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Motivation of this Research

|
= Demands on bonding systems (Structural adhesive) for multi-material

v Technology for weight reduction of the vehicle body for environmental regulation
=> Multi material based BIW, etc.

v Adhesive bonding method that can increase structural rigidity while reducing weight
=> It can reduce weight and noise compared to mechanical fasteners.
=>» Easy to attach parts that are difficult to weld due to the structure feature.

® Body adhesive
Volvo's'’XC90' chassis with various materials bonded Lexus IS body with structural adhesive
together (from Volvo) (from Lexus.co.uk)
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Motivation of this Research
|
= Mode of Failure = Design of adhesive joints
v Mode | : An opening or tensile mode v" The bonded zone is large
v Mode Il : A sliding or in-plane shear mode v" It is mainly loaded in mode 2

v Mode lll : A tearing or anti-plane shear mode

f
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(a) (b)

¢ c (d)

Adhesive Test (Mode 2)
Mode 1 Mode 2 Mode 3 (a) Adhesion Failure (b) Adhesion/Cohesion Failure

Main reason Highest resistance (c) Cohesion Failure and (d) Substrate Failure
of the failure
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Goal of this Study
= Multi-material topology optimization considering adhesive material behavior
+ Through Interfacial Tension Energy Density (ITED), the boundary, which is considered an adhesive,
is designed to be placed in a non-tensile area.
« Stiffness is also secured simultaneously by combining with conventional compliance optimization
Tension Tension
. “ B Material 1
ITED B Material 2
' B Adhesive
Separation
Optimization
Process
= Main features
Linear Analysis Single Mesh 2 or more materials
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Topology Optimization with Reaction Diffusion Equation

= RDE is used to update the design variable(element density) ¢

=>» The design complexity can be controlled through the diffusion coefficient, and it has the feature of
convergence stability by the Laplacian term.

6¢(X, t) _ 2
Reaction-diffusion » ot =aVg(x, t)

Equation

9D _ o on 002
oh
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nxeQ 0<t<T
o¢

¢ =Design variable (Element Density)

£ = Augmented Lagrangian

A =Lagrange multiplier

a = Diffusion Coefficient

‘0<¢<1:Grayarea‘ ¢
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Developed to express phase transition

Clear boundaries by adjusting coefficient.
Combining filtering + update scheme

“Topology Optimization Using a Reaction-Diffusion Equation",
Jae Seok Choi, Takayuki Yamada, Kazuhiro Izui, Shinji Nishiwaki,
Jeonghoon Yoo, Computer Methods in Applied Mechanics and

Engineering, Vol. 200, Issues 29-32, pp. 2407-2420, 2011.

@ YONSEI UNIVERSITY

The 8th TOP Webinar, Dec. 17th, 2020




Phase Section Method: Single variable-based topology optimization (1)

In a multi-material design, m-1 variables are typically required to represent m materials

= Phase Section Method is a method of expressing m substances with just one variable

Single material + Single variable

Multi material + Multi variable
(2 mat & 1 void)

Multi material + Single variable
(2 mat & 1 void)

p - P To 0.5 1
0 0.5 1
Void Q, Mat Q, Mat 1 Q,
2 Mat1Q
Mat2Q, 4 [T/ a
P Mat Q, P2 1 J '
1
0 oo .
t Mat 3 Q,
P3 Mat3o, 1T
Void Q, — >
0 > X 0 T Void Qg X
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Phase Section Method: Single variable-based topology optimization (2)

= Design variables should converge at different points between 0 and 1.
= It can be achieved by 7, (¢) and v, (¢).
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“Multi-phase topology optimization with a single variable using
the phase field design method”, Hong Kyoung Seong, Cheol
Woong Kim, Jeonghoon Yoo, Jaewook Lee, International Journal

for Numerical Methods in Engineering, Vol. 119, Issue 5, pp.
334-360, 2019.
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Main idea - Interface Tension Energy Density (ITED)

|
= Tension energy stored at the boundaries between materials

t=Sn e=En
ITED : Jz :j ~merface%t‘e”38tensdg t. =t-n, where n :% g, =¢€-n, where n =”Z—Z”
~ {ttens if t >0:tension . {‘C"tens if ¢, >0:tension
" |teomp if t, <0:compression " Eeomp if €, <0:compression
Example)
if 1, > 0:tension if 1 <0:Compression

-

Optimization
Process

ITED > 0 ITED = 0
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Interface Tension Energy Density (ITED)

= Minimize the Interface tension energy to avoid the delamination in the interface of the materials

M¢in J(X,8(X) =nJ, +1,,

where J(X,#(X)) = Objective function

¢=En

&,=¢-n, where n=

if t, > 0:tension

if t, <0:compression

V4
[v4l

Vé
[V4l

if &, > 0: tension

e = Etens
N =
gcomp

if &, <0:compression

t, >0:tension

t=Sn
Compliance J, = [ f"u(g)ds Stiffness
" | _ t,=t-n, where n=
ITED  J, = L; e Frens 12 Separation
JQ dx t, = {:tens
7 —m =12 comp
t.en .
S b=t
_."‘ £ =8
interface n

interface

t, < 0:compression
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Helmholtz Filtering for Sensitivity

= Singularity

= Alleviate singularity using Helmholtz filtering

ﬂz_l(n oc J 'm j [on | 4, (aoc d, ¢ o e
= «(—¢&)n |(n-(en))+ -(Ce)n |(n-(en))+(n-(Ce)n) (en) o, _ () . o _ idQ— o : do
op 20 o¢ v oV ¢ i~ | os &(u) |:&u) | |- s ooy fQ 29 &(u) |:&(p)
on Qe = 8|V >0}
_— (Lazarov and Sigmund, 2011)
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Effect of the Helmholtz Sensitivity Filtering

= Singularity

No filtering

Max 4.539
Min -8.675

Filtering r = 0.0026

/B

Max 0.693
Min -3.381

(¢
o

= Alleviate singularity using Helmholtz filtering

1 Mat1

0.5 Mat 2
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Formulation
|
= Phase section method = Composition ratio constraint
minimize 3 (X,$00) =7, +7,3; = e
1 1l -
. o i
subject to G(g¢) =IQD PAx—V,,, jﬁn dx<0 and m{c:m(;é) ~Creg n} =0, df;*‘*
where 0<g,, <¢<1, m=1,23..n e
(¢ B ¢m )2 ~ : }
and C,(¢)= IQD eXp[—w dx Iﬂ., dx =jﬂucm(¢)dx/.[nn dx P RS B e a1 ety
| @;_I 4 “5:.--1 density value
F (4, u(#)): design objective C,.(#) :composition ratio ,
G(¢) :volume fraction Creq_m : COMposition ratio requirement C,(9) =LG exp[—%]dx / IQD dx =LD Cn(#)dx / LG dx
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2 ~
c : bandwidth of €, 5Cg(;¢) _ L { (¢72¢’“)}xexp[—(¢;¢;) ]dx _ J‘Q X 4y
o o o o O0¢
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Flowchart of the Optimization Process

Initialization & Mesh
v

— FEM Analysis subject to G(g) = Lz $ax —v,eqja dx<0 and

v /
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Cantilever Beam: Comparison with perfect bonding results

= With the ITED method, boundary separation can be avoided even if the stiffness is reduced

= Three-phase material

o) A
E
? S é
* |
I
Mesh 150x300 :
L=04m
Perfect bonding Bonding Behavior
(Without the ITED) (With the ITED)
a, +a;
°°’":’J';a"°e 3428 6.33e-8
ITED
) 4.24 e-8 1.18 e-8 3.59 times |
Vol 0.273 0.272
Mat.1 0.198 0.198
Mat.2 0.198 0.198 9

Perfect bonding

Mat |

Tension

75 [kPa]
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Min -59.23 [kPa] -75 [kPa]
Compression

| Tension

Hﬂ

Bonding Behavior

I Mat |

=

0

Tension

H 75 (kPa]

-75 [kPa]

Compression

| | Tension
0

Max 58.75 [kPa]
Min -61.86 [kPa]
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Cantilever Beam: Design variable & convergence graph
= Design variable = Convergence graph
P 1 Mat 1 1.80E+03
-~ iR — J =nJ +nJ,
! N — g, = Norm. Compliance
21406y 1o/, = Norm. ITED
v 2 1208403
; 1.00E+03
'§ B.00E+02
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i \ /\/-\—"——
‘ 200E+02 \ - ST SIS T
. 0.00E+00
Material 1 0 50 100 150 200
17 ™ T T T Iteration number
! = Total Volume
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ateria 8 d
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[s] @ / ‘ | ~ |
0.25| = g
0
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Half MBB: Comparison with perfect bonding results

= With the ITED method, boundary separation can be avoided even if the stiffness is reduced

= Three-phase material Perfect bonding Bonding Behavior
l f 1 Matl H | Matl
70 T a | I
z O | ¢ L 05 Mat2 t{ 0.5 Mar2
o
'9 . n 0 0
% Mesh 450 x 150 =
| L=06m % Tension Tension
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|
: ' : o, +0, o Mo
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Min -230.2 [kPa] Min -227.7 [kPa]
. i Compression Compression
°"‘:’J;a“°e 9.90 E-8 1.53E-7
1.67 times |
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Vol 0.2765 0.275 : ]
{Tl
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0 0
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Four & Five Phase Material

Five Phases

Four Phases

Q .
Perfect bonding
: E
o~
) S
" = /
f il .
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7 Mesh 150x300 4 r
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Post Processing: Using two steps of the Heaviside projection

= After completing the initial concept design, gray area where it is not material are removed using Heaviside
projection.

Distinguished by 0 and 1

Optimal } n(e’ﬁ(]’”'”)Jre’/’(p/r]—l)) if 0<p<y
pP= L
result n+n[l-e?0" el (p-n)/n] if n<p<2y
where,
A=10
N mme e 7=05
Reducing the medium density value
n[e”7 ve (p/n-1)] if 0<p<y
Post n+n[1-e?"0" el (p-n)/n] if n<p<2y
processing ] 2p+n[e” PR —e (1= (p-2n)/m)] if 2n<p<3n
3p+nl-e?P e (p-3n)/n]  if 3n<p<l
t { where,
L b oo | p=15
7=0.25
@ YONSEI UNIVERSITY The 8th TOP Webinar, Dec. 17th,2020 .

OUTLINE

1. Introduction
2. Multi-material Topology Optimization using a Single Variable
3. Multi-material Design considering Interfacial Behavior
4. Numerical Examples
5. Conclusion
®) vonsE1 UNIVERSITY The 8th TOP Webinar, Dec. 17th, 2020,




Conclusion
]

» ITED defined as the product of tensile stress and tensile strain is proposed.

* By combining ITED and Compliance, it simultaneously achieves boundary separation prevention and high
rigidity design.

» By Applying Helmholiz filtering to the sensitivity, the singularity problem arising from ITED can be

alleviated.
» Various numerical examples demonstrate the effectiveness of the method proposed in this study.

< ITED > < Effect of Helmholtz filtering> < Comparison > < Examples >

1
= .[g > LensEens A€ Perfect bonding Half-MBB
e 2 With filtering

Without filtering

I \\

Tension . - I.'II \\\\ .'II \\

L-shape

ITED

=

Optimization

S = '_‘~._-). ==
Process o 1 r " » » J 4 ‘ b — 3\
’l 5-phases ’ _
L e o o
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