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Abstract: The evolution of morphology, composition, thickness and corrosion resistance of the oxide film on pure Sn
solder substrate submitted to high-temperature aging in 150 °C dry atmosphere was investigated. The results indicate
that high-temperature aging accelerates the dehydration of Sn(OH)4 in the pre-existing native oxide film to form SnO»
and facilitates the oxidation of fresh Sn substrate, resulting in the gradual increase in oxide film thickness and surface
roughness with prolonging aging time. However, the corrosion resistance of the film initially is enhanced and then
deteriorated with an extending aging time. Besides, the formation and evolution mechanisms of the oxide film with

aging time were discussed.
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1 Introduction

As connection materials, Sn-based solder
alloys have always been at the dominant position in
electronic packaging industry [1,2]. However, the
widely used Sn—Pb solders over the past several
decades have been restricted due to the toxicity of
Pb element to human health and environment,
and thus the Sn-based Pb-free solder alloys have
been in development worldwide [3,4]. Nowadays,
the Sn-based Pb-free solders have occupied a
substantial market share in electronic packaging
industry [5], and kinds of binary or ternary solder
alloys for different application purposes have been
developed, such as Sn—Ag [6], Sn—Cu [7] and
Sn—Ag—Cu [8]. During the practical applications of
Sn solder alloys, Sn substrate is prone to oxidize
and thus the presence of a surface oxide film is

unavoidable. Interestingly, the physicochemical
characteristics of the oxide film can shape the
engineering performance of Sn solder joints [9]. As
to the surface oxide film formation mechanism,
manners of chemical oxidation and electrochemical
oxidation have been proposed [10—12]. In humid
atmosphere with a higher relative humidity (RH),
the water vapor can interact with Sn substrate,
producing Sn®* that further undergoes processes of
hydrolysis, dehydration and oxidation to form an
electrochemically inactive SnO, film as a function
of exposure time [9]. In dry atmosphere with a
relatively high temperature, the depletion of water
vapor and high temperature environment make Sn
substrate to be oxidized directly by oxygen to form
SnO; film [11]. Although both the electrochemical
oxidation in humid atmosphere and the direct
chemical oxidation in high-temperature environment
will finally contribute to oxide films with the same
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composition of SnQO,, the film morphology,
compactness, thickness and corrosion resistance
may vary significantly, leading to wvariation in
protectiveness of the oxide film to underlying
solder substrate [13,14].

It is wusually believed that SnO, is a
composition of high thermodynamic stability with
better resistance in the presence of corrosion
electrolyte, and a compact SnO, layer can well
protect Sn solder substrate from corrosion
electrolyte attack [15]. Nevertheless, it should be
noticed that the advances in packaging technology
have led to the
manufacture continually smaller electronic devices
with increased power density [16]. Consequently,
the long-term excessive heat release by electronic
device itself during working will definitely
deteriorate the structure and corrosion resistance of
the oxide film, and also cause oxidation in the fresh
substrate, further complicating the evolutions in
composition, thickness and structures of the oxide
film. Moreover, microcracks are also prone to form
in a thicker oxide film due to the increasing inner
stress [17]. Therefore, even with a thicker oxide
film, the pores or cracks in oxide film may lower its
resistance to corrosion attack.

To the best of our knowledge, research on
Sn solder alloys is mainly focused on micro-
structure optimization and mechanical property
improvement [18—21]. Nevertheless, the high-
temperature aging time induced evolutions in
morphology, composition and corrosion resistance
of the surface oxide film have rarely gained much
attention. In this work, the surface oxide film on
pure Sn solder substrates was firstly prepared by
exposing the substrates to 150 °C high-temperature
environment with aging time as a parameter, and
then scanning electron microscopy (SEM), laser
scanning confocal microscopy (LSCM) and X-ray
photoelectron spectroscopy (XPS) were employed
to characterize the evolutions of morphology,
roughness and composition of the film. Finally, the
corrosion resistance evolution of the oxides film
was discussed by potentiodynamic polarization
curves and electrochemical impedance spectroscopy
(EIS). The expected findings are vital in exploring
the structure and corrosion behavior of the
high-temperature formed oxide film on Pb-free Sn
solder joint surface.

miniaturization trends to

2 Experimental

2.1 Sample preparation and high-temperature
aging process

The pure Sn solder bars (in purity of 99.9%)
were purchased from Shenzhen Huacheng Solder
Technology Co., Ltd., China. Sn bars were kept at
300 °C for 0.5h with the aid of stainless steel
mould and then cooled in furnace to ambient
temperature to simulate the solder joints after
welding. Then, the obtained sample was cut into
blocks of 10 mm x 10 mm x 5 mm in size and the
sample surface was ground by sandpapers from 400
to 5000 grit sequentially. Finally, the sample surface
was polished by 1 um diamond polishing paste and
by 0.05 um SiO; suspension, rinsed by deionized
water,
temperature air for tests.

The heating cabinets (PH—250), provided by
Shanghai Suying Test Instrument Co., Ltd., China,
were run, and the temperature was set at 150 °C.
The prepared pure Sn substrates were exposed to
the high-temperature environment for durations of
2,4, 6 and 8 d to obtain oxide films with different
structures. Meanwhile, Sn substrate without high-
temperature aging was also investigated for
comparison.

and then dried in a steam of room

2.2 Surface morphology and roughness analyses
The evolution in surface morphology of
high-temperature aged Sn solder substrate with
aging time as a parameter was characterized by
means of a scanning electron microscope (SEM,
Philips XL30 FEG), equipped with EDS for
element analysis. In addition, the evolution in
surface roughness at the same position as a function
of aging time was characterized by means of
a laser scanning confocal microscope (LSCM,
LSM700), with scanning step of 0.1 pm. The
obtained parameter of average surface roughness
(Sa) can reflect the oxide film surface roughness
evolution with the high-temperature aging time.

2.3 Composition and structure analyses

The composition evolution of oxide film on
the solder surface was characterized by an X-ray
photoelectron spectroscope (XPS, ESCALAB250)
using a monochromatic Al K, X-ray excitation
source (hv=1486.6 ¢V), and the spot area was
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100 pm in diameter. Survey spectra were recorded
and high-resolution spectra of Sn 3d and O 1s core
level regions were collected at 0° with respect to
normal at different sputtering depths to reveal the
in-depth profile of composition in the oxide film.
The deconvolution of high-resolution spectra was
performed with the XPS peak 4.1 software using
an iterative Shirley-type background subtraction
under Gaussian/Lorentzian functions after peak
calibration to standard C 1s signal at 284.6 eV.

2.4 Electrochemical measurements

The electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization curve
measurements have also been employed to evaluate
the corrosion evolution behavior of the high-
temperature aged Sn solder substrates covered with
an oxide film in 3.5 wt.% NaCl solution, and
Gamry Reference 600 electrochemical workstation
was employed. Three-electrode system was used
with the high-temperature aged Sn solder substrates
(covered with oxide film) as working electrode,

Element  wt.% at.%

Sn 96.97 81.16

0.5 1.5 25 35 45 55 65 05
Energy/keV

O 3.03 18.84

platinum foil with 4 cm? area as counter electrode,
and saturated calomel electrode (SCE) as reference
electrode. The working electrode was immersed in
electrolyte for 2 h to obtain a stabilized open circuit
potential (OCP), and then EIS data were recorded in
the frequency range from 100 kHz to 10 mHz with
+5 mV exciting signal. After that, the polarization
curve was recorded in the potential range from
—0.15 to 0.5V (vs OCP) with a scan rate of
0.167 mV/s at room temperature to evaluate the
corrosion resistance of the oxide film. The fitting of
EIS data was performed using Zsimpwin software.

3 Results and discussion

3.1 Surface morphology evolution

The evolution in surface morphology of
pure Sn solder substrate exposed to 150 °C dry
atmosphere with aging time is shown in Fig. 1.
Obviously, for the sample without high-temperature
aging in Fig. 1(a), the surface is clean and smooth.
However, as the aging time proceeds, a gravel-like

Element  wt.% at%

O 2.69 17.01
Sn 97.31 82.99

1.5 25 35 45 55 65
Energy/keV

Fig. 1 Evolution of surface morphology of oxide film obtained on pure Sn solder substrate exposed to 150 °C dry

atmosphere with aging time (a—e) and EDS spectra of local areas (f, g)
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rough surface morphology has been observed with
the gravel diameter being varied as seen from
Fig. 1(b) to Fig. 1(e). Therefore, the surface
morphology of the pure Sn solder surface evolves
predominantly as the aging time proceeds,
indicating the pronounced effect of high-
temperature aging time on the surface morphology
of pure Sn solder substrate.

It is widely accepted that a native (natural
formed) oxide film forms in a very short duration
on Sn solder substrate surface even in room-
temperature indoor atmosphere [12], and thus it is
expected that there is an oxide film existing on the
sample without high-temperature aging in Fig. 1(a),
even if a smooth and uniform surface has been
observed. Usually, this native oxide film has a
layered structure with stannic compounds enriched
in the outer layer and stannous compounds in the
inner layer [22], and the content ratio of hydroxides
to oxides in the film varies depending on
temperature and relative humidity RH of the
exposure environment [10,23]. After being exposed
to 150°C dry atmosphere, the hydroxides
can be dehydrated to form oxide films with water
molecules being released [24]. Therefore, a
gravel-like rough surface has been observed for the
oxide film sample with an aging time of 2d in
Fig. 1(b). EDS has been employed to detect the
elements difference between Region 1 and Region 2
as indicated by square markers in Fig. 1(b). It is
found from Fig. 1(f) and Fig. 1(g) that both Sn
element and O element have the same level in

(a) 0d, S;=74 nm (b)2d, S,=112 nm

(d) 6 d, S,=176 nm

(e) 8d, S,=185 nm

content in the two regions, indicating that the region
on top of gravels and the region at interface of
gravels have almost the same composition without
difference. When the aging time proceeds to 4 d, the
morphology in Fig. 1(c) also shows a gravel-like
rough surface of the oxide film but with a much
smaller diameter of the gravels. It is supposed that
further dehydration of native oxide film and the
oxidation of fresh Sn solder substrate may be
responsible for such a deterioration [25]. Moreover,
for the samples with an aging time of 6 and 8 d, the
corresponding morphologies in Fig. 1(d) and
Fig. 1(e) possess similar characteristics with the 4 d
sample in Fig. 1(c), indicating the accomplishment
of native oxide film dehydration during the initial
4 d aging and further oxidation of fresh Sn solder
substrate with an extending aging time [26].

LSCM has been employed to characterize the
evolution in surface roughness of the oxide film on
pure Sn solder substrate with high-temperature
aging time, and the results are shown in Fig. 2. It is
necessary to claim that the results in Fig. 2 are
observed in the same area of interest as a function
of aging time. Obviously, for the as-obtained
native Sn solder substrate sample without high-
temperature aging in Fig. 2(a), it has a lower value
of surface roughness of S;=74 nm, indicating the
uniform formation of native oxide film on Sn solder
substrate surface. However, an aging time of 2 d
leads to a rough surface of the oxide film with
S:=112 nm in Fig. 2(b), and this sharply increased
roughness value indicates that the native oxide film

(c)4d, S;=166 nm

Fig. 2 Evolution of surface roughness (S,) of oxide film obtained on pure Sn solder substrate surface with high-

temperature aging time in 150 °C dry atmosphere
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deteriorates greatly during the initial 2 d aging.
When the high-temperature aging proceeds to 4 d,
the surface roughness of the oxide film again
increases to a much higher value of S;=166 nm in
Fig. 2(c), and the further dehydration of native
oxide film and the oxidation of fresh Sn solder
substrate may be responsible for this [27]. However,
for the sample with an aging time of 6 d, it has a
surface roughness value of S,=176 nm; for the
sample with an aging time of 8 d, it has a surface
roughness value of S,=185 nm, indicating that the
dehydration of native oxide film has finished during
the initial 4 d aging and the oxidation of fresh
solder substrate further proceeds with an extending
aging time. Therefore, the surface roughness
evolution results in Fig. 2 are in accordance with
the surface morphology observation in Fig. 1.

3.2 Composition evolution by XPS analyses

XPS has been employed to understand the
structure of the surface oxide film on pure Sn solder
substrate, and constituent elements of Sn and O are
detected in all the spectra. Figure3 gives the
high-resolution spectra of Sn 3ds, and O 1s and
their corresponding deconvolution results obtained
on the top surface of the oxide film without depth
sputtering. The binding energies (E,) at line
position for Sn 3ds;, and O 1s spectra deconvolution
are used to identify the chemical state of Sn and O
elements in the oxide film, and the extracted data of
full width at the half-line maximum (FWHM) for
each sub-spectrum are both listed in Table 1.

The symmetry of the high-resolution
spectra for Sn 3ds, peaks in Fig.3(a) and the
deconvolutions show that only one sub-peak in
binding energy range of 486.1—486.4 eV has been
observed and it is recognized as the state of Sn**
in stannic oxide lattice [28]. However, the
asymmetry of the high-resolution spectra for
O Is peaks in Fig.3(b) and the deconvolutions
demonstrate that the contained O element has two
states, i.e., the metallic oxides and hydroxides [29].
Analyses indicate that the sub-peak in range of
530.2—530.6 eV is supposed to be the state of 0> in
the Sn-oxide lattice ((O® )iaice), and the sub-peak in
range of 531.6—531.8 eV is regarded as the state
of OH in Sn-hydroxide lattice ((OH )iauice) [30].
Therefore, it can be concluded that for the oxide
film on pure Sn solder substrate submitted to
high-temperature aging at 150 °C for 2, 4, 6 and 8 d,

its most surficial layer is composed of SnO, and
Sn(OH)s. As to the content ratio of SnO; to
Sn(OH)4, it can be reflected by peak area ratio of
(02_)lamce/(OH_)mCe that could be deduced from the
fitted sub-peak area, and Fig. 4 indicates that the
(027)1attice/(OH7)]attice ratio has a value of 1.51 for the
2 d aged sample and it increases to about 1.71 for
the sample with an aging time of 8 d. Such a ratio
much higher than 0.5 demonstrates that Sn(OH)4
always takes a much lower content than SnO; in the
most surficial layer of the oxide film on pure Sn
solder substrate.

The above XPS data obtained without depth
sputtering on the oxide film surface only provide
compositional information in the oxide film
with a depth less than 5 nm [31]. To understand
composition of the inner oxide film layer, a series
of XPS data as a function of sputtering depth from
the oxide film surface have been recorded, and
Fig. 5 gives the XPS data obtained at a depth about
6 nm (sputter rate 0.1 nm/s, time 60 s) in the oxide
film. Obviously, the asymmetry of the high-
resolution spectra for Sn3dsp, peaks in Fig. 5(a)
demonstrates that Sn element no longer has only
one chemical state. Besides the Sn*" sub-peak in
the range of 486.1-486.4 ¢V, deconvolutions show
that the sub-peak in range of 484.9-485.2 eV is
attributed to Sn®* in the stannous oxide lattice [32],
and the sub-peak at about 484.4 eV is caused by
metallic Sn from Sn solder substrate [33]. However,
the deconvolution of high-resolution spectra for
O Is peaks in Fig. 5(b) only indicates the presence
of 0% caused by Sn-oxides lattice ((O* )iatice) in
inner layer of the oxide film. Therefore, it can be
concluded that for the oxide film on pure Sn solder
substrate submitted to high-temperature aging at
150 °C for 2, 4, 6 and 8 d, the inner layer of the
oxide film is composed of SnO, and SnO. To
understand the relative content of SnO, and SnO in
inner layer of the oxide film with different aging
time, Fig. 6 shows the relative peak areas of Sn*"
and Sn** sub-peaks calculated from the deconvolution
of high-resolution spectra in Fig. 5(a). Obviously, at
the oxide film depth with a sputtering time of 60 s,
the relative content of SnO, gradually increases and
that of SnO decreases gradually as the aging time
proceeds from 2 to 8 d, indicating the increasing
thickness of the oxide film as a function of aging
time, and SnO, mainly locating in outer layer of the
oxide film and SnO locating in the inner layer.
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489 487 485 483 489 487 485 483

Binding energy/eV Binding energy/eV
6d, Sn 3ds), 8d, Sn 3ds),

4é9 4é7 4é5 4é3 4|89 4é7 4é5 483
Binding energy/eV Binding energy/eV

(b) 2d,01s 4d,01s

534 532 530 528 534 532 530 528
Binding energy/eV Binding energy/eV
8d,01s

534 532 530 528 534 532 530 528
Binding energy/eV Binding energy/eV

Fig. 3 High-resolution spectra of Sn 3ds (a) and O 1s (b) and their corresponding deconvolution results obtained on top
surface of oxide film without sputtering depth on pure Sn solder substrate surface with high-temperature aging time in
150 °C dry atmosphere
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Table 1 Binding energy (E) at line position used for
analyzing XPS spectra of surface oxide film on
high-temperature aged pure Sn solder substrates, together
with full width at half-line maximum (FWHM) extracted
by deconvolution

Species Chemical state Ey/eV FWHM/eV
Sn* Sn 3ds) 486.1-486.4 1.33-1.91
Sn* Sn 3dsp, 484.9-4852 1.07-1.43
Sn® Sn 3dsp 484.4-484.8 1.10-1.23
o* O1ls 530.2-530.6  1.50-2.54
OH™ Ols 531.6-531.8 1.95-2.22
3 1.8

g 1.71

= _u
3 17F -

E 1.66 .~

& -

% 161 .~

=} -~

g 1.6 P M

<

= 7/

S /

s 1.51,7

< 4

& 15 i 1 1 1 1

2 4 6 8
Aging time/d

Fig. 4 Evolution of peak area ratio of (O )aice/
(OH )1attice collected from O 1s XPS spectra obtained on
top surface of oxide film without depth sputtering on
pure Sn solder substrate with high-temperature aging
time in 150 °C dry atmosphere

The thickness evolution of the oxide film on
pure Sn solder substrate surface as a function of
high-temperature aging time has been determined
by molar fraction of O element from the XPS
spectra as sputtering depth proceeds, and it is
shown in Fig. 7. Analyses show that the derived
thickness of oxide film on pure Sn solder substrate
with an aging time of 2, 4, 6 and 8§ d is 6, 7, 9 and
13 nm, respectively. To clearly demonstrate the
evolution trend in thickness value of the oxide film,
Fig. 8 shows the derived thickness value as a
function of high-temperature aging time. Obviously,
the oxide film thickens less during the initial 4 d,
and then grows quickly as the aging time further
proceeds, especially during the interval from 6 to
8 d. It is believed that such an evolution behavior in
growth kinetics of the oxide film thickness is

related to the deterioration of pre-existing native
oxide film and the oxidation of fresh Sn substrate as
the aging time proceeds.

3.3 Electrochemical measurements
3.3.1 Evolution of -electrochemical
spectrum

The above characterization indicates that
high-temperature aging time has a substantial effect
on morphology, composition and thickness of the
oxide film on pure Sn solder substrate as a function
of aging time. To investigate the evolution in
corrosion resistance of the oxide film with the aging
time, EIS characterization of the high-temperature
aged samples with different aging time was
performed in 3.5 wt.% NaCl solution, and the
results are shown in Fig. 9. It can be seen from
Fig. 9(a) that the impedance at high frequency
(|Z]ur) caused by solution resistance (Rs) varies little
as the aging time proceeds. Within the frequency ( /)
range of 10°~10' Hz, a lower slope value of curve
of lg|Z] versus lgf for the sample without
high-temperature aging compared with the aged
ones has been observed, indicating the poor
corrosion resistance of the pre-existing native oxide
film. Meanwhile, the observed slope value higher
than —1.0 indicates the presence of a constant phase
element (CPE), and under this situation the
measured electrochemical impedance response is
mainly caused by the surface oxide film [34,35].
Besides, the low frequency impedance (|Z|cr) firstly
increases and then decreases as the aging time
proceeds, indicating the substantial effect of
high-temperature aging on corrosion resistance of
the pure Sn solder substrate. For the phase angle
evolution in Fig. 9(b), its profile varies greatly as
the aging time proceeds, indicating the significant
influence of high-temperature aging time on
structures of the oxide film, as the phase angle
evolution is always sensitive to oxide film
structure [36]. For the pre-existing native oxide film
without high-temperature aging, it shows a lower
constant value during a relatively narrow frequency
range. However, for the samples with aging time of
2 and 4 d, a larger phase angle value close to —85°
in a broader frequency range of 10°-10° Hz has
been observed, indicating the enhanced corrosion
resistance of the two samples compared with
the one without high-temperature aging. In this case,
the EIS data will be fitted by an equivalent electrical

impedance
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(a) 2d, Sn 3ds), 4.d, Sn 3ds),

489 487 485 483 489 487 485 483

Binding energy/eV Binding energy/eV

6 d, Sn 3ds,, 8 d, Sn 3ds,,

489 487 485 483 489 487 485 483
Binding energy/eV Binding energy/eV

(b) 2d,01s 44,0 1s

534 532 530 528 534 532 530 528
Binding energy/eV Binding energy/eV

6d,01s

34 52 530 528 534 532 530 528
Binding energy/eV Binding energy/eV

Fig. 5 High-resolution spectra of Sn 3ds;, (a) and O 1s (b) and their corresponding deconvolution results obtained at
sputtering depth of about 6 nm in oxide film on pure Sn solder substrate surface with high-temperature aging time in
150 °C dry atmosphere
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Fig. 6 Relative peak areas of Sn*" and Sn?" calculated
from deconvolution of high-resolution spectra obtained
at sputtering depth of about 6 nm in oxide film on pure
Sn solder substrate with high-temperature aging time in
150 °C dry atmosphere

circuit (EEC) with one time-constant being
considered in Fig. 10(a). For the samples with
extending aging time of 6 and 8 d, the phase angle
profile in the higher-frequency range changes little,
but the profile in the lower-frequency range evolves
greatly, indicating a great deterioration in the oxide
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film structure of the samples with extending aging
time of 6 and 8 d. Therefore, an EEC in Fig. 10(b)
with two time-constants will be used for the EIS
data fitting.

In Fig. 10(a), R is the electrolyte resistance,
and constant phase element CPE, and R reflect
pseudo capacitance and Faraday resistance of the
oxide film, respectively. Therefore, the combination
of Ros in parallel with CPEq represents the
dielectric property of oxide film. In Fig. 10(b),
constant phase element CPEquer and Rouer reflect
pseudo capacitance and resistance of the outer layer
of the oxide film, respectively. The constant phase
element CPEiner and Rinmner reflect the capacitance
and resistance of the inner layer of the oxide film,
respectively. In this situation, in Fig. 10(b), Rouer +
Rinne=Ros. Moreover, the impedance function Z, for
Fig. 10(a) and Fig. 10(b) can be expressed by Eq. (1)
and Eq. (2), respectively:

1
Zo=k, 1/R
J ons + 0s (1)
(b)4d :
100 |
/0~.—o"/.\0—o/°\o-
|
N 80 /0 |
§ | /o |
g 60 " P |
g | !
S 4o} ! o 9
| d=7 —e— Sn
/ = nm
20+ |
1 1 1 1 ’T~.\!\.I/-._I-.\!/..
0 2 4 6 8 10 12 14 16 18
Sputtering depth/nm
(d)8d
|
100 - I —
_e—r—*
80 ° :
S o |
& l\ o :
= /
é 60 u-nay o N :
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L —a— 0 |
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Fig. 7 Content evolution of Sn and O elements as function of sputtering depth in oxide film obtained on pure Sn solder

substrate surface with aging time in 150 °C dry atmosphere
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Fig. 8 Derived thickness value of oxide film obtained on
pure Sn solder substrate surface with aging time in
150 °C dry atmosphere
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Fig. 9 Bode plots of EIS results for high-temperature
aged pure Sn solder substrates exposed to 150 °C dry
atmosphere with aging time: (a) Impedance plot; (b) Phase
angle plot
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Fig. 10 Equivalent electrical circuit for fitting EIS data
of high-temperature aged pure Sn solder substrates
with aging time: (a) For samples with aging time of 0, 2
and 4 d; (b) For samples with aging time of 6 and 8 d
(R is the solution resistance; (CPE (CPEqs, CPEquer and
CPEimer) and R (Ros, Rouer and Rimner) are the pseudo
capacitance and the Faraday resistance caused by the
oxide film or the corresponding layer, respectively)

where j is the imaginary unit (j=(—1)"°); o is the
angular frequency; Zcpr=0 '(jo)™ [37], and n (nos,
Houter and Zinner) indicates the deviation parameter
between the equivalent circuit RZcpg component
and the pure RC circuit; and Q can be seen as a true
capacitor C when n=1 [37].

The derived parameters of Rs, Ros, Qos and n
values are shown in Table 2. For the sample without
high-temperature aging (0 d), it has a value of Ros=
21.09 kQ-cm?. Usually, the pre-existing native
oxide film on Sn solder substrate surface is less
than 5 nm in thickness, and hydroxides, such as
Sn(OH)4, Sn(OH), and/or Sn3;O»(OH), are often
contained [38—40]. When exposed to high-
temperature dry atmosphere, these hydroxides
undergo dehydration, contributing to the formation
of electrochemically stable SnO, with an improved
corrosion resistance [41]. Therefore, for the sample
with an aging time of 2 d, the corrosion resistance is
improved greatly with a value of R,s=558.3 kQ-cm?.
As the aging time further proceeds, both the
dehydration of hydroxides and the oxidation of
fresh Sn solder substrate contribute to the a high
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Table 2 Fitting parameters from EIS results of high-temperature aged pure Sn solder substrates (covered with oxide

film) measured in 3.5 wt.% NaCl solution using equivalent electrical circuits in Fig. 10

Aging time/d RJ/(Q-cm?) Ro/(10°Q-cm?)  Qos/(107°F-cm2-s" 1) Tos 21073

0 4.281 2.109 2.250 0.879 0.79

2 3.619 55.83 0.531 0.928 1.99

4 4.940 70.13 0.458 0.931 2.38
Aging R/ Router/ Qouter/ Rinner/ Oinner/ 2/1 (4
fime/d  (Q@emd)  (10°Qem?)  (105F-em?s) " (10'Q-em?)  (10°F-cm2grty Mmer 2710
6 5.246 4.960 0.280 0.925 4.025 0.351 0.996 4.86
8 5.391 3.608 0.275 0.923 3.461 2.134 0.987 1.17

* represents the standard deviation

amount of SnO; in the oxide film, and thus a further
increased value of R,=701.3kQ-cm? has been
observed for the sample with an aging time of 4 d.
However, with the accomplishment of hydroxide
dehydration and further oxidation of fresh Sn solder
substrate under a thicker oxide film, SnO, crystal
grows in excessive size, leading to crack formation
in the inner layer of the oxide film, and thus a
decreased value of R.,s=89.85 kQ-cm® has been
observed for the sample with an aging time of 6 d.
As the aging time further proceeds to 8 d, more
cracks with an increasing size facilitate the
penetration of NaCl electrolyte through the oxide
film. Therefore, a further decreased value of Ros=
70.69 kQ-cm? has been observed. It can be
concluded from such an evolution behavior that
high-temperature aging initially improves the
corrosion resistance of the oxide film on pure Sn
solder substrate and then deteriorates the film
structure with a decreasing corrosion resistance to
NacCl electrolyte.

As the n value is close to 1, the O can be
directly replaced by a true capacitor C [37], and
thus the wvariation of n value can reflect the
compactness of the oxide film. It can also be seen
from Table 2 that for the sample without high-
temperature aging, it has a value of n=0.879.
However, for the samples submitted to high-
temperature aging at 150 °C for 2, 4, 6 and 8d, n
values of 0.928, 0.931, 0.925 and 0.923 in sequence
have been obtained. The firstly increasing and then
decreasing n value of the sample with aging
time indicates that high-temperature aging initially
improves structure of the pre-existing native oxide
film with an increasing corrosion resistance and
then deteriorates the structure of the oxide film

with a decreasing corrosion resistance. These
expectations are in accordance with the surface
morphologies observation in Fig. 1 and the EIS
results in Fig. 9. In addition, for the samples with
aging time of 6 and 8 d in Table 2, #inner has a higher
value than #ouer, indicating that the inner layer has a
better compactness than the outer layer of the oxide
film [42]. Usually, the inner compact layer of an
oxide film is very thin in thickness, and neglecting
the effect of inner oxide film layer thickness, the
decreasing value of Qouer in Table 2 indicates an
increasing thickness of the oxide film as the
high-temperature aging time proceeds. This
conclusion is in accordance with the thickness
estimation by XPS results in Fig. 8.
3.3.2 Potentiodynamic polarization curve evolution
The above EIS results have shown that
high-temperature aging can greatly affect structures
of the surface oxide film on pure Sn solder
substrate. Potentiodynamic polarization curve has
also been used to further characterize the high-
temperature aging time induced corrosion resistance
evolution of the pure Sn solder substrate, and the
obtained curves are displayed in Fig. 11. It can be
seen that all the samples show a similar shape in the
evolution behavior of obtained polarization curve.
In the anodic branch, the anodic current density
sharply increases to a maximum value at a
potential about —0.4 V (vs SCE), and then shows a
fluctuation evolution trend in a narrow range as the
potential positively evolves. The same potential
value at which all the samples show an abrupt
increase in anodic current density not only indicates
the bankrupt of the surface oxide film but
also implies that all the samples have the
same electrochemical characteristics, and the same
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Fig. 11 Potentiodynamic polarization curves of high-
temperature aged pure Sn solder substrates with aging
time measured in 3.5 wt.% NaCl solution

composition of surface oxide film for all the
samples is supposed to be responsible for this [43].

Figure 11 also indicates that in Tafel region of
the anodic branch, the anodic current density
decreases gradually as the aging time proceeds from
0 to 4 d and then increases as the aging time further
extends to 6 and 8 d. For the evolution of cathodic
reduction current density, it shows the same
evolution behavior as the anodic current density,
i.e., it decreases to the lowest value as the aging
time proceeds from O to 4d and then gradually
increases as the aging time further extends to 6 and
8 d. Therefore, it can be concluded that, for the
corrosion of high-temperature aged pure Sn solder
substrates in 3.5 wt.% NaCl solution, the high-
temperature aging affects not only the anodic
dissolution process but also the cathodic reduction
process of the samples covered with an oxide film.
The cathodic Tafel slope —f. is determined by
cathodic Tafel linear fitting and the anodic Tafel
slope —f, is determined by anodic Tafel linear
fitting [44]. Moreover, the corrosion potential @cor
and the corrosion current density Jeor are obtained
at the intersection of cathodic Tafel linear fitting
and anodic Tafel linear fitting curves [45]. These
extracted electrochemical parameters for all the
samples with different aging time are listed in
Table 3 for discussion.

Table 3 shows that the sample without
high-temperature aging has the highest value of
Jeor=2.07 pA/cm?, and the 2 d sample has a greatly
lowered value of Joor=2.55%1072 pA/cm?, indicating
the increasing resistance to corrosion electrolyte in

Table 3 Electrochemical parameters extracted from the

potentiodynamic polarization curves measured on

high-temperature aged pure Sn solder substrates (covered
with oxide film) in 3.5 wt.% NaCl solution

Aging  @eon(Vs B/ B/ Jeorr!
time/d SCE)mV (mV-dec!) (mV-dec!) (uA-cm™)
0 =561 527 129.74 2.07
2 -397 4.98 185.61 0.02550
4 —410 8.50 156.34 0.01242
6 —438 4.26 207.48 0.06661
8 —435 5.68 202.92 0.08761

penetrating through the oxide film to dissolve
underlying fresh Sn solder substrate, i.e., the
corrosion resistance of the oxides film is enhanced.
For the sample with an aging time of 4 d, it
has the lowest value of Jeon=1.242x1072pA/cm?
demonstrating the best compactness of the surface
oxide film in resisting penetration of corrosion
electrolyte through the oxide film to underlying
fresh Sn solder substrate. However, for the sample
with an aging time of 6d, Jer increases to a
higher value of 6.661x102uA/cm?, indicating the
deterioration in structures of the oxide film with
extending high-temperature aging time. The Jeor
further increases to a value of 8.761x1072pA/cm?
for the sample with an aging time of 8 d, and
the further deterioration in film structures with
more cracks caused by excessive growth of SnO,
crystals in size is supposed to be responsible for
this. Therefore, it can be concluded that high-
temperature aging initially enhances the corrosion
resistance of surface oxide film and then
deteriorates the film structures with a decreasing
resistance to 3.5 wt.% NaCl solution.

3.4 Effect of high-temperature aging

For the electrochemical corrosion of pure Sn
solder substrate in room temperature atmosphere
even with a lower relative humidity (RH), the
involved main anodic reaction and cathodic reaction
can be expressed by Reaction (3) and Reaction (4),
respectively:

Sn—Sn*"+2e 3)
2H,0+0>+4e—40H" 4)

The generated Sn** undergoes hydrolysis,
contributing to hydroxide formation as shown by
Reaction (5):

Sn2+20H —Sn(OH), (5)
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The produced Sn(OH), (21Gm (298.15 K)=
(—462.32+0. 66) kJ/mol) can be easily oxidized into
Sn(OH)4 ( m (298.15 K)=(—944.93+0.66) kJ/mol)
under the effect of H,O molecules and oxygen as
indicated by Reaction (6) [46,47]:

2Sn(OH),+2H,0+0,—2Sn(OH), (6)

Both Sn(OH), and Sn(OH)4 can be dehydrated
into oxides in atmosphere especially with a
decreasing value in RH and/or an increasing value
in temperature as shown by Reaction (7) and
Reaction (8):

Sn(OH),—~SnO+H,0 @)
Sn(OH)s—Sn0,+2H,0 (8)

Meanwhile, the obtained SnO (A:Gy
(298.15 K)=(—255.44+0. 76) kJ/mol) can be easily
oxidized into Sn0, ArGm (298,15 K)=(~511.87+
0.78) kJ/mol) with a ready oxygen availability as
shown by Reaction (9) [12,48]:

2Sn0O+0,—>2Sn0, )

Therefore, at room temperature, the formed
native oxide film on pure Sn solder substrate is
supposed to have a layered structure with the outer
layer composed of more Sn(OH)s; and less SnO;
and the inner layer composed of more SnO and
less Sn(OH), [49]. Such an expectation in the
pre-existing native oxide film structure is in
accordance with the investigation reported by
QIAOQO et al [12]. At this time, the oxide film is very
thin in thickness, and the surface morphology is
uniform and smooth as seen in Fig. 1(a) and has a
lower value of surface roughness S,=74 nm as
shown in Fig. 2(a). However, as the film at this time
has a lower content of SnO,, it has a lower
corrosion resistance to NaCl electrolyte penetration
as indicated by the lower oxide film resistance
value of 21.09 kQ-cm? in Table 2 and the highest
corrosion current density value of 2.07 pA/cm?® in
Table 3.

When the pure Sn solder substrate covered
with native oxide film is exposed to 150 °C
dry atmosphere, the high-temperature induced
dehydration in hydroxides deteriorates the surface
integrity of the oxide film, and thus a gravel-like
rough surface morphology with a larger gravel
diameter has been observed for the sample with an
aging time of 2d in Fig. 1(b) and the surface
roughness increases greatly to 112 nm in Fig. 2(b).
However, the high-temperature aging induced

dehydration processes accelerate the transformation
of Sn(OH)4 to form SnO, and Sn(OH), to form SnO.
Moreover, the oxidation of fresh Sn substrate (at a
lower rate during initial aging duration) and SnO
can also contribute to a higher content of SnO; in
the oxide film as indicated by Reactions (10)—(12):

Sn+1/20,~Sn0 (10)
Sn0+1/20,—Sn0, (11)
Sn+0,—>Sn0; (12)

The decreasing content of Sn(OH); and
increasing content of SnO, in the oxide film
contribute to an improved corrosion resistance of
the sample with an aging time of 2 d as indicated by
the higher oxide film resistance of 558.3 kQ-cm? in
Table 2 and the greatly lowered corrosion current
density value of 2.55x107% pA/cm?® in Table 3. As
the high-temperature aging time increases to 4 d,
the dehydration process and the growth of SnO;
crystals further deteriorate the integrity of surface
oxide film with a decreasing gravel diameter
observed in Fig. 1(c) and the surface roughness
further increases to 166 nm in Fig. 2(c). Besides,
the oxidation of fresh Sn solder substrate is
enhanced and the oxide film thickness begins to
increase at a higher rate as seen in Fig. 8. Similarly,
the increasing content of SnO, in the oxide film
further enhances corrosion resistance of the sample
as indicated by the higher oxide film resistance of
701.3 kQ-cm? in Table 2 and the further lowered
corrosion current density value of 1.242x107 uA/cm?
in Table 3. Nevertheless, when the high-temperature
aging time increases to 6 d, the excessive growth of
SnO; crystals in size and the further oxidation of
fresh Sn solder substrate lead to a greater thickness
of surface oxide film but with the formation of
inner cracks [50], and thus a greatly decreased
oxide film resistance of 89.85 kQ-cm? in Table 2
and the greatly increased corrosion current density
value of 6.661x107% pA/cm?* in Table 3 have been
observed. For the sample with an aging time of 8 d,
the oxide film thickness further increases but with
more cracks in the oxide film caused by further
growth of SnO; crystals in size, and thus a further
decreased oxide film resistance of 70.69 kQ-cm? in
Table 2 and a further increased corrosion current
density value of 8.761x107% pA/cm? in Table 3 have
been found.

To sum up, high-temperature aging initially
deteriorates surface integrity of the pre-existing
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native oxide film, facilitates the dehydration of
hydroxides and the oxidation of fresh pure Sn
substrate with an increasing content of SnO; in the
oxide film. Therefore, an increasing thickness in the
oxide film with an improved corrosion resistance

has been observed during the initial agilng duration.

Although an extended aging duration always
contributes to an increasing thickness of the oxide
film, the oversize growth of SnO, crystals leads to
more cracks inside the oxide film and thus
deteriorates the film resistance to NaCl electrolyte.
Therefore, the high-temperature aging process has a
great influence on the surface integrity, composition
and structure, thickness and corrosion resistance of
the oxide film on pure Sn solder substrate.

4 Conclusions

(1) High-temperature aging accelerates the
dehydration of Sn(OH)s in the pre-existing native
oxide film to form SnO, and facilitates the
oxidation of fresh Sn substrate, leading to
increasing thickness of the surficial oxide film.
Meanwhile, the dehydration of pre-existing native
oxide film and the gradual growth of SnO, crystals
make Sn substrate with an increasing surface
roughness.

(2) High-temperature aging time initially
improves and then deteriorates corrosion resistance
of the surface oxide film on pure Sn solder substrate
in 3.5 wt.% NaCl solution. The increasing SnO,
content in the film and the gradual formation of
microcracks by oversize growth of SnO, crystals
are responsible for such a corrosion evolution
behavior of the high-temperature aged Sn solder
substrate.
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