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Abstract: The paper proposed an alternative optical metrology to classical methods (strain gauge
measurements and numerical simulation) for strain determination on printed circuit board (PCBs)
due to thermal loads. The digital image correlation (DIC) technique was employed to record the
strain distribution in some particular areas of the PCB. A thermal load was applied using a heating
chamber, and the measurements were performed at four different temperature steps (25 °C, 50 °C,
85 °C and 120 °C). An increase in the principal strains with temperature was observed. For validation,
the principal strains on the PCB obtained with DIC were compared with the values from gauge
strain measurements and numerical simulation. The conclusions highlighted that DIC represents a
technique with potential for strain measurement caused by thermal deformation, with the advantages
of full field measurement, less preparation of the surface and good accuracy.
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1. Introduction

A printed circuit board (PCB) is the board base for physically supporting and wiring
the surface-mounted and socketed components in most electronics. Most PCBs are made
from fiberglass or glass-reinforced plastics with copper traces.

The main causes that induce strains on PCB are the surfaces on which the PCB is placed,
which can be at different levels, the assembly process of electronic components, impacts,
vibrations and temperature variation. All of this can lead to failures in microprocessor ball
grid arrays (BGAs) and route damage of the electronic components [1-3].

Thermal stresses are induced due to mismatch of the coefficients of thermal expansion
(CTE) of component materials during temperature variations. Other sources of thermal
stresses can be the non-uniform temperature distribution in the components and the
anisotropy of thermal expansion in composite materials. The thermo-mechanical deforma-
tions produced by thermal expansion represent one of the most important roots of failure
in electronic components. The mismatch of the CTE also can produce package-related
failures such as die cracking, bond fractures and lift-off [4]. The understanding of thermo-
mechanical induced deformations on the PCB is important in order to predict the reliability
of electronic assembly.

For strain measurement on PCBs, the current method used in industry is the resistive
strain gauge method presented in [5,6] and, according to documentation, has been used
for strain measurement in many applications [7-9]. Using this method, the value of strain
in known only at the points where the strain gauges are located and the determination
of principal strains requires the use of strain gauge rosettes. In order to have full field
strain measurement, several optical techniques were developed, such as the digital image
correlation, mark tracking or grid methods, which are better alternatives for characterizing
mechanical behavior in the case of PCBs [10-12].
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According to documentation, digital image correlation (DIC) was successfully em-
ployed to determine the thermal deformations in many applications [13-19]. The DIC
technique also was used for strain measurement on PCBs [20-22] and other composite
materials [23-27].

The scope of this paper was to investigate if the DIC technique can be used for
full field measurement of the strains caused by thermal expansion in PCBs and to vali-
date the results comparing with the results from finite element analysis (FEA) and strain
gauge measurements.

2. Materials and Methods
2.1. Digital Image Correlation (DIC)

In the digital image correlation (DIC) technique, the strains are obtained directly from
acquired images based on a correlation algorithm. Displacements are determined from a
set of images on the object surface taken before and after deformation using digital cameras
by searching the position of a subset in an image after deformation. This principle is based
on the assumptions that the features of an object surface are displaced together with the
object surface and that they are preserved after deformation.

Displacements are determined by looking for an area for which the gray distribution
is the same as the gray distribution of the subset before deformation. For this reason, an
object surface must have a random pattern. Figure 1 shows an arbitrary pattern of an object
surface before and after deformation. Non-uniform gray levels are distributed in a subset
extracted from an image before deformation because a random pattern on an object surface
is recorded. An area with gray levels that are the same as those of the subset is sought in
the image after deformation. Then, the subset position after deformation is found.
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Figure 1. The principle of the DIC technique.

Regarding the paint used, it was chosen to withstand temperatures above 120 °C,
in order to guarantee quality of the black and white speckle pattern during the thermal
expansion of the PCB. As mentioned before, the PCBs were subjected to thermal stresses
of 120 °C.

The optical measurements were realized using an optical device, which comprised a
charge-coupled device (CCD) camera (resolution: 3840 x 2748) with a Pentax zoom lens
from 12.5 at 75 mm. The signal-to-noise ratio of the charge-coupled device camera was
about 45.21 dB.

2.2. Experimental Setup

The PCBs represent composite structures made of FR-4 composite plate, solder mask,
and copper. Figure 2 presents a double-sided PCB made of two copper layers mounted on
FR4 substrate (where FR stands for flame retardant and the number ‘4" indicates woven
glass-reinforced epoxy resin) and covered with solder mask and other layers.
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Figure 2. The PCB assembly between housing and cover. The electronic screwdriver for tightening
the assembly.

The investigated PCBs were assembled between housing and cover with four M2.5
screws. According to Figure 2, bumps that are 0.2 mm higher than the PCB seating
surface have been provided on the surfaces of the housing and the cover; these lead to the
bending of the PCB, which plays an important role in the deformation state of the PCB. The
screw driving sequence for the four screws was 0.25 Nm, 0.4 Nm, 0.55 Nm, and 0.7 Nm,
respectively, applied progressively using an electronic screwdriver (see Figure 2). So, the
DIC and strain gauge measurements were performed when all four screws were torqued
to 0.7 Nm.

The presence of bumps and their different heights produced bending of the PCB. The
real geometry, boundary conditions, loading scenario for the screw driving sequence and
temperature variation were modeled in the finite element analysis.

In order to observe the evolution of strain as a function of temperature, the PCB was
placed in an oven, and the temperature was increased in several steps: 25, 50, 85 and 120 °C.

As part of this study, we proposed a complementary analysis of the mechanical behav-
ior of PCBs subjected to mixed mechanical and thermal stress, using several measurement
and numerical modeling methods. Two experimental methods were employed to measure
the strains: strain gauge rosettes and digital image correlation. The finite element method
was employed for the numerical analysis.

The experimental set-up for 2D digital image correlation and strain gauge measure-
ments is presented in Figure 3, including the sample, climatic room (Heratherm OGS180
with gravity convection and 50-250 °C temperature range) and the CCD camera. The illumi-
nation system allowed us to obtain a homogenous intensity distribution in the ROI without
heating the sample, which ensured excellent measurement conditions. The software used
for image acquisition was Trasse ANDRAS3, and for digital image correlation, Correla,
developed by the University of Poitiers. As explain below, the DIC was chosen to measure
the PCB local and global deformation during the thermal loading. The displacement and
strain fields were measured during and at the end of each thermal sequence.

In addition, with the optical device, the strain gauges were mounted on the PCB. As
illustrated in Figure 3, the experimental setup for strain gauge measurements consisted
of the PCB specimen, two strain gauge rosettes mounted near the big component, and
the data acquisition system. The connection used was a quarter bridge in Spider 8 data
acquisition system. Considering the thermal expansion of the PCB during thermal loading,
the temperature compensation in the strain gauge was operated.

In order to compare the optical metrologies with the strain gauges’ measurements,
both were synchronized.
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Figure 3. The experimental setup for DIC measurements.

3. Results
3.1. DIC Measurements

According to Figure 4, a region of interest (ROI), marked with blue, in which the
strain was obtained and two paths (optical gauges), marked with red, in the area of the
microprocessor corners, was considered, with A1-A2 and B1-B2 in the same locations
where the strain gauges were placed, and where the results were analyzed. Correla software
was used for correlation and analysis of the acquired images.

Before deforamation  After deforamation

Figure 4. DIC measurement areas.

The strain fields measured for all thermal loadings, obtained in the region of interest
(ROI), are displayed in Figure 5.
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Figure 5. The principal strain DIC in ROI (a) 25 °C; (b) 50 °C; (c) 85 °C; (d) 120 °C.

The analyses of the principal strain maps plotted in Figure 5 highlighted the PCB
heterogeneity, amplified by the presence of electronic corposants. It should be observed
that for the temperature exceeding 85 °C, the strain reached 700 microstrains.

In order to compare the DIC measurements with those of the strain gauges (see
Figure 3), two paths, A1-A2 and B1-B2, were defined, as illustrated in Figure 4. Figure 6
shows the principal strain evolution along the paths A1-A2 and B1-B2 in accordance with

the temperature evolution.
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Figure 6. Principal strain DIC according to A1-A2 and B1-B2 paths.

The principal strain is evaluated as:

8x + Sy
Emax = 5

(5] o

where ¢y, ¢, are the strains measured in the x and y directions and 1,y is the shear strain.

As in the precedent case (Figure 5), an increase could be observed in the strain with
each step of temperature increase. Increasing the temperature to 85 °C induced a maximum
principal strain above 900 microstrains, which was higher than the allowable value of

700 microstrains [5].
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The strain evolution along the A1-A2 and B1-B2 paths revealed the influence of
electronic components positioned near both paths. As can be observed, the mechanical
behavior of the PCB along the A1-A2 and B1-B2 paths was not homogeneous. The strain
distribution also showed the orthotropic properties of the FR4 substrate. This behavior was
more evident at the higher temperatures. This heterogeneous deformation of the PCB, as
well as its mounting on the housing with four screws, could generate torsion of the plate,
resulting in the detachment of electronic components.

3.2. Strain Gauge Measurement

As indicated in the introduction, in addition to DIC, the PCB deformation under
thermal solicitation was also investigated using strain gauge rosettes.

The strain gauge rosettes were positioned at the microprocessor (biggest component)
corners of the PCB, as illustrated in Figure 3. The strain gauges used were Kyowa KFGS-1-
120-D17-11 models (right-angled gauge rosette) with the following characteristics: 120 ()
resistance, three gauges placed at 0°, 45°, and 90° angles. Strains were recorded using a
Spider 8 data acquisition system and analyzed with Catman Easy V5.3.1 software.

The principal strain was obtained with Equation (2) using the strain measurements
from the gauges positioned at 0°, 45°, 90° angles and plotted in Figure 7.

g t+e€ 1
€12 = TAIS + 5\/(50 — e45)" + (€45 — £90)” 2

where €y 45 and 90 are the deformations corresponding to the gauges positioned at 0°, 45°,
90° angles.
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Figure 7. The principal strain-strain gauge measurement.

Based on the strain gauge rosettes and Equation (2), Figure 7 presents the variation in
principal strain measured during temperature evolution.

As in the case of DIC, we could observe a difference in the mechanical behavior
measured by both gauges. The differences in strain measured in the two areas were lower,
having a maximum difference of 20.6% at 120 °C. As explained above, this difference could
be caused by the PCB heterogeneity, due to a local stiffening caused by the presence of
electronic components. The difference between the coefficients of thermal expansion of
FR4 and electronic component materials could also explain this difference in mechanical
behavior. The DIC measurements plotted in Figure 6 also revealed a difference between
both investigation paths.

In Figure 7, we can also observe the PCB thermal stabilization corresponding to
each thermal sequence. It can be observed that at the end of each temperature level, the
deformation no longer evolves.

The comparison of DIC and strain gauge measurements and of the maximum value of
maximum principal strain are plotted in Figure 8.
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Figure 8. Comparison between maximum values of maximum principal strain: DIC vs. strain
gauge measurement.

The results reveal that for region 0 (A1-A2 and strain gauge 0), the maximum differ-
ence of 30.4% occurred at 50 °C; for region 1 (path B1-B2 and strain gauge 1) the maximum
difference of 12.5% was also at 50 °C. This difference could be explaining by the presence of
experimental noises in the case of DIC measurements. The light source, the environmental
conditions (reflections, heat vapors, air temperature), but most importantly, the climatic
room vibrations could sometimes affect the accuracy of DIC.

Nevertheless, the strain analyses using DIC and strain gauges revealed a good correla-
tion between both approaches. However, the DIC analysis allowed a multiscale analysis of
mechanical fields.

3.3. FEA Analyses

In addition to the experimental tests, a finite element analysis was performed in order
to compare the efficiency of DIC measurements.

The commercial software used for finite element analysis was Ansys Workbench
18.1. According to the documentation, the FEA method is used to determine the strain
on electronic components in many applications [28-31]. FEA allows one to obtain the
distribution of strain across the PCB surface.

To reduce the computational time of numerical analysis, the electronic components
were defined as simple blocks made of hard plastic material, while the PCB was considered
an elastic orthotropic FR4 material. The physical and elastic properties of the materials are
presented in Tables 1-3, as provided by the manufacturer at room temperature (23 °C).

Table 1. The physical and elastic properties of FR4 material.

Property Symbol Unit Value
Density P g/ cm? 1.85
Orthotropic Instantaneous Otx °c—1 1.35 x 1072
Coefficient of Thermal oty °c1 1.35 x 1072
Expansion oy °Cc1 450 x 107°
4
Longitu%ilnal.l\./lodulus of }EE:); ﬁﬁz 123 : 184
asticity E, MPa 7.40 x 10*
Vxy - 0.11
Poisson’s Ratio Vyz - 0.39
Vzx - 0.39
Gyy MPa 7.60 x 10°
Shear Modulus Gyz MPa 3.30 x 103

Gox MPa 3.30 x 103
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Table 2. The physical and elastic properties of electronic component material.

Property Symbol Unit Value

Density p g/ cm® 1.63
Coefficient of'Thermal « oc-1 6 x 10-5

Expansion

Young’s Modulus E MPa 2.55 x 10*
Poisson’s Ratio v 1.10 x 1071
Bulk Modulus B MPa 1.70 x 10*
Shear Modulus G MPa 1.02 x 10*

Table 3. The physical and elastic properties of housing and cover material.

Property Symbol Unit Value

Coefficient of'Thermal « oc-1 230 x 10-5
Expansion
Density p g/ cm? 2.7

Young’s Modulus E MPa 2.55 x 10*
Poisson’s Ratio v 110 x 107!
Bulk Modulus B MPa 1.70 x 10*
Shear Modulus G MPa 1.02 x 10*

The boundary conditions were applied to the screws as bolt pretension of 1800 N
equivalent of 0.7 Nm; this value was chosen according to the screw supplier based on their
simulations. As in the experimental case, four temperature steps of 25, 50, 85 and 120 °C
were also imposed. A steady-state type of thermal analysis was performed.

Figure 9 shows the meshing of the PCB, consisting of 80,254 tetrahedral elements,
connected in 266,649 nodes.

Figure 9. FEA mesh.

The principal strain on PCB was obtained after numerical analysis. The results for the
four considered temperatures are shown in Figure 10.
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Figure 10. Principal strain obtained by finite element method: (a) 25 °C; (b) 50 °C; (c) 85 °C; (d) 120 °C.

The strain maps highlight an increase in strains around the microprocessor (the biggest
component on the PCB). The numerical analysis showed that the maximum allowable limit
of 700 p strains [6] was exceeded in both areas (0 and 1) at 85 °C.

Now, if we compare the strain maps obtained by DIC and the finite element method, we
can observe a similitude in the strain distribution and amplitude, as illustrated in Figure 11.

FEM FEM

Figure 11. Comparison of DIC and FEM for: (a) 85 °C; (b) 120 °C.

As in the case of the DIC and strain gauge rosette investigations, the results from FEA
were analyzed in the area of the microprocessor corners according to the paths A1-A2 and
B1-B2 (see Figure 12).
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Figure 12. Definition of strain evaluation zones.

The values of principal strains for the considered temperatures are shown in Figure 13.
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Figure 13. The variation in strain obtained by FEA vs. temperature: (a) A1-A2; (b) B1-B2.

The numerical results showed an increase in the principal strain as the temperature
increased. In the case of the A1-A2 path, a linear increase could be observed with distance
at temperatures higher than 50 °C. A more constant principal strain was observed on the
B1-B2 path at all considered temperature levels.

4. Discussion

According to Figures 6, 7 and 13, the principal strains measured with the DIC technique
were in the same range as the strain gauge measurements and finite element simulations.

For a better understanding, Figure 14 shows a comparison of principal strain obtained
from DIC measurements and FEA analyses on the paths A1-A2 and B1-B2, whereas Figure 8
shows a comparison between the maximum values of maximum principal strain obtained
from DIC measurements and strain gauge measurements. Relatively good agreement was
obtained between the results from DIC measurements and FEA simulations. For the A1-A2
path, slightly larger differences could be observed at 50 °C, where the maximum difference
was 16.8%, and at 120 °C was 14.1%. For the B1-B2 path, slightly larger differences could
be observed at 120 °C, where the maximum difference was 22.6%.
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Figure 14. DIC vs. FEA—Comparison of principal strain: (a) A1-A2 path; (b) B1-B2 path.
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The prescribed allowable strain limit on PCB of 700 microstrains [6] was reached
starting from the 85 °C temperature.

The DIC measurements could be successfully used to validate the FEA results obtained
in the design stage of PCBs. Additionally, the DIC technique could replace the actual
strain gauge measurements, taking advantage of less surface preparation and full field
strain results.

The strain measurement methodology based on DIC appears more reliable and ac-
curate for evaluation of the distribution of strains and their monitoring during testing
and qualification.

5. Conclusions

The present study revealed the influence of temperature on the mechanical behavior
of printed circuit boards (PCBs). The numerical and experimental data obtained for four
different temperatures demonstrated the sensitivity of PCBs to thermal solicitation and
strain distribution.

The strain analysis was achieved using several approaches and methods. For the
experimental case, the strain evolution was monitored using digital image correlation
and strain gauges. The experimental results revealed good agreement between both
experimental techniques. However, the DIC analysis allowed a multiscale analysis of strain
distribution during the PCB thermal loading. The strain distribution obtained by DIC also
showed a strain intensity in the vicinity of electronic components bonded on the printed
circuit boards.

This experimental analysis was completed with numerical simulations based on the
finite element method. The finite element mesh corresponded to the PCB geometry and
configuration, and the boundary conditions were the same as those in the experimental
case. The numerical results showed the same tendency as the experimental measurements.

The strain analysis showed that starting from 85 °C, the strain level reached 700
microstrains and that the printed circuit boards began to incur damage. It should be noted
that beyond this value, there was a high risk of delamination of the electronic components.

The use of DIC for full-field analysis of strains in PCBs could be adopted at industrial
scale to measure and monitor the strain fields.

Author Contributions: Conceptualization, A.F. and L.M.; methodology, A.E, ].D. and O.P.; simula-
tion, A.F,; experimental investigation, A.F,, J.D., and O.P,; writing—original draft preparation, A.F.
and ].D.; writing—review and editing, A.F,, O.P. and L.M.; supervision, L.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was partially supported by a grant from the Romanian Ministry of Research,
Innovation and Digitalization, project number PFE 26/30.12.2021, PERFORM-CDI@UPT100- The
increasing of the performance of the Polytechnic University of Timisoara by strengthening the
research, development and technological transfer capacity in the field of “Energy, Environment
and Climate Change” at the beginning of the second century of its existence, within Program 1—
Development of the national system of Research and Development, Subprogram 1.2—Institutional
Performance—Institutional Development Projects—Excellence Funding Projects in RDI, PNCDI III”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the support of the PhD Co-Supervision agreement
between University Politehnica Timisoara and University of Limoges.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 3916 12 of 13

References

1. Benabou, L.; Sun, Z.; Dahoo, R. A thermo-mechanical cohesive zone model for solder joint lifetime prediction. Int. ]. Fatigue 2013,
49, 18-30. [CrossRef]

2. Han,],; Guo, F; Liu, J. Early stages of localized recrystallization in Pb-free BGA solder joints subjected to thermomechanical
stress. J. Alloys Compd. 2017, 704, 574-584. [CrossRef]

3. Amalu, E.-H.; Ekere, N.N. High temperature reliability of lead-free solder joints in a flip chip assembly. . Mater. Processing Technol.
2012, 212, 471-483. [CrossRef]

4. Jin, Y.; Wang, Z.; Chen, ]. Introduction to Microsystem Packaging Technology; CRC Press: Boca Raton, FL, USA, 2007; pp. 182-184.

5. IPC. Printed Circuit Assembly Strain Gage Test Guideline; IPC JEDEC 9704A; IPC: Bannockburn, IL, USA, 2005.

6.  IPC. Guidance for Strain Gage Limits for Printed Circuit Assemblies; IPC-WP-011; IPC: Bannockburn, IL, USA, 2011.

7. Chvojan, J.; Vaclavik, J. PCB Tests during Assembly and Splitting. Proceedings 2018, 2, 472.

8. Liao, M.G; Huang, S.; Lin, Y.H.; Tsai, M.Y.; Huang, C.Y.; Huang, T.C. Measurements of Thermally-Induced Curvatures and
Warpages of Printed Circuit Board during a Solder Reflow Process Using Strain Gauges. Appl. Sci. 2017, 7, 739. [CrossRef]

9.  Ratanawilai, T.B.; Hunter, B.; Subbarayan, G.; Rose, D. A study on the variation of effective CTE of printed circuit boards through
a validated comparison between strain gauges and moiré interferometry. IEEE Trans. Compon. Packag. Technol. 2003, 26, 712-718.
[CrossRef]

10. Moulart, R.; Pierron, E; Hallett, S.R.; Wisnom, M.R. Full-field strain measurement and identification of composites moduli at high
strain rate with the virtual fields method. Exp. Mech. 2010, 51, 509-536. [CrossRef]

11.  Luo, F; Chao, Y.J.; Sutton, M.A.; Peters, W.H. Accurate measurement of three-dimensional deformations in deformable and rigid
bodies using computer vision. Exp. Mech. 1993, 33, 123-132. [CrossRef]

12.  Chean, V.; Robin, E.; Abdi, R.; Sangleboeuf, J.C.; Houizot, P. Use of the mark-tracking method for optical fiber characterization.
Opt. Laser Technol. 2011, 43, 1172-1178. [CrossRef]

13. Lyons, ],; Liu, J.; Sutton, M. High-temperature deformation measurements using digital image correlation. Exp. Mech. 1996, 36,
64-70. [CrossRef]

14. Pan, B.; Wu, D.; Wang, Z.; Xia, Y. High-temperature digital image correlation method for full-field deformation measurement at
1200 C. Meas. Sci. Technol. 2011, 22, 015701. [CrossRef]

15. Novak, M.D.; Zok, EW. High-temperature materials testing with full-field strain measurement: Experimental design and practice.
Rev. Sci. Instrum. 2011, 82, 115101. [CrossRef] [PubMed]

16. De Stryckera, M.; Schueremansb, L.; Van Paepegemc, W.; Debruynead, D. Measuring the thermal expansion coefficient of tubular
steel specimens with digital image correlation techniques. Opt. Lasers Eng. 2010, 48, 978-986. [CrossRef]

17.  Jin, T.L.; Ha, N.S.; Goo, N.S. A study of the thermal buckling behavior of a circular aluminum plate using the digital image
correlation technique and finite element analysis. Thin-Walled Struct. 2014, 77, 187-197. [CrossRef]

18. Lienhard, J.; Huberth, F. Strain rate dependent thermo-mechanical aspects of glass fiber reinforced thermoplastic based on
experimental data. Int. J. Impact Eng. 2019, 131, 57-65. [CrossRef]

19. Lin, S; Lienert, U.; Haas, S.; Gutschimidt, S. Strain Measurement by Digital Image Correlation; Royal Institute of Technology:
Stockholm, Sweden, 2015.

20. Falk, A.; Marsavina, L.; Pop, O. Experimental determination of strain distribution on Printed Circuit Boards using Digital image
correlation. Procedia Struct. Integr. 2019, 18, 214-222. [CrossRef]

21. Falk, A.; Marsavina, L.; Pop, O. Analysis of Printed Circuit Boards strains using finite element analysis and digital image
correlation. Frat. Ed Integrita Strutt. 2020, 51, 541-551.

22. Szebényi, G.; Hliva, V. Detection of Delamination in Polymer Composites by Digital Image Correlation—Experimental Test.
Polymers 2019, 11, 523. [CrossRef]

23. Elmahdy, A.; Verleysen, P. The Use of 2D and 3D High-Speed Digital Image Correlation in Full Field Strain Measurements of
Composite Materials Subjected to High Strain Rates. Proceedings 2018, 2, 538.

24. Zhu, M.,; Gorbatikh, L.; Fonteyn, S.; Pyl, L.; Hemelrijck, D.V.; Payan, D.C.; Lomov, S.V. Digital Image Correlation Measurements
of Mode I Fatigue Delamination in Laminated Composites. Proceedings 2018, 2, 430.

25. Malesa, M.; Malowany, K.; Tomczak, U.; Siwek, B.; Malgorzata, K.; Lewandowska, A.S. Application of 3D digital image correlation
in maintenance and process control in industry. Comput. Ind. 2013, 64, 1301-1315. [CrossRef]

26. Li,].; Xiea, X;; Yang, G.; Zhang, B.; Siebert, T.; Yang, L. Whole-field thickness strain measurement using multiple camera digital
image correlation system. Opt. Lasers Eng. 2017, 90, 19-25. [CrossRef]

27. Pan,B.; Qian, K,; Xie, H.; Asundi, A. Two-dimensional digital image correlation for in-plane displacement and strain measurement:
A review. Meas. Sci. Technol. 2009, 20, 062001. [CrossRef]

28. Chiozzi, D.; Bernardoni, M.; Delmonte, N.; Cova, P. A simple 1-D finite elements approach to model the effect of PCB in electronic
assembly. Microelectron. Reliab. 2016, 56, 126-132. [CrossRef]

29. Fan, X.; Pei, M.; Bhatti, K. Effect of finite element modeling techniques on solder joint fatigue life prediction of flip-chip BGA

packages. In Proceedings of the 56th Electronic Components and Technology Conference, San Diego, CA, USA, 30 May-2
June 2006.


http://doi.org/10.1016/j.ijfatigue.2012.12.008
http://doi.org/10.1016/j.jallcom.2017.02.090
http://doi.org/10.1016/j.jmatprotec.2011.10.011
http://doi.org/10.3390/app7070739
http://doi.org/10.1109/TCAPT.2003.821685
http://doi.org/10.1007/s11340-010-9433-4
http://doi.org/10.1007/BF02322488
http://doi.org/10.1016/j.optlastec.2011.03.004
http://doi.org/10.1007/BF02328699
http://doi.org/10.1088/0957-0233/22/1/015701
http://doi.org/10.1063/1.3657835
http://www.ncbi.nlm.nih.gov/pubmed/22129007
http://doi.org/10.1016/j.optlaseng.2010.05.008
http://doi.org/10.1016/j.tws.2013.10.012
http://doi.org/10.1016/j.ijimpeng.2019.04.023
http://doi.org/10.1016/j.prostr.2019.08.156
http://doi.org/10.3390/polym11030523
http://doi.org/10.1016/j.compind.2013.03.012
http://doi.org/10.1016/j.optlaseng.2016.09.012
http://doi.org/10.1088/0957-0233/20/6/062001
http://doi.org/10.1016/j.microrel.2015.11.029

Materials 2022, 15, 3916 13 of 13

30. Li, L.; Kimb, S.M.; Song, S.H.; Ku, TW.; Song, W.J.; Kim, ]J.; Chong, M.K; Park, ].W.; Kang, B.S. Finite element modeling and
simulation for bending analysis of multi-layer printed circuit boards using woven fiber composite. . Mater. Process. Technol. 2008,
201, 746-750. [CrossRef]

31. Zahn, B.A. Finite element-based solder joint fatigue life predictions for a same die size-stacked-chip scale-ball grid array package.
In Proceedings of the Technology Symposium: International Electronics Manufacturing Technology (EMT) Symposium, San Jose,
CA, USA, 17-18 July 2002.


http://doi.org/10.1016/j.jmatprotec.2007.11.190

	Introduction 
	Materials and Methods 
	Digital Image Correlation (DIC) 
	Experimental Setup 

	Results 
	DIC Measurements 
	Strain Gauge Measurement 
	FEA Analyses 

	Discussion 
	Conclusions 
	References

