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Fatigue behavior of weld lines for short fiber-reinforced plastics
Outline

Introduction
» Publicly funded project VMAP and its use cases
» Integrative simulation chain for virtual product development
» Goals of use case “Fatigue”

ﬂ Weld lines in short fiber-reinforced thermoplastics
» Weld lines and effects on strength
» Approach to consider weld lines in fatigue lifetime assessment

ﬂ Material characterization
» Influence of fiber orientation
» Fatigue behavior of weld lines in AdBlue

n Fatigue lifetime assessment
» Simulation workflow
» Failure in bulk vs. failure at weld line

E Concept validation on demonstrator
ﬂ Summary and outlook
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Introduction: VMAP - industrial use cases

» Robert Bosch is participating in two use cases

» Use case 2.3: (Injection) Molding Processes
» Use case 2.4: Additive Manufacturing in Plastics

» Use case 2.3 is divided into sub use cases
» Presentation focuses on sub-use case “Fatigue”
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Integrative simulation chain for virtual product development
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Introduction: goals of use case “Fatigue”

Goals of use case “Fatigue”
» Consider weld lines in fatigue lifetime assessment
» Evaluate, whether failure will occur in bulk or at weld line

» Simplify simulation chain ‘
» keep similar accuracy
» use standard material models . micromechanical
» as simple as possible and as complex as necessary (Mori-Tanaka
transversal  homogenization)
isotropic,
PS orthotropic

isotropic
(red. Factor,
0°/90° bounds)

>
Level of material model complexity
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Fatigue behavior of weld lines for short fiber-reinforced plastics

Weld lines: how do they arise?

OBSTRUCTION DIFFERENT WALL
THICKNESSES
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Frontal vs. flowing weld lines

FRONTAL WELD LINE FLOWING WELD LINE
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Factors affecting weld line strength

Weld line i. Bonding at the interface
\ e V-notch AR 5 iv\,,"' '/]\)N

= )
Flow 7 -~ 4
partiél/poor
ii. Molecularffiber orientation
: Parallel molecular
Poor bondin . :
at the interfage orientation iii. V-notch at the surface
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Degree of bonding at the interface (weld line quality)

» Assumption: no fibers crossing the weld line surface

» The degree of bonding at the interface depends solely on matrix healing occurring at temperature above

Tc,ysta,,,-zat,on for semi-crystalline polymers

» Matrix healing: determined by the inter-diffusion of the polymer chains at the weld line surface
» Can be described by the reptation theory*
Initial configuration of the tube is lost after one

reptation time (tz) = i.e. It has diffused out of the
“tube”

% FIXED
X OBSTACLES

» Polymer chain can only move along the curvilinear length of the tube.

> feptatioxﬂti?e Q tsolidification dr Q >1 Bulk
R & r’ & w local = I Incomplete
Leontact tR (T (T)’ P(T)) Q < 1 healing
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Fatigue behavior of weld lines for short flber relnforced plastics

Material characterization: approach
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specimen
withoutweld line

Material Characterization

specimen with
weldline Q1

specimen with
weld line Q2

Fatigue strength

WLQ3
specimen with WL WLQ2
weld line Q3 Q

WLQ1

induced Cyclesto failure
weld line

Specimen manufacturing

Fatigue testing in fuel

Fatigue behavior

\ Base material

\ Plastlife

Base material

Fatigue strength

‘ Injection Molding [ Weld Line Quality Computation )
Simulation ﬁ WL quality
Tand P field
profiles at

weld line -

Simulated averaged WLQ[-]
Reptation _ ;
theory
b’\“ >
posiionmt A'Utg(‘;l?Sk healing quality estimation t/”b}fly- S
| weldline Moldflow | ess  gow "

WwLQ

WLQ2
WLQ3

S wLai
c

Calibrationc forwLQ

A

v

o

Struct. Analysis

Mapping
(FO, WLQ)

NANSYS

SIMULI
il ABAQUS

CR/APP2, Matthias De Monte | 2020-03-04

l I Focus of the presentation

BOSCH
o



Fatigue behavior of weld lines for short fiber-reinforced plastics El
Material characterization: specimens for material characterization

Plates for investigation

Plain (PL) Mildly Sharply Dimensions (in mm) .
Notched (MN) Notched (SN) Length: 80 OI almfofoip)i oy
Thickness: 2 !
Net width: 10 :
C B A
D C > <
120
D | C D | CD | &=
Gross width: 20 Gross width: 20 Gross width: 14 25 25 | 20 thickness 2 mm
Radius: 40 Radius: 2 Radius: 0.1 (weld line), 0.05 (bulk)
Opening angle: 0° Opening angle: 60° ] . 80
Specimens milled out from plates
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Material characterization: weld line qualities

m Howate o

MI3 160
MI3 160
MI3 190
MI3 130
MI3 130
MI3 190

Packing profile: 600bar-10s; T,,.,=340°C
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Fatigue behavior of weld lines for short fiber-reinforced plastics

Material characterization bulk material: influence fiber orientation
Plate 120x80x2 mm

\ |
50 ‘ ‘ £
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1 0.6 Tensor in flow
§ 05 / \ direction
'E‘ k = 159 E 0'4 r \ —4—Tensor perpendicular
o .\.\ ’ l x to flow
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A \. + Position over the thickness
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& — k=117 Plate 80x80x2 mm
n 1
< 0.9
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§ A Plate 80x80x2 mm, transversal | . . f | ff d 0.7 +——— /‘/ \\ —
B Plate 120x80x2 longitudinal S ope IS n.Ot Slgl:ll icant ya ecte 5 Zi I} ,’ \
A Plate 120x80x2 mm, transversal by fiber orientation e, Q\ A A IT
5 T T T L L T T T L % T T T L % T T T T T T { Zj \ g l
1,E+03 1,E+04 1,E+05 1,E+06 1,E+07 N , 4
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Fatigue behavior of weld lines for short fiber-reinforced plastics El
Material characterization weld line: fatigue behavior AdBlue vs. air

s —RT, R=0, PPA-GF40 WLQ+ mplai I AdElue® » Scatter larger than for bulk material
» Behavior in air:
» Very pronounced notched sensitivity
(strength decrease at N=106 cycles by 87%
Sharply notched, in air » Steeper S-N curve for notched specimes

» Behavior in AdBlue:

» Plain specimen: fatigue strength at N=106
k=| 7.7 cycles decreases by 70% in AdBlue
— » Notched specimen: similar fatigue strength
eI MtNee— | k= 32.0 at N=106 cycles in AdBlue and in air
N A » Notch sensitivity in AdBlue strongly reduced
A TA T A k= 13.8 compared to air

Plain, in air

A Sharply notched, in AdBIue*

k=12.6

Nominal stress amplitude [MPa]

i - » Fatigue curves in AdBlue are flatter than
1,E+03 1,E+04 1,E+05 1,E+06 1,E+07 1,E+08 . . . .

in air > compressive residual stresses
due to increased local swelling at the

Strong influence of AdBlue for plain specimens, slight influence for notched specimens

Notch sensitivity in AdBlue strongly reduced compared to air
CRIAPP2, Matthias De Monte | 20200304 * Pre-aging: 1000 h @ 80°C in AdBlue WLQ: Weld Line Quality




Fatigue behavior of weld lines for short fiber-reinforced plastics

Material characterization weld line: fatigue behavior AdBlue vs. air

| k=15.0

100 180°C, R=0, PPA-GF40 weld ling- " A¢®lue Wi pan

Air, WLQ+, plain

Air, WLQ#+, scharply notched
*
A AdBlue, WLQ-, scharply notched

» Scatter larger than for bulk material,
observed also at 80°C

» Influence of temperature:
» S-N curves are steeper than at RT
» Notch influence is still very pronounced in air
» Very steep curve for notched specimens in air

Stress amplitude [MPa]
H
o

» Fatigue curves in AdBlue are flatter than in
air 2> compressive residual stresses due to
increased local swelling at the notch tip?

)

1
1,E+01 1,E+02 1,E+03 1,E+04 1,E+05

Cycles [-]

1,E+06 1,E+07

1,E+08

S-N curves at 80°C are steeper than at RT

Anomalous behavior of notched specimens in AdBlue
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Fatigue lifetime assessment: simulation workflow

Fiber Test data Long-term Considerations
orientation (e.g. quasi- test data . .
measurement static) (e.g. fatigue) > RheOIOglcaI matrix
characterization necessary for
— assessment of weld line quality
Reverse Ofpllmlrdzs . . .
engineerin (parameter » Structural analysis: anisotropic
9 tool 9 estimation . . .
tool) linear-elastic (material model by
I Mori-Tanaka homogenization)
Material card Material card . .
(process (deformation MELETEU EEe > Separate material

(failure)

simulation) behavior)

characterization for fatigue
behavior of bulk and weld line
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EFIBERMAPRP
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Process ’ (fiber oﬁgntgtion, } Structu_ral S|T]E§tr: rgnt(?/ necessary ) . .
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§ Luooese residuals stresses) fogpuiatiol > S t effect (st
i T I ABAQUS e oy
S== concentrations)
ity Rheological Load profile Load profile > Load ratio by Haigh diagram
eologica i i . .
o n(}]:fj"tgltfion [ matr*‘igx } manipﬁlaﬁoﬂ ol e'zti on » Temperature by potential function
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Fatigue lifetime assessment: fatigue strength bulk vs. weld line

1,0
1 PPA-GF40, R=0, RT, N=10° » A strength decrease up to 67% can result from a

= 0831 = Buk . fiber orientation according to fiber share calibration
% 1|- - - Wed line curve.
S 06 : » Weld line strength can however be even lower than
+ T perfectly transversally oriented specimens.
g . n » A separate consideration of weld lines is necessary
-%’ 04 ] n for safe design and dimensioning of parts.
"-5 ] » Material and process parameters play a key role
_g regarding weld line strength.
©
€ L ____________B_____________.
o
Z Weld line quality

0,2 T T T T T T T ! '

0,0 0,2 0,4 0,6 0,8 1,0

Fiber share F_[-]
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Fatigue behavior of weld lines for short fiber-reinforced plastics K
Fatigue lifetime assessment: failure assessment bulk vs. weld line

i BULK MATERIAL

D e N

» Stress concentration occurs in
proximity of weld line
» Two possible failure modes:

» Bulk failure Z
» Weld line
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Concept validation on demonstrator

» Demonstrator: submarine specimen

Side
cylinder

» Weld line created by circular insert

" Reduced wall thickness: 2 mm L

» Testing conditions

» Pulsating inner-pressure
Max. pressure level: 10 — 46 bar
Simultaneous testing of up to 6 parts

Pre-aging: 1000 h at 80°C in AdBlue \
Medium: AdBlue Main Concentric hole

R=0.1 cylinder @ 3 mm
T=80°C
f = 4-10 Hz (depending on pressure level)

General wall
thickness: 3 mm

vvvvyvVvyVvyy

Weld line
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Concept validation on demonstrator: healing quality in FiberMap

BB 4a fibermap ver. 3.6 beta . :
| ID:AVALIMATW3_6_0_122b\Uboot! | = Workingdirectory ]

EFIBERMAP ) ; )
Workflow Micromec File converter Mapping fiber orientation Output
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M - I S = - iy .Z Y o4 .
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PL1_Rngx2820 Prozesssimulation File folder 1 f 1 f
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SW-Install
Unsaved E:L
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b BManual MEIdzBD f;l:;(".;wd]
J ENGINEERING L5Dyna files (*.dyn, *.inc)

Solidworks Plastics files (*.FR3, . WDL3)

Workflow saved g
VMAP file (*.h3)

Process files (*.process)
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Concept validation on demonstrator

Predictions with bulk material card

e oy 100 (situation at project start)
Thickness 3 mm S mEE - T - - I~

777777

nnnnnnnnn
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| ..
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Fatigue behavior of weld lines for short fiber-reinforced plastics
Concept validation on demonstrator

100
: \\ R=O.1, 80°C
e —~_in Adblue
= \ T s \
S R T
(D] | = 7 \I\'N.\
5 \ k /.5 ~ - -
7 \Im\\n <
® B
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Fatigue behavior of weld lines for short fiber-reinforced plastics

Summary and outlook

» Integrative simulation chain for lifetime assessment of reinforced plastics
» Concept to consider influence of local fiber orientation and weld lines available
» Distinction between bulk and weld line failure
» Weld line quality can be computed by taking into account pressure and temperature history

» Fatigue behavior of PPA-GF40 weld lines

» Higher uncertainty for material parameters compared to bulk material due to larger scatter
» Very pronounced notched sensitivity in air (still evident at 80°C)

» S-N curves increased support effect in case of operation in AdBlue environment

» S-N curves at 80°C significantly steeper than at RT

» Concept validation (preliminary)
» Substantial accuracy improvement in lifetime assessment compared to situation of project start
» Improvement on prediction of slope of S-N curve necessary
» Further validation on submarine demonstrators with enhanced weld line quality planned
» Extension to other simulations workflows (Ansys, other approaches to consider anisotropy, ...) planned
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