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Abstract—This study begins to investigate the role of environ-
mental factors, such as temperature and humidity, on the de-
lamination kinetics of the ethylene vinyl acetate (EVA)/silicon– 
photovoltaic (Si–PV) cell interface. A fracture mechanics approach 
based on a single cantilever beam technique is employed to mea-
sure the delamination rate as a function of applied driving force. 
To glean insight into the mechanisms of bonding and degradation 
at this interface, and the effect of manufacturing variability and 
quality, we consider a high-quality pristine EVA and two EVAs 
formulated with reduced amounts of its adhesion promoter, silane. 
Results indicate that a bulk change in the viscoelastic properties 
of the EVA dominates the delamination kinetics at high driving 
forces and low humidity and the effect of a chemical reaction only 
becomes apparent at higher humidity and lower driving forces. 
These fndings suggest that only interfacial phenomenon of suscep-
tible, degraded material may have to be considered to adequately 
model PV module delamination failure. 

Index Terms—Accelerated aging, adhesive strength, delamina-
tion, materials reliability, photovoltaic cells. 

I. INTRODUCTION 

R ECENT studies have begun to quantify the critical strain 
energy release rate, GC , at the encapsulant/silicon photo-

voltaic cell (Si–PV) interface in both new and exposed modules 
[1]–[4]. While values of 2500–3000 J/m2 are expected for a 
quality ethylene vinyl acetate (EVA)/Si–PV interface, one study 
found that delamination was only observed in modules (fielded 
up to 26 years) when their GC values were below 160 J/m2 [2]. 
Because EVA delamination failures are still observed, however, 
it suggests that either initial quality or environmental degra-
dation can severely compromise the adhesion of this interface 
[5], [6]. 

Delamination in a PV module will occur when the debond 
driving force, G, exceeds GC . Because GC decreases with in-
creasing temperature, and G will develop due to thermomechan-
ical strain in the module, delamination is likely to occur when 
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Fig. 1. Schematic subcritical debond curve illustrating the effect of viscoelas-
ticity and chemical reaction associated rate limiting steps on debond growth 
rate. 

the module is at elevated temperatures. However, a complicating 
matter is subcritical debonding: when delamination occurs at a 
finite rate at driving forces below GC . This phenomenon may 
occur in the EVA/Si–PV system due to the viscoelastic behav-
ior of the encapsulant and/or stress-enabled chemical reactions 
with environmental species, such as water [7], [8]. Typically, the 
debonding rate due to viscoelastic behavior results in a charac-
teristic sigmoidal curve on a v-G plot: debond growth rate versus 
applied driving force, Fig. 1. Here, the curve is bound by GC at 
very fast debonding rates, and a threshold value of debond driv-
ing force, GT H  , below which the delamination front will arrest 
[9]. Between these limiting values (region I), the response is of-
ten fitted by a power law relationship that, for instance, will shift 
due to the influence temperature on deformation of the material 
at the debond front. Subcritical debonding due to reaction with 
environmental species, also known as environmentally assisted 
debonding, results in a similar debond growth rate curve where 
a chemical reaction at the debond front will result in characteris-
tic region I behavior where the debond growth rate is controlled 
by the applied driving force. If, however, the rate limiting step 
becomes diffusion of the reactive species to the debond front, a 
characteristic transport-controlled region II will emerge that is 
relatively insensitive to the applied debond driving force. 

In the present study, we begin to investigate the kinetics of 
subcritical debonding at the EVA/Si–PV interface. To probe 
the mechanisms of bonding and degradation at this interface, 
and the effect of manufacturing variability and quality, we have 
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included in this investigation three formulations of EVA that 
vary by the relative content of their adhesion promoter, silane: 
1) a high-quality EVA with its full complement of silane load-
ing, 0.24 wt%; 2) one formulation containing a reduced silane 
loading of 0.012 wt%; and 3) one formulation that had no silane 
added [10]. Measurements of critical and subcritical debonding 
are made by employing a single cantilever beam method. Exper-
imental results and subsequent analysis with fracture-kinetics 
modeling indicate that both rising temperature and relative hu-
midity increase the debond growth rate due to viscoelastic ef-
fects in the EVA, and at conditions of high humidity and low 
driving force, a hydrolysis reaction-controlled fracture process 
emerges. 

II. MATERIALS AND METHODS 

A. Materials 

Three EVA encapsulants were used to fabricate samples: 
1) a pristine material with its full complement of silane loading 
of 0.24 wt%, which was within its expiration date and prop-
erly stored in an air-free, sealed container; 2) a formulation 
containing a reduced silane loading of 0.012 wt%; and 3) a 
formulation that had no silane added [10]. These materials are 
subsequently referred to by their relative amounts of silane load-
ing: 100%, 5%, and 0%, respectively. Samples were fabricated 
by laminating a silicon wafer to a slide of glass with each en-
capsulant. The alkaline-textured, monocrystalline Si wafers had 
received a ∼70-nm-thick SiNx deposition on their faying surface 
to simulate the antireflective coating (ARC) of a commercial PV 
product. 

To prepare for measurement, a titanium beam (5.0-mm wide, 
100-mm long, and 1.6-mm thick) was adhered to the back of 
each Si wafer with a two-part epoxy. Each beam contained a 
counter-sunk through a hole at one end to receive a jeweled 
loading tab. Once the epoxy had fully cured, the Si wafer was 
sectioned around the beam, and the sample fixtured in the load 
frame for measurement. 

B. Exposures 

A preliminary experiment was conducted to characterize Gc 

of the EVA/Si-PV interface as a function of temperature, prior 
to and following a 1000-h exposure at 85 °C/ 85% RH. These 
critical measurements were made in an environmental chamber 
at 15% RH and six temperatures between 25–80 °C. 

All subcritical debond measurements were conducted in 
an environmental chamber at distinct temperatures and rela-
tive humidity conditions that varied between 25–50 °C and 
10–90% RH, as described in Table I. There were no precon-
ditioning exposures for these measurements. 

C. Metrology 

A single cantilever beam method was employed to evaluate 
debonding at subcritical strain energy release rates [8], [11]. The 
strain energy release rate (G), is defined as 

P 2 dC 
G = (1)

2b da 
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TABLE I 
ENVIRONMENTAL MEASUREMENT CONDITIONS 

Values in table are the relative amounts of Silane loading of the EVA formulations. 

Fig. 2. Schematic of the single cantilever beam method. 

where P is the load applied normal to the free end of the can-
tilever beam, b the beam’s width, and dC/da the change in beam 
compliance, C, with extending debond length, a, see Fig. 2. The 
critical value of the strain energy release rate, Gc , or debond 
energy (adhesion), is evaluated by (1) for critical loads, PC , that 
result in debond extension. 

According to beam theory, compliance of a single cantilever 
beam is proportional to the cube of its length, therefore (1) may 
be re-expressed as 

3P 2 

G = ma2 (2)
2b 

where m is the proportionality constant between beam com-
pliance and the cube of debond length. A further analysis of 
beam compliance shows that the debond growth rate (da/dt) for  
a cantilever beam at a fixed displacement may be expressed as � � 3da dP ma

= − 
2 

(3)
dt dt 3Pimai 

where dP/dt is the instantaneous rate of change in load, Pi the 
instantaneous load, and a the initial debond length. Plots of 
subcritical debond growth rate versus the applied driving force 
(v-G plots) may then be constructed by matching instantaneous 
load and debond length values between (2) and (3). 

Experimentally, a measurement commences by loading the 
beam at a constant displacement rate of 10 μm/s until the debond 
begins to propagate. Several load reversals are then conducted 
to experimentally develop dC/da and determine Gc . Upon final 
loading, displacement is fixed just below a load value that would 
further propagate the debond and load recorded with time. The 
measurement is allowed to proceed at this fixed displacement 
until debond growth rates on the order 10–9 m/s are achieved. 

A set of tensile tests was also conducted to elucidate the effect 
of humidity on the bulk properties of the 100% EVA. For this 
measurement, the EVA was subjected to the same curing pro-
cess as those which were fabricated into laminates. The cured, 
unsupported, films were 440-μm thick and cut into 5-mm strips. 
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Fig. 5. Compliance (displacement/ load) is plotted for the initial loading and 
each load reversal versus the cube of debond length. Linear fit provides for the 
proportionality constant, m, required in (2) and (3). 

Fig. 3. Representative load versus displacement plot obtained during a v-G 
measurement. Load reversals are conducted to extract dC/da and obtain Gc 
values as the debond extends. Drop in load at fixed displacement (∼19 mm) 
marks the subcritical measurement. 

Fig. 4. Representative measurement load versus time plot obtained during a 
v-G measurement. Decay in load denotes subcritical debonding is occurring. 

These strips were fixtured in tensile grips and displaced at a 
constant strain rate of approximately 0.005/s while load was 
recorded. Two measurements were made, one at 25 °C/10% RH 
and one at 25 °C/80% RH. 

III. RESULTS 

Representative plots that illustrate the measurement and anal-
ysis process for subcritical debonding characterization are pre-
sented in Figs. 3–7. First, the load versus load-line displace-
ment plot recorded during the measurement demonstrates the 
repeated load reversals that provide for both extraction of the 
change in beam compliance, dC/da, and repeated measurements 
of Gc with debond extension (see Fig. 3). Experimental mea-
surements of debond extension are made prior to initial loading 
and at each load reversal. Measurement load is plotted versus 
time to illustrate the slow increase in beam compliance, realized 
as a decreasing load at fixed displacement (∼19 mm), which 
provides dP/dt for calculation of the v-G curve (see Fig. 4). 

Fig. 6. Representative Gc versus debond length plot. Measurements of peak 
loads and associated debond lengths (see Fig. 3) and extraction of the propor-
tionality constant (see Fig. 5) provide for a calculation of the critical strain 
energy release rate as the debond propagates. 

Fig. 7. Representative v-G plot obtained from the measurement and analysis 
illustrated in Figs. 3–6. Curve is bound by Gc at high debond growth rates, 
which corresponds to the discrete values in Fig. 6, and Gth at which point the 
debond arrests. This v-G plot does not exhibit region II behavior. 
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Fig. 8. Optical images through the glass laminate visualizing the delaminated 
interface and debond front for (a) 100 % EVA with Gc, > 500 J/m2 and 
(b) 0% EVA with Gc, < 500 J/m2. Each image is accompanied by a cartoon 
illustrating the interpreted character of the failure, associated cohesive zone and 
measurement of debond length, a. 

Plotting the compliance fit (displacement/load) of the initial 
loading and each load reversal versus the cube of the exper-
imentally measured debond length provides for experimental 
characterization of dC/da through the proportionality constant, 
m (see Fig. 5). Measurements of peak loads from the load ver-
sus displacement measurement, associated debond lengths, and 
the extraction of the proportionality constant provide for a cal-
culation of Gc as the debond propagates (see Fig. 6). Finally, 
the v-G plot is obtained from the preceding measurements and 
analysis (see Fig. 7). This representative curve is bound by Gc 

at high debond growth rates, which corresponds to the discrete 
values presented in Fig. 6, and GT H  at low debond growth rates 
where the debond arrests. This v-G plot does not exhibit region 
II behavior. 

For all materials and conditions examined, delamination oc-
curs in an apparently adhesive fashion between the Si wafer’s 
ARC and the EVA encapsulant. In samples measured to have 
Gc values above ∼500 J/m2, the adhesive failure is preceded by 
substantial cavitation in the EVA prior to debonding, resulting 
in a large cohesive zone [see Fig 8(a)]. When Gc values are 
below ∼500 J/m2, the cohesive zone that precedes the debond 
front shrinks considerably or is absent [see Fig. 8(b)]. 

A comparison of Gc values measured as a function of tem-
perature or humidity for each EVA are presented in Figs. 9 
and 10. Both measurements of the material subject to the 
1000-h 85 °C/85% RH exposure and the unexposed material 
used for the subcritical debonding measurements are included. 
The 1000-h 85°C/85% RH exposure was not found to degrade 
Gc when measured as a function of temperature at 15% RH 
(black curves versus temperature). 

The Gc evaluation of the unexposed 100% material yields 
similar values (red curve versus temperature at 10% RH). The 
Gc of the EVA formulations with decreased silane content ex-
hibit a significant drop compared to the 100% EVA. For similar 
environmental conditions, Gc of the 5% EVA drops by a fac-
tor of ∼2, and of the 0% EVA over an order of magnitude 
when compared to the 100% EVA. Finally, the Gc evaluation, 
again measured directly preceding subcritical debonding mea-
surement, made at 25 °C as a function of humidity demonstrates 
a similar effect of decreasing Gc as temperature increased. This 
observation suggest that humid air must be present at the debond 

Fig. 9. Gc versus measurement temperature. Both the pre and post1000-h 
85 °C/85% RH exposure measurements (black curves) and Gc measurements 
made during the subcritical analysis are included. 

Fig. 10. Gc versus measurement humidity made during the subcritical 
analysis. 

front to compromise Gc , rather than as a pre-exposure intended 
to saturate the encapsulant. 

Temperature and humidity series v-G plots for the three ma-
terials investigated are presented in Figs. 11–13. All materials 
demonstrate an acceleration of subcritical debond growth rate 
with both increasing temperature and humidity. However, while 
the character of the 100 and 5% EVA temperature and humidity 
series v-G curves are similar, the 0% EVA exhibits characteris-
tically different v-G responses to temperature and humidity. 

The result of the two 100% EVA tensile measurements are 
presented in Fig. 14. The effect of humidity exhibits a large 
influence on the rate of the viscoelastic response. Here, the high 
humidity condition results in a decreased relaxation time. 

IV. ANALYSIS 

Two fracture kinetics models are used to analyze the sub-
critical debonding behavior of the three materials investigated 
to provide an insight into the potential mechanisms responsi-
ble for the observed behavior. The application of these models 
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Fig. 11. Debond growth rate for the 100 % EVA measured at (a) 10% RH and 
25, 40, and 50 °C, and (b) 25 °C and 10%, 40%, and 80% RH. Included in the 
plots are best fits of the viscoelastic (solid) and reaction rate (dashed) models. 

is limited to describe only region I behavior. The first model 
supports the hypothesis that the debond growth rate, da/dt, is  
proportional to the rate of formation of the viscoelastic zone at 
the debonding tip and is expressed as � � �� 

da Ea 1 1 
αδ1−1/nG1/n= exp − − (4)cdt R T + γRH Tr 

where the prefactor α incorporates the yield strain and time 
dependent modulus of the encapsulant, δc the debond tip open-
ing displacement at G = Gc , n a measure of rate sensitivity 
(n = 0 for perfectly elastic solids), G the applied strain energy 
release rate, Ea the activation energy for the viscoelastic relax-
ation process, R the universal gas constant, T temperature, Tr 

a reference temperature, RH the relative humidity, and γ the 
RH to T equivalence in bonding kinetics [9], [12], [13]. Note 
that this model considers that the debond kinetics are dictated 
exclusively by the bulk material properties of the encapsulant 
and that the effect of increasing RH is directly proportional to 
the effect of increasing temperature. 

The second model considers the fracture process as a chemical 
reaction to support the hypothesis that the observed subcritical 

Fig. 12. Debond growth rate for the 5% EVA measured at (a) 10% RH and 
25, 40, and 50 °C, and (b) 25 °C and 10%, 40%, and 80% RH. Included in the 
plots are best fits of the viscoelastic (solid) and reaction rate (dashed) models. 

debonding behavior is a manifestation of a hydrolysis reaction 
occurring at the debond front. In this case, the region I debond-
ing rate is considered proportional to the rate of reaction and 
expressed as 

� � �  � � �n
da E PH 2O bG 

= Aexp − exp (5)
dt RT P 0 RT 

where E is the stress free activation energy, PH 2O the partial 
pressure of water vapor, P 0 the standard state pressure (1 atm), 
n the order of reaction, b an activation area related to the acti-
vation volume at the debond front, G the applied strain energy 
release rate, R the universal gas constant, and T temperature [14], 
[15]. A frequency factor is incorporated into the pre-exponential 
constant, A. Note that this model was originally developed for 
bulk glass systems where the activation volume, related to b, 
is not a function of temperature. When applied to the current 
system where a viscoelastic solid, EVA, is present at the debond 
tip, it is reasonable to expect that the activation volume does 
scale with temperature and was therefore treated as a fitting 
parameter in the present analysis. 
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Fig. 13. Debond growth rate for the 0% EVA measured at (a) 15% RH and 
25, 40, and 50 °C, and (b) 25 °C and 15%, 30%, and 90% RH. Included 
in the plots are best fits of the viscoelastic (solid) and reaction rate (dashed) 
models. 

The best fits of the viscoelastic ((4), solid curves) and reaction 
rate ((5), dashed curves) models are presented in Figs. 11–13. 
For clarity, all models span the full range of G, yet should only 
be interpreted for their ability to fit region I behavior. For the 
100% EVA, the viscoelastic debonding model was found to best 
describe the observed fracture kinetics when the parameters α, 
n, Ea , and γ were used to fit the data (Ea = 795 kJ/mol, n = 
0.049, γ = 0.38 K/%). The utility of this model, especially for 
the humidity series, is consistent with the result of the conducted 
tensile test where increasing humidity had the effect of decreas-
ing stress relaxation time. While most curves fit exceptionally 
well with this model, the 50 °C/ 10% RH condition demon-
strates an unexpected acceleration of debond growth rate not 
anticipated by the model. The reaction rate model was found to 
better fit the relevant portions of the 40 °C/ 10% RH and 50 °C/ 
10% RH conditions as well as the 25 °C/ 80% RH conditions 
when the parameters A and b were used to fit the data for a first 
order reaction (n = 1). Typically, application of a reaction rate 
model is predicated on the presence of a G insensitive transport-
controlled region II, which is notably absent from these curves. 
However, unlike the inorganic elastic solids for which these 
models were originally developed, the current EVA systems ex-

Fig. 14. Tensile measurements of the 100% EVA material at 25 °C and 10%, 
80% RH. 

hibit an extraordinarily large debond tip opening displacement 
that may circumvent the emergence of region II behavior. This 
combination of fits suggests that a bulk change in the viscoelas-
tic properties of the EVA dominates the debond kinetics at high 
G and low humidity and the effect of a chemical reaction only 
becomes apparent at higher humidity and lower values of G. 

The combination of fits is similar for the 5% EVA for both the 
viscoelastic (Ea = 307 kJ/mol, n = 0.066, γ = 0.23 K/%) and 
reaction rate models (n = 1). Here too, the viscoelastic model 
fits the high G-low humidity data best, but fails to accurately 
capture the behavior of the low G-high humidity conditions. 

Finally, for the 0% EVA, there is a clear departure from the 
viscoelastic debonding model for the humidity series. Here, a 
distinct reaction-controlled region emerges and well fits with 
(5) for a first-order reaction and, in this case, considering a 
constant activation volume, b. While the viscoelastic model was 
not capable of fitting the humidity series and was thus omitted 
from the plot, it was able to describe the temperature series 
behavior well (Ea = 236 kJ/mol, n = 0.15). This combination 
of fits follows those for the previous two materials where the 
viscoelastic model is more capable of describing the behavior 
of low humidity debond growth rates. 

V. CONCLUSION 

The effect of temperature and humidity on the critical debond 
energy and debonding kinetics of EVA with various silane 
contents was evaluated. An EVA formulated with its requisite 
silane content (100% EVA) did not exhibit a degradation of 
its critical debond energy, Gc , following a 1000-h exposure at 
85 °C/85% RH. When similar, unexposed materials were 
measured in an environment of either increased temperature 
or humidity, however, Gc was dramatically reduced. This 
observation suggests that humid air must be present at the 
debond front, rather than as a pre-exposure intended to saturate 
the encapsulant, to compromise Gc . Gc was also found to 
dramatically decrease with reduced silane content. For similar 
environmental conditions, Gc of EVA formulated with 5% of 
its requisite silane content drops by a factor of ∼2, and that of 
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EVA with no silane drops by over an order of magnitude when 
compared to the 100% EVA. All materials also demonstrate 
an acceleration of subcritical debond growth rate with both 
increasing temperature and humidity. 

Two previously established models for debonding kinetics 
were employed to study the results of subcritical debonding 
measurements, one based on the viscoelastic behavior of the 
encapsulant and one on the rate of stress-enabled hydrolysis at 
the debond front. The viscoelastic model was found to fit the 
high G, low humidity data best but failed to accurately capture 
the behavior of the low G, high humidity conditions. The low 
G, high humidity conditions were best fit with the reaction rate 
model when the activation area at the debond tip was also used 
as a fitting parameter. This combination of fits suggests that a 
bulk change in the viscoelastic properties of the EVA dominates 
the debond kinetics at high G and low humidity and the effect of 
a chemical reaction only becomes apparent at higher humidity 
and lower values of G. This conclusion is supported well by 
the unique behavior of the relatively weak 0% EVA where the 
humidity series only fits with the reaction rate model. 
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