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‘ Introduction

Heated tool welding — Procedure and Guideline
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,:I:I [:] I [:l J .- / C | element at end of equali- 10 x nominal wall (maximumy) Fmsum?r::"d' ["E::‘um::;:ﬁ::t
oining / Cooling sing time thickness (Moxdmtn =015 £ 0,01 Nimm?
A . I I EI:l (minimum values) (preheating time. may be P .
! ! ! (equalising p = 0.15 £ 0.04 p = 0.01 Nfmm?) » may
Qo i b Nfmm?) undercut by up
> ' Pre- AT
7 | heating | | Joining [mm] [mm] (5] Is] [s] [min]’)
) . : ] |
E : : pressure bis4.5 0.5 bis 45 5 5 6,5
45...7 1.0 45 ... TO 5.6 5..6 65...95
' Time
Schematic diagram of the welding process e o E ———— 8 sa0 = ——
a0... 110 5.0 800 ... 1,100 30...35 35 109 ... 133
110... 130 55 1,100 ... 1,300 max. 35 35 133 ... 157

Simple process consisting of four phases

Well-established method for joining thermoplastics,
e.g. polyethylene, of various dimensions

Parameters of DVS Guideline 2207-1 for heated tool welding of polyethylene

» Specified process times up to a wall thickness of 130 mm

« Extensive European and worldwide use of the
parameters of DVS (German Welding Society),
Guideline 2207-1, for joining polyethylene

Additional important parameters (DVS 2207-1)

Heating element temperature 220 °C £ 10 °C
<0.01 MPa
0.15 MPa (during entire cooling time)

Heating pressure

Joining pressure
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Overview of the economic importance of thick-walled products made of polyethylene

« Continuous replacement of steel pipes with more sustainable plastic pipes
(expected service life up to 100 years)

* New containers and pipelines for the expansion of sustainable infrastucture
and renewable energies

* Increasing diameters (3,500 mm) and wall thicknesses (200 mm)
» Hot plate welding as the most common joining process

« Continuous development of polyethylene to improve long-term durability
(latest generation: PE100 RC, since 2003)

| | \9 Wbk
oL
o

o

Source: www.frank-gmbh.de
Drinking water storage in southern Germany made
» Necessity of a reliable process control for heated tool welding of from containers and pipes of PE100

polyethylene with high wall thicknesses
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Need for research concerning thick-walled parts

180 1400
. N . . . g 160 x 1200
« Experimental scientific work carried out only with wall thicknesses up to T =140 4 1000 Z
20 mm in the past o £.120 . ®
£ © 100 T 8oo £
: : =5 J
> DVS 2207-1: only linearly extrapolated parameter sets for high wall > § 28 . 600 §
thicknesses S5 * 400 §
8 40 2 Heating time 200 L
» Long heating and cooling times with high wall thicknesses 28 »° x Cooling time under pressure.
(e.g.: wall thickness 100 mm = 2 hours cooling time under pressure) 0 30 60 90 120 180
> No experimental or scientific validation of the extrapolated values Wall thickness [mm]

Linear increase of heating and cooling time for PE as a
function of the wall thickness (DVS 2207-1)

* In addition: irregular reports from users about problems with large
dimensions

Comparison between
usual laboratory
dimensions (10 mm)
and higher wall
thicknesses (100 mm)

» Systematic investigations into heated tool welding of high wall
thicknesses necessary
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Alternative strateqies for the joining phase according to ISO 21307 with shorter cooling times under pressure

Pressure Single High-

R —— — - Pressure Pressure — ll::)ual Low-
® ,l @ | (1SO 21307) ressure
/ ' —DVS 2207-1 1. Equalising @ @
/ | 2. Preheating
/ | 3. Changeover
/ | 4. Joining / Cooling
@ | | @
- » Time » Time
® ®
» Joining pressure 0.5 MPa « Joining pressure 0.15 MPa
» Shorter cooling time (0.5 x DVS) * Very short cooling time under pressure (10 s)

Do long cooling times under pressure according to DVS 2207-1 make sense?
Is the Single High-Pressure or Dual Low-Pressure method more suitable than the DVS method?

Even more joining pressure — cooling time — combinations necessary for optimum cooling behaviour?

YV V V V

Research gap in comparison of the three process strategies, especially for high wall thicknesses
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‘ Experimental

Material / specimen

: : Wall

PE100 Panels 30 mm
(pressed, 70 mm
PE100 RC  plack colour) 100 mm

Pneumatic welding machine

Heating element

Welding tests

Production of weld seams according to
DVS 2207-1 and with parameter
variations

— Preheating time
— Heating element temperature
— Joining pressure

Process optimisation of the heating and
joining phase

Material testing

Microscopic examination

— Geometric considerations
— Structural analysis
— Fracture surface analysis

Mechanical analysis

— Tensile test
— Bending test
— Impact bending test

| . . Joining
! Joining Joining , : :
| SR 16 SNSRI time under — Tensile creep test = long-term behaviour
4 - ! pressure
Clamped | 1 (DVS) 0.15 MPa 120 min Process
specimen § 2 0.15 MPa 1 min
> 3 0.9 MPa 15
Control desk i 4 0.6 MPa 1.5 min
L _ « Process control by means of temperature Structure Properties
* Max.joining force: 20,000 N | 414 joining path measurement
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Experimental

Long-term tensile creep test (DVS 2203-4)

* Most important analysis method in the sector of semi-finished products
(expected life time > 50 years)

« Determination of long-term mechanical properties

« Specimen loaded under the influence of a constant temperature and
test load in a liquid medium until brittle fracture (service life to failure)

Liquid

Lever medium  control system
I |
[l — _1:
| i

Specimen Weight
~a
I Pl

Break —~ / \CkmﬂmMQ

sensor Heating tapes

pump
Source: Ehrenstein: Handbuch Kunststoff-Verbindungstechnik
Schematic illustration of the testing facility

Test conditions

ji?n";ﬂ';ons 150 mm x 10 mm x 10 mm
Temperature 90 °C

Test load 4 MPa

Liquid Aqueous wetting agent

solution (2 % Arkopal N100)

medium

< Trials with lauramine oxide as an
alternative wetting agent
discontinued after various problems
occured

Local sampling
\ from the middle

and the bottom of

/ the weld seam
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Microscopic examination of the weld seam thickness

Top Bottom
] -_M. e i 0
Microscopic image (transmitted, polarised light) of PE100 RC, wall thickness 100 mm, welding parameters according to DVS 2207-1
Heating element Additional melting in the edge area due to

Asymmetrical formation of the melt

radiant heat layer and the resulting weld seam
. + profile (high weld thickness at the
Part to be welded Eadt'a”t heat accumulation (on the bottom of the part) edge area)
ea

Heat accumulation * Increasing curvature with higher wall thicknesses and therefore longer preheating times
« Exact curvature depends on the positioning of the part to be welded on the heating element
Schematic illustration of radiant

heat and heat accumulation » Effect of the curvature on the resulting mechanical properties (local differences)?
during the preheating phase
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Long-term tensile creep test of PE100, wall thickness 30 — 100 mm (welding parameters according to DVS 2207-1)

1000
| T " Bottom Results:
<. 800 1 O Middle '
2 « Short service life in the curved, lower edge area of
Q 600 T the weld seams for all wall thicknesses
400 J |
N * No improvement
200 B — through variation of single parameters
{ HT(HT[ |||‘||| — by reducing the curvature
0
30 70 100 « No recognisable strength gradient in short-term
Wall thickness [mm] mechanical tests

» Further investigations required to reduce the long-
term strength gradient with a modified process
strategy

» Fracture initiation in the edge
area

» Fracture progression in the
joining area

|

Microscopic fracture analysis
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Cooling curves of PE100 RC, wall thickness 100 mm

Temperature measurement using thermocouples at various positions in the joining area
during the cooling phase

160 \*%  Crystallisation

0 6 12 18 24 30 36 42 48
Cooling time [min]

 Significantly later and longer-lasting crystallisation at the bottom

» No uniform cooling across the weld seam thickness (bottom is the last part to solidify)

Temperature
> Formation of internal stress in the weld seam with tensile stress at the bottom measuring points
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Visual temperature distribution in the weld seam

 Thermal stratification in the weld seam due to the flow behaviour of the melt

——

T =
a—

1.Before / during joining 2. After joining

v Tlc-w

Principle diagram of the temperature distribution in the melt before (left) and after joining (right)

» Displacement of the melt with the highest temperature from the inner weld seam area towards the weld beads due to the
squeeze flow during the joining phase

» Flow of melt with lower temperature from deeper layers in the middle of the weld seam

—> Different crystallisation times between the middle and the edge of the weld due to thermal restructuring

 In addition: higher melt volume in the edge area due to the weld seam curvature
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Cooling curve and joining path as a function of time (PE100 RC, wall thickness 30 mm, welding parameters according to DVS 2207-1)

200 8 « DVS and Single High-Pressure procedure:

180 — 7 > Further continuous increase in joining
160 Crystalisation plateaus path from the start of crystallisation
o Y /// 6 above thermally induced contraction
5 1 5 E > Flo_vv_ movements of the already
= T~ e = solidifying melt
é 100 e e, 4 "(E
— e g : :
gi 80 e o> » Suppression of the relaxation phase
= Achievable joining path using i 3 E . g . ) )
CHE Dual Low-Pressure procedure S » Solidification of orientations caused by
------- Bottom temp. 2 expansion flow
40 — - Middle temp : :
' 1 » Formation of tensile (edge) and
20 —— Joining path compressive (centre) stress state
0 0
wonc  c c £ c c
o000
RSE & 5 B B e » Dual Low-Pressure procedure:

Cooling time > Reduction of the achievable joining
path by more than 50 %
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Modified process control approach for the joining / cooling phase

« Correlation of the end of the joining time under pressure with the cooling kinetics, i.e.

with the start of the crystallisation phase in the middle of the weld seam and thus with

the end of macroscopic flow
—> Avoiding flow movements in the already solidifying material
—> Allowing the relaxation phase

- Reduction of the resulting internal stress state

» Proof of the reduction in the long-term strength gradient using
— long-term tensile creep tests

— internal stress analysis

Joining area
e N

Source: Ehrenstein: Handbuch Kunststoff-Verbindungstechnik
lllustration of the weld seam formation; left:
stretched molecular chains during joining; right:
relaxation of the molecular chains across the
joining area during cooling
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Long-term tensile creep test of PE100 RC (wall thickness 100 mm, various joining strateqgies)

3500
<— Middle Bottom
3000
2500 =Bottom
<
2 2000 OMiddle
©
g 1500 Joining area Joining strategy no. 1
QL
“ 1000
500 ﬂ .
0 = _—t—
1 2 3 4
Joining strategy no. Joining strategy no. 2
. . . : . Microscopic examination of weld seams
Joining Joining Joining time | Joining produced using various joining strategies
strategy no. | pressure | under pressure path
1 (DVS) 0.15 MPa 120 min 14 mm « Examination of the joining areas (point of fracture) under
) 0.15 MPa a4 i gl different polarisation directions
3 0.9 MPa 15s 15 mm » No recognisable differences between the various joining
4 0.6 MPa 1.5 min 16 mm strategies
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Summary

« Inhomogeneous properties in thick-walled weld seams with a weak mechanical edge area
* Improved mechanical properties / reduced strength gradient through optimisation of the joining / cooling phase
» Higher joining pressure in combination with a shorter cooling time under pressure compared to DVS 2207-1

» Necessity of a sufficient joining path

Outlook

* Proof of the transferability of the modified joining strategy to other wall thicknesses
 Further tests with a joining pressure between 0.15 MPa and 0.6 MPa } with regard to industrial
« Validation of the process on entire weld seams and large industrial components applicability
* Internal stress analysis to improve the understanding of the fracture behaviour

» Photoelasticity experiments using amorphous material (weld seams made of polycarbonate)

» Analysis of stress distribution around boreholes
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