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Abstract: Sn-Mg alloys are potential Pb-free solder options. However, their mechanical strength and
interfacial characteristics with electronic substrates remain barely understood. This study focuses
on the interfacial heat transfer aspects, microstructure, and tensile strength of a Sn-2.1wt.%Mg alloy.
Samples with various thermal histories were produced using a directional solidification apparatus.
In these experiments, a Sn-2.1wt.%Mg alloy was solidified on Cu and Ni substrates, which are
of interest in the electronics industry. Mathematical modeling was then employed, allowing for
the determination of the overall and interfacial heat transfer coefficients (hov, and hi, respectively).
The results show that the Ni substrate exhibits higher interfacial thermal conductance with the
Sn-2.1wt.%Mg alloy compared to the Cu substrate, as indicated by the higher hi profiles. This fact
occurs mainly due to their metallurgical interaction, resulting in a stronger bond with the presence
of Sn-Ni-rich intermetallics at the interface. Finally, experimental equations based on the Hall–
Petch relationship are proposed to describe how the refinement of the fibrous spacing of the Mg2Sn
interphase (λG) and an increase in hi enhance both yield and ultimate tensile strengths.

Keywords: Pb-free solders; Sn alloys; interfacial heat transfer; intermetallics; mechanical properties

1. Introduction

The continuous demand for miniaturized solder joints is of prime importance, particu-
larly in fields such as advanced packaging and microsystem technologies. This demand
highlights the crucial need to ensure the reliability and performance of solder materials
for interconnecting and packaging electronic components and circuits [1–3]. Historically,
Sn-Pb alloys have been the most successful solder materials on electronic boards, especially
due to their low melting temperature, affordability, and excellent wettability [4]. However,
environmental regulations in Europe, Asia, and the Americas imposed restrictions on the
use of Pb because of its adverse effects on the environment and human health [5,6]. Conse-
quently, the industry has been under an imperative to discontinue the use of Pb-containing
solder materials [7]. In this context, where the development of Pb-free solder alloys has
gained significant relevance and directly impacts practical applications, finding a proper
balance between production cost and thermomechanical properties has proven to be quite
challenging for new solder alloys [8,9].

Previous studies have contributed significantly by proposing new Sn-based alloys as
potential alternatives to Sn-Pb alloys [10–13]. Particularly, the Sn-Ag, Sn-Ag-Cu, and Sn-Cu
[wt.%] alloys seem to be the most promising choices for mechanical strength and electrical
properties [14–16]. In recent years, the addition of Mg has emerged as a promising strategy
to enhance the performance of these alloys. Tan et al. [17] conducted a comprehensive study
on the impact of Mg addition on the microstructure and properties of Sn-3Ag-5Cu (wt.%)
solder alloys. Their findings revealed that incorporating 0.1wt.% Mg effectively refines the
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primary Cu6Sn5 IMCs, reduces the thickness of the interfacial intermetallic compounds
(IMCs) layer, and enhances the ductility at the solder joint’s interfacial layer. In addition,
the introduction of Mg to the Sn-3Ag-5Cu (wt.%) solder alloy had a minimal impact on
the electrical resistivity. On the other hand, Kim et al. [18] examined a Sn-Ag-Al composite
solder alloy reinforced with Mg-multiwalled carbon nanotubes fabricated via powder
metallurgy. They observed a significant decrease in the liquidus and solidus temperatures
of the Sn-Ag-Al solder alloy due to Mg addition, accompanied by reduced electrical
resistivity and improved wettability. In another study, Huang et al. [19] introduced Mg
into a Sn-0.7Cu (wt.%) alloy, resulting in slightly coarser Sn dendrites and a 2 ◦C reduction
in the melting point. Remarkably, the Sn-0.7Cu-0.01Mg (wt.%) alloy exhibited the lowest
contact angles and the most extensive spreading areas.

Mg addition has positive effects on other Sn-based solder alloys as well. For instance,
Huang et al. [20] observed that in Sn-Bi-Mg composite solders, the introduction of 0.4 wt.%
Mg led to a 24.3% reduction in wetting angle and a 42.4% increase in spreading area.
However, excessive Mg content tended to produce MgO on the Cu surface, negatively
affecting wetting performance while having no significant impact on the melting point
of Sn-58Bi solder. Incorporating Mg particles enhanced solder joint shear strength and
reduced solder alloy microhardness. Chen et al. [21] examined the microstructure and
properties of Sn58Bi/Ni solder joints modified by Mg particles on a Ni substrate. They
found that Mg particles refined the microstructure of the Sn-58Bi solder, reducing the IMCs
thickness at the interface. Using Sn58Bi-0.4Mg solder, the IMCs thickness decreased by
28.93%, and prismatic Ni3Sn4 particles became smaller and more evenly distributed. The
Mg2Sn phase inhibited IMCs grain growth, significantly enhancing the joint mechanical
properties. With 0.4wt%Mg, the joint strength reached a maximum of 37.91 MPa, that is, a
53.48% increase as compared to joints without Mg. Unfortunately, the high production cost
of these commercial solder alloys may limit their application.

Sn-Mg alloys can offer cost-efficient production along with thermomechanical prop-
erties suitable for soldering applications. According to Meydaneri and Saatçi [22], the
Sn-2.1wt.%Mg alloy exhibits a favorable combination of thermal and electrical conduc-
tivities, enabling its use in thermoelectric power generation, soldering, and various other
applications. The microstructure of this alloy usually comprises a β-phase (Sn-rich) and
Mg2Sn IMCs [23,24]. Although previous studies have focused on the microstructural
evolution, hardness, and corrosion behavior of the eutectic Sn-2.1wt.%Mg alloy, a bet-
ter understanding of its interactions with Cu and Ni is lacking. These two substrates
are widely used in microelectronic devices and are recognized as relevant to electronic
soldering [25,26]. It is worth mentioning that the transfer of heat across the molten sol-
der/substrate interface during soldering processes is hindered by temperature disparities
that result from imperfect interfacial contact [27]. In fact, the molten solder and substrate
establish contact only at discrete points instead of the entire expected contact area because
of the presence of interfacial air gaps [28]. The lack of this knowledge for the Sn-2.1wt.%Mg
alloy represents a significant gap in the current literature.

Another topic that requires further exploration is how microstructural changes affect
the mechanical strength of the Sn-Mg alloy. This is particularly significant because the
distribution and size of Mg2Sn IMCs can play a key role in their final properties. Therefore,
the primary objective of this study is to analyze the interfacial thermal conductance during
the solidification of a Sn-2.1wt.%Mg eutectic alloy on Cu and Ni substrates. Furthermore,
thermal variables inherent to the solidification process are associated with the fibrous
spacing of the Mg2Sn interphase (λG). The tensile properties of the studied alloys are
assessed with respect to the microstructural length scale and the interfacial heat transfer
coefficient (hi).
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2. Experimental

2.1. Solidification Experiments

The Sn-2.1wt.%Mg alloy studied here was prepared using commercial purity Sn and
Mg, with their respective chemical compositions detailed in Table 1. This table also includes
the chemical compositions of the commercially pure Cu and electrolytic nickel (Ni) that
were used as substrates.

Table 1. Chemical compositions (wt.%) of the metals used in the Sn-Mg alloy preparation and those
composing the substrates.

Metals Sn Mg Cu Ni Fe Zn Ag Pb

Sn Balance - 0.001 0.001 0.002 0.001 - 0.028
Mg - Balance - - 0.010 0.010 - -
Cu 0.009 - Balance 0.008 - - - -
Ni - - - Balance 0.002 - - -

First, an amount of 2500 g of Sn was placed within a SiC crucible and positioned
inside a muffle furnace for melting (Brasimet, Jundiaí, Brazil). The reason for preparing this
significant amount of Sn is based on the dimensions of the mold, which can accommodate
a volume of approximately 340 cm3. Subsequently, the stochiometric amount of Mg was
added to the liquid Sn, and throughout this procedure, Ar was introduced to prevent
the reactivity of Mg. Simultaneously, mechanical homogenization was applied to ensure
the mixing of the alloy components. After that, the molten Sn-2.1wt.%Mg alloy was
poured into a stainless-steel cylindrical mold situated within the casting chamber of a
directional solidification apparatus. Additionally, Ar was introduced into the molten alloy
for approximately 2 min immediately after it was poured into the mold to facilitate the
removal of trapped gases. These specific steps were the only instances where Ar was used.
It was considered unnecessary to employ an Ar atmosphere during melting and directional
solidification because the relatively low casting temperatures involved made significant
oxidation phenomena unlikely during these stages.

A stainless-steel mold with the following specifications was used: an internal diameter
of 60 mm, a height of 120 mm, and a wall thickness of 5 mm. This mold was constructed
by joining two AISI 310 stainless-steel half-cylindrical shells using M6 screws and nuts.
To facilitate the casting’s removal and avoid Fe contamination, the inner surfaces of the
stainless-steel mold was coated with an alumina-based refractory material before the alloy
was poured.

As shown in Figure 1, the bottom part of the mold was designed to be interchangeable
for easy alteration of alloy/substrate combinations. The substrates consisted of 3 mm thick
sheets made of commercially pure Cu and electrolytic Ni (see Table 1). Additionally, the
contact condition at the solder alloy/substrate interface was standardized by preparing the
substrate surface with 1200-grit SiC abrasive paper, followed by air jet cleaning. Soldering
flux was not used for either the Sn-Mg alloy/Cu or Sn-Mg alloy/Ni pairs.

A set of fine type J thermocouples, each with an outer diameter of 1.6 mm, was em-
ployed for the continuous monitoring of temperature. This monitoring occurred at various
positions along the length of the casting. These thermocouples were linked via coaxial
cables to a Lynx ADS1000 data logger system (Lynx, São Paulo, Brazil), which automatically
recorded temperature–time data at a 5 Hz frequency, translating to a temperature reading
every 0.2 s. Immediately after the thermocouple nearest to the substrate recorded a tem-
perature of about 1.1 times higher than the eutectic temperature, the electric heaters were
deactivated, and water flow at the bottom of the mold was initiated. To produce samples
for microstructural analysis, two directional solidification experiments were conducted:
one for the Sn-Mg/Ni couple and another for the Sn-Mg/Cu couple. An additional exper-
iment was undertaken for the Sn-Mg/Ni couple with the purpose of extracting samples
for tensile tests, given that this coupling resulted in the widest range of cooling rates, as
explained later.
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Figure 1. Schematic representation of the water-cooled upward directional solidification apparatus
and details of the interchangeable bottom.

2.2. Calculation of Solidification Thermal Parameters

The thermal profiles, characterized over time (t), were employed to evaluate both the
eutectic growth (Veut) and cooling rates (Ṫeut) along the length of the casting. Veut was
determined by calculating the time derivative of a power function Peut = f(teut), with Peut

representing the position in the casting in relation to the cooling interface and teut denoting
the time when the eutectic isotherm passed through the given position.

Ṫeut was determined using power law functions as well. Parabolic regression lines
were used to represent the overall temperature–time data behavior within an extensive
range encompassing the eutectic temperature (Teut). A regression line was applied only
if its coefficient of determination (R2) was higher than 0.9. The first derivative of each
function was solved by inserting teut, which provided the value of Ṫeut.

2.3. Microstructural Analysis

To analyze the microstructure evolution of the DS Sn-2.1wt.%Mg alloy castings under
various thermal histories, transverse and longitudinal samples were extracted from different
positions along the length of the DS castings (from 5 to 70 mm in relation to the metal–
mold interface) using an IsoMet 4000 precision cutter (Buehler, Esslingen, Germany), as
shown in Figure 2. In total, 18 samples were extracted along the length of the DS castings
for microstructural analysis, considering the Sn-Mg/Ni and Sn-Mg/Cu couples. These
samples underwent metallographic procedures until their surfaces achieved a 1 µm finish,
which was achieved by polishing using diamond paste. Images were collected using
an Olympus GX41 compact inverted metallurgical microscope (Olympus, Tokyo, Japan)
and a ZEISS EVO MA15 SEM (Zeiss Microscopy, Oberkochen, Germany), coupled to
an Oxford X-Max model energy-dispersive X-ray spectrometer (EDS) (Zeiss Microscopy,
Oberkochen, Germany). To identify the phases comprising the interfacial reaction layers,
X-ray diffraction (XRD) analysis was conducted using a Panalytical X’Pert PRO MRD XL
diffractometer equipped with a PIXcel detector. XRD patterns were recorded at room
temperature over a range of 20◦ ≤ 2θ ≤ 100◦, utilizing nickel-filtered Cu-Kα radiation
(wavelength of λ = 1.5406 Å), a tube voltage of 45 kV, and a tube current of 40 mA. The
ImageJ software (https://imagej.net/ij/) was used to measure the fibrous spacing of the
Mg2Sn interphase (λG), with approximately 50 independent measurements performed for
each transverse sample. These measurements were conducted using the triangle method
on optical images of transverse samples [29], as shown in Figure 2.
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Figure 2. Schematic representation of the sample removal for microstructural analysis and tensile
tests with the Sn-2.1wt.%Mg alloy castings.

2.4. Tensile Testing

Figure 2 shows a schematic representation of how samples subjected to tensile testing
were extracted along the length of the DS casting that experienced the widest range of
cooling rates. A total of 45 samples were extracted for conducting tensile tests, with
3 samples tested for each of the 15 considered positions along the length of the DS casting.
This allowed for the analysis of how the Sn-2.1wt.%Mg alloy responded under different
levels of microstructural refinement. The samples underwent tensile tests using an MTS
810-FlexTest 40 machine (MTS Systems, Eden Prairie, MN, USA), following the guidelines
outlined in ASTM Standard E 8M/04 [30], with a strain rate of 10−3 mm s−1. The tensile
tests were performed three times for each set of samples.

3. Modelling

This study employed an inverse heat conduction method during directional solidifica-
tion to determine the interfacial heat transfer coefficient (hov) between the Sn-2.1wt.%Mg
alloy casting and the substrate (mold). It compared experimental cooling curves with
simulated thermal profiles using an artificial intelligence (AI)-driven approach outlined
by Silva-Santos et al. [31]. This approach involves the integration of an artificial immune
system (AIS) into a numerical model of solidification. The primary objective of this inte-
gration is to address the inverse heat transfer problem (IHTP) by examining the transient
directional solidification process, particularly with a focus on determining the overall
interfacial heat transfer coefficient (hov). To achieve this, an optimized aiNet algorithm
is linked to the numerical solidification model, necessitating a well-planned procedure
for flexibility across various applications and efficient data communication to conserve
computational resources. Dual algorithms were developed within the C++ programming
language and compiled using the GNU GCC compiler. This procedure step is employed to
optimize the search for hov candidates, which can generate simulated temperature profiles
closely matching the experimental data from the thermocouples. This involved minimiz-
ing the difference between measured temperatures from thermocouples and theoretical
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temperatures calculated from the heat equation (Equation (1)) and a specified boundary
condition (Equation (2)).

ρc
∂T

∂t
=

∂

∂x

(

k(x)
∂T

∂x

)

(1)

−k
∂T

∂x

∣

∣

∣

∣

x=0
= hov(TM − TW) (2)

where k = thermal conductivity [W m−1 K−1], ρ = density [kg m−3], T = temperature [K],
and c = specific heat [J kg−1 K−1]. TM and TW , in the case of the present work, correspond
to the water and metal (alloy) temperatures [K], respectively. hov, which is the overall heat
transfer coefficient [W m−2 K−1], can be defined as follows:

1
hov

=
1
hi

+
e

kM
+

1
hw

(3)

where e = mold thickness [m], hi = interfacial heat transfer coefficient [W m−2 K−1],
kM = mold thermal conductivity [W m−1 K−1], and hw = mold/cooling fluid heat transfer
coefficient [W m−2 K−1].

Equations (1) and (2) were solved through discretization using the finite difference
method, considering the latent heat release during solidification. This latent heat release is
characterized by a temperature accumulation factor, λ, as described in Reference [32].

λ =
L

c
(4)

where L = latent heat. The thermophysical properties required for the simulations are
provided in Table 2.

Table 2. Thermophysical properties of the Sn-2.1wt.%Mg alloy obtained from Reference [33] and
from the Thermo-Calc software (https://thermocalc.com/). Subscripts S and L correspond to solid
and liquid states, respectively.

Property Symbol Unit Sn-2.1wt.%Mg Alloy

Thermal conductivity kS W m−1 K−1 68.3
kL W m−1 K−1 73.8

Specific heat cS J kg−1 K−1 6823.7
cL J kg−1 K−1 6533.2

Density ρS kg m−3 251
ρL kg m−3 251

Latent heat L J kg−1 48,960
Melting temperature TM

◦C 202

4. Results and Discussion

Figure 3a,b show the best match between simulations and experimental cooling curves
registered along the length of the DS castings for the Sn-2.1wt.%Mg alloy solidified in Cu
and Ni substrates, respectively. Notably, the Ni substrate promoted a higher hov profile
when compared to the Cu substrate (Figure 3c). This behavior indicates that hov depends
not only on the heat extraction characteristics of the substrate material but also on the
interfacial heat transfer mechanisms.

In Figure 3c, it is evident that both equations, hov = f(t), share similar constant mul-
tipliers (~11,000 for Cu and ~10,000 for Ni), but they differ significantly in their negative
exponents. The exponent associated with the Cu substrate is twice as large as that of
Ni. This discrepancy implies that the hov profile in the Sn-Mg/Ni system experiences a
slower rate of decay due to its lower negative exponent compared to the Sn-Mg/Cu system.
As a result, the Sn-Mg/Ni system maintains higher hov values, thereby facilitating faster
solidification through enhanced interfacial heat transfer. It can be assumed that the rate at
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which heat is transferred from the mold to the water remains constant or unchanged when
Ni and Cu substrates are changed (same hw). Additionally, the turbulent flow from the
cooling water imposes high values of hw, which causes 1/hw to tend toward zero. Therefore,
hi can be determined as follows from Equation (3):

hi =
kM × hov

kM − e × hov
(5)

hi plays a key role in governing solidification, as it serves as a comprehensive indicator
of the dynamics occurring at the metal/mold interface (Sn-2.1wt.%Mg alloy/substrate, in
the present study). It is directly associated with critical aspects, such as the initial wetting
behavior of the liquid metal upon contact with the mold. In addition, hi also involves the
subsequent mismatch phenomena arising from the different material properties and distinct
coefficients of thermal expansion/contraction between the alloy and the mold. Additionally,
hi considers the formation of IMCs, providing an idea of the degree of metallurgical
interaction occurring between the alloy and the mold throughout solidification.

ℎ௩ℎ௩ ℎ
ℎ௩

ffℎ௩ ℎ௩
ℎ௪ℎ௪ ℎ௪ℎ ℎ = 𝑘ெ ൈ ℎ௩𝑘ெ − 𝑒 ൈ ℎ௩ℎ

tt ℎ
ff

Figure 3. Experimental thermal profiles and numerical simulations employed to determine hov

profiles for (a) Ni and (b) Cu substrates. (c) Comparison between the hov = f(t) and hi = f(t) equations.

Figure 3c also provides a comparative view of hi = f(t) determined using Equation (5)
for both solidification experiments. hi characterizes the thermal resistances related to
the gap and IMCs. It is worth noting that the difference between the profiles of hi and
hov is more pronounced for the Sn-Mg/Ni combination. This indicates that while the
thermal resistance linked to a 3 mm thick Cu sheet can be regarded as relatively low,
the corresponding resistance for the Ni substrate is comparatively higher. Cu exhibits



Metals 2023, 13, 1813 8 of 17

a thermal conductivity of ~385 W/mK [33], which is six times greater than that of Ni
(~60.7 W/mK [33]), resulting in a significantly lower thermal resistance. However, the
thermal properties of the solders on substrates may be modified because of the higher
thermal conductivity of the IMC layer in comparison to that of the solder bulk [25]. As a
result, the influence of the thermal resistance caused by a 3 mm thick Cu sheet proves to be
minimal on the interfacial heat transfer, given the proximity of the hov and hi profiles. In
contrast, due to the lower thermal conductivity of Ni, the thermal resistance associated with
a 3 mm thick Ni sheet assumes a notable contribution, resulting in a significant separation
between the hi and hov profiles.

The Sn-2.1wt.%Mg|Ni pair formed a strong bond, so much so that the DS casting
remained attached to the substrate even when the sides of the mold were disassembled.
The evidence of metallurgical interaction between the eutectic Sn-2.1wt.%Mg alloy and the
Ni substrate is shown in Figure 4a through SEM-EDS analysis. As revealed by the EDS
maps, Ni atoms migrated from the substrate into the alloy. In fact, a layer made of IMCs
can be seen between the alloy and the Ni substrate. A punctual EDS analysis, shown in
Figure 4b, was carried out in one of the IMCs, confirming that metallurgical interactions
took place at this interface. Only a partial bond was formed between the DS casting and
the Cu substrate, so much so that they detached when the mold sides were disassembled.
Figure 5a reveals the metallurgical interaction between the solder alloy and the Cu substrate
through EM-EDS analysis. This indicates the occurrence of Cu migration from the substrate
into the alloy, resulting in the formation of Cu-containing IMCs. A specific EDS analysis for
one of these IMCs is presented in Figure 5b.

ffiℎ
ℎ

ff ℎℎ௩

ℎ௩ ℎ
ℎ ℎ௩
tt

Figure 4. (a) SEM image with EDS elemental map analysis for the Sn-2.1wt.%Mg/Ni joint. (b) Punc-
tual EDS analysis in an IMC formed at the interface. Star in the figure represents the location of the
punctual analysis.

In Figure 4b, the observed IMC can be reasonably attributed to Ni3Sn4, disregarding
the presence of Mg from consideration. Considering that the IMC has a small size, it is
plausible to suppose that Mg was detected due to the pear-shaped interaction volume,
where the SEM-EDS analysis captured Mg beneath the IMC layer, that is, Mg present in
the Mg2Sn IMCs from the Sn-2.1wt.%Mg alloy. It is worth noting that these IMCs exhibit a
relatively small scale, approximately on the order of ~15 µm. Given that the analytical spot
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size significantly exceeds this dimension, it stands to reason that the analysis encompassed
a fraction of the Sn-rich matrix of the Sn-2.1wt.%Mg alloy. After disregarding the wt.%
contribution of Mg and converting the remaining compositions of Ni and Sn to at%, the
Ni and Sn ratio led to the notion of Ni3Sn4. In other words, dividing the detected atomic
concentration of Mg (11.09%) in half results in 5.545%. Adding this value to the atomic
concentrations of Ni and Sn yields a Ni concentration of 37.705% and a Sn concentration
of 62.295%. Consequently, the Ni/Sn ratio is approximately 1.65, which closely matches
the Ni/Sn ratio of Ni3Sn4, standing at 1.333. This assumption that the observed IMCs
in the SEM image are Ni3Sn4 is further supported by the exclusive presence of Ni3Sn4
among the Ni- and Sn-containing IMCs identified in the DRX patterns, as explained
subsequently. In Figure 5b, the IMCs manifest at a significantly larger scale, ~100 µm. In
this case, the interference of the pear-shaped interaction volume reduces substantially. It
can be seen that there is a compositional ratio of 1:1:1 between Cu, Mg, and Sn, which
leads to the argument that the IMC corresponds to CuMgSn. It is noteworthy that the
Sn-2.1wt.%Mg/Ni joint exhibited a strong bond. Figure 6 provides a longitudinal view
of the Sn-2.1wt.%Mg/Ni joint after the mold was taken apart. On the other hand, the
Sn-2.1wt.%Mg/Cu joint exhibited a weak bond, so much so that the alloy detached when
the mold was disassembled.

tt

tt

Figure 5. (a) SEM image with EDS elemental map analysis for the Sn-2.1wt.%Mg/Cu joint. (b) Punc-
tual EDS analysis in an IMC formed at the interface. Star in the figure represents the location of the
punctual analysis.

Figure 7a,b display the XRD patterns of the interfaces of the joints established between
the Sn-2.1wt.%Mg alloy and the Ni substrate relative to the Ni substrate side and alloy side,
respectively. Figure 8a,b show the XRD patterns of the Sn-2.1wt.%Mg/Cu joint interfaces,
representing both the Cu substrate side and the alloy side, respectively. Actual images
of the interfaces indicate the surfaces where XRD patterns were collected. These XRD
patterns were obtained after the detachment of the joints, that is, by analyzing the surfaces
formed on both the substrate side and the Sn-2.1wt.%Mg alloy side. On the Cu substrate
side, the following phases were identified: β-Sn, Mg2Sn, Cu6Sn5, CuMgSn, Cu4MgSn,
and Cu. The only distinction in the XRD pattern of the Sn-2.1wt.%Mg alloy side was
the absence of Cu4MgSn. The phases detected on the Ni substrate side comprised β-Sn,
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Mg2Sn, Ni3Sn4 [34], and Ni [35]. All these phases, except the Ni phase, were found on the
Sn-2.1wt.%Mg alloy side.

tt

tt

tt
tt

β
tt

β

tt

Figure 6. Longitudinal view of the Sn-2.1wt.%Mg/Ni joint, illustrating a strong bond.

tt

tt

tt
tt

β
tt

β

ttFigure 7. XRD patterns for (a) the Ni substrate side and (b) the Sn-2.1wt.%Mg alloy side relative to
the Ni substrate after joint detachment, along with images of the analyzed surfaces.

The presence of IMCs containing Cu and Ni was only observed at the interface between
the Sn-2.1wt.%Mg alloy and the substrates, with the microstructural pattern remaining the
same throughout the rest of the DS castings. Figure 9 shows a characteristic SEM image of
the Sn-2.1wt.%Mg alloy with EDS mapping. As observed in our previous study [23], where
the Sn-2.1wt.%Mg alloy was solidified on a steel substrate, the microstructure of this alloy
primarily consists of a fibrous eutectic morphology, characterized by the coexistence of a
Sn-rich phase (β) with Mg2Sn IMCs.
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Figure 8. XRD patterns for (a) the Cu substrate side and (b) the Sn-2.1wt.%Mg alloy side relative to
the Cu substrate after joint detachment, along with images of the analyzed surfaces.

tt

tt

β

V௨௧Ṫ௨௧Ṫ௨௧ V௨௧

Figure 9. Characteristic SEM image of the Sn-2.1wt.%Mg alloy along with its corresponding EDS
maps for Sn and Mg, illustrating the typical views of transverse sections along the length of the DS
casting (from 5 to 70 mm in relation to the metal–mold interface).

As seen in Figure 10a,b, the DS castings analyzed here experienced a variation in Veut

and Ṫeut, which directly impacts the microstructural length scale. Furthermore, higher Ṫeut

and Veut values are associated with positions near the cooling interface. However, as the
solidification front advances, decreasing profiles of both thermal variables are observed,
linked to increasing microstructural coarsening. In Figure 10a, a single Veut curve represents
the pairs we studied: Sn-Mg|Ni and Sn-Mg|Cu, even though there are two distinct curves
in the Ṫeut profiles (Figure 10b). In this case, the occurrence of an identical Veut curve for
the two different Ṫeut profiles is a direct result of variations in the eutectic thermal gradient
(Geut). This means that different Geut profiles occurred ahead of the eutectic isotherm for the
Sn-Mg|Ni and Sn-Mg|Cu pairs. These three thermal parameters are interrelated through
the following equation:

Ṫeut = Veut × Geut (6)
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Figure 10. (a) Veut and (b) Ṫeut profiles obtained from the experiments involving the Sn-2.1wt.%Mg
alloy with Cu and Ni substrates.

The fact that the Veut curve remains identical for both studied pairs means that, when
a Ni substrate is used, the Sn-2.1wt.%Mg alloy experiences a higher Geut at a given position
within the casting. It is important to consider that the analysis of Vet cannot be dissociated
from Geut, which together represent a specific solidification condition. In contrast, Ṫeut

considers the simultaneous effects of Veut and Geut on the microstructure, making it a more
suitable thermal parameter for use as a reference in comparisons. It is noteworthy that the
Ni substrate favored a higher Ṫeut profile when compared to the Cu substrate, similar to
what occurs with the hov profiles (Figure 3c). Interestingly, a single Veut profile effectively
represents the behavior of both Sn-2.1wt.%Mg|Cu and Sn-2.1wt.%Mg|Ni pairs.

Figure 11a,b show characteristic SEM micrographs obtained at three positions in DS
castings solidified on Ni and Cu substrates, respectively. These images illustrate the impact
of varying Ṫeut on the microstructural length scale. For both cases, the microstructures are
the same, being composed of a Sn-rich matrix surrounded by fibrous Mg2Sn IMCs. The
measurement of microstructural refinement is based on the fibrous spacing of the Mg2Sn
interphase (λG), a parameter that comprehensively represents the microstructural array
in the Sn-2.1wt.%Mg alloy. Clearly, lower values of λG are associated with higher values
of Ṫeut. Notably, the experiment conducted with a Ni substrate results in a higher Ṫeut,
leading to a finer microstructure. This finding is directly related to the interface coefficients
(hov and hi) governing local thermal conductance throughout the solidification process.
These coefficients significantly influence the solidification thermal parameters, particularly
Ṫeut, as previously shown in Figure 8b. Overall, when hov and hi values are higher, the Ṫeut

profile increases, resulting in finer microstructures.
Figure 12a,b show the fibrous spacing of the Mg2Sn interphase (λG) measured along

the length of the DS Sn-2.1wt.%Mg alloy casting in relation to Veut and Ṫeut, respectively.
This analysis considers the experimental data collected from experiments conducted with
both Cu and Ni substrates. Interestingly, these experimental results align quite well
with the growth law found in our previous study [23], which involved the solidification
of the Sn-2.1wt.%Mg alloy on a steel substrate. The experimental values of λG, found
in the Reference [23], are represented as black squares in Figure 8a. Figure 8a also in-
cludes the theoretical predictions calculated using the Jackson–Hunt (JH) model [36].
In the JH model, the equation λG

2 Veut = C is postulated, leading to the simplification
λG = C Veut

−0.5, where C represents a constant. The linear regression analysis applied to
the experimental data according to the JH model resulted in λG = 25.20 Veut

−0.5, while the
constant C in the model would be 21.06. However, this model inadequately represents
the experimental λG values, as solidification in this context occurs under transient heat
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flow conditions, diverging from the assumptions underlying the JH model tailored for
steady-state solidification. To optimize the fitting to experimental data, an alternative linear
relationship, λG = −1.33 + 53.19 Veut

−0.5, was established, incorporating a correction factor
(a = −1.33). Notably, the applicability of this equation is confined to Veut = 0.9 mm/s and
above. Beyond this range, the equation loses validity due to the introduction of a negative
spacing term (a = −1.33), which lacks physical significance.

λ Tǚ
λ

λ λ

λ −

Figure 11. SEM images of transverse and longitudinal microstructures at three positions in DS
castings solidified on (a) Ni and (b) Cu substrates.

Figure 13a illustrates stress–strain curves for test specimens obtained at distances
of 6 mm, 30 mm, and 58 mm from the metal/mold interface of the eutectic Sn-Mg alloy
casting. Notably, samples subjected to more intense cooling regimes exhibited improved
mechanical strength. As Veut and Ṫeut decrease, λG increases, resulting in a progressively
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coarser microstructure, which, in turn, influences the Sn-2.1wt.%Mg alloy’s mechanical
behavior. Samples extracted from positions 30 mm and 58 mm display a trend of decreasing
stress levels for a given deformation, but there is an increase in deformation until failure
occurs. Figure 13b–d correlate the ultimate tensile strength (σU), yield strength (σY), and
elongation (δ) with λG

−0.5, respectively. Clearly, both σU and σY increase as λG
−0.5 increases,

reflecting an improvement in these mechanical properties with microstructural refinement.
To represent such enhancement, experimental Hall–Petch-type equations are proposed. The
transition from coarser to finer microstructures resulted in a significant 37% increase in σU,
with values changing from 57 to 78 MPa. On the other hand, σY demonstrated variability
within the range of 41 to 54 MPa, with the higher value found in finer microstructures,
marking a 31% improvement. In contrast, δ remains unchanged with variations in λG

−0.5,
maintaining an approximate value of 11.5%. Since σU and σY were the only mechanical
properties that significantly varied, Figure 14 associates them with hi, with experimental
equations being proposed. It is important to mention that this work found the ranges of
values of σU and σY (57 to 78 MPa and 41 to 54 MPa, respectively) comparable to those
previously found for an Sn-2.5wt.%Mg alloy (σU = 80 ± 11 and σY = 55 ± 7) [13], but
contributes to understanding the impact of microstructural refinement, which in turn is
also related to the interfacial heat transfer. The studied alloy also proves to have σU superior
to SAC alloys, since previous studies have observed that SAC alloys can have σU ranging
from 29.6 MPa to 35.31 MPa [8] or even 50 MPa [37], while Sn-Pb alloys have σU equal to
52.49 MPa [38].

λ

tt λ −
−

−

λ Tǚ

V௨௧ Ṫ௨௧ λ

σ σ
δ λ − σ σ λ −

σ σ

δ
λ − σ σ

σ σ
σ σ

σ
σ
σ

Figure 12. Experimental relationships associating λG with (a) Veut and (b) Ṫeut. Black squares
represent the experimental values found in the Reference [23].
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Figure 13. (a) Representative stress–strain curves, along with the respective (b) ultimate tensile
strength, (c) yield strength, and (d) elongation relationships with λG

−0.5.λ −

σ σ

 

Figure 14. Experimental relation of (a) σU and (b) σY with hi.

5. Conclusions

This study addressed the critical need for Pb-free solder materials in electronic welding
by investigating the Sn-2.1wt.%Mg alloy. Based on the findings of this research, the
following conclusions can be drawn:

• The Sn-2.1wt.%Mg alloy exhibits higher interfacial thermal conductance when paired
with the Ni substrate, as evidenced by the application of an approach that identifies
the best match between simulated and experimental cooling curves obtained during
directional solidification.

• The behavior of hi and hov, expressed as functions of time, for the Sn-Mg|Ni sub-
strate pair can be represented by the following equations: hi = 19,335(t)−0.16 and
hov = 10,000(t)−0.1. Furthermore, the thermal resistance caused by a 3 mm thick Ni
sheet results in a significant separation between the hi and hov profiles.

• The Sn-Mg|Cu substrate combination exhibits hi and hov profiles captured by the
following equations: hi = 11,523(t)−0.2 and hov = 11,000(t)−0.2. Moreover, the thermal
resistance caused by a 3 mm thick Cu sheet has a minimal influence on the interfacial
heat transfer, so much so that the hov and hi profiles are quite close.

• In the Sn-Mg|Cu pair, the Cu substrate side revealed the presence of multiple phases,
including β-Sn, Mg2Sn, Cu6Sn5, CuMgSn, Cu4MgSn, and Cu. Conversely, the Sn-
2.1wt.%Mg alloy side exhibited all these phases except for Cu4MgSn. In the Sn-Mg|Ni
pair, the Ni substrate side comprised the β-Sn, Mg2Sn, Ni3Sn4, and Ni phases. The
Sn-2.1wt.%Mg alloy side contained all these phases except Ni.



Metals 2023, 13, 1813 16 of 17

• σU displayed a considerable 37% increase, rising from 57 MPa for coarser microstruc-
tures to 78 MPa for finer ones. σY exhibited variations within the range of 41 to 54 MPa,
with the higher value observed in finer microstructures representing a 31% increase.
Experimental equations are proposed to relate these variations in σU and σY to λG and
hi. In contrast, δ remains almost constant, with an approximate value of 11.5%.

• Regarding possible practical use, the outcomes of this study provide valuable insights
for the development of reliable solder joints in electronic applications, as the me-
chanical properties of the Sn-2.1wt.%Mg alloy are comparable to those of Sn-Pb and
SAC alloys. Furthermore, they offer guidance for selecting a more appropriate sub-
strate, with Ni proving suitable due to improved interfacial heat transfer and bonding.
Therefore, this work contributes to the advancement of Pb-free solder materials.
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