
Abstract Lead (Pb)-free, low melting temperature

solders are required for step-soldering processes used

to assemble micro-electrical mechanical system

(MEMS) and optoelectronic (OE) devices. Stress–

strain and creep studies, which provide solder

mechanical properties for unified creep-plasticity

(UCP) predictive models, were performed on the Pb-

free 97In–3Ag (wt.%) and 58In–42Sn solders and

counterpart Pb-bearing 80In–15Pb–5Ag and 70In–

15Sn–9.6Pb–5.4Cd alloys. Stress–strain tests were per-

formed at 4.4 · 10–5 s–1 and 8.8 · 10–4 s–1. Stress–

strain and creep tests were performed at –25, 25, 75,

and 100�C or 125�C. The samples were evaluated in the

as-fabricated and post-annealed conditions. The In–Ag

solder had yield stress values of 0.5–8.5 MPa. The

values of DH for steady-state creep were 99 ± 14 kJ/

mol and 46 ± 11 kJ/mol, indicating that bulk diffusion

controlled creep in the as-fabricated samples (former)

and fast-diffusion controlled creep in the annealed

samples (latter). The In–Sn yield stresses were

1.0–22 MPa and were not dependent on an annealed

condition. The steady-state creep DH values were

55 ± 11 kJ/mol and 48 ± 13 kJ/mol for the

as-fabricated and annealed samples, respectively,

indicating the fast-diffusion controlled creep for the

two conditions. The UCP constitutive models were

derived for the In–Ag solder in the as-fabricated and

annealed conditions.

1 Introduction

Currently, the electronics industry is being tasked with

developing lead (Pb)-free solders as alternatives to the

traditional tin–lead (Sn–Pb) alloys for second-level

(printed wiring assembly) interconnections. However,

there are also applications that require lower temper-

ature joining processes, which will also require Pb-free

solders. For example, some high-valued, high-reliabil-

ity military and space electronics are assembled with

low-melting temperature solders simply to minimize

damage to heat-sensitive components. On the other

hand, there are complex assemblies that require low-

temperature alloys as part of a multiple step-soldering

process. In addition, circuitry constructed of precious

metal conductors (e.g., hybrid microcircuits) use the

low-temperature solders to avoid the rapid dissolution

of conductor traces and pads that would occur with

molten (Sn-based) solders that require higher process

temperatures.

At present, there is a developing need for Pb-free,

low-temperature soldering methods for advanced

optoelectronic (OE), micro-electrical mechanical sys-

tems (MEMS), and micro-optical electrical mechanical

system (MOEMS) devices. These products are highly

complex, often having several devices in a single

package, and as such, require multiple attachment

steps. Also, a number of these components are
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heat-sensitive, thereby requiring the use of low-tem-

perature soldering processes.

Stringent package environments and device align-

ment requirements can be accommodated by the use of

low-temperature, Pb-free solders in OE, MEMS, and

MOEMS components. Low-temperature solders can

reduce the temperature excursions required to assem-

ble such packages. Also, they readily deform by creep,

thereby reducing the residual stresses that can build up

because of thermal expansion mismatches between

joined structures. These residual stresses can give rise

to the catastrophic failure of brittle components (e.g.,

GaAs laser diodes) immediately after assembly or

generate misalignment between components later on,

which degrades product performance in the field.

Lastly, because solder joints are often essential for

thermal management in OE packages, their integrity is

critical towards the long-term reliability of several

components (e.g., laser diodes).

Two low-melting temperature solders have been

used rather extensively for a number of applications,

including high-reliability printed circuit assemblies.

Those materials, together with their respective solidus

temperatures (Ts) and liquidus temperatures (Tl), are

the 80In–15Pb–5Ag (wt.%) alloy, Ts = 142�C,
Tl = 149�C; and the 70In–15Sn–9.6Pb–5.4Cd solder,

Ts = Tl = 125�C. The compositions were abbreviated

as In-Pb–Ag and In–Sn–Pb–Cd, respectively. These

solders are particularly suited for Au-based conductors

because the primary component, In, has a lower

dissolution rate for Au than do Sn-based solders. Also,

the In–Pb–Ag and In–Sn–Pb–Cd alloys exhibit excel-

lent solderability and have provided the required

service reliability.

Unfortunately, Cd and Pb have been targeted for

elimination from electronic products. Therefore,

Pb- and Cd-free alternative solders were sought for the

In–Pb–Ag and In–Sn–Pb–Cd alloys. Based upon the

need for similar liquidus and solidus temperatures, the

two Pb-free solders, 97In–3Ag (Ts = Tl = 143�C) and

52In–48Sn (Ts = Tl = 118�C), were identified to re-

place the In–Pb–Ag and In–Sn–Pb–Cd alloys, respec-

tively. Both alloys, which were abbreviated as In–Ag

and In–Sn, respectively, are eutectic compositions [1].

The microstructures and primary phases of the

In–Ag and In–Sn solders appear in Figs. 1 and 2,

respectively. All samples were cooled at 10�C/min. The

optical micrographs were digitally modified to enhance

the second phase particles due to the difficulty with

preparing In-based alloys for metallographic exami-

nation. In Fig. 1, the In–Ag alloy has a fine dispersion

of very small AgIn2 particles (light) within an essen-

tially 100% In matrix (dark). The In–Sn alloy solidified

into a more traditional lamellar microstructure. Each

of the In-rich b phase (dark) and Sn-rich c phase (light)
had relatively high solubility limits for the other ele-

ment—approximately 30 wt.% Sn and 23 wt.% In,

respectively.

A second requirement of the candidate Pb-free

solders was that they exhibit thermal mechanical fati-

gue (TMF) properties that were comparable to, or

better than, those of the Pb- and Cd-bearing materials.

Given the wide variety of potential applications of

these solders in OE, MEMS, and MOEMS technolo-

gies, it became apparent that predicting the long-term

reliability of the solder joints would require the use of

computational models. Only through such models

could the variety of solder joint geometries, substrate

materials, and service environments be addressed in a

timely and cost-effective manner. The basis of a TMF

computational model is the unified creep-plasticity

Fig. 1 Optical micrograph showing the In–Ag solder microstruc-
ture after solidification at 10�C/min. The image was digitally
modified to enhance the light, Ag3Sn particle phase against the
darker, In-rich matrix phase

Fig. 2 Optical micrograph showing In–Sn solder microstructure
after solidification at 10�C/min. The image was digitally modified
to enhance the light, Sn-rich lamellae phase against the darker,
In-rich matrix phase
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(UCP) constitutive model that combines creep and

plastic strain rates into a single inelastic strain rate.

Experiments must be performed at a variety of tem-

peratures and strain rates to obtain the material

parameters for such models.

Several studies have investigated the mechanical

properties of the low-temperature, Pb-free solders. Mei

and Morris examined the creep behavior of 52In–48Sn

alloy at temperatures of 20, 65, and 90�C, using a nine-

solder joint, double-lap shear specimen [2]. The applied

shear stresses ranged from 0.34 MPa to 6.9 MPa. The

authors fitted the steady-state shear strain rate values,

dc/dt, to the power law (stress) expression

Asn expð�DH=RTÞ where A is a constant; s is the

applied shear stress; n is the power law exponent; DH is

the apparent activation energy; R is the universal gas

constant; and T is temperature. The values of A, n, and

DH were 1.94 · 104 s–1, 3.2, and 96 kJ/mol, respec-

tively. The relatively high DH value suggested that bulk

diffusion was the active mechanism during creep.

Goldstein and Morris examined the shear stress–

strain and creep behaviors of the 52In48Sn eutectic

alloy using the double-lap shear (single joint) specimen

[3]. The creep tests were performed at temperatures of

0–75�C. The shear stress–strain tests were performed at

strain rates of 2 · 10–4 s–1 to 8 · 10–4 s–1; the creep

tests used stresses from 1 MPa to 12 MPa. Shear yield

stresses ranged from 7.8 MPa to 11.4 MPa between the

respective strain rate limits, when tests were performed

at 40�C. The stress–strain curves of these particular

tests exhibited strain-softening plastic deformation.

The creep parameters were determined according to

the power law expression. The value of n was 3.3,

which was very similar to that determined in [2]. The

DH was 70 kJ/mol, which was less than the value

obtained in that prior study, suggesting that a fast-

diffusion process (e.g., grain boundary diffusion)

contributed to creep deformation.

Hwang and Vargas examined the stress–strain and

creep properties of the 60In–40Sn off-eutectic compo-

sition (Ts = 122�C, Tl = 118�C) using bulk tensile test

samples [4]. The authors measured the room temper-

ature 0.2% yield strength, ultimate tensile strength,

and uniform elongation to be 4.6 MPa, 7.7 MPa, and

5.5%, respectively. (The authors did not note which of

the two cited strain rates was used to collect that data:

8.8 · 10–4 s–1 or 4.2 · 10–3 s–1.)

The TMF performance of the In–Sn solder was

documented with those of three other low-temperature

solders in a study by Seyyed [5]. The test methodology

was the thermal cycling of surface mount printed wir-

ing assemblies. The strength of the gull-wing In–Sn

solder joints exhibited a 75% decrease between 0 and

6,000 cycles (–10�C to 70�C; 1 min dwell; 20�C/min

ramps). Similar behaviors were observed with the

other low-temperature solders. The J-lead solder joint

exhibited very little degradation for the In–Sn as well

as the other solders. The strengths of the In–Sn solder

joints were generally one-half the strengths of the

baseline Sn–Pb solder joints.

It was concluded that there was insufficient stress–

strain and creep data on the In–Sn or In–Ag alloys in

the literature to develop the required UCP constitutive

models. Therefore, a series of constant strain-rate,

uniaxial stress–strain and creep compression experi-

ments were performed on these Pb-free alloys. Parallel

studies were also performed on the Pb-bearing coun-

terparts, In–Pb–Ag and In–Sn–Pb–Cd, respectively.

The yield stress and static elastic modulus were cal-

culated from the true-stress, true-strain curves. The

yield stress was also used to determine the applied

stresses for the creep tests.

The quantitative metric of the creep tests was the

minimum creep rate, de/dtmin, which characterizes the

secondary or steady-state creep stage. Regardless of

whether the exhaustion theory or the strain hardening

theory governs primary creep, it has been proposed

that similar deformation kinetics likely govern the two

regimes [6–8]. Thus, the rate kinetics, which were

based upon de/dtmin, could be used to predict both

primary and secondary creep through the UCP con-

stitutive model.

The UCP equation cannot address the tertiary creep

stage. This stage, which is marked by an accelerating

creep rate with time, results from the generation of

cracks that quickly lead to creep rupture. Nevertheless,

this study examined the strain–time curves for the

onset of tertiary creep.

The physical metallurgy of the solders is an impor-

tant facet of mechanical deformation. Microstructural

features such as grain boundaries and dislocation

structures determine the strain response of the material

to the applied stress. Also, an understanding of the

individual microstructures provides the means to more

fully understand the stress–strain and creep behaviors

of the solder. However, a detailed analysis of the

physical metallurgy of the candidate solders was not

performed in the current study. Solder microstructures

were examined when there was the need to confirm

tertiary creep behavior.

2 Experimental procedures

The solder compositions that were evaluated in this

study were: 52In–48Sn (abbreviated as In–Sn),
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70In–15Sn–9.6Pb–5.4Cd (In–Sn–Pb–Cd), 97In–3Ag

(In–Ag), and 80In–15Pb–5Ag (In–Pb–Ag). All com-

positions were given in weight percent. Liquidus and

solidus temperatures were cited in the Introduction

section. The alloys were tested in the as-fabricated (i.e.,

as-cast) condition as well as after one of the three

annealing treatments. The annealing temperatures

were 52�C for the In–Sn and In–Sn–Pb–Cd solders, and

67�C for the In–Ag and In–Pb–Ag alloys. The anneal-

ing times were 8, 16, and 24 h. The temperature values

were calculated, based upon approximately 82% of the

solidus temperatures (K) from the two alloy groups.

Imposing an annealing treatment prior to testing al-

lowed for an evaluation of the effects that microstruc-

tural stabilization have on the mechanical properties.

The compression test method was used to collect

stress–strain and creep data. The nominal dimensions of

the cylindrical samples were 10 mm diameter and

19 mm length. The stress–strain tests were performed at

one of two (engineering) strain rates: 4.4 · 10–5 s–1 or

8.8 · 10–4 s–1. These relatively low values were selected

to measure the deformation properties at strain rates

that were commensurate with typical TMF conditions.

The test temperatures were listed in Table 1 for each of

the solder compositions. Duplicate samples were tested

per each time, temperature, and annealing condition.

Further details of the experimental procedures have

been presented in previous publications [9, 10].

The stress–strain tests were analyzed to obtain the

following properties: (1) yield stress, (2) static elastic

modulus, and (3) yield strain. The yield strain data will

not be reported here. Engineering stresses and strains

were used to calculate the yield stress because they

were suitable approximations to true stresses and true

strains at these low strain values [11]. The yield stress

was determined, using the 0.2% offset method [12].

Error terms were based upon scatter of the load–dis-

placement curve at the intersection between the plot

and the 0.2% intercept line.

The static elastic modulus was calculated from the

linear portion of the stress–strain curve. A linear least-

squares fit provided the slope (Dload/Ddisplacement).

That slope value was multiplied by l0/A0 to determine

the static elastic modulus, where l0 and A0 were the

initial (gage) length and cross sectional area, respec-

tively.

Lastly, the load–displacement plots were converted

to true stress (r) and true strain (e) curves. The true

stress and true strain values were calculated from the

load–displacement data using Eqs. 1 and 2, respec-

tively, shown below [11]:

r ¼ ðL=A0ÞðDl=l0 þ 1Þ ¼ ðL=A0Þðl=l0Þ ð1Þ

e ¼ lnðl=l0Þ ð2Þ

Compression creep tests were performed, using the

same test temperatures as listed in Table 1. The sam-

ples were tested in the as-fabricated condition or after

annealing for 16 h at one of the two temperatures

noted above. The initial applied stresses were identi-

fied from the yield stresses measured at the slower

strain rate, 4.4 · 10–5 s–1, per each of the test temper-

atures. Specifically, those stress values were 20%, 40%,

60%, and 80% of the mean yield stress measured

between samples in both the as-fabricated and 16 h

annealing condition. The stresses are listed in Table 2

as a function of test temperature.

The creep experiments were allowed to progress

through the secondary or steady-state creep stage to

determine the minimum creep rate, de/dtmin. At very

low stress for which, primary creep occurred over a

longer time period, the test was concluded after

approximately 3300 min (2.3 days). In such cases, the

minimum creep rate was calculated from data taken at

the end of the test. The parameters de/dtmin as well as

the applied stress, r, and temperature, T, were

expressed by the sinh law creep equation (3) below:

de=dtmin ¼ f 0 sinh
pðarÞ expð�DH=RTÞ ð3Þ

where f0 is a constant (s–1); p is the sinh term exponent

(a constant also); a is the stress coefficient (MPa–1); DH
is the apparent activation energy (J/mol); R is the

universal gas constant (8.314 J/mol-K) ; and T is the

temperature (K). The applied stress was calculated

from cross section of the deformed sample, using Eq. 1.

The stress coefficient, a, is temperature dependent.

However, its dependence was sufficiently weak such

that it was considered a constant. (The product, ar, is
often referred to as an effective stress.) The sinh law

was selected because of its success for representing

secondary creep deformation in metals and alloys,

including solders, by avoiding the power law break-

down phenomenon encountered when attempting to

use the simpler power law representation over a

substantial stress range [13, 14].

Table 1 Compression test temperatures used for each solder
alloy composition

Solder Test temperature (�C)

In–Sn –25, 25, 75, 100
In–Sn–Pb–Cd –25, 25, 75, 100
In–Ag –25, 25, 75, 125
In–Pb–Ag –25, 25, 75, 125

96 Lead-Free Electronic Solders

123



The values of f0, Q/R, and p were calculated, using a

multivariable, linear regression analysis that was

performed on the logarithm of equation (3). The

parameters 1/T and ln[sinh (ar)] were the independent

variables and ln(de/dtmin) was the dependent variable.

The regression analysis was performed for different

values of a . The value of a was selected, which maxi-

mized the square of the correlation coefficient, R2, at

the 95% confidence interval.

3 Results and discussion

3.1 In–Ag and In–Pb–Ag solders—compression

stress–strain data

Shown in Fig. 3 are the true-stress, true-strain curves

for the In–Ag solder. The plots represent the as-fab-

ricated condition and the annealing treatment of 16 h

at 67�C. The stress–strain curves, which corresponded

to the other annealing times, were omitted for clarity

as their trends were similar to those shown here. Both

strain rates, 4.4 · 10–5 s–1 (a, b) and 8.8 · 10–4 s–1 (c, d)

were represented in the plots. Under all conditions,

work hardening was most significant at –25�C and

then diminished with increased test temperature. At

the slower strain rate of 4.4 · 10–5 s–1, the as-fabricated

(Fig. 3a) and annealed (Fig. 3b) conditions resulted in

nearly identical stress–strain curves at each test

temperature. At the faster strain rate of 4.4 · 10–5 s–1,

the extent of work hardening was slightly greater, as

expected. Nevertheless, the as-fabricated samples

(Fig. 3c) and annealed samples (Fig. 3d) exhibited

similar degrees of work hardening.

Two general trends were observed in Fig. 3. First,

the degree of work hardening decreased with increas-

ing test temperature. This behavior resulted from

dynamic recovery and recrystallization processes

resulting from tests being performed at a high homol-

ogous temperature, Th, where Th = Ttest (K)/Tsolidus

(K). The value of Th was 0.60–0.96 for test tempera-

tures in the range of –25 to 125�C. The second trend

was the negligible effect of annealing treatment on the

stress–strain curves. This behavior indicated that the

In–Ag microstructure and responsible deformation

mechanisms were not affected by the relatively

‘‘impressive’’ annealing conditions.

The yield stress was plotted as a function of

annealing time in Fig. 4 for the In–Ag specimens tested

at a strain rate of 4.4 · 10–5 s–1. The open symbols

were the mean values; the corresponding solid symbols

were the minimum and maximum values. This plot

illustrated three points: First of all, as expected, the

yield stress decreased with increasing test temperature.

Second, there was a relatively small scatter between

the two yield stress measurements made per test

condition. The same two trends were observed in the

yield stress measured at the faster strain rate of

8.8 · 10–4 s–1. Third, the effect of the annealing treat-

ment time, which was to decrease the yield stress, was

significant only at the 25 and –25�C test temperatures.

At 25�C, the decrease of yield stress was observed only

after the 24 h annealing treatment. At –25�C, both 16

and 24 h heat treatments caused a drop of yield stress.

The 8 h heat treatment produced a slightly higher yield

stress than the as-fabricated condition. However, the

difference remained within experimental error. At the

fast strain rate, annealing treatment produced a

noticeable decrease of yield stress at 25 and –25�C, as
well, but only following the 24 h period.

The entire set of mean yield stress values obtained

for the In–Ag solder were plotted as a function of test

temperature in Fig. 5. Overall, the yield stress values

were in the range of 0.5–8.5 MPa and the plot shows

Table 2 Compression creep
stresses used for each
temperature and solder alloy
composition

Solder Annealing conditions Nominal stress (MPa) Test temperature (�C)

In–Sn 52,�C, 16 h 3.3, 6.7, 10, 13 –25
3.7, 5.6, 7.5 25
0.86, 1.3, 1.7 75
0.47, 0.71, 0.94 100

In–Sn–Pb–Cd 52�C, 16 h 5.4, 7.2, 11 –25
2.7, 4.0, 5.4 25
0.50, 0.70, 1.0 75
0.27, 0.41, 0.55 100

In–Ag 67�C, 16 h 1.2, 2.3, 3.5, 4.6 –25
0.75, 1.5, 2.3, 3.0 25
0.84, 1.3, 1.7 75
0.16, 0.33, 0.49, 0.65 125

In–Pb–Ag 67�C, 16 h 3.9, 7.8, 12, 16 –25
1.9, 3.7, 5.6, 7.4 25
0.50, 1.0, 1.5, 2.0 75
0.13, 0.27, 0.40, 0.54 125
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Fig. 3 Stress–strain curves for the In–Ag solder for the following combinations of sample condition and strain rate: (a) as-fabricated,
4.4 · 10–5 s–1; (b) annealed (67�C, 16 h), 4.4 · 10–5 s–1; (c) as-fabricated, 8.8 · 10–4 s–1; and (d) annealed (67�C, 16 h), 8.8 · 10–4 s–1
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the magnitude of the strain rate effect. Although the

slower strain rate produced a lower yield stress, that

difference became less significant with increased test

temperature. The trends observed in Fig. 4, regarding

the effects of annealing time on the yield stress at the

slow strain rate, were also observed at the fast strain

rate. In particular, there was the non-monotonic

dependence of yield stress on annealing time at –25�C
as well as the overall increasing insensitivity to

annealing treatment with higher test temperatures.

In summary, the In–Ag solder exhibited the

expected trends of decreasing yield stress with slower

strain rates and increasing test temperature. Only the

16 and 24 h annealing times (67�C) caused noticeable

changes of yield stress; moreover, those changes were

limited to decreased values at only the 25 and –25�C
test temperatures. This trend indicated that yield stress

was most sensitive to the starting microstructure, as

established by the annealing condition, at the lower

test temperatures (–25 and 25�C). The strain rate effect

became less distinct with increased testing

temperature.

Understanding the above trends provided insight

into the performance of the In–Ag solder in actual OE,

MEMS, and MOEMS application, albeit to a limited

degree because only the constant strain rate deforma-

tion has thus far been considered. In the foreseeable

future, OE and MEMS devices will be exposed to ser-

vice condition primarily in the low-temperature regime,

in the present case, –25 to 25�C. As noted above, the

stress–strain curves and, in particular, the yield stresses

were most sensitive to the initial microstructure, as

established by the annealing conditions in these

experiments (or the process cooling rate in actual

assemblies). The variability of the yield stress must be

considered when constructing the UCP constitutive

model, likely adding to the latter’s complexity. The

alternative approach is to define an ‘‘average’’ param-

eter and accept the possible loss of prediction fidelity.

The constant strain rate, uniaxial compression

experiments were also evaluated for the counterpart

Pb-bearing solder, In–Pb–Ag. At a strain rate of

4.4 · 10–5 s–1 and the as-fabricated condition, the In–

Pb–Ag stress–strain curves exhibited work hardening

only at –25�C. Work hardening was very minimal at

25�C. At 75�C or 125�C, the stress fluctuated with the

progression of deformation. The stress varied by

0.3 MPa, peak-to-peak, over a strain ‘‘period’’ of

0.05 at 75�C, as shown in Fig. 6. The fluctuations

diminished in magnitude at 125�C. At the faster strain

rate of 8.8 · 10–4 s–1, work hardening was recorded at

–25 and 25�C and a monotonic strain-softening

occurred at 75 and 125�C. The overall complex

stress–strain behavior of the In–Pb–Ag solder sug-

gested that it had a less stable microstructure during

deformation than did the In–Ag solder. Like the In–Ag

solder, the annealing treatments had a minimal effect

on the stress–strain curves.

The yield stress data were plotted in Fig. 7 for the

In–Pb–Ag solder. The yield stress was in the range of

1.0–23 MPa, which was nearly twice that of the In–Ag

solder (Fig. 5), indicating a greater temperature sensi-

tivity. The majority of that difference between the two

solders occurred at –25 and 25�C for either strain rate.

The two solders exhibited comparable yield strengths at

75 and 125�C. At the faster strain rate of 8.8 · 10–4 s–1,

the In–Pb–Ag solder was stronger than the In–Ag

solder at all test temperatures.
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The yield stress values of the In–Pb–Ag solder were

even less sensitive to the annealing treatments than

were those measured for the In–Ag solder. The 24 h

heat treatment caused a significant strength decrease,

but only at –25�C.
In summary, the yield stress of the In–Pb–Ag solder

exhibited many of the same general trends as were

noted for the In–Ag solder as a function of strain rate,

test temperature, and annealing treatment. The

differences rested primarily in the magnitudes of the

effects. The In–Pb–Ag solder was generally stronger

than the In–Ag solder, especially at the –25 and 25�C
test temperatures. Because that difference diminished

significantly at 75 and 125�C, the In–Pb–Ag solder

yield stress had a greater sensitivity to test temperature

than the In–Ag solder. On the other hand, the In–Pb–

Ag solder exhibited a lesser sensitivity to the annealing

treatment. If one were making a prediction of the

ability of the In–Ag versus In–Pb–Ag to relieve resid-

ual stresses at low temperatures ( < 75�C), based solely

on a lower yield stress, it would appear that the In–Ag

solder would be the better selection.

The static elastic modulus was determined from the

initial, linear segment of the compression stress–strain

curves. The linearity of that early portion of each curve

was confirmed by the R2 values of a linear regression

analysis, which were rarely below 0.95. The static

elastic moduli were plotted as a function of test tem-

perature in Fig. 8 for the In–Ag solder. The strain rate

was 4.4 · 10–5 s–1. The samples were tested in the

as-fabricated condition and following the annealing

treatment for 24 h. The large symbols are the mean

values; the smaller symbols are the individual mea-

surements. The purpose of this figure was to demon-

strate the scatter observed in these measurements. The

scatter was greatest with the as-fabricated specimens

and least with those annealed for 24 h. However, the

scatter did not monotonically decrease for 8 and 16 h.

The largest decrease in scatter occurred between the

16 h and 24 h time periods. Very similar trends were

observed for samples tested at the faster strain rate of

8.8 · 10–4 s–1. Therefore, variability of the static elastic

modulus values indicated that the 24 h heat treatment

was required to adequately stabilize the In–Ag micro-

structure.

It was observed in Fig. 8 that the static elastic

modulus values were nearly an order of magnitude

lower than those expected from solders or other metals

and alloys [15]. The same behavior was observed in a

study of the Sn–Ag–Cu solder [9]. In that study, an

exhaustive assessment was made to determine whether

the testing procedures were the source of the reduced

moduli. Factors such as load train compliance as well

as sample alignment and possible calculation errors

were ruled out1. Therefore, it was concluded that the

In–Ag solder exhibited either anelastic or significant

inelastic deformation that accompanied the purely

linear elastic response of the sample, at the initial, low

stress portion of the stress–strain curve.

Unfortunately, existing UCP models assume that at

low stress levels, the material response is linear elastic.

These models do not account for any anelastic or sig-

nificant inelastic strain at low stress levels. This model

deficiency could have a significant negative impact on

the accuracy of model predictions, especially in the

present circumstance of the material being used at a

high homologous temperature.

Next, the static modulus values of the In–Ag solder

were examined as a function of test temperature and

annealing time (67�C). The data were compiled in

Fig. 9a for the slower strain rate of 4.4 · 10–5 s–1. In

the as-fabricated condition, the samples exhibited a

maximum in the static elastic modulus at 25�C. This
same behavior was observed for the stress–strain data

of the Sn-Ag-Cu solder, using similar test parameters

[9]. For those samples annealed for 8 and 16 h, a sim-

ilar maximum was observed; but, it shifted to 75 and

125�C, respectively, albeit the latter case remained

somewhat tentative in the absence of data beyond

125�C. A monotonically decreasing modulus was ob-

served for those samples that were annealed for 24 h,
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Fig. 8 Static elastic modulus as a function of test temperature
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1 Tests were preformed on Sn–Ag–Cu samples at considerably
faster strain rates of up to 10–2 s–1 [16]. The static elastic moduli
values had similar magnitudes.

100 Lead-Free Electronic Solders

123



implying that the maximum had been eliminated or

moved to a temperature beyond the current test

regime.

An analysis was also made of the In–Ag static elastic

modulus values measured at the faster strain rate of

8.8 · 10–4 s–1. The mean static elastic moduli were

plotted as a function of test temperature and heat

treatment in Fig. 9b. The values representing the as-

fabricated condition fluctuated very little versus tem-

perature when compared to the slower strain rate

(Fig. 9a). The 8 h annealing treatment resulted in a

maximum modulus between 25 and 75�C. The 16 h

annealing treatment resulted in a general decrease of

modulus with increasing test temperature, but with

an apparent maximum at 75�C. A monotonically

decreasing static elastic modulus was observed versus

test temperature for samples annealed for 24 h prior to

testing. However, the decrease was not as sharp as that

observed at the slower strain rate.

The presence of an anelastic or inelastic deforma-

tion concurrent with the linear elastic deformation was

further substantiated by the different behaviors

observed between Fig. 9a and b. Although the strain

rates differed by nearly an order of magnitude, such a

difference would not be expected to affect either the

magnitude, or the temperature dependence, of strictly

the linear elastic modulus to the degree observed in the

plots of Fig. 9.

In summary, the static elastic modulus was evalu-

ated for the In–Ag solder. It was concluded that the

unexpectedly low values (by nearly an order-of-mag-

nitude) indicated that anelastic or inelastic deforma-

tion must have accompanied the expected linear elastic

deformation in the stress–strain curve. The scatter of

the modulus values, as well as their test temperature

dependence, indicated that the 24 h annealing treat-

ment (67�C) was required to provide some stability to

the In–Ag microstructure, resulting in a monotonic

decrease of modulus with increasing test temperature.

Finally, the variations in the static elastic modulus

would complicate UCP model development. ‘‘Aver-

age’’ static modulus values could be used in the con-

stitutive equation to reduce model complexity, but with

a potential loss of prediction fidelity.

The static elastic modulus values were similarly

investigated for the In–Pb–Ag solder. Shown in Fig. 10

are the moduli measured at the slow strain rate of

4.4 · 10–5 s–1. The samples were tested in the as-fab-

ricated condition as well as after having been annealed

for the longest interval of 24 h (67�C). When compared

to similar data for the In–Ag solder (Fig. 8), the
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Fig. 9 Static elastic modulus (mean) as a function of test
temperature for the In–Ag solder. The samples were in the as-
fabricated condition as well as after having been annealed at
67�C for 8, 16, and 24 h. The two plots showed the moduli for the
two strain rates (a) 4.4 · 10–5 s–1 and (b) 8.8 · 10–4 s–1
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In–Pb–Ag values exhibited slightly less scatter,

particularly for the as-fabricated condition. At the

intermediate heat treatments and faster strain rate, the

In–Pb–Ag and In–Ag solders exhibited similar data

scatter.

A comparison of Figs. 8 and 10 revealed several

observations. First of all, the modulus values were

higher for the In–Pb–Ag solder at each of the tem-

peratures and both the as-fabricated and annealed

conditions. The stiffness difference was particularly

significant at the two lowest test temperatures of –25

and 25�C The higher modulus of the In–Pb–Ag solder

placed this alloy at a disadvantage vis-à-vis the In–Ag

solder in terms of its ability to relieve residual stresses

caused by thermal expansion mismatch between

materials in the joint, particularly at the low tempera-

tures. This detriment is especially important in the

low-temperature regime where creep mechanisms are

ineffective at relieving residual stresses.

Although the In–Pb–Ag solder showed a general

decrease of static elastic moduli with increased

temperature, the values appeared to be segregated into

two regimes: The high values at –25 and 25�C stepped

down to the low values at 75 and 125�C. This behavior
indicated that there was a transition in anelastic or

inelastic deformation that occurred simultaneously

with the linear elastic behavior. It was unlikely that

there was a change to the linear elastic deformation

because there were no phase changes reported to occur

in this material over this temperature regime.

It was observed in Fig. 10 that static elastic modulus

values of the In–Pb–Ag solder exhibited very little

difference between the as-fabricated condition and the

longest annealing time of 24 h (67�C). The absence of a
consistent dependence of the static elastic modulus on

annealing treatment was observed at both strain rates,

as can be observed in Fig. 11a (4.4 · 10–5 s–1) and 11b

(8.8 · 10–4 s–1). The static elastic moduli values were

plotted as a function of test temperature. In Fig. 11a,

the annealing times of 8 and 24 h indicated the step in

the modulus values between 25�C and 75�C. The

exception was the 16 h annealing treatment and,

specifically, 25�C datum. This step behavior appeared

to have shifted to the 75�C temperature at the faster

strain rate (Fig. 11b). The different trends observed

between the two strain rates—Fig. 11a versus

Fig. 11b—were likely caused by the anelastic or

inelastic deformation that combined with the linear

elastic deformation to form the initial linear segment of

the stress–strain curve.

In summary, the static elastic modulus was evalu-

ated for the In–Pb–Ag solder counterpart to the

Pb-free, In–Ag alloy. The modulus values were

generally higher than those of the In–Ag solder, par-

ticularly at the lower temperatures. Unlike the In–Ag

solder, the In–Pb–Ag alloy exhibited a step-wise

decrease of the modulus values as a function of test

temperature between 25�C and 75�C for the slower

strain rate. At the faster strain rate, the stepped

decrease of static elastic modulus occurred at 75�C.
With only a single exception, this behavior was inde-

pendent of annealing condition.

3.2 In–Sn and In–Sn–Pb–Cd solders—compression

stress–strain data

The yield stress and static elastic modulus properties

were examined for the Pb-free, lower melting temper-

ature In–Sn solder and the counterpart Pb-(and Cd-)

containing In–Sn–Pb–Cd alloy. Shown in Fig. 12a, b are

true-stress, true-strain curves representing the case of

as-fabricated samples tested at –25�C for the strain
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rates 4.4 · 10–5 s–1 and 8.8 · 10–4 s–1, respectively.

Three phenomenon were apparent in Fig. 12a. First,

there was the slow ramp-up in the stress with

increased strain. Sample misalignment was ruled out.

Secondly, the plot in Fig. 12a showed fluctuations in the

stress value as a function of deformation. Those

fluctuations were not caused by jitter in the test frame

nor by chatter in the electrical signal. Rather, this

behavior was caused by a ratcheting effect of the

deformation within the microstructure of the solder.

Third, post-yield stress deformation exhibited a sub-

stantial strain softening effect. The strain-softening

effect was noted in the shear stress–strain tests reported

by Goldstein and Morris [3]. There were no indications

that crack development was responsible for the

decreasing stress. These three phenomena were also

observed in samples exposed to one of the three

annealing conditions prior to testing at –25�C.
There were no consistent trends to suggest that these

behaviors had a significant dependence on the

annealing time at 52�C.

The stress–strain curve in Fig. 12b showed the effect

of the faster strain rate of 8.8 · 10–4 s–1 on the defor-

mation of the as-fabricated, In–Sn solder at –25�C. The
ratcheting effect was eliminated from the curve, albeit,

this particular plot did not show the deformation after

yield stress. The extent of the initial stress ramp-up

behavior was slightly reduced at the faster strain rate

and it exhibited no observable dependence on the

annealing treatment. Also, as was the case at the

slower strain rate, the stress ramp-up effect was unique

to the tests performed at –25�C. Tests that were

continued past the yield stress exhibited strain soften-

ing.

The ratcheting and slow stress ramp-up phenomena

were considered with respect to microstructural

mechanisms. The ratcheting behavior has typically

been associated with the start-stop movement of dis-

locations. The ‘‘stop’’ segment would also be a source

of work hardening in the material. At the relatively

high homologous temperatures at which these tests

were performed, thermal activation should allow dis-

locations to jump past barriers, thereby lessening the

likelihood for a ratcheting phenomenon. Moreover,

dynamic recovery/recrystallization process would be-

come apparent through strain-softening effects. This

discrimination between low and high homologous

temperature behaviors did not apply to the In–Sn sol-

der at –25�C since both phenomena—ratcheting and

strain softening—were observed in the samples.

The second phenomenon, the slow stress ramp-up at

the beginning of deformation, suggests that there was a

significant number of low-activation energy ‘‘defect

sites’’ that were associated only with anelastic or

inelastic deformation at –25�C. As the strain increased,

those sites were used up so that the higher activation

energy sites then contributed to the anelastic or

inelastic deformation prior to yielding, increasing the

slope of the plot. (Of course, the anelastic or inelastic

deformation was occurring simultaneously with the

linear elastic deformation.) At the faster strain rate

(and higher test temperatures where the phenomenon

was not observed), these low-activation sites would be

rapidly used up, resulting in a loss of the slow, stress

ramp-up effect. This mechanism would not be appli-

cable to linear elastic deformation, since the latter does

not occur by thermal activation, per se. Therefore, the

stress ramp-up phenomenon provided further evidence

that an anelastic or inelastic deformation mode

contributed to the initial, linear deformation of the

material before yielding took place.

The stress–strain curves were also investigated for

the higher test temperatures. In all of those cases, the

annealing treatments had very little impact on the
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Fig. 12 Stress–strain curve of the In–Sn solder, tested in the as-
fabricated condition at –25�C and strain rates of (a) 4.4 · 10–5 s–1

and (b) 8.8 · 10–4 s–1
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deformation performance. Also, the stress ramp-up

behavior, which was observed at –25�C, did not

reappear at the higher test temperatures. Shown in

Fig. 13 are the stress strain curves obtained from

as-fabricated specimens that were tested at (a)

4.4 · 10–5 s–1 and (b) 8.8 · 10–4 s–1. Significant strain

softening was observed after the yield stress in both

cases. In fact, the extent of strain softening appeared to

be greater at the faster strain rate, indicating that

dynamic recovery/recrystallization was overwhelming

work hardening in the solder. Similar behaviors were

observed at 75 and 100�C; the latter case being repre-

sented by the stress–strain curves in Fig. 14. The extent

of strain softening was greater at the faster strain rate.

As noted above, the annealing treatments did not

significantly change the stress–strain behavior of the

In–Sn solder.

The stress–strain curves in Figs. 12–14 and associ-

ated discussion indicated that the In–Sn solder expe-

rienced significant strain softening during stress–strain

testing. Strain softening can be taken into account in

the development of a constitutive model representing

the deformation map of this material. From the

applications point-of-view, strain softening provides a

mechanism to relieve residual stresses effectively in the

solder joint in the event that the solder surpasses its

yield stress in a particular application. It is not con-

clusive that, because of strain softening, the In–Sn

solder will have an inherently shorter cyclic lifetime.

Such a conclusion must await a more extensive pro-

gram of fatigue testing for this material.

The yield stress behavior was documented for the In–

Sn solder. The data scatter was very similar to that ob-

served for the In–Ag solder in Fig. 4 and, thus, will not

be discussed further here. The mean yield stress as a

function of test temperature was plotted in Fig. 15. Both

strain rates and all annealing times (52�C) were repre-

sented in the graph. As expected, the yield stress de-

creased with increased test temperature. Also, the

slower strain rate resulted in lower yield stresses than
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Fig. 13 Stress–strain curve of the In–Sn solder, tested in the as-
fabricated condition at 25�C and strain rates of (a) 4.4 · 10–5 s–1

and (b) 8.8 · 10–4 s–1
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Fig. 14 Stress–strain curve of the In–Sn solder, tested in the as-
fabricated condition at 100�C and strain rates of (a) 4.4 · 10–5 s–1
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the faster strain rate; that difference diminished with

increasing test temperature. The annealing time

appeared to have a significant effect on the yield stress

only for tests performed at –25�C. And, even in that sole

case, there was no consistent trend between annealing

time and yield stress value. In summary, the yield

stress of the In–Sn solder, like the stress–strain

deformation overall, was insensitive to the starting

microstructure of the solder as established by the

annealing conditions. The one possible exception, albeit

quite weak, was observed for tests performed at –25�C.
A comparison was made between the yield stress

values of the In–Sn solder (Fig. 15) and those of the

higher melting temperature, Pb-free In–Ag solder

(Fig. 5). At test temperatures of 75 and 100�C (In–Sn)

or 125�C (In–Ag), the two alloys exhibited very similar

yield stresses. However, in stress–strain tests at 25 and

–25�C, the In–Sn solder, in spite of its lower melting

temperature, had a higher yield strength than did the

In–Ag solder at both strain rates. This comparison

showed that the melting temperature was a poor indi-

cator of the stress–strain behavior.

The stress–strain curves were examined for the

In–Sn–Pb–Cd alloy. Although the topic of this paper is

Pb-free solders, it was interesting to note the stress–

strain curves from this particular alloy versus test

temperature, strain rate, and annealing time. Shown in

Fig. 16 is the stress–strain curve of the as-fabricated

sample tested at the fast strain rate of 8.8 · 10–4 s–1

and test temperature of –25�C. The plot began with a

stress ramp-up as was similarly observed for the In–Sn

solder tested under these conditions. After the yield

stress, the material exhibited work hardening, which

was contrary to the strain softening experienced by the

In–Sn solder. A plot that was nearly identical to that in

Fig. 16, was observed for the In–Sn–Pb–Cd solder

when tested at the slower strain rate, except for a

slightly reduced rate of work hardening. At both strain

rates, the annealing treatment did not significantly

affect the stress–strain response.

The stress–strain behavior of the In–Sn–Pb–Cd sol-

der changed when the test temperature was raised to

25�C. At both strain rates, the slow stress ramp-up prior

to linear deformation was lost. This observation was

illustrated in Fig. 17, which shows the stress–strain curve

of the as-fabricated sample tested at 4.4 · 10–5 s–1. It

was also noted in Fig. 17 that the post-yield stress

deformation began with a slight degree of strain soft-

ening followed with a small amount of work hardening.

At the faster strain rate, the entire plastic deformation
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Fig. 16 Stress–strain curve of an as-fabricated In–Sn–Pb–Cd
solder specimen tested at –25�C and at a strain rate of
8.8 · 10–4 s–1
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Fig. 17 Stress–strain curve of the as-fabricated In–Sn–Pb–Cd
solder tested at 25�C and a strain rate of 4.4 · 10–5 s–1
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regime exhibited work hardening, albeit, to a lesser

degree thanwas observed inFig. 16.At both strain rates,

the annealing times did not significantly affect the

stress–strain behavior of the In–Sn–Pb–Cd solder.

The stress–strain tests performed at 75�C resulted in

entirely different deformation behaviors. At the

4.4 · 10–5 s–1 rate, the as-fabricated specimens exhib-

ited fluctuations in the stress values as shown in

Fig. 18a. The peak-to-peak difference was 0.1 MPa and

the strain period was approximately 0.02. The magni-

tude of the fluctuations diminished with increased

annealing time, resulting in a stress–strain curve very

similar to that in Fig. 17. The stress–strain curve of the

as-fabricated sample tested at the faster strain rate of

8.8 · 10–4 s–1 was shown in Fig. 18b. A peak in the

stress was followed by strain softening, which in turn,

was followed by a strain hardening behavior. The

annealing treatment had no noticeable effect on the

stress–strain plot at the faster strain rate; all curves

were similar to Fig. 18b.

Lastly, the stress–strain curves were investigated for

the In–Sn–Pb–Cd solder exposed to tests at 100�C.
Plots representing the two strain rates and the as-fab-

ricated condition were provided in Fig. 19. Both curves

had generally the same shape except that the sequence

of a stress maximum and strain softening followed by

work hardening was clearly more distinct at the faster

strain rate (Fig. 19b). Very slight fluctuations appeared

in the curves generated by the annealed samples tested

at 4.4 · 10–5 s–1. At the faster strain rate, the annealing

treatments caused a decrease in the stress maximum

after yielding. These were the only effects manifested

by the annealing treatments on the In–Sn–Pb–Cd

stress–strain behavior.

In summary, the stress–strain behavior was exam-

ined for the In–Sn–Pb–Cd solder. A particular

emphasis was placed on this Pb-and Cd-bearing alloy

to illustrate the different deformation behaviors that

can occur with these more complex, low-temperature

metal alloys. It was fortuitous that such variable
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Fig. 18 Stress–strain curve of the In–Sn–Pb–Cd solder, tested in
the as-fabricated condition at 75�C and strain rates of (a)
4.4 · 10–5 s–1 and (b) 8.8 · 10–4 s–1

0.0

0.5

1.0

1.5

2.0

0.00 0.05 0.10 0.15

T
ru

e 
S

tr
es

s 
(M

P
a)

True Strain

0.0

0.5

1.0

1.5

2.0

0.00 0.05 0.10 0.15

T
ru

e 
S

tr
es

s 
(M

P
a)

True Strain

(a)

(b)

Fig. 19 Stress–strain curve of the In–Sn–Pb–Cd solder, tested in
the as-fabricated condition at 100�C and strain rates of (a)
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behavior happened to a lesser degree with the Pb-free,

In–Sn solder, implying that the latter alloy had a more

stable microstructure. That stability will provide for a

more predictable response to an applied stress, which

facilitates the development of a higher fidelity com-

putational model. For either solder, it was interesting

to note that the annealing treatments had, in general,

very little effect on the stress–strain curve. This

observation showed that the individual solder micro-

structures that were generated by the casting process,

were relatively stable.

The yield stress values as a function of test tem-

perature and annealing treatment were compiled for

the In–Sn–Pb–Cd solder in Fig. 20. The trends were

unique vis-à-vis the other solders discussed, thus far.

The yield stresses were nearly identical at –25�C for

both strain rates and all annealing times (at 52�C).
Then, the yield stresses were more distinguished by

strain rate with increasing test temperatures. However,

that difference was greatest at 25�C; it then diminished

with the 75 and 100�C test temperatures. Also, at the

test temperatures of 25, 75, and 100�C, the yield stress

remained insensitive to annealing time.

The yield stress data for the In–Sn–Pb–Cd solder

were compared to the In–Sn solder (Fig. 15). The

aforementioned strain rate sensitivity of the In–Sn–Pb–

Cd solder, particularly at –25�C, was contrary to the

behavior of the In–Sn solder. The values of the In–Sn–

Pb–Cd solder were less than those of the In–Sn solder,

more so at the two lowest test temperatures of –25

and 25�C. On the other hand, both solders were similar

with respect to the absence of a sensitivity to annealing

treatment at test temperatures of 25, 75, and 100�C.

The static elastic modulus was also investigated for

the In–Sn and In–Sn–Pb–Cd solders. Shown in Fig. 21

are the modulus values as a function of test tempera-

ture for the In–Sn solder, representing the as-fabri-

cated and the 24 h annealing time (52�C). Figure 21

exemplified the scatter observed for the individual

values. The variability was greatest at 25�C; it was

slightly less at –25�C and became negligible at 75 and

100�C. The scatter was largely independent of the

sample annealing conditions. At the faster strain rate,

the maximum variability was observed at –25�C. The
scatter decreased with increasing temperature. Lastly,

differences of static elastic modulus between the two

strain rates decreased with higher test temperature.

Although difficult to explain from a microstructural

standpoint, it is clear that these trends reflect the

contribution of the anelastic or inelastic deformation

process. A more consistent behavior would have been

reflected in this data if only linear elastic deformation

were the controlling phenomenon. This point is further

evidenced in the following discussion.

The In–Sn static elastic modulus was plotted as a

function of test temperature in Fig. 22a and b for the

4.4 · 10–5 s–1 and 8.8 · 10–4 s–1 strain rates, respec-

tively. All of the annealing conditions were repre-

sented in the graph. In Fig. 22a, the modulus appeared

to be sensitive to the annealing time only at –25 and

25�C, but not in a consistent manner. All values were

nearly the same at the two highest test temperatures.

Overall, the modulus values did not change monoton-

ically with test temperature. In fact, the plot indicated

two regimes; the high modulus values for –25 and 25�C
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and low modulus values for 75 and 100�C. The same

trends were observed at the faster strain rate

(Fig. 22b). In the latter case, the modulus values were

slightly higher at each of the test temperatures.

The static elastic modulus values were also exam-

ined for the In–Sn–Pb–Cd solder. The scatter ranges

were similar to those observed for the In–Sn solder

except for less spread at 25�C. Shown in Figs. 23a and b

are the modulus values of the In–Sn–Pb–Cd solder for

the two strain rates. The trends and magnitudes

observed in Fig. 23a and b were nearly identical to

those observed for the In–Sn solder in the corre-

sponding Fig. 22a and b, respectively.

In summary, the yield stress and static elastic mod-

ulus values were compiled for the In–Sn and In–Sn–

Pb–Cd solders. Both solders exhibited a decreasing

yield stress with increased temperature and slower

strain rate. The In–Sn solder had higher yield stress

values than the In–Sn–Pb–Cd solder, particularly at the

two lowest temperatures. In both cases, the annealing

treatment did not have either a significant or consistent

effect on the yield stress. The static elastic modulus

values were lower by an order of magnitude than ex-

pected, due to the anelastic or inelastic deformation

mode that was hypothesized to have accompanied

linear elastic deformation. The modulus dependence

on test temperature exhibited two regimes, a low-

temperature regime of higher values at –25 and 25�C
and a high-temperature regime of lower values at 75

and 100�C. The step-wise temperature dependence was

more distinct at the slower strain rate. To within

experimental error, the modulus values were similar

between the two solders.

It was possible to hypothesize some approximate

effects of the solder deformation properties on inter-

connection reliability and the development of compu-

tational models for the In–Sn and In–Sn–Pb–Cd

solders. (The effects are only approximate in the sense

that creep deformation, which is discussed below, has

an important role, as well.) The static modulus values
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were generally comparable between the two solders at

each temperature so that both alloys have similar

capacities to relieve residual stresses by linear anelas-

tic/elastic deformation. Assuming that the stress levels

are sufficiently high so that inelastic deformation

occurs in the solders, the higher yield stress of the In–

Sn alloy would cause it to be less capable of relieving

those stresses than the Pb- and Cd-bearing counterpart

alloy, particularly at the lower temperatures.

Finally, it was observed that the yield stresses and

static elastic moduli were relatively insensitive to the

annealing treatments. This trend will improve reli-

ability predictions because the material properties are

less likely to depend upon the processing parameters

used to make electrical interconnections.

3.3 In–Ag and In–Pb–Ag solders—compression

creep data

Compression creep tests were performed on the

Pb-free, In–Ag solder and its Pb-bearing counterpart,

the In–Pb–Ag alloy. The strain-time curves of the

In–Ag solder have been summarized in Fig. 24a–d.

Only the creep curves representing the as-fabricated

condition were presented because the generalized

strain-time behavior was similar for those samples

exposed to the 67�C, 16 h annealing treatment before

creep testing. In a number of cases, in particular, the

reduced stresses at the lowest temperatures, the

positive creep strain was negligible. Therefore, the

associated strain-time curves were simply omitted from

the composite plots described below vis-à-vis the

targeted stresses listed in Table 2.

The purpose of discussing the curves in Fig. 24 was

to appreciate the long-term deformation behavior of

these solders. Recall that creep will comprise a large

part of the deformation that occurs during the service

life (and accelerated aging) of the solder joints. In

addition, the characteristics of the strain–time curves,

and the stability of those curves with respect to the

starting microstructure (annealing treatment), deter-

mine the complexity that is required of the UCP
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constitutive model to accurately predict the creep

component (‘‘C’’ in UCP) of the overall deformation

behavior.

It should be recalled that the applied stresses were

not selected arbitrarily. Rather, the stress values were

selected, based upon approximately 20%, 40%, 60%,

and 80% of the yield stress. Therefore, when the

material yield stress is used as an upper-limit design

criterion for mechanical strength, an interconnection

would be expected to experience stresses at levels that

are commensurate with those percentages in engi-

neering applications.

The In–Ag creep curves representing the tempera-

tures of –25 and 25�C were shown in Fig. 24a and b.

The strain–time plots showed both primary and sec-

ondary or steady-state creep stages. The primary creep

stage became a lesser proportion of the curves when

the test temperature was raised from –25 to 25�C. The
creep curves representing tests performed at 75 and

125�C were shown in Fig. 24c and d and indicated that

the deformation was largely steady-state creep. There

was very little contribution by primary creep except for

the 0.16 MPa test performed at 125�C. At 75�C
(Fig. 24c), the creep curves had a sigmoidal shape.

Sigmoidal creep indicates that there was initially an

insufficient quantity of defects present in the material

to support deformation, resulting in a delayed start of

deformation [7]. Therefore, it was necessary to first

generate the defects that could then respond to the

applied stress, resulting in the subsequent increase in

the strain rate.

Lastly, the creep curves in Fig. 24 did not show an

obvious tertiary stage. Tertiary creep, which is indi-

cated by an accelerating strain rate with time, occurs

when large-scale damage, i.e. cracks, have been gen-

erated in the microstructure. Although the current

methodology is based on compression testing, critically

resolved shear stresses (CRSSs) can prevail in the

specimen microstructure that are capable of creating

damage that culminates into crack development. Sim-

ilarly, diffusion-based mechanisms, primarily based on

the movement of vacancies, can form discontinuities

that develop into cracks, irrespective of the ‘‘sign’’ of

the applied stress. Therefore, the absence of a tertiary

creep stage in the deformation curves in Fig. 24 indi-

cated that large-scale damage was not generated in the

samples.

The minimum strain rate observed during steady-

state creep, de/dtmin (s
–1) was evaluated as a function of

temperature, T (K), and stress, r (MPa), per equation

(3). The resulting expressions for the as-fabricated and

post-annealed conditions are shown as Eqs. 4 and 5

below:

de=dtmin¼2:8�108 sinh3:2�0:5ð1:075rÞexpð�99�14=RTÞ
ð4Þ

de=dtmin ¼ 2:8 sinh1:1�0:4ð1:500rÞ expð�46� 11=RTÞ
ð5Þ

The R2 values for Eqs. 1 and 2 were 0.90 and 0.69,

respectively. The error terms represented the 95%

confidence interval. The reduced R2 value for the an-

nealed samples was somewhat unexpected. It was

anticipated that the annealing treatment would stabi-

lize the solder microstructure to produce a more con-

sistent creep behavior. It is evident that the aging

treatment had the opposite effect in this regard. All

parameters except for the stress coefficient, a, were

reduced by the aging treatment; the opposite trend was

observed in the case of a.
Some insight was sought into the possible physical

mechanisms active during creep from the sinh law

parameters. The sinh law exponent (p) values were

commensurate with those observed for the Sn–Pb

eutectic solder [14]. Unfortunately, only relative com-

parisons can be drawn between the values of p since

the latter has not been correlated to particular creep

mechanisms or microstructural features. A similar sit-

uation prevailed with respect to f0 and a.
On the other hand, the apparent activation energy,

DH, can provide some insight into the rate-controlling

mechanism of creep. It has been observed by other

investigators that, when lattice or bulk diffusion is the

controlling mechanism, DH will have values that are

typically 90–110 kJ/mol for metals and alloys [17, 18].

When the controlling mechanism is fast or short-circuit

diffusion, such as the movement of vacancies or

interstitials along grain and/or interface boundaries, the

value of DH is typically 0.4–0.6 of the bulk diffusion

value, or about 40–60 kJ/mol [19–21]. According to

these benchmarks, lattice diffusion controlled creep of

the as-fabricated In–Ag samples. On the other hand, the

annealing treatment caused the creep rate-controlling

mechanism to shift to short-circuit diffusion. Two

microstructural changes could have likely resulted from

the annealing treatment. (1) The annealing treatment

eliminated point and line defects such as vacancies and

dislocations, respectively, through recovery. Because

these defects supported lattice diffusion, the creep

deformation had to be carried by grain and phase

boundary processes. (2) The second hypothesis was

that the annealing treatment simply increased the

number of grain and phase boundaries through the early

stages of recrystallization in which newly created grains

have not yet begun to consume the older grains.
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The poor correlation accompanying Eq. 5 can often

be traced to a temperature dependence of the rate

kinetics. In order to test this hypothesis, the data set

was divided into two regimes, a low-temperature

regime comprised of the –25 and 25�C results and the

high-temperature regime that included the 75 and

125�C data. The resulting kinetics equations were

described by Eqs. 6a, b, respectively:

½�25; 25 �C� de=dtmin

¼ 0:19 sinh0:9�0:3ð1:500rÞ expð�37� 12=RTÞ ð6aÞ

½75; 125 �C� de=dtmin

¼ 3:6� 109 sinh1:8�0:6ð1:500rÞ expð�113� 23=RTÞ
ð6bÞ

For simplicity, the a value was allowed to remain

unchanged, since the prior analyses used to obtain

Eq. 5 showed a minimal degree of sensitivity to it. The

higher R2 values were 0.81 and 0.83, respectively,

indicating that the steady-state creep rate kinetics were

dependent on temperature. The data were also evalu-

ated by grouping the 25�C results together with the 75

and 125�C data. A low R2 value of 0.55 was obtained,

indicating that the 25�C data was better grouped with

the –25�C results and that the mechanism change

occurred between 25�C and 75�C.
A comparison of Eqs. 6a and b indicated that the

sinh term exponent increased from the low-tempera-

ture to the high temperature regime; however, the

difference was not statistically significantly. On the

other hand, the high-temperature regime exhibited a

higher apparent activation energy value, indicating that

bulk diffusion controlled the creep deformation. Fast-

diffusion remained the rate-controlling mechanism for

creep in the low-temperature regime. Similar trends of

DH have been observed in the creep behavior of other

engineering alloys [10].

The effect of the annealing treatment on steady-

state creep was illustrated by the plot in Fig. 25 that

shows the minimum strain rate calculated by Eqs. 4

and 5 over a 0–4 MPa stress range and concurrent test

temperatures. The annealing treatment caused the

strain rate to become less sensitive to temperature

because the curves were closer together in the vertical

direction. The strain rate was also less sensitive to the

applied stress after the annealing treatment as indi-

cated by the reduced slope of the curves. Beyond these

summarizations, the fact that, for the same test tem-

perature, the curves corresponding to the as-fabricated

and annealed conditions crossed one-another indicated

that no hard-and-fast rules could be formulated for

predicting, in general, the effect of annealing treatment

on the steady-state creep rate.

The strain-time creep curves are shown in Fig. 26 for

the In–Pb–Ag solder in the as-fabricated condition. As

was the case with the In–Ag solder, there was very

little primary creep exhibited for the applied stresses

and temperatures. Steady-state creep dominated

the deformation from the onset of testing for all, but

the –25�C experiments in which a slightly greater

proportion of primary creep was observed. Also, the

creep curves did not exhibit a tertiary stage that was

indicative of large-scale damage.

The creep behavior of the In–Pb–Ag solder was

compared to that of the In–Ag solder by examining

Figs. 24 and 26, respectively. The In–Ag solder expe-

rienced a greater degree of creep strain for the stress

range of approximately 3–8 MPa and comparable test

temperatures. The greater creep strain implied that the

In–Ag solder could more readily relieve residual

stresses in engineering structures than could its

Pb-bearing counterpart.

The strain rate kinetics of the In–Pb–Ag solder were

represented by the sinh law expression shown in Eq. 7

for the as-fabricated condition:

de=dtmin ¼ 3:3�109 sinh2:9�0:3ð0:050rÞexpð�74�5=RTÞ
ð7Þ

The R2 value of the regression analysis was 0.97

showing a very good correlation. For the sake of

brevity, this analysis was not discussed for the In–Pb–

Ag solder following the annealing treatment. A com-

parison was made between Eq. 7 and 4, the latter

representing the In–Ag solder in the as-fabricated

condition. The sinh term exponents were similar;
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however, the lower apparent activation energy of Eq. 6

indicated that short-circuit or fast-diffusion mecha-

nisms governed In–Pb–Ag creep in the as-fabricated

condition. Also, the stress coefficient, a , equal to 0.05

for the In–Pb–Ag alloy was nearly two orders of

magnitude less than 1.075 for the In–Ag solder.

A direct comparison was made of the sinh law strain

rate Eqs. 4 and 7 representing the In–Ag and In–Pb–

Ag solders, respectively, in the as-fabricated condition.

The corresponding plot is shown in Fig. 27. Because

the curves were closer together, the steady-state strain

rate of the In–Pb–Ag solder was less sensitive to test

temperature than was the In–Ag solder. Similarly, the

steady-state strain rate was less sensitive to stress as

was evidenced by the reduced slope at stresses greater

than 0.5 MPa. Overall, a comparison of creep behav-

iors between the two solders depends upon tempera-

ture and applied stress. At stresses below 2 MPa, the

In–Ag solder exhibited a lower strain rate than the In–

Pb–Ag alloy. The relative ranking went through a

transition in the stress range of 2–4 MPa so that, at

stresses greater than 4 MPa, the In–Ag solder clearly

had a faster strain rate than its Pb-bearing counterpart.
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Therefore, in terms of steady-state creep, which ap-

peared to predominate the creep curves of these two

alloys, the relative effectiveness of reducing residual

stresses in complex OE devices through creep defor-

mation will be a function of the residual stress level and

the temperature conditions.

In summary, the creep behavior was investigated for

the In–Ag and counterpart In–Pb–Ag solders. The

strain time curves of the In–Ag solder showed largely

the steady-state stage. Only a limited degree of pri-

mary creep was observed and the tertiary stage was

absent from the curves of both alloys. Similar strain-

time trends were also observed in the samples follow-

ing the annealing treatment. In the case of the In–Ag

solder, the decrease of DH after the annealing treat-

ment changed the creep mechanism from bulk diffu-

sion to a short-circuit diffusion mechanism. The creep

curves of the In–Pb–Ag solder exhibited the same

qualitative trends. It was clear that the degree of creep

strain exhibited by the In–Ag solder with respect to the

In–Pb–Ag solder depended upon the applied stress and

temperature conditions. It was safe to conclude that,

above 4 MPa, the In–Ag solder exhibited a greater

propensity for creep deformation than did its Pb-free

counterpart.

3.4 In–Sn and In–Sn–Pb–Cd solders—compression

creep data

The creep behaviors were examined for the two lower

melting temperature solders, In–Sn and In–Sn–Pb–Cd.

The strain-time plots of the In–Sn solder were shown in

Fig. 28. Creep deformation at –25�C (Fig. 28a) exhib-

ited very little primary creep; the deformation was

almost entirely steady-state creep. The plots repre-

senting the 10 and 13 MPa stresses showed a slight

up-turn that suggested the beginning of tertiary creep.

The appearance of tertiary creep, and whether it was

caused by the accumulation of large-scale damage or

was the result of more subtle changes within the In–Sn

microstructure—e.g., defect density and/or defect

velocity—will be explored below.
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Fig. 28 Creep curves of the In–Sn solder tested in the as-fabricated, representing the following temperature conditions: (a) –25�C;
(b) 25�C; and (c) 75�C, and (d) 100�C
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The creep curves obtained from tests at 25�C were

shown in Fig. 28b. Primary creep was nearly absent

from the plots; rather, there was a short duration of

steady-state creep followed by an extensive tertiary

stage. The creep curves obtained at 75 and 100�C are

shown in Fig. 28c and d, respectively. At 75�C, the

shapes of the creep curves were very similar to those

obtained at 25�C. There was an absence of significant

primary stage, a short steady-state creep regime, and a

significant tertiary creep stage. Unexpectedly, the tests

performed at 100�C (Fig. 28d) showed a reduced extent

of the tertiary stage. In fact, the tertiary behavior

appeared to diminish with increased stress. Because

primary creep was largely absent, these curves were

primarily the steady-state stage.

An extensive microstructure analysis of the solders

was not planned at the time of this study. However, the

prevalence of the tertiary creep behavior in the In–Sn

solder warranted an investigation of the In–Sn micro-

structure in order to determine whether large-scale

damage was responsible for this tertiary behavior.

Shown in Fig. 29 are low and high magnification opti-

cal micrographs of the as-fabricated In–Sn specimen

that was creep tested at –25�C and 13 MPa. Individual

cells, which are distinguished by different lamellae size

and/or orientations, were separated by coarsened grain

boundaries of both the In-rich b phase (dark) and

Sn-rich c phase (light). The coarsened boundaries were

denoted by the white arrows in Fig. 29a. The micro-

graph in Fig. 29a, as well as the higher magnification

image in Fig. 29b, clearly showed crack development

along those coarsened cell boundaries. There was no

evidence of phase boundary sliding or cracking within

the cells, themselves. Similar coarsened boundary

cracking was observed in the samples tested at 25 and

75�C, the latter case being shown in Fig. 30a. There-

fore, at each of the three temperatures of –25, 25, and

75�C, microstructural damage in the form of cracking

along coarsened, cell boundaries was responsible for

the tertiary creep behavior observed in Fig. 28a–c.

Recall that, in Fig. 28d, which represented the creep

tests performed at 100�C, tertiary stage was signifi-

cantly reduced or absent altogether. Shown in Fig. 30b

is an optical micrograph of the post-creep tested

Fig. 29 Optical micrographs showing the In–Sn solder micro-
structure after creep testing at –25�C and 13 MPa, using two
magnifications. The sample was tested in the as-fabricated
condition

Fig. 30 Optical micrographs showing the In–Sn solder micro-
structure after creep testing under the following conditions: (a)
75�C, 1.7 MPa and (b) 100�C, 0.94 MPa. In both cases, the
specimens were tested in the as-fabricated condition
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sample exposed to a stress of 0.94 MPa at 100�C (see

Fig. 28d). The coarsened boundaries were still present,

although, they were less distinguishable from the gen-

erally more coarsened intracellular microstructure.

Also, the extent of cracking in those coarsened

boundaries was significantly reduced as compared to

other temperatures. It was hypothesized that the

coarser cell (interior) microstructure had taken up a

greater share of the creep deformation, thereby

relieving the boundaries of the need to generate cracks

in response to the applied stresses.

The creep strain observed with the In–Sn solder

(Fig. 28) was compared to that of the In–Ag solder

(Fig. 24). The In–Sn solder exhibited a greater degree

of creep strain at the equivalent test temperature and

stress. This result was not surprising, given the In–Sn

alloy’s lower melting temperature.

The creep rate kinetics were also examined for the

In–Sn solder. Equations 8 and 9 below express the

minimum or steady-state creep rate as a function of

applied stress and temperature for the as-fabricated

and annealed (52�C, 16 h), respectively:

de=dtmin ¼ 5313 sinh1:7�0:4ð0:325rÞ expð�55� 11=RTÞ
ð8Þ

de=dtmin ¼ 687 sinh1:5�0:6ð0:295rÞ expð�48� 13=RTÞ
ð9Þ

The R2 values were 0.83 and 0.73, respectively. It

was interesting to note that the annealing treatment

did not significantly change the sinh law exponent or

the apparent activation energy. The value of a
decreased only slightly following the annealing

treatment; there was a greater decrease in the

pre-exponential coefficient, f0.

As was done in the case of the In–Ag solder, the low

R2 value of the annealed samples warranted further

analysis to address the possibility that the apparent

activation energy was dependent on temperature. The

a value was kept the same. The results, which were

very interesting, were presented by the three cases in

Eq. 10a–c:

½�25; 25 degC� de=dtmin

¼ 27 sinh1:5�0:6ð0:295rÞ expð�41� 13=RTÞ ð10aÞ

½75; 125 degC� de=dtmin

¼ 1:2� 1022 sinh4:3�1:7ð0:295rÞ expð�168� 73=RTÞ
ð10bÞ

½25--125 degC� de=dtmin

¼ 2:2� 1022 sinh3:2�1:0ð0:295rÞ expð�113� 35=RTÞ
ð10cÞ

The R2 values were 0.81, 0.74, and 0.73, respectively.

A higher correlation was obtained when the two lowest

test temperature data sets (–25 and 25�C) were paired

together. This was the same case for the In–Ag solder.

The kinetics parameters were very similar between

Eqs. 9 and 10a. On the other hand, very little

improvement was observed in the R2 value of the

Eq. 10b when the two higher test temperatures were

grouped together (75 and 100�C). By means of the

apparent activation energy, Eq. 10a and b indicated

that lattice diffusion controlled creep at the higher test

temperatures and fast-diffusion controlled creep at the

lower temperatures. However, from the viewpoint of

developing a UCP constitutive model, Eq. 9 would

provide a suitable representation of the creep behavior

of the annealed In–Sn alloy.

The creep kinetics described abovewere compared to

those obtained by Mei and Morris [2]. Although the

latter authors tested the In–Sn solder in shear and

described steady-state creep by a power law expression,

it was expected that the kinetics would be similar. Recall

that the cited tests were performed at 20, 65, and 90�C.
The stress exponent and apparent activation energy

values were 3.2 and 96 kJ/mol, respectively. These val-

ues were each considerably higher than those recorded

in Eqs. 8 or 9. However, when compared to Eq. 10c for

which, the –25�C data were eliminated, the kinetics

parameters were similar to those in [2]. This comparison

further substantiated the difference in creep mecha-

nisms between the low and high-temperature regimes.

Equations 7 and 8 were plotted as a function of

stress and temperature in Fig. 31. As expected, there

was very little difference in the predicted strain rate

between the as-fabricated and annealed conditions.

These trends were in sharp contrast to the In–Ag sol-

der for which, the annealing treatment caused a sig-

nificant change in the steady-state creep kinetics.

The values of DH in Eqs. 7 and 8 were commensu-

rate with grain or phase boundary (fast) diffusion

during steady-state creep. The optical micrographs in

Figs. 29 and 30 showed the extensive network of phase

boundaries that prevailed in the two-phase micro-

structure of each cell. Those intra-cell diffusion pro-

cesses culminated in the defects that accumulated at

the cell boundaries, resulting in the formation of cracks

that were the source of the pronounced tertiary creep

in the In–Sn samples.
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The strain-time curves for the In–Sn–Pb–Cd solder

appear in Fig. 32 for each of the four test temperatures.

At –25�C (Fig. 32a), there was significant primary creep

preceding steady-state creep at each of the applied

stresses. Although primary creep was also present in the

creep curves generated at 25�C (Fig. 32b), the extent of

primary creep diminished and the plots showed largely

steady-state creep with increasing stress level. This same

trend was observed at the test temperatures of 75�C
(Fig. 32c) and 100�C (Fig. 32d). At all test temperatures

and stresses, tertiary creep was not observed in the

strain-time curves.

A comparison was made between the strain-time

curves of the In–Sn solder (Fig. 28) and In–Sn–Pb–Cd

alloy (Fig. 32) for comparable stresses and tempera-

tures. At –25�C, the In–Sn solder shows slightly more

creep strain than did the In–Sn–Pb–Cd alloy. However,

at the three higher temperatures of 25, 75, and 100�C,
the In–Sn solder exhibited noticeably less creep strain,

in spite of the accelerated strain rate associated with

the tertiary creep stage. The difference was particularly

noticeable at 100�C where the tertiary stage was largely

absent from the creep response of the In–Sn solder.

10-16

10-14

10-12

10-10

10-8

10-6

10-4

10-2

100

Stress  (MPa)

-25°C

25°C

75°C
100°C

As-fabricated

Annealed: 52°C, 16 h

0

M
in

im
u

m
 S

tr
ai

n
 R

at
e,

 d
ε/

d
t m

in
  (

s-1
)

1 2 3 4 5
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annealing at 52�C for 16 h
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Fig. 32 Creep curves of the In–Sn–Pb–Cd solder tested in the as-fabricated, representing the following temperature conditions:
(a) –25�C; (b) 25�C; and (c) 75�C, and (d) 100�C
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Therefore, with the exception of tests performed at

–25�C, the In–Sn solder appeared to be more creep

resistant than its Pb-bearing counterpart.

The secondary creep rate kinetics of the In–Sn–Pb–

Cd solder were represented by Eq. 9 below:

de=dtmin ¼ 7:2� 106 sinh2:1�0:3ð0:182rÞexpð�66� 7=RTÞ
ð11Þ

The R2 value for the regression analysis was 0.97

demonstrating an excellent correlation between the

independent and dependent variables. The sinh law

exponent was slightly higher than the values calculated

for the In–Sn solder in Eqs. 8 and 9. Also, the apparent

activation energy in Eq. 11 was still commensurate

with a fast-diffusion mechanism.

A direct comparison was made of the steady-state

creep rates between the as-fabricated conditions of the

In–Sn solder [Eq. 8] and In–Sn–Pb–Cd alloy [equation

(11)]. The corresponding plot was shown in Fig. 33.

The In–Sn–Pb–Cd solder showed a slightly faster strain

rate than the In–Sn solder. That difference increased

with both test temperature as well as applied stress.

These results corroborated the earlier analysis of creep

strains, that the In–Sn solder was more creep resistant

than its Pb-bearing counterpart.

In summary, the compression creep behaviors were

evaluated for the low-melting temperature In–Sn and

In–Sn–Pb–Cd solders. The In–Sn solder creep curves

exhibited extensive tertiary stage behavior, which

correlated with the development of cracking along

coarsened cell boundaries. The annealing treatment

had very little effect on either the strain-time behavior

or the steady-state creep rate kinetics of the In–Sn

solder. With the exception of creep at –25�C, the In–Sn

solder was more creep resistant than was the In–Sn–

Pb–Cd solder. The apparent activation energy indi-

cated that the rate kinetics of creep for both solders

was controlled by a fast diffusion mechanism.

4 Applications note

The creep and plastic deformation properties were

evaluated for the two Pb-free solders, In–Ag and

In–Sn. These two alloys represented melting temper-

ature regimes that could be used to develop a step-

soldering process for the assembly of OE, MEMS, and

MOEMS devices. Several qualitative comparisons were

made with respect to relative abilities of the Pb-free

solders to deform when compared to the Pb-bearing

counterpart alloy—e.g., for relieving residual stresses.

In the case of the In–Ag and In–Pb–Ag solders, a

comparison of creep and plastic deformation proper-

ties indicated that, in general, the In–Ag solder would

deform to a greater degree than the In–Pb–Ag solder.

On the other hand, the In–Sn solder had the lesser

capacity to deform under an applied load versus the

In–Sn–Pb–Cd material.

Nevertheless, it has been recognized that, in most

applications, both plastic and creep deformation can

occur to varying degrees. Secondly, it is necessary to

have a quantitative prediction of the ensuing defor-

mation for engineering design and reliability analyses

as would be provided by the single UCP constitutive

model. Therefore, a long-range goal is to develop a

UCP constitutive model for each of the Pb-free solders

that would form the basis of a TMF predictive

(numerical) model. Of course, the UCP constitutive

equation would describe the deformation leading up to

crack initiation, only. At this stage, the equation would

not be capable of describing damage in the form of

crack propagation.

The associated constitutive equations were devel-

oped for the In–Ag solder, representing both the

as-fabricated and annealed conditions. This as-fabri-

cated case will be highlighted below. The one-dimen-

sional equation for the inelastic strain rate in the UCP

model is:

de=dt11

¼ f 0fsinhp½ðjr11 � B11j=aD�gðr11 � B11Þ expð��H=RTÞ
ð12Þ

where the subscript (11) denotes the uniaxial com-

pression direction; B11 is the directional hardening

which, at this point in the study, was taken to be a

constant; and D represents the internal state variable

of isotropic hardening/recovery, which is described by
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dD=dt ¼ f½A1jde=dt11j�=½ðD�D0ÞA3 �g �A2ðD�D0Þ2
ð13Þ

where A1, A2, A3, and D0 are material constants. These

material constants were initially constructed from the

steady-state creep equation and then adjusted to cali-

brate the model prediction with both creep and plastic

deformation experimental data. Thus, in Eq. 12, the

values of f0, a, p, and ÆH were the same as those

determined in Eq. 4, except that the value of a used in

Eq. 12 was approximated to 1.0.

The prediction capability of Eq. 12, when popu-

lated with the suitable parameters, was assessed using

the stress-stain behavior of the In–Ag solder. Shown

in Fig. 34 is a plot that shows the two experimental

stress–strain curves (symbols) for the as-fabricated

In–Ag solder per each test temperature. The strain

rate was 4.4 · 10–5 s–1. The model prediction was

represented by the solid lines. The UCP model

adequately represented the plastic deformation.

Similar correlations were observed at the faster strain

rate as well as for both strain rates after the In–Ag

solder in the annealed condition. Therefore, Eqs. 12

and 13 would be suitable for the UCP constitutive

model in a finite element computational model for

predicting the deformation behavior of In–Ag in a

solder joint.

5 Summary

1. Lead (Pb)-free, low melting temperature solders

are required for the step-soldering process used to

assemble complex micro-electrical mechanical

system (MEMS), OE, and micro-optical, electrical,

mechanical system (MOEMS) devices. Stringent

alignment protocols as well as the long-term

stability of component placement necessitate the

use of computational models to predict solder

deformation following the assembly process as

well as in response to anticipated service

conditions.

2. The development of suitable computational mod-

els for such solder joints, begins with constructing a

UCP constitutive model that describes both plastic

and creep deformation properties of the solder

alloy.

3. The stress–strain and creep properties were mea-

sured for the low-temperature, Pb-free 97In-3Ag

(wt.%) and 58In-42Sn solders using compression

testing techniques. The companion, Pb-bearing

solders, 80In–15Pb–5Ag and 70In–15Sn–9.6Pb–

5.4Cd, respectively, were similarly tested for com-

parison purposes.

4. Compression stress–strain tests were performed

at strain rates of 4.4 · 10–5 s–1 and 8.8 · 10–4 s–1

and temperatures of –25, 25, 75, and 100�C or

125�C. Compression creep tests were performed

at the same four temperatures. The minimum

strain rate at the steady-state creep stage was

represented by the equation: f0 sinhp (ar)
exp(-DH/RT). Samples were evaluated in the

as-fabricated (cast) condition and after thermal

annealing.

5. The stress–strain plots of the In–Ag solder exhib-

ited reduced strain hardening with increased test

temperature. The yield stress values were in the

range of 0.5 MPa to 8.5 MPa and decreased with

both test temperature and strain rate. The yield

stresses were sensitive to the annealing treatments

only at –25 and 25�C. The static elastic modulus

generally decreased with test temperature,

although not in a monotonic manner.

6. The values of DH for steady-state creep were

99 ± 14 kJ/mol and 46 ± 11 kJ/mol, indicating that

bulk diffusion controlled creep in the as-fabricated

samples and fast-diffusion controlled creep of the

annealed samples, respectively.

7. The stress–strain plots of the In–Sn solder showed

strain softening that resulted from dynamic

recovery/recrystallization process. The yield stress

ranged from 1.0 MPa to 22 MPa and decreased

with both test temperature and strain rate. The

annealing treatments did not significantly nor

consistently change the yield stress. Two temper-

ature regimes distinguished the static elastic

modulus values.
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8. The values of DH for steady-state creep were

55 ± 11 kJ/mol and 48 ± 13 kJ/mol for the as-fab-

ricated and annealed conditions, respectively,

indicating that fast diffusion, was the controlling

mechanism in both cases.

9. UCP constitutive models were derived for the In–

Ag solder representing the as-fabricated and 67�C,
16 h annealing conditions. The respective UCP

equations represented very well the stress–strain

behavior of the solder at both strain rates.
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