot presenting the
columnar grains aligned to the heat flow direction, with-
out trace of columnar-to-equiaxed transition. By analyzing
the experimental solidification thermal parameters shown in
Fig. 4(b), it can be noted that both Ṫ, VE and thermal gradient
(G = Ṫ/VE) profiles vary significantly along the length of the
ingot. Higher growth rate and cooling rate values are associ-
ated with positions near to the cooled interface; however, with
the advance of the solidification front, decreasing profiles of
both thermal parameters are observed, as expected. Further-
more,  no evidences of macrosegregation is observed for the
Bi–0.28 wt.%Ni alloy along the casting (Fig. 4(b)), i.e., the solute
concentration remains essentially the same and close to that
of the alloy nominal composition for all analyzed samples.
Representative longitudinal and transverse micrographs
are shown in Fig. 5 to elucidate both the Bi matrix
morphological evolution and the scale of the microstructure
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long the ingot length. It can be seen arrays of parallel plates,
.e., a particular Bi matrix plate-like morphology as the char-
cteristic pattern along the entire length of the Bi–0.28 wt.%Ni
lloy ingot. Despite such morphology seems to be unexpected
n terms of as-solidified microstructures of metallic alloys, the
ccurrence of plate-like structures has been already reported

n some other solidification studies involving Sn–Sb alloys [39]
s well as Zn-based alloys in both Bridgman type [40–43] and
nsteady-state solidification experiments [44–46]. The main
ifference observed herein is associated with the morphol-
gy of the Bi plates for Ṫ ≤ 0.13 ◦C/s. In addition to coarsening
f the microstructure, it can be noted the onset of morpho-

ogical wavy instabilities in the ingot regions where a regime
f lower cooling rates is operative, as indicated by arrows in
ig. 5. Such behavior suggests a partial morphological tran-
ition in which the cooling rate is believed to be the critical
actor. Similar observation was reported by Santos et al. [44]
or Zn–Sn alloys. The authors observed that the combination
f lower cooling rates with the increase in the alloy solute
ontent tends to favor even more  the development of lateral
nstabilities of the Zn-rich plates, which progresses toward a

orphological transition from a vertical plate-like cell to a
equence of cylindrical-type horizontal cells. It is important
o highlight that morphological formation during solidifica-
ion of alloys is strongly dependent on the anisotropy of the
olid–liquid interface energy, on the thermal parameters and
n the crystalline structure of the involved elements [47–49].

As can be seen in Fig. 6(a), XRD diffraction patterns at two
ifferent positions along the length of the directionally solid-

fied ingot, representing a high and a low level of Ṫ, reveal
he occurrence of both Bi and Bi3Ni. Although the solidi-
cation conditions were far from equilibrium, neither BiNi

MC  nor Ni has been detected. Due to the texture resulted
rom directional solidification, no clear analysis of tendencies
egarding the intensities of peaks for the different positions
rom the casting cooled surface can be taken. Moreover,
ig. 6(b) presents SEM micrographs EDS point microanalysis,
or the samples solidified at Ṫ = 0.13 ◦C/s and Ṫ = 7.31 ◦C/s,
.e., specimens with and without wavy instabilities in Bi plates,
espectively. In both cases, it has been revealed the pres-
nce of Bi3Ni IMC  between the Bi plates. A typical SEM-EDS
lemental mapping in Fig. 7 presents the distribution of Bi
nd Ni around the contours of Bi plates, showing Bi3Ni par-
icles.

In Fig. 8, the microstructural spacing between Bi plates
�) is plotted as a function of both VE and Ṫ. Each average

 value has been determined along with its standard vari-
tion. In addition, the coefficients of determination (R2) are
nserted to represent how close the experimental scatter is
o the fitted regression line. It is observed that despite the
ormation of morphological wavy instabilities in Bi plates at
˙

 ≤ 0.13 ◦C/s, the power-type experimental laws represented

y � = 8.9(VE)−1.1 and � = 37(Ṫ)
−0.55

can represent the � evolu-
ion for the eutectic Bi–Ni alloy. Similar exponents have also
een observed in experimental studies concerning the growth
f regular cells and dendrites for metallic binary alloys [50–52].
s mentioned before, as the Ṫ values are high nearby the

ooled bottom of the ingot and decrease toward the top, the �

alues increase accordingly.
 0;9(3):4940–4950 4947

The tensile properties dependence on the evolution of the
scale of the microstructure along the length of the ingot is
shown in Fig. 9. It can be seen the effect of both microstruc-
tural spacing (�) and morphological wavy instabilities on
yield (�y) and ultimate (�u) tensile strengths. While these
tensile properties remain practically constants in the region
of morphological wavy instabilities (coarser microstructure,
� ≥ 142 �m),  the aforementioned mechanical properties are
affected by the length scale of the microstructure in a range
of � values varying from 47.6 �m (0.145 �m−1/2) to 135.2 �m
(0.086 �m−1/2). Thus, Hall–Petch-types correlations are pro-
posed relating the more  significant variations in �y and �u

with �−1/2 in the range: 0.086 �m−1/2 < �−1/2 < 0.145 �m−1/2.
The Hall–Petch law was originally established to relate �y

to the grain size of polycrystalline metallic materials. This
law attributes the hindering effect of the grain boundaries
to the movement  of dislocations during plastic deformation
[53]. The existence of phases and IMCs in the interior of the
grain cannot be neglected for their contribution to the resis-
tance to dislocation motion. For this reason, recent works
[54–56] have proposed Hall–Petch type correlations relating
the tensile properties to the length scale of other characteris-
tic microstructural features, such as interphase and dendritic
arm spacings.

Overall, the �y and �u values of the investigated alloy ingot
are higher than those reported for pure Bi, that is, 7 and 13 MPa,
respectively [19]. In the range associated with both a coarser
microstructure as well as morphological wavy instabilities for
the eutectic Bi–Ni alloy, �u and �y increased 32% and 6%,
respectively, as compared to the corresponding values of pure
Bi. On the other hand, for 47.6 �m (0.145 �m−1/2) < � < 135.2 �m
(0.086 �m−1/2), more  significant increase in both �u and �y can
be noted, reaching up to 79% and 149%, respectively, com-
pared to pure Bi. This can be attributed to the effect of the
Bi3Ni IMCs located between the Bi plates acting as a rein-
forcing phase. In particular, the lower the � values, the more
homogeneously distributed would be the Bi3Ni particles with a
consequential more  efficient role in the blocking of dislo-
cations slip. Recently, Peng and Deng [57,58], investigated
the mechanical behavior of a Sn–Bi/graphene nanocompos-
ite using finite element method, microhardness and shear
stress tests, with a view to analyzing it’s application as a
thermal interface material. The authors observed that the
graphene reinforcement plays an important role in blocking
the motion of dislocations, which is in agreement with the
classical concept of one of the strengthening mechanisms
based on impeding further dislocation propagation with sec-
ond phases acting as pinning points [59]. This behavior may
also be attributed to the Bi3Ni IMCs located between the Bi
plates acting as a reinforcing phase.

4.  Conclusions

The following conclusions can be drawn from the present
• Although the typical microstructure that prevailed along
the entire length of the eutectic Bi–Ni alloy ingot was shown
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to be characterized by a plate-like structure, morphological
wavy instabilities in the Bi plates were shown to occur for
Ṫ ≤ 0.13 ◦C/s.

• The X-ray diffraction (XRD) results, as well as the observa-
tions made between Bi plates, clearly revealed the presence
of the Bi3Ni IMC, which appears to play a key role in the
improvement of both �u and �y values of the investigated
alloy as compared to those reported for pure Bi (increase of
up to 79% and 149%, respectively).

• While �u and �y values remain practically constants in
the region of morphological wavy instabilities (� ≥ 142 �m),
Hall–Petch-type correlations are proposed relating the yield
and ultimate tensile strengths to � in a range of microstruc-
tural spacings from 47.6 to 135.2 �m.
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