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Abstract: In spacecraft electronic devices, the deformation of solder balls within ball grid array (BGA) packages
poses a significant risk of system failure. Therefore, accurately measuring the mechanical behavior of solder balls is
crucial for ensuring the safety and reliability of spacecraft. Although finite element simulations have been extensively
used to study solder ball deformation, there is a significant lack of experimental validation, particularly under thermal
cycling conditions. This is due to the challenges in accurately measuring the internal deformations of solder balls and
eliminating the rigid body displacement introduced during ex-situ thermal cycling tests. In this work, an ex-situ three-
dimensional deformation measurement method using X-ray computed tomography (CT) and digital volume
correlation (DVC) is proposed to overcome these obstacles. By incorporating the layer-wise reliability-guided
displacement tracking (LW-RGDT) DVC with a singular value decomposition (SVD) method, this method enables
accurate assessment of solder ball mechanical behavior in BGA packages without the influence of rigid body
displacement. Experimental results reveal that BGA structures exhibit progressive convex deformation with increased
thermal cycling, particularly in peripheral solder balls. This method provides a reliable and effective tool for assessing
internal deformations in electronic packages under ex-situ conditions, which is crucial for their design optimization and
lifespan predictions.
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0 Introduction

Spacecrafts, such as launch vehicles, are
equipped with a large number of electronic products
that exhibit significant differences in structural mor-
phology due to their different functions''’. Despite
these differences, these electronics often contain a
common core element — The central computing
unit chip that handles data processing. To ensure

the safe operation of these chips and their connec-

tions to the carrier, they are typically housed in an
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integrated electronic package structure. The stable
operation of this packaging structure in complex ser-
vice environments, especially in thermal cycling en-
vironment, is crucial for maintaining the safety and
reliability of spacecraft'**.

As electronic product design increasingly
trends towards miniaturization and high prefer-
ence, electronic packaging technologies have been
subject to continuous innovation, adapting to differ-
ent technological requirements. Among various

packaging technologies, ball grid array (BGA)
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packages are used in microelectronic manufacturing
industries, using solder balls instead of traditional
leads at the bottom of the electronic package' ™ .
These solder balls play a key role in signal trans-
mission between the chip and the main body of the
BGA package. However, the long-term thermal
cycling under service environment may lead to de-
formation of solder balls, damping the stability of
signal transmission. Therefore, it is critical to char-
acterize the mechanical behavior of solder balls un-
der thermal cycling loading to ensure the safe and
reliable use of BGA backage. This characterization
will also facilitate design optimization, improve
manufacturing processes, and enhance the accuracy
of strength and lifespan predictions for BGA pack-
ages' 7).
Nevertheless, most studies on the mechanical
properties of solder balls under thermal cycling are
predominantly based on finite element simulations,
with limited real experimental validation®*’. This re-
liance stems from the limitations of commonly used
deformation measurement techniques, such as digi-
tal image correlation (DIC), which are only capable
of capturing surface deformation''”’. In the case of
solder balls, their deformation is obscured by sur-
rounding support materials, such as plastic and ce-
ramic, making direct observation and measurement
difficult. Consequently, these methods cannot cap-
ture internal deformations without compromising
the structural integrity of the package. There re-
mains a shortage of real experimental research on
the mechanical behavior of solder balls under ther-
mal cycling conditions.

To capture the three-dimensional internal defor-
mation of bone under mechanical loading, the digi-
tal volume correlation (DVC) method was devel-

" This method involves matching three-di-

oped'
mensional volumetric images obtained via X-ray
computed tomography (CT) before and after defor-
mation, enabling the extraction of deformation data
for internal calculation points within the volume.
Over the past several decades, the DVC method
has been successfully applied across various disci-
plines' *' Therefore, DVC is expected to be an ef-
fective means for measuring the deformation of

BGA solder balls.

Typically, the DVC method is used to charac-
terize the internal deformation field and its evolution
process inside the material under in-situ loading con-
ditions. The measured deformation representing the

[12,14,19] However
- s

true deformation of the specimen
the limited specimen accommodation space in the
CT scanning equipment and the long total test time
required by the thermal cycling loading process
make it difficult to synchronize the thermal cycling
loading with the in-situ CT scanning in the same
spatiotemporal framework. Consequently, for stan-
dard thermal cycling tests, the package structure
can only undergo offline ex-situ X-ray CT scanning
after experiencing varying numbers of thermal cy-
cles. Ex-situ scanning introduces unknown rigid
body displacement, preventing the DVC method
from accurately extracting the true deformation of
solder balls. To estimate the rigid body displace-
ment introduced by ex-situ scanning, the outer im-
age registration method has been proposed®’. Nev-
ertheless, due to the small size of the scanned BGA
package, the large reference block used in this meth-
od reduces the scanning resolution and may detach
under significant temperature differences during
loading. In view of this, there is a need for a new
method without reference sample to measure the
true deformation of BGA balls under thermal cy-
cling loading conditions.

To address this issue, the ex-situ 3D image
measurement method for the internal deformation in
BGA package based on X-ray CT and DVC method
has been proposed in this paper. A layer-wise reli-
ability-guided displacement tracking (LW-RGDT)
strategy based DVC method'”"" is combined with a
singular value decomposition (SVD) based rigid
body displacement elimination method to propose
an ex-situ deformation measurement method for
BGA package. The effectiveness of this method in
eliminating rigid body displacement is verified
through simulated rigid body displacement experi-
ments. The deformation results indicate that, fol-
lowing thermal cycling, the BGA structure exhibits
a convex deformation that increases with the num-
ber of cycles. Solder balls at the periphery of the
BGA package undergo greater deformation, which

aligns with the temperature variations from low to
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ambient temperatures observed at the conclusion of

the thermal cycling process.
1 Experimental Method

1.1 BGA package sample

The chip model selected in this work is Sam-
sung-KLMS8GIGETF-B041'*', with a BGA pack-
age type. The package size is 11.5 mm X 13 mm X
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Fig.1

1.2 Thermal cycling test

In order to investigate the internal deformation
of BGA package under thermal cycling loading, it is
necessary to carry out thermal cycling test on the fab-
ricated package sample. In this paper, the rapid tem-
perature change test with specified conversion time
in the GB/T2423.22—2002 standard for environmen-
tal testing of electrical and electronic products is re-
ferred. The thermal cycling loading curve is shown in
Fig.2(a). The lowest temperature is set at —55 °C,
while the highest temperature is set at 125 “C. Thus, a
complete thermal cycle is “ —55 °C — insulation —
125 °C — insulation — —55 ‘C”. The temperature
holding time is 600 s, with a conversion time of 30 s,
resulting in one cycle duration of 1 260 s. A total of
1 500 cycles are conducted in three rounds, with
samples being taken out from the chamber for CT
scanning after every 500 cycles. The thermal shock
testing machine used for the thermal cycling test is

shown in Fig.2(b). This machine, with its inner

0.8 mm, the diameter of a single solder ball is about
0.3 mm, and 153 solder balls are included as shown
in Fig.1. The letters and numbers in the image rep-
resent the labels for the rows and columns of the sol-
der balls. The circuit board and chip were prepared
using standard surface mount technology (SMT)
processes. The PCB material is FR-4 epoxy resin/
glass fiber, the pad material is copper, and the sol-
der balls are 63/37 tin-lead solders.
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cavity mechanism, can automatically transfer the
sample between the high and low temperature cham-

bers.
1.3 CT imaging of BGA package

The nanoVoxel-4000 series micro-CT of Tian-
jin Sanying Precision Instrument Co., Ltd. was
used for CT imaging, with the image resolution of
6.63 pm/pixel. A pre-test CT scan was performed
before the thermal cycling test to acquire the refer-
ence volume image. The CT scan rotation angle
was set to 3607, and a total of 1 080 projection im-
ages were acquired, with an exposure time of 0.8 s
per image. Then the thermal cycling test was per-
formed on the BGA package sample. The deformed
volume images were collected after every 500 ther-
mal cycles by removing the sample from the ther-
mal chamber and conducting CT scans under the
same settings as the pre-test scan. Consequently, in
a single experiment, three loading sessions and four
CT scans were performed: The reference volume
image, the deformed volume images after 500 ther-
mal cycles, 1 000 thermal cycles, and 1 500 ther-

mal cycles.

2 Ex-situ Three-Dimensional De-

formation Measurement Method

2.1 LW-RGDT DVC method

The volumetric images obtained by using X-ray
CT in this paper have a large size of 1 400 voxel X
2 500 voxel X 500 voxel. Conventional DVC meth-
od usually reads the entire reference and deformed
volume images during the calculation process, and
even caches the interpolation coefficient of the entire
deformed images for the subsequent subvoxel gray
level interpolation. In this case, high-resolution vol-
ume images, comprising up to billions of voxels,
need to be processed during DVC calculations, oc-
cupying a substantial amount of computer operating
memory. These memory demands often exceed the
hardware capabilities of personal computers. To ad-
dress this, the LW-RGDT strategy is used in this

paper. It divides the three-dimensional displacement

tracking into reliability-guided propagation within
layers and initial value propagation between layers.
For the DVC calculation of each layer, only the ref-
erence layers centered on the current calculation lay-
er in reference volume images and the deformation
layers with adaptive sizes in deformation volume im-
ages are read into memory. This approach signifi-
cantly reduces memory usage. The flowchart of
LW-RGDT strategy is presented in Fig.3 and the

detailed execution steps are as follows.

Deformation
Initial seed vector
point calculation
selection of initial
seed point
Acquisition of Most reliable
deformation Intra-layer calculation
vector for seed DVC point selection
points in the analysis in current
next layer layer
Displacement transfer
between two adjacent

layers

DVC calculation
has been completed
for all points

N

DVC analysis
completed

Fig.3 Flowchart of LW-RGDT strategy

Step 1 The estimation of initial value for seed
point. After selecting the volume of interest (VOI)
in the reference volumetric image, a seed point is
specified at the top or bottom of the calculation area.
For this seed point, an integer-displacement search-
ing algorithm is employed to estimate the initial
value. Based on this initial displacement, the three-
dimensional inverse compositional Gauss-Newton
(IC-GN) algorithm is then used to optimize the de-
formation vector, achieving a deformation vector
with subvoxel accuracy.

Step 2

mining the deformation vector of the seed point, the

Intra-layer DVC analysis. After deter-

intra-layer reliability-guided displacement propaga-
tion method is used to automatically transfer the de-
formation components of the calculated points to the
adjacent points within the current calculation layer.

Subsequently, the deformation vectors of these adja-
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cent points can also be iteratively optimized using
the three-dimensional IC-GN algorithm.

Step 3
ing DVC analysis of the first layer, the point with

Inter-layer DVC analysis. After finish-

the maximum zero-mean normalized cross-
correlation (ZNCC) coefficient in the previous layer
(the most reliable calculation point) is designated as
the displacement transfer point. The deformation
vector of this point is then transferred to the corre-
sponding calculation point in the next layer using a
simple first-order displacement shape function. Sub-
sequently, the transferred point in the next layer is
designated as the seed point for that layer, allowing
the continuation of Step 2 in that layer. Finally,
Steps 2 and 3 are repeated until all points within the
calculation area have completed the DV C analysis.
Using the aforementioned LW-RGDT meth-
od, by establishing a layered data structure, the
DVC calculation dynamically utilizes only the corre-
sponding layered images in the reference and defor-
mation volume images to track the deformation vec-
tors of each calculation point. This approach mini-
mizes the memory consumption of the DVC analy-
sis, enabling the flexible handling of high-resolution

volume images of the BGA package sample.
2.2 Rigid body displacement elimination method

To obtain the deformation field of package sam-
ple by DVC method, it is necessary to acquire the
reference volume image and the deformed volume
image of package sample before and after thermal
cycling loading. Considering the limited internal
space of the CT equipment and the lengthy duration
of the thermal cycling test, ex-situ loading of the
package sample is required. As shown in Fig.4, the
displacement between the reference volume images
and the deformed volume images of the sample con-
sists of two parts, the rigid body displacement
caused by ex-situ loading and structural deformation
caused by thermal cycling load. Therefore, to accu-
rately capture the deformation field of the package
sample after thermal cycling loading, it is essential
to develop an ex-situ DVC method to eliminate the

influence of rigid body displacement.

Rigid body

r\displacemerit

X-ray source

Rotation platform
(a) Rigid body

(b) Deformation

Fig.4 Rigid body displacement induced by ex-situ loading

and deformation caused by thermal cycling loading

Point cloud data play an important role in com-
puter vision and geometry processing tasks. Howev-
er, point cloud data are often affected by rigid body
displacement, complicating subsequent processing
and analysis. Currently, the method for solving rigid
body displacement based on SVD is widely used
and yields favorable results.

In this paper, the package samples were repeat-
edly transferred between the thermal cycling test
chamber and the X-ray CT scanning equipment.
This procedure introduces significant rigid body dis-
placement of the same sample at different test stag-
es. This rigid body displacement information is cou-
pled in the point cloud displacement field of the
DVC calculations. Therefore, utilizing SVD meth-
od to eliminate rigid body displacements from the
DVC data is highly appropriate

The SVD method is a matrix decomposition
method that can decompose a matrix into the prod-
uct of three matrices. For the point cloud data ma-
trix computed by DVC, the SVD method can ex-
tract the information regarding rigid body transfor-
mations such as rotation, scaling and shift. Specifi-
cally, considering two point-clouds, one before de-
formation (reference point cloud matrix P.,) and
one after deformation (deformation point cloud ma-

trix Qs.,)
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where (a;, y;, ;) denotes the three-dimensional co-
ordinates of corresponding points P, and Q, in the
point cloud data, (=1, 2,

The point clouds are decentralized by subtract-
ing the centroid coordinates P and Q of each point
cloud from the coordinates of each point within the
point cloud, as shown in Eq.(2). The centroid coor-
dinates are the mean coordinates of all points in the
P and Q,

represent the decentralized coordinates of each point

point cloud. The resulting coordinates,

cloud.
P=P—P.Q=Q—Q (2)
According to Eq.(3), the covariance matrix S
of two point-clouds is calculated. The matrix W rep-
resents the weight coefficient matrix for each point
in the point cloud. In this context, all points weight
equally in the point cloud, therefore W is the identi-
ty matrix I. Performing SVD decomposition on S
yields the diagonal matrix X', which contains its sin-
gular values, as well as two orthogonal matrices U
and V comprising the corresponding eigenvectors.
PWQ'=PIQ"'=S,S=UzV" (3)
The rigid body rotation matrix R and the rigid
body translation vector ¢ can be derived as
R=VU", t=Q— RP (4)
According to Eq.(5), The rigid body displace-
ment field D, can be obtained by modifying the de-
formation point cloud with rotation matrix and rigid
body translation matrix.
D,w=R(P+1t)—P (5)
By subtracting the rigid body displacement ob-
tained in Eq.(5) from the displacement results calcu-
lated by DVC, the influence of rigid body displace-

ment in the DVC calculations can be eliminated.
2.3 Green’s strain mapping

In the strain calculation from displacement

fields, the Green’ s strain tensor, which is not af-
fected by rigid body displacement and rigid body ro-
tation, is chosen in this paper. Eq.(6) gives the
Green’ s strain tensor components for the three-di-

mensional case.

1
E,=E,= E( u,+ v, +uu,+v,0,+ww,)
1
Ey=En=(u.+ w +uu+vv.+ww)
1
E,=E,= E( w, + v, + wu, + v.o, + wow,)
) (6)
E[ + (w,) }
1 2
Ez)*'v +E|: +(w}):|
En=w.+ 5[ () +(0.) + (w.)']
2
where E represents the strain components, and u,

v, w correspond to the displacement components in
each spatial direction. The subscripts indicate the re-
spective partial derivatives with respect to the spa-
tial coordinates.

In the case of small deformations, the quadrat-
ic term is neglected and the Green’s strain tensor de-

generates into a small deformation tensor.
3 Results and Analysis

3.1 Preprocessing of X-ray CT image

The representative CT slice and 3D rendering
of solder balls by X-ray CT are shown in Fig.5. The
fine details within the package sample, including the

older balls and their internal voids, can be clearly
observed. The noises and metal artifacts in the CT
images may be due to the small-size solder balls and

the sensitivity of the metal material present in the
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(b) 3D rendering of solder balls

(a) A representative CT slice
Fig.5 A representative CT slice and 3D rendering of solder
balls
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package sample. In order to reduce the influence of
metal artifacts and image noise in the reconstructed
CT images on the DVC measurement accuracy, the
images are filtered using a Gaussian filter to ensure
that the image quality would not adversely affect the
subsequent DV C calculation and analysis.

Before performing the DVC calculation based
on the X-ray CT data, a coarse registration of the
images was carried out according to the positions of
the voids in the solder balls. Specifically, Imagel
was utilized to measure three prominent locations in
the original images, which in this case correspond to
three clearly visible void defects in the slice images.
Subsequently, by manually adjusting the positions
of these three distinct feature points before and after
deformation, the volume images were preliminarily
aligned, effectively eliminating large rigid body dis-
placements. Fig.6 shows the comparisons of a repre-
sentative slice between the reference volume image
and the aligned deformed volume image. It can be
observed that three marked void defects remain ap-
proximately parallel in the corresponding slices, and
the boundary lines of the solder balls also exhibit a
notable parallel alignment. The two sets of volume
images were demonstrated to be roughly aligned
based on visual inspection. It is worth noting that
the coarse registration was employed to enhance the
visibility of rigid body displacement patterns in the
subsequent SVD calculation results, preventing
these patterns from being obscured by large-scale

rigid body translations. The effectiveness of the

100

z/ voxel

(a) Reference volume image

(b) Applied displacement field

coarse registration step in eliminating large rigid
body displacement does not significantly affect the

accuracy of the subsequent SVD method.
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(a) Reference volume image  (b) Aligned deformed volume image

Fig.6 A representative slice of the reference volume image

and the aligned deformed volume image

3.2 Verification of rigid body displacement

elimination method

To verify the effectiveness of extracting rigid
body displacement by SVD method, a simulation
test is carried out. A numerical simulation speckle
with the size of 300 voxel X 300 voxel X 300 voxel is
generated as the reference volume image, and then
the rigid body displacement given by Eq.(7) is ap-
plied to generate the deformed image, where R is
the rotation matrix and ¢ the translation vector, as

shown in Fig.7.

b1 .
cos— sin— O
6 2
R= T g , t=]3 (7)
—sin— cos— O
6 6 4
0 0 1

(c) Deformed volume image

Fig.7 Simulation of rigid body displacement

The rigid body displacement field results
from the SVD method are shown in Eq.(8),
align with the displacement field applied by the

simulation. This consistency indicates that the
method used can extract rigid body displacement

effective.
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R=| —0.5000 0.866 0 —2.2X 107", £={3.0000 (8)
—1.2X10" —32X10" 1.000 0 4.0000

3.3 Displacement measurement by ex-situ DVC

method

The U, V and W displacement fields of the cal-
culation points after 500, 1 000 and 1 500 cycles of
thermal cycling test are calculated using the conven-
tional DVC method and the ex-situ DVC method,
as shown in Figs.8(a) and (b), respectively. The

size of subvolume is 81 voxel X 81 voxel X 81 voxel,

After 500 cycles

and the step size 1s 20 voxels, resulting in a total of
15 126 uniformly distributed computational points.
In Fig.8(b), the obtained true displacement results
demonstrate that, following each thermal cycling,
the BGA package consistently shows a tendency to-

wards This behavior corre-

inward contraction.
sponds to the thermal cycling conditions depicted in

Fig.2, particularly during the transition from low to

After 1 000 cycles

(a) Calculated by the conventional DVC method

z/ voxel

After 1 000 cycles

Strain
10

(b) Calculated by the ex-situ DVC method
Fig.8 Displacement field of the BGA package



No. 5 WANG Long, et al. Ex-situ Measurement of Internal Deformation in Ball Grid Array Package with --- 617

ambient temperatures at the end of each thermal cy-
cle. The displacement magnitude increases progres-
sively from the center towards the edges of the
BGA package, reaching its maximum at the periph-
ery. This is especially evident in the z-direction dis-
placement W, where larger displacements are dis-
tinctly concentrated at the edges. This pattern is
consisted with the deformation observed during in-si-
tu thermal loading when the loading temperature is
lower than the ambient temperature. In contrast,
Fig.8(a) displays the displacement field without the
removal of rigid body displacement, which is effec-
tively the superposition of the displacement field
from Fig.8(b) and the rigid body rotational displace-
ment field in a counterclockwise direction around
the center. This confirms that rigid body rotation
has been effectively eliminated using the method
proposed in this paper.

The obtained true displacement results demon-
strate that, following each thermal cycling, the
BGA package consistently shows a tendency to-
wards inward contraction. This behavior corre-
sponds to the thermal cycling conditions depicted in
Fig.2, particularly during the transition from low to
ambient temperatures at the end of each cycle. The
displacement magnitude increases progressively
from the center towards the edges of the BGA pack-
age, reaching its maximum at the periphery. This 1s
especially evident in the z-direction displacement
W, where larger displacements are distinctly con-

centrated at the edges.
3.4 Verification of Green’s strain

To verify the effectiveness of Green’s strain in
eliminating the effects of rigid body translation and
rotation, the same simulation experiment in Section
3.2 is conducted. In the case of deformation involv-
ing only rigid body rotation and translation, the the-
oretical strain measurement results should be O.
Fig.9 shows the normal strain in x-direction of Cau-
chy strain and Green’s strain extracted from the dis-
placement field calculated by DVC. It can be ob-

served that the Cauchy strain presents an average

strain measurement error of 6.03X 10 %, while the

Stra(]Jnoss Stm(?oss
E
0.000 E 150 0.000
N 100
2 150 -0.065 ,, 150 150 -0.065

o* 100100 |Vm@\ O, 100100 ‘\,ma

(a) Mean error: 6.03x10° (b) Mean error: 4.73x10°

Fig.9 Cauchy strain and Green’s strain extracted from the

displacement field calculated by DVC

error of the Green’s strain measurement result is on-
ly 4.73X 10 °. Compared with the Cauchy strain er-
ror, the Green’s strain error is reduced by three or-
ders of magnitude. Thus, it is proved that the
Green’ s strain calculation method can effectively
eliminate the effects of rigid body translation and ro-
tation, and extract strain measurement results more
accurately.

The strain field is derived by applying a suit-
able difference algorithm to the obtained displace-
ment field, following the selection of an appropriate
strain calculation method. It is important to acknowl-
edge that noise is inherently present in the displace-
ment field due to the influence of image noise. To
address this, a point-by-point local least-squares fit-
ting method is employed to calculate the strain field
at each calculation point, utilizing a strain window
size of 11X 11X 11. This method effectively miti-
gates the impact of noise. The six resulting compo-
nents (Ey, E,, Es, En, Ei, E») of Green’ s
strain tensor for the BGA solder balls are presented
in Fig.10.

3.5 Strain measurement by ex-situ DVC method

The strain component E;; exhibits a greater
magnitude compared to the other strain compo-
nents, as shown in Fig.10. Notably, the deforma-
tion of the solder balls is more significant at the cor-
ner positions, with Ej; increasing in magnitude from
the center towards the periphery. In contrast, the
distribution of the other strain components remains
relatively uniform across the BGA package.

The strain results indicate that the BGA pack-
age exhibits convex warping after every 500 cycles

of thermal cycling test. This is due to the differing

coefficients of thermal expansion of upper and lower
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substrates of the BGA package, leading to different
deformation under varying temperatures. This be-

havior is consistent with the convex warping phe-

nomenon reported in the literature, as described in

simulated thermal loading experiments of similar

package structures'*".

(a) After 500 cycles

(b) After 1 000 cycles

(c) After 1 500 cycles

Fig.10 Six Green's strain components of BGA balls

4 Conclusions

The internal deformation of electronic package
is difficult to be measured nondestructively due to
the obstructions caused by the casing. Thus, the ex-
situ measurement method for the internal deforma-
tion of electronic package based on X-ray CT imag-
ing and DVC has been developed in this paper. The
layer-wise reliability-guided displacement tracking

strategy combined with SVD-based rigid body dis-

placements elimination method has been employed.
Using BGA packaging as a representative example,
through the coarse alignment strategy and SVD
method proposed in this study, we successfully ob-
tained deformation field data for the package struc-
ture that is consistent with the deformation patterns
observed in in-situ thermal loading experiments.
This method effectively identified and eliminated

the rigid body translations and rotations introduced
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during ex-situ thermal cycling loading. The strain
analysis results revealed a convex deformation char-
acteristic, which aligns with the literature where
simulation analyses based on differences in the ther-
mal expansion coefficients of the upper and lower
materials of the solder balls were conducted, thus
validating the accuracy and reliability of the mea-
surement techniques used in this study. This finding
provides critical experimental evidence for accurate-
ly assessing the deformation behavior of package
structures under thermal cycling conditions and of-
fers an important reference and solution for precise
measurement of chip package deformation under ex-

situ loading conditions in future research.
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