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Thickness-dependent selection of adhesive joints 1 

 2 

The fracture resistance of adhesive joints depends on the bondline thickness, especially 3 

in the toughest systems. While increasing the adhesive thickness to operate at peak 4 

fracture toughness is anticipated as attractive, it leads to a mass increase and to a decrease 5 

of the effective shear stiffness and strength, calling for a trade-off. Here, we follow a 6 

rational materials selection approach for mechanical design to address different sets of 7 

objectives and constraints representative of different classes of applications. The 8 

approach is applied to select the best conventional adhesive based on a novel database. 9 

Mechanical analysis with two different degrees of complexity is considered. 10 

The elementary level only accounts for the influence of thickness on toughness while 11 

more advanced models introduce the dependence of shear strength on thickness as well 12 

as the stiffness mismatch with the adherends. The best adhesive choice strongly depends 13 

on the objectives, constraints and loading configuration. However, the ranking is not 14 

drastically affected by the adherends stiffness. Gaps found for stiff/strong and tough 15 

adhesives motivate the development of architected joints. Inserting stop holes improves 16 

damage tolerance and density but reduces the shear strength and stiffness, requiring an 17 

optimum design.   18 

 19 
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1. Introduction 1 

The manufacturing of complex structures such as windmills, planes, marine hulls and cars 2 

involves a vast number of joints, that are usually made by welding, mechanical fastening, 3 

and/or adhesive bonding. Adhesive bonding permits the assembly of both similar and 4 

dissimilar materials leading to mass savings and to homogeneous stress transfer across 5 

the joint [1]. However, the design of adhesive joints is a complicated task due to the large 6 

number of variables to be controlled[2–5] making complex the development of robust 7 

failure assessment frameworks as requested by qualifying agencies.  8 

The mechanical performances of adhesive joints depend upon the adhesive thickness 9 

t which influences the toughness, 𝐺𝐼𝑐, of the joint as well as the tensile strength, shear 10 

stiffness and shear strength. In general, the toughness increases with thickness until 11 

reaching a maximum at a thickness 𝑡∗ corresponding approximately to the plane stress 12 

plastic zone size of the bulk adhesive equal to 2𝐺𝐼𝑐𝐸𝑎/(𝜋𝜎0𝑎
2 ) where 𝐸𝑎 and 𝜎0𝑎 are the 13 

adhesive Young’s modulus and yield strength, respectively [6–8]. With increasing 14 

thickness, the degree of constraint in the bondline decreases, and the restriction on the 15 

development of the plastic zone is reduced. The degree of constraint is the highest for 16 

thin adhesive layers, leading to a high triaxial stress state ahead of the crack tip [9], which 17 

may lead to a change in failure mechanism [10, 11]. With increasing t, the plastic zone can 18 

expend into a larger volume and more energy can be dissipated by plastic deformation 19 

(Figure 1a). For large thicknesses, two different behaviors are reported. In some adhesive 20 

systems, once the maximum 𝐺𝐼𝑐 is reached at 𝑡 = 𝑡∗, the fracture toughness does not vary 21 

anymore with t, corresponding to adhesive A in Figure 1a [7, 12]. However, in other 22 

systems, after the optimum thickness has been attained, 𝐺𝐼𝑐 decreases (adhesive B) as a 23 

result of the reduction of the plastic dissipation originating from shear stresses near the 24 

interface, to reach a lower plateau [6–8]. Note finally that in adhesive joints, 𝐾𝐼𝑐 or 𝐺𝐼𝑐 are 25 
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usually not taken as the initiation fracture toughness, but as the steady state propagation 1 

value, knowing that the R-effect is usually weak or not observed at all [12–16]. 2 

Increasing the bondline thickness results in a reduction of the effective tensile and 3 

shear strength [17–21]. This is explained on the one hand by the fact that increasing t 4 

statistically leads to a larger number of larger microdefects (e.g. entrapped air) in the 5 

bondline [22] and, on the other hand, by the fact that when t increases, the stress state in 6 

the bondline varies and stresses tend to localize at the interface with the adherends near 7 

the joint edges (Figure 1b-c) [17, 19, 23] promoting adhesive instead of cohesive failure. This 8 

strength reduction is dependent upon the type of adhesive. Lap-shear tests have shown 9 

that this effect is less marked for ductile adhesives compared to brittle ones [21]. Finally, 10 

the stiffness also tends to decrease with increasing thickness [22]. Both stiffness and 11 

strength are influenced by the joint geometry and adherends material properties as these 12 

parameters influence the stress distribution in the bondline. The adhesive thickness must 13 

thus be considered when searching for the optimum design of reliable adhesive joints. 14 

The systematic materials selection approach in mechanical design pioneered by M.F. 15 

Ashby[24] starts by translating a given application/function into objectives and constraints. 16 

Next, “performance indices” are derived, also sometime called “figures of merit” or 17 

simply “material indices”. These indices are usually combinations of material properties, 18 

sometimes associated to geometry or loading parameters in more complex cases. This 19 

translation into objectives and constraints is followed by the elimination of the materials 20 

that do not meet the hard design requirements. This results into a list of potential materials 21 

among which the best choice is the one that maximizes the performance index or a 22 

weighted function of at least two indices. In the simple selection problems, the 23 

performance index is a group of material properties decoupled from the loading and 24 

geometry, making the final selection relatively straightforward and only based on 25 
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materials properties. However, when properties depend on a dimension, as addressed 1 

here, the problem gets more complex and often requires a more advanced modelling 2 

effort. 3 

The goal of the present study is to apply, for the first time, the materials selection 4 

approach to adhesive joints while systematically considering the impact of the adhesive 5 

layer thickness. Although bringing extra degrees of complexity in the analysis, this choice 6 

to include thickness effects will prove the existence of some non-obvious trade off and 7 

selection options depending on the constraints and objectives. Furthermore, we will not 8 

only address conventional joints, but also architected solutions, enlarging the window of 9 

options as also proposed by Ashby in the extension of the selection procedure to hybrids 10 

[24, 25]. During the past ten years, researchers indeed developed architected joints by 11 

inserting meshes [26, 27], stop holes [27, 28], metamaterials [29, 30] in the bondline or by 12 

patterning the adherend surface [31, 32] to improve the joint toughness, but generally 13 

without comparing the solution to classical adhesive joints or without addressing other 14 

constraints in parallel. 15 

The mechanical models used to describe representative joint loading configurations 16 

are introduced in section 2. Then, the selection method is detailed in section 3 and applied 17 

to several case studies, in section 4, for conventional joints, and, in section 5, for 18 

architected joints. The limitations of the analysis are discussed in section 6. In order to 19 

apply this methodology to real adhesive joints, a wide range of literature data has been 20 

collected. These data include the fracture toughness and variation with adhesive thickness 21 

as well as bulk adhesive Young’s modulus, Poisson ratio, tensile strength and, when 22 

available, density, type of adherends, bonding process, resistance to chemicals, humidity 23 

and maximum service temperature. The database is contained in .csv and .txt files which 24 
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are called by a MATLAB app performing the adhesive selection based on the loading 1 

conditions. This information is made open to the community (Supplementary Material). 2 

2. Mechanical models of adhesive joints 3 

This section presents the analytical or semi-analytical models that will be used to relate 4 

the critical load applied to a structural joint, schematized in a generic way in Figure 2, to 5 

the mechanical properties of the adhesive joint in terms of fracture toughness and 6 

strength, taking the thickness effects into account. Two different loading conditions will 7 

be addressed in order to cover a range of realistic configurations involved in adhesively 8 

bonded components: the butt joint configuration that involves loads predominantly 9 

normal to the plane of the joint and the shear lap configuration to treat conditions where 10 

the loading is a macroscopically applied shear. Depending on the degree of complexity 11 

and assumptions that are selected, the analysis can go quite far and is then often not 12 

amenable to analytical treatment. Among others, the stiffness of the adherends can affect 13 

the mechanics of the bondline [7, 33–35]. Now, the goal of the study is primarily to look at 14 

the optimum choice of adhesive including its thickness, and not at predicting the failure 15 

load exactly. The objective is thus to use models that produce the right dependencies on 16 

the parameters playing the primary role in setting the magnitude of the failure load (i.e. 17 

fracture toughness, strength, stiffness, thickness) so that the ranking of the adhesives will 18 

be correct. Two levels of modelling are addressed. A simplified level neglects the effect 19 

of the adherend stiffness as well as other advanced effects that influence the stress 20 

distribution in the bondline such as related for instance to the adherend thickness, the 21 

adherend rounding and/or tapering. This first level is interesting when comparing, for 22 

example, different solutions for architected adhesive joints as done in section 5.1. A more 23 

advanced level of modelling is then addressed to produce a more accurate description of 24 
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the mechanics of adhesive joints under dominantly tensile or shear loading conditions 1 

relying on the literature [23, 36–38], as presented in sections 2.1.2 and 2.2.2.  2 

2.1. Tensile butt joints 3 

Tensile butt joints are often used to determine the tensile strength of an adhesive joint. 4 

Two large blocks made of the adherend materials, with Young’s modulus 𝐸𝑠, are bonded 5 

with an adhesive layer of modulus 𝐸𝑎 and thickness t as shown in Figure 2 with 𝐿𝑠1 =6 

𝐿𝑠2 = 𝐿𝑎. The joint contains a crack of length 2a at its center, assuming that the only 7 

possible defects are voids developing during curing, treated as a crack, neglecting the fact 8 

that during in-service life, damage can also develop at the edges of the joint due to corner 9 

stress singularity. A damage tolerant approach is thus adopted to determine the joint 10 

tensile strength. The toughness 𝐺𝐼𝑐 is thickness dependent, hence 𝐺𝐼𝑐 = 𝐺𝐼𝑐(𝑡). The joint 11 

tensile strength is referred as the effective tensile strength 𝜎𝑓∗ to be contrasted with the 12 

adhesive strength 𝜎𝑎
𝑓
 which would correspond to a material without major defects nor 13 

macro stress concentration (as measured in a clean uniaxial tensile test on bulk samples 14 

for instance). Experimentally, increasing t first leads to an increase of 𝜎𝑓∗ [39, 40] which is 15 

followed by a decrease of 𝜎𝑓∗[17, 19, 39, 40] once t is larger than the optimum thickness. This 16 

decrease has two main origins. First, when increasing t, the stress state in the bondline 17 

and, more precisely, near “the corners” (where the interface meets the external surface), 18 

changes involving larger tensile stresses and sometimes a transition towards adhesive 19 

failure. Second, increasing t statistically leads to a larger defect density (e.g. entrapped 20 

air[22]). The adherends Young’s modulus can also have an influence on 𝜎𝑓∗ [36].  21 
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2.1.1. Simple model for pre-cracked butt joint 1 

The influence of the adherends is neglected. Depending on the crack length, the failure 2 

of the joint1, dictated by cracking of the adhesive, will be governed by either the bulk 3 

adhesive tensile strength 𝜎𝑎
𝑓
 or by the adhesive fracture toughness 𝐺𝐼𝑐(𝑡) or 𝐾𝐼𝑐(𝑡). 𝐾𝐼𝑐 4 

is related to the critical energy release rate 𝐺𝐼𝑐 by 𝐾𝐼𝑐 = √𝐺𝐼𝑐𝐸𝑎
∗   where 𝐸𝑎

∗ is equal to 𝐸𝑎 5 

under plane stress conditions and equal to 𝐸𝑎/(1 − 𝜈𝑎
2) under plane strain conditions, and 6 

𝜈𝑎 is the adhesive Poisson ratio.  If the crack is short with respect to the joint dimensions, 7 

the adhesive strength governs failure and the effective tensile strength is bound by 𝜎𝑎
𝑓
, 8 

hence: 9 

𝜎𝑓∗ = 𝜎𝑎
𝑓

. (1)  10 

For cracks longer than the critical crack length given by 𝑎𝑐(𝑡) = 𝐺𝐼𝑐(𝑡)𝐸𝑎
∗ 𝜋𝜎𝑎

𝑓
²⁄ , the 11 

resistance of the joint is set by the fracture toughness of the adhesive. To avoid failure, 12 

the remote stress intensity factor 𝐾∞ must be lower than 𝐾𝐼𝑐(t) of the adhesive leading to 13 

𝜎𝑓∗ =
𝐾𝐼𝑐(𝑡)

𝑌√𝜋𝑎
, (2) 14 

where Y is a geometric factor equal to 1 if 2𝑎 ≪ 𝐿 and W. Eq. (2) is equivalent to 15 

𝜎𝑓∗ =
1 

𝑌
√

𝐺𝐼𝑐(𝑡)𝐸𝑎

𝜋𝑎(1 − 𝜈𝑎
2)

. (3) 16 

The transition from one regime to the other takes place at the critical crack length 𝑎𝑐(𝑡). 17 

Depending on the magnitude of 2a, failure may be governed by the strength for some 18 

range of thickness and by the toughness for other thicknesses. 19 

                                                 

1 The term “failure” means that at least macroscopic damage is initiated in the adhesive. Under 

some conditions, unstable crack propagation can take place leading to complete adhesive 

fracture while in other cases, the crack may start propagating without complete failure.  
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2.1.2. More advanced model for pre-cracked butt joint 1 

The effect of adherend stiffness is now taken into account. Van Loock et al. [36] 2 

investigated the influence of crack length, fracture toughness and elastic modulus 3 

mismatch ratio on the adhesive tensile strength. A fracture process zone model was 4 

introduced through a traction separation law, characterized by a finite peak strength 𝜎𝑝𝑒𝑎𝑘 5 

set equal to 𝜎𝑎
𝑓

  2 (while the second characteristic parameter of the law is related to 𝐺𝐼𝑐 as 6 

the work of separation). The fracture process zone has a length 𝑙𝑠 which sets an important 7 

length scale in the analysis. In the limit of very high 𝜎𝑝𝑒𝑎𝑘, one falls back onto a single 8 

parameter (𝐺𝐼𝑐) problem for which the authors proposed a simplified analytical 9 

treatment3. Four regimes were evidenced by Van Loock et al. instead of two. The two 10 

first regimes (A and B in Figure 3) correspond to the short crack case for which the failure 11 

of the joint is only governed by the adhesive properties and for which 12 

𝑎 + 𝑙𝑠(𝑡) < 0.15𝑡, (4) 13 

with the fracture process zone length 𝑙𝑠 (for which thickness dependence is introduced 14 

here) given by  15 

𝑙𝑠(𝑡) =
𝐸𝑎

∗𝐺𝐼𝑐(𝑡)

𝜋𝜎𝑎
𝑓2 . (5) 16 

In regime A, joint failure is governed by the adhesive strength while in regime B, it is 17 

governed by the fracture toughness. Strength-controlled fracture takes place when  18 

𝑙𝑠 > 3.37𝑎, (6) 19 

and the effective tensile strength is obtained by solving 20 

                                                 

2 This is an assumption that considers 𝜎𝑎
𝑓
 as the “intrinsic” strength of a bulk adhesive material 

with no defect, and disregards the crack tip constraint effect (e.g. [79]).  
3 When only considering the crack length with respect to the adhesive thickness, Van Loock et al. 

suggests as simplified analytical treatment 𝜎𝑓∗ = √(𝐸𝑎
∗𝑡) (𝐸𝑠2𝜋𝑎)⁄  which is valid for large 

𝜎𝑝𝑒𝑎𝑘, falling back on one parameter despite of the fracture resistance. 
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2𝑙𝑠

𝑡
=

8

𝜋2

2𝑎

𝑡
ln [𝑠𝑒𝑐 (

𝜋𝜎𝑓∗

𝜎𝑎
𝑓

)] . (7) 1 

For the two other regimes (C and D in Figure 3), one considers cracks of intermediate 2 

length as well as long cracks. The influence of the substrates can no longer be neglected, 3 

with a potential shielding effect on the crack. If it is assumed that both the adherends and 4 

the adhesive have the same Poisson ratio, the strength of the joint is obtained by solving  5 

2𝑙𝑠

𝑡
=

8

𝜋2

𝐸𝑠
∗

𝐸𝑎
∗

2𝑎

𝑡
ln [𝑠𝑒𝑐 (

𝜋𝜎𝑓∗

𝜎𝑎
𝑓

)] +
1 − 𝜈̅2

𝜋
(

𝜎𝑓∗

𝜎𝑎
𝑓

)

2

(1 −
𝐸𝑠

∗

𝐸𝑎
∗
) (1 −

2𝑎

𝐿𝑎
)

−2

, (8) 6 

with 𝜈̅ = 𝜈/(1 − 𝜈) and La, the bonded length. The transition between the strength-7 

governed regime D and the toughness-governed regime C is given by 8 

2𝑙𝑠

𝑡
= 3.37

𝐸𝑎
∗

𝐸𝑠
∗

2𝑎

𝑡
+ 0.31(1 − 𝜈̅2) (1 −

𝐸𝑎
∗

𝐸𝑠
∗
) (1 −

2𝑎

𝐿𝑎
)

−2

 . (9) 9 

This analysis considers thus four non-dimensional parameters: 𝑎/𝑡, 𝑙𝑠/𝑡, 𝐸𝑎/𝐸𝑠 and 10 

𝑎/𝐿𝑎 as shown in Figure 3. First, the transition between the short crack regime and the 11 

intermediate and long crack regime given by Eq. (4) is independent of 𝐸𝑎/𝐸𝑠, as well as 12 

of 𝜎𝑓∗ (Eq. (7)). In the intermediate and long crack regimes, the transition from regime 13 

C to D and the magnitude of 𝜎𝑓∗ for given 𝑙𝑠 and a depend on 𝐸𝑎/𝐸𝑠. By decreasing 14 

𝐸𝑎/𝐸𝑠, the shielding effect of the stiff adherends is more pronounced, resulting in a larger 15 

𝜎𝑓∗ for given a, 𝑙𝑠 and t.  16 

The model derived by Van Loock et al.[36] does not consider the fact that, sometimes, 17 

when increasing the adhesive thickness, the joint tends to fail by adhesive failure or 18 

cohesive failure close to the interface, leading to a decrease of the effective tensile 19 

strength. This arises from the stress singularity at the interface corner. Reedy and Guess 20 

[23] derived a model based on an interface corner stress intensity factor to predict 𝜎𝑓∗, 21 

assuming that failure only takes place near the interface and that the joint is free from any 22 
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defect. In tensile butt joints, the interface corner stress singularity order is 𝜆 − 1. Hence, 1 

the stress components near the corner can be expressed as 𝜎𝑖𝑗 = 𝐾𝑓𝑟𝜆−1𝑓𝑖𝑗 with 𝐾𝑓 the 2 

interface corner stress intensity factor and r the distance from the corner. For a semi-3 

infinite layer of thickness t, the effective tensile strength is then given by 4 

𝜎𝑓∗ =
(1 − 𝜈)

𝜈

𝐾𝑓

𝐴𝑝(𝜈)
(

𝑡

2
)

𝜆−1

(10) 5 

where 𝐴𝑝(𝜈) and 𝜆 are derived in appendix A. A complete model must thus consider the 6 

presence of a crack, but also of the stress singularity at the interface corner. 7 

2.2. Lap shear joints 8 

The single lap-shear test is the most common test used by the industry to determine the 9 

joint shear strength. However, in single lap-shear, stresses do not uniformly develop in 10 

the bondline and the bending of the adherends lead to the development of peel stresses 11 

near the edges making the analysis difficult [34, 41]. Hence, it provides an “apparent” shear 12 

strength which is strongly dependent upon the adherend properties (Young’s modulus 13 

and yield strength), adherend thickness, overlap length, and distance between the loading 14 

point and the bonded part. The shear strength is also influenced by the adhesive thickness 15 

due to the change in stress state in the bondline and the increasing presence of defects as 16 

t increases. Here, a thick adherend shear test (TAST) configuration is considered to avoid 17 

extra complexity associated to regular single lap-shear test. In addition, we neglect here 18 

the mode II fracture mechanics problem associated to the centered crack in the adhesive 19 

layer used for the case of butt tensile joints is neglected. 20 

2.2.1. Simple mechanical description of shear lap configuration 21 

For the elementary analysis, the geometrical parameters and adherend properties are 22 

neglected. Hence, it is simply assumed that failure occurs when 23 
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𝜏𝑓∗ = 𝜏𝑎
𝑓

, (11) 1 

with 𝜏𝑎
𝑓
 being the “ideal” shear strength of the bulk adhesive as measured on as perfect 2 

as possible system. Eq. (11) has no influence of the thickness, leading to an 3 

overestimation of the effective shear strength. 4 

2.2.2. Advanced model for shear lap configuration 5 

For this second level of analysis, the effect of the adherend properties and of the thickness 6 

are now taken into account. Models outside fracture mechanics formalism have been 7 

derived in order to predict the lap-shear strength. However, these models fail to correctly 8 

capture the evolution of 𝜏𝑓∗ with t, predicting an increase instead of a decrease as t is 9 

reduced [42]. Models based on finite fracture mechanics are more successful but require 10 

numerical simulations which would make the selection analysis cumbersome [43]. Some 11 

authors suggested to use a Generalized Stress Intensity Factor (GSIF) approach[37, 44–47] 12 

to predict the joint shear strength when adhesive failure occurs or cohesive failure takes 13 

place close to the interface. If we consider of lap-shear or TAST configuration, the 14 

presence of corners, see Figure 2 when 𝐿𝑠1, 𝐿𝑠2 > 𝐿𝑎, at the joint edge induces a singular 15 

stress field. The order of the singularity is denoted as 𝜆-1 and the magnitude of the stress 16 

field is scaled by the parameter H. Stresses at a distance x from the corner and in the 17 

direction given by the angle 𝜃 are then expressed as 𝜎𝑖𝑗(𝑥, 𝜃) = 𝐻𝑥𝜆−1𝑓𝑖𝑗(𝜆, 𝜃). It was 18 

postulated that the joint failure occurred when H is equal to a critical value 𝐻𝑐. However, 19 

several studies have shown that 𝐻𝑐 is both dependent on material properties and on the 20 

joint geometry. Regarding the joint geometry, increasing both the adhesive and the 21 

adherend thickness results in a decrease of 𝐻𝑐 while increasing the overlap length and the 22 

free length (unbonded length between the loading point and the overlap) increases 𝐻𝑐
[47]. 23 

In addition, a higher joint shear strength is not correlated with a higher 𝐻𝑐. An expression 24 
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for H has been given by Askarinejad et al. [37]: 𝐻 = 𝜏∞𝑡1−𝜆𝑏(𝛼, 𝛽) which depends both 1 

on material properties (𝜆, 𝛼, 𝛽) and on the joint geometry (t and b). More details on the 2 

determination of 𝜆 for the TAST configuration is given in Appendix B. Based on this 3 

GSIF approach, we heuristically assume that the effective shear strength is given by  4 

𝜏𝑓∗(𝑡) = {
𝜏𝑎

𝑓
        𝑓𝑜𝑟 𝑡 ≤ 0.1 mm

𝐴𝑡𝜆−1 𝑓𝑜𝑟 𝑡 > 0.1 mm
 , (12) 5 

with A such that 𝜏𝑓∗(𝑡 = 0.1 𝑚𝑚) = 𝜏𝑎
𝑓
. The adhesive selection can be affected by this 6 

arbitrary choice, but its only purpose is to provide examples in section 4.1.2 when 7 

addressing the influence of t and 𝐸𝑠 on 𝜏𝑓∗. Note that the power law variation will involve 8 

an exponent -0.35 (assuming λ = 0.65) for a corner not so far from the exponent -0.5 for 9 

a sharp crack under mode II. It is important to note that there exists an optimum thickness 10 

maximizing the joint shear strength, although it is not often reported in the literature[48]. 11 

Below this thickness, the shear strength tends to increase as t increases while any increase 12 

in thickness leads to a decrease in 𝜏𝑓∗ at larger thicknesses as considered by Equation 13 

(12). This optimum thickness for instance depends on surface roughness. As this optimum 14 

thickness is dependent on several parameters and is often not reported, it has been decided 15 

to keep it as equal to 0.1 mm for all adhesives and the dependence of 𝜏𝑓∗ below the 16 

optimum thickness is neglected by assuming a constant shear strength.  This equation 17 

thus not necessarily predict the joint shear strength with high accuracy, but is sufficient 18 

to correctly rank the adhesives of the database by considering a decreasing strength as 19 

thickness increases and the elastic mismatch between the adhesive and adherends. 20 

 It is important to note that the GSIF approach has been developed for brittle 21 

adhesives and has been extrapolated to ductile adhesives in the present analysis. Using a 22 

brittle adhesive model for ductile adhesives can lead to an underestimate of the joint shear 23 

strength as ductile adhesives tend to be tougher and that an increase in toughness often 24 
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results into an increase in joint shear strength[35]. Note also that we are not treating in this 1 

study the case of a lap-shear configuration with a pre-crack undergoing a complex mixed 2 

mode loading. We will discuss this limitation at the end of the paper. 3 

2.3.Summary of the models 4 

The different key equations of the models presented before that will be used next to 5 

describe the representative loading configurations are summarized in Table 1. 6 

3. Adhesive selection methodology 7 

The geometry shown in Figure 2 is considered. A shear force 𝐹𝜏 is applied parallel to the 8 

bondline and results in a transverse displacement 𝑢𝜏 while a normal force 𝐹𝜎 acts 9 

perpendicular to the bondline in which a crack of length 2a is present. The joint width is 10 

W, the adhesive length 𝐿𝑎 while the top adherend length is 𝐿𝑠1 and the bottom adherend 11 

length 𝐿𝑠2 with 𝐿𝑠1, 𝐿𝑠2 ≥ 𝐿𝑎 to generate both 180° and 90° corners. It refers thus to a 12 

situation combining a tensile load similar to that applied on tensile butt joints and a shear 13 

load corresponding to a TAST shear lap joint. As mentioned in sections 2.1.2 and 2.2.2, 14 

the corners lead to stress singularity (its order depends on 𝐸𝑎, 𝐸𝑠 and corner angle) in the 15 

adhesive layer that can cause joint fracture. The impact of geometrical parameters such 16 

as the adherend’s thickness and overlap length in lap-shear joints are thus omitted in order 17 

to limit complexity and focus on adhesive performances. For several applications, the 18 

adhesive thickness must remain within certain bounds set by a minimum thickness 𝑡𝑚𝑖𝑛 >19 

0 µm and a maximum thickness 𝑡𝑚𝑎𝑥. This range must be considered during the selection 20 

procedure. It can either result from manufacturing constraints such as in windmills blades 21 

for tolerance or geometry reasons or by compactness requirements such as in laptops or 22 

appliances. Hence 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 enter as two extra parameters involved in the selection 23 



15 

 

process. The Ashby selection approach starts with the statement of the objectives and 1 

constraints (step 1 in Figure 5). 2 

3.1.Objectives 3 

The objective(s) depend on the application and on the function of the joint in the 4 

application. Several objectives are contemplated to cover a variety of options. The two 5 

first objectives are classical for applications driven by a combination of economic and 6 

environmental concerns: (1) minimization of mass and/or (2) minimization of cost. The 7 

third objective (3) is the maximization of the fracture toughness. Recently, this objective 8 

motivated the design of tough joints through bondline architecturing, interface patterning 9 

and more generally through triggering additional toughening mechanisms[27, 49]. Directly 10 

linked to this objective, the fourth one (4) is the maximization of the tensile force that can 11 

be applied to the joint. Finally, in some applications focused on small dimensions, 12 

thickness minimization can also be an objective (5). The reasons that can push to one or 13 

a combination of these are addressed in what follows. 14 

3.1.1. Mass minimization 15 

For some applications, lightweight is required like in aeronautics or automotive to 16 

decrease fuel consumptions. However, adhesives must be tough, strong and stiff enough 17 

to comply with the structural constraints. As 𝐺𝐼𝑐 increases with t, a trade-off must be 18 

found between a thicker adhesive and cost of a mass increase. For instance, the Aston 19 

Martin DBX contains 23 kg of adhesives [50]. If, for the sake of increasing toughness, the 20 

thickness is increased by 50%, the extra mass would be ~12 kg and the extra cost, 21 

assuming 100 euros/kg, would be > 1000 euros without taking into account additional 22 

fuel consumption costs. Another field where adhesive thickness is adding significant 23 

mass to the structure is in windmills blade. Adhesive thicknesses up to 30 mm are reported 24 
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[51]. Mass minimization can thus, in some cases, be a relevant objective (sometimes with 1 

a second objective). The mass of the structure is given by 2 

𝑚 ≡ 𝜌𝑎𝐿𝑎𝑊𝑡 +  𝜌𝑠𝑊ℎ𝑠(𝐿𝑠1 + 𝐿𝑠2) , (13) 3 

where 𝜌𝑎 and 𝜌𝑠 are the adhesive and adherend’s density, respectively. We assume that 4 

the nature and geometry of the adherends have been selected based on constraints put on 5 

the overall structure independent of the adhesive choice. Hence, one is left with 6 

minimization of the adhesive mass: 7 

𝑚 ≡ 𝑚𝑎 = 𝜌𝑎𝐿𝑎𝑊𝑡 . (14) 8 

3.1.2. Costs minimization 9 

Cost comprises the cost per unit mass of the adhesive, but also the manufacturing cost: 10 

𝐶 ≡ 𝐶𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 + 𝐶𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 = 𝐶𝑎𝜌𝑎𝐿𝑎𝑊𝑡 + (𝐶𝑚𝑡𝐿𝑎𝑊 + 𝐶𝑓𝑖𝑥𝑒𝑑), (15) 11 

where 𝐶𝑎 is the cost of adhesive per kg and the manufacturing cost involves both fixed 12 

costs 𝐶𝑓𝑖𝑥𝑒𝑑 (molds, fixtures …) and variable costs which are related to the curing of the 13 

adhesive, 𝐶𝑚. When the costs are known, the analysis made for the mass can directly be 14 

used. 15 

3.1.3. Maximization of fracture toughness of the joint 16 

Knowing that a remnant bottleneck to the widespread use of structural adhesives is the 17 

real, or perceived, limited fracture toughness, one can consider as an objective per se. 18 

Recently, several research groups worked on adhesive toughening by triggering several 19 

dissipation or shielding mechanisms by playing with the joint architecture (see review in 20 

Chapter 33 of [49]). For example, Maloney and Fleck [27], Heide-Jorgensen and Budzik [28, 21 

52] inserted holes in the bondline to blunt the crack tip to increase 𝐺𝐼𝑐. Others suggested 22 

to pattern the interface to induce mechanical interlocking and/or mode II components, at 23 

the microscale [53, 54] or at the macroscale [55–57]. Another toughening mechanism is crack 24 
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bridging which can be triggered by playing on surface treatments [31] or by inserting 1 

meshes in the adhesive [55, 58]. The insertion of metamaterials within the bondline has been 2 

suggested [29, 30]. For this objective (3), the selection statement is “the best adhesive is the 3 

toughest one that meets all constraints for the considered range of adhesive thicknesses”.  4 

3.1.4. Maximization of applied tensile force 5 

An alternative to the maximization of 𝐺𝐼𝑐 is the maximization of the remote tensile stress 6 

applied on the joint 𝜎∞. Compared to the previous objective, it considers or not the 7 

presence of cracks in the adhesive and the influence of the adherends on the selection. In 8 

this case, the selected adhesive is the one with the largest effective tensile strength 𝜎𝑓∗ 9 

for a given crack length and range of adhesive thickness that meets the constraints. 10 

3.1.5. Minimization of adhesive thickness 11 

Several applications are constrained by compactness (in appliances, laptop, etc). In this 12 

case, the selected adhesive will be the one meeting all the constraints for the lowest 13 

possible thickness. 14 

3.2. Constraints 15 

Three constraints are envisioned: 16 

a. The joint must support a prescribed tensile force without failure. 17 

b. The joint must support a prescribed shear force without failure. 18 

c. The joint must exhibit a prescribed level of shear stiffness (this is equivalent to 19 

stating that the shear displacement under the prescribed shear force cannot be 20 

larger than a threshold value, e.g. for dimensional tolerance).  21 

These constraints can be combined or not. In real applications other constraints must of 22 

course be imposed in terms of resistance to fluids, thermal degradation, or fatigue which 23 
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will be addressed in future extensions of the present study. The three constraints are now 1 

connected to the mechanical models presented in section 2. Finally, one can see the crack 2 

length a also as a geometric constraint.  3 

3.2.1. Tensile loading constraint 4 

The first constraint is to resist the tensile force 𝐹𝜎, resulting in a remote applied tensile 5 

stress 𝜎∞ = 𝐹𝜎/𝐿𝑎𝑊. Depending on the level of analysis, either Equations 1 to 3 or 6 

Equations 4 to 9 are considered. Hence, failure is assumed to occur by a cohesive 7 

mechanism only (e.g. fracture inside the adhesive) as it originates from the centered crack 8 

lying in the middle of the adhesive layer. The joints are assumed free from any other 9 

defect than the pre-existing crack of length 2a. Stress singularity at the joint edge due to 10 

material mismatch, as considered by Eq. 10, is thus neglected in what follows. Generally 11 

speaking, 𝜎∞ must remain lower or equal to the effective tensile strength of the joint as 12 

stated by 13 

𝜎∞ ≤ 𝜎𝑓∗. (16) 14 

Depending on the model, the analysis changes as explained in section 2.1. In the 15 

elementary approach, 𝜎𝑓∗ is given by Eq. 1 or 3 depending on the crack length. In the 16 

more advanced description, the interactions between the adherends and adhesive are 17 

considered. In this last case, if the fracture toughness and the crack length are such that 18 

Eq. 4 is satisfied, 𝜎𝑓∗ is equal to 𝜎𝑎
𝑓
 if Eq. 6 is satisfied and if not, it is given by solving 19 

Eq. 7. If Eq. 4 is not satisfied, Eq. 8 is used to determine 𝜎𝑓∗. 20 

3.2.2. Shear loading related constraints 21 

The second constraint is related to the shear load, 𝐹𝜏, resulting in a mean shear stress 22 

𝜏∞ = 𝐹𝜏/𝐿𝑊 in the bondline and in an overall longitudinal displacement 𝑢𝜏. This 23 
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displacement cannot exceed a maximum value 𝑢𝜏
𝑚𝑎𝑥, set by the minimum shear stiffness 1 

admissible for the component. Under a pure shear load, the shear stiffness is governed by 2 

the adhesive. The shear stiffness is expressed by 3 

𝜏∞

𝑢𝜏
𝑚𝑎𝑥

<
µ𝑎

𝑡
, (17) 4 

where µ𝑎 is the adhesive shear modulus. This assumption gives an upper limit for the 5 

joint shear stiffness which corresponds to cases for which the adherends are stiff and/or 6 

thick [59, 60]. In addition, 𝐹𝜏 must not induce any shear failure so that the shear strength 𝜏𝑓, 7 

of the joint which is dependent upon t, cannot be exceeded: 8 

𝜏𝑓 ≤ 𝜏𝑓∗. (18) 9 

With the elementary model, the change in stress state in the bondline as t increases is not 10 

considered and it is assumed that 𝜏𝑓∗ is constant and equal to the bulk adhesive shear 11 

strength approximated by 12 

𝜏𝑓∗ =
𝜎𝑎

𝑓

√3
 . (19) 13 

In the advanced description, the influence of the thickness and the adherends’ elastic 14 

properties is considered through Eq. 12. 15 

3.3. Selection scenarios 16 

Depending on the considered set of objective(s) and constraints (as emerging from 17 

different types of structural applications), several selection scenarios are possible. One 18 

can contemplate a single objective and a single constraint resulting in a method similar to 19 

the most basic approach, see also [24]. However, it is also possible to consider several 20 

objectives with one or more constraints. Here, for the sake of illustrating the approach 21 

and revealing several interesting non-trivial, trade-off problems with only one objective 22 

but with several constraints will be addressed:  23 
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• Scenario 1: Mass minimization with constraint on tensile force, shear force and shear 1 

stiffness; 2 

• Scenario 2: Cost minimization with constraints on tensile force, shear force and shear 3 

stiffness; 4 

• Scenario 3: Fracture toughness maximization with constraints on shear force and shear 5 

stiffness; 6 

• Scenario 4: Tensile stress maximization with constraints on shear force and stiffness; 7 

• Scenario 5: Thickness minimizations with constraints on tensile and shear forces and 8 

shear stiffness. 9 

This leads to different objective functions and, depending on the scenario, the 10 

objective function is combined or not with the constraints. If not, the constraints will 11 

correspond to a limit which will be translated into a possible range of thickness that can 12 

be selected. The analysis can be directly extended to several objectives[24] requiring then 13 

the introduction of weights to balance the impact of each objective on the optimization 14 

function.  15 

The logic of the selection is schematically explained in Figure 4. The considered 16 

constraints will lead, for each adhesive, to a range of thickness inside which the adhesive 17 

can be selected as 𝐺𝐼𝑐, 𝜏𝑓∗ and the shear stiffness all depend upon t. As 𝐺𝐼𝑐 increases with 18 

t, the constraint will lead to a minimum thickness that can be selected (Figure 4a’) to 19 

avoid failure. If the dependence of 𝐺𝐼𝑐 is similar to that of adhesive B in Figure 2, it can 20 

also lead to a maximum thickness (Figure 4a’’). At the opposite, as the effective shear 21 

strength and stiffness decrease with t, these two constraints result in setting a maximum 22 

thickness that can be selected (Figure 4b and c). The combination of the three constraints 23 

sets an acceptable thickness range inside which one can select the best thickness with 24 

respect to the objective function (Figure 4e) and this for each adhesive; and of course, if 25 
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the constraints are too severe, some adhesives will end up never meeting these whatever 1 

the thickness. The best adhesive (chosen at its optimum thickness) is the one that 2 

maximizes or minimizes the objective. 3 

If the constraints do not enter the objective function as for scenarios 3 to 5, the 4 

selection will be made based on the constrained thickness range, as long as it is comprised 5 

in the range between 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥. Maximizing the fracture toughness is thus similar to 6 

selecting the adhesive characterized by the largest fracture toughness in the acceptable 7 

regime of thicknesses. When the tensile force is maximized, failure is governed either by 8 

the strength or by the fracture toughness, the selection is now dependent on the crack 9 

length. In this case, for a given crack length, the adhesive characterized by the largest 10 

effective tensile strength is considered. Finally, if the thickness must be minimized, the 11 

adhesive which can be selected with the lowest possible thickness is chosen. In this case, 12 

it is possible to have several adhesives that can be selected and that meet the mechanical 13 

requirements. 14 

For scenario 1 and 2, depending on the constraints, a range of thickness will be 15 

determined for each adhesive, but the objective function is also dependent upon the 16 

constraints. Hence, the objective functions must be derived, requiring to isolate 𝐿𝑎𝑊 in 17 

the constraint equations to be replaced then into Eq. (14) when minimizing mass and into 18 

Eq. (15) when minimizing cost. Only the objective function for the scenario 1 will be 19 

derived. Indeed, adhesive suppliers do not always make their price publicly available and 20 

the manufacturing cost is often unknown. Hence, it is difficult to give practical examples 21 

for this scenario. Nevertheless, the methodology is exactly similar to that of mass 22 

minimization. Regarding the derivation of the objective functions, one objective function 23 

is derived for each constraint. Regarding the tensile force constraint, the objective 24 

function, 𝑚𝑇𝐶, is given by 25 
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𝑚𝑇𝐶 =
𝜌𝑎𝑡

𝜎𝑓∗
 . (20) 1 

The shear stiffness constraint leads to Eq. (21) (objective function denoted as 𝑚𝑠𝑐1) while 2 

the objective function corresponding to the shear force constraint, denoted as 𝑚𝑠𝑐2, is 3 

given by Eq. (22). 4 

𝑚𝑆𝐶1 =
𝜌𝑎𝑡2𝐹𝜏

µ𝑎𝑢𝜏
𝑚𝑎𝑥

 , (21) 5 

𝑚𝑆𝐶2 =
𝜌𝑎𝑡𝐹𝜏

𝜏𝑓(𝑡)
 . (22) 6 

For each adhesive that meets the constraints, 𝑚𝑇𝐶, 𝑚𝑆𝐶1 and 𝑚𝑆𝐶2 are computed. If at 7 

least two adhesives minimize the total mass, the adhesive characterized by the lowest 8 

maximum between 𝑚𝑇𝐶, 𝑚𝑆𝐶1 and 𝑚𝑆𝐶2 is selected. 9 

It is also important to note that when tensile and shear stresses are jointly applied to 10 

the joint, a combined failure criterion should ideally be used. Several failure criteria have 11 

already been developed such as a maximum stress or strain over a certain distance, an 12 

energy criterion, a global yielding criterion or a criterion based on failure envelopes [61–13 

63]. Here, it has been decided to not apply here a combined failure criterion in order to not 14 

further complexify the model and because of the absence of relevant data on most of the 15 

considered adhesive systems. Hence, limits for tensile and peel stresses are evaluated 16 

separately. Except in the case of pure shear or tensile loading, this assumption leads to an 17 

overestimation of the maximum tensile and shear stresses that can be applied to the joint. 18 

The implementation of an interactive failure criterion is left for further deployment of the 19 

methodology, although one does not expect significant changes in the final rankings. 20 

The assumptions mentioned previously regarding the geometry and the parameters 21 

having an influence on the joint shear and tensile strengths and on the shear stiffness are 22 

summarized here-below: 23 
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- Only two macroscopic loads are considered: tensile and shear loads; macroscopic 1 

peel is neglected. 2 

- Assumptions regarding the tensile loading condition: 3 

o A through-thickness, centered crack of length 2a is assumed in the 4 

adhesive layer. 5 

o Failure is assumed to be cohesive only as it originates from the centered 6 

crack and not from a stress singularity caused by material mismatch and 7 

due to the presence of a corner at the joint edges (Equation 10 is not 8 

considered). 9 

o With the simple model, the influence of the adherends Young’s modulus 10 

and of the crack length with respect to the adhesive thickness is neglected. 11 

- Assumptions regarding the shear loading condition: 12 

o The presence of the centered crack is neglected due to the lack of data for 13 

mode II fracture toughness variations with thickness. 14 

o With the simple model, the joint shear strength is equal to the adhesive 15 

shear strength. 16 

o Advanced model: failure originates from the stress singularity due to the 17 

presence of the corner at the overlap edges. Failure is thus assumed to be 18 

cohesive near the interface. 19 

o Advanced model: the model has been developed for brittle adhesives, but 20 

it is also applied to ductile adhesives in the following examples. 21 

o Shear stiffness: the influence of the adherends Young’s modulus and 22 

thickness is neglected while the thinner and the more flexible the 23 

adherends, the lower the shear stiffness [59, 60]. 24 
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- Assumption regarding the combination of the shear and tensile loads: no 1 

interactive failure criterion is used and the limits for both loading conditions are 2 

assessed separately. 3 

3.4. Database 4 

Literature data regarding the influence of the thickness on adhesive joint properties have 5 

been collected from different sources, as reported in Table 2. However, when data were 6 

found for the fracture toughness, most often no data were given for the evolution of the 7 

shear strength with thickness. The opposite is also true. Consequently, literature data do 8 

not allow estimating the influence of thickness on fracture toughness and shear strength 9 

simultaneously. For the fracture toughness data, tests are usually performed only for a 10 

few adhesive thicknesses. Hence, for each adhesive, the data have been extrapolated to 11 

consider a broader range of thickness and extend the window of investigation (see Figure 12 

5 step 3). Experimental data are fitted using piecewise cubic hermite interpolating 13 

polynomial (PCHIP). For thickness larger than the maximum available one, 𝐺𝐼𝑐 is 14 

considered to be constant, equal to the last experimental data point. For thicknesses 15 

smaller than the available range, the two first data are considered and linearly 16 

extrapolated. This is done for each adhesive independently of the others. Finally, the 17 

tensile strength and the shear modulus are set to the bulk adhesive values. There is thus 18 

much room left for extending and refining the database in the future. 19 

In addition to these constraints linked to the mechanical loading, constraints regarding 20 

the process conditions, the adherend materials (metal or polymer-based) and the operating 21 

environment can be introduced. Similar to the software EduPack [64], the constraints can 22 

be applied through checkboxes in the developed app.  23 
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Finally, the fact that thickness influences the adhesive properties does not lead to 1 

readable charts similar to those one found in Ashby’s book [24]. Hence, in the present case, 2 

the selection graph (in the app) shows the effective tensile strength of the joint as a 3 

function of the thickness with the allowed thickness range corresponding to the green part 4 

of the graph in Figure 4d. 5 

The selection procedure can be divided into 4 steps, schematized in Figure 5. The first 6 

step is the definition of the objective(s) and of the constraint(s) (see sections 3.1 and 3.2), 7 

then performance indices and objective functions are derived (see section 3.3). Then, the 8 

adhesive database is screened involving the extrapolation of the experimental data to 9 

determine for which range of thickness each adhesive meets the requirements (see section 10 

3.4). Finally, based on the objective and on the derived indices, the adhesives are ranked 11 

to select the best one and its corresponding thickness. 12 

4. Case studies for classical adhesive joints 13 

Several scenarios are investigated and applied to mostly commercial adhesives for which 14 

reliable data regarding the evolution of the fracture toughness with t can be found in the 15 

literature, see section 3.4 and Table 2. For the sake of illustration, we describe in details 16 

the first scenario to minimize mass, and give in Appendix C and D examples for the 17 

maximization of 𝐾𝐼𝑐 and 𝜎∞.The first scenario is to minimize mass. But, first, Figure 6 18 

shows the Ashby maps giving 𝐾𝐼𝑐(𝑡 ≥ 0.2 𝑚𝑚) versus (a) the adhesive tensile strength 19 

and (b) the Young’s modulus for all the adhesives of the database. As a general trend, 20 

increasing the 𝐾𝐼𝑐 is associated to a decrease of the adhesive Young’s modulus while no 21 

obvious trend is observed regarding the tensile strength. 22 
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4.1.Mass minimization: elementary model 1 

When minimizing mass, three constraints are considered: to support the applied shear and 2 

tensile forces and to meet a prescribed shear stiffness. This leads to a selection involving 3 

6 parameters: 2a, 𝜎∞, 𝜏∞, 𝑢𝜏
𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥. First, the constraints on the tensile and 4 

shear loading are considered separately before analyzing their combined effect using here 5 

the elementary model. For all analyses, 𝑡𝑚𝑖𝑛 is set to 200 µm simply because 𝐺𝐼𝑐 data are 6 

not available for all adhesives4 below this thickness. 7 

4.1.1. Impact of the applied tensile load on the selection 8 

Figure 7 addresses the influence of the remote tensile stress 𝜎∞, as well as the effect of 9 

crack length 2a without any applied shear load 𝜏∞( =0). For each crack length, the remote 10 

tensile stress is varied, so that for each combination of 𝜎∞ and 2a, the lightest joint 11 

meeting the requirements is selected. In some cases, several adhesives meet the 12 

constraints and lead to joints of similar mass. In this case, the one with the lowest 𝑚𝑇𝐶 13 

(Eq. 20) is selected, corresponding to the largest 𝜎𝑓∗. In addition, the failure regime 14 

(strength or toughness-dominated) is highlighted for each selected adhesive in Figure 7.  15 

Depending on the magnitude of 2a, 𝜎𝑓∗ varies with the adhesive strength or with the 16 

fracture toughness. Zones corresponding to strength and toughness-governed regimes 17 

alternate in Figure 7 and the transition from one adhesive to the other occurs at a crack 18 

length such that 2𝑎 = 2𝑎𝑐. For very short cracks, the failure of all adhesives is governed 19 

by strength, leading to the selection of the strongest adhesive, i.e. BP907. With increasing 20 

                                                 

4 This limit is set to ensure that the influence of t on 𝐺𝐼𝑐 corresponds to the two types of influences 

shown in Figure 1 to not consider the fact that at very small thickness, a slight increase of 𝐺𝐼𝑐 

when decreasing t has been sometime reported due to the change of failure mechanism from 

propagation at the center of the bondline to propagation near the interface and failure by shear 

yielding [10, 80, 81]. 



27 

 

crack length, failure of BP907 starts to be dominated by fracture toughness although it 1 

remains the strongest adhesive for 𝑡 = 𝑡𝑚𝑖𝑛 as shown in Figure 7c. Further increasing 2a 2 

leads to the selection of ESP110 which appears to be the strongest one at 2𝑎 = 1 mm for 3 

𝑡 = 𝑡𝑚𝑖𝑛 (Figure 7d). As the crack length is progressively increased, it exceeds 2𝑎𝑐 for 4 

all adhesives. Hence, for large crack lengths, failure is dominated by fracture toughness 5 

only and the selected adhesive is the one characterized by the largest 𝐾𝐼𝑐 for 𝑡 = 𝑡𝑚𝑖𝑛 6 

which is the adhesive F185. This first analysis already shows that the selection of the best 7 

adhesive significantly varies with the assumed/known crack size. 8 

The magnitude of the applied tensile load plays a minor role in the selection compared 9 

to the crack length. For a given crack length, one indeed rarely sees in Figure 7 that the 10 

choice of the adhesive changes when changing the applied stress except for some small 11 

ranges of crack lengths (gray zones). These correspond only to conditions for which the 12 

adhesive minimizing the mass meets the requirements for a thickness larger than 𝑡𝑚𝑖𝑛. 13 

This is highlighted in Figure 7e where the maximum 𝜎𝑓∗ for 𝑡 = 𝑡𝑚𝑖𝑛 is equal to 25 MPa. 14 

However, some adhesives can carry larger stresses at larger t. For instance, if 𝜎∞ is equal 15 

to 30 MPa (gray dashed line), the lightest joint meeting the requirements is with Betamate 16 

1493 at t= 0.4 mm. This means that the selected adhesive is the one able to carry 𝜎∞ for 17 

the lowest possible thickness in order to generate the lightest joint. 18 

4.1.2. Impact of the applied shear load on the selection 19 

The influence of the applied shear stress 𝜏∞  and of the shear stiffness 𝜏∞/𝑢𝜏
𝑚𝑎𝑥  is shown 20 

in Figure 8 when imposing minimum adhesive thickness and applied tensile stress to 0.2 21 

mm and 0 MPa, respectively. The shear strength dominates for low imposed stiffness and 22 

high applied shear load resulting in the selection of BP907, the strongest adhesive. 23 

Stiffness dominates the selection when high shear stiffness is required leading to the 24 
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selection of Betamate 73455, the stiffest adhesive. For intermediate cases, the adhesive 1 

offering the best combination of strength and stiffness is selected which is here ESP110.  2 

4.1.3. Combined applied tensile and shear loads  3 

The simultaneous influence of the four parameters - 2a, 𝜎∞, 𝜏∞, 𝑢𝜏
𝑚𝑎𝑥 - is investigated 4 

based on the selection charts in Figure 9 which depend on 2a and 𝜏∞. In Figure 9a, the 5 

shear stiffness and the remote tensile stress are set equal to 1000 MPa/mm and 5 MPa, 6 

respectively. The selection depends significantly on 2a and 𝜏∞. For small crack lengths, 7 

the selection is dominated by stiffness for low values of 𝜏∞ while the shear stress 8 

constraint dominates for large 𝜏∞. For large crack lengths, whatever the magnitude of 9 

𝜏∞, the tensile constraint dominates, pointing towards the selection of the toughest 10 

adhesive. In between, there exists a zone where the shear stress and tensile constraints 11 

compete. For a given shear stress, increasing the crack length leads to a dominant tensile 12 

constraint instead of a dominant shear stress constraint. For a given 2a, the shear stress 13 

constraint tends to dominate if 𝜏∞ is increased. 14 

The influence of 𝜎∞ is investigated by comparing Figures 9a and 9b for 𝜎∞ equal to 15 

5 and 20 MPa. The maximum allowed crack length decreases as 𝜎∞ increases. In 16 

addition, the zones over which the strongest adhesive is selected is reduced, highlighting 17 

the fact that, in this case, tensile load dominates over the shear load. 18 

The influence of the shear stiffness is investigated in Figure 9a (1000 MPa/mm), 9c 19 

(100 MPa/mm) and 9d (10000 MPa/mm). For a low stiffness (9c), the selection is 20 

dominated by the shear and tensile constraints only. At large stiffness (9d), stiffness 21 

dominates the selection. As a stiffer adhesive tends to be more brittle, long cracks and 22 

high tensile stresses are not allowed for these joints indicating a gap in the available 23 



29 

 

performances of current adhesives (more details in section 4.4). At intermediate stiffness 1 

(9a), the three constraints compete. 2 

4.1.4. Influence of 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 3 

As the fracture toughness varies with the adhesive thickness, the choice of 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 4 

affects the selection of the best adhesive. Considering a tensile load only (Figure 10a), if 5 

𝑡𝑚𝑖𝑛 is set to 5 mm (a quite large value as used sometimes for geometrical tolerance 6 

reasons in ship building or windmills – although much thicker joints exist up to 30 mm 7 

or higher [51]) for instance, at large crack length, SikaPower 498 is selected while when 8 

set to 200 µm, F185 is preferred. This arises because the 𝐺𝐼𝑐, and consequently 𝜎𝑓∗, of 9 

the SikaPower 498 is larger than that of F185 if  𝑡𝑚𝑖𝑛 > 0.6 mm (Figure 7e,). If now 𝑡𝑚𝑎𝑥 10 

is varied and is lower than 𝑡∗, for a given crack length, the maximum tensile stress that 11 

can be applied, considering all adhesives of the database, is reduced, limiting the domain 12 

in which an adhesive can meet the constraint. Regarding, the shear stress and stiffness 13 

constraints only, decreasing 𝑡𝑚𝑖𝑛 increases the maximum shear stress that can be reached 14 

while increasing it has the opposite effect. Hence, if 𝑡𝑚𝑖𝑛 is increased, the softest 15 

adhesives will tend to no longer be selected, as shown in Figure 10b-d. When, the three 16 

constraints are combined, increasing 𝑡𝑚𝑖𝑛 leads to a selection that is more and more 17 

dominated by the shear stiffness constraint, leading to the selection of more brittle 18 

adhesives. These effects arise from the dependence of 𝐺𝐼𝑐 on t and due to the fact that 19 

tough adhesives tend to be flexible while stiff adhesives tend to be more brittle as shown 20 

in Figure 6. 21 
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4.2. Mass minimization: effect of adherend-adhesive stiffness mismatch 1 

4.2.1. Tensile load 2 

The results of Figure 11 are obtained taking into account the adherend-adhesive 3 

interaction based on the more advanced analysis of Van Loock et al. [36] and Askarinejad 4 

et al. [37]. A first key difference that emerges when compared to Figure 7 produced with 5 

the elementary level, is that adhesives can now be selected (and thus meet the imposed 6 

constraint) for larger crack lengths. Indeed, if 𝐸𝑠 = 200 GPa, BP907 is selected up to a 7 

crack length of 70 mm instead of 0.5 mm. When the adherends Young’s modulus is lower, 8 

the crack length for which one adhesive can be selected decreases as the shielding effect 9 

is reduced. Indeed, for 𝐸𝑠 equal to 200, 100 and 10 GPa, the maximum 2a for which 10 

BP907 can be selected is equal to 70, 20 and 2 mm, respectively. In addition, compared 11 

to Figure 7, the selected adhesives are no longer the same. Indeed, ESP110 is no longer 12 

dominant and instead of selecting F185, FM1000 is now preferred. Indeed, F185 is two 13 

times stiffer than FM1000 but is characterized by a process zone of similar length. Van 14 

Loock et al. showed that if two adhesives of same 𝜎𝑎
𝑓
 and 𝑙𝑠 are considered, the selected 15 

adhesive for given 𝑙𝑠/ℎ and 𝑎/ℎ will be the less stiff. For this reason, FM1000 is selected 16 

instead of F185 because, as shown in Figure 6, these are characterized by similar 𝜎𝑎
𝑓
 and 17 

𝐾𝐼𝑐, but FM100 is the most compliant. 18 

4.2.2. Shear constraints only 19 

Figure 12 shows the influence of the imposed shear load and stiffness constraints on the 20 

selection if 𝐸𝑠 is equal to 200 GPa. The selection is not drastically modified compared to 21 

the case where the interactions with the adherends are neglected. The strongest adhesive 22 

is still selected when a high shear load is applied while the stiffest one is selected when a 23 
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high shear stiffness is imposed. When varying 𝐸𝑠 to 10 GPa or 100 GPa, no difference 1 

was observed in the selection, except when increasing 𝐸𝑠 , then the maximum shear 2 

strength that can be met slightly increases as 𝜆 in Eq. (B1) increases. In addition, the 3 

thickness effect is now introduced, leading to a lower maximum shear stress that can be 4 

carried when comparing Figure 12 to Figure 8. 5 

4.2.3. Combined effects  6 

Figure 13 shows selection maps for varying crack length and applied shear load, for 7 

different values of 𝐸𝑠 and imposed shear stiffness. By increasing the adherends stiffness, 8 

the maximum shear strength and the maximum crack length for which an adhesive can 9 

be selected increase due to more pronounced shielding. In addition, increasing the 10 

adherend Young’s modulus results in a selection more dominated by the applied shear 11 

load than by the tensile load. 12 

4.2.4. Comparison with the elementary model 13 

Regarding the tensile constraint, a simple “adherend independent” model leads to the 14 

selection of the adhesive with the largest 𝐾𝐼𝑐 while the advanced analysis indicates a 15 

competition between the adhesive toughness and the shielding effect of the adherends 16 

that can lead to the selection of a slightly more brittle adhesive but softer. In any case, the 17 

simple approach captures the main trends which is to select tougher adhesives as 2a 18 

increases and stiffer and stronger adhesive when the imposed shear load and stiffness 19 

increase. 20 

4.3. Other objectives 21 

The same procedure has been followed for the maximization of 𝐾𝐼𝑐 or the maximization 22 

of 𝜎∞. The detailed results are shown in Appendix C and D. In both cases, the selection 23 
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is strongly dependent on the constraints imposed for the shear load and stiffness. 1 

Increasing the magnitude of these constraints results in the selection of stiffer and stronger 2 

adhesives that are characterized by a lower fracture toughness. The main difference 3 

between these two cases, is the dependence of the selection on the crack length when 4 

maximizing 𝜎∞ while maximizing 𝐾𝐼𝑐 results in a selection independent on the crack 5 

length. When maximizing 𝜎∞, the maximum tensile force that can be carried by the joints 6 

decreases as the crack length increases. As for mass minimization, 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 also 7 

influence the selection due to the dependence of 𝐺𝐼𝑐 on the adhesive thickness.  8 

4.4. Gaps in adhesive property charts 9 

Depending on the application and selection problem, gaps appear in the selection chart of 10 

adhesives as schematically drawn in Figure 14. This schematic chart represents in 3D the 11 

different constraints and the domain that can be met with existing adhesives. As shown 12 

previously, these gaps depend on thickness. For low t (𝑡1 in Figure 14), adhesive joints 13 

are generally characterized by high shear strength and stiffness, but lower fracture 14 

toughness. This leads to the definition of two gaps corresponding (1) to stiff and tough 15 

adhesives region and (2) to tough adhesives with high shear strength region. For high t 16 

(𝑡2 in Figure 14), the fracture toughness increases, but the shear strength and shear 17 

stiffness tend to decrease. Hence, here, three gaps are revealed: (1) high shear strength 18 

and stiffness region; (2) high shear strength and high toughness region; (3) stiff and tough 19 

region.  20 

These gaps in the selection of adhesive materials have two origins: the adhesive 21 

thickness and the adhesive material. The influence of thickness has already been 22 

discussed. In addition to this, adhesives are characterized by antagonist performances 23 

“stiff, strong and brittle” and “soft, flexible and tough” as also shown in Figure 6. 24 
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Applications requiring high shear strength and stiffness will preferentially end up with 1 

thin adhesive bondlines, limiting the fracture toughness of the joint while thick-adhesive 2 

joints are better suited for applications with high fracture toughness, but allowing for 3 

limited shear stiffness and strength.  4 

5. Case studies for architected joints  5 

Bondline architecturing is one of the strategies that has been recently investigated by 6 

different research groups to increase the joint fracture toughness [27–30, 49, 65]. The question 7 

here is to assess if the potential of such solutions to indeed push the envelope of the 8 

selection leads to more optimal solutions compared to traditional joints taking into 9 

account the fact that other constraints play a role. The joint architecture can involve the 10 

addition of a mesh, stop holes or more complex metamaterials. Covering all possibilities 11 

goes beyond the scope of this work. Here, to illustrate the interest of the selection 12 

approach, one considers architected joints made of stop holes having a length D. D is 13 

determined based on the process zone length 𝑙𝑝 5which is equal to 𝑙𝑝 = 1/𝜆𝑤 [28]. 𝜆𝑤   is 14 

the elastic foundation wave number given by  15 

𝜆𝑤 = √
𝑚

4

𝐸𝑎

𝑡

𝑊

𝐸𝑠𝐼

4

   with   𝑚 =
1 − 𝜈𝑎

(1 − 2𝜈𝑎)(1 + 𝜈𝑎)
, (23)  16 

where I is the second inertia moment equal to 𝑊ℎ𝑠/12. It is thus dependent on the 17 

adhesive and adherend Young’s moduli 𝐸𝑎 , 𝐸𝑠 and on the geometric parameters 𝑡, 𝑊, ℎ𝑠.  18 

In the present case, 3D plane strain was assumed to derive the expression of m, a 19 

                                                 

5 The process zone denoted by 𝑙𝑝 is different from the 𝑙𝑠 process zone. The 𝑙𝑝 process zone refers 

to the length corresponding to the zone that extends from the crack tip to the zone where no 

deformations take place in the adhesive and the DCB arms. For more information, the reader 

is referred to [82]. 
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parameter depending on the crack tip stress/strain state. Heide-Jørgensen and Budzik[28] 1 

showed that the joint fracture toughness is maximized when D is about 2𝑙𝑝.  2 

In order to apply the materials selection approach to this class of architected joints, the 3 

maximum principal stress criterion developed by Martiny et al. [16] for the adhesive 4 

Betamate 73455 is implemented in Abaqus. Both Double Cantilever Beam (DCB) and 5 

lap shear joints are modeled to investigate the influence of the stop holes and of the 6 

adhesive thickness on the joint properties. More details are given in Appendix E. The 7 

height of the cavities is set equal to the adhesive thickness while their spacing is set to 8 

2𝑙𝑝, 4𝑙𝑝 and 6𝑙𝑝, leading to joints made of 50%, 33% and 25% of cavities. The spacing is 9 

known to not influence the fracture toughness if it is large enough [27]. However, they did 10 

not investigate the impact of the holes on the adhesive shear stiffness and strength. One 11 

anticipates that the shear stiffness decreases by increasing the number of cavities, and by 12 

decreasing their spacing, affecting then directly the selection of best solution depending 13 

on the problem. 𝐺𝐼𝑐 and shear stiffness are computed for the different stop holes 14 

distributions using FE simulations. The shear and tensile strength are roughly estimated 15 

as given by 16 

𝜎𝑎𝑟𝑐ℎ𝑖
𝑓

=
𝑆 − 𝑆ℎ𝑜𝑙𝑒𝑠

𝑆
𝜎𝑎

𝑓
  , (24) 17 

  18 

𝜏𝑎𝑟𝑐ℎ𝑖
𝑓

=
𝑆 − 𝑆ℎ𝑜𝑙𝑒𝑠

𝑆
𝜏𝑎

𝑓
  , (25) 19 

where 𝜎𝑎
𝑓
 and 𝜏𝑎

𝑓
 are the bulk tensile and shear strength of the plain adhesive. 𝑆 is the real 20 

surface area of the joint, equal to 𝐿𝑎𝑊, while 𝑆ℎ𝑜𝑙𝑒𝑠 correspond to the surface area 21 

occupied by the stop holes when orthogonally projected. 𝑆 − 𝑆ℎ𝑜𝑙𝑒𝑠 is thus the effective 22 

area covered by the adhesive over which the forces act. More advanced models for the 23 

strength of architected joints is left for future investigation, but one can already foresee 24 
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that in stiffness and strength dominated problems, an architected joint will not outperform 1 

the traditional joints. 2 

5.1.Objective on mass minimization 3 

Four joints are considered, all made of the adhesive Betamate 73455 and 0%, 25%, 33% 4 

and 50% stop holes. The goal is to determine under which conditions an architected joint 5 

must be preferred to its classical counterpart. 6 

5.1.1. Tensile dominated loading 7 

The influence of 𝜎∞ and 2a on the adhesive selection is shown in Figure 15. The range 8 

of forces and crack lengths for which an adhesive with stop holes can be selected is 9 

modified compared to the plain adhesive joints considered before. The architected joint 10 

is associated to a larger effective tensile strength for long cracks. However, this depends 11 

on the amount of stop holes inserted in the bondline. Indeed, as shown in Figure 15b and 12 

c, the more the stop holes in the bondline, the lower the 𝜎𝑓∗ as the effective cross-section 13 

area over which the tensile force acts decreases. Conversely, a reduction of the number 14 

of stop holes decreases the number of crack arrestors. In the current analysis, the crack 15 

tip is assumed to correspond to a stop hole. However, if the crack tip does not correspond 16 

to a stop hole, the toughness is first equal to the plain adhesive joint 𝐺𝐼𝑐 [27] and when the 17 

crack reaches the next stop hole, the toughness is the one of the architected joint. The 18 

considered crack length is equal to max (2𝑎, 𝑛𝐷) with n being an integer and 𝑛 ≥ 1. The 19 

joint must be made of less than 33 % of cavities to improve the damage tolerance (Figure 20 

15c). For small cracks, when the imposed tensile load increases, the selection points 21 

towards an adhesive with the lowest number of cavities as it corresponds to the joint with 22 

the larger effective cross-section area. Previously, the adhesive with the highest 𝜎𝑓∗ was 23 

selected while in the present case it is no longer true because the weight saving coming 24 
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from the introduction of holes dominates the selection for an objective based on mass 1 

minimization. 2 

5.1.2. Shear loading 3 

The joint with the largest proportion of cavities is always selected as long as its shear 4 

stiffness and strength are not exceeded as shown in Figure 16. Further increasing the 5 

imposed shear stress and stiffness leads to the selection of a joint with a lower amount of 6 

stop holes, until the plain adhesive joint remains the only one that can be selected. Indeed, 7 

decreasing the number of cavities in the bondline improves the shear strength and 8 

stiffness. When considering only classical adhesive joints, regions where the shear 9 

strength or stiffness dominate are both predicted, while here it is no longer the case 10 

because the lightweight of the architected joint dominates. When using an architected 11 

joint with stop holes, the required shear stiffness and strength are limited to lower values 12 

compared to conventional joints. Hence, inserting stop holes limits the joint shear 13 

properties. 14 

5.1.3. Combined effects 15 

The combined effects of 2a, 𝜏∞ and 𝜏∞/𝑢𝜏
𝑚𝑎𝑥 are investigated. No novel conclusion 16 

emerges compared to the former analysis. The damage tolerance is improved only if the 17 

required level of shear strength and stiffness remains moderate. Indeed, if the constraints 18 

on shear stress and stiffness are too large, a plain adhesive joint is preferred. Another 19 

advantage of architected joints is the associated weight saving owing to the presence of 20 

the cavities which act positively on density and toughness. This weight saving dominates 21 

the selection and not the tensile and shear constraints as for classical adhesive joints. 22 
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5.2. Other objectives 1 

As for the classical adhesive joints, two other objectives have been applied to the selection 2 

of architected joints: 𝐾𝐼𝑐 maximization (Appendix C) and maximization of applied load 3 

𝜎∞ (Appendix D). Compared to the mass minimization objective, when an architected 4 

joint can be selected among other architected joints with stop holes, in these two cases, it 5 

is the one containing the less stop holes. This arises from the fact that by increasing the 6 

amount of stop holes in the bondline, the effective cross section area over which the 7 

tensile and shear forces act decreases resulting in lower effective tensile strength, shear 8 

strength and shear stiffness. These two examples show that there is thus a trade-off to find 9 

when designing architected joints between the gain in fracture toughness and the loss in 10 

shear strength and stiffness and that the optimal design depends on the objective. 11 

5.3. Filling gaps in adhesive property space 12 

Introducing stop holes leads to an increase of the fracture toughness, but reduces the 13 

strength and stiffness. Hence, gaps left when considering classical adhesive joints are 14 

partly filled owing to architecturing (Figure 17). The spacing between the stop holes 15 

offers some degree of freedom to fill in this domain. In addition to toughening, bondline 16 

architecturing with stop holes results in lighter joints. But, for applications requiring high 17 

shear strength and stiffness, joints with stop holes may not be suitable. Bondline 18 

architecturing with stop holes is thus interesting for applications requiring low weight and 19 

high fracture toughness, but moderate strength and stiffness. 20 

6. Limitations of the adhesive selection analysis 21 

The selection analysis of the best adhesive system setup in this study although addressing 22 

many aspects, in particular with the incorporation of adhesive thickness effects, is still 23 

missing several elements while also relying on a few restrictive assumptions. Once again, 24 
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the goal in a materials selection analysis is not to predict the exact failure load or exact 1 

joint performance, but to use models that are sufficiently correct to lead to the right 2 

ranking among different adhesives. In a few cases, an advanced model is required to avoid 3 

missing some effects, such as the adherend stiffness mismatch that may modify the 4 

selection; while in several other instances, the selection with an elementary model is 5 

appropriate. We review here the main limitations of the current study, aimed at paving 6 

the road for future works. 7 

First of all, the database that has been compiled for the purpose of this study is 8 

incomplete both in terms of adhesive systems and in terms of specific data. There is a 9 

need to find and/or generate more extensive data on thickness effects on strength and 10 

toughness. Also, novel systems may exist or will emerge that will modify the conclusion 11 

made regarding best adhesive choice. These conclusions should thus be seen as 12 

illustrative and not definitive. 13 

Then, although the database already accounts for other properties when available such 14 

as the temperature resistance, the resistance to humidity and the chemical and bonding 15 

processes, these have not been addressed in the present selection analysis. Many of these 16 

constraints, depending on the type of application, can be easily introduced simply through 17 

a “go – no go / yes - no” choice (already implemented in the MATLAB application).  18 

Another key remnant issue in adhesive bonding is the importance of the surface 19 

treatment. Depending on the adherends and the adhesive, there exists an optimum 20 

roughness [66, 67]. Failure can be either cohesive or adhesive [68], affecting very much the 21 

strength of the joint.  For example, in peel tests, the roughness can have an influence up 22 

to large thicknesses. The rougher the surface, the more the roughness influences the 23 

results [69]. The proposed analysis does not consider the adherends surface treatment and 24 



39 

 

roughness. As a matter of fact, it is assumed that the failure of the joint is always cohesive 1 

as often considered in the field of adhesive bonding. 2 

Adhesive joints are subjected in some applications to dynamic loading, not addressed 3 

by the current selection procedure dealing only with static loading. When subjected to 4 

fatigue loading, fatigue life is also dependent upon the adherend properties, dimensions 5 

and joint geometry [70, 71]. This would require collecting a large amount of data which are 6 

not always available for the adhesives for which toughness data can be found in the 7 

literature. 8 

On the mechanical description side, the first element of generalization that would 9 

improve the relevance of the analysis, but at the price of more complexity, is to account 10 

for mixed-mode cracking. Here, only mode I cracking from an internal pre-crack of length 11 

2a is considered. The problem of Figure 2 should ideally account for the impact of the 12 

shear load on generating a 𝐾𝐼𝐼 component that combines with 𝐾𝐼 to set the crack driving 13 

force. Taking mixed-mode into account is possible if toughness values are known for 14 

different mode-mixities, which is rarely the case (at least for publicly available data), 15 

going back to a previous comment on the availability of rich mechanical databases for 16 

adhesives. The second element is regarding the architected joints, to develop models to 17 

predict the shear stiffness and thickness dependent strength for failure initiating at corners 18 

or collect experimental data, in order to provide a more realistic view on the potential of 19 

such solutions. 20 

Many results show that the selection very much depends on crack length. A tacit 21 

assumption in our analysis, is that the crack size is material independent. This might not 22 

be true. The representative crack length could potentially be adhesive dependent due to 23 

the different type of chemistry and curing schedule. The problem of identification of the 24 

proper crack size is a remnant problem in all structural integrity assessment problems, 25 
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especially with structural adhesive joints and very much connected to the capacity to 1 

estimate/measure the size of internal defects with non-destructive methods. 2 

Regarding the considered crack configuration (centered crack through the thickness), 3 

one extension of the study would be to address other configurations or several crack 4 

positions in the joints: near the interface, in the bondline, at the center of the joint, at the 5 

edges. Indeed, several types of defects and damages can be found in adhesive joints. Some 6 

defects develop during the manufacturing phase such as voids due to entrapped air or 7 

kissing bonds which are located in the bondline and not especially close to the edges. 8 

Some damage also develops the in-service life due to mechanical loading or environment 9 

leading to crack developing along the edges. Depending on the crack position, the 10 

strength of the joint will vary as the expression of the geometric factor Y in Equation 3 is 11 

geometry dependent. This could possibly influence the ranking process by shifting the 12 

transition between the strength- and toughness-dominated regimes. 13 

In order to set the bases of the selection approach, several arbitrary choices have been 14 

made regarding the models used to predict the tensile strength, the shear strength and the 15 

shear stiffness that affect the results. However, other models have also been developed in 16 

the literature and could be used. Alternatively, the selection tool could be coupled with 17 

finite element analyses. The choice of the different models has been based on the 18 

information available for the adhesives of the database but also on their predictive 19 

potential. In addition, some models are relevant for brittle adhesives but not for ductile 20 

ones and the opposite is also true. Introducing other models is thus left for further 21 

development of the selection procedure. 22 
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7. Conclusion 1 

A method for selecting the best adhesive system has been worked out following Ashby’s 2 

approach, accounting for the impact of the bond line thickness on the performance of the 3 

joint. The objectives that have been considered include: mass minimization, 4 

maximization of fracture toughness or maximization of the tensile load applied to the 5 

assembly. The constraints include: no failure under prescribed tensile and shear loading 6 

as well as an imposed minimum shear stiffness. Different loading configurations have 7 

been analyzed taking into account the presence of an internal crack and the presence of 8 

corners at the interface between adhesive and adherend. Both elementary and advanced 9 

models have been used to predict the effective strength of the joint including or not 10 

adherend effects as well as a fracture process zone effect. A database of adhesive 11 

properties with thickness dependence has been compiled to effectively apply the selection 12 

analysis. The key findings of the work are the following: 13 

• The selection is very much dependent on crack length, leading to non-trivial 14 

choices with some adhesive performing better for short cracks and other for long 15 

cracks. This raises the remnant difficulty in structural integrity assessment based 16 

on fracture mechanics: How to precisely determine a relevant crack length? 17 

Progress in non-destructive analysis of adhesive joints [5] have been made to 18 

determine the defect sizes, but not all defects, such as weak bonds, can be detected 19 

[72].  20 

• Working at the top fracture toughness requires the optimum adhesive thickness. 21 

But the optimum thickness is sometimes large, especially in very tough adhesives. 22 

A large thickness leads to a lower resistance to fracture from corners under tensile 23 

and shear loads. Also, thicker joints are less stiff in shear which is sometimes a 24 
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constraint in some applications. Subtle trade-offs have been found showing that 1 

the best adhesive choice varies from one problem to another.  2 

• The use of advanced models taking the adherend stiffness into account is 3 

important [37, 73]. Indeed, a given adhesive tends to be selected for a larger crack 4 

length and a larger shear strength if 𝐸𝑠 increases. In addition, taking the adherend 5 

stiffness into account can change the selection when having adhesives with almost 6 

equal 𝐾𝐼𝑐 and 𝜎𝑎
𝑓
. With the elementary model, the adhesive with the largest 𝐾𝐼𝑐 is 7 

selected while, with a more advanced model, the one with the lowest 𝐸𝑎 is 8 

selected. 9 

• The selection method reveals gaps in the adhesive property charts: (i) a region 10 

with both stiff and tough adhesives and, (ii) a region with both strong and tough 11 

adhesives indicating the need for further possible improvements. 12 

• The selection approach has been applied to architected joints with stop holes. Stop 13 

holes induce larger 𝐺𝐼𝑐, extending the range of adhesive performances. Such joints 14 

offer thus improved damage tolerance at lightweight, but at lower shear strength 15 

and stiffness.  16 

Several directions have been proposed to enrich the present selection analysis to make it 17 

more versatile and more general. 18 

Supplementary material 19 

As supplementary material, a MATLAB application is available following the link: 20 

https://www.dropbox.com/scl/fo/guxcginsvkhyfqfkpnc1w/h?dl=0&rlkey=rl4190wb1p321 

bpu7stcuhsehlv .This allows the determination of the adhesive to select depending on the 22 

loading configuration. It runs based on the .csv and .txt files containing the information 23 

of Table 1. The current version only considers the elementary analysis in order to let it 24 

https://www.dropbox.com/scl/fo/guxcginsvkhyfqfkpnc1w/h?dl=0&rlkey=rl4190wb1p3bpu7stcuhsehlv
https://www.dropbox.com/scl/fo/guxcginsvkhyfqfkpnc1w/h?dl=0&rlkey=rl4190wb1p3bpu7stcuhsehlv
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run for reasonable amount of time. Including the advanced models results in computations 1 

lasting for more than 1h instead of maximum 2 minutes. 2 
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 5 

 6 

 7 

Appendix A: Derivation of 𝑨𝒑(𝝂) and 𝝀 in butt tensile joints 8 

Reedy and Guess [23] derived a model based on an interface corner stress intensity factor 9 

to predict 𝜎𝑓∗, assuming that failure only takes place near the interface and that the joint 10 

is free from any defect. In tensile butt joints, the interface corner stress singularity order 11 

is 𝜆 − 1. The joint tensile strength is given by Eq. 10 which depends on 𝐴𝑝(𝜈) and 𝜆. 12 

Values of 𝐴𝑝(𝜈) have been tabulated by Reedy and Guess and can be found in [23]. 13 

Regarding the order of the singularity, it depends upon the Dundur’s parameters 𝛼 and 𝛽. 14 

𝜆 can be determined by solving the Eq. A1 derived by Akisanya and Fleck [38]:  15 

16(µ − 1)2 [𝜆2 − sin2 (
𝜆𝜋

2
)

2

] − 4[µ(𝜅𝑠 + 1) − (𝜅𝑎 + 1)]2 [𝜆2 − sin4 (
𝜆𝜋

2
)]

+16(µ − 1) sin2 (
𝜆𝜋

2
) [µ(𝜅𝑠 + 1) − (𝜅𝑎 + 1)] [𝜆2 − sin2 (

𝜆𝜋

2
)]

+[µ(𝜅𝑠 + 1) + (𝜅𝑎 + 1)]2 sin2(𝜆𝜋) = 0 

(𝐴1) 16 

where µ = µ𝑎/µ𝑠 with µ𝑖 = 𝐸𝑖/2(1 + 𝜈𝑖) the shear modulus of material i and the shear 17 

coefficient i 𝜅𝑖 = 3 − 4𝜈𝑖. 18 

Appendix B: Derivation of 𝝀 for TAST configuration 19 

Askarinejad et al. [37] developed a fracture mechanics methodology for the failure of 20 

elastic-brittle lap-shear joints based on the TAST configuration. This model depends on 21 

two parameters: b and 𝜆. The value of b depends on the joint geometry and on the adhesive 22 

and adherends shear modulus and Poisson ratio while 𝛼 and 𝛽 are the Dundurs 23 

parameters. The authors determined b by calibrating the model on experimental data. 24 
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Hence, b can be obtained based on the shear strength of the joint for at least two different 1 

thicknesses. However, these data are not available for the adhesives entering our database 2 

(section 3.4). The singularity order is also dependent upon adherends Young’s modulus 3 

and Poisson ratio and can be determined by finding the root of  4 

𝐹(𝜆) = [(4(κa
2 − 4𝜆2 + 1) + 8𝜅𝑎 cos(𝜋𝜆)) sin2(𝜋𝜆)

−2µ2((cos(𝜋𝜆) + 2𝜆2 − 1)(4𝜅𝑠𝑐𝑜𝑠2(𝜋𝜆) + (𝜅𝑠 − 1)2))

−4µ ((𝜅𝑆 − 1)(4𝜆2𝑠𝑖𝑛2(𝜋𝜆) − (𝜅𝑠 − 1)𝑐𝑜𝑠2(𝜋𝜆))

+(𝜅𝑎𝜅𝑠 + 1)(1 − sin(2𝜋𝜆) sin(𝜋𝜆)) − 𝜅𝑎 − 𝜅𝑠)] 4 sin2(𝜋𝜆)⁄

, (𝐵1) 5 

where µ = µ𝑎/µ𝑠 with µ𝑖 = 𝐸𝑖/2(1 + 𝜈𝑖) the shear modulus of material i and the shear 6 

coefficient i 𝜅𝑖 = 3 − 4𝜈𝑖. For given geometric parameters and adherend and adhesives 7 

properties, the shear strength decreases thus as 𝑡𝜆−1 and this decrease depends on the 8 

properties of both adherends and adhesive. The use of this relationship requires 9 

computing 𝜆 and b for several geometries and adherend-adhesive properties which is time 10 

consuming. For typical metal-adhesive systems, 𝜆 will tend to 0.63-0.65. The dependence 11 

of b is neglected in the current work. 12 

Appendix C: Maximization of 𝑲𝑰𝒄 13 

a) Classical adhesive joints 14 

This scenario involves the maximization of the joint fracture toughness, with two 15 

constraints being put on the applied shear stress and the required shear stiffness. The two 16 

constraints are put as limits. Hence, the selected adhesive is the one that meets the shear 17 

strength and stiffness requirements and that maximizes 𝐾𝐼𝑐 for t comprised between 𝑡𝑚𝑖𝑛 18 

and 𝑡𝑚𝑎𝑥. 𝑡𝑚𝑖𝑛 is set to 200 µm while no limit is put on 𝑡𝑚𝑎𝑥. Figure C.1 shows the 19 

influence of 𝜏∞ and 𝜏∞/𝑢𝜏
𝑚𝑎𝑥 on the selection. First, it is important to note that the 20 

selection is independent of the crack length. Figure C.1 shows that increasing the applied 21 
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shear stress leads to the selection of a stronger adhesive, but which is characterized by a 1 

lower maximum critical stress intensity factor (lighter color). If the required shear 2 

stiffness is now increased, stiffer adhesives tend to be selected. In addition, when the 3 

stiffness is increased, the maximum 𝐾𝐼𝑐 that can be reached decreases. These two effects 4 

arise from the fact that stiff and strong adhesives tend to be brittle while soft and flexible 5 

ones are tougher (see Figure 6). For a given stiffness and for a given adhesive, the 6 

maximum 𝐾𝐼𝑐 that can be reached is independent upon 𝜏∞ as in the elementary level of 7 

analysis when minimizing the mass. However, for a given adhesive and a given required 8 

shear strength, increasing the stiffness leads to a reduction of the maximum 𝐾𝐼𝑐 that can 9 

be reached. Indeed, as the stiffness increases, the maximum thickness for which the 10 

adhesive can be selected is decreased. If this thickness is lower than the thickness 11 

maximizing 𝐾𝐼𝑐, 𝑡∗, decreasing the stiffness leads to a decrease of the maximum 𝐾𝐼𝑐. 12 

The parameters 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 also influence the selection as the adhesive fracture 13 

toughness evolves with the adhesive thickness. Increasing 𝑡𝑚𝑖𝑛 results in a decrease of 14 

the maximum stiffness that can be reached in general and for each adhesive (Figure C.1a-15 

b). Hence, stiffer adhesives tend to be selected for lower required stiffnesses. For given 16 

conditions, as long as 𝑡𝑚𝑖𝑛 is below 𝑡∗and that the adhesive is of type A (Figure 2), the 17 

maximum 𝐾𝐼𝑐 that can be reached is not affected. If now, there is a limit on 𝑡𝑚𝑎𝑥, the 18 

selection can be affected. Indeed, in Figure C.1c, SikaPower 498 cannot longer be 19 

selected because in the range going from 𝑡𝑚𝑖𝑛 to 𝑡𝑚𝑎𝑥, the Betamate 1493 adhesive is the 20 

toughest. Due to the dependence of 𝐺𝐼𝑐 on the adhesive thickness, 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 influence 21 

the selection of the adhesive maximizing 𝐾𝐼𝑐.  22 
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b) Architected joints with stop holes 1 

The objective is now to maximize 𝐾𝐼𝑐 for architected joints with stop holes. This objective 2 

is the one that motivated the design of such joints by Maloney and Fleck [27] and Heide-3 

Jørgensen and Budzik [52]. The selection map is shown in Figure C.2. depending on the 4 

constraints on the shear stress and the shear stiffness. For low imposed shear stress and 5 

stiffnesses, the three architected joints containing 50%, 33% and 25% of cavities can be 6 

selected. Indeed, they all lead to the same fracture toughness. As the stiffness is increased, 7 

joints containing a large number of stop holes tend to no longer be selected. Indeed, the 8 

larger the number of cavities, the lower the true surface area over which the shear force 9 

acts, resulting in a lower stiffness. Consequently, for a given thickness, the joint 10 

containing 50% of cavities is less stiff than the one containing 33% and the maximum 11 

thickness for which it can be selected tends to be lower than 𝑡∗ for a lower stiffness 12 

constraint. This results in a lower fracture toughness while the joints containing 33% and 13 

25% can still have a thickness 𝑡∗, maximizing 𝐾𝐼𝑐. At some point, only the adhesive 14 

containing 25% of stop holes can be selected. However, when further increasing the 15 

stiffness, even if the selection thickness is lower than 𝑡∗, it remains tougher than the plain 16 

adhesive joint. At this point, it is observed that the maximum achieved 𝐾𝐼𝑐 decreases. At 17 

some point, the required stiffness is high enough such that the thickness for which the 18 

25% joint can be selected leads to a joint less tough than the plain adhesive joint. 19 

Regarding, the influence of the shear stress, when it is increased, joints containing large 20 

amount of cavities can no longer be selected and for large shear stress, only the plain 21 

adhesive joint can be selected resulting in more brittle joint. To conclude, architected 22 

joints with stop holes are an alternative to plain adhesive joints for limited strength and 23 

stiffness constraints. 24 
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Appendix D: Maximization of the remote tensile stress 𝝈∞ 1 

a) Classical adhesive joints 2 

The remote tensile stress is now maximized for classical adhesive joints. As in the 3 

previous case, the two constraints are the shear stress and stiffness which are set as limits. 4 

The parameters entering the selection are thus 2a, 𝜏∞, 𝑢𝜏
𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥. Figure D.1. 5 

shows the influence of the crack length and the required shear stress on the selection for 6 

different required shear stiffnesses. The maximum tensile stress that can be reached 7 

depending on 𝜏∞, 𝜏∞/𝑢𝜏
𝑚𝑎𝑥 and 2a is shown based on the color scale, the lighter the 8 

color, the lower the maximum 𝜎∞ that can be applied. For short cracks and high shear 9 

strength, the strongest and stiffest adhesives are selected. For low shear strengths, if the 10 

crack length is longer, tougher adhesives start to be selected leading to the selection of 11 

the SikaPower 498 adhesive. However, these tough adhesives are often softer than the 12 

brittle one. Hence, when a high shear stress is applied, stronger adhesives such as the 13 

BP907 and the Araldite GY260 adhesives are selected. However, this is accompanied by 14 

a decrease in the maximum remote tensile load that can be applied on the joint as shown 15 

in Figure D.1d. The influence of the shear stiffness is considered by comparing Figure 16 

D.1a to c. By increasing the stiffness from 100 MPa/mm to 1000 MPa/mm, the SikaPower 17 

498 adhesive cannot be selected due to its low shear modulus. Hence the Betamate 1493 18 

adhesive is selected. Further increasing the required stiffness leads to the selection of only 19 

the ESP110 adhesive. The Betamate 73455 also meets the stiffness requirements but it is 20 

less strong and tough and is thus never the optimal adhesive to select. As the other 21 

adhesives do not meet the stiffness requirement, no adhesive can be selected for a required 22 

shear strength larger than 40 MPa. 23 
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As for the other scenarios, 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 can influence the selection as shown in 1 

Figure D.2. First 𝑡𝑚𝑖𝑛 influence the maximum stiffness that can be reached. It 𝑡𝑚𝑖𝑛 is 2 

increased, for a given required stiffness, the softest adhesive in Figure D.1b, Betamate 3 

1493, is no longer selected and the F185 adhesive is then selected, as shown in Figure 4 

D.1a. In addition, when comparing Figure D.1b and B.2a, BP907 is selected for a lower 5 

range of thicknesses if 𝑡𝑚𝑖𝑛 is increased. Figure D.2b shows the influence of 𝑡𝑚𝑎𝑥 when 6 

compared to Figure D.1a. The SikaPower 498 adhesive is no longer selected being 7 

replaced by the Betamate 1493 adhesive. Due to the dependence of 𝐺𝐼𝑐 on t, the selection 8 

is changed when varying 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥. 9 

The objectives of maximizing 𝜎∞ or 𝐾𝐼𝑐 can now be compared. When 𝐾𝐼𝑐 is 10 

maximized, the selection is independent on crack length. In both cases, increasing the 11 

imposed shear stress and the shear stiffness results in the selection of less tough adhesives. 12 

This arises from the fact that adhesives are either characterized by high strength and 13 

stiffness, but low toughness or high toughness and low strength and stiffness. 14 

b) Architected adhesive joints with stop holes 15 

As for classical adhesive joints, the goal is to maximize the applied tensile stress as a 16 

function of the applied shear and stiffness constraints and of the crack length. The 17 

selection map for shear stiffnesses lower than 4000 MPa/mm is shown in Figure D.3. For 18 

small cracks, the plain joint is selected. Indeed, at small crack length, the adhesive is first 19 

insensitive to defect size and the effective surface over which the tensile force acts is 20 

lower with cavities. Hence, the effective tensile strength is larger for a plain adhesive 21 

joint. When increasing crack length, the joint with 25% of stop holes is selected as the 22 

reduction of effective cross-section area is balanced by the improved fracture toughness 23 

coming from the crack blunting by the stop holes. However, joints with more stop holes 24 



55 

 

tend not to be selected because they are characterized by a similar fracture toughness and 1 

lower effective cross-section resulting in a lower 𝜎𝑓∗. Due to this reduction in effective 2 

cross-section, the shear strength of the joint also decreases when inserting stop holes 3 

leading to the selection of the plain joint for applications involving large applied shear 4 

stresses. If the required shear stiffness exceeds 4000 MPa/mm, only the plain adhesive 5 

joint is selected. 6 

Appendix E: Finite element model for architected joints with stop holes 7 

In order to apply the selection approach to architected joints, simulations are run based 8 

on the design rules of Heide-Jørgensen and Budzik [52], using the finite element software 9 

Abaqus. The influence of the spacing between the stop holes, 𝑆𝑎𝑟𝑐ℎ𝑖, and of the thickness 10 

is investigated. The length of the stop holes D is thus set to 2𝑙𝑝 (Eq. 23) while the spacing 11 

𝑆𝑎𝑟𝑐ℎ𝑖 between them is set to 2𝑙𝑝, 4𝑙𝑝 and 6𝑙𝑝 to vary the number of cavities in the joint 12 

while t is varied from 0.1 to 1 mm. The influence of D and t on the joint fracture toughness 13 

is investigated by modelling a DCB specimen while a lap shear joint is modelled to 14 

consider their influence on the shear properties (Figure E.1). The implemented 15 

constitutive laws and failure criterion correspond to those of Martiny et al. [16]. The 4 mm 16 

thick adherends are thus modelled as mild steel and the adhesive as Betamate 73455. The 17 

crack propagates when the maximum principal stress ahead of the crack tip reaches 98 18 

MPa over a distance of 18 µm. For both models, the mesh is generated using a Python 19 

script and the Gmsh API and is made of four nodes plane strain elements (CPE4R). 20 

The DCB is 150 mm long with a pre-crack length of 50 mm (Figure E.1). The crack 21 

tip corresponds to the end of the first stop hole while two additional stop holes are inserted 22 

ahead of the crack tip. The edges of the stop holes are slightly rounded with a filet radius 23 

equal to the adhesive thickness to avoid large stress concentrations at the corners near the 24 
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interface. The mesh is refined near the crack tip over a distance equal to 𝑡𝑎 with elements 1 

of length between 1 and 5 µm. The simulations are run under controlled displacement 2 

with a displacement imposed on the left upper corner as shown in Figure E.1a. When the 3 

failure criterion is met, 𝐺𝐼𝑐 is computed based on Eq. E.1 from the ISO 25217 standard 4 

[74], using the single beam theory and is given in Figure E.2b. 5 

𝐺𝐼𝑐 =
4𝑃2

𝐸𝑠𝑊2
(

3𝑎2

ℎ𝑠
3 +

1

ℎ𝑠
) . (𝐸. 1) 6 

Symmetric lap shear joints (Figure E.1b) are modelled with 100 mm long arms 7 

overlapping over a distance of 12.7 mm. The number of cavities is adapted depending on 8 

the stop hole length and spacing. A horizontal displacement is prescribed at the left side 9 

of the joint while the right edge is clamped. The shear stiffness and is given in Figure 10 

E.2a. 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 
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 1 

 2 

 3 

 4 

 5 

List of abbreviations and symbols 6 

𝑎  Half crack length [mm] 𝑚𝑎  Adhesive mass [kg] 

𝑎𝑐  
Half critical crack length [mm] 

𝑚𝑇𝐶  
Objective function: mass and 

tensile constraint [kg] 

𝑎𝑒𝑑𝑔𝑒  
Length of edge crack [mm] 

𝑚𝑆𝐶1  
Objective function: mass and 

shear stiffness constraint [kg] 

𝛼  
First Dundur’s parameter 

𝑚𝑆𝐶2  
Objective function: mass and 

shear strength constraint [kg] 

𝛽  Second Dundur’s parameter µ𝑎  Adhesive shear modulus [MPa] 

𝐶  Cost [€] µ𝑠  Adherend shear modulus 

𝐶𝑎  Mass cost of the adhesive [€/kg] 𝜌𝑎  Adhesive density [kg/m³] 

𝐶𝑚  Joint manufacturing cost [€/m³] 𝜌𝑠  Adherend density [kg/m³] 

D Stop hole length [mm] 𝑆  Surface area of the joint [m²] 

𝐸𝑎  
Adhesive Young’s modulus 

[GPa] 
𝑆𝑎𝑟𝑐ℎ𝑖  Spacing between stop holes [mm] 

𝐸𝑠  

Adherends Young’s modulus 

[GPa] 
𝑆ℎ𝑜𝑙𝑒𝑠  Surface area occupied by stop 

holes when orthogonally 

projected [m²] 

𝐹𝜎  Tensile force [N] 𝜎𝑎
𝑓
  Adhesive tensile strength [MPa] 

𝐹𝜏  Shear force [N] 𝜎𝑓∗  Effective tensile strength [MPa] 

𝐺𝐼𝑐  
Adhesive fracture toughness 

[J/m²] 
𝜎∞  Remote tensile stress [MPa] 

ℎ𝑠  
Adherends thickness [mm] 𝜎𝑎𝑟𝑐ℎ𝑖

𝑓
 Tensile strength of architected 

joint [MPa] 

𝐾𝐼𝑐  
Critical stress intensity factor 

[𝑀𝑃𝑎√𝑚] 

𝜎0𝑎  Yield strength of the adhesive 

[MPa] 

𝐾𝑓  
Interface corner stress intensity 

factor  [𝑀𝑃𝑎√𝑚] 
𝜏𝑎

𝑓
  Adhesive shear strength [MPa] 

𝜅𝑖  
Shear coefficient of material i (a 

or s)  
𝜏∞  Remote shear stress [MPa] 

𝐿𝑎  Adhesive length [m] 𝜏𝑓∗  Effective shear strength [MPa] 
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𝐿𝑠1   
Top adherend length [m] 𝜏𝑎𝑟𝑐ℎ𝑖

𝑓
  Shear strength of architected joint 

[MPa] 

𝐿𝑠2  Bottom adherend length [m] 𝑢𝜏  Shear displacement [mm] 

𝑙𝑠  
Process zone length [mm] 𝑢𝜏

𝑚𝑎𝑥  Maximum shear displacement 

[mm] 

𝑙𝑝  
Process zone length for 

architected joints [mm] 
𝜈𝑎  Adhesive Poisson ratio [-] 

𝜆  Singularity order [-] W Joint width [m] 

𝜆𝑤  
Elastic foundation wave number 

[1/mm] 

Y Geometric factor 

m Joint mass [kg]   

 1 

 2 

 3 

Table 1: Equations used for the different loading configurations and levels of analysis 4 

Loading Elementary level Advanced level 

Tension Eq. 1 and 3 

- Eq. 4 is satisfied: is 

Eq. 6 satisfied? 

o Yes: 𝜎𝑓∗ = 𝜎𝑎
𝑓
 

o No: Eq. 7 

- Eq. 4 is not satisfied: 

o Eq. 8 

Shear Eq. 11 Eq. 12 

5 



59 

 

Table 2: Adhesives entering the selection app for which literature data regarding the evolution of 𝐺𝐼𝑐 can be found. 

 

*Data not available: assumed from typical values found in the literature or estimated based on the knowledge of the glass transition temperature. 

Adhesive Maximum fracture 

toughness (adhesive 

thickness) [J/m²] 

(mm) 

Fracture 

toughness – 

plateau value 

[J/m²] 

Young’s 

modulus 

[GPa] 

Tensile 

strength 

[MPa] 

Source 

Araldite GY260 810 (0.5) 810 3.1 82 Daghyani et al. [13] 

Betamate 1493 6240 (0.4) 6240 1.8 40 Martiny et al. [7] 

Betamate 73455 220 (0.5) 210 6 25 Martiny et al. [7] 

Betamate XW1044-3 1690 (1) 1500 2.9 35 Carlberger et al. [75] 

BP907 800 (0.25) 520 3.2 90* Chai [76] 

ESP110 1480 (0.88) 1480 5.7 70 Martiny et al. [7] 

F185 3445 (0.25) 3445 2.9 50 Chai [76] 

FM1000 5280 (0.05) 4860 1.2 50* Chai [76] 

Loctite Hysol 9460 760 (1) 760 2.8 30 Ji et al. [14] 

Lord 320/322 1020 (4.5) 1020 2.5 28 Ranade et al. [12] 

Rubber modified epoxy 3100 (0.42) 2350 2.6 70* Kinloch and Shaw[6] 

Rubber modified epoxy 240 (2) 240 2.6 50* Lee et al. [77] 

Sikaforce 7752 L60 5240 (2) 5240 0.5 12 Campilho et al. [15] 

SikaPower 498 6960 (2) 6960 2 30 Marzi et al. [78] 
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Figure C.1 
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Figure E.1 

 

 

 

Figure E.2 
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Figure 1: Impact of thickness on adhesive joint properties: a) fracture toughness 

(adhesive of type A (blue curve) and type B (red curve)); b) tensile and shear stress 

distribution in tensile butt tests close to interface; c) peel and shear stress distribution 

in lap shear joints close to interface (results from FE simulations with the software 

Abaqus, based on an elastoplastic adhesive behavior). 

 

Figure 2: Schematic of the adhesive joint with its dimensions: width W, bonded length 

La, adherend lengths 𝐿𝑠1 and 𝐿𝑠2, thickness of the adherends ℎ𝑠 and of the adhesive t. A 

crack of length 2a is present in the joint subjected to both tensile and shear loads. 

 

 

Figure 3: Failure regime maps of joints subjected to tensile stresses, based on Van 

Loock et al.[36].The transition between regimes A, B, C and D are shown for mismatch 

ratios 𝐸𝑎/𝐸𝑠 from 1 to 0.001. A and B are controlled by the adhesives only with A being 

the strength-controlled regime and B the toughness-controlled one. C and D are the two 

regimes for which the adherends have an influence with C being the toughness-

controlled regime and D the strength-controlled regime. 

 

 

Figure 4: Determination of the admissible thickness range for a given adhesive from a) 

the tensile constraint when the constraint gives a’) a lower bound or a’’) a lower and 

an upper bound; b) the shear stiffness constraint and c) the shear strength constraint. d) 

is the combination of the possible thickness ranges reported on a graph giving the 

maximum tensile stress that can be applied to the joint depending on the adhesive 

thickness. 

 

 

Figure 5: Graphical workflow of the selection process: step 1 translation into objective 

and constraints, step 2 derivation of the performance indices, step 3 screening of the 

database with the extrapolation of the experimental data and determining the thickness 

range for which each adhesive meets the constraints and step 4 ranking of the adhesive 

based on the objective and performance indices.  

 

 

Figure 6: Ashby maps for the adhesives of the database a) 𝐾𝐼𝑐(𝑡 ≥ 0.2 𝑚𝑚) versus 

adhesive tensile strength and b) 𝐾𝐼𝑐(𝑡 ≥ 0.2 𝑚𝑚) versus adhesives Young’s modulus. 

 

 

Figure 7: a) Constraint chart for light adhesive joints for different applied tensile stress 

𝜎∞ and crack length 2a without shear loading. b)-d) Evolution of the apparent tensile 

strength of the adhesives with the thickness for several crack lengths b) 0.1 mm; c) 0.25 

mm; d) 1 mm and e) 10 mm.  

 

 

Figure 8: Influence of the shear stiffness and the applied shear stress on the adhesive 

selection for 𝑡𝑚𝑖𝑛 = 0.2 mm. 
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Figure 9: Investigation of the combined effect of tensile and shear loading on the choice 

of best light adhesive for different remote tensile stress 𝜎∞ and imposed shear stiffness: 

a) 𝜎∞ = 5 MPa and 𝜏∞/𝑢𝜏
𝑚𝑎𝑥 = 1000 MPa/mm; b) 𝜎∞ = 20 MPa and 𝜏∞/𝑢𝜏

𝑚𝑎𝑥 = 

1000 MPa/mm; c) 𝜎∞ = 5 MPa and 𝜏∞/𝑢𝜏
𝑚𝑎𝑥 = 100 MPa/mm and  d) 𝜎∞ = 5 MPa 

and 𝜏∞/𝑢𝜏
𝑚𝑎𝑥 = 10000 MPa/mm. 

 

 

Figure 10: Influence of the imposed minimum thickness on the selection of best light 

adhesive for a) constraint on the tensile load only with  𝑡𝑚𝑖𝑛 = 0.5 mm, and b) to d) for 

a combination of tensile load (5 MPa), shear stiffness (1000 𝑀𝑃𝑎/𝑚𝑚) and varying 

shear loads and crack length with 𝑡𝑚𝑖𝑛 equal to b) 0.2 mm; c) 0.5 mm and d) 1 mm. 

 

 

Figure 11: Adhesive selection maps when considering the tensile constraint only and 

the effects of the adherends with Young’s modulus of a) 200 GPa, b) 100 GPa and c) 10 

GPa for 𝑡𝑚𝑖𝑛 = 0.2 mm. 

 

 

Figure 12: Adhesive selection maps when considering the shear stiffness and strength 

constraints only and the interactions with the adherends if 𝐸𝑠 equal 200 GPa and if 

𝑡𝑚𝑖𝑛 equals 0.2 mm. 

 

 

Figure 13: Investigation of the combined effect of tensile and shear loading on the 

choice of best light adhesive for different adherends Young’s modulus if the remote 

tensile stress is set to 𝜎∞ = 5 𝑀𝑃𝑎 and the shear stiffness to a)-c) 1000 MPa/mm or d) 

10 000 MPa/mm: a) 𝐸𝑠 = 10 𝐺𝑃𝑎, (b) 𝐸𝑠 = 100 𝐺𝑃𝑎 and c)-d) 𝐸𝑠 = 200 𝐺𝑃𝑎. 

 

 

Figure 14: Schematic of the gaps in a constraint-based charts and influence of the 

thickness. 

 

 

Figure 15: Influence of the remote tensile stress 𝜎∞ and the crack length 2a on the 

selection of the lightest adhesive without shear loading. The joints are made of 

Betamate 73455, but contain 0%, 25%, 33% and 50% of stop holes. 𝑡𝑚𝑖𝑛 is set to 0.2 

mm. 

 

  

Figure 16: Influence of the shear stiffness and the applied shear stress on the selection 

of light adhesive for joints made of Betamate 73455 made of 0%, 25%, 33% and 50 % 

of stop holes.𝑡𝑚𝑖𝑛  is set to 0.2 mm. 

 

 

Figure 17: Influence of bondline architecturing with stop holes on the joint properties. 
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Figure C.1: Selection map for the maximization of 𝐾𝐼𝑐 depending on the constraints on 

shear stiffness and shear strength for a) 𝑡𝑚𝑖𝑛 = 0.2 mm, b) 𝑡𝑚𝑖𝑛 = 0.5 mm and c) 

𝑡𝑚𝑖𝑛 = 0.2 mm and 𝑡𝑚𝑎𝑥 = 1 𝑚𝑚. 

 

 

 

Figure C.2.: Selection map for architected joints with stop holes when the objective is to 

maximize the fracture toughness. 

 

 

Figure D.1: Selection map for 𝜎∞ maximization depending on the crack length and the 

shear strength constraint for shear stiffnesses of a) 100 MPa/mm, b) 1000 MPa/mm and 

c) 10000 MPa/mm. d) Cuts in a) for 𝜏∞ equal to 20 and 40 MPa to show the variation 

of 𝜎∞ maximum with crack length. 

 

 

Figure D.2: Selection for 𝜎∞ maximization depending on the shear strength constraint 

and the crack length and depending on 𝑡𝑚𝑖𝑛 and 𝑡𝑚𝑎𝑥 with a) a stiffness of 1000 

MPa/mm, 𝑡𝑚𝑖𝑛 = 1 mm and no limit on 𝑡𝑚𝑎𝑥 and with b)  a stiffness of 100 MPa/mm, 

𝑡𝑚𝑖𝑛 = 0.2 mm and 𝑡𝑚𝑎𝑥 = 1 mm. 

 

 

Figure D.3: Selection map for architected joints containing stop holes when maximizing 

the remote tensile force and for a shear stiffness not exceeding 4000 MPa/mm. 

 

 

Figure E.1: Finite element model for a) Double Cantilever Beam samples and b) 

Lap shear joint for architected joints with stop holes. 

 

 

Figure E.2: FE simulations results for architected joints containing 25%, 33% and 50% 

of cavities: evolution of a) the effective shear modulus and b) the fracture toughness 𝐺𝐼𝑐 

with the adhesive thickness. 

 

 

 

 

 

 

 


