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Abstract: Carbon fiber reinforced composites (CFRP) have the advantages of light weight, high strength, corrosion
resistance, fatigue resistance and wear resistance, and have become a new advanced structural materials for
marine engineering. In this paper, the effects of hygrothermal aging on the thermal/mechanical (tensile, flexural
and short-beam shear properties) and frictional wear properties of CFRP were investigated. Combined with the
analysis of micro-morphology and structure, the degradation mechanisms of mechanical and frictional wear
properties of CFRP immersed in the distilled water at 60°C for up to 90 d were revealed. It was found that the
maximum degradation amplitudes of CFRP tensile, flexural and short-beam shear strengths were 5.8%, 13.0%, and
20.9%, due to the destruction of hydrogen bonds and partial covalent bonds of polymer resin chains by water

molecules during the hygrothermal aging process, which resulted in the defect creation and the lateral restraint loss
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of the fiber bundles within the CFRP, ultimately leading to the de-bonding of fiber/resin interfaces. In addition, the

thermodynamic and viscoelastic behavior of CFRP in the hygrothermal environment exhibited a nonlinear change,

attributing to the coupling effects of positive resin post-curing and negative hygrothermal aging. Compared with

those before immersion, the average coefficient of frictions (COFs) of CFRP aged for 15, 30, 60, and 90 d decreased

by 23.8%, 35.0%, 43.7% and 53.8%, respectively, which was attributed to the friction lubrication of water molecules

inside the diffused CFRP acting as friction lubricants during friction, alleviating the wear of the CFRP/abrasive ball

interface. The wear rate (W) and wear scar width (WSW) of CFRP aged for 90 d increased by 254.6% and 114.9%

compared with that before aging, which was attributed to the fact that the water molecules forming new hydrogen

bonds with the resin matrix were in the bonded water state, reducing inter-chain force between resin molecules and

the continuous growth of their internal micro-cracks, resulting in severe fatigue wear.

Keywords: epoxy resin; carbon fiber composites; hygrothermal aging; mechanical properties; friction behavior;

wear mechanism
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Fig.1 Epoxy resin matrix and its corresponding two curing agents
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Table1 Mechanical properties of carbon fiber reinforced composite (CFRP) and epoxy resin matrix

Formula Strength/MPa Modulus/GPa Maximum strain/%
. ) Resin matrix 63.91(+1.87) 3.66(x0.11) 3.78(x0.11)
Tensile properties
CFRP 1 330.45(+62.24) 103.32(3.09) 1.29(+0.08)
] ] Resin matrix 115.30(23.79) 3.26(20.22) 4.34(20.12)
Bending properties
CFRP 1224.15(+51.74) 80.41(+1.70) 1.47(+0.03)
Shear properties of short beams CFRP 80.41(+3.32) — —

Note: The preparation and testing methods of the epoxy resin system can be found in reference [22].
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Table 2 Effect of hygrothermal aging on the CFRP mechanical properties
Formula Immersion time/d Tensile strength/MPa Bending strength/MPa Shear strength/MPa
0 1330.45(+62.24) 1224.15(+51.74) 82.41(3.32)
15 1 323.35(%52.48) 1 188.65(+65.35) 76.63(+2.15)
30 1 307.83(+48.24) 1 167.84(+57.48) 74.38(+1.56)
CFRP 45 1291.87(+53.27) 1129.89(+68.32) 71.32(+0.87)
60 1301.18(+62.92) 1 143.36(+42.54) 70.36(+4.42)
75 1273.24(+29.67) 1101.74(+39.65) 66.90(3.42)
90 1 252.63(+43.15) 1 065.01(+52.25) 65.13(+3.90)
— FC;F CFRP —
626.32(246.12) 634.56(+63.28)
FC;F (F: Flax; Cs: Carbon of 5 lays)/
14 423.35(+35.45 523.18(+48.17
CFRP-70°C (Water solution)®! ( ) ( ) —
28 384.26(+39.12) 489.32(+54.78)
56 368.34(+58.85) 465.25(+89.12)
0 785.34(+68.41)
CFRP-70°C 14 736.15(%75.24)
Under 80% relative humidity™®”! 28 - 683.15(£59.24) -
56 632.89(%65.24)
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Fig.3 Morphology analysis of CFRP before and after 90 d of hygro-

thermal aging: (a) Surface morphology before aging; (b) Surface
morphology after aging; (c) Tensile fracture after aging; (d) Bending
fracture after aging; (e) Short beam shear fracture at low magnification

after aging; (f) Short beam shear fracture at high magnification after aging

Ak, B 3(c)~3(f) /R 18 #E fL 5 CFRP AR
2SO DA N R PR RSB R W =R a7 N e R § U
BB, WRETYE R A B 2L (181 3(c). &1 3(d) 'h B £k
Rl ) 1) [F) Bsf 21 2 /A% Jig 55 1T O RS 2 3 (1 3(d) har
SLE ), kSR T K AT TR BE SR A K
FUKSE, &R T X EF 4l m 20 s /B, i {45
LR Y 8] TC kT o KRRV F 32 D1 . #E—2, Y
CFRP g 52 3 5 22 35 Y AE AT, B 100 o Bk 21 4



- 1878 -

EEMRER

KIEARUIWELS (18 3(e)), [FII AR (3 (£))
ATLOULEE R, e £F 2 3 10 A g 3% 7t WD dnb BRI O
AN, X TR TR AE R, R A
AT o0 9 DX R R i S S HROIR B %, % 2R Xk 2 4 1Y
FOOr AL TERE , AT Bk £ A /W s S T AR R
Kio P, SHrf A MEaEAH L, CFRP 1Y%
RUYIPEREIRIL I N B (3R 2),

Zi ik, CFRP 7R &AL T00 T J12 e
IR Ab AR A 5t R 7K 4316 A4 g s o ik A T
ZIhsz e, (ARG 3 O T X R 4 A R 1 2R
SRR T T oy ARV 52 ) L £ 4/ R S
T & A KT AR BERS B4, [A itk CFRP (1 45 22 57 1)
PEREIRIL o A, SR RE R Z o
2.2 TRATHMEEE SR FMERE
2.2.1 AhRPE bR

F 3 45T CFRP M 7E 60°C WA & 1k T. 0=
090 d i FE A AR PR RE v AL AL . Horh, BRES
B A2 I BE (Tg) B 38 3l 7T L) 2 e CFRP N 7Bk o7
g5k, IR AR R A =GR Sg R B R AT 4E /s
SR AR, AR T {8 22 Ak B AR AT 43 A
CFRP K Wi ¥ &b AT o MK, BER
YL I ) (¥ 3G ., CFRP (T, & 3 S [ IR (060 d)

J& 5 Im (6075 d) FFEAR (75590 d) #Y #a #, m 4
T, REAR T 14.8%. R IR oy T35 90 0 391 F A )
CFRP W i K o F HA MW AER , W/ T W5
O T RER BRI Sy, SRR
B TR T A0 A T D AR A R T RE
AT IR ERAER, B0 T o B 3SR
B AR BRI E TP EGE A CFRP N R 1)
IK Y F 5 I SE A I 5 A 3 K 43 14 6 AR AR
AT RS, SRR SR & A AN ] 3 K
fift, KT PG EAVER, B2 B T, i
BT PR BEARRLAE, 3k — a5t n] DUMEF 2 /3 fig 5
T & AE RS B4 (18] 3) 15 B 36 4iF . i — 24, CFRP
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AL, S B0 AR AR VE L] X CFRP #A ) 2
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Table 3 Effect of immersion time on CFRP thermodynamic properties under hygrothermal aging condition at 60°C

Immersion time/d Ty/C Storage modulus/MPa Loss modulus/MPa Loss factor
0 136.80(+2.01) 38536 9071 0.2354

15 129.93(+1.59) 35216 7906 0.2245

30 122.56(+1.26) 32 326 6 582 0.2036

45 118.25(+2.06) 30 457 5991 0.1967

60 117.69(+0.95) 28 456 5620 0.1975

75 120.25(+1.26) 29 574 5445 0.1841

90 116.49(+0.68) 25740 4438 0.1724

Note: T,—Glass transition temperature.

2.2.2 THOWEE 5 Mt

i AT 21 A1 S35 BIF 588 I AT IS P R T S
&1 CEFRP (B g 284k, HI T 43 Hr K 43+ %t 3%
SEUB IR A RN T 2 /4% i 5 1T DX 3RO 235 440 1) 52
BEAh, E 15 5 0 9 2 i T 2R AW i 3L {& F1 CFRP
A 7] I8¢ 450 19 R 1E 12 S0 7 b e 2 A A A W) b 22
S, IR AR S F CFRP 7E 3% %k 500~4 000 co ™
FENRERONNANES F R GG &/ L1 R S I 7l )
l 4(a) FIE 4(b). [FIEE, 45 BE T Hh 4 F 4 iE W 1
G IR 28 i PR o Ehe Rl LI | )
HUR % A6 0 3R W s T CFRP /5 2 Ho AR AR HEAT

thae, DIRs s a5 it 2 sl o An b o i
—%, HTARRERBEERSUEmMEEMSE, W
HEAE 1509 con (3R K m #E) A B9 D 1 g Ay 2 T
FEALH SR AEITCC, Wi, @ KA
T 5O IO ) B A7 0 5 2R PR K m B 22 L TT LA
T 20 8 & b i 53 28 AR IR A CFRP 2 4L 1T S 1k
SRR AL, plan, SRR, 60°C
TR R 90 d J5 A %A fiis Fil CFRP 7 3 400 cm™
(O—H). 2930cm™(C—H). 1244/1041cm™(C—
O—, k) B3 1 W Wiy o B2 Lb 43 ) 35 hm 1
85.6%. 76.1%. 55.6% fll 72.4%. 47.2%. 39.3%.



M 26,55 IR IR AL X B 2F 2 1 58 52 5 b RL g 2RI $852 5 5 1 18 1 52 1) - 1879 -
(a) Epoxy resin matrix — — -Epoxy resin after aging (b) CFRP —— CFRP before aging
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Fig.4 FTIR spectra of epoxy resin matrix and CFRP under hygrothermal aging condition at 60°C
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Table 4 The chemical groups corresponding to the characteristic absorption bands of epoxy resin and CFRP in FTIR spectra

Wavenumber/cm™ Corresponding chemical group Ref.
3400 O—H stretching vibration [35]
2930 C—H stretching vibration [33]
1612 C=C stretching vibration (Olefin) [33]
1509 C=C (Arene) [35]
1244 C—O—® nonsymmetric stretching vibration [33]
1041 C—O—® symmetrical stretching vibration [39]

827 C—H (Benzene) [35]
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Fig.5 Effect of hygrothermal aging on friction and wear properties of CFRP: (a) Coefficient of frictions (COFs);
(b) Wear rate (W) and wear scar width (WSW)
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Fig. 6 Effect of hygrothermal aging on CFRP surface and grinding ball micro-morphologies: (), (f)) 0 d; ((b), (g)) 15 d; ((c), (h)) 30 d;
((d), (i) 60 d; ((e), (3)) 90 d
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Fig. 7 Effect of hygrothermal aging on micro-morphologies of CFRP
wear trajectory: (a) 0 d; (b) 15d; (c) 30 d; (d) 60 d; (e) 90 d
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