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|EW Background
1.1 Carbon fiber reinforced thermoplastic (CFRTP)

Composite structures in aviation industry

4
; \a
Leading edge Fan blade®™

Author Matrix Performance Forming process

Impact resistance, recyclability,

CFRTP Thermoplastic short production time

High temperature and pressure

CFRP Thermosetting High specific stiffness Low temperature and pressure

* CFRTP: carbon fiber reinforced thermoplastic, CFRP: carbon fiber reinforced polymer

[1] http://www.comac.cc [2] https://en.wikipedia.org/wiki/General_Electric_GEnx [3] https://www.plastics.gl/automotive/composites-above-the-clouds
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1.2 Forming process

High Temperature ’ FRTP formingfprocess
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Strain/Stress

Challenglngi|

High Pressure Deformation

Warpage Forming pressure
Warpage may lead to structural failure [4]. Forming pressure affects porosity [5] and R-zone quality [6].

Out-of-plane strain that occurs during the forming process closely
correlates with pressure and has a significant impact on product quality.

[4] Youssef Y, Denault J. Polym Compos 1998,19(3): 301. [5] Zhang HQ, Wu Q*, Xiong K*, et al. IEEE Sens J 2022, 22(16): 15991. [6] Belnoue J, Nixon-Pearson O, Thompson A. J Eng Ind 2018, 140(7), 071006.
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1.3 In-plane strain and temperature monitoring using FBG

High temperature and \

Strain gauge Thermocouple

o™ v
Cladding FBG
Traditional electric sensor Fiber Bragg grating (FBG)
Accuracy affected by temperature, humidity and Small size, light weight, high temperature resistance,
electromagnetic interference multiplexing capability, anti-electromagnetic interference

In-situ forming monitoring of CFRTP using FBG

Author Reinf/Matrix Max. temp. (°C) Max. pressure (MPa)
Lubineau and Mulle etal. [7] GF/PP 210 0.75
Takeda and Tsukada et al. [8] CF/PPS 325 0.1

[7] Mulle M, Wafai H, Yudhanto A, Lubineau G*, et al. Compos Sci Technol 2016, 123: 143. [8] Tsukada T*, Takeda SlI, Minakuchi S, et al. J Compos Mater 2016, 0(0): 1-11.
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1.4 Out-of-plane strain monitoring using FBG

T % [ze=a ] Low resolution
8000 f?. AR, | Polarization Y
; {1& Meth: Birefringence
£ t . . .
L f Obj: CFRP, Transverse strain difference
2000
o 2005 Sorensen and Botsis [9]

Wavelength (nm)

—v—

_A_
0 T T~ 5
_ ./ ], 2013 Lammens [10]
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5 LS ° g Meth: Polarization dependent loss
£ o ¥ -2 3
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1549,0 1549,2 15494 1549,6 15498 1550,0
Wavelength (nm)

Complex demodulation

[9] Sorensen L, Gmir T, Botsis J*. Compos Part A 2006, 37(2): 270.
[10] Lammens N*, Kinet D, Chah K, Luyckx G, et al. Compos Part A 2013, 52: 38.

Obj: CFRP, Transverse strain difference

Limited applicability

Side view

Meth: Insert trough thickness

Sealant
\

"::‘FBC'-‘: — s g

Bagging film
1

Obj: CFRP, Out-of-plane strain
2015 Minakuchi [11]

— A
2020 Gouws [12]

Meth: Polarization-maintaining FBG

Power (dBm)

Obj: Transverse strain difference

Not applied in composite and
Temperature dependent

w
)

-60

1
Wavelength (nm) (normalized to peak center)

There is a lack of a straightforward and precise multi-directional strain
monitoring technique under the harsh conditions of CFRTP forming.

[11] Minakuchi S*. J Compos Mater 2015, 49(9): 1021.
[12] Gouws A*, Ford R K, Jones H B. Eng Res Express 2020, 2, 045016.



GHIMAIRARS T H BT

€@ Background

@ Sensing principle

OUTLINE

© Forming monitoring experiment

@ Thermomechanical analysis

@ Conclusion




|E¥ Sensing principle

2.1 Phase-shifted fiber Bragg grating (PSFBG)

Schematic of PSFBG

Transmission spectrum

Transyverse load S 1.0
2 ‘® 08l
D 4 208
c06¢}
phase-shift —& g 4|
= @
=02

——PSFBG
0.0——FBaG

.
_p

PSFBG 1549 1550
Wavelength (nm)

« PSFBG has an extremely narrow transmission peak due to phase shift.

1551

Transmissivity

1.0

o
00

uuu

Birefringence

0.6

Original ;
Distorted::

Peak
separation

1550.0

1550.1

Bragg wavelength (nm)

i  Temperature and axial strain === wavelength shift.
| « Transverse strain === birefringence.

*FWHM: full-width at half-maximum
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2.2 Basic equations

AA n*
=gl - Sl PLE + Pu(e;s +&))]+EAT, (1) gS: principal strains
Ag 2 , AT: temperature change
Ay, N p,; and p,,: strain-optic coefficients
P S =g - _82 [pus; + Po(es +&))]+EAT, (2) & temperature sensitivity
B
Adding and subtractingW\tions (1) and (2)
Ady +A
fo1 > Y2 =x& +i, (8 +&)+ AT, (3)
? < . x; Is constant
|%,1 ~ %4 =r,(& — &) (4)

The derived equation indicates the correlation between spectral changes
and three-directional strains.
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2.3 Transfer matrix method

AFWHM and peak separation

o Transmission spectrum
a) vs transverse strain difference (b)
( 250 25

= AFWHM ’ éFWH'\t/!
—~ i —~ ° eparation J
200L ©® Separation 20 . .
g_ Linear fit of AFWHM g_ Linear fit of AFWHM i
- —— Linear fit of Separation ~~ | Linear fit of Separation
5 150 P £ 15} .-
(@) (@)
CIC) 100 5 o ]
- o 10+ s
“>’
‘;“ S0 Equation y=a*x+b ; 51 ®
------ Curve AFWHM Separation|
O # Intercept (pm) 1.80437 7.66025
Slope (pm/pg) 0.24958 0.25677 Or
_50 1 1 1 2 1 1 1 1 1 1 ! 1
0 200 400 600 800 0 10 20 30 40 50
S .S S .S
€7-€5 (Me) €7-€5 (ME)

Akg »: average Bragg wavelength shift A, ,= = K&+, () +8))+ K, AT, (6)

A, + Ay,
2

AFWHM: full-width at half-maximum AFWHM =|AZy, - Ady,| =K, |e — 5| 7)

The demodulation technique using AFWHM exhibits better linearity
compared to peak separation.
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2.4 Interrogation method I v
>
Tunable laser Polarization Circulator PSFBG :’gf:
controller S
>
M

-
1 2 _Time (s)
|\ Original data

3 .
Tunable laser: Santec TSL-710 —~1.0%
f Photodetector: Thorlabs PDA10CS2 < 03]
< \ Oscilloscope: Keysight DSOX2004A  §06;
L e ! J g 0.4 FWHM = 30.7 pm
\ G 0.2}
Oscilloscope Photodetector Soof

1550.8 1551.0 1551.2
Schematic of interrogation system Wavelength (nm)
Transmission spectrum

Continuous wavelength sweep can finely characterize the narrow
transmission peak of PSFBG with a resolution of 0.1 pm.



|E¥ Sensing principle
2.5 Calibration
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Temperature Axial strain Transverse strain
T 4000 — 20
o eating —~~ = AFWHM

o . i
- * Dwelling y} 2000 = - - - - Linear fit W
£ 3000} 4 Cooling =’ Q.15} .
L » ~—
» - - - - Fit of heating 5’ 1500 | § 8-
L - - - - Fit of cooling " -t -E '
e 4 o 1 1 O
D 2000 » = ) «i’%
& L c 1000 c o
o o DA KT T+ T2+ KT © <@ 51 . -T(/ X
> L '/ . Heating | Cooling + [ e %
g 1000 ;’r:’ D\, |-43485 |-658.42 @D s500| > i [
o - e P K, 10279 |6.4402 © ol i = X
(o)) ol il Kr. [0.00257 [0.03140 Slope = 1.01 ue/pm ; r Intercept |-1.13255 | pm
g s Krs o4o99E 614356955 Or Slope  |0.25332 | pm/pe

0 50 100 150 200 250 300 350 0 500 1000 1500 2000 -5 0 10 20 30 40 50

Temperature (°C) Bragg wavelength shift (pm) g]S-g‘g (WE)

The sensitivities of temperature, axial strain, and transverse strain are
calibrated before forming monitoring.
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3.1 Sensor setup

PSFBG

EFBG

Strain gauge
— |

Thermocouple

(a) PSIiBG EF*BG (b) 35 35
—~ ° | | |
Ply 6.8 i i - — ﬁ_Ps_lf@G_ '
- 90° . | | : "
¢ S E \\ ! : | :g
— o " SRS |3
Ply 1-5- 90° ' .~ EFBG
/18 — s 486 EEC 7
° | ! : |
Al foil 14—;=|=|= 90 \\ ! ! I
Al foil 24 q V! TC
* |<__*_'_ “140mm _*I_L
Steal Pad SG TC Protection

(FYBSENSE, 1545 nm)

(SHENGHAI, 1550 nm)
SG: strain gauge
(KYOWA, KFU-2-120-C1-16)

PSFBG: phase-shifted fiber Bragg grating

EFBG: encapsulated fiber Bragg grating

TC: thermocouple

(CHINO, C060-K)

Ply 1-8: CF/PEI prepregs
(TORAY, Cetex TC1000 Premium)
Al foil: aluminum foil

Steal Pad: 1 mm

Protection: steel capillary
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3.2 Forming process

Process curve Manufactured laminate
400 3
O 300t A\ 12
o
=)
T 200} 11
)
3
= / Vacuum = -0.08 MPa \
0 -1

Time: approx. 300 min

The CFRTP laminate exhibits a smooth surface and high quality.
No obvious resin rich area can be observed.



|B Forming monitoring experiment

3.3 Spectra T, liquid-liquid transition temp. (rubbery-viscous transition temp.)
Temperature dependent modulus of PEI I: Heating from T, ~ T, IT: Heating from T, ~ 340 °C
Elo | T 5 10 5 10}
F 109-‘7;’-\ S 08 < o8
Ei T,=217°C 2“« S 06} S o6}
O 10% :: $04_ % 04}
1074 o @ 0.2¢ @ 02}
s TF27°C | W S ool S oo
ﬁ 05 glassy leathery rubbery iviscous l_ ) L L l_ ' L L 1
= oom ©s  Bp 1550.0 1550.2 1550.0 1550.2 1550.4
Temperature (K) Wavelength (nm) Wavelength (nm)
II: Dwelling IV: Cooling from 340 °C~ T, _V: Cooling from T, ~ T,
’5 1.0 '5 1.0} 3 1.0}
< o8} < o8 = 08
S 06 S 06 2 06
[72] [7)] 7]
D 04 D 04f £ 04
£ £ 7
»w 02r w 0.2 c 02t
5 5 =
~ %0 _ . S o0 _ . ~ 00} . .
1558.4 1558.6 15569.2 1559.4 1554.0 1554.2
Wavelength (nm) Wavelength (nm) Wavelength (nm)

g5 and |7 — &5 | can be determined based on the wavelength shift and
AFWHM of the transmission peak.
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Temperature (°C)
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3.4 Temperature monitoring
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The forming temperature can be precisely monitored with an average
difference of 3 °C compared to the TC.
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3.5 Axial strain monitoring

2000 . . 400
EFBG
= PSFBG,
1000 | | ? —
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w O La oot B S R R )
=2 200 3
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The axial residual strain can be precisely monitored with an average
difference of 92 ye compared to the FBG during the cooling phase.
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3.6 Transverse strain monitoring

1200

900

(0))
o
o

&7-€5] (E)

0 50

400

—EFBG

C)

o

N w
o o
o o

o
o
Temperature (

T |
100 150 200 250 300

Time (min)




|B Forming monitoring experiment

3.7 Strain vs temperature

Axial strain Transverse strain difference
T, =250 °C T, =250 °C
— 1000 ——
ol ° .’;4 o Cooling i :
. 800} |
— -1000 : ‘w600 :
w I = I
3 ! — E
oy | St 400 : |
-2000 | : “n= Cooling
: 200 | |
-3000 | | | ‘ __.
:l OF ‘T._'_.:z‘f_ -
1 1 1 1 1 1 1 1 i 1 1 1 1
350 300 250 200 150 100 50 350 300 250 200 150 100 50
Temperature (°C) Temperature (°C)

attributed to enhanced interfacial bonding.

-
; The knee points of both &5 and |ef — &3| occur at T, which can be

Schematic of interfacial bonding

T>Ty
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||| ||| i PSFBG
<z —Untransferred

- Cooling
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nduced strai

Transferred
strain
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[E¥ Thermomechanical analysis

5.1 Finite element model

perature (b)
U=UR»=UR3=0

(a) Pressure & Tem
U3= UR1 =UR2=O

--» Upper tool: 6 mm

--» CFRTP (1.08 mm)

““& Release film
(0.22 mm)

--» Lower tool: 8 mm

1 'l' 3 Temperature

Material properties Mesh
Tool Steel 8.03X10° 5X108 16.3 193000 0.29 18.4X10°% Element C3D20RT
g)‘,e;r Al 273X10° 92X10° 193 70000 033 24X106  Globalsize 1mm

CFRTP CF/PEI  Homogenized, temperature dependent, orthotropic material properties [13] ~ Nodenum 315311

[13] Zhai HZ, Wu Q*, Yoshikawa N, Xiong K, Chen CH, et al. J Compos Mater 2023, 0(0), 1-22. 22
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5.2 Strain distribution

The impact of CFRTP residual strain on PSFBG spectra is investigated based on the
simulation results.

Strain distribution in ply 5 containing the PSFBG

e\ (Me) &y (ME) x10°] ¢'’; (Me)
-1000 -190 -1000
|| -1415 || 195 | || -1415
—— -1830 0 P SFBG —— 1830
—— 2255 -205 —— .2255
1 B -2670 - 210 - _2670
l -3085 215 . -3085
1 3500 -220 -3500

3

i In-plane strains converge to asymptotic values from edges to the center,
i while the out-of-plane strain exhibits a radial distribution.

23
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5.3 Strain comparison

Simulated strain

400
0 L
-4000 + ”;.
o S
=2 -8000
w :
12000+ oy
16000}
; 1 1 ! 0
180 200 220 240 260
Time (min)
V w
-------------------------- | =2
(42]
W

The simulated in-plane
strains are nearly equal:

|
i The axial strain of i
IPSFBG correlates with
|
|
|

ithe simulation results.
L e i
Axial strain
500 400
. = Experiment |
0 ] » Simulation - 350
500 Temperature 6

Tn_'

-1500 -
200
-2000 o
-2500 L g
|_
-3000 100
-3500 . . L 50
180 200 220 240 260
Time (min)

M=%k

Transverse strain difference

400
3000 = Experiment
Simulation
2500 —— Temp
300
2000
1500 200
1000
500 100
OFE m m = "
-500 : : : . : : . : 0
180 200 220 240 260
Time (min)

The transverse strain
difference shows a similar
trend to the simulation but
noticeable different value.

Temperature (°C)
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|ﬂ Conclusion

01

02

04

PSFBG characteristics for CFRTP forming monitoring
Wavelength shift exhibits a cubic relation with temperature and linear relation with

axial strain. FWHM exhibits a linear relation with transverse strain difference.

Strain transfer and decoupling
Strain relation between CFRTP and PSFBG is characterized by a strain transfer

matrix, deriving the three-directional strain decoupling method.

Temperature and three-directional strain monltorlng
Temperature shows a dlfference of 3 °C compared to TC. £ shows a difference of 92 pe

compared to FBG. £f and £} show max. difference of 124 pye compared to simulation.

Forming pressure characterization
Out-of-plane strain of CFRTP exhibits higher contraction under higher forming

pressure, enabling the potential for forming pressure monitoring.
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