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Introduction

Metals vs. Polymers

Comparison of plasticity both from practical and from material modeling

point of view

Thermoplastic (uncrosslinked) vs thermoset (cross-linked)

polymers for composites

Development continuous fiber reinforced thermoplastic matrix composites

(Engel, ipim)

Discontinuous, injection molded composites

Thermoplastic vs. crosslinked elastomers and composites

For Hydrogen applications

For controlled damping applications
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Introduction

Hydrogenius, Kyushu University, Fukuoka, Japan

Honda FCX Clarity

700 bar

-40°C !!

Betankung mit lH2 (12-20 min)

Bericht 2014 ?
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Discontinuous Short Fiber Reinforced Polymer Composites

PP

PA

PEEK

Not only competition of matrix materials but fillers/interfaces

Matrix Materials Fillers and Fibers

Glass fibers

Carbon fibers

other Fibers

Reinforcing fillers

Toughening

Functional fillers

Introduction
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Ranking Plot

Matrix - Price and Performance

price

performance

PP

PA

PEEK

Improve the
performance with the

same price

reduce the price
with the same
 performance

3

1

4

2

Glass fiber reinforced PP (PP-GF)

Material optimization

Failure prediction

Rubber modified PA (PARs)

Material optimization

Impact Toughness

PEK grades with various price

Combined bulk and
tribological loading

SLS Prototyping

Benchmark IM

Special filler
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Content

Filler  Materials

Ef > Em

Hard (mineral, glass, C)

Ef < Em

Platelet                 Prolate Rotational Ellipsoid

Spherical Particles

Needle

Glass Beads

Mica, Talc, Kaolin

Glass fiber
Wollastonite,

C fiber

Polymer fibers, self
reinforcement

Mechanical properties = f(t, T)!Mechanical properties

Soft (elastomers)

Alignment, orientation of the particles

AR=1

1<AR<100

Interface compatibilization

Spatial and material design of multiphase systems

Needle
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Case Study 1  PP-GF

Short glass fiber reinforced PP-GF for
interior and exterior automotive

applications  how far is PA-GF ?

 vs PAs
Rubber Modified PP and PA grades

EPP=1200 - 2000 MPa < EPA = 2000  3400 MPa

Stiffness for a specific filler depends only on
the matrix properties

Strength for a specific filler depends on the
matrix properties and on the interface quality

EPP  3000 MPa

compatibilization

Toughness for a specific filler depends on the
matrix and particle properties on the interface
quality

hard fillers

soft fillers

Jerabek Major and Herbst, 2007, Borealis
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Deformation and Fracture Behavior of (Hard) Particle Filled
Thermoplastics (Polypropylene (PP))

Case Study 1  PP-GF

0 2000 4000 6000 8000
0

2000

4000

6000

8000
 talc filler
 glass bead filler

Measured tensile modulus, MPa

Aspect Ratio 10 to 50

Orientation, Alignment

Discontinuous fibers, realized FOD/FLD

Improvement of PP matrix

compatibilization

Jerabek Major and Herbst, 2007, Borealis
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Short glass fiber reinforced, PP-GF

Case Study 1  PP-GF

Laboratory Specimens Model Components

Jerabek and Herbst, 2012, Borealis
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Short glass fiber reinforced, PP-GF  Experiments & Simulation

Case Study 1  PP-GF

Hartl et al, 2012, ipmt
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High resolution (12 Mpixel) digital image
correlation ( Aramis, GOM)
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Short glass fiber reinforced, PP-GF - Experiments

Case Study 1  PP-GF

Influence of the Interface Quality Influence of the fiber (real) length
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Hartl et al, 2012, ipmt
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Case Study 1  PP-GF
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ISO-MPS Tensile Test vs. FEM-RVE Simulation (perefctly bonded)
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Failure Simulation Comparison of Simulations and Experiments

Cohesive Zone Model for the Interface

Need for Proper Material Parameters

RVE cell of a ISO MPP Specimen

Reiter, 2012
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Component Simulation

Case Study 1  PP-GF

Fiber Orientation Simulation

Cohesive Zone Model
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Specimen thickness, mm

JA-1
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JA-2 EXP

JA/Mesh: 3D
Layer: 8 / 1.5
RSC= 0,05 (default)
Ci = 0,0119(default)

Doghri et al, 2010

Meso-model based on first
pseudo-grain failure (FPGF)
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Case Study 2  PA-Rubber

J. Stebami; Polyamid Inovationen,
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Deformation and Fracture Behavior of (Soft) Particle Filled
Thermoplastics (Polyamide PA)

Case Study 2  PA-Rubber
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Deformation Fracture

Classics

Temperature and loading rate dependence

Novel

Stress state dependence (constraint)

Deformation and Yield Models Cohesive Zone Models
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Rubber Modified PA grades
PAR1; PA6+Ethylen-Okten unmodified,

PAR2; PA6+ Ethylen-Okten MAH grafted,

PAR3; PA6+ Ethylen-Okten mixture, unmodified, grafted,

PAR4; PA6+ Ethylen-Okten Butylen, MAH grafted  and

PAR5; PA6+ Ethylen-Okten-Butylen, MAH-grafted with approximately double MAH content,
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Temperature dependence,

Ductile-brittle transition, modeling approach

Tg

Tdbt

Material model

Case Study 2  PA-Rubber (PAR)
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Relevant Model parameters below and above Tg
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Rate Dependence
0.02 s-1 2 s-1 200 s-1 ??

Development of

testing machine

test methods and

simulation

Case Study 2  PA-Rubber (PAR)
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Introduction of a novel servohydraulic multiaxial high rate test system

Case Study 2  PA-Rubber (PAR)

Daten für Crashsimulationen

Bauteilprüfung (Verifizierung)

Test System
250 kN load frame (for quasi-static or low
frequency (<20 Hz) loading)
Variable position of the actuator (mid/edge)
and the frame (mid/edge)
1 axis: max. 50 kN, 12 m/s, 200 Hz/0.2 mm,
1 m/s/50 kN,
Single (1 cycle) and multiple (< 10 cycles)
impact ! (4 m/s)
2 axes:   max 7.5 kN, 4 m/s, 200 Hz/0.3 mm
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Introduction of a novel servohydraulic multiaxial high rate test system

Case Study 2  PA-Rubber (PAR)

High Speed Data
Acquisition (Gen2i, HBM)

4 Ch SG, 1 Ms/s

4 Ch, U, 25 Ms/s

High Speed Image
Acquisition

and

Temperature Chamber

in selection
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Impact Test Methodology

Case Study 2  PA-Rubber (PAR)

ISO MPP and Cylindrical Specimens

Tensile (uniax and planar), compression and shear
set-up

High Speed camera (500 kS/s), DIC, FFSA
(Aramis)

-60°C < Test Temperature < 180°C

Biaxial in-plane (out of plane is available for
thermoplastics !)

Specimens with varying constraints  GISSMO
methodology

Test Specimen Level Component Level

Full Scale testing of Chassis Elements of
Passenger Cars and Trucks up to 1.2 x 1.8 x 0.8m,
at RT and

0.8 x 0.8 x 0.8 m in Temperature Chamber

32 Ch moderate rate and 8 Ch high rate data
acquisition

Service scale loading test of all kind
of damping elements for vehicles

Air springs

Suspensions

Shock absorbers

Full scale viscoelastic analysis
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Simulation Models - Modeling of soft thermoplastic materials

Case Study 2  PA-Rubber (PAR)

Bergström-Boyce (BB) Models: Arruda-Boyce (2006), Hybrid (2007), Three Network (2009)

The Cauchy stress acting on network C is given by the eight-chain model with first order I2 dependence given by above Eq., where q gives the
I2 dependence

17 material parameters

Bergström, 2012
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 vs PEEK
Rapid Prototyping

Fused Deposition Modeling (FDM)

ABS

PC, PC-ABS

PPSU

amorphous thermoplastic polyetherimide
(PEI)

3D printing

Single and multiple Objet materials

Meso-Scale Models

Selected Laser Sintering

PEEK

No pressure in the process

Case Study 3

Tooth bending

Combination of bulk and tribological
loading  plastic gears

Cyclic Loading

(T, SR, Co)

Strain
accumulation

Fatigue

Contact pressure,
confined
compression

Friction

Wear

Fretting fatigue

Contact
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Plastic Gears
 vs PEEK PEEK vs PEK/PAEK

Case Study 3

E

TTg

Virtual Options for
Improvement

Real option: higher stiffness in
critical T range

Fatigue

Initial material

Improved materials

Solvay, 2012
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Case Study 3

PA

PEEK

Luvocom, 2012
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Bulk vs Tribological Performance

Case Study 3

Wear Resistant Compounds
Polymer  Matrix

HT resistance,

easy processibility

Fiber reinforcements

Improved, stiffness and creep
resistance

Improved strength and wear
resistance

Additive fillers

Internal lubrication, transfer film
formation

Increased heat conductivity

Smoothening of the surface
roughness

PEEK Matrix

C fiber

PTFE particle

Rösler, 2005
Friedrich, 2008
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Component level - Experiments

Case Study 3

Section

FFSA (Aramis)Loading
Monotonic, RT

Cyclic, HT

Stiffness and
strength of a tooth

Failure of the gear
Tooth
Welding line
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real service loading, ? MPa

cycle number  to failure  Nf

43 - 44 MPa

Fatigue limit strength, T=120 °C, R=0.1

sine loading

Case Study 3

Component level  Simulations 1

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

0

20
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time     t,     s

tooth bending(tension)

0 20 40 60 80 100 120 140 160 180 200
0

50

100

150

temperature   T,    °C

Temperature Dependent Design Curves

Loading profile for the testing
machine

Fatigue Test

Prediction of damage
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Case Study 3

Component level  Simulations 2
Injection Molding

Fiber orientation Welding Line

Failure Simulation
Cohesive elements
are used in the
welding line

The CZ parameters
are determined
experimentally
(Major and Miron,
2012)

In addition to the
models of Feµcell
und FPGF

Defects are
characterized by
CT

Crack models
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Prediction of Material Behavior
PEEK homogenization simulation (DigiMat MF)

Case Study 3
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Temperature dependent matrix and fiber properties, perfect interface, varying AR, fiber content, orientation

Processing ?
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RVE Prototyping
Virtual representative element with fiber orientation of 0°(RVE).

A representative test specimen

Full-field Strain Analysis of the test specimens
with 60° fiber orientation

FE simulation of the test specimens with 60° fiber
orientation

Case Study 4  Prototyping

Reiter and Major, 2011
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Selected Laser Sintering
Specimen level
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0
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temperature    T,    °C

injection molded

SLS prototyped

y
SLS > 0.85 (0.9) y

IM

Improve of the
Stiffeness/Strength

Application of special fillers
(Pana Tetra®)

Micro-mechanical
simulations for predicting

the properties
(DigiMatFE)

To support real engineering
applications (automotive, medicine)
the mechanical behavior of the
prototyped specimen/component
must be comparable to the injection
molded part

Case Study 4  Prototyping
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Conclusions and Future Work

Price and performance competition of all components of compounds

(polymer matrix, stiffening and functional fillers and interface treatments

(compatibilization)

The stiffness prediction is of sufficient quality both for hard particle filled

and for soft particle toughened compounds over a wide temperature range

Various methods at various length scales of the microstructure are

investigated to model and predict the failure behavior of sfr polymer

composites. In all cases adequate material parameters are needed. The

simulation complexity is different and the application depends on the

availability of models and data and practical considerations (time)

Increasing number of phases may support additional functionality, but cause

unexpected complications (failure behavior)

Combined macro and microstructure based optimization of the components
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INVITATION
13 of May, Opening of the Polymer Technology

Center at the JKU in Linz

in Science Park 2 and 3

Prologue
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