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ABSTRACT

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 untoughened 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™), 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.
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1. INTRODUCTION

Engineering design of adhesively joined components and structures requires the
modeling of structural adhesives with appropriate constitutive 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 influence 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 constitutive 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
example, rubber toughening agents typically comprise particle sizes from 0.1 pm to 0.9
um in diameter occurring as a suspended phase. However, the particle size depends on
the amount of material used for the precipitate and also the relative viscosities between
the adhesive components [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 existence 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 mechanisms 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 pm in high-impact polystyrene [14], and
approximately 2 um for styrene butadiene-modified polypropylene [6]. The phenomenon
may occur at a local area, or may extend along the load-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 volume 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 (Equation 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-indentation in polymers has been relegated
mostly to a simple, non-destructive production control test that indicates cure or chemical
composition [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) (Equation 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]. Typically, results are expressed in units of megapascals, although
the measurements do not represent pressure or stress. It is also necessary to consider that
the use of Equation 2 does not consider deformation rate dependencies, which are of
importance in the description of viscoelastic materials [21].

D=1 H
= e
Equation 2

Reported hardness values for polymers can be highly dependent on composition, curing
temperature, heat treatments and test temperature, with typical values ranging from 30
MPa for poly ethyl-ethylene (PEE) [24] up to 1,000 MPa, 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 300 MPa. Stoeckel et al. [26] and Zheng and
Ashcroft [27] have reported microhardness values in the range of 180-220 MPa for
different epoxy adhesives. The microhardness of a material can also be estimated, using
Tabor’s relation [18], as three times the yield strength (oy) of the material (Equation 3).
This relationship was developed for metals, but has been applied to some polymers [19].
Equation 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 = 3o,
Equation 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 possible 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 microhardness 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. Balta-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 Equation 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 specifically 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 material 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 (100-200x) 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 tension to failure at different strain rates (0.002, 0.01, 0.1 and 100 s). In recent
research [1] these materials were identified to exhibit increasing strength and reduced
strain to failure with increasing strain rate (Table 2). During uniaxial loading, both DP-
460NS and SA-9850 demonstrated strain whitening, but EC-2214 did not (Figure 1).

The DP-460NS material was further investigated for damage features that relate to the
strain whitening, such as micro-cracks and shear bands. The toughening agent
(butadiene) in DP-460NS is commonly used as a toughening agent [4,6—10], and the
particle sizes were comparable to those present in SA-9850. Therefore, this material
represented typical feature size relative to the indentation size and, from a Linear Elastic
Fracture Mechanics perspective (fracture toughness, Table 2), DP-460NS will generally
produce damage features that are larger in size than the non-toughened epoxy (EC-2214)
and that are similar in length to SA-9850.

2.2. Microhardness measurements

For this study, the use of a digital Shore durometer was considered (Instron S1 model
handheld durometer). However, it was found that the indentation size (1.5 mm in
diameter) prevented the possibility of performing a significant number of measurements
across the width (3 mm) of the coupon samples for statistical analysis. Nano-indentation
could provide better measurement resolution across the width of the samples, and
measurements on the order of the size of the damage features. This technique should be
considered in the future. The goal of this study, however, was to undertake material
hardness measurements at a scale to determine average changes in hardness and material
damage. Therefore, a Micro Vickers Hardness Machine (Leco MHD-200 model) was
used to measure the material hardness. The device provided repeatable measures and the
small indentations (~200 pm) enabled multiple measurements in a small area, required
for statistical analysis. The indentations were measured with the optical filar micrometer.
At a later stage in the study, measurement of the indentations was undertaken with the
ODM to improve measurement consistency. When using Vickers microhardness [19], the



size of the micro indentation diagonal (d) in millimeters and the load applied in Newtons
can be related to the hardness of the material (HV) (Equation 4).

1.854 « Load
V= 1

Equation 4

Micro-indentation testing in metals is typically conducted by mounting the specimens in
Bakelite or some other support material [32]. In the case of micro-indentation of
polymers, Baltad-Calleja [19] and Smith [33] made some recommendations regarding
sample mounting and testing. In general, an epoxy resin can be used for mounting
polymers because it will have similar mechanical properties as the material to be tested.
When mounted in this way, samples need to be cleaned and polished, and a cold-mount
resin is required to avoid thermal effects on the material to be measured. To address these
challenges, an aluminum support fixture was manufactured to support the samples during
the micro-indentation process. A preliminary study was conducted to determine if the
support fixture produced results different from those of a sample mounted using an
epoxy resin. It was concluded that the use of the support fixture did not influence the
hardness results. This same study also determined the ideal load to use during micro-
indentation for each material (see Supplementary materials, section 1).

The samples’ microhardness was measured before and after uniaxial loading. Three
measurements were made in the grip zone before testing, and these served to verify the
previously measured basic reference values for each material. To evaluate the effects of
loading in the material, microhardness measurements were made in the sample gauge
length following uniaxial tensile testing (3 measurements across the width, at 2 mm
increments along the gauge length). The indentations started at 0.5 mm from the fracture
plane, and a minimum distance of 350 um was maintained between indentations in the
same plane (Figure 2) in order to minimize interaction between measurements.

3. RESULTS

3.1. Epoxy material microstructure measurements

Table 3 summarizes particle size analysis for all three materials. In the analysis, the first
phase was the epoxy matrix, and therefore no particle results are reported. In EC-2214
and SA-9850 the micrographs pointed to a microstructure composed of reflective circular
particles corresponding to the aluminum aggregates, typically 10 um in diameter. Dark
areas were identified as the elastomeric phase in both materials, with a mean diameter of
approximately 20 um. In both materials, the particle distribution was typically even
along the observed surfaces and the particle spacing (edge to edge) was on the order of
10 pm. Although DP-460NS is described by 3 different phases in the chemical
constitution (Table 1), it was only possible to identify 2 phases with the ODM: phenol
matrix in the background; and a mix of circular and amorphous butadiene, identified as a



darker component. The butadiene particle distribution was random over the material
surface; particle separation, measured from edge to edge, varied between 2 um and 25
pm. It is worth noting that some of the butadiene particles demonstrated internal
inhomogeneity (lighter colored areas). This may indicate that the unidentified third
silicone phase could be partially distributed within the second phase.

3.2. Strain whitening development in the adhesives
During uniaxial load testing, DP-460NS and SA-9850 showed strain whitening, but EC-
2214 did not.

For DP-460NS, as load was applied to the material at very low strain rates, the material
first developed small areas of lighter color compared to the base material; the size of
these areas grew and coalesced with increasing strain. Eventually, the whitened regions
linked and formed inclined bands of whiter color. For DP-460NS, the development of
white areas started well before the end of the elastic range (e~0.015) and transitioned
towards well-defined bands after reaching the maximum stress (45 MPa); the strain
(e~0.03) was below the strain to failure (e> 0.10) at this point. At low strain rates, the
strain whitening occurred over the entire gauge length of the sample, with development
of numerous shear bands. However, as the strain rate was increased, localization of
whitening in the vicinity of the fracture zone was identified. After failure there was strain
whitening in the gauge for the quasi-static samples, yet it was only noticeable in the
region of failure for the high strain rate samples.

In the case of the SA-9850 adhesive, the behavior was similar, although the transition
from crazing to shear bands was delayed well into the plastic region with high strains (e>
0.05), and the shear bands were not as well defined as in DP-460NS. The whitening was
distributed along the entire gauge length of the material sample and was noticeable at all
strain rates tested. In SA-9850 the strain whitening was noticeable in the gauge length
even after final failure; this was also identified in the high strain rate samples.

3.3. In-situ damage feature measurement in DP-460NS

The DP-460NS material was observed using the ODM during tensile loading to identify
the characteristic lengths of features such as micro-cracks and shear bands. The initial
typical surface of DP-460NS consisted of the elastomeric phase and pre-existing cracks.
From ODM image measurements it was determined that surface defects, such as cracks,
were typically less than 3 um opening. During loading these features could open up to 4
pum. A crack in the sample area imaged began at 26 pm in length and grew to a length of
51 wm under load. It was noted that cracks often coalesced during the loading stage.

Shear band orientation ranged between 28° and 30° relative to the loading direction, and
the shear bands were approximately 50 um in width. Figure 3 illustrates the material
surface during load, as well as measurements made on the shear bands and at crack
features.



3.4. Microhardness baseline measurements

Microhardness baseline values for each individual adhesive material were established for
reference (Table 4). Also reported are the yield strength and the ultimate strength. Values
for Tabor’s ratio between yield strength and measured microhardness were calculated
using Equation 3. The calculation was also performed using the ultimate strength of the
materials (Table 5). Micro-indentation diagonal length varied with the materials (Table
4), and in certain cases evaluation with the optical filar was challenging (Figure 4). The
ODM facilitated the identification of micro-indentations using variable depth of field
imaging and 3D image processing (Figure 5).

3.5. Post-test microhardness and effect of strain rate

The microhardness profile along the gauge length of the sample, beginning at the fracture
zone, was determined for the three different materials (Figures 6—8). The figures include
box whisker plots that summarize the data at each measurement location. Each box
includes a horizontal bar to depict the mean value, the upper and lower fence, and 75%
and 25% quartiles. Each figure also includes a corridor indicating the undamaged
material mean microhardness values (solid line, data from Table 4) and three standard
deviations from the mean (dashed lines).

At each tested location, measurements were compared with those of the undamaged
material average microhardness (Table 4), using a T-test with a significance level of
95%. The tables in section 2 of Supplementary materials summarize the analysis results
for each material at each measured location. Statistically different locations from the
mean are identified with the star symbol in Figures 6—8.

The microhardness measurements were lower, on average, for the tested samples
compared to the base material values (Table 4). The EC-2214 material had
microhardness values statistically similar to the base material, except near to the fracture
zone, while both DP-460NS and SA-9850 exhibited a more even distribution of the
microhardness values along the sample gauge length. DP-460NS exhibited wide
variability in hardness at the two extremes of the strain rates tested, and at the highest
strain rate the average value of microhardness (135 MPa) was higher than that of the
undamaged material mean (120 MPa). Due to the variability of the DP-460NS samples at
the highest strain rate (100 s'), the individual samples were investigated in detail to
clearly understand the reason for this change and variability (Supplementary materials,
section 3, Figure S3-1 and Table S3-1).

3.6. Damage Calculation

From the microhardness measurements (Figures 6—8), and assuming that the material
base microhardness was a constant (Table 4), the damage at each measurement location
was calculated (Equation 2). Damage values were calculated considering only softened
material, which is a limitation of the analysis. The calculated damage was summarized
using whisker boxes (Figures 9—11). Note that only information for locations that were
statistically significant (identified by * in Figures 6 and 7) was included for EC-2214 and



SA-9850, whereas all of the measured data was used for the DP-460NS damage
calculation.

According to the damage calculations from microhardness, for EC-2214 (Figure 9) the
average damage value at quasi-static rates was 43%. There was great variability in the
calculated damage and the reported values could be as low as 15% and as high as 66%.
Moving away from the fracture zone the calculated damage always decreased. At the
next strain rates (0.01 and 0.1 s') the trend was repeated, with higher damage detected
towards the fracture zone than in the furthest location reported. Two trends in the
calculated damage were noticed: with increases in strain rate the amount of damage
decreased; and increasing difference between the value at the fracture zone and the other
locations was also detected.

In the case of SA-9850 (Figure 10), the calculated damage value varied around an
average of 37% and was independent of strain rate up to a strain rate of 0.01 s™\. The
damage was more or less distributed evenly along the length gauge of the specimens,
although increased variability and trends towards lower values were detected further
away from the fracture zone. At higher strain rates, localization began to appear in the
vicinity of the fracture zone and the calculated damage was reduced to 25% on average.
The samples at 0.1 s had a trend not noticed anywhere else. For this data the calculated
damage was greater further away from the fracture zone (30% in average), than closer to
the fracture zone (20% on average). Further review of the microhardness values (Figure
7) indicated that for this particular sample group, there was a reverse in the
microhardness trend close to the fracture zone.

The DP-460NS damage data (Figure 11) reflected a trend towards higher damage in the
region of the fracture zone. The calculated damage was 20% on average closest to the
fracture zone for all strain rates. The damage was typically greater towards the fracture
zone and then tapered off towards a lower value (5-10%) moving away from the fracture
zone. At the highest strain rate tested (100 s™!), the damage closest to the fracture zone
was also around 20% on average, but there was variability along the gauge length.
Fluctuations between 16% and 25% in average value were detected in these zones.
Finally, at the furthest location average damage was calculated as 10%.

4. DISCUSSION

4.1. Measurement of microhardness in epoxy materials

The traditional equipment used to measure microhardness can have difficulty identifying
indentations in certain materials, specifically polymeric materials with aggregates that
appear dark under microscope light (Figure 4, SA-9850 and EC-2214 materials).
Although measurements with a filar micrometer and a regular confocal microscope were
possible, it required high skill, and in some cases it proved challenging to properly
identify the location or the boundaries of the indentation. Identification can be enhanced
with the use of a contrasting medium (marker ink), but this approach remains limited



because while it can aid in identifying the presence of an indentation, it cannot clearly
delineate the boundaries. In this study, an opto-digital microscope (ODM) was used to
verify previous measurements gathered with traditional filar micrometer and regular
confocal microscope imaging. Importantly, the ODM capability to measure surface
profiles facilitated the identification and measurement of indentation features (Figure 4
far left vs. Figure 5), especially in low contrast conditions.

4.2. Length scales

The damage calculations assumed that each adhesive could be treated as a continuum.
Such an assumption must be supported by demonstrating that the material microstructure,
inhomogeneity and the length of the damage features were sufficiently smaller than the
size of the microhardness indentation.

For the EC-2214 and SA-9850 adhesives, the material microstructure can be considered
as an aggregate of particles (Figure 4, center and far right). Such particles were typically
circular in shape and 3—37 um in diameter (Table 3). In DP-460NS, micrographs showed
a random distribution of the elastomeric phase in both particle shape and size. Particle
analysis in this material identified sizes up to 22 pm in diameter in the observed region.
Measurements of damage features identified features in DP-460NS up to 4 pm in width
and up to 50 um in length, while shear bands were typically 50 pm in width and oriented
at 30°. The measurements were reasonably close to the reported data in the literature for
crazing crack openings, on the order of 1-2 um [7, 17-20] in different polymeric
materials. From a fracture mechanics perspective, given the similarity in mechanical
properties (Table 2) and particle sizes (Table 3) across the toughened materials (DP-
460NS and SA-9850), the reported crack sizes should be a representative length scale of
damage features for both materials. For the regular epoxy (EC-2214), given the lower
fracture toughness, the characteristic length of damage features are expected to be
smaller than the measured values in DP-460NS. Microhardness indentation sizes ranged
between 140 um and 316 um (Table 4) in diagonal length. Typical micro-indentations
are depicted in Figure 4 inside the red circle. From the ODM results (Figure 5), a value
of 6 um can be considered as a representative magnitude of the indentation depth. The
microhardness diagonal length scale is at least 3 times larger than the largest
microstructure features, and ~ 300 times larger than the smallest features in the material.
Not considering the depth of indentation, the materials could be treated as a continuum
for damage characterization and interpretation of the hardness measurements.

4.3. Measured microhardness values

Microhardness measurements made in the undamaged materials were lower than the
typical expected range for epoxy resins (~ 300 MPa), but this can be expected as the
tested epoxy adhesives incorporate different levels of elastomeric materials in their
chemical composition. The EC-2214 epoxy with the lowest amount of toughening agent
(< 5% per weight) exhibited the highest microhardness (250 MPa). This value is below
that reported by Pahlman [25], but well within the approximate expected range of epoxy
materials (165-300 MPa). Both DP-460NS (120 MPa) and SA-9850 (102 MPa) had a



higher content of toughening agent, which was reflected in lower microhardness
measurements. Tabor’s relation was also evaluated using the undamaged material
measured microhardness and compared to the measured yield strength and ultimate
strength. For all three materials the calculated ratios were between 3.3 and 4.7 using the
yield strength, and between 3 and 4 using the ultimate strength. Given these values, we
consider that the Tabor relationship can provide a reasonable approximation of the
strength for the epoxy adhesives examined in this study. Conversely, since yield values
for polymeric materials are scarce in the literature, the ultimate strength could be used to
obtain a reasonable approximation for the microhardness of the material when needed.
Balta-Calleja [19] linked microstructure with the Tabor findings and explained that
materials with hardness to strength ratios close to 3 are representative of polymers with
high crystallinity. Clearly, the measured ratios in this case cannot be interpreted in terms
of crystallinity alone because epoxy resins are generally considered to be amorphous
glassy polymers.

4.4. Strain rate effects on the microhardness
The microhardness indentation data were used to investigate the effect of strain rate on
the hardness of the structural epoxy adhesive materials.

In general for the EC-2214 material, changes in microhardness were highly localized at
the fracture zone and no other statistically significant changes were identified along the
gauge length, although variability was present in the results. Microscope observations of
the material (Figure 4, middle) show that the micro-indentations can cover regions that
include the aluminum additive used in the material formulation, which could play a role
in the variability. For the single-part EC-2214 epoxy, the microhardness data (Figure 6)
and the T-test analysis demonstrated that for the two lowest strain rates tested (0.002 and
0.01 s), the microhardness had lower values at, and adjacent to, the fracture zone. For
the 0.1 s data, two locations were found to be statistically different from the untested
material (Figure 6). However, this result was attributed to sample composition variability
and not linked to actual changes in hardness caused by loading. At these two locations
the measured microhardness averages (227.95+20.79 MPa and 201.83+35.99 MPa) were
within one standard deviation of the virgin material microhardness (251.06+38.04 MPa).
A T-test with increased significance level to 99% reports that at the two locations, the
microhardness was the same as the base material. Similarly, at the higher strain rate (100
s no statistically significant changes in the measured microhardness were detected.

For the SA-9850 adhesive, the T-test confirmed that the microhardness trend was
towards values that were statistically lower than that of the undamaged material (Figure
7). A noticeable change in the material microhardness trend with strain rate was detected:
at low strain rates (< 0.01 s') the microhardness ranged from 60 MPa to 70 MPa, while at
higher strain rates microhardness ranged from 70 MPa to 80 MPa. In both cases these
fluctuations were statistically different, and lower than the undamaged material
microhardness of 102 MPa. They were also statistically different from each other.
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Of the three tested materials, the DP-460NS results were most challenging to interpret, a
difficulty attributed to the damage mechanisms active during deformation. For the lowest
strain rate, the statistical T-values reported both significant and non-significant values,
with no observable trend. The changes in significance for the T-values along the test
gauge can be explained by the observed changes in the material caused by the loading
history. At very low strain rates, the material first experienced crazing, which then
transitioned to well-defined shear bands as deformation progressed. During the initial
craze formation stage, groups of voids developed that softened the material. As the strain
was increased, the development of shear bands caused significant stretch in the
polymeric chains, leading to rehardening of the material. The occurrence of these two
potentially competing damage mechanisms led to no noticeable changes in the material
microhardness (Figure 8). This type of effect in the microhardness, i.e. rehardening with
strain, has been reported in the literature for other materials [19,24,30]. The wide
fluctuation in microhardness between softer and harder material along the test sample
gauge length can be due to pockets of softer crazed material among hardened shear-
banded regions, hence the changes in significance for the T-values along the test gauge.
It is also important to consider that the many damage mechanisms available for
toughened epoxies, as described in the Introduction, can play a significant role in the
variability of the measured values. Furthermore, as pointed out by Bucknall [9],
differences in particle size can also influence the balance between crazing and shear
banding across regions of the material, further complicating the possible reasons for the
variability. At the next two tested strain rates (0.01 and 0.1 s™), the material had less
chance to develop a transition between shear banding and crazing, hence the trend in
lower microhardness towards the fracture zone. At the highest strain rate, the average
microhardness (132.5 MPa) was statistically higher than the material mean
microhardness value (Supplementary materials, section 3, Table S3-1, 100 s T-test
results), although high variability in the data was noted (Figure 8, right). The individual
sample measurements (Supplementary materials, section 3, Figure S3-1 and Table S3-1)
confirmed the same phenomenon detected in the samples tested at the quasi-static strain
rate. For areas where crazing development was evident, the microhardness decreased. At
zones where shear bands were present, the microhardness increased.

4.5. Calculation of damage in the epoxy materials

According to the damage calculations from microhardness, the calculated post-test
damage fluctuated between 20% and 42% in the materials. Although the average
tolerance for damage in EC-2214 (34-42%) seems comparable to the other two
adhesives, one has to consider that the calculated damage, according to the statistics, can
be as low as 15% in the fracture zone (Figure 9). The concentration of damage in a small
area of the test sample and low strains to failure demonstrate the brittle nature of this
material. In the case of the toughened epoxies, the damage tolerance was demonstrated
by the capacity of the materials to propagate damage along the test sample gauge section.
This was propitiated by the capacity of the materials to develop crazing, due to the
presence of toughening agents. Calculated damage values along the sample gauge length
for both SA-9850 (30—40% damage, Figure 10) and DP-460NS (20% damage, Figure 11)
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demonstrated the ability of these materials to tolerate damage across a large area of
loaded material. At higher strain rates the capacity to absorb damage was reduced in SA-
9850 (20% damage), but remained constant in DP-460NS. Although, at the higher strain
rates, DP-460NS demonstrated the initiation of localization, while SA-9850 maintained
some of its capacity to tolerate and distribute damage along the test gauge. The
differences between low strain rates and high strain rates can be explained by a reduction
in the ability of the materials to develop crazing to the same extent as possible during
quasi-static loading.

Intuitively, one would expect damage values to be higher in the toughened materials than
in the brittle epoxy, as was the case with the PS and HIPS data [17]. In this regard, the
shear banding present in the toughened epoxies had a re-hardening effect in the measured
hardness value that biased the damage calculation towards a lower result. It is possible to
circumvent this issue by extrapolating the undamaged material microhardness — as
proposed by Lemaitre [21] for the case of materials where damage and strain hardening
occur simultaneously. Using a reference hardness value (Ho) of 300 MPa, typical of a
pure epoxy resin, the damage of the toughened epoxies would be on the order of 60—
80%, given the range of measured microhardness after failure in both DP-460NS and
SA-9850. This is more in accord with the values presented for HIPS [17]. Although the
calculated values for damage were not unreasonable for the plain epoxy adhesive (EC-
2214), further consideration needs to be given to damage evolution and measurement in
toughened epoxy materials (DP-460NS and SA-9850). Both softening and hardening
were coupled, and both effects need to be quantified in order to obtain an improved
calculation of material damage.

5. SUMMARY
Three different epoxy adhesive materials (EC-2214, DP-460NS and SA-9850 3M,
Minnesota) were tested under tensile load at different strain rates and were evaluated
using microhardness measurements as a means to measure material damage.
Traditionally, micro-indentations for microhardness measurements were measured with a
filar micrometer or with the aid of a confocal microscope. In this study, the use of an
opto-digital microscope (ODM) was explored and it proved to provide a significant
advantage for identification and measurement of microhardness indentations, particularly
for low contrast surfaces where the traditional filar micrometer or optical microscopes
may not be adequate to measure the size of the indentation. The microhardness
measurements demonstrated that changes along the gauge length were dependent on both
strain rate and the chemistry of the adhesive. In a non-toughened epoxy (EC-2214), the
damage was highly localized around the fracture zone. In toughened epoxies (DP-460NS
and SA-9850), the damage extended over much of the sample gauge length and the
microhardness variations were linked to the deformation mechanisms, i.e. crazing and
shear banding. In these two materials, the shear banding generally increased the
measured hardness, while crazing decreased the measured hardness, offsetting one
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another and ultimately affecting the damage results. With increments in strain rate,
localization increased.

Even though there was a localization effect on the measured damage that prevented
measuring hardness, and therefore damage data at high strain rates, microhardness
measurements were a valuable tool to quantify damage for epoxy adhesive materials
subjected to tensile loading under a wide range of strain rates. The microhardness data
along the test sample gauge length were also used to generate damage profiles (Figures
9-11), which cannot be easily obtained by other traditional means to measure damage,
such as detecting changes in the modulus of elasticity using load-unload cycles. The
Tabor relationship applied to polymeric materials was also explored, and the results
suggest that it can be used with toughened epoxy adhesive materials to provide an
estimate of strength from hardness values. The microhardness information can be used as
an additional verification point for assessing damage prediction capabilities of
constitutive models for use in analysis, design and computational models that include
adhesive materials.
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Figure 1: Strain whitening (crazing) for three structural adhesives.
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Tables

Material Matrix Phase 2 Phase 3 Phase 4
Epoxy Resin Al pigment Elastomer

LAEPAL, 30-60% 15-40% 1-5% -
Phenol Resin Butadiene Silicones

DP-460NS 60-100% 7-13% 1-5% wa
Epoxy resin Phenoxy resin Elastomer Al

SRR 30-60% 7-13% 10-30% 5-10%

Table 1: Epoxy composition, weight percentages as a ratio of the controlled
product.
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Table 2: Mechanical properties of tested structural adhesives[1].

Phase 2 Phase 3 Phase 4

EC-2214 177 2419 -

SA-9850 - 10£7 20£17

Table 3: Inclusion size evaluation in the epoxy materials.
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Material Mean Hardness diaégii?ﬁi;?h & Yield Stress_EMPa] UltiTﬁ;;tress
& Std. Dev. [MPa] Std. Dev [um] @ 0.002 s [1] @0.002 s [1]
EC-2214 251.06+£38.04HV300 150+10.12 53.02 62.32
DP-460NS 120.10+7.20HV200 176+4.96 35.54 39.03
SA-9850 102.90+£10.80HV500 301£15.92 24.70 28.24

Table 4: Microhardness of cured structural adhesives prior to testing.

‘ Tabor’s l\rl/{zg(i)f;l? Sd
Material HV/Y HV/U
EC-2214 4.73 4.02

DP-460NS 3.37 3.07
SA-9850 4.13 3.64

Table 5: Tabor’s relation using yield strength and ultimate strength.
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Supplementary materials

Section 1: Preliminary study

A preliminary study was conducted to determine if the fixture support method, to
support the samples during micro-indentation, would affect the results compared to
an mounting the sample in epoxy mounting resin. Additionally, in all three materials
the effect of changes in applied load during the indentation process was studied as
micro-indentation results should be independent of applied load.

The DP-460NS sample was mounted in an epoxy resin (NAPA polyester resin, E ~
3.0 GPa, ultimate strength ~70+ MPa) and measurements were made at different
levels of applied weight (2001000 gr), which were then compared against
measurements made in the jig. A T-test statistical analysis demonstrated that the
average mean of the support fixture-mounted sample was statistically
indistinguishable from the data measured in the epoxy-mounted material (Table S1-
1). Additional hardness measurements using the Vickers machine were taken to
verify independence from applied load during indentation [18]. In most cases a T-
test analysis proved independence of load to be true for DP-460NS and EC-2214
materials (Table S1-1), but there were a few cases where this principle was
challenged for SA-9850 (Table S1-1). The data for SA-9850 was plotted in detail
(Figure S1-1) and large variability detected only at the two extremes of the loads
applied during indentation. The variability of the data in all the adhesives was
studied to assess differences (Table S1-2). Much lower variability was present in
DP-460NS, and this material microhardness was consistent for all load levels
investigated. The variability in the other materials can be related to the inherent error
in the measurements since an optical filar micrometer and an optical microscope
were used for the measurements at that time, and detectability at the lowest load
setting was a challenge. Further investigation with the ODM could be warranted here
for SA-9850 and EC-2214, but in general, assuming independence of load to
determine microhardness using a Vickers machine is accurate. For each material the
load level that provided the least variability in the microhardness results, without
compromising appropriate optical detectability, was selected.
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DP-460NS EC-2214  SA-9850  SA-9850 SA-9850
Experiment ~Epoxy mount  200g vs. 500g vs. 500g vs. 500g vs.
vs. Jig 300g 300g 200g 1000g
Tobs 2.79 1.38 0.36 4.65 3.59
Terit 3.52 3.30 1.70 1.72 1.71

Table S1-1: T-test statistical analysis with 95% confidence.
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Figure S1-1: Microhardness measurements in SA-9850.
Weight [g] 200 300 500 1000
DP-460NS 10.90 79.52 18.42 24.80
SA-9850 766.92 209.43 72.15 254.34
EC-2214 704.20 1447.11 - -

Table S1-2: Variance of HV for different applied weights during indentation.
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Section 2: Statistical relevance of measured microhardness

The tables below summarize the analysis results for each material at each measured
location. Each table contains the observed value (Tobs) and the critical value (Teit) for
the T-test, with a significance level of 95%. Locations where the mean measured

value was

deemed statistically different from the material average mean

microhardness (Table 4) are marked with the star symbol (*) in Figures 6 to 8.
Calculations were made for all three materials for all tested strain rates.

Strain T Distance from fracture zone[mm]
rate
[1/s] values 0.5 2.5 4.5 6.5 8.5 10.5
Tobs 3.03 0.65 0.59 0.11 3.04 0.35
0.002 crit 1.88 2.06 1.93 2.33 1.85 1.92
0.01 Tobs 1.66 4.32 5.03 7.20 7.73 4.44
Terit 1.89 1.79 1.77 1.76 1.71 1.77
0.1 Tobs 0.04 2.13 1.18 1.89 2.14 0.67
Terit 1.97 1.83 1.81 1.85 1.74 1.91
Tobs 0.56 1.17 0.95 0 1.50 -
100 Terit 1.93 1.87 1.95 1.95 1.85 -

Table S2-1: T-test for EC-2214 measured microhardness values against undamaged
material microhardness.
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Distance from fracture zone[mm]

Strain T
rate
[1/s] values 0.5 2.5 4.5 6.5 8.5 10.5 12.5
Tobs 23.09 595 2235 7814 2271  20.12 3.43
0.002 Terit 1.89 1.97 191 175 191 2.02 1.97
0.01 Tobs 23.40 100 67.72 36.05 7.12 127 0.47
Terit 1.90 1.71 1.77 187 197 1.71 2.00
0.1 Tobs 8.86 1076 11.78 67.28 76.65  4.39 3.02
Terit 1.87 1.87 188 175 1.73 1.97 1.89
Tobs 17.38 144.06 66.56 19.45 - - -
100 Terit 1.89 192 177 1.89 - - -

Table S2-2: T-test for SA-9850 measured microhardness values against undamaged
material microhardness.

Distance from fracture zone[mm]

Strain T
rate
[1/s] values 0.5 2.5 4.5 6.5 8.5 10.5 12.5 14.5
0.002 Tobs 1.13 1.02 1.06 1.65 2.97 0.51 2.99 -
Terit 1.97 1.96 1.97 1.99 1.89 1.95 1.91 -
0.01 Tobs 11.95 1258 1442 5.52 6.68 0.02 3.50 10.31
Terit 1.89 1.90 1.87 1.88 1.87 1.94 1.90 1.86
Tobs 49.06 17.36 7.09 12.81 5.86 12.16 3.82 3.96
o1 Terit 1.86 1.86 1.93 1.89 1.90 1.87 1.87 1.87
Tobs 1.12 4.13 1.04 0.76 5.52 1.57 - -
100 Terit 1.79 1.79 1.81 1.77 1.77 1.79 - -

Table S2-3: T-test for DP-460NS measured microhardness values against
undamaged material microhardness.
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Section 3: DP-460NS analysis at high strain rate (100 s')

To clearly understand the overall increase in microhardness (132.5 MPa on average vs.
120 MPa) in the undamaged material, and the variability recorded, the individual samples
were examined in detail (Figure S3-1). In addition, each sample was subjected to a T-test
against the base material measurement (Table S3-1). Sample AF-1 developed mostly
crazing, while shear bands weere present only in the area immediately adjacent to the
fracture zone, hence the only significant increases in microhardness occurred at this
particular point, while all others were softer. The AF-5 sample had crazing followed by
mild shear banding along the gauge length, therefore the microhardness measurements
were still softer than that of the undamaged material. Lastly, AF-3 developed crazing, but
it was followed by a high degree of shear banding and the resultant microhardness was
substantially higher. For the three samples tested at the high strain rate, the T-test
analysis supported the finding that the changes in microhardness were statistically
significant.
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Figure S3-1: DP-460NS individual samples, microhardness measurements at 100 s-!

strain rate. Material average (solid line) with +/- three standard deviations (dashed

line).
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Distance from fracture zone[mm]

Sample T
values 0.5 2.5 4.5 6.5 8.5 10.5
Tobs 28.39 0.96 245 9.99 56.97 --
AF-1
Terit 1.82 2.01 2.29 1.94 1.79 --
A5 Tobs 6.69 10.85 13.59  31.59 8.47 11.56
Terit 1.92 1.89 1.86 1.74 1.92 1.87
AF3 Tobs 5.52 10.17 1437 2.40 0.19 6.09
Terit 2.00 1.97 1.92 1.98 1.90 1.98

Table S3-1: T-test DP-460NS individual samples at high strain rate (100 s™).



