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Abstract: Laser reflow soldering is an important technology in electronic components pro-
cessing. In this paper, we presented a simple but efficient method to achieve reflow soldering
process with gradient energy band created by just two parallel mirrors. The detailed influence
of the variety of optical parameters on the soldering process has been analyzed by using the
finite element method. And the modulation of the optical parameters on reflow soldering pa-
rameters also has been demonstrated. In our experiment, one HR mirror and one-mirror with
transmissivity of 10% have been used to create a gradient energy band with an incident laser
power of SOW. In summary, both the simulations and the experiments show that the typical
reflow soldering profile has been acquired by the optical system. The high quality joints on
both the front and rear surface of the capacitor can be acquired by just one surface radiation
of the optical system.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Reflow soldering technology is widely used in soldering electronic components [1]. Up to
now, many methods have been used to achieve the reflow soldering process, such as infrared
reflow, vapor phase reflow, laser reflow, etc [2—5]. Laser reflow is an ideal process for attach-
ing heat sensitive devices since the heat is applied only to the area of the joint [6]. Therefore,
this technology has been studied in many different areas to achieve high quality soldering and
micro soldering [7-9]. On the other hand, in order to increase the production efficiency, sol-
dering equipment is usually assembled in an automatic production line. The electronic com-
ponents, such as capacitors or resistances, pass through the soldering equipment slowly by the
conveyer belt during the soldering process. Figure 1(a) shows a classical reflow soldering
machine assembled in an automatic production line. The classical size of the machine is about
6m (length)*0.6m (width). One production line will consume over 200 thousand kilowatt
hours each year and the utilization ratio of effective heat energy is very low. Therefore, the
reflow soldering equipment usually occupies lots of space and consumes large amount of
electrical energies to sustain necessary temperatures [6]. How to reduce the energy consump-
tion and the volume of the equipment have become one of the important subjects for the elec-
tronic component packaging enterprise.

The typical reflow soldering process is divided into four standard zones: preheat, soak, re-
flow and cooling, just as Fig. 1(b) [10].

#331949 https://doi.org/10.1364/OE.26.029203
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(a) The reflow soldering machine of capacitors (b)
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Fig. 1. (a) A classical reflow soldering production line. (b) The temperature profile of a typical
reflow soldering process.

In the preheat zone, the temperature of components climbs to the soak temperature linear-
ly in a low preheat rate to release the stress in electronic components. In the soak zone, com-
ponents are maintained at the soak temperature during the whole zone, and the whole duration
is the soak time. During this zone, the oxide layers of both components surfaces and solders
are eliminated by the activated flux. In the reflow zone, the temperature rises fast and reaches
the peak temperature to melt the solders. Finally, in the cooling zone, the temperature drops to
environment temperature and the solders are solidified.

The preheat rate, soak time, soak temperature, and peak temperature are the most im-
portant parameters. See Table 1 for implications as below.

Table 1. The description of the parameters in reflow soldering process

Parameter Definition Implication

Preheatrate  The average heating rate in ~ The low preheat rate can ensure the stress in electronic
the preheat zone components are released.

Soak time The duration of the soak The temperature between the components and solders
zone can be converged by choosing the suitable soak time,

meanwhile, the oxide can be eliminated in this zone.

Soak temp. The average temperature of  The soak temperature is higher than the flux melting
the soak zone point to evaporate solvents and active the flux.

Peak temp. The maximum temperature ~ The peak temperature is higher than the solder melting
in reflow zone point to melt solders.

In order to acquire the temperature profile in Fig. 1, traditional laser reflow soldering sys-
tem has to change the incident laser power with soldering time, during which, electronic
components will be fixed on the soldering platform. But this method is no longer suitable for
the moving electronic components in production line. Now, a new method based on gradient
energy band generated by an optical system is designed to realize the spatial variety of laser
energy. In our study, a typical reflow soldering temperature profile can be obtained when
electronic components passes through the gradient energy band at a constant velocity.

The outline of this paper is organized as follows. In section 2, the method of generating a
gradient energy band is demonstrated at first. Then, the process of acquiring the temperature
profile of the capacitor with gradient energy band is analyzed by the finite element method,
including the relationship between optical parameters and soldering parameters. At last, a
suitable energy band combination and moving velocity of capacitor are obtained. In section 3,
experimental setups are built up to verify the simulations in section 2 successfully and follow-
ing by the test and conclusion. The results demonstrate that not only the reflow soldering pro-
cess can be achieved, but also the high quality joints can be acquired by our system.

2. Theoretical analysis
2.1 The optical system for obtaining gradient energy band

Figure 2 shows the principle of the gradient energy band generated by two parallel rectangu-
lar mirrors. M1 is a mirror with high reflectivity of R;. M2 is a mirror with a transmissivity of
T,. Firstly, a laser source with an output power P, is collimated and penetrated into the sur-
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face of M2 with the incident angle 6. At this time, the incident beam is split into one reflected
beam and one transmitted beam. The transmitted beam transmits through M2 with power
Py T, and forms a laser beam spot (the 1st spot) on the soldering plane. The reflected beam is
reflected by M2 with power Py(1-7>) and go back to M1. Subsequently, the 1st reflected laser
beam is reflected by M1 and then incidents to M2 with power PyR(1-T3), this beam will be
split into two sub-beams again. One of them transmits through M2 with power PoR,T»(1-T3)
and forms the 2nd laser beam spot on soldering plane. The other is reflected back to M1. The
laser beam will be reflected between M1 and M2 repeatedly. Finally, a row of laser beam
spots are generated on soldering plane as the gradient energy band just as Fig. 2.

Incident beam

1streflected M1: HR mirror

beam

Reflected beam

M2: Mirror with

Transmitted beam .o
transmissivity 7,

11 1] «— Gradient energy band
1st transmitted !

beam Istspot 2nd spot

0

Fig. 2. The schematic picture of the gradient energy band realized by a dual-mirrors optical
system.

The power density of the ith laser spot on the soldering plane can be expressed as

i— i-1
_RRT(-T,) T,
I,' - D2 B (1)
0

where D, is the diameter of each laser spot. In order to eliminate the gaps between the spots,
the incident angle must be set as

6=tan"' (2d,/D,), )

where d, is the distance between M1 and M2.

Figure 3 shows the normalized power density distribution of the gradient energy band
changes with different transmissivity of M2. With the decreasing of the transmissivity of M2,
the normalized power density of the gradient energy band decreases, and the gradient of the
power density difference between each spot decreases gradually. Therefore, the heating rate
of electronic components can be modulated by changing the transmissivity of M2.

~ (a) ~ (b ~ (©
2 0.30 2 0.30 —— = 0.30 T = 10%
£ 0.25 E0.25 R Z0.25 et
»0.20 »0.20 »0.20
Z0.15 Z0.15 Z0.15
15} o |5
< 0.10 < 0.10 < 0.10
£ 0 [ D & 0 [ & 0
Spot position (a. u.) Spot position (a. u.) Spot position (a. u.)

Fig. 3. The relationship between the power density distribution of the gradient energy band and
the transmissivity of M2.
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2.2 Thermodynamic model

In our model, the capacitor is used as the soldered component. The capacitor is consist of two
pins and one barium oxide ceramic which is shown in Fig. 4. The diameter of the ceramic is
6mm, and the thickness is 3mm. The thin copper films are coated on the front and rear surfac-
es of the capacitor, the end of pins are coated by Sn-Pb solder and rosin flux. As Fig. 4, the
capacitors are located on the soldering plane (XY plane) and moving along the X axis. The
gradient energy band is parallel to the x axis. If the capacitor enters gradient energy band
from the Ist beam spot, the moving direction is positive direction, otherwise, negative direc-
tion.

Laser beam

A538.87K

520
500
480
+ 460
440
420

. \ v 400
|
NS

Q V¥ 378. 79K

Ist beam

Capacitor with
copper film
Pin with Sn-Pb solder
and rosin flux

Fig. 4. The model structure of ceramic capacitors soldering with gradient energy band.
In order to describe the soldering process of the moving capacitor, the position of the ca-

pacitor passing through the gradient energy band is calibrated by time. The heat transfer equa-
tions of the moving capacitor at the solder joint can be described as

p.C, ., agt(t) =V:(kVT (1))+0Q,’ )

T.(0)=7,(0)=T,
where p is the density, C, is the specific heat at constant pressure, 7 is the temperature, £ is
the thermal conductivity, Q is the absorbed heat power density. 7,,; is the environment tem-
perature. The subscript “c” and “s” means the parameters of capacitors and Sn-Pb solders,
respectively. When the ceramic capacitor passes through the energy band, the boundary con-

ditions of Egs. (3) can be presented

—ne- [k VT (1) |= h[ T, ~T.(t) |+ &1, (1)
i [k VT (6)]=h[T,, ~T (1) ]+ & 1, (1)

5™ las

“

where 7 is the normal vector of the boundary, 4 is the heat transfer coefficient of the air. a is
the laser absorption coefficient, /,, is the power density incident on the capacitor.

After moving away from the gradient energy band, the temperature of the capacitor will
decrease in air convection. The boundary conditions now can be shown as

—ne- [k VT ()| = [T, -T.(1)]

. . (5)
—n.-[k VT, (t)]=h[T,, ~T(1)]
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According to Egs. (3)-(5), the temperature profile of the capacitor has been calculated by
the finite element analysis method with the COMSOL Multiphysics software. The parameters
used in the simulation are shown in Table 2.

Table 2. Parameters used in simulation

Parameter Solder Copper(with rosin) Capacitor Air
thermal conductivity £ (W/(m-K)) 50 400 6.2

heat transfer coefficient 4 (W/m*K) 35
Density p (g/cm®) 9 8.7 6.02 N
Specific heat at constant pressure C, (J/(kg-K)) 150 385 430

Environment temperature 7.y (°C) 30
Absorption coefficient o (1/cm) 0.7 0.7

Figure 5 shows the temperature profile of the capacitor passing through the gradient ener-
gy band along positive and negative directions, respectively. When the capacitor moves along
the positive direction, the heating rate decreases with soldering time due to the decreasing of
energy band gradient. The capacitor temperature increases very fast at first, but the rising rate
is getting slower until the heating effect cannot force the convection effect of air. At this time,
the temperature reaches the peak, then falls even it is still in the energy band [Fig. 5(a)].
Meanwhile, the heating rate increases with the transmissivity of M2 in the same moving ve-
locity. On the other hand, when the capacitor moves through the energy band along the nega-
tive direction, the heating rate of the capacitor increases with soldering time constantly be-
cause of the increasing of energy band gradient. The temperature of the capacitor increases
faster and faster in the whole process. Moreover, the heating rate increases with the transmis-
sivity of M2, just as Fig. 5(b). Therefore, the heating rate of the electronic component can be
modulated by changing transmissivity of M2 to realize highly controllable soldering process.

(a) (b)

~ 300 —T,=10% oy 500, —T,=10%

CU 4001~~~ T.=20% 8 4001~ = T.=20% ,

;’ T,=30% ° T,=30% ‘-

= 300 - i = 300 ‘.

= - = —~ e = ad

N - - *5 .z

s 2000 /- ~ 200 P

2 0l 2 e

1004 7 100 2=

Rt E -

= 0 —————————— 0 ——————————
0 5 10 15 20 25 30 0 S5 10 15 20 25 30

Time (s) Time (s)

. Capacitor ‘ Capacitor

Fig. 5. The temperature profiles in positive (a) and negative (b) direction with different trans-
missivity of M2 (the incident laser power density is 50W/cm2, the moving velocity is
100mm/min).

In order to realize the typical reflow soldering temperature profile, the suitable combina-
tion of different gradient energy bands should be adopted. Figure 6(a)-6(d) show the tempera-
ture profile of the capacitor in two gradient energy bands with four different combination
methods, respectively. The incident laser power densities are all 50W/cm?. The moving veloc-
ities of capacitors are 100mm/min and the transmissivity of M2 is 20%. Four effective sub-
beam spots are used in each energy band.
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Fig. 6. The temperature profiles of capacitors in different splice sequence model respectively.
(a) The positive-positive combination. (b) The positive-negative combination. (¢) The nega-
tive-positive combination. (d) The negative-negative combination.

Figure 6(a) shows the temperature profile of a capacitor passing through two positive en-
ergy bands combination. When the capacitor enters the first positive energy band, the temper-
ature increases quickly at first. Then the heating rate begins to decrease and the temperature
keeps stable. This process achieves the preheat zone and the soak zone of the soldering pro-
cess, respectively. With the capacitor entering the second positive energy band, its tempera-
ture increases fast again and reaches the peak to achieve the reflow zone. And then it drops
slowly even it still moves in the energy band, just as the last cooling zone in the traditional
process, but the cooling rate is lower than that out of the energy band.

Figure. 6(b) shows the temperature profile of the capacitor passing through a positive en-
ergy band and a negative band combination. The temperature profile in the first energy band
is same to the first zone of Fig. 6(a). When the capacitor enters the negative energy band, the
situation is different. The soak stage is longer than that in Fig. 6(a). Enough soak time will
help to active the flux. And then the temperature increases to the peak very fast in the reflow
zone. Obviously, this temperature profile is similar to the typical reflow soldering such as Fig.
1(b).

Figure 6(c) shows the temperature profile of the capacitor passing through a negative en-
ergy band and a positive band combination. When the capacitor enters the negative energy
band, its temperature increases quickly constantly and achieves the preheat zone. After it en-
ters the positive energy band, it shows the same path as that in Fig. 6(a). It is obvious that the
soak zone in the whole figure disappears. So it is not suitable for reflow soldering.

Figure 6(d) shows the temperature profile of the capacitor passing through two negative
bands combination. In the first negative energy band, the temperature profile is the same with
Fig. 6(c). And when it enters the second, the profile is the same with Fig. 6(b). In this combi-
nation, the four soldering zones can be observed obviously too.

Comparing the four soldering processes, we can find that they can all achieve four solder-
ing zones except Fig. 6(c). Figure 6(b) is close to the typical reflow soldering temperature
profile. And Fig. 6(d) fits the “tent style reflow profile” [11]. However, a lower energy utili-
zation appears in the cooling zone in Fig. 6(a). Therefore, both the combination in Fig. 6(b)
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and 6(d) can make good solder joint for electronic components. In this paper, we use the
combination as Fig. 6(b) to achieve the reflow soldering process.

In order to analyze the relationship between optical parameters and four soldering zone
parameters, some parameters must be redefined based on the temperature profile and shown
in the Table 3.

Table 3. Definition of the zones and parameters in gradient energy band reflow soldering

process

Soldering zone  Definition Soldering parameter  Definition

Preheat zone From beginning to the start of Preheat rate The average heat rate in
soak zone. preheat zone.

Soak zone Soak zone is the zone with the Soak temperature The temperature for the
temperature 7 as |7—Tou] < minimizing heating rate.
Tsoak/ga

Reflow zone From the end of the soak zone to Soak time The duration of the soak zone
the peak temperature. is the Soak time.

Cooling zone From the peak temperature to the Peak temperature The maximum temperature in
end the whole soldering process.

2.2 Relationship between optical parameters and reflow soldering parameters

Figure 7 shows the relationship between different reflow soldering parameters (preheat rate,
soak temperature, peak temperature and soak time) and laser power density in the same mov-
ing velocity of 100mm/min with different transmissivity of M2.

Figure 7(a)-7(c) indicate that the preheat rate, soak temperature and peak temperature in-
crease with the incident power density. Based on the same incident power density, the preheat
rate, soak temperature and peak temperature increase with the transmissivity of M2. While,
the soak time isn’t sensitive to power density, just as Fig. 7(d). And the lower the transmissiv-
ity of M2, the longer the soak time. But the soak time with the 20% and 30% transmissivity
are close to each other.
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Fig. 7. (a), (b), (c) and (d) describe the relationship between the incident laser power density
and preheat rate, soak temperature, peak temperature, soak time with different transmissivity
of M2, respectively. In this condition, the velocity of the capacitor keeps at 100mm/min.
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Fig. 8. (a), (b), (c) and (d) describe the relationship between the incident laser power density
and preheat rate, soak temperature, peak temperature, soak time with different velocity of the
capacitor, respectively. In this condition, the transmissivity of M2 keeps at 20%.

Figure 8 shows the relationship between different soldering parameters and incident pow-
er density in different moving velocity. The transmissivity of M2 is 20%. Figure 8(a)-8(c)
indicate that the preheat rate, soak temperature and peak temperature increase with the inci-
dent power density. While the preheat rate doesn’t change much in different moving velocity.
And in Fig. 8(d), the soak time keeps stable in different power density. Inversely, the soak
temperature, the peak temperature and the soak time decrease with the moving velocity,
which is due to the negative correlation between the heating time and the moving velocity.

Figure 9 shows the relationship between different reflow soldering parameters and the
moving velocity in the same incident power density of 50W/cm” with different transmissivity
of M2. In the preheat zone, the preheat rate almost keeps invariant in different velocity.
Meanwhile, the preheat rate increases with the transmissivity of M2 for the invariable moving
velocity [Fig. 9(a)]. Figure 9(b) and 9(c) are similar to each other, both the soak temperature
and the peak temperature decrease with the moving velocity. At the same time, the tempera-
ture increases with the transmissivity of M2 for a settled velocity. Figure 9(d) describes that
the soak time decreases with the moving velocity, but there are fluctuations due to air convic-
tion.
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Fig. 9. (a), (b), (c) and (d) describe the relationship between velocity of the capacitor and the
preheat rate, the soak temperature, the peak temperature and the soak time with different
transmission of M2, respectively. In this condition, the incident laser power density keeps at 50
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Fig. 10. The temperature profiles of capacitors with the M2 transmissivity of 20%, the incident
laser power density of 50W/cm?. The solid lines represent the front surface, and the dash lines
represent the back surface.

Figure 10 shows the temperature profiles of the reflow soldering process for the solder
(Sn-Pb) on both front and rear surface of the capacitor in different moving velocity. The solid
lines describe the temperature of the solder on the front surface, and dash lines describe that
on the rear. The solder temperature on both surfaces are almost the same. Therefore, the two
pins can be soldered on both surfaces simultaneously. And the reflow soldering duration re-
duces with the moving speed obviously implied in Fig. 10.

3. Experimental setup

Figure 11 shows the experimental setup of the gradient energy band reflow soldering system.
The gradient energy band was generated by two rectangular mirrors. M1 is a 2 mm thickness
mirror with the reflectivity > 99.5% at 940 nm, and the size is 100mm x 40mm. M2 is the
output mirror parallel to M1 with the transmission of 10%, 20% and 30%, respectively. The
size of M1 and M2 are same. A fiber coupled 940nm diode laser with SOW output power is
used as the heating source. In order to increase the uniformity on the soldering plane, the laser
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beam was coupled into a square homogenizing fiber with 0.6mm X 0.6mm cross section at
first [12] and then collimated to the size of 9.6mm. The capacitors used in the experiment was
the barium oxide ceramic capacitor with two pins, the solder was the Sn63Pb37, and the flux
was the rosin. The capacitor was held between the pins, which were fixed on a computerized
numerical control (CNC) translation platform during the soldering process, just as the status
of the production line. The moving velocity was controlled by the CNC software. An infrared
thermal imager (Testo 890-2) was used to record the temperature profile of the moving capac-
itor during the whole soldering process. The imager has the autofocus function. The distance
between the imager and the capacitor was about 60 cm. The horizontal angle was about 45
degree. The time rate of the imager during the recording process is 11 frames per second, and
the instantaneous field of view (IFOV) was 1.13 mrad. The emissivity of the imager was 0.7
[13], and the apparent reflected temperature was 20 °C. According to Fig. 6(b), the capacitor
entered the energy band from left to right [Fig. 12] at first. In order to simulate the two energy
bands splicing situation, the capacitor moved back to the starting point with the same velocity
after passing through gradient energy band through the positive one. Figure 12 shows the
space distribution of the gradient energy band in different transmissivity of M2, which is sim-
ilar with the theoretical results in Fig. 2. Therefore, the gradient and distance of the energy
band can be modulated by the transmissivity of the output mirror effectively.

~ =——
o Move direction-
70 ,

Collimating lens

Rectangle fiber

Fig. 11. The experiment scheme photograph.

The returning position is an important parameter in the “backtracking” movement. When
the capacitor moves from left to right, we define the returning position as where the tempera-
ture begins cooling. Thus, the temperature at the returning position is the soak temperature in
the reflow soldering process. Table 4 shows the measured returning position for different
transmissivity of output mirrors.
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Table 4. The returning positions for different transmissivity

Transmissivity Returning position
10% 62 mm
20% 50 mm
30% 34 mm

Secondly, the suitable moving velocity and transmissivity of output mirror will be deter-
mined based on the reflow soldering demands of the capacitor, the solders and the flux. Fig-
ure 13(a)-13(c) show the relationship between the soak temperature and the moving velocity
of the different incident power when the transmissivity is 10%, 20% and 30%, respectively.
The error bars are the standard deviation of data. The solid line is the typical soak temperature
of rosin flux in 150°C. It shows that several combined parameters can reach typical soak tem-

perature, which has been marked out in Fig. 13(d).
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Fig. 13. The relationship between maximum temperatures and capacitor velocity with different
laser power during single path movement of capacitor.

On the other hand, in order to simulate the real soldering process in production line, the
return velocity of the capacitor must be the same as the positive moving speed. When the ca-
pacitor is moving back to the end of the energy band, the temperature of capacitor must reach
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205~230°C, which is the typical temperature of Sn-Pb solder [Fig. 13(d)]. So the optimal
combined parameters can be acquired in Table 5.

Table 5. Parameters of the reflow soldering system

Transmission V; (mm/min) Laser power (W)
10% 110 50

Figure 14 shows the temperature profile of the capacitor moving in the gradient energy
band which measured by infrared thermal imager. In this profile, the preheat rate is 6°C/s, the
soak time is 17s, the soak temperature is 150°C, and the peak temperature is 225°C. Consid-
ering the error by the experimental method, 50 samples are used. The final temperature pro-
file is illustrated in Fig. 14, the square points are the data points, and the solid line is the simu-
lated result, error bars are the standard deviation of data. For the typical Sn-Pb solder, the
maximum temperature is 205~230°C. The experimental results indicated that, the typical re-
flow soldering profile can be acquired accurately by this method.
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Fig. 14. The temperature profile of the capacitor.

On the other hand, the rear surface of the capacitor can be soldered simultaneously. Figure
15 shows the section metallographic graph of the both surfaces of the capacitor. From the
metallograph, the smooth joints have been acquired on both surfaces, and there are no obvi-
ous bubbles in the interface between the Barium oxide substrate and the Sn-Pb solder. The
results imply that the high quality solder joints have been acquired on both surfaces through
one-surface reflow soldering process.

Barium oxide

Fig. 15. The metallograph of the joints, the magnification is 200.

Conclusions

To summarize, a new kind of reflow soldering method with a simple structure and compact
device is described in the paper. In our paper, we generated different kinds of energy bands
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according to an optical system, and combined them together as a new heating source to ac-
quire the reflow soldering process. Thermodynamic models are built to analyze the relation-
ship between reflow soldering parameters and optical parameters of the gradient energy band.
The analytical results show the suitable gradient energy bands combination can make the typ-
ical reflow soldering temperature profile for different solders. Based on the optimal design,
the experiments are carried out on the ceramic capacitor of barium oxide with a constant
moving velocity. Not only the typical reflow soldering temperature profile can be achieved,
but also high quality double-surface soldering of the capacitor can be made by using the
method. With the same production efficiency, the energy consumption can be saved 50% to
60%, and the volume can be reduced 50% comparing with the existing machine by using the
gradient energy band laser soldering technology.
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