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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini This work studied the incorporation mechanism of TiO, nano-particles into SnAgCu solders and their effect on
the corrosion behavior of the composite alloy. Composite solder alloys have been made from 99Sn0.3Ag0.7Cu
solder alloy and TiO2 nano-particles between 0.25 and 1 wt%. The alloys in solder joints were exposed to 4000 h
long 85 °C/85RH% thermal-humidity test, and their surface was observed by SEM and FIB techniques. Large
localized corrosion spots and numerous Sn whiskers have been found on the samples, except for the samples with
0.25 wt% TiO2 content. The corrosion of the Sn grains resulted in a volumetric increase and mechanical stress,
which was relaxed via whisker growth. TiO, nano-particles in 0.25 wt% incorporated layer-like at the boundaries
of the Sn grain. Density functional theory calculations proved that at soldering conditions, the Sn atoms of the
solder alloy could bond to the TiOy NPs through the O atoms of TiO,. The TiO2-Sn oxide layer at the grain
boundaries could suppress the corrosion of the composite solder alloys and whisker growth. In the case of higher
weight fractions TiO,, the nano-particles were agglomerated and could not perform corrosion protection effect.
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1. Introduction

Modern electronic devices are an essential part of our everyday life
(industry, transportation, telecommunication, health care, etc.), and
they are mostly produced by some kind of soldering technology. The
introduction of Pb-free soldering resulted in the widespread application
of different solder alloys [1]. The mostly applied are the high silver (Ag)
content 95.55n4Ag0.5Cu (SAC405), 96.5Sn3Ag0.5Cu (SAC305), and the
modern low Ag content SAC105 (98.5Sn1Ag0.5Cu), SAC0307
(99Sn0.3Ag0.7Cu). Krammer et al., 2015 reported, that the main
problems with Ag are its continuously increasing price, and with higher
Ag content in the solder alloy, the risk of thermo-mechanical problems
like shrinkage defects increase [2]. However, the lower Ag content re-
sults in higher Sn content in the solder alloys, which might cause reli-
ability problems, like the appearance of Sn whiskers [3]. Sn whiskers can
grow on solder joints or surface finishes made from high Sn content

alloys. Their length can reach even a millimeter, but typically, it is be-
tween 20 and 100 pm. Therefore, the Sn whiskers can cause a consid-
erable reliability risk in the finer and finer microelectronics since they
can establish short circuits between the component leads. The Sn
whisker growth is the result of mechanical stress acting on the Sn object
close to its surface [4].

Recently, solder alloys have been improved by adding ceramic
reinforcement particles into them, resulting in a composite solder alloy.
Usually, nano-particles (NPs), and sometimes nano-fibers (NFs) are used
in 0.05 - 2 wt% weight fraction. Different materials, mostly oxide ce-
ramics, have been successfully tested: AlyOs3, SiC, TiO3, ZrOs, ZnO,
Fey03, SisNig, etc. [5-9]. The ceramic NPs are not soluble in the solders,
so they incorporate at the Sn and intermetallic (CugSns, CusSn, and
AgsSn) grain boundaries [10,11], where they promote the heteroge-
neous nucleation [5]. This results in the suppression of grain growth (at
all phases) and decreases dislocation motions [12,13]. The finer Sn and
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intermetallic (IMC) grains generally result in the imporovment of me-
chanical properties of the composite solder joints, like hardening of the
Sn matrix [14], increases the tensile [10], yield strength [15,16],
microhardness [10], and decrease the CTE [17]. The only known
negative effect of the ceramic NPs is a minor increase in the liquidus
temperature [18].

TiOy is the most frequently and most successfully applied rein-
forcement material in soldering technology. Tsao and Chang [10]
investigated the thermal and microstructural parameters of
Sn3.5Ag0.25Cu solder alloy with 0.25-1 wt% TiO NPs. They reported
3.5-5.9 °C liquidus temperature increase and decrease of p-Sn, AgsSn
IMCs grains, and reduction of AgsSn spacing, which resulted in an
improvement in microhardness. Later they reported similar results in the
case of Sn3.5Ag and Sn3.5Ag0.7Cu solder alloys [19]. The observed
increase in the shear strength was explained by the classical dispersion
strengthening theory and the decreased CueSns IMC layer. Tang et al.
[20] also studied the influence of TiO, NPs (between 0.05 and 0.6 wt%)
on the thermal properties and wettability of SAC305 solder alloy. 4.4 °C
increase in the liquidus temperature and decreased wetting angle
(means better wetting) were observed. They found a decrease in the size
of AgsSn IMC grains and in their spacing, which resulted in 37%
microhardness improvement [21].

Ani et al. [7] investigated Sn3.5Ag0.7Cu solder alloy with TiO, NPs
between 0.05 and 0.15 wt%. TiOz NPs improved the fillet height, sup-
pressed the IMC growth, and improved the wetting ability. Similar re-
sults were found by Ramili et al. [17] with the rare Sn0.7Cu0.05Ni
solder alloy. Nasir et al. [22] observed 26% improvement in the hard-
ness of Sn3.0Ag0.5Cu alloy after the addition of 1.0 wt % TiO NPs. They
also explained the hardening by the refined IMC structure in the solder
joints. Skwarek et al. [23] reinforced SAC0307 solder alloy with TiO,
NPs in 1 wt% amount and used it for soldering power LEDs. They found
that TiO5 NPs caused the thermal resistance decrease of the assembled
LED by 20%, and they increased the luminous efficiency of the LEDs.

It can be concluded that the TiO3 NPs seem to be very promising from
the quality aspect of the composite solder alloys. However, the exact
incorporation mechanism of TiO NPs into the Sn-matrix is still not
known. Furthermore, the effect of their refined microstructure on the
reliability of the composite solder joints and layers has not been widely
investigated. Therefore, our aims in this study were to describe the
incorporation mechanism of TiO NPs into the Sn-matrix and to inves-
tigate the effect of TiO2 NPs” weight fraction on the corrosion resistance
of the composite solder joints.

2. Materials and methods

TiOs rutile nano-particles of Sigma-Aldrich (primary particle size 21
nm) were used to reinforce the low Ag content SAC0307
(99Sn0.3Ag0.7Cu) solder paste of Alpha Industries. TiOy is usually
applied between 0.1-1wt% [17,21], so the following three weight
fractions were used: 0.25, 0.5, and 1 wt%. The NPs were mixed homo-
geneously into the solder paste by a YX solder paste mixing machine
with 400 rpm for 10 min. Altogether, four solder compositions were
used: SAC0307-0.25TiO3, SAC0307-0.5TiO2, SAC0307-1TiO4, and pure
SAC0307 as reference.

The solder alloys were investigated in the form of classical solder
joints of surface-mounted chip resistors. Printed circuit boards (PCBs)
were made from 1.6 mm thick FR4 glass fiber-epoxy composite lami-
nate. The boards were covered with Cu foil (35 pm) on which solder pads
were formed by wet chemical etching. The solder pads were covered by
immersion Ag as surface finishing. A 125 pm thick stencil foil was used
for the uniform deposition of solder pastes. Chip resistor (0603:1.5 x
0.75 mm sized with Cu/Ni contact cap) was placed into the solder de-
posits by pick and place method. An infrared (IR) reflow oven was
applied to melt the solder paste and form the solder joints. A linear
thermal profile was used: preheating phase (20-150 °C; 0-100s), soak
phase (150-200 °C; 100-280s), ramp-up phase (200-250 °C; 280-350s).
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Fig. 1. Cross-sectional schematic of the assembled chip resistor.

Fig. 1 shows the cross-sectional schematic of the assembled chip resistor.
The test boards with solder joints were exposed to a 4000 h long
thermal-humidity (TH) test set to 85 °C/85RH%.

The surface of the solder joints was observed by a SEM device (FEI
Inspect S50, using a thermal emission gun) every 500 h. For the
microstructural studies, surface cuts and lamellae were prepared on the
solder joints by a FIB device (Thermo Scientific Scios 2) and mechanical
cross-sectioning. The microstructure of the solder joints was investi-
gated by a finer FE-SEM device (Thermo Scientific Scios 2, using non-
immersion field emission gun) and a STEM device (JEOL JEM-2100,
using LaB6 gun). The elemental composition of the samples was inves-
tigated by EDS of the SEM and STEM devices. The interaction between
the TiOy and the Sn atoms was studied by density functional theory
(DFT) calculations using plane-wave/pseudopotential formalism. The
calculations were carried out in the Quantum ESPRESSO software using
the Perdew-Burke-Ernzerhof exchange-correlation functional.

3. Results

Fig. 2 shows the changes on the solder joints’ surfaces in the case of a
ref. SAC0307 and a SAC0307-0.25TiO4 samples during the TH test. The
observed solder joint was always the same in a given case. Fig. 2a and b
were done after 1000 h TH test; however, they show the initial state of
the observed solder joints since no deviation has been found yet. In
Fig. 2b some flux residues can be seen on the solder joint (black spots),
which is typical during reflow soldering. Furthermore, another typical
soldering phenomenon is visible in the middle of both the solder joints
(Fig. 2a and b), namely extensive CugSns IMC networks, which means
that the dispersed IMC pikes from solder bulk reached the surface.

Dark gray spots started to spread on the ref. SAC0307 sample after
1000 h (Fig. 2c¢), and were continuously growing during the TH test
(Fig. 2e and g). Contrast differences of SEM-BSE micrograph indicate an
elemental difference, which EDS results also proved later (see Fig. 4).
The dark gray spots contained a considerably higher amount of O than
the surroundings, so it meant that they were corrosion spots. Sn has two
types of oxides: SnO or SnO,, they were marked by SnOy in the article. In
the case of SAC0307-0.25TiO, samples, only minor corrosion spots were
found (examples are barely visible in Fig. 2d, f, and h).

After 1500 h, not only corrosion spots but Sn whisker also appeared
on the ref. SAC0307 solder joints (not on the observed one in Fig. 2).
They usually grew next or in the corrosion spot (Fig. 2e and g). They
were mostly twisted nodule type [24], and their typical length was 4-40
pm. It was reported earlier that the high Sn content SnAgCu solder alloys
are prone to whiskers growth in corrosive conditions due to their lower
corrosion resistance [24,25]. As the TH test approached, with the
expansion of the corroded areas, more and more Sn whiskers appeared
on the ref. SAC0307 samples (Fig. 2g). At the end of the investigations
(after 4000 h), the upper meniscus of reference solder joints were almost
continuously corroded and grew numerous whiskers (Fig. 2g). In the
case of the SAC0307-0.25TiO, samples (Fig. 2b, d, f, and h), accordingly
to the fact that the corrosion spots were very limited, only a very few
short whiskers were found at the end of the investigations (they were not
on the presented solder joint in Fig. 2).

Fig. 3 presents the surface changes of SAC0307-0.5TiO, and
SAC0307-1TiO4 samples during the 85C/85RH% TH test. The observed
solder joint was always the same in a given case. Fig. 3a and b were done
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Fig. 2. SEM-BSE micrograph of a ref. SAC0307 and SAC-0.25TiO, solder joints during the 85C/85RH% TH test: a) ref. SAC0307 1000 h; b) SAC-0.25TiO3 1000 h; c)
ref. SAC0307 2000h; d) SAC-0.25TiO5 2000h; e) ref. SAC0307 3000 h; f) SAC-0.25TiO5 3000 h; g) ref. SAC0307 4000 h; h) SAC-0.25TiO, 4000 h.

after 1000 h TH test; however, they show the initial state of the observed
solder joints since no deviation has been found yet. The flux residues and
the extensive CugSns IMC networks were also observable in these joints
too (Fig. 3a and b). Oppositely to the SAC0307-0.25TiO; solder joints,
the SnOy corrosion spots appeared on the solder joints with higher TiOy
weight fractions after 1000 h of TH test (Fig. 3c and d). With the surface
corrosion, the Sn whiskers also appeared on the SAC0307-0.5TiO, and
SAC0307-1TiO5 solder joints; firstly, they were detected at 1500 h.
Fig. 3c and d presents typical examples of the detected nodule-type Sn

whiskers. On these samples too, the whiskers usually grew next to the
corroded areas, as it is well observable in Fig. 3e and f. The solder joints
with higher TiO, content (0.5 and 1 wt%) behaved very similarly to the
reference SAC0307 solder joint; namely, the corroded areas were
continuously growing on them, as well as the number of Sn whiskers
(Fig. 3e-h).

According to Figs. 2 and 3, it could seem that mostly the upper
meniscus of the solder joints was corroded and produced whiskers, but it
was not a fact. Fig. 4a shows an example that the corrosion and the
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Fig. 3. SEM-BSE micrograph SAC-0.5TiO, and SAC-1TiO, solder joints during the 85C/85RH% TH test: a) SAC-0.5TiO, 1000 h; b) SAC-1TiO, 1000 h; c¢) SAC-
0.5TiO2 2000h; d) SAC-1TiO5 2000h; e) SAC-0.5TiO, 3000 h; f) SAC-1TiO, 3000 h; g) SAC-0.5TiO, 4000 h; h) SAC-1TiO5 4000 h.

whisker growth were not limited to the upper meniscus (lower right
corner of Fig. 3g in higher magnification). The marks of SnOyx and Sn
whiskers are visible on the lower meniscus as well. Fig. 4b presents the
EDS results (the end of the spectra were cut over 5 keV due to the vis-
ualisation), which prove that the dark gray areas on the surface of the
solder joints were corroded (Fig. 4, M2 measurement point) since they
contained remarkably more oxygen than the light gray areas (Fig. 4, M1
measurement point) in the SEM-BSE micrograph. The more intensive
corrosion and whisker growth at the upper meniscus (horizontal part of

the solder joints) could be caused by the better keeping of adsorbed/
condensed water there than the inclined part of the meniscus of the
solder joints.

The number of the detected Sn whiskers was counted on ten solder
joints (Fig. 5). In the case of ref. SAC0307 and higher TiO content (0.5
and 1 wt%) alloys, the number increase of the whiskers had exponential
growth. More than 500 pcs. of Sn whiskers per 1 mm? were found on
these samples till the end of the TH test (4000 h). The average length of
the developed nodule whiskers was only between 10 and 20 pm. The
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Fig. 4. Corrosion and whiskers on the lower meniscus of a SAC0307-0.5TiO, solder joint after 4000 h, 85C/85RH% TH test: a SEM-BSE micrograph; b) EDS spectra of

the measurement points M1-M2.
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Fig. 5. Number of the detected whiskers during the 85C/85RH% TH test.

longest Sn whisker, which was to be found, was 47 pm on a SAC0307-
1TiO, sample. Probably the intensive oxidation of the TH test, which
also affected the surface of the whiskers, limited the length increase. No
considerable difference has been found in the whisker susceptibility of
ref. SAC0307 and higher TiO5 content (0.5 and 1 wt%) solder alloys.

The SAC0307-0.25TiO, samples produced the first Sn whiskers only
after 3500 h 85C/85RH% TH test, and only 3pcs per 1 mm? were found.
Their lengths were between 6 and 10 pm. The main finding of the 4000 h
TH test was that the ref. SAC0307 and the higher TiO; (0.5 and 1 wt%)
content solder joints behaved very similarly; large corroded areas were
developed on them with a lot of nodule-type Sn whiskers. Oppositely,
the solder joint with a lower TiO, weight fraction (SAC0307-0.25TiO2)
showed a highly improved corrosion resistance and whiskering
susceptibility.

4. Discussions

In order to study the observed correlation between the corrosion and
the whisker growth, surface cuts were prepared at the whisker roots by
FIB. Fig. 6 presents the microstructural analysis results of a nodule
whisker (grew on a ref. SAC0307 sample) and the corroded area around
them. The dimensions of the whisker were approximately 15-20 pm
length, with 4-5 pm diameter (Fig. 6a). The FIB cut was performed Ga
ion beam. Fig. 6b shows a SEM-BSE micrograph of the whisker root. The
considerable contrast differences of the Sn grans at the whisker root
suggested material differences that were approved EDS measurements
(Fig. 6¢). The right darker gray grains (M4 measurement point) were

highly corroded (the peak of oxygen is considerable in the spectra); in
contrast, the left light gray grains (M1 measurement point) were mostly
pure Sn. A red dashed line in Fig. 6b marks the border between corroded
and non-corroded Sn grains under the whisker (Fig. 6b).

These results suggested that there is a direct relation between
corrosion and whisker growth. Corroded grains could initiate the Sn
whisker growth, while the non-corroded grains supplied the Sn atoms to
build the whisker body. The FIB cut revealed a contrast difference be-
tween the surface and the body of the whisker. This proved that the
corrosion occurred on the surface of the whiskers too (M3 measurement
point). This could be indirect evidence that the corrosion of the whiskers
could limit their growth during the TH test. Sn can have two oxides: SnO
and SnO,, and two hydroxides: Sn(OH), and Sn(OH)4. All of them have
negative Gibbs free energy and reduction potentials [26]. A chemical
process occurs spontaneously (without external energy) when it’s Gibbs
free energy (AG?) is negative; furthermore, each chemical compounds
proceed to have a lower electrochemical potential.

Therefore, all Sn oxides and hydroxides can form in our system. At
room conditions, Sn produces only a thin (in the nm range) oxide layer.
However, in a wet environment, an electrochemical cell forms on the
SnAgCu solder joint, which means that an anode and a cathode can be
distinguished. This is caused by the heterogeneities in the component
materials (like in our case, the Sn matrix contains different IMCs), and
by the exposure circumstances (absorbed/condensed water film always
contains Cl, S, Na, etc. contaminants which result in electrolyte
formation).

The standard reduction potential of the possible IMCs in our system
(CueSns, CusSn, and AgsSn) is higher than this parameter of Sn [27], so
the IMCs are cathodic to Sn. It resulted in Sn grains was corroding while
the cathodic current protected the IMCs. The dissolution and corrosion
occurred at the Sn grains, while the oxygen depolarization happened on
the cathode. When Sn®*/Sn*" ions met with the OH™ ions, corrosion
products formed at the cathode, and precipitates appeared. (Related
chemical equations can be found in Ref. [27]).

The corrosion process of the SnAgCu solders could be accelerated
towards the solder bulk [28], resulting in so-called localized corrosion,
which caused the growth of a locally thick Sn-oxides layer (as we
observed in Fig. 6). This process is illustrated in the case of the ref.
SAC0307 samples in Fig. 7.

The development of the corrosion spots resulted in a volumetric
expansion in the solder layer (marked by the red dashed lines) since the
specific density of the Sn (7.31 g/cm?®) is higher than this parameter of
the oxides (SnO 6.45 g/cm® and SnO, 6.95 g/cm®). The volumetric
expansion of corroding Sn grains resulted in considerable mechanical
stress on the neighboring ones (Fig. 7). These Sn grains relaxed the
awakening stress by Sn whisker development. This explains that the
whiskers were located close to corroded areas (as it was visible in Figs. 2
and 3).
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Fig. 6. Sn whisker on a SAC0307-0.5TiO, sample: a) The prepared whisker; b) SEM-BSE micrograph of the whisker root; ¢) EDS spectra of the measurement points

M1-M4.
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Fig. 7. Corrosion and whisker growth on a ref. SAC0307 sample.

In order to understand the role of the TiOy NPs in the corrosion
process of the SnAgCu solder alloy, their incorporation mechanism
needs to be investigated. One of the main effects of the ceramic NPs in
the solder bulk is that they refine the microstructure of the solder joints,
mainly the Sn grains, which can be refined even with an order of
magnitude [13,14,29]. Metallographic cross-sections have been pre-
pared from the solder joints to study their grain structure. Fig. 8 presents
SEM-BSE micrographs of the solder bulk close to the Cu pad (Fig. 1). As
it was expected, considerable refinement of the Sn grains has happened
in the composite solder joints. The Sn grain boundaries are marked by
red dashed lines according to the IMC network in the Sn matrix. The
average Sn grain size was ~15 pm in the reference SAC0307 solder joints

(Fig. 8a), which decreased to ~3 pm on average in the composite ones
(Fig. 8c and d).

Generally, the smaller grains are not favorable from the point of
corrosion. The corrosion process usually starts at the grain boundaries
since it is more intense at places having higher surface free energy [30,
31]. The grain structure refinement results in an extensive grain
boundary network, which means high grain-boundary free energy of the
system [32]. So the composite solder alloys suppose to show an accel-
erated corrosion behaviour compared to the reference SnAgCu. How-
ever, we found oppositely, in the case of higher weight fractions of TiO5
(0.5 and 1 wt%) the corrosion resistance did not change significantly;
furthermore, in the case of lower weight fractions of TiO3 (0.25 wt%) the
corrosion resistance improved considerably compared to the ref.
SACO0307 solder alloy.

Therefore, the incorporation of the TiO, NPs into the Sn-matrix could
explain the differing corrosion behaviour of composite solder alloys.
Lala et al. [33] improved the corrosion properties of Sn layers with the
addition of 1.3 wt% Cr, as was shown by the reduced corrosion current
density by 40%. The Cr behaves very similarly in the Sn-matrix as the
TiO5 NPs do. Cr is hardly soluble in Sn [34], so it incorporates into the
boundary of the Sn grains, and they cause refinement of the grains with
the increase of high-angle grain boundaries. This helps the Cr particles to
segregate between the Sn grains and to decrease the strain in the grains
[33]. Under corrosive conditions, the homogeneously incorporated Cr
can form a protective Cr-oxide layer between the Sn grains, acting as a
corrosion protection layer. The TiO5 NPs might have a similar effect but
on a slightly different mechanism of action; furthermore, it also depends
on the weight fraction of the TiO3 NPs.

Fig. 9 presents the typical incorporation structures of the TiO; at the
Sn grain boundaries by FE-SEM, STEM, and EDS techniques in the
SAC0307-0.25TiO2 and SAC0307-1TiO, solder joints. In the case of
lower TiO, weight fraction (Fig. 9a), a more layer-like incorporation of
the NPs is visible. It is nicely visible in the magnified STEM picture
(Fig. 9b). The STEM-EDS allowed measurements with very fine spot size,
so the presence of TiO; in the EDS spectrum was significant (Fig. 9¢). In
the case of a higher TiO5 weight fraction (Fig. 9d), TiO, agglomerates
were usually formed at the grain boundaries. Their sizes could reach
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Fig. 9. Incorporation structure of the TiO,: a) SEM - SE micrograph of SAC0307-0.25TiO,; STEM investigation of the marked area in a); ¢) EDS spectrum of
measurement point M1; d) SEM - SE micrograph of SAC0307-1TiO; e) STEM investigation of the marked area on d; f) EDS spectrum of measurement point M2.

even 1 pm (Fig. 9d), which means they contain hundreds of NPs. In this
case, the STEM picture (Fig. 9e) is less informative; however, the EDS
spectrum shows a large amount of TiO» (Fig. 9f). As previously reported,
agglomeration of the NPs usually occurs at a higher weight fraction of
the NPs [6,17,35].

The further question is whether the TiO3 can have any reaction with

the Sn. Beniwal et al. [36] growth successfully SnOx clusters on the
cleaned/activated surface of TiO, (110) rutile. They found that two Sn
atoms in a cluster can incorporate an O from the TiO; surface to form
Sn,0. In our case, the key point is the flux in the solder paste. The flux is
composed of a carrier/base and an active component which is usually
some organic acid, like lactic, acetic, and oxalic [37-40]. They belong to
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the family of carboxylic acids, which means that they contain a carboxyl
group attached to an R-group like R-COOH. Carboxylic acids react with
TiOy NPs at elevated temperatures (over 100 °C), like the soldering
temperature, which can even leave hydroxyl (OH) groups on the TiOy
surface [41].

The possible interaction between the TiO, and the Sn atoms was
studied by density functional theory (DFT) calculations using plane-
wave/pseudopotential formalism [42,43]. The calculations were car-
ried out in the Quantum ESPRESSO software using the
Perdew-Burke-Ernzerhof exchange-correlation functional. Wave func-
tions have been expanded in plan waves up to a kinetic energy of 47.1
Ry, along with a cutoff of 424 Ry for the augmented density. The surface
of TiO5, rutile (110), as the most stable crystal face, was chosen to be the
simulation surface, and the bonding of a single Sn atom was investi-
gated. Two different surface conditions were examined to calculate the
Sn atom absorption energy on TiO9 surface. The first case was when an
Sn atom would adsorb directly on TiO, surface oxide (Fig. 10a), and the
second case was when an Sn atom would adsorb on TiO2 surface hy-
droxyl group (Fig. 10c). The Sn atom was always located over the bulk
[41,44].

The binding energy between TiO3 and a single Sn atom is calculated
as follows:

Ep=Egm — ET‘iOZ — Ejg, (8)

where Ejp is the binding energy between TiO; and Sn atom, Eg,n, is the
sum system energy, Erioz is the energy of TiO2 without the Sn atom, and
Eg, is the energy of a single Sn atom. According to the DFT calculations,
in the first case (Fig. 10a) the Sn atom oxidizes and absorbs on the TiO4
surface (Fig. 10b) with a binding energy of 2.12 eV. In the second case,
when the Sn atom is on TiO2 hydroxyl group (Fig. 10c), it reduces an H
atom and dissociates (Fig. 10d). Accordingly, it is supposed that in sol-
dering conditions, the Sn atoms of the solder alloy could bond to the
TiO2 NPs through the O atoms of TiO,.

The bonded TiO,-Sn structure is not able to oxidize further. There-
fore our assumption (Fig. 11), when the TiO3 NPs are evenly (layer-like)
distributed between the Sn grains, like in the case of low TiO, weight
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Ag,;Sn Sn grain Cu,Sn,

Fig. 11. Protective TiO,-Sn oxide layer between the Sn grains in the
SAC0307-0.25TiO, solder joints.

fraction, 0.25 wt%, they could increase the resistance of the composite
solder alloys against corrosion, similarly, as Lala et al. [33] found in Sn
coatings with Cr addition. The localized corrosion might occur despite
the protection TiOy NPs, but the growth of the corrosion spots is much
slower than in the ref. SAC0307 solder alloy.

In the case of higher TiO, weight fractions (0.5 wt% and 1 wt%),
TiO4 NPs still refined the Sn grains, and they were located between the
Sn grains, but their distribution differed from the lower weight fraction
case (0.25 wt%), as it is illustrated in Fig. 12. TiO, agglomerates were
formed at the grain boundaries, which could not perform such a corro-
sion protection effect as the layer-like incorporation in the case of the
lower TiO, weight fraction (Fig. 11). So intensive localized corrosion
occurred on the surface of the composite solder joints with 0.5/1 wt% of
TiO4 NPs (Fig. 12) like on the ref. SAC0307 samples (Fig. 7). Therefore,

(b)

Fig. 10. DFT calculations: a) initial position of the Sn atom on TiO, surface; b) calculation results of the Sn atom on TiO, surface; c) initial position of the Sn atom on

TiO, hydroxyl group; d) calculation results of the Sn atom on TiO, hydroxyl group.
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M@Sm5 Sn grain Ag,Sn

Fig. 12. Corrosion and whisker growth on the samples having higher TiO,
weight fractions (0.5 and 1 wt%).

the composite solder joints with higher TiO5 weight fractions (0.5 and 1
wt%) could produce Sn whiskers in the same way and in the same
amounts as the ref. SAC0307.

Consequently, the weight fraction of the TiO; reinforcing NPs has
been found crucial from the point of the reliability of the composite
solder alloys. TiO2 NPs in 0.25 wt% considerably improved the corro-
sion behavior of the composite solder joints and, as a consequence,
inhibited the Sn whiskers under a corrosive environment. In the case of
higher weight fractions (0.5 and 1 wt%) the TiO, NPs were prone to
agglomerate, which limited their corrosion protection effect. Further-
more, the agglomerated NPs could deteriorate the structural integrity of
the Sn-matrix [45,46]. Nevertheless, the composite solder joints with
higher TiO5 weight fractions were not more prone to whisker growth
than the ref. SAC0307 solder joints.

5. Conclusion

The incorporation mechanism of TiOy NPs into SAC0307 solder alloy
and their effect on the corrosion behavior of the composite solder alloys
were investigated under corrosive conditions (85 °C/85RH%) and in the
function of the weight fraction of the NPs. The solder joints suffered
considerable corrosion and produced numerous Sn whiskers, except the
composite solder joints with 0.25 wt% TiO, NPs. The microstructural
analysis showed corroded Sn grains next to the whisker roots. Formation
of SnO or SnO; resulted in a volumetric increase in the Sn layer since
their density is lower than the Sn. This caused large mechanical stress on
the neighboring not-corroded Sn grains. The mechanical stress was
relaxed by whisker development.

The non-soluble TiOy NPs refined the Sn-matrix and segregated to
the grain boundaries. However, differences were found in their distri-
bution in the function of the weight fraction. TiO, NPs were incorpo-
rated layer-like in the case of lower weight fraction (0.25 wt%). While in
the case of higher TiO, weight fractions, TiO agglomerates were
formed. DFT calculations proved that in soldering conditions, the Sn
atoms of the solder alloy could bond to the TiOy NPs through the O
atoms of TiO5. The bonded TiO-Sn structure is not able to oxidize
further. So the layer-like incorporation of the TiO2 NPs (at 0.25 wt%)
could slow down corrosion and suppress Sn whisker growth. The TiO5
agglomerates (at 0.5 and 1 wt%) could not perform corrosion protection

Ceramics International 49 (2023) 23765-23774

and whisker mitigation effects. Therefore, applying TiO5 reinforcing NPs
is suggested only in lower weight fractions (below 0.5 wt%) to improve
the reliability parameters of SnAgCu solder alloys.
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