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Abstract: 

The solder joint degradation due to thermomechanical fatigue is investigated in this paper 

for PV mini-modules with EVA of different viscoelastic properties. The mini-modules were 

laminated at different curing temperatures in order to obtain EVA encapsulation with 

different viscoelastic properties. The influence of viscoelasticity of EVA on the 

thermomechanical fatigue generated on solder joint is analyzed based on a 2D 

finite-element model. Based on simulation of thermomechanical stresses accumulation, 

mini-modules with EVA cured at lower temperatures accumulated approximately 40% 

more stresses during the thermal cycle testing than mini-modules with optimal cured EVA. 

The tested mini-modules with EVA cured at lower temperature showed greater power 

degradation than the optimal cured mini-modules. An apparent increase in equivalent series 

resistance is the primary factor the power loss. A good correlation between the 

accumulated thermomechanical fatigue and the increase in equivalent series resistance is 

demonstrated with the tested samples.   
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1. Introduction 

The lifetime of photovoltaic (PV) modules is required to be 25 years or more in PV industry 

in order to achieve good financial return. Understanding of the PV module degradation 

mechanisms is one of the main issues to further improve modules lifetime. The PV module 

degradation is dependent on the operation environment, module design and material 

selection. 1) Various degradation and failure mechanisms are reported for modules under 

artificial ageing,2-4) and in real operation in different climate zones,5-11) or after different 

years of operating.12-17) PV module solder joint failure is a common failure mechanism that is 

widely observed in the field.18-24) The rate of solder fatiguing in different environments is not 

fully understood as it depends on a variety of factors, such as thermomechanical properties 

of the various materials in a PV module as well as the detailed stress levels and the material 

response to these particular stress levels.25-28)  

Typical PV modules are a multi-layer system of materials consisting of a front glass sheet, 

a polymeric backsheet, and two layers of polymeric materials in which interconnected solar 

cells and electrical circuitry are encapsulated. These materials exhibit different coefficients 

of thermal expansion (CTE) and their mechanical behaviors depend on module operating 

conditions such as temperature level, temperature ramping rate, temperature dwell time and 

etc.  

Thermomechanical fatigue on solder joints is studied by controlled thermal cycling tests 

in this work. Changes in temperature during thermal cycles and the CTE mismatch between 

constrained materials impart strain, which results in stress within and at the interface of these 

materials. In particular, solder joints undergo cyclic movement within the EVA during 

thermal cycling causing permanent deformation and the initiation of cracks leading to 

degradation of solder bond (i.e. series resistance increase due to loss of conduction) and 

finally breakage due to material fatigue. The encapsulant is an important component that 

provides electrical insulation and mechanical protection for electrical part of the module. It 

is, however, not clear its role in thermomechanical fatigue generation. Its contribution to 

damage on the solder bonds is rarely reported as its influence is not as critical as other 

components’. 29) However, a study on the influence of different types of encapsulants on PV 

module solder joints is carried out in Ref.  30), which demonstrates distinct difference in 

thermomechanical behavior for different encapsulants. This work further investigates EVA, 
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which is the most common encapsulant material used in PV industry, and studies the effect 

of EVA encapsulants of different viscoelasticity on thermomechanical fatiguing of the solder 

joint as well as the associated power loss. The viscoelasticity of EVA, which is temperature 

dependent, describes material’s elastic and viscous characteristics. EVA bulk material of 

different viscoelastic properties responses to stresses differently under the same thermal 

condition.Additionally, PV laminates with EVA of different viscoelastic properties may 

exhibit different level of strain during cyclic thermal conditions, which lead to expansion or 

contraction of the laminate assembly. These cause displacement of cells and interconnect 

ribbons, which can introduce significantly different stresses on module solder joints as 

observed in this work. 

This paper investigates solder joint degradation and failure due to thermomechanical 

fatigue and establishes a correlation between the viscoelasticity of ethylene vinyl acetate 

(EVA) encapsulation and the thermomechanical fatigue generated on solder joint during 

thermal cycle (TC) testing. A finite-element model (FEM) was developed to assess 

accumulation of thermomechanical stresses on solder joint under thermal cycling tests. The 

result of solder joint degradation is then analyzed and linked to module power degradation 

and the mechanism of power loss due to solder joint loss is evaluated. 

 

2. Experimental methods 

2.1 Viscoelastic Properties of EVA  

Materials which exhibit both elastic and viscous properties can be described as viscoelastic. 

For such materials, the strain response to an applied stress is a function of temperature. In 

general, increasing temperature decreases elasticity, resulting in an increasingly delayed 

strain response to an applied stress. Viscoelasticity may be studied using dynamic 

mechanical analysis, whereby an oscillatory force (or stress) is applied to a sample of 

material and the resulting displacement (strain) is measured. The storage modulus, G’, is a 

measure of the stored energy within a material and is representative of the elastic portion. 

Loss modulus, G’’, is a measure of the energy which is dissipated as heat during 

displacement and represents the viscous portion.  

G cos       (1) 
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	 sin       (2) 

The ratio between G’ and G’’ for a viscoelastic material is known as the loss factor, tanδ, and 

is a measure of the dampening in the material.  

      (3) 

The higher the loss factor, the greater the viscous portion and the energy dissipation of the 

material. To assess thermomechanical fatiguing, these properties need to be known. They 

were measured in this work for each sample over a temperature range of -40°C to 100°C 

using a TA Instruments Hybrid-2 Rheometer; applying a 1Hz oscillation.  

 

2.2 Mini-modules with EVA of different viscoelastic properties and thermal 

cycling test 

In order to study the effect of viscoelasticity of EVA on solder joint degradation, a number of 

bespoke single cell c-Si mini-modules were fabricated with different EVA consistencies. 

These were subjected to TC testing between -40°C and 85°C, as prescribed in the current 

certification standards, 31) for 1400 cycles. This is significantly longer than the standard test 

but will give a more realistic stress level. Their cross sectional structure is illustrated in Fig 1. 

In total, 16 samples were fabricated at four different curing temperatures of 125°C, 135°C, 

145°C and 150°C. Different curing temperatures result in different viscoelastic behaviour of 

EVA. This difference can be presented as tanδ, which is the ratio of loss modulus over 

storage modulus. Figure 2 plots the measured values of tanδ over the temperature range of 

TC test for the EVAs cured at the four conditions. At temperatures above 50°C, the 

differences become bigger. This indicates that samples cured at 125°C exhibit more 

significant displacement within the module assembly than the other samples, i.e. they are 

more elastic. This is expected to result in higher thermomechanical fatigue on the solder 

bonds.  
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Fig. 1.  Cross sectional structure of the mini-module. 

 

Fig. 2.  Measured tan(δ) values over temperature range of TC test. 

 

The TC testing was carried out in an environmental chamber. During the test, all 

mini-modules were periodically removed to conduct I-V measurements at STC condition 

using a Pasan IIIb solar simulator. 

 

2.3 Modelling thermomechanical stresses accumulation on solder bonds 

Finite-element analysis (FEA) is employed to simulate thermomechanical strains generated 

during thermal cycling and to calculate the damage potential on solder joints. A 2D model 

is developed using COMSOL Multiphysics, which reflects the mini-modules previously 

described. The inelastic deformation of the solder joints is considered in this work as 

means of evaluating damage potential and is simulated using Anand’s viscoplastic 

model. 32) The model quantifies the isotropic resistance to plastic flow, as defined by the 

structure characteristics of the solder alloy e.g. grain size, dislocation density etc. This 

value is denoted as S and is referred to as deformation resistance. Naturally, the value of S 

evolves with temperature and time as the internal structure of the solder changes. Anand’s 
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model consists of two coupled differential equations which relates inelastic deformation 

rate to deformation resistance. The strain rate equation for the Anand model can be written 

as Eq. (4), where the evolution of s is given by Eqs. (5) and (6). 

∙
/

                   (4)  

where  is the inelastic strain rate, A the pre-exponential factor, Q the activation energy, 

m the strain rate sensitivity,  the stress multiplier, R the gas constant and T the absolute 

temperature.  

     1 ∗ . 1 ∗ . ;        a>1     (5) 

            ∗ ̂                  (6) 

where  is the hardening constant, a the strain rate sensitivity of hardening, ∗ the 

saturation value of s, ̂ the coefficient and n the strain rate sensitivity for the saturation 

value of deformation resistance. The material parameters required for calculating 

viscoplastic deformation are A, Q, ζ, m, h0, ̂ , n, a and s0. Where s0 is the initial 

deformation resistance value. These material parameters for 60Sn40Pb solder alloy are 

well-defined in the literature 33) and are given in Table I below. 

Table I.  Anand Viscoplastic model parameters for eutectic 60Sn40Pb solder alloy. 

Parameter Value 

A 1.49x107 

Q (j/mol) 90046 
ζ 11 
m 0.241 
h0 2640 

̂ (MPa) 80.42 
n 2.31 
a 1.34 
s0 56.3 

 

The mini-modules fabricated at Loughborough consist of a single cell soldered using a 

60Sn40Pb solder alloy and copper-based interconnecting ribbons. Table II summarizes the 

dimensions of each component, which is used in the FEA model. 

Table II.  Dimensions of mini-module components used in the model, mm.  
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Component Length Width Height 

Cell 150 80 0.22 
Glass 200 123 2.9 

Encapsulant 200 123 0.8 
Backsheet 200 123 0.41 
Ribbons 80 - 145  1.5 0.3 
Solder 80 1.5 0.02 

Appropriate material properties must be defined in the model in order to produce 

appropriate results. For the remaining materials, material properties are either measured or 

furnished from datasheets of the manufacturers, which are summarized in Table III. 

 

Table III.  Material properties of each component used in the model. 

Component CTE (10-6/K) 
Young’s Modulus 

(GPa) 
Poisson’s Ratio Density (g/cm3) 

Cell 2.7 128 0.28 2.3 
Glass 8 73 0.23 2.5 

Backsheet 5.04 3.5 0.29 2.5 
Ribbons 17 105 0.35 8.5 

 

3. Results and discussion 

3.1 Degradation of performance parameters 

Differences in performance degradation of the mini-modules with EVA of different 

viscoelastic properties are observed during the extended TC test as shown in Fig. 3, which 

plots averaged values and standard deviations of the maximum power (PMPP), short circuit 

current (ISC), open circuit voltage (VOC) and fill factor (FF) for mini-modules with EVA of 

different viscoelastic properties, respectively.  

The mini-modules with EVA cured at 125°C (referred to in the following as L125 samples, 

the same as for L135, L145 and L150 samples) saw the largest PMPP degradation of more 

than 20% after 400 cycles and about 30% after 1400 cycles. This is followed by the L135 

samples, which experienced around 8% degradation after 400 cycles and then degraded 

faster afterwards and saw power losses about 30% after 1400 cycles. The L145 and L150 

samples showed good performance and experienced less than 3% degradation after 400 

cycles and degraded 13% and 6%, respectively, after 1400 cycles. The mini-modules with 

EVA of high tanδ values, which would exhibit more significant displacement during TC test, 

showed greater degradation. 
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The ISC degradation of all mini-modules showed a slight different pattern comparing to 

the power degradation over time. The L125 samples experienced the largest degradation 

among all samples showing 5% loss after 400 cycles and about 10% after 1400 cycles. All 

other samples saw minor degradation in ISC and did not degrade more than 2% until 900 

cycles. The L135 samples saw about 7% loss in ISC after 1400 cycles, while the L145 and 

L150 samples are still stable. The VOC remained almost unchanged over time for all 

mini-modules and the small variations in the result may be due to temperature influences on 

the measurements. The most significant contribution to the power degradation is seen in the 

FF, where similar degradation patterns were observed. . The solder bond fatigue which leads 

to increase in the equivalent series resistance is expected to be a major contributor for the FF 

losses. In the following it is shown that the fatigue accumulation for different mini-modules 

and the change of equivalent series resistance obey a good correlation.  

 

  

(a)     (b) 

  

(c)     (d) 

Fig. 3.  PMPP, ISC, VOC and FF degradation during thermal cycling. 
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3.2 Correlation of thermomechanical fatigue accumulation and series 

resistance degradation 

Simulations of thermomechanical fatigue accumulation on solder bonds are carried out for 

L125, L135, L145 and L150 samples. Figure 4 shows both the accumulated damage and 

cycling temperature for L125 samples. It can be identified that the thermomechanical 

fatigue accumulated largely during ramping periods. This is characteristic of the behavior 

of the solder that is explained by the hyperbolic sine term in Anand’s model. The damage 

accumulation is faster when temperature ramps up from 50 to 85°C, as 1) the solder 

resistance to deformation is smaller at higher temperature; 32) and 2) the loss factor tanδ 

increases with the increasing temperature, which leads to higher energy dissipation and 

increased displacement. The loss factor decreases, when temperature ramps down. As 

temperature ramps down below 0°C and approaches the lower dwell temperature at -40°C, 

EVA material passes through the glass transition and the loss factor becomes higher again 

and therefore increasing the strain imposed on solder bonds. This simulation can be applied 

to all samples including L125, L135, L145 and L150. With EVA of different viscoelastic 

properties as indicated by the loss factor shown in Fig. 2, according to simulations, the 

L125 samples see about 40% more accumulated damage than the L150 samples do. 

 

Fig. 4.  Simulation of thermomechanical fatigue accumulation during TC test for L125 

samples.  

The thermomechanical fatigue generated during TC test leads to ageing of solder bonds, 

which increases the equivalent series resistance (RS). Based on this assumption, a 
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correlation between the equivalent series resistance and the estimated fatiguing can be 

established.  

Changes in slopes of I-V curves are evident from the I-V measurements as plotted in Fig. 

5 for L125 and L150 samples, respectively. Clear changes in slopes at VOC can be observed 

for the L125 sample, but no changes for the L150 sample. With the comparison analysis of 

extracted diode model parameters presented in Ref.  3), the equivalent series resistances for 

all mini-modules over TC test are evaluated. The averaged values and standard deviations 

of the equivalent series resistance for L125, L135, L145 and L150 samples are plotted in 

Fig. 6 against TC testing cycles. The L125 samples saw early increases in equivalent RS, 

which is followed by the L135 and L145 samples. The equivalent RS of L150 samples 

remained stable after 1400 cycles. The degradation of equivalent RS for L125, L135 and 

L145 samples tend to stabilize after a fast increase. This could be due to the ageing of EVA 

and other components of the module and their properties, therefore, can change over the 

course of ageing.  

The increase of equivalent RS is observed over time as a result of solder bond degradation 

and a correlation between the changes in RS and the thermomechanical fatigue is established 

and plotted in Fig. 7 for the L125, L135, L145 and L150 samples, respectively. Considering 

the nonlinear behaviour of solder joints degradation and change of equivalent RS, which are 

basically determined by material properties, the damage of thermomechanical stresses on 

solder joints is estimated by a Coffin-Manson type equation, 34) as , with S the generated 

thermomechanical stress, A and m are the constants found through least square regression 

represent the nonlinear degradation behaviours. Three stages of the degradation can be 

identified: 1) Initial thermomechanical fatigue accumulation before the increase in RS. This 

means there is an induction or initiation phase before rapid degradation takes place on solder 

bonds. This can be the initiation of crack on solder bonds. 2) Thermomechanical fatigue led 

deformation of solder joints results in fast increase in RS. This can be the crack growth. 3) 

Stabilization of RS. The stabilization of RS is not clearly understood and further investigation 

is required. But it could be explained by the fact that material’s resistance to deformation 

increases with deformation. 32) Another factor may be the PV material ages during the test, 

which minimizes the influences of thermomechanical fatigue on solder joints as well. 
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Fig. 5.  I-V characteristics after 0-1400 cycles of TC testing for a sample cured at 125°C 

(L125) and a sample cured at 150°C (L150). Dots are measured I-Vs, while solid lines are 

fitted I-Vs. 

 

Fig. 6.  Series resistance extracted from I-V cures during thermal cycling. 

 

Fig. 7.  Correlation between series resistance degradation and thermomechanical 

fatigue on solder joints. 
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4. Conclusions 

Degradation of solder bonds within a PV module was evaluated for mini-modules with 

EVA of different viscoelastic properties based on the extracted equivalent series resistance 

and the simulated accumulation of thermomechanical fatigue. The viscoelastic properties 

of the EVA have been shown to have a significant impact on the imposed strains of the 

solder bonds. The mini-modules with EVA cured at lower temperature, which exhibit more 

significant displacement during thermal cycling test, experienced larger degradation in 

power. The degradation of power of different mini-modules appears to be due to FF losses, 

and shows similar curved pattern as the increase in series resistance. Based on this 

assumption of thermomechanical fatiguing leading to series resistance degradation, the 

correlation between the accumulation of thermomechanical fatigue and the increase in the 

equivalent series resistance shows good agreement.  
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