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Abstract: A typical dissolution wetting system, Bi-Sn eutectic filler metal over a Bi substrate in a
high-purity argon atmosphere was investigated first using real-time in situ hot stage microscopy for
the extensive use of the sharp-interface model and the diffuse-interface model in the modeling of
brazing/soldering related wetting systems. Subsequently, the similarities and differences between
the aforementioned models in describing the issues of the wetting and spreading interfaces were
discussed in terms of soldering definition and theoretical formula derivation. It is noted that
(i) the mutual dissolution diffusion between the liquid Bi-Sn solder and Bi substrate were obvious.
As a result, the composition and volume of the liquid solder is constantly changing during the
wetting and spreading process; (ii) the sharp-interface model is a special case of the diffuse-interface
model of the Cahn-Hilliard nonlinear diffuse-equation under the convective dominant condition;
(iii) although there are differences between the sharp-interface model and the diffuse-interface model,
both of them could be used in brazing/soldering related processes; and, (iv) the agreement between
the experimental and simulation results of the sharp-interface model is not as good as that of the
diffuse-interface model, which can be attributed to the effects of the elements’ diffusion and the
phase transformation.

Keywords: dissolutive wetting; diffuse-interface model; sharp-interface model; phase field;
Cahn-Hilliard equation

1. Introduction

The wetting and spreading behaviors of molten liquid on both reactive and non-reactive surfaces
have been extensively studied [1–3]. The non-reactive wetting process has been described by
conventional hydrodynamic modeling, e.g., Tanner established a wetting and spreading model for a
non-reactive wetting system that is based on the lubrication approximation theory, which describes
the spreading process of silicone oil on a glass surface [4]. The process of reactive wetting is much
more complicated and is often accompanied by strong or weak chemical reactions, including fluid
flow, heat transfer, diffusion-induced solute transfer, capillary phenomena, and even new phase
formation. Accordingly, the mathematical analysis of the reactive wetting process is very complicated,
and revealing its inherent mechanism has become a research focus and a more difficult topic in the
field of wetting and spreading [5]. There are usually two types of reactive wetting: one is purely
dissolutive wetting and the other is accompanied by the formation of intermetallic compounds (IMC)
during the process of dissolutive wetting [6,7]. The sharp-interface model that is based on traditional
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hydrodynamic theory and the diffuse-interface model based on phase field theory have been gradually
developed to reveal the mechanism that is involved in reactive wetting and describe the process
through modeling [8–11]. There are many studies on the application of these two models in the field of
metal solidification [12–15]; however, the above models have been seldom discussed in the field of
soldering or brazing.

The solid substrate can be considered as a viscous fluid, so that we can describe the changes
in the liquid-solid interface while using the basic theory of fluids to analyze the wetting process of
molten metal on a solid substrate. The nature of the interface between the two fluids has been an
important topic over the past two centuries. The interface is also considered from an initial thickness
of zero (a sharp interface), i.e., the physical parameters are considered to be discontinuous through the
interface, to a specific thickness (a diffuse interface), i.e., the physical parameters change smoothly
and rapidly through the interface [16]. The sharp-interface model and the diffuse-interface model,
which were established for the two different understandings of interface thickness, have been widely
used in many fields [17–19].

Based on the sharp-interface model, Warren simulated the wetting and spreading process of
Bi-20Sn (wt.%) alloy on the Bi substrate. For this typical dissolutive wetting process, the author
described the changes of the liquid-solid interface with time and gave the changes of the velocity
field and the concentration field of the Bi-20Sn alloy during the wetting and spreading process [20].
Subsequently, Yin and Su modeled the spreading process of Bi-Sn alloy with different Sn contents on Bi
while using the model established by Warren. The results show that, when the Sn content was low,
the experimental data was well fitted, and when the Sn content was relatively higher, the deviation
from the experimental data was larger [21,22].

Based on the phase field theory, the diffuse-interface model has been widely used in the fields of
metal solidification, solid phase transformation, grain growth, and coarsening for many years [23–26].
Recently, this theory has been applied in the brazing/soldering related spreading of molten metal on
the surface of solid metal or ceramic. Huh and Hong et al. used the phase field theory to simulate
the formation of Cu6Sn5 IMC during the spreading of the Sn-Cu alloy on Cu, which well revealed
the scallop-like growth pattern of Cu6Sn5 [27,28]. Villanueva established a multicomponent and
multiphase model with liquid flow, which revealed the two stages of the general molten liquid
spreading process: the convection dominant stage and the diffusion dominant stage [29]. Subsequently,
Villanueva used the approximate data of the Sn-Cu system to simulate the spreading process of Sn
on Cu, and the changes in the liquid-solid interface during the process of dissolutive wetting were
described in detail for the case where IMC were ignored [30].

According to the above analysis, the similarities and differences between the sharp-interface
model and diffuse-interface model should be taken into account in the field of brazing and soldering.
We have compared the relations and differences of the interface models using two typical systems
to address this aim, i.e., Bi-Sn/Bi and Sn/Cu dissolutive wetting systems, respectively. Note that the
Bi-Sn/Bi soldering system is a typical example of dissolutive wetting and that the Sn/Cu system is also
a type of dissolutive wetting when neglecting IMC. The two interface models are analyzed from the
aspects of soldering definition and theoretical formula derivation.

2. Experimental Procedure and Wetting Kinetics

2.1. Experimental Procedure

A Linkam THMS 600 hot stage that was installed on a Carl Zeiss optical microscope system
was used to record the wetting and spreading data of 57Bi43Sn filler metal over Bi substrates.
The working chamber was supplied with ultra-high-purity nitrogen (99.999%). A Bi substrate with
overall dimensions of 10 mm × 10 mm × 0.8 mm was positioned in the chamber over the silver stage,
as shown in Figure 1. The substrates were mechanically polished to an average r.m.s roughness
of approximately 0.25 µm. The Bi-Sn eutectic filler metal in the form of a solid pellet with the
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dimensions of ~Ø1.1 mm × 0.04 mm was positioned on the Bi substrate. The melting temperature
of the solder piece was 139 ◦C [21]. The substrates and filler specimens were ultrasonically cleaned
in acetone and then dried in an argon stream. Figure 2 shows the temperature profiles for the
wetting experiments. The hot-stage chamber was purged with pure argon for 120 min. before the
initiation of the heating cycle, which consisted of ramp up, dwell, and quench stages. The heating
ramp-up was 40 ◦C/min. followed by a cooling ramp-down of 35 ◦C/min. The peak temperature and
dwell time was set to be 255 ◦C and 2 min, respectively. The actual temperature of the liquid solder
was slightly lower than the temperature reading from the control unit due to thermal contact resistance
between the heating element and the sample. The digital imaging capture speed was 20 frames/s.
The triple line was closely approximated with an equivalent radius of the sessile drop instantaneous
locus of points, which represents the molten metal spread perimeter. Measurements of the triple-line
locations were performed while using Image-Pro PLUS software. The uncertainty in determining the
linear dimensions was less than 3% for the given length scale. The calibration of microscope readings
was performed while using a linear graduated micrometer scale to estimate the pixel count within a
10 µm partition.
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Figure 2. Temperature profile for wetting experiments.

2.2. Results and Wetting Kinetics

Figure 3 presents a sequence of instantaneous frames that were extracted from a video clip,
illustrating the surface morphology and the location of the triple line throughout 57Bi43Sn solder
spreading on a Bi surface. Figure 4 shows a micrograph of the final spreading state of the Bi-Sn eutectic
alloy on the Bi substrate. Figure 5 shows the relation between the equivalent spreading radius and
time in the form of a linear and a logarithm plot, respectively, for three tests that were performed
under the same experimental conditions. It is noted from the linear plot (Figure 5a) that the kinetics of
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the spreading process features three distinguishable stages, marked as stages I–III in Figure 5a, i.e.,
the initial stage, rapid spreading stage and asymptotic stage.

In the initial stage, when the temperature reaches the vicinity of the melting point of the filler metal,
the filler metal experiences a slight shrinkage due to the small amount of oxides on the surface of
the solder/substrates. In the main stage, i.e., the rapid spreading stage, the melting solder spreads
with a high spreading rate, showing a rapid increase in the spreading radius. Mutual dissolution
and solute transfer between the molten solder and the substrate occurs as the temperature continues
increasing in this stage. In the asymptotic stage, the equilibrium spreading radius becomes almost
constant with time. Consequently, the spreading of the molten solder gradually slows down and
ultimately shows an asymptotic trend. As shown in the Figure 4, the black dotted line is the contour
line between the solder and the substrate that dissolves and diffuses from each other. It can be seen
that the Bi substrate has a significant amount of dissolution after spreading, and the Sn element in
the BiSn solder is continuously diffused into the Bi substrate during the spreading process. The black
region in Figure 4 represents the Sn-rich phase.
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The equivalent spreading radius versus time is plotted on a logarithmic scale for a better
understanding of the wetting kinetics, as shown in Figure 5b. Equivalent spreading radius is an
important parameter to characterize the spreading dynamics. Since the fronts of the spreading molten
metal is not a standard circle, the actual spreading area is obtained by measuring the locations of
the triple line; then, the area is equivalent to the area of a standard circle. After that, the radius can
be calculated according to the equivalent circle, which is the so-called equivalent spreading radius.
Based on this, the kinetics of the reactive wetting can be primarily discussed in terms of the empirical
power law models [31,32], as indicated by Equation (1):

Rn
∼ t (1)

where R is the equivalent radius of the spreading at the time t. In non-reactive systems, the wetting
kinetics has been thoroughly investigated by Tanner [4] and De Gennes [33]. In their studies,
the exponent n was calculated as 10 for the sessile drop case.

For non-reactive systems, the spreading of a liquid metal and organic liquids over rough inert
surfaces that are associated with a roughness on the order of 100 µm [33–35] can be characterized with
Rn
∼ t, n = 2. For chemical-reaction-controlled reactive wetting systems, similar relations of R vs. t

have been reported previously [2,36], Rn
∼ t with n = ~1. In this study, the value of n for the rapid

spreading stage is calculated as 0.9, which is close to the value for chemical reactive systems [34].
The empirical power law model was also used in experiments we previously performed AgCu on

Ti-6Al-4V substrates [35]. The empirical power law that was used for the data fitting and experimental
results appeared to have a large deviation. The study pointed out that the R(t) models for the spreading
kinetics of liquids on solids are based on the assumption that both the composition and the volume
of the liquid are constant during the wetting process. Since the spreading of Bi-Sn solder on the Bi
substrate is a typical dissolutive wetting, there is evidence of both diffusion of liquid solder into the
solid substrate and dissolution of the substrate. As a result, the composition and volume of the liquid
solder is constantly changing. The R(t) models should be used with great caution in this reactive
wetting situation. Therefore, two models of the sharp-interface and the diffuse-interface are compared
and then further studied for extensive use in brazing/soldering related wetting and spreading systems.

3. The Differences and Relations between the Sharp-Interface and Diffuse-Interface

3.1. The Differences between the Basic Theories

In the field of metal solidification, the grains are usually treated as viscous fluids, which also use
the properties of the interface between two immiscible fluids. It is necessary to consider three entities
in a solidification process: grains, molten liquid, and the interface. For the sharp-interface in the
solidification, the interface is modeled as having zero thickness and it can be described as a changing
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surface controlled by the boundary conditions [36], in which the phase boundary is a smooth manifold
of co-dimension 1. Specifically, it is assumed that the interface has a surface tension. An interface
boundary condition is generated when a stress balance is applied to the interface. As indicated in
Equation (2), the Young–Laplacian equation, the pressure jump through the interface is related to the
product of surface tension and curvature [16].

σ · n̂|+
−
= γκn̂ (2)

where σ is the stress tensor, γ is the surface tension, κ is the mean curvature of the interface, and n̂ is
the unit vector normal to the interface. In addition, the mass conservation through the interface is that
in Equation (3) due to the impermeable characteristics of the interface between two immiscible fluids.
From Equation (3), it can be seen that, in fluid dynamics, the instantaneous velocity of the fluid at the
interface is equal to the velocity normal to the interface, which indicates that they are moving together,
i.e., the movement of the interface is the result of the flow field (convection), independent of the phase
changes or diffusion [30].

ν · n̂ = u · n̂ (3)

where u represents the velocity of the fluid and ν is the velocity of the interface.
In the diffuse-interface model, the entire microstructure in the metal solidification process is

represented by an order parameter φ. Thus, during the growth of the grains, φ = 1, φ = 0, 0 < φ < 1
are used to represent the solidified grains, molten liquid, and grain growth front surface, respectively.
The range of the order parameter φ is the thickness of the interface, i.e., the interface is no longer a
non-zero thickness [23]. Equation (4) is the expression of the stress tensor σ in the diffuse-interface.
It can be seen from Equation (4) that the stress tensor σ in the diffuse-interface is only related to the
density of the fluid, which is different from the surface tension of the sharp-interface [16].

σ ∝
(
ρ∇2ρ+

1
2

∣∣∣∇ρ∣∣∣2)I −∇ρ⊗∇ρ (4)

where σ is the stress tensor, ρ is the fluid density, and I is the tensor identity, ∇ρ ⊗ ∇ρ given
by (∂ρ/∂xi)(∂ρ/∂x j) which is also called the capillary tensor that was proposed by Korteweg.
The derivation of the density that appears in the stress tensor is derived from the nonlocal interaction
of the molecules within the interface. The diffuse-interface model using the phase field theory takes the
effect of phase changes into account. For example, the movement of the liquid-vapor interface is driven
by convection and phase changes (evaporation, condensation). In addition, due to the high viscosity of
the solid, the solid-vapor interface and solid-liquid interface can only be driven by the phase changes,
i.e., sublimation and condensation and melting and solidification, respectively [30]. The movement of
the interface is no longer given by the expression of Equation (3), but is given by Equation (5)

S = νn − u · n̂ (5)

where νn represents the normal velocity of the fluid interface, where we know that S > 0 for condensation
and dissolution, and S < 0 for evaporation.

3.2. The Relations between the Basic Theories

The diffuse-interface model based on phase field theory avoids real-time tracking of the interface,
and the range of the order parameter φ is the thickness of the diffuse-interface. Theoretically,
a sharp-interface model can replace the diffuse-interface model when the thickness of the
diffuse-interface is small enough [23]. Elder et al. used the projection operator method to derive
a sharp-interface model from a phase field model with a diffuse-interface thickness of ξ [37].
The diffuse-interface model can be transformed into a sharp-interface model when the parameter
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ξκ� 1 and ξν/D� 1, where κ is the curvature of the interface, ν is the velocity of the fluid interface,
and D is the diffusion constant of the fluid.

For a binary alloy, the concentration is discontinuous across the interface in a sharp interface model.
Caginalp deduced the traditional sharp-interface model from the simplest phase field theory [38].
The concentration c needs to satisfy the following conditions:

[ln[c/(1− c)]]+
−
= −2M (6)

− σ(αν+ κ) = [S]E
{
T − TB − [(T − TB)/2M] ln

[(
1− c+

)
/1− c−

]}
(7)

where c+ represents the limit of c from the liquid side (and c− the solid side) while []+
−

is the difference
between the limits from the liquid and solid sides, σ is the surface tension, ν is the velocity of the
interface, κ is the surface curvature, [S]E represents the entropy density jump between the two phases,
TA and TB are the melting temperature of the two materials, M is a phase-dependent constant, and α
is the kinetics constant. It can be seen from the above equations that the sharp-interface model
can be derived from the phase field theory when the concentration c of the alloy solution meets
certain conditions.

4. The Sharp-Interface Model and Diffuse-Interface Model in the Practical Applications

The simulation of the changes of the liquid-solid interface in Su [22] and Villanueva [30] using
the sharp-interface model and diffuse-interface model were analyzed, which used the Sn-Bi/Bi and
Sn/Cu systems, respectively, to compare the relations and differences of the two interface models
under pure dissolutive wetting conditions. Villanueva only simulated the changes of three phases,
i.e., the changes between liquid, solid, and vapor, and did not involve the formation of the fourth
phase—the intermediate compound (Cu6Sn5). Therefore, the essence of the experiment was the
simulation of the process of liquid-solid interface changes under dissolutive wetting. Figure 6 shows a
schematic diagram of the molten liquids spreading in a pure dissolutive wetting and spreading process.
The upper contact angle is defined as θ1, which represents the angle between the liquid-vapor interface
and the horizontal. The lower contact angle is defined as θ2, which represents the angle between the
liquid-solid interface and the horizontal.
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4.1. Practical Application of Sharp-Interface Model

In the sharp-interface model, Su used the theoretical equation that was deduced by Warren, where
the conservation equation of the solute is as follows in the process of a droplet spreading [20].

D∇2c− u · ∇c =
∂c
∂t

(8)
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where c is the concentration (the mass fraction of Sn in the Sn-Bi alloy), D is the diffusion constant
of the fluid, and u is the velocity of the fluid flow. The mass boundary condition of the liquid-vapor
interface is given by Equation (3), and the solute boundary condition is

∇c · n̂ = 0 (9)

At the liquid-solid interface, when assuming the density of the liquid is equal to the solid,
and then the mass boundary condition and the solute boundary condition are as Equations (10)
and (11), respectively

u · n̂ = 0 (10)

(−Dl∇cl + Ds∇cs) · n̂ = vn(cl − cs) (11)

where the subscripts l and s represent the liquid and solid, respectively. The author assumed that the
solute is insoluble in the solid phase and ignored the diffusion of the solute in the solid phase. Thus,
Equation (11) becomes

−D∇c · n̂ = νncb (12)

where νn = ν · n̂, cb is the concentration of the liquid at the liquid-solid interface. To describe the changes
of the liquid-solid interface and establish the equations of the concentration field and velocity field, it is
necessary to determine all of the physical quantities that are involved in Figure 6, i.e., h1(r, t), h2(r, t),
R(t), θ1, and θ2 (for discussion, see reference [20]).

4.2. Practical Application of Diffuse-Interface Model

In the diffuse-interface model, its basic equations, namely, the Cahn–Hilliard nonlinear diffusion
equation and the Allen–Cahn relaxation equation, describe the changes of the conserved quantity c
and the non-conserved quantity φ with time, respectively. Coupled with the basic thermodynamic and
kinetics equations, the phase field method can predict the evolution of arbitrary morphologies and
complex microstructures without having to explicitly track the position of the interface [23].

In practical application, Villanueva used the approximate data of a Sn-Cu system to simulate the
dissolution and wetting process of Sn on Cu, and then established governing equations containing
solid, liquid, and vapor, including the Cahn–Hilliard nonlinear diffusion equation, the Allen–Cahn
relaxation equation, the mass continuous equation, and the Navier–Stokes equation. It is possible to
simulate the actual situation in which Sn is spreading on Cu (for discussion, see reference [30]).

5. Comparison of the Simulation Results Based on the Two Interface Models

The following conclusions can be drawn from the comparison of the simulation results and
the experimental results of the sharp-interface model and the diffuse-interface model that was used
by two researchers. (i) Su used the sharp-interface model to simulate the process of Bi-Sn solder
spreading on Bi substrates. The results show that, when the content of Sn in Bi-Sn solder is less than
20% (wt.%), the simulation agrees well with the experimental results. As the Sn content increases,
the deviation between the simulation and the experimental results also increases. (ii) Villanueva used
the diffuse-interface model to simulate the wetting and spreading process of Sn on Cu. The simulation
is in good agreement with the experimental results. Previously, the differences in the applications
of the sharp-interface model and diffuse-interface model have been seldom discussed, especially in
soldering-related wetting and the spreading process. In the following, we will analyze the reasons for
the differences from two aspects, namely, the definition of soldering and the derivation of the basic
theoretical formula.

For soldering, it is a process in which the solder and the base material are wetted and mutually
diffused to achieve the bonding. Therefore, the wettability of the solder has important influence
on soldering [39]. The diffusion of the solder and base material presents in two ways: one is the
diffusion of the base material into the liquid solder, i.e., the dissolution; the other is the diffusion
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of the solder elements into the base material. In the general soldering process, these two kinds of
diffusion occur simultaneously. In the model of the sharp-interface that was obtained by traditional
hydrodynamics theory, i.e., the model used by Su and Warren, the dissolution of the solid phase and
the convection in the liquid phase are taken into account. Further, the authors made the assumption
that the solute does not diffuse into the solid substrate [20]. However, it should be noted that, if the
Sn content in Sn-Bi continues to increase, the diffusion ability of the Bi-Sn alloy would be enhanced
correspondingly. Based on the above analysis, it can be understood that the solute diffusion effects
were neglected in the simulation of Su and Warren, which resulted in a large difference between
the simulation and the experimental data. However, the diffuse-interface model that was used by
Villanueva considered the diffusion of the solid matrix into the liquid soldering filler metal, the diffusion
of the soldering filler metal component into the solid matrix, and the influence of the phase changes [30].
Therefore, the interface model derived from the phase field theory is in good agreement with the
experimental results.

The reason of this deviation can also be seen from the basic theoretical formulas of the
sharp-interface model and the diffuse-interface model. The dimensionless form of the Cahn–Hilliard
nonlinear diffusion equation is given when the element xA is only considered in the liquid phase of the
diffusion interface model [30]. There is also the same form for xB.

∂xA
∂t

+ û · ∇xA = −
1

PexA
∇ · JA (13)

PexA =
UCLR0

ML
ART

(14)

where UCL is the speed of the three-phase line and R0 is the initial spreading radius of the droplet.
ML

A represents the amount of dissolution of element A in the liquid phase L, which is a specific value.
R is the gas constant and T is the temperature. PexA represents the ratio of solute transfer that is caused
by convection and solute transfer caused by solute diffusion. The larger the ratio is, the greater the
proportion of solute transport by the convective flow during the spreading process.

The expression of the flux JA of A atom in the liquid phase given by Villanueva is:

JA = −
DA
VM
∇xA (15)

where VM is the molar volume of the vapor, with a value of VM= 1.0× 10−5 m3 mol−1.
Substituting Equation (15) into Formula (13), we create the following equation.

∂xA
∂t

+ û · ∇xi =
1

PexA

1
VM
·DA · ∇

2
· xA (16)

Comparing Equation (16) and the traditional dynamical Equation (6), we can see that the two equations
are exactly the same in physical form (both xA and c represent the mass fraction of solute in the
liquid phase). Therefore, we get 1

PexAVM
= 1, and thus PexA = 105

� 1, which indicates that the
solute transfer that is caused by convection is much larger than the solute transfer that is caused
by diffusion. This shows that the theoretical equation in the sharp-interface model demonstrates that
solute transfer relies on convection rather than diffusion, which is consistent with the inferences that
we have previously obtained from the soldering definition.

In addition, it can be seen from Equation (16) that the sharp-interface model is a special case of the
Cahn–Hilliard nonlinear diffusion equation under convective dominant conditions. The relationship
between the sharp-interface model and the Cahn–Hilliard nonlinear diffusion equation is also obtained
during the study of the contact line movement between two insoluble fluids by Yue [40]. When the
thickness of the interface is lower than a critical value and the other parameters remain constant,
a sharp-interface model that is based on the Cahn–Hilliard equation can be obtained, and we also reach



Metals 2019, 9, 944 10 of 12

a similar conclusion with our comparison of the basic equations of the sharp-interface model and the
diffuse-interface model.

6. Conclusions

The wetting and spreading of Bi-Sn eutectic alloy on Bi substrate, was conducted while using
real-time in situ hot stage microscopy. According to the analysis, the Sn elements in the BiSn solder
continuously diffused into the Bi substrate; at the same time the Bi substrate also continuously
dissolved and diffused into the solder. As a result, the composition and volume of the liquid solder
constantly changed.

To depict such a dissolution controlled soldering process, the sharp-interface model and
diffuse-interface model were compared and the following conclusions were obtained: (i) the process
of derivation from the theoretical formula shows that the sharp-interface model is a special case of
the Cahn–Hilliard nonlinear diffusion equation under the convective dominant condition, which is
consistent with the definition of soldering; (ii) although there are differences between the sharp-interface
model and the diffuse-interface model, both of them could be used in brazing/soldering related processes;
and, (iii) the agreement between the experimental and simulation results of the sharp-interface model
is not as good as that of the diffuse-interface model. This is attributed to the effects of the elements’
diffusion and the phase transformation.
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