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Abstract. In this study, rupture of notched SENT specimens fabricated from a novel lead-
free solder alloy is investigated. The lead-free solder alloy, focused on in this study, is
particularly used as interconnect material in power modules of electric vehicles. Its com-
mercial denomination is InnoLot and it can be used in harsh environments thanks to its
improved reliability. Up to now, studies on their resistance to rupture remain relatively
limited. Yet the comprehension of fracture behavior is essential for the correct design of
the electronic packages which must be robust against fatigue and vibrations loads. The
tests are performed with the help of a micro-tensile testing machine equipped with an op-
tical system for full-field measurements with Digital Image Correlation. The images are
taken at successive steps of deformation and the displacement field is measured in a re-
gion of interest which is the singularity dominated zone surrounding the plastic zone at
the crack tip. The procedure consists then in comparing the measured field with the the-
oretical field given by the Williams’ solution. The stress intensity factor is calculated by
fitting the analytical fields to the experimental data. The effects of the size and shape of the
zone of data collection, as well as that of the number of terms considered in the Williams’s
expansion series, are examined in the study. A method is also proposed for the automatic
crack tip detection. From these finding, it is easy to predict the crack propagation and
failure mechanism of solder joint. In addition, the theoretical solution of displacement,
given by the Williams series, is compared with measurements to identify the coefficients
of these series, including the stress intensity factor. Finally, a 5-order truncation of the
Williams series seems sufficient to obtain a correct estimate of the stress intensity factor.

Keywords: lead-free solder, digital image correlation, plastic zone, fracture.

1. INTRODUCTION

Due to the RoHS and WEEE legislations for restricting the use of six hazardous ma-
terials in the manufacture of various types of electronic and electrical equipment, devel-
oping novel Pb-free solders becomes a real challenge for many industrials in recent years.
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Thanks to that, electronics manufacturers are developed a new generation of solder alloys
without lead element that could maintain or improve the reliability of the solders. In-
deed, many authors have investigated on the reliability of tin-silver-copper solders with
small additions of some elements such as Bi, Zn, Ni, Al, Sb, . . . [1–5]. The behaviors of
these solders have been found to be particularly dependent on the amount of the reactive
constituent element of the solders. Nevertheless, the trend of miniaturization of elec-
tronic products, as well as increasingly complex and harsh working conditions, brings
huge challenge to their reliability. Thus, the reliability of electronic products receives
wide attention. Furthermore, in electronic packaging, solder joint is one of the most eas-
ily failed parts, which has always been a hot research topic in this field. Indeed, from the
literature, many researchers have focused on mechanical properties, failure mechanisms,
and fracture parameters of solder joints.

In the fracture failure of the solder joints, crack growth is initiated in areas of high
stress concentration such as areas with geometric accidents or defects inherent in the ma-
terials. In linear fracture mechanics, the stress intensity factor (SIF) is a parameter that
makes it possible to quantify the criticality of a crack since it reflects the effect of loading
on the evolution of the crack. Similarly, the displacement and stress fields can be charac-
terized by the stress intensity factor. Therefore, this knowledge is important to prevent
the brittle fracture that can occur in the case of pre-existing cracks. Many conventional ex-
perimental techniques, based on the use of strain gauges or Moiré Interferometric, allow
determining the stress intensity factor. However, strain gauges only access a very limited
number of measurements. Also, optical methods provide a complete field measurement,
but they still remain difficult to implement and are not suitable for opaque materials.
In comparison, the correlation of digital images proves to be a more efficient technique
since it not only used with all types of materials but also at different scales (from the
scale of the microstructure to that of the structure). The digital image correlation (DIC)
technique is nowadays largely adopted as a reliable, non-destructive, low-cost technique
to measure real-time local displacement on a flat surface of the specimen [6, 7]. With the
development of full-field measurement technique, it has been possible to analyze crack
propagation experimentally with an increasing level of robustness.

Therefore, in this work, Digital Image Correlation method is used to evaluate stress
intensity factor in notched specimens made from InnoLot solder alloy (SAC387-3Bi-1.5Sb-
0.15Ni). Notched SENT specimens fabricated from the InnoLot lead-free solder alloy is
investigated. The tests are performed with the help of a micro-tensile testing machine
equipped with an optical system for full-field measurements with Digital Image Correla-
tion (DIC). The images are taken at successive steps of deformation and the displacement
field is measured in a region of interest which is the singularity dominated zone sur-
rounding the plastic zone at the crack tip. The procedure consists then in comparing the
measured field with the theoretical field given by the Williams’ solution. The stress in-
tensity factor is calculated by fitting the analytical fields to the experimental data. The
effects of the size and shape of the zone of data collection, as well as that of the number of
terms considered in the Williams’s expansion series, are examined in the study. Another
factor that determines the accuracy of this method is the ability to correctly determine
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the position of the crack tip. This question is therefore also addressed in this work by
proposing an algorithm for automatic detection of the crack at each new loading step.

2. METHODOLOGY OF 2-D DIC

The digital image correlation (DIC) method refers to an optical and non-contact mea-
surement technique, which includes the steps of image acquisition, storage, and correla-
tion since the 1980s [8–10]. It generates the full-field deformation, motion, and profile
in all the directions. Benefiting from the enhancement of pixel amount, DIC method
evolved to be a technique for the in-situ mechanics test with high sensitivity.

The in-plane 2-D DIC derives from the concept that camera traces the feature move-
ment on the sample’s surface. The camera sensor focuses on the planar object surface to
record the images of the specimen under different loads. The specimen was painted or
sprayed with black and white patterns as the features to give each pixel a grey value that
ranges between 0 (black) and 255 (white). The light sources are important to illuminate
the white and black features on the sample surface. In addition, the basic calculation
unit is subset, which consists of several pixels. By grouping many pixels into one subset,
it is capable of correlating and recognizing the shape and displacement of every subset.
The shear deformation can be justified through the subset shape comparison. 2-D DIC
achieves a 0.02 pixel measurement accuracy.

The technique of digital image correlation consists in comparing the deformed im-
ages of the surface of the sample with the reference image obtained before deformation.
The correlation algorithm requires the surface images be ”textured”, which is obtained
by speckling method. The sample was painted using an airbrush with diameter a nozzle
of 0.2 mm. This type of device is adapted to generate on small samples a sufficiently fine
texture (sub-millimetric size paint stains).

The reference image is subdivided into subsets whose positions are determined on
the deformed images. Consider a subset centered on the P (x0, y0) point in the reference
image (see Fig. 1(a)). A point Q (xi, yi) in this subset becomes after deformation the point
Q′
(
x′i , y′i

)
in the target subset by the following transformation

x′i = xi + u +
∂u
∂x

∆x +
∂u
∂y

∆y,

y′i = yi + v +
∂v
∂x

∆x +
∂v
∂y

∆y,
(1)

where u and v are the components of the displacement of the center of the subset of

reference P(x0, y0);
∂u
∂x

,
∂u
∂y

,
∂v
∂x

,
∂v
∂y

are the gradients of displacement; ∆x = xi − x0, ∆y =

yi − y0.
To estimate the degree of similarity between the reference subset and the deformed

subset, a correlation coefficient is calculated according to a specific criterion from the set
of points of the subset. By searching for the extreme value of this coefficient, the displace-
ment of the point P can be determined.

Under the assumption of linear elastic elasticity of fracture, Williams [11] proposed
a solution for displacement and stress fields near the crack front in the form of series
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Fig. 1. Concept of the DIC based on the follow-up of a correlation window (subset)
between the reference image and the deformed image of the surface (a), local

coordinate system around the crack tip (b)

developments. In the case of a plane problem (see Fig. 1(b)), the field of displacement
around a crack, embedded in a homogeneous isotropic medium and subjected to mode I,
is given by{

u
v

}
=

∞

∑
n=1

rn/2

2µ
An


(

κ +
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2
+ (−1)n

)
cos

nθ

2
− n

2
cos

(n
2
− 2
)

θ(
κ − n

2
− (−1)n

)
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2
+

n
2

sin
(n

2
− 2
)

θ

, (2)

where µ is the shear modulus; κ = 3 − 4ν is in plane strain condition and κ = (3 −
ν)/(1 + ν) in plane stress condition; ν is the Poisson’s ratio and r and θ are the polar
coordinates of a point measured with respect to the crack tip.

The coefficients An in Williams series depend on the geometric parameter a/W (where
a is the crack length and W is the width of the specimen). In particular, the first coefficient
is linked to the stress intensity factor in Mode I, A1 = KI/

√
2π, and the second coefficient

to “T-stress”, A2 = σox/4. The higher orders reflect the influence of the boundary condi-
tions in the case of a non-infinite medium. The displacements in Eq. (2) can be rewritten
as

u =
∞

∑
n=1

An f In(r, θ) and v =
∞

∑
n=1

AngIn(r, θ),

where f In(r, θ) and gIn(r, θ) are known functions depending on the polar coordinates.
By considering a possible rigid body movement accompanying the deformation and

by truncating the series to order N, the displacement field expressed at the point of coor-
dinates (rk, θk) becomes

uk =
N

∑
n=1

An f In (rk, θk) + Tx − Ryk,

vk =
N

∑
n=1

AngIn (rk, θk) + Ty + Rxk,

(3)
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where Tx and Ty represent the components of the translation in the directions x and y,
and R is the rotation.

3. EXPRIMENTAL PROCEDURES

3.1. Experimental Procedure
Samples of commercial 91.07Sn3.8Ag0.7C-3Bi-1.5Sb-0.15Ni solder alloy (thereby called

SAC387-3Bi-1.5Sb-0.15Ni or InnoLot) were used in this study. The solder has begun to
come into use in the packaging of some microelectronics components and devices, es-
pecially in car industry. Some previous studies have demonstrated that the mechanical
properties like thermal cycling, fatigue life of InnoLot solder have improved by adding
some elements Ni, Bi and Sb [4, 5].

5 

into a metal mold which was made from 304-Inox material with outer dimensions of 
16 mm width, 18 mm height and 80 mm length. The metal mold was then placed into 
water with temperature in the range of 250C to 350C based on recommendation of 
manufacturers; 
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after that the solid solder block is pulled out from the mold;

• The solder blocks are then machined and sliced by Electrical Discharge Machining
(EDM) into standard flat dog-bone specimens with pre-crack. The specimens have a
gauge length of 20 mm, a fillet radius of 17 mm to prevent any stress concentration
due to sharp corners, and a rectangular cross section of 2.0 x 6.0 mm2 in the central
part.

• Finally, before testing, the specimens are annealed in an oven at 1000C for 120
minutes and then cooled down to room temperature in the chamber to stabilize
microstructure and remove any residual stresses induced by the cutting process.

Fig.2. The procedure for fabricating the SENT specimens and their dimensions (in: mm) 
Fig. 2. The procedure for fabricating the SENT specimens and their dimensions (mm)

In this study, in order to conduct crack testing, bulk Single Edge Notched Tension
(SENT) specimens were fabricated using the InnoLot solder material according to the
following steps (see Fig. 2):

- The InnoLot solder material was melted in oven at 100◦C above the liquidus point
(around 330◦C) in a graphite cup and then the melted solder alloy was quickly poured
into a metal mold which was made from 304-Inox material with outer dimensions of
16 mm width, 18 mm height and 80 mm length. The metal mold was then placed into
water with temperature in the range of 25◦C to 35◦C based on recommendation of man-
ufacturers;

- The cooling process is maintained until solidification (over 3 minutes after pour-
ing), after that the solid solder block is pulled out from the mold;
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- The solder blocks are then machined and sliced by Electrical Discharge Machining
(EDM) into standard flat dog-bone specimens with pre-crack. The specimens have a
gauge length of 20 mm, a fillet radius of 17 mm to prevent any stress concentration due
to sharp corners, and a rectangular cross section of 2.0 × 6.0 mm2 in the central part.

- Finally, before testing, the specimens are annealed in an oven at 100◦C for 120 min-
utes and then cooled down to room temperature in the chamber to stabilize microstruc-
ture and remove any residual stresses induced by the cutting process.

The DIC technique consists in comparing images of the deformed surface of a spec-
imen with a reference image captured before loading. The algorithm necessitates that
a speckle pattern exists on the analysed surface, which is obtained by applying a white
paint, followed by a black over-sprayed paint using an airbrush system [12]. The open-
source subset-based 2D program Ncorr has been used to process the DIC data [13]. The
package is implemented in MATLAB, which allows us to get quite straightforwardly
the measured fields and add code for the computation of the fracture parameters. As
regards the mechanical testing of the small notched specimens, it is carried out with a
miniaturized tensile machine with a suited loading capacity and a wide range of cross-
head speeds [14]. It is equipped with a tension/compression load cell of 2 kN capacity,
a Linear Variable Differential Transformer (LVDT) of ±6 mm measurement range, and a
stepper motor associated with a high-resolution micro-stepping driver for the control of
the crosshead motion. A micro-tensile machine was designed that equipped with DIC
system as shown in Fig. 3.
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With:            for the Irwin approximation (plane stresses) 

              and  for the Dugdale approximation. 

Consider the displacement measurements of selected points M in the sampling area. An over 
determined system is obtained by taking a number of equations greater than the number of unknowns, 
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( )2yIp Kr sa=

pa 1=

8pa =

12 +³ NM

Fig. 3. A micro tension equipped with digital image correlation measurement for DIC testing
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3.2. Determination of the parameters of rupture
The DIC technique measures the displacements of a set of points in a region at the

vicinity of the crack. The terms of the Williams series are then determined by performing
a least squares minimization of the difference between the measured displacements and
the analytical solutions [11]. Since the latter are based on the hypotheses of the linear
elastic mechanism of the fracture, the points must be taken in the singular elastic zone
surrounding the plasticized zone at the crack tip. The size of the plasticized zone can be
estimated using the relationship

rp = α
(
KI
/

σy
)2 ,

where α = 1/π for the Irwin approximation (plane stresses); and α = π/8 for the Dug-
dale approximation.

Consider the displacement measurements of selected points M in the sampling area.
An over determined system is obtained by taking a number of equations greater than the
number of unknowns, i.e. 2M ≥ N + 1 where N and the number of coefficients to be
determined in the Williams series. Eq. (3) can then be rewritten for points M in a matrix
form



u1
...

uM
v1
...

vM


=



f I1 (r1, θ1) · · · f IN (r1, θ1) 1 0 −r1 sin θ1
...

. . .
...

...
...

...
f I1 (rM, θM) · · · f IN (rM, θM) 1 0 −rM sin θM
gI1 (r1, θ1) · · · gIN (r1, θ1) 0 1 r1 cos θ1

...
. . .

...
...

...
...

gI1 (rM, θM) · · · gIN (rM, θM) 0 1 rM cos θM





A1
...

AN
Tx
Ty
R


or {X} =

(
[B]T[B]

)−1
[B]T{U}.

(4)

If the crack tip location is known, a set of linear equations is obtained, whose solu-

tion can be expressed in the least-squares sense as {X} =
(
[B]T [B]

)−1
[B]T {U}. In order

to use the so-called over-deterministic method (ODM), the number of equations corre-
sponding to the number of points considered for data collection must be greater than the
number of unknowns, i.e. the number of the expansion terms that has to be calculated.

Determining accurately the location of the crack tip from images obtained experi-
mentally, like in DIC measurements, is required for a good quality fit of the field equa-
tions to the experimental data. A method proposed by [15] is to determine the stress
intensity factor by finding the location of crack tip which minimizes the error in least
squares by trial and errors. Such an optimization method, which is based on the fun-
damentals of LEFM, has been widely utilized for characterizing failure but is limited to
fully elastic fields, and requires accurate location of the crack tip. In contrast to the opti-
mization method, integral methods can be applied to both elastic and elastoplastic fields.
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4. NUMERICAL IMPLEMENTATION

The identification procedure is implemented in the Matlab software. The latter uses
for each loading step the data extracted from the DIC analysis made with the Ncorr soft-
ware [13], in particular the coordinates and displacements at the points of the sampling
zone. The influence of the shape of this area is studied by working with two different ge-
ometries: rectangular and annular (Fig. 4). The experimental values of the displacements
at the different points of the grid are then compared iteratively with the theoretical val-
ues given by Eq. (2) to determine the coefficients of the Williams series minimizing the
residue.8 

Fig. 4. Form of the displacement data sampling zone (contained in the singular elastic region): (a) rectangular 
case, (b) annular case. 

4. RESULTS
4.1. Determination of crack evolution in a SENT specimen 
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crack length of SENT specimens using DIC technique, respectively. In fracture toughness 
experiments, the crack length has to be measured with enough accuracy during its propagation. Using 
digital images acquired in the course of deformation is a straightforward way to measure the crack 
length evolution. However, with such a manual method, some uncertainty is generated in the 
measurements since these latter depend on the accuracy with which the user identifies the crack path 
on the gray scale images. The uncertainty becomes even more critical when the crack is not clearly 
visible and cannot be tracked correctly. By post-processing the images with the DIC, it has been found 
that the crack tip advance can be followed successfully [16]. 
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Another problem to be solved in the numerical implementation concerns the knowl-
edge of the position of the crack front must be sufficiently precise to make the correct
adjustment of the parameters of the analytical solution. A method of automatically lo-
cating the crack front consists of performing the identification procedure for different
assumed positions of the crack front, taken in the vicinity of a roughly estimated initial
position. The position leading to the minimum error in calculating the difference be-
tween the measured field and the analytical field will be considered as the true position
of the crack.

5. RESULTS

5.1. Determination of crack evolution in a SENT specimen
Fig. 5 shows full-field strain measurement, deformation profile and evolution of

crack length of SENT specimens using DIC technique, respectively. In fracture toughness
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experiments, the crack length has to be measured with enough accuracy during its prop-
agation. Using digital images acquired in the course of deformation is a straightforward
way to measure the crack length evolution. However, with such a manual method, some
uncertainty is generated in the measurements since these latter depend on the accuracy
with which the user identifies the crack path on the gray scale images. The uncertainty
becomes even more critical when the crack is not clearly visible and cannot be tracked
correctly. By post-processing the images with the DIC, it has been found that the crack
tip advance can be followed successfully [16].
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specimen. Following the same procedure as in Reu et al. [16], the crack tip location is calibrated in 
this work with a characteristic strain surface corresponding to the maximum value of axial strain in the 
immediate vicinity of the notch at the onset of crack propagation. 
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Figure 6 shows the evolution of the parameter A1 (related to the stress intensity factor K1) for a 
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adjustment made to the order 3 gives significantly lower values than the orders 5 and 7 which lead to 
similar estimates. 
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Fig. 5. Full-field strain measurement (a), deformation of profile (b)
and evolution of crack length (c) for SENT specimen

DIC offers a means to monitor the strain ahead of the crack tip. Due to the stress con-
centration effect, the axial strain (in the direction of loading) is high near the crack tip and
drops as a function of distance away from the crack tip. As an illustration, Fig. 5(b) shows
the strain profiles along the crack line prior and after crack propagation in the case of
a SENT specimen. These strain profiles are extracted in steps of 4 s over a period of
200 s from subsequent images in the course of loading (50 images in total). Detecting the
absolute position of the crack tip is not straightforward, but, between two consecutive
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images, there is an increment in crack growth, corresponding exactly to the shift in the
strain profile. To calculate this shift, there is a need to track a selected strain as it follows
the crack across the specimen. There is in theory some uncertainty on this strain value
but this should leave the offset unchanged. Fig. 5(c) shows the crack length-applied dis-
placement curves for the notched specimen. Following the same procedure as in Reu et
al. [16], the crack tip location is calibrated in this work with a characteristic strain sur-
face corresponding to the maximum value of axial strain in the immediate vicinity of the
notch at the onset of crack propagation.

5.2. Fracture parameters
Fig. 6 shows the evolution of the parameter A1 (related to the stress intensity factor

K1) for a deformed image of the InnoLot solder specimen. An influence of the shape
of the sampling zone (rectangular vs. annular) appears also in the results, with an esti-
mation of the parameter A1 higher in the annular case. Similarly, the truncation order
of the Williams series has an influence since an adjustment made to the order 3 gives
significantly lower values than the orders 5 and 7 which lead to similar estimates.
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Fig. 6. Evolution of the factor during loading (influences of the shape of the sampling zone and the truncation 
order of Williams series). 

Fig. 7. Progression of the crack at different loading levels (images 2, 8, 20, 30, respectively) and representation 
of the adjustment error in the sampling zone. 

Fig. 7 illustrates the progression, at different loading levels, of the crack as predicted by the 
crack-edge detection procedure. The adjustment error between the theoretical solution and the 
measurement is represented in the sampling zone (rectangular case) at each step. It shows that the 
accuracy of the proposed adjustment procedure is very satisfactory with an error remaining below 
2.5%. 

Fig. 6. Evolution of the factor during loading (influences of the shape of the sampling zone and
the truncation order of Williams series)

Fig. 7 illustrates the progression, at different loading levels, of the crack as predicted
by the crack-edge detection procedure. The adjustment error between the theoretical
solution and the measurement is represented in the sampling zone (rectangular case)
at each step. It shows that the accuracy of the proposed adjustment procedure is very
satisfactory with an error remaining below 2.5%.
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Fig. 7. Progression of the crack at different loading levels (images 2, 8, 20, 30, respectively) and
representation of the adjustment error in the sampling zone

6. CONCLUSIONS

In this study, DIC technique has been used for SENT specimens made from a novel
lead-free solder material. The procedure to fabricate the SENT specimens as well as ex-
perimental setup for cracking test has been also thoroughly described. A procedure for
identifying fracture parameters for a lead-free solder has been investigated in this pa-
per. The findings show that based on DIC technique the full-field strain measurement
and crack propagation of SENT specimen have extracted. From these finding, it is easy
to predict the crack propagation and failure mechanism of solder joint. In addition, the
theoretical solution of displacement, given by the Williams series, is compared with mea-
surements to identify the coefficients of these series, including the stress intensity factor.
Since the accuracy of the results strongly depends on the knowledge of the position of the
crack, a technique of automatic detection of the latter during loading has been integrated
into the general procedure. The technique consists in retaining the position leading to
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the minimal adjustment error between predictions and measurements. The shape of the
data collection area, including the singular elasticity region, is studied by considering the
rectangular and annular cases. A form of the first type seems to lead to a smaller error.
Finally, a 5-order truncation of the Williams series seems sufficient to obtain a correct
estimate of the stress intensity factor.
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