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9 ABSTRACT

10 This paper addresses the fracture behaviour of bonded composite plates featuring a kissing bond 

11 along the crack growth path. Double cantilever beam (DCB) experiments are carried out under 

12 a displacement controlled loading condition to acquire the load response. The experimental data 

13 are collected and analysed analytically for specimens with and without kissing bond. The 

14 following aspects are observed and discussed: effect of the adhesive carrier film, non-smooth 

15 crack growth and rising  curve. An analytical model taking into account the aforementioned 𝑅

16 effects is proposed. The kissing bond leads to unstable crack growth resulting in a loss of the 

17 load carrying capacity. The presence of the knit carrier in the adhesive film results in the crack 

18 growth process characteristic for the stick-slip phenomena and a significant increase of the 

19 resistance to fracture of the bondline by triggering a bridging phenomenon. The model shows 

20 a very good agreement with the experimental data. A sound understanding of the fracture 

21 process is gained enabling analysis and prediction of the effects of kissing bonds and supporting 

22 carrier.
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25 1. Introduction

26

27 A robust design of layered materials requires a profound understanding of failure phenomena 

28 associated with delamination, debonding and interface fracture being the most critical [1]. 

29 Evaluation of crack propagation is of central importance for the assessment of failures, the 

30 reliability and the damage tolerance of materials and structures [2-4]. Within multilayer 

31 materials, bondlines and interfaces are often assumed to be homogeneous. Analytical solutions 

32 are proposed for a variety of material systems and fracture modes [5-9]. The cohesive zone 

33 framework [10, 11] is successfully adopted, implemented and exploited numerically [12-15]. 

34 However, the failure of layered materials can be affected by the presence of local 

35 heterogeneities along the crack growth path [16-19]. For composite materials the danger of 

36 trapping air, dust, release film or other contamination is high and can lead to premature failure 

37 e.g. due to change in the crack front locus [20]. The presence of voids in which no physical 

38 bonding between two surfaces exists, could be detected by means of non-destructive methods. 

39 However, frequently, the contamination leads to a so-called ‘kissing bond’ where a physical 

40 continuity allows for the energy waves to propagate but the mechanical resistance is very low. 

41 A considerable number of studies used non-destructive testing methods to address the existence 

42 of kissing bonds [21-24]. Contributions addressing the mechanical behaviour of joints 

43 containing a kissing bond under mechanical load are less numerous. E.g. in [25] kissing bonds 

44 were prepared inside a composite/epoxy adhesive double lap joints. The effects on the load 

45 carrying capacity were not investigated. A significant amount of contributions addressing the 

46 effect of voids present along an interface, exists. An elasticity method was developed to study 

47 the bending and elucidate mechanical properties of laminated panels containing imperfections 

48 [26]. An approach utilizing layerwise formulation and representing bondline as an interface 

49 with discontinuity of the displacement field was adopted and validated using the finite element 
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50 method [27]. A multiscale cohesive failure model investigating microheterogeneities was 

51 investigated in [28]. The process of decohesion along the imperfect interface was studied within 

52 the cohesive zone model framework [29]. In [30], a cohesive zone model was developed to 

53 investigate crack growth under the mixed-mode fracture conditions from a circular inclusion. 

54 These works indicated a significant effect of the void on the local stress distribution. The Rice 

55 and Gao perturbation approach [31, 32] can be used to elucidate fracture properties of the 

56 material with the local flaw as well as to deduce the shape of the crack front [33-36]. The 

57 perturbation approach was included and further developed to study circular and arbitrary shape 

58 inclusions or imperfection bands running parallel to the crack growth direction [17, 35]. An 

59 interesting and relevant case could be envisaged once the flaw runs parallel to the crack front 

60 through the entire width of the structure. Potentially, the channelling void may turn the steady-

61 state crack growth into an unstable process. In [37] an array of discrete soldered bands was 

62 analysed in two dimensions (2D) within the cohesive zone modelling framework. Effects of the 

63 crack front plasticity on interactions between the bands were elucidated. Recently, two 

64 analytical solutions were proposed for the mode I debonding along an interface with voids [38, 

65 39]. First results suggest a crucial effect of heterogeneities on stability of the crack growth 

66 process and the load carrying capacity. These aspects are yet to be investigated for composite 

67 materials.

68 In this work, the effect of a channelling through an interface kissing bond/contamination 

69 introduced to the crack growth path on the fracture behaviour of a bonded composite plates is 

70 investigated experimentally and analysed theoretically. The bondline consists of an epoxy film 

71 adhesive with an embedded polymer carrier resembling a 2D lattice material. Double cantilever 

72 beam (DCB) experiments are performed under quasi-static loading conditions. The aim of the 

73 study is to characterize the fracture behaviour of composite bonded structures with a kissing 

74 bond under mode I opening load. 
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75

76 2. Experimental procedure

77

78 2.1. Materials

79

80 2.1.1. Composite plates

81

82 The Carbon Fibre Reinforced Polymer (CFRP) plates used in this study are manufactured from 

83 unidirectional prepreg consisting of the thermoset epoxy resin HexPly 8552 in combination 

84 with AS4 carbon fibre (Hexcel Composites, Cambridge, UK). The curing of the composite 

85 plates was performed in an autoclave for  minutes at  and  bars pressure. While 120 180𝑜𝐶 7

86 curing, the surface of the composite plates was in contact with a Fluorinated Ethylene Propylene 

87 Copolymer release film (FEP Copolymer A 4000 clear red, Airtech Europe, Niederkorn, 

88 Luxembourg). Each plate used for the DCB experiment consisted of a unidirectional CFRP 

89 laminate with 10 plies  resulting in the thickness  (the average ± [0º]10 ℎ = 1.8 ± 0.05 𝑚𝑚

90 standard deviation). The modulus of elasticity of the plate along the fibre direction 𝐸1

91  was evaluated from a series of the three-point bending experiments. In a ≅100 ± 10 𝐺𝑃𝑎

92 through-the-thickness direction the value of  was adopted from [40].𝐸2≅10 𝐺𝑃𝑎

93

94 2.1.2. The bondline

95

96 The adhesive used for bonding composite plates was in the form of the epoxy film AF163-2K 

97 (3M Netherlands B.V., Delft, Netherlands) with a supporting, knitted, carrier. The carrier is 

98 used to maintain the thickness of the adhesive bondline while curing. Fig. 1 (a) shows a 

99 schematic representation of the adhesive system. The carrier consists of a two-dimensional, 



5/44

100 diamond-celled lattice knit of nylon fibres of  diameter. The cured epoxy 𝑡 = 40 ‒ 50 𝜇𝑚

101 adhesive is characterized by the Young’s modulus  and a stress at failure (the 𝐸𝑎≅1.1 𝐺𝑃𝑎

102 epoxy without the carrier)  [40].𝜎𝑓≅48 𝑀𝑃𝑎

103

104 2.2. Specimens preparation

105

106 2.2.1. Surface pre-treatment and contamination

107

108 Prior to bonding the surfaces of the adherends were subjected to a surface pre-treatment 

109 consisting of two steps: 1) cleaning with PF-QD solution and 2) UV-ozone treatment. The PF-

110 QD (PT Technologies Europe, Cork, Ireland) is a cleaning solvent for surface cleaning and 

111 degreasing [41]. Surfaces were wiped with a cloth soaked with PF-QD. The UV-ozone 

112 treatment was performed using an in-house apparatus consisting of  UV-lamps with a 30 𝑊

113 sleeve of natural quartz (UV-Technik, Wümbach, Germany) – wave lengths were 

114 approximately  and . Samples were treated for  minutes at a distance of 184.9 𝑛𝑚 253.7 𝑛𝑚 7

115  mm from the UV-lamps [42-45]. After the surface pre-treatment some of samples were 40

116 contaminated with a band of a ‘kissing bond’ or a ‘weak bond’. The contamination consisted 

117 of applying the release agent MARBOTE 227/CEE (Marbocote Ltd, Middlewich, UK). The 

118 composite surface was wiped with a cloth impregnated with the release agent and left to dry for 

119  minutes. This procedure was repeated six times at the contamination strip area. Weight 15

120 measurements of samples before and after the contamination showed a contamination weight 

121 of approximately . In a previous study [44], contact angle measurements on 0.12 𝜇𝑔/𝑚𝑚2

122 composite surfaces with the exact same surface treatment showed an average of  40.9° ± 5.6°
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123 angle on the surface after pre-treatment (PF-QD+UV/ozone) and  after 110.5° ± 0.7°

124 contamination.

125

126 2.2.2. Bonded specimens

127

128 DCB coupons were manufactured by bonding two composite plates. The bonding process 

129 consisted of a secondary bonding, meaning that the composite plates were bonded after being 

130 cured. The bonding curing cycle was performed in an autoclave for  minutes at  and  90 120𝑜𝐶 3

131 bars pressure with the contamination strip being applied along ca.  of the  20 ‒ 25 𝑚𝑚 220 𝑚𝑚

132 length, on the surface of one of the CFRP adherends. Fig. 1 (b) shows an example of the bonded 

133 test panels (with contamination). Five specimens were cut from the bonded panels to the desired 

134 dimensions of   in width and  in length. Subsequently the adhesive thickness 25 𝑚𝑚 220 𝑚𝑚

135  was measured with the optical microscopy – see Fig. 1 (c). 𝑡 =  0.24 ±  0.04 𝑚𝑚
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136

137

a)

b)

The adhesive

2D carrier

c)

ℎ

ℎ

𝑡𝑎

138 Fig. 1. (a) Schematic representation of the adhesive system AF163-2K. (b) Bonded 

139 composite DCB panel with the contamination strip (dimensions in mm). (c) 

140 Characteristic dimensions of the composite plate and the bondline.

141

142 Fig. 2 shows an example of the ultrasonic C-scan of the contaminated specimens before testing 

143 (squirter C-scan,  frequency, crystal diameter , water nozzle  diameter, 10 𝑀𝐻𝑧 10 𝑚𝑚 8 𝑚𝑚

144 scanned every ,  damping, no filters). The Teflon® tape area of the pre-crack is 1 𝑚𝑚 10 𝑑𝐵
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145 clearly visible, however, a more regular signal could be expected. Due to the wet environment 

146 in which the scanning takes place, a water penetration from the free edges is observed at the 

147 areas of the Teflon® insert. No defect can be detected in the area of the contamination strip. 

148 This confirms the presence of a ‘kissing bond’ inside DCB specimens.

149

Teflon 
tape area

Contamination 
strip

Initial crack
position

150 Fig. 2. Ultrasonic C-scan of the contaminated DCB specimens [46].

151

152 2.3. DCB test

153

154 The experimental configuration is presented in Fig. 3. DCB specimens were installed in an 

155 universal testing machine (Zwick/Roell Z050, Zwick/Roell, Germany) and tested under 

156 displacement rate controlled conditions: . The applied force, , and the 
𝑑Δ
𝑑𝑡 = Δ = 10 𝑚𝑚/𝑚𝑖𝑛 𝑃

157 specimen tip displacement, , were recorded simultaneously at  acquisition rate and 2Δ 10 𝐻𝑧

158 used for the data reduction.
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159

DCB Specimen

To machine traverse

Free rotation axis

𝑃,2Δ,Δ

To machine base End blocks

Crack front vicinity

160 Fig. 3. The DCB experiment.

161

162 2.4. In-situ and post-mortem observations

163

164 The crack growth process was tracked from the side using a  megapixel resolution optical 5

165 macro/microscope (Dino, ProLite, The Netherlands) at  acquisition rate. To investigate 1𝐻𝑧

166 features of fracture surfaces a wide area, three-dimensional measuring macroscope and a fringe 

167 projection scanner (Keyence VR-3200, Japan) were used. The scanner is characterized by 

168  out-of-the-plane resolution with up to a  measuring area.< 100 𝑛𝑚 200𝑥200 𝑚𝑚2

169

170 3. Analytical model

171

172 It is postulated that the composition of the bondline i.e. the epoxy adhesive and the 2D grid, 

173 requires an analytical model to be decomposed accordingly.

174
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175 3.1. Steady-state model of debonding

176

177 The physical model is based on the kinematic assumptions of simple beam theory, e.g. in which 

178 the effects of the shear forces (thickness , with  being the instantaneous crack length) ℎ << 𝑎 𝑎

179 are neglected. Considering half of the symmetric specimen (from the boundary condition at the 

180 loaded tip) the compliance of the specimen read as:

181

𝐶 =
∆
𝑃 =

𝑎3

3𝐸1𝐼
(1)

182

183 where is the second moment of the beam cross section area. The product  expresses 𝐼 =
𝑏ℎ3

12  𝐸1𝐼

184 the effective bending rigidity assuming cylindrical bending of the laminated plate [47]. Using 

185 the Irwin-Kies compliance formula [2], the mode I Energy Release Rate (ERR), i.e. the driving 

186 force, can be expressed as:

187

𝒢𝐼 =
𝑃2

2𝑏
𝑑𝐶
𝑑𝑎

(2)

188

189 The effect of the finite compliance of the loading system is in the present case neglected. 

190 Substituting eq. (1) into eq. (2) yields:

191

𝒢𝐼 = 3
𝑃

𝑏ℎ
3 𝑃∆2

2𝑏𝐸1
=

1
6𝐸1ℎ3(𝑃𝑎

𝑏 )2 (3)

192



11/44

193 The Griffith’s fracture criterion is assumed once the driving force equals the fracture energy 𝒢𝐼

194 , denoting the onset of the crack. Assuming  eq. (3) is solved for  and = 𝒢𝐼𝑐 𝒢𝐼𝑐 = 𝑐𝑜𝑛𝑠𝑡. 𝑎

195 introduced to eq. (1) revealing that at the crack onset, the linear relation between  and  𝑃 Δ

196 bifurcates into a nonlinear one:

197

𝑃 = 𝛾 ∆ ‒ 1/2 (4)

198

199 with . Eq. (4) provides a power law for the steady-state, self-similar crack 𝛾 = 2𝑏4 ℎ3

6 𝐸1 𝒢𝐼𝑐

3
4

200 growth process and can be conveniently used to extract the fracture energy by a simple 

201 allometric function curve fitting. Interchanging the dependent variable in eq. (3) through eq. 

202 (1), viz. , and upon further rearrangement the instantaneous crack length is given by:𝑃→Δ

203

𝑎 = (3
8

𝐸1ℎ3

𝒢𝐼𝑐 )
1
4
∆

1
2

(5)

204

205 The second scaling is revealed - during the DCB experiment the crack position . We ~Δ
1
2 

206 introduce the crack growth rate in the form:

207

𝑎 =
𝑑𝑎
𝑑𝑡 =

∂𝑎
∂Δ

𝑑Δ
𝑑𝑡 =

1
2 (3

8
𝐸1ℎ3

𝒢𝐼𝑐 )
1
4
Δ∆

‒
1
2

(6)

208
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209 Eq. (6) seems of fundamental importance revealing an inherent effect of crack growth and 

210 loading rates on the fracture energy, . The elastic strain energy is given by 𝒢𝐼𝑐~(Δ
𝑎)4

𝑈 =
1
2𝑃Δ =

1
2

211 . The rate form of  can be obtained by using the chain rule:𝐶 ‒ 1Δ2 𝑈

212

𝑑𝑈
𝑑𝑡 =

∂𝑈
∂Δ

𝑑Δ
𝑑𝑡 +

∂𝑈
∂𝑎

𝑑𝑎
𝑑𝑡

(7)

213

214 With :𝑈 =
3
4

𝐸1𝐼Δ2

𝑎3

215

𝑈 =
3
2𝐸1𝐼(2ΔΔ

𝑎3 ‒
3Δ2𝑎

𝑎4 ) (8)

216  

217 where . Under the displacement controlled conditions  yielding:𝑈 =
𝑑𝑈
𝑑𝑡 𝒢𝐼 ≝‒

1
𝑏

𝑑𝑈
𝑑𝑎

218

𝒢𝐼 =
1
𝑏(∂𝑈

∂𝑎 ‒
∂𝑈
∂Δ

𝑑Δ
𝑑𝑎) (9)

219

220 leading to:

221

𝒢𝐼 = 𝐸1 ℎ3[(3
8

Δ2

𝑎4) ‒  (1
4

Δ
𝑎3

Δ
𝑎)] = 𝒢𝐼𝑠 ‒ 𝒢𝐼𝑘(Δ,𝑎) (10)

222

223 The result, with  being the static part and  being the kinetic part, refers to the 𝒢𝐼𝑠 𝒢𝐼𝑘 = 𝑓(Δ,𝑎)

224 generalization of the Griffith’s fracture theory [48, 49]. Simplifying eq. (5) to a more convenient 

225 form:
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226

𝑎 = 𝜓∆
1
2

(11)

227

228 with , subsequently, taking the power of  on both sides and upon further derivation 𝜓 = (3
8

𝐸1ℎ3

𝒢𝐼𝑐 )
1
4

2

229 yields:

230

𝑑Δ
𝑑𝑎 = 2𝜓 ‒ 2𝑎 (12)

231

232 which upon substitution to eq. (9) leads to an alternative form of eq. (10):

233

𝒢𝐼 =
𝐸1𝐼
𝑏 [(9

2
Δ2

𝑎4) ‒  (6
Δ
𝑎2𝜓 ‒ 2)] (13)

234

235 Eq. (13) exposes an inherent property of the DCB set-up for which the driving force is expected 

236 to rise during the experiment with the asymptote of a quasi-static fracture energy . As such, 𝒢𝐼𝑐

237 the recorded experimentally measured , though directly related, cannot be treated as the 𝒢𝐼

238 intrinsic material property. While, quantitatively, the effect is not expected as dominating (for 

239 the present case the ratio is evaluated to ) it highly affects qualitative
𝒢𝐼𝑘

𝒢𝐼
max. 10%

240 interpretation. Following the ‘standard’ analysis,  viz. eq. (3), once , the crack 𝒢𝐼 = 𝒢𝐼𝑠 𝒢𝐼 = 𝒢𝐼𝑐

241 growth is essentially a ‘critical state’ process viz. . During the DCB experiment, the 
𝑑𝒢𝐼

𝑑𝑎 = 0

242 presence of the kinetic component,  viz. eq. (10) indicates the process to be stable: 𝒢𝐼 = 𝒢𝐼𝑠 ‒ 𝒢𝐼𝑘
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243  and  and may explain the reason behind a rising resistance curve as often 
𝑑𝒢𝐼

𝑑𝑎 > 0
𝑑2𝒢𝐼

𝑑𝑎2 < 0

244 observed when testing layered materials [50, 51]. 

245

246 3.2. Non-smooth debonding

247

248 The core of the analytical model is shared with the one used in [39] and, thus, some details are 

249 omitted in the following presentation. A cantilever beam is attached to a unit pattern model at 

250 the crack tip following Fig. 4.

251
a) b)

252 Fig. 4. The model of the beam on interface with the kissing bond. a) Illustration of the 

253 DCB specimen with a kissing bond. b) Schematics of the kissing bond model

254

255 The governing equation of the Euler-Bernoulli beam, following Pagano’s model, [5], reads:

256

𝐸1𝐼
𝑑4𝑤
𝑑𝑥4 + 𝑏𝜎(𝑥) = 0

(14)

257

258 where  represents the cohesive stress inside the bondline.  for the unbonded zone(s) and 𝜎 𝜎 = 0

259  for the bonded zones. Due to the finite rigidity of the interface a process zone of length 𝜎 ≠ 0

260  exists ahead of the crack tip for which the . Since  the foundation 𝜆 ‒ 1 = 4 4𝐸1𝐼
𝑘 𝜎(𝑥) > 0

𝐸𝑎

𝐸2
=

1.1
10
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261 constant  will be associated solely to the bondline material, i.e. , where  allows 𝑘 𝑘 = 𝑚(𝐸𝑎

𝑡 )𝑏 𝑚

262 for an arbitrary interpretation of the crack front stress state [52, 53]. In the present case, the 

263 plane strain conditions are assumed at the crack tip [54] leading to . The model 𝜆 ‒ 1≅2.4 𝑚𝑚

264 can be extended to account for the cohesive tractions exhibited by the composite plate [52]. In 

265 this case, the foundation modulus needs to be redefined as  with  𝑘 ‒ 1
𝑡 = 𝑘 ‒ 1 + 𝑘 ‒ 1

𝐶 𝑘 ‒ 1
𝐶

266 reflecting the transverse stiffness of the composite material. The model is then subdivided into 

267 a free part (cantilever), a first bonded zone of length , a kissing bond zone of length , 𝐿𝑏𝑜𝑛𝑑 𝐿𝑘𝑖𝑠𝑠

268 and a second bonded zone spreading to infinity. The region from the first to the second bonded 

269 zone constitutes the unit pattern which can be incorporated as a loop used repeatedly during the 

270 crack growth. The solution for each of the governing equations give the full description of the 

271 unit pattern model:

272

𝑤(𝑥,𝛽) = {
𝑃(1

2𝐿𝛽𝑥2 +
1
2𝑎𝑥2 ‒

1
6𝑥3)

𝐸1𝐼 + 𝐶1𝑥 + 𝐶2      ∀  0 ≤ 𝑥 ≤ 𝑎 + 𝑑𝑎

cosh (𝜆𝑥)(𝐶3cos (𝜆𝑥) + 𝐶4sin (𝜆𝑥)) 
    + sinh (𝜆𝑥)(𝐶5cos (𝜆𝑥) + 𝐶6sin (𝜆𝑥))     ∀ 𝑎 + 𝑑𝑎 ≤ 𝑥 ≤ 𝑎 + 𝐿𝑏𝑜𝑛𝑑 

1
6𝐶7𝑥3 +

1
2𝐶8𝑥2 + 𝐶9𝑥 + 𝐶10                         ∀  𝑎 + 𝐿𝑏𝑜𝑛𝑑 ≤ 𝑥 ≤ 𝑎 + 𝐿𝑏𝑜𝑛𝑑 + 𝐿𝑘𝑖𝑠𝑠

e𝜆𝑥(𝐶11cos (𝜆𝑥) + 𝐶12sin (𝜆𝑥))                    ∀ 𝑎 + 𝐿𝑏𝑜𝑛𝑑 + 𝐿𝑘𝑖𝑠𝑠 ≤ 𝑥 ≤ ∞ 

   

(15)

273
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274 where  are unknown constants to be determined through 𝐶1,𝐶2,𝐶3,𝐶4,𝐶5,𝐶6,𝐶7,𝐶8,𝐶9,𝐶10,𝐶11,𝐶12

275 the four boundary conditions, i.e. 𝑤(𝑥 = 0) = Δ;
𝑑2𝑤
𝑑𝑥2(𝑥 = 0) = 0 ∧ 𝑤(𝑥 = ∞) = 0;

𝑑𝑤
𝑑𝑥(𝑥 = ∞)

276 , and  continuity conditions (continuity of displacement field, rotation, strain and shear = 0 𝐶3

277 forces) between each of the zones. In this model a is the initial crack length, da is the 

278 instantaneous crack growth and  is the ratio defined as . Importantly, in the far 𝛽 𝛽 =
𝐿𝑏𝑜𝑛𝑑

𝐿𝑘𝑖𝑠𝑠 + 𝐿𝑏𝑜𝑛𝑑

279 field the solution experiences exponentially modulated decay while within the zone of the finite 

280 length ( ) exponential growth toward the ends could be expected [52, 55]. The model is ≅2𝜆 ‒ 1

281 implemented through a script written in Matlab® (v.2016b, MathWorks, USA) in which the 

282 continuous loading conditions are reproduced and the snap-back behaviour, viz. , is 𝑑Δ < 0

283 penalized. The ERR is then obtained through eq. (9).

284

285 3.3. Bridging

286

287 The bridging phenomena is considered an efficient way of increasing the fracture energy of 

288 composite materials. Different models are proposed to account for the fibre bridging between 

289 the cracked surfaces [6, 56-59]. Since, in the present case, the composite adherends are bonded 

290 the bridging is not expected once the crack locus is cohesive within the bondline, i.e. the 

291 bridging due to the fibres closing the cracked faces is an unlikely event. However, the physical 

292 composition of the bondline, i.e. the adhesive and the polymer carrier induces a bridging 

293 component between the two bonded surfaces which proved an efficient way of increasing the 

294 total ERR defined as:

295

𝒢𝐼𝑡 = 𝒢𝐼 + 𝒢𝑏 (16)
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296 where  refers to the ERR from eq. (13) and  is the ERR due to bridging. In the present case, 𝒢𝐼 𝒢𝑏

297 the bridging will ‘effectively’ be defined by:

298

𝒢𝑏 =
𝒢𝑐𝑝

𝑏

𝑎0 + 𝑙𝑏𝑧

∫
𝑎0

𝑓(𝑎)𝑑𝑎
(17)

299 where  is the energy at failure associated with the carrier (at this stage we will not decide 𝒢𝑐𝑝

300 the failure mode of the carrier) viz. a constant, which can be deduced from the experimental 

301 data.  is the crack length at which the bridging phenomenon begins (most likely the initial 𝑎0

302 crack length) and  is a self-similar length of the bridging zone evaluated from the 𝑙𝑏𝑧

303 experimental data once the steady-state process begins. The definite integral formulation 

304 accounts for a cumulative effect from increasing the length of bridging zone during the crack 

305 growth. In general, an arbitrary, non-dimensional, function  of the crack position can be 𝑓(𝑎)

306 used as a kernel of the integral. In the present case  is assumed a constant, and thus,  𝑓(𝑎) 𝒢𝑏

307 increase linearly until the full length of the bridging zone is established, 𝒢𝑏~∫𝑎0 + 𝑙𝑏𝑧
𝑎0

1𝑑𝑎≅𝑙𝑏𝑧

308 . From that moment,  is treated as an inherent property related to the bridging phenomena (𝑎) 𝑙𝑏𝑧

309 and further increase of the crack length will result in a steady-state process for which 𝑙𝑏𝑧

310 . Equivalently, at the front of the bridging zone the carrier film needs to = 𝑐𝑜𝑛𝑠𝑡. ∴
𝑑𝒢𝑏

𝑑𝑎 = 0

311 fracture or peel from the adherend. Finally, once the distance between the crack tip and the 

312 kissing bond ,  decreases and so will be  as stated by eq. (17). The effect of the < 𝑙𝑏𝑧 𝑙𝑏𝑧 𝒢𝑏

313 formation and the diminishment of the bridging zone on the ERR can be described as follows:

314
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𝒢𝑏 = 0 ∀ 𝑎 ≤ 𝑎0

𝑑𝒢𝑏

𝑑𝑎 > 0 ∀ 𝑎→𝑎0 + 𝑙𝑏𝑧 

𝑑𝒢𝑏

𝑑𝑎 = 0 ⊢  𝒢𝑏 = 𝑐𝑜𝑛𝑠𝑡. ∧ 𝑙𝑏𝑧 = 𝑐𝑜𝑛𝑠𝑡. 

𝑑𝒢𝑏

𝑑𝑎 < 0 ∀ 𝑙𝑏𝑧 > 𝑙 ‒ 𝑎

(18)

315

316 where  is the distance between the load application point and the end of the bonded zone.𝑙

317 Within the scope of the present study the fracture energy of the kissing bond region was not 

318 evaluated. It is deemed (though not verified) that within this region the bonding is mainly due 

319 to very weak van der Waals interactions. Specimens with a (full) kissing bond pre-treatment 

320 felt apart under handling. Therefore, within the kissing bonds, values of  and  were 𝑘 = 0 𝒢𝐼𝑐 = 0

321 adopted when necessary.  

322

323 4. Results and Discussion

324

325 4.1. Continuous interface 

326

327 In Fig. 5 the load response during debonding of composite plates is presented. Results 

328 correspond to specimens with continuous interfaces – without the kissing bond. The 

329 experimental (points) and the analytical (lines) data corresponding to the steady-state model are 

330 presented. The analytical data provides the initial compliance of the system, eq. (1) (black line 

331 and a shaded area representing  confidence bounds) and the crack growth path, eq. (4) (red 95%

332 line with the shaded area referring to  confidence bounds).95%
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334 Fig. 5. The load response curves for the specimens without kissing bond. The 

335 experimental and the analytical data are plotted with the  confidence bounds.95%

336

337 During loading the experimental and the analytical data exhibit a similar, linearly increasing 

338 trend. The agreement is very good. Once the fracture threshold is attained, i.e. , the 𝒢𝐼 = 𝒢𝐼𝑐

339 linear path bifurcates to a nonlinear one and . The crack growth stage begins. The 𝑃~Δ ‒ 0.5

340 analytical curve characterizing this stage is obtained by fitting an allometric function with the 

341 fixed power coefficient of  to all the experimental data. The coefficient of determination ‒ 0.5

342 obtained , suggests a very good correlation between the analytical and experimental 𝑅2≅0.95

343 data, however, a clear, systematic, deviation can be noticed. To facilitate this observation one 

344 of the experimental series is highlighted. In specific, the onset of the crack growth, as indicated 

345 by the experimental data, initiates from the analytical lower bound and tends, almost linearly, 

346 to the upper bound. This indicates a rising trend of the  curve. In the final stage, the trend is 𝑅

347 reversed and the curve begins to move towards the lower bound. The crack front is approaching 
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348 the end of the crack growth path, which remains out of the scope of the present study. The more 

349 detailed analysis of this behaviour can be found in [52, 60].

350

351 4.1.1. Crack locus and crack growth path

352

353 Fig. 6 shows details of the crack growth process (a) and a representative microscopic view of 

354 the fracture surface presenting a unit cell of the carrier (b). 

355

b)a)

CFRP Carrier

500 𝜇𝑚

356 Fig. 6. Bridging of the cracked faces due to the embedded net. (a) An image taken during 

357 the DCB experiment. (b) A microscopic view of the fracture surface with the 

358 characteristic diamond-celled feature of the embedded net.

359

360 From Fig. 6 (a) it is apparent that the crack growth is hindered by the bridging phenomena 

361 introduced by the knit carrier of the adhesive. Importantly, the crack growth is of cohesive 

362 nature, i.e. within the adhesive material, for all the specimens tested. The appearance of the 

363 fracture surface is presented in Fig. 6 (b) where the (pink) epoxy phase coexists with the knitted 

364 structure of the carrier.
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365 In Fig. 7 a three-dimensional (3D) representation of the fracture surface is presented. In Fig. 7 

366 (a) the crack growth paths for both of the specimen adherends (denoted by + and -) are shown. 

367 In Fig. 7 (b) and (c) a more detailed view of an arbitrary region of the crack growth path is 

368 presented.

369

Crack growth

direction

a)

b) c)

+

-

370 Fig. 7. Details of the fracture surfaces obtained by a scanning microscope. (a) Optical 

371 scan of the entire fracture surface for both adherends (+ and -). (b) Optical and 

372 magnified view of the fracture surface with visible features of the embedded net. (c) A 

373 3D representation of (b). The scale is given in .𝜇𝑚

374

375 The fractography reveals a specific pattern of the carrier grid. It is becoming evident that two 

376 fracture processes take place simultaneously. At first, the crack grows inside the epoxy phase. 

377 The crack tip does not propagate through the filament phase c.f. Fig. 6 (b), instead it propagates 

378 along the interface between the epoxy and the carrier grid. Consider following scenarios: 1) the 

379 carrier remains bonded to one of the adherends as the crack propagates cohesively, and 2) the 
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380 carrier remains attached to both adherends. In the first case, the entire process of crack growth 

381 is driven by the epoxy phase. The presence of the carrier is affecting the composition of the 

382 crack growth path, however such effect is expected to be relatively small (this will be followed 

383 at the later stage). The latter case, depicted in Fig. 6 (a), is found for most of the specimens 

384 tested and enables the bridging between two adherends. The additional, unexpected, dissipation 

385 process functionalized through the bridging can, potentially, severely affect the strain energy 

386 release process.

387

388 4.1.2. Driving force and resistance curves

389

390 In Fig. 8 the driving force/resistance curves are plotted. Results of three experiments, , are 𝒢𝑒𝑥𝑝
𝐼

391 plotted as points. The analytical results are presented as lines - dashed and solid. Plotted are: 

392 the total ERR,  c.f. eq. (16), together with the bridging,  c.f. eq. (17) and the static, , 𝒢𝐼𝑡 𝒢𝑏 𝒢𝐼𝑠

393 and the kinetic,  components of  c.f. eq. (10).𝒢𝐼𝑘 𝒢𝐼

394
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395 Fig. 8. The driving force/resistance curves. The experimental and the analytical results are 

396 plotted. and  represents the total and the bridging component of ERR obtained 𝒢𝑒𝑥𝑝
𝐼 𝒢𝑒𝑥𝑝

𝑏

397 from the experimental data. The analytical, total ERR  is composed from static 𝒢𝐼𝑡𝑜𝑡

398 , kinetic  and bridging  components.𝒢𝐼𝑠𝑡 𝒢𝐼𝑘 𝒢𝑏

399

400 To facilitate the discussion a schematic representation of the fracture process is provided in Fig. 

401 9.

402

b)

c)

a) CFRP Carrier 𝜆 ‒ 1

1 2

3

𝑑𝑙𝑏𝑧

𝑑𝑎 > 0

𝑑𝑙𝑏𝑧

𝑑𝑎 = 0

𝜆 ‒ 1

𝑙𝑏𝑧 d)

3

𝑙𝑏𝑧
𝑑𝑙𝑏𝑧

𝑑𝑎 = 0

𝜆 ‒ 1 𝜆 ‒ 1

403 Fig. 9. Proposed description of the fracture process. (a) The configuration at the crack 

404 onset. (b) The crack growth through the bondline is assisted by creation of a bridging 

405 zone. (c) (d) The bridging zone reaches a characteristic, self-similar, length . → 𝑙𝑏𝑧

406 Numbers refer to stages indicated in the text and Fig. 8.

407

408 During the first stage, denoted as (1) in Figs. 8 and 9, a process zone of length  is created 𝜆 ‒ 1

409 and crack driving force increases until .  is used to denote the resistance of the 𝒢𝐼 = 𝑅 = 𝒢𝐼𝑡 𝑅

410 structure against crack extension which differs from the fracture energy, , assumed as a 𝒢𝐼𝑐

411 material constant under static loading conditions. As expected, the loading kinetic effect is 

412 quantitatively not dominating, however non-negligible. However, it is due to the loading 

413 kinetic, eq. (13), and the bridging, eq. (17), effects, that the horizontal path, i.e. , should 𝒢𝐼 = 𝑅
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414 not be expected and is replaced by a linearly increasing path – stage (2). The bridging effect, 

415 , is estimated from experiments as a difference between the analytically obtained ERR, i.e. 𝒢𝑒𝑥𝑝
𝑏

416 related to fracture of the epoxy phase, , and the ERR calculated using eq. (3) applied to the 𝒢𝐼

417 experimental force and displacement data. A bridging energy threshold is equated to 𝒢𝑐𝑝≅

418 . The corresponding bridging zone spreads over , which is found 1 𝑁/𝑚𝑚 𝑙𝑏𝑧≅20 𝑚𝑚

419 consistent with the macroscopic observations, Fig. 6 (a). Once the bridging zone is fully 

420 developed -  becomes constant, a steady-state process is expected – stage (3). Note that due 𝑙𝑏𝑧

421 to the loading kinetic effect during stage (3) i.e. the process is stable.
𝑑𝒢𝐼𝑡

𝑑𝑎 > 0 

422

423 4.2. Discontinuous interface 

424

425 In Fig. 10 the load responses of the specimens with the kissing bond are presented. The 

426 experimental and the analytical data are depicted. Confidence bounds, as obtained from the data 

427 for specimens without the kissing bond, are used.

428

0 20 40 60 80 100 120
0

50

100

150

200
 Experimenal

 Analytical
 Confidence interval

P 
(N

)

2 (mm)



25/44

429 Fig. 10. The load response curves for the specimens with  kissing bond. The 20 𝑚𝑚

430 experimental (points) and the analytical (lines) data are plotted with the  95%

431 confidence bounds.

432

433 The initial, linear loading path is similar to the specimens without the kissing bond. The loading 

434 path bifurcates to the steady-state crack growth stage near the lower bound values. As 

435 previously, the load response does not follow the steady-state trend but, instead, rises above it. 

436 The situation changes once . The crack front approaches the kissing bond position. 2Δ≅30 𝑚𝑚

437 The crack rate increase, , due to the edge effect and, eventually, the crack snaps through 
𝑑𝑎
𝑑Δ→∞

438 the kissing bond to the arrest position, . This process is captured as a snap-down, 𝑎→𝑎 + 𝐿𝑘𝑖𝑠𝑠

439 i.e. . Subsequently, the loading and the crack initiation stages are repeated followed by a 
𝑑Δ
𝑑𝑃 = 0

440 steady-state crack growth process.

441

442 4.2.1. Crack locus and crack growth path

443

444 In Fig. 11 a stereoscopic view of the crack growth path of the specimen with the kissing bond 

445 is presented.
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446

Kissing bond/

contamination strip

Crack growth
direction

Shift in crack locus:

 cohesive  interfacial→
Shift in crack locus: 

interfacial  cohesive→

447 Fig. 11. A 3D image of the fracture surface of one of the adherends with kissing bond 

448 along the crack growth path. The scale is given in .𝜇𝑚

449

450 The difference between the (strongly) bonded and the kissing bond zones is clearly visible. The 

451 strongly bonded zone shares the same features as observed for the ‘continuous’ specimens. The 

452 crack propagated cohesively revealing the characteristic structure of the embedded carrier. 

453 Along the kissing bond crack propagated in the adhesive manner – along the 

454 composite/adhesive interface. The proximity of the kissing bond zone revealed areas of finite 

455 length, indicated by arrows in Fig. 11, that could be related to shift in the crack locus from the 

456 cohesive, inside the bondline for the strongly adhering zones, to the interfacial, along the 

457 composite/adhesive interface, along the contaminated area. In Fig. 12 the height profile of the 

458 fracture surface, for arbitrarily chosen line along the crack growth direction, are presented. 

459 Specimens with (discontinuous) and without (continuous) kissing bond are compared.
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461 Fig. 12. Comparison of the fracture surface profiles for specimens with and without 

462 kissing bond. The profiles were taken along a straight line along the crack growth 

463 path.

464

465 A difference exists between the cohesive and the adhesive fracture zones. Along the kissing 

466 bond a mirror like surface is produced. In contrary, along the cohesive fracture surface, surface 

467 profile oscillations become apparent. The arithmetic mean deviation of the profile, i.e. the 

468 roughness parameter  equates to  for the cohesive fracture surface, while  𝑅𝑎 ≅37 𝜇𝑚 𝑅𝑎≅3 𝜇𝑚

469 for the kissing bond area. The values express an average from the three specimens with the 

470 three height profiles taken from each of specimens along the crack growth direction.

471

472 4.2.2. Driving force and resistance curves

473

474  In Fig. 13 the driving force/resistance curves are shown for the discontinuous bondline cases. 

475 The experimental and the analytical data are plotted. A grey rectangle is added to denote the 
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476 size and the position of the kissing bond. Thin, dashed lines represents release of the elastic 

477 energy due to the kissing-bond induced snap-down phenomena. The family of curves is then 

478 obtained by assuming different values of  and continuous loading conditions.𝒢𝐼𝑐

479
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480 Fig. 13. The driving force/resistance curves for the specimens with a kissing bond along 

481 the crack growth path. and  represents the total and the bridging component 𝒢𝑒𝑥𝑝
𝐼 𝒢𝑒𝑥𝑝

𝑏

482 of ERR obtained from the experimental data. The analytical, total ERR  is 𝒢𝐼𝑡𝑜𝑡

483 composed from static, , kinetic, , and bridging, , components. The thin, 𝒢𝐼𝑠𝑡 𝒢𝐼𝑘 𝒢𝑏

484 parallel lines, running from the top to the right of the graph, represent the release of 

485 the elastic energy due to the snap-down phenomena.

486

487 During loading, stage (1) in Fig. 13, the crack driving force increases following a vertical path 

488 providing no crack growth occurred. Once the adhesive fracture energy threshold is attained, 

489 the crack begins to grow – (2). Note, that contrary to the previous results the bridging does not 

490 occurred immediately after onset of the crack and the crack grows following eq. (13), c.f. . 𝒢𝐼
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491 Indeed, the beginning and the end of the bridging process were not controlled. The post-mortem 

492 inspection revealed that for the discussed case the carrier remained initially attached to one of 

493 the adherends. After ca.  the cohesive crack growth develops into a process assisted by 10 𝑚𝑚

494 the bridging – (3). From this stage the fracture process deviates strongly from the one observed 

495 for the specimens without the contamination. To facilitate discussion chosen stages of the 

496 fracture process are schematically depicted in Fig. 14 (a)-(d) with the numbers referring to Fig. 

497 13.

498

499

a) b)

c) d)

CFRP

𝜆 ‒ 1
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𝑑𝑙𝑏𝑧
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5

𝑑𝑙𝑏𝑧

𝑑𝑎 < 0

7 8

𝜆 ‒ 1

𝜆 ‒ 1

𝜆 ‒ 1

d’)

Shift in crack locus:

 cohesive  interfacial→

Shift in crack locus: 

interfacial  cohesive→

500 Fig. 14. Chosen aspects of the fracture process of contaminated specimens. (a) The build-

501 up of the bridging zone. (b) The bridging zone length decreases due to the vicinity of 

502 the kissing bond. (c) The crack front attains crack arrest position. (d) The crack 

503 growth from the arrest position incorporating bridging. (d’) A detail of (d) showing a 

504 crack growth path in the vicinity of contamination. Numbers refer to stages indicated 

505 in Fig. 13.
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506

507 A similar bridging law is used as for the continuous bondline specimens. However, the length 

508 of the bridging zone, as estimated from the experimental data, is now limited to  due 𝑙𝑏𝑧≅7 𝑚𝑚

509 to the finite size of the bonded zone of ca. . Indeed, provided that the crack grew for ca. 25 𝑚𝑚

510  without the bridging, only  remains for building and diminishing of the bridging 10 𝑚𝑚 15 𝑚𝑚

511 zone. An approximately  transition zone between the increasing and the decreasing stages 3 𝑚𝑚

512 – (4) is allowed. First, the crack front process zone, defined by , and later the bridging zone, 𝜆 ‒ 1

513 defined with , are affected by the finite size of the bonded region. While , the 𝑙𝑏𝑧 𝜆 ‒ 1 < 𝑙𝑏𝑧

514 process zone is responsible for transferring most of the external loading, i.e. . Once 𝒢𝐼 > 𝒢𝑏

515 attaining the kissing bond position  - the crack accelerates, viz. (5) 
𝑑𝑙𝑏𝑧

𝑑𝑎 < 0 ∴ 𝒢𝐼𝑡 > 𝑅 ∧
𝑑𝒢𝐼𝑡

𝑑𝑎 < 0

516 and Fig. 14 (b). Eventually, the load carrying capacity is lost. According to Fig. 10, the snap-

517 down phenomenon takes place with the crack front arresting at the new position denoting the 

518 end of the kissing bond, viz. . Since the process is instantaneous (at least 
𝑑Δ
𝑑𝑎 = 0 ∴ 𝑎→𝑎 + 𝐿𝑘𝑖𝑠𝑠

519 in respect to the loading rate, viz.  ) the loading conditions are equivalent to setting 𝑎 ≫ Δ Δ

520  in eqs. (3) and (10). The model follows the force and the displacement data, including = 𝑐𝑜𝑛𝑠𝑡.

521 the snap-down data from Fig. 10, applied via eq. (3), which are non-zero and continuous along 

522 the snap-down owing to the analytical nature of the solution. Consequently, a stable crack 

523 driving force equilibrium path - stage (6) in Fig. 13, is obtained. At the crack arrest position, a 

524 new loading path nucleates – (7), Fig. 14 (c). Once  the loading path bifurcates to the 𝒢𝐼𝑡 = 𝑅

525 crack growth path but this time the crack growth is assisted by building of the bridging zone – 

526 (8), Fig. 14 (d). As a consequence of a series of events (5) – (8) the crack locus shifts twice as 

527 schematically shown in Fig. 14 (d’) and as implied already from the crack growth path, c.f. Fig. 

528 11. Once the bridging zone is developed the crack begins to propagate in a steady-state manner 

529 – (9). It can be observed that one of the curves reaches the level of the specimen without the 
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530 contamination. On average the effects seem to be smaller. However, at this stage we cannot 

531 provide any quantitative reason behind this phenomena. The bridging process was neither 

532 designed nor controlled and as such this behaviour could be of stochastic nature. The process 

533 described summarizes the main part of the present study. However, during the steady-state 

534 process an oscillatory  curve character is witnessed, Figs. 8 and 13, which, potentially, makes 𝑅

535 a steady-state fracture energy an inadequate failure criterion.

536

537 5. Oscillating  curve: an ad-hoc interpretation of effects due to the carrier lattice 𝑹

538 structure

539

540 5.1. Surface morphology

541

542 The primary role of the knitted carrier used within the bondline is to assure a homogeneous and 

543 a consistent/reproducible bondline thickness. One of the important findings of the present study 

544 reveals a, potentially, huge impact of the carrier on the macroscale fracture resistance. In reality, 

545 the presence of the carrier changed the fracture process on both, the macro- and the microscales. 

546 The situation depicted in Fig. 6 (a), i.e. the large-scale bridging must at some stage lead to 

547 either ripping/fracture or peeling of the carrier lattice from the adhesive phase and, hence, 

548 enhancing the damage tolerance of the joint. In Fig. 15 a detailed view of the fracture surface 

549 obtained using the 3D scanning technique is presented. In Fig. 15 (a) a top view is given from 

550 which a clear distinction between the carrier and the epoxy adhesive can be made. In Fig. 15 

551 (b) a schematic representation of the cell structure of the carrier is proposed. Fig. 15 (c) reveals 

552 the complex topography of the fracture surface.
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554 Fig. 15. Details of the crack growth path morphology obtained from 3D scanning. (a) Top 

555 view of the fracture surface presenting the orientation of the crack front and the 

556 propagation direction. (b) Simplified representation of the crack growth path and the 

557 unit cell structure of the embedded carrier. (c) Topography of the crack growth path.

558
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559 As the available data are unsystematic and due the complexity of processes involved [61-63], 

560 which demands a detailed and a separate treatment, a refined quantitative analysis will be 

561 pursued in a future study. At present, however, a qualitative explanation will be attempted. 

562

563 5.2. Peeling of the carrier

564

565 Consider a straight front crack propagating through the growth path from position I to position 

566 III as schematically presented in Fig. 15 (a) and (b). Taking a straight-line cut, the fraction 

567 occupied by the adhesive is , with  being the line length associated to the adhesive 𝑓 =
𝑙𝑎

𝑙𝑎 + 𝑙𝑓
𝑙𝑎

568 and  the length associated to the carrier. In Fig. 16 (a) the height profiles taken along the crack 𝑙𝑓

569 front direction are presented. The results correspond to a single specimen but are representative 

570 and reproducible. A thin line illustrates a surface profile along a single, arbitrary path while a 

571 bold line is obtained by averaging the height profile along the straight crack front. 

572
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573 Fig. 16. Surface profiles along the crack front direction. I, II, III refer to the straight crack 

574 front position in respect to the lattice grid and consistent with Fig. 15.

575
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576 It is assumed that the minimum observed from the average height profile is expected once the 

577 crack front position corresponds to position I in Fig. 15 (b) (minimum number of knots). For a 

578 better illustration, two unit cells of the grid are added to Fig. 16 (a) with the shaded regions 

579 showing the characteristic length of the grid. At this stage a remark must be made that the carrier 

580 cells are not always regular nor consistently distributed, c.f. Fig. 6 (b) and Fig. 15 (a). A Fast 

581 Fourier Transform (FFT) is applied to the profile height for the data gathered along the fracture 

582 surface to decide whether or not the periodicity can be associated to the carrier (micro)structure. 

583 The results in the form of the FFT amplitude as a function of the wave length are presented in 

584 Fig. 16 (b). Two normal distributions are recognized. The mean wave length of the first 

585 distribution yields  while for the second, a value of  is found. This values 0.81 𝑚𝑚 1.79 𝑚𝑚

586 clearly coincide with the half and the full length of the characteristic dimension of the unit cell.

587 When considering a straight crack front travelling through a single cell upon passing the knot 

588 position, viz. I  II, the fraction of the lattice  doubles. Subsequently,  remains constant → (1 ‒ 𝑓) 𝑓

589 until position III is reached - Figs. 15 (b) and 16 (a). However, providing that the number of 

590 cells along the crack front is high enough, ca.  cells in the present case, position III can be 15

591 treated as equivalent to position I. Indeed, the agreement between the reported averaged height 

592 profile and the size of the grid appears convincing with the fracture surface experiencing a clear 

593 periodicity. To elucidate a possible the effect of composition of the material along the crack 

594 front the effective fracture energy of the bondline (omitting the bridging effect) could be defined 

595 as [64, 65]:

596

𝒢 𝑒
𝐼𝑐 = 𝑓𝒢𝐼𝑎 + (1 ‒ 𝑓)𝒢𝐼𝑓 (19)

597

598 where  and  refer to the fracture energy of the adhesive phase and fracture energy of the 𝒢𝐼𝑎 𝒢𝐼𝑓

599 interface between the filament and the adhesive. Eq. (20) holds once assuming that the 
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600 mechanical ERR expressed by components of  coincides with the surface energy following 𝒢𝐼

601 the original assumption of Griffith’s fracture theory. From Fig. 15 (a)  once the straight 𝑓≅0.9

602 crack front goes through the knots and  elsewhere. This agrees with calculations where  𝑓≅0.8

603 each arm of the grid is assumed of ca.  thickness. Substituting such values to eq. (19) shows 2𝑡

604 that oscillations in  of order  could, at least to some extend, be associated with 𝒢𝑒
𝐼 10 ‒ 2 ‒ 10 ‒ 1

605 the pattern revealed by the fracture surface. In Fig. 17 (a) the difference between the 

606 experimental ERR and the analytical prediction of the fracture energy is given.

607
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608 Fig. 17. (a) The difference between the experimental and the analytical energy release 

609 rate for one of the specimens. (b) The normalized residuals of the energy release rate.

610

611 Since the bridging and the loading kinetic effects occurred, the data are fitted with the quadratic 

612 polynomial function using a least square method to give a trendline and to extract the ERR 

613 residuals. In Fig. 17 (b) the ERR residual, i.e. , with  being the𝛿𝒢 𝑒
𝐼𝑐 = (𝒢𝑒𝑥𝑝

𝐼 ‒ 𝒢𝐼) ‒ 𝒢𝐼 𝒢𝐼

614 expected (statistical) ERR, normalized by the experimental data are presented. Lines with the 

615 spacing resembling that of the unit cell are also provided. Once the residuals are plotted against 

616 the estimated crack length, , an oscillating character is revealed. This observation coincides 𝑎

617 with eq. (19) and can be associated to the lattice-trapping characteristic. The period of the 
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618 oscillations appears in an encouraging agreement with the size of the cell. However, contrary 

619 to eq. (19), which suggests a square wave lattice modulation with a jump at knot positions the 

620 experimental data clearly resembles a smoother wave pattern.

621

622  5.3. Fracture of the lattice

623

624 Following [66] the geometric parameters attributed to the lattice/grid structure are: the shape of 

625 the cell – diamond in the present case, the characteristic length of a single cell  𝑙≅1.7 ‒ 2 𝑚𝑚

626 and the shape and the characteristic length scale of the cell wall – thickness/diameter 

627 . From Fig. 8 we noticed that the growth of the bridging zone, , is altered once 𝑡≅40 ‒ 50 𝜇𝑚 𝑙𝑏𝑧

628 , which is now assumed to equate to the remote tensile loading (bending and shear 𝒢𝑏≅1 𝑁/𝑚𝑚

629 contributions should be negligible due to relatively flexible microstructure of the lattice) 

630 applied to the lattice material. The calculated fracture stress , using the fraction  𝜎𝑓≅50 𝑀𝑃𝑎 𝑓

631 as estimated before but with the adhesive being replaced by an hole, seems reasonable and is 

632 close to the fracture stress of the epoxy adhesive phase once cured [40]. From an existing study 

633 [66] it is recognized that  with  depending on the type of the unit cell 𝜎𝑓 ∝ 𝐶(𝑡
𝑙)

2
𝜎𝑇𝑆 𝐶 = 𝑐𝑜𝑛𝑠𝑡.

634 and  being the tensile strength of the cell material. Taking  as an average 𝜎𝑇𝑆 𝜎𝑇𝑆 = 800 𝑀𝑃𝑎

635 value for the Nylon material (matweb.com) and equating  leads to  (2𝑡
𝑙 )2

≅0.4 (10 ‒ 3) 𝐶≅0.4

636 which stays in respectable agreement with the results reported for similar lattice systems [66-

637 68]. Once the remote loading achieves  one of the cells breaks. Recalling that the loading 𝜎𝑓

638 conditions do not allow for the snap-back behaviour, therefore the energy released can be 

639 attributed to the partial unloading of the otherwise strained lattice structure. Subsequently, the 

640 complex composite/adhesive/lattice system is loaded again but in the meantime a new crack 
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641 surface is created and the bridging zone restored. Leaving limitations of the proposed 

642 interpretation (due to e.g. neglecting the local variation in toughness [17, 69, 70], interactions 

643 with the remaining length scale parameters of the problem including the effect of the crack front 

644 shape [71-73], the adhesive process zone size, the increasing bridging zone size or the 

645 straining/restraining of the net material) aside, the deduced sequence explains an oscillating 

646 character of events visible in Fig. 17.

647

648  5.4. Trapping component of the ERR

649

650 The analysis provided indicates a possibility that the oscillating character of the  curve can be 𝑅

651 induced by the carrier used inside the bondline. To broaden the analysis, due to an apparent 

652 similarity between an atomic scale fracture [74, 75] and the structure of the carrier, a lattice 

653 model is adopted. The effects mentioned at the end of Section 5.3, i.e. an outcome of the 

654 complexity of the material and the process, and standing behind the simplicity of the proposed 

655 explanation will lead to the smoothing of a square-wave function given by eq. (19). An 

656 empirical, quasi-equilibrium, crack resistance energy function can be introduced:

657

𝒢 𝑒
𝐼𝑐 = 𝒢𝐼 + 𝒢𝑏 + 𝛿𝒢𝐿(𝑎)cos (2𝜋𝑙

𝑎 𝐹 ‒ 1) (20)

658

659 where  is a modulating trapping component related to the failure of lattice structure of 𝛿𝒢𝐿(𝑎)

660 the carrier and  is a function accounting for e.g. effect of the lattice structure inhomogeneity, 𝐹

661 straining of the lattice etc. As can be observed from Fig. 17 (b), the amplitude of the normalized 

662 ERR, thus , increases during the crack growth. The physical argument being that during 𝛿𝒢𝐿(𝑎)

663 the DCB experiment the force, , decreases, c.f. eq. (4), while fracturing or peeling of an unit 𝑃
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664 cell of the carrier require a critical and constant value of the applied stress/force. The increase 

665 in the period of the oscillation, , can be explained using the argument remaining in the~( 𝑙
𝑎)𝐹

666 spirit of the previous one. Since, viz. eq. (5),  increasing the load to the lattice failure level Δ~𝑎2

667 requires . The oscillating character indicates healing once the crack is trapped by the 
𝑑𝑎
𝑑Δ > 0

668 lattice and coalescing when the crack advances [2, 76]. The normalized lattice trapping 

669 component  is added to the previous results and shown in Fig. 18 as a 𝛿𝒢𝐿(𝑎)cos (2𝜋𝑎
𝑙 )/𝒢𝑒𝑥𝑝

𝐼

670 continuous, bold (blue) line.

671
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672 Fig. 18. Oscillating  curve with the lattice trapping component.𝑅

673

674 Even though a mismatch between the experimental and the analytical data exists the proposed 

675 model enables a correct estimation of a crucial lower and upper fracture thresholds. Indeed, eq. 

676 (20) exposes the following bounds:

677
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𝒢𝑒 +
𝐼𝑐 = 𝒢𝐼 + 𝒢𝑏 + 𝛿𝒢𝐿(𝑎)

𝒢𝑒 ‒
𝐼𝑐 = 𝒢𝐼 + 𝒢𝑏 ‒ 𝛿𝒢𝐿(𝑎) } (21)

678

679 which are added to Fig. 18 as bold (red) lines. Finally, it can be concluded that although the 

680 macroscopic trapping mode is present the macroscopic response of the specimen remains 

681 associated mainly to the effective fracture energy of the adhesive. 

682

683 6. Conclusions 

684

685 Debonding of composite plates containing kissing bonds along the crack growth path bonded 

686 with an epoxy adhesive with a carrier film is investigated experimentally and analytically. The 

687 load response data are collected and used to extract fracture properties. A rising  curve 𝑅

688 behaviour is revealed and associated to the loading kinetic effect and a bridging phenomenon. 

689 Contrary to the recognized fibre bridging phenomena expected during the delamination process 

690 of Fibre Reinforced Polymers [6, 21, 23, 56, 58], in the present case the bridging is induced by 

691 the two-phase composition of the bondline. The macroscopic camera observation reveals that 

692 the epoxy adhesive phase plays the role of matrix material for the second phase – 2D lattice 

693 material/grid. A significantly increased resistance to fracture of the bonded system is reported. 

694 This can be of fundamental importance for designing enhanced fracture toughness and damage 

695 tolerance facilitated through bridging of a 2D lattice material. Finally, using 3D fractography 

696 the characteristic lattice pattern is recognized on the fracture surface. An efficient analytical 

697 model is postulated in which the effects of the loading, the kissing bond and the bridging are 

698 incorporated. A complex fracture process is discovered allowing the following conclusions to 

699 be drawn.
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700 - The presence of a kissing bond destabilizes the fracture process. In the present case, due 

701 to the size of the imperfection, , the crack propagates in a non-smooth 𝐿𝑘𝑖𝑠𝑠 > 𝜆 ‒ 1

702 manner.

703 - The carrier used inside the bondline is found to, effectively, become a second and 

704 important phase of the bonding system. Two length scale parameters responsible for 

705 transfer of the load between the CFRP plates are recognized: 1) the process zone 

706 associated to the epoxy phase and 2) the bridging zone associated with the carrier. Due 

707 to the carrier, the resistance to fracture increases significantly by triggering a bridging 

708 phenomenon. The topic of using reinforcing materials in the form of lattices inside the 

709 adhesive layer can be of an importance for future adhesives with higher resistance to 

710 fracture and better damage tolerant. However, this demands further theoretical and 

711 experimental investigations.

712 - The complex fracture process is attempted analytically. The proposed model captures 

713 the effect of the loading rate, the kissing bond and uses bridging concept to explain the 

714 effect of the lattice/carrier material within the bondline.

715
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