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SUMMARY

This paper investigated the chemical and physical impact of the No-Clean Fluxes (NCFs)
residue among the Solder/under ll/Cu-clad interface in electronic packaging. NCFs uses a
mild activator acid to mitigate the in uence in the package, but the NCFs residue can still
cause reliability issues in the long-term, such as adhesion failure and corrosion.

Two ux types, alcohol- and rosin-based were heated with lead-free SAC 305 (96.5 Sn-3
Ag-0.5 Cu) solder through a re ow process and underwent a curing pro le with dispensed
bisphenol-A expoxy. The residues were generated through a solder re ow process (soak-
ing: 120 to 140°C, peak: 240 to 260°C, under N) and characterized pre-/post-re ow using
FTIR, revealing oxidative degradation (increased C=0, decreased C-O/O-H peaks). Laser
microscopy con rmed solder wettability under re ow conditions.

The collected residues were mixed with epoxy and analyzed using Thermogravimetric
Analysis (TGA)/Differential Scanning Calorimetry (DSC), revealing altered curing kinet-
ics. The cross-sectional SEM/EDS of the samples revealed voids and accumulation of
interfacial residue, which were correlated with adhesion failure during dicing and the DSC
curing curve. The migration of metal salts was induced with Highly Accelerated Stress
Test (HAST) treatment and con rmed by X-ray Photoelectron Spectroscopy (XPS), where
copper diffuses more than tin. These results highlight the critical effect of ux chemistry

in interfacial reliability and provide suggestions on mitigating residue propagation.



CHAPTER 1
INTRODUCTION AND BACKGROUND

The increasing demand for computer chip performance boosts the innovation in the semi-
conductor industry, leading to advances in device miniaturization and microelectronic pack-
age reliability. This trend, often associated with Moore's Law-the prediction that the num-
ber of transistors on a chip would double approximately every two years—has accelerated
the development of advanced Integrated Circuit (IC) packages featuring higher interconnect
density, heterogeneous integration, and 2.5D/3D packaging structures [1],[2]. However,
without concurrent advances in materials discovery, process technology, and new design,
the evolution of electronic packages cannot meet emerging requirements for protection,
performance, and reliability. These technological developments are closely intertwined
throughout the history of IC packaging[3].

Early electronic packages were based on vacuum tubes connected via point-to-point wiring,
with external structures like heat sinks, sockets, and chassis providing thermal management
and mechanical support. However, vacuum tubes' bulky size and high-power requirements
eventually led to their replacement by transistors, which use a ne wire contact method,
with a smaller size and greater ef ciency. Vacuum tubes and transistors were considered
the rst and second generations of computer components[4].

The invention of IC was a further improvement to the third generation of computer compo-
nents, which is a fundamental step to the rst recognized IC package. The IC, also known
as microchips, was developed as a hybrid IC prototype, demonstrated by Jack Kilby in
1958, at Texas Instruments. The electrical connections were made using gold wire bond-
ing[5]. This wire bonding method generally does not require ux, as gold and aluminum
are inert metals that bond through heat, pressure, or vibration. This wire bonding method

was then widely used in connecting chips with a , which dominated the semiconductor in-



dustry for about half a century before the emergence of ip-chip around the mid-1990s. In
addition, due to its mature processing and versatility, the wire bonding method is still uti-
lized in around 80 percent of the package market[6]. However, wire bonding is vulnerable
to mechanical stress and vibrations, and due to the need for more powerful performance,
new chip components and connection methods were developed to improve the density of
connections[7].

For example, the ip-chip Solder ball, also known as Controlled Collapse Chip Connec-
tion, was invented by IBM in the early 1960s and was initially connected to copper pads by
thermocompression bonding. This technology enables more I/Os, smaller package sizes,
and greater reliability through the use of solder bumps, area array layout, and the Under ||
polymer[8].

Today, these components are still used in board-level assemblies in the Advanced IC pack-
age, such as 2D / 3D, System-in-Package (SiP), Chip-on-Wafer-on-Substrate (CoWoS);
This continued use is largely due to the advantages of the Controlled Collapse Chip Con-
nection (C4) bump, which can be manufactured through a large-scale process using the
re ow bonding method at relatively low temperatures. The C4 structure offers strong me-
chanical reliability by effectively absorbing impact and is compatible with under Il mate-
rials. Under Il further enhances the mechanical performance by evenly distributing stress
across the contact area and the chip surface. It also mitigates the effects of the Coef cient
of Thermal Expansion (CTE) mismatch between the substrate and the chip. However, sol-
der bump connections typically require the use of ux to ensure a reliable electrical and
mechanical bond. Without ux, issues such as void formation and poor wetting may occur
[9].

Soldering uxes play a vital role in both ip-chip and board-level connections in IC pack-
aging. They facilitate clean and robust electrical pathways between the IC components and
the printed circuit board (PCB) by removing metal oxides, lowering surface tension, and

preventing further oxidation. However, ux residues must be thoroughly cleaned prior to



the application of under Il materials. The activators in the ux can diffuse between the
solder ball interfaces and cause electrical shorts if not properly removed [10].

Therefore, NCFs are widely adopted in solder re ow processes due to their ability to elim-
inate the need for post-re ow cleaning, thereby reducing both production costs and envi-
ronmental impact. In contrast to conventional halogen-based uxes, NCFs typically use
weak organic activators, such as alcohols or carboxylic acids, to remove metal oxides and
promote solder wettability, while leaving behind residues that are considered chemically
inert. However, recent studies suggest that residual components of NCFs can still chem-
ically interact with under Il polymers or migrate across interfaces, potentially leading to
delamination, electrochemical migration, or corrosion under the demanding operating con-
ditions found in automotive, aerospace, and Internet of Things (IoT) applications [11].

The chemical and physical mechanisms underlying the propagation of composite activator
residues from NCFs remain poorly understood. Prior research has primarily focused on the
in uence of NCFs on mechanical performance, ionic contamination, and wettability [12].
For instance, Lee et al. used C-mode Scanning Acoustic Microscopy (C-SAM) to quantify
failure rates following moisture sensitivity testing, and employed SEM-EDX mapping to
demonstrate under Il delamination associated with NCFs residues [13]. Yamashita et al.
explored the interactions of ve different uxes with under Il materials through TGA, us-

ing re ow pro les and XPS to analyze the surface chemistry of each ux [14]. Horibe et al.
also applied C-SAM to track void formation and utilized in-situ HAST and Temperature-
Humidity Bias (THB) tests to monitor ion migration [15]; although their modules passed
reliability tests, these studies did not examine how ux residues diffuse into or through
the polymeric under Il. This study aims to investigate the chemical and physical effects
of alcohol-based versus rosin-based NCFs residues at the solder/under ll/Cu-clad interface
by addressing the following key research questions:

1. How do re ow-driven thermal pro les alter the chemical composition of alcohol-based

and rosin-based ux residues? 2. What is the relationship between residue—solder—PCB



interactions (e.g., oxidation byproducts, ionic salts) and under Il reliability metrics such as
adhesion strength, curing behavior, and thermal stability? 3. How do ux residues migrate
through polymeric under Il materials, and how does this migration affect the overall perfor-
mance of the under lI? By thermal analysis (TGA/DSC), chemical spectroscopy (FTIR),
and interfacial microscopy (Scanning Electron Microscopy (SEM)/energy-dispersive X-ray
spectroscopy (EDS)), the results show the change of curing kinetics, alteration of ux com-
ponent after re ow, and residue-induced under Il adhesion failure. Our ndings challenge
the assumption of NCFs inertness and provide future research for ux selection, under Il

formulation, and optimization of re ow parameters to enhance interfacial reliability.



CHAPTER 2
MATERIALS AND EXPERIMENTAL METHODS

2.1 Material

To investigate the effects of no-clean ux (NCF) residues on under Il reliability at the
board level, the following materials were employed. Two commercial no-clean uxes
were selected: Flux A, an alcohol-based ux intended for hand soldering, and Flux R,
a rosin-based ux designed for re ow soldering. Both uxes conform to the J-STD-004
guali cation standard. The test vehicle consisted of commercial Flame Retardant 4 Cop-
per Clad Laminate (FR4 CCL) substrates. SAC305 solder spheres (Sn-3.0Ag-0.5Cu) were
procured from Indium Corporation. The under Il material used in this study was a high-
performance epoxy polymer comprising three components: a pre-polymer, a hardener, and
a catalyst. The epoxy component was bisphenol A diglycidyl ether (BADGE), speci cally
EPON™ Resin 828, sourced from Hexion, with an equivalent epoxy weight (EEW) rang-
ing from 185 to 192. The hardener was hexahydro-4-methylphthalic anhydride (HMPA),
purchased from Lindau Chemicals, Inc. The catalyst used was 1-cyanoethyl-2-ethyl-4-
methylimidazole (2E4MZ-CN), supplied by Sigma-Aldrich. For surface preparation and
polishing, materials were obtained from Buehler International Inc., including sandpapers
of 240, 480, 600, and 1200 grit sizes, alumina powder (MicroPolish® II), and polishing

suspension (MasterPrep® Alumina).

2.2 Method

Both uxes were rst subjected to Fourier-transform infrared spectroscopy (FTIR) and
later gauged by TGA/DSC. The tested sample masses were 1.16 mg for the alcohol-based

ux and 21.89 mg for the rosin-based ux. The samples were prepared by following and



Figure 2.1: Schematic structure of the test sample, showing the con guration of solder on
FR4 copper-clad laminate (CCL) with applied ux.

shown in Figure 2.1. Excess alcohol or rosin-based uxes were applied to the open cop-
per surface on Flame Retardant 4 Copper Clad Laminate (FR4 CCL) substrates, which
had dimensions 250 um thick in total and 25 um thick double-sided copper laminated.
These thicknesses were veri ed using a 3D laser scanning microscope (LSM) (Keyence
VK-X1000) equipped with 5x and 10x objective lenses. Solder balls were placed on the
ux-coated surface, where these solder spheres had an average diameter of 765 um, also
gauged by laser microscope. This structure was then subjected to a conventional solder
re ow process under a nitrogen atmosphere, using LPKF ProtoFlow S N2. The best tem-
perature pro le is selected from the best solder wettability results within the range shown
in the following Figure 2.2: The dimensions of the solder spheres were acquired from laser
Scanning microscope (LSM). The wettability of them was calculated using the following
tting equation and Figure 2.3:

8

3 2arctan(®); 90
= 2.1)

-3180 arccog™-"); > 90



Figure 2.2: Re ow temperature pro le for SAC305 solder, showing temperature versus
time across the preheat, soak, re ow, and cooling stages.

Figure 2.3: Geometric representation of solder cross-section, showing the contact angle
formed at the interface between the solder and substrate surface.

The post-re ow residues were mechanically scraped from the substrate and mixed with
uncured bisphenol A, 4,4'-dihydroxy-2,2-diphenylpropane (BPA) epoxy (5 wt% residue
loading) to simulate contamination inside the Under Il. The residues were chemically
characterized by FTIR (Thermo Scienti ¢ Nicolet iS50 FTIR, iTR mode, 400-4008 cm
4 cm! resolution), with reference spectra that identify functional groups (for example,
C=0, C-0). The thermal stability of the residue-epoxy mixtures (18 mg) was evaluated by
TGA (25 600 C,10 C=min, N); curing kinetics were analyzed using DS%( 250 C,

10 C=min). Both use TA Instruments Q600 SDT.
For interfacial analysis, the re owed solder on the FR4 CCL substrate was uniformly dis-

pensed with BPA type epoxy (under Il). The epoxy polymer was curelbat C for 1 hour



and then cross-sectioned using a dicing machine (Disco DAD3361 Dicing Saw) to expose
the solder /under Il /Cu interfaces. Cross-sectional samples were polished using Buehler
Ecomet 6 Polisher with low grit sand paper to high grits (240, 480, 600, 1200) and imaged
by SEM(15 kV), with EDS mapping elemental distributions (Sn, Cu) to locate residues and
contaminants.

To further spread contamination, the samples were subjected to an unbiased HAST test,
under the JEDEC JESD22-A118 condition: temperat@d C), relative humidity 85%,
duration (96 hours), pressure 2 atm; achieved by the Espec EHS-222M HAST autoclave.
The XPS (Thermo K Alpha) was then used to track the propagation of the metal elements,
with ion beam etching to analyze depth pro le.

This integrated approach enabled a comprehensive evaluation of solder residue behavior,
as well as the thermal and chemical impacts and interfacial interactions affecting under Il

performance.



CHAPTER 3
RESULTS AND DISCUSSION

The alcohol-type ux, in Figure 3.1, has a complete decomposition of high-volatile compo-
nent aroundO ; low-volatile component vaporizes aroudd , which makes up 50 percent

of the ux. The negative weight percentage and positive heat ow could resulted from un-
clean residue produced from the previous experiment. Therefore, the burn-out point cannot
be distinguished through analyzing this graph. In the heat ow curve, the data concave
upward aroundb0 and75, which has a correlation with the change in slope of weight

loss; this implies that the volatile component of ux absorbs heat for vaporization.

Figure 3.1: TGA and DSC curves of alcohol-type ux (1.16 mg), showing weight loss and
heat ow versus temperature. Measurements were performed using a TA Instruments Q600
SDT: TGA (25-600 °C, 10 °C/min, N and DSC (25-250 °C, 10 °C/min).

In Figure 3.2, the Rosin-type ux has higher temperatures for evaporation of high-volatile

component (aroun@0 ) and low-volatile component (aroud@0 ) compared to the Alcohol-



type ux; also takes 50 percent of the ux. The slope of weight loss also matches the con-
cavities from the heat gain curve. These thermal data indicate that both uxes could sustain

the re ow pro le for Sn96.5Ag3.0Cu0.5 (SAC305).

Figure 3.2: TGA and DSC curves of rosin-type ux (21.89 mg), showing weight loss and
heat ow versus temperature. Measurements were performed using a TA Instruments Q600
SDT: TGA (25-600 °C, 10 °C/min, N and DSC (25-250 °C, 10 °C/min).

Figure 3.3 presents the FTIR spectra of two ux types. The purple curve corresponds to
the alcohol-based ux, while the red curve represents the rosin-based ux. Their respective
chemical structures are summarized in Table 3.1 and Table 3.2. Compared to the alcohol
ux, the rosin ux exhibits higher intensities for the C—O bond absorption at 1097 cm* and
the C=0 bond absorption at 1707 cm?, but shows a lower intensity for the O—H stretching
vibration around 3300 cm?.

These are the top-view images of the SAC305 solders on top of the FR4 CCL after
re ow treatment, shown in Figure 3.4 and Figure 3.5.
Both images show a transparent, gel-like residue surrounding the solder sphere, followed
by bright orange and green parts on the copper substrate. Upon comparing these two im-

ages, the Rosin-type remains more than the Alcohol-type. This phenomenon also occurred

10



Figure 3.3: FTIR absorbance spectra of alcohol-type ux (purple) and rosin-type ux (red),
measured using a Thermo Scienti ¢ Nicolet iS50 FTIR spectrometer in iTR mode. The
spectra were recorded over the range of 400-4000with a resolution of 4 cm.

Table 3.1: Band range assignments for the Alcohol-type sample (purple), identifying corre-
sponding chemical functional groups. Data acquired using Thermo Scienti ¢ Nicolet iS50
FTIR spectrometer in iTR mode, 400-4000 cm?* range with 4 cm? resolution.

Band Range (cm 1)

Structure / Assignment

3500-2500

1701 (1720-1706)
1455, 1374 (1440—1395)
1245, 1097 (1250—1020)

O—H stretching (broad), carboxyli
acid

C=0 stretching, carboxylic acid
O-H bending, carboxylic acid
C-O stretching

)

Table 3.2: Band range assignments for the Alcohol-type sample (purple), identifying corre-
sponding chemical functional groups. Data acquired using Thermo Scienti ¢ Nicolet iS50
FTIR spectrometer in iTR mode, 400-4000 cm?* range with 4 cm? resolution.

Band Range (cm 1)

Structure / Assignment

3550—3200
2969, 2926 (3000—2840)
1707

(1440-1395)

1160, 1127 (1205-1124)

O—H stretching (broad), alcohol
C—H stretching, alkane

C=0 carbonyl stretching vibration
O-H bending, alcohol

C-O stretching, tertiary alcohol

11



Figure 3.4: Top-view image of solder re owed with alcohol-type ux under a 185 °C for
90s and 265 °C for 60 s pro le, measured using a Keyence VK-3100 laser scanning micro-
scope (LSM).

Figure 3.5: Top-view image of solder re owed with rosin-type ux under a 185°C for 90 s
and 265 °C for 60 s pro le, measured using a Keyence VK-3100 laser scanning microscope
(LSM).

12



in other samples with different ow pro les. The color changes in the images are due to the
ux mechanism, where the solder ux reduces the metal oxide surface of the substrate and
the solder at a levitated temperature; it covers the reduced FR4 CCL substrate from further
oxidation. shown in Figure 3.6:

In Table 3.3, this is the contact angle data calculated through the solder dimensions (on

Figure 3.6: Schematic illustration of the soldering ux mechanism, including oxide re-
moval, wetting enhancement, and residue formation during re ow soldering.

average) and Equation 2.1. The rst and second numbers below the column of the re ow
pro le are soaking and peak temperatures/dwell times, respectively.
The temperatures in Table 3.3 are the center temperatures of the oven. They are slightly

Table 3.3: Calculated contact angles of solder under various re ow pro les.

Re ow Pro le Rosin | Alcohol
170 C=60s ;230C=40s | 91272 | > 130
185C=655;230C=45 | 745 > 130
185 C=70s;230=50s 5654 | 11238
185C=70s;245C=40s | 61:24 | 11617
185C=70s;245C=70s | 56:18 | 10854
175C=80s;255C=65s | 4461 | 10599
185 C=855;255C=65s | 4542 | 10041
185C=90s;265C=60s | 3517 | 8743

different from the area near the sample, which is slightly lower (arduhénd delayed

and measured by thermocouples. The larger contact antBgs) (have no signi cant

size changes and were therefore skipped. The reason why the measurement stopped at
180 C=90s; 265 C=60s was due to the appearance of the desired pro le, which resulted in

low contact angles( 90 ). In Table 3.3, it is indicated that higher times and temperatures

result in lower contact angles, where contact angles lower3Baimdicate good wettabil-

13



ity.

The Figure 3.7 and Figure 3.8 show the FTIR spectra of ux residues following the re ow
process. Both gures show increased intensity at the peak near 1700 cm?, accompanied by
decreases in the plateau or peaks around 950 cm?, 3300 cm* (O—H), and 1100 cm? (C-0).
These changes indicate the consumption of O—H and C—O groups and the formation of C=0

bonds, which may correspond to anhydrides or salts formed during re ow. [htbp] In Fig-

Figure 3.7: FTIR absorbance spectrum of alcohol-type ux residue, measured using a
Thermo Scienti ¢ Nicolet iS50 FTIR spectrometer in iTR mode. The spectrum was
recorded over the range of 400—4000twith a resolution of 4 cm.

ure 3.9 and Figure 3.10, they show the absorbance spectra of alcohol-type ux residues and
epoxy polymer before and after mixing with ux residues. Only the data for the rosin-type

ux are reported, as the quantity of alcohol-type residue was insuf cient (less than 1 mg)

Figure 3.8: FTIR absorbance spectrum of rosin-type ux residue, measured using a Thermo
Scienti ¢ Nicolet iS50 FTIR spectrometer in iTR mode. The spectrum was recorded over
the range of 400-4000 chwith a resolution of 4 cm.
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to produce signi cant results.

Figure 3.9: DSC thermogram of the epoxy polymer, recorded from 25 °C to 400 °C at a
heating rate of 10 °C/min.

Figure 3.10: DSC curve of an epoxy and ux residue mixture (weight ratio 16:2), measured
from 25 °C to 400 °C at a heating rate of 10 °C/min.

A comparison of the two gures reveals a decrease in enthalpy of 15.5 J/g, calculated from

the integration of the cold crystallization peak. This decrease suggests that the ux residues
interfere with the epoxy crosslinking process, as the anhydride present in the residue pre-
maturely terminates the polymer chains, resulting in reduced energy release.

There are voids and delamination occurred within the cured epoxy, which was dispensed/heated
on top of the solder sphere on Cu substrate. It shows in Figure 3.11:

This issue caused two samples to break down during the polishing process, where water

and polish particles in Itrated the gaps or voids between the polymer and the substrate. In

15



Figure 3.11: Cross-section view of sandwich sample, captured by Keyence LSM.
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epoxy curing, there could be microvoids due to polar substances attracting and forming the
water molecules(OH group from epoxide opened ring) and the high viscosity of the poly-

mer that traps the gas, shown in the following:

The solder ux contains both carbonyl (C=0) and hydroxyl (O—H) functional groups. Dur-
ing curing, carboxylic acids inhibit the reaction between amine groups and epoxide groups,
resulting in the generation of water within the under Il. The chemical equations illustrating

the ux's interference with the epoxide group are as follows [16]:

The cross sections of the samples were further analyzed by SEM with EDS. In Figure 3.13,
it shows the A-type sample with the white part (higher weight elements: solder, residue,
Cu substrate), and the dark part, polymer. The solder looks oating because this one has a
higher contact angle (arourd®5 , under treatment75 C=80s; 255 C=65s) and the cut is

on the edge of the solder, allowing more room for residues.
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Figure 3.13: SEM image of A-type sample. Field width: 1 mm; accelerating voltage: 10
kV (mapping mode); working distance: 7.1 mm; detector: BSD Full.

The Table 3.4 lists the weight percentage of elements in the residue spotin Figure 3.13,

where the counts per energy were captured by EDS shown in Figure 3.14:

Figure 3.14: Counts per energy, disabled elements: Tm

Upon Table 3.4, the metal elements Tin and copper, respectively, contain atomic concen-
trations 3.552% and 2.519% in the residue. Aluminum and silicon are contaminants from
the polishing material. The gold particles are presented as a result of the application of a
sputtered coating on non-conductive samples, preventing them from charging during SEM.

However, the gold layer was removed because of poor sputtering quality, blocking the sam-
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Table 3.4: Elemental composition of A-type sample(Atomic & Weight %), measured by
EDS

Element Symbol Element Name Atomic Conc. (%) Weight Conc. (%)

C Carbon 59.483 36.6
@) Oxygen 28.668 23.5
Al Aluminum 3.257 4.5
Si Silicon 2.293 3.3
Cu Copper 2.519 8.2
Sn Tin 3.552 21.6
Au Gold 0.228 2.3

ples from electrons. Therefore, this gold coating was polished away; unfortunately, some
gold particles remained.

For the Rosin-type sample (which the solder under treath&ntC=80s; 255 C=65s), the
residue part is not obvious in the SEM image, located in the grey parts next to the solder

in Figure 3.15.

Figure 3.15: SEM image of the R-type sample. Imaging conditions: eld width (FW)
= 1 mm, accelerating voltage = 10 kV (Map mode), working distance (WD) = 6.9 mm,
detector = BSD Full.

The bright shape on the left side of the image (in the polymer top) is due to the accumu-
lated charge from the electron beam. The EDS measurements of the residue spot are shown

in Figure 3.16 and Table 3.5, where silicon and aluminum are excluded due to the same
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Figure 3.16: Counts versus energy of R-type sample. Disabled elements: Pm, Tm, Cf, Na,
Mg, K, Ca, Mn, Fe, Co, F, Al, Si, P, S, Cl, Zn, Pb, Po, Cm, Bi, W, Sr, Ta, Rb

issue as the alcohol-type sample. The spot shows the atomic concentration of Sn and Cu
(3.968% and 0.618%).

Table 3.5: Elemental composition of R-type sample in atomic and weight percentage.

Element Symbol Element Name Atomic Conc. (%) Weight Conc. (%)
C Carbon 63.419 42.7
@) Oxygen 31.996 28.7
Cu Copper 0.618 2.2
Sn Tin 3.968 26.4

Both types of sample show metal residue with tin and copper, but not much silver. This
phenomenon is also related to the ux mechanism. The ux reduced the metal oxide on
the surface of the solder and copper substrate, and consequently formed metal carboxylate

salts, which undergo the chemical reaction as present:

Cu20+2RCOOH >Cu(RCO0O)2+ Cu+ H20 (3.2)

Sn+ Cu(RCO0)2 >Sn(RCO0O)2+ Cu (3.2)

In Figure 3.17, the EDS selected mapping images of the sample of A-type are presented.

This is the image of a sample that was under heat re ow treatni&atC=90s; 265 C=60s.
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The green and orange colors are tin and copper, respectively.

() (b)

(©) (d)

Figure 3.17: EDS mapping of R-type sample. FW: 2mm, Mode: 10kV - Map, WD:
12.1mm, Detector: BSD Full.

In Figure 3.18, they show the EDS mapping of the R-type sample, whose solder sphere
was under treatmerit85 C=85s; 255 C=65s. In the images, green dots represent tin; or-
ange dots represent copper.

This indicates that metal elements are not incorporated into the epoxy polymer, as no sig-
ni cant propagation occurs during epoxy curing. However, the migration of metal elements
within the polymer layer may be present, considering that the typical measurable depth for
SEM-EDS is only 1-2 nm. Applying a higher voltage increases the electron charge within
the polymer, which can in uence the EDS results. Variations in copper layer thickness
were observed; regions beneath the SAC305 solder are thinner than those beneath the poly-
mer or residue. This observation aligns with the ux mechanism described in Equation

3.1, whereby copper oxides are removed, copper salts are reduced, and metallic copper is
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