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Finite Element Simulation of Mixed-Mode PV Encapsulant Delamination
Based on Cohesive Zone Model

Xin He and Nick Bosco

National Renewable Energy Laboratory, Golden, CO, 80403, US

Abstract—A finite element model (FEM) was developed to
simulate the mixed-mode delamination failure at the encapsu-
lant’s interface within PV modules under mixed-mode loading
conditions. Parameters to characterize the bilinear traction-
separation constitutive behavior of cohesive elements were deter-
mined by testing the pure mode I critical fracture energy of the
photovotaic (PV) cell interface using the width-tapered beam and
fitting the simulated load-displacement curve with the measured
curve. This developed FEM can be used to predict the critical
temperature changes, at which delamination would initiate, for
PV modules with different sizes and provide guidance for the
design of PV module with better reliability.

Index Terms—Finite element model (FEM), Cohesive zone
model (CZM), Photovoltaic cells, Mixed-mode delamination,
Delamination fracture energy.

I. INTRODUCTION

Within a photovoltaic (PV) module, there exists a complex,
and varying, loading condition at the encapsulant’s interfaces
that serves as the driving force for delamination. In fracture
mechanics, these loading conditions are defined as one, or a
combination of three modes, mode I: opening, mode II: in-
plane shear, and mode III: out of plane shear. While recent
efforts have been focused on developing the metrology to and
assessing the mode I critical fracture energy of the PV module
encapsulant’s interface [1]-[3]], characterization of the mode II
and III fracture behavior is absent. Furthermore, knowledge of
the mixed-mode driving force at the PV module’s encapsulant
interfaces is not well understood. In order to predict and
simulate when and how delamination failure occurs in a
PV module, both these details of driving force and fracture
condition must be characterized.

For mode II, III or mixed-mode loading, the shear stress at
the encapsulant’s interface is the relevant stress tensor. With
the application of a thermomechanical strain, this shear stress
will increase from the center of each cell with the maximum
being reached at its outer corner, suggesting delamination
would initiate at the outer corner of a cell and propagate
towards its center. Due to a stress singularity caused by the
high stress concentration at the cell’s sharp corner and the
complexity of the three-dimensional (3-D) stress analysis,
the exact stress field is difficult to be describe accurately
by any theoretical model. Therefore, a finite element model
(FEM) is an excellent tool to conduct the stress analysis and
simulate the delamination failure in a PV module. Currently,
the most widely used model to simulate fracture is the cohe-
sive zone model (CZM) with the bilinear traction-separation
constitutive law [4]-[3]]. By inserting cohesive elements at the
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encapsulant’s interfaces and assigning appropriate parameters
to characterize the constitutive law, the mixed-mode delami-
nation fracture behavior of the encapsulant’s interfaces in PV
modules can be accurately predicted.

The bilinear traction-separation law, as shown in Fig. |1} is
controlled by three parameters along each direction, the initial
stiffness (K, Kyr, Krr1), the strength (17,777, Trrr), and
the critical fracture energy (Gy., Grre, Grr1c), the subscripts
I, Il, and III denote the three loading conditions. The
initial stiffness should be high enough to avoid any effect on
the overall compliance and small enough to avoid spurious
oscillations in the tractions [3]. In this constitutive law, the
stress in the cohesive element will increase proportionally to
the increase of separation until the strength, 7', is reached.
At this point, fracture will initiate and the corresponding
separation is denoted as A°. With further loading, the stress
in the cohesive element will be released and the cohesive
element will be eliminated once the critical fracture energy,
G., is reached (the separation is A7 at this point). A°
and A/ can be calculated based on T, K, and G, using

equations (I)) and (2).

A= (D

=1

A final _ LCTV(‘ (2)

For a uniform interface, Gr;. = Grrre, K1 = Ky, and
T][ = TIII, therefore, only G]C, G[[c, K], K]], T[, and T][
need to be determined.

In this study, preliminary experiments were first conducted
to determine the bilinear traction-separation law parameters
for two PV laminate systems. Then a FEM of a PV module
laminate with the characterized CZM at the encapsulant/Si
PV cell interface was constructed to simulate and predict the
mixed-mode delamination fracture behavior under different
thermal loading conditions.

II. PRELIMINARY EXPERIMENTS AND MODELING
A. Width-tapered cantilever beam test to determine G,

Two ethylene vinyl acetate (EVA)/Si PV cell interfaces
were chosen to be measured and simulated in this study.
One with a known high critical fracture energy (high G.),
and one with a known low critical fracture energy (low G.).
The bulk properties of the materials are otherwise the same.
The choice to include a low G, interface was made to help
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Fig. 1. Bilinear traction-separation law of cohesive elements

[6].

Fig. 2. Cartoon of a width-tapered single cantilever beam
sample. The sample is loaded via the tap placed at the apex
of its beam [3]].

illustrate the delamination process in the subsequent module-
level simulations. Samples were fabricated by laminating a
crystalline Si PV cell to a slide of glass with each EVA.

Aimed to obtain the mode I critical delamination fracture
energy, G 1., the width-tapered cantilever beam test developed
by Bosco [3] was conducted on the low and high G, inter-
faces. The general idea of this testing method is to adhere the
elastic width-tapered cantilever beam to the cell surface, Fig.
[2l When the beam is loaded at its apex, delamination will
initiate and advance upon continued loading. For the low G,
material, a titanium width-tapered beam with a thickness of
0.86mm was used while a thicker titanium beam (thickness:
1.6mm) was used for the high G, material. The detailed
testing procedures can be found in [3]].

Based on the measured crack length (a;), plateau load
(P.) and the final load-line displacement (4A;), G. can be
calculated using equation (3), where 6 is the apex angle of
the width-tapered beam and equal to 20° in this study.

PcAi

Gre = 2a2tan(0/2)

(©))

The tested load-displacement curves for both interfaces
are shown in Fig. [3] As shown in Fig. B(a)] the final crack
length of the low G, material is 55.1mm and the calculated
G1. is 33J/m? with a standard deviation (STD) of 2.J/m?.
Similarly, Fig. [3(b)|indicates the final crack length is 59.1mm
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Fig. 3. Tested and simulated load-displacement curves for: (a) low G
material; and (b) high G material.

for the high G. material and G, is 1257.J/m? with a STD
of 61.J/m?.

B. Modeling to determine K and T;

In order to determine the initial stiffness K; and the
strength 77, a FEM based on CZM was developed using the
commercial software ABAQUS 6.13 to simulate the width-
tapered cantilever beam test as shown in Fig. f] In this
model a thin layer of cohesive elements, highlighted as the
red trapezoid were inserted at the cell/EVA interface and
a velocity boundary condition (1mm/s) was applied at the
loading hole to displace the beam and enable the delamination
process. Initially, all layers are combined.

The thicknesses and material properties used in this simu-
lation are summarized in Table 1 where the Young’s modulus
of the titanium beam was obtained by fitting the unloading
compliance while the thickness and material properties for
cell and EVA were generated from [9].

K7 and T7 for the cohesive elements were found by fitting
the simulated load-displacement curves to the experimental
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TABLE 1
SUMMARY OF THICKNESS AND MATERIAL PROPERTIES FOR EACH LAYER IN FEM [IQI]

Layers Thickness(mm) Young’s modulus(GPa) | Poisson ratio
Beam 0.86 for structure I, 1.6 for structure II 69.5 0.342
Cell 0.175 170 0.28
EVA 0.45 0.01442 0.4995
Cobhesive layer 0.002 none none

Beam

Cell

Cohesive
layer

EVA

Fig. 4. FEM to simulate the width-tapered cantilever beam
test.

result. The simulated load-displacement curves for both struc-
tures and the comparison with the testing results are shown
in Fig. B

As shown in Fig. [3(a)} a good match was obtained between
the simulated and measured load-displacement curves for the
low G. material by choosing 77 as 0.2M Pa and K as
100M Pa/mm. For the high G. material, simulation with
Ky 100M Pa/mm and T 4M Pa yielded a load-
displacement curve that is in excellent agreement with the
experimental result as shown in Fig. 3(b)}

Note that in addition, both Fig. 3(a) and [3(b)| show a lower
simulated stiffness at the initial loading stage. This is caused
by the damage mechanism of the cohesive elements. Refer
to the bilinear traction-separation behavior shown in Fig. [T}
the stress in the cohesive elements will be released once the
strength is reached which acts to lower the stiffness of the
overall structure.

C. Determination of Gyr., Ky, and Tty

Recall that the initial stiffness is a penalty parameter and
we have shown K; = 100M Pa/mm is high enough and
will not affect the overall stiffness, therefore, K;;1 = K5 =
100M Pa/mm should also be high enough to avoid the effect
of cohesive element on the shear stiffness of the overall
structure as G = ﬁ < FE, where G is the shear modulus,
E' is the Young’s modulus and v is the Poisson ratio. Based
on this fact, K;; = Ky;; = 100M Pa/mm was applied in

this study.

Typically, the mode II critical fracture energy, Gjj, is
3 to 5 times of the mode I critical fracture energy, Gy..
Also the strength, Ty is proportional to G, according to
equation (Z). In order to maximum the mode mixity, a smaller
Trr should be used to enable the mode II and mode III
delamination occur earlier and yield a higher G;;. and Gjje.
Hence, we assumed Gj;. = 3Gy, and Ty; = 3717.
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Fig. 5. FEM to simulate the mixed-mode delamination at
cell/EVA interface in a PV module with one cell.

III. MIXED-MODE DELAMINATION SIMULATION OF PV
ENCAPSULANT UNDER TEMPERATURE CHANGE

The purpose of this study is to investigate the mixed-mode
delamination of the cell/EVA interface in the PV module
through temperature change. The parameters of the low G¢
material are applied as a higher critical fracture energy would
prevent delamination under the simulated conditions. The
other parameters to characterize the CZM are summarized
following:

K; =K = Ky;;p = 100M Pa/mm 4)
Tr = 0.2M Pa 5)

Gire = Grrre = 3Gre = 99J/m? (6)
Tyy = Tipy = 207 = 0.6MPa %

A one cell PV module laminate (size 100mm x 100mm)
was studied. The FEM is shown in Fig. [5] in which a thin
cohesive elements were applied at the cell and front EVA
interface. In this model, symmetric boundary conditions were
applied at both rear left and right side faces (quarter model),
and the bottom corner of backsheet layer located at the origin
was fixed. The material properties and geometry constants
used in this model are summarized in Table 2. The Young’s
modulus and thermal expansion coefficient (TEC) of EVA
is a function of temperature (T') according to [9]]. Similarly
to the FEM model of width-tapered cantilever beam test,
the backsheet and cell were simulated using C3D8 elements,
while the EVA layer was simulated using C3D8H elements
and COH3D8 elements were used to simulate the cohesive
layer.

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



SUMMARY OF THICKNESS AND MATERIAL PROPERTIES FOR EACH LAYER IN FEM [9]].

TABLE 2

Layers Thickness(mm) | Young’s modulus(GPa) | Poisson ratio TEC (10-%/K)
Backsheet 0.175 32 0.4 150
Cell 0.175 170 0.28 2.6
EVA 0.45 (522.391 — 2.92693T 0.4995 0.02487 + 0.0001508T — 6.51e — 6T
+0.004102637°2) /1000 +4.728¢ — 8T3 — 1.362¢ — 10T* 4 1.41e — 13T°
Cohesive layer 0.002 none none none

A. Mixed-mode delamination under temperature change
145°C to —40°C

In this simulation an initial temperature field of 145°C' was
applied (zero stress state at 145°C), then the temperature was
reduced to —40°C' in 46 seconds.

The results of this simulation show fracture energy is
initially developed (about 1% of Gj.) at the outer cor-
ner (top right) of the cell at 55°C (temperature change
—90°C'). The distribution of fracture energy in the cohesive
layer at this temperature is shown in Fig. [6(a) When the
structure was cooled further to 17.8°C' (temperature change:
—127.2°C"), the cohesive elements at the outer corner are
eliminated as they achieve the critical fracture condition and
the delamination propagates toward the center of the cell
as shown in Fig. [6(b)] Directly preceding delamination, the
total fracture energy at this location is 35.9.J/m?. Based
on the mixed-mode fracture criterion (Equation @) and the
expression of total fracture energy (Equation (9)), we can
solve G; = 31.55J/m?, G1; = Gyr; = 2.175J/m?. Using
the solved fracture energy components, the mode mixity can
be obtained as m; = G;/35.9 = 0.879,my = mgz =
Gr1/35.9 = 0.0545, which indicate this delamination was
mainly caused by a mode I driving force.

Gr  Gir G Gy Grr

- = 2L pTI 8

Gie  Grre  Grrre 33 99 ®)
Gr+ Grr+ Grrr = 35.9J/m? ©)

At a temperature change of —141.6°C, the delamination
pattern, which is the pattern of the eliminated cohesive
elements, is presented in Fig. [7]

B. Mixed-mode delamination under temperature change
25°C' to —160°C

In this simulation, the structure was cooled from 25°C' to
—160°C' in 37 seconds (zero stress state at 25°C'). Compared
to the simulation in last section (zero stress state at 145°C),
the driving force for delamination in this simulation is altered
by considering a lower temperature regime and the tempera-
ture dependent properties of EVA. In reality, PV modules may
not undergo this wide temperature range during the service
period.

This simulation demonstrates that fracture energy is ini-
tially developed (about 1% of G.) at a temperature of —5°C
(temperature change of —30°C), again at the outer corner of
the cell as shown in Fig. This temperature change is con-
siderably less than the temperature change (—90°C) required

4
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Fig. 6. Distribution of total fracture energy in the cohesive layer when: (a)
delamination starts to initiate; and (b) delamination starts to propogate at the
out corner.

to develop the same fracture energy in the previous, higher
absolute temperature, simulation. This difference manifests
from operating in a lower temperature regime where the EVA
is much stiffer, thereby more capable of transmitting stress
through strain to develop fracture energy at the cell/EVA in-
terface. Fig. indicates that cohesive elements at the outer
corner of the cell begin to be eliminated at a temperature of
—72.5°C' (temperature change —97.5°C)) in this simulation.
This temperature change is again smaller than that required to
initiate delamination in the previous simulation (—127.2°C).
Finally, a temperature change of —120°C' develops a similar
extent of delamination as the —141.6°C' change when the

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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Fig. 7. Delamination pattern under temperature change from
145°C to 3.4°C.

zero stress state was at 145°C', Fig. E[ This result again
demonstrates that a smaller temperature change is required
to initiate and induce delamination when the encapsulant is
stiffer.

C. Mixed-mode delamination under temperature change
25°C' to 80°C'

In order to study the delamination behavior under heating,
another simulation was run. In this simulation, the structure
was heated from 25°C to 80°C in 27.5 seconds (zero stress
state at 25°C') and no fracture energy was developed. Fig.
[I0] therefore, presents the distribution of out of plane stress
along the thickness direction (0,,) in the cohesive layer. It
indicates that this stress tensor is negative at the outer corner
and the edges of the cell. Compressive mode I stress does
not produce positive fracture energy. Therefore, when the PV
module is heated, delamination at the cell/EVA interface may
be dictated by the mode II and III driving forces.

IV. SUMMARY AND CONCLUSIONS

In this study, a FEM based on CZM was developed to
simulate the mixed-mode delamination at the EVA/Si PV cell
interface in a one-cell PV module under thermal loading. The
CZM was characterized by the bilinear traction-separation
law and the parameters that control this constitutive law
were generated through fitting the experimental results of a
width-tapered cantilever beam test. By integrating the deter-
mined parameters to the FEM, the mixed-mode delamination
behavior of the PV module was simulated under different
temperature changes.

The results showed that delamination initiates at the outer
corner of the EVA/Si PV cell interface when temperature is
decreased from 145°C to 55°C, following which it prop-
agates toward the center when the temperature decreased
further. In addition, this delamination was mainly caused by
a mode I driving force as the mode I mixity was calculated to
be 87.9%. When a temperature change of 25°C' to —160°C'
was prescribed, the temperature change required to develop

¥
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Fig. 8. Distribution of total fracture energy in the cohesive layer when: (a)
delamination starts to initiate; and (b) delamination starts to propogate at the
out corner.

Fig. 9. Delamination pattern under temperature change from
25°C to —95°C.
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Fig. 10. Distribution of normal stress in cohesive layer under
temperature change from 25°C to 80°C.

fracture energy and initiate the delamination is much less
than that in the simulation with higher zero stress state
temperature. This behavior manifests from the temperature
dependent stiffness of the EVA: in the lower temperature
regime EVA becomes stiffer and more capable of transmitting
stress due to the CTE mismtch and temperature change. In
contrast, delamination was not found to initiate under heating
from 25°C to 80°C' as the normal stress along the thickness
direction, driving the mode I delamination, was negative.
Therefore, within a heated PV module, the delamination at
cell/EVA interface will be dictated by the mode II and III
driving forces.
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