
How the spatial correlation in adhesion
properties influences the performance of

secondary bonding of laminated composites

Item Type Article

Authors Li, Xiaole; Tao, Ran; Yudhanto, Arief; Lubineau, Gilles

Citation Li, X., Tao, R., Yudhanto, A., & Lubineau, G. (2020). How the
spatial correlation in adhesion properties influences the
performance of secondary bonding of laminated composites.
International Journal of Solids and Structures. doi:10.1016/
j.ijsolstr.2020.04.012

Eprint version Post-print

DOI 10.1016/j.ijsolstr.2020.04.012

Publisher Elsevier BV

Journal International Journal of Solids and Structures

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in International Journal of Solids and Structures.
Changes resulting from the publishing process, such as
peer review, editing, corrections, structural formatting, and
other quality control mechanisms may not be reflected in
this document. Changes may have been made to this work
since it was submitted for publication. A definitive version was
subsequently published in International Journal of Solids and
Structures, [, , (2020-04-22)] DOI: 10.1016/j.ijsolstr.2020.04.012 .
© 2020. This manuscript version is made available under the CC-
BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-
nc-nd/4.0/

http://dx.doi.org/10.1016/j.ijsolstr.2020.04.012


Download date 23/05/2023 20:26:20

Link to Item http://hdl.handle.net/10754/662612

http://hdl.handle.net/10754/662612


ARTICLE IN PRESS 

JID: SAS [m5G; April 22, 2020;16:8 ] 

International Journal of Solids and Structures xxx (xxxx) xxx 

Contents lists available at ScienceDirect 

International Journal of Solids and Structures 

journal homepage: www.elsevier.com/locate/ijsolstr 

How the spatial correlation in adhesion properties influences the 

performance of secondary bonding of laminated composites 

Xiaole Li , Ran Tao , Arief Yudhanto , Gilles Lubineau 

∗Q1 

King Abdullah University of Science and Technology (KAUST), Physical Sciences and Engineering Division (PSE), COHMAS Laboratory, Thuwal, 23955-6900, 

Saudi Arabia 

a r t i c l e i n f o 

Article history: 

Received 8 March 2020 

Revised 7 April 2020 

Accepted 9 April 2020 

Available online xxx 

Keywords: 

Secondary bonding 

Delamination 

Stochastic adhesion 

Spatial correlation 

Bridging 

a b s t r a c t 

Spatial heterogeneity of adhesion properties is known to result in bridging during debonding of secondary 

bonded composite joints. The ligaments that bridge both substrates have crack-arrest features and thus 

significantly enhance the fracture resistance of joints. We have investigated the effect of randomly dis- 

tributed adhesion properties between the adhesive layer and each composite substrate in previous works; 

however, the spatial correlation of adhesion heterogeneity within or between the substrates and how it 

effects the failure of secondary bonded composites is still poorly understood. In this current work, we 

assume that the spatial heterogeneity of adhesion follows a log-normal distribution. The Napierian loga- 

rithm of interface toughness G c and separating strength S can thus be described by a Gaussian Process. 

We investigate in detail the effect of spatial correlation both within each substrate and between opposite 

substrates. Finally, we predict the crack resistance of such joints with adhesives of different mechanical 

properties. We find that the failure strain of adhesives is important through varying the elongation of 

ligaments and thus the associated extra dissipated energy. This work represents the first critical step for 

designing tougher secondary bonded composite joints by triggering and controlling adhesive ligament 

bridging. 

© 2020 Elsevier Ltd. All rights reserved. 

1. Introduction 1 

Joining composites, such as fiber reinforced polymers (FRP), 2 

represents a design and manufacturing challenge. Adhesive sec- 3 

ondary bonding has gained growing attention as a promising al- 4 

ternative to the traditional solutions that use fasteners or rivets 5 

to introduce mechanical interlocking ( Budhe et al., 2017 ). A stan- 6 

dard design of Adhesively Bonded Joints (ABJs) is of a sandwich 7 

type where two similar or dissimilar substrates (or adherends) 8 

are jointed by a thin adhesive (or adherent) layer. Various frac- 9 

ture modes may occur during debonding of ABJs, such as cohe- 10 

sive failure (within the adhesive), interfacial failure (at the adhe- 11 

sive/substrate interface) and, sometimes, hybrid fracture (a more 12 

complex combination of the two previous failure modes) ( Tenchev 13 

and Falzon, 2007; Belnoue and Hallett, 2016; Tao et al., 2019 ). Hy- 14 

brid failure is accompanied by the mechanisms of crack-tip transfer 15 

between alternating paths ( Akisanya and Fleck, 1992 ). The associ- 16 

ated ligament bridging the two paths ( Tenchev and Falzon, 2007 ) 17 

is of interest because it can trap the propagation of the main crack 18 
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and thus significantly enhance the fracture resistance of secondary 19 

bonded composites ( Tao et al., 2019 ). Hybrid failure is closely re- 20 

lated to a variety of properties including change in stress states 21 

( Cao and Evans, 1989; Akisanya, 2006; Saldanha et al., 2013 ) and 22 

heterogeneity in interfacial adhesion ( Tao et al., 2019 ). Heterogene- 23 

ity in adhesion refers to the spatially random distribution of inter- 24 

facial bonding properties, which mainly results from the inherent 25 

morphology and the pre-treatment process of substrates ( Moroni 26 

et al., 2018; Tao et al., 2018 ). The heterogeneous nature of surface 27 

morphology of composite substrates induces ubiquitous and un- 28 

avoidable heterogeneous adhesion in the engineering of secondary 29 

bonded composites. In the context of FRP ABJs design, the effect of 30 

random distribution of adhesion properties on joints’ performance 31 

should thus be emphasized. 32 

This work is driven by two central motivations. First, a detailed 33 

evaluation of the random distributions of adhesion properties and 34 

their effects on FRP ABJs’ debonding behaviors is essential for un- 35 

derstanding the physical failure mechanisms that occur. This will 36 

provide more accurate numerical predictions of a joint’s failure, 37 

which in turn can lead to the design of better performing struc- 38 

tures. Second, an in-depth understanding into the mechanisms of 39 

toughening effects due to large-scale ligament bridging may lead 40 

to develop innovative FRP ABJs equipped with crack-arrest features 41 
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through artificially enhancing and controlling the heterogeneity of 42 

adhesion. 43 

The toughness enhancing mechanisms of crack-arrest/trap and 44 

bridging by tough particles ( Mower and Argon, 1995; Bower and 45 

Ortiz, 1991 ) or fibers ( Kaute et al., 1993; Sørensen and Jacobsen, 46 

1998 ) in the case of two- or multiple-phase heterogeneous mate- 47 

rials, i . e ., composites, have been extensively discussed ( Tan et al., 48 

2019; Kim et al., 2019; Mohamed et al., 2018; Sun et al., 2018; Naya 49 

et al., 2019 ). More generally, the strength and the fracture tough- 50 

ness of solids exhibiting heterogeneity in material properties have 51 

been discussed and the related stress dislocalization and crack-trap 52 

mechanisms have been investigated analytically and numerically 53 

( Dimas et al., 2016; 2015 ). The heterogeneity in adhesion may in- 54 

duce an analogical effect of crack-arrest produced by triggering lig- 55 

ament bridging. Conventional numerical approaches to model ABJs 56 

generally neglect the local complexity of failure by homogenizing a 57 

joint’s bondline with a single cohesive zone ( Srensen and Jacobsen, 58 

1998; Da Silva and Campilho, 2012; lvarez et al., 2014; Campilho 59 

et al., 2011 ). However, insights into the physical events undergoing 60 

locally during the debonding of ABJs, which cannot be provided by 61 

conventional approaches, are essential for obtaining a fundamen- 62 

tal understanding of the mechanical behaviors of ABJs. Some ef- 63 

forts have been made towards clarifying the effects of flaws and 64 

randomness in bonding properties ( Liner et al., 2019; Meng and 65 

Thouless, 2019; Taleb Ali et al., 2018; Ashcroft et al., 2012; Khokhar 66 

et al., 2009; Motamedi et al., 2014; Heide-Jrgensen and Budzik, 67 

2018 ). The effect of the length scale of heterogeneity on bonding 68 

has also been discussed ( Kammer et al., 2016; Dalmas et al., 2009; 69 

Chopin et al., 2015 ). Unfortunately, researches dedicated to exca- 70 

vating the local failure mechanisms of interest resulting from ad- 71 

hesion heterogeneity, i . e ., crack-tip transfer and ligament bridging, 72 

and the consequent arrest effects on the crack propagation of ABJs, 73 

are still very rare. Sills and Thouless (2015) considered strength 74 

discrepancy of interface in parallel cohesive zones and mimicked 75 

the phenomenon that the crack jumped from its original interface 76 

to the secondary interface with appropriate discrepancy subjected 77 

to a specific cohesive-length scale. They suggested that large-scale 78 

ligament bridging is a promising mechanism to be explored for 79 

toughening joints or materials. Botsis and coworkers Canal et al. 80 

(2016, 2017) developed a multi-scale based cohesive zone model in 81 

which the micromechanic fiber bridging in FRP laminates is char- 82 

acterized by a local heterogeneous embedded region (or core) to 83 

describe discrete arrangement of fibers. The authors’ previous pa- 84 

per ( Li et al., 2020 ) proposed a modeling strategy through two par- 85 

allel cohesive zones with spatially stochastic interfacial properties 86 

to discriminate the failure within the sandwich configuration of 87 

ABJs. We applied this strategy to investigate the effect of variability 88 

in interfacial properties on the bonding performance of FRP ABJs 89 

( Li et al., 2020 ). The analysis of the quantitative data demonstrated 90 

that the spatially stochastic properties of adhesion significantly in- 91 

fluence the debonding behaviors of FRP joints by triggering the 92 

mechanisms of crack-tip transfer and ligament bridging. The ex- 93 

trinsic dissipation contributed from the extra debonding surfaces 94 

and the plastic-damage of adhesives. 95 

As mentioned above, adhesion shows randomness mainly due 96 

to the non-uniform morphology of adherend surfaces. A change 97 

in randomness/correlation of the heterogeneity may lead to vari- 98 

ous bonding behaviors of FRP ABJs. Regarding the modeling strat- 99 

egy that we proposed previously, the properties of adhesion at dif- 100 

ferent locations along an interface between substrate and adhe- 101 

sives were regarded to be independent variables and were gener- 102 

ated randomly based on specific probability distributions (in our 103 

case, log-normal distribution) without any spatial correlation. Thus, 104 

the joints spatially possessed discrete adhesion properties oscil- 105 

lating around the bonding baseline. A similar scheme to imple- 106 

ment stochastic interfacial properties can be found in the work of 107 

Xu et al. (2014) . Due to the non-uniformity attributed to multiple 108 

factors, e . g ., the spatial variations in the pretreatment quality, the 109 

interfacial properties should realistically distribute in a random but 110 

spatially correlated manner, rather than a non-correlated discrete 111 

variation as in the previous model. With uncorrelated stochastic 112 

interfacial properties, a numerical model may misestimate the oc- 113 

currence of ligament bridging and the overall crack resistance of 114 

joints. A motivation of the present work is thus to improve the 115 

computational strategy by enabling a globally continuous and cor- 116 

related variation of interfacial properties in space. We will then 117 

investigate the statistic effects of length scale in the spatial cor- 118 

relation of a stochastic interface and the correlation between two 119 

substrates on the structural response using the proposed model. 120 

We will vary the mechanical properties of adhesives and then pre- 121 

dict the toughness of joints, to identify the important engineering 122 

parameters for toughening the FRP ABJs in the context of adhesion 123 

heterogeneity. 124 

This work provides us with a better understanding of the 125 

stochastic bonding properties of FRP ABJs and points the way for 126 

designers to develop innovative FRP ABJs by artificially embedding 127 

adhesion heterogeneity and thus controlling the ligament bridging 128 

mechanisms. 129 

2. A modeling strategy with stochastic interfacial properties 130 

using Gaussian process 131 

2.1. The description of stochastic interfacial properties 132 

We describe here how we introduce the spatial correlation in 133 

the adhesion properties of the adhesive/substrate interface. 134 

As discussed in Li et al. (2020) , a Gaussian process is suit- 135 

able for describing the joint probability of the Napierian logarithm 136 

of the strength S and the toughness G c of local adhesion. Dimas 137 

et al. employed Gaussian Process to conduct the modeling of an 138 

elastic solid with a heterogeneous Young ́s modulus ( Dimas et al., 139 

2014 ), and demonstrated the toughening mechanisms resulting 140 

from crack-arrest and stress delocalization. In a Gaussian Process, 141 

any subset including points indexed by time or space of interests 142 

X is regarded to be a random vector x = [ x 1 , . . . , x n ] ∈ X which fol- 143 

lows a multivariate normal distribution. Suppose we have an n di- 144 

mensional Gaussian distribution x 1 , . . . , x n . The probability density 145 

distribution for multivariate Gaussian distribution is expressed as 146 

( Ahrendt, 2005 ): 147 

f X ( x 1 , . . . , x n ) = 

exp 

(
− 1 

2 
(x − μ) T �−1 (x − μ) 

)
√ 

(2 π) n | �| (1) 

where μ is the n -dimensional mean vector for the multivariate 148 

stochastic distribution. | �| ≡ det � is the determinant of the n × n 149 

symmetrix covariance matrix �. 150 

The schematic on Fig. 1 represents a general interface whose 151 

properties follow a Gaussian Process. The dots stand for the in- 152 

tegration points of cohesive elements as a subset indexed by 153 

their spatial coordinates. In this Gaussian Process, the subset 154 

composed by the dots is the spatial supporter to draw sam- 155 

ples of n -dimensional multivariable Gaussian distribution. Follow- 156 

ing Li et al. (2020) , in the context of adhesion, this Gaussian pro- 157 

cess holds for the Napierian logarithm of the strength S and the 158 

toughness G c . We then have for the properties along the interface 159 

at any coordinate x i : 160 

( ln (S) i , ln ( G c ) i ) ∼ N 

(
ρ, μln (S) , σln (S) , μln ( G c ) , σln ( G c ) 

)
(2) 

in which ρ is the Pearson product-moment correlation coefficient 161 

of ln( S ) and ln( G c ), μln( S ) and σ ln(S) are the mean and variance 162 

of ln( S ) respectively, μln(S) and σln (G c ) the mean and variance of 163 

ln( G c ), respectively. We recall that the mean and variance of log- 164 

arithm of any variable a following log-normal distribution can be 165 
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Fig. 1. Schematic of an interface with stochastic properties described by Gaussian Process. 

calculated by: 166 

μln (a ) = ln 

⎛ 

⎝ 

μa √ 

1 + 

σ 2 
a 

μ2 
a 

⎞ 

⎠ , σ 2 
ln (a ) = ln 

(
1 + 

σ 2 
a 

μ2 
a 

)
(3) 

Under a finite number of sampling spatial points as shown in 167 

Fig. 1 , the corresponding adhesion properties for the sample along 168 

the interface following Gaussian Process have distribution: 169 [
ln (S ) 

ln ( G c ) 

]

∼ N 

([
μln (S ) 

μln ( G c ) 

]
, 

[
�

(
x ln (S ) , x 

′ 
ln (S ) 

)
�

(
x ln (S ) , x 

′ 
ln ( G c ) 

)
�

(
x ln ( G c ) , x 

′ 
ln (S ) 

)
�

(
x ln ( G c ) , x 

′ 
ln (G c ) 

)])
(4) 

in which 170 

S = [ S ( x 1 ) , . . . , S ( x n ) ] 
T 

G c = [ G c ( x 1 ) , . . . , G c ( x n ) ] 
T (5) 

and 171 

μln (S) = 

[
μln (S) ( x 1 ) , . . . , μln (S) ( x n ) 

]T 

μln ( G c ) 
= 

[
μln ( G c ) ( x 1 ) , . . . , μln ( G c ) ( x n ) 

]T (6) 

The sub-matrices of the covariance matrix are defined as: 172 

�
(
x ln (S ) , x 

′ 
ln (S ) 

)
= σ 2 

ln (S ) 
K 

�
(
x ln (G c ) , x 

′ 
ln (G c ) 

)
= σ 2 

ln (G c ) 
K 

�
(
x ln (S ) , x 

′ 
ln (G c ) 

)
= �

(
x ln (G c ) , x 

′ 
ln (S ) 

)
= ρσln (S ) σln (G c ) K 

(7) 

in which the matrix K is the kernel matrix which is generated v ia 173 

a kernel function k , a characteristic of the Gaussian Process: 174 

K = 

⎡ 

⎣ 

k ( x 1 , x 1 ) · · · k ( x 1 , x n ) 
. . . 

. . . 
. . . 

k ( x n , x 1 ) · · · k ( x n , x n ) 

⎤ 

⎦ (8) 

The widely used exponential kernel is deployed here as it has the 175 

potential to adequately describe correlations in properties due to 176 

correlation in geometrical features such as roughness: 177 

k 
(
x i , x j 

)
= exp 

{ 

−
( ∣∣x i − x j 

∣∣
r 

) α} 

(9) 

Using α = 1, r = 0.5 and x 2 = 8, the exponential kernel k ( x 1 , 178 

x 2 ) is visualized in Fig. 2 , which equals 1 when x 1 = x 2 (highest 179 

co-variance) and tends to be 0 as its arguments drift apart (uncor- 180 

related). 181 

Because for a general secondary bonded joint, the morphol- 182 

ogy and the pre-treatment for the surfaces of the two facing sub- 183 

strates are a priori not related, we assume that the two interfaces 184 

of the bondline follow two uncorrelated Gaussian Processes, but 185 

with similar characteristic parameters, as processing is usually per- 186 

formed in the same way on both surfaces. 187 

Fig. 2. Visualization of the exponential kernel k ( x 1 , 8) in the range of x 1 ∈ (0, 16). 

2.2. The finite element (FE) model and Monte Carlo simulation 188 

We used the same FE model of the FRP Double Cantilever Beam 189 

(DCB) as in Li et al. (2020) . The configuration and boundary con- 190 

ditions of the DCB are shown in Fig. 3 . Each substrate is unidirec- 191 

tional with a thickness of 2 mm. The bondline thickness is fixed as 192 

0.15 mm. The two interfaces, with nearly zero thickness, follow two 193 

independent Gaussian Processes. 194 

Concerning the substrates, the material was modeled as linear 195 

elastic orthotropic and the material of the adhesive was modeled 196 

as coupled elasto-plastic with damage. The properties are summa- 197 

rized in Tables 1 and 2 . 198 

Concerning the modeling of the interfaces, we first need to elu- 199 

cidate the correlation between S and G c . To do so, we carried out 200 

experiments of single lap joints subjected to three points bending 201 

whose failure is governed by S , and DCB whose failure is governed 202 

by G c . Two groups of specimen, the substrates of which were pre- 203 

treated by laser with two different pulse fluences to access differ- 204 

ent morphologies, named as L1 and L2, were tested. S could obvi- 205 

ously not be measured directly but was numerically estimated by 206 

calibrating simulations of the single lap joints with respect to the 207 

experimental results. Fig. 4 shows the results, which clearly indi- 208 

cate a negative correlation between S and G c . Therefore, the corre- 209 

lation coefficient ρ was kept to be −1 when generating the hetero- 210 

geneous adhesion. The expected values of S and G c were set as the 211 

average of those of the ABJs pretreated with L1 and L2, which were 212 

μS = 21.5 Mpa and μG c = 0.24 KJ/m 

2 with a standard deviation of 213 

2.5 and 0.04, respectively. The effects of deviation and correlation 214 

coefficient ρ on macroscopic crack resistance of ABJs were clarified 215 

in the last paper ( Li et al., 2020 ). 216 
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Fig. 3. The configuration and boundary conditions of the modeled DCB. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) Q2 

Table 1 

The material properties of the elastic substrates. 

Carbon/Epoxy lamina (M21/T700) 

E 11 (MPa) E 22 (MPa) E 33 (MPa) ν12 = ν13 = ν23 G 12 = G 13 = G 23 (MPa) 

125000 7800 7800 0.33 5100 

Table 2 

The materials properties of adhesives used in numerical model. 

Epoxy adhesive (Araldite®420) ( Haider et al., 2011; De Moura et al., 2006 ) 

E (MPa) ν σ e (MPa) σ u (Mpa) εu G f (KJ/m 

2 ) 

1500 0.33 27 37 3.4% 0.022 

Fig. 4. The experimentally measured S and G c of composite joints whose substrates 

were pre-treated by laser ablations with different laser fluences, L1 and L2. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.). 

Considering the success to model the plasticity of epoxy ( Yang 217 

et al., 2004; Cooper et al., 2012 ) and ease to use, the classi- 218 

cal J2 flow theory of plasticity with linear isotropic hardening 219 

( de Souza Neto et al., 2011 ) was employed to characterize the 220 

elastoplastic constitutive behavior of epoxy adhesives. In the im- 221 

plementation, backward Euler algorithm is employed to complete 222 

the time integration of the plastic strain for each pseudo time in- 223 

crement. The ductile criterion ( Hillerborg et al., 1976 ) was used to 224 

predict the onset of damage in adhesives. The equivalent plastic 225 

strain at the onset of damage is normally a function of stress triax- 226 

iality and strain rate. To simplify the question, herein the damage 227 

of adhesives was assumed to be rate independent and triaxiality 228 

independent. We assumed the effective response of the adhesive 229 

is perfectly plastic beyond the onset of damage, and we employed 230 

the linear damage evolution equation to characterize the softening 231 

process. Then, the state variable to describe material degradation 232 

increases monotonically and linearly with plastic deformation. 233 

To achieve reliable statistical analysis, we conducted Monte 234 

Carlo simulation. A set of characteristic parameters of the stochas- 235 

tic heterogeneity can be applied to generate extensive groups of 236 

realizations of parallel interfaces, each of which is used to model 237 

a sample of ABJs subjected to the corresponding stochastic proper- 238 

ties. Predictions of all the samples constitute a Monte Carlo sim- 239 

ulation of the set. The FE models were run with ABAQUS V6.17 240 

on a workstation with 16 Intel Xeon(R) W-2145 CPUs @ 3.7 GHz. 241 

Fig. 5 presents the evolution of the mean number of the formed 242 

ligaments and the mean toughness (macroscopic toughness) with 243 

the increase of sample number (50 samples were drawn and run 244 

for the Monte Carlo simulation). The correlation length r was set 245 

at 5 mm in this Monte Carlo simulation. It is clear that after 30 246 

runs in this Monte Carlo simulation, predictions were reasonably 247 

achieving statistical convergence. To achieve a reliable prediction 248 

with relatively low computational burden, we ran 50 samples for 249 

each Monte Carlo analysis of correlation length in the following in- 250 

vestigation. 251 

3. Effect of correlation characteristics on the macroscopic joint 252 

performance 253 

3.1. Effect of correlation within substrates 254 

We first study the effect of having spatial correlation in ad- 255 

hesion properties within each substrate. Such correlation can be 256 

a natural consequence of the pretreatment technique that usually 257 

introduces a length-scale and thus a correlated morphology. How- 258 

ever, no correlation is assumed at this stage between the two op- 259 

posite substrates of the joint. Fig. 6 shows the typical spatial dis- 260 
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Fig. 5. The variation of the statistical results with the increase sampling of Monte 

Carlo simulation. 

tributions of S along the two parallel interfaces subjected to the 261 

different length scales of correlation that we evaluated. The pat- 262 

tern of the distribution in Fig. 6 is similar with the surface pro- 263 

files of composite substrates measured by Tao et al. (2018) , which 264 

somehow confirms the applicability of the exponential kernel to 265 

describe the spatial correlation of adhesion heterogeneity. It can be 266 

seen from Fig. 6 that with the increase of r , the wave length of the 267 

fluctuation tends to increase. Physically, a larger correlation length 268 

means that the morphology of the surface is changing smoothly in 269 

space. 270 

Fig. 7 presents the statistical outcomes of the macroscopic 271 

toughness and the number of ligaments formed during debonding 272 

of the joints subjected to different spatial correlations correspond- 273 

ing to the length scales shown in Fig. 6 . Compliance calibration 274 

( Berry, 1963 ) was used to perform the data reduction. The propa- 275 

gation of crack advances from 	a = 0 mm to 	a = 55 mm was 276 

considered when calculating the macroscopic toughness. A clear 277 

positive relationship between the number of ligaments and the 278 

macroscopic toughness is indicated. Under relatively low spatial 279 

correlation (with smaller r ), the random heterogeneity of interfa- 280 

cial adhesion can significantly promote the occurrence of crack-tip 281 

transfer, adding more crack-arrest features, in terms of large-scale 282 

ligament bridging, into the system and enabling the joint to be 283 

tougher. 284 

Moroni et al. (2018) showed that the joints, whose substrates 285 

were pre-treated with the same technique (laser ablation) with 286 

different treatment parameters, i . e ., laser energy density, produced 287 

diverse failure modes and demonstrated different toughness. Our 288 

study provides possible explanation for these observations. Indeed, 289 

different laser treatments can result in different surface morpholo- 290 

gies and correlation in adhesion properties. Our simulations show 291 

an overall increasing trend with the decrease of r . Only the predic- 292 

tion of the joints subjected to r → 0 mm is lower than that from 293 

the joints subjected to r = 0.5 mm, which is with the most signif- 294 

icant enhancement in macroscopic toughness exceeding the base- 295 

line value by about 54.6%. 296 

In what follows, we analyze two limiting cases. Theoretically, 297 

infinitesimal r results in globally homogeneous adhesion. We ex- 298 

Fig. 6. The spatial distributions of interfacial strength S realized through the proposed algorithm subjected to different spatial correlation length r. 
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Fig. 7. The effects of the spatial correlation length of the adhesion’s heterogeneity on the debonding performance of ABJs. 

pect the system to behave homogeneously and demonstrate iden- 299 

tical performance with the baseline joint. However, the discrete na- 300 

ture of the finite element model, depending on mesh size, induces 301 

a lower limit to the effective r that the model can characterize, 302 

and thus the case of r → 0 in the present study is not physically 303 

infinitesimal. The corresponding joints are still with adhesion het- 304 

erogeneity and thus establish considerable ligament bridging (see 305 

Fig. 7 a) but with a reduction of the effectiveness of crack trapping 306 

by about 9.7% compared to the r = 0.5 mm case. Consequently, 307 

an upper bound of the toughness of ABJs was erected with de- 308 

creasing r (see the case of r = 0.5 for example), which explains 309 

why the macroscopic toughness of the joints subjected to r → 0, 310 

obtained from Monte Carlo simulation, is smaller than that of the 311 

joints subjected to r = 0.5 mm but higher than the baseline. Based 312 

on the observations from Fig. 7 , we can reasonably suppose that 313 

the toughness of joints may achieve a maximum with an appro- 314 

priate correlation length of the adhesion’s heterogeneity. This crit- 315 

ical length may depend on multiple factors, such as heterogeneity 316 

characteristics and bondline thickness. 317 

Provided the correlation length becomes very large in the limit, 318 

the parallel interfaces constituting the bondline of finite length 319 

then have nearly uniform but random properties. No ligament will 320 

be formed for such joints and thus the macroscopic toughness will 321 

be contributed from pure interfacial fracture, as revealed by the 322 

joint subjected to r = 80 mm. Notably, the observed toughness in 323 

the case of r = 80 mm is higher than the expected value (base- 324 

line) of interface properties, which is counterintuitive. This is be- 325 

cause S is a more important parameter for crack nucleation and 326 

crack-tip transfer. In the scenario of pure interfacial failure, crack 327 

tends to nucleate and propagate at the interface with lower S . Un- 328 

der negative correlation between S and G c , the interface with low 329 

S always possesses higher G c compared to the parallel interface. 330 

The macroscopic toughness should be the average toughness of the 331 

debonded interface. Statistically, this value tends to be higher than 332 

the baseline. A theoretical interpretation can be found in Appendix 333 

A. The above analysis regarding the two limiting cases is consistent 334 

with the discussions in the work of Dimas et al. (2014) focusing on 335 

the influence of heterogeneity of Young’s modulus and strength on 336 

general solids. The reality is somewhere between these two ideal 337 

cases. 338 

3.2. Effect of correlation between substrates 339 

The ability of correlation in adhesion properties to largely mod- 340 

ified the toughening effect resulting from bridging paves the way 341 

for new design strategies in which the correlation between sub- 342 

strates is artificially controlled to optimize the bridging effect. The 343 

protocol of design can be a bondline with periodical fluctuation, 344 

e . g . trigonometric waviness, in adhesion properties. The anticipated 345 

crack resistance may benefit from the periodically occurred liga- 346 

ment bridging mechanisms. 347 

As a first step, we explore the effect of the correlation of the 348 

properties between the opposite substrates. In the case of trigono- 349 

metric waviness, the phase difference of alignment, 	φ, is the 350 

main parameter that characterizes the correlation between the two 351 

substrates. Herein, the period of the fluctuation was 4 mm. To en- 352 

sure the practical feasibility of the protocol, we used the measured 353 

bonding properties of L 1 and L 2 as the upper and lower bounds of 354 

the properties, and the amplitude of fluctuation is thus the differ- 355 

ence between them. In the simulations, we varied 	φ from 0 to 356 

π . The generated fluctuated adhesion (only the fluctuation within 357 

two periods is present) is as shown in Fig. 8 , where negative corre- 358 

lation between S and G c was kept. In engineering practice, we can 359 

achieve the fluctuating adhesion by smoothly changing the pulse 360 

fluence of laser ablation with the moving of laser beam. 361 

Fig. 9 presents the predicted load P v s. crack opening δ curves 362 

and R -curves. The presence of the fluctuation in adhesion within 363 

the process zone is manifested by the undulations in the P − δ 364 

responses as well as the R -curve behaviors of joints. 365 

In the cases of 	φ = 0, 0.125 π and 0.25 π , no crack-tip transfer 366 

occurred. For such joints, the undulations in the P − δ responses 367 

and the R -curve behaviors are purely attributed to the fluctuated 368 

interface properties. Thus, at the macroscopic level, the R -curve be- 369 

haviors are similar (but not perfectly matching) to the input, i . e ., 370 

the sinusoidal waviness of toughness. The theoretical interpreta- 371 

tion of why the R -curve behaviors are not in an excellent match 372 

with the input is presented in Appendix B. 373 

With the increase of 	φ, the maximum discrepancy of adhe- 374 

sion properties at the corresponding coordinates between the par- 375 

allel cohesive zones is also increasing, as indicated by the curve 376 

in Fig. 10 a. To alternate the crack path, the maximum discrep- 377 

ancy of adhesion properties must reach the critical condition. In 378 

these cases, the joints experience a process of establishing a sta- 379 

ble R -curve behavior. Initially, the toughness of joints equals the 380 
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Fig. 8. The generated interfacial strength S with fluctuations subjected to different phase difference 	φ of alignment. The round dot signifies the top interface and the 

square dot the bottom interface. 

Fig. 9. The P − δ curves and the R -curves obtained from the ABJs with fluctuated adhesion. 

interfacial toughness of the weaker adhesion, but it gradually in- 381 

creases with increasing crack lengths before the full establishment 382 

of large-scale ligament bridging at around 	a = 8 mm. Afterwards, 383 

its progression is hindered by crack-arrest mechanisms whose pe- 384 

riod is the same with that of the input fluctuation. The R -curves 385 

keep oscillating around a plateau value that is about 93% higher 386 

than the baseline value and are insensitive to the change in the 387 

alignment phase of the adhesion fluctuation. The overall trend of 388 

R -curve behaviors obtained from such joints is quite similar to the 389 

observations in delamination of FRP laminate with fiber bridging 390 

( Pappas and Botsis, 2020 ). Once 	φ is qualified to periodically 391 

trigger the crack-tip transfer and the subsequent bridging, there 392 

is no significant difference in the effectiveness of crack-arrest. This 393 

conclusion favors the application of the proposed protocol, because 394 

it will facilitate the operation of joining. There is no need to strictly 395 

match the adherend surfaces to find the optimum alignment phase 396 

as long as it is guaranteed that 	φ between the substrates is 397 

within the range that the crack-tip transfer can be triggered. 398 

We also performed simulations for the FRP ABJs with adhesives 399 

thickness of t = 0.12 and t = 0.18 mm to verify the bondline thick- 400 

ness effect. As shown in Fig. 10 a, for all 	φ under consideration, 401 

the minimum 	φ qualified to trigger bridging increases with in- 402 

creasing bondline thickness. The minimum qualified discrepancy of 403 

adhesion properties changes with an increase in t , which is the es- 404 
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Fig. 10. (a) The curve of maximum contrast of S with the change of 	φ, and the minimum 	φ qualified to trigger ligament bridging for different bondline thicknesses, 

listed in the table on the bottom of figure; (b) The comparison of R -curve behaviors of the ABJs with adhesive of different bondline thicknesses, and the plateau values listed 

in the table on the bottom of figure. ( 	φ = π ). 

Fig. 11. Typical debonding process of a joint with the adhesion of fluctuated heterogeneity (The variation of the strength contrasts along the interfaces is superimposed). 

sential origin of the bondline thickness effect. From the R -curve 405 

behaviors shown in Fig. 10 b, the plateau value of R -curve (macro- 406 

scopic toughness) exhibits an increasing trend with the increasing 407 

bondline thickness. Therefore, under the condition that ligament 408 

bridging can be triggered, a thicker adhesive layer may provide 409 

more significant enhancement in macroscopic toughness. 410 

Fig. 11 presents a complete establishment of large-scale bridg- 411 

ing in a joint with the presence of the adhesion heterogeneity 412 

qualified to trigger crack-tip transfer ( 	φ = 0.5 π ). The strength 413 

contrast between the parallel interfaces ( S top − S bottom 

) as a func- 414 

tion of the spatial coordinate along the interface is superimposed 415 

on the segment of crack propagation. We can see that in stage 1, 416 

the debonding is a pure interfacial fracture, and then the crack ad- 417 

vance stops in its original interface and a new crack nucleates in 418 

the secondary interface in stage 2. The location of the crack-tip 419 

transfer is around the turning points where the maximum con- 420 

trasts of the adhesion properties of the top interface and bottom 421 

interface are. Thus, the crack-tip transfer altering crack path oc- 422 

curs, subsequently, in stage 3 the adhesive ligament behaves as a 423 

beam to bridge the adherends and suppresses the crack, and the 424 

so-called crack-arrest features take effect on the overall behavior of 425 

the joint. Multiple ligaments have been formed in the same time- 426 

frame as shown in Fig. 11 (c), approaching a steady state with a 427 

fully developed bridging zone, as shown in Fig. 11 (d). Once the ac- 428 

cumulation of plastic strain reaches the critical threshold of ma- 429 

terials, the ligament is damaged as shown in Fig. 11 (d). We can 430 

clearly observe that extensive plastic deformation has developed 431 

within adhesives. 432 

4. The performance of FRP ABJs with different adhesives 433 

Liao et al. (2013) found that the fracture toughness of ABJs 434 

changes with the adhesive thickness but demonstrates an opposite 435 

trend for different types of adhesive, i . e ., ductile and brittle. The 436 

mechanical properties of adhesives may also vary the failure be- 437 

haviors of ABJs subjected to Mode II ( da Silva et al., 2010; da Silva 438 

and Lopes, 2009 ). It has been suggested that this difference can be 439 

explained by the plasticity of the adhesive layer. In the presence of 440 

ligament bridging, adhesive plasticity may contribute more to the 441 

overall toughness of joints in terms of ligament elongation. Herein, 442 

the model with 	φ = 0.5 π was employed to investigate the role of 443 

the plasticity related properties of adhesives in the failure of ABJs 4 4 4 

subjected to spatially heterogeneous adhesion. 445 
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Fig. 12. The applied constitutive models to test the effects of adhesives’ properties 

on the performance of ABJs. 

Taking the property parameters presented in Table 2 as a refer- 446 

ence, four constitutive models were used to evaluate the effect of 447 

adhesives’ properties on the crack-tip transfer and ligament bridg- 448 

ing, and thus to clarify the associated crack-arrest and toughening 449 

mechanisms. The constitutive models of adhesives are as shown in 450 

Fig. 12 . For PE1 and PE2, we kept the initial yielding strength σ y 451 

and ultimate strength σ u of adhesives constant to remove the in- 452 

fluence of these properties, and we changed the failure strain εu 453 

as 4.4% and 6.4%. For PU1 and PU2, σ y and εu were kept constant 454 

as listed in Table 2 , and σ u was varied to 32 Mpa and 44 Mpa. The 455 

fracture energy for all five constitutive models were kept constant 456 

as G f = 0.22 KJ/m 

2 . 457 

The R -curves of the joints with different adhesives are shown 458 

in Fig. 13 , in which the macroscopic toughness was calculated by 459 

integrating the area under the R -curve ranging from 	a = 15 mm 460 

to 	a = 24 mm. Fig. 13 a confirms that the crack resistance of the 461 

joints increased in the presence of ligament bridging when εu of 462 

the adhesives increased. With higher εu , the ligaments become 463 

more stretchable and the bridging length of ligament tend to in- 464 

crease. High elongation and high toughness of the adhesive gave 465 

rise to extra debonding surfaces by delaying the fracture of liga- 466 

ments and more plasticity accumulation within ligaments during 467 

large scale bridging. These are the main reasons why the joints 468 

show relatively higher macroscopic crack resistance. An increase of 469 

εu from 3.4% to 6.4% resulted in an increase in the effectiveness of 470 

crack trapping by about 9.3%. We can reasonably expect that with 471 

the increase of εu , adhesive ligaments can keep their integrity un- 472 

til full debonding of the joint, which may dramatically improve the 473 

area of the extra debonding surface and thus the associated dissi- 474 

pation. Based on the above discussions, it will be promising to de- 475 

velop adhesives with high failure strain, εu , without compromising 476 

its adhesion with substrates. Thus, in the presence of proper bond- 477 

ing variability, the crack-arrest features of the system can be devel- 478 

oped fully and substantial improvement in ABJs’ crack resistance 479 

can be achieved. The R -curves in Fig. 13 b show little difference in 480 

the crack resistance for the three joints (nearly overlapped). This 481 

indicates that the ultimate strength, σ u , has less effect and that 482 

ligament bridging is not very sensitive to this parameter. 483 

Certainly, all the discussions are conditional depending on a sit- 484 

uation where the failure mode of ABJs is dominated by interfacial 485 

failure. In the case that the σ u is smaller than a threshold, pure 486 

cohesive failure, rather than interfacial failure, will preferentially 487 

happen. In such a scenario, the proposed modeling strategy will 488 

encounter challenges of computational convergence. 489 

5. Conclusions and closing remarks 490 

Through modeling the spatial heterogeneity of adhesion with a 491 

Gaussian Process, this work improves previously proposed model- 492 

ing strategies to capture local failure events of secondary bonded 493 

composites. We introduced the spatial correlation of adhesion het- 494 

erogeneity to analyze the effect of spatial heterogeneity and the 495 

essential length scales on the bonding toughness enhancement. We 496 

varied the correlation length of a Gaussian Process, thereby obtain- 497 

ing joints with continually distributed log-normal G c and S , with 498 

which, the variability of interfacial properties can be characterized 499 

in a realistic way, as well as the induced complex debonding mech- 500 

anisms. Generally, the FRP ABJs can be toughened by the variability 501 

of interfacial properties through the participation of extrinsic dis- 502 

sipation during fracture process. Through Monte Carlo simulations, 503 

we found that the length scale of spatial correlation has significant 504 

effects on the toughening effectiveness. Lower spatial correlation 505 

may increase the occurrence of bridging during debonding and the 506 

joints demonstrates higher macroscopic toughness. 507 

A joint with periodical fluctuations in adhesion properties was 508 

modeled to investigate the effects of the correlation between two 509 

Fig. 13. The R -curves obtained from the joints whose adhesives are with different (a) failure strain εu and (b) ultimate strength σ u . 
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substrates, i . e ., the alignment phase 	φ of the adhesion fluctua- 510 

tion between the opposite interfaces. We demonstrated that a min- 511 

imum phase is needed to periodically trigger the crack-tip trans- 512 

fer and the subsequent bridging, above which there is no signif- 513 

icant difference in the effectiveness of crack-arrest. The toughen- 514 

ing effect of bridging may be enhanced by increasing the bond- 515 

line thickness. Nevertheless, the increase of bondline thickness also 516 

decreases the qualified range of 	φ to trigger bridging. These in- 517 

sights into the fundamentals of the effects of the correlation in ad- 518 

hesion heterogeneity within each substrate and between two sub- 519 

strates could be applied to improve the design of ABJs with more 520 

crack resistance, and improve the design features that enhance ma- 521 

terial performance. 522 

To identify the importance of the mechanical properties of ad- 523 

hesives, we performed a parametric study. The adhesives’ ultimate 524 

strengths (over the range of 32 to 44 MPa) were found to have 525 

minimal influence on the macroscopic toughness of joints. An in- 526 

crease in εu from 3.4% to 6.4% resulted in an increase in the effec- 527 

tiveness of crack trapping by about 9.3%. Results from the joints 528 

bonded by adhesives with different mechanical properties high- 529 

lighted the importance of adhesives’ ductility in the fracture re- 530 

sistance of ABJs when hybrid failure occurs. These results provide 531 

designers with a potential path to exploit the toughening mech- 532 

anisms by artificially enhancing and controlling the heterogeneity 533 

of adhesive bonding, which is expected to produce tougher ABJs 534 

without changing the adhesive materials. 535 
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Appendix A 544 

The mean of the toughness for the two interfaces in the bond- 545 

line, denoted as G 

i 
c ( i = 1, 2) can be regarded as two variables fol- 546 

lowing log-normal distribution, and are independent of each other. 547 

The probability density function for G 

i 
c ( i = 1, 2) can be expressed 548 

as: 549 

f 
(
G 

i 
c 

)
= 

1 

G 

i 
c 
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2 πσ 2 
ln ( G c ) 

exp 
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−
(
ln G 

i 
c − μln ( G c ) 
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2 σ 2 
ln ( G c ) 
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, G 

i 
c ∈ (0 , + ∞ ) 

(A.1) 

Thus, the joint PDF of ( G 

1 
c , G 

2 
c ) can be expressed as f (G 

1 
c ) f (G 

2 
c ). 550 

Provided bridging does not occur during debonding, the crack 551 

propagates along the interface with low S and high G c , two prop- 552 

erties which have a negative correlation. Thus the macroscopic 553 

toughness of the joint is max( G 

i 
c ), and the expected value of the 554 

joint’s toughness can be calculated with the following integra- 555 

tion: 556 
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Substituting the characteristic parameters of the stochastic distri- 557 

bution into the above integration, we can theoretically obtain the 558 

macroscopic toughness of ABJ with large spatial correlation, which 559 

is 0.2624 KJ/m 

2 , and agrees well with that of the joint subjected to 560 

r = 80 mm, 0.2598 KJ/m 

2 , obtained via Monte Carlo simulation. 561 

Appendix B 562 

In general, a non-uniform interface may result in load response 563 

exhibiting snap-down ( Heide-Jrgensen and Budzik, 2018 ) or snap- 564 

back instability ( Xu et al., 2019 ). Such systems are challenging to 565 

analyze under either displacement or force-control using the finite 566 

element method since multiple solutions may exist. Here, we pre- 567 

sented an analytical solution based on linear elastic fracture me- 568 

chanics (LEFM) to explain the mismatch between the observed R - 569 

curve and the fluctuated input toughness data. The results are dis- 570 

cussed within the framework of static analysis. 571 

We applied the corrected beam theory (CBT), accounting for the 572 

influence of the end rotation correction ( Williams, 1989; Yoshihara 573 

Fig. B.14. The P − δ curves and the R -curves obtained from the joints with fluctuating adhesion. 
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and Kawamura, 2006 ) to draw the theoretical solution. According 574 

to CBT, the crack opening of DCB specimen is as follows: 575 

δ = 

2 P ( a + χh ) 
3 

3 E 11 I 
(B.1) 

in which P is the applied force, a the crack length, h the height 576 

of the cantilever beam, E 11 the Young’s modulus along longitudinal 577 

direction and I the second moment of inertial of the DCB arm. χ578 

is the correcting parameter of crack length calculated by: 579 

χ = 

[ 

1 

13 κ

(
E 11 

G 12 

){ 

3 − 2 

(
�

1 + �

)2 
} ] 1 / 2 

(B.2) 

where G 12 is the shear modulus, and κ is the shear stress distribu- 580 

tion constant for correcting the deflection caused by the shearing 581 

force. Herein, κ is 0.55 determined by fitting the P − δ curve in 582 

the linear regime to the numerical prediction. The coefficient � is 583 

achieved as follows, 584 

� = 

(E 11 E 22 ) 
1 / 2 

κG 12 

(B.3) 

where E 22 is Young’s modulus in the depth direction. Then apply- 585 

ing LEFM, the Mode I energy release rate can be expressed as: 586 

G cbt (P, a ) = 

P 2 

E 11 Ib 
( a + χh ) 

2 
(B.4) 

or 587 

G cbt (a, δ) = 

9 E 11 I δ
2 

4 b ( a + χh ) 
4 

(B.5) 

Applying Eqs. (B.4) and (B.5) , we can obtain the analytical so- 588 

lutions of the P − δ curve and R -curve as presented in Fig. B.14 , 589 

which clearly manifest the unstable crack propagation during the 590 

DCB test with fluctuating heterogeneity of adhesion. The P − δ re- 591 

sponse is found to exhibit snap-back instability at which a positive 592 

slope changes to a negative slope, and then snaps back to a certain 593 

value where it is actually corresponding to the lowest bound of 594 

the input toughness. Afterwards, the crack starts to grow again in 595 

a stable manner. Differently, a snap-down response was observed 596 

in the numerical simulation, where the applied force dropped onto 597 

a smaller value instantaneously after it peaked in one fluctuation, 598 

attributed to the incapability of capturing snap-back behavior of it- 599 

eration algorithms. Thus, the macroscopic toughness shows a mis- 600 

match with the analytical R -curve as compared in Fig. B.14 b. 601 

Supplementary material 602 

Supplementary material associated with this article can be 603 

found, in the online version, at 10.1016/j.ijsolstr.2020.04.012 . 604 
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