Chapter 4
The Cohesive Law and Toughness of Engineering
and Natural Adhesives

Ahmad Khayer Dastjerdi, Elton Tan, and Francois Barthelat

Abstract Polymeric adhesives play a critical role in engineering applications, whether it is to bond components together or
to serve as matrix for composite materials. Likewise, adhesives play a critical role in natural materials where adhesion is
needed (e.g. mussel byssus) or to simply preserve the integrity of natural composite materials by holding fibers together (e.g.
extra-collagenous proteins in bone). In this work we use a newly developed technique to measure the cohesive law and
toughness of adhesives which is similar to a standard double cantilever beam configuration, but in which the beams are
replaced by two rigid blocks. We originally developed this method for extracting the cohesive law of soft and weak
biological adhesives, and we here show that it can be modified to include high strength of engineering adhesives. Using this
method, the cohesive law of the adhesive is directly computed from the load-deflection curve of the experiment, without
making initial assumption on its shape. The cohesive law reveals the strength and extensibility of the adhesives, which is
richer in information than the toughness (which is the area under the cohesive law). We also define a non-dimensional
parameter which can be used to quantitatively investigate whether the assumption of rigid substrates is valid. For values of
the parameter close to unity, the RDCB rigidity assumption is valid and the method directly yields the cohesive law of the
adhesive. The engineering and natural adhesives we tested showed a wide range of strength, toughness and extensibility, and
revealed new pathways which can be exploited in the design and fabrication of biomimetic materials.

Keywords Adhesives ¢ Fracture toughness * Double-cantilever beam test « Cohesive law » Interfacial adhesion

4.1 Introduction

In recent years, engineering adhesives are increasingly being used in many industries such as automotive and aerospace
for bonding various structures [1, 2]. In comparison with classical joining methods such as fastening or spot welding,
adhesive joints provide distinct advantages which enable them to be extensively used in a variety of technological and
industrial applications. Bonded components transfer stresses more uniformly even if they are made of dissimilar
materials, and a glued joint is lighter and less expensive than other traditional joining methods [1]. The main failure
mode of adhesive joints is shearing, and the most common testing method to characterize their performance is shear lap
test, yielding the strength of the interface [3]. Despite the fact that the strength of an adhesive interface is a key factor
controlling its mechanical performance, it is now well-understood that the strength of a material can highly be affected
by presence of defects and flaws which may form due to inaccurate joint assembly or inappropriate curing; these
defects under certain loading condition may propagate into large crack and eventually lead to its failure. It is therefore
essential to characterize and evaluate the toughness of the bond line, which directly affects strength, reliability and
energy absorption of the material. Several experimental techniques have so far successfully designed and employed to
measure the fracture toughness of adhesive joints under mode I fracture loading (opening mode) which include double
cantilever beam (DCB) test [4, 5], blister test [6], and indentation test [7, 8]. Amongst them, the DCB test, developed
by Ripling and Mostovoy [4] has gained considerable popularity owing to its relative simplicity of analysis and
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easiness of sample preparation. This test method has also been adopted as an ASTM standard [9]. A DCB specimen
consists of two rectangular beams, of uniform thickness, bonded together by a thin layer of adhesive in such a way that
one end of the beams remains free of the adhesive. The specimen is then loaded by pulling the free ends of the two
beams in a direction normal to the fracture surface, so that a crack extends along the interface of the two beams. The
elastic energy which is stored in the deformed portion of the beams and released upon crack extension is calculated to
measure the toughness (energy required to extend a crack) of the adhesive [4, 10].

The basic DCB method can be combined by other experimental techniques for example in-situ imaging to obtain the
cohesive law (traction-separation function) of adhesives [11-16]. The cohesive law of the adhesive can then serve as the
basis for cohesive zone modeling (CZM), which is a powerful technique to simulate crack initiation and growth often used to
model fracture and fragmentation processes in metallic, polymeric, and ceramic materials and their composites [17-19]. In
order to propagate the crack by an increment of distance, the cohesive forces will produce work over the opening distance, so
that the toughness (in terms of energy per unit surface) is simply obtained by measuring the area under the cohesive law. The
full cohesive law provides more information (including the maximum traction exerted by adhesive on the crack walls,
stiffness of the adhesive layer, and maximum separation prior to the final de-cohesion) than a simple measurement of
toughness.

The experimental determination of full cohesive laws is more involving than measuring toughness and requires more
experimental and/or numerical elaborations. The developed methods for cohesive law determination are generally classified
into two main categories: direct and inverse techniques. In direct methods, cohesive law is essentially obtained from the
results of fracture experiments [11-13, 20-22] and using the concept of J-integral approach. While these techniques are
valuable, they, however, are expensive in terms of experimental procedure and often need additional experimental setup.
The inverse methods represent another type of approach which consists in modeling the experiment using finite elements,
and identifying the parameters of the cohesive law which produce the best match between the model and the experiments
[11, 23-25]. In general, direct and indirect methods assume a shape for the cohesive law, typically a bi-linear function
(triangular cohesive law), which is characterized by three independent parameters (for example strength, maximum opening
and toughness). In spite of the usefulness of these techniques, a method to directly measure cohesive laws without
experimental and numerical complications is needed. In this article, we present a novel and simple experimental technique
to measure the cohesive law of engineering adhesives. First developed to measure the interfacial fracture toughness of soft,
weak biological adhesives [26], this technique is not modified to determine the cohesive law of tough, strong engineering
adhesives. The new rigid-double-cantilever-beam (RDCB) technique is similar in concept to the standard DCB test, with an
important difference: the substrates are assumed to be rigid. In the RDCB configuration the strain energy eventually released
upon crack propagation is therefore stored in the adhesive itself. The assumption of rigid substrates also means that the
opening of the adhesive can be easily computed along the entire bond line, without the need for contact or non-contact
optical extensometers. The analysis for this test is also extremely simple, and directly leads to the full cohesive law of the
adhesive, without any initial assumption on its shape.

4.2 RDCB Test Setup and Sample Preparation

Test setup of the rigid-double-cantilever-beam (RDCB) experiment is relatively similar to the traditional DCB test but the
substrates are considered to be sufficiently stiff with respect to the adhesive as they can be assumed rigid. Here we used two
rigid steel blocks (with the geometries shown in Fig. 4.1) as substrate for adhesives to be studied. The adherent surface was
mirror polished down to 0.05 pm particle size in order to ensure a smooth surface, minimizing the effect of roughness on
the results. We did not study rougher surfaces in this work, while they can easily be tested using RDCB method. The
adhesive was used to join the two blocks, by partially covering their interfaces. The prepared specimen was then placed on a
miniature loading stage (Fig. 4.1). An opening displacement at a rate of 50 pm/s was applied on the RDCB specimen using
two steel pins (Fig. 4.1). The applied load and displacement were measured during the experiment using a 100 1bs load cell
and one LVDT, respectively. The compliance of the machine was independently measured by mounting a calibration sample
consisting of a single steel block with the same overall dimensions and the same slot as shown in Fig. 4.1, but with no
interface. All the experimental curves reported here were then corrected for machine compliance.
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Fig. 4.1 Schematic
illustration of the RDCB
sample geometry (left); actual
picture of the setup showing
an opened sample mounted on
the miniature loading stage
(right)

4.3 RDCB Test Analysis

The key part in RDCB analysis is the assumption of a rigid substrate compared to the deformable adhesive. In order to meet
this assumption, the deformation of the substrate during the course of the loading should be negligible compared to that of
the adhesive layer. We further discuss the validity of this assumption in Sect. 3. Since the substrates are considered to be
rigid, they only rotate about the hinge point O located at the end of the beams (Fig. 4.2). This assumption enables us to
directly calculate the opening of the interface u(x) anywhere along the bond line:

ulx) ==A 4.1

X
L
Where x is the position from the hinge point, L is the distance from the line of action of the pulling force to the hinge point O,

and A is the pins separation displacement. Writing the balance of moment (about the hinge point) exerted by the closure
force of the adhesive with the moment generated by the applied external load F yields:

b
B J xt(x)dx = LF (4.2)
0

Where B is the thickness of the substrates, b is the length of the bond line, and #(x) denotes the traction function which is
unknown and is to be determined. Since the opening along the entire length of the substrates is known, we can now use
Eq. 4.1 for a change of variable in Eq. 4.2, yielding:

L\? [° L
(Z) L ut(u)du :EF 4.3)
Where § is the separation at the crack tip. Differentiating from Eq. 4.3 with respect to § and using § = %A lead to the traction
function of the adhesive layer, as follows:
L dr
(0)=|—=||[2F+A— 4.4
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This equation simply gives the cohesive law of the interface from the traction function of the load—displacement curve
and its derivative, and from the geometry of the specimen. Unlike many other methods developed to determine the cohesive
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Fig. 4.2 Schematic
illustration of a RDCB
specimen with relevant
variables used here for
analysis

law of the adhesive interfaces, Eq. 4.4 does not require any initial assumption on the shape of the cohesive law which is a
significant advantage. When the cohesive law is determined, the fracture toughness of the interface can simply be calculated
by the area under the cohesive law which is also called cohesive energy:

Jic = JOO t(u)du 4.5)
0

The toughness obtained from Eq. 4.5 is equal to the work-of-fracture, defined as the area under the F- A divided by the
initial surface area of the adhesive (i.e. work-of-fracture measures the energy required to separate a unit surface of adhesive).

We also validated the result of the presented RDCB model by testing a 1 mm-thick double-sided polyethylene foam
adhesive tape sandwiched between two steel substrates. Using Eq. 4.4, the obtained F- A curves yielded the cohesive law of
the tape. Equation 4.5 was then used to compute the toughness of the tape which was Jic = 116 + 21 J/m? (five samples
were tested). We also measured the toughness of this adhesive (taped on the same polished steel surface) using a standard
peel test configuration (ASTM D6862-04) which gave a toughness of Jic = 127 + 15 J/ m? (five specimens were tested).
The values given by the RDCB and peel tests are comparable within experimental errors, which validated the RDCB test
procedure and data analysis.

4.4 Rigidity Assumption Validation

We noted earlier that the RDCB model relies on the assumption of a rigid cantilever compared to the adhesive. In order to
verify the validity of this assumption, the deformation of the substrate must be negligible compared to the deformation of the
adhesive interface. Since the highest deformation occurs when the interface passes the yield point of the cohesive law, it is
sufficient to compare the deflection of the substrates and adhesives at the end of the elastic regime.

In order to identify the critical parameters governing the deflection of the substrate and the adhesive, we consider the free
body diagram of the upper substrate (Fig. 4.3). The opening force was modeled as point load, and the adhesive was modeled
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Fig. 4.3 Free body diagram P
of the upper substrate in
RDCB configuration

as a linear distribution of tractions, consistent with a linear elastic regime. Writing the balance of the external work done by
load P and moment P(L — b) with the energy stored in the half thickness of the adhesive gives:

Si b
P&, + P(L —b) % =1 /2J SBudx (4.6)
0

Where 6;;, is half the crack tip separation (at x = b), S is the stiffness of the half thickness of the adhesive layer which is as
twice as the initial slope of the cohesive law (S = 2Siy), and u is separation at distance x from the hinge point O. Substituting

u= %x in Eq. 4.6 yields:

4.7)

The maximum deflection of the substrate occurs when the traction at the crack tip reaches the cohesive strength of the
interface o,, and it can simply be obtained using Castigliano’s second theorem [27], considering deformations from bending
moments and from shear forces. The strain energy of the system can be written:

b b L L
M 312 M2 312
U_Jﬁdx+J_5GAdx+Jﬁdx+J_5GAdx 4.8)
0 0 b b

Where M; and V; are bending moment and shear load, respectively, G and E are shear modulus and Young’s modulus of the
substrate, respectively. A and I denote the substrate cross section area and the substrate second moment of area respectively.
Balancing the forces in y direction and moment around the hinge point O gives F = (% — )P and 6, = %. The bending
moment and shear load in OA (M, and V) and AB (M, and V) part of the substrate can be written:

Bo,,x° 3L
M, =20, <1 )Px

6b - 2b

onB , 3L
vi=- e (1 _%)p 4.9)
M, = P(L—x)

Vo=P
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Substituting the shear loads and bending moments from Eq. 4.9 into Eq. 4.8, and taking derivative from Eq. 4.8 with
respect to P yields the deformation of the substrate at the loading line:

5 :P(g—;‘—l—%) (4.10)

With a; = %L(’g — 1) and ap, = (%z =+ Llioz - ZLTZ”> By assuming a homogeneous isotropic linear elastic property for the

substrate material (with rectangular cross section); Eq. 4.10 can further be simplified as:

5 :P((l +v£)?as+a,,) @.11)
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= B B3
addition to this opening, resulting from bending moments and from shear forces, the adhesive layer separation also produces
opening along the loading line which must be considered in the calculations. This is taken into account by rotating the
substrate around the hinge point O so that the crack tip opens up to 25, which gives:

!
and a;, =

. Where v and / denote the poison’s ratio and thickness of the substrate, respectively. In

L
6 = (E) Srip (4.12)
Adding the opening from Eqgs. 4.11 and 4.12 gives the total substrate tip opening:
(1+v)a, +a, 312
A=P 5 4.13
( E @ BbSm “-13)

We now define a non-dimensional ratio o = ’Z‘,’é which can be used to assess the rigidity of the substrate. This ratio must

be equal, or close to unity for the substrate to be considered rigid. In this case the surface of the substrate remains uniformly
straight and Eq. 4.1 can be used. Substituting half the crack tip opening from Eq. 4.7 and the substrate tip opening from
Eq. 4.13 into this ratio results:

(4.14)

a =

! ! _l
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This equation can now be used to verify the rigidity assumption of the substrates. It incorporates the geometry of the
specimens, as well as the elastic properties of the substrate and the cohesive strength of the adhesive layer. Using
this equation, we plotted the ratio « as a function of dimensionless material parameter o,,/E (ratio of the cohesive strength
of the interface to the modulus of the substrate) for the fixed dimensions specified in Fig. 4.1 (Fig. 4.4). The model confirms
that the ratio is equal to one for low cohesive strength of the adhesive and/or high substrate modulus. When the ratio ¢,,/E
gets larger, a deviates from unity, indicating substrate deformation. a becomes smaller than 0.95 for 6,,/E > 8.3 x 107%.
As the ratio a becomes larger the traditional DCB method becomes more appropriate.

Finally Eq. 4.14 was verified using finite element method. We constructed the RDCB configuration in ABAQUS (v. 6.9,
ABAQUS Inc., Providence, RI), with the geometry shown in Fig. 4.1. Using symmetry about the plane defined by the bond
line, only the upper half of the system was modeled: one substrate, and half of the thickness of the bond line. The substrate
was modeled as linear elastic with plane strain condition. The interface was modeled with user defined cohesive elements,
with the upper nodes joined with the node from the substrate, and the lower nodes only constrained to remain on the plane of
symmetry. A trapezoidal cohesive law was chosen to simulate crack propagation within the adhesive layer. The upper pin of
the fixture was modeled as a rigid surface in contact with the inner surface of the fixture. The pin was displaced at a fixed rate
to simulate the opening of the interface. Figure 4.4 shows a good agreement between the finite element results and the
analytical result of Eq. 4.14, validating the accuracy of the presented analytical method.
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Fig. 4.5 Typical force-opening curves of the three tested types of adhesive; (b) typical cohesive laws obtained from RDCB model; (¢) cohesive
parameters for the three adhesive tested in this work: (a) cohesive strength and maximum separation, and (d) toughness

4.5 RDCB Test on Typical Engineering Adhesives

Using RDCB method we tested three engineering adhesives with a wide range of mechanical behavior from soft elastomer to
stiff thermoset polymer: silicone (Silicone, General Electric, Huntersville, NC, USA), polyurethane (PL Premium, Lepage,
Brampton, ON, Canada), and epoxy (EpoThin epoxy, Buehler, Lake Bluff, IL, USA). Typical load-opening curves resulting
from RDCB tests on each of these three adhesives are shown in Fig. 4.5a. Polyurethane and epoxy showed a linear increase
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at the initial part of the loading which is followed by an almost abrupt drop corresponding to the onset of crack propagation.
For the case of silicone, the failure process was more progressive exhibiting a bell shape force-opening curve. Using optical
microscope, posttest fracture surface of the specimens was further explored. The fracture surfaces of epoxy and silicone
clearly indicated adhesive failure (the crack propagated at the adhesive-substrate interface) along one interface. Polyure-
thane displayed a mixed failure mode including cohesive failure, adhesive failure (the crack propagated through the
adhesive) and crack deflections. From a fracture mechanics perspective, the latter failure mode is more desirable because
it involves more energy dissipation, which translates into increased fracture toughness for the interface. The obtained force-
opening curves were then processed through RDCB analysis explained in Sect. 2; the typical cohesive laws for the three
studied adhesives are shown in Fig. 4.5b. This data was used to measure the cohesive strength of the adhesive (maximum
traction) and the maximum separation (opening at which the cohesive law vanishes). Figure 4.5¢ presents the average values
of theses cohesive law parameters. Epoxy was the strongest but also the most brittle of the three adhesives, with a cohesive
strength of 8—10 MPa and maximum opening of about 25 pm. In contrast, silicone showed a low cohesive strength about 10
times lower (1 MPa) but a maximum separation about 10 times larger than epoxy

Figure 4.5d presents the toughness of the adhesives which was obtained from Eq. 4.5. Amongst all the tested adhesives,
polyurethane is the toughest with average fracture toughness being approximately 430 J/m”. This was predictable from
parameters (cohesive strength and maximum separation) shown in Fig. 4.5¢, because it exhibits both high strength and large
extensibility. Epoxy and silicone (despite being either strong or deformable) display low fracture toughness mainly due to
the shortage of extensibility (in epoxy) and strength (in silicone). In order to investigate the validity of the results we
obtained for these adhesives using RDCB model, we determined the ratio a (Eq. 4.14) for each case. For all the cases,
parameter « is approximately unit (maximum deviation from unit happens in the case of epoxy adhesive which is 0.3%)
which confirms that all the results presented in this study are valid and can be used for further studies on the fracture behavior
of the adhesives.

4.6 Conclusions

In this study, a simple yet robust experimental method called RDCB test was presented to determine the cohesive law and
fracture toughness of engineering adhesive in the opening fracture case (Mode I). First developed for soft, deformable
biological adhesives, RDCB method can be modified to include high strength of tough engineering adhesives using thick
rigid substrates. The method is very useful and unlike many other developed techniques needing an initial assumption for the
shape of the cohesive law and requiring complex experimental setup, imaging or numerical modeling, RDCB test provides
the full cohesive law of the adhesive without any initial assumption on it shape. The method only needs the initial geometry
of the specimen as well as the load—displacement data from experiment. In order to validate the results of the model, we
defined a non-dimensional parameter called a which can be used to quantitatively investigate whether the assumption of
rigid substrates is valid. For values of a close to unity, the RDCB rigidity assumption is valid and the method directly yields
the cohesive law of the adhesive. Finally we successfully implemented the RDCB method on three typical engineering
adhesives: epoxy, polyurethane and silicone. The results showed very different cohesive laws for these adhesives. Epoxy
showed high cohesive strength but small extensibility, while silicone showed high extensibility but low strength. Polyure-
thane, with both high strength and extensibility, was found to be the toughest of the adhesives tested here. The RDCB
method is a simple and accurate method to obtain the cohesive law of adhesives, and can serve as an experimental platform
to investigate their mode of failure or to optimize their performance.
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