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ARTICLE INFO ABSTRACT
Keywords: Nowadays recycling of photovoltaics (PV) using the solvent method is becoming a very hot topic
Large-deformation as massive products deployed in the last century have approached the end of their service

Polymer—solvent system
PV recycling
Finite element method

lifetime. The key problem in the recycling of end-of-life PV modules is the nondestructive
recovery of precious silicon wafers for the manufacturing of new products. However, the attempt
to comprehensively understand the polymer—solvent system in the PV recycling process is
completely lacking. In this work, a thermodynamically consistent large-deformation theory is
proposed to model the coupled behavior of this system. The development of continuum theory
accounts for the solvent permeation, swelling and elastic deformation, as well as shrinking
effects due to the initial crosslinking of ethylene-co-vinyl acetate (EVA). The crosslinking of
EVA influences the stiffness of the polymer network, and interacts with the diffusive kinetics
of solvents. Also, given the effects of mechanical constraint, the two-way coupling between the
EVA deformation and solvent diffusion is established on the basis of thermodynamic arguments.
The proposed modeling method is firstly applied to simulate the swelling experiments of
cylindrical EVA samples in solvents Toluene, Tetrahydrofuran, and Octane, and good agreement
has been achieved between the numerical prediction and available testing data. Then the second
example demonstrates the capability of this modeling framework to describe the influences
of initial crosslinking and mechanical constraints on the time history evolution of swelling
and elastic deformation. Finally, the complete PV laminate in the 3D setting is modeled for
the investigation of solvent penetration induced deformation in the silicon cell layer during
the PV recycling process, and comparison has been made to showcase the spatial distribution
of maximum principal stress of the silicon cell layers in solvents with different solubility
parameters and molar volumes. With this computational tool at hand, it is possible to provide
guidance to the design of suitable experimental procedures for the structure-intact recovery of
silicon wafers in PV recycling with the solvent method.

1. Introduction

In the past decades, the development of environmentally friendly energy production techniques has resulted into the fast-
growing increase of photovoltaic (PV) modules all over the world (Heath et al., 2020; Kontges et al., 2014, 2017; Tao & Yu,
2015; Weckend, Wade, & Heath, 2016). According to Xu, Lai, Wang, and Wang (2021), it is estimated that the global installed
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Fig. 1. The general structure of a typical PV module (Liu et al., 2022a).

capacity of PV has dramatically increased from 40 GW to 715 GW in the recent decade. In view of the limited service lifetime
(around 25 years) of PV modules (Gagliardi, Lenarda, & Paggi, 2017; Paggi, Berardone, Infuso, & Corrado, 2014; Paggi, Corrado, &
Berardone, 2016; Paggi, Corrado, & Rodriguez, 2013), a significant amount of these end-of-life products, which are defined as waste
of electronic equipment (Corcelli, Ripa, & Ulgiati, 2017), will continuously pose challenges to the sustainable energy production and
environmental protection (Deng, Chang, Ouyang, & Chong, 2019; He, Gutierrez, Young, & Schoenung, 2019; Liu, Reinoso, & Paggi,
2022a; Nain & Kumar, 2020; Tammaro, Salluzzo, Rimauro, Schiavo, & Manzo, 2016). Hence, there is an urgent need to develop
reliable techniques to dispose end-of-life PV modules (Cui et al., 2022; Deng, Zhuo, & Shen, 2022; Farrell et al., 2020; Liu, Zhang,
& Wang, 2020; Sah, Kumar, et al., 2022; Wang, Tian, Chen, Ren, & Geng, 2022).

The improper disposal of PV panels by landfilling is intolerable nowadays as the hazardous metal components such as lead
and cadmium, among others, would cause pollution to the environment (Tammaro et al., 2016). Besides, it is of great importance
to recover the precious silicon wafers and other metals for the manufacturing of new products to reduce the cost, supporting the
sustainable development of energy production (Bustamante & Gaustad, 2014; Dias et al., 2021; Nevala et al., 2019; Padoan, Altimari,
& Pagnanelli, 2019). Normally, the PV module is a laminate structure composing of different plies including tempered glass, silicon
solar cells, and backsheet, which are bonded to each other by ethylene-co-vinyl acetate (EVA) layers (Liu, Reinoso, & Paggi, 2022b),
as shown in Fig. 1. Therefore, many approaches have been developed in the related literature in order to separate the different layers
by the removal of EVA and then reclaim valuable materials in the end-of-life PV modules (Azeumo et al., 2019; Liu et al., 2022a;
Lovato, Donato, Lopes, Tanabe, & Bertuol, 2021; Pang et al., 2021). The use of nitric acid to remove EVA layers was proposed
in Bruton (1994), but the resulting NO, emissions are harmful to the environments. Thermal decomposition is another alternative
method to remove EVA layers but leads to the release of harmful gas because of the existence of fluorinated compounds (Fiandra,
Sannino, Andreozzi, Corcelli and Graditi, 2019; Shin, Park, & Park, 2017; Tammaro, Rimauro, Fiandra, & Salluzzo, 2015). Also,
some thermal or mechanical pretreatments are designed to dissemble the backsheet before the further recycling process (Aryan,
Font-Brucart, & Maga, 2018; Fiandra, Sannino, Andreozzi and Graditi, 2019; Zhang & Xu, 2016). In addition, recycling of PV modules
using the organic solvent method has received a great deal of attention in the recent years (Doi et al., 2001; Kang, Yoo, Lee, Boo, &
Ryu, 2012; Kim & Lee, 2012; Li et al., 2022; Prasad, Sanjana, Kiran, Kumar, & Ratheesh, 2022). In spite of these efforts, it is very
challenging to reclaim unbroken silicon wafers, which is a key problem in the PV recyling as the thickness of silicon cell layers was
reduced to approximately 0.1 mm after 2006 (Huang, Shin, Wang, Sun, & Tao, 2017).

The major factor responsible for the degradation of PV modules is the aging of EVA layers, while the service lifetime of silicon
wafers is much longer than that of PV modules (Doi et al., 2001). In this regard, much cost can be saved with the reclaim of
structurally intact silicon wafers for the manufacturing of new PV products, since the silicon ingot manufacturing process can
be omitted. High environment pollution and energy consumption can be avoided with such an ideal reusing strategy that also
reduces around 40% cost of PV production (Liu et al., 2019). Unfortunately, very scarce research activities have been devoted to
the nondestructive reclaim of intact silicon wafers in PV recycling, such as thermal decomposition at specific heating rates (Park,
Kim, Cho, Lee, & Park, 2016) and breakage of glass layer before thermal treatment (Lee et al., 2018). Although it is possible to
recover the intact silicon wafers using the these methods, the thermal decomposition is actually difficult to control and the cracking
of glass during the treatment tends to break the silicon wafers. In addition to this, results in Doi et al. (2001) have indicated that
the swelling of EVA during the recycling process using the solvent method can lead to the cracking of silicon cell layer. Therefore,
there is an urgent need to develop a suitable computational framework to help control the recycling process for the recovery of
structurally intact silicon wafers.

EVA is a kind of polymeric material consisting of 3D network of polymer molecules that are bonded to each other, and thus
capable of recoverable large-deformation (Baek & Pence, 2009; Drozdov, 2018; Fennell, Leszczynski, Kamphus, & Huyghe, 2020;
Mezzasalma, Abrami, Grassi, & Grassi, 2022). During the recycling process using the solvent method, the solvent can penetrate into
the EVA network when coming into contact, and the molecules can be absorbed by the skeletal polymeric network of EVA, forming a
swollen aggregate. The solvent molecules can interact with each other as well as with the polymer structure, and also migrate in and
out of the swollen aggregate. The theory of mass transport in the continuum solids dates back to Tanaka and Fillmore (1979), and
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have been further developed for the description of coupled deformation and diffusion with application to the response of hydrogels,
including swelling and deswelling induced by mechanical deformation and forced fluid permeation (Bayat, Wang, & Baghani, 2020;
Duda, Souza, & Fried, 2010; Sauerwein & Steeb, 2020). The purpose of this work is to develop a thermodynamically consistent
large-deformation theory on the continuum level for the description of EVA polymer—solvent system in the PV recycling, so as to
provide guidance to the design of experimental procedures for the nondestructive recovery of ultrathin and brittle silicon wafers.
Similarly to the theories developed by Duda et al. (2010), the polymer-solvent system is treated as homogenized continuum in which
the solvent flux is allowed. In the development of constitutive theory, the Flory—-Huggins theory for the free energy change due to
the mixing of solvents with different solubility parameters and EVA polymer network is adopted, and the statistical-mechanical
model is accounted for to describe the entropic change of EVA polymer chains due to the mechanical stretching.

This work proposes a computational framework at finite strains for the modeling of EVA polymer-solvent system in PV recycling
using the solvent method, which takes into account the coupled solvent diffusion, swelling and shrinking of EVA polymers, as well
as effects of mechanical constraints and initial crosslinking of EVA during PV lamination. In Sections 2 and 3, the basic continuum
kinematics in the large-deformation framework and balance laws for force and mass balance are given according to the standard
modern continuum mechanics. Section 4 presents the derivation of thermodynamics and constitutive theory, and the specific free
energy definition is given in Section 5. The numerical implementation of this theory is derived in detail using the finite element
method in Section 6, and then applied to the PV recycling through some examples in Section 7. Finally some concluding remarks
are presented in Section 8.

2. Continuum kinematics

According to the standard concepts of continuum mechanics framework (Gurtin, Fried, & Anand, 2010; Wriggers, 2008), the
EVA body in PV modules can be described as a macroscopically homogeneous continuum solid within the Euclidean space E3. It
is assumed that kinematic fields in the continuum theory are applied at large length scales compared to that associated with the
polymer molecule network and pore-structure of EVA (Dortdivanlioglu & Linder, 2019; Hajikhani, Wriggers, & Marino, 2021). We
identify the macroscopically homogeneous EVA with the space it occupies in the reference configuration 3, and describe the current
configuration B by a smooth one-to-one transformation mapping ¢ : B, — E*. The position vector of an arbitrary material point
in the reference configuration 53, is denoted by X, and the corresponding vector in the current configuration 5 is represented by
x = @(X,1).

The displacement field in the reference configuration is defined as u(X, ) = x — X = ¢(X, ) — X, and the transformation mapping
is described by the deformation gradient F, which reads
(X, 1)

X
where Vy denotes the material gradient. The determinant of the deformation gradient is defined as J = det F # 0, representing the
volume change from the reference configuration to the current configuration. The velocity v and its gradient with respect to the
position vector x in the current configuration L are given by

F=

= VxeX.n @

v=¢X,t) and L=V,y=F F! .

where V, denotes the spatial gradient.
To describe the coupled mechanical behavior of polymer and solvent, the multiplicative decomposition of deformation gradient
is given by

F =F°.F° 3

where F¢ and F* represent the elastic and swelling parts of deformation gradient F, respectively. The swelling distortion F* is defined
as

F' =41, with 2*>0 “4)

where A* is the swelling stretch, which accounts for the swelling of the polymeric body due to absorbed solvents that are pinned to
the network structure in the intermediate local space at the material point X. For convenience, the determinant J can be written
as

J=J¢J, with J¢=detF® and J°®=detF® =%)> (5)

Remarkably, (J* — 1) represents the volume change per unit reference volume of EVA resulting from the swelling behavior due to
the change in the solvent content. Analogous to the theory developed for hydrogels, the swelling constraint is defined as

JS=1+0Cg and ¢=(1+0Cg)"! ©

where v denotes the volume of a mole of solvent molecules, Cp represents the number of moles of absorbed solvent molecules by
the polymeric body per unit reference volume, and ¢ is the polymer volume fraction.
Following the standard decomposition of deformation gradient, we have

F=R-U=V:-R and F*=R°-U°=V®-R° )
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where R and R¢ are rotation tensors, U and U¢ are right stretching tensors, and V and V¢ are left stretching tensors. Subsequently,
the total right and left Cauchy—Green tensors C and B, and the elastic corresponding tensors C¢ and B¢ are defined as

C=U’=F'-F and B=V?=F-F' (8a)

C°=U2=FT.F and B*=V?=F. FT (8b)
Next, by substituting Eq. (3) into Eq. (2),, the velocity tensor L can be expressed as
L=L¢+F.L* Fe! ©)
where the elastic and swelling velocity tensors L¢ and L* are given by
L=F.F! and L*=F . F! (10)
3. Balance laws

3.1. Balance of linear and angular momentum

In the current configuration, the local form of force balance in the absence of dynamic effects can be expressed as
Ve o+b=0 (11

where b is the body force per unit deformed body, and o is the Cauchy stress tensor deriving from the balance of angular momentum.
As is standard (Zdah & Miehe, 2015), the first Piola—Kirchhoff stress tensor P and Kirchhoff stress tensor = can be related to the
symmetric Cauchy stress tensor ¢ by

P=Jo -FT (12a)

t=Jo (12b)
and thus

c=J"pP.FT (13)

Let 053, and 0B, be the complementary surfaces of the polymeric body B with 9B = 013, UdBB; and 0B, NdB; = @. The boundary
conditions imposed on the body in the current configuration can be given by

u=u on 0JB, (14a)

c-n=t on JB (14b)

where n is the outward unit normal on the external boundary a3 of the body 5.
3.2. Mass balance of the solvent content

Let j denotes the fluid flux per unit deformed area per unit time, and thus — fars j - n doQ represents the total moles of solvent
molecules entering the EVA body B across 0B per unit time. In the current configuration, the mass balance equation reads

Cr=—JIVy-j (15)

By the substitution of Eq. (6),, Eq. (15) can be rewritten as

¢ .
-V,-j=0 16
Jogz ) (16)
in which the fluid flux j is defined as (Duda et al., 2010)
. . D
j=-m(@)  Vyu with m(¢) = RTo [A=7r)p+7] 17)
[

where m is the mobility coefficient that depends on the polymer volume fraction ¢ and diffusion coefficient D, R is the universal gas
constant, T represents the absolute temperature, and y is the correlation coefficient that determines the change of polymer network
due to the increase of solvent content.

Let 0B, and 953; be the complementary surfaces of the polymeric body B with 058 = 93, UdBB; and 93, N9B; = @. The boundary

conditions imposed on the EVA body in the current configuration are given by

u=f on 0JB, (18a)

—j-n=j on 9B, (18b)

where y is the chemical potential that will be derived in the following.
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4. Thermodynamics and constitutive laws
4.1. Second law of thermodynamics

Following the discussion of thermodynamics and ignoring inertial effects and kinetic energy (Gurtin et al., 2010), the balance
law for energy under the isothermal condition using Lagrangian description is given by

/ VR d_QRs/ (P-Ng) -¢daQR+/ BR~(deR—/ uJg - Ng doQg (19)
By 0B, By 0B,

where the subscript R means the description of fields in the reference configuration, J; is the solvent fluid flux in the reference
configuration that is pulled back from the current configuration (i.e., J; = JF~! - j), Ny stands for the unit normal in the reference
configuration, By represents the body force in the reference configuration, and yy denotes the Helmholtz free energy density per
unit reference volume. By using the divergence theorem, Eq. (19) can be rewritten as

; [ir — (Vx ‘P+Bg)-¢—P:F+pu Vy -Jg+Jg - Vxu| d2 <0 (20)
0
Given the material description of Egs. (11) and (15), and using the fact that Eq. (20) must hold for every part of the EVA body, the
local form of energy imbalance in the reference configuration is given by
P :F—puCg+Jz-Vxu<0 1)
By using Egs. (3), (9), (10), and (12a), the stress-power term can be written as
P:F=J(c-FT):F=Jo: (L°+F-L°-F)
=Jo: (F-F')+Jo: (F-L*-F')
—Jo: (B F) +J (FT.o.FT) : Lf (22)
= %J (F o FT): C+T(FT-6-FT): L
For convenience, two stress measures are defined as
S¢=JF!.6.FT and M°=JFT.c.FT (23)
so that
PiF=28:CoaM L 24)

where S¢ and M¢ are the second Piola stress tensor and Mandel stress tensor, respectively. Given Egs. (4), (5) and (10), the
stress-power Eq. (24) can be written as

P:F:%Se FCOHMe: (FFTY)
=Llge ep Lypjome (25)
2 3
1 e ~e = Fs
== : - pJ
2S C*—-p

in which p is the mean normal pressure defined as p = —%J s=IM¢ : 1. Hence, by substituting Eq. (25) into Eq. (21), the local form
of free energy imbalance in the reference configuration is given by

WR—%se:C<’+,3J'S—,4c'R+JR~vXﬂso (26)
Recalling Eq. (6), it results into J* = 0oCy that yields

1 . .
li/R—ES":C"—(u—vp)CR+JR~VX/4§0 27)
4.2. Constitutive theory

The Helmholtz free energy yy, is assumed to depend on the deformation C¢, solvent concentration Cy, and thus its rate is given
by

Oyg Jyr

¢, Cr) = — : C°+ —( 2
VR (€ Cr) = 560 1 €+ aCy R (28)
Eq. (27) yields,
oyr 1 .
(W‘E > [——(M—Up)] Cr+Jr-Vxu <0 (29)
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Given that this inequality should hold for any values of C¢ and Cy, the following thermodynamics restrictions can be obtained

oy (€4, CRr) oyg (€, CR)
S¢=2—= d =——+0p 30
3Ce an 39Cx +0p (30)
Next, recalling Egs. (12a) and (23), the Piola stress tensor and Cauchy stress tensor can be written as
oy (€4, Cg)
-l T
c=2J FE-T~FE (31a)
g (€. CR)

P=2F.— _ — T 31b
aCe (31b)

Notably, in view of Eq. (17), the solvent-transport inequality is followed

Jr - Vxu = =Im||Veul* <0 (32)
5. Free energy definition

Following the well-established methods (Hajikhani et al., 2021), the Helmholtz free energy yy can be specialized as

wr (C°,Cr) = iiRCr + ¥R mech (C%> Cr) + ¥R mix (C°, CR) (33)

where jig is the reference chemical potential of the solvent, yg meq, (C¢, Cg) denotes the mechanical contribution to the free energy,
and g i (C¢, Cy) represents the energy contribution due to the mixing of the solvent with the EVA body.
The mixing free energy per unit reference volume of the polymeric body is defined as

oCgr Cr
+ (C% Cr) = RTCRr 1 RT ”
WR,mlx( R) Rn<l+1)CR>+ I(1+DCR> o

where y is the dimensionless parameter. Recalling the definition of polymer volume fraction in Eq. (6), the mixing free energy in
Eq. (34) can be written as
1-¢ x(1-¢)

Wrmix (C°.Cr) = RT ” In(l —¢) + RTT (35)

It should be pointed out that the enthalphy term in Eq. (34) is introduced for the mixing of polymer—solvent system in line with the
Flory-Huggins theory. According to Diez, Camacho, Diaz, and Ovejero (2014), the Flory-Huggins parameter y can be determined
as

1
RT
where yg and yp are the entropic and enthalphic contributions of the parameter, respectively, 6, is the solubility parameter of
polymer, and &, is the solubility parameter of the specific solvent, which is given by

2
X=XstXg=xs+ (5s_5p) (36)

1/2
_ 2 2 2
6,= (82,482, +8,) (37)

where §; , is the apolar part, §; , is the polar part, and §, , is the hydrogen bonding part.
By coupling an energetic contribution with a Gaussian statistics based entropic term (Chester & Anand, 2011), the mechanical
free energy wg mech can be expressed as

1 _ 1
YRmech = 5G(@) (p723Ce :1-2InJ -3) + K@ (n Jey? (38)

where «a is the crosslinking degree during the lamination process, and G(«) and K («) represent the shear modulus and bulk modulus
of EVA polymer network, respectively. To account for the crosslinking effects on polymer structure (Espinasse, Cassagnau, Bert, &
Michel, 1994; Schulze, Apel, Daller, & Ehrich, 2015; Wallner, Adothu, Pugstaller, Costa, & Mallick, 2022), the shear modulus is
assumed to depend on the gelation, and defined as

G(@) = (1 - 2)G° + aG! (39)

in which G is the shear modulus of polymer network with no crosslinking (« = 0), and G! is the shear modulus of polymer network
with full crosslinking (a = 1). As a result of Eq. (39), the bulk modulus can be determined as

2G(a)(1 +v)
K(a)= /22
@==31" (40)
where v denotes the Poisson’s ratio of the polymer network.
Thus, using Egs. (35) and (38) in Eq. (33), the free energy function accounting for the combination of mixing, swelling and
elastic stretching effects takes the form of

1-¢

wg (€. Cg) =firCr + RT ) =9

In(1—¢)+RTE-—®
v (41)
+ %G(a) (¢723C* :1-2InJ -3) + %K(a) (InJ¢)*

6
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Recalling Eq. (31a), the Cauchy stress tensor is given by

o =J"" [G@p™*/*B* - G@)1 + K(a) (InJ)1] (42)
Next, by the use of

B=F F =¢ 2B (43)
Eq. (42) reduces to

6=J"[G@®B-1+K(@)(nJ)1] (44)
Hence, according to Eq. (31a), the first Piola—Kirchhoff stress tensor is given by

P=G@) (F-FT)+K@@nJ)FT (45)
Also, using Egs. (30), and (41) and taking into account J = J¢/¢ = J°(1 + vCy), the chemical potential y is given by

u=jig +RT [In(1 — ) + ¢ + x¢*| + %uc(a)qs]ﬂce 11— 0G(a) + vp (46)
Recalling that

=3 TIME 1= (R FT) 1= -2 0 “47)
and Egs. (42), (46) can be reduced to

u=jig + RT [In(1 = ¢) + ¢ + y¢*| — vK(@)(In J)p (48)
6. Numerical implementation

Recalling Egs. (11) and (14), together with Egs. (16) and (18) that represents the boundary value problems, and in the absence

of body forces, the corresponding weak forms can be obtained by multiplying Eqs. (11) and (16) with the weighting functions u
and 6y, respectively. Integration over the region Q of the body yields the scalar-valued functions

/(Vx~6) ~6udR=0 (49a)
B
/( ¢ —Vx-j>6/4d9=0 (49Db)
B \ Jug?
By the use of divergence theorem and accounting for the boundary conditions Egs. (14) and (18), the weak forms can be reformulated
as
/(::: "5—“) d.Q:/ (6u-T) doQ (502)
B ox By

é
/B (5” Tod?

Through the standard Galerkin approach (Wriggers, 2008), the displacement fields u, the chemical potential y, and their
corresponding weighting functions Su and 6u can be interpolated by the shape functions N, and expressed as

u:ZuIN’ and 6u:25u’NI (51a)

_ T =
) dQ_-/B<a—X~J> dg-/w (6uj) doQ (50b)

]

u= 2 wW' N and 6= Z sul N1 (51b)

with I and J denote the node number of the element. By substituting Eq. (51) into Eq. (50), the following system of equations in
the element level read

/ <G-M> d.Q=/ (NTE) don (52a)
e 0x oBe

j T
/Be <N’%;52> dQ:—/BE <aalx4j> dg—/w (N'}) do (52b)
i

This set of coupled equations can be solved by the iterative Newton-Raphson solution scheme by defining the following residuals
for the displacement u and the chemical potential u in the element level

1
R{,:-/ (a"l> d_(2+/ (N'T) doe (53a)
Be ox aBe

Ri:/e <NIJ;L;)2> d.Q+/e (‘%{'j) dg+/m (N'j) dog (53b)

J
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and given the definition of solvent flux in Eq. (17), the residual equations in the index form can be written as

I oN! s
Rl =- 6, —— | d2+ (N'7,) dog2 (54a)
i Be J ax/- F) f
; 19 -
R! =/ (N’%) d_Q—/ <mﬂ—”> d!2+/ (N'j) doe (54b)
H e Jv(i) Be (3xi 0x,- F) ;
The consistent linearization of the coupled polymer-solvent system in the matrix form is given by
Ky KW] [Au] [Ru]
—_ (55)
[KM“ K.l [4n R,
with the components of tangents corresponding to the node number I and J defined as
I I
K/ - R and K!/ _ R
un T ou’ up aMJ
J J (56)
JR JR
KJ=—-—% and ki/=-_—%
Hu ou’ HH a”J
For convenience, the tangent component K!J in index form is derived as
dR! I of;
S p—— =/ 2 (Jo,.jal> d2g- | NINTZL woo
i ou;, B ou ox; B2 Ouy,
9 oN! —1) 1t i
= — i — dQp — N'N doQR
/Bg oul ( Y aXa “ R Jome k
I a7, oF,
=/ IN +Fy ) S QR—/ NN ZL d90
B 0X, JOF, ou] OB Uy
I at;; J or;
:/ IN ( Fy e+ = > N 5 cd2e— [ NINT L a0
Be 0X, i 9F,, ) 90X, oB¢ ouy,
ot J o1,
=/ﬂ<F Fle, + F;} ”)‘)N d2g - [ N'N'ZL do@
B 0X i 9F,, ) 90X, one ouy 7)
oN! _ -1 9% oN’ 1o OF
= F, FF i+ F o —— | Fj,—— dQ — N N’ — doQ
/Bg 0x, m( 5T GF, ) o, TR B¢ Ouy
I J of.
=/ N ( 8T +FM ) IN dog - NINT L d00
B ox, dF 0x; oBe ouy
1 or; o7,
=/ INT (_y-15,0)+ 7', N qo_ [ NINTZL goq
pe 0X, ()F,m 0x; aBe ouy
oN' P - oN’ oF;
=/B£ o ( I8 7y + IR, maF, la,kr,l> o de - LWN Njau; doQ
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Next, recalling Egs. (44) and (48), the tangent KIIU{ in index form is given by
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Then the tangent K! {1 in index form can be derived as
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Similarly, the last tangent K7 is given by
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Notably, by the use of Eq. (48) and J¢ = J¢, the polymer volume fraction ¢ in the numerical solution is determined explicitly
from the following nonlinear equation

IR i = )+ bt 7~ D I = 0 62)
Besides, its rate ¢ is calculated through the difference approximation

: ¢n+1 ¢n

¢= At (63)

where ¢,,; and ¢, denote the values of polymer volume fraction at the current and previous time increments, respectively. The
computational framework is implemented into the finite element program Abaqus, and convergence is accepted if both the largest
residual and correction to the solution are less than the prescribed tolerance values at each time increment.

7. Numerical application to PV recycling

In this section, the coupled chemo-mechanical responses of EVA copolymer with application to the recycling of end-of-life
photovoltaic modules using the organic solvent method are simulated to illustrate the capability of the computational framework.
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Table 1
Model parameters of EVA copolymer for the coupled modeling.
Parameter Value
G° (298 K) 5 MPa (Badiee, Ashcroft, & Wildman, 2016)
G' (298 K) 20 MPa
v 0.495 (Badiee et al., 2016)
Xs 0.34 (Diez et al., 2014)
5, 17.5 MPa!/? (Diez et al., 2014)
14 100

2R
L 2R
v

H
N~ RH=2.0

R/H=1.0

Fig. 2. Cylindrical EVA samples with three different aspect ratios (0.5, 1.0, and 2.0) between radius and height.

The first case is the numerical simulation of the free-swelling experiments of cylindrical EVA samples with different types of
solvents (Toluene, Tetrahydrofuran, and Octane), and subsequent comparison with available testing data is addressed for validation
purposes. It should be pointed out that these solvents have been chosen because they cannot dissolve the EVA copolymer at the
particular temperatures but cause swelling when coming into contact (Mencer & Gomzi, 1994). Then the second case demonstrates
the capability of this computational framework to model the effects of initial crosslinking and mechanical constraints on the time
history evolution of complex coupled response. Finally, since the cracking of silicon solar cells due to EVA swelling is the critical
problem in PV recyling using the solvent method (Doi et al., 2001), the complete PV laminate is modeled in the 3D setting to study
the deformation and diffusion mechanisms, and the mechanical and swelling responses under different conditions are analyzed
in detail. Based on the well-established experimental evidence in the literature, the basic model parameters associated with the
properties of EVA copolymer are listed in Table 1. The initial chemical potential of dry EVA polymer is defined by Eq. (48) with
the reference chemical potential of the solvent jiz equal to 0.0 J/mol, and the default initial crosslinking degree is set to 0.0 unless
specified in the following. It should be pointed out that the value of polymer volume fraction ¢ at time 0.0 is set to 0.999 rather
than 1.0 to avoid numerical difficulties. For convenience, the swelling degree is specified as the ratio between the solvent volume
and total volume of both solvent and EVA polymer (Mencer & Gomzi, 1994).

7.1. Swelling simulation of cylindrical EVA samples

In this example, the transient free swelling of cylindrical EVA samples with different types of solvents is simulated according
to the experiments (Mencer & Gomzi, 1994). To study the swelling kinetics of EVA polymer in different solvents, the apparatus
consisting of two round reservoirs connecting to each other with a graduated tube was designed to perform the experiments as
reported in Mencer and Gomzi (1994). Before testing, the solvent level in the tube was recorded when the apparatus was vertical
and there was no contact between solvent and the dry EVA polymer samples. On turning the apparatus to the horizontal state, the
solvent penetrated into the specimen and the kinematic measurements started. After certain time periods, the apparatus was turned
back to the vertical state and the solvent level in the graduated tube was recorded again. In this way, the volume decrease of solvent
level is equal to the volume increase of the polymer specimen. The initial volume of the specimen is 0.15 cm?, but the shape is
not mentioned in Mencer and Gomzi (1994). To investigate this influence, cylindrical specimens with three different aspect ratios
between radius and height (0.5, 1.0, and 2.0) are chosen in the following simulation, see Fig. 2. The isothermal condition with the
constant temperature of 298 K is assumed in this work. Three different solvents including Toluene, Tetrahydrofuran, and Octane
are considered, and their basic properties are reported in Table 2. Due to symmetry, only a half of axisymmetric cylindrical slice is
modeled to save computational cost. Zero chemical potential boundary condition is prescribed on the outer surfaces of specimen.

The contour plots of polymer volume fraction ¢ for the three cylindrical models with different ratios between the radius and
height obtained from simulation after 15 min, 30 min, and 45 min in the solvent of Tetrahydrofuran are shown in Fig. 3. Note
that as the solvent penetrates into the EVA copolymer, the volumes of models change with time for all the three different shapes.
The EVA models gradually increases their volumes because of the entry of solvent molecules and subsequent combination with
the polymer molecules by physical forces. This swelling phenomena can be ascribed to the higher interaction energy between the
polymer molecules than that for their interaction with solvent molecules at this temperature condition of 298 K. Besides, it should
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Table 2
Solvent properties for the swelling simulation (Mencer & Gomzi, 1994; Padhi, Raju Achary, & Nayak, 2015).
Toluene Tetrahydrofuran Octane
v (m?/mol) 1.068 x 107* 7.79 x 1073 1.635 x 107*
D (m?/s) 4.04 x 107" 4.0 x 107" 4.0 x 107"
8,4 (MPal/2) 18.0 16.8 15.6
s,, (MPal/2) 1.4 5.7 0.0
8, (MPa'/2) 2.0 8.0 0.0
R/H=0.5 R/H=1.0 R/H=2.0
0.771
0.727
(a) Time = 15 min
R/H=0.5 R/H=1.0 R/H=2.0
0.516
0.474
(b) Time = 30 min
R/H=0.5 R/H=1.0 R/H=2.0
0.454
0.447

(c) Time = 45 min

Fig. 3. Comparison of the contour plots of the polymer volume fraction in Tetrahydrofuran after (a) 15 min, (b) 30 min, and (c) 45 min for the three different
models with the ratio between radius and height equal to 0.5, 1.0, and 2.0.

be pointed out that the volume change process is not only the absorption and diffusion of solvent molecules but also the change
in polymer structure of the EVA. As mentioned in Mencer and Gomzi (1994), on the one hand, as solvent molecules penetrate
into the interstructural space between polymer molecules, the supermolecular polymer structures are formed, which results into the
interstructural swelling. On the other hand, the solvent molecules will also penetrate into the internal polymer molecule structures,
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Fig. 4. The time history plots of swelling degree in Tetrahydrofuran for the three different models with the ratio between radius and height equal to 1.0, 0.5,
and 2.0.
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Fig. 5. Comparison of the time history curves of swelling degree in the three different solvents between experiments and numerical simulation.

leading to the so-called intrastructural swelling. From the sectional view of the cylindrical models in Fig. 3, it is also clearly observed
that the polymer volume fraction ¢ increases from the boundary to the inside portion of EVA, which represents the solvent diffusion
as well as the polymer swelling process. To better quantify the effects of ratio between radius and height, the time history responses
of swelling degree for three different models in the solvent of Tetrahydrofuran are shown in Fig. 4. Generally, the time history
curves of swelling degree for the three different models agree with each other very well, which indicates that the ratio between
the radius and height has no significant influence on the swelling behavior of the EVA copolymer in solvents under the isothermal
condition. In the remaining part of this section, only the cylindrical model with the ratio between the radius and height equal to
1.0 will be considered.

The swelling phenomena in the EVA polymer—solvent system is mainly caused by the interactions due to the dispersive forces,
but the solvent properties such as the molar volume and viscosity also greatly influence the kinetics. In the following, three solvents
(Toluene, Tetrahydrofuran, and Octane) with different basic properties have been chosen in the numerical simulation of swelling
tests of EVA samples with the cylindrical shape at the constant temperature of 298 K reported in Mencer and Gomzi (1994). The
comparison of time history curves of swelling degree in the three different solvents between simulation and experiments are shown
in Fig. 5. The swelling degree changed over time, and the volume change lasted until the equilibrium state when the swelling degree
became constant. Also note that the same polymer reaches the different equilibrium swelling degrees in the three solvents due to the
different molar volumes and viscosity parameters. Compared with the swelling behavior of polymer samples in Tetrahydrofuran and
Toluene, the corresponding equilibrium swelling degree in Octane is significantly lower because of its lower solubility parameter.
As for the cases in Toluene and Tetrahydrofuran, not much difference of equilibrium swelling degree can be observed as a result of
approximately equal Flory—-Huggins parameter determined by the corresponding solvent properties. The swelling kinetics for EVA
copolymer in the three solvents of different nature with respect to their interactions can be well predicted by the modeling method,
and as shown in Fig. 5, the swelling time history curves obtained from simulation agree with the experimental data very well.

12
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Fig. 6. Schematic for the transient swelling of (a) pure EVA sample and (b) EVA/aluminum laminate.

7.2. Effects of crosslinking and mechanical constraints

In this section, the influences of crosslinking treatment and mechanical constraints on the coupled responses of EVA polymer in
PV recycling using the organic solvent method have been investigated in detail to further demonstrate the capability of the modeling
framework. As mentioned in Czanderna and Pern (1996), the crosslinking process of EVA copolymer is indeed the formation of 3D
polymer network that increases the stability of the elastomeric material. In this process, the hydrogen from terminal methyl groups
of the EVA chains is abstracted by the cleaved radical species, and at the same time, the active radical site is transferred to the methyl
group of EVA, which then creates the bond between the EVA chains through reaction. In PV lamination, the crosslinking reaction
is basically the result of thermolysis at the temperature condition around 150 °C (Hirschl et al., 2013). It has shown by chemical
assessment in Lange, Luo, Polo, and Zahnd (2011) that the crosslinking degree is strongly affected by both the temperature condition
and lamination time during the manufacturing process. The initial crosslinking degree is considered here as a key parameter to
the coupled chemo-mechanical response of the polymer—solvent system in PV recycling. In line with the tests reported in Doi et al.
(2001), both the pure EVA samples and samples bonded with aluminum plate have been taken into account in the simulation to study
the mixing effects. As shown in Fig. 6, due to the symmetry, only a quarter of the pure EVA sample and a half of the EVA/laminate
are modeled in the plane strain condition. The width and thickness of the EVA sample are 15 mm and 3 mm, respectively. For the
elastic modeling of aluminum substrate using the Kirchhoff-Saint-Venant constitutive model, the Young’s modulus and Poisson ratio
are set to 69 GPa and 0.33, respectively, which are taken from Lee and Tay (2013). In the first case of pure EVA sample, symmetric
boundary conditions are imposed on the edges AB and AD, while in the second case of EVA/aluminum laminate, the symmetric
boundary condition is applied to the edge EH. The solvent can penetrate into the two symmetric models from the edges BC, CD,
GH, and part of edge FG that belongs to EVA, and the other edges are prescribed to zero-flux chemical boundary conditions.

The contour plots of polymer volume fraction ¢ of the pure EVA samples with the crosslinking degree « = 0.0 and « = 1.0 at
15 min, 30 min, and 45 min are shown in Fig. 7. It can be clearly seen the rectangular pure EVA samples in the plane strain condition
gradually increase its volume over time due to the penetration of solvent. The polymer volume fraction ¢ is higher in the area close
to the edges than that in the middle areas as a result of the solvent diffusion. Also, the polymer volume fraction distribution in the
EVA sample becomes lower with time for both the initial crosslinking degree a = 0.0 and a = 1.0. On the other hand, the contour
plots of polymer volume fraction ¢ of the EVA/aluminum laminate samples with the crosslinking degree « = 0.0 and a« = 1.0 at
15 min, 30 min, and 45 min are shown in Fig. 8. As in the previous case study of pure EVA samples, the volume of EVA in the
laminate structure becomes bigger over time for both two crosslinking degrees. However, the EVA body can only change along
the thickness direction in this case as the bottom edges are constrained by the aluminum substrate along the horizontal direction.
Note that the difference between the predictions of EVA with two crosslinking degree is intensified compared with the previous
case, which can be ascribed to the coupled diffusion-deformation in the presence of mechanical constraint from the aluminum
substrate. Besides, it can also be seen from Fig. 8 that the EVA part of laminate sample with no initial crosslinking cannot maintain
the rectangular shape with time because of the enhanced solvent flux from the two upper corners and faster diffusion process
than that with the initial crosslinking « = 1.0. The quantitative comparison of swelling degree between the pure EVA sample and
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Fig. 7. Comparison of the contour plots of the polymer volume fraction at (a) 15 min, (b) 30 min, and (c) 45 min between the pure EVA samples with
crosslinking degree a = 0.0 and « = 1.0.

EVA/aluminum laminate with two different initial crosslinking degree is shown in Fig. 9. The equilibrium swelling degree for both
the pure EVA and EVA/aluminum laminate with no initial crosslinking is larger than that with initial crosslinking « = 1.0 - this
is because crosslinking can suppress the swelling behavior of EVA due to part of its dissolution. It is also worth noting that the
mechanical constraint directly influence the magnitude of equilibrium swelling degree, reducing from 0.5 to 0.385 with the initial
crosslinking « = 0.0 and from 0.31 to 0.225 with the initial crosslinking « = 1.0.

7.3. Coupled modeling of PV recycling

This section addresses the numerical simulation of the recycling of complete PV laminate using the organic solvent method under
gentle temperature condition. As pointed out in Doi et al. (2001), the key problem in this recycling method is the cracking of PV
silicon cells due to the swelling of EVA layers induced by solvent penetration. The characteristics of recycled intact silicon cells are
of great importance to the high-value reuse and reduction of production cost. Hence, it is crucial to develop a reliable modeling
framework to understand the coupled responses of EVA in different solvents during the PV recycling process. The sectional sketch
of the PV laminate in the recycling process is shown in Fig. 10. A quarter of the complete PV laminate is modeled in the 3D
setting to study the EVA swelling-induced deformation of silicon cells, as shown in Fig. 11. The thickness values of glass, EVA (no
crosslinking), silicon cell, and backsheet are 4 mm, 0.5 mm, 0.166 mm, and 0.1 mm, respectively. Only elastic deformation is taken
into account for the modeling of glass, silicon cell, and backsheet layers using the Kirchhoff-Saint-Venant constitutive model, and
the basic mechanical properties are listed in Table 3. The zero chemical potential is prescribed on the outer surfaces of two EVA
layers, and the initial potential for the dry EVA polymer is determined in the same way as in the previous two cases. Symmetric
displacement boundary conditions are imposed on the symmetric planes, and the bottom surface of glass layer is constrained to
remove rigid body motions.

The contour plots of polymer volume fraction ¢ of the first EVA layer (EVA1) in the three different solvents Toluene,
Tetrahydrofuran, and Octane after 5 h, 10 h, and 15 h are shown in Fig. 12. At each of the three different time points, the
polymer volume fraction of the first EVA layer (EVAL) in Toluene is lower than that in the other two solvents Tetrahydrofuran
and Octane, which is mainly because of the high molar volume and viscosity of Toluene. The polymer volume fraction values of
EVAL at equilibrium in Toluene, Tetrahydrofuran, and Octane are approximately 0.587, 0.612, and 0.780, respectively. After 15 h,
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Fig. 8. Comparison of the contour plots of the polymer volume fraction at (a) 15 min, (b) 30 min, and (c) 45 min between the EVA/aluminum laminate samples
with crosslinking degree « = 0.0 and « = 1.0 (aluminum in gray color).
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Fig. 10. The sectional sketch of the PV module in the recycling process.

Fig. 11. Finite element model of a quarter of the complete PV laminate.

Table 3
Mechanical properties for PV modules (Corrado, Infuso, & Paggi, 2017; Paggi, Kajari-Schroder, & Eitner, 2011).
E (GPa) Density (kg/m?) v
Backsheet 2.8 1200 0.3
Silicon 130 2329 0.2
Glass 73 2500 0.24

the polymer volume fraction value in the middle area of EVA1 in Octane is the highest among the three cases, which can be ascribed
to the lowest Flory-Huggins parameter. The spatial variation of the polymer volume fraction ¢ of the first EVA layer in the three
different solvents after 1 h, 5 h, 10 h, and 15 h are shown in Fig. 13. At 1 h, the polymer volume fraction at the central area remains
the value of 1.0 due to the lack of solvent penetration. No significant difference of the spatial distribution of polymer volume fraction
in the solvents Tetrahydrofuran and Toluene can be observed at this time point because of their similar solubility parameters. After
15 h, it can be clearly seen from Fig. 13(d) that the polymer volume fraction distribution plot of EVA1 in Octane is much higher
than the other two plots corresponding to Toluene and Tetrahydrofuran, which indicates least volume change of EVA in Octane.
The contour plots and spatial variation of polymer volume fraction ¢ of the second EVA layer (EVA2) in the three different solvents
Toluene, Tetrahydrofuran, and Octane after different time periods are shown in Figs. 14 and 15, respectively. It can be observed
that the volume change and spatial variation of polymer volume fraction of EVA2 are similar to that of EVA1 in PV modules due
to the fact that the thickness of silicon cell layer is very small. The time history evolution curves of EVA swelling degree of the two
EVA layers in the three solvents Toluene, Tetrahydrofuran, and Octane are shown in Fig. 16. As expected, the volume of EVA layers
in the PV modules increases with the penetration of solvents over time, but due to the different solubility parameters and molar
volumes of three solvents, the corresponding time evolution curves of swelling degree show clear distinctions from each other.
The maximum principal stress plots of silicon solar cell layer of the PV modules in the three different solvents Toluene,
Tetrahydrofuran, and Octane after 5 h, 10 h, and 15 h are shown in Fig. 17. Due to the enhanced solvent flux at the corners
of EVA layers in the PV module, the stresses of silicon cell layer are higher at these marginal areas. After 5 h, the upper limit of
maximum principal stress of silicon cell layer in Toluene is the highest among the three cases, with the value of 35.0 MPa, which
can be ascribed to the highest swelling degree of EVA layers in this case. The maximum principal stress of silicon cell layer has
the lowest value in Octane because of the lowest swelling degree of EVA layers in it. Note that the values of maximum principal
stress of silicon solar cell layers in the three different solvents Toluene, Tetrahydrofuran, and Octane all increase over time as the
solvents gradually penetrate into the middle area of EVA layers. After 15 h, the maximum principal stress at the outer areas of
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Fig. 12. The contour plots of the polymer volume fraction ¢ of the first EVA layer (EVA1) in the three different solvents Toluene, Tetrahydrofuran, and Octane
after (a) 5 h, (b) 10 h, and (c) 15 h.

silicon cell layers with the three solvents reach the maximum values, indicating higher risks of silicon cracking at these areas.
According to Sander, Dietrich, Pander, Ebert, and Bagdahn (2013), the fracture stress of silicon mono-crystalline was approximately
30 MPa, which might be regarded as damage criterion here. Specifically, the silicon cells are considered to be damaged when the
corresponding maximum principal stress values reach this criterion. The damage plots of silicon cell layer of the PV modulus in
three different solvents after 5 h, 10 h, and 15 h are shown in Fig. 18. It is noteworthy that the onset of damage affects the stress
distribution in the silicon (and hence the mechanical equilibrium condition) but this is here not taken into account and is left for
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Fig. 13. The spatial variation of the polymer volume fraction ¢ of the first EVA layer (EVA1) in the three different solvents Toluene, Tetrahydrofuran, and
Octane after (a) 1 h, (b) 5 h, (¢) 10 h, and (d) 15 h.

future investigations. Therefore, the obtained damage distributions should be considered just as a first step towards a more detailed
fracture mechanics approach. However, in the limits of such approximation, they are certainly associated with different risks of
damage in the different cases.

8. Conclusions

In this work, a thermodynamically consistent large-deformation theory for the modeling of the coupled EVA polymer—solvent
system has been presented in order to address the technical problems regarding the recycling of end-of-life PV modules. The
computational framework accounts for the solvent diffusion in the EVA layers, swelling and elastic deformation of EVA in solvents
with different solubility parameters and molar volumes, as well as effects of crosslinking and mechanical constraints. The solvent
diffusion and resulting swelling of EVA layers lead to the high risks of destroying the intactness of silicon cell layers, which is the
key problem in PV recycling as pointed out in Doi et al. (2001). The computational modeling in this work is a first attempt to
address this technical issue that is of great importance to the PV industry.

The numerical method was firstly applied to simulate the swelling experiments of EVA in three solvents of different nature
according to Mencer and Gomzi (1994), and very good agreement with the testing data has been achieved, which demonstrates
the reliability of this method. Given the crosslinking of EVA in PV lamination, the second example has addressed its effects on the
complex behavior of polymer-solvent system, and also taken into account the coupled shrinking effects in the presence of mechanical
constraints. The reduced volume change of EVA layer with higher initial crosslinking and mechanical constraints from substrate can
be predicted for the different polymer—solvent systems. The last example concerns the modeling of complete PV laminates in the
3D setting to study the deformation of silicon cell layer induced by the solvent penetration and subsequent swelling of EVA layers.
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Fig. 14. The contour plots of the polymer volume fraction ¢ of the second EVA layer (EVA2) in the three different solvents Toluene, Tetrahydrofuran, and
Octane after (a) 5 h, (b) 10 h, and (c) 15 h.

Solvents with different basic properties such as viscosity and molar volumes have direct impact on the coupled responses of PV
modules, which further influences the recovery of nondestructive silicon wafers.

The proposed study allows to design virtual experimental procedures for the evaluation of effective impact of the coupled
mechanisms on the recovery of structure-intact silicon wafers in PV recycling using the organic solvent method. Specifically, with the
known basic properties of solvents and EVA copolymer used in PV modules, it is possible to identify suitable mechanical boundary
conditions to guarantee the high integrity of reclaimed silicon wafers during the recycling process of end-of-life products.
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Fig. 16. The time history evolution of the EVA swelling degree in the three different solvents Toluene, Tetrahydrofuran, and Octane.
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Fig. 17. The maximum principal stress plots of the silicon cell layer in the three different solvents Toluene, Tetrahydrofuran, and Octane after (a) 5 h, (b) 10 h,
and (c) 15 h.
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Fig. 18. The damage plots of the silicon cell layer in the three different solvents Toluene, Tetrahydrofuran, and Octane after (a) 5 h, (b) 10 h, and (c) 15 h.
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