116 5 514,50 530 T & @ B W H Vol.51, No.5
2023 4F 5 J] ENGINEERING PLASTICS APPLICATION May 2023

doi:10.3969/j.issn.1001-3539.2023.05.019

54 B 28 VR L B 7 S O 5

X2 B — Ut
(L PGIE T KRR ZS 2402, P52 7100725 2. PUZEfizs 24 B RATa7b%, 1522 710077)

FEE . it G AMH LR R dh i X IE T AR BMA R R T B AER T A Feap s TA R A4
A A Ao kAT AR E2E L, AR T F B E ) (PEEK)/ 88 4F 4t (CF) 3 &) A dh 35 A 3% AF VA B A 3% ) 69 7% X,
TR R T — A A B R X, AT T R Rdh A T ARG iR K AR R, AR RUE
BEGHT, 2T T RE Ak R TG X AT i Ay XA 0 B A G Fe B 5 H 9 %vm . R BT AL 7 A ik k69X 4
ERbhiApid B b TR A #em, BILE AR P FRTWEL, EAAHmE R TA L REG P 6T S
BHEFISY . A AT ik R RSB AL PR A BLRS  HE— TR T AT i 7 R sk AT B A etk
7 ik, St A RS AT T HACE iy WL 6 52 ) 39 5070 | 54 R R A A A i 7 64 3R A Yo K 0, 2T 1R 4 /A
JE AN T 30089 3K AE PP R AF 09 & ST K L A AR Z R K, T RIB A ek R SHE B A, AR B A 6K IE, &
B RIE T RS KRR e R A R AL,

RG] : AF 30 5% A AR AR dh A iR K A TR AT

FESES: 03  XEERIEE: A XEHS:1001-3539(2023)05-0116-06

Investigation of the Off-axis Tension Specimen of Fibre Reinforced Composites
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Abstract : The off-axis tension test was critical in understanding the tension/shear coupled damage and failure mechanical
behaviour of fibre reinforced composite materials. The off-axis tension specimen and end-tab designs of polyetheretherketone
(PEEK)/carbon fiber(CF) unidirectional composite were investigated. A new oblique end-tab for off-axis tension test was developed
based on theoretical analysis. The corresponding end-tab oblique angles of PEEK/CF thermoplastic composite off-axis tension speci-
mens with different off-axis angles were calculated. The designs of the off-axis tension specimen and end-tab were investigated
using finite element method. The influences of different end-tab geometries on the stress and deformation fields of specimens were
evaluated. Results show that bending stresses are generated by the off-axis loading and lead to stress concentrations within the speci-
mens. The oblique end-tab can eliminate the bending movement and even the stress distribution within off-axis specimen. To avoid
debonding at the tip of the oblique end-tab during test, an optimization of the oblique end-tab was carried out by chamfering the tip
area. The effect of the optimization on the stress distribution was simulated by using finite element analysis. Results show that
compared to unchamfered end-tabs, the maximum stresses in different directions are similar for tension specimen with off-axis
angles smaller than 30°. It is suggested to use chamfered oblique end-tabs in off-axis tension tests to obtain accurate experimental
results. The optimization design eliminates the stress concentration at the tip area of the oblique end-tab.

Keywords : fibre reinforced composite material ; off-axis tension ; end-tab ; finite element analysis

BRETAE(CEYE R R IBVER IR SR S S AR REIL  SCHE AR REROSRAE . th TS AR i 1A
S, BATIZ BN AT S, DRI ST B3t ok E?‘f,\ﬁ%mﬁ@@ﬁ,E%ﬁlﬁjﬁﬂﬁﬁﬂﬂjjﬁ?iﬁi

EEWH: HRARPHILETH (12072272)
BARIEE XU, 1 L0 e BT 7 ) [ ) 27 1)
WeFs B HA: 2023-03-08
S| KB, B— M. & A AR R R LA e sk BRI ST (D). TR, 2023,51(5): 116-121.
Liu Lu, Ma Yifan. Investigation of the off-axis tension specimen of fibre reinforced composites[J]. Engineering Plastics Application,2023,51

(5):116-121.



RUBH, 55 B BP0y 2 A TS 117

PEASIE B 38, 78 $37 /59 F /89 S5 20 A W S R3S T Y
J12E R R AT N 4% . PRIIL , BFSE £ A b
SRA AR LS G MBHE R 240 IR T 1 1247 R
FR AT A0 Tz i EA R E i

LR YERG TR A A RHE B 28 RS TR ik 2R
b E 2 WA =3 A SR T S -Re v S NIV E | 5
My, AR 22 Pt TR RS /1 . Inoue 55
AT T A5 I AR 9T 5 A AR 1T Y 55 1)
J12EM N o Gan SE2 i F—Fh g 1) Arcan Je HUHF
GERL/GY RN /59 205 0 IR G ABH J7 2 R
N o Xiao FFUHERT T A MR d bh A R O b e
TG o AEIEAT AT YR 3G 5 A R 5 A b R ) AR
() IR BT, SR T HEAR AR UM AR B 4% 0 RS
Y A R, R PRIE 56 B AL Y A0 B R 7R
Ao SEBR L, BTl 0 A 4 Sy ) 2
SEJC A AE I ERAE AR B2k R, 2 H BERm
BT PN BT 1 ) FNas A, B0 B ) A AN
A, BB R A RO HLAZ B N ) AR ek
3 S B A e o R TR o AT D il vt
B B 2 R R B P A - B UTRN A TR) 8, fFFE N
BT — S R yE e, Marin 250 7E il 47
i g A5 i Ak BB 5 ) A IE ZR BOR T BR P — 55 4l
B BN PR RE I

2 3T ABAQUS 47 B JT 4K 4 X 58 Mk ik il
(PEEK)/CF B J2- 5 A i h A il e R b A7 1 2
oM o ARSI T ek R 5 RUE e A (43
B AT AN (R B ) A P e RS A 0T L, 5T
I ot BRI N 553 A 5 AR S, O
XPRDE IR i AR A7 o3 AT 5 e, B 1k 3 2 nss
bt OB, R AN T 850 Mo 286 5 [l A

1 KR mE &

b T WF5E PEEK/CF #1452 & b1 R fir/ 85 &2
B I T ARAS 0 T3 2 m 1 B AT K, B S BT )
[ A AT D itz e a2 0 D 2t £ 6.5 0°, 50, 100,
15°,30°,45°,60°,75°,90°, AR i 2 i1
PN 3 553 A 450, R B B m R A L K
TR , 1 i e e A R s B B 1 A4 Jn ik v LA fin 5
IRIRHLIE S N EEE )

HRAE S 727 RN T BUZRE A AR B
VIRIES Y

&y Sy S, 0|0
g =S, S» 0|0, (1)
Y2 0 0 Sbé (O

Forp VRN 2 73500 S i 2 S AR N 2T 4R D7 1]
FITE N ELETAE DT 0] 0 S, BRI S R AR,

LT A s 5 B R A
L N L
SII_EI’SZZ_EZ’S%_ GIZ’SIZ_ El - E2 (2)

Horp B 5 T SRR E, R 2 7 ) AR
.6, M N BTEIEE v, R 2 07 VARA EL v, M
T ARA L

214 B ) Al Ak T N RS TN B B BHEE Xy
TN AR bR 2R N2 W IR x 7 1R N T o, FER
FI-WAERK RN :

e, S 11 S 12 S 6o,
&y | = S 12 522 gzs g, 3)
Y S 16 §26 gﬁb Ty

Horb e, e, My, 209008 x 5 1) \y J7 [is) FITH] A 5
YIRIAE o S o4 Ry MR 2R (e-y AR 2R) T ISR AR
BOERE B S, T dr bR IE R 22 R R
VIR

S, =8, cos*0 + (25, + S¢ ) sin*0 cos’8 + S, sin*0

S, =S,(sin*0 + cos*0) + (S, + S,, — S¢ ) sin’6 cos*0
S, =S, sin*0 + (25, + S¢ ) sin*0 cos?8 + S,, cos*d @
S = (25, = 25,, — Se)sinBcos’d — (28, — 25, — Se) sin*6cos 6
Sy =(2S,, = 2S,, = S¢)sin*Bcos O — (2S,, — 2S,, — S ) sin O cos* 0
Ses=4(S, + S, — 25, = 1/2S)sin’*@ cos’0 + Sg(sin*6 + cos*6)
FARHE x F1y J5 18] BIAEAS w Hllo ] 327528 W FTZe7R A
u=Suoer + Sy (5) cotp = -1 (©6)

v="S,0,y

A EHLAE N &, N R, u L

S 11
PRI, G R P i A - e X 1 ) W e 45



118 AR

2023 4E, %5 51 4,45 5 1

R T £ 0 o 1 ARk ) M 2 42, DU) T DL PRTIET X 2%
LA BT S R R BN 7 AR LT
BIS R JPIRAS o AR X, 256 BTt s bRk 2
AT ERE —IEEIJC(Z%)ﬁ‘ﬁ 3 FAS 5] i il £y 2 1K
JIT X687 FA) AN iR AR A B, 2B BRI PEEK/CF
PRV SRR, HIRA e S L R 1, ]
H, Gy AMERIE 2 ~ 318 N B B VIR

%1 PEEK/CF & &HRIERS P

E, /GPa E, /GPa G,,/GPa G,, /GPa v, v,
133 9.08 4.31 4.31 0.3 0.3

FBA R A S B SR R A5 D i 2 KA
JIEXoH IOE PR AR T A A JEE b, WL 2.0

x2 TERHE 0 X HRTEINE R R ¢ ©)
i £ 0 0 5 10 15 30 45 60 75 90
it ¢ 90 27 22 23 38 59 79 89 90

M4 DL, o a1 7 e fARDE finsi
iR R v SRR R E A iR S S I
U RS MK 120 mm, %6 10 mm, 53 mm., 3k
W AZ B 70 mm, B IN5E A B 50 mm.,

(2)

| 120 |

SO §S

25

A :
T E=
()
a5 P ITR F (RERE 0t P b T TR - (Rt it
B Gt it
2 REHRLRIXIEF R ITH 4T
>k FHl PEEK/CF 34 5 #4090 1 52 5 #1 BH (R 5
Cetex TC1200 R IHM: 52 5 A OBL, i 22 W0 28 B AR
72, Herp AR AR R PEEK, 34584 A fit
54 AS4 Y CF TR, 33T PEEK/CF B i) b i 4k
AR A B s A an 1S i8R K 120 mm 5
10 mm . J& 3 mm, ffi 2 5T A [0, S AR, A4k A
VIE = UIE R
W AETE e 7 FRHE insi Je an il 1 iR o
T F A Al B B T A PR SR B AR I A A
BRI EME, A 50 mm. Pt 10 mm JE 1.5 mm 11
A T 1A ) ) B PR B il A, L R A E Ry 27.58

GPa, At v, 4 0.34,

53 SVEE ST T A [A) Al il A7 SR I 5 e 1) = 4
SEARREAY 25 R E R R FERAR A R AR
s R R A 43 ST A I A A . AR R A A
A PRAIE iR R 5 A 422 A T 508 20 s % g, DA%
o FH T 5 TR LR P 46 v AL 4 BT (C3D8R) . A
FRUEEAG A P st 56 s %) 5 3 B 4% 1 A 2
J7 2l JE T S % RO 5 R % I A T ST
MPC % 2 , XF 2 7% 50t 1045 7 28 far A S 80 2838
. K H Abaqus/Standard 3R fif i 54745 U f14) v
Botre SERIRMRRA N 2 FiR

:

E

z X

B2 150 (R P B A A
RAEAEAR G it 2R R R ETR T R UE S BT
o5 RS HER , A PR T o B il R T N R 0.5
mm?, JZ [E]JE A 0.3 mm B9 WA 34T .
3 BRTEBLERSH
3.1 A B ARG FAY
XoF Pl il A R A /N 04 A il B A a4 (52, 100,
15° F130°), BT B FH i RO s R 2R F R 2R
B, HLI 135 A B AR, DR LR B 15 Al e
AR AR YA A BT a5 5, XF He o B 77 B m
5 FVARHE I i X4 1 71 43 A FASTE (1) 5% l’]
Bl 3 A AR AR 7 1 0 0.2 mm 3 B8 24 f5
N EEE33{%&@%7’?%1}[@%)#9@&##%
T A AR il ADE s A iR 6 B
W AEHESN 7 W B850 3 A IR R AE AR o Tu
e T DS PR ) | S S L s e S S DIV

]

(2) (b)
a—iy T Insi R s b—i RHE ina R ok
B3 15 bl s = E



RUBH, 55 B BP0y 2 A TS 119

A TR LR i 7 A B 25t R

7 AR FE A FHAS [R5t - sl 64 1z 4 7K
-, R R T B 44 SRS o SRRAEIK AR A 2%
Tr B SPRAS o 24 V) oy 5 LHNE

0'0:5% (7)
0

Horb FoRVERITE ISR v 22 55 0y Sl 5
So A RAARI IR BT AR, A SCH R R AR T ARy 3¢
10°m’ . AEFITEI I NSt i 7% sURAPE sk v 2
i By R I7 1 2 5 44 OB 5300 D5 I
s IR F, = 3954 N, i i ik ik 44 X
W) oy, = 131.80 MPa, RHE fis 5 il {40 ) F oy =
3648 N, R IE 5 il 1 44 XN 1 R oy =
121.60 MPa. F1XF Fb AT, PEAR IR AL 2 T L 11
T3 T i i A g I 2R 7 FeARDE s R il
PR, HEAT S 09 48 SURE ), 302 B T 5 F
N R A T AR A Y Y N ) AR
HIT B . R g R R R AL i
WSR2 R R 2% . B 4 S XL ALE AN 0.2 mm {7 F%
AT i i S [ s 04 1S e bz el 45 5 )

I s i ) A RDE s il
a

WIPMSTPE R i
(b)

IR i © A ARDE s R i
c

a—o ;b—0o ;c—1
¢ "y xv

&4 15° iR s oA 2

W 1375040 . HE 4 a1 & W e R SE T in s
W, A BN AR B, ELAE T TR SR F Y
WAF R 150 A 43 8L, o A A el S i
TR ) X S A AR B N v, HR R )t BAE
WA s 5 30 A0, e e A T
ZSEIST i Rl Y o 1S W o S TN S Y
A R A) s N 4a, 4b iR BHE TSR Rtk
IER R E= 9 1R N A N U i ) | i 9 Wi R
5 RO s 7o i B 2 o 1m) 5 KON B /T
I InaE A BRI de, 4d), W SRR A
AN IR % B AR N T A A 35T AR S
58 A DX A A — e AR A N S B v, HLIZ Xk
N 335550 A5 o BN T G ELRT LA L A ARk
TE I a4 45 5 1) g 48 rh B33 /N T4l O
TE s 7 i, i R ek 1R N B Y
O3 A A A A RN BT g 2 1 43 A B
TEf
3.2 KA BRI AR

o i il £ BE R T 300 AR A , LRI B R
s AR B AR, e R JR s A 2%, T
T 55 A AR AL o e B 60° i il P A 14k
1, 53 BT AN [] im0 R A Al a2 A vz g
Ytk

Bl S ik oy i i B AR TR 45 5 . IELS
Al LLE W A8 58 s e 3 5 A7 76 25 il A
& AR#E 15t i (4 25 iR B2 sl 0N, 5 AU in
s R R AR IR 5] R BT o

uu2 U2
02 0.2

Eﬂvl EQ 1
0 0

a7 F S L b A IS 3 P
5 60° AL (RS =

60° AT AE X275 Ay Rl I 0.2 mm
LR AT I, 5 7 T it i e I 2y 1 e
N F,, = 781 Ny ati RO s 5 e gy n 7
N F,, =780.1 N, A5 nsi il i 44 SN Tk
04y = 26.06 MPa; i BHUE s A (3444 SO 1
Oy = 26.03 MPa, A7 I7 ISR B FIARHE Ao Rl
(LA 24 SO FTARTEL . BRI P - BR800
X BB R R A TC R, T N R N 2



120 TSR 2023 4F, 55 51 4,55 511
A B AR IR 22 R3 HAMIMER R4S E&RKEN

1 6 St i 0.2 mum {32 A% 284 S 60° i iz fif ik
PET7 B R 500 A o i B T AR G el
b ARG N2 60° Jim , X PF PR 1SS 7 S B
ANGY IR F7 KA R O AN IRt i
FIT7 I s R FRHE N5 A 3 AT 3R A8 BEAR Y
12 155045 RHAEREE R T MR

WO HERHE R
(@

WO HRHE IR
(b

. -

5,51 5,512

(Avg:75%) (Ave:75%)
15.1 14
107 104
64 60
2.1 1.7
23 27

4
TN iR A ARDE s iR

©

a—0o ;b—0o ;c—1_
x v w

&6 60° i RN 1A =

e 33 4 M 0.2 mm {57 B 3407 B, 45 Jim
N T i v AARHE sk A iR e 45
T3 1] E BRI 7 o H PR RS 4% 5[] e KL g
FC AT LAt 6 i Al 2/ T 3000, A RHY
A URE =y VA R TN i WD )| E e s s €l
HB94$ T i) B RN 77 A P Al 22, T P ARHIE i
S AT R BRI N R TR - S S DR A
b BG, 98D 1 i b A A a6 1R 22 5 0 Ml Al £ 2
KT 60°1 , 21 Al i 2 Xt 4L PN VL 7 3973 A1 52 Wi 4
/N, PR — SR 5 RO AN BB, e D7 S i e
RPE nsie 2 n] P AR A IR 45 R o

it fa/ RN/ AR A1/ R TTYIN A3/

©) MPa MPa MPa
0 159 473.1 4.64
5 21.2 629.4 343
10 26.2 561.9 61.7
15 30.1 412.4 70.1
30 335 166.2 48.7
45 343 69.2 27.2
60 30.5 41.6 14.1
75 20.7 34.4 5.4
90 7.58 327 0

x4 HRFIE RS F EEKR A

MmN/ AN 1/ RSN 1/

s/ MPa MPa MPa
0 / / /
5 14.5 432.4 6.54
10 16.3 3122 7.45
15 15.6 228.9 6.47
30 21.8 94.7 19.2
45 29.9 70.3 25.8
60 32.1 40.2 15.2
75 19.7 34.2 5.8
90 / / /

3.3 BIH A& RGHra

JAERPE I nl A8 2800 B O b bz A o 7 v
P B SRV A RZA , T RS AR, SRR 50 4y
AT 15 AR S B o B v, 6k T8 /0N D it £
FER AT AR T, T ARVE s R A il TR
B, Bonsg A SR A g b 7 SR
Gy A0 4 ity R 42 30 43 W e, 1 TS5 S80I 58 B 4 A i
Fhio Rt LRz ARPE e F T, AT e A
AR o HEA TR 5] £ AL PR LLTE BRI A, 8 o
R AR

P 7 S A FH A el 430 80 A AR e e i) 150
g e A AP A e i v AR G b A T 1) B
T80 45 o SFA A FEAT R=1 mm 3] [5] £ kb BR )  3R
125 R B AR i ) 7 PN ] 7e s o % EL Al i

5SS B RDE g R iR 1 35 43 4wl LA

F AR08 A b 3R] DUAT R0 N A Ak i ) 4
HRE R Ay ] 3 BT R ) T N B U] B
KW 75 ARAE B RHE s R F £ 7 1] 1 fe K
W ST JLFARTA] o PGP Dl £ B2 S50, PR ik
FAESRBUNG OO i hn s il e, T LLEA T
B A0 3, BE AT LAHI 23241, By 1k 4 3020 v 6 2 1)
&L, RIS 4 1 735 53 A 52 AR/ N



RUBH, 55 B BP0y 2 A TS

121

S.S11 S,52 S.S12
(Avg:75%) AveT5%) (Ave:75%)
5595 267 1317
4158 513 873
2720 259 428
1282 04 164
-155 250 -46.1
O Oy
(a)
S,Si S50 S.Si2
(Avg:75%) (Avg:75%) (Avg:75%)

219.6
163.4
107.3
51,1
5.0

0').
(b)

(c)

a—ARATHENA s b— B 1242 0.5 mm; c—fEI 1242 1 mm
7 REHIRE RN R RDE AR 84 150 St st 1374
4 Lk

(1) FE T 5 A A A i A i i 37 e 3 4
RUE ISR A, IF 02 B A R T B o)
A, A2 T A5 il o B AR T3 A B R T e
.

(2) A BROCTT koA 1 66 T s 7 Al
RO N Fr 00 5245 BB B 1) AR Al Sl (2 1 A2
FERNRE S35 53415, % HeT5 i by, A P ARHIE fin i
Fr ARG R S BB S T Pl 7 — B S 2
DA R DR SR VAR S e 3

(3) XF Tl 1 B2 /N T 30° 3 1 9 2 i
T EE M 3 B vh 250 W 2, D7 Jin i e A
T BT ARAT 045 T ) B R R T A 22K, R
FHRVE st Fr, AR A5 S o 9 12X 50 2500 5 % T i et
FRERT 60° it , T N B U 1 R R AR /N 1o
TGy A ke T35 DT st R ARHE s A
AR B RN T HEASAHTA] o

(4) XERUE ISR 2R A AT (8 5 Ff AR B X
NG 455 AE B 1 1 5 73 A A TERE R, HAE L
St T sl G I e AR M R

& & 3k
[1] Inoue H, Takanashi M, Nakamura T, et al. Modified asymmetric

four-point bend test method for in-plane shear properties of ceramic

(2]

(4]

[3]

(6]

(7]

(8]

(]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

matrix composites at elevated temperatures: Ceramic Engineering
and Science Proceedings Volume 37, Issue 2[M/OL]//Mechanical
Properties and Performance of Engineering Ceramics and Compos-
ites XI. 2019:53-60.
Gan K W, Laux T, Taher S T, et al. A novel fixture for determining
the tension/compression-shear failure envelope of multidirectional
composite laminates[J/OL]. Composite Structures, 2018, 184:
662-673.
De Sousa Junior R R, Gouveia J R, Ito N M, et al. Failure predic-
tion of hybrid composite using Arcan’s device and Drucker-Prager
model[J/OL]. Polymer Testing,2017,58:256-261.
Xiao Y, Kawai M, Hatta H. An integrated method for off-axis
tension and compression testing of unidirectional composites[J/
OL]. Journal of Composite Materials, 2020,45(6):657-669.
Pagano N J, Halpin J C. Influence of end constraint in the testing of
anisotropic bodiesfM/OL]/REDDY J N. mechanics of composite
materials: Selected Works of Nicholas J. Pagano. Dordrecht:
Springer Netherlands,2021:2-16.
Pierron F, Alloba E, Surrel Y, et al. Whole-field assessment of the
effects of boundary conditions on the strain field in off-axis tensile
testing of unidirectional composites[J/OL]. Composites Science
and Technology,2018,58(12):1 9391 947.
Richaeds G L, Airhart T P, Ashton J E. Off-axis tensile coupon
testing[J/OL]. Journal of Composite Materials,2019,3(3):586-589.
Pipes R B, Cole B W. On the off-axis strength test for anisotropic
materialsI[J/JOL]. Journal of Composite Materials, 2019, 7(2):
246-256.
Sun C T, Berreth S P. A new end tab design for off-axis tension test
of composite materials[J/JOL]. Journal of Composite Materials,
2008,22(8):766-779.
Chang B W, Huang P H, Smith D G. A pinned-end fixture for off-
axis testing[J/OL]. Experimental Techniques,2022, 8(6):28-30.
Chamis C C, Sinclair J H. Ten-deg off-axis test for shear proper-
ties in fiber composites[J/OL]. Experimental Mechanics, 2021, 17
(9):339-346.
Cron S M, Palazotto A N, Sandhu R S. The improvement of end-
boundary conditions for off-axis tension specimen use[J/OL].
Experimental Mechanics,2018,28(1):14-19.
Sun C T, Chung I. An oblique end-tab design for testing off-axis
composite specimens[J/OL]. Composites,2021,24(8):619—623.
Pierron F, Vautrin A. The 10° off-axis tensile test: A critical
approach[J/OL]. Composites Science and Technology, 2020, 56
(4):483-488.
Kawai M, Morishita M, Saton H, et al. Effects of end-tab shape on
strain field of unidirectional carbon/epoxy composite specimens
subjected to off-axis tension[J/OL]. Composites Part A: Applied
Science and Manufacturing,2019,28(3):267-275.
Marin J C, Canas J, Paris F, et al. Determination of G12 by means
of the off-axis tension test.: Part I: review of gripping systems and
correction factors[J/OL]. Composites Part A: Applied Science and
Manufacturing,2022,33(1):87-100.



