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a b s t r a c t

In the present investigation a directional solidification experiment was performed in order to examine
distinct microstructures related to different slices of the solidified Sn-2 wt.%Sb alloy casting. Such alloy is
an alternative of interest with the target of replacing lead-containing solder alloys (containing 85 to
97wt% of Pb) given that lead (Pb) is considered an important environmental complaint and has
devastating effects on the human body. The imposed conditions in the present experiment may lead to
solutal and thermal stability of the melt throughout solid growth towards the liquid. It was found that
Sn-rich cells may prevail for cooling rates higher than 1.0 K/s whereas only Sn-rich dendrites appear for
specimens solidified at rates lower than 0.3 K/s. The growth of dendrites is delayed when compared to
previous results in the literature. In the presence of convective flow originated either thermally or sol-
utally, b-Sn dendrites were reported to grow for samples solidified at rates as high as 1.5 K/s (i.e., 5 times
higher). It appears that convection currents induce instabilities to happen at the solidification front and
the growth of dendrites is benefited over such conditions. Tensile tests were also performed for Sn-Sb
samples having distinct cellular and dendritic dimensions. It was found that unstable plastic flow
happened during all tensile tests. The formation of bands along a specimen gauge was recognized as
being a manifestation of the Portevin e Le Chatelier (PLC) effect. A homogeneous deformation stage
preceded the start of serrations of stresses in the samples of the investigated alloy. The amplitudes of the
serrations were found to be lower in the samples having cells as compared to those associated with
dendritic microstructures.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Throughout the past few decades Pb-based and eutectic Pb-Sn
alloys have become extensively used in soldering processes. How-
ever, considering that Pb is a toxic metal, its use has been lowered
through the claim of environmental directives such as the Re-
striction of Hazardous Substances (RoHS), as proposed by the Eu-
ropean Union [1], being firstly applied in 2011. For instance, from
the industrial viewpoint the concession for the use of Pb is allowed
for automotive parts until 2023 [2,3].
Carlos, Graduate Program in
rlos, SP, Brazil.
In addition to environmental problems, some soldering
methods may employ alloys characterized by the occurrence of
transformations other than the eutectic one. These alloys may have
higher melting temperatures as well as the aggregation of more
complex transformations, such as the peritectic one. Although the
peritectic alloys represent an important class of industrial materials
[4e6], Sn-Cu and Sn-Sb alloys [7,8] are the single tin-based alloys
available to be employed in soldering as lead-free materials. Peri-
tectic transformations characterize such alloys during cooling from
the liquid.

Monophasic Sn-Sb Pb-free solder alloys arouse interest due to
possibility of application as high temperature material in step sol-
dering practices. Various advantages are related to the said alloys:
better strength as compared to Pb-Sn alloys, better room temper-
ature creep resistance and ductility, and higher microstructure

mailto:spinelli@ufscar.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.151780&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.151780
https://doi.org/10.1016/j.jallcom.2019.151780


A.F. Schon et al. / Journal of Alloys and Compounds 809 (2019) 1517802
stability [9e14]. It is worth noting that transient solidification
conditions characterize the soldering processes during the cooling
of the solder joint. Emphasizing this characteristic, the heat flow
regime becomes of prime importance since it is known that the
transient growth of solidification microstructures is less under-
stood during peritectic transformation. This is the case, for
example, of Sn-Sb alloys, for which the literature, to the best of the
authors’ knowledge, endures scarce in terms of characterization of
microstructures and determination of properties. Growth laws for
industrial scenarios in peritectic transformations are yet quite un-
touched on the level of scaling laws. However, such laws are
essential for a general understanding of the microstructural evo-
lution, which can be very useful for pre-programming purposes
dedicated to the soldering operations.

The peritectic reaction occurring during cooling of the tin-rich
Sn-Sb solder alloys is: L þ Sn3Sb2 (a)> Sn (b), at 243 �C [15]. It is
important to emphasize that the selection of microstructures in
peritectic systems is mostly governed by concurrent effects like
convection, morphology of the resulting b phase and cooling rate.
Kim et al. [16] demonstrated that the resulting microstructure of
the near-peritectic Sn-5 wt.%Sb alloy solidified in air is constituted
by both b-Sn and a-SbSn phases.

Although previous studies have been devoted to the character-
ization of the Sn-2 wt.%Sb alloy in terms of microstructure, that is,
either dendritic or cellular arrangements [8,17], the visualization of
dendrites when the solidification process is carried out vertically
upwards has not been realized. It is well known that the effect of
the solidification growth direction in the formed microstructure
and morphology may be considerably important for processes
where the solid may grow following different orientations with
respect to the gravity, that is, for conditions with the surface
causing cooling placed on the bottom, the top or the side of the
solidified volume.

Dias et al. [8] examined Sn-2 wt.%Sb alloy samples solidified at
rates ranging from 1.0 K/s to 40 K/s. These samples were a result of a
casting directionally solidified (DS) vertically upwards in a water-
cooled mold. Despite suppressing convection action, a single
growth of high-cooling rate cells was obtained in this case. Another
investigation [17], in turn, demonstrated the growth of fully cellular
portions for cooling rates higher than 5.0 K/s as well as fully den-
dritic array for cooling rates lower than 1.5 K/s. Despite character-
izing a cellular/dendritic reverse transition in the Sn-2 wt.%Sb alloy,
the solidification occurred horizontally, which causes convection,
thanks to the solutal gradients existing in the liquid. As such, the
observed dendritic array is a result of dendrite tips growing against
a moving liquid ahead the solidification front.

The aforementioned investigations [8,17] also demonstrated
that the tensile strength of the Sn-2wt.%Sb alloy for samples having
the Sn (b) matrix with a cellular morphology, remained unaffected
even with the variations in the cell size. Considering the samples
associated with the dendritic microstructural zone, slight decrease
in the tensile strength with increasing length scale of the dendritic
microstructure is reported. In addition to considering mechanical
properties like strength and ductility, other effects associated with
plastic instabilities during loading may require attention. One of
these effects is the Portevin - Le Chatelier (PLC) [18]. Its occurrence
is more frequently associated with industrial materials such as steel
and aluminum alloys, being much less investigated for Sn-based
solders. The localized deformation associated with the PLC effect
causes structural problems. Themost reported consequence of such
instabilities in industrial parts is the development of rough and
unsightly markings on the surfaces during shape-forming pro-
cesses [19]. Some other negative qualities can be related to PLC, that
is, decrease in ductility, reduction in fracture toughness and in-
crease in work hardening rate [19].
The PLC manifestation is referred to serrated flow in the plastic
regime of the stress-strain plots. Previous investigations about
localized deformation bands in specimens of Al and Mg based al-
loys demonstrated that the repetitive yielding is a consequence of
dynamic interactions between mobile dislocations and diffusing
solute atoms clustered around these dislocations during plastic
regime. The solutes continually block and release the mobile dis-
locations [18,20]. Stress discontinuity is often observed when a
specimen of a dilute alloy is strained in uniaxial loading [20].
Another point that deserves attention is the extension (variations of
tensile stress) of these serrations, considering different growth
morphologies, such as dendritic and cellular.

Quantification of the bands and their motions and their re-
lations with features of the microstructure still remains chal-
lenging. Cai et al. [21] demonstrated that Mg chemistry in Al-Mg
alloys plays a fundamental role on the serration characteristics
(the serration type and amplitude). Further, Mg content may shift
the region in which the PLC effect occurs to high strain rate.
Generically three types of serrations and the associated bands are
founded [20]: type A - continuously propagating and associated
with small stress drops; type B - each new single band starts above
the one preceding; and type C - randomly nucleated static bands
with large and regular distributed stress drops.

Even though previous investigations on Sn-Sb alloys existing in
the literature emphasize the growth of cells and dendrites, the
growth of dendrites with absence of convection in the melt still
deserves attention. Furthermore, correlations of mechanical prop-
erties with dimensional parameters of the dendritic microstructure
are still unknown, considering solidification conditions comparable
to those found in soldering processes. In the present work, the
evolution of the solidification cooling rate during upward direc-
tional solidification of the Sn-2 wt.%Sb alloy will be determined and
the phases composing the microstructure will be subjected to a
comprehensive characterization by X-ray diffraction (XRD), Optical
Microscopy and Scanning Electron Microscopy (SEM). The per-
formed characterizationmethodswill allow the selection of regions
of predominance of either cells or dendrites as well as their related
ranges of cooling rates. A comparative analysis of the present re-
sults with those demonstrated by using distinct solidification
setups and higher cooling rates will be undertaken. Additionally,
another attention is particularly focused on the variation of the
stress serration amplitude due to the PLC effect with the form of the
Sn-rich phase, i.e., cellular or dendritic.

2. Experimental procedure

Monophasic Sn-2 wt.%Sb alloys castings were produced using
commercially pure Sn (99.96%) and Sb (99.63%), which weremelted
inside a SiC crucible in a muffle furnace, homogenized and poured
into a stainless-steel split mold. This type of mold allows a change
in the surface of a 3mm-thick steel bottom part (closure mold
device) by applying coatings of insulating materials. In the case of
the present experiments, a 100 mm-thick layer of silica-alumina
ceramic was coated on the active surface of the bottom part so
that a decrease in the cooling rates during the solidification prog-
ress across the DS casting is achievable. This adaptation was
necessary since high cooling rate cells were already demonstrated
for cooling rates exceeding 1 K/s in a previous investigation with
the same alloy of interest [8]. The goal at this point was to obtain
both cellular and dendritic microstructural zones in a single DS
casting. Painting the active surface of the bottom part could permit
cooling rates lower than 1 K/s to be attained in the very first por-
tions of the casting with respect to the cooled surface.

After natural solidification within the mold, the alloy was
remelted in situ by radial electrical wiring positioned around a



Fig. 1. Scheme of the upward directional solidification system used to generate the Sn-
Sb alloy casting: 1 - acquired thermal profiles during experiment; 2 - ceramic support;
3 - electric resistances; 4 - stainless-steel split mold; 5 - thermocouples; 6 - data
logger; 7 - water flow inlet; 8 - flowmeter; 9 - temperature controller; 10 - molten
alloy and 11 - cooled bottom part.
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stainless-steel split mold, as can be seen in the solidification
apparatus scheme in Fig. 1. Then, when the melt temperature is
about 10% above the liquidus temperature, the electric heaters are
disconnected and at the same time the water flow at the bottom of
the container is started, which allows the onset of directional so-
lidification. The evolution of temperatures along the length of the
casting was monitored by fine type J thermocouples (0.2mm
diameter wire), placed in the geometrical center of the cylindrical
mold cavity, but in various relative positions along its length. The
Fig. 2. Growth of b-Sn cells in the first segments of the directionally solidified Sn-Sb castin
VL¼ 0.31mm/s and (c,d) Ṫ¼ 1.1 K/s; VL¼ 0.27mm/s. T: transverse and L: longitudinal speci
determination of the tip cooling rate, ṪL, as a function of position (P)
in the casting was carried out by computing the time-derivative of
each cooling curve (dT/dt) right after the passage of the liquidus
isotherm by each thermocouple.

The dimensions of the stainless steel mold were: internal
diameter of 60mm, height of 157mm and wall thickness of 5mm.
The lateral inner mold surface was covered with a 2mm-thick layer
of insulatingmass of silica-alumina ceramic tominimize radial heat
losses and assist the removal of the castings. Additional informa-
tion on specific details of the directional solidification procedure
can be found in previous studies [22e24].

The considerations about microstructure were focused on two
steps: firstly, micrographs were assessed and extensively examined
by using an optical microscope so that zones containing Sn-rich
phase in the form of cells, cells þ dendrites and dendrites could
be classified according to the distinct slices removed from the DS
casting; and secondly, measuring the dimensions of the cells and
dendrites with basis on the well-known methods to determine
cellular spacing and primary dendrite arm spacing. These are the
best measurable parameters to represent the effects of solidifica-
tion conditions on the as-solidified microstructure. For this pur-
pose, selected transverse (perpendicular to the growth direction)
and longitudinal samples were extracted at different positions
along the length of the DS casting for metallography.

The cellular spacing (lc) and primary dendrite arm spacing (l1)
were measured from the optical images of the samples: about 30
measurements at each selected section. The same samples were
used for the X-ray diffraction (XRD) analysis. A Shimadzu diffrac-
tometer (Kyoto, Japan) was employed to obtain the XRD patterns
under the 2q range from 25� to 80� using Cu Ka radiation with a
wavelength of 0.15406 nm. A Scanning Electron Microscope (SEM)
from Zeiss (Oberkochen, Germany, Auriga 40 model) was used in
order to characterize the stage of formation of the b phase for
samples solidified at distinct cooling rates.
g. The optical images are related to the achieved thermal parameters: (a,b) Ṫ¼ 2.7 K/s;
mens with respect to the vertical axis of growth.
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Transverse specimens were extracted from different positions
along the length of the DS casting, and prepared for tensile testing
according to specifications of ASTM Standard E 8M. A strain rate of
about 3� 10�3 s�1 was adopted. In order to ensure the reproduc-
ibility of results, four specimens were tested for each selected
Fig. 3. (a) Cooling curves at different positions within the DS casting; (b) coolin
position, and tensile properties were determined: ultimate tensile
strength (su) and elongation (d). PLC effects were observed in all
plotted stress-strain diagrams. Therefore, the PLC band propagative
characteristics were examined for all microstructure configurations
with basis on the serration types, stress amplitudes and strains
g rate and growth rate as a function of position in the Sn-Sb alloy casting.
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associated with the beginning of the jerky flow.
3. Results and discussions

Characteristic transverse and longitudinal optical microstruc-
tures can be seen in Fig. 2. It refers to the current b-Sn phase
morphologies in the first microstructural zone placed near the
water-cooled surface of the Sn-2 wt.%Sb alloy casting. The presence
of cells can be noted for the related cooling rates of 2.7 K/s and 1.1 K/
s. These values were obtained from the experimental plots given in
Fig. 3. Themicrostructures are constituted by a Sn-richmatrix (b-Sn
phase) surrounded by the Sn-Sb (a) phase (darker regions in Fig. 2).
The zone corresponding to relatively high cooling rates and growth
rates develops very fine interface structures during the growth
process. It appears that under such settings the dendritic tips
become so fine that cellular structures develop. At a position about
5mm from the cooled surface (i.e., ṪL ¼ 1.1 K/s), the microstructure
begins to reveal onset of dendritic features, characterized by initial
perturbations on the cellular pattern. However, the effective
growth of lateral branches is more remarkable for positions asso-
ciated with cooling rates ranging from 0.3 K/s to 1.0 K/s, but
occurring in concurrence with cells. Such microstructural zone was
defined either as transition zone or as cell þ dendrite zone.

A previous study performed with a Sn-0.2wt%Ni alloy solidified
vertically upwards in a steel cooled mold demonstrated a critical
value of 1.2 K/s for the prevalence of high cooling rate cells [25],
which is quite similar to the results found in the present investi-
gation. Both studies resulted in the melt being solutally and ther-
mally stable since the rejection of either Sb or Ni at the
solidification front induces the local incidence of solute-enriched
liquids denser than the open liquid. The bottom-to-top growth
configuration also results in the temperature increasing from the
solidification front to the top. Hence, convection is inhibited in both
Fig. 4. Growth of b-Sn phase in the form of dendrites for positions farther from the botto
achieved thermal parameters: (a,b) Ṫ¼ 0.25 K/s; VL¼ 0.22mm/s and (c,d) Ṫ¼ 0.07 K/s; VL¼
of growth.
cases.
Results found for unstable conditions of solidification with re-

gard to the melt convection, in contrast, stressed that cells may
happen for higher cooling rates. For example, one investigation
with the Sn-0.2 wt%Ni alloy subjected to the bottom-to-top growth
in a copper cooled mold demonstrated the growth of cells for Ṫ >
5.5 K/s [26]. Another investigation [17] categorized a region of
completely cellular microstructure happening thanks to Ṫ higher
than 5.0 K/s throughout the horizontal growth of the Sn-2 wt.%Sb
alloy. In both cases, the growth of cells is related to high cooling
rates due to the strong instabilities on the solid/liquid interface for
slower cooling conditions. In the case of the Sn-Ni alloy, the in-
stabilities are motivated by the dissolution of copper from the mold
into the liquid [27]. In the case of the study with the Sn-2 wt.%Sb
alloy [17], the growth direction configuration induces thermal and
solutal convection at the growth front, which prevents the cellular
morphology to occur for slower cooling conditions.

For regions farther from the cooled surface of the casting (i.e.,
P> 20mm), the matrix starts to develop a dendritic microstructure
as shown in Fig. 4, right after the transition zone in the casting. This
characterizes an unexpected reverse dendritic/cellular transition.
The micrographs in Fig. 4 show secondary arms branching out from
the primary arms, which characterize very clearly the development
of a dendritic array. The dendritic microstructure zone occurred for
Ṫ < 0.3 K/s. The growth of dendrites is delayed as compared to
previous results [17] with the same alloy solidified horizontally. In
this case, the critical cooling rate for obtaining dendritic
morphology is lower than 1.5 K/s.

In order to prove the experimental variation of the micro-
structural spacing with the cooling rate, a plot of the related
quantities is given in Fig. 5. The quantities associated with the
transition zone are preferred to be omitted since no prevalent
morphology happens.
m of the directionally solidified Sn-Sb casting. The optical images are related to the
0.16mm/s. T: transverse and L: longitudinal specimens with respect to the vertical axis
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Little research has been devoted on the effect of melt convection
on the primary dendritic/cellular spacing in peritectic alloys. In the
case of the Sn-2 wt.%Sb alloy, the possibility is to compare very
different solidification conditions between each other, which are
that executed here (i.e., very weak convection) and that performed
by Rocha et al. [17] (strong melt convection). The power function
relationships l1¼70 (Ṫ)�0.5 and l1¼118 (Ṫ)�0.55 represent the
dendritic growth for the samples solidified at weak and strongmelt
convection respectively. The exponents are quite similar. However,
the multipliers differ in 70%. Convection gives rise to the
enhancement of the solute diffusion, reducing the solute boundary
layer [28]. Under such conditions, the formed thin peritectic b
layers are preferentially dissolved due to the strong convection
currents. As a consequence, the lateral growth of the a phase (SnSb)
is benefited, which promotes a resulting increase in l1. Fig. 6 shows
schematically the dissolution of dendrites in the samples with
strong melt convection. Further, the dissolution of the b phase into
the liquid constrains the mechanism of nucleation from this phase
Fig. 6. Schematic diagram comparing the growth of primary dendr
of fresh primary dendritic stems, lowering the local volume fraction
of dendrites.

Both a (SnSb) and b (Sn) phases constituting themicrostructures
found in the present investigation are confirmed by XRD analyses
ites under (a) weak and (b) strong melt convection conditions.
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in Fig. 7.
Because the relatively high cooling rates used in industrial

processing, the completion of the peritectic reaction is rarely
observed. This is because b surrounds a and the peritectic reaction
is stifled since L cannot reach a [29]. The isolation of the liquid also
depends on the morphologies of the phases growing in concur-
rence in a certain peritectic alloy. The Sn-2 wt.%Sb alloy is a
monophasic composition, and possibly, tends to form the b-Sn
phase before the peritectic reaction is attained. Due to the non-
equilibrium solidification, local accumulation of Sb ahead the so-
lidification interface is induced, which contributes to the peritectic
reaction to take place. It appears that the cellular morphology ob-
tained for higher cooling rates favor the liquid to reach the a phase
in order to produce b. As a result, finer a layers related to the
incomplete reaction will be formed as seen in Fig. 8(a and b).
Oppositely, the more intricate dendritic morphology tends to
isolate the a phase from the liquid, and as a result, the formation of
b from the peritectic reaction can no longer take place. Thicker a
layers characterize the resulting microstructure as observed in
Fig. 8(c and d).

Fig. 9 (a) shows examples of the engineering stress vs. engi-
neering strain curves obtained for samples associated with
different cooling rates and microstructures. Magnified views of the
data in Fig. 9(a) are shown as Fig. 9(b)e(d) for the cooling rates
0.9 K/s, 0.1 K/s and 0.03 K/s respectively. A homogeneous defor-
mation stage preceded the start of the PLC effect in the samples of
the investigated alloy.With basis on counting the formed serrations
in all generated plots, it is conceived that the first average PLC band
was at 24%± 3% strain. The bands emerge roughly for the same
level of deformation in all tests.

The serration average amplitude increases with increasing the
cellular/dendritic spacing (l1), with the experimentally mean am-
plitudes being 1.2± 0.3MPa, 3.8± 0.5MPa, 4.1± 0.1MPa and
4.3±MPa for the samples having lc¼ 99 mm (b-Sn cells),
Fig. 8. SEM images highlighting the sizes of both b-Sn and SnSb phases throughout the Sn-
l1¼179 mm (b-Sn dendrites), l1¼225 mm and lc¼ 261 mm
respectively. High cellular/dendritic spacing generates a higher PLC
band amplitude as compared to low spacing. Furthermore, the
serration type switches from type A in the samples associated with
cellular microstructrure to type B in the dendritic microstructure
samples.

It seems reasonable to assume that the stress-induced diffusion
is more efficient in the case of the samples having fine cellular
spacing. Thus, the solute is more available to repeatedly block and
release the mobile dislocations during the plastic regime. As a
result, smaller and more spaced PLC bands prevailed in the cellular
arranged samples, as observed in Fig. 9(b).

The results of the tensile tests are summarized in Fig. 10, where
the ultimate tensile strength (su), and elongation (d) are related
either to the cellular spacing or to the primary dendrite arm
spacing.

It can be realized that the changes in the dendritic spacing do
not affect the alloy strength, while such changes may have a
considerable impact on ductility.

The best microstructural arrangement combining both strength
and ductility for the Sn-2 wt.%Sb alloy is the cellular one, that is a
strength of 27MPa and a ductility of 51%. This can be probably
explained by the prevalence of very fine Sn-rich cells reinforced by
finer scaling SnSb layers as found for positions nearer the bottom of
the alloy casting.

4. Conclusions

Sn-2 wt.%Sb alloy castings were directionally solidified with a
100 mm-thick ceramic layer on the cooled surface of the bottom
part of the mold with a view to decreasing the cooling rates during
solidification. The evolution of microstructural morphologies;
length scale of the b-Sn matrix and tensile properties along the
length of the castings were investigated and the following
2 wt.%Sb alloy microstructures: (a,b) cells, Ṫ¼ 1.1 K/s; and (c,d) dendrites, Ṫ¼ 0.07 K/s.



Fig. 9. (a) Typical stress x strain diagrams for the Sn-2 wt.%Sb samples solidified at three distinct solidification cooling rates; and (b,c,d) details of onsets, magnitudes and shapes of
the serrations in the stress-strain curves.

Fig. 10. (a) Ultimate tensile stress; and (b) elongation, as a function of the cellular/primary dendritic spacing for the Sn-2 wt%Sb solder alloy.
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conclusions can be drawn:
The b-Sn matrix was shown to have a cellular morphology for

cooling rates (Ṫ) higher than 1 K/s and after experiencing a reverse
cellular/dendritic transition, a dendritic pattern prevailed for
Ṫ<0.3 K/s. The alloy microstructure is constituted by this b-Sn
matrix surrounded by the Sn-Sb (a) phase.

The following experimental power functions relating the
primary dendritic arm spacing (l1: mm) to the cooling rate, l1¼70
(Ṫ)�0.5 and l1¼118 (Ṫ)�0.55, were shown to represent the dendritic
growth for castings solidified under weak and strong conditions of
melt convection, respectively.

The tensile tests were shown to be characterized by the occur-
rence of the Portevin e Le Chatelier (PLC) effect, in which a ho-
mogeneous deformation stage preceded the start of serrations of
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stresses. The serration average amplitude increased with increasing
cellular/dendritic spacings and was found to be lower in the
specimens of cellular microstructures as compared to those of
dendritic morphology.

The best microstructural arrangement combining both tensile
strength and ductility was shown to be the cellular one, that is an
ultimate strength of 27MPa and a ductility of 51%, which seems to
be caused by the prevalence of very fine Sn-rich cells reinforced by
fine scaling SnSb layers.
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