
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/7

/2
02

6 
9:

53
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrochemical
aInstitute of Advanced Materials and Techn

Protection Data Center, University of Sc

100083, P. R. China. E-mail: xiaokui@ustb

1062334005; Tel: +86-1062333975 ext. 509
bSichuan Chendu Soil Environmental Mate

Research Station, Chendu 610062, China
cAerospace Research Institute of Materials &

China

Cite this: RSC Adv., 2021, 11, 28178

Received 14th May 2021
Accepted 28th July 2021

DOI: 10.1039/d1ra03776e

rsc.li/rsc-advances

28178 | RSC Adv., 2021, 11, 28178–28
migration behavior of moldy
printed circuit boards in a 10 mT magnetic field

Xuan Liu,a Ziheng Bai,a Qianqian Liu,a Yali Feng,a Chaofang Dong, a Lin Lu,a

Hong Luo,*a Jirui Wang,b Shiwen Zouc and Kui Xiao *a

In the electrochemical migration behavior (ECM) of printed circuit boards containing mold under a static

magnetic field (SMF), the role of the field perpendicular to the electrodes is discussed; the B field inhibits

the growth and metabolism of mold, while controlling electrochemical diffusion and nucleation. The

field indirectly affects the function of mold as a transmission bridge between two electrodes. In this

work, the water drop test was used to simulate the adhesion and growth of mold on the circuit board in

a humid and hot environment; confocal laser scanning microscopy, scanning electron microscopy,

energy dispersive spectroscopy, Raman spectra, and a scanning Kelvin probe were used to analyze the

mechanism of static magnetic field and mold on the electrochemical migration.
1 Introduction

In recent years, due to the rise of 5G, the construction of various
5G base stations has spawned the further development of the
electronics manufacturing industry. However, it is worth noting
that the environmental adaptability and reliability of internal
printed circuit boards (PCB) of electronic devices that are in
service are still facing huge challenges.1,2

In a high humidity environment, electronic components
may be in an unstable state.3–5 In this case, the metal electrodes
feedback the applied voltage through electrochemical ioniza-
tion and ion migration with the conductive liquid membrane.
This will cause a short circuit of the component circuit, which is
known as electrochemical migration (ECM).5 ECM generally has
several processes: the adsorption of electrolytes and formation
of a thin liquid lm, electrochemical reaction, and the growth of
metal dendrites. Metal ions preferentially form electrodeposits
at high-energy sites on the cathode, which eventually bridge the
two electrodes aer continuous accumulation.6–9

Previous work has shown that the inuencing factors
involved in ECM and electronic equipment corrosion include
ionic pollutants, temperature, humidity, electric eld strength,
liquid lm thickness, etc.10–12 According to the ndings, various
microorganisms exist in the atmosphere, once they adhere to
the surface of the device, their continued growth and
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metabolism created an acidic environment that could cause
corrosion.13–15 It has also been demonstrated that microorgan-
isms bridged the circuit and formed ion channels, which
promoted the ECM process and aggravated the short-circuit
failure.16,17

The electrochemical reaction is usually affected by mass
transport. For examples, the magnetic eld generates convec-
tion in the electrochemical reaction through the magnetohy-
drodynamic effect,18,19 i.e., the interaction of the external
magnetic eld and the local current induces a ow that helps
reduce the thickness of the diffusion layer and enhance mass
transport.20–22 This effect is the most common and earliest
research on the combination of magnetic eld and electro-
chemistry, which is known as the Lorentz force. Also, the
magnetic eld affects the nucleation of the metal in the solu-
tion, and it was oen found that in the presence of a magnetic
eld, the number of nucleation sites increased, regardless of the
direction of the eld, and the nucleation rate of Zn and Ni was
controlled by the magnetic ux density.23,24 For more rapid
nucleation of copper in the electrochemical deposition, some
authors have attributed the effect to the Lorentz force acting on
the microscale diffusion layer, the MHD (magnetohydrody-
namic) effect;25 or the B eld effects on the surface diffusion of
ad-atoms.26 Until recently, there is still a lack of knowledge
about the physical explanation for the inuence of magnetic
elds on electrocrystallization nucleation of copper or other
metals.

Electronic components and integrated circuits extensively
work in a magnetic eld environment and the dust withmold in
the air is very easy to be attached on electronic equipment, so
their service life and performance will be affected.27,28 However,
limited work has been reported on the failure behavior of ECM
under an external magnetic eld, in particular, the corrosion
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The ingredient list of potato dextrose broth (PDB) solution

Ingredient
Standard concentration
formula

1/5 standard
concentration formula

Potato dipping
powder

5 g 1 g

Glucose 15 g 3 g
Peptone 10 g 2 g
NaCl 5 g 1 g
Distilled water 1000 mL 200 mL

Fig. 2 Inhibition rate of Aspergillus versicolor under the magnetic field
of 5–20 mT.
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mechanism of ECM behavior with mold is inclusive. Therefore,
in this work, stereo microscope, scanning electron microscope,
Raman spectroscopy, and scanning Kelvin probe technology
were used to study the ECM behavior of PCB with mold under
the action of an external static magnetic eld (SMF). The elec-
trochemical migration behavior and mechanism were dis-
cussed. This research will provide support to improve the
reliability of electronic components, especially the complex
electromagnetic environment.

2 Experimental
2.1 Sample preparation

In this work, a wild strain was rstly screened by ITS (Internal
Transcribed Spacer) sequence gene alignment, and the test
results showed 99% similarity with Aspergillus versicolor. The
ITS rDNA sequence of the wild fungus isolated in this study has
been uploaded to the GenBank nucleic acid sequence database
of NCBI (National Center for Biotechnology Information), and
the accession number is MW077051.

Next, a 1/5 potato dextrose broth (Table 1) was used to
prepare a mold spore suspension, and 200 mL of suspension was
dropped on PCB-Cu with the following basic parameters: a 0.8
mm-thick substrate made of FR-4 epoxy glass cloth laminate,
a 25–30 mm thick Cu base, and the distance between two
neighboring plates was 100 mm. The materials studied in the
present work are PCB-Cu samples, as shown in Fig. 1. Before all
the tests, the samples were washed with deionized water and
absolute ethanol for 5 min, respectively.
Fig. 1 Custom bare copper printed circuit boards before the test.

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.2 Exposure experiment

Aer inoculating the spore suspension, samples were put into
a homemade magnetic device: Solenoid was energized to
produce a constant static magnetic eld perpendicular to the
PCB-Cu surface. Fig. 2 shows the growth of mold in 5–20 mT
static magnetic eld measured by the cross method, which is
used to detect the adaptability of the strains isolated in the eld
to the magnetic environment. We found that Aspergillus versi-
color is partially inhibited in a 10 mT magnetic eld, and the
magnetic eld equipment is in a relatively controllable
temperature and humidity environment that is more favorable
for the growth of microorganisms. Therefore, we applied a 10
mT magnetic eld to PCB-Cu through the solenoid coil. More-
over, 12 V direct current (DC) bias was applied between two
electrodes. The magnetic experimental setup was shown in
Fig. 3. The exposure experiment was conducted at 25 �C and
60% RH in the laboratory for 24 h, 72 h, 120 h, and 168 h,
respectively. We divided the samples into the following groups:
PCB-Cu with mold, 12 V DC bias as group E1, PCB-Cu with
mold, 12 V DC bias, and 10 mT SMF as the group E2; moreover,
to clarify the inuence of static magnetic eld on mold, we set
PCB-Cu with mold only as group M1, and PCB-Cu with mold
and 10 mT SMF as group M2, detailed information is listed in
Table 2.
2.3 Corrosion analysis method

The morphology of the samples aer exposure was observed by
a Keyence VK-X200 3D confocal microscope and a FEI Quanta
250 environmental scanning electron microscope. The compo-
sition of corrosion products was analyzed by energy-dispersive
X-ray spectroscopy (EDS) and Raman spectroscopies with
a wavelength of 732 nm.

Surface potential tests were performed using SKP (M370)
with work distance and amplitude is 100 � 2 mm and 30 mm. In
the formula (1) below, the corrosion potential Ecorr of the
RSC Adv., 2021, 11, 28178–28188 | 28179
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Fig. 3 Schematic diagram of the magnetic experimental setup of PCB-Cu.

Table 2 Design of experimental setup

Experimental
group Conditions

E1 Mold + 12 V DC bias
E2 Mold + 10 mT SMF + 12 V DC bias
M1 Mold
M2 Mold + 10 mT SMF
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working electrode (measured object) in the air is proportional to
the Kelvin potential EKP measured by SKP. The change in EKP
reects the variation of the corrosion state in the working
electrode in the air. Gaussian tting shown in formula (2) can
further measure the Kelvin potential distribution on the sample
surface.

Ecorr ¼
�
Wref

F
� Eref

2

�
þ EKP (1)
Fig. 4 3D LCSEM topography of PCB-Cu plate spacing collected at 24 h
plate, right: anode plate).

28180 | RSC Adv., 2021, 11, 28178–28188
y ¼ y0 þ A

s
ffiffiffiffiffiffi
2p

p exp

�
� ðx� mÞ2

2s2

�
(2)

3 Results
3.1 Electrochemical migration experiments

3.1.1 Macro-topography results. Fig. 4 shows the 3D
LCSEM (laser scanning confocal microscope) topography of
spacings between anode and cathode plates under the action of
a 12 V DC bias or an electromagnetic eld. As shown in Fig. 3a
and b, the anode dissolved preferentially and a large number of
green corrosion products formed along with the anode plate
aer the PCB-Cu samples were exposed to mold environment at
12 V bias. Subsequently, anode plate near the spacing was
completely covered with green corrosion product, and the blue-
green substance migrated toward the cathode plates. Aer
168 h, the surface of PCB-Cu was completely covered by anodic
corrosion products and fully blackened. As a result, the two
electrodes were short-circuited due to being connected.
, 72 h, 120 h, and 168 h. (a–d) Group E1; (e–h) group E2 (left: cathode

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM and elemental mapping images of spacing after 72 h test. (a) Group E1; (b) group E2 (left: cathode plate, right: anode plate).
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However, aer applying a 10 mT magnetic eld for 24 h, the
transverse stacking (the direction perpendicular to the edge of
plates) of anodic dissolved products was reduced, and golden
dendrites were found growing from the cathode, as shown in
Fig. 3e. During 72 h to 120 h, dendrites increased and became
coarser. Aer 120 h, ner branches can be observed on themain
branches and continued to grow towards anode plates (Fig. 3g).
When yellow dendrites kept on a development, which contacted
the anode to connect two electrodes, the energization circuit
was short-circuited, and the part where dendrites contact the
anode plate became the short-circuit point. Finally, there are
many burnt products attached to the plate spacing and anode
plates (Fig. 4h). In contrast to the group loaded with 12 V DC
bias and mold, the corrosion products of the anode hardly
migrated to the cathode during the 168 h experimental period
with the presence of a 10 mTmagnetic eld. Except for the short
circuit, the color of the cathode surface was unchanged.

3.1.2 Micro-topography and composition analysis.
Elemental mapping images of the spacing as shown in Fig. 5,
Fig. 6 SEM morphologies of the PCB-Cu exposed in the experimental en
and d) group E2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
which were collected aer 72 h when the electrochemical
migration behavior of the two groups was signicantly different.
The C element was evenly distributed on the two plates but
enriched in spacings, and a small amount of carbon was
encapsulated in anode corrosion products and cathode
dendrites. Previous studies16,17 have shown that mold tends to
accumulate between PCB-Cu plates under 12 V bias, which
promotes electrochemical migration. Moreover, the main
components of dendrites in the spacing are Cu and O. Due to
the inuence of the 10 mT magnetic eld, the anodic corrosion
products on the PCB-Cu neither accumulating between the
plates nor migrating to the cathode in a large amount. However,
the growth of dendrites was more pronounced, with branches
and clearer shapes.

It can be seen from Fig. 6 that the mold can grow normally
under 12 V DC bias and 10 mT SMF. In group E1, granular
Aspergillus versicolor spores began to grow in clusters at 24 h and
gathered on the edge of the dissolved anode. The Cu layer on
the surface swelled locally and then ruptured due to corrosion.
vironment for 24 h (a and c) and 168 h (b and d). (a and b) Group E1; (c

RSC Adv., 2021, 11, 28178–28188 | 28181
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Fig. 7 Raman spectra of samples after 72 h test. Group E1: zone-C and
D correspond to the cathode and anode plates; group E2: zone-A and
B to the cathode and anode plates respectively.

Table 3 Gaussian fitting parameters of surface Kelvin potential
distribution for PCB

E1 m/V s2 E2 m/V s2

a1 �0.24056 0.026902 c1 0.14901 0.021782
a2 �0.42115 0.130302 c2 �0.42507 0.086482
b1 �0.05687 0.450622 d1 0.26360 0.102882
b2 �0.23626 0.057102 d2 �0.16769 0.018902
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At 168 h, the anode surface far from the plate spacing peeled
and curled, and occulent corrosion products were distributed
on it. The cathode plate was mainly corroded by mold in the
experiment. At 24 h, the globular conidia grew up indepen-
dently, no obvious hyphae were observed, and a small number
of fouling substances adhered to the surface around the
mycelium. Until 168 h, the mold swelled and became larger and
contacted each other into larger colonies, and the surface
around the area where the colonies grew was slightly corroded.
In general, no matter whether a 10 mT SMF was applied or not,
the corrosion of the cathode and anode plates was signicantly
different. The surface of the cathode plate remained relatively
intact; the anode plate cracked and peeled off, but the strains
could grow well on both plates. It is worth noting that the
growth rate and number of mold spores on cathode plates of
group E2 (Fig. 6c1 and d1) were lower than that of group E1, so
the corrosion was also alleviated. The composition of the
corrosion products will be determined by following test
methods.
Fig. 8 Surface SKP potential distribution of samples taken on 24 h (a an

28182 | RSC Adv., 2021, 11, 28178–28188
The literature shows the symmetry of the lattice is destroyed
due to the presence of defects, so that the peak of the Raman
spectrum vibration frequency of the same material is slightly
different in the experiment.29–31 The Raman spectrum shows
that all curves have peaks near wavenumbers of 125, 146, 215,
410, 490, 525, and 623 cm�1, which indicate the presence of
CuO or Cu2O. Among them, 410 and 490 are unique charac-
teristic peaks of Cu2O. Also, there are peaks at 270, 355, 1020,
1140, and 1580 in four curves. These peaks all represent basic
copper carbonate, that is, the characteristic peak of CuCO3-
Cu(OH)2, so each group of samples contains a certain amount of
basic copper carbonate. In terms of the relative peak intensity,
the characteristic peak intensity of the cathode and anode
curves of group E2 is signicantly higher, reecting that the
content of basic copper carbonate in group E2 is more than that
in group E1.

We can also see that cathodes of the two groups have obvious
peaks at 1320 (Fig. 7, zone A and C), and anodes have obvious
peaks at 884 and 928 (Fig. 7, zone B and D). Among them, the
contrast of the peak intensity of group E2 is higher than group
E1. The data reported here suggest that the sample formed
a substance with a characteristic peak of 1320 at cathodes, and
another substance with a characteristic peak of 884 at anodes.
Simultaneously, the magnetic eld accelerated the formation of
these two substances. In line with pieces of literature, the peaks
884 and 928 match the characteristic peaks of dicopper chloride
trihydroxide (Cu2(OH)3Cl). Therefore, it was conrmed that the
anode formed basic copper chloride, which is consistent with
the fact that Cl was detected at the anode in EDS.
d c) and 168 h (b and d). (a and b) Group E1; (c and d) group E2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Stereology morphologies of PCB-Cu: (a and b) M1; (c and d) M2.
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These results of Raman spectroscopy support the evidence
that the corrosion products of all anodes can be determined as
CuO, Cu2O, CuCO3$Cu(OH)2, and Cu2(OH)3Cl, while cathodes
contain CuO, Cu2O, and a small amount of CuCO3$Cu(OH)2.
The content of anode product is obviously higher than the
cathode. And it can therefore be assumed that cathodes were
oxidized and corroded under the high temperature caused by
the energized short circuit, which appeared yellow and black.
And the ndings to emerge from the analysis are that the 10 mT
SMF accelerated the formation of corrosion products, that is to
say, the magnetic eld increased the speed of corrosion
reactions.

3.1.3 SKP experimental results. The surface Kelvin poten-
tial (EKP) and Gaussian tting results of samples' corrosion area
at 24 h and 168 h are shown in Fig. 8, and the corresponding
data parameters are in Table 3. The potential (m) of all cathode
plates reached the corresponding maximum value at 24 h, then
moved negatively and fell to a relatively low value at 168 h. The
potential of the anode plate also showed a similar pattern,
which was a feature of the ongoing electromigration: under the
joint action of voltage and mold, the ions formed by the
dissolution of anodic metal are transferred to the cathode by
voltage and combined with the hydroxide ions moving towards
the anode to form corrosion products. At the same time, metal
ions are reduced and deposited in the cathode to form
dendrites. These corrosion products gradually extend toward
the cathode/anode, forming an ion channel between two plates.

The potential of the anode plates was always higher than the
cathode. And in theory, as time goes by, the gap between the
© 2021 The Author(s). Published by the Royal Society of Chemistry
plates is lled and the plates are connected, and the difference
between the two will become smaller until they are the same. As
the result of group E2 at 168 h, the anode potential of the
sample was slightly lower than the cathode. It can be seen in
conjunction with Fig. 4c and d that the cathode and anode had
been bridged by corrosion products. It can be seen from the
confocal image that the corrosion products of the anode had
not yet “moved” to the cathode at this time, so it was the
dendrites of the metal cations that were reduced and deposited
on the cathode to connect two plates. The anode and cathode
plates are partially associated, andmetal cations combined with
the OH� in motion through the bridge, so that corrosion
products gradually accumulated. Meanwhile, the cathodes were
also corroded by mold. The mixture of mold and corrosion
products covered the surface of the cathode, which hindered
the escape of electrons to a certain extent. Therefore, the
potential of the cathode was slightly higher than the anode at
this moment.
3.2 Experiment of mold and static magnetic eld

Regarding the role of mold in the electrochemical migration of
PCB-Cu, some articles17,32 pointed out that mold accelerates the
ionization of metal by corrosion of Cu, and its spores and
hyphae enable products to accumulate on the anode to migrate
faster to the cathode. Therefore, mold accelerates electro-
chemical migration and intensies the corrosion of Cu. To
further determine the inuence of the magnetic eld on mold
in the electrochemical migration of PCB-Cu, we set up a control
experiment: PCB-Cu with mold in an environment with or
RSC Adv., 2021, 11, 28178–28188 | 28183
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Fig. 10 SEM morphologies of PCB-Cu. (a and b) M1; (c and d) M2.
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without a 10 mT SMF. During a 168 h trial, laser confocal
diagrams (Fig. 9) showed that the macroscopic morphology of
PCB-Cu inoculated with fungal spore suspension has changed
both in the absence/presence of themagnetic eld. According to
3D LCSEM and SEM images, the mold formed corrosion pits
centered on spores on the surface of group M1, and then con-
nected to form a large area of corrosion pits. Macroscopically, it
was a regional uniform corrosion area. Several stages of growth
and metabolism of mold could be described as: “spores-
mycelium-released more spores”. But during the period of 24–
168 h, no hyphae and large mature mold colonies were observed
in group M2. A previous study mentioned that the mold growth
in the 10 mT SMF group is signicantly slower than that in the
non-magnetic eld group, and at least the spore-mycelia stage is
slower.32 This is consistent with our experimental results. We
can see from Fig. 10 that aer 168 h of testing, the surface of
group M2 was only slightly damaged, and the exposed area of
Cu substrate underneath was also much smaller, and there was
no massive peeling as that in group M1. The EDS results (Table
4) show that the Cu content in area B is higher than that of A
Table 4 EDS for areas A, B and C shown in Fig. 10

Zone

Elements, at%

Cu C N O P Cl

A 5.90 64.62 3.42 21.31 0.35 3.23
B 75.76 7.33 3.11 7.95 — 5.96
C 23.97 49.29 8.87 15.93 — 1.94

28184 | RSC Adv., 2021, 11, 28178–28188
and C, but the C content is less, which indicating that when
there is no magnetic eld, molds dominate the corrosion of
PCB-Cu. So, it was believed that a vertical static 10 mTmagnetic
eld inhibited the growth of mold in the electrochemical
migration and thus hindered the corrosion of PCB-Cu.
3.3 Discussion

The electrochemical migration process of PCB-Cu under the
mold cooperating with DC bias can generally be divided as
follows: (1) anodic dissolution due to metal ionization; (2) anion
and cation migration; and (3) metal ion reduction deposition
and dendrite growth. The dominant electrode reactions of PCB-
Cu in the mold environment with 12 V bias are as follows:

Anode:

Cu � e� / Cu+ (3)

Cu � 2e� / Cu2+ (4)

Cathode:

O2 + 2H2O + 4e� / 4OH� (5)

2H2O + 2e� / 2OH� (6)

When the PCB is energized, a certain intensity electric eld is
generated between the two electrodes (Fig. 10a); at this time, the
metal cations (Cu2+, Cu+) produced by anodic dissolution are
positively charged. Therefore, 12 V DC bias generates an electric
eld force (Fe) on the positive ions (negative ions), where q is the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Typical curves of current as a function of time: for ECM of
molded PCB in non/10 mT magnetic field environment.
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amount of charge carried by the positive ions (negative ions),
and E is the electric eld generated between the two electrodes:

Fe ¼ qE (7)

Driven by the electric eld force, the metal ions move from
the anode to the cathode. O2 and H2O obtain electrons at the
cathode to form OH�. Because the OH� have a small ion radius,
they reach the anode faster and form corrosion products with
metal ions moving in the opposite direction. In the case of
a stable power supply, positive and negative ions continue to
meet and combine, forming a “wall” of corrosion products that
accumulate between the plates. The “wall” not only forms an
ion channel connecting two electrodes, but also prevents the
positive ions from being reduced and deposited on the cathode.

FL ¼ qvB sin(v,B) (8)

~F ¼ Fe

!þ FL

�!
(9)

Fig. 13b and d are the electrochemical migration behavior
mechanism diagram of PCB-Cu withmold under 10mT SMF. As
Fig. 12 (a) The mold on PCB-Cu loaded with 12 V bias taken at 24 h
corrosion structure characteristics.

© 2021 The Author(s). Published by the Royal Society of Chemistry
mentioned before, the ions induced by corrosion are positively/
negatively charged. While being driven by the electric eld, they
are also subject to the force of the magnetic eld on the moving
charges—Lorentz force (FL), where q is the charge of the positive
ions (negative ions), v is the velocity of ions, B is the magnetic
induction intensity. The FL is perpendicular to the Fe and
parallel to the edge of the plate. At the same time, the FL is
always perpendicular to the direction of movement of the ion,
so it only changes the orientation of the ion's velocity but does
not affect the magnitude of the movement speed. Therefore,
through force analysis, it can be known that the resultant force
(F) of the ions forms an angle 4 with the horizontal direction
(anode to cathode).

Fig. 11 shows the relationship between current density and
time in the mold medium, which is during ECM in a non-
magnetic eld/10 mT magnetic eld environment. When the
mold grows and metabolizes between the two electrodes, it
absorbs moisture and produces acid, forming a moist envi-
ronment on the surface;33,34 this makes it possible to short-
circuit between the electrodes. When the dendrites bridge the
anode and the cathode, a sudden current density spike occurs,
causing a short circuit. It can be seen that the Tst (time to short
circuit) shown in the gure decreases when a 10 mT magnetic
eld is applied. This may be attributed to the reduction of more
Cu ions in the electrolyte driven by the resultant force, which
accelerates the growth of dendrites to the anode and electro-
chemical failure. This causes the 10 mT SMF to promote the
short circuit of PCB-Cu. However, the current density in
magnetic eld environment decreases from about 10�6 A cm�2

to about 10�8 A cm�2, which may be related to the growth of
mold suffer by 10 mT static magnetic eld.

Therefore, it is necessary to explain the role of mold in
electrochemical migration. Fig. 11 is a micro-morphology of
mold in a magnetic eld taken at 24 hours. Part of the mold
continues to grow, and the formedmycelia cling to the electrode
and bond with the corrosion products. At the same time, there
are also a small number of Cu-containing debris products on
the thallus (Table 5). This conrms that molds indeed act as
physical connections and particle migration channels in elec-
trochemical migration. However, the growth of mold was
inhibited by the magnetic eld. This causes metal ionization
in 10 mT magnetic field environment, and (b) graphical illustration of

RSC Adv., 2021, 11, 28178–28188 | 28185
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Fig. 13 Schematic diagrams for ECM process of PCB-Cu. (a and c) Group E1; (b and d) group E2; (e) relation chart.
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and transport rates to decrease, thus reducing the current
density generated in the loop. This result is also consistent with
the current–time curve presented in electrochemical tests.
28186 | RSC Adv., 2021, 11, 28178–28188
On the one hand, since the metal ions and OH� are not
driven by a single electric eld, the corrosion products tend to
expand vertically and no longer form an obstructive product
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 EDS for areas A, B, C and D shown in Fig. 12(a)

Zone

Elements, at%

Cu C N O P Cl

A 56.2 11.3 0.9 28.2 — 3.5
B 88.6 7.5 1.4 1.9 — 0.5
C 14.0 35.8 1.3 36.4 3.5 9.0
D 11.9 53.8 0.5 26.0 1.8 6.1
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“wall” between plates (this also explains why we can observe the
dendrite formation clearly aer the application of magnetic
eld). As a result, copper ions can successfully migrate through
the product layer toward the cathode, and are reduced and
deposited to form dendrites. On the other hand, according to
the analysis results of Raman spectrum and SKP, it can be
known that the magnetic eld can accelerate the ionization and
corrosion reaction of the metal, which makes a large number of
copper ions generated at the anode. One part combines with
OH� to form precipitation products, and the other part travels
to the cathode to produce dendrites. In addition, although the
mold is affected by the magnetic eld, it still plays a role in
promoting metal ionization, connecting the anode and cathode
electrodes, and assisting ion transport during the electro-
chemical migration process of the PCB. Therefore, the
dendrites bridge the corrosion products short-circuiting the
integrated circuit in the end.

4 Conclusions

The electrochemical migration behavior of PCB-Cu with mold
under the SMF environment was studied by several methods,
some conclusions were drawn as follows:

(1) Among them, mold growth promotes metal ionization
and provides a channel for ECM, the 12 V DC bias is the
impetus.

(2) The 10 mT SMF generates a Lorentz force which causes
corrosion products accumulated on the anode to extend rapidly
in the direction parallel to plates, thus widening the boundary
of anodic product “wall”; at the same time, the product “wall”
formed by the anodic dissolution is no longer blocked between
the plates, so that the Cu ions can reach the cathode directly,
and are reduced and deposited to produce dendrites;

(3) The SMF itself has an accelerating effect on ions, which
can aggravate the corrosion reaction; but the magnetic eld
inhibits the growth of mold, thus weakening the mold's
promotion of ECM. The SMF both promotes and restrains ECM
of PCB-Cu with mold and 12 DC bias.
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