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Abstract
This paper analyzes a small database of isothermal shear creep data for Sn-Ag-Cu (SAC) solder joints
of bulk composition close to that of the near-eutectic Sn-3.9Ag-0.6Cu alloy. The data is put in perspective
in terms of alloy composition, joint geometry and ageing effects. Conventional hyperbolic sine creep
models are developed in an attempt to best capture the effect of temperature and stress conditions on
steady-state creep rates for common SAC alloys. While the proposed creep models require further
validation, especially at cold temperatures where there is a lack of creep data, it is hoped that the results
of this comparative analysis are of use to developers of lead-free solder joint stress/strain analysis and
reliability prediction models.

Introduction

Database Description

The study of shear stress and strain in solder
joints of electronic assemblies is of interest for
the development of analytical models that describe the shear deformations of solder joints due
to the global thermal expansion mismatch between components and circuit boards or other
substrates. Given the heightened interest in leadfree electronic assemblies, it is important to develop constitutive models that capture the shear
deformations of lead-free solder joints in a reasonably accurate manner.

The analysis of shear creep data is based on a
small database of creep rates and strength data
from five independent tests that are referenced
in Table 1. The first column in Table 1 gives labels
that are used through the remainder of this paper
to identify the five datasets. Except for the UC
alloy with a 3.0 % Ag content, the composition of
the other solders is close to that of the Sn3.9Ag0.6Cu alloy recommended by the National Electronics Manufacturing Initiative (NEMI) in North
America (see: http://www.nemi.org). Process conditions and cooling rates vary across the database. The UC specimens have the unique characteristic that they were aged for four hours at
160 °C after assembly. Such an ageing treatment
is expected to reduce the strength of virgin solder joints.
Table 2 summarizes the joint geometry and material information. The geometry is either of the
flip-chip type (IZM hour-glass joints) or similar to that of solder joints of Chip Scale Package (CSP) assemblies (NTU specimen) or to more
traditional lap-shear joints (NPL, UC and UM
specimens). Joint size varies although all designs

This paper compares shear creep data from several laboratories with the objective of consolidating compatible datasets under different stress
and temperature conditions. Reasons for differences between datasets are also discussed. The
study is limited to the analysis of steady-state
creep data for common Sn-Ag-Cu (SAC) solder
alloys with compositions close to that of the neareutectic, ternary alloy Sn3.9Ag0.6Cu. Creep rate
equations are derived for possible use in lumped
parameter stress/strain analysis tools and solder
joint life prediction models.
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Table 1: Sources of shear data, alloy composition (% weight) and process information.

Table 2: Joint geometry, specimen substrate & metallization. H = joint height; L = joint length
in the direction of shear; W = width of lap-shear joints. L and W are dimensions of
solderable areas.

attempted to create thin joints with heights similar to those of real solder joints in surface mount
assemblies. All specimens had copper pads, either bare or with NiAu plating, or copper substrates. All designs and/or fixturing attempted to
minimize specimen bending. This was verified
for the NPL specimen (Dušek et al., 2003) using
finite element models with an existing constitutive model (Darveaux et al., 1995) for Sn3.5Ag
solder.
Stress condition parameters are summarized in
Table 3. All tests except for the NTU test were
constant-load creep tests. The NTU tests were moDataset Test Type
IZM
NPL
NTU
UC
UM

notonic strength tests where stress/strain curves
are recorded at a given strain rate. In such a case,
the maximum shear stress is used as a measure
of creep strength. The corresponding creep strength
vs. strain rate data generally fits in with creep test
data. Strain rates across the five experiments
cover a wide range (4×10-10 to 10-1/sec). Shear
stresses are from 3 to 45 MPa although there are
less data points in the lower stress range below
5 MPa. Test temperature is from 5 °C to 130 °C.
Our search for SAC data was by no means exhaustive, however, it appears that there is a lack
of shear creep data at cold temperatures.

Temperature

Shear Stress
Shear Strain Rate
(MPa)
-10
Creep
5 °C, 25 °C, 50 °C13-43
4× 10
to 7 ×-3 10
-8
Creep
21 °C, 50 °C, 80 10-30
°C
3 × 10
to 1 ×-2 10
Strength
25 °C, 75 °C, 1258-35
°C
2.6 × -410to 2.6 -2× 10
(stress/strain)
-7
Creep
60 °C, 95 °C, 1303-15
°C
9 × 10
to 2 ×-2 10
-7
Creep
25 °C, 75 °C, 1254-30
°C
2 × 10
to 1 ×-1 10

Table 3: Isothermal mechanical test conditions, approximate shear stress and strain rate ranges.
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Comparison of Raw Data
General Trends
The raw data is plotted as shear creep rates versus shear stress in Figures 1a-d. The four figures
(1a-1d) have the same scales on the horizontal
and vertical axis for ease of comparison between
datasets. All the data was digitized from figures
in the quoted references. The IZM data, which
was displayed as tensile data (Figure 19 in Wiese,
Schubert et al., 2001) was reconverted to shear
using the recommended Von-Mises transformation (τ = σ/√3; γ° = ε°/√3 where τ and σ, and
γ° and ε° are shear and tensile stresses and strain
rates, respectively). While the applicability of the
Von-Mises criterion to SAC solders is not fully
established, Pang et al.’s (2003) yield and strength
data for bulk specimens in tension and solder
joints in shear shows that the Von-Mises stress
transformation (τ = σ/√3) applies quite well
at shear strain rates in the range 2.6×10-4 to
2.6×10-2s-1.

1a: All datasets

J.-P. Clech

All data points are shown in Figure 1a. The database consists of 15 isothermal datasets (3 from
each of the five experiments), 53 points for the
IZM flip-chip data and 56 points for the other
four datasets; that is, a total of 109 data points,
91 of which are at stress levels above 10 MPa.
Fifteen data points are in the stress area between
5 and 10 MPa. Only three data points are in the
low stress region below 5 MPa, which is the most
relevant area for solder joints of electronic assemblies under a variety of use conditions.
Power-law trend lines have been added in Figure 1a to highlight the IZM data and a few other isothermal subsets. This is simply intended to
clarify the display of the data without recommending the use of a power-law creep model.
Because Figure 1a appears quite busy, the individual datasets are re-plotted two at a time in
Figures 1b-d where we have added the slopes, or
stress exponents, of the power-law trend lines.
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1b: UC and NPL datasets

1c: NTU and UM datasets



than the other joints. In particular, the comparison of the UM and the IZM creep data at
25 °C (Figure 1d) indicates that the IZM flip-chip
joints are about 1.6 times stronger than the UM
lap-shear joints. Given the high-values of the
power-law stress exponents (13.9 to 17.8 in Figure 1d), such a difference in creep strength translates into differences of over two orders of magnitude in steady-state strain rates. It is not clear
to this author why that is, although one possible reason is that the small size flip-chip joints
cooled much faster than the lap-shear joints in
the UM experiment. Faster cooling yields a finer microstructure that is in general more creep
resistant. From the joint dimensions in Table 2,
the volume of the UM lap-shear joints is roughly
700 times larger than that of the IZM flip-chip
joints. Even if the actual cooling rates (in °C/sec)
were the same, and because of volume differences, the smaller flip-chip joints cool much
faster than the larger UM joints. These effects are
still the subject of investigations and cannot be
addressed until quantitative measurements of
micro-structural features become available.
A cursory look at the trend lines in Figures 1b-d
suggests a power-law breakdown with lesser
slopes (6.6 to 9.4) in the low to medium stress
region to the left, and greater slopes (10.1 to 17.8)
in the high stress region to the right. This is indicative of different creep mechanisms being
dominant in those two regions. To this author’s
knowledge, the hard metallurgical evidence for
detailed creep mechanisms in SAC solders is not
available yet. Thus, for practical purposes, and
until fundamental metallurgical studies are completed, the creep test results are best exploited by
fitting the data to conventional creep models.

1d: IZM and UM [25 °C] datasets.
Figures 1a-d: Plots of isothermal steady-state creep data for
SAC solder joints in shear.

From Figures 1a and 1d, the IZM data suggests
that the flip-chip joints are more creep resistant

Shear Creep Data at 21-25 °C, 75-80 °C and
125-130 °C
Figures 2a-c are plots of creep data in the small
temperature ranges 21 to 25 °C (= 294 to 298 °K),
75 to 80 °C (= 348 to 353 °K) and 125-130 °C
(398 to 403 °K), respectively. On the absolute
scale (degree Kelvin), the minimum and maxi-
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mum temperatures of those temperature ranges
are within 1.5 % of each other. It is thus legitimate to merge compatible datasets within each
of those temperature ranges.
Figure 2a shows that, to a first order, the UM
(25 °C), NPL (21 °C) and NTU (25 °C) data fit
together rather well. Similar conclusions hold
with an even better fit for the UM (75 °C), NPL
(80 °C) and NTU (75 °C) data in Figure 2b, and
for the UM(125 °C) and NTU(125 °C) data in
Figure 2c. The NTU joints are rather small and
are representative of chip scale package assemblies, whereas the NPL and UM joints are lapshear joints of longer dimensions in the direction of shear. Thus, in the three temperature
ranges of interest, the steady-state shear creep data from the three experiments fit together, regardless of joint size. The results from the UM,
NPL and NTU experiments are consistent with
each other and can legitimately be merged in the
development of creep models. Note also that,
since the creep data derived from the NTU
strength test fits rather well with the UM and
NPL creep test results, the more rapid strength
test may be a viable solution for data acquisition
at low strain rates. Last, as expected, small variations in alloy compositions (95.5Sn-3.9Ag0.6Cu for the UM joints, 95.5Sn-3.8Ag-0.7Cu for
the NPL and NTU specimens) do not result in
any noticable effect on steady-state creep rates.
As previously discussed, Figure 2a also shows that
the IZM flip-chip joints are more creep resistant
and follow a different trend than the UM, NPL
and NTU joints. Also, in Figure 2c, the UC
(130 °C) data lies above the UM (125 °C) and
NTU (125 °C) data by about one to two orders
of magnitude along the strain rate axis. Since the
temperatures, 125 °C and 130 °C are within 1.3 %
of each other on the absolute scale, temperature
alone does not explain the large separation between the UC and UM/NTU datasets. The UC
solder, Sn3.0Ag0.5Cu, has a somewhat lower content of alloying elements than the UM and NTU
solders, Sn3.9Ag0.6Cu and Sn3.8Ag0.7Cu, respectively. However, from a previous study of ten-

2a: Shear creep data at 21-25 °C.

2b: Shear creep data at 75-80 °C.

2c: Shear creep data at 125-130 °C.
Figures 2a-c: SAC steady-state shear creep data in
temperature ranges: 21-25 °C, 75-80 °C
and 125-130 °C.

sile properties of SAC alloys (Clech, 2003), the
three compositions should give rather similar
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creep rates, at least to a first order. The remaining differentiating factor of the UC joints is the
4 hour ageing at 160 °C after specimen assembly. Annealing is intended to soften metals and
this seems to hold for SAC solders as well. For
example, the tensile strength of SAC specimens
at room temperature was found to decrease by
30 % following five hours of ageing at 125 °C
(Fouassier, 2001).

model has been found to work well for several
solder alloys including SnPb and Sn3.5Ag solders (Darveaux et al., 1995). The model reduces
to a power law in the low stress area (B . τ < 0.8)
and to an exponential model in the high stress
area (B . τ > 1.2). Because of the wide range
of strain rates, the analysis was conducted on
Y=ln(γ°(/sec)) and the regression function was
specified as:
o

Y = ln(γ )= LNA −

Creep Model Parameters

Qa
+ n ⋅ ln[sinh(B ⋅ τ (MPa ))]
T (K )

(2)

(1)

where T(°K) and τ (MPa) are independent variables and the regression constants LNA and Qa
are defined as LNA = ln(A) and Qa = Q/R. The
regression constants are given in Table 4 with
central values followed by standard errors after
the ± symbol or minimum and maximum values (central values ± one standard error).

where the steady-state shear strain rate γ° (/second) is a function of stress τ (MPa) and absolute
temperature T (°K). R =8.314 J/(°K.mole) is the
universal gas constant. The four parameters: A,
B, n, and the activation energy Q are obtained
by regression of the data using the non-linear,
multiple variable curve-fitting program “Datafit”
by Oakdale Engineering. The hyperbolic sine

Isothermal lines for each individual model and
the corresponding data points for each of the five
experiments are plotted in Figures 3a-e. As expected, each model fits the corresponding data
quite well. However, the shape of the various
models varies, reflecting the range of values of
the model parameters in Table 4. For the four
datasets other than IZM, the central values of the
exponent n vary from 4.31 to 7.94. If we con-

As a first attempt to consolidate the shear creep
data, the creep test results are fitted to a classical hyperbolic sine (“sinh”) model:
o

n

γ (/sec) = A ⋅ [sinh(B ⋅ τ (MPa))] ⋅ exp(−

Q (J /mole)
)
o
RT ( K )

Table 4: “Sinh” model regression constants and standard errors or minimum and maximum values
(NA = Not Available).
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3a: IZM data and “sinh” model isothermal lines.

3b: NPL data and “sinh” model isothermal lines.

3c: NTU data and “sinh” model isothermal lines.

3d: UC data and “sinh” model isothermal lines.

3e: UM data and “sinh” model isothermal lines.
Figures 3a-e: Fit of hyperbolic sine (“sinh”) models to individual datasets of SAC shear creep data. Model
parameters for each separate dataset and model
are as given in Table 4. Central values of
“stress” exponents (n) and activation energies
(Q) are also shown on each figure.

sider the minimum and maximum values that
account for standard deviations, n values range
from 2.97 to 9.50. Central values of the activation energy Q for the five datasets vary from
61.1 to 98.8 kJ/mole. Accounting for the minima and maxima, Q covers the range 51.4 to
104.5 kJ/mole. One reason for these wide variations in model parameters is the fact that each
dataset only covers a limited range of stresses,
strain rates or temperatures. This also suggests
that any model derived from a single dataset does
not necessarily apply across the board and needs
to be validated against independent data.
Data points and the corresponding isothermal
lines of the “sinh” model for the merged datasets
(NPL+NTU+UM) are plotted in Figures 4a-b.
Each solid line is based on central values of the
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4a: NTU & UM data, and “sinh” model (merged data).

4b: NPL data and “sinh” model (merged data).
Figures 4a-b: Fit of hyperbolic sine (“sinh”) model to SAC
shear creep data from NPL + NTU + UM
experiments (merged datasets). Central values
of “stress” exponent” (n) and activation energy
(Q) from last row in Table 4 are also shown.

“sinh” model parameters. For each temperature
of interest, the dashed lines in Figures 4a-b represent lower and upper bounds that are defined
by an arbitrary factor √10 ≈ 3.16 times below or
above the solid lines. These lower and upper
bounds define a “10X” correlation band around
the model centerlines. At a given temperature,
most data points from the merged datasets fall
within or close to the corresponding correlation
band. While Figures 4a-b show some scatter, the
merged dataset model has the advantage of covering a wider range of stresses and strain rates
than the other models that are fitted to a single
dataset.



In the present analysis, the “sinh” model for the
UM dataset gives different values of the model
parameters than those reported by Zhang et al.
(2003). While the activation energies are very
close (61.1 versus 62.9 kJ/mole), the n exponents
are quite different: 7.94 versus 3.79. The original
UM data and isothermal lines for the two “sinh”
models are plotted in Figure 3e showing that
both models fit the data equally well in the experimental range of stresses and strain rates.
However, the two models diverge in the area of
low stresses or low strain rates. It is not clear to
this author why the two models, especially the
n exponent values, are so different. The publication by Zhang et al. (2003) does not provide
details about the curve-fitting tool or procedure
that was used to fit the experimental data.
Last, the exponent n for the IZM dataset (n=16.8)
is much larger than the others. Since B.τ << 1
for the experimental stress range in the IZM experiment, the “sinh” model reduces to a powerlaw creep model and the exponent n=16.8
(15.9 min., 17.7 max.) of the “sinh” model is very
close to the power-law exponent of 18 given by
Wiese, Schubert et al. (2001).

Comparison of Sn-Ag-Cu and Sn-3.5Ag
in Shear
Values of creep parameters from the above analysis of SAC creep data and from a previous analysis of Sn-3.5Ag creep data in shear (Clech, 2003)
are summarized in Table 5:
• The first two rows in Table 5 give model parameters for merged datasets of mostly lapshear creep data. The overlapping values of
creep model parameters suggest that similar
creep mechanisms are at work for these SAC
and Sn-3.5Ag solder joints.
• The activation energies for SAC and Sn-3.5Ag
are in the same narrow range (72.9 to
77.4 kJ/mole for the central values) and the
ranges of minimum and maximum Q values overlap.
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Table 5: Steady-state creep parameters for SAC and Sn-3.5Ag solder joints in shear: central values of activation
energy Q and “sinh” model exponent n. Minimum and maximum values in parenthesis are obtained from
standard deviations given by the “Datafit” regression software.

• The central values of the n exponents are exactly the same (n=8.67) and the ranges of
minimum and maximum values for n overlap as well.
• The last two rows in Table 5 give model parameters for individual datasets of shear data acquired on CSP or ceramic chip carrier solder
joints.
• Contrary to the SAC vs. Sn-3.5Ag merged
datasets discussed above, the activation
energies for the two solder alloys are quite
different: 93.2 kJ/mole for SAC versus
74.5 kJ/mole for Sn-3.5Ag. The latter value
is in the range of activation energies for the
merged datasets above (72.9 to 77.4 kJ/mole).
• The “sinh” stress exponents for the two
datasets are very close: 5.13 for SAC versus
5.54 for Sn-3.5Ag, however, they are 56 % to
69 % less than the exponent n=8.67 for the
merged datasets discussed above.
The general trend is consistency of the “sinh”
model parameters for merged datasets of SAC

or Sn-3.5Ag shear data. However, it appears that
stress exponents are less for individual datasets
based on shear testing of joints that closely mimic
solder joints of electronic assemblies.

Comparison of Shear and Tensile Model
Parameters
“Sinh” model creep parameters for SAC and Sn3.5Ag in tension (bulk specimens) are summarized in Table 6. The activation energy Q and exponent n values from the various analysis of tensile data are rather consistent. In particular, the
results based on SAC data (merged datasets from
three independent experiments) and Sn-3.Ag1.0Cu data (1 experiment) are very similar.
However, the SAC activation energies derived
from the analysis of tensile data (Q ~ 59 kJ/mole)
are 22 % to 58 % lower than activation energies
obtained from the analysis of shear creep data
(Q~72 to 93 kJ/mole in Table 5). These differ-

Table 6: Steady-state tensile creep parameters for SAC and Sn-3.5Ag solders: central values of activation energy Q
and “sinh” model exponent n. Minimum and maximum values in parenthesis are obtained from standard
deviations given by the “Datafit” regression software.
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ences, which are not understood, are essentially based on the use of the Arrhenius factor to
capture the temperature dependence of creep
rates and are independent of the choice of the
stress function (“sinh” factor in equation (1)).
The SAC exponent n in tension (n~4.9-5.0 in
Table 6) is also different from the SAC exponent
for lap-shear joints and the merged SAC datasets
in Table 5 (n=8.67). However, the n exponent
of about 5 in tension is consistent with exponents
of 5.13 and 5.14 in Table 5 for CSP and chip carrier solder joints in shear.



• The last dataset (flip-chip joints) clearly showed
higher creep resistance than all the others. The
same dataset displayed a very high stress exponent in power-law or “sinh” creep models.
This is perhaps indicative of a minimum or
threshold stress below which dislocation motions are blocked due to dispersed precipitates
in the SAC solder. Such a behavior has been
observed in the analysis of Sn-0.7Cu tensile data and a threshold-stress creep model was proposed to describe the steady-state creep data
(Wu et al., 2002).
The hyperbolic sine creep model was found to
fit the shear creep data reasonably well, at least
within the experimental range:

Conclusions
A review and comparative analysis of SAC shear
creep data was conducted. The review is not exhaustive and will need to be updated when additional data becomes available. Although limited in scope, our search for shear creep data indicates a scarcity of or an apparent lack of data:
• At temperatures below 5-21 °C.
• At stress levels below 5 MPa.
Some scatter in the data was observed although
trends are clearly visible. Of the five datasets that
were studied:
• Three appeared to fit well together. Their alloy composition was in the narrow range: Sn3.8Ag-0.7Cu, Sn3.9Ag0.6Cu and the joint geometries were of the lap-shear or CSP joint type.
• One dataset appeared to be less creep resistant
than the others. While its composition was
slightly different (Sn-3.0Ag-0.5Cu), our previous analysis of tensile creep data (Clech, 2003)
has shown that the reduced Ag contents – 3.0 %
vs. 3.8-3.9 % for the other datasets – is not large
enough to explain the loss of creep strength.
We believe that the 4 hour ageing of test specimens at 160 °C was a more significant factor
contributing to the reduction in creep resistance.

• Several models were suggested with parameters given in Table 4, depending on which dataset is analyzed. Which set of parameters applies best to the analysis of circuit board assemblies remains to be determined by detailed
validation studies.
• Model parameters show variability depending
on the range of stress, strain rates and temperature covered by a given dataset. If anything,
the variability in model parameters suggests extreme caution in the selection of a constitutive
model. Moreover, constitutive models themselves need be validated by independent data
before they can be used with confidence in the
thermo-mechanical analysis of electronic solder joints.
Last, discrepancies were noticed between model parameters for SAC shear and tensile creep.
While parameters for SAC and Sn-3.5Ag alloys
are rather similar, in general, the analysis of SAC
tensile data leads to lower activation energy than
that of SAC in shear. This is possibly related to
the thickness of SAC joints and constraining effects of soldered surfaces in shear as opposed to
the stress-free surfaces of tensile specimens.
More detailed studies are warranted to elucidate
the underlying physics behind these differences.
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