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Introduction

Applied research is core of all activities
pursued by the Fraunhofer -Gesellschatft.

Founded in 1949, the research
organization undertakes applied research
that drives economic development and
serves the wider benefit of society.

Its services are solicited by customers and
contractual partners in industry, the
service sector and public administration.
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The Fraunhofer -Gesellschaft

Main locations of the Fraunhofer institutes
and research institutions in Germany

A Founded in 1949 in Munich

66 institutes and research units in
Germany
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National and International Network
Extended Research Activities
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Railed vehicles: aluminum is the dominating material, however HSS shows a
growth of 14 %

Market volume

Market for railed vehicles sector in bn t
0,18
0,16 B f—“__
—
e | "l

o
[
=]

wMMC
0,10 +—— —
W FRP
“ Aluminium
0,08 — & Steel (high strength)
i Plastics
0,06
0,04
0,02
0,00 T T T T T T T T T T
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
25.11.2016 ?
© Fraunhofer ICT 7 % Frau nhOfer

ICT



Shipping sector shows small growth due to expansion of aluminum market (4 %).

Market volume

Market for shipping sector in bn +
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Main lightweight-materials for the aerospace sector are aluminum (1,7 % growth),
titanium (13% growth) and composites (15 %). Magnesium might also become
important in the future (30 %).

1,00

0,20

0,00 +

Market for aerospace sector

—

= MmMC

u FRP
W Titan

& Magnesium

“ Aluminium

i Plastics

—-— -
I—

-
=

o
H

2010

2011

2012

N
(=]
—
w

2013 2014 2016 2017 2018

T
2019 2020

Market volume
in bn

25.11.2016
© Fraunhofer ICT

\

~ Fraunhofer

ICT



Weight Reduction of Airplanes
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Increase of vehicle mass within 50 years
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The transportation sector, in particular the automotive sector as driving force, is the
most important market for lightweight-technologies regarding market volume.
Strong growth of other markets (e.g. wind energy with ~10 % size of the volume of the
transport market) is not likely to take place before 2020.

Transportation market [BCC 2013] inbn
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The dimension of the entire global lightweight market will be in the order of the
dimension of the market for automotive applications. Studies are assuming a
growth of about 7-8%.

Lightweight market automotive -
comparison of different studies (in bn t )
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Forel Study - Accepted Costs for Lightweight Design
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Conclusion Market Trends Analysis

< Lightweight design is mainly established in the transportation sector.
Automotive industry is most important; Utility vehicles (buses and trucks) show strong growth

< Other markets, e.g. wind energy, nowadays of lower importance but with a strongly
increasing tendency A emerging markets

< Lightweight design based on metals is and will be the main market in automotive until
approx. 2020

High-strength-steel shows highest growth rate in automotive; Magnesium shows growth rate as
well but based on a much lower market size A emerging market

< Plastics show constant but intermediate growth rate

< Composites show very high growth rate and will most likely be of increased importance
in the long term (2020 and later) A cost as main challenge

< In the long term increasing trend towards hybrid lightweight design
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MMP Approach

Opportunities
&
New Challenges

Further development
of methods ,
materials and

processesto access
opportunities for
automotive industry

Source: Audi, Porsche
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MMP Approach

Component performance ED:I Economics

MMP -Approach
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Methods

Virtual Simulation Chain
Initial analysis of component manufacturability
Linkage of process simulation and structure simulation

Integration of production boundary conditions and updated material
properties into structure simulation

Requirements for Multi -Material -Design

integral differential
construction construction

VIRTUAL SIMULATION CHAIN

Vehicle Geometry Forming Curing / Assembly Vehicle
concept cooling i

FLOW OF INFORMATION

hJ
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KIT Institute of Vehicle System Technology D
Lightweight technology FAST

Process simulation

A Optimization of cycle times for manufacturing of composite
components

Evaluation and improvement of process control and machinery

Dissemination of relevant material and process information on
structural simulation (within the context of CAE  -chain,
e.g. fiber orientation, fiber volume content, porosity )

A
A

Structural simulation

A Simulation of deformation and failure behavior of compos
structures

A Investigation of the influence of  manufacturing
effects on the component behavior

A Consideration of production factors to  increase the
prediction accuracy (integration in the CAE -chain)

A Further development of models and methods for hybridization
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Materials

Material modification
Chemical (molecular structure, cross -linking, cristallinity Z
Physical (reinforcements, a
Tailored materials

Material analysis
Mechanical testing
Thermal analysis
Chemical analysis

PR Gei . aude"
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KIT Institute of Applied Materials D ‘.’ 3 | AM
Materials Science and Engineering IAM -WK

Polymer Technology

A Design of polymer materials

A Polymer processing

Hybrid and Lightweight Materials

A Mechanical Characterization of polymer and
metal based composites under near -service
loads

A Microstructural analysis of composites using
X-ray computed tomography

A Development of in -situ-test methods for the
analysis of damage in composites
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Processes

Thermoplastlc processmg

= 'Qm

L

Tape placement Handling technolbgies LFTDinjection molding LFTDcompressionkmoIding v

Thermoset processing

*
R

Sheet Molding Compounds (SMC)
High -performance composites

D-SMC

Process and structural simulation

Preforming technologies Injection technologies (EP, PU, Cast -A)

Slide 22

Manufacturing in industrial scale (3600t, 640t)

\

~ Fraunhofer

ICT



Fraunhofer ICT - Department Polymer Engineering

Compounding and extrusion
Materials and cutting -edge processing technology

Nanocomposites
Functional composites and their characterization

Foam technologies
Processes and materials for particle and extrusion
foams

Thermoplastic processing
Injection and compression molding, thermoplastic
composites

Thermoset processing
Process and material development, tailored SMC

High -performance composites
RTM processing chain, injection, preforming, prepregs

Microwaves and plasmas
Microwave technology, surface modifications

Plastics testing
Mechanical and rheological analysis, microscopy, DoE
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Overview of process technologies

Thermoplastic matrix

Thermoset matrix

U

U

U

U

U

Long fibers

Continuous

Continuous

Long fibers

Short fibers

Injection molding

O

compression
linjection
molding

« GMT

« LFT/LFT-D
 L(WRT

fibers
A" g

Compression

modling

* Prepregs
(woven fabrics,
layups)

Pultrusion

Braiding **
Winding

Tape-/Fiber-
Placement

[ Process combinations

* 1continuous -fiber preform

fibers
Lt

Compression
molding

Pultrusion
Braiding *1
Winding
Tape-/Fiber
Placement
Injection
processes

*T-RTM (Insitu
Polymerization)

*RTM

o

Compression
molding

* SMC
* Wetmolding

o

Injection
processes
*BMC

*« R-RIM

Process combinations
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Thermoplastic composites

Discontinuous fiber
reinforcement
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Overview of ProcessTechnologies

A Unreinforced thermoplastics

Thermoplastic foam injection molding

Processing of functionalized polymers (e.g. electrically -
conductive compounds)

Advanced processing technologies for injection molding
A Discontinuous -fiber reinforced thermoplastics

Direct processing of long -fiber reinforced thermoplastics
(LFT-D) in compression and injection molding (CM / IM)

Foaming technologies for fiber reinforced
thermoplastics

A Continuous -fiber reinforced thermoplastics (CFRTP)

Automated thermoplastic tape -laying

Local reinforcement of discontinuous -fiber reinforced
thermoplastics to create function -integrated designs

Page26
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Discontinuous -fiber reinforced thermoplastics
Typical applications of LFT

Thermoplastic composites with discontinuous -fiber reinforcement are
already a well -established engineering material for semi  -structural
applications with constant growing market share

Oil tray Actros; Frontend -module Golf VII; Instrument panel Ford Escape/Kuga;
PP/LGF

PA6.6/GF35 PAG6/LGF
Source: Faurecia/Sabic

Source: LanxesgDaimler Source: BASF/IVW

Gear carrier BMW 5er GT;
PAG6/GF
Source: ContiTech/BASF

Under body shield; Seat structure BMW 13;
PPI/GF PA6/LGF

Source: Polytec/VW Source: BASF/BMW
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Discontinuous -fiber reinforced thermoplastics
CAEChain B Design and Concept

A CAE-Chain for long fiber reinforced polymers (LFRPs)
Integrate design, process simulation and structure simulation
Allow systematic and efficient communication in between different software

Main goal is to create a more efficient product development  method

VIRTUAL SIMULATION CHAIN
T4 Process ) 4 A é

=4

FLOwWw OF INFORMATION

A

7

Part AV 4 h

Geometry

bl

Assembly

@

Mapping

OPTIMIZATION

Topology/Topography

e
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Discontinuous -fiber reinforced thermoplastics
Processing technologies

A Compression Molding (CM)

Processing of glass-mat reinforced
thermoplastics (GMT)

Direct processing of long -fiber reinforced
thermoplastics (LFT-D-CM)

A Injection Molding (IM)

Processing of short or long -fiber reinforced
thermoplastics (SFT / LFT-IM)

Direct processing of long -fiber reinforced
thermoplastics (LFT-D-IM)

Foaming technologies for fiber reinforced
thermoplastics (e.g. MuCell®, LFT-D foam,
CBA -Chemical blowing agents)

Slide 29
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Discontinuous -fiber reinforced thermoplastics
Principleof direct compounding of LFT in compressiomolding (LF¥D-CM)

\\ Reinforcing fibers :
\é%\ L == ACarbon Natural
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----- Mixing
? | Extruder
with die

Q

Matrix resins:

Commodity Thermoplastics

Engineering Thermoplastics
Blends

Z

VAl

5N & i
i

LFTplastificate
(open transfer )

Compression
_ molding
Further developments in LFT-D-CM

Use of technical thermoplastics as matrix material( e . g. PPS, PEEKZ)
Combination with continuous -fiber reinforcements
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Discontinuous -fiber reinforced thermoplastics
Principleof direct compounding of LFT ininjection molding (LFTD-1M)

injection unit

Polymer + Reinforcing fibers :
A%ditives = Carbon Natural
‘Q .
Q .’80 =— Glass yA
o
02 \ Melt buffer

Twin screw extruder

Injection unit
| WP T

Matrix resins:

Commodity, engineering and
high temperature thermoplastics Clamping unit

< Further developments in LFT-D-IM
Combination with continuous -fiber reinforcements
FIM BFoam injection molding (LFFD Foam)

Slide 31
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Discontinuous -fiber reinforced thermoplastics
Functional principle: integral foam structure

- compact skin

= - foamed core

- compactskin

sandwich-like integral foam profile of a human humerus (left)

structure with a foamed core and a [source: www.britannica.com]

compact skin cross section of a PR.GF30 injection

PRLGF30 molded integral foam component (right)
—
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Discontinuous -fiber reinforced thermoplastics
Foam injection molding (FIMP Fiberreinforced integral foams

A

< 1]
= —

(5]

(79}

n

(%2}

(@)

3}

=

c

e

%)

o

N I

PP integral foam PRLGF30 integral foam local density / stiffness I-beam / sandwich

PRLGF30 integral foam fiber-reinforced cell walls fine-celled foam
Slide 33
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Discontinuous -fiber reinforced thermoplastics
LFFTFoamsb Lightweight potential of the Breathing mold

'g 3,0 - {
-..GC: -, /E’ - "E -*
ﬁ P e ) "/’2’ -
CBA gzo ”"‘/"”f
MucCell —_ = e g%
LFFD-Foam o L aF T
e
| é) 1,0 +ea== — = —PP-LGF30CBA
\ % — =« — PP-LGF30 MuCell
— < = PP-LGF30 LFT-D
0,0 |
l&'crezﬂstlﬂ ) 3,5 4,0 4|15th_ ) EE,O | 55 6,0
y i wa ICKNeSS wall thickness [mm
moldizbreathing A densityreduction
A bending stifiness
3 %d) % gl
slightly strongly
decreasing increasing
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Thermoplastic composites

Continuous fiber
reinforcement
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Continuous -fiber reinforced thermoplastics
Typesof continuous-fiber reinforcement

UD-Strands UD-Tapes Wound Structures
—— ) y : A= .

’

‘

source Zoltek source Fiberforge source Bond Laminates source Xperion

h
N

Benefits of continuous -fiber reinforcement
Semi-finished products containing fiber volume contents of up to 60 -70 %
High mass-specific part properties achievable
Part designs can be optimized for specific load cases
More stable mechanical performance at elevated temperatures
Increased dimensional stability

Reduced creep tendency (if loads are transferred into continuous fibers)

Application of thermoplastics in structural applications
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Tailored Fiber Placement - TFP

» L

UD Fiber Tape Tailored Blank Consolidated Thermoformed
Blank Part

FIBERFORGETFP System

Slide 37
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Continuous -fiber reinforced thermoplastics
Thermoplastictape-laying based onRELAW technology

A Advantages
Any fiber orientation possible
Varying thickness within a part possible
Minimized scrap
Recyclable material

Hybrid layup configurations possible
Automated process with short cycle times
Combination with other thermoplastic

processing and joining technologies
A Technical challenge
Limited drapeability and flowability

ultrasonic welding

A Economic challenge

The cost targets are often difficult to achieve in large series

Tailored Blank ™
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Continuous -fiber reinforced thermoplastics
Differences between tapelaying and semifinished woven fabrics

A
Ao
R

A Reduced cutting scrap

A

ERebiiii

¢ S

A No limitation on the
fiber orientationO °/90°

A No fiber ondulation
(max. performance)

A Gradual thickness changes
possible

\
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Continuous -fiber reinforced thermoplastics
CAEChain B Design and Concept

A Main focus: Virtual Representation of the Continuous Virtual Process
Chain

virtually combine design, manufacturing and structural validation

Requirements for Multi -Material -Design
differential

integral construction e

VIRTUAL PROCESS CHAIN

Assembly

FLOW OF INFORMATION

AV AV

OPTIMIZATION
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Continuous -fiber reinforced thermoplastics
Processing technologies

A Automated thermoplastic tape -laying of Al RSNl
tailored blanks —

il

A Thermoforming of fabrics and laminates
Alternative heating and consolidation =~ methods
Investigation of process -controlled drapeability
Prediction and evaluation of process -induced
shape deformations (spring -in & warpage )

A Hybrid thermoplastic composites with embedded

continuous -fiber reinforcements in CM and IM

Function -integrated solutions for structural
components

“3;

Local continuous -fiber reinforcements using wound
structures or tailored blanks

<o

| ==

Sandwich structures
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Fiberforge 4.0 BbMachine Architecture

Tape
Tensioning

Spool
Unwinding
Cutter

\,Rotation AXis
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Fiberforge 4.0 - Improvements

Productivity
Fiberforge 4.0 is 3.5 times faster than Fiberforge Relay 2000
Continuous tape supply to lay-up system 1T no downtime due to reloading of spools

Cycle time of less than 1s per tape at maximum tape length of 2000mm;
including spot welding

Two shorter tapes (e.g. 300mm + 500mm) can be placed in a row
with same cycle time of less than 1s

Performance example

Glass fiber tapes (PP/GF60), with 0,25mm thickness + 165mm width +
average tape length of 1500mm results in a production capacity of 368 kg/h

Carbon fiber tapes (PA/CF55), with 0,16mm thickness + 165mm width +
average tape length of 1500mm results in a production capacity of 208 kg/h

\
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Fiberforge 4.0 - Improvements
Flexibility
Can work with all different formulations of thermoplastic tape
Range of tape width: max. 165mm; min. 50mm
Range of tape length: max. 2000mm; min. 30mm
Range of thickness: max. 0.4mm, min. 0.1mm

Up to 4 different tapes can be used within a production run
Tape source can be switched from one tape to the next

With the capability to lay-up more than one tape in a row at one cycle, more than one
individual part at a cycle can be produced, with a significant cycle time advantage

LH part

Motion Table

\
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Fiberforge 4.0 - Improvements

Efficiency

New angle cutting system does minimize the waste of material

Angle cutting without any cycle time reduction

Loss of material w/o angle cut = 5% minimized with angle cut = 2,5%
Gap between the tapes can be set from -2 to +5mm (overlap)
Lay-up with small gap; e.g. 0,4mm Lay-up with overlap; e.g. 3mm

Low level of complexity due to 2D lay-up i small effort to generate machine program

=
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Fiberforge 4.0 Bimprovements / Applications

Precision
High accuracy and repeatability
Constant gap between the tapes within a layup
Machine repeatability: C = 0.014 Y = 0.25 mm; U = 2.0 mm (U is the tape feed axis)

Machine resolution: C = 0.0054 X, Y =0.03 mm: U = 0.1 mm

Applications
- Seat structures - Load Compartment
- Battery compartment - Floor pan
- Door inner - Hood, roof and tail-gate structural reinforcement
- Bumper beam - Fire wall

- Local reinforced front end carrier and underbody shielding

\
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Continuous -fiber reinforced thermoplastics
Development of consolidation process technologies

! Tailored -blank !
Tailored -blank Consolidated

) ) >

Consolidation Process

- based on hydraulic presses(HTP)

- based on vacuum technology
(fast out -of -autoclave process)

Slide 47
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Continuous -fiber reinforced thermoplastics
Heating-TransferPressingHTP) consolidation process

Metal caul sheets

Layup made from UD-tapes

Unconsolidated Contact heating to processing Solidification - Cooling Monolithic
tape layup temperature and pre-consolidation with applied pressforce laminate
__——
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Continuous -fiber reinforced thermoplastics
Radiationinduced vacuum consolidation

A Processcharacteristics _
Sealing

Low invest Vacuum sewer
No consumables i/ \ﬁ
Closed-loop process

Exclusion of oxygen /
(minimization of thermal degradation ) Tape layup 'R'i;"’z)’:s\f’v‘gﬁ”t
Pressure> 1 bar out of autoclave achievable o

A Area of vacuum (Al) > Area of tape layup (A2)
Short cycle times (< 60 sec)

: : 1
High surface quality A

Low fiber distortion
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Continuous -fiber reinforced thermoplastics
Analysis of consolidation quality

A Mechanical analysis

Definition Execution Analysis

Arbeit e

......

A Optical analysis

SEM C-Scan

Good Quality

Poor Quality
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Continuous -fiber reinforced thermoplastics
Laminateforming in context of the MMP approach

A\ A=A

PROCESSES M ATERIALS M ETHODS

Process realization Customized testing set ups Model development

Process characterization ; ; Process Simulation
Mechanical & morphological

Process monitoring characterization CAE chain approach
- data interpretation

Part validation - linktoM &P

~ Fraunhofer

FAST
IcT @//____ug_,
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Continuous -fiber reinforced thermoplastics
Draping behaviorof tape laminates

A Processanalysis and evaluation during
non -isothermal stamp forming

/. Temperature profile characterization
A\ Evaluation of wrinkling formation

~ pnnlnl

/. Deformation state analysis == _ﬁgg‘g H

A Characterization of material properties
relevant for forming simulations

A Friction (ply-ply & tool -ply)
A In-plane shear

A Single-ply bending

Slide 52
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Continuous -fiber reinforced

thermoplastics

Temperatureprofile during non-isothermal stamp forming

A PPS/CHaminate with 12 layers (~ 1.8 mm)
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Forming ends well before recrystallization of the material
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Continuous -fiber reinforced thermoplastics
Quantification of wrinkles during stamp forming

Evolution of wrinkles during forming (experimental results for PPS/CF)

Remaining forming path

30 mm 15 mm 0O mm

Source:
T. Joppich, D. Dérr, et. al. ‘BLayup and Process Dependent Behavior of PPS/CF UD Tape-Laminates during Non -Isothermal Press Forming
Into a Complex Component , PBroceedings from ESAFORM Conference, Nantes, 2016
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