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a Voronoi algorithm has been widely used to digitally
generate the representative microstructure of poly-
crystalline [Kumar et al. 1992, Mullen et al. 1997, ...]

a Two modification algorithms applied to the Voronoi
tessellation in order to avoid numerical problems
(generation of distorted elements):

I.  Merging the centroids which are very close to
each other( r.,;, =1.5 [mm] )

Il. Removing very short edges after the Voronoi
tessellation ( L, =0.15 [mm] )

a Decomposition of the domain to N=3624 polygonal
sub-domains, based on the experimental measurement
of the centroids of the grains. N=3624

: Convergence problem in
1.36% of elements are distorted || sgimulagon
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a The matrix of elastic moduli of silicon with the lattice direction of [001], [010] and
[100] defined as the reference directions (in local COS):

[001]

C11 Gz G2 O 0 07 C,;; = 164.8 [GPa]
C. — Ci Cp Gy 0 0 O Ci» = 63.5 [GPa]
SSTI0 0 0 Cyu O 0 T o
0 0 0 0 Cu O Caa =79 [GPd]
(0 0 0 0 0 Cul ool

a Definition of the direction cosines’ matrix for the new COS
X3

x3 Xé X1 Xy X3

[001]

Qij = COs (xj’xi) L] = 12,3 Xi Q11 Q12 Q13
[010] xz
x; | Qo Q22 Q23
[100]

X1
x5 | Q31 Q32 Q33

X1
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Anisotropy of the silicon crystals
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O  Construction of the fourth order elasticity tensor C based on the matrix of elasticity
moduli ¢ in the reference lattice direction
[Ci111 Cr122 Cigzz Ciioz Cigzn Ciagp
C2211 (:2222 C2233 (:2223 «22231 (:2212 G —_ c . E
— @:3311 (:3322 ((:3333 (:3323 ((:3331 C3312 j_', - I.k.l' kl
C - C2311 (:2322 ((:2333 (:2323 ((:2331 @2312 Where :I . }
€111 Cs122 Gauaz Cappz Capzn Gy L], k,l = 1,2,3
-((:1211 (:1222 ((:1233 (:1223 ((:1231 @1212-
Q Transformation of C (fourth order elasticity tensor ) and subsequently € (matrix of
elasticity moduli) from its local COS to the global COS
I I.yjr k! l - 112y3 c Local COS
(Cijkl = (QpqujQersl)(Cpqrs { rs=123 ’
b4 1 C’ === Global COS
a Obtain the values of Young’s modulus and Poisson’s ratio in each arbitrary direction
5:%:% -
v s, sy LJ=123 where s =1
VU B Yi S_u N Sii
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a Distribution of the Young’s modulus and the Poisson’s ratio in (001)-plane

[010]-direction [010]-direction

150° ‘ ) * [00 1]

A _
(110) — plane

L

180°

uonddup-[oo1]
uonoanpFno1]

210°

v,
in-plane

: ¢ [010]

(001) — plane

o
-

270°

I Emin—001 = 129.5 [GPa] v =0.2781 I

| Emax—oo1 = 168.0 [GPa] v =0.0633 |
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a Distribution of the Young’s modulus and the Poisson’s ratio in (110)-plane

[001]-direction [001]-direction

[00 1]
150° Iy -

— — (110) — plane

2 2

Z . — :

g N g

2 ~ )%
g 210° . y \ 111]

Vin-plane f ) ¢ [010]
270° 4 | (001) — plane

[100]

| Emin—oo1 = 1295 [GPa] v =10.2781 |

| Emax—170 = 186.5 [GPal] v =0.1819 |
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a Crystallographic orientation for each grain is
defined through the angle 6; (One independent
variable)

B
roRad

208
£

a Applying random orientation to each grain in the ol
plane of (001) e
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Q Performing the stability Analyses in two main steps:

a Inserting a pair of distributed moments along two opposite sides of the wafer

a Simulation of the Cooling down process through applying a uniform
temperature field to the whole domain from 577° to 20°C

S S S S S T S AT F T EFF AT ST

}T:ﬁﬁ\\\\

Emax—001tEmin—o01 | 3

| N
5, ——Emax 4 Max deviation = 4.25 %

——E_min | i
[00 1] \
0.5 ——E_mean ]
(110) — plane \

[010]

]

i
(N

er deflection [mm]

600

(001) — plane|
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of the four-line bending test ///'o;&i:;:;; NSTITUT FOR STAT
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156 [mm]

\ | 156 [mm] |
Cell_gap =4 [mm]I ‘ A A
B ml I}

v |

A-A cross section:

laminates
Backsheet laminates E [MPa] Vv
EVA_ Bottom a Backsheet 2584.5 0.271
Si EVA 7.9 .23
Al_Paste Si_homogen| 161800 0.223
EVA_Top Al_Paste 3900 0.347
Glass Glass 73000 0.23
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S, 811 §, §11
(Avg:+7259°/;)le+01 (Avg: 75%)
e
+1.991e+01 +2.023e+01
=i +1.511e+01 +1.533e+01
= +1.031e+01 < +1.044e+01
v +5.551e+00
+6.589e-01
-4.233e+00
-9.125e+00
-1.402e+01
-1.891e+01
-2.380e+01
-2.869¢+01

-8.896e+00
-1.370e+01
-1.850e+01
-2.330e+01
-2.810e+01

) ] ] Rigid surfaces
Discretization: J

Number of Type of ::Z \ A

elements elements

150 NoContact /'// R
Contact 4200 C3D20R . Contact A \

7 S
No contact 4200 C3D20R = 250 A Max deviation =3%

- A

Contact properties: e
100 /
Type s0 /
Tangential ..
behavior FrICtlonaI (0'1) ° 0 5 10 15 20 25 30 35
d_Roll [mm]
Norm_al Hard Contact
behavior
C3D20R: Quadratic 20 nod id el ¢ Contact does not have significant influence on the structural behavior
: Quadratic 20 nodes solid elements

of the PV-Module in four-line bending test
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Max deviation =2.4%

Discretization: 1600 —
Number of Type of 1400 : Y i
elements elements —whos / /\

1200 = With Si / \

W/O silicon 34860 C3D20R o A ~_Max deviation =15%

= Ve

With silicon 170280 C3D20R S o0 // pd

! 600 //
We can neglect the material nonlinearities of 400 7/
silicon at the structural level and consider 200 Z
them just at the local analysis - By o e
- o] 20 40 60 80 100
Performing local global analyses d_Roll [mm]

Effect of silicon wafer can not be neglected in the structural
behavior of the PV-Module
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Transformation of the
deformation field from
the global model to the

sub-model

Q Avoiding the propagation of the very fine mesh to the structural level (+)

Q Possibility of investigating the effect of different grain distributions and orientations
with less computational costs (+)
Q With the one way sub-modeling method the strain field in the sub-model can not be

redistributed (-) = Using encapsulated silicon wafer in the sub-model (Ongoing
research)
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S, Max. Principal

(Avg: 75%) S, Max. Principal
+1.241e+02 (A\fg!+715|;@,‘:;e+ﬂz
Thfdeetns +8.893e+01
+1.029e+02 abggernl
+aezge4d 180R9e101
+8.186e+01 +7.1808+01
+7.106e+01 +6.2868+01
+6.045e+01 +5.3848+01
+4.985e+01 +4.482e+01
+3.925e+01 +3.580e+01
+2.864e+01 +2.6782+01
+1.804e+01 +1.776e+01
+7.436e+00 +8.745e+00
-3.168e+00 -2.736e-01

Max. principal stress in sub-model Max. principal stress in the global model

a Including the grain geometry and considering the anisotropy - 15% increase in the
maximum principal stress in silicon layer
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User subroutine USDFLD is used to model the complex material nonlinearity

The subroutine has access to solution data , e.g. stresses, strains and ...

Material properties in ABAQUS/Standard can be defined as functions of field variables (fv;)
Subroutine USDFLD allows the user to define fv; at every integration point of an element.
The material properties can be a function of the solution data.

o000

Start of Increment |

Structural loading

Determination of strain- and USDFLD in each integration
stress-field in each gauss point point of each element

: : : - Calculation of the
Modlfyt'Fhe matelrzlal Checklc?rgitgwr?afallure 1 N\ -
properties, e.g. E —y eg | and ..

Modification of the If the material
field variables #, fails?

Leibniz
Universitat
Hannover

fi
i O]
09
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Rankine criteria in tension

Drucker-Prager criteria in compression

a Combination of Rankine and Drucker-Prager
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Symmetric BCs

Oucy™ 300. [Mpa] ’s deflection =58.5 [mm]

— O

(abcy/ O-Ucy )_ 116 40 60 80 100
d_Roll [mm]

oy, = 50 [Mpa]
Proposed sub-model:
Current sub-model: Poly-crystalline silicon is encapsulated in EVA layers
No re-distribution of strain field in silicon is allowed re-distribution of strain field in silicon is allowed

Poly- crystalline silicon I

N—
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O The effect of grain orientations and
distributions has been included in the structural
analysis

O A failure criterion for poly-crystalline silicon
has been proposed

O  In order to avoid the fine meshing of the whole
structure a sub-modeling approach has been
applied using the silicon layer as sub-model
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Effect of including the inter-connectors at the
structural level on the failure behavior of the
silicon is to be investigated

The sub-modeling method using the

encapsulated poly-crystalline silicon as sub-
model is to be investigated

The resulting residual stress field after the co-

firing and soldering processes is to be taken
Into account
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