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Mass production of “thermoplastic composite” aircraft structures

(fuselage, wing assemblies (stiffeners to skin, access panels...)

« Development of the ability to join thermoplastic carbon/glass fiber composite parts to themselves
and existing/future metal alloys

* For composite/composite we need conductive fibers (carbon) or matrix additives (conductive particles/fillers)

* For metal/composite conductivity of the metal part can be utilized

KVECONMPOSITESGROUP

Daher Aerospace S.A

/

« GKN AEROSPACE

STELIA~

Induction WELDING : a key process for the TP Aircraft

Induction Welding on primary structure.
What for ?

The Main target for Dynamic Induction welding technologies seems
to be the longitudinal stringer assembly :

7 Important junction length : 800 meters (even more for Omega stringers)

» Relative constant geometry and low thickness
7 Good accessibility at this stage of assembly

Use case : 10 meters long typical fuselage section

Cost ?
Typical cost breakdown Cost =80 Cost =20

Stringer Welded Thermoplastic fuselage Material & Elementary parts 4= Stringer welding (Cost :1)
Holes & Fasteners Themoplastic fuselage Material & Elementary parts sl(is”ff' ¢————— Stringer H&F (Cost >>1)

Typical metallic ratio : 70 (part) /30 (assy) drilling, fasteners & quality

TP welding is more an enabler than a direct cost driver. Need to demonstrate quality, performance
and reliability more than productivity.

Images courtesy of Composites World Seminar ,Induction Welding for Dustless Assembly of Aircraft Within a Decade®, 9. June 2021.
https..//www.bigmarker.com/qardner-business-media-inc-w1/Induction-Welding-for-Dustless-Assembly-of-Aircraft-Within-a-Decade 2bmid=83c652617¢c71
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Induction Welding Simulation Basics

Leibniz
Gemeinschaft

te.com

www.thefuture

ISCOMposiI

* Alternating magnetic field

Induced eddy current in electrically conductive material

Heating by Joule losses and hysteresis

* Pressure applied for consolidation and maintained during cooling

out

Magnetic field Inductor

Eddy currents

Top laminate

Bottom laminate



Leibniz
Gemeinschaft

% Material Properties and Process Inputs
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Type of Physics Material Property Process Inputs
Eq vy Coupling Distance (m) d,
Stiffness (Pa) E, v, 3Coil/Roller Velocity (m/s) %
. 3Coil to Roller Distance (m) d,
Mechanical Esv3 3Roller Normal Contact Force E
(N) N
Density (kg/m”3) P 3Ro|lerc((:):?ftig?:;nliriction Heric
. . hiop
Heat Capacity (J/(kg*K) Cp Free Surface Convection
Coefficients (W/mZ*K) Nyottom
hsides
Thermal Ki Initial Temperature (°C) T
P 'Heat Transfer Conductance
Therme(l\INC/:rcr)lr:Pcé;Jctlwty K, (W/m2*K) hte
2Thermal Expansion Coefficient or
ks 3Forced Convection Coefficient h
(W/mZ*K) forced
Electrical Conductivity (S/m) | 040,03 Frequency (Hz) Freq
Electromagnetic Relative Permeability H, Current Amplitude (A) |
Relative Permittivity £, 1Contact Resistance (Q.m) R

"Necessary parameters in the case of double plate model simulations

2Significant for metal and dissimilar material joints and can be neglected for composite only welds

SAdditional parameters required in the case of full continuous induction welding simulations with air-jet cooling
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% Understanding and Simulating Continuous Induction Welding

Temperature sampling point
Roller Force= 300 N A

Consolidation
roller (cooled) Consolidation

Coil roller contact

\ Q
—
-
wid
©
Joint partners & Trealoo i 0/X .
—————— Q
""" 5
h e
solidation
Codling
Time

Weld line On top surface T, < TrpT

At jOining interface Tmelt < Tmax < Tdegredation
& Trc1 > Tmelt ; Trc2 & Trc3 < THDT

Processing Speed = 3 mm/sec (KVE Induct®: fabrics ~17 mm/sec, UD ~3 mm/sec) known to give excellent welding
results with CF/CF combination but why? Plus we would like see what happens for other material combinations and
in addition speed things up!

www.thefutureiscomposite.com



: Understanding and Simulating Continuous Induction Welding:
e~y Model Setup in LS-DYNA®
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Now we can examine temperature profiles at any location!

« The goal is to make sure we remain within the processing window of the material so that the top surface doesn’t melt, the
material anywhere does not degrade and the bond surface is hot enough for joining.

* A Proportional-Integral-Derivative controller (PID controller) is used to control the coil current based on temperatures
sensed in the welding stack.

Duhovic M., Hausmann J., L’Eplattenier P., Caldichoury I. A Finite Element Investigation into the Continuous Induction Welding of Dissimilar Material Joints. In:
Proceedings of the 10th European LS-DYNA® Users Conference, Process VII — Welding, 15.-17. June, 2015, Wirzburg, Germany.
https://www.dynalook.com/conferences/10th-european-Is-dyna-conference/3%20Process %20V11%20-%20Welding/02-Duhovic-InstitutfuerVerbundwerkstoffe-P.pdf
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Simulation Results: Actual Induction Welding Scenario Surface

Temperature Plots — CF/CF
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PIDCTL_SP250°C(523K)(170 A), 400 kHz Top Surface Weldline @ 3 mm/sec (0.18 m/min)
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Simulation Results: Actual Induction Welding Scenario Surface
Temperature Plots — CF/CF
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PIDCTL_SP250°C(523K)(170 A), 400 kHz Joint interface surface @ 3 mm/sec (0.18 m/min)
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Simulation Results: Actual Induction Welding Scenario Surface

Temperature Plots — CF/CF
1 Where is the target 250°C (523 K)?
0 S
0 Pty
y 440 W/m2K by
¥ 540 [ "
® 505 |
s
E 470 / W 540-550
q’ W 505-540
Q 435 | 210505
E 435-470
8 400 / .:zgjiz Drdern!!.lagnltude-rmIlaatIranslarl:na!!lereﬂuDapandlngonmmgﬁchnmy
((}]
m 330-365 Alr
g 365 / m295-330 ITI—-|H|5
= = __NC-T0
S5 330 — WL
m Fi& Jer [
% 295 Water e I
© ] !
E watural Convection |_'.'.j.1_:_r-| E:-;]nrh.-ng._j

240
Distance [mm] 360

"Active cooling"

www.thefutureiscomposite.com

0

[

Water Bolling

| | | | | | | | | Water Congdens,
| ] |
1E+D0D 1E+01 1E+02 1E+03 1E+0ud 1E+05 1E+DG

Heat Transfer Coefficient (W/m K}

Source: Lasance, C., Technical Data column, Electronics Cooling, January 1997

PIDCTL_SP250°C(523K)(195 A), 400 kHz Joint interface surface @ 3 mm/sec (0.18 m/min) (Cooling 440 W/m2K)
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% ODYSSEE CAE
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- ODYSSEE CAE uses knowledge of a model's time-dependent
behavior to:
* Predict the response of the model in parametric studies

 Use this prediction as an initial guess for improving the model or to test the
model via a reduced-order-modeling (ROM) simulation coupled with
optimization.

> Lunar: The main GUI of ODYSSEE CAE

> Quasar: An AlI/AML/ROM solver allowing for predictive modeling and data
mining analysis.

> Pulsar: A general-purpose parser to create the inputs for Lunar.
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* We chose five of the most important parameters which influence
heating behavior during continuous induction welding

- Atotal of 42 simulations were carried out considering 21 to 42 DOEs generated
using the Latin Hyper Cube approach (better for low sample sizes)

n Welding speed (m/min) 0.1 0.5

“ Power (current amplitude) (A) 70 (10% Power) 700 (100% Power)

“ Top surface cooling rate (W/m?K) 0 10000
Laminate in-plane electrical

— conductivity, K1/K2 (combined) (S/m) 18000 e

_ Laminate through thickness electrical 0.03 10

conductivity, K3 (S/m)

» Not all simulations worked: 25 training models — 4 validation models

- Each simulation takes an average of 12 days to solve using 4 Cores
of an Intel® Xeon® Ice Lake Gold 6326, 2.9 GHz, 16-Core CPU

19
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} ODYSSEE CAE: Inputs

» X (input) and Y (output) .csv database files are selected for the

Reduced Order Model (ROM

- Additional Xn (input) and Yn (output) .csv files are given as validation sets

DOE-25-LHC X.csv - Bx...

Final_¥-25.cov - Excel

= Finald_Xn.csv - Bxcel O Final4_Yn.csv - Excel
‘ Einfi | Seite ‘ Form | Date | Uber ‘ Ansu| Entw ‘ Acro | Tear Start Einfigen Seitenlayout Formeln Uberprifen Ansicht Entwicklertools Acrobat Team Q was hten Sie tun? Duhavic, Miro £, Freigeben
. = fe || 0.322657 v - : fe | 298.6063
Flnal-q-_xﬂ.CE"n" E c D E = Flﬂﬂl-q-_"frﬂ.CE-‘-" C D E F G H 1 J K L M N [} P Q
1 0-3226-;! 417.989 7444.29 28985.7 2.4042 ' uﬁ.ﬁl 298.5963 298.612  298.6166  298.6212  298.6272  298.6351  298.6451  298.6573  298.6717  298.6881  298.7065 298.727  298.7494  298.7739  298.8006  298.8296
2 0.162956 121.102 289.862 22132 3.7006 2 298.0814  298.0812  298.0808  298.0812 298.082  298.0834  298.0851  298.0872  298.0896  298.0924  298.0956  298.0952  298.1032  298.1075  298.1123  298.1175  298.1232
E 3 0.349939 306.555 5000 23000 5.015 3 298.238  298.2345  298.2396  298.2413  298.2441  298.2483  298.2542  293.2615  298.2702  298.2803  298.2917  298.3044  298.3184  298.3338  298.3506  298.3691  298.3893
(@) 4 0.138008 121.669 3988.28 222844 6.39571 4 297.26 297.257 297.263 297.266 297.263 297.273 297.278 297.283 297.289 297.296 297.303 297.312 297.321 297.331 297.342 297.355 297.368
o : . ;
Q Finald Xn b v Finald ¥n ® 1 v
'-': Bereit HH mo- 1 + Bereit - 1
v o UARLTT 555,120 5 ToUUD i 555937 55355 555951 55009 S0 5570 5557 SEHISO SEasT 5707 SEFTTO 5.3 53751 55.0173 >5.0000 557210
(o) 1 0.37646 13431 1174.76 18348.7 1.30516 1 298.073  298.0717  298.0739  298.0747  292.0754  298.0762  292.0771  298.0783  298.0797  292.0813  298.0831  298.0851  298.0872  292.0897  298.0923  298.0952  292.0983
(o} 12| 0.209085 272.117 1351.92 22398 1.81573 12| 2984192 298.4109  298.4256 2984311  298.4363  298.4419  293.4483  298.4558  298.4644  293.4743 2934854 2984979 2985117  298.5269  298.5435  298.5616  298.5812
E 13| 0.377563 432.742 3020.7 16048.3 6.03885 13| 298.3258  292.3208  298.3289  292.3335  298.3403  298.3501  292.3629  298.3787  298.3974  298.4189  292.4432  298.4705  298.5008  298.5344  298.5714  298.6122  298.6571
o 14| 0.387433 653.551 9079.5 22370.3 1.75404 14| 299.5239  299.5052  299.5302  299.5362 2995445  299.5583  299.5779 299.603  299.6333  299.6686 2997085  299.7529  299.8019  299.8556  299.9142  299.9781  300.0474|
] 15| 0.282632 70 0 24183 0.03 15 298.028 298.028  298.0275  298.0273  298.0271 298.027 298.027 298.027  298.0271  298.0272  298.0274  298.0276  298.0278 298.028  298.0283  298.0286  298.0289
(] 16|  0.345486 514.112 3124.04 17100.1 10 16 298.287 298.286  298.2872  298.2895  298.2953  298.3056  298.3204  298.3395  298.3627  298.3899  298.4212 2984567  298.4966  298.5412  298.5909  298.6462  298.707f
q_) 17| 0.459576 700 9585.14 18448.6 1.24928 17| 299.6829  299.6538  299.6989 299.71  299.7222  299.7385  299.7601  299.7871  299.8192  299.8562  299.8978  299.9441  299.9949  300.0507  300.1115  300.1777  300.2496
— 18|  0.288065 133.863 1128.18 24030.7 0.03 18| 298.0969  298.0954  298.0975  292.0977  298.0978  298.0979 298.098  292.0982  298.0985  298.0989  298.0995  298.1002 298.101  292.1019  298.1029 298.104  298.1053
>} 19 0.5 671.209 10000 27140.2 5.16907 19| 2989079  293.8963  298.9101 2989128  293.9198  298.9328 298.952  298.9768  299.0068  299.0415  299.0809  299.1248  299.1733  299.2268  299.2853  299.3492 299.419
+= 20| 0.293796 668.536 10000 30000 8.33409 20| 298.8771  293.8625  298.8851  292.8931  298.9047  298.9218  293.9458  298.9771  299.0156  299.0612  299.1136  299.1729  299.2389  299.3119  299.3923  299.4805 299.577
> 21 0.5 620.063 3927.2 16000 8.37995 21 298.3922  298.3871  298.3946  298.3994  293.4089 2984236  298.4434  298.4679  298.4969  298.5303  298.5684  298.6111 298.659  298.7123  298.7715  298.8372  298.9102
"'q_) 22 0.1 213.967 0 16000 5.40768 22| 2982365  298.2311  298.2422  298.2487  298.2563  298.2651  298.2753  298.2871  298.3006 298.316  298.3334  298.3528  298.3745  292.3984  298.4247  298.4536  293.4853
c 23|  0.246762 294.156 1131.99 17577.3 6.50755 23| 2981991  298.1956  298.2017  298.2053 298.21  298.2162  298.2241  298.2337  298.2452  298.2585  298.2737  298.2908  298.3099 298.331  298.3544 298.38  298.4082|
) 24| 0.183089 171.851 142.744 19908.3 5.02463 24| 2981196  298.1183  298.1204  298.1221  298.1243 2981272  298.1308  298.1351  298.1402 298.146 2981525  298.1599  298.1681  293.1771  298.1871 2981979  298.2098
: 25|  0.306281 417.801 3968.48 19965.2 6.42987 25| 2983202 292.3741  298.3843  292.3893  298.3963  298.4062  292.4191  298.4352  298.4544  298.4767  298.5022  298.5308  298.5626  298.5978  298.6365  298.6791  298.7258
; 26 26
27 - =
; DOE-25-LHC_X [l v | Final¥-25 | “ 8
; Bereit =] - 1 + 100% Bereit i) mo- M + 100%

20
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% ODYSSEE CAE: Inputs

* Y database (joint interface temperature) data must be given in the
form of a 1D array (single row of temperature values)

* There are two Options... Nodes across the length
1000

900 s ! ll ‘ !;
T

800
700

uuuu

www.thefutureiscomposite.com

¢ 995 - 600
= 500
® go5 ] 400
= 300
E 795 W 895-995 200
3 695 / e 795-895 100
| - 695-795 0
g 595 \ e 0 500 1000 1500 2000 2500 3000 3500
m / W 395-495 .
S 495 ‘ m 205,395 Nodes across the width
t 1000
@ 59 -_ 900
ﬁ: 295 800
700
= e — \/ 600
500
ol o0 4
Distance [mm] 360 . 300
o — [ ] 400 Weld width 200
Active cooling 0 [x] T

0
0 500 1000 1500 2000 2500 3000 3500



} ODYSSEE CAE: Lunar GUI
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Lunarv2022.2 - test - x
File Export Tools Preferences Help
1-Project 2-Data 3-Sensitivity 4-Interpolation 5-Optimization 6-Animation User script
- r 1 -y
Q A CAE :
/7~ <:-I [} O <& . .
T v oDS —
> eduction
e H 0% = o 0%
— e g og &f 03 ¥ 0
Sensitivity
Dataset_1 Animation
9 » Solver : POD (all modes)
£ 4 with ARBF
3 30007
H
£ 7
g 600 Legend a
] 3
o |
2500 | MNew case #1 ]
w N Mew case %2
E
E o 40 = Mew case #3
- c
2000 o Mew case #4
£ 2
s 1+ ® ™ ¥ ©H©H M +H H N 1T H H$ oYY e r Bl e
2 E imported curve #1
g 8 d
= J1 K 0 U 0 H N NN I O K O 88 8 v e 1 s e te #2
_§ 1500 £ 2001 imported curve
5 -« v A 0000000000000 mmeme=—- imported curve #3
"]
-------- imported curve #4
1000+ @
=
£ 0
"{ 500
O]
-": -2004 Display all curves Hide all curves
A T T T T T T T T T T T T T T »
o 214 428 642 856 1070 1284 1498 1712 1926 2140 2354 2568 27az2 2996 3az210 Hide base curves Graph settings
o index of recording steps T T -
E parameter 1 parameter 2 parameter 3 parameter 4 parameter 5 Import curves Clear imported curves
O adiust parameter set &9 generate range €9 statistics €9 parameters’ effects £
U
2] Base parameter set : 0322657;417.989,7444.39,28965.7,2.4042 New XN set editor
- q_) 0.5 700 10000 30000 10 0.162956;121.102;289.862;22132;3.7006
B #1 ~ . . . "
[ - == parameter 1 parameter 2 L parameter 3 - parameter 4 parameter 5 gﬁwagigfzzmi‘?&:ﬁfﬁ 20971
3 TER G 0.198781 s765.15 | [z72735 433257 | ' o Import
3 Parameter to vary : 01 70 16000 0.03 i i Clear
Y parameter 1 w
5
q) MNumber of samples : =
£ =
) 2 3
; | Run
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Val. Set 1
Welding speed (m/min 0.322657 0.162956
Power (current amplitude) (A 417.989 [ Power (current amplitude) (A) | amlltude A 121.102
Top surface cooling rate (W/m2K 7444.39 289.862
Laminate in-plane electrical conductivity, 28985.7 Laminate in-plane electrical conductivity, 22132
K1/K2 (combined) (S/m ’ K1/K2 (combined) (S/m)
Laminate through thickness electrical 2.4042 Laminate through thickness electrical 3.7006
’ conductivity, K3 (S/m ’
1 g 2 o
1 I : : Bt j -
H °g tj‘ | g
| | 15 7y il “:
Y [ E / H
EE o7 o 645 |
o = /
=
ER ® %
o 1545-1795 E / W505545
@ / 1295-1545 o 545 545595
£ & 1295 e £ v |
51045 by 445405
8 E / ::j;::; 3 495 ‘\\\ LS'DYN AR-{gro Uﬂd truth) W 355445
B Q 1045 masssis a 445 / I W 335308
E g / % Lunar RO ction)
L]
é_ "g 795 E 305 / )
® / 2 /
9 . 545 % 345
.q—) m g
5 = 295 295 -
5
ko,
c
o+ 4 .
§ Weld width , eld width
o o " 4 < (L]
2 "Active cooling" 0 [x] Active cooling [x]
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{{'ﬂvg ODYSSEE CAE: Results

Parameter Val. Set 3

Welding speed (m/min 0.349939

Power (current amplitude) (A 306.555
Top surface cooling rate (W/m2K 5000
Laminate in-plane electrical conductivity, 23000
Laminate through thickness electrical 5015

conductivity, K3 (S/m

W

D

P e v o ]

E":"'?[,'l"':l.l:[lli!il

o == = W

L
L
I

NANNANNAN

Max. surface temperature [K]
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"Active cooling"

W E3E-305
735-8095
635705
SRE-695

W 495-305

B 335405

W 235-385

Val. Set 4
Welding speed (m/min 0.138008

Power (current amplitude) (A 121.669

Top surface cooling rate (W/m2K 3988.28
Laminate in-plane electrical conductivity, 22984 4
Laminate through thickness electrical 6.39971

conductivity, K3 (S/m
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The process of continuous induction welding has been modeled using advanced 3D finite
element modelling techniques

Temperature profiles at the bonding interface for different processing conditions can be examined
and optimized to ensure they remain within material processing limits, however full simulations
take far too long!

An initial ODYSSEE CAE parameter study using 5 of the most important parameters has been
carried out

A first attempt at creating a ROM for the induction welding simulation models shows that some of
the parameter ranges need to be refined

Once properly trained the ROM can be used to instantly generate results and even full LS-DYNA
output decks (d3plot data)

The intention is to use the ROM and generator d3plot data to find the parameter set
providing the optimum maximum temperature shift towards the joint interface
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