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An Accurate Experimental Determination of
Effective Strain for Heterogeneous Electronic
Packages With Digital Image Correlation Method

Yuling Niu*, Van-Lai Pham, Jing Wang, and Seungbae Park

Abstract—This paper presents an accurate experimental
method to determine the effective strain for the advanced elec-
tronic packages with heterogeneous structure or multiple compos-
ite layers when the out-of-plane deformation has evident effects
on the in-plane strain quantification. The experimental results
rely on the 3-D digital image correlation (DIC) technique, a full-
field optical measurement method. Several advantages make
this technique a perfect choice for characterizing the effective
strain for electronic packages, especially for the heterogeneously
designed packages that are likely to have large warpage after
reflow process. In order to generate the effective strain with
the consideration of warpage and thickness effects, an improved
data process algorithm for 3-D DIC is introduced to obtain the
neutral plane strain. The result was validated analytically and
numerically based on the Timoshenko beam theory and finite-
element method. The effectiveness and necessity of this paper are
demonstrated by applying the results into a practical multilayer
package and forecasting the accurate behavior under thermal
loading.

Index Terms— Integrated circuit measurements, integrated cir-
cuit reliability, measurement techniques, stereo image processing.

I. INTRODUCTION

HE strain of the electronic packages on different layers

is an important source for learning their reliability and to
decide the effective coefficient of thermal expansion (CTE),
which is the most critical parameter for establishing a reliable
model [1]. The composite materials are extensively utilized
in electronic packaging. To pursue the goal of fabricating the
devices that are thin and light, manufacturers have to limit
the thickness, which inevitably makes the design unsymmet-
rical. Furthermore, the novel packages with heterogeneous
structure, like the embedded chips in substrate or molding,
exaggerate the mismatch of material properties. These issues
lead to the out-of-plane deformation when packages are
under thermal loading. The out-of-plane deflection (warpage)
plays an important role in accurately estimating the effective
thermal strain [2]. Several analytical and numerical models
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point out the effects of the out-of-plane deformation on the
in-plane strain determination for bilayer [3], [4] or sand-
wich structure [5], especially for microelectronic packaging
materials [6], [7]. It indicates that researchers noticed the
significance of the issue and attempted to reveal the fact
with analytical or numerical method [8]. Actually, the com-
posite materials or the heterogeneous designed packages are
more complicated than these proposed models. The analytical
solutions cannot be used for analyzing designs with irregular
geometry with various materials [9]. To illustrate the effective
strain, it is more efficient to directly perform the real measure-
ment to determine it [10].

The conventional thermal strain measurement methods can
be classified as sensor contact method, such as thermome-
chanical analyzer (TMA) [11] or strain gauge, and optical
fringe method, such as Moir€ interferometer [12]. Nowadays,
these two methods reached their limits for the more precise
and convenient measurement demands. TMA has a strict
dimension requirement for samples that should be cut into
certain sizes for the test. When it reports the strain versus
temperature curve to depict the CTE of the material, it employs
one contact sensor on the top of the sample to track the
displacement. The strain result cannot be accurate when the
sample deforms on the horizontal (out-of-plane) direction or
the sensor does not contact the sample properly. The distortion
of the sample makes the contact into point-to-surface contact,
which loses the contact on the neutral plane. Moreover,
the preload applied on the sample may enlarge the bending
of the specimen, especially for soft polymers. The out-of-
plane deflection (warpage) generates great influences on the
determination of the effective strain since the expansion is no
longer planar. Moiré interferometer requires specimen prepa-
ration of the polished cross-sectional surface, while the black
and white fringes are arranged with gray values to interpolate
the displacement between each fringe [13]. It epitomizes the
low efficiency with which these methods determine strain in
one direction for each test.

Regarding these concerns, it is necessary to seek for
an accurate experiment method to determine the effective
strain for electronic packages with mixed layers. Initially,
improved Moiré interferometer developed the transient thermal
strain measurement method [14]. Later, 2-D digital image
correlation (DIC) was created to learn the surface strain
with the arrival of digital image decade [15]. The featured
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Fig. 1. (a) Division and movement track of 2-D DIC subset. (b) Subset
recognition from left and right sensor.

Subset in Left Sensor

surface is divided into many small subsets and the move-
ment of each subset is recorded [Fig. 1(a)]. It measures
the strain in all paths and locations within one test, and
directly traces the displacement without interpolation, which
improves the test efficiency. Later, 3-D DIC served as an
optical and noncontact warpage measurement method and
gradually replaced the conventional tools in the electronic
packaging area [16]. Two cameras monitor the identical subset
to construct gray value matrix for each subset independently.
Through the similarity correlation, the outlines of the subset
are depicted and the spatial orientation of the subsets is
described [Fig. 1(b)] [17]-[20]. It acquires the in sifu digital
images and correlates them to generate surface topography
with high measurement sensitivity. Not only for warpage, but
also the in-plane deformation can be quantified simultaneously
during a 3-D DIC test. It makes 3-D DIC, which possesses
the ability of characterizing displacement in all the directions,
an ideal solution to determine the effective strain including the
effects of out-of-plane deformation.

The out-of-plane rigid body movement effects on 3-D DIC
result were discussed in Sutton’s study [21], but the
out-of-plane deformation cannot be assessed universally.
De Almeida et al. [22] utilized a mirror to learn the lateral
surface deformation, while the cameras focused on the front
surface, to reconstruct the volume with 3-D DIC. However,
the warpage behavior of electronic packages is quite different
from edges to center, which means that the reconstruction
according to the lateral surface may be inaccurate. This paper
attempts to examine the basic principles to see the current
limitations of 3-D DIC in determining the effective strain,
because warpage becomes a universal issue for packages and
becomes more serious with heterogeneous structures. Aiming
to illustrate the neutral plane effective strain of heterogeneous
packages and improve the conventional 3-D DIC algorithm,
a novel process method was proposed and compared to obtain
the accurate result based upon the 3-D DIC data acquisition.
With the consideration of shear force influences, the analyt-
ical solutions based on the Timoshenko beam theory [23]
were derived to validate the experimental results. In the end,

Deformed
Sample Surface

A: actual length

B: projected length

¥

Fig. 2. Schematic of deformed sample with actual section length and
projected section length.

the average CTE, derived from the neutral plane strain, was
applied to a realistic heterogeneously designed package to
solidify the effectiveness and precision of the method.

II. SURFACE TOPOGRAPHY DETERMINATION OF 3-D DIC

DIC includes two fundamental functions: image acquisition
and correlation. The conventional 2-D DIC captures the pro-
jected length (Fig. 2). After taking several image stages in
real time, 3-D DIC compares the left and right images, such
as the principle of human eye perspective, and correlates the
successive image stages as the loading varies. Then, it obtains
both in-plane displacement and out-of-plane deformation. The
combination of in-plane and out-of-plane information realizes
to measure the actual length in Fig. 2. Therefore, it calculates
the deformation based on the planar assumption, which means
the out-of-plane displacement should be relatively small. So,
it remains to be justified when the deflection of the sample
reaches the error limit of the 3-D DIC. More specifically,
as shown in Fig. 2, it is necessary to ensure that 3-D DIC
reports the real strain on the deformed samples surface at
different out-of-plane deflection levels.

A. Image Correlation Algorithm

To reveal the dependence of 3-D DIC in-plane coordinate
with the out-of-plane information, the image mapping analyt-
ical equations [24] are expressed according to the coordinate
transformation principle (Fig. 3) as follows:

fl'Zp'K

Z | = (1)
e fi-x+ Xs_caml cost + Ys_caml COSgb
X 1-Zy-K
Xc caml = o L (2)
fl ‘K + Xsfcaml cosf + stcaml COS¢
Y. 1-Zy- K
chcaml = = £ (3)
f1-x+ Xs_caml cosf + Ys_caml COSgb
Zp -k = Xegm €080 + Yo cosp 4+ Ze, -k (4)

where x = (1 — (cos0)? — (cos ¢)?)!/2.

Here the subscript of “c_cam” means that the camera
coordinate system, while “s_cam” indicates the sensor coordi-
nate system. As the algorithm performs the image correlation
process, the image information from sensor transforms to
camera coordinate to utilize the calibrated camera system
information. # and ¢ represent the angular direction from
normal vector 71 to subset location and Z, stands for the norm
of the vector. f7 is the focal length. All these parameters are
directly obtained from the calibration process. Equations (2)
and (3) show that the determination of in-plane coordinate
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Fig. 4. Warpage contour of deflected paper.

requires the out-of-plane distance Z,, but it assists only to
decide the perspective virtual plane on the basis of similar
triangles. At the same time, the out-of-plane displacement is
highly dependent on the judgment of X and Y coordinates.
With the analysis of the coordinate determination, it explains
how the image correlation defines and recognizes the position
of each subset without indicating the error limit of out-of-
plane deformation. The out-of-plane deformation restriction is
related to the image correlation deviation. To understand the
out-of-plane displacement limit of 3-D DIC, an experiment
was designed to illustrate the error range, and the subset factor
was studied as well.

B. Length Error at Different Deflections

A piece of paper and thin copper foil, without expansion or
shrinkage, were measured separately by 3-D DIC. A standard
section length was drawn on each sample to be the reference
for strain error, which is 59.600 mm for paper and 60 mm
for thin copper. When the specimen was deflected (Fig. 4),
or warped at different deflections, the length of the identical
section was reported with different subset sizes.

The subset size of 3-D DIC is similar to model mesh density.
It means a unit that includes several pixels to be correlated.
In Fig. 1(b), the subset size is 4 x 4 pixels. These subsets
are the basic calculation unit, which are assumed as a rigid
plane. The objective of image correlation is to recognize all
the positions of the subset and connect them with smooth
surface. The larger the subset size, the lower will be the data
density. Deflection represents the out-of-plane deformation
of the specimen, which is the critical reliability issue for

Paper Strain Error for the Standard Length Measurement
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Fig. 5. Strain errors for the paper specimen with different warping deflections
and subset sizes.
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Fig. 6. Schematic of connection with two different subset sizes.

electronic packages. The z-direction movement is the principal
challenge to achieve the accurate length information.

Fig. 5 shows the strain errors for different subset sizes
and deflections, while the copper foil result can be found in
Appendix A, which is similar result with Fig. 5. At the same
subset size and deflection level, “—1” and “—2” means that
the results calculated by two 3-D DIC systems. The strain
errors of two 3-D DIC programs are different due to the
variance of correlation deviation tolerance, but the trends of
the strain error are consistent as the subset size and deflection
increase. It is obvious that 3-D DIC provides quite an accurate
result, lower than 0.04%, when the deflection is small, less
than 3 mm. However, as the deflection increases, similar
to warpage occurrence of packages under thermal loading,
the section length turns inaccurate and the error percentage
increases. Though the strain error shows 0.20% maximum,
the section length is within a reasonable range so that it
guarantees that the measured length is the actual length, not
projected length. It indicates that 3-D DIC adds the out-of-
plane deformation effects to calculate effective strain, but it
loses accuracy as the deflection increases. The fundamental
correlation algorithm is based on the planar assumption, and
makes adjustments for out-of-plane deformation. When the
ratio of warpage to sample length is large, such as 11 to 60 mm
in Fig. 5, about 19% deflection to the length, the error of strain
calculation is introduced and exaggerated. Based on statistical
result that 3-mm deflection keeps the error to less than
0.04% for 60 mm length, it can be concluded that the strain
result is accurate when the deflection to length ratio is lower
than 1:20.

The subset size affects the accuracy of strain measurement
as well. It is noticed that the error changes as the subset size
increases, when the specimen is bent. The large subset size
results in the low data point density (Fig. 6). When the system

Authorized licensed use limited to: STATE UNIV NY BINGHAMTON. Downloaded on September 02,2026 at 01:53:51 UTC from IEEE Xplore. Restrictions apply.



NIU et al.: ACCURATE EXPERIMENTAL DETERMINATION OF EFFECTIVE STRAIN 681

Fig. 7. Schematic of the data point approximation to the target point with
different subset sizes.

tries to combine two marked points to report distance, the large
subset size, which means a low data point density, will make
it difficult to approximate the closest points to the target
points. Fig. 7 shows the schematic of the subset approximation
method. If the star is the target point, the two adjacent
subsets can be adopted to measure the distance or strain,
while the smaller subset size can reduce the error. A quick
conclusion is that the accurate strain calculation requests small
subset size to minimize the error. However, this output is
contrary to the subset selection rules, which were constructed
with the standard of image correlation deviation [25]. The
previous works proved that the large subset can reduce the
image process standard deviation because the large subset
means that more pixels are correlated and more information
is collected to verify the subset location. In this dilemma,
either the correlation error or the strain calculation error has
to be sacrificed. This paper again demonstrates the subset
size selection perplexity, and Niu et al. [26] recommend a
compromise of the two types of errors and seek the balance
between them. Regarding the particular application area, the
empirical equations can assist in choosing the optimal subset
size. Meanwhile, Hassan et al. [27] provided the dynamic
subset selection method. This topic can be further discussed
and studied in the future. In the rest of this work, the subset
size is maintained at a low level, around 20 to 30 pixels,
to achieve high subset density.

The increasing tendency of strain errors from two DIC sys-
tems is consistent as the deflection increases. The evident bias
that should be noticed is the data points are connected directly
with straight lines. Depending on the data density, the actual
curved surface would be different to the calculated length.
To summarize briefly, DIC method is able to combine the
out-of-plane and in-plane displacements together and export
the actual length, on the threshold that the warpage does not
exceed 5% of package dimension. The approximation of subset
point to target point and the subset connection may have some
initial biases for accurate strain determination.

III. ACCURATE STRAIN DETERMINATION
ON NEUTRAL PLANE

A. Warpage and Thickness Effects

With confidence of the confirmed DIC technique, several
experiments were conducted to quantify the thermal strain of
the packaging components, which laid a solid foundation for
constructing the numerical models. However, a test result of
the printed circuited board assembly (PCBA), which has het-
erogeneous components on it, reminds us the effective strain
should be on the neutral plane. The PCBA is 356x356x7 mm?3
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Fig. 8. (a) PCBA structure and dimensional specs. (b) PCBA top surface
strain versus temperature plot.

TABLE I
MAXIMUM WARPAGE OF THE PCBA

Temperature (°C) | 25 50 75 100 125
Warpage (mm) | -0.99 | -1.00 | -1.11 | -1.45 | -1.91
Temperature (°C) | 150 175 | 200 | 225 | 250
Warpage (mm) | -2.18 | -3.45 | -4.37 | -5.08 | -5.83

with two 75 x 55 mm? packages on the bottom surface.
The PCB has 20 layers of copper circuits, prepreg materials
and solder mask. Fig. 8(a) shows the warpage distribution
of the PCBA at 250 °C and the strain was measured along
y-direction. Fig. 8(b) shows the surface strain versus tem-
perature plot. The interesting phenomenon is that the high-
temperature zone (150 °C to 250 °C) displays the negative
thermal expansion, which seems it has shrunk. Its warpage
is shown in Table I. The 7-mm-thick sample has 5 mm
relative deformation from room temperature to 250 °C due
to its heterogeneous layers and attached components. As the
warpage increases, the surface strain shows lower than the
realistic value. From 25 °C to 150 °C, the surface strain is kept
lower than the reality. After 150 °C, the top surface generates
the relative shrinkage as compared to it at 150 °C because
the evident warpage jumped up from —2.185 to —3.446 mm
at 175 °C, which doubled the relative warpage from room
temperature to 150 °C (—0.994 to —2.185 mm).

In this case, though the 3-D DIC still depicts the accurate
surface strain, the neutral plane strain can be far away from
the top surface strain (Fig. 9). It is the scenario wherein the
thickness of the specimen exaggerates the differences between
surface strain and the neutral plane strain, like the schematic
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Fig. 9. Schematic of the measured surface length versus neutral plane length
for the deformed sample with certain thickness.
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Fig. 10. Schematic of three-point common curvature method to connect the
data points and calculate the neutral plane strain.

in Fig. 9, when the warpage shows impact on thick sample to
generate an unreal result. In the early age of packaging area,
the thickness and warpage of packages were small so that
the surface strain could be approximated as the neutral plane
strain. Due to the high density and integration request from
the customers, the packages are built stereoscopically, and the
warpage becomes a critical reliability problem. The trend of
the electronic packages moves to the 2.5-D or 3-D package
and keeps increasing the thickness. During the development,
the complicated structures aggravate the CTE mismatch among
the layers. The heterogeneously designed packages generate
more warpage during assembly process. The effective strain
determination demands to be resolved on neutral plane.

B. 3-D DIC Solution

The cross-sectional surface of specimen can be a way to
learn the neutral plane strain, but there remain potential errors
when we manually count the fringe lines. To learn the strain
on different directions, adequate surfaces must be severed in
each direction to perform the measurements. DIC generates
the full-field surface strain and warpage at the same time.
Therefore, it is more efficient to improve it to describe the full-
field neutral plane strain. In this regard, this paper proposes the
method to compensate the warpage influences on thickness.

According to the features of 3-D DIC data, a novel data
process method is proposed. 3-D DIC can export all the
subset locations on sample surface. The accuracy of surface
data was validated in Section II. Instead of connecting points
with straight lines, this paper investigates to combine every
three points by evaluating their common curvature Rj, curve
length L, and the curvature center Op in Fig. 10. The three
points share the identical radius from (5), as shown at the
bottom of the next page, and lay on the curve, where (x1, z1),
(x2, z2), and (x3, z3) are three points on the xy coordinate, and

ki = —((x1 —x2)/(z1 — 22)), k2 = —((x3 — x2)/(z3 — 22)).
Depending on the strain direction, the coordinate can be
transformed to any projected plane along the strain direction
to convert the 3-D coordinate to a 2-D coordinate.

Compared to traditional data point connection method, this
method has several advantages. On one hand, the straight-
line connection definitely shortens the actual surface strain,
because it simplifies a smooth curve into some straight lines.
Referring to the result in Section II, the error range is
acceptable, but it permanently indicates the initial bias. The
three-point curve, which relies on the formation of three-
point common curvature, can approach the actual curve length.
On the other hand, the three-point common curvature helps
to recalculate the neutral plane strain readily. Based on the
shared curvature center, the curve length can be calculated by
subtracting half of the thickness to obtain the new radius R} in
(6), as shown at the bottom of the next page. Depending on the
input of the sample thickness, the effective neutral plane strain
can be achieved easily. A quick note about the schematic of
Fig. 10 is that it shows the xy plane while the subset locations
are 3-D coordinates. Due to the strain calculation along the
direction, it is simple to project all the xy coordinates into the
new x’ coordinate along a section. Then the strain calculation
is based on the new x’z plane.

C. Effectiveness of 3-D DIC Strain Determination

In order to demonstrate the usefulness of 3-D DIC neutral
plane strain determination method, a series of verification
tests was performed. For verification tests, metal blocks were
bonded to the firm wall to mimic the cantilever beam (Fig. 11).
The loading P was applied at the end of the beam to
generate bending moment to imitate the warpage occurrence.
As loading P increases, the deflection worsens. At the same
time, the 3-D DIC system captures the bending process
and reports the elongation of top surface. The data points
were connected by three-point curvature method to obtain
the neutral plane strain. Based on the subset data on the top
surface, the proposed method computes the neutral plane strain
with the input of sample thickness. Numerical models and
analytical solutions were established to verify the deflection
at the point H, elongation of top surface, and neutral plane
length with different loadings, sample thickness, and speci-
men. To avoid the mesh density effects on stress singularity
for multilayered structures at the free end [9], the test sample
was uniform metal block and the beam elongation strain was
utilized as the standard reference.

The analytical solutions relied on the Timoshenko beam
theory [28], which includes the effect of shearing force on
the deflected beam. At fixed end O, the condition constraint
is (0u/0z)y—g .—o = 0, instead of (0w /0x),—p ,—o = 0, which
is the constraint condition for Euler—Bernoulli beam [29], [30].
Then, the horizontal displacement u and deflection w on any
point of the cantilever beam are as follows:

Pzx? Plzx vPz3 P73
U= — + — (8)
2E1 EI 6E1 6GI
Px3 n Plx? P2 vPz2 n v Plz? ©)
w = — — X
6E1 2ET 2GI 2E1 2ET
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Fig. 11.

where E is the material Young’s modulus, and G is the
modulus of rigidity. v stands for Poisson’s ratio and the
moment of inertia is I = (2/3)-s-¢>. The derivation process is
listed in Appendix B. Through geometric information, the top
surface and neutral plane displacement can be written as
follows:

Pt o Pt . vP3 PP (10)
U(g=y) = ——=X" — —X - —
=0~ 2E1 EI" " 6EI  6GI
_ Pl P o5 Pt vPi?
Y= =21 “ee1” "\261 ~ 2E1)"
v Plt?
1
2E] an
U(—g) = 0 (12)
P 5 P, P
o = — . 13
e Y- AR Te T (13)

With the displacement, the total length after deformation

lsurface
! Pit Ptx\> (Plx Px2 P2 vPr2\’
= l——+—) +———+ - dx
0 EI ' EI EI 2EI ' 2GI 2EI
(14)
lneutralfplane
_/1 . Plx Px2+Pt2 2d s
o El  2E1 " 261) "

The analytical solutions are based on assumptions of beam
deformation conditions. It works as the reference for experi-
ment and simulation results. The numerical models were built
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Schematic and experimental setup for validating the neutral plane strain calculation method.

Fig. 12. (a) Cantilever beam model of Beam 189 and Solid 185.
(b) Experimental beam deflection of the 3-D DIC.

[Fig. 12(a)] with two elements: 1) Beam 189, which follows
the Timoshenko beam theory, and 2) the Solid 185, which
is closer to actual condition. The results of the maximum
beam deflection, the top surface elongation strain, and neutral
plane length together with the 3-D DIC experiment output
[Fig. 12(b)] are listed in Tables II-IV.

Table II presents the top surface elongation strain when
the loading was applied to specimen. Solid 185 element
results are treated as the standard to compare to others. The
6011 Aluminum is set with the Young’s modulus 68.9 Gpa and
Poisson’s ratio 0.35, while the 110 Copper utilizes 115 Gpa

VIzi — 23 + ki(x1 — x2) + ka(x2 + x3 — 2x1) 1 + [k1(z2 — 221 + 23) + ka(z1 — 22) + kika(x1 — x3)]2

R =

5
2k — kol ©)
1
R =R, — EThickness (6)
Ve = x3)2+ (01— v3)2 + (21 — 23)?
in (7

L=R|s

2R

Authorized licensed use limited to: STATE UNIV NY BINGHAMTON. Downloaded on September 02,2026 at 01:53:51 UTC from IEEE Xplore. Restrictions apply.



684 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 8, NO. 4, APRIL 2018

TABLE II

SURFACE STRAIN WITH DIFFERENT MATERIALS AND LOADINGS FROM
ANALYTICAL, NUMERICAL, AND EXPERIMENTAL RESULTS

TABLE IV

NEUTRAL PLANE LENGTH WITH DIFFERENT MATERIALS AND LOADINGS
FROM ANALYTICAL, NUMERICAL, AND EXPERIMENTAL RESULTS

Sample Neutral Original Analytical 3D DIC
(mm) Loading Length (mm) (mm) (mm)
6.35 2.51b 132.1928 132.1923

Al 4.21b 132.1926 132.1933 132.1921
6.51b 132.1942 132.1921
6.3 2.51b 131.3992 131.3989
Cus 4.21b 131.3991 131.3993 131.3996
6.51b 131.3997 131.4001
127 2.51b 132.0564 132.0557
Ai 4.21b 132.0564 132.0564 132.0566
6.51b 132.0564 132.0562
12 2.51b 131.2610 131.2607
Cl..17 4.21b 131.2610 131.2610 131.2603
6.51b 131.2610 131.2614

Sample S“rtf:s S185 BI89 | Analytical | 3D DIC
(mm) |y ading (ppm) (ppm) (ppm) (ppm)
6.35 2.51b 64.30 62.79 64.30 59.76

Al 4.21b 108.18 105.15 109.69 100.61
6.51b 167.18 163.40 174.75 161.89
635 2.51b 38.05 37.29 38.05 33.49
o 4.21b 64.69 | 6088 | 63.93 63.93
6.51b 99.70 97.41 101.22 102.74
127 2.51b 18.17 15.90 15.90 14.39
Ai 4.21b 30.29 26.50 26.50 2423
6.51b 46.95 40.89 40.89 41.65
127 2.51b 10.67 9.14 9.14 8.38
o 4.21b 1828 | 16.00 16.00 13.71
6.51b 28.19 24.38 24.38 30.47
TABLE III

DEFLECTION AT POINT H WITH DIFFERENT MATERIALS AND LOADINGS
FROM ANALYTICAL, NUMERICAL, AND EXPERIMENTAL RESULTS

Sample eflection | gyg5 B189 | Analytical | 3D DIC
(mm) | 1 ading (pm) (pm) (pm) (pom)
635 2.51b 225.14 | 229.59 229.70 224.23

Al 4.21b 378.27 | 385.71 385.89 375.84
6.51b 585.47 | 596.92 597.21 595.81
6.35 2.51b 132.58 135.09 135.16 135.02
Cu 4.21b 22275 | 226.96 227.06 226.11
6.51b 34476 | 351.24 351.41 348.90
127 2.51b 29.30 28.86 28.82 2922
Al 4.21b 49.22 48.48 48.42 48.64
6.51b 76.18 75.03 74.94 75.28
127 2.51b 17.26 16.98 16.96 16.90
Cﬁ 4.21b 29.00 28.53 28.49 28.42
6.51b 44 .88 44.15 44.10 45.50

and 0.343, respectively. The Beam 189 and analytical solution
can be a perfect approximation when the beam deflection is
small (Table III). As the deformation increases, the nonlinear
elastic behavior begins to show the influences on the validation
results. Similarly, the ignorance of high-order items for strain
derivation leads to the bias when the effects of out-of-plane
deformation cannot be ignored. Given that the variance is
limited in 7 ppm for 600-xm deflection, the Timoshenko beam
still can be an accurate and fast solution.

In Table III, the similitude of the four columns proves the
effectiveness of analytical and the 3-D DIC results. The subset
information is mapped with three-point common curvature
method (Fig. 10). Compared to the Timoshenko beam solution,
3-D DIC is even closer to the Solid 185 results. When the
deflection is large, the top surface elongation of 3-D DIC in
Table IT approaches to the standard as well. The error is within
8 ppm, which matches the previous error study in Section II.
To seek the final goal of the neutral plane strain, the results
of neutral plane length from analytical solution and 3-D DIC
common curvature method are displayed in Table I'V. It should
be illustrated that the finite-element models are based on the

assumption that the neutral plane is the geometric center. Both
Solid 185 and Beam 189 must maintain the neutral plane
identical to the original length consistently. On the contrary,
the analytical equations (12) and (13) indicate that the neutral
plane do not move along the x-direction, because the initial
purpose of Timoshenko beam theory aims to predict the
deflection of the beam. The analytical solutions with 12.7 mm
thickness are exactly the same as the original length. As the
thickness decreases and the deflection increases, the analytical
solution loses the accuracy up to 14 um with 597.21 um
z-direction bending. The improper boundary conditions and
the ignorance of strain derivation can be the root causes of
this inaccuracy.

According to Tables II and III, it can be summarized that
the analytical solution can be a good prediction for beam
deflection, but will be inaccurate on the neutral plane when
the deflection is large. Meanwhile, the neutral plane length on
the basis of 3-D DIC data points matches the original length
within plus or minus 8§ gm for the 130 mm total length.
Instead of reporting the top surface elongation in Table IV,
the three-point common curvature method generates a rela-
tively stable value on neutral plane as the loading increases.
For different samples, the adjustable thickness readily tunes
the radius to recalculate the neutral plane. The advantage of
the 3-D DIC measurement is that the error on neutral plane
strain is not affected by the deflection, when the warpage is
limited within 5% of the length, concluded from Section II.
Through two numerical models and one analytical solution,
the accuracy and the usefulness of three-point common cur-
vature method for neutral plane strain determination method
are verified. The demonstration of method effectiveness lays
a solid foundation for studying the accurate behaviors of
heterogeneously designed packages.

Sometimes, the neutral plane strain is not sensitive to the
external mechanical load, as illustrated by Table IV, because
the specimen is not expanded or shrunk. For the sake of
convenience, the validation test is only designed with the
mechanical load to demonstrate the method accuracy. For
heterogeneous electronic packages or composite materials,
the principal failure issues come from the thermal loadings.
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Fig. 13. Cross-sectional surface schematic, floor plan, and quarter symmetric
model of a heterogeneous package.

TABLE V

WARPAGE FROM 3-D DIC AND MODEL WITH THE SURFACE
CTE 15.9 ppm/°C AND NEUTRAL PLANE CTE 15.4 ppm/°C

Warpell\ggth()d 3D DIC Slér,lffge Variance Ng,}t]raal Variance
25°C (um) -189.5 | 2114 | -11.6% | -196.5 -3.7%
50°C (um) -149.6 | -162.8 -8.8% -151.3 -1.1%
75°C (um) -103.0 | -1144 | -11.1% | -106.3 -3.2%
100°C (um) -59.4 -66.3 -11.6% -61.6 -3.7%
125°C (um) -14.2 -18.4 -29.6% -17.0 -19.7%
150°C (um) 243 20.4 -16.0% 18.5 -23.8%
175°C (um) 41.6 48.0 15.4% 43.2 3.8%
200°C (um) 76.9 73.0 -5.0% 65.4 -14.9%

These packages inevitable induce warpage when they expand
or shrink with thermal loading due to the unsymmetrical
structure. In this case, the neutral plane strain is highly related
to the external thermal loading. This paper aimed to resolve the
errors that are generated by using surface strain to represent the
neutral plane strain. When the actual measurements focus on
the electronic packages with thermal loading, the neutral plane
strain must change and highly dependent on the loadings.

IV. ACCURATE NEUTRAL PLANE STRAIN APPLICATION

Section III displays the strain variance between neutral plane
and top surface and also the effectiveness of 3-D DIC to
report the accurate neutral plane strain. For the application
of heterogeneously designed packages, the accurate strain
on neutral plane becomes the key factor in establishing a
reliable model. During the investigation of a 60 x 60 mm?
2.5-D package (Fig. 13), the test vehicle was measured on the
substrate.

The package consists of substrate, interposer, ASIC and
HBM dies, lid and relevant interconnections, and interfacial
materials. The model defines the whole substrate with effective
modulus and CTE. Its diagonal warpage and CTE, which
relies on the calculation of substrate surface strain under
the thermal loading, are generated [Fig. 14(a) and (b)]. The
package has 270-um warpage from room temperature to
200 °C [Fig. 14(b)]. According to the basic material properties,
a quarter symmetric numerical model was built (Fig. 13).

When CTE, measured on substrate surface, 15.9 ppm/°C,
was input into the finite-element model, the warpage was
exported as the solid lines in Fig. 15. The warpage trend and
the stress-free temperature are consistent with the 3-D DIC

Substrate Surface CTE = 15.9ppm/C

0.0030 4 Nuetral Plane CTE = 15.4 ppm/

0.0025 -
0.0020

0.0015

0.0010

Bottom Surface Strain

= Bottom Surface Strain
e Neutral Plane Strain
CTE based on Bottom Surface Strain
— - -CTE based on Neutral Plane Strain

0.0005

0.0000

T T T T T T 1
20 40 60 80 100 120 140 160 180 200 220
Temperature (C)

(@)
1004 3-D DIC Experiment of 2.5D Package
200°C
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o
3
I

-200 4 25°C

T T T T 1
3,00¢10° 4,50010° 8.00x10° 7.50x10* 2.00x10°

Diagonal (pm)

(b)

Fig. 14. (a) CTE results on substrate surface and neutral plane. (b) Warpage
along the package diagonal on substrate surface.

T T
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100 - Numerical Model Simulation of 2.5D Package
200° —25Cs
50 +
£
2
50
g
g
o
= -100
-150 -
R0 o 25°C
000 TEOGG | 8000 4506100 600MO'  7.5000° | 90010
Diagonal (um)
Fig. 15.  Warpage plot along the substrate diagonal with surface CTE

15.9 ppm/°C and neutral plane CTE 15.4 ppm/°C.

result [Fig. 14(b)], but the warpage value needs to be further
checked. Table V displays the maximum warpage of each case.
There is —11.6% bias at room temperature when the bottom
surface strain was employed. As the temperature increases
to go through the stress-free temperature and approach the
reflow temperature, the variance maintains about 10% to 30%
difference with the experiment. In this model, the CTE of the
substrate is 15.9 ppm/°C, measured from the substrate surface.
The 1.8-mm-thick substrate and overall 270-um warpage
affect the determination of thermal strain. Based on this
concern, the neutral plane strain was calculated by the method
that is introduced in Section III. The model with neutral plane
CTE, 15.4 ppm/°C, based on the warpage result of Fig. 14(b),
is plotted Fig. 14(a). Then, by keeping other parameters the
same, the dashed line of Fig. 14 explicates the warpage
behavior with neutral plane CTE. It is clearly observed that
new material property tuned the model to be accurate and the
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[pm]

Fig. 16. 2.5-D package warpage at room temperature from numerical model
and 3-D DIC.

warpage difference as compared to the 3-D DIC is limited
in 4% for most of the temperature stages (Table V). When
temperature reached 150 °C, the glass transient feature of
underfill or molding may mislead the warpage prediction.
However, it is no doubt that the neutral plane strain is
more cognate to the reality and assists in improving model
accuracy.

The case study proves the validity and necessity for the
precise determination of material effective strain. The highly
verified numerical model (Fig. 16) can play an important
role in understanding the effects of material properties and
structures to investigate the novel heterogeneous packages
and predict the potential failure. The 3-D DIC experiment
result helps to accumulate valuable strain information, while
the three-point curvature method, which is introduced in
this paper, assists in learning the essence of the material
strength.

V. DISCUSSION

It is noticed that the neutral plane CTE reduced instead
of “compensating” the warpage and thickness effects on
strain calculation, but the verification tests always obtained
the engineering strain increased on the neutral plane. How-
ever, in this case, the maximum substrate warpage of the
package occurred at the room temperature, which is treated
as the initial reference length to compute the engineering
strain. The schematic (Fig. 17) illustrates the situation. Solid
curve can be assumed as the 3-D DIC monitoring surface.
The left one is the warped surface at room temperature,
then the warpage released and even became convex, like
the middle and right schematics. To calculate the neutral
strain, the length on the neutral plane can be expressed
as follows:

1
Lneutralfsut‘facefZS °C = (91 . (Rl + Et)

1
LneutralfsurfacejS °C = ‘92 . (RZ + Et)

The elongation of the neutral plane is &; - (1/2)t. As the
warpage released, the central angle of curvature radius
decreased, so that the elongation of neutral plane decreased.
After stress-free temperature, the convex warpage even made
the neutral plane shorter than the measured surface, as shown
in the right schematic of Fig. 17. Then the modified neutral
plane strain becomes smaller than the measured surface strain,

Measured
Surface \

"~ Neutral Surface ~

2‘ Thi Cknesg

Fig. 17. Schematic of the neutral plane elongation or shrinkage for different
warpage situations.

which means the CTE is smaller as well. On the other hand,
when we recall the initial CTE measurement problem at the
beginning of Section III, its warpage increased consistently.
Then, the neutral plane strain kept increasing.

The designed verification bending tests are based on the
rule that it can imitate the warping behavior and the anlytical
solution is available. To establish a standard reference of finite-
element model, the material properties should be available
as well. The regular metal is the best choice because it is
simple to access the accurate material properties. The bending
load mimicked the thermal load for heterogeneous packages.
When the bending beam deflects symmetrically along the
z-axis, it is similar to the warpage shape. Also, the pure
bending guarantees the stability of the neutral plane without
any expansion to complicate the analytical solutions.

VI. CONCLUSION

This paper introduced the novel 3-D DIC method to per-
form strain measurement for heterogeneously designed elec-
tronic packages or composite materials. The advantage of
this method is that it generates the full-field strain without
sample size and cross-sectional surface preparation. During
the investigation, the out-of-plane deformation is considered
when 3-D DIC exports the surface strain.

However, for stereoscopic packages with mixed layers, the
thickness and warpage interact together to result in the inaccu-
rate strain result. The three-point common curvature method,
based on the subset information of 3-D DIC, was developed
and validated analytically and numerically. Its effectiveness
was demonstrated by establishing precise finite-element model
and predicting the warpage accurately.

As the heterogeneous packages develop, the accurate strain
estimation becomes important for learning the deformation
and assessing reliability of packages. The 3-D DIC three-point
common curvature method satisfies the demands to calculate
the neutral plane strain along any direction. The case study
reveals the benefits by improving the model and inputting the
neutral plane CTE. The wide application 3-D DIC will receive
the appreciation of those users for describing the accurate
strain on neutral plane and the behavior of heterogeneous
electronic packages.

APPENDIX A
See Fig. 18.
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Fig. 18.  Strain error for the copper foil with different warping deflections
and subset sizes.

APPENDIX B
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Apply boundary conditions as follows.
) atx=0,z=0u=w=0=>h=i=0.

e ‘
?" x> dx e
/ o - )
/ [ Ty, g i da |\
Z / l ~ — ...L L = 7_7_.‘~. | \\\ =
/ b M F N,
% dl -~
0 X Tk
Fig. 19. Schematic of beam length integration.
2) For Timoshenko beam, (0u/0z)y_p .—o =0
Px*> Plx vPZ? P72
— = — + ——— te =0
2E1 El 2FE1 2GI x=0,2=0

= e=0.

Recall e +d = (557)1* = d = (5571

= (8), and (9).

Apply the geometric information at top and neutral plane

= (10), (11), (12), and (13).

The schematic of Fig. 19 illustrates the relationship between
displacement and the total deformed beam length. The red line
represents the original length of the beam and the dashed blue
line indicates the deformed beam length

da = dx +u—u(x) (25)
db = w(x +dx) — w(x) (26)
dl =/ (da)* + (db)>. (27)

Substituting (25) and (26) in (27), we get

dl = \/[dx +u(x4dx) — u(x)P? + [w(x+dx) — w(x)]?

2 2
di _ \/[l_i_u(x—i—dx)—u(x)} N [w(x +dx)—w(x)}
dx dx

dx
Loar e [Ty 2+ ow 2d
N ox ox *
I 2 2
ou ow
=1= 1+ — — | dx.
[T [T
For the surface and neutral plane, the displacement (9) to

(12) can be utilized to calculate the beam elongation.
= (14) and (15).

(28)
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