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Abstract: The inherent brittle behavior and ductile-to-brittle transition (DBT) mechanism of Sn—3.0Ag—0.5Cu
(SAC305) solder alloy at the liquid nitrogen temperature (LNT, 77 K) were investigated through uniaxial tensile
experiments conducted at different temperatures. Dynamic recovery and recrystallization of SAC305 solder alloy at
room temperature (RT, 293 K) activate a softening process. Conversely, intersecting and none-intersecting deformation
twins, embedded in body-centered tetragonal Sn, enhance tensile strength and stabilize strain hardening rate, while
suppressing the elongation of the alloy at LNT. The irreconcilable velocity difference between twin thickening (~8 um/s)
and dislocation slip (~4 um/s) results in premature brittle fracture, during the linear hardening and DBT. Moreover, the
secondary phases degrade the mechanical property of SAC305 solder alloy, and micro-cracks appear between CusSns

and AgsSn in the eutectic matrix.
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1 Introduction

Sn-based solders offer the electrical and
mechanical connections between the chip and
the pad as well as between the component
(encapsulated chip) and the printed circuit board
(PCB) [1]. Sn—3.0Ag—0.5Cu (SAC305) lead-free
solder has been applied in modern electronic
manufacturing [2,3]. Due to its excellent wetting
behaviors and chemical characteristics, the alloy
assemblies can absorb high stress [3]. Once the
ambient temperature decreases to extreme
temperature state, SAC305 solder alloy requires
extremely high reliability [4]. In addition, SAC305
eutectic alloy incorporate 96.5% Sn [5] and Sn with

body-centered tetragonal (BCT) structure leads to a
ductile-to-brittle transition (DBT) at cryogenic
temperature [6]. The DBT of the solder alloy often
triggers the failure of electronics at low temperature
[3]. Thus, it is a potentially threaten for those
electronics, which survive and operate at extreme
temperature, for instance, on Giant Planets
(=140 °C) [6], Mars (—140 °C) [6] and Moon (down
to —196 °C) [7].

The brittle fracture of SAC305 solder alloy has
been investigated at extreme temperature [8,9].
Most of the investigations about the mechanical
behavior of SAC305 solder alloy were conducted
only above 218 K [7,9—11]. It is generally accepted
that twins can allow a large plastic deformation
rather than lead to brittleness [12,13]. Deformation
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twinning occurs as a dominant deformation
mechanism and thus remains unclear. In this work,
we carried out uniaxial tensile experiments with a
large strain rate of 0.01 s! on SAC305 solder alloy
to clarify the cryogenic deformation performances
before brittle fracture and further elucidate the DBT
mechanism. The precise mechanism can be helpful
in designing Sn-based solders and joints with
modified mechanical behavior and embrittlement
resistance for cryogenic electronics.

2 Experimental

2.1 Materials and mechanical testing
Commercially SAC305 solder alloy contains
a large concentration of Sn (>95%) with a BCT
crystal structure, and the rectangular dog-bone
shaped tensile samples were fabricated from the
cast slabs by wire electrical discharge machining.
The tensile specimens with a gauge dimensions
of 60 mm (length, rolling direction, RD) x 15 mm
(width, transverse direction, TD) % 3 mm (thickness,
normal direction, ND) were applied to in-situ
uniaxial tensile experiments. The experimental
processes of the cryogenic tensile test are shown
in Fig. 1. The dog-bone shape specimens were
immersed in a liquid nitrogen environment for
30 min and then stretched at a strain rate of 0.01 s

2.2 Microstructure characterizations

The microstructures were analyzed using an
SEM—-EBSD technique with orientation imaging
microscopy (OIM) software on the surface of
tensile specimens deformed at different temperatures.
Tensile specimens were electro-polished in a
mixture of perchloric acid and acetic with 1:9 in
volume ratio for EBSD characterizations under
scanning electron microscope. The electron beam
energy and the scanning step size were set to
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Fig. 1 Schematic diagram of deformation process
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be 30kV and 1 pum, respectively. The fracture
morphologies of tensile specimens were observed
by scanning electron microscope (SEM, FEI,
Quanta 200 FEG). Thin SAC305 foil was fabricated
using a focused ion beam (FIB, FEI Helios
NanoLab 600i) by cutting through the typical twin
boundaries (TBs) that were observed from EBSD
analysis. A transmission electron microscope (TEM,
Talos F200x) was employed to examine twinning
information.

3 Results

3.1 Mechanical performances at LNT and RT
Figure 2(a) shows the initial microstructure of
SAC305 solder alloy, which consists of f-Sn and
eutectic microstructure (AgzSn and CueSns). The
engineering stress—strain curves of SAC305 solder
alloy at LNT and RT are shown in Fig. 2(b). The
solder alloy at RT displays yield strength (YS,
0.2% engineering strain, ~gy) of 25.5 MPa, tensile
strength (TS) of 51.6 MPa, and a total elongation
(EL) of 56.5%. The YS (46.2MPa) and TS
(81.8 MPa) of SAC305 solder alloy at LNT is
higher than those of the alloy at RT. However, EL
changes from 56.5% (RT) to 6.9% (LNT). As the
ambient temperature declines from 293 to 77 K, the
alloy at LNT exhibits the brittle fracture behavior.
The DBT mechanism and fracture feature of
SAC305 solder alloy at LNT are explored by
analyzing the strain hardening behaviors. The
stress—strain carves are used to response the strain
hardening behavior and calculate the strain
hardening rate (Figs. 2(c, d)). In the LNT case, the
strain hardening carves of SAC305 solder alloy
exhibit two stages. The first stage shows a
continuous decrease in (do/de)/G and the second
stage remains at a nearly constant hardening rate.
The linear stage promotes a continues increase in
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Fig. 2 SEM image of specimen before tensile (a); Engineering stress—strain curves of SAC305 alloy (b); Normalized

true strain hardening rates by shear modulus ((do/de)/G) plotted as function of true strain (c) and flow stress (6—ay) (d)

the material strength, but terminates with a sudden
rupture at 0.056 true strain (Fig. 2(c)). Noticeably,
(do/de)/G values of SAC305 solder alloy at RT is
much lower than that of the alloy at LNT during
deformation process. In the RT case, the strain
hardening behavior of the alloy consists of three
stages. As shown in Fig. 2(d), the initial stage of
(do/de)/G ends at 6.62 MPa of (o6—0¢). (do/de)/G
values of SAC305 solder alloy approach zero
and subsequent become negative in the second
stage.

3.2 Fracture morphologies at LNT and RT
Fracture morphologies of SAC305 solder alloy
provide proofs to fracture initiation and propagation
and thus help elaborate the fracture mechanism with
decreasing the temperature. Figure 3 displays the
tensile fracture morphologies obtained at LNT
and RT. As presented in Fig. 3(a), overall fracture
fractography after ductile fracture at RT exhibits
dimples. Figure 3(c) shows the tensile fracture
morphologies of SAC305 solder alloy at LNT.
Cracks and some granular textures are observed on
the intergranular fracture surface (Figs. 3(d, e)). It
can be found that the granular texture is fracture
result of the eutectic structure. Moreover, a small

fraction of transgranular fractures are observed on
the fracture surface (Fig. 3(f)).

3.3 Microstructure evolution at RT and LNT

In this work, the microstructure of SAC305
specimens after brittle fracture at low temperature
was observed under optical microscopy (OM).
Figure 4 shows the microstructure evolution of the
alloy during deformation process. It can be found
from Fig. 4(a) that f-Sn and eutectic microstructure
on the surface are clearly visible. As the true strain
(er) increases to 0.015, tiny cracks are observed on
the fracture surface, and mainly locate at the grain
boundaries (GBs) of p-Sn. In addition, a large
crack initiates from the edge of SAC305 sample
(Fig. 4(b)). The strain accumulation reinforces the
continuous expansion of cracks in the $-Sn regions
(Figs. 4(c—e)). Based on the above phenomena,
in-situ tensile experiment of the solder alloy
confirms that cracks initially occur at the edge
of f-Sn and then propagate to the -eutectic
microstructure (see Section 1 in Supplementary
Information).

The EBSD technique was used to analyze the
surface of SAC305 solder alloy. Figure 5 shows
the inverse pole figures (IPF) and misorientation
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Fig. 3 SEM images of fractured SAC305 samples at RT and LNT (a) Overall morphology obtalned at RT; (b) Ductile
fracture dimples at RT; (c) Brittle fracture surface at LNT; (d—f) Enlarged fracture surface at LNT

Fig. 4 Microstructure evolution of alloy for different strains at LNT: (a) £1=0; (b) £1=0.015; (c) €r=0.02; (d) £r=0.028;

(e) £r=0.035; () £1=0.044; (g) £r=0.05; (h) £1=0.056

distributions for the crystal direction of the
fractured specimens at LNT and RT. As displayed
in Fig. 5, black and red lines represent high angle
grain boundaries (HAGBs, misorientation angles
>15°) and low angle grain boundaries (LAGBs,
2° < misorientation angles < 15°), respectively.
Besides, blue lines are used to trace the boundaries
with a specific misorientation of 60°(£5°) about
(100) axis. According to twinning mode theory
[9,14], {301} twins and {101} twins of BCT Sn
are corresponding to the misorientations of
62.8°@(100) and 57.2°@(100), respectively. As
shown in Fig. 5(a), the average grain size of

SAC305 specimen is about 50 um and the
misorientation angle exhibits a relatively uniform
distribution before tensile (Fig. 5(b)). Moreover,
the LAGBs, which are typically located in the
grain interiors, account for 75.3% (Table 1),
and particularly, small misorientations (~2.98°)
predominate at RT (Figs. 5(c, d)). These results
indicate that dynamic recovery (DRV) and dynamic
recrystallization (DRX), which are marked using
black triangles in Fig. 5(c) with corresponding
EBSD analysis seen in Section 2 in Supplementary
Information, occur in the plastic deformation. The
long zero-hardening stage is attributed to the DRV
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Fig. 5 IPF (a, c, e) and misorientation distributions (b, d, f) of SAC305 specimens: (a, b) As-prepared sample; (c, d) At

RT; (e, ) At LNT

Table 1 Fraction of orientation distribution for LAGBs,
HAGBs and 60°@(100) GBs in Fig. 5

Sample LAGB HAGB 60°@(100) GBs
As-prepared  15.6%  84.4% 9.9%
AtRT 75.3% 24.7% 5.1%
At LNT 21.6% 78.4% 49.2%
and DRX, which implies GB sliding (grain

rotation)-governed deformation (Fig. 2(c)) [14].
However, deformation twinning is totally restricted
at RT (only 5.1% 60°@(100) boundaries), as listed
in Table 1. After the tensile fracture at LNT,
the orientation of 60°@(100) boundaries within
individual grains account for 49.2% of all the
boundaries (Table 1). These

phenomena are

consistent with the misorientation angle distribution
of 62.8° for {301} deformation twin in Sn [15].

3.4 Deformation characterization at LNT

On the surface of the LNT tensile SAC305
sample, parallel Twins 2 with the 60°@[010]
boundaries are formed within Matrix 1, and EBSD
analysis is used to detect deformation twins
(Fig. 6(a)). As presented in Fig. 6(b), the cells of
Twins 2 and Matrix 1 are used to reflect the
crystallographic relationship. According to the
crystal reference frame [100]-[010]-[001], it is
noticed that [010] axis of Twin 2 is parallel to
[010] axis of Matrix 1. To further evaluate the
crystallography relationship between Twin 2 and
Matrix 1, {301}, {001}, {100}, {101} pole figures
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(PFs) confirm the existence of common (301) twin
plane, which is highlighted by the purple enclosed
rectangle in Fig. 6(c). Figure 6(d) shows TEM
image and diffraction spots image of thin foil. The
high resolution TEM (HRTEM) images of matrix
and twin exhibit two lattice stripes with spacings of
0.2046 and 0.2048 nm corresponding to the (302) 5
and (302), planes, respectively (Fig. 6(¢)). This
asymmetry in atomic arrangement indicates the
formation of edge dislocations along (301) TBs

(Fig. 6(7)).

3.5 Intersecting twins at LNT

As shown in Fig. 7(a), there are three primary
twins (Ti, T, T3) inside the matrix (M) at LNT.
Parallel {301} twins (T, T3) grow and encounter
with primary Twin T;. T, and Ts twins cross the
original matrix and finally terminate at the border
of Twin Ti. Such multiple intersecting relationships

() 301 001

(Fig. 7(b)) between twins produce considerable
intersections within the original matrix where a
great number of dislocations are blocked. Therefore,
high stress concentrations caused by dislocation
accumulation occur around these intersections, as
displayed by the high angles of kernel average
misorientation (KAM) in Fig. 7(c).

3.6 Cracks analysis of alloy at LNT

When the temperature declines from RT to
LNT, the fracture mode of SAC305 solder alloy
varies from ductile fracture to brittle fracture.
Fracture morphologies indicate that brittle cracks
at LNT extend mainly in an intergranular mode
(Fig. 3). A detailed EBSD analysis of microcracks
along GBs (Fig. 8) shows a vital result that the
cracked GBs intersect with the deformation twins
(Figs. 8(b, ¢)). In-situ tensile test under OM further
confirms that the brittle cracks initiate and extend
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Fig. 6 IPF of lamella Twin 2 embedded within Matrix 1 (a); Schematic cell diagrams of Matrix 1 and Twin 2 (b); PFs of
Matrix 1 and Twin 2 (c); TEM image and corresponding diffraction spots (d); HRTEM image (e); Filtered inverse FFT

image (f)
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Fig. 7 IPF of twins and matrix (a); PF map and crystal orientation diagrams of twins and matrix (b); Corresponding

KAM map (c)
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Fig. 8 SEM micrographs (a, e), IPF maps (b, f), KAM maps (c, g) and misorientation distribution (d, h) of alloy:

(a—d) Internal crack; (e—h) Edge crack

along the twin—GB interactions at LNT (Fig. 4 and
Fig. S1 in Supplementary Information). As shown
in Fig. 8(c), KAM map of the interior crack with
high stress distribution is displayed. In addition, the
fraction of deformation twins is counted as 32.8%
at LNT (Fig. 8(d)). Figures 8(e—h) depict the
propagated crack of the wunenclosed region
corresponding to the in-situ tensile sample-fractured
of Fig. 4. As shown Fig. §(f), it can be found that
the interaction between twin and GBs exists as
the thickness of twin increases. According to the
dynamic Hall—Petch effects [16,17], GBs decline
the mean free path of the dislocation, which is

hindered by the GBs [18]. These intersections
promote the grain refinement and lead to the linear
hardening of the alloy. High stress concentrations at
these produced twin—twin intersections (Fig. 8(g))
indicate that there occurs a massive pile-up of
dislocations.

4 Discussion

4.1 Strain hardening mechanism at LNT

To elaborate the brittle fracture of the alloy, it
is necessary to elucidate the strain hardening
mechanisms at LNT firstly. In the RT case, the
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hardening rate curve decreases to zero at ~0.03 of
true strain, and the curve exhibits a long zero-
hardening stage before fracture (Fig. 2). Different
from RT case, the hardening rates undergo a
monotonic decline and reach a transient hardening
plateau (>0) with sudden fracture at ~0.056 of
ture strain at LNT. EBSD analysis after fracture
indicates that a great number of {301} deformation
twins occur (Figs.4 and 5). Therefore, the
distinctive work hardening performances might be
modulated by the different stages of deformation
twinning. As proposed by some researchers [16,17],
a strong interaction between slip and twinning as
well as between the blocked twins has been
observed. Intersecting twins can subdivide grains
and further decline the dislocation mean free
path [17]. These intersections therefore act as more
effective deformation barriers to dislocation gliding
and lead to this linear hardening (Fig. 2(c)). High
KAM values at twin—GBs intersections suggest
that a massive pile-up of dislocation exists (Figs. 7
and 8).

4.2 DBT mechanism of SAC305 solder alloy at

LNT

When the ambient temperature reduces from
RT to LNT, the fracture mechanism of SAC305
solder alloy transforms from ductile fracture to
brittle fracture (Figs.2 and 3). The fracture
morphology of the alloy indicates that the brittle
cracks at LNT extend mainly in an intergranular
mode (Fig. 3). As shown in Fig. 8, EBSD technique
is conducted to analyze the internal cracks on the
fracture surface. In-situ uniaxial tensile result show
that the brittle cracks initiate and propagate
along the twin—GB intersections at LNT (see Fig. 4
and Section 1 in Supplementary Information).
Accordingly, high stress distribution around these
twin—GB intersections is identified from KAM
map (Fig. 7(c)). It has been figured out that the
occurrence of local stress concentration may be
related to the strong interaction between
deformation twins and dislocations. By considering
that GBs are sheared by twin dislocations along the
twinning direction (Fig. 4(a)), once shear strains
cannot be accommodated by the plastic deformation
in neighboring grains, local stress concentrations
take place at these twin—GB intersections as the
twins thicken (Fig. 4(c)). Once the concentrated

stress exceeds the strength of GB, the GB will be
pulled open to form a GB crack (Fig. 4(h)) [19].
Therefore, it can be concluded that the twin-induced
GB failure is attributed to the velocity mismatch
between twin growth and dislocation slip.

According to EBSD result, the average
thickness of {301} twins at LNT is estimated to be
32.8 um. When considering that {301} twins are
activated at ~0.015 of true strain and fracture at
~0.056 of true strain (Fig.2(c)), the average
thickening rate of {301} twin can be calculated
as 8 um/s. According to the Taylor hardening
model [17], the increase in shear stress (A7) is
described as follows:

At=Ac/M=0Gbp'? (1)

where Ao 1s the increment of the tensile stress,
M is the Taylor factor (1.43, See Section 3 in
Supplementary Information), o represents a
constant (0.5 [17,20,21]), G is the shear modulus
(15 GPa [22,23]), b is the magnitude of the Burgers
vector (0.37 nm [24,25]), and p is the dislocation
density. Therefore, the dislocation density value p is
calculated as 8.69x10>m™2,

Based on the Orowan equation [26], the plastic
shear rate j is originated by the dislocation slip
before the occurrence of deformation twin during
tensile process:

j=Mé=bpy, )

where £ represents the strain rate. According to the
Eq. (2), the dislocation slip velocity (v4) can be
estimated as 4 um/s. Therefore, the dislocation slip
velocity is only 50% of the twin thickening rate
(8 pm/s).

Figure 9 show SEM/EBSD micrographs on the
fracture surface of the alloy at LNT. As confirmed
from the SEM/EBSD analysis in Fig. 9(a),
microcracks are formed on the fracture surface.
CueSns and AgzSn phases around microcracks are
also detected (Figs. 9(b—d) and 10(c)). As proposed
by previous studies [27,28], the secondary phases
lead to the formation of microcracks in the soft
microstructure. In addition, larger directional
coefficient of thermal expansion (CTE) mismatch
between Sn and the secondary phases containing
CusSns and AgzSn contributes to the expansion of
microcrack at cryogenic temperature [29-31].
Therefore, this phenomenon results in the
propagation of cracks along the secondary phases.
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Fig. 10 Schematic diagrams illustrating premature brittle fracture behaviors at LNT: (a) Deformation twins nucleating
from GBs; (b) Tensile deformation promoting growth of twins; (c) Stress concentration around secondary phases and

TBs; (d) Cracks at TBs and secondary phases

5 Conclusions

(1) As the temperature declines, it is found
that SAC305 solder alloy exhibits higher tensile
strength and yield strength at LNT than at RT. In
addition, deformation twins stabilize the strain
hardening rate and the flow stress of the alloy.

(2) The fracture morphologies containing the
intergranular fracture, some granular textures and
transgranular fracture are observed at LNT. The
alloy at RT displays ductile fracture feature with
numerous dimples.

(3) The large velocity difference between twin
thickening (~8 um/s) and dislocation slip (~4 um/s)

leads to the premature fracture of the alloy. When
the ambient temperature declines from RT to LNT,
the fracture mechanism of SAC305 solder alloy
changes from dislocation-dominated to deformation
twin-dominated.

(4) It is found that secondary phases
containing CusSns and AgszSn act as a precursor
to the formation of cracks in the eutectic
microstructure. Accordingly, crack propagation
along the secondary phases leads to the failure of
the alloy.
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