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(T

: ) o Sandwich panel application in car parts
« Conventional mechanical joining ,

techniques such as rivets and bolts generate
localized stress concentrations which can
be primary sources of failure, adhesively
bonded joints (ABJ) relieve these stress
concentrations

« ABJ also enable greater use of composite
materials such as carbon fiber reinforced

o

po Iyme rs , aS bo Ited Con n eCti O nS req u i re [source: https://soar.wichita.edu/bitstream/handle/1005 66/t11094_Donga.pdf?sequence=3]

Rim

drilling and fiber removal
« Sandwich panel construction also
offers to reduce weight of car rims

Flange

X

/ -
[source: https://www.iccm- Z ﬁ’/ Spﬂkeﬂ
central.org/Proceedings/ICCM18proceedings/data/2.%200ral%20Presentation/Aug26%28Friday%29/F07%2

0Sandwich%20Materials%20and%20Structures/F07-3-AF1528.pdf ]



Motivation C_I U]

COMPOSITES MODELING AND
MANUFACTURING LAB

 Designing with fiber reinforced polymers (FRP) requires understanding of different
failure modes and their interaction

 Designing adhesively bonded joints (ABJ) adds more complexity to this design process
* More materials, more failure modes, more structural considerations

« Experimentation with ABJ show several major failure modes
* [t is important to understand the root cause of these variations

Mixed failure: 66.8 kN Mason et al. 2019
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* FRP materials, as well as adhesives can be
subject to various manufacturing defects and i (iosconc voss|  Adnesve iy
Imperfections > - S

« \oids in adhesive and adherends

Microscopic
fiber/matrix

« Fiber disbonding as a result of residual stress T
« Offer a potential cause for failure mode variation Deamination ) lfrom manufacturing
_Porosity Ghosting (artifact)

(left) Interfacial damage as a
result of thermal residual stress
(Vaughan et al. 2011)

Porosity 4



» Damage Modeling Methodologies

* Double Lap Joint (DLJ) with Fabric Doubler
* Inclusion of Material Defects Studies

e Discussion

 Future Work
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Adhesively Bonded Joint w/Doubler
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i
R
s
— s
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Aluminum Sandwich
insert Filler resin panel #2
Width

Thickness

Sandwich
panel #1

“Doubler” Length

Face sheet laminate



DGD: Modeling Intralaminar Damage MM
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» Continuum damage mechanics (CDM)

 Reduce the stiffness tensor to represent the
presence of damage

e Used to model matrix cracks

 Benefit: no requirement to explicitly
model the cracks or change the mesh

» Deformation gradient decomposition
(DGD)

~ Transverse Matrix
Crack

[image credit:nap.edu]
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Adhesive and Interlaminar Damage: Cohesive Zone
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(a) Mode | cohesive law
20 1

Specimen 2
—— Specimen 4
Specimen 7
——Breitzman (2009)
w—| aw A-l
| aw B-I
== Cohesive Law

* Multilinear cohesive law for adhesive
 Superposed elements in ABAQUS
* Model includes option for zero or
finite thickness elements _

* Bilinear law for interlaminar damage S0 osmeimin

10 1

Stress [ksi]

Specimen 7
Specimen 8
Specimen 9
——Breitzman (2009)
w—_aw A-ll
e _aw B-ll
= Cohesive Law

0 0.005 0.01 0.015 0.02
Displacement-Jump [in]
aws and their approximation by superposition of bilinear laws for (a) Mode
I and (b) Mode II.

Leone et. al (2012)



Fabric Damage Model C—MM
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* Models a homogeneous

orthotropic material that can : Vi 0
sustain progressive degradation g |75 El eh
of material stiffness. o |= -+ 14 L. £
» Fiber and matrix damage are =3 ; T
separate i (1-dy,)2G,, |
* Implemented using built-In
ABAQUS VUMAT
Fiber damage (warp and weft directions) Matrix damage
Fiber damage under tensile or compressive loading Matrix damage under shear loading
e e NNNNN
-——- NRRNN
Tay et. Al (2017)— EEEE \\‘\‘\‘\ ?




Fabric Damage Model C_I 71U 71
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The matrix damage for woven fabric reinforced composites under shear loading
involves stiffness degradation as well as inelastic (plastic) deformation

Contains plastic strain &, =Ef§ +$f;"

Effective shearstress &, =6,,/(1-d,,)

Yield function

F =|6,,|-0,,<0, o, is effective shear yield stress

Fa

gt e —— &y
Schematic representation of typical shear response

Damage state function ¢, =35,,/S> 7,
7., 1s damage threshold (non —healing)
T, ()= max @, (1)

Damage index is related to damage threshold In(S) In(5.,)
12

>

d, =0y, In(y,,) Calculation of damage index of

matrix damage

10

Tay et. Al (2017)
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» Aluminum core elasto-plastic behavior:

350

300

250
= |
S 200 ¢ Two Ribbon Surfaces Joined
2 150 | with Tie Constraint
n

100 .

. Discretely modeled honeycomb core

0
0 0.05 0.1 0.15 (a) Experiment (b) Finite Element Analysis

Strain (-)

TR

McElroy et. al



(c)

27.94 cm

CMAM
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Displaced end

>

Fabric.doubler

i

Free
edge

Honeycomb Core

Cohesive
layer adhesive

Potting Potting Damageable region
material | | material in face sheet with
in panel core cells cohesive layers

gap

near gap

between plies

i e

Aluminum insert

Damageable

region face sheet shell face sheet

Coarse elements

(b)

()

Un-damageable
face sheet
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te with CZM and Oriented Mesh Plies

INa

=
©
—
|
-J
_
O

. Intralaminar damage is enabled

. Cohesive elements in between lamina

. Elements without damage enabled

13



SDEG
(Avg: 75%)

+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

* (right) Modeled

Damage State Comparisons; Adhesive failure C_l 71U 71
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adhesive damage state,
as shown by the fully-
failed (red) cohesive
elements

(left) Experimentally
observed cohesive
failure in adhesive layer
between doubler and
facesheet (half-width of
joint is shown)

14



Damage State Comparisons: Interlaminar Damage C_l /IU] 71
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Doubler

~ Facesheet ——

Core

—

I B
|

Large delamination

- AR

» The analyses predicted significant delamination cracks in the facesheets (red)
« Experimentally observed delaminations occurred at different ply interfaces in
different specimens e



Damage State Comparisons: Honeycomb Buckling

& A

=

 Core cell wall buckling was observed in the center of the joint in the
experiment.

* In the computational simulation, buckling of the core cell walls was
observed near the center of the joint (above figure).

 The significant core cell wall buckling occurred near the end of the
analysis, Immediately at the peak load.

CMAM
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Yellow is fabric shear damage
(plastic strain greater than
3.3%)

VUMAT effectively models
shear damage as plastic strain
Failure not completely on the
center, however, damage is also
not enabled at the symmetry
plane

Possible that width scaling may
be a factor as well

Symmetry

CMAM
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Fabric

elements with critical plastic

strain

l

B2

.4

Failed
Intralaminar
elements in
two layers

Failed
Interlaminar
elements

17
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« Compared to DIC data at center of
specimen as strain gages were not
centered, prone to edge effects 2301

 Predicted strength of 31.5 Mpa is
within 1.02% of average
experimental peak load (31.0

Stress (MPa)
.
=
=

M Pa) 10.0 L —— Experimental
. . . ' — Computational
* Notice strain “yump” around 3 0
Kips in experimental data. It is o
believed that the gap filler 0 f ' ' '
0 0.5 1 1.5 2

material fails here Strain (%)

18



( Outline

« Damage Modeling Methodologies
* Double Lap Joint (DLJ) with Fabric Doubler

e Discussion
e Future Work

19
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* Matrix micro-cracking

 Adhesive porosity - e
* Fabric porosity Is outside of - Adhesive
the scope of this work i
i — L Fabric
' doubler
M - Adhesive

(left) Interfacial damage as a
result of thermal residual stress
(Vaughan et al. 2011)

20



Facesheet Manufacturing Variability Simulation C_l /U] 71
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Casel
20.0% - Case 2

» Effects of residual-stress- Case 3
Induced microcracking in the
facesheet were simulated by
Initialization of matrix

15.0% -

10.0% 1

Frequency (%)

damage variable values. 5.0% {
« Damage was assigned in g
every Strip of elements in O0%o000 00005 00010 Fggs:;ﬂﬂu:ggz{gﬂ 00025 00030 00035
which matrix damage was 5
enabled.

« Seven models were run with
the same globally distributed
defects according to a
Gaussian distribution

Failure stress (MPa)
w
o

N
o1

Analyses with stochastic matrix damage ?56%

<¢;\~Q 21



Damage State Comparisons: Initialized Intralaminar Damage C_l U] 71
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] ) Pristine Strongest Weakest
» Total of 7 simulations ° A g m

N
(6]

< C
« Damage states are analyzed for highest peak (HP) and lowest peak =20 ¢ T F
_r . ale - e c :
(LP) loads, and the pristine case (no initialized damage) é s
i .. D210 f
» Results suggest that different local defects can result in different o8 Iy
peak load and damage development 8 S ; :
0 10 20 30
- - -Intralaminar Interlaminar e Pristine Stress (MPa)
' thrf)ngest " Weakest e Pristine  a Strongest = Weakest
ST f £ b
% 15 — p %
£t o 3¢
= 10 | =3 r
3 . g2 ¢
= St S -
L F © 1
0 b 5 :
0 10 20 30 = 0 e
Stress (MPa L 0 10 20 30
( ) Stress (MPa)

22



In order to simulate weakened or porous
adhesive, two methods were used.

» Uniform change in strength and
toughness: 10% increase, 20% increase,
10% decrease, 20% decrease

» Randomly selected individual elements
of the adhesive were assigned effectively
zero values of strength and toughness.

» Models were evaluated with 2% and
5% pre-failed adhesive elements (as
shown)

CMAM
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Damage State Comparisons: Varying Adhesive Strength and Q AUM
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K

1.2

* 10% decrease in adhesive properties
resulted in increased peak load;

* Increases In adhesive properties resulted
In a decreased peak load

Normalized stress at
failure

20 -10 0 10 20
Percent adhesive property change

24



Damage State Comparisons: Varying Adhesive Strength and Q AUM

Toughness (Continued) COMPOSITES MODELING AND
- - - Intralaminar Interlaminar m 10% KD
« 10% decrease in adhesive properties resulted in increased LS 20% KD a 10% Increase e Pristine
peak load; S |
* increases in adhesive properties resulted in a decreased peak ?g/zo :
load 215
. . . . . D
« 20% KD vs. Pristine: very similar strength, very different ol0
damage states 25
Vi
0
0 10 20 30
Stress (MPa)
m10% KD ¢ 20% KD a 10% Increase e Pristine m10% KD «20% KD 4 10% Increase e Pristine

Fabric elements with
critical strain (%)

Failed adhesive elements

0 10 20 30 0 10 20
Stress (MPa) Stress (MPa)

30

25



Damage State Comparisons: Simulated Porosity C_l 71U 71
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« 2% and 5% pre-failed adhesive elements showed 5.5% and

6.6% increase from the peak load seen in the pristine -~~~ Intralaminar —— Interlaminar e - Pristine
m 2% Pores Ao 5% Pores

model. 25

« Damage initiation begins in the adhesive at ~25 MPa

* Interlaminar and Intralaminar damage grow together and
Initiate at ~30 MPa and grow exponentially to the peak
stress

 Fabric damage occurs very quickly at the peak load

N
o

(6]
O BT T I I T I T rTT

Failed elements (%)
5\ =

o ol

10 20 30
Stress (MPa)
e Pristine m 2% Pores a 5% Pores

=
o

® Pristine m 2% Pores A 500 Pores

N
o1

T

N
o
TT

ol
[EEN
(€]

TT

[EEN
o
TT

(621

10 20 30 L e
Stress (MPa) 0 10 20 30
Stress (MPa)

Fabric elements with
critical plastic strain (%)

o
O —+%
[ ]
o
"

Failed adhesive elements (%)
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Simulated 6% Porosity C_l /U] 71

COMPOSITES MODELING AND
MANUFACTURING LAB

- - —Intralaminar Interlaminar ¢ Casel

 The experimentally measured porosity . Case? s Caces \ Caed
of the adhesive was 6% x Case5 e Uniform

- The analyses which reached higher 15 |

peak loads had less delamination g 10

damage than the analyses which failed s °

at lower peak loads F o 10 20 ”

d
+ Case 1 m Case 2 A Case 3 Load (MPa)
15 —xCased x Case 5 e Uniform

s s Case 1 m Case 2 A Case 3
Py o x Case 4 x Case 5 e Uniform
5 10 7 Y
s H/L S o g
z 5T ggzo /
§ I J % £ 10
% ’ 0 10 20 30 é 0 wie—e—e—e e ——L-L
L Load (MPa) o 0 10 20 30

Load (MPa) 27



Simulated 6% Porosity with Facesheet Defects C_l /U] 71
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* The analyses which reached higher peak - - -Intralaminar —Interlaminar ¢ Case 1
m Case? A Case3 x Case 4
loads had less facesheet damage than the « Case5 e Uniform
. . 25 r
analyses which failed at lower peak 2.0
loads s | ‘
* This is true for each of the five < 10
analyses with combined defects E °
’ (T 10 20 30
Stress (MPa)
< ; 8222 i ; 8222 é : Sﬁsi?os;m +Case 1 mCase 2 a Case 3 x Case 4 x Case 5 e Uniform
< 15 o -
2 2 30} ;
Z 5 2 |
o m 25
é 5 - - - g Elo
R S Y @J~ = |
% 10 20 30 E ’ 0 10 20 30
LL L

Stress (MPa) Stress (MPa)

28



6% Porosity and Mixed Defect Models Continued C_l 71U 71
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* In most cases (cases 1-3 in m 6% porosity
Figure above), a minor 35 6% porosity and matrix microcracks
decrease in peak load =% | _
compared to the case without =Nl n -
initialized matrix damage was Sa
found =y IH
3

» When matrix damage was T 2 + s
- eia g ; ] Porosity random seed case
Initialized in the 6% uniform
adhesive property decrease
case, the strength decreased
by 0.8 MPa

29



6% Porosity and Mixed Defect Models Continued C_l 71U 71
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* The levels of adhesive porosity
within subsections of the adhesive

damage process zone, near the 6; _ o 33.27/35.78 MPa strength
joint center, were evaluated . o 34.41/34.11 MPa strength
e As shown from the results, the | L 3Rawasts e 32.31/33.11 MPa srength
peak load associated with the L s 34.87/34.92 MPa strengt
porosity state did not correlate el ox © x 3412 34.45 MPa strength
with the minor differences in the Lo o — Uniform - 34.45/ 34.73 MPa
levels of porosity near the center  rea of adhesive queried for porosity level (mm?)
line

30



( Outline

« Damage Modeling Methodologies
* Double Lap Joint (DLJ) with Fabric Doubler
* Inclusion of Material Defects Studies

31
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» Delaying facesheet damage by allowing energy to dissipate (damage to develop) in other
joint components (adhesive, fabric doubler) earlier in the analysis in many cases led to an
Increased joint strength

 Porosity analyses showed link between the level of interlaminar damage, fabric
elements with high plastic strain, and peak load

« Experimentally, higher loads corresponded to net section failure, while weaker
samples failed through facesheet laminate delamination

 Results of simulation with uniform knockdown or increase in the adhesive strength and
toughness showed that adhesive joint strength depends non-linearly on the adhesive
mechanical properties

 Also showed that changing adhesive properties affected damage development and
levels in all joint components
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* Inclusion of material defects in the model demonstrated that material defects and local
variability in the properties can explain the stochastic strength distribution in ABJ, while

offering insight into the underlying damage mechanisms which led to the associated
major structural failure mode.

« Strengths with initialized matrix damage: 0.72% CoV
« Strength 6% porosity analyses: 2.9% CoV

e Combined defects: 3% strength CoV

« Experimentally observed strength: 6.9% CoV

 Stable damage growth in the structure can result in increased strength

 Planned failure process can allow higher strength of joint

33



Limitations and Future Work C_l U1
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 Limitation: lack of experimental observations for defect distributions and
their corresponding relationship to model inputs and/or validated modeling
approaches

* Model quarter symmetry was a limitation, modeling the full joint would
allow prediction of mixed failure mode

* Fabric porosity existed but was not simulated

34
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