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Abstract
In this study, the detection and evaluation of defects at Pb-free BGA solder joints (SAC387, 95.5wt%Sn/
3.8wt%Ag/ 0.7wt%Cu) in Printed Circuit Boards (PCB) placed under different thermal cycle conditions are
investigated. By using digital radiography X-ray technique, the soldering defects in the packages including
bridges, voids, ball missing, poor wetting, and tilted balls are identified. Subsequently, the thermal mechanical
behaviours of the selected defective BGA packages are investigated by high temperature Moiré method. Based
on the shear strain values obtained from Moiré tests, the fatigue life of defective and non-defective BGA
packages subjected to thermal cycling tests is predicted and compared. It shows that various defect will have
different influences on the thermal mechanical behaviours and reliability of a BGA package. The decrease in
lifetime of defective packages depends on temperature and the defect classification. The experimental results
achieved will provide valuable data for further optimization of Pb-free BGA design.
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1 Introduction
Defect levels have the fatal influence on the performance and reliability of components, therefore always
are of great concerns by manufactures and end users. As the complexity, density, and cost of PCBs continues to
escalate, the defect levels of soldering joints will inevitably increase. In addition, an increase in defects level is
expected as manufacturer transit to the more or less Pb-free soldering processes [1]. In the traditional tin-lead
process, tin-lead paste and components with some lead are preferred, particularly, 63Sn-37Pb solder joints.
However, the lead-free Surface Mount Technology (SMT) process differs from a eutectic 63/37 process in
numerous ways (solder physical properties, melting point, surface tension, finishes technique, and self-centring
ability, etc). Since the lead-free alloy melting point is ~217°C, notable 34°C above the melting point of eutectic
63/37, the wetting forces for the lead free alloy are not as strong as for tin-lead. These factors will raise the
possibility of soldering defects, component defects and variations in defect levels. Early experiments [2-4] and
productions have already shown that the following types of soldering defects are noticeable: opens, bridges,
tilted, tombstones and voids.
Defects in PCBs can be detected by visual, optical or more common X-ray inspection tools in product line.
Numerous works have been out relating to soldering defects, but most of them concerned the inspection and
reworking procedures, instead of evaluating the impact of the defects on the thermal mechanical behaviours and
reliability of the component. The latter issue should also be the focus since it is impossible to detect and remove
all soldering defects after rework processes-the capability of inspection techniques is constrained by the
resolution and sensitivity of human eyes or equipment, and reworking process becomes more difficult and in
some cases unfeasible in a compact area with high density solder balls. Moreover, among various types of
soldering defect, most of the previous studies focused on the impact of voids [5-7]. A profound understanding of
the performance of microelectronic with other typical defects will enable process engineers to quantify the risk
of the existence of defects to the whole components. Therefore it will bring about the necessary changes and
optimization to the SMT processes and to cut rework costs.

This paper deals with the detection and evaluation of some distinctive defects at Pb-free BGA solder joints
(SAC387, 95.5wt%Sn/ 3.8wt%Ag/ 0.7wt%Cu) in PC boards by using digital radiography X-ray technique and
high temperature Moiré method. Defects at BGA solder joints like bridge, missing balls, voids, poor wetting and
tilted of parts are identified by X-ray imaging. The thermal mechanical behaviours of the defective BGA are
investigated theoretically and experimentally. The influence of different types of soldering defect on the high
temperature performance of BGA packages is studied. The reliability of defective and non-defective BGA
packages subjected to thermal cycling condition was also compared.
2 Experimental Methodologies
2.1 Digital radiography X-ray technique
Radiography X-ray has been widely used on the production floor because of its detecting ability in obscured
solder joints which have no visual access. During an inspection, a component is placed between an X-ray
machine and detection media. As the X-rays pass through the component, the different densities within the
component attenuate the X-rays by different amounts, resulting in light and dark areas being produced on the
detection media. For example, a crack in a solder ball is easily visible because the density of the solder is greater
than that of air in the crack, and will attenuate the X-rays more. The solder ball will appear as a light area (i.e.
where the X-rays have been attenuated most) containing a dark crack (i.e. where the X-rays have been
attenuated very little).
2.2 Moiré interferometry
The thermal deformations of the BGA packages are investigated by a high temperature moiré system.
Moiré Interferometry (MI) has been proved to be effective for the determination of the failure mechanisms of
electronic packaging interfaces. It has been utilized as a metrology method in the field of reliability evaluation
of IC packaging [8]. Advantages of MI include high displacement measurement sensitivity, high signal to noise
µm /fringe, which can be
ratio and large dynamic testing range. Typical resolution of this method is 0.417
further improved with the aid of phase/fringe shifting technique. In MI, two symmetrically incident beams (“A”
and “B”) of mutually coherent light are used for in-plane displacement measurement, as shown in Fig. 1.
According to the grating diffraction equations [8], when Eq. (1) and Eq. (2) are satisfied, the ±1 order diffraction
beams will emerge normal to the specimen grating, producing a uniform intensity throughout the field (null
field).
sin β m = sin α + mfs λ
sin α = f s ⋅ λ
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In Eq. 1 and Eq.2, α is the incident angle, m is the diffraction order, βm is the direction of the mth order
diffraction beam, λ is the wavelength of the laser, and fs is the frequency of the specimen grating. Displacement
components in x and y directions in a Cartesian coordinate system can be expressed as:
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where N x and N y are fringe orders in x and y direction, respectively.
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Fig. 1 Optical setup of moiré interferometry
3 Experimental Procedures
The PCB samples were manufactured by Microtel Ltd (Microtel Technologie Elettroniche SPA, Italy). A
range of various defects including opens, bridges, shorts, voids were introduced during application of SAC387
solders at the PCB manufacturing stage. The BGA packages within the PCB are 28 mm square and 3.26 mm in
height, with a 16 x 16 array of solder balls (0.6 mm in diameter and1.0mm soldering pitch). The structure and
other geometric parameters of the package are shown in Fig. 2. In the X-ray inspection procedure, the X-ray
source (X-Tek Ltd, U.K.) is fully computer controlled and positioned at the bottom of a lead-lined chamber [9].
A microfocus electron gun housed in a vacuum chamber is aimed at a tungsten foil target to produce X-rays of
varying energies between 40 to 175 kV. It provides both top down and angled viewing in continuous real-time
imaging of packages from 2–75 mm to discern bridging, ball missing, and poor-reflow shapes, and voiding. A
digital camera is optically coupled to a phosphor screen to produce 758 x 580 pixels, 12-bit monochromatic
images of X-ray radiograph. A nominal stand off distance between source and PCB off 75 mm provides
magnification up to 1200X. A digital detector is positioned directly above the chamber. A PCB enters the
chamber by means of edge conveyer belts and is positioned by a manipulator in-between the source and
detector. Magnification of a specific area of interest can also be achieved by moving the board closer to the
source. The images are captured and analyzed by image processing software. Consequently defects at BGA
solder joints can be located and classified.
For MI test, the BGA sample was cut along the selected section through the rows of solder ball to expose the
vertical cross-section and soldering defects. After polishing and cleaning, a high temperature grating with
frequency of 1200 lines/mm was replicated on the cut surface. The sample was then subjected to thermal
loading to monitor the deformation information in cross-section. All the high temperature tests were carried out
in a thermal cycling environmental chamber combined with a compacted MI system. The temperature of the

chamber was monitored by thermocouple and carefully controlled by electrical current. The sample with high
frequency grating was placed into the chamber. Through precisely adjusting the position of optical lenses in the
interferometer, Moiré fringe patterns were generated. The quartz glass window at the top of the chamber
allowed real-time observation of the specimen. The Moiré fringes patterns were captured by CCD camera and
transferred to computer for further processing. Here the images were recorded every 10°C increasing or
decreasing temperature levels during thermal loading and unloading procedures between room
temperature(~25°C) and 125°C. A ramp rate of 2°C/min and a dwell time of 5 minutes at each stage were
applied to make sure that the sample reached the designated temperature.
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Fig. 2 Cross-sectional view of a 256 BGA soldered on the PCB (increase order of solder joints
number 1-16 from left to right)

4 Experimental Results and Analysis
4.1 X-ray inspection
Fig. 3 illustrates several typical process related defects in the Pb-free soldered BGA packages. In X-ray
images in top-down view in Fig. 3, totally five kinds of defect are specified. Generally the non-defective BGA
termination points are circular in appearance and consistent in size in the images. Obvious defects like bridges
can be observed directly when solder shorts across one or more balls (Fig.3a). Usually bridges may arise from
the solder paste selection process. Since preheats are higher with lead-free than traditional 63/37 pastes, the hot
slump character of the paste is critical. A lead-free paste with a heat unstable gelling agent will would more
likely cause bridges. Other defects can be detected by their signatures from different test criteria [1, 10]. Use of
oblique angle X-ray views is ideal to investigate the joint interfaces by allowing a better observation when the
view is obscured from the top-down direction. In Fig. 3b, the solder joints missing can be easily found in an
oblique view: the solder balls of the indicated joints are evidently not on the pads, and a sharp gray value step
can be seen close to the board pad whereas the other solder joints fade out towards the board. The third type of
defect observed is missing ball, which may be caused by an insufficient amount of solder paste, lack of solder
paste on the pad, or poor solder-joint formation in manufacture. Detection of poor-wetting at both board and
component pad is more subtle. Whether the solder is in good contact with the pads needs to be checked. The
related test criterion depends on whether the joining pad area is embedded into the solder or not. For the wellflowed pads, the solder mask will overlap the joining pads and the pads appear as dark circular areas. While
insufficient wetting solders will exhibit irregular solder shape or out of the characteristic dark rings at the edges
of the pads, as shown in Fig. 3c. They are often resulted when molten solder coats a surface and then recedes to
leave irregularly shaped mounds of solders. Such poor-wetting solders are separated by areas covered with a
thin film of basis metal of solder or surface finish not exposed. The fourth type of defects--tilted solder arrays
formed by abnormal substrate warping during reflow processing. As shown in Fig. 3d, the shape of the joints
clearly indicates a twist in certain direction. The inside and outside solder joints are not interfering in an
overlapping relationship. The fifth type of defect-voids is bubbles inside solder joints, which appear as lighter
spots inside the solder balls and typically randomly throughout the joints. Two reported causes of voids are
trapped flux that has not had enough time to be released from the solder paste, and contaminants on improperly

cleaned circuit boards [1, 2]. As shown in Fig.3e, the bubbles in solder balls are marked by the highlight colour,
and the percentage of the ball-to-board interface area covered by voids is also estimated by the image software.
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Fig. 3 X-ray views of lead-free BGA with defective solder joints: (a) bridges (b) ball missing (c) poor-wetting
(d) tilted and poor-reflowed balls (e) voids within balls
4.2 Moiré patterns
After identified the classification and position of soldering defects, thermal Moiré tests were performed on
the BGA samples. Some V field deformation fringe patterns of these samples subjected to a heating-up process
are shown in Fig. 4 to Fig. 7. It can be seen that the configuration of defective solder balls along the selected
section also verified the inspected results of the X-ray image. For each experiment, the initial Moiré pattern is
taken at 25oC and used as a reference for subsequent analysis. Clearly, the fringe patterns in these figures
changed from the initial patterns with increased temperature. The Moiré fringes exhibits increased density with
an elevated temperature, while appears opposite in the cooling-down procedures. Denser fringe patterns indicate
larger deformation. Specifically, Fig.4 shows Moiré patterns of a BGA with a soldering bridge at different
temperature levels, where the bridge can be easily identified, as shown in Fig.4; Fig. 5 gives Moiré patterns
along a poor wetting cross section; Moiré fringes on a non-defective cross section are shown in Fig. 6 for a
comparison purpose; in Fig.7, the Moiré patterns of a poor-reflowed package with tilted solder balls are
recorded. Note that in each defective area, the Moiré fringes exhibit different contours depending on the
catalogues of the defect. The Moiré fringes are sparser in a bridge but denser in a tilted ball, comparing with
non-defective joints in Fig.6. In addition, for the package with tilted balls in Fig. 7, it is obvious that the Moiré
fringes are no longer continuous across boards near solder layer as temperature above 100 oC. This indicates a
physical discontinuity between the solder and joined layers. Normally Moiré fringes are continuous unless there
is a discontinuity in structure. If delamination occurs between the solder bump and the joined layers or the layers

within boards, the Moiré fringes will be broken across the interfaces, just the density of the fringes would
increase in the solder joints due to the CTE mismatch.
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Fig. 4 V field Moiré fringe patterns near a bridged solder joint at different temperatures
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Fig. 5 V field moiré fringe patterns along a poor wetting cross section at different temperatures: (a) 50oC (b)
75oC (c)100oC (d) 125oC
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Fig. 6 V field moiré fringe patterns along a non-defective cross section at different temperatures: (a) 50oC (b)
75oC (c)100oC (d) 125oC
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Fig. 7 V field moiré fringe patterns along a poor-reflowed cross section with titled balls at different
temperatures

4.3 Shear strains of the critical solder joints in different packages
Since the fatigue life of the BGA package reliability is mainly determined by the maximum effective
inelastic shear strain range of the solder joints [11-13], it is essential to effectively characterize the shear strain
of the solder joints with significant strain changes. The total shear strain values of a non-defective BGA
package, a package with a bridge, with tilted joints, and with poor wetting joints are determined from Eq. 2 and
shown in Fig. 8, based on the recorded Moiré fringes along the selected section at 125oC. For the non-defective
solder joints, the strain values follow a parabolic curve along the whole section, which means the outer solder
joints experience larger shear stress and strain than the centre parts. The greatest shear stain appears at the edge
of the structure. For a defective sample, the positions of the defects can be recognized by abnormal strain values.
For example, it is apparent that the existence of bridging balls slightly lowers the thermal deformation of each
joint along the whole section, with an abrupt drop in strain values occurring in the bridge (solder ball no. 7 to
10) in Fig. 8. While along the section with twisted and poor wetting solder joints, high thermal strains are
developed in the solder chain. As to the cross section with tilted balls, the irregular strain values depend on the
geometric parameters of each ball; as for the poor wetting cross section, besides the outermost joints, other two
strain concentrations occur at the no. 7 and 10 solder joints.
In order to investigate the influence of defects on the reliability of the BGA package, the solder joints with
the largest thermal strain values of each package were studied. These critical joints have the highest possibility
to fail or shortest service life. From Fig. 8, it can be observed that the critical solder balls of the non-defective,
poor-wetting, tilted and bridged BGA packages are no.1, no.7, no.9 and no.1 respectively. Shear strain of these
solder joints during the heating-up and cooling-down procedures is calculated by Eq. 4 and plotted in Fig. 9. The
shear strain values of the non-defective solder joints are consistent with the results in those previous studies [14,
15]. Even for defective joints, the shear strain values are still within a reasonable range. In general, the
deformation increases with elevated temperatures and decreases when the temperature is reduced. However,
during the cooling-down process, the deformation decreases at uneven rates with temperature: it drops rapidly as
T< 75 oC but slowly as 75oC <T<125 oC. This indicates that the deformation history of solder joints relies on the
temperature itself instead of the temperature variation ∆T . Note even at the same temperature level, the
deformation induced in the heating-up process does not equal that in the cooling-down procedure, since plastic
deformation ε p developed in solder balls after cooling down, as marked in Fig. 9. Comparing the four packages
as T > 75oC in the heating-up process, the BGA package with bridged ball defect always has the lowest strain
value while the package with tilted joints has the highest. Still in this procedure, the deformation gaps of these
two packages decrease with the increased temperature. For example, the shear strain value of the package with
bridge is about 83% of that with tilted joints at 125oC, but 46% at 75oC. Since shear strain directly relates to the
reliability of the package, the impact of defect on the reliability of the packages is also influenced by the
temperature.
4.4 Thermal mechanical analysis of solder joint
A thermal mechanical analysis will help to explain the failure mechanism of BGA packages in temperature
cycling conditions. In a BGA package, the solder joint not only provides the connection and support to the
component, but also transfers current and dissipates heat between electronic components. A significant amount
of heat is generated in an active component during service, particularly in the high density areas. According to
the Fourier 1-dimension heat transfer model in steady state, the conductive heat Q transferred through a solder
joint with a defined cross-sectional area A can be expressed as:
Q=

kA
kA
(T2 − T1 ) =
∆T
∆h
∆h

(5)

where K is the thermal conductivity, ∆h is the thickness of the material through which the heat is transferred,
and T1 and T2 are the temperature of the source and sink, in this case, FR-4 board and substrate respectively. Eq.
5 indicates that for those BGA packages working in the same external environment or internal power variations
with same solder materials (i.e. the values of Q and k are equal), the temperature variation ∆T expected on the
joints will be inversely proportional to the cross sectional areas A of their solder joints, i.e. ∆T ∝ 1 / A . Since
the thermal strain of the solder joints is directly proportional to ∆T ( ε ∝ ∆T ), then it follows that ε ∝ 1 / A ,
which means the maximum thermal deformation will be concentrated on the solder joint with the smallest across
area, leading to early fatigue crack initiation and a shorter fatigue life. Solder joints with defects may have a
greater or a smaller diameter to maintain the same volume. However, the area of cross section may or may not
be the same depending on the defect classifications. For example, bridging solder joints will have a larger cross
area compared to a singe joint. The cross sectional area of the poor-wetting and twisted joints varies along the
across section. This can also explain the shear strain variations between different BGA packages as shown in
Fig. 8: The existence of bridge actually decreases the deformation of the solder joints in the package since the
bridge acts as a stress reliever and a crack arrester; while the packages with smaller tilted and poor-wetting
joints just act oppositely.
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4.5 Reliability analysis
The fatigue life of the solder joint can be predicted using an empirical Coffin-Manson relationship [11, 12]. The
total number of cycles to failure Nf can be expressed as:
N fm ∆ ε p = C

(6)

where ∆ε p is the plastic strain range after one thermal cycle, and the constants m and C are found by
performing isothermal fatigue test on a solder sample at 1 Hz with the temperature range of -40°C to 150°C.
For a Pb-free SA387 solder joint, the fatigue exponent m is taken as 0.853, and the fatigue ductility coefficient c
is 9.2 [16]. With this life prediction model, the fatigue life of each BGA assembly with work temperatures are
obtained and shown in Fig. 9. It can be seen that all defects mentioned above will decrease the fatigue life of
the package. For BGA packages working at the room temperature, there is a ~27% reduction in characteristic
life of the package with tilted joints and a ~8% decline in the life of the package with a bridge, in comparison to
the non-defective solder chain with fatigue life of 10681 cycles. Generally, all the bridge, poor wetting, and

tilted balls decrease the reliability of BGA packages, but in different ways. For instance, the tilted joints may
introduce extra twist stresses in the package and make the PCB have a bow issue after manufacture process. As
a result, laminate tears will be accelerated (as shown in Fig. 7) and life cycles will be shortened. As for the
bridged ball defect, it is worthy mentioning that compared to a non-defective solder joint, although the shear
strain value is decreased in the bridged area at high temperature, the plastic shear range ∆ε p is increased after
the thermal cycle, which directly decreased the fatigue life of the package. Besides, with a solder ball bridge,
that a short circuit is caused, leading to self heating of the BGA itself, this will not only decrease the reliability
of the BGA package, but can even damage its functionality. In addition, the impact of soldering defect on the
package also related to the temperature. For instance, for a BGA package with a bridge in service, soldering
defects may cause a range of 7–35% reduction in solder joints life depending on temperature. The effect of
voids is not discussed here since a lot of work has been carried out in the previous studies. It is reported that the
presence of voids which are greater than 50% of the solder joint area caused a 25–50% decrease in the fatigue
life of solder joint subjected to thermal cycling and mechanical tests, and a small volume of voids have minimal
impact on the integrity of that joint [6].
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Fig.10 Predicted fatigue life of packages at different working temperatures
5. Conclusions
Based on the X-ray inspection and high temperature moiré tests, the effect of several typical soldering
defects, including bridges, poor wetting, and tilted balls, on the thermal mechanical reliability of SAC387 solder
joints in BGA package was determined. From the data averaged on three samples for each test, the following
conclusions can be inferred.
1. Soldering defects such as bridge, open, tilted and voiding can be easily identified by X-ray inspection in topdown or oblique views. Only a minimum prior knowledge about the configuration of pad and solder mask is
required.
2. The full-field, in-plane deformations on the centre and edge surfaces of the specimen are obtained with the
MI system at different temperatures from 25 to 125oC. It proves that the global shear strain distribution trend is
similar in all tests, while abnormal strain values usually indicated the existence of defects. The thermal strain is
related to the cross-sectional area of the solder joint.
3. Soldering defects may decrease the reliability by weakening the solder joints or reducing functionality.
Among these types of defect, bridge may have less impact of fatigue life of the package by reduce only 8% life
of a normal package, while the tilted balls will decease about 21% life time after one thermal cycle. The exact
nature of effect of defect on the failure mode might depend on the cross area, location, and the working

environments. Further designed studies may focus in determine the critical defect cross area and location that
accelerates the solder joint failure.
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