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Abstract: Sn—Bi alloys are desirable candidates for soldering components on printed circuit boards
(PCBs) because of their low melting point and reduced cost. While certain tin-bismuth solders are
well characterized many new alloys in this family have been developed which need proper character-
ization. The following study looks at the behavior of four different Sn—Bi alloys—traditional 42Sn58Bi
and 425n57BilAg and two new tin-bismuth alloys—in solder paste during the reflow soldering
process. Each alloy was processed using different reflow profiles that had varying times above
liquidus (TALs) and peak temperatures. The PCBs were then analyzed to see how the processing
variables influenced wetting, voiding, microstructure, intermetallic layer composition, and thickness.
After analysis, the PCBs were then subjected to thermal cycling experiments to see how reflow profile
impacted microstructure evolution. The results demonstrated that reflow profile affects properties
such as metal wetting and voiding. It does not however, greatly impact key metallurgical properties
such as intermetallic layer thickness.

Keywords: reflow soldering; tin-bismuth alloys; surface mount technology

1. Introduction
1.1. Surface Mount Technology

Solder alloys play a pivotal role in surface mount technology (SMT). When used in
materials such as solder paste, they are vital for the assembly of components on printed
circuit boards (PCBs) through processes such as reflow soldering [1]. Two key variables
in reflow soldering are peak reflow temperature and the time above liquidus (TAL) [2].
During the reflow process, solder alloys are exposed to peak temperatures that extend
25-50 °C above their melting point to ensure that components are properly fused to the
PCB [3]. The exact temperature at which they are processed as well as how long they are
kept at this temperature, TAL, are known to affect the reflowed solder joint [4].

1.2. The Transition to Lead-Free Solders

The introduction of the Restriction of Hazardous Substances (RoHS) in 2006, which
banned the use of lead in alloys used for reflow soldering, presented numerous challenges
for the surface mount technology (SMT) industry [5,6]. Tin-lead alloys had previously been
the industry standard because of their many desirable properties including low melting
point [7], low surface tension [8] and good mechanical reliability [9]. Initially, SAC-based
(tin—silver—copper) alloys replaced their leaded counterparts [10].

While SAC-based alloys have desirable mechanical properties, there are other issues
associated with their use [11]. Notably, SAC305 (96.5% tin, 3% silver and 0.5% copper), the
benchmark alloy for the industry, has a high melting point (217-219 °C) [12]. This poses a
challenge for the SMT assembly process for numerous reasons. Firstly, with the ongoing
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miniaturization trend, components continue to become thinner and more susceptible to
thermal stress [13]. This increased thermal stress is known to cause component package
warping and is common with SAC-based systems [14]. Furthermore, given its high melt-
ing point, temperatures ranging from 240-270 °C are needed to properly process these
alloys during reflow. From an environmental perspective, this requires the consumption
of large amounts of energy producing excessive carbon dioxide emissions [15]. Lastly,
from an economic point of view, higher energy costs are associated with greater energy
consumption [16].

1.3. Tin—Bismuth Solders

Tin-bismuth solders are viewed as a viable alternative to SAC-based alloys [17]. They
were initially considered as a replacement for tin-lead alloys when RoHS was introduced
in 2006 but were disregarded since they form a low melting point intermetallic compound
(IMC) with lead, Snj¢Pb3;Bis, (melting point = 96 °C), which could compromise reliability
of a reflowed solder joint [18]. It was thought that in the nascent period of the transition to
lead-free materials, lead would still be found in components and substrate materials, so
SAC-based alloys were selected over tin-bismuth [19].

Now that lead has been completely phased out of the supply chain, the concerns over
the low melting point IMC are no longer relevant. This has made tin-bismuth solders an
attractive candidate for SMT assembly once again. The main alloy in this family, 425n58Bi,
has a eutectic melting point of 138 °C, which is well below that of tin-lead alloys [20]. The
melting point would provide a substantial advantage over SAC-based alloys due to the
lower peak reflow temperatures required for the process. In turn, this is expected to reduce
the energy consumption of the SMT assembly process and result in higher process yields
because of reduced package warping [21].

The principal drawback of tin-bismuth alloys is their brittle nature because of bis-
muth’s natural characteristics [15]. Bismuth can form a solid solution with tin up to 4% in
concentration [22]. Once this concentration has been passed, bismuth precipitates out to
form lamellae-like structures which compromise the ductility of the solder [23]. Adding
certain dopants such as silver [24], cobalt [25] and nickel [26] has been shown to improve
the mechanical properties of tin—bismuth solders via several mechanisms such as grain
refinement [27] and precipitate strengthening [28].

1.4. How Do Processing Conditions Affect Properties of Reflowed Tin—Bismuth Solders?

It is well known that the processing temperatures used in reflow soldering greatly
influence the properties of the finished solder joint on the PCB [29]. The effect of peak
reflow temperature and time above liquidus has been studied in SAC [2] and tin-lead [30]
based systems. While much work has been done to study the effect of reflow profile on
conventional tin-bismuth and tin-bismuth silver alloys many new tin-bismuth alloys
containing dopants such as copper [31], nickel [32], antimony [26] and nanomaterials [33]
have been developed which are not as well-characterized. In this study, four tin-bismuth
solder pastes will be studied to properly understand how varying peak temperature and
time above liquidus during reflow influence properties such as IMC formation, metal
wetting, and voiding on a finished PCB. Voids, caused by the Kirkendall effect or flux
medium volatiles getting trapped in the cooled solder, are known to cause issues with
solder joint reliability [34]. Current IPC standards dictate that voiding levels be less than
25% of the solder joint. Two of the alloys studied are eutectic 425n58Bi and 425n57BilAg.
The remaining alloys being examined are two proprietary alloys which have been doped
with microalloying elements such as Sb and Cu to improve ductility. While 425n58Bi and
425n57BilAg have been extensively studied the other two alloys have not and little is
known about how these alloys behave during typical SMT process windows.

Moreover, the link between peak reflow temperature, TAL and the mechanical prop-
erties of certain categories of tin—bismuth solders is not well understood. Following the
characterization experiments of the metallurgical properties of the reflowed PCB, the alloys
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were subjected to thermal cycling experiments to see if varying peak temperature and
TAL creates structural changes that would compromise mechanical reliability of the solder
joint. They were then compared to PCBs reflowed with 425n58Bi and 425n57Bi1Ag whose
metallurgical properties are well understood.

2. Materials and Methods
2.1. Materials

Solder pastes were made by blending metal powders with a commercially available
flux medium in a concentration of 88.5% by weight metal and 11.5% by weight flux medium.
The tin-bismuth alloys studied are listed in Table 1. All solder pastes were purchased
directly from the manufacturer. To ensure that there were no variations in data due to
flux medium chemistry, the same commercially available flux medium formulation was
used for all the pastes tested. The flux medium is classified as ROL1 per IPC J-STD-004B
and is designed specifically for use with low temperature alloys. The flux medium is a
conventional no clean flux which consists of the typical ingredients such as rosins, weak
organic acids, and amines. It has a melting point of 92 °C.

Table 1. Tin-bismuth alloys under investigation.

Alloy Melting Point (°C)
425n58Bi 138
425n57BilAg 138
LT 47 (45.55n53.3Bi (1—x) Ag + microalloying additives) 138-143
LT 51 (555n (45—x) Bi Y (microalloying additive) 138-168

2.2. Printing Experiments

Solder paste was printed on copper boards with organic solderability preservatives
(Cu-OSP) using a 100 pm thick laser cut stainless steel stencil. The boards were used as
received from the manufacturer. Following paste deposition, quad flat no leads packages
(QFNs) with a SAC305 metallization were applied to the boards. The assembly was
then passed through a 10 zone reflow oven. A total of 5 different reflow profiles were
studied, each with varying TALs and peak temperature (Table 2). All were a ramp to spike
(RTS) profile.

Table 2. RTS reflow profiles studied in this work.

Reflow Profile Length (Minutes) Peak Temperature (°C) TAL (s)
1 45
5 165 90
3 3 45
4 177 90
5 190 90

Following reflow, the boards were inspected optically to examine their final appearance
and key characteristics such as metal wetting and solder joint appearance. The boards
were also analyzed via 2D X-ray to determine the voiding levels in quad flat no leads
(QFN) packages.

2.3. Analysis of the Metallurgical Properties of the Reflowed Solder Joints

Samples were cut out of the PCB and were divided into five groups of 10 samples.
Following this, the PCBs were subject to thermal cycling for a total of 1000 cycles in a
thermal shock test cabinet TSS-70/66 (CTS GmbH, Hechingen, Germany). The temperature
in the cold chamber was set to —25 °C, the temperature in the hot chamber was +125 °C
and the hot-cold cycle took 30 min. The ramp rate was +0.75 °C/min and —0.3 °C/min
respectively. Figure 1 represents the temperature profile studied for one cycle. The PCBs
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were incubated for 15 min at each temperature. Cycling was paused after 250, 500, 750 and
1000 cycles to collect a cross-section and analyze the evolution of the microstructure and
intermetallic layer.

Figure 1. Thermal cycling profile applied to the cut-out samples.

The cross sections collected at 0, 250, 500, 750 and 1000 thermal cycles were analyzed
via scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX).
Electron microscope (Phenom pro X, Thermo Fisher Scientific, Waltham, MA, USA) at the
10,000 x magnification and at an accelerating voltage of 15 kV was used for the analysis. The
IMC layer thickness evaluation was done using binary images created with NIS Elements
software (Windows Version, Nikon Metrology NV, Tring, UK) from original SEM images
(Figure 2). The selection of the IMC layer was based on brightness difference and was
created semi automatically. The calibrated binary images were then processed with a
custom written script that sliced the image vertically and calculated the number of white
pixels representing the IMC layer in each “slice”. The average thickness and standard
deviation of the IMC layer thickness for each sample was estimated.

Figure 2. Conversion from original scanning electron microscopy (SEM) image of intermetallic layer
(IML) to a binary map.
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EDX analysis on selected samples was conducted at the accelerating voltage of
15 kV to reveal the elemental composition of the intermetallic compounds in the reflowed
solder joint.

3. Results
3.1. Printing Results and Wetting and Voiding Results

Boards made with Cu-OSP finish had solder paste deposited on them and were
reflowed using the profiles listed in Table 2. All boards were sourced from the same lot
of Cu-OSP boards to minimize differences in substrate roughness, which is known to
affect metal wetting. Boards were used as received from the manufacturer, to represent
what happens in a typical surface mount assembly line. Furthermore, to avoid differences
in wetting due to paste volume all boards were printed using a 100 um thick laser-cut
stainless steel stencil. The paste volume was confirmed using optical solder paste inspection
techniques. The %volume deposition, which compares the actual paste volume deposited
to the theoretical one, for all pastes studied was found to varied from 104-107% indicating
that all PCBs had nearly identical volumes of solder paste printed on them. A range of
peak temperatures and TALs, which are typical of those used in the SMT industry, were
selected to understand how these two variables influence the qualities of the reflowed
solder joint. Short TALs and low peak temperatures are known to minimize the formation
of the IMC layer between the solder and the board, however this may lead to poor soldering.
Conversely, long TALs and high peak temperatures favor this reaction, but excess IMC
formation can embrittle the solder joint [35]. Printed circuit boards (PCBs) were first studied
optically for their wetting properties on Cu-OSP boards (Figures 3-6) and the degree to
which they spread and wet the pad was quantified (Table 3). Areas with significant amounts
of non-wetting are highlighted in red. Wetting was expressed as % area of the pad covered
by solder. The pad selected for the analysis measures 40.3225 mm? in area.

Figure 3. Optical images of 425n58Bi reflowed with (a) a peak temperature of 165 °C and 45 s time
above liquidus (TAL), (b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C
and 45 s TAL, (d) peak temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and
90 s TAL. Red arrows indicate areas where the alloy does not cover the copper substrate.
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Figure 4. Optical images of 425n57Bi1Ag reflowed with (a) a peak temperature of 165 °C and 45 s
TAL, (b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C and 45 s TAL,
(d) peak temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and 90 s TAL. Red
arrows indicate areas where the alloy does not cover the copper substrate.
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Figure 5. Optical images of LT 47 reflowed with (a) a peak temperature of 165 °C and 45 s TAL,
(b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C and 45 s TAL, (d) peak
temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and 90 s TAL.

Figure 6. Optical images of LT 51 reflowed with (a) a peak temperature of 165 °C and 45 s TAL,
(b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C and 45 s TAL, (d) peak
temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and 90 s TAL.



Metals 2022, 12,121 8 of 22
Table 3. Examination of solder coverage of copper pad as a function of reflow profiles.
%Area Covered by Solder
Reflow Profile 5 B

425n58Bi 425n57BilAg LT 47 LT 51
165 °C Peak, 45 s TAL 64.75 81.44 80.85 97.74
165 °C Peak, 90 s TAL 79.56 80.98 90.97 97.87
177 °C Peak, 45 s TAL 97.17 86.52 93.81 100
177 °C Peak, 90 s TAL 95.58 86.81 92.99 94.16
190 °C Peak, 90 s TAL 89.84 85.51 93.82 97.92

Examination of the wetting reveals two key trends: both longer TALs and high peak
temperatures favor metal wetting. This is especially evident in the case of 425n58Bi
(Figure 3) At the lowest peak temperature and TAL, the solder fails to cover the copper
pad completely (Figure 3a) and is confirmed by the data in Table 3 where only 64.75% of
the pad is covered by the solder alloy. As both variables are raised the solder achieves
better coverage on the pad and has a shinier appearance. A similar explanation applies to
425n57BilAg and to an extent to LT 47 though it is much less pronounced (Figures 4 and 5).
In the case of these two solder pastes there is greater pad coverage at the mildest reflow
settings when compared to 425n58Bi (Table 3) so the improvements in wetting as a function
of peak temperature and TAL are modest. LT 51 (Figure 6) shows consistently high levels
of pad coverage (Table 3) at all reflow conditions studied suggesting that it has the best
performing solder paste examined in this study. While pad coverage does improve as TAL
and peak temperature increase, both alloys seem to have a grainy and dull appearance.
The one exception to this general trend is LT 51 which shows superior pad coverage even
under mild reflow conditions suggesting that this alloy works under a greater range of
reflow conditions compared to the others studied.

The wetting trends are likely a result of the interactions between the flux medium,
solder alloy and soldered surfaces. Proprietary differential scanning calorimetry (DSC)
data for the solder paste indicates that the reaction between the two components is most
efficient between 180 and 190 °C, therefore the wetting should be superior at the higher
peak temperatures studied in this work. Furthermore, using longer TALs gives the flux
medium more time to effectively remove the oxide from the molten solder which also
favors wetting.

Another key observation of the wetting data is the presence of a black residue in many
of the reflowed PCBs. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) were conducted (Supplementary Materials, Figure S1) to identify its
key components. The EDX data shows that the black residue is rich in carbon and oxygen
which is not observed in parts where no residue is present. This suggests that the black
residue is oxidized flux medium.

What is also interesting to note is that both 425n57Bil1Ag and LT 47 contained a greater
quantity of black residue. The common denominator between these two alloys is the
presence of silver, which is not in the other two studied. One possible explanation for this
is that silver is known to behave as a catalyst for certain oxidation reactions in organic
chemistry [36]. Therefore, it seems likely that the silver is catalyzing the oxidation of one of
the flux medium ingredients, creating more black residue compared to the other two alloys.
All pastes tested had the same metal load, 88.5% and was blended with Type 4 metal alloy
spheres. The volume of flux as well as the ratio of the flux quantity to surface was kept
constant through all experiments indicating that neither of these variables played a role in
the quantity of black residue formed.

Lastly, it appears that lower peak temperatures and short TALs favour the formation of
the black residue. As previously stated, the reaction between the flux medium, solder alloy
and soldered surfaces is more efficient between temperatures of 180 to 190 °C. Therefore,
it seems likely that at higher peak temperatures more flux is consumed for this reaction
leaving less residue that can be oxidized.
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Following optical inspection of the reflowed PCBs, the solder joints were analyzed
with 2D X-ray to determine the levels of voiding in quad flat no leads components (QFNs).
QFN s are particularly susceptible to voiding because of the lack of standoff points in the
package where volatiles from the flux medium can escape during the reflow process [37].
A boxplot representing the average levels of voiding for each component at each reflow
temperature is presented in Figure 7. A typical X-ray image for each alloy can be found in
the supplementary information (Supplementary Materials, Figure S2).
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Figure 7. Voiding boxplot demonstrating the average voiding levels measured in quad flat no leads
(QFN) components for 42Sn58Bi, 42Sn57BilAg, LT 47 and LT 51.

Examination of Figure 7 reveals that for all the alloys except for LT 51, voiding seems
to decrease with increasing TAL and peak temperature. The voiding is thought to be caused
by volatilization of the flux medium. In all cases, QFN voiding was well below 25% which
exceeds industry standards. The observed trend is related to the reaction between the flux
medium, solder alloy and soldered surfaces. As previously stated, the reaction between
them is most effective between 180 and 190 °C. This would indicate that at higher peak
temperatures more oxide is removed from the surface of the molten solder, lowering the
surface tension and making it easier for gases to escape. A similar explanation applies for
the effect of TAL. Increasing this variable allows more time for the reaction between the
flux medium and molten solder to proceed. Furthermore, it provides more time for the
volatiles to outgas prior to cooling of the solder joint.

The one exception to this trend seems to be LT 51 whose voiding levels remain quite
constant over the temperature range studied. The voiding in QFN components reflowed
with LT 51 seems to remain constant over the range of peak temperatures and TALs studied.
To understand why it behaves differently, differential scanning calorimetry (DSC) was
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done for powder samples for all four alloys (Figure 8). Both melting and cooling curves
were collected.
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Figure 8. Differential scanning calorimetry (DSC) of for (a) 425n58Bi, (b) 425n57BilAg, (c) LT 47,
(d) LT 51.

Investigation of Figure 8 shows that what distinguishes LT 51 (Figure 8d) from the
other alloys studied (Figure 8a—c) is the presence of a wide pasty range and a higher
solidification temperature upon cooling. LT 51 displays a solidus temperature of 138 °C
and a liquidus temperature of 168 °C. This is due to the present of the doping element in the
alloy. When the alloy is prepared the dopant forms an intermetallic compound with Sn. LT
51 starts melting at 138 °C as is expected for a tin-bismuth alloy, however the phase change
is not complete until the dopant-Sn intermetallic compound has also melted completely,
thus yielding the higher pasty range. An alloy in the pasty range will be quite viscous,
making it difficult for volatiles to escape the molten solder. If the alloy spends most of the
reflow process at temperatures within its pasty range, the flux will have a difficult time
escaping and is more likely to become entrapped in the solder joint.

Furthermore, Figure 8d reveals that LT 51 solidifies at a slightly higher temperature
than the other alloys studied. While the other alloys solidify either below or around 100 °C
(Figure 8a—c) LT 51 solidifies above 100 °C. This does not provide the volatiles sufficient time
to escape from the solder prior to cooling, leading to a greater amount of them becoming
trapped in the solder joint.

3.2. Metallurgical Analysis of the Reflowed PCB

The reflowed PCBs were subsequently taken for cross-section and analysis in the
SEM to study the microstructure and composition and thickness of the intermetallic (IMC)
layer. A representative image for each alloy and reflow profile condition is presented
in Figures 9-12. Intermetallic layer thickness was measured by taking the average of
10 measurements for each alloy. The results are presented in a boxplot in Figure 13.
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Figure 9. SEM images of 425n58Bi reflowed with (a) a peak temperature of 165 °C and 45 s TAL,
(b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C and 45 s TAL, (d) peak
temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and 90 s TAL. The scale bar
is 4 um in all images.

Figure 10. SEM images of 425n57BilAg reflowed with (a) a peak temperature of 165 °C and 45 s TAL,
(b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C and 45 s TAL, (d) peak
temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and 90 s TAL. The scale bar
is 4 um in all images.
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Figure 11. SEM images of LT 47 reflowed with (a) a peak temperature of 165 °C and 45 s TAL,
(b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C and 45 s TAL, (d) peak
temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and 90 s TAL. The scale bar
is 4 um in all images.

(a) BN A

Figure 12. SEM images of LT 51 reflowed with (a) a peak temperature of 165 °C and 45 s TAL,
(b) peak temperature of 165 °C and 90 s TAL, (c) peak temperature of 177 °C and 45 s TAL, (d) peak
temperature of 177 °C and 90 s TAL and (e) peak temperature of 190 °C and 90 s TAL. The scale bar
is 4 um in all images.



Metals 2022, 12,121

13 of 22

IMC thickness (um)

* Alloy
[ 42sn57Bi1Ag
B 425n58Bi
Oirar
M LT 51

I
L

‘.\ \E\ \{.\ \{.\ \b\ \E\ \{.\ \P\ \E\ \{_\ \{_\ \E\ ‘.\ \{_\ \P\ \E\
00 ’bbe’bz@éb ’b’b’be’beb ’b’b’be@éb

(4 < < < < <
CRCR R (R (RCR (R (R (R (R(R (R (R (R

CeR L el el

Figure 13. Boxplot of intermetallic thickness in PCBs reflowed with Sn—Bi alloys.

Snb8Bi, 425n57BilAg and LT 47 show a similar appearance. Both contain large lamella-
like bismuth rich phases (white) and tin-rich phases (grey). While LT 51 also contains the
bismuth-rich lamella structures, their size seems to be smaller compared to the other alloys.
It appears that the dopants used in these this alloy form intermetallic compounds with
tin which inhibit growth of the bismuth lamellae. The LT 51 solder pastes was obtained
directly from the solder paste manufacturer and the alloy components were not disclosed.
Closer examination of the SEM images for LT 51 reveals the presence of IMCs in the tin
matrix of the reflowed solder.

All four alloys formed an intermetallic layer with the copper substrate which when
analyzed by SEM and EDX (Supplementary Materials, Figure S3) was found to be CugSns
which is consistent with other reports for tin-bismuth solder alloys [34]. Examination of
Figure 13. reveals that there is no clear trend in differences of the IMC layer in different
alloys regardless of reflow temperature. The data does suggest that IMC layer thickness
may be slightly influenced by peak temperature and TAL, however the effect is minimal.
Longer TALs and higher peak temperatures do seem to favor slightly thicker IMC layers
however it is not enough to compromise the reliability of the solder joint. This suggests
that all four alloys are incredibly robust and can withstand a large window of reflow
conditions without compromising the quality of the solder joint. This is an improvement
over SAC-based systems where reflow profile has been shown to negatively impact the
reflowed solder joint [30].

Following initial analysis of the PCB cross-section the board was then subjected to
thermal cycling for up to 1000 cycles. A representative SEM analysis is presented in
Figures 14-17 for each alloy. EDX analysis for samples after 1000 cycles of thermal cycling
can be found in the supplementary information (Supplementary Materials, Figures 54-1-
54-5, 55-1-55-5, 56-1-56-5 and S7-1-57-5).
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Figure 14. SEM micrograph of 425n58Bi after (a) O cycles, (b) 250 cycles, (c) 500 cycles, (d) 750 cycles
and (e) 1000 cycles. The scale bar is 4 pm in all images.

All 4 alloys seem to behave similarly during the thermal cycling experiments
(Figures 14-17). Over time the bismuth phase seems to coarsen as does the IMC layer. The
bismuth coarsening seems to be less pronounced in LT 47 and LT 51 (Figures 16 and 17).
Closer examination of the SEM of these alloys during thermal cycling reveals the presence
of tin-based intermetallic compounds in the tin matrix which seem to block coarsening of
the bismuth-rich phases. Indeed, this is confirmed by analyzing the %area occupied by the
bismuth phases (Table 4). Initially all 4 alloys, with the exception of 42Sn57BilAg account,
have similar Bi coverage. After 1000 cycles of thermal cycling the bismuth phases account
for a larger %area for 425n58Bi and 425n57Bil Ag than both LT47 and LT 51. Solder pastes
made with LT 47 and LT 51 were obtained directly from the manufacturer and their metal
composition was not disclosed. This should translate to a more mechanically reliable solder
joint [28].
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Figure 15. SEM micrograph of 42Sn57BilAg after (a) 0 cycles, (b) 250 cycles, (c) 500 cycles, (d) 750 cycles
and (e) 1000 cycles. The scale bar is 4 um in all images.

Examination of Figures 14-17 reveals a clear trend that the IMC layer coarsens over
time. Furthermore, upon closer examination it appears that a new IMC develops in the
Sn—Cu matrix. This becomes evident after 250 cycles. This is the point where the IMC layer
is composed of CuzSn and CugSns. The coarsening of the IMC layer is thought to be caused
by the heating cycles during the thermal cycling experiments. High temperatures are
known to favor IMC formation, which is a diffusion-controlled process [38]. Copper-rich
CuzSn forms near the copper substrate over time while tin-rich CugSns forms near the tin
matrix. The CuzSn IMC layer thickness seems to plateau after 750 cycles. The evolution of
the thickness of both the CusSn and the CugSns layer was plotted in Figure 18.
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Figure 16. SEM micrograph of LT 47 after (a) 0 cycles, (b) 250 cycles, (c) 500 cycles, (d) 750 cycles and
(e) 1000 cycles. The scale bar is 4 pm in all images.

Examination of Figure 18 reveals that all four alloys display similar behavior for IMC
evolution regardless of the reflow profile used to solder them. It is clear that all four alloys
show rapid growth of the IMC layer early on in the process which then seems to plateau as
the thermal cycling experiments continue. In order to understand the evolution of the IMC
layer during the heating phase of thermal cycling the data was fitted using Equation (1):

IMC; — IMCy = kt*® 1)

IMC; is the IMC thickness at time t in pm, IMCj is the initial IMC thickness in um, k is
the growth constant (um min~%%) and t is time (min) [38].

Assuming that the majority of the IMC growth proceeds during the heating phase
of thermal cycling and that each heating cycle is 15 min long, the growth constant for
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each alloy can be calculated (Figure 19) using Equation (1). The k value at 125 °C for
each alloy (Table 5) was calculated by taking the slope from each graph. As the initial
reflow profile does not appear to affect intermetallic growth during thermal cycling, the
value of k for each alloy was an average of the 5 different values collected for each specific
reflow condition.

4 “Snfbased IM@S ~ Sn-based IMCs
b : B . -‘%'%‘f

P

n—based IMCS

g . \\

Figure 17. SEM micrograph of LT 51 after (a) 0 cycles, (b) 250 cycles, (c) 500 cycles, (d) 750 cycles and
(e) 1000 cycles. The scale bar is 4 pm in all images.
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Table 4. % Area covered by Bi phases during each stage of thermal cycling.
Cvcles % Area Covered by Bi Phase in Solder
Y 425n58Bi 425n57BilAg LT 47 LT 51
0 43.47 50.57 42.31 38.95
250 4491 53.14 55.94 37.13
500 47.14 52.687 36.52 37.71
750 51.60 49.784 41.14 38.43
1000 58.63 51.31 46.49 41.83
a) 425n58Bi b) 425n57BilAg
t Cycle t Cycle
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Figure 18. Charts plotting the evolution of the IMC layer as a function of cycles for (a) 42Sn58Bi,
(b) 42Sn57Bi1Ag, (c) LT 47 and (d) LT 51.

All four alloys (Figure 19) show linear growth of the IMC layer when the thickness is
plotted against the square root of time. Furthermore, they all display very similar growth
constants at 125 °C suggesting that at this temperature, the IMC layer grows at a similar
rate regardless of alloy type which is in excellent agreement with the experimental SEM
data. This indicates that all four alloys can withstand a broad range of reflow conditions
making them ideal candidates for SMT assembly.
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Figure 19. Graph plotting IMC evolution versus square root of time for (a) 42Sn58Bi, (b) 42Sn57BilAg,
(¢) LT 47 and (d) LT 51.

Table 5. Value of growth constant, k at 125 °C for tin-bismuth alloys.

Alloy k at 125 °C (um min—05)
425n58 Bi 0.0270 £ 0.0038
425n57BilAg 0.0272 £ 0.0018
LT 47 0.0230 £ 0.0018
LT 51 0.0257 £ 0.0016

4. Conclusions

The current study has demonstrated how four different low temperature alloys be-
have when subjected to a broad range of reflow conditions in RTS profiles. Printing and
reflow experiments indicate that the alloys perform better when using long TALs and
high peak temperatures. These types of conditions are favorable for key variables such as
wetting performance and voiding levels. It is thought that the interaction between the flux
medium, solder alloy and soldered surfaces is more efficient at high peak temperatures and
long TALs.

Analysis of the metallurgical properties of the reflowed solder alloys also confirm
that they can withstand a broad window of reflow conditions. Reflow profile did not
have a dramatic impact on the IMC thickness or microstructure of the reflowed solder
joint. Furthermore, the evolution of the IMC layer and microstructure during thermal
cycling was very similar for all four alloys 525n58Bi, 425n57Bi1Ag, LT 47 and LT 51 and
all reflow profiles studied. The versatility of Sn—Bi alloys is advantageous for their use in
SMT assembly where a vast range of processing conditions are employed depending on
the application.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/met12010121/s1, Figure S1., SEM/EDx (mapping) analysis of black residue, Figure S2 Rep-
resentative 2D X-ray images for a QFN32 component reflowed with (a) 42Sn58Bi, (b) 425n57BilAg,
(c) LT 47 and (d) LT 51. Figure S3: Intermetallic layer with the copper substrate of sample (425n58Bi
solder alloy, reflow profile (1) before aging analyzed by SEM/EDX (line scan). Figure S4-1: Inter-
metallic layer with the copper substrate of sample (42Sn58Bi solder alloy, reflow profile 1) after aging
(1000 cycles) analyzed by SEM/EDX (line scan). Figure S4-2: Intermetallic layer with the copper
substrate of sample (42Sn58Bi solder alloy, reflow profile 2) after aging (1000 cycles) analyzed by
SEM/EDX (line scan). Figure S4-3: Intermetallic layer with the copper substrate of sample (425n58Bi
solder alloy, reflow profile 3) after aging (1000 cycles) analyzed by SEM/EDX (line scan). Figure S4-4:
Intermetallic layer with the copper substrate of sample (42Sn58Bi solder alloy, reflow profile 4) after
aging (1000 cycles) analyzed by SEM/EDX (line scan). Figure S4-5: Intermetallic layer with the
copper substrate of sample (425n58Bi solder alloy, reflow profile 5) after aging (1000 cycles) ana-
lyzed by SEM/EDX (line scan). Figure S5-1: Intermetallic layer with the copper substrate of sample
(425n57BilAg solder alloy, reflow profile 1) after aging (1000 cycles) analyzed by SEM/EDX (line
scan). Figure S5-2: Intermetallic layer with the copper substrate of sample (42Sn57Bil1Ag solder
alloy, reflow profile 2) after aging (1000 cycles) analyzed by SEM/EDX (line scan). Figure S5-3:
Intermetallic layer with the copper substrate of sample (425n57BilAg solder alloy, reflow profile 3)
after aging (1000 cycles) analyzed by SEM/EDX (line scan). Figure S5-4: Intermetallic layer with
the copper substrate of sample (425n57BilAg solder alloy, reflow profile 4) after aging (1000 cycles)
analyzed by SEM/EDX (line scan). Figure S5-5: Intermetallic layer with the copper substrate of
sample (425n57BilAg solder alloy, reflow profile 5) after aging (1000 cycles) analyzed by SEM/EDX
(line scan). Figure S6-1: Intermetallic layer with the copper substrate of sample (LT 47 solder alloy,
reflow profile 1) after aging (1000 cycles) analyzed by SEM/EDX (line scan). Figure S6-2: Intermetallic
layer with the copper substrate of sample (LT 47 solder alloy, reflow profile 2) after aging (1000 cycles)
analyzed by SEM/EDX (line scan). Figure S6-3: Intermetallic layer with the copper substrate of
sample (LT 47 solder alloy, reflow profile 3) after aging (1000 cycles) analyzed by SEM/EDX (line
scan). Figure S6-4: Intermetallic layer with the copper substrate of sample (LT 47 solder alloy, reflow
profile 4) after aging (1000 cycles) analyzed by SEM/EDX (line scan). Figure S6-5: Intermetallic layer
with the copper substrate of sample (LT 47 solder alloy, reflow profile 5) after aging (1000 cycles)
analyzed by SEM/EDX (line scan). Figure S7-1: Intermetallic layer with the copper substrate of
sample (LT 51 solder alloy, reflow profile 1) after aging (1000 cycles) analyzed by SEM/EDX (line
scan). Figure S7-2: Intermetallic layer with the copper substrate of sample (LT 51 solder alloy, reflow
profile 2) after aging (1000 cycles) analyzed by SEM/EDX (line scan). Figure S7-3: Intermetallic layer
with the copper substrate of sample (LT 51 solder alloy, reflow profile 3) after aging (1000 cycles)
analyzed by SEM/EDX (line scan). Figure S7-4: Intermetallic layer with the copper substrate of
sample (LT 51 solder alloy, reflow profile 4) after aging (1000 cycles) analyzed by SEM/EDX (line
scan). Figure S7-5: Intermetallic layer with the copper substrate of sample (LT 51 solder alloy, reflow
profile 5) after aging (1000 cycles) analyzed by SEM/EDX (line scan).
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