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A B S T R A C T

Lead-free tin-based solder joints often have a single-grained structure with random orientation and highly an-
isotropic properties. These alloys are typically stiffer than lead-based solders, hence transfer more stress to
printed circuit boards (PCBs) during thermal cycling. This may lead to cracking of the PCB laminate close to the
solder joints, which could increase the PCB flexibility, alleviate strain on the solder joints, and thereby enhance
the solder fatigue life. If this happens during accelerated thermal cycling it may result in overestimating the
lifetime of solder joints in field conditions. In this study, the grain structure of SAC305 solder joints connecting
ceramic resistors to PCBs was studied using polarized light microscopy and was found to be mostly single-
grained. After thermal cycling, cracks were observed in the PCB under the solder joints. These cracks were likely
formed at the early stages of thermal cycling prior to damage initiation in the solder. A finite element model
incorporating temperature-dependant anisotropic thermal and mechanical properties of single-grained solder
joints is developed to study these observations in detail. The model is able to predict the location of damage
initiation in the PCB and the solder joints of ceramic resistors with reasonable accuracy. It also shows that the
PCB cracks of even very small lengths may significantly reduce accumulated creep strain and creep work in the
solder joints. The proposed model is also able to evaluate the influence of solder anisotropy on damage evolution
in the neighbouring (opposite) solder joints of a ceramic resistor.

1. Introduction

Thermo-mechanical fatigue of solder joints arising from mismatch
in material properties between component, solder, and printed circuit
board (PCB) is a major reliability issue in microelectronics assemblies
[1–5]. Fatigue life of solder joints is often studied using accelerated
thermal cycling tests which employ higher temperature ranges and
faster ramp rates than those found in field conditions [6–8]. Also, finite
element simulations can complement the experimental observations by
providing more insights into mechanisms governing damage initiation
and propagation in solder joints [9–11].

Grain morphology of lead-free solder alloys significantly affects
damage evolution and failure under thermal cycling and needs to be
investigated thoroughly to enhance the accuracy of solder joints' life
prediction models. Previous studies on solidification in different tin-
based solder joints have shown that they are mostly single-grained
[12,13]. It has also been shown that the grains have nearly random
orientation [14–16]. The randomness of the grain orientations of ad-
jacent joints cause each solder joint to undergo a unique stress and
strain state. Numerous studies have shown that for a ball grid array

(BGA) component, the joint with the maximum damage which fails first
is not necessarily located at the position of the highest strain due to the
global CTE mismatch (normally the point with the maximum distance
from the neutral point or under the edge of the chip) [12,13,17]. This is
a consequence of random orientation of the grains in single-grained
solder joints with highly orientation-dependant, i.e. anisotropic, prop-
erties that generates stresses and strain states varying among neigh-
bouring joints.

In addition, the transition to lead-free solder alloys has increased
the risk of cracking of plated through-holes (PTHs) during soldering,
because the reflow temperature of lead-free alloys is higher than leaded
solders [18]. This raises the thermal-mechanical stresses induced in the
reflow process on the PTHs. Therefore, PCB laminates with high glass
transition temperature (Tg) and low coefficient of thermal expansion
(CTE) have been developed to withstand lead-free soldering and to
generate low stress on the PTHs [19]. The high Tg and low CTE are
achieved by using a resin with a high degree of cross-linking and a high
content of inorganic fillers. This results in a laminate with a high elastic
modulus but also a laminate that is more brittle than traditional low Tg
laminates [20,21]. The higher elastic modulus of laminates will result
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in higher stress levels both in the solder joints and in the PCB laminate
during thermal cycling. In addition, since lead-free solders are stiffer
than leaded solders, they apply more stresses to the PCB.

The highest thermo-mechanical stress that solder joints will be ex-
posed to will occur during the cooling phase after soldering. Hence, PCB
cracks may form early in the soldering process. Even very small cracks
in the PCB initiated during soldering can change the dominant failure
mode from fatigue cracking of the solder joints to PCB cracking [22]. In
fact, it has been shown that pre-stress on PCB prior to a thermal cycling
test may cause latent damages in the PCB which cannot be observed as
cracks in cross-sections, but nevertheless increase the risk for PCB
cracking in a subsequent thermal cycling test [23].

A PCB provides the mechanical support and electrical connection
for various electronic components assembled on it. It is typically a la-
minated polymeric composite consisting of an epoxy resin matrix
bonding woven bundles of glass fibres. Similar to other laminated
composites the mechanical properties of a PCB are highly anisotropic.
The in-plane stiffness and tensile strength of PCBs are much larger than
the out-of-plane stiffness and tensile strength. In other words, PCBs are
much stronger in fibre direction than in the transverse direction
(normal to the PCB). It has been shown that the transverse tensile
strength is usually of the same order of magnitude as that of the epoxy
resin bonding the glass fibres [24].

The fatigue life of solder joints is predicted from accelerated thermal
cycling test results by using acceleration factors to extrapolate life in
field conditions. This is based on the assumption that the failure me-
chanisms in both test and field conditions are similar. This assumption
may be wrong, since PCB cracking is more likely to occur under test
conditions because thermal cycling parameters used in tests are nor-
mally harsher than those found under typical field conditions.
Therefore, the partial inconsistency of the failure mechanisms and the
role of PCB cracking to reduce strain in solder joints may result in an
overestimation of solder fatigue life obtained from accelerated testing
[13,25].

PCB cracking has already been reported for lead-free BGA packages.
Tegehall and Wetter [13] detected PCB cracking for three types of BGA
packages assembled on a 1.6 mm thick PCB with SAC305 solder joints,
which were subsequently thermally cycled between −40 °C and
+125 °C. It was shown that the formation of the cracks in the PCB
beneath the solder joints improves the thermal fatigue life of the solder
joints by increasing the PCB compliance and lowering the stress and
strain in the solder joints. Hagberg et al. [26] also reported that the
BGA solder joints close to the PCB cracks were less damaged, con-
firming that PCB cracking is a crucial parameter in thermal cycling
reliability of BGA packages.

While research on thermal cycling reliability of single-grained
solder joints has been mostly focused on area array components, the
present study investigates this effect for ceramic resistors. Polarized
light microscopy is used to study the grain structure of SAC305 solder
joints connecting ceramic resistors to PCBs, and UV light is used to
detect cracks in the PCB laminate. To explain the experimental ob-
servations of PCB cracking and solder failure, a finite element model is
developed to study the effect of random orientation of the two opposite
solder joints of a ceramic resistor on the formation of cracks in the PCB,
and the subsequent effect of PCB cracking on damage evolution in
solder joints under thermal cycling. Accumulated creep strain and creep
work are the two parameters used to quantify damage evolution in the
solder joints. It is shown that the damage reduction in solder joints due
to PCB cracking is proportional to the crack length.

2. Tin anisotropic properties

Most lead-free solder alloys used in electronics contain at least 95%
tin to facilitate soldering at temperatures tolerable to various parts of
electronic assemblies [14]. When solidifying in the soldering process,
the tin forms β-Sn. As shown in Fig. 1, β-Sn properties are highly

orientation and temperature dependant. Interestingly, both elastic
modulus and CTE are greatest in [001] direction (along the c-axis). The
CTE in [100] and [010] directions (along the a-axis and b-axis) is about
half of that in the [001] direction [27]. This ratio remains constant for
different temperatures. Although the CTE peanut-shaped distribution
uniformly expands in all directions from −45 °C to 135 °C, the elastic
modulus distribution becomes more anisotropic with temperature in-
crease. The elastic modulus along the c-axis is almost three times larger
than that along a- and b-axes at −45 °C. This ratio constantly increases
with temperature.

After solidification, lead-free solder joints can take three different
grain structures: single grained (SG), cyclic twinned grained (CTG), and
interlaced twinned grained (ITG) structure. An individual joint can also
have a mixture of CTG and ITG structures. The grain structure depends
on various manufacturing parameters such as joint size, surface finish
on soldered surfaces, and cooling rate during soldering [28]. Previous
studies have shown that lead-free solder joints to BGAs are often single-
grained [13,25,29–31], because these joints usually undercool 20–80 °C
and solidify in a single nucleation event. Moreover, since the single-
grained solder joints are highly anisotropic, their orientation sig-
nificantly affects the solder stress and strain distribution under different
thermal and mechanical loadings [13].

Following the colour scale proposed in [12] and assuming random
grain orientation, the probabilities of various c-axis orientations (from
0° to 90°) are depicted in Fig. 2 with five different colours. Each colour
shows an interval of 18°. On the two extremes, there exist red and blue
joints. A joint with c-axis almost parallel to the board is referred to as a
red joint, while a joint with c-axis almost perpendicular to the board is
referred to as a blue joint. Fig. 2 indicates that the probability of a red
joint is about six times higher than a blue joint.

In surface mount microelectronic assemblies with multi-joint con-
figurations such as resistors and BGAs, interaction of neighbouring
single-grained solder joints with different orientations produces stress
and strain states unique to each joint and complicates lifetime predic-
tions. Stress and strain levels during temperature changes depend on
the relative mismatch in thermomechanical properties between com-
ponent, solder, and board, which is a function of the orientation of the
single-grained solder joints. For instance, since the CTE of the PCB
parallel to the board is about 15 ppm, for a single-grained solder joint
the local mismatch in the CTE between the solder joint and the board is
maximum when the c-axis is parallel to the board (red joint), and
minimum when the c-axis is perpendicular to the board (blue joint).

The alternating tensile and compressive stresses and strains in
single-grained solder joints during thermal cycling could influence the
stress and strain state in component and PCB laminate. Therefore,
random orientation of single-grained solder joints is a key parameter in
damage initiation and propagation both in the component and in the
board. Finite element analysis is a strong tool that enables detailed
study of various parameters affecting solder damage, and prediction of
the locations of damage initiation in the component and the PCB.

3. Experimental method

Zero-ohm ceramic resistors 1206 (CR1206) were soldered to a six-
layers 1.6mm thick FR4 PCB using SAC305 alloy (Sn with 3.0% Ag and
0.5% Cu). Fifty soldered resistors were split into ten test patterns. Each
pattern consisted of five resistors connected in series. The dimensions of
the solder lands were 2.0×1.1mm and the distance between the
solder lands was 1.9 mm. The thickness of the stencil used for printing
solder paste on the solder lands was 0.127mm. The PCB boards were
produced using a laminate with a Tg of 180 °C, which is almost 30–40 °C
higher than the Tg of typical PCBs used for leaded soldering. As men-
tioned in Introduction, higher Tg is achieved by adding inorganic fillers
to the PCB resin. This increases the PCB stiffness (hence stress levels)
and facilitates PCB cracking. The stack-up of the board is given in Fig. 3.
Inner layers included two signal layers and two ground layers.
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The surface finish on the PCB was electroless nickel/immersion gold
(ENIG). Thermal cycling of the test vehicles was performed between
−40 °C and 100 °C with 10min dwell time at the lower extreme and
30min dwell time at the higher extreme. The temperature change rate
was fixed at 10 °C/min during both heating and cooling. Thus, a full
thermal cycle took 68min. The thermal cycling test was run for
6252 cycles. An event detector monitoring the daisy change resistance
of the test patterns was used to record failures of the assemblies during
thermal cycling.

In order to detect cracks in the PCB and solder joints induced during
the thermal cycling test, cross-sections of thermally cycled resistors
were studied. To this end, a high-speed diamond saw was used to cut
out the samples. Zestron FA was then used to clean the cut-out samples
and remove flux residues. In the next step, the samples were moulded in
a room-temperature curing epoxy under low-vacuum. To facilitate de-
tection of very small cracks in cross-sections of the samples, a fluor-
escent agent was dispensed into the moulding resin. Next, the moulded
samples were cut out using the diamond blade to prepare samples.
Successive grinding and polishing were performed to prepare the
samples for further studies. An optical microscope with up to ×1000
magnification was used to inspect the cross-sections of the prepared
samples. Polarized light was used to determine the grain structure in
the solder joints and UV light to detect cracks in the PCB laminate.
Cross-sections of five as-soldered CR1206 components were inspected
to determine typical grain structure in non-cycled solder joints and
eventual cracking in the PCB laminate after soldering.

4. Finite element modelling

A finite element model was developed in ANSYS software to analyze
the stress state in the PCB and predict damage evolution in the solder
joints. The model was created using elements type Plane 183 under
plane strain conditions. This assumption had negligible effect on the
results, as the PCB stress and the solder creep strain changed less than
1% when plane stress conditions were assumed instead.

The stress state in the PCB in the immediate vicinity of the solder
mask and the solder pad edges was calculated to assess the critical
points of stress concentrations where damage can initiate in the PCB. In
a structural finite element model, stresses at sharp corners between
dissimilar materials are highly sensitive to the element size [32,33].
One possible solution to reduce mesh sensitivity is to round the sharp
corners [33]. But the degree of rounding, i.e. the radius of curvature of
the fillet in the sharp corners, has to be chosen arbitrarily, which may
critically affect the stress results. Therefore, another solution was fol-
lowed.

The primary aim of the finite element analysis is to compare the
stress and damage parameters under various conditions (e.g. the grain
orientation and PCB crack length) rather than their magnitude.
Following the method proposed by Grant et al. [34], the stresses were
hence extracted from a small distance from the sharp corners and in-
terfaces to eliminate the effects of the singular points.

Fig. 4 shows a cross-section of a solder joint to a ceramic resistor
and the corresponding finite element mesh. Linear-elastic material

(a) (b)

Fig. 1. Anisotropy and temperature-dependence of β-Sn properties. Distribution of a) coefficient of thermal expansion and b) elastic modulus of β-Sn at −45 °C
(graph bottom half) and 135 °C (graph top half). The values are in the Cartesian coordinate system for the tetragonal unit cell (top left insert) [25].

Fig. 2. The probability distribution of c-axis orientations. In a red joint, the c-axis is almost parallel to the board, while in a blue joint the c-axis is almost normal to
the board [25]. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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models were used for the various constituents of the model (Table 1),
except for the solder whose elastic behavior was simulated using an
anisotropic model, because the solder joints were found to be mostly
single-grained. Some studies obtain solder material properties from
tensile tests performed on large specimens [35,36]. However, isotropic
material models are not able to predict stress and strain states in single-
grained joints with random orientation. Anisotropic elastic behavior of
SnAgCu solder alloys highly depend on the solder composition and the
degree of precipitation hardening caused by small tin‑silver and
tin‑copper intermetallic particles in the solder. However, anisotropic
elastic moduli and CTEs of these alloys are not available in the litera-
ture. Therefore, in this study anisotropic elastic properties and CTE of
pure tin were used in the finite element simulations [25,37].

In addition, it has been shown that the creep behavior of the lead-
free solder is a strong function of the grain orientation [38,39]. For
simplicity, the creep anisotropy was ignored, and the solder creep be-
havior was simulated using an isotropic hyperbolic sine law:

= ⎛
⎝

− ⎞
⎠

dε
dt

A ασ Q
RT

[sinh( )] expn
(1)

where σ, R, and T denote the stress level, the universal gas constant, and
the temperature, respectively. A, α, and n are the model constants and
are determined from experimental characterization data [40]. The
model parameters are reported in Table 2.

PCBs used for lead-free soldering consist of relatively brittle E-glass
fibres and epoxy resin [19,41], and exhibit a nearly linear stress-strain
relationship in uniaxial tensile tests [42]. Therefore, maximum first
principal stress was used as the failure criterion to predict damage in-
itiation location in the PCBs. Since the main objective of modelling PCB
cracks was to provide a basis for relative comparison of different crack

lengths, the PCB was modelled as a homogeneous material. Calculation
of local values of PCB stresses requires a more detailed model including
separate regions of resin and glass weaves and their respective prop-
erties.

5. Results and discussion

5.1. Experimental results

In this section, the experimental results of crack and damage in-
itiation in the PCB and the solder joints are presented. Also, the

Fig. 3. Stack-up of the test board (solder mask not included).

(b)

PCB

Resistor

Solder

Solder MaskSolder Pad

(a)

Fig. 4. a) Cross-section of the solder joint of the chip resistor. b) Corresponding finite element mesh.

Table 1
Properties of the resistor assembly. Coordinate y is normal to the plane of the
PCB.

Material Young's modulus
(GPa)

Poisson's ratio Thermal expansion
coefficient (ppm/°C)

Copper pad 128 0.34 17
Solder mask 3 0.30 50
Resistor 320 0.30 6.8
PCB Ex= Ez=17.9 υxy= υyz=0.39 αx= αz=14.5

Ey=7.84 υxz=0.11 αy=67.2

Table 2
Parameters for solder creep model [38].

A α (MPa)−1 n Q (kJ·K) R (J/(K·mol))

6.07 0.68 2.3 55.8 8.314
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predictions of the finite element simulations are presented in detail to
explore the possible locations for crack initiation in the PCB and eval-
uate the effect of the solder grain orientation on the PCB stress dis-
tribution. The numerical results are discussed in terms of the experi-
mental observations in Section 5.2.

Polarized light images of the cross-sections of the solder joints to the
five as-soldered CR1206 components are shown in Fig. 5. Out of the ten
solder joints investigated, nine appear to have single-grained structure
and only one to have CTG structure. Since cross-sections only show the
grain structure in the plane of the cross-sections, it is possible that some

of the solder joints that seem to consist of only one grain may actually
consist of more than one grain. Due to the randomness of the grain
orientations, the two solder joints of each ceramic resistor shown in
Fig. 5a possibly have different grain orientations. In addition, in-
vestigation of the cross-sections using UV light showed that no cracks
had formed in the PCB laminate during reflow soldering.

After thermal cycling, cross-sectioning was performed for all five
resistors from a test pattern that had failed after 5558 cycles. A com-
plete crack through a solder joint was observed for one of the solder
joints to all but one of the components. Cracks were also observed in the
PCB close to the solder joints for all five resistors. The cracks propa-
gated vertically into the surface resin layer, then deviated after they
reached the glass weave. The average crack length was 10–40 μm. PCB
cracks were found in all solder joints and always on the inner side of the
solder joint under the component. Fig. 6 shows cross-sections of the
solder joints to one of the resistors having typical cracks in the solder
joints and PCB laminate. At nine of the solder joints, cracks were found
close to the solder mask edge and at two of the solder joints, cracks
were found close to the solder pad edge. That is, at one of the solder
joints, cracks were observed both at the solder mask edge and at the
solder pad edge (Fig. 7).

Since no cracks were observed in the PCB after soldering, the cracks
must have formed during thermal cycling and not during soldering. The
PCB cracks are assumed to form at the early stages of thermal cycling,
therefore they can reduce stress in solder joint, and postpone solder
cracking. If the cracks start to form in the PCB at the final stages of
thermal cycling when creep damage has already been accumulated in
the solder joint, PCB cracking will have a minor effect on solder fatigue
life.

5.2. Finite element results

The first principal stress distribution in the PCB near the PCB-solder
mask and PCB-solder pad interfaces was calculated using the finite
element model. The critical points of stress concentration and crack
initiation in the PCB, located on either side of each joint close to the
solder mask and solder pad edges, are indicated in Fig. 8a. As explained
in Section 4, for each pair of critical points the results were obtained
one element away from the interface along the dashed lines shown in
Fig. 8a to avoid stress singularities at sharp corners.

All solder joints were assumed to be single-grained. Various com-
binations of solder grain orientations were modelled to investigate its
effect on the PCB stress state. The orientation of the c-axis of each of the
two solder joints of the resistor is specified with two letters. The first
letter indicates the joint location on either side of the component, while
the second letter shows the grain orientation. For example, Lx Rymeans
the c-axes of left and right joints are parallel to x and y axes, respec-
tively. In all cases the c-axis of the left joint was assumed to be parallel
to the x-axis, while the c-axis of the right joint was taken to be parallel
to either the x, y or z axis. Therefore, three different combinations of
grain orientations were investigated: Lx Rx, Lx Ry, and Lx Rz. These
combinations represent extreme cases of grain orientations, and
therefore extreme cases of stress states, so that other possible combi-
nations fall between theses extremes.

Fig. 8 shows distribution of the first principal stress in the PCB for
various combinations of grain orientations. As expected, the stress is
maximum near the sharp corners specified in Fig. 8a. Regardless of the
solder grain orientation, the first principal stress is always larger on the
inner side of the joints under the components. This is consistent with
the experimental observations of PCB cracking on the inner side
(Fig. 6).

Evaluating the effect of neighbouring solder joints' orientation on
the PCB stress is made possible by comparing Fig. 8b and c. Although
the orientation of the right solder joint has a negligible effect on the
PCB stresses near the outer (left) side of left joint (Points A and B), it
does affect the PCB stresses near the inner (right) side of left joint

(b)

(a)

Fig. 5. a) Polarized light images of cross-sections of SAC305 solder joints to five
CR1206. Out of the ten joints studied, nine were single-grained, and only one
had CTG grain structure marked with a blue circle. b) Enlarged view of the
solder joint with CTG structure. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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(Points C and D), simply because it is located at a closer distance to the
right joint and is to a larger extent affected by its grain orientation.

Out of the three grain combinations considered, the Lx Rx case
generates the highest stress in the PCB, because it maximizes the mis-
match of thermomechanical properties in the y direction (perpendicular
to board) between the component, the solder joint, and the board,
hence increases the thermal stresses generated during thermal cycling.
Also, since for this grain combination, the c-axis of both joints lies in x-
direction, and the CTE and Young's modulus are both maximum along
the c-axis, deformation of each joint is limited by the neighbouring
joint.

In addition, the finite element simulations show that for the in-
dividual joints, the solder anisotropy influences the stress state in the
PCB underneath the joint. In particular, the stress at outer points is
highly affected by the grain orientation. For instance, in the Lx Rx case
the stress at Point G is 126% higher than the Lx Ry combination.
However, as mentioned above, the stress at inner points is always larger
than at outer points, and PCB cracking always starts at the inner side of
the joint under the component.

These observations show that the first principal stress is a reliable
index to predict crack initiation in the PCBs under thermal loading and
could be used as an effective tool to evaluate the effect of various
geometrical and mechanical properties of the microelectronic assembly
on PCB cracking.

It was also of interest to investigate the effect of the size and cur-
vature of the solder joint fillet, which is controlled by parameters such
as stencil thickness, on the stress state in the PCB. Fig. 9 depicts the
effect of solder fillet curvature on the distribution of first principal
stress in the PCB near the stress concentration points of the right joint
for Lx Rx combination. Concave, straight, and convex fillets were
modelled using the finite element analysis. It is observed that although
the fillet curvature had a negligible effect on the stress distribution in
the PCB on the inner (left) side of the joint (Points E and F in Fig. 9a), it
significantly affected the stress at Point G. At this point, the convex
fillet produced the highest stress with a maximum that was about 75%
larger than that for concave fillet. In fact, it was even higher than for
the stress levels at the inner points. Therefore, fillet curvature can
possibly transfer the location of crack initiation from the joint inner side

Fig. 6. Cross-sections of the solder joints to a thermally cycled resistor showing a–b) cracks in the two solder joints and c–d) cracks in the PCB laminate.

Fig. 7. Cross-sections of a solder joint to a thermally cycled resistor showing PCB cracks formed both at the PCB - solder mask edge and at the PCB - solder pad edge.
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to the outer side. These trends show that the PCB stress near the region
of the toe of the solder joint fillet is a strong function of the fillet cur-
vature so that a concave fillet results in the minimum stress con-
centration.

Comparison of Figs. 8 and 9 shows that the PCB stress on the outer
side of the solder joint is more influenced by the geometric and me-
chanical properties of the solder joints. On the inner side of the solder
joint, under the component, the geometric constraint applied by the
component and the neighbouring solder joint is the major factor dom-
inating the PCB stress state.

In the next step, finite element analysis was used to study the creep
damage in the solder joint and the effect of PCB cracking and solder
grain orientation on damage parameters. Experimental cross-sectioning
showed that cracking in the solder joint started near the component
corner, then propagated in different directions (Fig. 10a). The creep
deformation under thermal cycling is responsible for crack initiation in
the solder joints [43–45]. Therefore, accumulated creep strain and
creep work were calculated for a temperature change of −40 °C–100 °C
using the finite element analysis to evaluate the critical points of

damage initiation. Consistent with the experimental observations, the
accumulated creep strain and creep work were both maximum near the
component corner, as shown in Fig. 10b and c. Since solder cracking
initiates close to the component corner (Fig. 10a), and damage para-
meters are maximum at this point (Fig. 10b and c), the values of ac-
cumulated creep strain and creep work were calculated near this point
(Point O in Fig. 11a) along the dashed line. This enables quantitative
comparisons of effects of grain orientation and PCB cracking.

Similar to Fig. 8, three combinations of grain orientations were
modelled: Lx Rx, Lx Ry, and Lx Rz. Again, the Lx Rx grain combination
generated the maximum value of damage in the solder at the vicinity of
Point O. In the Lx Rx combination, the c-axis of both joints is along the
x-axis, parallel to the board. This means the difference in thermo-
mechanical properties is maximum in the y-direction. Moreover, with
temperature change, each of the two solder joints tend to expand or
contract maximally in x-direction, which is limited by the deformation
of the neighbouring joint in the opposite direction. This is another
reason the damage generated in the solder joint is maximum for the Lx
Rx combination. Overall, the trends of accumulated creep strain and
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creep work are very similar, indicating either of these damage para-
meters can be used to evaluate damage and failure in the solder joints.

Evaluating the effect of PCB cracking on solder failure is of critical
importance. For this purpose, cracks of various lengths were modelled
in the PCB close to the PCB-solder pad edge, as shown in Fig. 12a. The
crack length (CL in Fig. 12a) increased from 0.00mm (the uncracked
PCB) to 0.30mm.

The accumulated creep strain and creep work were extracted along
the dashed line in Fig. 12a. Both the creep strain and the creep work
decrease with the increase of crack length in the PCB, because the
presence of cracks in the PCB increase the PCB flexibility. For instance,
the 0.100mm long crack reduced the accumulated creep strain and
creep work by 8% and 9%, respectively. This clearly shows that PCB
cracking can alleviate damage in the solder and delay its failure. Since
PCB cracking may be absent in field conditions, which are milder than
testing conditions, life prediction based on accelerated testing condi-
tions that cause PCB cracking can overestimate the life in field condi-
tions.

In Fig. 12, PCB cracks of equal length were modelled on both sides
of each joint. However, further simulations showed that the PCB cracks
under the neighbouring joint have a negligible effect on the strain
distribution and damage in the solder. Also, in Fig. 12 the PCB cracks
were modelled near the PCB-solder pad edge. Modelling the PCB cracks
near the PCB-solder mask edge changed the results by less than 3%.

A further question arises as to whether cracks on inner and outer
sides of a specific joint have similar effects on damage reduction in that

joint. In order to answer this question, four different cases were mod-
elled, as shown in Fig. 13, which summarizes various crack location
cases. The crack length was 0.10mm in all cases. In Case 1 there was no
crack in the PCB. In Case 2 and Case 3, a 0.10mm long crack was
modelled on the outer and inner sides of the joint, respectively. Finally,
in Case 4 the crack was modelled on both sides. The results are shown
in Fig. 13. It indicates, as expected, that the inner cracks have a greater
impact on damage reduction in the solder joint. On the other hand,
cracks on the outer side seem to have a negligible effect on solder da-
mage.

Crack initiation and propagation in the PCB increases its compliance
and flexibility locally near the solder joint, hence reduces damage in
solder induced by thermal stresses. The PCB flexibility can also be de-
creased globally by using a thinner PCB. To show that the PCB cracking
and the use of thinner PCBs have similar effects on strain reduction in
the solder joints, several simulations were performed to compare the
impact of these two parameters. The parameters varied in the model
included the PCB thickness, and the crack length in the PCB. Fig. 14
shows that the accumulated creep strain and work in the 1.6mm thick
PCB with 50 μm and 100 μm long cracks were similar to those in the
1.2 mm and 0.8mm thick PCB with no cracks, respectively. This further
confirms the effect of PCB flexibility on damage in the solder joints.

6. Conclusions

Manufacturing processes of microelectronic assemblies have
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Fig. 10. a) Cross-section of a solder joint showing the crack propagation path under thermal cycling. Distribution of b) accumulated creep strain, and c) creep work in
the solder joint.
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significantly changed over the past twenty years. In particular, lead-free
soldering using tin-based alloys has introduced new reliability chal-
lenges. Tin-based solder joints are often single-grained and exhibit
highly anisotropic properties. Random orientation of the grain structure
induces unique stress and strain state in each solder joint as well as in
the PCB laminate. Formation of PCB cracks under single-grained solder
joints is one of the issues that may have unexpected consequences on

the solder joint reliability.
In this study, CR1206 components were assembled on FR4 laminate

using SAC305 solder paste. After thermal cycling, PCB cracks were
observed under solder pads of the components. Since no cracks were
observed in the PCB laminate after soldering, they must have formed
during the thermal cycling. Such cracks can reduce the thermo-me-
chanical stress on the solder joints during thermal cycling, resulting in
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an overestimation of the fatigue life of the solder joints in field condi-
tions.

A creep model was coupled with a finite element analysis to simu-
late damage evolution in the solder joints influenced by PCB cracking.
Modelling was performed for several grain orientation combinations.
The modelling results show that the sharp corners at the edges of PCB-
solder mask and PCB-solder pad interfaces generate stress concentra-
tion points, and are potential sites for crack initiation in the PCB.

In addition, cracks of various lengths were modelled in the PCB. The
model was able to predict the location of damage initiation in the solder
and PCB. It also confirmed that the presence of cracks in the PCB in-
creased the PCB compliance and decreased the maximum accumulated
creep strain and creep work in the solder joint. The effect of PCB crack
length and solder fillet curvature was also studied. The modelling re-
sults were in good agreement with the experimental data, confirming
the effectiveness of this approach for examining damage initiation in
solder joints. In this study, the PCB was modelled as a homogeneous
material for relative comparison of stress levels. However, it is

heterogeneous because it has at least two phases (resin and glass fibre
weave) with different properties. Accurate calculation of the PCB stress
requires a more detailed model incorporating distribution of fibres and
resin based on their specific material properties. The heterogeneous
model would also allow to simulate crack propagation at the interface
of fibre and resin after the crack reaches the fibre weave.
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