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This study examined the yield stress and stress—strain deformation of the
91.84Sn-3.33Ag-4.83Bi (wt.%, abbreviated Sn-Ag-Bi) solder as part of an
overall effort to develop a computational model for predicting solder joint
reliability. These properties were obtained by compression testing and corre-
lated with the role of Bi in the microstructure by scanning electron micro-
scopy. The strain rates were 4.2 x 10° s ! and 8.3 x 10 * s~ !. The test
temperatures ranged from — 25°C to 160°C. Samples were tested in the as-
fabricated condition or following a 24-h aging treatment at either 125°C or
150°C. The yield stress decreased monotonically with test temperature at both
strain rates for Sn-Ag-Bi in the as-fabricated condition. The 125°C, 24 h aging
treatment increased the yield stress measured at 25°C, 75°C, and 125°C, but
left it unchanged at — 25°C and 160°C. The 150°C aging treatment caused a
cross-over effect at approximately 30°C and 70°C for the 4.2 x 107 ® s™! and

83 x 107*s7!

strain rates, respectively. Work softening was observed; its

source was a combination of continuous dynamic recrystallization and the
Portevin—Le Chatelier effect. The latter phenomenon was solely responsible
for fluctuations in the stress—strain curves. Significant variations were ob-
served for the Bi-rich structures as a function of aging treatment as well as
following deformation, yet yield stress and plastic deformation performance
remained predictable under these very high homologous temperatures.
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INTRODUCTION

Medium and Low Melting Temperature
Solders

Medium and low melting temperature, lead (Pb)-
free solders are attracting attention in the electron-
ics industry. The lower solidus and liquidus tem-
peratures allow for reduced process temperatures
that minimize thermal degradation to printed cir-
cuit boards (PCBs) or damage to heat-sensitive
components.! The medium melting temperature,
Pb-free solders include the ternary composition,
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91.84Sn-3.33Ag-4.83Bi (wt.%, abbreviated Sn-Ag-
Bi).2 Several solderability and reliability studies
have been performed on this composition as well as
quaternary modifications by adding copper (Cu),
nickel (Ni), etc.>!! Recent studies confirmed that
Sn-Ag-Bi-based solders have stable mechanical
properties under thermal mechanical fatigue
(TMF), resulting in an improvement to the long-
term reliability of printed wiring assembly (PWA)
interconnections.'*'*

The low melting temperature, Pb-free solders are
based on the composition of eutectic 58Bi-42Sn
(eutectic temperature, 139°C). This solder was
considered for PWAs in several early studies.®5!®
The 58Bi-42Sn solder exhibited excellent solderabil-
ity and PWA-level reliability. However, solid-state
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aging tests, which documented intermetallic com-
pound (IMC) layer growth, determined that 58Bi-
42Sn/Cu interconnections could fail prematurely by
brittle fracture.'® Ternary modifications, which
include silver (Ag) Cu and indium (In) addltlons
are showing promising results.!”'°

Computational Modeling Development

Computational models provide an important tool
for predicting solder joint reliability under TMF,
shock, and vibration conditions. The time-indepen-
dent (stress—strain) and time-dependent (creep)
mechanical properties are used to develop a unified
creep-plasticity (UCP) constitutive equation that
underlies these models.?*?! Compression testing
has determined the mechanical properties that
enabled the development of a UCP equation for
several Pb-free solders.??72%

The development of a UCP constitutive equation
for the Sn-Ag-Bi solder began with documenting its
creep propertles The test temperatures were in
the range of — 25°C to 160°C. Creep data were
obtained from specimens in the as-fabricated (cast)
condition as well as following 24-h aging treatments
at either 125°C or 150°C. Based upon the “sinh law”
analysis methodology, the time exponent (n) and
apparent activation energies (AH) were:

e As-fabricated: n=31+04 and AH
66 £ 7 kd/mol;

e Agedat 125°C (24 h):n = 2.2 + 0.5 and AH = 54
4 7 kJ/mol, and

e Aged at 150°C (24 h): n=22+0.5 and AH
56 + 8 kd/mol.

The aging treatments caused only small decreases
in the mean values of n and AH that were within
experimental error, which indicated a desired sta-
bility when the Sn-Ag-Bi is used at a high homol-
ogous temperature, T}, which is equal to the ratio:
T environment/ I solidus, With all values in degrees Kelvin
K

D. Witkin performed creep tests on the Sn-Ag-Bi
alloy over a more limited temperature range of 42—
125°C and stresses of 3.5—-60 MPa (20-90% of the
yield strength).?’” The author used the double-lap
shear solder joint test specimen. Despite the differ-
ent test configuration, Witkin obtained very similar
sinh law parameters that did not change signifi-
cantly following the aging treatment of 150°C for
336 h.

The same author greformed stress—strain tests on
the Sn-Ag-Bi solder.”® Tension tests were performed
using a cylindrical, dog-bone sample geometry and
strain rate of 8.3 x 10~* s~!. The test temperatures
were 25°C, 75°C, and 125°C and sample conditions
of as—fabricated or following an aging treatment at
150°C for 336 h. The yield stress values, which
represented the as-fabricated condition, were

58.3 MPa (25°C), 46.1 MPa (75°C), and 38.4 MPa
(125°C). The values were not changed significantly
by the aging treatment. Unfortunately, these data
were insufficient to support the development of a
UCP equation. The Witkin study also compared the
yield strengths between Sn-Ag-Bi and the Sn-3.4Ag-
1.0Cu-3.3Bi alloy. The tests results did not indicate
a significant difference between them. This finding
implies that the UCP equation and associated
computational model developed for the Sn-Ag-Bi
solder, would provide a suitable approximation of
the behavior of the higher-order Sn-Ag-Bi-X
compositions.

The objective of the present study was to more
completely document the time-independent defor-
mation behavior of the Sn-Ag-Bi alloy. The com-
pression test methodology was used to obtain the
yield stress as a function of test temperature, strain
rate, and aging condition. The true stress/true
strain curves were used to analyze the post-yield
point, plastic deformation behavior. The findings
will be combined with the creep properties described
in reference 26 to complete the UCP equation.
Lastly, both yield stress and plastic deformation
were correlated to the solder microstructure as
documented by the scanning electron microscope
(SEM).

EXPERIMENTAL PROCEDURE
Test Samples

The solder alloy had the composition: 91.84Sn-
3.33Ag-4.83Bi (wt.%). Compression tests was per-
formed on right cylindrical samples having the
nominal dimensions of 10 mm diameter and
19 mm length. These dimensions established a
length-to-diameter (L/D) ratio of 2.0, which is
considered “short” per the ASTM E9-89A specifica-
tion.? The compression test methodology was
selected in order to capture the effects of extended
plastic deformation prior to failure. A detailed
description is provided in reference 25 of the sample
fabrication equipment and procedures. The authors
note that, although the precise cooling rate value
was not recorded for the casting process, the
subsequent quantitative measurements in this
study and those prior to it, attested to the consis-
tency of the microstructure.

The specimens were tested in the as-cast condi-
tion or after aging for 24 h at one of two tempera-
tures: 125°C or 150°C. All aging treatments were
performed in air. Duplicate samples were run under
each of the aging conditions and test parameters.

Stress-Strain Tests

The stress—strain experiments were performed on
a servo-hydraulic test frame. The test temperatures
were (+ 0.5°C): — 25°C, 25°C, 75°C, 125°C, and
160°C, using one of two stram rates 4 2x10°°
and 8. 3 x 10~* s71. These strain rates were selected
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because they are representative of time indepen-
dent deformation that contributes to thermal
mechanical fatigue (TMF). The load—displacement
data were converted to true stress-true strain
values. The yield stress was determined by the
0.2% offset criterion.?’

The static Young’s modulus would ordinarily be
determined from the linear segment of the stress—
strain curve per the ASTM E111-82 specification.>°
However, the right-cylinder geometry causes such
measurements to be very sensitive to specimen
alignment within the load train of the test frame.?!
The ASTM E9-89A standard recommends an L/D of
no less than eight (8) for this measurement. Unfor-
tunately, that high ratio causes the test specimen to
be susceptible to buckling during post-yield point
deformation. Therefore, the Sn-Ag-Bi elastic modu-
lus was measured dynamically, using sound waves
per the ASTM-E1876 standard.®®> Those data,
together with the measurements of the coefficient
of thermal expansion (CTE) will be presented in a
follow-up report along with the UCP constitutive
model.

Microstructure Analysis

The microstructures were documented using the
scanning electron microscope (SEM). The secondary
electron (SE) image mode showed the distribution of
AgsSn particles while the back-scattered electron
(BSE) image mode optimized the identification of Bi
particles. The transmission electron microscopy
(TEM) would be required to study the Bi atoms in
solid-solution; however, this level of analysis was
beyond the scope of this work as was also a rigorous,
quantitative analysis of phase particle size
distributions.

RESULTS

Solder Microstructures: As-Fabricated
and Post-aged Conditions

The microstructural analysis began with the as-
fabricated condition. The AgsSn phase particles are
highlighted in Fig. 1a. Their distribution was sim-
ilar to that of other high-Ag, Sn-Ag-based alloys.??
Larger Bi particles are shown in Fig. 1b, using the
SEM/BSE image mode of the same area as in
Fig. 1a. The Sn-rich matrix, which had Bi in solid-
solution and is designated as Sn(Bi) is shown by the
high-magnification, SEM/BSE image in Fig. 1c; the
area is designated by the white box of Fig. 1b.
Several Bi precipitate particles are noted in the
photograph (white arrow). Electron probe micro-
analysis (EPMA) determined that the solid-solution
composition contained 3.7 £+ 0.2 wt.% Bi.

The Sn-Ag-Bi microstructure is shown in Fig. 2
following the aging treatment at 125°C for 24 h.
Figure 2a highlights the AgsSn particles; their size
and distribution were not significantly different
from the as-fabricated condition. Figure 2b
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Fig. 1. SEM photographs show the microstructure of the Sn-Ag-Bi
solder in the as-fabricated condition: (a, b) low magnification, SEM/
SE and SEM/BSE images, respectively, of the same area. The three
primary phases are identified in (a). (c) High magnification BSE
image shows the area outlined by the white box in (b). The white

arrow identifies a Bi particle, many of which were scattered in the
Sn(Bi) phase.

accentuates the larger Bi precipitates, which had a
slightly reduced presence versus the as-fabricated
condition. This trend implied that the aging treat-
ment caused a small degree of resolutionizing of Bi
back into the Sn(Bi) phase. This hypothesis was
confirmed when an EPMA measured a higher Bi
concentration of 4.6 + 0.7 wt.%. In addition, several
Sn(Bi) regions showed a higher concentration of Bi
precipitates (black arrows). Figure 2c provides a
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Fig. 2. SEM photographs show the microstructure of the Sn-Ag-Bi
solder after aging at 125°C for 24 h: (a, b) low magnification, SEM/
SE and SEM/BSE images, respectively, of the same area. The black
arrows indicate the few Sn(Bi) regions in which Bi precipitates form.
(c) High magnification BSE image shows the area outlined by the
white box in (b). The black arrow points to an area of Bi precipitate
particles scattered in the Sn(Bi) phase.

high magnification image of the Sn(Bi) matrix
identified by the white rectangle in Fig. 2b. The
region on the left-hand side exhibits small Bi
precipitates (black arrow) while the area on the
right-hand side is free of them.

The Sn-Ag-Bi microstructure is shown in Fig. 3
that resulted from the 150°C (24 h) aging treat-
ment. The AgsSn particles coarsened as shown in
Fig. 3a. Referring to Fig. 3b, larger Bi particles
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Fig. 3. SEM photographs show the microstructure of the Sn-Ag-Bi
solder after aging at 150°C for 24 h: (a, b) low magnification, SEM/
SE and SEM/BSE images, respectively, of the same area. (c) High
magnification BSE image shows the area outlined by the white box in

(b).

precipitated around the borders of the Sn(Bi)
regions. The area, which is highlighted in the white
box, is shown at higher magnification in Fig. 3c. An
extensive concentration of Bi precipitates formed in
the Sn(Bi) matrix. Nevertheless, the Bi concentra-
tion was 4.8 + 0.6 wt.% in the Sn(Bi) phase, which
was not statistically different from that measured
after 125°C aging treatment, and implies a reten-
tion of resolutionized Bi.

In summary, the Sn-Ag-Bi solder microstructure
exhibited AgsSn particles, larger Bi particles, and a
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Sn(Bi) solid-solution phase. The 125°C (24 h) aging
treatment did not significantly alter the AgsSn
particle network. The large Bi particles exhibited
a degree of resolutionizing. A few Bi precipitate
particles formed in isolated Sn(Bi) solid-solution
regions. Aging at 150°C (24 h) caused significant
coarsening of the AgsSn and large Bi particles as
well as significant Bi precipitation in the Sn(Bi)
solid-solution phase.

Lastly, the SEM imaging techniques did not
reveal microstructural features that were expressly
indicative of recovery processes. Also, the SEM
images did not show channeling artifacts that would
indicate recrystallization activities after either
aging treatment.

Yield Stress Analysis

The yield stress is displayed in Fig. 4 as a
function of test temperature for Sn-Ag-Bi solder in
the as-fabricated condition. Circles identify data
obtained at 4.2 x 107° s~1. The open circles are the
mean values while the closed circles show the
duplicate tests. Squares identify data obtained at
8.3 x 107* s !. The open squares are the mean
values of the duplicate tests are indicated by the
closed squares. The duplicate values were statisti-
cally the same at all conditions with one exception:
125°C test temperature and 8.3 x 107* s™! strain
rate. The two values were only slightly different,
statistically. The corresponding stress—strain
curves did not indicate an obvious source for the
variability.

The yield stresses decreased with increasing
temperature at both strain rates. The trend
occurred monotonically, which implies an absence
of any unanticipated microstructural changes
across the test temperatures. The yield stress
values were nearly identical at — 25°C between
the two strain rates. Strain rate sensitivity became
more significant with increasing test temperature
because of a faster drop to the yield stress at the
slower strain rate.

A comparison was made between the Sn-Ag-Bi
solder yield stress values and those measured for
the 95.55n-3.9Ag-0.6Cu (wt.%, Sn-Ag-Cu) solder.??
Both samples were in the as-fabricated condition.
The two data sets are plotted together in Fig. 5. The
Sn-Ag-Bi solder demonstrated significantly higher
yield stresses at all temperatures and both strain
rates with the exception of tests performed at 160°C
and 4.2 x 1075 s7' where the yield stresses were
equivalent to those of the Sn-Ag-Cu solder.

The yield stress data in Fig. 5 shows that the two
alloys had different temperature sensitivities. The
Sn-Ag-Bi alloy exhibited a difference of yield stress
between the two strain rates that increased mono-
tonically with increasing test temperature. On the
other hand, the Sn-Ag-Cu solder showed nearly
identical yield stresses at 25°C and 75°C for the two
strain rates. The yield stresses diverged between
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Fig. 4. Yield stress is plotted as a function of temperature for the Sn-
Ag-Bi solder in the as-fabricated condition. Circles identify data
obtained at 4.2 x 107° s™'. The open circles are the mean values of
the duplicate tests indicated by the closed circles. Squares identify
data obtained at 8.3 x 10™* s~'. The open squares are the mean
values of the duplicate tests indicated by the closed squares.
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Fig. 5. Yield stress is plotted as a function of test temperature for
Sn-Ag-Bi (solid lines) and Sn-Ag-Cu (dashed lines). Both materials
were in the as-fabricated condition. Circles identify data obtained at
4.2 x 107 s7'. The open circles are the mean values of the
duplicate tests, which are indicated by the closed circles. Squares
identify data obtained at 8.3 x 107* s~'. The open squares are the
mean values of the duplicate tests that are indicated by the closed
squares.

strain rates towards both lower and higher test
temperatures.

The Sn-Ag-Bi yield stresses were compared to
tensile test values obtained by Witkin.?® See Table -
I. Both data sets were obtained under similar test
parameters: as-fabricated sample condition;
8.3 x 107* s7! strain rate; as well as 25°C, 75°C,
and 125°C temperatures. The Witkin study showed
slightly lower yield stresses at 25°C and 75°C, but a
comparable value at 125°C. Error bars were not
included in the reference 28 data.
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Table 1. Yield strength comparison between present study and Witkin. Data was obtained from Ref. [28]

Yield strength (MPa) (de/dt = 8.4 x 107*s™1)

Present study

Witkin study (2013)*

Test temperature (°C)

Aged: As-fabricated 150°C, 24 h

Aged: As-fabricated 150°C, 336 h

25 62.0, 62.1 56.2, 56.4 58.3 55.4
75 50.3, 51.1 51.7, 52.3 46.1 46.3
125 32.8, 38.6 41.4, 42.7 38.4 38.2
#Values are the average of three or four tests.
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Fig. 6. Yield stress is shown as a function of test temperature, strain
rate, and the as-fabricated versus 125°C, 24 h aging sample
conditions. Individual test points fell within the symbol size (mean
value) except for the post-aged sample, which was tested at 160°C
and 8.3 x 107*s~'. The duplicate test data are shown by the closed
squares for the latter case.

The yield stress data were examined as a function
of temperature and strain rate for Sn-Ag-Bi samples
aged at 125°C (24 h) prior to compression testing.
The mean values are plotted in Fig. 6. The closed
symbols represent the as-fabricated condition and
the open symbols refer to the aged samples. The
individual test measurements fell within the mean
symbol size with one exception, the aged sample
tested at 160°C and 8.3 x 107* s~ 1. In the latter
case, the individual test values are shown by the
closed squares. Identical trends prevailed between
the two sample conditions. The yield stresses were
“anchored” at — 25°C where all values were iden-
tical. The yield stresses diverged between strain
rates with increasing test temperature for both
sample conditions. The aging treatment delivered
higher yield stresses at 25°C, 75°C and 125°C for
both strain rates. The yield stress enhancement
provided by the aging treatment was subsequently
lost at 160°C for both strain rates.

Temperature (°C)

Fig. 7. Yield stress is shown as a function of test temperature, strain
rate, and the as-fabricated versus 150°C, 24 h aging sample
conditions. Individual test points fell within the symbol size (mean
value) except for the post-aged sample, which was tested at — 25°C
and 4.2 x 107°s~". The duplicate test data are shown by the closed
circles for the latter case.

Figure 7 compares yield stresses between sam-
ples in the as-fabricated condition versus those that
were aged at 150°C for 24 h. The format is the same
as that used in Fig. 6. The duplicate test values
were within each symbol size (mean value) with the
exception of the test goint: — 25°C, post-aged con-
dition, and 4.2 x 10~° s ! strain rate; those indi-
vidual tests are represented by closed circles. As
observed in Fig. 6, the yield stress values were the
same at — 25°C, regardless of aging condition or
strain rate. The aged samples had their yield stress
decrease with increasing test temperature at both
strain rates. Superimposed on that trend was a
second phenomenon that was observed at both
strain rates, but was statistically significant only
at the faster strain rate. At the test temperature of
25°C, the mean yield stress was less for the aged
samples. Then, the yield stress of the aged samples
crossed over at approximately 30°C and 75°C for the
42 x107° s7! and 8.3 x 107* s7! strain rates,
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respectively, to become greater than that of the as-
fabricated specimens at the higher test
temperatures.

The yield strength data were compared to the
post-aged results reported by Witkin.?® Again, the
reader is referred to Table 1. The aging temperature
used by Witkin was also 150°C; however, the aging
duration was considerably longer at 336 h. The
strain rate was 8.3 x 10~* s~ 1. Beginning with the
25°C test temperature, Witkin’s data showed a
smaller decrease of yield stress (— 5%) between
the as-fabricated and aged conditions versus the
over 9% loss observed in the present study. Since
both studies showed similar yield stresses after
aging, it is possible that the Witkin samples had
been “partially aged” during fabrication, resulting
in a reduced, as-fabricated yield stress.

At 75°C (Table I), the present study showed
higher yield strengths when the latter were com-
pared to the Witkin data. However, in both studies,
the yield stress changed very little between the
respective as-fabricated and aged conditions,
despite the different aging times. In the present
study, the similar yield stresses were attributed to
the “crossover” effect noted above. A similar behav-
ior appears to have taken place between the 25°C
and 75°C data of the Witkin study. However, the
Witkin results show nearly identical yield stresses
at 125°C, which does not support a “cross-over”
effect in those tests. This observation suggests that
the longer time duration of 336 h (150°C) caused an
“overaging” effect that mitigated the yield stress
improvement observed after 24 h aging duration of
the current study.

A comparison was made between the yield
stresses of the Sn-Ag-Bi and Sn-Ag-Cu solders that
included all three aging conditions. Figure 8 combi-
nes the data from both alloys for the strain rate of
4.2 x 107® s7L. Trend lines, which show the mean
values, simplify the visualization. The error bar
represents the scatter observed in these data.
Generally, the aging treatments increased the yield
stress of the Sn-Ag-Bi solder with the exception of
test temperatures less than the crossover point
(30°C). The Sn-Ag-Cu alloy experienced a yield
stress decrease due to the aging treatments. A
similar comparison was made between the two
solders, but addressing the faster strain rate of
8.3 x 10 * s L. The combined data are presented in
Fig. 9. The same general trends were observed here
as were recorded at the slow strain rate. The
crossover effect is observed for the Sn-Ag-Bi alloy
(~ 70°C). Although the post-aging yield stresses of
the Sn-Ag-Cu solder remained less than those of the
as-fabricated condition, the two trend lines were
closer together under the faster strain rate. Since
both solder compositions incorporate similar AgsSn
particle concentrations and morphologies, the dif-
ferent trends observed in Figs. 8 and 9 are attrib-
uted to the Bi content of the Sn-Ag-Bi solder.
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Fig. 8. Mean yield stress is shown as a function of test temperature
and aging condition for the Sn-Ag-Bi and Sn-Ag-Cu solders. The
strain rate is 4.2 x 107° s~'. The sample conditions are designated
as follows: as-fabricated, solid lines; aged at 125°C (24 h), short
dashed lines; and aged at 150°C (24 h), long dashed lines. The error
bar is representative of the scatter between duplicate tests.
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Fig. 9. Mean yield stress is shown as a function of test temperature
and aging condition for the Sn-Ag-Bi and Sn-Ag-Cu solders. The
strain rate is 8.3 x 107* s~'. The sample conditions are designated
as follows: as-fabricated, solid lines; aged at 125°C (24 h), short
dashed lines; and aged at 150°C (24 h), long dashed lines. The error
bar is representative of the scatter between duplicate tests.

Stress-Strain Curves

Shown in Fig. 10a are one of the duplicate true
stress-true strain curves that were obtained from
each test temperature. The duplicate curves were
identical to one-another to within the experimental
error. The samples were in the as-fabricated condi-
tion and the strain rate was 4.2 x 107° s~1. Work
hardening was observed throughout the post-yield
point, plastic deformation at — 25°C, 25°C, and
75°C. The work hardening rate decreased with
increasing temperature. The plastic deformation,
which occurred at 125°C and 160°C, is shown
Fig. 10b using an expanded y-axis scale. A small
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Fig. 10. (a) Representative stress—strain curves are shown as a
function of test temperature for samples in the as-fabricated
condition. The strain rate was 4.2 x 107° s~'. (b) Stress—strain
curves are shown for samples tested at 125°C and 160°C using an
expanded y-axis scale.

degree of work softening immediately followed the
yield point. In both cases, the work softening gave
way to work hardening when the strains exceeded
0.03. Both the work softening and hardening were
more prominent at 125°C.

Representative stress—strain curves are shown in
Fig. 11a that were generated at the faster strain
rate of 8.3 x 10~* s T and all test temperatures. The
test specimens were in the as-fabricated condition.
The samples tested at — 25°C, 25°C and 75°C
clearly exhibited only work hardening. The dupli-
cate stress—strain curves are shown in Fig. 11b
representing the 125°C and 160°C test tempera-
tures using an expanded y-axis scale. The duplicate
plots were shown because they differed significantly
at 125°C; the two curves were nearly identical at
160°C. A slight degree of work soften was observed
only at 160°C. Otherwise, the tests at both temper-
atures resulted in fluctuations superimposed on a
general trend of work hardening.

The stress—strain curves are shown in Fig. 12 for
Sn-Ag-Bi as a function of aging treatment and test
temperature. The strain rate was 4.2 x 107° s 1.
Both aging treatments increased the work
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Fig. 11. (a) Representative stress—strain curves are shown as a
function of test temperature for samples in the as-fabricated
condition. The strain rate was 8.3 x 107* s~'. (b) The duplicate
stress—strain curves are provided for samples tested at 125°C and
160°C using an expanded y-axis scale; they are represented by the
solid line and open circles.

hardening rate to an identical degree at — 25°C
versus the as-fabricated condition. At 25°C, the two
aging treatments produced only slightly faster work
hardening rates when compared the as-fabricated
condition. The same trend was also observed at
75°C, albeit with a reduced difference of work
hardening rate between the three conditions. At
125°C and 160°C, the post-yield point, plastic
deformation behaviors were essentially unchanged
between all sample conditions.

The stress—strain curves are documented in
Fig. 13 that were obtained at the faster strain rate
of 8.3 x 107* s71. As observed in Fig. 12, when
stress—strain tests were performed at — 25°C, 25°C,
and 75°C, the specimens exhibited slightly greater
work hardening after the aging treatments versus
the as-fabricated condition. The difference was less
dramatic at — 25°C than was observed at the slow
strain rate. The effect of the aging treatments on the
work hardening rate diminished with increasing
test temperature as similarly observed at the slower
strain rate.
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Fig. 12. Stress-strain curves are shown as a function of test
temperature that regresent all three aging conditions and were
tested at 4.2 x 107 s~'. The data symbols are as follows: as-
fabricated, closed circles; aged at 125°C (24 h), open circles; and
aged at 150°C (24 h), crosses.
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Fig. 13. Stress-strain curves are shown as a function of test
temperature that represent all three aging conditions and were
tested at 8.3 x 107 s~'. The data symbols are as follows: as-
fabricated, closed circles; aged at 125°C (24 h), open circles; and
aged at 150°C (24 h), crosses.

Greater scrutiny was given to the curves obtained
at 125°C because the three plots diverged from one-
another in Fig. 13. These data, together with the
curves obtained at 160°C, are shown in Fig. 14
using an expanded y-axis. An increase of yield stress
with aging temperature (Fig. 6) was largely respon-
sible for the difference between the as-fabricated
and 125°C, 24 h aged samples; the general work
hardening behaviors were similar. However, the
150°C aging temperature caused both an increase of
yield stress (“crossover” effect in Fig. 7) as well as
an increase of work hardening rate. Fluctuations
were superimposed on the work hardening trends of
the curves generated by the as-fabricated and post-
125°C (24 h) aged samples. The work softening as
well as fluctuations were lost when the samples was
aged at 150°C, having been replaced with only the
work hardening trend. Similar trends were
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Fig. 14. Representative stress—strain curves show the effect of
aging treatments when tests were performed at 125°C and 160°C.
The strain rate was 8.3 x 10™*s~". The data symbols are as follows:
as-fabricated, closed circles; aged at 125°C (24 h), open circles; and
aged at 160°C (24 h), crosses.

observed for samples tested at 160°C, but with
reduced magnitudes. The closer proximity of the
curves to one another is due in part to similar yield
stresses (Fig. 9).

Solder Microstructures: Post-deformation

The Sn-Ag-Bi microstructures were documented
at the completion of the stress—strain tests to
determine the effect(s) of deformation. The visual-
ization was provided by means of a two-by-two
matrix of SEM images that represented the two
strain rates and two test temperature extremes,
— 25°C and 160°C. The images were selected to
represent general microstructural trends.

Figure 15 shows low-magnification, SEM/SE
images of the post-deformation microstructure
belonging to samples that were tested in the as-
fabricated condition. Large-scale deformation fea-
tures such as shear bands, voids, or cracks were not
observed in the solder. The latter observation
applied to all of the test samples. The AgsSn
particles did not undergo further coarsening across
all four test conditions when a comparison was
made to Fig. la. This trend also prevailed in
samples that were tested after one of the two aging
treatments. Therefore, further observations focused
on changes to the large Bi particles and the Sn(Bi)
phase microstructure.

The SEM/BSE images in Fig. 16 highlight the
larger Bi particles. Similar sizes and concentrations
were observed in three of the four cases. Those three
cases mirrored the untested microstructure in
Fig. 1b. The exception was the specimen tested at
42 x 1075 s7! strain rate and 160°C in which
coarsening was observed by the large Bi particles.

Changes to the solid-solution Sn(Bi) matrix were
documented by the high magnification, SEM/BSE
images in Fig. 17. The comparable image of the
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-25°C, 8.3 x 104 s 160°C, 8.3 x 104 s
Fig. 15. SEM images show the post-test microstructure of the as-fabricated Sn-Ag-Bi solder obtained at the test temperatures of — 25°C and
160°C and both strain rates. The low magnification, SE mode accentuated the AgzSn particles.

-25°C, 8.3 x 104 s 160°C, 8.3 x 104 s

Fig. 16. SEM images show the post-test microstructure of the as-fabricated Sn-Ag-Bi solder obtained at the test temperatures of — 25°C and
160°C and both strain rate. The low magnification, BSE images accentuated the distribution of larger Bi precipitates.
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Fig. 17. SEM images show the post-test microstructure of the as-fabricated Sn-Ag-Bi solder obtained at the test temperatures of — 25°C and
160°C and both strain rates. The high magnification BSE images show the Sn(Bi) solid-solution phase. The white arrows indicate the appearance

of Bi particles.

untested microstructure appeared in Fig. 1c. The
precipitation of Bi particles was negligible after the
two tests performed at — 25°C. However, numerous
Bi particles was observed following the test per-
formed at 160°C and 4.2 x 107 ° s~ ! strain rate that
were not observed in Fig. lc. A similar behavior
occurred after testing at 8.3 x 107* s~! and 160°C
(white arrows), but to a considerably lesser
magnitude.

The post-yield deformation microstructures were
also examined for those test specimens that were
aged prior to the stress—strain test. The expressed
objective was to determine whether the aging
treatments caused the Sn-Ag-Bi microstructure to
respond differently to the deformation. Aside from
coarsening after aging at 150°C for 24 h, the AgsSn
particles were not changed significantly by the
deformation under any of the test conditions.
Therefore, the discussion focused, again, on changes
to the large Bi particles and the Sn(Bi) solid-
solution phase.

An analysis began by examining the effects of the
125°C, 24 h aging treatment. Large Bi particles
developed from what was initially, the slightly
resolutionized microstructure shown in Fig. 2b.
This observation is illustrated in Fig. 18a, using
the case of a — 25°C test temperature and
4.2 x 1075 s~ ! strain rate, which was representa-
tive of the next three test temperatures. These

results imply that the resolutionizing effect of the
aging treatment was reversed by the deformation.
When the test temperature was increased to 160°C,
Bi precipitates were observed in the Sn(Bi) regions
following the slow strain rate deformation. See
Fig. 18b. However, only a few Bi particles were
identified in the Sn(Bi) phase after deformation at
the fast strain rate, which suggests that in situ
aging was a likely cause for the Bi precipitates in
Fig. 18b.

The aging treatment of 150°C (24 h) caused a
more significant response by the large Bi particles
to plastic deformation. Therefore, all four matrix
images were included in Fig. 19. The samples,
which were tested at — 25°C and either strain rate,
showed a marked increase in the presence of large
Bi particles versus the untested condition (Fig. 3b).
When the test temperature was raised to 160°C, the
Bi particles coarsened and became fewer in number.
In situ aging could have supported this trend at the
slower strain rate. However, because a similar
magnitude of Bi particle coarsening also took place
at the faster strain rate, deformation was a con-
tributing factor to the coarsening behavior.

Significant changes were observed for the Sn(Bi)
phase when the Sn-Ag-Bi alloy was aged at 150°C
(24 h) prior to the stress—strain test. The corre-
sponding matrix of SEM/BSE images is shown in
Fig. 20. The starting microstructure appeared in
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Fig. 18. SEM/BSE image shows the Sn-Ag-Bi microstructure after
the stress—strain test was performed at the 4 x 107% s~ strain rate.
The samples were aged at 125°C for 24 h prior to the test. The (a)
image shows the large Bi particles in the sample that completed
testing at — 25°C. The (b) image highlights the Sn(Bi) solid-solution
phase of the sample following testing at 160°C.

Fig. 3c. The clear difference between Figs. 3¢ and 20
is the absence of Bi particles from Sn(Bi) phase after
the stress—strain tests were performed at — 25°C
and either strain rate. When the test temperature
was raised to 160°C, a few Bi particles appeared in
the Sn(Bi) phase, but far fewer than were observed
prior to deformation (Fig. 3c). This trend implies
that deformation actually eliminated the Bi precip-
itates in this instance. Since more particles were
present after the slow strain rate than following the
fast strain rate, in situ aging cannot be entirely
ruled out—however, it was a second-order effect.

DISCUSSION

The discussion is separated into two sections. The
first section considers the yield stress data. That
analysis includes the microstructures representing
the (untested) as-fabricated and post-aged condi-
tions because they would directly impact the yield
stress trends. The second section examines the
stress—strain curves and their correlation to the
post-deformation microstructures. The two sections

begin with an analysis of the as-fabricated condi-
tion, which is then followed by addressing the aged
samples.

Yield Stress
As-Fabricated Condition

The yield stress data were presented in Fig. 4 for
Sn-Ag-Bi. The yield stress was identical at — 25°C
between the two strain rates. The yield stress
reflects the mobility of existing dislocations as well
as the creation of additional mobile dislocations, in
response to the stress. Since — 25°C still represents
a relatively high T}, of 0.51, some degree of thermal
activation would assist dislocation mobility. This
behavior suggests that few mobile dislocations
existed, and/or few mobile dislocations were created,
from the starting microstructure (Fig. 1) at the two
strain rates. The insensitivity to strain rate dimin-
ished with increased test temperature, which
implies that thermal activation improved the mobil-
ity of existing dislocation, or the creation of addi-
tional mobile dislocations.

The yield stress decreased monotonically with
increasing temperature. The loss was faster at the
slower strain rate because thermal activation
becomes more effective under the slower dislocation
movement. The magnitude of the yield stress loss
was relatively high in Fig. 4 when compared to
other common metals and alloys under comparable
homologous temperatures. In situ aging at the early
stages of the tests was unlikely because sample
heat-up was very rapid. Therefore, it was concluded
that thermal activation quickly became more effec-
tive towards supporting diffusion-assisted mecha-
nisms—broadening of dislocation bows between
particles or dislocation climb—at these high homol-
ogous temperatures. Also, the data in Fig. 4 con-
firmed the absence of anomalous phenomena in the
microstructures, such as phase changes, short-
range ordering, etc. during deformation.

The Sn-Ag-Bi yield stress data were compared to
results obtained from the Sn-Ag-Cu alloy in Fig. 5.
The two alloys have similar precipitation hardening
mechanisms generated by the corresponding AgsSn
particles (Fig. 1a). An additional precipitation hard-
ening component is present in the Sn-Ag-Bi alloy
due to the large Bi particles (Fig. 1b). But, the latter
Bi particles were expected to have a lesser effect
because of their reduced number in the microstruc-
ture. Therefore, the higher yield stress of the Sn-Ag-
Bi solder was attributed primarily to solid-solution
strengthening by Bi in the Sn(Bi) phase (Fig. 1c).

Solid-solution strengthening by the Bi atoms was
gradually lost with increasing temperature. At the
160°C, the yield stress of the Sn-Ag-Bi solder
became equivalent to that of the largely precipita-
tion-strengthened, Sn-Ag-Cu alloy at the slower
strain rate. This comparison established the upper
temperature limit to the efficacy of the Bi solid-
solution strengthening mechanism. The Sn-Ag-Bi
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160°C, 8.3 x 104 s°1

Fig. 19. SEM images show the microstructure of the Sn-Ag-Bi solder obtained at the test temperature extremes of — 25°C and 160°C and both
strain rates. The BSE image mode and low magnification accentuated the distribution of larger Bi precipitates. The samples were aged at 150°C

for 24 h prior to testing.

solder still retained its yield stress advantage
derived from the solid-solution mechanism at the
faster strain rate. In summary, the Sn-Ag-Bi solder
maintained a significant yield stress advantage
versus the Sn-Ag-Cu alloy over the temperature
range of — 25°C to 125°C. At the 160°C tempera-
ture, the Sn-Ag-Bi solder performed comparably to
the Sn-Ag-Cu solder, implying that the AgsSn
precipitation hardening mechanism largely con-
trolled the Sn-Ag-Bi yield stress.

A review was made of yield stress data from
conventional solid-solution alloys. The Sn-Ag-Bi test
(and use) temperatures of — 25°C to 160°C corre-
spond to homologous temperatures in the range of
0.51-0.89. There are few metals and alloys that are
tested, let-alone used, at such high homologous
temperatures. Traditional solid-solution strength-
ened materials include the so-called “light alloys,”
which are based upon Al, Mg, and Mg—Al composi-
tions, as well as numerous high-temperature, Fe-
and Ni-based alloys.?>3® These studies can provide
some background information on the effects of aging
and solid solution strengthening. However, these
materials are typically tested and used at lower
homologous temperatures that are in the range of
0.32-0.67. Therefore, the findings from these mate-
rials are somewhat limited in terms of applicability
to the current Sn-Ag-Bi system.

The homologous temperatures, which represent
the test (and use) temperatures of the Sn-Ag-Bi are
also higher than those experienced by superalloys in
an operating jet engine, typically 0.46-0.62.>° The
latter materials rely upon precipitation hardening
to maintain their high-temperature strength. Inter-
estingly, the yield stress dependencies on tempera-
ture by the superalloys show a trend that is similar
to that shown by the Sn-Ag-Cu solder in Fig. 5.
Recall that the Sn-Ag-Cu alloy is primarily
strengthened by precipitation hardening (AgsSn
particles). Again, the behaviors observed in tradi-
tional precipitation hardened alloys can have some
applicability to the Sn-Ag-Bi solder, but with due
regards to (a) different homologous temperature
ranges and (b) the presence of the solution-strength-
ening mechanism.

In summary, although the AgsSn and large Bi
particles affect the yield stress behavior of the as-
fabricated, Sn-Ag-Bi alloy, the controlling
microstructure is the solid-solution Sn(Bi) phase.
Solid-solution strengthening remained effective in
the Sn-Ag-Bi solder at higher homologous temper-
atures than would be expected, based on traditional
light metal and Ni-based alloys. However, thermal
activation quickly allowed dislocation motion to
circumvent the solid-solution obstacles with
increased temperature. At the upper temperature
limit of 160°C, the Sn-Ag-Bi solder yield stress was
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-25°C, 8.3 x 104 s

Fig. 20. SEM images show the Sn(Bi) matrix of the Sn-Ag-Bi solder after testing at — 25°C and 160°C and both strain rates. The samples were
aged at 150°C for 24 h prior to testing. The BSE image mode and high magnification accentuated the distribution of smaller Bi particles.

similar to that of the Sn-Ag-Cu solder, which relies
solely on precipitation hardening.

Post-aged Condition

The yield stress behaviors correlate with the
representative starting microstructures: Fig. 1, as-
fabricated condition; Fig. 2, aged at 125°C (24 h);
and Fig. 3, aged at 150°C (24 h). The microstructure
observed in Fig. 2 (125°C aging treatment) predicts
that the yield stress remains largely unchanged, not
only because the partial resolutionizing of the larger
Bi precipitate particles and Bi precipitation in the
Sn(Bi) phase were relatively minor, but also because
they generate opposite effects—yield stress increase
and decrease, respectively. On the other hand, the
microstructure observed in Fig. 3, which resulted
from the 150°C aging treatment (Fig. 3), causes a
decrease in the yield stress due to the partial losses
of both precipitation hardening and solution
strengthen mechanisms.

Figure 6 compares the yield stress values as a
function of test temperature between samples tested
in the as-fabricated condition and those post-aged at
125°C. The above prediction was not observed,
whereby the 125°C aging treatment leaves the yield
stress unchanged. The yield stress was slightly
higher at 25°C, 75°C, and 125°C. This trend, which
was observed for both strain rates, suggests that the
resolutionization of Bi had the greater effect on

yield stress. Also, it is important to consider that the
aging treatments also lead to recovery processes,
which annihilate point defects (vacancies and inter-
stitials) that support thermally activated dislocation
motion. Their absence decreases dislocation mobil-
ity, thereby raising the yield stress.

The yield stress remained unchanged by the
aging treatment at — 25°C and 160°C (Fig. 6). The
lack of an effect at — 25°C arose for the same reason
proposed earlier—the reduced mobility of existing
dislocation and/or the low concentration of existing
mobile dislocations. At 160°C, thermal activation
assisted dislocation motion to the extent that it
overwhelmed the additional strength provided by
the resolutionizing of large Bi particles.

The 150°C (24 h) aging treatment caused the
starting microstructure to develop coarsened, large
Bi particles and the precipitation of Bi particles in
the Sn(Bi) solid-solution phase (Fig. 3). The activity
of both phenomena predicts a decrease in the yield
stress due to a loss of both precipitation hardening
and solution strengthening mechanisms. Figure 7
provides a comparison of yield stresses as a function
of test temperature. As observed previously, the
yield stresses were similar at — 25°C, which an
earlier hypothesis attributed to reduced dislocation
mobility that was relatively insensitive to
microstructural modifications arising from the
aging treatment.
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At the test temperatures of 25°C and 75°C, the
crossover effect dominated the yield stress behavior
of the aged samples at both strain rates. Crossover
occurred at approximately 30°C and 70°C for the
42 x 107° s7! and 8.3 x 107* s ! strain rates,
respectively. The yield stress was greater for the
150°C aged samples at 125°C and 160°C, which is
inconsistent with the precipitation of Bi particles in
the Sn(Bi) solid-solution phase (Fig. 3c). Consider-
ation was given to the potential effects of recovery
and recrystallization. Recovery processes during the
aging treatment could cause a yield stress increase,
but it is inconsistent with the crossover effect.
Recrystallization was not observed in the SEM
images, including the use of the electron channeling
contrast.

Further analysis turned to the Sn-Ag-Cu solder
data. Figures 8 and 9, when considered together,
address all of the Sn-Ag-Cu and Sn-Ag-Bi yield
stress data for the strain rates of 4.2 x 10 °s™* and
8.3 x 10* s7!, respectively. The Sn-Ag-Bi solder
exhibited higher yield stresses than the Sn-Ag-Cu
solder at both strain rates and for all sample
conditions, despite the Bi coarsening and precipita-
tion processes caused by the aging treatment
(Fig. 3). However, that yield stress advantage
diminished with increasing test temperature, par-
ticularly so at the slower strain rate where both
alloys eventually exhibited equivalent values at
160°C and the of 4.2 x 107° s7! strain rate. An
important factor was the rate of yield stress loss
with temperature. The rate of yield strength loss
decreased with increasing test temperature for the
Sn-Ag-Cu alloy, regardless of sample condition (and
strain rate). The effect was accentuated by the
slower strain rate. The Sn-Ag-Cu alloy has only the
precipitation hardening mechanism that is attrib-
uted to the AgsSn particles. On the other hand, the
rate of yield strength loss increased with increasing
test temperature for the Sn-Ag-Bi solder, which
reflects the loss of the solution strengthening mech-
anism. Thus, the precipitation hardening mecha-
nism became more important to the Sn-Ag-Bi at the
higher temperatures (like the traditional high-tem-
perature superalloys). The crossover effect repre-
sents a slowing to the rapid yield stress decline
caused by a loss of the solution strengthening
mechanism. The added precipitation hardening
effect at high temperatures must have originated
from coarsening of the large Bi particles and Bi
precipitation in the Sn(Bi) phase.

Lastly, the test temperatures represented high
homologous temperatures for the Sn-Ag-Bi solder.
Therefore, consideration was given to the possible
effects of creep deformation, including comparisons
to traditional solid-solution alloys.**~** The Sn-Ag-
Bi solder had its steady-state creep performance
described by the sinh law in reference 26. The sinh
law exponent, n, was 3.1 £ 0.4 for the as-fabricated
condition. This value of n, which does not differ
significantly from the power law exponent,
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indicated Class I “alloy-type” behavior. Class 1
creep deformation is based upon dislocations mov-
ing in a sequence of glide and climb steps. In the
case of solid-solution alloys, the dislocations are
accompanied by the solute atmosphere that must
diffuse along with them. The relatively low appar-
ent activation energy (AH) of 66 + 7 kJ/mol, which
was calculated in reference 26, implies that the Bi
atmosphere has a high mobility, which was also
confirmed by the absence of a sigmoidal shape to the
strain—time plots in reference 26. That prior creep
study included samples exposed to the same aging
treatments prior to testing. The aging treatments
had only a small effect on values of n and AH, which
indicates that they caused very little change to the
overall deformation process. Therefore, the conclu-
sion was made that any creep deformation, which
may have been taking place during the stress—
strain tests, had a negligible effect on the yield
stress trends observed in Figs. 6 and 7.

Plastic Deformation: Stress-Strain Curves
and Microstructures

As-Fabricated Condition

The stress—strain curves were shown in Figs. 10a
and 1la that represent tests performed on the as-
fabricated Sn-Ag-Bi solder at the two strain rates,
4.2 x 107° s7! and 8.3 x 107* s, respectively. In
general, the work hardening rate increased with
decreasing temperature. Figures 10b and 11b show
that the stress—strain curves obtained at 125°C and
160°C initially experienced work softening, albeit
with some variability for the conditions of 125°C
and 8.3 x 10°* s~!. Subsequent work hardening
was accompanied by fluctuations. The work soften-
ing was generally consistent under all conditions
while fluctuations were most prominent at the
faster strain rate.

The work softening and fluctuations were attrib-
uted to two likely mechanisms. The first mechanism
is dynamic recrystallization (DRX).***® The tem-
peratures, 125°C and 160°C, correspond to homol-
ogous temperatures of 0.82 and 0.89, respectively,
which are well within the recrystallization regime.
Figure 10b, which represents the slower strain rate
data, showed a softening behavior followed by work
hardening—this single cycle variant of DRX is
referred to as continuous DRX. When fluctuations
take place (e.g., Fig. 11b), they suggest multiple
cycles of DRX; this behavior is referred to as cyclic
or discontinuous DRX. A work softening behavior,
which was attributed to continuous DRX, was
observed during the time-independent deformation
of the Sn-Ag-Cu alloy at 125°C and 160°C, but only
at the slower strain rate.?? However, fluctuations
were not observed in this alloy. Lastly, both vari-
ants of DRX phenomenon have been observed in
pure Sn sz Thijssen when tested under similar
conditions.*® Therefore, there is strong evidence
that DRX can take place in the Sn-Ag-Bi solder.
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The work softening can also be interpreted as a
second yield point, which together with the subse-
quent fluctuations, is described by the Portevin-Le
Chatelier effect.*”*® This phenomenon is caused by
the atmosphere of solute atoms (Bi) interrupting the
movement of dislocations. The drop in stress after
the yield point occurs when dislocations break free
of the Bi atmosphere. The fluctuations originate
from a repetition of the following steps: (a) Bi
atmosphere impedes dislocation mobility; (b) there
is a build-up of stress on the dislocations from the
applied load; and (c) the dislocations break-away
from the Bi atmosphere. The fluctuations were
relatively weak in Figs. 4b and 5b when compared
to the highly serrated, stress—strain curves
observed in traditional solution-strengthened alloys
because the high homologous temperatures allow
thermal activation to contribute to the mobility of
the dislocations.

The source of the work softening observed in
Figs. 10b and 11b cannot be attributed, conclu-
sively, to either DRX or the Portevin—Le Chatelier
effect since it was observed in the Sn-Ag-Cu alloy.
Certainly, the behavior could result from a combi-
nation of both mechanisms in Sn-Ag-Bi, albeit,
microstructural evidence was not documented in
the SEM images to support recrystallization. The
fluctuations occurred exclusively in the Sn-Ag-Bi
alloy, which has the Sn(Bi) solid-solution phase,
which supports the Portevin—Le Chatelier effect.

The microstructures were analyzed, which fol-
lowed the stress—strain tests of the as-fabricated
samples. Figures 15, 16 and 17 provide SEM pho-
tographs that illustrate microstructural features
following plastic deformation at the limiting exper-
imental conditions defined by the two strain rates,
42 x 107° s7! and 8.3 x 107* s71, as well as the
minimum and maximum temperatures, — 25°C and
160°C, respectively. The samples tested at — 25°C
and either strain rate did not show significant
changes to the microstructure. The absence of shear
bands or grain boundary sliding reflected a homo-
geneity by the deformation, which was anticipated
at this relatively high homologous temperature
(0.51). Also, primary microstructural features:
AgsSn particles, large Bi particles, or the solid-
solution Sn(Bi) phase remained unchanged after the
nearly 10% strain in the samples.

Microstructural changes were observed after
deformation at 160°C and the 4.2 x 10° s™! strain
rate, which included coarsening of the large Bi
particles (upper right-hand image in Fig. 16) and
the formation of Bi precipitates in the Sn(Bi) matrix
phase (upper right-hand image in Fig. 17). Two
scenarios were considered to explain Bi coarsening
and precipitation phenomena in Figs. 16 and 17,
respectively. The first scenario was that Bi particle
coarsening and precipitation resulted simply from
an in situ aging of the test specimen caused by the
40-min exposure to 160°C. The second scenario
would be deformation-enhanced coarsening and

precipitation mechanisms. The latter mechanism
proposes that Bi atoms accumulate around disloca-
tions due to the latter’s stress field. The local Bi
concentration exceeds the solubility limit, giving
rise to either the coarsening of the existing large Bi
particles or the precipitation of new Bi particles in
the Sn(Bi) matrix.

Unfortunately, very little research has been per-
formed on such a phenomenon in low-melting
temperature alloys. Strain-assisted coarsening or
precipitation has been observed in the deformation
of Al-based alloys at similar homologous tempera-
tures.*?*® However, considerably higher total plas-
tic strains (> 0.3) were executed to observe it.
Moreover, Bhat and Laird noted that plastic strain
had a limited effect on the further coarsening of pre-
existing particles; however, it could potentially
enhance precipitation. Strain enhanced coarsening
has been recorded during the creep deformation of
chrome-moly (Cr-Mo) steels and Al alloys.’'™?
Those studies confirmed that the creep strain, not
in situ thermal aging, accelerated the coarsening of
precipitates. Creep deformation can certainly take
place in the Sn-Ag-Bi at — 25°C and 160°C because
they represent high homologous temperatures (0.51
and 0.89, respectively).

Strain enhanced coarsening was unlikely in the
Sn-Ag-Bi solder. The microstructure was largely
unchanged after testing at — 25°C and either strain
rate, despite the high homologous temperature and
same total strain experienced at 160°C. In a similar
regard, strain-assisted coarsening was not observed
after testing at 160°C and the faster strain rate
(lower right-hand image in Fig. 16) and only a small
degree of Bi precipitation was observed in the Sn(Bi)
phase (white arrows, lower right-hand image in
Fig. 17). Therefore, the large Bi particle coarsening
and Bi g)recipitation observed at 160°C and
4.2 x 107° s~ ! strain rate were more likely caused
by in situ aging due to the sample’s exposure to
160°C for approximately 40-min.

The large Bi particle coarsening and Bi precipi-
tation in the Sn(Bi) phase potentially affected the
stress—strain curves. Negligible fluctuations were
observed at the slow strain rate (Fig. 10b, 160°C) in
which in situ aging was more likely to cause Bi
precipitation in the Sn(Bi) phase. The competing
explanation was that thermal activation provided
additional support to dislocation mobility at a
slower strain rate.

Post-aged Condition

The effect was investigated that the aging treat-
ments had on the post-yield, deformation behavior
of the Sn-Ag-Bi solder. Referring to Figs. 12, 13 and
14, both aging treatments caused the work harden-
ing rate to increase versus the as-fabricated condi-
tion for tests performed at — 25°C, 25°C, and 75°C.
This trend was observed at both strain rates. The
stress—strain curves, which were obtained at 125°C
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and 160°C, were not altered by either aging treat-
ment versus the as-fabricated condition at the slow
strain rate of 4.2 x 10~ s~ 1. Under the faster strain
rate of 8.3 x 107* s %, similar stress—strain curves
were observed between the as-fabricated and post-
125°C aging conditions. However, when the aging
temperature was raised to 150°C, the work soften-
ing phenomenon and fluctuations, which were
observed in those prior two sample conditions, were
replaced with only work hardening at 125°C and
160°C.

The post-yield point, stress—strain behaviors in
Figs. 12, 13 and 14 correlated with the starting
(post-aged) microstructures shown in Figs. 2 and 3
for the (24 h) aging treatments at 125°C and 150°C,
respectively. Figure 2b and ¢ show that the 125°C
aging treatment caused modest resolutionization of
large Bi particles and slight Bi precipitation in the
Sn(Bi) solid-solution phase. This aging treatment
caused an increased work hardening rate at — 25°C,
25°C, and 75°C in both Figs. 12 (4.2 x 10 °s 1) and
13 (8.3 x 107* s 1). Although relatively modest,
both phenomena could potentially reduce disloca-
tion mobility, which would increase the work hard-
ening rate. Although not visible in the SEM images,
the aging treatment could have been responsible for
recovery processes that eliminated point defects
(vacancies and interstitials) from the microstruc-
ture.’® These defects assist with thermally activated
dislocation motion, which is relevant even for these
“lower” test temperatures, given their relatively
high, corresponding homologous temperatures. The
consequence would also constitute an impediment to
dislocation motion, which would increase the work
hardening rate.

The analysis examined the stress—strain data
obtained at 125°C and 160°C. The 125°C aging
treatment had a negligible effect on Sn-Ag-Bi
deformation when compared to that observed of
samples in the as-fabricated condition and tested at
the same two temperatures. Given the trend
whereby the aging treatment had a decreasing
effect on work hardening with the increasing test
temperature (— 25°C to 75°C), it was surmised that
thermal activation overwhelmed the aging treat-
ment effects of both Bi solutionization and/or pre-
cipitation in the Sn(Bi) phase on dislocation
mobility at these very high homologous
temperatures.

The effects are considered for 150°C aging treat-
ment. The starting microstructures were character-
ized by coarsening of the large Bi particles (Fig. 3b)
and significant precipitation of Bi particles in the
Sn(Bi) solid-solution phase (Fig. 3c). Generally,
precipitation events indicate an “overaged” condi-
tion in solid-solution alloys. The loss of solute
particle coherency increases dislocation mobility
and thus, would be predicted to cause a loss of work
hardening by a solution strengthening mechanism.
The — 25°C, 25°C, and 75°C test temperature data
in Figs. 12 and 13 indicate that this scenario was
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not applicable to the Sn-Ag-Bi alloy. Rather, these
data imply that the Bi precipitates in the Sn(Bi)
phase were more effective than the solid-solution
microstructures towards hindering the thermally
activated dislocation motion under these relatively
high, homologous temperatures. Recall that this
premise underscores the working theory of many
precipitation-hardened superalloys.

The analysis considered the stress—strain data
obtained at the 125°C and 160°C test temperatures
after the 150°C aging treatment. The post-yield
point stress—strain curves obtained at 125°C and
160°C were similar to those observed with samples
in as-fabricated and post-125°C aged conditions, but
only for the slow strain rate. At the fast strain rate,
work softening and fluctuations disappeared from
the stress—strain curves (Fig. 14). The 150°C aging
treatment caused the precipitation of Bi particles
from the Sn(Bi) solid-solution phase, which reduced
the Bi atoms available to form an atmosphere
around dislocations and thus affect their motion
per the Portevin—Le Chatelier effect. At the slower
strain rate, the Bi atoms, albeit fewer, still affected
dislocation mobility, resulting in the retention of
work softening and fluctuations. However, at the
faster strain rate, dislocations could effectively
“outrun” the reduced Bi atmosphere, resulting in
an absence of work softening and fluctuations.

The Sn-Ag-Bi microstructures were documented
after the stress—strain tests. Deformation arti-
facts—cracks, shear bands, grain boundary move-
ment, etc.—were not observed on any of the post-
aged, post-stress—strain tested samples.

The post-deformation microstructures were eval-
uated belonging to Sn-Ag-Bi samples that were aged
at 125°C (24 h) prior to testing. The large Bi
particles reappeared to the same extent as in
Fig. 16 (as-fabricated condition). A representative
microstructure is shown in Fig. 18a that was taken
of the sample tested at — 25°C and 4.2 x 1075 s L.
The precipitate particles were still absent from the
Sn(Bi) phase; the same observation was made at the
faster strain rate. Figure 18b shows an SEM/BSE
image taken of the Sn(Bi) solid-solution phase from
the sample tested at 160°C (4.2 x 10® s~ 1). The Bi
precipitation was only slightly greater than that
observed Fig. 17 (as-fabricated condition) and only a
few more particles were observed for the 8.3 x 10™*
s~ ! strain rate. In situ aging remained as the likely
source of Bi precipitation in the Sn(Bi) observed in
Fig. 18b. Therefore, the 125°C, 24 h aging treat-
ment did not allow the plastic deformation to
significantly alter the Sn-Ag-Bi microstructure
more so than was recorded of similarly-tested
samples that started in the as-fabricated condition.
This point was valid for both strain rates.

The post-deformation microstructure was evalu-
ated from those samples aged at 150°C and 24 h
prior to the stress—strain test. Figure 19 highlighted
the large Bi particles, which can be compared to the
starting microstructure in Fig. 3b. The — 25°C test
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(both strain rates) caused an increase in the con-
centration of large Bi particles. The concentration of
large Bi particles slightly exceeded that observed in
similarly tested samples that started in the as-
fabricated condition (Fig. 16). In situ aging effects
were not observed at — 25°C. Therefore, the 150°C
aging treatment caused the microstructure to
become susceptible to the strain-enhanced coarsen-
ing behavior.

Figure 19 also shows the large Bi particle mor-
phologies of samples tested at 160°C. A significant
degree of coarsening occurred at both strain rates
versus the starting microstructure (Fig. 3b). Recall
that in situ aging (=~ 40 min at 160°C) was deemed
as the cause of this coarsening in the prior case of
as-fabricated samples when tested at the slow strain
rate (Fig. 16). However, this explanation seems
unlike in the aged samples because they were
exposed to 150°C for 24 h (1440 min). Given the
proximity of 150°C to 160°C, it is unlikely that the
additional 40-min exposure to 160°C would have led
to further coarsening of the large Bi particles.
Moreover, the same degree of coarsening was
observed at the faster rate, 8.3 x 10~* s~L. There-
fore, strain-enhanced coarsening took place during
deformation at 160°C for both strain rates that
followed the 150°C aging treatment.

The SEM images in Fig. 20 show the post-test,
Sn(Bi) solid-solution phase as a function of temper-
ature and strain rate for samples aged at 150°C
(24 h). An increased variability in Bi precipitation
was observed between different Sn(Bi) regions of
the same test sample; therefore, the following
observations describe only the high-level trends.
The specimens, which were tested at — 25°C and
either strain rate, exhibited a reduction of Bi
particles when compared to the as-aged condition
(Fig. 3c). The same trend was documented for
samples tested at 160°C. These observations imply
that the Sn(Bi) phase experienced a strain-en-
hanced dissolution of its Bi component during the
deformation. The greatest variability of Bi dissolu-
tion between Sn(Bi) regions occurred at 160°C and
the fast strain rate, 8.3 x 10°* s™'. A possible
source of this variation was a difference in the
degree of deformation between Sn(Bi) regions.

Strain-enhanced dissolution would have its ori-
gins in strain (deformation)-enhanced diffusion,
which has a long history of study in the literature.
Ruof and Balluffi examined the role of point, line,
and area defects—that is, vacancies, dislocations
and grain boundaries, respectively—on dissolution
behavior.’>®” The authors concluded that point
vacancies were not produced at a sufficient rate to
accelerate diffusion processes and thus, enhance of
solute dissolution. Rather, short-circuit diffusion
mechanisms supported strain-enhanced diffusion,
which included pipe diffusion in dislocations and
grain-boundary diffusion.

Ruoff also discussed mechanical diffusion in
materials.’® This mechanism is less likely to have

taken in the present Sn-Ag-Bi study. First, it
typically occurs at strain rates exceeding 10~ * s !
and at temperatures equal to, or below, one-half the
homologous temperature. Both parameters are out-
side the current test space. Secondly, mechanical
diffusion is based upon atomic transport along
inhomogeneous deformation pathways—e.g., shear
bands, cell structures, etc. These features were not
observed in the Sn-Ag-Bi microstructure.

Numerous authors have considered heat of mix-
ing as a mechanism to accelerate the dissolution of
second-phase materials.’”% Although certainly
plausible, direct evidence was not obtained that
would confirm this mechanism in the Sn-Ag-Bi
alloy.

The stress—strain curves were compared to the
post-test microstructures to determine if a correla-
tion existed between the two metrics as a function of
aging treatment. Because the AgsSn particle mor-
phology did not change significantly during defor-
mation, regardless of strain rate, the discussion
focused on the large Bi particles and Sn(Bi) solid-
solution phase features.

The first group of tests results were those
obtained at — 25°C, which also represented 25°C
and 75°C. The large Bi particles experienced coars-
ening during the tests at either strain rate, whether
aged at 125°C or 150°C. The Sn(Bi) phase
microstructure was largely unchanged for the sam-
ple aged at 125°C, but underwent stain-enhanced
dissolution of the Bi particles after aging at 150°C.
Either of these two phenomena would have con-
tributed in situ to the increased work hardening
rates observed in Figs. 12 and 13.

The analysis examined the performance at the
test temperature of 160°C, which is representative
of the 125°C test results. The stress—strain curves
were largely unchanged by the 125°C, 24 h aging
treatment (Figs. 12, 13 and 14) at either strain rate.
Large Bi particle coarsening occurred simultane-
ously with Bi precipitation in the Sn(Bi). Both
processes would lead to enhanced precipitation
hardening, which is predicted to increase the work
hardening rate at high homologous temperatures.
However, this trend was not observed in the stress—
strain curves. The conclusion was made that the
precipitation hardening effect was circumvented by
the increased contribution of thermal activation to
dislocation motion.

The 125°C and 160°C stress—strain curves exhib-
ited a complex relationship versus the microstruc-
ture, which developed during deformation, when
the Sn-Ag-Bi alloy was aged at 150°C (24 h). More
specifically, the complicating factor was strain rate.
At the slow strain rate, large Bi particle coarsening
and strain-enhanced dissolution of Bi into the
Sn(Bi) phase both did not alter work softening and
fluctuations that were observed with similarly
tested samples in the as-fabricated condition. How-
ever, these same phenomena were lost at the faster
strain rate (Fig. 17), having been replaced with
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work hardening. Therefore, the Portevin—Le Chate-
lier effect was lost at the fast strain rate for samples
exposed to the 150°C aging treatment (Fig. 3c),
despite the stain-enhanced dissolution effect that
placed Bi back into Sn(Bi) solid solution phase
during the plastic deformation. Therefore, the latter
behavior had a lesser effect than did the precipita-
tion of Bi caused by the aging treatment.

The findings are briefly summarized, from the
above analysis that sought to correlate the stress—
strain curves of the Sn-Ag-Bi solder with the
microstructural features documented prior to, and
upon completion of, the deformation. At the low test
temperatures of — 25°C, 25°C, and 75°C, the aging
treatments led to a consistent trend of increasing
the work hardening rate, which was unaffected by
the microstructural changes that took place during
deformation, regardless of strain rate. When the
test temperatures were raised to 125°C and 160°C,
the stress—strain curves were not significantly
altered by the 125°C aging treatment and its
changes to the starting microstructure. Microstruc-
tural changes were relatively minor during defor-
mation and strain rate was not a factor. The 150°C
aging treatment established a starting microstruc-
ture that resulted from the coarsening of the large
Bi particles and significant Bi precipitation in the
Sn(Bi) phase. This aged microstructure allowed
strain-enhanced coarsening of the large Bi particles
and the dissolution of Bi phase back into the Sn(Bi)
solid-solution phase during deformation. The latter
mechanism could not fully compensate for the
extent of Bi precipitation in Sn(Bi) caused by the
aging treatment. The deformation retained the
Portevin—Le Chatelier effect, but only at the slower
strain rate due to the reduced concentration of Bi in
solid-solution.

SUMMARY

1. This study documented the yield stress and
plastic deformation behavior of the 91.84Sn-
3.33Ag-4.83Bi (wt.%, abbreviated Sn-Ag-Bi)
solder. These properties correlated with the
microstructures using the scanning electron
microscope (SEM).

2. The specimens were tested at two strain
rates: 4.2 x 10 °s ' and 8.3 x 10 ™*s™ . The
test temperatures ranged from — 25°C to
160°C. Samples were tested in the as-fabri-
cated condition as well as following a 24-h
aging treatment at either 125°C and 150°C.

3. The Sn-Ag-Bi yield stress decreased mono-
tonically with increased test temperature at
both strain rates and all sample conditions.
Dislocation activity (mobility and/or the con-
centration of mobile species) was limited at
lower test temperatures, which reduced the
strain-rate sensitivity.

4. The 125°C aging treatment caused some
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resolutionizing of the larger Bi precipitates
and a small degree of Bi precipitation in the
Sn(Bi) solid-solution phase. The aging treat-
ment caused an increase to the yield stress at
25°C, 75°C, and 125°C, but left it unchanged
at — 25°C and 160°C for both strain rates.

5. The 150°C aging treatment caused coarsen-
ing of both AgsSn the large Bi particles as
well as the precipitation of Bi particles in the
Sn(Bi) solid-solution phase. At both strain
rates, the yield stress showed a crossover
effect at agproximately 30°C and 70°C for the
42 x 10> s ! and 8.3 x 107* s ! strain
rates, respectively. Yield stress values were
reduced below the crossover point and in-
creased above it, relative to the as-fabricated
condition.

6. The post-yield point, stress—strain curves of
the as-fabricated samples showed work hard-
ening at — 25°C, 25°C, and 75°C. A work
softening behavior was observed at 125°C
and 160°C and both strain rates; the likely
mechanisms were continuous DRX, the Por-
tevin—Le Chatelier effect, or a combination of
the two behaviors. Fluctuations, which were
superimposed on the work hardening, were
attributed to the Portevin—Le Chatelier ef-
fect.

7. The post-yield point, stress—strain curves of
aged samples exhibited an increase to the
work hardening rate at — 25°C, 25°C, and
75°C, the magnitude of which, generally
diminished with increasing test temperature.
This trend was insensitive to the aging
temperature and displayed only minor dif-
ference between strain rates.

8. When tested at 125°C and 160°C, the as-
fabricated and 125°C (24 h) aged samples
exhibited similar post-yield point, stress—
strain curves that did not differ between
strain rates. Increasing the aging tempera-
ture to 150°C did not affect the stress—strain
curves at the slow strain rate. However, the
stress—strain curves lost the Portevin—Le
Chatelier effect—work softening and fluctu-
ations—at the fast strain rate despite the
strain-enhanced Bi dissolution in the Sn(Bi)
phase during deformation.

9. The microstructures, which followed the
plastic deformation did not exhibit deforma-
tion features such as shear bands, voids, or
cracks across all test conditions.

10. Accelerated aging tests and service condi-
tions require the Sn-Ag-Bi alloy to perform at
very high homologous temperatures. There-
fore, precipitation hardened and solution-
strengthening principles obtained from tra-
ditional alloys cannot be easily mapped to
Sn-Ag-Bi stress—strain behavior. Neverthe-
less, the present study confirmed that very
limited degradation can be expected from the
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yield stress and plastic deformation proper-
ties of the Sn-Ag-Bi alloy when exposed to
high homologous temperatures prior to, or
during, time-independent deformation.
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