=5 ilH 3 1k

Acta Materiae Compositae Sinica

BREFHERRDLTTA B X AT 4 SR P M 52 S BRI ) M B R W BOE e h
ERE FAN RKFRN 2 E Sar

Effect of thickness of carbon fiber susceptor on mechanical property and fracture mode of carbon
fiber reinforced thermoplastic composite induction welded joint

WANG Feiyun, LUO Jiebang, ZHANG Pingze, LIU Xing, ZHAN Xiaohong

TELR %15 View online: https://doi.org/10.13801/j.cnki.fhelxb.20220618.001

AT ARG A SCEE

Articles you may be interested in

PRI X B 2T A1 1 SRR BRI 2 5 AU J e Bk MERE I 2 )
Effect of hygrothermal environment on properties of induction welding joint of carbon fiber reinforced polyphenylene
sulfide laminate

BAMEER. 2021, 38(9): 28142820  https:/doi.org/10.13801/j.cnki.thelxbh.20201030.007
BT AR Bl 21 2 1 7 2R BT A2 5 A b moy 2 U S T

Temperature control for induction welding of carbon fiber reinforced polyetheretherketone (CF/PEEK) composite material
via thermal conduction plate

A MR, 2021, 38(8): 2625-2634  https://doi.org/10.13801/j.cnki.fhelxh.20201019.001
FRET 4/ A BRI S AR B T2

Resistance welding technology of carbon fiber/polyphenylene sulfide thermoplastic composites

A MERAAR. 2020, 37(5): 1041-1048  https://doi.org/10.13801/).cnki.fhelxb.20190807.002
TELERRET AE/ e TIPS S ARL I )~k fiE

Water absorption and mechanical property of continuous carbon fiber/polyamide 6 composites

AR, 2019, 36(1): 114-121  https://doi.org/10.13801/j.cnki.fhelxb.20180322.002
IR B APRL A S T 2280 S5k

Analysis and optimization of the processing parameters for automated fiber placement of thermoplastic composites

SFA MR, 2018, 35(5): 1149-1157  https://doi.org/10.13801/j.cnki.thelxh.20170712.003
LR YESESR IR I 2 A AT R DS R P fE

Tensile properties of fiber reinforced epexy resin composite with ply splice structures

A MR, 2017, 34(11): 2473-2478  hitps://doi.org/10.13801/j.cnki.fhelxb.20170307.003


https://fhclxb.buaa.edu.cn/article/doi/10.13801/j.cnki.fhclxb.20220618.001
https://fhclxb.buaa.edu.cn/article/doi/10.13801/j.cnki.fhclxb.20201030.007
https://fhclxb.buaa.edu.cn/article/doi/10.13801/j.cnki.fhclxb.20201019.001
https://fhclxb.buaa.edu.cn/article/doi/10.13801/j.cnki.fhclxb.20190807.002
https://fhclxb.buaa.edu.cn/article/doi/10.13801/j.cnki.fhclxb.20180322.002
https://fhclxb.buaa.edu.cn/article/doi/10.13801/j.cnki.fhclxb.20170712.003
https://fhclxb.buaa.edu.cn/article/doi/10.13801/j.cnki.fhclxb.20170307.003

FRREMGE AT, FRELHINGEE



§é$j*4$*ﬁ FA0HE A4 4H 20234

Acta Materiae Compositae Sinica Vol.40  No.4  Apr 2023

DOI: 10. 13801/ . cnki. fhelxb. 20220618. 001

ik 21 HE B N T 14 2 B X i £ e S S I BB i
S aMPIBRNIEEZELF1ERE
T 252 2RI =2 il

L&, FE2R P, 22, 501

(PR MR K MRRR S 5HOR%BE, Fat 211106)

O MBS S5 ISR 4 T 02mm, 0.3 mm 5 0.5 mm 3 FR R B AYBR£F 4B oo, IF
TF R b £F 4k 34 58 098 4 &2 & 44 Bl (Carbon fiber reinforced thermoplastic composite, CFRTP) 8 i #5742 s AR 45
H5 T8, WML CFRTP BN AR 3 BUBTE SR, JF J 422 3k hr i 59 Y5 B2 Ul 5 W DR 4 3 A, 6 4R
IR TOAR IR X Sk Ty 2t Re ST RIE s, FST A5 R R . BT 4RI TC 1 BEAEAN T I AR TR LY
A g T SCBL CFRTP A o T R AR, (R Sk B TR BE o0 A A W R AN S 2005 R S e T B2 s
SRR R SRS R RIE SO | TR S 2Pk, Rl S A 0T AR R 08 s YRR TT
JEREA 0.2 mm B, A4Sk B 7 A 55 U] 5% BE e i 1Tk 23.77 MPa; G Sk A B 2498 S0 5 BN TG 1 P SR
W BMERZ AWR . FUE R ANR A REIR, 1 B Sk SR S50 0 W AL AR AR SR e A TR 1 A i AR AR A
KB . PIBVEE SARE; BNTTIIREE  JRIRE; JErkRe ;s RO

FE 4y S TB332 XEKERERS: A XEHS:  1000-3851(2023)04-2405-10

Effect of thickness of carbon fiber susceptor on mechanical property and fracture mode of
carbon fiber reinforced thermoplastic composite induction welded joint

WANG Feiyun , LUO Jiebang , ZHANG Pingze , LIU Xing , ZHAN Xiachong'
(College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics,
Nanjing 211106, China)

Abstract: The carbon fiber susceptors with different thicknesses of 0.2 mm, 0.3 mm and 0.5 mm were prepared
based on carbon fabric and resin film by the hot moulding process, and the temperature simulation and process
experiment of induction welding for carbon fiber reinforced thermoplastic composite (CFRTP) were carried out.
The fusion morphologies of welded joints with carbon fiber susceptors of different thicknesses were observed. To
investigate the effect of thickness of carbon fiber susceptor on the mechanical property and fracture mode of CFRTP
induction welded joint, the fracture morphologies and fracture modes of welded joints with different susceptors
thicknesses were analyzed after the tensile-shear test. The results show that carbon fiber susceptor enables high
quality induction welding of CFRTP without introducing heterogeneous materials, but a significant inhomogeneity
in temperature distribution exists at the joining interface. As the thickness of the susceptor, not only the effective
joining area at the interface is reduced but also the forming effect, joining quality and mechanical property of
welded joint deteriorate due to the excessive melted resin. The maximum tensile-shear strength of the welded joint

is 23.77 MPa when the thickness of the susceptor is 0.2 mm. The fracture modes of welded joints include cohesive
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failure of the susceptor, self failure of base material, mixed failure and interface failure, which change according to

the thickness of added susceptor.

Keywords: thermoplastic composite; thickness of susceptor; induction welding; mechanical property; fracture

mode

B £F 4 3 9% #4944 5 & 44 K} (Carbon fiber
reinforced thermoplastic composite, CFRTP) j& —
PP USRI . PR . AT . AT IRy
REACORL, RS AR ] i AR 2 B Iz B G
FEM, HET, CFRTP 3¢ W% #2051k £ A
6 BB B RUBE 4 7 LRI B2 B AR PR
T HEABAO0 AL, (R FLER Y 2 IR B B4 OF 3 AL
B Sy BE T, [ I A 1 3 1 2 1N 45 4 R
AFEE BRI BT 2ok, ik B R 5
JIF&4eg ab i o S VAP S0 R a7 A R (5 S o B2
R AR R B4 X BT s 40,
T CFRTP H A “MEEL . Ve 2NEER" inl 2k
BTGRP, DRI AT L) AR B 5 vk S B
R PR | BEL AR RN AR e A 0 o
N AR B Hk B i L AR RCR S . AR
W o TEB A eSSt A, 2523 CFRTP & it
e SRR A T A Y HarTE SN E
HEAT RN A5 H BOR B o F G E , {ELIR P B9 R G
AN RN EEZ .

PTAFER, AR R T2 S R A
LAY AR T BOW A [R] 84 1Y) CFRTP 80 K46 1.2
W T T, BFSE TR . AR R
PG IR T T T AR S MO 4 Sk A 4 T Y R
Mo, Gouin % " 4i A% T CFRTP B0 A2 42 5 7
g iR 2k, AT A SRR WK N
PR n] 3 R e R RSk 1 S A MR RE . Wang
A5 U0 0% B 3 RN P U AT R T AR AT e T Y AR
Ak, (B A PR A 2 3 U i R MR A5 4
I A EBE oAb, SRR R b B DO R
JE FRORS R 52 RDZ ST e R 2 — . B
RELAY 15 0 T2 K JRORE 7 B AR 7 4 S A 3 4 LT X
S, IR O SR B RE A B B 000, AR T T
e ST U RN T A R S B SR T IR R 4 10 T 1
Z—, RTER —Z2 2R 3 ag b, IR ek RE %
PR R R TR R B AT GEFE A AN I
G B AE N — T R 0 S 1A RE 6% A R RN T A
HTE 27 TR T HRT AEHRM | JEE ek M A5
2 J8 BNV T Y CFRTP B A7 B 0 5 1 0T 52
K B BRI TCAF 7= FAROR A, (HAR 5 i
He Sk Ny A v R AR A S R P A, A

B R TR e, A HARE i — R m ek
[ 5 24 fE. 2018 4, Farahani 25 Fi) F 4R
YA K T L REEAE Ay SRR N T AR S B T ik 4T A 2 i 2R R
Wik G MR R JF R B BN TT A Y A
TR T AN 5 40 R T F . 2020 4F, Russello
SRS 0 IE T Bl 4 oK A A Sk BN T R B T AT
[Fi] B I 52 32 28 AR T A A R T Sk s B 4

H 1 KB o3 e 38 0980 o 4k 5 BE A R S5 BT R
BE, T RN T 5T AES S xSk B fE
HEARFISZ R A A DX — R, A SO It i A
T AT R BE () B £F 4k i v oo, JFJE T CFRTP &%
N KRR S T2, W5 TN T
JEERE X MR Sk 2 R RE R e e B, O A
B 7 RN A 4 Sk i B R A 5 W 2B =

1 R RAE
1.1 E##

IR0 H CFRTP Jhy AR 48 K 2 S AR 4k 44 Bk gy
P AL 11 Tk £F 24 34t 54k 288 ik ik 19 (CF/PEEK) & 5 41 8k,
H: v B ik ik R (Polyetheretherketone, PEEK) A ##f
B, T300 i £F 4 3 ik . 26 M i FAU5 il
ZRHIE LR, JRE N 2mm, R 4R ALY B
h 52vol%. K T Ei% CF/PEEK WY IREERCE, B m
B I mh B & i, 7EJ2 A8 MR 1E T 45 29 0.2 mm
& B
1.2 BNTHERE

{1 FH 4% M 18 356 A 2% 12 25 A BR A ®] 42 7 1) DR-
25 B RSE AR AL AL, R R R T 206 T300 fik 2F 4k
214 5 PEEK W 5 / Fr M4 i 4% B R B2 43 51 oy 0.2,
0.3 F1 0.5 mm Yk £F 4k N oo . o, B &F 2
LU EFEY S 0.2 mm, LU ECNFL, SRR
¥4 3K, W@ N 200 gm2, PEEK i J5 [ 25
0.01 mm, PEEK F J&J¥ 254 0.05 mm, 0.2 mm &
N TG R PR B ST 42U 5 2 )2 PEEK w5 il
M 0.3 mm JEN JC /i B2 R EF g 8 5 2 )2
PEEK J A4 JE i 1 5% ;0.5 mm J& S T 24 ) 20 2
WA 4419 5 6 )2 PEEK F M IRl 1M . b Tk
B 4 AR TR R, 8 IR R R RIS T 3
AR JE B Yl A B g R, R IR
B R 5.0 MPa. I TRl A5 B A 1(a) B .



T 5. BkeT4E

JOF T A T JBE X Tk £ 4 45 i PR IR A A2 5 A L JONE R 4 Sk Ty 2 R X T U 3R 5 - 2407 -

P 1(b) JE7R T A [ J52 B B T A ) S W R iy, B
IR, WIRS B, BT RR)Z
P kA IR BB

(@)

/= 3 ﬁx;;;;
PEEK ﬁw} %})EEM

Carbon fabric .
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0.2 mm carbon susceptor
PEEK—Polyetheretherketone
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Fig.1 Carbon susceptors with different thicknesses: (a) Schematic

0.3 mm carbon susceptor 0.5 mm carbon susceptor

diagram of the manufacturing process for susceptors;

(b) Actual picture of susceptors
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@
S Induction coil
33335> Control panel
223>
s water tank| hine
| L ®
NS
Ammeter
(b) Clamping pressure
amping pressure
Carbon Heated carbon
susceptor susceptor g 2
Induced
current ' I '

Before welding ——> Welding ——>  Welding compelete
CFRTP—Carbon fiber reinforced thermoplastic composite; F—Pressure
2 BREFUERSIRIHEBENT (CF/PEEK) BN IR HEI BUR TR (a) 44

TSR 5 (b) SRR M U i B

Fig.2 Schematic diagram of carbon fiber reinforced PEEK (CF/PEEK)

induction welding process: (a) Equipment composition and

fundamentals of welding; (b) Formation of welded joint

{3 CF/PEEK N MHEIAK I . (a) MR (UHF) BRI G
MHEIEEL s (b) AU 2k el
Fig.3 Experimental equipment for CF/PEEK induction welding:
(a) Ultra-high frequency (UHF) induction power supply and special

fixture; (b) Pancake induction coil
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50 Overlap area

(b)

PRETOTOTOTOTN TN

Carbon susceptor

12.5 .
Unit: mm

h—Thickness of susceptor
[€l 4 CF/PEEK BNARZARE R (a) INRLIEL; (b) IEALA
Fig.4 Size of CF/PEEK induction welded sample:

(a) Top view; (b) Front view

TR A A, @7 T CF/PEEK R 445 Fa g
FROCOT BEARRL, & 5 . B 5(a). E5b) K
FR i S PR 50 R 7 g JLAT AR, JER A A

@

Carbon susceptor

(d)

DU TR R R IR | B £ B K s R AT A
X145, WKl 5(c)~5(e) ras . SEN oA, #
MIZE AR R v > H R E R R
PR IS 1L 2 50882, IR B4 X 380 2% PEEK Ry
SR SRAF AR T AR RL S S A T
SR LI, Hih kg ky. k08 X, Y.
Z3INT MR THE; ox. oy, o, WX, Y. Z3
AT 1] B ELS R

5 BRI RS S5 IRE T 2S8R —
B, FKA9 CF/PEEK J&& ) J5 5 o A2 vh iR B8 0o 2
o MU G F R E N 0.2mm., A4 B E N
10 s B, F2 3k 0TI LB 40 A 15 B 45 SR 5 20 1 Ik
g L E T AN 6(a) BT o 1 6(b) A KRz ] 43
BR 5s. 10s Fl 15 s B {5 B 5 520038 45 1 322 3K
T i re T ok SR 2 T R R ) 3R R T A SR o
WaRE LY, HiRE AR KR 2E AN 3.8%.

(b

K5 CE/PEEK BRI BA PRI ((a). (b)) JLATEIR; ((c)~(e)) MIA& &I 5>

Fig.5 Finite element model of CF/PEEK induction welding process: ((a), (b)) Geometric models; ((c)-(e)) Mesh division

R1 MHB#HEESHSAMESH

Table1 Material parameters of electromagnetic performance and thermal property

Material Density/ Thermal conductivity/ Specific heat capacity/ Conductivity/ Relative dielectric
(g-cm™) (W-m™K™") Jkg' K" (Sm™) constant
ky=5.4 o x=4 000
Carbori 153 ky=5.4 1088 oy=4 000 3.70
susceptor k,=0.5 0,=0.33
Base material 1.30 0.25 1387 1x107" 4
Copper 8.70 400 385 6x107 1

Notes: ky, ky, k,—Thermal conductivity in the X, Y and Z directions; oy, oy, 0,—Conductivity in the X, Y and Z directions.
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(2)

380 r

460
197°C
Th=141.2°C
O
25 >
s 5
[}
QL
g
L
20 g
g
327°C =
g
Trax=132.8C
360
25

440 |

420

400 |

(b)

—&— Experimental temperature
—e— Simulated temperature

5 10 15
Weld time/s

Tmax—Maximum temperature
6 CF/PEEK BN M E i B A (7 BCA R IRIE : (o) AL 3 5 (b) ATt i i

Fig.6 Verification of temperature simulation results of CF/PEEK induction welding: (a) Temperature distribution in cross-section;

(b) Maximum temperature in cross-section
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VISR « i F 2035

F max
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P A B U1 6 S o 0BT 1 A 2 LT 5 A 0L
[ B FH H AR H 5728 7] S-4800 U 37 & S Hfi o 1
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Wi 54 R ROY AT IS 40 1T -
1.6 BELTEINE

FIJH Digimar-816 CL i J3& I £ 43I0 155 8% 1 2 4
PR, JE 5 AR IR R R R R TR L
TR AR G A8 T it . ] 7 SR e S A8 TR
HAE R, TR R L2 5 MR
JELRE, WOV E AR Rizeiatie () 5 B 25 21

2 #R5iFie
2.1 CF/PEEK BN 1E#EESLEZMIIR
Fe T[] JEE 3 ik 2T 4 2% oo 7 i 4845 19 CF/

6.256.25
[¥17 CF/PEEK [N ARk Il

Fig. 7 Deformation measurement of CF/PEEK induction welded joint

Unit: mm
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Overlap area 10 mm 5mm
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CFRTP CFRTP

J
.

Extrusive resin 10 mm 5 mm

’ M
Extrusive resin

10 mm 5 mm

B8 AR IGIFIEE N CF/PEEK K3k 22 WS -
(a) 0.2mm; (b)0.3mm; (c)0.5mm

Fig.8 Macro morphologies of CF/PEEK induction welded joints using

susceptors with different thicknesses: (a) 0.2 mm; (b) 0.3 mm; (c) 0.5 mm

%2 CF/PEEK BR/E#EELTHNELER
Table 2 Deformation measurement results of CF/PEEK
induction welded joints

XK AN FI T CF/PEEK BEM 5 N T e &, B
RSk R i, Beah, TR o R R B AR
HE, FEHASERMIELZ, RSN
e kST R AR 45 5 B R B S 2 3k MUTTTIE B
W10 BRI B, 5 T dE S I OB ROR .
2.2 CF/PEEK B% R 12 #4555k J1 5 1% B R B D 2 3R
i AR JE B (0.2mm. 0.3mm. 0.5 mm) /&
I TG4 1) CF/PEEK J& 0] 47 42 4 3 7 ¥ 58 J 4 5% 3
JroR o Bl BN TR B RIS, 3k n
il 57 U)ok B 5 R B . Y RO T R R
0.2 mm A, CF/PEEK /2% K 5242 3k (%) Fi7 A 85 U]
£ H50 55 4 23.77 MPa.,

&3 CF/PEEK BRIRER LR MEIYIRE
Table 3 Tensile-shear strength of CF/PEEK induction

welded joint
Thickness of Average tensile-shear Standard
susceptor/mm strength/MPa deviation
0.2 23.77 1.39
0.3 16.34 1.20
0.5 10.31 1.19

Thickness of  Average Original Deformation/
susceptor/mm thickness/mm thickness/mm mm

0.2 4.325 4.488 -0.163

0.3 4.338 4.596 -0.268

0.5 4.410 4.801 -0.361

J VL TT A4 T I Rl T Ak ) 2 R A B P 2
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Wl B £F 4, A BB JC T B R A 4E L), TR
i 3 4 J% 7 TG AR DR A A X T2, AT DO 2% 3] Rk
JCHERZERE, K 9b) Frn . YN e R E
HE—2EHE N2 0.5 mm B, W7 4Rl OS2
L B o0 R B RN T, TR R 1 Bk £ 4
LYy A G RN, W 9(e) T . W AR AH
XoF 2 (14 SR N TG A R A I o7 B R B TR BT A
B, P, A BN TR IR R R I, AR
Sk IO A S0 2 DX 3 T AR 28 3 sk /) o
2.3 CF/PEEK R A7 I8 B Sk R X

TR N A A e Sk BT 3% DX R I B oy A LR
S S Y W OB S . T RN 4 B R R TR



FRE L BRET AN T R B X Tk 2T 2k 19 00 R I T S AR SR 4 Sk g 2 4 R B i 21 SR R - 2411 -

(@

Carbon fabric
of susceptor

Unidirectional CF
of BM

WResidual resin of BM

(b)

Carbon fabric
of susceptor

Surface resin
of susceptor

10 mm

©

Carbon fabric
of susceptor

Surface resin
of susceptor

10 mm

BM —Base material

9 ARV JCHEEE N CF/PEEK Ktedie kIl LA«
(a) 0.2mm; (b)0.3mm; (c)0.5mm

Fig.9 Fracture morphologies of CF/PEEK induction welded joints using

susceptors with different thicknesses: (a) 0.2 mm; (b) 0.3 mm; (c) 0.5 mm
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Fig. 10 Temperature distribution simulation of CF/PEEK induction welded joint: (a) Tangent plane position; (b) XY plane; (c) XZ plane; (d) YZ plane
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Fig. 11 Fracture modes of CF/PEEK induction welded joints: (a) Cohesive failure of susceptor; (b) Self failure of base material;

(c) Mixed failure; (d) Interface failure between base material and susceptor
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Fig. 12 Typical micro morphologies corresponding to four fracture modes of CF/PEEK induction welded joints: (a) Cohesive failure of susceptor;

(b) Self failure of base material; (c) Mixed failure; (d) Interface failure between base material and susceptor
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