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A DEVELOPED FULL-FIELD FEM ANALYSIS COMBINED WITH ESPI FOR THE
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Abstract A full-field finite element method (FEM) analysis combined with electronic speckle pattern interferometry (ESPI)
measurement was developed to investigate defect evolution in polymer films. Different from the previous reports, which only
compare the ESPI experimental and FEM simulated results at several points or lines, herein the full-field FEM results were
exported, subtracted with a continuous distribution. By choosing proper parameters and number of substeps, the simulated
and experimental results showed excellent correspondence. Furthermore, the displacement fields vertical to the tensional
direction were also presented, and the strain field was preliminarily evaluated. The current method of combination of ESPI
and FEM allows for capturing the experimental fringe maps to validate and optimize FEM results simulated, and would give
a higher security to structural and mechanical analysis of polymeric materials.
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INTRODUCTION

Many service failures of structural or mechanical components start from small defects'" *, which are formed

inevitably during fabrication such as injecting, stamping or castling. These weak positions readily arouse strain
concentration, microcracks and even bring out great disaster. Therefore, to detect and understand the strain field
around defects in materials under various conditions is of great importance.

Finite element method (FEM), as a convenient and comprehensive full-field analysis technique, has shown
great potential in defect analysis”®>>!. The accuracy of numerical results by FEM software tightly depends on the
model, boundary condition, loading process and proper parameters'®, and improper analysis always leads to
deviated results. On the other hand, some optical interferometric techniques, such as double-exposure
holographic interferometry!” ®! grating interferometry!”, moiré interferometry!'® 'l and electronic speckle
pattern interferometry (ESPI)!'>™"® are also used for experimental analysis of defects in materials. In particular,
with the advent of inexpensive lasers, digital recording and computing facilities, real-time image preprocess
system, ESPI attracts more attention. Nevertheless ESPI is complex and much information cannot be adequately
addressed, such as displacement in three dimensions at one time!'”. Accordingly, some researches proposed to
combine ESPI and FEM to let ESPI offer theoretically good opportunity to validate FEM. Lamberiti and co-
leaguers®” demonstrated the proportional comparability between ESPI and FEM results by artificially enlarging
the load. Zhang et al.*"! presented a three dimensional digital speckle pattern interferometry (3D-DSPI) system
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for strain analysis and compared the measured and the simulated FEM analysis data at different points.
Lee et al.”*! applied ESPI to evaluate the thermal deformation in a flip-chip package and further verified the
measurements along several joint points. Furthermore, some other works compared experimental and FEM
results through extracting several data along some lines'™ "), However, these studies failed to reflect the
full-field and one-by-one comparison continuously.

In this paper, we demonstrated a developed FEM analysis matched with ESPI observation mode to monitor
defect evolution in polymer films. ESPI collected displacement fringe maps of polyethylene (PE) film during
uniaxial tensile test. Meanwhile, an FEM was developed and the list results were exported, subtracted with a
continuous full-field distribution. By choosing proper parameters and the number of substeps, the simulated and
experimental results showed excellent consistencies. It also suggests that, the combined ESPI observation and
FEM will give a higher security to structural and mechanical analysis. Furthermore, the displacement fields
vertical to the tensional direction were also presented, and the strain field was preliminarily evaluated.

EXPERIMENTAL

Experimental Setup and Basic Principle

As referred in many works™ %, the experimental setup constructed is shown in Fig. 1. The laser beam is
divided into two beams by a beam splitter and towards the specimen symmetrically. The sample is mounted on
the uniaxial tensile machine and Charge Coupled Device (CCD) as image recording system is located facing the
positive direction of the sample. When the object is subjected to a tensile test, the speckle fields were influenced.
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Fig. 1 Schematic diagram of the optical setup: beam splitter (BS), spatial filter (SF), mirror (M),
loading cell (LC)

Sketch of the specimen, with a load size of 50 mm x 20 mm and thickness of 50 pum; The
observation field has a size of 12 mm % 9 mm in the center of sample.

The subtraction between the deformed and predetermined reference images will generate fringe pattern as record
intensity of speckle pattern:

106,y) =Ly = 1| = 41,1, sin%(Zl//+¢) sin(g) (1)
where I..r and /4 are the scattered intensities associated with the predetermined reference and deformed state, the
amplitudes of which are /, and Ig, respectively, y is a composite phase angle incorporated a random speckle
phase term, ¢ as an important parameter denotes the relative phase change between the two speckle patterns, the
term of sin (¢/2) modulates the signals between the maximum and minimum values and gives the light and dark
fringes. Thus, the phase change ¢, which is induced by the micro-deformation u, can be expressed by:
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where A is the wavelength of the laser, @ is the incident angle symmetrically®"*?, and # is the fringe number for

the intensity of speckle fringe images indicating the magnitude of displacement™). In our optical system, A of
632.8 nm and 6 of 45° are used, so the sensitivity is up to 0.448 pm per fringe.

Test Specimen and Performance

The samples were cut from commercially available PE films (Shanghai Huanmao Man. & Trading Co., LTD).
PE film with a thickness of about 50 um was clamped to loading cell and the loading size was 50 mm % 20 mm.
The PE films were punctured by a needle to factitiously form a hole with a diameter of about 0.6 mm. Samples
with four different defect patterns were tested. If we situated the origin of coordinates in the centre of the sample
and the x axis was along the pulling direction, the defects were located at the coordinate points of (0, 0) for the
single defect pattern, (—2.0, 0), (2.0, 0) for the two defects pattern, (2.0, —1.15), (2.0, —1.15), (0, 2.3) for the
three defects pattern and (-2.0, —2.0), (-2.0, 2.0), (2.0, —2.0), (2.0, 2.0) for the four defects pattern, respectively.
All the coordinate values given above were in millimeters. When the tensile testing machine ran at a velocity of
0.01 mm/min, the random speckle images recorded by CCD were processed and displayed on computer lively.
Software was developed with MATLAB for the acquisition, subtraction, and display of the interference phase.
Median filter and contrast enhancement were applied to give clear images.

ESPI of Single Defect

Our analysis started from the pattern with a single defect to compare with the common hole drilling technique
When the polymer film with hole was subjected to a uniaxial pulling gradually and continuously, the fringes
around the hole were not semi-circular arc type symmetrically as previously reported!*'", but the vertical
fringes were distorted towards the through hole. Figure 3 displays the evolution of displacement contour map
with sensitivity vector along pulling direction at sequential subtraction mode. It can be seen that as the tensile
stress increases from 0.275 MPa to 0.295 MPa, the fringe number increases and most fringes converge towards
the defect.

[34]

FEM SIMULATION

Procedure of Developed FEM

The flowchart of combined FEM analysis and ESPI observation is shown in Fig. 2. The left hand of Fig. 2 shows
the ESPI measurement process, and the right hand is its corresponding FEM simulation. The commercial FEM
software Ansys 10.0 was employed to simulate the tension process. The procedure is as follows:

(a) Each pair of loading forces at ESPI subtracted instance was recorded carefully.

(b) The tension process is simulated at the same loading condition.

Here, the 2-D 6-node triangular plane stress elements (PLANE2) were used and the very fine mesh was
performed especially around the hole. Moreover, every step is divided into 100 substeps. It was crucial to set
proper load step and its substeps in order to relevant with the tensional test at a very low velocity.

(c) The displacement and coordinate values were exported for subtraction. As noted, the exported lists at
different loading substeps are random. We must rank the lists, and subtract the z values at the same x, y
coordinate values.

(d) The nodes in a measured field of 12 mm x 9 mm are extracted, and converted the displacement to matrix
with Kriging calculation®”!. Kriging is an optimal prediction method designed for geophysical variables with a
continuous distribution. Here, the gridding method is based on the correlation. The displacement is interpolated
to 200 columns by 200 rows. The search radius is 2.0 and smoothness is 0.5. To simplify this step, we also can
convert the subtracted displacement volume to matrix with Origin software 6.1.

(e) The calculated gridding matrixes are illustrated as contour map with Matlab software. For comparison
with the ESPI pattern distinctly, we set the contour interval of neighbored dark fringes and light fringes to be
0.224 pm, and the gray value of background, dark line and light line to be 110, 0 and 225, respectively.
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Fig. 2 Flowchart of the developed full-field FEM analysis matched
with ESPI for investigation of defect evolution on polymer films

FEM Displacement Field of Defects

Figure 3 shows the contrastive displacement evolution of contour map experimentally (Fig. 3a) and numerically
(Fig. 3b). It is seen the experimental and simulated results show excellent agreement. Every fringe accords well
in the one-to-one corresponding location. To further illustrate quantitatively, Fig. 4 plots the profile along a
parallel line at y position of +2 mm. Here, we set the zero point calibration at the left edge of observation field to
show better contrast. Clearly, the experimental fringe values and the analytical solution are nearly superposed
each other. As the loading pressure gradually evolved from 0.275 MPa to 0.295 MPa, the relative displacement
in the observation length of 12 mm went up to about 3.8 pum.
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Fig. 3 (a) ESPI observation and (b) FEM simulation of the evolution of single defect
displacement contour maps at sequential mode in the uniaxial loading process
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x-position (mm)
Fig. 4 Plot of the displacement comparison along line at y =+ 2 mm in Fig. 3
b-1-b-5 are corresponding to b-1-b-5 in Fig. 3; Solid and open symbols denote the ESPI
results and FEM simulation, respectively.

(a) (b) (©) (d)

Fig. 5 Experimental (first row) and simulated (second row) speckle pattern displacement contour of
PE films with single (a), double (b), three (c) and four (d) defects
The third row is the y displacement contour calculated from FEM analysis.

To verify this method further, we also demonstrated the experimental and FEM analysis of samples with
two, three and four defects under loading. Figure 5 displays the speckle images of PE films with single (Fig. 5a),
two (Fig. 5b), three (Fig. 5¢) and four (Fig. 5d) holes undergoing uniaxial tensile tests. The corresponding
simulated FEM contour maps are also given in the second row of Fig. 5. All the FEM analysis employed the
same multilinear isotropic parameters and substeps due to the same material property. Obviously, the simulated
results are consistent with the experimental results. It indicates that the combination of ESPI observation and
FEM is a feasible approach to investigate the defect evolution in structural and mechanical field.
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Methodological Exploitation and Discussion
Thanks to the valid and comprehensive FEM results, some other information can be obtained easily, such as y
displacement field, strain contour and vector field. The third row of Fig. 5 shows the y displacement field. Since
the deformation at the y direction is mainly from the shrinkage of sample, it is only about one third of that at the
x displacement.

In respect of the in-plane strains, they are generally determined by differentiating operation at each point of
the measured area:

_du

“ T

€)

where ¢, is the strain along the x-direction. Figure 6 displays the strain induced by the deformation over some
parallel lines of y = 0.5 mm (solid line), 1.0 mm (dash line), 2.0 mm (dot line) and 3.0 mm (dash dot line) for
samples of single (Fig. 6a) and two defects (Fig. 6b). It can be seen the strain & of single defect sample has only
one peak value, and that of the two defects one has two peak values. As the Eq. (3) implies, the denser the
fringes, the larger the strain values. The larger the strains occur as the locations are closer to the defect center.
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Fig. 6 Strain ¢, of (a) single and (b) double defects samples induced by the deformation over
lines of y = 0.5 mm (solid line), 1.0 mm (dash line), 2.0 mm (dash dot line) and 3.0 mm (dash dot
dot line) parallel to the x-coordinate

Till now, the method has been demonstrated well, but there are some points should be noted. When the
sample was elongated too much and many properties had changed gradually, such as the Young’s modulus and
the Poisson’s ratio, the developed FEM analysis may not suit to follow the experimental results. Besides, the use
of this method is still at an immature stage. In future work, the unwrapping technique should be refined. It would
include more appropriate constitutive relation to make the results more unsuspected. Anyway, the combination
of ESPI and FEM analysis is an available method. It provides a good guidance to improve the present FEM
analysis software and verify the analysis results.

CONCLUSIONS

A method of combined ESPI observation and FEM analyze is proposed to analyze the surface deformation. An
application of this method is demonstrated on monitoring the evolution of defect displacements in polymer films.
The ESPI has the advantages of full-field and non-contacting, while the developed FEM gives a one-to-one
corresponding displacement distribution directly. For the different defect patterns, the fringe speckle images and
simulated results show excellent consistency. Indeed, other information can also be obtained from the powerful
software. The current method not only provides a continuous full-field displacement measurement, but also can
be used to calibrate and improve FEM analysis models and further guide the design of structural and mechanical
components.
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