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Resistance welding technology of carbon fiber/polyphenylene sulfide thermoplastic composites

LU Pengcheng’, CHEN Dong, WANG Zhiping
(Tianjin Key Laboratory for Civil Aircraft Airworthiness and Maintenance, College of Science,
Civil Aviation University of China, Tianjin 300300, China)

Abstract: The resistance welding technology of carbon fiber/polyphenylene sulfide (CF/PPS) composites for air-
craft structure was studied. The resistance welding of CF/PPS composite laminates were successfully fabricated by
using CF/PPS composite blended fabrics as resistance elements. Taguchi method and variance analysis were used
to obtain the optimum parameters (current is 12 A, pressure is 1.5 MPa, time is 30 min) of resistance welding of
CF/PPS composite laminates. The contribution of each welding parameters to the shear strength of welded were ob-
tained (current is 83.37%, pressure is 9.55%, time is 6.02%). The single lap shear strength of welded was about
17.88 MPa with the optimum welding parameters. Meanwhile, the cross-section and shear failure fracture morpho-
logy of welded joints were observed and analyzed with the welding specimens with optimum parameters(H-LSS)
and the lower shear strength specimen(L-LSS). The results show that the weld area of H-LSS sample is well filled
and infiltrated, and the main failure mode is interlaminar shear failure, which involves damage to the adherends,
the heating element or both of them. The welded area of L-LSS specimen has poor resin filling and wetting, and
there are more voids, and the shear failure mode is interfacial shear failure and occurs at the interface between the
weld and adherends.

Keywords: carbon fiber/polyphenylene sulfide(CF/PPS); thermoplastic composites; resistance welding; Tagu-

chi method; variance analysis; fracture analysis
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Fig.1 Carbon fiber/polyphenylene sulfide (CF/PPS) composite mixed woven fabric
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Table 1 Factors and levels

Levels
Parameters

1 2 3 4
Factor A(Current/A) 8 10 12 14
Factor B(Pressure/MPa) 0.5 1.0 1.5 2.0
Factor C(Time/min) 10 20 30 40

Copper
electrode

CF/PPS Composite
laminate

K2 BV SRR B

Fig.2 Welding machine of thermoplastic resin matrix composites

THCE CF IR, ISR 1R 1 AR 45 3R T i
. PPS WS, CF 1E AL RIS AR R H Ak, I
TR R 0 () AR 4 R 1T B2 PPS W RR W, IR AE R IR
T IE BURR S Sk o FEARSE vh [H] A1 B K B 55 45 A5
PR, XIRSEIR RGN, SRR IR SR A 3
7R

Pressure

Resistance element Thermocouple
of CF ~._ Indenter
Y ki

PPS Film™.| %

/" Ceramic
| Insulation plate

CF/PPS Composite' 430mm
laminate

200 mm
/€3 CF/PPS &ML FE R R R A
Fig.3 Schematic diagram of single lap welding of CF/PPS composite

laminate

1.3 Taguchi 7 iEfALI &1t
Taguchi J7 ¥ 42 DL 1E 3¢ 3% Ry 5 Al >k 35 e aT 75 3
CF/PPS & &M BHEN IR ST L T2 7%, 5
1RGEEAS SRR L, 2T R HE MR L (S/N) Ay i
BB I e 2h U A5 B R AR E Dl CF/PPS B 5 41
BHZ MR B AR AR R BT ISR BE L 3 NGB T
ZSHINHR . D RR R R R, BT A
[F] Ee i 25t oKSEAR Bk, gk 1 B s R4k B b
RPJE 3R i KA E M . CF/PPS & & 4 kL Z A HLBH
P 09 U] 5 B2 T OGBS B R AR, AR IR L
A
n=—101glijxii2] M
K m & CF/PPS & & b BHZ b v B 42 7 6 e
P, HEIEME L (dB); X, /2% i 1> CF/PPS E 5 HHR
M e BELAR SIS BT D)5 B (MPa); 2R 2H 86 H Y

HILR (AT n=6).

Wit Ly S8, #4245 K CF/PPS 2 & H BHEM
HL BELAR 3 S A R ST DD R, R AT (1) 5
AT AR LL , S5 R K 2 R,

&2 CF/PPS EGHMBERMEXLHRSHRER
Table 2 Input parameters of orthogonal arrays and
performance characteristics of CF/PPS composite laminates

Factor Performance
Exptrun  cyrrent Pressure Time
A/A B/MPa C/min  LSS/MPa 7

1 8 0.5 10 3.68 11.32
2 8 1.0 20 5.34 14.55
3 8 1.5 30 6.86 16.73
4 8 2.0 40 5.37 14.60
5 10 0.5 20 9.02 19.10
6 10 1.0 10 8.65 18.74
7 10 1.5 40 12.46 21.91
8 10 2.0 30 10.34 20.29
9 12 0.5 30 13.05 22.31
10 12 1.0 40 16.78 24.50
11 12 1.5 10 14.28 23.09
12 12 2.0 20 12.15 21.69
13 14 0.5 40 7.49 17.49
14 14 1.0 30 9.65 19.69
15 14 1.5 20 9.84 19.86
16 14 2.0 10 7.51 17.51
Average 7 18.96

Notes: LSS—Lap shear strength; n—Signal to noise ratio.
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Fig.4 Test piece size

1.5 BT Oa4

K BO6 3 R M B %5 (OLYMPUS 4100)
SEM(Quanta FEG250) %} Taguchi J5 3% 1 1k e 44 47 4
SRR EEIRRE (IC ) H-LSS) FI7R 52 36 77 48 h A%
BTU)R EE R (IC o4 L-LSS) 48 I JE 35 A 5 DT X e

FESHEAT WS, AR ae 2ty | Gl 25 LK
ROE AL

2 ZBER5ITE
2.1 CF/PPS E &# i 1E#EE
[l 5 24 CE/PPS & & Mk B 45 il it 7 . T

M1, CF/PPS &4 4L e BELKR S 42 i ok A% 32 228 oA
BBt 55 1T BrBE. e, DA—@ R hn s i sm
CF/PPS & G A BHE i 219 v 446 HI 7 AR i AR H AR
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Fig.5 Resistance welding control process of CF/PPS composites
(T,,—PPS hot melt temperature; P,—Pre-pressure during welding;
P,,—Rated pressure during welding; Tr—Cooling rate; RT—Room
temperature; t; —Temperature rise time of resistance welding; £,—Pre-
pressure time; t ;—Constant temperature and pressure time; {,—Cooling

time at T;rate; t;—Natural cooling time)
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e ARG BOAE TR SO, R g g o,

B ph T A R S A AU . MR 2
PESHCE AR, Ikl 6 iR, CF/PPS &
FORHE AR L O AR
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Fig. 6 Resistance specimen of CF/PPS composites
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Fig. 7 Main effect diagram of process parameters of CF/PPS composite

resistance welding
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AIDLVE, BEE SRR . R )RR A Y
B4, CF/PPS & & k)2 A v BH AR 422 B 95 422 5 1)
5 34 B S KR /N AR AR A, ARAS e R
ZHOKF- N A3, B3, C3 (ML N 12A, 1 H
1.5 MPa, [}[A]J 30 min), A5 M
NA3B3C3 = M+ (ma3 —m) +(mp3 —m) +(mc3—m)  (4)
K M assscs WAL Z A FTERELE; m oy
BAREWE Y ME s mas. mps. mes 20BN IR R+
BN

(1), X 3). X (4) 5, B K=K
FIREESHUY CF/PPS & G b RHZ M v BH AR 42 45 12
Y UI5H FE R 18.07 MPa,  [R] i S 56 X6 #0045 SR 001 7
B, SR IO A A AR 4 S 4R 4 CF/PPS K& 41
RFARE AR, I T H T UIsREE, ik 3 R,
AILAVE H, CF/PPS & G b RL A5 R BT U 5ik 2 1)
{E 4 17.88 MPa, Taguchi J7 i 1 I 59 D) 56 5 F1 52 56
4 B ) 5 B AR H e, F B Taguchi J7 15 0] A 44

%3 CF/PPS £ 4 ##} Taguchi FEMMRMLEFKE, 18
B EYEEMLRIIESR
Table 3 Taguchi method for predicting optimal factor level,
weld joint shear strength and experimental verification
results of CF/PPS composites

Factor A Factor B Factor C
Optimal parameter 12 1.5 30
Taguchi method predicted optimum shear strength/MPa 18.07
Verification experiment results shear strength/MPa 17.88

N B IR PR IR 5L S G A RHR I T A S5

R TR R A Y A5 AR T A S 06 CF/PPS #4
PR S A MORE 2 AR R e 2 3K T 5 i 1 /N, X
2 P EWELL (S/N) #EAT 5 255007, sk 4 i, ]
LA, #2507 22 BE Aok o3 803 W 42 i it
Sk CF/PPS VA G phRHE 12 59 U3 2 11 Jee
B m N, HSTEE N 83.37%, 1 H K, ik
B} 9.55%, I}[E] BTk A 6.02%. [FATArA 2408
HA 90% LU BEERE .

&4 CF/PPS EGMHIEERIEEELFRLL T ESH

Table4 Analysis of variance of signal-to-noise ratio of CF/PPS composite laminate welded joints

ANOVA-Signal-to-noise ratio values

Level mean value
Process parameters df Variance F Sig. P
Level 1 Level 2 Level 3 Level 4
Factor A(Current)  14.30 20.01 22.90 18.64 153.704 3 51.235 156.957 0 83.37
Factor B(Pressure) 17.56 19.37 20.40 18.52 17.600 3 5.867 17.972 0.02 9.55
Factor C(Time) 17.67 18.80 19.75 19.62 11.107 3 3.702 11.343 0.05 6.02
Errors - - - - 1.959 6 0.326 - - 1.06
Total - - - - 184.370 15 - - - 100.00

Notes: SS—Sum of squares of mean deviation; df—Degrees of freedom; F—F statistics; Sig.—Significance; P—Probability.

2.3 CF/PPS £ A ##IFE BRIE BT HI BT O AR 57

& 8 FIIK 9 &y H-LSS HI L-LSS 1 25 1t AE 1 #% i
SRS YT HEA
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EAL1 I C P = TN CE P TR S A B R
2, RO S Y I fE IR, CF/PPS B G 41
RHE ARSI R T RS s AHE R, H 5582
RGFHAS &, J2 ALV 5 bORLE A2 8] 2 20T S48

B, RIS 2 MR R CF/PPS &4 b RHE G 2L #1
ZWRRL . H-LSS i HE i HIA [ CF/PPS & & 4 RHE
AV LT HE W 55, AT 4k BRI AR, S5
N 4 1 )2 A 2% TR AR AR e AT R R B
W S B R R AR I, IERH CF/PPS & A M RHE 40 41
Yy . PPS J5% K J2 M K v (WA g 5 27 4 5t iR
PBEE M A, R T A &G . I L-LSS
IRFETE BT ) /R P AR e 3k R 0E Uk CF/PPS &
A A RHE 9% 200 5 00 e )2 P A R e sk, W
CF/PPS & £ b HE 2 S1 90 R A5 22 2 A A% S 42 T
2R . X JEH T T LS5 MR A 4e
R, IREEX I ZANF FR 4 PPS A 8 a1k,
R X A7 A R s B EF 4 (P 8 o L-LSS i
), Y ER FiEEME=,, S8R ERE
A%; R 9mnl A H, L-LSSikFE T CF/PPS B A&
MEHE R A4 SRR EMEERE2E, K
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200 um

PPS film

(B) Specimens with low lap shear strength (L-LSS)
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Fig.8 Cross-sectional morphology of

CF/PPS composite resistance welded joints
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- Bare fibers
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=10 um 800X
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Fig.9 Shear fracture morphology of CF/PPS composite resistance welding single lap
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