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Abstract

The reflow process of tinned copper (TC) strips is critical for meeting the high metal surface quality
standards in electronic devices. A significant challenge is obtaining high-quality reflow-derived tinned
copper (R-TC) through the remelting of the tin layer. The fluid—solid thermal (FSI-Thermal) coupling
in this process is crucial for tin plating quality. This study proposes an effective method to address
local yellowing on the R-TC surface by developing an FSI-Thermal model and optimizing the reflow
process. At the feed rate of 0.1 m/s, heat flow of 925 K, and inlet velocity of 10 m/s, the force borne
on the TC surface is even, and the minimum temperature approaches 532.4 K (>505.05 K),
accompanied by the thermal stress-induced deformation. However, the TC surface temperature is
distributed unevenly in the external chamber. Reflow test is performed based on simulated parameters.
Results show that due to the thickness difference of surface oxides, local yellowing takes place on the
R-TC surface, and the optimized reflow process substantially reduces the nonuniformity of the tinned
oxide layer and realizes the high-quality sedimentation of the clad layer.
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1. INTRODUCTION

Composite metal materials have been widely used in the electronic field because of their
corrosion resistance and electrical conductivity [1]. Problems such as poor interface bonding
and stress concentration between different materials occur, which leads to the decline of
material properties and even result in safety problems [2]. Tinned copper (TC) is a common
type of composite metal material. Generally, copper strip is used as the substrate, and tin
matte or bright tin is electroplated on the surface of copper by electroplating. The most
evident problem in electroplating is that tin whiskers with conductivity are formed, which
causes electronic short circuit and even the fault or failure of electronic devices. The research
shows that compressive stress is the main reason for the growth of tin whiskers [3]. Reflow
process can effectively eliminate the internal stress produced in copper strip electroplating,
inhibit the formation of tin whiskers on the surface, and help avoid the short circuit fault of
electronic equipment components [4]. Fig. 1 shows that under the initial state of high-
temperature remelting in the reflow process, an oxide layer is formed on the surface of the
matte tin, and a diffusion layer is formed at the junction of the tin layer and copper layer; then,
the additives in the matte tin move toward the oxide layer and form tin crystal nuclei on the
diffusion layer; finally, the tin crystal nucleus gradually becomes larger, and after cooling, a
bright tin surface is produced [5]. Reflow process, as an efficient metal surface heat treatment
technology, has been widely used in tin plating on copper strip surface [6].
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Figure 1: Reflow process analysis.

As increasingly higher requirements have been proposed by e-enterprises for TC material
surface quality, the structural design of heat treatment equipment has matured, and reflow
technology has become the core technology to improve production quality [7]. The surface
quality of TC directly affects the electrical conductivity, weldability, and corrosion resistance
of products [8]. As for the improvement of metal surface quality, traditional methods usually
rely on electroplating, coating, heat treatment, and other processes, and optimization has been
realized through repeated experiments [9-11]. However, these methods have limitations. An
extremely low current density in electroplating leads to a loose coating structure and
increased internal stress, whereas an exceedingly high current density gives rise to rough or
burnt coating, and the metal ion concentration, pH, temperature and additives in the plating
solution need to be adjusted and analysed regularly, which consumes excessive manpower
and material resources [12]. Achieving a uniform distribution of coating is difficult, especially
on workpieces with complex shapes, which leads to uneven coating thickness or missing
coating [13]. High-temperature operation in heat treatment involves safety risks, including
fire, scald, and equipment failure, and even produces harmful gases that pollute the
environment [14]. When these traditional processes are applied to improve metal surface
quality, the research and development cost becomes high with a long cycle. In the auxiliary
analysis by simulation, physical phenomena are generally simulated by mathematical models
and computer programs, and studies investigated the overall behaviour of complex systems
and the interaction between their internal subsystems [15], but the influences of heat flow on
the heat exchange and stress condition of moving metals have been rarely analysed through
multifield coupling simulation. Therefore, the heat exchange law of TC in the heat flow field
is simulated via simulation software, and the influence of the reflow process on TC is
discussed to improve the surface properties of TC.

In view of the above problems, related remelting devices have been modelled and
analysed [16], yet the analysis and research on the influence of the coupling relationship
between heat flow and TC on the remelting and recrystallization state of the tin layer on TC
surface are lacking. Therefore, accurately predicting the influence of hot air on TC in the
reflow process is urgent. In this study, the reflow process of TC is simulated by fluid—solid—
heat coupling, and the heat exchange law of TC moving in hot air field is analysed. To
address the yellowing of reflow-derived tinned copper (R-TC), research and optimization are
performed, and defect-free R-TC is obtained. A fluid—solid thermal (FSI-Thermal) model is
established for fluid—solid—heat three-phase coupling analysis aiming at the reflow process of
TC to provide a scientific basis for optimizing process parameters. This study can provide
theoretical guidance and practical reference for the secondary treatment of TC.
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2. STATE OF THE ART

During metal processing, high-precision modelling and analysis are generally conducted by
software and computer simulation technology [17]. Hassan and Jawad [18] established a
multioutput artificial neural network model through MATLAB software to predict the
quenching and tempering temperatures of martensitic stainless steel and compared the results
with those of regression analysis. However, the dynamic changes in heat treatment were
ignored, and the model could not be accurately predicted. Schuppener et al. [19] combined
Abagqus FEA software and MatCalc software to verify and calculate various local
microstructure characteristics, and optimized functions using fitting test data. However, the
model was not simplified enough, and the calculation workload was large. Kuang et al. [20]
used COMSOL software to simulate the wettability of liquid droplets on the hydrophobic
layer of metal surface and obtained a multifunctional superhydrophobic surface on aluminium
alloy by laser etching technology. Nevertheless, the calculation model was not verified.

Coupling simulation is a widely used method for model prediction when metal processing
involves the interaction of multiple physical fields [21]. Ren et al. [22] performed copper cold
spraying outside the cavity by continuous wave process and established the electromagnetic
thermal coupling simulation model of superconductor cavity for verification. However,
uncertainties in system parameters and errors in the results were observed. Santos et al. [23]
integrated the Hall-Petch model with the Ludvig model to simulate and predict the alloy heat
and microstructural parameters produced by solidification in metal moulds, determined the
equations for the solidification time and cooling rate of castings, and obtained the average
error of ultimate strength of front and rear wheels. However, differences were observed
between experimental conditions and actual working conditions, which influenced the
effectiveness of verification. Doubiani et al. [24] studied a new eddy current model of heavy
metals based on volume coupling, assumed a probability density function, introduced a step
function to solve the randomness of linear eddy current, and proved that multiple linear eddy
currents first affected the scalar value distribution in the computational fluid dynamics
domain. Due to the influence of turbulent interaction, some model data substantially differed
from the experimental results.

In addition, by optimizing the model and parameters, the process of metal treatment can
be effectively optimized, and the production efficiency and quality of products can be
improved [25]. With the help of convolutional neural networks and metal particle swarm
optimization algorithms of Gaussian process, Yan et al. [26] automatically optimized the
parameters and proposed an activation function to improve the performance parameters of the
model and ensure its convergence rate, but did not conduct research and analysis combining
the actual working conditions. Alam and Ali [27] optimized the elasticity of products by using
a dynamic inoperable input—output model and nonlinear optimization technology, but the
related research was not sufficient and lacked practicality. Paramasivam et al. [28] optimized
the process by fitting the adsorption kinetics with the quasi-second-order dynamic model and
compared the isothermal model and the Temkin model to predict the process conditions. The
theoretical model needs to be linearized to fit the experimental data, which, however, will
introduce errors.

Among the above studies, modelling analysis, model comparison, or parameter
optimization have been mainly adopted, but experimental verification and optimization
analysis, not to mention the related research on multifield coupling in the heat treatment of
metals, are rarely involved. In this study, the coupling simulation model of TC and heat flow
interaction is established using FSI-Thermal coupling simulation to predict the potential
problems triggered by the thermal stress and fluid—solid interaction. Starting from theoretical
calculation and modelling, the fluid—solid—heat interaction of TC in the heating chamber is
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discussed and analysed, and tests are performed to verify the simulation results and to provide
reference for optimizing the reflow process of TC.

The remainder of this study is organized as follows: Section 3 describes the physical and
mathematical models of the matte tin remelting device and heating chamber, analyses and
densifies model grids, and studies the FSI-Thermal coupling model method. Section 4 analyses
and discusses simulation results, implements experimental verification, presents causes of TC
surface yellowing, optimizes the reflow process, and acquires high-quality R-TC. Section 5
draws conclusions and discusses the limitations and opportunities for future work.

3. METHODOLOGY

3.1 Physical models

To verify the practicability and effectiveness of the matte tin hot air remelting device, the
matte tin hot air remelting device produced by Dongguan Yichuang Surface Treatment
Technology Company Limited was used to assess the performance of the designed matte tin
remelting mechanism. The core part of the test device was the matte tin hot air remelting
mechanism, which included three main components: heating chamber, heating system, and
cooling system. The heating chamber, which was the most important structure of the matte tin
remelting device, was designed with a double-layer (inner and outer) structure, where the
outer chamber was divided into three parts and the inner one had dimensions of 300 mm x
600 mm x 180 mm. A thermal insulation layer was added based on the inner chamber to
improve the heating efficiency. Figs. 2a and 2 b show that the heating chamber was set with
TC strip inlets and outlets, including seven air intakes and two air outlets.

-
m Air Outlet 1 m Air Inlet 1 m Air Inlet 2 l, Air Inlet 3 Air Outlet 2
TC

LUARE AR AR L]

Air Inlet 4 #4 Air Inlet 544 .Airlnlch‘T Air Inlet 7#

Figure 2: Schematic diagram of the physical model: a) physical model, b) grid model.

Table I: Material properties.

Material properties 304 Stainless Steel Cu Sn
Modulus of elasticity (E/GPa) 200 117 75
Bulk density (kg'm?®) 7930 8960 7280
Thermal conductivity (W-m*-K™) 18.5 401 67
Specific heat capacity (J-kg 2K ™) 500 385 220
Poisson’s ratio 0.3 0.34 0.27
Coefficient of expansion (10° K1) 16.75 17 29
Melting point (K) 1723.15 1358.15 505.05

Different kinds of TC can be produced by different electroplating processes, which can be
largely divided into two types: matte tin and bright tin. In the test, the material used was the
copper strip with standard dimensions, and a matte tin layer was preplated on the surface. The
TC was 150 mm in width and 1 mm in thickness to simulate the workpiece in actual
production. During the metal surface treatment, simulation software has been widely applied
for modelling and analysis. In Workbench interface, the model was imported into FLUENT
and Static Structural (SS) modules, and relevant parameters were set. The wall of the heating
chamber was made of 304 stainless steel, and its relevant parameters are listed in Table 1.
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3.2 Mathematical model

The simulation parameters set for the fluids with different compression properties vary.
According to Mach number, fluid can be divided into compressible fluid and incompressible
fluid, and calculated according to Eq. (1).

vV
= =C ~165.8+0.606T @

where M, is the Mach number of fluid; V is the wind velocity inside the heating chamber, m/s;
C is the sound propagation speed, m/s; T is the temperature at the air intake of the heating
chamber, K.

The structural parameters of the heating chamber were substituted into Eq. (1), and Ma was
calculated to be 0.02 (< 0.3), which indicates that the hot air fluid in the heating chamber was
incompressible gas fluid. The Reynolds number of flowing viscous gas must be calculated to
determine its flow state, namely, laminar flow or turbulent flow, as shown in Eq. (2).

vl
Re P )
where p is the fluid density, kg/m3; v is the average wind velocity of hot air in the heating
chamber, m/s; L is the pipe diameter, m; u is the viscosity coefficient of hot air.
The relevant parameters of gas in the heating chamber were substituted into Eq. (2) to
obtain Re value was 107569, which was higher than the critical value 2,000, so the hot air
fluid in the heating chamber was turbulent flow and the k-¢ turbulence model was adopted.

M

3.3 Analysis of grid and local encryption

The discretization of the wind field model was the basis of fluid mechanics analysis, and the
geometric shape was transformed into a calculation model that could participate in the
numerical analysis, that is, the heating chamber grids were divided into expansion meshes and
surface meshes during grid division. The heating chamber was divided into unstructured
tetrahedral grids, and the average size of the global grids was 0.015 m. In the TC matte tin
remelting, the physical phenomena of material inlet and outlet, air inlet and air outlet are
particularly complicated, and higher grid density is needed to capture the changes in these
areas accurately. Therefore, implementing local densification in these key areas is very
necessary. The simulation area was divided into several sub areas, and according to the
characteristics of reflow phenomena, densification was implemented at the inlet, outlet, and
inner chamber. The grids in the near-wall area were locally densified, five boundary layers
were added to the fluid—solid interface, the first-layer grids were 0.001 m in thickness, y+
value was kept smaller than 1, and the grid growth rate of the local densification area was
kept within 1.1. The network model included about 4.3 million grids, 128,742 nodes, and
408,527 elements. The grid quality inspection showed that the mean value of grid
orthogonality was 0.92, the length-width ratio was smaller than 5:1, and the distortion was
smaller than 0.8, which meet the standard of high-quality grids.

3.4 FSI-Thermal coupled model

The remelting of the TC matte tin layer was simulated and analysed by using the FSI-Thermal
coupling method. The model was imported into Workbench for grid division and
densification, and the TC and hot air field models were constructed. Relevant parameters were
set in Fluent and calculated by energy equation; the k-¢ model was used as the viscosity model,
the air inlet was used as the velocity inlet boundary, the air outlet was used as the velocity
outlet boundary, the strip inlet was used as the quality inlet boundary, and the strip outlet was
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used as the quality outlet boundary. The moving speed of TC strips was set to 0.1 m/s, the
inlet heat flow was 10 m/s and 925 K, and the outlet was -10 m/s. First, the steady-state
calculation was conducted, and after 100 iterations to stabilize the flow field, the transient
calculation with mixed initialization was performed. The time step of the heating chamber
was set to 1x1072 s in Fluent, and the data were imported into the SS module after solving.
The strip parameters were set in the SS module, the strip grids were redivided, the
temperature distribution results obtained in Fluent were mapped to the corresponding surface
in the SS module as the temperature load, and the constraint conditions were set and analysed.
Fig. 3 displays the FSI-Thermal coupling simulation analysis. Through the design and
construction of the above test device, this study can comprehensively evaluate the
performance of the matte tin hot air remelting mechanism and provide a scientific basis for
the further optimization and practical application.

Building models
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Construction of
workbench Fluid-Solid
Thermal Environment

v v

Static Structural
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v v
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verification Transformation
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Figure 3: FSI-Thermal coupling flow diagram.

4. RESULTS ANALYSIS AND DISCUSSION

4.1 FSI-Thermal coupling analysis

According to the existing matte tin remelting device, the remelting and recrystallization of TC
in the heating chamber of the 925 K and 10 m/s hot air field at the speed of 0.1 m/s was
studied. The pressure and temperature cloud maps of the flow field as well as the pressure,
temperature, and thermal stress distributions of TC in the hot air field were acquired.

The reflow process was analysed in Fluent. Fig. 4 a shows that due to the fluid acceleration
and thermal expansion effect, the pressure at the air inlet and the outer chamber was high, and
it dropped rapidly after entering the inner chamber, which resulted in a pressure difference
between the inner and outer chambers. The outer and inner chambers were connected by 14
inner air inlets, and when the hot air passed through the inner air inlet, the temperature and
pressure were dispersed. At the air outlet, the fluid began to gather in this area and was ready
to be discharged, and the pressure dropped suddenly. Fig. 4 b shows that the TC temperature
in the inner chamber could exceed 550 K, the temperature distribution in the heating chamber
was uniform, and the heat conduction coefficient on the TC surface was quite different from
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the convective heat transfer coefficient of the fluid, which led to the zigzag change at the
junction in the temperature cloud map.

Fig. 5a shows that the pressure generated by the hot air in the inner chamber was evenly
distributed on the surface of TC, which could promote the flow of molten tin, and contribute
to the remelting, recrystallization, and filling of minute pits and gaps on the surface of the
substrate. According to the Fourier law of heat conduction, under certain pressure, the contact
area inside the material increases and improves the heat conduction efficiency. If the pressure
distribution is uneven, the local thermal conductivity becomes different, which affects the
melting rate and uniformity of the tin layer. Fig. 5b shows that the surface temperature of TC
could reach the melting temperature of matte tin, and the surface temperature distribution at
the inner chamber was uniform. The temperature difference between the inlet and outlet
reveals that the heat preservation effect in the heating chamber was satisfactory, and the
cooling rate at the outlet was fast, which could effectively promote the remelting and
recrystallization of TC, but the boundary temperature of TC after leaving the inner chamber
was slightly higher than that in the middle area. Fig. 5 ¢ presents that TC experienced minor
deformation under the action of thermal load, and the inner chamber was deformed greatly.

EE 09200000 |
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Figure 5: SS distribution cloud: a) temperature cloud, b) pressure cloud, c¢) total deformation
distribution diagram.

At the speed of 0.1 m/s, TC entered the heating chamber with 925 K heat flow and inlet
and outlet velocity of 10 m/s for the reflow process. Pressure and temperature were
distributed evenly on the product surface.
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4.2 Reflow test analysis

Evident differences were observed in surface quality between unremelted TC after
electroplating and R-TC after the reflow process. Figs.6a and 6 b show many granular
sediments on the surface of the unremelted sample after electroplating, along with very small
holes, which indicate poor surface properties. The reflow process was performed on TC after
electroplating using the parameters determined through coupling simulation, and R-TC (Figs.
6 ¢ and 6 d) was acquired. After remelting, no granular sediments were found on R-TC surface,
which was smooth without holes, so the surface properties were improved. However,
yellowing appeared on the surface of both sides after the treatment. To clarify the reasons for
yellowing on the R-TC surface, the Energy Dispersive X-ray Spectroscopy (EDS) test was
performed in the normal area and yellowing area, and the results are listed in Table Il. The
comparative analysis revealed that Sb and Zn with extremely low content were found in both
areas, the two elements were of lower activity than Sn and Cu and failed to form compounds,
and Sb mainly came from the electroplating additive. Thus, the two elements are not
responsible for the formation of the yellowing area. To determine the reasons for the
yellowing area further, the remaining Sn, Cu, O, and C in the normal area and yellowing area
were subject to X-ray Photoelectron Spectroscopy (XPS) analysis, organic matter and oxide
tests, and reflow optimization test, and the results are displayed in Fig. 7.

particles and pores, ¢) Matte Sn-reflow yellowing region, d) Grain boundary in yellowing region.

Table Il: EDS test analysis.

Normal region Yellowing region
Element | Line type Weight Wt % Atom Weight Wt % Atom
percentage | Sigma | percentage | percentage | Sigma | percentage
Sn L-series 86.79 1.12 64.03 88.04 0.98 64.48
C K-series 2.21 0.44 16.08 1.97 0.36 14.23
0] K-series 2.16 0.71 11.8 2.89 0.63 15.71
Cu K-series 1.34 0.34 1.85 0.49 0.29 0.67
Zn K-series 1.36 0.38 1.82 0.3 0.33 0.4
Sh L-series 6.15 0.75 4.42 6.31 0.65 4.5
Aggregate 100 100 100 100
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Figs. 7a and 7 b show no evident peak signals of Cu in the two polar surface areas (within
10 nm of the surface layer), that is, no Cu was in the surface layer, which indicated that the
yellowing area had nothing to do with intermetallic compounds of Cu-Sn or oxides of Cu.

The content of C in the normal area shown in Figs. 7 ¢c and 7 d was approximately the same
as that in the yellowing area. In the presence of compounds composed C element in the
yellowing area, both areas should present yellow, excluding the influence of C element. As
indicated in Fig. 7 e, the R-TC in the yellowing area was cut into strip samples and subjected
to organic matter dissolution using methanol (MeOH), ethanol (EtOH), dimethylformamide
(DMF), dimethylacetamide (DMAC) and dimethyl sulfoxide (DMSO), respectively, and then
dried at 333.15 K. After that, no changes were found in the yellowing area, further excluding
the influence of organic matter. Meanwhile, since pure tin does not dissolve in dilute sulfuric
acid (dil. H2SO4), the yellowing sample was treated with dil. H.SO4, the colour of the
yellowing area returned to normal, so the formation of the yellowing area was related to tin
oxides.

Comparing the normal area (Fig. 7 f) and the yellowing area (Fig. 7 g), the peak of Sn
element appeared at 495.8 eV (SnO) and 487.4eV (Sn), and the difference between the peak
values of O element in the normal area (Fig. 7 h) and the yellowing area (Fig.7 i) was
1.3 x 10* counts/s, which indicated that the content of SnO; in the yellowing area was higher,
that is, the thickness of SnO> in both sides was greater than that in the normal area. Light
interfered with the surface of SnO> oxide film and led to local yellowing, as shown in Fig. 7].
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Figure 7: XPS analysis, organic and oxide testing, and reflow optimization testing: a) Normal area
copper, b) Yellowing area copper, c¢) Normal area carbon, d) Yellowing area carbon,
e) Organic verification, f) Normal area tin, g) Yellowing area tin, h) Normal area oxygen,
i) Yellowing area oxygen, j) Thickness contrast, k) R-TC after reflow nitrogen treatment.

Combining the above simulation analysis and test analysis results, after TC came out of
the chamber, the boundary temperature was predicted to be higher than that in the middle area.
The surface area of TC was the largest in the late melting stage, and tin contacted with air
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most fully, which facilitated forming an oxide layer on the surface, while more SnO2> was
generated at the boundary with higher temperature, and the uneven thickness of the oxide
layer would lead to yellowing on the surface of R-TC. The distribution of defects in the
experimental tin layer was consistent with the simulation analysis results. Nitrogen was
introduced into the reflow process to reduce the oxygen content in the heating chamber (<500
ppm), which could greatly reduce the production of SnO, eliminate the local yellowing
defects on the surface, and obtain normal R-TC products, as shown in Fig. 7 k.

In the simulation mode, material properties were assumed to be evenly distributed, the
molten tin flowed uniformly in the reflow process, and the chemical reaction of TC could not
be specifically simulated. Microstructural nonuniformity exists in actual materials, and flow
nonuniformity leads to the local nonuniform plating thickness. In the test, the R-TC surface
was oxidized to different degrees. Although the simulation model could predict the TC
remelting process well on the whole, differences were still found in some details. These
differences were mainly induced by the simplification of model assumptions and the
complexity of actual working conditions. To improve the accuracy of simulation, more actual
factors should be considered in the follow-up study, and the model should be optimized and
analysed.

5. CONCLUSIONS

To obtain high-quality R-TC through TC remelting based on the reflow process and to
improve the stability and service life of products, an FSI-Thermal simulation model was
established to simulate the remelting process of TC in the hot air field and to analyse the
influence of hot air on the tin layer. The test was performed according to simulation
parameters, the causes of defects were analysed, and high-quality R-TC was acquired through
process optimization. Finally, the following conclusions were drawn:

(1) The simulation analysis was conducted by establishing the FSI-Thermal simulation
model. The hot air passed through the outer and inner chambers to disperse the temperature
and air pressure, the pressure and temperature were evenly distributed on TC surface, but the
boundary temperature was higher than that in the middle area after TC came out of the inner
chamber.

(2) The EDS and XPS analyses revealed that the local yellowing of R-TC surface resulted
from the nonuniform thickness of SnO> oxide layer.

(3) Through nitrogen treatment throughout the reflow process, the thickness of SnO:
oxide film can be greatly reduced, the nonuniformity of the tin oxide layer was remarkably
reduced, and the R-TC surface became free of yellowing.

The R-TC obtained by the reflow process coincided with the simulation results. The R-TC
material obtained through the improved reflow process conformed to the high-quality
appearance standard within the industry.

The FSI-Thermal coupling model of the TC reflow process was proposed by combining
coupling simulation with experimental verification. The model constructed according to the
reflow principle was more suitable for the actual production situation and had important
guiding relevance for the research on coupling simulation and process optimization. Despite
the progress achieved in the coupling simulation analysis and process optimization of the
matte tin remelting device, the accuracy of the FSI-Thermal model remains to be improved,
and the influence of multiple factors on the reflow process needs to be analysed. In the
follow-up study, the relevant factors affecting TC remelting can be more comprehensively
considered and analysed to establish a multifield coupling model that more coincides with the
reality for the sake of research and experimental verification.
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