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Abstract

This study deals with monitoring single lap CNT-epoxy joints of carbon fiber
reinforced plastics (CFRP) by conductivity in hygrothermal environment. The adhesive
is conductive because it’s made of epoxy resin mixed with carbon nanotubes. The
material is of the sheet in this experiment is made of CFRP by thermoforming .For
voltage change measurement, copper foil is embedded in CFRP and welded with wires
to measure the voltage change of entire adhesive joint.

The specimen will be set in hygrothermal environment and observe the voltage
changes and mechanical properties during the experiment. .Find out the relationship
between conductivity and failure mechanism. Using SEM to analyze materials’ fracture
surface.

The result of the experiments showed that voltage change measurement could do
qualitative analysis to the load and aging experiment period. The spcimens of high
temperature and moisture experiment reveals resin plastic ~ Fiber Pulled-Out and
weakening of interface but it doesn’t reveal in the specimens which is set in high
temperature and low moisture environment. It has been observed that the brittle fracture

trace on the adhesive joint.

Keywords: Single lap joint, Carbon-fiber reinforced composite, Hygrothermal

aging, Voltage change measurement, Carbon nanotubes
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Z S.ASI~SS5# 5 - KL

~
oot [FEP %R (BOREAN) | Topks A N) [EELIN)|EEL(%)| TEEOQ)
SING-QA 8024 138
s1 8018 6 0.07
SIN7-QA 8012 10668
5o [22NLOA 8413 8206 208 2.53 659
S2N3-QA 7998 605
S3N2-QA 7507 840
s3 7511 4 0.05
S3N3-QA 7514 1639
S4AN1-QA 7018 148
sS4 7603 585 7.69
S4N3-QA 8187 1806
S5 S5N1-QA 7794 7881 87 1.10 135
S5N2-QA 7967 220
Bl T o
L 7843 7843 - . }
B f§(N)
B4 = {208 £ (N) 401 288 - - -
EERES S 4
(YB3 = T ¥opk 3 5.1 3.7 - - -
D)
4 5.2S7~S11 3% - &4
oo RS B B (N) | T osaes A (N) [HRE £ (N) |18 £ (%) 71rEQ)
S7TN1-QA 7946 804
s7 7981 35 0.44
S7N2-QA 8016 334
g |SENL-QA 7574 1795 201 o84 4038
S8N2-QA 8016 7504
S9N2-QA 8020 5624
S9 8020 0 0.00
S9N3-QA 8020 6992
1o [SIONL-QA| 7901 7926 . 031 2310
S10N2-QA| 7950 2994
s11 [AINLQAL 8016 7874 142 1.80 150
S1IN2-QA| 7732 60
&%#kL :’;\‘ I35
e 7919 7919 - - -
B EA4(N)
By i3 £ (N) 151 89 - - -
Bt iR A
(YoRs 3+ =t T apk 1.9 1.1 - - -
g
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a0 R R GRY TR F A A LB

- Harg B %R

R (£ 54>

% 55~ % 5.6) B IE XY NE FEFIRLSICERT A 0 ik
PR BRI AR R B P ARt 0 TRR AR ""\“‘Jﬁﬁi?&g °
535 BEBIR30XIES X 15T RH A
LG skisic | XV R ke
N I ey A RSN el TN i N A
- - P R PR R 4 (9 kil C AR
B % FE(ohm) [ 7 (mA) | & (V) | T & H 4 (%) (%) 7 R 4o (%)
SIN4 2472 0.5 1.236 125 11.8
S1 SIN5 948 2 1.896 X X 118
S2N4 1836 1 1.836 48.2 44
$2 S2N5 3083 1 3.083 12.8 10.9 251
S2N6 852 5 4.26 23.3 20.4
S2N7 273 5 1.365 X X
S3N1 891 4 3.564 84.1 78
S3 S3N6 X 4 X X X 78.0
S4N4 847 2 1.694 41 34.8
S4 S4N5 731 2 1.462 105 9 21.9
57 S7N5 1664 2 3.328 19.6 135 33.4
STN7 1302 2 2.604 67.3 53.2
s8 S8N6 2610 0.5 1.305 26.2 24.2 18.3
S8N7 3062 0.5 1.531 22 12.3 '
s9 SON1 8104 0.5 4.052 10.7 10 12.9
S9N4 4490 05 2.245 18 15.7 '
Bt T 3o 2211 - - 30.5 26.0 28.8
Bo L £ 1998 - - 23 21 23
B EEL%) | 904 - - 76.4 80.9 79.8
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2 545 FEFR30 % RiEFET TR A

e BE R |ET T | Rien | XV P %S | BEBIRS A
T e (ohm) |7 (mA) | BR(V) | & &R # 4 (%) | T 5T R 4 (%)
S5N5 76.15 20 | 1523 | 110.44
S5 S5N6 71.95 20 | 1439 | 12050 131.76
SEN7 37.85 20 | 0757 | 164.33
S7TN3 | 10945 2 | 2.189 36.77
s7 S7TN4 486 2 | 0972 | 12510 92.46
S7NG 332 2 | 0664 | 11551
S8N3 6222 05 | 3111 18.03
S8 S8N4 3646 05 | 1.823 12.07 16.15
S8N5 7366 05 | 3.683 18.35
SON5 4622 05 | 2311 18.22
9 SING 6468 05 | 3.234 17.07 26.01
SON7 1184 05 | 0592 42.74
B T s 2634 - - 67 67
e 2847 § . 56 55
B £ (%) | 108 - - 84 83
F S5EBIEBIRIS R IW S R E S T RA 4
L R g e SRR ELRRE B ERRAA
N R ) R R S mA)| B V) SRR IEFERTR|EL LT
(ohm) 40 (%) | HAe(%) | B RH 4 (%)
SION3 | 1462 | 1 | 1462 | 49 3.8
SION4 | 1881 | 1 | 1881 | 57 44
S10 | SI1ON5 | 639 1 | 0639 | 532 414 13.532
SION6 | 1520 | 1 | 152 | 148 121
SION7 | 2094 | 1 | 2094 | 104 6.1
G4 T | 1519 | - - 18 14 -
RN S  g 557 - - 20 16 -
s B £ (%) 37 - - 113 118 -
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poe s gy [P RER 2R s | e g | ETEE
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e N 1789 - - 243 228
e R 1619 - - 146 143
Bp s EEL(%)| 90 _ : 60 62
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S2N7 7017 -14.5
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e E L :ae A (N
d Frdi |REEN] LNy | wsa(N) (%) 7 (%)
S7N5 7754 -2.8
S7 STN7 7520 7637 7981 58 -4.3
S8NG 7579 28
77 77
S8 aan7 8018 99 9 28 0
SONL 8018 0
s9 s F 7766 8020 = 32
B T e
P ?(N) 7734 7734 - - -
B =R X (N) 237 85 - - -
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" x s B | TIHERER R (G ER R iR AR | XiVTiE
R () (N) 3155 & (N) £5%) | % &%)
S5N5 6517 -17.3
S5 S5N6 7044 6726 7881 -10.6 -14.6
S5N7 6619 -16
S7N3 7517 -5.8
S7 S7N4 7281 7438 7981 -8.8 -7
S7N6 7518 -5.8
S8N3 8535 X
S8 S8N4 7679 7965 7795 -3.6 -3.6
S8N5 7683 -3.5
SIN5 7849 -2.1
S9 SING 7289 7569 8020 o1 -5.6
BT s 7412 7425 7919 - -
Fede = R A (N) 567 517 101 - -
B AR L 7.7 7.0 1.3 - -
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2 (N [ s%BEN) | *%% (N) | aAa(N) | 46 (N)
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ey | 012 [ 024 | 004 | -003 | 019 [ 110 | 170 | 202 | 202 | 271 | 370 | 416 | 022
¥ | 041 | 063 [ 000 | 111 | 1.33 | 377 | 468 | 542 | 558 | 717 | 817 | 895 | -
) | 34es1 | 26138 | 20204 | 4019 | 696.96 | 344.11 | 27617 | 2683 | 263.46 | 264.45 | 22066 | 214.83| -
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20524 BEARI0 T ATE S A FRAPAPEN P T LB PE

e

Frfiw SO0N 2 TR | At 4

¥ 500N % £ 3 (kN)

L

1 2 3 35 4 4.5 5 5.5 6 6.5 7 7.5
S1IN4 -0.283 | -0.166 | 0.056 | 0.126 | 0.439 | 0.458 | 0.648 | 0.783 | 1.448
S2N4 -3.902 | -3.867 X X X X X X 11.285 | 19.856
S2N5 -0.006 | -0.061 | 0.001 | 0.101 | 0.009 | 0.086 | 0.030 | 0.047 | 0.123 | 0.666

S2N6 0.237 | 0.530 | 0.807 | 0.957 | 1.333 | 1.881 | 2.153 | 2.417 | 2.734 | 3.141 | 6.631
S2N7 0.210 | 0.399 | 0.441 | 0.529 | 0.625 | 0.704 | 0.893 | 1.445 | 1.903 | 2.857
S3N1 1.348 [ 12.426 | 5.283 | 12.443 | 39.736 | 40.308 | 42.388 | 44.467 | 44.758
S4N4 -0.110 | -0.293 | -0.408 | -0.524 | -0.694 | -0.700 | -0.730 | -0.598 | -0.452 | 0.413 | 2.888
S4N5 0.060 | -0.097 | -0.413 | -0.424 | -0.555 | -0.513 | -0.275 | 3.630 | 3.990 | 3.175 | 6.972
S7N5 0.217 | 0.348 | 0.402 | 0.261 | 0.222 | 0.241 | 0.283 | 0.607 | 1.303 | 3.074 | 5.014 | 5.404
S7N7 0.030 | 0.094 | 0.100 | 0.082 | 0.122 | 0.205 | 0.253 | 0.373 | 0.799 | 1.638 | 2.867
S8N6 -0.019 | -0.120 | -0.262 | -0.295 | -0.394 | -0.354 | -0.305 | -0.433 | -0.408 | -0.380 | -0.389 | 0.070
S8N7 -0.455 | -0.915 | -1.192 | -0.935 | -1.464 | -1.477 | -1.468 | -1.247 | -1.871 | -1.630 | -1.839 | -2.113
S9N1 0.076 | 0.200 | 0.527 | 0.788 | 0.985 | 1.097 | 1.304 | 1.963 | 2.254 | 2.480 | 2.892 | 3.531
S9N4 0.024 | 0.039 | -0.516 | -0.679 | -0.335 | -0.261 | -0.392 | -0.882 | -0.406 | -0.442 | -0.345
Y
B0
2 £ (%) 0.424 | 3.604 | 1.635 | 3.643 | 11.500 | 11.645 | 12.228 | 12.728 | 12.764 | 1.720 | 3.134 | 3.380
(%5
TR F )

0.134 | 1.046 | 0.397 | 1.025 | 3.299 | 3.435 | 3.678 | 4.316 | 4.561 | 1.363 | 2.743 | 1.723

315.519 | 344.604 | 411.398 | 355.303 | 348.583 | 339.024 | 332.475 | 294.923 | 279.889 | 126.173 | 114.229 | 196.141

20525 BB B30 X AACHE Y R PP e D B L A

' S00N 2 TR F A A

n v 500N £ §(kN)

ol 2 3 35 4 45 5 55 6 6.5 7 75 | 8
S5N5 | 0.183 | 0.072 | 0.431 [ 0476 | 0.771 | 1.100 | 1350 | 2038 | 2.541
S5N6 | 0219 | 0.135 | 0273 | 0.673 | 0.646 | 1133 | 1608 | 1.279 | 1.274 | 1.382 | 1666
SSN7 | -0.478 | -1.090 | -1.704 | -2.643 | -3.274 | -3.744 | -4.055 | -4.401 | -4.695 | -4.486
STN3__ | 0132 | 0.191 | 0264 | 0.418 | 0.998 | 2.096 | 6.102 | 8.965 | 11.787 | 15538 | 69.208
STN4 | -0.127 | -0.410 [ -0.986 | -1.338 | -1.758 | -2.224 | -2.642 | -2.940 | -3.270 | -3.427 | -3.558
STN6 | 0575 | 3.365 | 5799 | 6.511 | 8.850 | 9.801 | 13.220 | 13.801 | 15.839 | 20.675 | 24.337
S8N3 | 0.124 | 0.209 | 0.360 | 0.571 | 0711 | 1.097 | 1524 | 2.001 | 2.665 | 3.122 | 3.797 | 4.742 | 6.029
S8N4_ | 0.041 | 0.015 | -0.269 [ -0.108 | -0.319 | -0.212 | -0.356 | -0.019 | -0.188 | -0.194 | -0.227 | -0.201
S8N5 | 0.068 | -0.044 | 0.043 | 0.032 | 0.055 | 0148 | 0132 | 0.226 | 0.288 | 0.357 | 0642 | 1.232
SIN5 | -0.318 | -0.915 | -1.457 | -1.969 | -2.500 | -2.472 | -25558 | -3.111 | -3.256 | -2.611 | -2.903 | -0.884
SONG | 0.063 | 0.044 | 0.054 | 0.070 | 0.084 | 0121 | 0194 | 0.256 | 0.384 | 0533 | 1155
SIN7 | 0558 | 1.246 | 5857 | 11.746 | 12346 | 14.713 | 14.071 | 17.678 | 17.968 | 25.102 | 29.795 | 34,577

i;f?é;“ 0.087 | 0.235 | 0.722 | 1203 | 1.385 | 1.796 | 2.383 | 2981 | 3445 | 5090 | 12391 | 7.893 | 6.029
WEL() | 0305 | 1149 [ 2490 [ 4010 | 4578 | 5283 | 5868 [ 6.904 | 7.562 | 10319 | 23.033 [ 15074 | -

PR £ (%% 35

TEFA)

351.849 | 488.974 | 344.866 | 333.222 | 330.557 | 294.096 | 246.286 | 231.588 | 219.527 | 202.728 | 185.876 | 190.976 -
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20526 BEABRIS TAeE S A FRAPAPEN P T LB PE

i w S00N 2 ® R # i F 4t &

. > 500NT 1 £ (kN)
R 2 3 35 4 45 5 55 6 65 7 75 8

S10N3 0.006 -0.145 | -0.061 | -0.147 | -0.341 | -0.264 | -0.490 | -0.322 1.716 7.523 7.602 8.101 | 9.604

S10N4 0.259 0.143 -0.030 | -0.837 | -0.882 | -0.126 | 2.697 6.074 11508 | 17.871 | 16.142

S10N5 -0.840 | -0.991 | -0.998 | -1.314 | -1.246 | -1.487 | -1.859 | -1.452 | -0.106 0.425 2.506 5.114

S10N6 -0.065 | 0.278 0.811 0.534 0.435 0.785 0.640 3.384 3.734 3.819 5.812 4.493

S10N7 0.005 -0.237 | -0.407 | -0.602 | -1.190 | -0.906 | -0.979 | -1.248 | -0.921 -0.960 -1.942

T o R

7 A (%) -0.127 | -0.190 | -0.137 | -0.473 | -0.645 | -0.400 | 0.002 1.287 3.186 5.736 6.024 5902 | 9.604

4 £ (%) 0.417 0.494 0.657 0.703 0.702 0.857 1.756 3.310 4.986 7.536 6.722 1.929 -

o £ (% 15

LR A -329.008 | -259.461 | -479.855 | -148.614 | -108.862 | -214.331| 93168 | 257.182 | 156.476 | 131.391 | 111.587 | 32.686 -

% 527 FEMIB30 R FCW S AR FERAPIPEE ST LK P

i w S00N 2 ® R #F 4 4

ol 2 SO0N 000
A 1 2 3 35 4 45 55 6 6.5 7 75 8

S| 6465 s | 060 | 063 | o8 | Govs | Gk | Gz | dost | 5o | 51

S3N5__ | 0.025 | 0.044 | 0.086 | 0.001 | 0.091 | 0117 | 0136 | 0.172 | 0.147 | 0.283 | 0.326

S4N6__ | 0017 | 0.202 | 0.294 | 0.261 | 0.290 | 0413 | 0636 | 1.100 | 1527 | 2.705 | 9.045

S4N7__| 0015 | 0.015 | 0.022 | 0.037 | 0.021 | 0.083 | 0.147 | 0.201 | 0.199 | 0.266 | 0.251

SIIN3 | -0.045 | -0.031 | -0.049 | -0.048 | -0.111 | -0.237 | -0.239 | -0.327 | -0.449 | -0.507 | 0.069 | 0.629

SLIN4 | -0.100 | -0.049 | 0.075 | -0.049 | -0.091 | -0.064 | -0.098 | -0.215 | -0.171 | -0.149 | -0.098 | 0.201

SLINS | -0.015 | 070 | 1.483 | 1652 | 1.799 | 2.063 | 2.469 | 2.407 | 2.669 | 2.792 | 2.553 | 3.114 | 4.759
SLING | -0.044 | -0.032 | -0.006 | -0.047 | -0.073 | -0.079 | -0.046 | 0.075 | 0.476 | 0.717 | 1.450 | 2577 | 7.732
SLIN7 | -0.013 | 0034 | 0.215 | 0.369 | 0.846 | 1.389 | 2504 | 4.463 | 6.361 | 7.432 | 8856 | 10.563 | 13.750
ey | 008 | 017 | 026 | 027 | 030 | 096 | 114 | 123 | 154 | 207 | 460 | 342 | 875
##£(H | 007 | 010 [ 028 | 029 [ 036 | 152 | 168 | 153 | 193 | 228 | 498 | 4.18 | 458
508 4 (96 55

o) | 13154 | 11000 | 106.99 | 100.35 | 117.62 | 156.21 | 147.60 | 12492 | 125.74 | 110.13 | 108.26 | 122.42 | 5237

0528 BE MR O0 A FEH S AR A PPN 0D A RUR 1

Frft e SOON 2 T Bt 7 At 4

e ¥ 500N i\(kN)

S 1 2 3 35 4 45 55 6 6.5 7
S5N3 | 0.030 | 0.005 | -0.022 | -0.028 | -0.047 | 0.043 0.157 0.341 | 0.453 | 0.630 | 1.045
S5N4 | 0.109 | 0.174 | 0.238 | 0.258 | 0.284 | 0.336 | 0.529 | 0.920 | 1.440 | 2.154

TR R
F A (%)

0.07 0.09 0.11 0.12 0.12 0.19 0.34 0.63 0.95 1.39 1.05

14 2 (%) 0.06 0.12 0.18 0.20 0.23 0.21 0.26 0.41 0.70 1.08 -

0k 1 (% 35
TRE A )

80.66 | 133.32 | 169.63 | 175.70 | 197.28 | 109.56 | 76.75 | 64.97 | 73.75 | 77.44 -
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