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A B S T R A C T

The design of adhesively joined components requires the ability to predict and model the joint response under
expected operating conditions, including crash events for vehicle structures. Specifically, quantifying adhesive
material damage accumulation from static and dynamic loading is essential to predict the response of bonded
components in such scenarios. In this study, Vickers microhardness measurements were used as a forensic
technique to quantify damage in bulk tensile samples for three structural epoxy adhesive materials: an un-
toughened epoxy; a toughened epoxy; and a high toughness epoxy. The samples were tested to failure over a
range of strain rates (0.002–100 s−1), and hardness measurements were taken post-test along the gauge length.
In general, for toughened epoxies the damage extended over much of the sample gauge length, while the un-
toughened epoxy demonstrated damage localization at the failure location. The hardness data support the
contention that mechanisms such as crazing and shear banding play a role in microhardness changes in
toughened epoxies. Increments in strain rate led to an increase in the damage localization. Microhardness
measurements were a valuable tool to quantify damage, with the limitation that the magnitude of change in
hardness could be adhesive-specific, hypothesized to be related to competing damage mechanisms. The benefits
of this approach include the ability to spatially quantify damage, to detect strain rate effects and to carry out
measurement of damage post-test in support of constitutive modeling and failure analysis.

1. Introduction

Engineering design of adhesively joined components and structures
requires the modeling of structural adhesives with appropriate con-
stitutive models to describe the mechanical response and failure under
aggressive loading, such as crash scenarios in vehicle applications [1].
The study of adhesives and adhesive joints to support modeling presents
challenges as the stress state, strain rates and joint geometry can in-
fluence the measured properties and active damage mechanisms in the
adhesive [2,3]. Accordingly, quantifying the damage distribution and
the relationship to deformation rate is necessary for defining con-
stitutive models that can accurately predict adhesive joint response in
bonded components. Adhesives can have a wide range of chemical
composition, with epoxies and toughened epoxies commonly used for
structural applications. Toughened epoxies are modified to improve the
adhesive strain to failure and fracture toughness [4,5], using rubber
(butadiene) and high stiffness particles as toughening agents. For ex-
ample, rubber toughening agents typically comprise particle sizes from
0.1 µm to 0.9 µm in diameter occurring as a suspended phase. However,
the particle size depends on the amount of material used for the pre-
cipitate and also the relative viscosities between the adhesive compo-
nents [6,7]. Epoxy adhesive materials can exhibit different deformation

and failure mechanisms depending on the mode and rate of loading. In
unmodified epoxies, brittle failure is observed, attributed to the ex-
istence of microvoids or small stress concentrations in the material [8].
In the case of toughened epoxies, many different mechanisms [5,8] can
be active, including: cavitation and fracture of rubber toughening
particles; debonding and tearing of other embedded constituents that
act like particles (EPM, ABS, polyolefins, etc.); crack deflection by hard
particles; plastic zones at crack tips; and shear band/craze interactions.
Shear banding and crazing are considered the dominant damage me-
chanisms for toughened epoxies [9].

Ductile polymers, with strains to failure above 25% [10], typically
deform by shear banding, identified by birefringent areas oriented at
well-defined angles, typically 45°. Shear bands may initiate at stress
concentration points or in areas of high compressive stress. High
magnitude localized strains develop within the shear bands [11],
without the creation of voids [10].

Crazing, also referred to as strain whitening, occurs through the
widening of pre-existing micro cracks as well as the initiation and
opening of new cracks in the material [12,13]. Typical craze opening
sizes are less than 1 µm in high-impact polystyrene [14], and approxi-
mately 2 µm for styrene butadiene-modified polypropylene [6]. The
phenomenon may occur at a local area, or may extend along the load-
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bearing area, depending on the chemical composition of the polymer,
microstructure and presence of microdefects [5,6,8]. Thus, crazing can
be considered as damage (D) in its most simple interpretation, as the
creation and coalescence of voids within a volume of material [15].

Damage may be defined or measured as the ratio between the vo-
lume of voids (Vv) and the original material volume (Vo). Similarly,
damage can also be defined on an area basis as the ratio of the area of
voids (Av) to the total area (Ao) of undamaged material in a given cross-
section (Eq. 1), as proposed by Woo [16].
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Direct measurement of voids is a formidable task, especially if in-
situ measurements are desired during loading. Damage is then generally
measured by indirect methods, such as [15]: changes in modulus of
elasticity; variations in electrical resistivity; changes in wave speed; and
changes in hardness. All of these methods are related to the density of
the material, and therefore intrinsically related to the voids inside the
volume of material. Tang et al. [17]measured changes in modulus of
elasticity and Poisson's ratio to quantify damage for polystyrene (PS)
toughened with rubber particles (HIPS).

The use of microhardness to characterize metals and damage in
metallic materials is well established [15,18], but the use of micro-in-
dentation in polymers has been relegated mostly to a simple, non-de-
structive production control test that indicates cure or chemical com-
position [19]. Nevertheless, there are studies that demonstrate the
flexibility and usefulness of indentation techniques to determine the
mechanical properties for viscoelastic materials [20,21], to measure
changes in polymeric materials, such as polymorphic transitions due to
loading [19], or to identify craze initiation [22]. A possible method,
then, to measure the effect of damage in materials is through hardness
measurements at discrete points. Hardness can be measured using a
standardized scratch hardness test or a Shore Durometer as described in
the literature [23], or with the aid of other indentation devices, such as
Brinell, Knoop, Rockwell or Vickers. Where indentation size is limited,
for example on small samples or thin bond lines, Vickers microhardness
is often used [19]. When measuring hardness, damage can be defined in
terms of the original hardness of the material (Ho), and the hardness of
the material post-loading (H) (Eq. 2) [15]. The hardness of a material is
often described in test-specific units (e.g. HV), but can be represented
using consistent units of force divided by length squared [19]. Typi-
cally, results are expressed in units of megapascals, although the mea-
surements do not represent pressure or stress. It is also necessary to
consider that the use of Eq. 2 does not consider deformation rate de-
pendencies, which are of importance in the description of viscoelastic
materials [21].

= −D H
H

1
0 (2)

Reported hardness values for polymers can be highly dependent on
composition, curing temperature, heat treatments and test temperature,
with typical values ranging from 30MPa for poly ethyl-ethylene (PEE)
[24] up to 1000MPa, as reported by Paplham [25] for a carbon fiber
epoxy composite. The epoxy resin used in Paplham's study had a
measured microhardness of approximately 300MPa. Stoeckel et al.
[26] and Zheng and Ashcroft [27] have reported microhardness values
in the range of 180–220MPa for different epoxy adhesives. The mi-
crohardness of a material can also be estimated, using Tabor's relation
[18], as three times the yield strength (σy) of the material (Eq. (3)). This
relationship was developed for metals, but has been applied to some
polymers [19]. Eq. (3) also neglects strain rate effects, therefore it may
be limited in application due to the viscoelastic nature of polymeric
materials, as demonstrated by Lopez [28].

=HV σ3 y (3)

Stress-induced changes in microhardness measurements have been

reported in the literature, and demonstrate that the material hardness
decreases with increasing levels of strain [19,29]. However, it is pos-
sible to observe a reversal in this trend, depending on the specific
polymer. For example, at high levels of deformation (> 40%) PEE
microhardness increases, following the notable decrease in micro-
hardness trend for lower strains [24]. The same behavior was reported
by Fakirov and Boneva [30] for homo-PBT, but the trend reversal
started as low as 10% strain. Baltá-Calleja [19] reports that softening
followed by hardening with strain is possible due to “polymorphic”
transitions. In such transitions the material changes from an alpha form,
in which molecular chains are not fully extended, towards a beta form
with chains fully extended. Coiled chains have ductility and produce a
lower hardness, while extended chains require more load to deform,
hence higher microhardness. In general, for the reviewed literature
microhardness measurements made under stress and after unloading
are lower compared to the undamaged material, making application of
Eq. 2 feasible to describe damage in polymers based on microhardness
measurements.

In this study, Vickers microhardness was used to quantify damage
and damage extent along the loaded zone for bulk tensile samples of
three different epoxy adhesives subjected to uniaxial tensile loading
until fracture at different strain rates. With adhesive materials, joint
geometry and the state of stress can influence material properties,
therefore using the bulk material presents a limitation. Nevertheless,
the bulk material provides a controlled and repeatable test to further
understanding of the active damage mechanisms. It also serves as proof
of concept for a methodology that can be extended to more complex
scenarios. Additionally, the applicability of Tabor's relationship to
epoxy adhesives was explored.

2. Methods

2.1. Materials and testing

Three different epoxy adhesives (EC-2214, DP-460NS and SA-9850;
3M, Minnesota) were investigated. The selected materials made it
possible to compare the response of an untoughened epoxy adhesive
(EC-2214) with a toughened epoxy (DP-460NS) and a material speci-
fically designed for impact resistance (SA-9850). Both DP-460NS (two-
part epoxy) and SA-9850 (single-part epoxy) were toughened epoxies
with a polymeric phase, while EC-2214 was a single-part epoxy. Table 1
provides a general overview of the chemical composition of each ma-
terial based on available data from the manufacturer [31]. To quantify
the material microstructural inhomogeneity, length scale observations
were made for all three materials at intermediate magnification
(100–200×) using an opto-digital microscope (ODM) (Keyence VHX-
5000) to measure the average size and shape of the visible phases.

Epoxy sheets were manufactured by casting the adhesive material
between two glass plates followed by oven curing. Curing temperature
and time were set to the manufacturer specifications to develop optimal
strength for each material: one hour curing cycle at 120 °C for EC-2214;
two hours at 70 °C for DP-460NS; and one hour at 170 °C for SA-9850.
Tensile samples were machined from the sheets and loaded in uniaxial

Table 1
Epoxy composition, weight percentages as a ratio of the controlled product.

Material Matrix Phase 2 Phase 3 Phase 4

EC-2214 Epoxy Resin Al pigment Elastomer n/a
30–60% 15–40% 1–5%

DP-460NS Phenol Resin Butadiene Silicones n/a
60–100% 7–13% 1–5%

SA-9850 Epoxy resin Phenoxy resin Elastomer Al
30–60% 7–13% 10–30% 5–10%
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