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ABSTRACT
This paper presents a novel method for providing temperature feedback to the control system of
an induction weldeduring the joining ofthermoplastic compositeomponentsThermoplastic
composite are attractive due to the ability to be reheated and niied repeatedly without
degrading thestrength of themateriaé. This enablegoining components via fusiohonding or
welding bypassing mechanical fasteners or adhesive bonding completely. In order to ensure a
successfujoint, therelevant process parameters need to be dialed in and controlled, for specific
levels and durationdnduction welding has the dvantage ofapplying a very localizedheat,
minimizing geometrical distortion of the parts being joineok theinduction welding processes
current and pressurarecontrolledin an effort toachievethe appropratetemperaturat theweld
surfacewith sufficient force to join the two component§hermocouples are the typical sensors
usedfor temperature measurements, but their size prevents them from besmgeacas an
inclusion in the final part. As a viable alternative, high definition fiber optic sensingHBH
is explored as a method for providingemperature measuremeavery 13 mm along the joint
The small form factor of the semrslends itself to permanent embedding within the final part. In
this work, a highdefinition fiber optic sensor is used to pide spatially dense temperature
measurementsvithin an induction weld. Acontrol scheme is set up to use teensor 0s
measurements as feedback to the controller and to adjust the settings accordingly. This
functionality is demonstrated in dynamic thermlastic weld setup where the sensor is
sandwiched in a lap shejoint configuration. Thestrengthof this weldis evaluated after
manufactureand correlated to isitu temperature measuremeritss shown that HEFOScould
significantly benefit the qualy of the final composite part by providing spatially resolvediin
feedback to the control system to insure uniform tempergitofles at the weld zonend
proper processing conditions for each production part.

1. INTRODUCTION

Thermoplastic compositeseaattractive for aerospace structural applications due to the ability to
join them via fusio bonding[1-2]. This is one of the key advantagef thermoplastic polymers
compared to thermosets or other dissimilar material joimtsision-bonding the poymer on the
bond surfaces of the componeate heated to melt, and thesefaces are pressed together
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resulting inpolymer solidification and consolidatiofusion bonding eliminates the need for
mechanical fasteners and agiive bonding altogether, thueducing part countassembly time,

and assembly cost, as well as afiating potential cyclic fatigue failure points. Of the multiple
fusion bonding techniques available, induction welding is of major interest because it is a
volumetric heating method dntherefore does noteruire all heat to flow through a contact
surface Thetechnique involves moving an induction calbng the weldine. Thisinduces eddy
currents in the inherently conductiearbon fiber CF) laminate Heat is generated, which melts
thethermoplasticln addition, the heating can be steered by tailoring the laminates to be welded.
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Figure 1. Schematic of induction welding process.

1.1 Induction Welding ProcessParameters

When settingup an induction welding process, the mpaeters used to control theduced
currentmust beset within the process window #he weld zone. The three primary physics
parameters used for controlling the process at the weld interfaceuaent (temperaturg
pressure, and timedration) at the seemperature and pressure applicatji3-5]. This work
focuses on temperati@as it is the more difficult physical parameter to monitor and control in a
production level environment. This is because the requemperaturegor welding materials
such as CF/PEKK (carbon fiber reinforced ypetherketoneketone) are high (approxiately
400°C) and melting should be limited to the weld zdoeprevent geometrical distortion
Additionally, the weld zone cannot ledseved from outside the joint and-Bitu senss may
compromise part qualitgynce joining is complete

1.2 Distributed Fiber Optic Sensing

Thermocaiples are theypical sensors of choice for monitoring temperature within the weld
zone, but their size pventsthem from being accepted as an inclusion in the final part. As an
alterndive, high definition fibe optic sensing (HEFOS) is explored as a med for providng a
spatially resolvedemperature measuremeaavery 1.3mm in the weld line. The small fofattor

of thesensowused herg¢155 microns in diametgiends itself to minimal invasiveness within the
final part, easig compliance to structural and production requirdsigkdditionally, its non
conductivenes and immunity to radiefrequency interferencdRFl) and electromagnetic
interference (EMldd to its attractiveness this applicationThe accuracy and survilvgity of
these sensors had beameviously described up tgp to 550°C §]. It has also beeamployedto
measure the temperature profil@éhin a composite laminate during the resin curing psoe
order to qualify various heater pad desi@ils In a previous thermoplastic induction g
application,polyphenylenesulfide (PPS)coated optical fiber wamtegrated into the induction
weld, as shown inFigure2 [8].



Figure 2: Microscopy of PPScoated fiberintegrated into the weld line.

In this work, HD-FOS sens@ are embedded in a weld lineo provide in-situ temperature
measurementsThe data is streamed through TCP/IP into a separateputer A closed loop
control scheme is set umn thiscomputerto monitor the timeat temperature along the entire
weld line. Once a set temperature is reached, the opefatos irduction wetler isprompted to
adjust the location othe induction coils keeping theweld interfacewithin the desired
processing temperature/time windowhis assures thaarget temperatures are achieved at and
outside & the well zone.This functionality is émonstraté in a dynamicinduction welding

setup where the sensor is sandwiched in a lap shear joint configuration for typical CF/PEKK
laminates. Themechanical properties of this weld are evaluated aftearufacturing and
correlated d in-situ temperature measurente

2. METHODOLOGY
2.1 Fiber Sensing Technique

Temperaturaneasurements were aelied by measuring the low amplitude signal of reflected
light referred to as Rayleigh backscattesm an optical fiber sensolhese small amplitude
reflections are an inherent @tomenon in fiber as result of refractive index fluctuations
naturally fomed during the fiberods manufacturing
spatiallyrandom but static sighamaking the scatr pattern unique for every individual fiber.

Luna's interrogators utilie this scdt e r Afingerprinto to merasur e

between its reference (or baseline) state and externally stimulated state. This difference is
converted to tempetare change, resulting in temperature measuremenishvene distributed
continuouslyalong the entire length of the fiber optic cable wigiy high spatial densitygf10].

Optical Frequency Domain Reflectome{@FDR) is an interferometric method usedrteasure
the phase and amplitude of reflected lightLD]. A diagram of abasic OFDR atwork is shown

in Figure 3 below. Light from a Tunable Laser Source (TLS)sisept linearly through a
specified range of frequencies and splitrottgh a coupler, between the reference and
measurerent arms of the inteegrometer. Irthe measurement path, lighting through aoupler

is reflected from the sensor and recombined wita light from the reference path. The
Polarization Controller (PChithe reference path helps ensure that light i spénly between

its two orthogoml polarization states asethcombined signal passes through the Polarization
Beam Splitter (PBS) anidto the two detectors labeled S and P. A Fourier transform ofghalsi
at the detectors results in the phase and iaundgl of the signal aa functionof length (or delay)
along te sensor, i.e. the Rayleigh scatter fingerprint.
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Figure 3: Basic OFDR optical network.

The spectral content of the sensor isnpared betwen the measurement and refecestates
Complex Fourier transform data is windowed around a desiregunament locatiorF{gure 4

(a)). This windev determines the gage length of ttemperaturemeasurement. An inverse
Fourier transform of the windowed data s the spectral content from a particular gage in the
sensor Figure 4 (b)), which is crossorrelated Figure 4 (c)) with the spectrum from the same
location of the ensor in abaseline state. Finally, therosscorrelated shift is converted to
temperature changesing an empirially determined calibration coefficient, or gage factor. This
processs repeated along the length of the sensor, forming a distributed @easur
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Figure 4. Frequency shift calculation from Rayleigh scatter measurement. (a) Régigh backscatter along
optical path. (b) Spectrum of single sensorage. (c) Crosscorrelation of reference and measurement spectra.



2.2 Induction Welding of Thermoplastic Composites

The composite material selected for this work is&irectional carbon fier poly-etherketone

ketone (CF/PEKK)pre-pregfrom TenCate Advance@ompositeTC1320) The laminate was

built up with a quasisotropic staking seqence of [+45/0/+45/90/90/45/0/+45]. Eight-ply

CF/FEKK laminates,of dimension610mm x 100mm, we consolidated in a hot platen press

between two UpilesS release films. Lrainates were consolidated at a temperature of 34@ n d

a pressure of 18.Bar, conbrming to specifications in thmaterial data shegtl]. The thickness

of the consolidated laminates was 0.5 mm. The consolidated laminates were cut to lep§ths of

mm x100mm( 1 0 0 , dried4ndap oven at 120 f or 4 hour swjithaeetod degr ¢
prior to welding.The consatated laminates were placed in a lap stveafiguration with a 2.54

cm (106) overlap for all tests

An unjacketed polyimide coated fibgensor (155 pum outer diametarsinitially used for these
tests. Due to strain couptjpa switch was made to usifJl FEjacketed polyimide coated fibe
sensos (710 puminitial outer diameterinstead The fiber sensowvasplacedin the middle of the
joint, between the two laminatéBigure5), and the joint was vaam bagged.The sensor was
monitored using a LuninovationsODiSI 6104 HDFOS measurement system durtaesting.
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Figure 5: Induction welding setup.



The induction welder used for the tests consistedroAmbrell EasyHeat Induction Heating
System, Dimplex Thermal Solutions Chiller for induction coil lajgiooling, KVE poprietary
induction welding ed effector and active ia cooling on thetop surface of the weld zon&he
current was set to 500 A550 A. The current set point was fixed as the coil was/edalong
the weld zone. The location and speéthe welding arnwas controlled through feedbk from
the embedded fdr sensor.

A zoneby-zone monitoring method was implemented where the embeddesbr was
segmented into 10 zones of equal length and thepwiint of each zone was identified for
monitoring. Measuremdrdata from these points waentout asa JSONformated TCP/IP data
streaminto a feedback control utility. The control utility @ed realtime monitoring of the
temperature profile within the weld line. Ontewelding process tempature had been aehed
at a particular zonehé control utility provieédd a notification to the welding operator to move on
to the next zoneA schemdéc of this control system is shownkingure 6.
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Figure 6: Schematc of feedback control loop.



3. RESULTS

A seiies of plates were welded together, using different sensor consteetial induction coll
travel rate combinations. Theseluded a feedbae&ontrolled weld using an unjadiesl sensor,
a fealbackcontrolled weld using a PTFfacketed sensornd a constat travel rate weldising a
PTFEjacketed sensor. The associategllts are discussed here.

3.1 Unjacketed Sensofi Control Weld

A 155 um diameter polyimideoated fiber optic gesor was laid whin the shear jointThe
current was set to 500 Alemperature monitoring was initiated as the induction coil started
Zone 1 Figure7 shows the spatigémperaturerofile along the entire sesor, with measureme
tracesplottedat 1.5s intervals. Wherthe induction coilis heldin placeover Zone 1, it can be
seen that the heat induced extends over Zorie8 {Figure 7A). Once the temperature within
these zones have ltExtively reachedhe set pointthe indwction coil move rapidly through
Zones 4i 8 (Figure7B). This is because the centralbcated zoneseach the set point faster due
to the physics of heat generation in bulk material faayaftvom edge effas. Oncewithin the
endzone, the induction coil once agaireds to held in place for a longer time due to slower
heating at the edge of the pa(ieigure7C).



Heating of Start Zones
Zonel 2 3 4 5 6 7 8 9 10

Temperature (°C)
8
o

.2 0.25

Joint length (m) Time frame of
welding process

0 0.05 0.1 0.15

o

Heating of Middle Zones
Zonel 2 3 4 5 6 7 8 9 10

B 600[ % _ : 2 E End
500
o\
=~ /\’j‘//’\/ S~ N
< w0 \/"ij%\\’: R Middle
£ 300 :/ Nf\J‘/N %%X ¥
s //’\/‘/%r\/\ﬁ L\'\\
8. %r'\ v
§ 200 [F- \
'—
100
Start
5 . .
0 0.05 0.1 0.15

Joint length (m)

Heating of End Zones
Zonel 2 3 4 5 6 7 8 9 10

€ I m—
500
o
¢_ 400 350°C
3 -
3 B et W gt
g 300 = -
é200 A
ﬁ /‘:v”—" t}ﬁ”’ E= R
100
0 0.05 01 0.15 0.2 0.25

Joint length (m)

Figure 7: Spatial temperature profile along the entireunjacketed sensor, with meaarement traces shown at
1.5 s intervals A: Heating of start zones. B: Rapidtravel through middle zones. C: Heating of end zoneRed
bars mark zones that are heaté through within each plot.



Tempeature neasurements along the jothroughout the eire welding procesare plotted as a
heat map with isotherms Figure8. From this, it can be seen more clearly that it takes a longer
time (120 s) to heat the @ges of the panghs oppose to the middle sectio(¥5 s). The entire
welding process took 4.5 minuteshich is 30% faster than previous iteratiaighe welding
processon this laminate and joint configuratiorwith preset ratesOnce removed from the
vacuum bag, the joint was manudibadedto try and indue failure, but thgoint stayed intact,
indicating agood joint was created.
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Figure 8: Heat map of temperature along the joint throughout the entire welding procesaising an
unjacketedsensot

The unpcketed sensor waelected for embedding due to stmall outer diameteHowever,the
resulthg heat mamboveshows jagged isothen profiles.It is suspected thatvhen compressed
under pressure within the joirdpme amount of straiis couplinginto thefiber senso. This
appearsas acontribution tothe temperatureneasurementn order tophyscally decouple sain

from temperature measuremera) TFEjacketed sensor was selected for embedding in the next
test runs. Past experience had indicated that the PTFE jacket, while initially being a large
inclusion within the jointduring the setuptage would ultimately be flattened in the jointlue to

the combination ofamperature and pressure application throughout the process.

3.2 PTFE-Jacketed Sensoi Control Weld

A 710 um diametePTFE-jacketedpolyimide coated fiber optic sensor was laid withia fear
joint. The addtional PTFEtube does affect the time response of the fiber sensathdtihermal
time constant remains well belove,lresulting innegligible impact over the time scalgf the
experimentThe curent was set to3® A, which isslightly higher tharthe previous test, in order

to achievea faster weld timelt can be seen from the spatial temperature profile along the joint
(Figure9) that once again it takea longr time fa sufficient heat to be generdte the edges of

the parel, compared to the middIMeasurement traces ashown here a0.8 s intervals



Temperature measurements along the joint, throughout the entire welding process, are plotted as
a heat map with iso#grms inFigure 10. It is agan clear that it takes a longemte to heat the
edges of the panér0 s), as opposed to the middle sect(@® s). Both the spatial temperature
profile of Figure9 as well as thesotherms are much smoother asfiber sensor isble b slide
relative to the PTFE jacket wheantperature changes. The entire welding process t@&k 3.
minutes, which is approaching 50% faster than previous iterations of the wpfditess, with
prese rates. Once removed from the uam bag, the joinwas manually loaded to try and
induce failureput the joint stayed intact, indicating a good joint was credtieel presence of the
initially large PTFEtube inclusion did not affe¢he ability of thejoint to be weldedThis tube
endel up beingflattened within the pint and was no longer visible to the naked .elye
comparing this dataet with the one dhinedwith the unjacketed sensor, it is obvious that the
small amount of strain coupling to the temperature measurements is iqaensal and the
spatal temperature profile is effectively thensa.
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Figure 9: Spatial temperature profile along the entirePTFE-jacketed sensor, with measurementraces shom
at 0.8s intervals.
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Figure 10: Heat map of temperature along the joint throughout the entire welding process, using a PTFE
jacketed sensor.



3.3 PTFE-Jacketed Sensoi Constant Travel Rate Weld

Within the nduction welding indstry, the preferred practie is to set up an indtion weld
process where the induction coil is traveling at a constant Tais. is largely due to the
complexity of establishing spatigplbased process parameters becaugbeopriorlimitation in
the alility to m&e in-situ tempeature measurements order to mimic this, the parameters of
the successfutontrolled weld above were used to calculatemstantravel ratefor this type of
joint. Based on the known length of the jo{@5.4 cm), and therpcess time achieved in the
controlledweld proces(3.25 minutes), a constant travel ratelo27 mm/s was pragmmed for
the induction coill.

A 710 um dameter polyimide coated fiber optic sensor was laid within the sheay gmidtthe
current wasset to 59 A. The spatiatemperature profile ahg the joint for this process is shown

in Figure 11, with measurement tras shown at 0.8 s intervals heatmgp with isotherms is
shown inFigure12. While the heagenerated within # middle section of thegmel reaches up

to 50°C, the edges barely makepast 350°CNot only does the middle section reach higher
temperatures, but the middle stays at high temperatures for a much longer tinde tharedges.

With such high temperatures reached in the middle, there is a risk of material breakdown instead
of successful weldingAdditionally, such large temperature gradiemmight result inlarge
residual strainghat warp the final part.
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Figure 11: Spatial temperature profile along the entie PTFE-jacketedsensor, with measurement traces
shown at0.8s intervals, for a constant travel rate welding process.

When removed from the vacuumag and manually loaded, tbeégesarevery easily peeled apart
in zipper fashion, as®wn inFigure13. The mddle sectiordoeshoweverend up beingery
strongly welded together
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Figure 12: Heat map oftemperature alongthe joint throughout the entire welding process, ing a PTFE
jacketed snsor, for a constant travel rate welding proces
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Figure 13: Edge of panel processed with constant travel ratparameter is nd fully welded

4. DISCUSSION

The small form &ctor ofthe fiber sensor, colgd with its high spatial density, allows us to
embed the sensor directly within the welded joartd obtain irsitu temperature measurements
along thelength d the joint, throughout he entire welding process. This was poegly not

possible wih traditional temperature measurement methéds.initial sensor configuration was



of a bare polyimideoated fiber due to its small form factor. Howewhis resulté in strain
coupling intothe temperature measurements. Theretbee next set of testmade use of PTRE
jacketed fiber sensors. By ugi the distributed fiber optic sensor to monitor the temperature
profile and provide feedback to the welding operatowasdetermined that thie is a need to
hold the welding coil loger at the edges comeal to the middle of the panel. The heat maps
from both sensors demonstrated this through the isoti{&imee8 andFigure10). The 330°C
isothem as plotted shows that the time at terapure needed to bg@proximately twice as long

at the edges as ingimiddle.

In contrast, when a fixed travel rate was set for the inductiontekiihg into account the joint

length al time taken with théeedbackcontol process, the resulting weld was not as gfran

the edges. The time spent at temperature ended up being half as long at the edges as in the
middle, resulting in a poor weld. Additionallwith a fixed travel rate, the while of the panel

became very @t, approaching temperatures that could leadntderial degradation. Hse
differences are alsepresented in the time trace plots showRigure14.

Figure 14: Time trace plot for each of the zones, throughout the weldingrocess.



