POLYMER WELDING WITH DIODE LASER
Dr.-Ing. Rolf Klein
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The Company
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DILAST COMPANY DATA

Company Products

A 1994 established A Laser Diodes

A 324 employees in Germany A Wavelengths 405nm i
A 1SO 9001-2008 2-3Hm

A DILAS sites A Watts to multi-kwW

Mainz o-1904 A OEM Components

Nanjing (su-z007 A Turn-key systems

- Freiburg (sub-2016)

Tucson/AZ
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OVERVIEW

A Employees worldwide: Mainz 293
Tucson 22
Nanjing / Shanghai 14
Freiburg 31

A ~10% of annual revenue is invested in R&D

A DILAS current capacity:
>3000 bonded diode laser bars per week
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PRODUCTION

HighLightSeries Compact Series

Installed Systems Worldwide

High Power > 300
Low Power >1.500
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APPLICATION LAB MAINZ

A Mainz serves all low power applications:
Zz Polymer Welding
Z Soldering
Z Heat Treatment

14.99.2017

W{i i
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Introduction into Polymers
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TYPES OF PLASTICS

Ppg. 9 |
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Polycarbonate (PC)

Polymethylmethacrylate
(PMMA)

Polystyrene (PS)

Polysulphone (PSU)

Polyvinylchloride (PVC)

Butadiene-
Elastomers (BR)
Styrene-Butadiene-
Elastomers (SBR)
Polyurethane (PUR)

Epoxy Resins (EP)
Phenol Resins (PF)
Polyester Resins (UP)

ABS/PC
EVA/PVC
PBTP/PC
PE/PA6
PP/PA

with particle
Polyamide (PA) TPE-O reinforcement
Polyethylene (PE) TPE-V with fibre reinforcement
Polyethylen- TPE-A with fibre layer
terphtalate (PETP) TPE-S reinforcement
Polyoxymethylene (POM) TPE-U
Polypropylene (PP) COPE
Polyphenylen-
sulphone (PPS)
Polyvinylden-
fluoride (PVDF)
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Acrylnitrile-Butadiene-
Styrene (ABS)
Styrene-Acrylnitrile
(SAN)

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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TYPES OF COMPOSITES

Composite, built by the phases:

Matrix

Coherent bound phase of the composite

Reinforcement (RF)
Allways the dispersed phase of the composite,

has to increase special properties of the matrix (resin).

For the state of the RF following possibilities exist:

Fine-grained filler
material. Prepared
= by separation from
gaseous or liquid
phase

Coarse-grained
filler material

Slab shaped
filler material

Fibre stacks:
short fibres

= (0.1 to 1 mm

long fibres
3 to 50 mm

Endless fibres:
rovings from approx.

~ 1000 parallel fibres

or threads (twisted)

Mat, fleece from
felted fibre stacks,
= also paper can be
classified here

Fabrics from rovings
or threads

Layers from parallel
- orientated rovings
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PROPERTIES OF AMORPHOUS THERMOPLASTICS

Resin Temperature Specific weight Tensile strength

of use [g/cm3] [N/mm2]
[°C]
PC -40 - 120 1.2 65 - 70
PMMA -40 - 90 1.18 70 - 76
PS -20 - 70 1.05 40 - 65
PSU -100 - 160 1.25 70 - 80
PVC -15 - 60 1.38 - 1.24 40 - 60

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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PROPERTIES OF SEMI-CRYSTALLINE THERMOPLASTICS

Resin Temperature Crystallization Specific Tensile
of use grade weight  strength
[°C] [%] [g/cm3] [N/mm?2]

PA 6 -40 - 100 20 - 45 1.12-1.15 38-70
HDPE -50 - 90 65 - 80 095-097 19-39
PETP -40 - 110 0-40 1.33 —1.38 37 - 80
PP -5-100 55-70 090-091 21-37
PPS < 230 30 - 60 1.35 65 - 85
PVDF -30 - 150 - 52 1.77 30 - 50
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THERMAL PROPERTIES OF THERMOPLASTICS

Melting and decomposition range:

ABS
CA
PA 6
PA 6.6

- PC
LDPE
HDPE
PETP
PMMA
POM
PP
PS
PVC
PVDF
SAN
SB

0 100 200 300
Temperature T [°C]

B melt condition [ decomposition condition
source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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TEMPERATURE DEPENDENCE OF SPECIFIC VOLUME

Specific volume for amorphous (a) and semi-crystalline (b) plastics:

semi crystalline transition et conaitioh
condition cendition
\ \
\ P
— N e 0
\

glass transition
condition condition

melt condition

Specific Volume V
Specific Volume V

Temperature T Temperature T
a) b)

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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EXAMPLES FOR SPECIFIC VOLUME
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Optical Properties of Polymers
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TRANSMISSION AS FUNCTION OF WAVELENGTH (1)

Diode laser, Diode laser, Diode laser, Nd:YAG laser, Fiber laser,
808 nm 940 nm 980 nm 1,064 nm 1,090 nm
A Amorphous plastics like 41l I I ] |
PMMA have high I I I I I
transparency up to. 1,200 nm, 0 F = ;
A At semi-crystaline plastics like 80 [+ 1=t i :- Sa =
: — : N
PP or PAG transparency Is =2 20 F I ! ' ' | __ - \/\/

. . il — T — ﬂm_l"-la- e
sometime restricted by . - === --=T I I | M
internal scattering at c 60 [ : : : : ; S
crystaline phases. -% 50 EL I I I I "N

A Reflection of VIS and NIR é’ i - I | I | I
radiation at amorphous @ : : : : : I
plastics is nearly constant © 30 H PMMA i i } ,
(e.g. PMMA R=10%), = 20 B4 - PAG : I ! |

A At semi-crystaline plastics 1| --PP I I L

: . 10 H | |
reflection can be increased by E | |_=== FL I I I
internal scattering. o td ! ' ' S

800 850 900 950 1000 1050 1100 1150 1200

Wavelength A [nm]
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TRANSMISSION AS FUNCTION OF WAVELENGTH (II)

Absorption at higher wavelengths:

second higher-order combination first higher-order combination
stretching oscillations oscillations  stretching oscillations  oscillations
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Wavelength 7\‘ [nm] source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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INFLUENCE OF FILLER MATERIALS TO TRANSIMISSION

90
-a= PP natur
80+
-e— PP GF30
= 70-+4E=
S - PA 66 natur
.5 60 - PA 66 GF30
é 50 —a= PBT natur
@ 40 _ -e~ PBT GF30
@
£ 301+5=
20 o 5 ?
10
800 850 900 950 1000 1050 1100

A No significant change in transmission between 800 i 1000 nm

Wavelength [mm]

A Glass fiber concentration has significant influence to transmission
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INFLUENCE OF FILLER MATERIALS TO BEAM DIAMETER

4 I
B — PA 66, 45 % GF 0,25
_ —PA 66, 30 % GF
E 3+ —PAB6, 15 % GF
— 0,34
Q \
e 2 0,42
© U_D.
S 5 0,3
0,53 0,45 |
51 08—
m 0,73 0.75 0.65 g 0,47
0,85 8
0 | |
0,5 1,0 1,5 2.0 2.5 3.0 3,5

Influence of glass fiber concentration

Material thickness [mm]

A lower transmission at increasing glass fiber concentration (framed values)
A increasing beam diameter (reflection of laser beam during transmission)

Influence of material thickness
A lower transmission at increasing thickness
A increasing beam diameter
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ADAPTION OF ABSORPTION BY ADDITIVES

To increase the absorption of plastics for laser radiation typically anorganic pigments or
organic dyes are used.

Examples are:
Laser-absorbing additive

Anorganic pigments:
A Carbon black,
A Color effect pigments,
A  Copper based pigments,

A Nano-ITO-pigments. ]_
Organic dyes: Organic Organic Inorganic
A Lumogen dyes, compounds pigments pigments

A Clearweld dyes. Soluble in polymer matrix Not soluble in polymer matrix
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TRANSMISSION USING CARBON BLACK

Transmission and Reflection of PC black

10 14 Y T v 14 4 T ¥ y b T
A Carbon = most efficient and o | )
cost effective black absorber
08 - -
e . ; coeees Transmission
A Typically concentration: : ‘ Reflecton
04 e AbSOMpRION -
0.057 0.5%
0z b .
A Preferred wavelength:
o'o L L e L
500 %000 1500 2000
980 nm Wavelength (nm)
- . . Optical penetration depth of carbon black in PP
A Medical Device: 600" F g
Carbon is not liked T E 940 nm
— 500
alternative solutions via color <
. . 400
pigments required S
S 300
o
2 200
g
B 10
5 I —s
0,0 0,1 0,2 0,3 0,4 0,5 0,6

Concentration [%]

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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Transmissionsgrad T [%)]

TRANSMISSION USING ADDITIVES

Inorganic pigments:
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source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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Advantages of Laser Beam
Welding
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PLASTIC MATERIALS SUITABLE FOR LASER BEAM WELDING

In principle all kind of thermoplastics and thermoplastic elastomers can be successfully laser
welded.

Following conditions must be fulfilled:

A Resin of the lower component need to absorb the laser radiation

A Resin of upper component should be transparent to laser radiation

A Resins of joining partners must have an overlapping of melting temperature range

A Resins of joining partners must be miscible (Melt-f | ow i ndex, surface polarity, e )
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LASER POLYMER WELDING - ADVANTAGES

Contactless energy distribution T no vibration
Clean process (no particle, low flash)

Low thermal and mechanical stress

No additional material

Very high welding quality

Process control

Highest flexibility (e.g. in coloration)

> > > B> > > > >

Alnvisibleid welding seam
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COMPATIBILITY MATRIX OF POLYMERS

A Good welding joint A Bad welding joint
Medium quality welding joint A No joint possible
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INFLUENCE OF COLORS

Degree of complexity

| White / White

Transparent / Transparent

Colorl/ Colorl

Colorl/ Color2

Color / Black

Black / Black

— ®
Transparent / Black TBEFFEHT

Color follows function
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Laser Beam Welding Processes
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INTERACTION OF LASER RADIATION AND PLASTICS

1(s)/1y=T(s) = exp i (s/a*)

I/1,
Low optical penetration depth a*: !
A IR-lasers (e.g. CO,-laser) ' h
A Plastics with additives (e.qg. i
carbon black) ma* <<s ‘
High optical penetration depth a*: i >

A NIR-lasers (e.g. diode-, fiber- 1 il
or Nd:YAG-laser)

A Natural Plastics without 1/e a*=s
additives (e.g. PC, PMMA) —E—;
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PROCESS OF THROUGH TRANSMISSION LASER WELDING

A first layer is transparent to the
laser radiation. Increasing temperature

A second layer is absorbing the by heat conduction
laser radiation.

At the interaction area of the

absorbing layer the laser energy Transparent
will be transformed into process for laser
heat for melting the resin. a*>>s
By close contact of both layers

(using a clamping force) the

transparent resin will also be melt

by heat conduction.

During re-solidification of the resin Absorbing

a weld joint with high strength and for laser .
qua!ity will be generated. 2l i Me_Chaplcal _
Typical laser sources used for Fixation Generating heat

plastic welding are diode, Nd:YAG by laser absorption
or fiber lasers in a wavelength

range from 800 nm to 1,100 nm.

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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PRINCIPLE OF POLYMER WELDING

1 2 3. 4
VVYVY \AAA - /\
—— —— — - — S
Absorption of Melting of laser Heat transfer to Solidification
laser radiation absorbing part laser transparent part
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INFLUENCING PARAMETERS FOR LASER WELDING

Laser Power P [Watt]
Beam Width w [mm]

Welding Speed v [mm/sec]

I S S

Energy Density E = P/(w « V)
[Watt-sec/mm?] = [ J/mm?]

Clamping Pressure p [bar]
Surface Conditions

Material Selection

> >y > D>

Absorbing Additive Concentration
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COMPARISON OF WELDING METHODS

pg. 34 |

wawaw !

Welding Method <‘ %.%’2
P
contour guasi-simultaneous simultaneous

Required laser power 20 - 100 W 1007 400 W 50W i kW
Mechanical axes needed yes no no
Closed-loop process control yes limited no
Set path measuring no yes yes
Flexibility + ++ --
Part dimensions not limited limited by field size not limited
Typical welding speed <10 m/min 0,5-10m/s <1ls
Costs (laser source + optics) ++ 0 +
Coherent | DILAS Confidential. Do Not Copy, Reproduce, or Distribute. | www.coherent.com | www.dilas.com | 1/25/2018
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Welding with Alternative Wavelengths
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WELDING WITH 1940NM

N typical diode laser
o wavelength at 8007 1000 nm
. ca. 15% absorption at 1470 nm
44t within transparent material
> 30% absorption at 1940 nm
within transparent material
AWelding of two transparent plastics
without additives
ANatural absorption of the bulk plastic
(absorption by vibration of polymer molecules)

-
-
-
-
-

pca. 5 mm

Welding Zone in PMMA T-Weld with PMMA Plates

degree of absorbance [%]

100

90 b
70 |

60 F

30 F

20 F

e.g.: PMMA

80 F

50 F

a0 F

600 800 1000 1200 1400

1600 1800 2000 2200 2400 2600

wavelength [nm]

Process:
Laser power:
Wavelength:
Laser spot:
Speed:
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CONTOUR WELDING WITH 1940NM

Method: Contour welding
Laser power: oW
Wavelength: ~1940 nm

Focal spot size: 1 mm

Welding speed: 500 mm / min

ASuitable for foils and thin materials
For welding of transparent plastics, each

AApplications in medical device DILAS diode laser system at 1940nm
manufacturing or packaging range comes with a license to utilize the
patent PCT/EP99/051009.

ASystems available at 1940nm with
currently up to 30W
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WHITE-TO-WHITE WITH 1470 NM
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Part Design and Clamping
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SUITABLE JOINT GEOMETRIES

Focused
laser beam
Laser transparent
component
Laser absorbing
\ | component

111

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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JOINT GEOMETRY FOR QUASI-SIMULTANEOUS WELDING

Focused ' _
laser Clamping pressure Filled gap by melt
beam | Laser transparent squeeze flow
l component
Vol Vo)
_ | ‘
Setting
distance
Laser absorbing
component
Start of operation End of operation

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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LASER WELDING USING A PRESS FIT

Laser transparent
/ component

4 )

Internal fixing pressure
by press fit

[

|

i

i

i

i )

R1 :
app. 0.1 mm | F
R> I las

i

i

i

i

Laser absorbing |

component :

|

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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TOLERANCES FOR LASER WELDING

I Laser transparent

' component
Laser transparent ' P
/ component I

n
//10.15 |A

/ /| 0.08 J

E / /| 0.08
Y

I Laser absorbin X :
! component ’ Laser absorbing

component

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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EXAMPLE FOR CLAMPING DEVICE

Laser radiation

Fixed metallic frame
with optical glass plate

Vertical movable
Metallic tray as base metallic plate
for work piece

positioning tool

Pneumatic Steel rails for stable
pressure and repeatable
system positioning of

metallic plate

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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Diode Laser Equipment
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COMPACT SERIES

Main Applications SOW 100W 600W 1.2 kW
A Polymer Welding

A Soldering : o
A Heat Treatment {. .°“£}’

A Welding

Main Features

A Reliable diode technology with a large installed base
Plug & Play Fiber exchange

Plug & play diode laser module exchange

Integrated Pilot laser

Nearly maintenance free

Single phase electrical connector

o T o T Do I

24 months full warranty without hour limitation
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PROCESSING OPTICS FOR CONTOUR- / SPOT WELDING

Spot Imaging
Processing Head

A various spot sizes
A straight or 90° bended version

A various spot sizes
A straight or 90° bended version
A integrated pyrometer for process control
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PROCESSING OPTICS FOR QUASI-SIMULTANEOUS WELDING

Galvo Scanner
Processing Head

QZ

A Without pyrometer A Incl. pyrometer
A for process control

color corrected lens
adapted pyrometer
Working area: 140x140 mm?

A Working areas:
from 90 x 90 mm?2 to
415 x 415 mm?

o T I

pg. 48 | Coherent | DILAS Confidential. Do Not Copy, Reproduce, or Distribute. | www.coherent.com | www.dilas.com | 1/25/2018 % COHERENT. | DILAS



LINE OPTICS FOR WELDING OR HEAT TREATMENT

Line Focus
Processing Head

Line configurations:

120mm x 3mm
50mm x 2mm
35mm x 1mm
20mm x 0,5mm
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PROCESSING OPTICS SIMULTANEOUS WELDING

Radial Optic
Processing Head

Ring Optics Radial Optics
Round contours Welding at outline
e.g. sealing of housings e.g. tube connections
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QUASI-SIMULTANEOUS RADIAL WELDING

Radis alding A Fast rotation optic for quasi
simultaneous radial
welding

Servo drive
360Aendless rotation

Adapted single color
pyrometer

Temperature controlled
process

Compatible to DILAS
COMPACT-EVOLUTION
fiber coupled diode laser
series

A Available spot sizes:
157 4mm

o To Do Do o

A\

‘w
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Process Monitoring and Control
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PROCESS MONITORING AND CONTROL

pg. 53 |

Quality Control of Laser Welding of Plastics

Before Processing

® Transmission measurement
of laser transparent
components

® Reflection measurement
of laser absorbing
components

® NIR transmission/reflection
measurement of applied
laser absorbing coatings

Coherent | DILAS Confidential. Do Not Copy, Reproduce, or Distribute. | www.coherent.com

During Processing

® Monitoring of process
temperature by pyrometer

® Monitoring of process
temperature distribution
by NIR sensitive camera

® Monitoring of process
quality by optical
reflection measurement

® Monitoring of process
quality by material collapse
measurement

After Processing

® Mechanical testing of
achieved weld strength
by shear strength test

® Mechanical testing of
achieved weld strength
by pull-off test

® Preparation of cross sections
and microscopic analysis by:

== X-ray transmission
= Tomography

= Terahertz spectroscopy

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011

www.dilas.com | 1/25/2018
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IN-LINE PROCESS MONITORING AND CONTROL

CCD- or

/ CMOS-camera

Weldseam

: Pyrometer
: 2 B Without temperature control
P 25

b Photometer _ 600 .
T 32 q i
P +.. R - —| 1400 B
4| - £ ) 2 3 300 B
| 2 10 g
O ] L 200 ®
L Laser 8 s - l100 &8

= — power 0 0

: 0 50 100

,”’,— NN NT~4< - detector Weld path [mm]
EB-E:::::" T I"': N\ J[' ) ;; ;'j"' With temperature control
B 1 g g
1 ;i i1 25 600

@ E‘ 20 ‘_I 500 §
— g 15 400 'E
= 2 - ]
||:l' .0l 1 2 s Wa]™ E
il g L\ oo s
i 3 s
1 0 o

L 0 100

Weld area £l

50
Weld path [mm]

- o Laser transparent

component
Laser absorbing

component

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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PROCESS CONTROL BY COLLAPSE MEASUREMENT

0,6

SIEP1 olEPZ |SIEP 3 STEP 4

Step 1: Start of laser irradiation and &
heating the resin without ’
plastification,

o
o
D

o
N
|

Step 2: Increasing temperature and
start of plastification with non-
linear set path course,

Step 3: Increasing temperature with
linear set path course,

Set path x [mm]
o
w

_ Set Path for FEM

: . calculation
Step 4. Stop of laser irradiation and

cooling down of the resin 1 -

— measured set path

0,0H P | | x | | | | I

0 2 4 6 8 10 12 14 16 18 20 22 24
Welding time t [s]

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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PYROMETER SETUP FOR TEMPERATURE MEASUREMENT

Work piece Imaging optics Pyrometer

Measurment area Optical filter
at temperature T

Thermal
radiation

Focusing lens

Object aperture Image aperture Detector

Process related
: Temperature :
Detector = Amplifier compensation || Computation = tem|_)erature
signal
| |

source: R. Klein, Laser Welding Plastics, Wiley-VCH-Verlag, 2011
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CLOSED-LOOP PROCESSING WITH PYROMETER

Process settings
AWelding speed
ASeam width
AWavelength

% COHERENT. | DILAS
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CONTOUR WELDING WITH PYROMETER

Pyrometer is only measuring temperature at constant laser power,

yet, it does not actively control the laser power

A high variances within the welding temperature

temperature [*C]

pg. 58 |

270

265
260 1
255 1
250 1
245
240 4
235
230
225 4
220 4
215
210 4
205
200 4
195 1
190 1
185 1

180

)

W“’WW *

| —TLact FCl— Lsel[°Cl

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

time [ms]

Open Loop

Pyrometer is measuring temperature and is, at the same
time, actively controlling the laser power
A welding temperature is thus kept at a constant level

temperature [°C]
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Closed Loop
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GALVO-SCANNER WITH ON-AXIS PYROMETER DL.S20P

Advantages of Galvo /Pyro combination
Scanner based welding process

On-axis temperature monitoring
Temperature controlled closed loop process
Collapse measurement possible

To Do Do o

Additional requirements to material properties

A Laser transparent cover need to be able to
transmit laser wavelength as well as measuring
wavelength of the pyrometer.

DL.S20P Galvo scanner with pyrometer
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OPEN LOOP - FAILURE DETECTION
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1050 -
1000 -
950 -
900 -
850 -
800 -
750 A
700 A
650 -
600 -
550 A
500 1
450 A
400 A
350 A
300 -
250 A
200 A

temperature [°C]

150
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h

n

1000

Temperature

2000 3000

time [ms]

increase at dislocatin

4000

5000

I open loop Process

1/25/2018
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CHOOSING PARAMETERS FOR
CLOSED-LOOP PROCESS WITH PYROMETER

2., ¢ f, ¢3¢

yro con

foon: Control frequency of pyrometer V. Welding speed

dgpot: Laser spot size f Measuring frequency of pyrometer

pyr0:
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CLOSED LOOP PROCESSING WITH PYROMETER
MAXIMUM WELDING SPEED

seam length for differentwelding speed

1,40
1,20 A 1 m/s
e (0,9 m/s

100 4 = (),8 m/s
s ’ = (,7 m/s
£ e (),6 m/s
< 0,80 A e (0 5m/s
g e ().4 m/s
E 0,60 A e (0 3 m/s
8 (0,2 m/s
? 0,40

0,20 A

0,00

00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34 3,6 3,8 4,0

integration time [ms]
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Application Examples

pg. 63 | Coherent| DILAS Confidential. Do Not Copy, Reproduce, or Distribute. | www.coherent.com | www.dilas.com | 1/25/2018 % COHERENT. | DILAS



AVIATION

Application:
lllumination stripes
Material: PC

Laser:
A Compact 100/400-980 AC
A PHFS9-CS

Parameter:

A Laser power: ~50 W

A Welding speed: 1,5 m/min
A Spot size: 1,3 mm

A Contour length: > 20 m

pg. 64 | Coherent | DILAS Confidential. Do Not Copy, Reproduce, or Distribute. | www.coherent.com | www.dilas.com | 1/25/2018 % COHERENT. | DILAS



CAR KEYS (AUTOMOTIVE)

Mercedes Benz GEN4 Car Key Touareg Car Key

MARQUARDT MARQUARDT
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LASER EDGING i FURNITURE INDUSTRY

Pressure roller

Requirements
Laser

) ) Edge
A Processing speed 10 - 60 m / min

A Work piece from 14 - 80 mm thickness

A Laser unit has to fit into existing machine concept
A Clean and flexible process

Work piece

% COHERENT. | DILAS
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THANK YOU
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