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Abstract
In this study the debonding strength of an adhesively bonded joint is investigated in terms of the inten-

sities of the singular stress fields. Two types of models are used to evaluate the tensile adhesive strength

o,; one is the perfectly bonded model, and the other is a fictitious crack model assuming different fictitious

crack lengths. Previous experimental data, which were obtained for S35C JIS medium carbon steel plates

bonded with epoxy resin, are then examined. From the comparison between the results, it is found that

the critical values of the stress intensity factors are almost constant. In other words, the adhesive strength

can be estimated from the intensities of the singular stress, usually with less than 17% error for both the

perfectly bonded model and fictitious crack models. The usefulness of assuming the fictitious crack is put

at the singular point is also discussed on the basis of the analysis for stress intensity factor.

Key Words: Adhesion, Fracture Mechanics, Stress Intensity Factor, Interface, Crack, Elasticity, Finite

Element Method
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Fig. 1 Experimental specimen and two kinds of models used in this study
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(b) fictitious crack model

Table 1. Material properties of adherent and adhesives
Material Young's modulus | Poisson’s ratio . o B N
E v
Medium carbon steel
Adherent 210 (GPa) 0.30 - - - -
S35C
. Epoxy resin A 3.14 (GPa) 0.37 —0.0641 | 0.969 0.199 0.685
Adhesive -
Epoxy resin B 2.16 (GPa) 0.38 —0.0607 0.978 0.188 0.674
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Table 2. The experimentally obtained adhesive strength in Fig.1(a) expressed by U;o =0,

Material A
h

hwW Measured values

mm] [MPa]

0.05 0.00394 | 47.7 | 50.0 | 584 | 63.5 | 66.5
0.1 0.00787 | 443 | 49.8 | 52.0 | 57.0 | 63.5
0.3 0.0236 28.6 | 30.8 | 325 | 342 | 36.5
0.6 0.0472 219 | 248 | 252 | 282 | 29.6
1.0 0.0787 215 | 215 | 21.9 | 235 | 244
2.0 0.157 148 | 18.1 | 182 | 199 | 209
5.0 0.394 11.4 | 11.4 | 13.6 | 15.0 | 15.6

Material B
Average + SD Measured values Average + SD
[MPa] [MPa] [MPa]

572+7.34 72.8 | 77.6 | 79.9 | 76.8 £2.96
533+6.52 702 | 71.5 | 72.6 | 71.4£0.981
325+2.72 455 | 509 | 52.6 | 49.7+3.03
2594271 39.6 | 40.0 | 439 | 41.2+1.94
226 £1.18 21.1 | 265 | 284 | 253+3.09
18.4£2.08 18.1 | 19.7 | 21.3 | 19.7+1.31
13.4+1.76 124 | 124 | 16.0 | 13.6+1.70

(SD: Standard deviation)

Table 3. Debonding stress ¢, and fracture toughness K. = FUO'(,WHl assuming perfectly bonded model

Material A Material B
o o, [MPa] Fy K, [MPam®™¥] | o [MPa] Fy Ky, [MPa m***]
0.001 - 0.0435 - - 0.0396 -
0.00394 57.2 0.0671 0.970 + 0.125 76.8 0.0620 1.15 £ 0.0442
0.00787 533 0.0831 1.12 £0.137 71.4 0.0778 1.34 £0.0184
0.01 - 0.0902 - - 0.0842 -
0.0236 32.5 0.119 0.978 £ 0.0818 49.7 0.112 1.34 £ 0.0818
0.0472 259 0.150 0.981 +£0.102 41.2 0.142 1.41 £ 0.0665
0.0787 22.6 0.178 1.02 £ 0.0532 253 0.171 1.04 £0.127
0.1 - 0.194 - - 0.187 -
0.157 18.4 0.231 1.07 £ 0.121 19.7 0.223 1.06 £ 0.0703
0.394 13.4 0.335 1.13 £0.149 13.6 0.331 1.09 £0.135
0.5 - 0.363 - - 0.360 -
K seaverage) - - 1.04 £ 0.0643 - - 1.20 £ 0.144
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Fig. 3 Relationship between K, and h for Materials A and B assuming perfectly bonded model
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Table 4. Debonding stress ¢, and fracture toughness K, = F,0, \/7a assuming fictitious crack model when a/W =

0.01, 0.1

(a) Material A

alW=10.01 alW=0.1
hiw [I\:Ifl;a] F FyIF Kie F, FylF, Kie
I 'ty [MPa\/;] 1 u't'r [MPa\/;]
0.001 - 0.256 —0.507 - 0214 —0.703 -
0.00394 57.2 0.367 —0.418 0.419 + 0.0538 0.237 —0.577 0.856 + 0.110
0.00787 533 0.457 —0.415 0.487 + 0.0596 0.271 -0.521 0.914 +0.112
0.01 - 0.492 —0.424 - 0.288 —0.504 -
0.0236 325 0.631 —0.446 0.410 + 0.0343 0.372 —0.446 0.765 + 0.0640
0.0472 25.9 0.790 ~0.430 0.409 + 0.0427 0.478 —0.416 0.783 £ 0.0818
0.0787 22.6 0.952 ~0.407 0.429 + 0.0224 0.579 —0.418 0.825 + 0.0431
0.1 - 1.05 -0.397 - 0.633 —0.425 -
0.157 18.4 1.26 ~0.379 0.463 + 0.0524 0.744 —0.434 00.863 + 0.0976
0.394 13.4 1.88 —0.356 0.503 + 0.0660 1.06 —0.400 0.899 +0.118
0.5 - 2.05 -0.353 - 1.15 —0.382 -
Kieaverage) - - - 0.446 + 0.0356 - - 0.844 + 0.0517
(b) Material B
alW =0.01 alW=0.1
hiw [h:-;a] F, F,IF K F, F,IF, Kie
! e [MPay/m ] ! me [MPay/m ]
0.001 - 0.228 —0.509 - 0.183 —0.699 -
0.00394 76.8 0.340 —0.423 0.521 # 0.0201 0.208 -0.577 001.01 + 0.0389
0.00787 71.4 0.431 —0.425 0.615 = 0.00844 0.244 —0.523 001.10 + 0.0151
0.01 - 0.466 —0.436 - 0.261 —0.506 -
0.0236 49.7 0.604 —0.464 0.599 + 0.0365 0.347 —0.450 001.09 + 0.0664
0.0472 412 0.767 —0.442 0.631 + 0.0297 0.455 —0.423 001.18 + 0.0557
0.0787 253 0.936 —0.415 0.474 £ 0.0578 0.557 —0.429 00.891 + 0.109
0.1 - 1.04 —0.402 - 0.611 —0.438 -
0.157 19.7 126 -0.382 0.497 + 0.0330 0.723 —0.450 | 000.900 + 0.0597
0.394 13.6 1.93 -0.357 0.523 % 0.0653 1.06 —0.409 00.908 + 0.113
0.5 - 2.12 -0.353 - 1.15 —0.389 -
K taverage) - - - 0.551 +0.0576 - - 1.01 +£0.107
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Table 5. F,and C, values in Fig. 1(c)
(a) Material A

. W =0.0472 W =0.0787 WW=0.1 hW =0.157 W =0.394 WW=0.5 Ww>1
a
F I F I 5| ¢ 5| ¢ 5| ¢ F I F I
0.0001 | 3.640 | 02000 | 4341 | 02386 | 4729 | 02599 | 5.611 | 0.3083 | 8.155 | 0.4482 | 8.838 | 0.4857 | 9.838 | 0.5406
0.001 | 1.724 | 0.1957 | 2.073 | 0.2353 | 2.265 | 02571 | 2.699 | 0.3063 | 3.938 | 0.4470 | 4.269 | 0.4845 | 4.753 | 0.539%4
0.002 | 1.363 | 0.1925 | 1.648 | 0.2327 | 1.804 | 0.2547 | 2.156 | 0.3044 | 3.159 | 0.4460 | 3.426 | 0.4838 | 3.818 | 0.5391
0.005 | 0.9932 | 0.1872 | 1205 | 0.2271 | 1.323 | 0.2493 | 1.596 | 0.3008 | 2.355 | 0.4437 | 2.559 | 0.4821 | 2.861 | 0.5391
0.01 0.7897 | 0.1851 | 0.9520 | 0.2232 | 1.048 | 0.2457 | 1262 | 0.2958 | 1.880 | 0.4406 | 2.054 | 0.4816 | 2.309 | 0.5413
0.05 0.5301 | 0.2063 | 0.6251 | 0.2433 | 0.6764 | 0.2633 | 0.8000 | 0.3114 | 1.170 | 0.4554 | 1279 | 0.4979 | 1.489 | 0.5718
0.1 0.4780 | 0.2314 | 0.5792 | 0.2804 | 0.6331 | 0.3065 | 0.7435 | 0.3600 | 1.062 | 0.5140 | 1.154 | 0.5585 | 1.320 | 0.6391
0.2 0.5049 | 0.3041 | 0.6209 | 0.3740 | 0.6856 | 0.4129 | 0.8272 | 0.4982 | 1.157 | 0.6968 | 1241 | 0.7477 | 1.387 | 0.8354
(b) Material B
- W =0.0472 hW=0.0787 W =0.1 W =0.157 W =039 hW=0.5 /0
“ F, q F, q F, q F, q F, q F, q F, q
0.0001 | 3.779 | 0.1877 | 4.539 | 0.2254 | 4.962 | 0.2464 | 5936 | 0.2948 | 8.797 | 0.4369 | 9.569 | 04752 | 10.70 | 0.5314
0.001 | 1.743 | 0.1834 | 2.113 | 0.2222 | 2317 | 02437 | 2.784 | 0.2929 | 4.143 | 0.4358 | 4.507 | 0.4742 | 5.040 | 0.5302
0.002 | 1.365 | 0.1800 | 1.665 | 0.2196 | 1.830 | 0.2414 | 2.207 | 0.2910 | 3.298 | 0.4349 | 3.591 | 0.4735 | 4.018 | 0.5299
0.005 | 0.9784 | 0.1739 | 1.201 | 0.2134 | 1.327 | 0.2358 | 1.616 | 0.2872 | 2.434 | 0.4326 | 2.654 | 04718 | 2.981 | 0.5300
0.01 0.7671 | 0.1709 | 0.9364 | 0.2087 | 1.038 | 0.2312 | 1.264 | 0.2816 | 1.927 | 0.4293 | 2.115 | 04712 | 2.388 | 0.5321
0.05 0.5063 | 0.1907 | 0.6015 | 0.2265 | 0.6543 | 0.2461 | 0.7809 | 0.2941 | 1.173 | 0.4418 | 1290 | 0.4856 | 1.491 | 0.5616
0.1 0.4545 | 0.2146 | 0.5568 | 0.2628 | 0.6114 | 0.2886 | 0.7234 | 03415 | 1.057 | 0.4987 | 1.154 | 0.5448 | 1.330 | 0.6280
0.2 0.4794 | 0.2837 | 0.5974 | 0.3535 | 0.6632 | 0.3924 | 0.8078 | 0.4780 | 1.148 | 0.6796 | 1237 | 0.7322 | 1.391 | 0.8230
e W W
. Fj=——— 405 *0l ¢ 0.01 1 A05 =01 ¢0.01
10 oyNma e (39 < 0.079 = 0.0079 10 ©0.39 €0.079 = 0.0079 §
* 0.16 » 0.047 2 0.0039 > 0.047 2 0.0039
v 0.024 e 0.001 F v 0.024 ® 0.001 1
- Ko [ 1
10° 10°
-1 < 1 -1 5 1
10 Material A 10 E Material B
107 107 107 10" 10 107 107 10"
alW alW
(a) Material A (b) Material B
Fig. 6 Relationship between F,and a/W for Materials A and B
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Fig. 7 Relationship between C, and a/W for Materials A and B
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Fig. 9 Relationship between C,/F, and a/h for Materials A and B
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Fig. 10 Relationship between C,/F,and a/w for Materials A and B
Table 6. Results of estimated adhesive tensile strength o,
(a) Material A
Experimental Perfectly bonded Fictitious crack model
debonding stress model a/W=0.01 alW=0.1
hw o, [MPa] when K .= | o, [MPa] when K,.= | o, [MPa] when K, =
o, [MPa] 1.04 MPa m*"* 0.446 MPa 'm 0.844 MPa \/m
(Error %) (Error %) (Error %)
0.001 - 94.5 74.7 58.5
0.00392 57.2 61.3 (+7.1%) 60.9 (+6.4%) 56.4 (—1.4%)
0.00787 533 49.5 (=7.2%) 48.8 (+8.4%) 49.2 (<7.7%)
0.01 - 56.2 43.7 46.0
0.0236 325 34.5 (+6.2%) 35.4 (+8.8%) 35.9 (+10.3%)
0.0472 25.9 27.5 (+5.9%) 28.3 (+8.9%) 27.9 (+7.7%)
0.0787 22.6 23.0 (+2.1%) 23.4 (+3.9%) 23.1 (+2.2%)
0.1 - 19.5 21.4 21.3
0.157 18.4 17.8 (=3.0%) 17.7 (=3.8%) 18.0 (-2.3%)
0.394 13.4 12.3 (-8.5%) 11.9 (~11.4%) 12.6 (=6.1%)
0.5 - 1.3 14.5 14.1
(b) Material B
Experimental Perfectly bonded Fictitious crack model
debonding stress model alW=0.01 alW=0.1
hiw o, [MPa] when K, = | o, [MPa] when K,.= | o, [MPa] when K. =
o, [MPa] 1.20 MPa m** 0.551 MPa vm 1.01 MPa v/m
(Error %) (Error %) (Error %)
0.001 - 98.3 118.0 84.0
0.00392 76.8 80.6 (+5.0%) 81.2 (+5.8%) 76.9 (+0.1%)
0.00787 71.4 64.2 (-10.1%) 64.1 (~10.3%) 65.7 (-8.1%)
0.01 - 76.4 58.0 61.2
0.0236 49.7 44.5 (~10.3%) 45.7 (-8.0%) 46.1 (-7.1%)
0.0472 412 35.1 (-14.7%) 36.0 (—12.6%) 35.2 (~14.4%)
0.079 25.3 29.3 (+15.5%) 29.5 (+16.4%) 28.8 (+13.5%)
0.1 - 23.4 25.9 25.9
0.157 19.7 22.4 (+13.5%) 21.8 (+10.9%) 22.1 (+12.4%)
0.394 13.4 15.1 (+11.0%) 14.3 (+5.4%) 15.2 (+11.4%)
0.5 - 17.4 12.9 14.1
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