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Abstract Epoxy networks are thermoset polymers for
which an important structural length scale, molecular
weight between crosslinks (M.), influences physical
and mechanical properties. In the present work, creep
compliance was measured for three aliphatic epoxy
networks of differing M. using both macroscale torsion
and microscale depth-sensing indentation at temper-
atures of 25 and 55°C. Analytical relations were used
to compute creep compliance (J(¢)) for each approach;
similar results were observed for the two techniques at
25°C, but not at 55°C. Although creep compliance
measurement differed at elevated temperatures, there
were clear correlations between M., glass transition
temperature, 7T,, and the observed time-dependent
mechanical behavior via both techniques at 55°C, but
these correlations could not be seen at 25°C. This work
demonstrates the capacity of depth-sensing indenta-
tion to differentiate among epoxy networks of differ-
ing structural configurations via J(¢) for small material
volumes at elevated temperatures.
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Introduction

Depth-sensing indentation is a technique used to
measure mechanical properties of small volumes of
materials [1, 2]. Routine indentation data analysis
yields time-independent elastic modulus and hardness
values. Additionally, a number of efforts have been
made to measure time-dependent mechanical proper-
ties on polymeric materials using indentation with
some success [3-9]. However, comparisons to meas-
urements made at the macroscale is an important
check of such microscale measurements to ensure
that volumes of material not able to be tested on the
macroscale, including thin coatings or composites,
may be adequately characterized using indentation
techniques.

Epoxy resins are used in a number of applications
including coatings, adhesives, composites, and elec-
trical insulation [10-13]. The composition and net-
work structure of these cross-linked materials can vary
greatly, yielding a range of different properties.
Variation of the mechanical and thermal properties
of epoxy networks can be achieved by modifying the
molecular weight between crosslinks, M. [14]. In the
previous work of Crawford and Lesser [14], reductions
in the values of M. in a series of model aliphatic
epoxies produced the expected increase in glass
transition temperature, T,, as well as an increase in
the critical yield stress measured above T,. In the
current work, three of the aliphatic epoxy systems
studied by Crawford and Lesser are used to character-
ize network viscoelastic behavior on the macroscale by
conventional means and on the microscale using
depth-sensing indentation.
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Theory

To measure the creep compliance within the linear
viscoelastic regime, time-dependent equations based in
elasticity theory of a rectangular beam found in [15]
are utilized. A shear stress, 7, is applied to the samples
and the resulting shear strain as a function of time, (),
is measured. Constrained boundaries are assumed. The
viscoelastic creep compliance, J(¢), is defined as

()

J(t) = 1
=" M
Shear strain as a function of time is
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where ¢ is the measured angular displacement of the
bar, [ is the sample length, k is the sample thickness, w is
the sample width and M is the measured applied torque
to the bar.

For measuring J(¢) using depth-sensing indentation,
a time-dependent version of Hertz’s elastic theory is
considered [16]. Hertz’s original equation for elastic
displacement into a surface is

2/3 1/3
h, — 3P 1 ’ @)
4E* R
where P is the load applied to the indenter, R is the
spherical radius of the indenter tip, and E* is the

reduced modulus of the indented material, defined
as
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where v and E are the Poisson’s ratio and elastic mod-
ulus of the indented material, respectively, and the
subscript i refers to properties of the indenter. Substi-
tuting equation (5) into (4) and assuming that the
material property term is much greater than the
indenter property term in equation (5), elastic modulus
is given by

E— 3P(1 - V2)

S (6)
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Assuming the material is isotropic and the Poisson’s
ratio is time independent, shear modulus is related to
elastic modulus by

E
G = — 7
2(1+v) @

Because shear compliance is the inverse of the shear
modulus for an elastic material (ie., J = G 1),
combining equations (6) and (7) leads to the relation

8VRR.”

T =3P )

In a traditional creep compliance test, the stress is
held constant with time and the strain is monitored.
However, for indentation creep testing, the load, P,
which is estimated to be proportional to the indenta-
tion stress, is held constant and /4., which is related to
strain, is monitored with time. Restating equation (8)
as a function of time,

i - SVRR (1) 9
(t) = 3Pyl —1) 9)

This relation has also been classically derived using
more rigorous approaches [17, 18], and applicability to
viscoelastic property measurement has been discussed
[17-22]. In general, equation (9) is only valid in the linear
viscoelastic regime. Hence, only indenter geometries
capable of generating the small contact strains necessary
to maintain this condition, e.g., large spheres, are suitable
for measurement of creep compliance to maintain linear
viscoelastic deformation within the force and displace-
ment resolution of available instrumentation.

Experimental

Depth-sensing indentation measurements were made
on three model aliphatic epoxy systems, previously
studied by Crawford and Lesser [14]. Each epoxy was
cured with different proportions of the two aliphatic
curing agents ethylenediamine and N, N’-dimethylethy-
lenediamine. After mixing the amines with the epoxy
resin, networks were cured between two glass plates,
which were treated with a silating agent to prevent
adhesion, being spaced approximately 3 mm apart.
After full cure was determined via differential scanning
calorimetry, the epoxies were cut with a diamond wheel
dicing saw to pieces suitable for both torsion and
indentation measurements. The three aliphatic epoxies
considered herein exhibited M. values of 596 g/mol
(M596), 818 g/mol (M818) and 1,452 g/mol (M1452)
and T, values of 107, 8 and 67°C, respectively.
Complete details of processing and standard character-
ization measurements for these materials can be found
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Fig. 1 Setup of the depth-sensing indenter, equipped with
temperature control, used for creep compliance experiments.
In this design, heat applied to the tip and sample will rise into
the air and not into the electronics, providing more robust
measurement accuracy at elevated temperatures

in [14]. Root mean square surface roughness at room
temperature was measured via contact mode scanning
probe microscopy (3DMFP, Asylum Research) and
ranged from 29.6 nm (M1452) to 79.4 nm (M596).

One sample for each epoxy material was tested in
torsion in an Advanced Rheometer 2000 (TA Instru-
ments, Delaware, USA). The bars were approximately
3 mm thick, 12 mm wide, and 50 mm long, as measured
via calipers. In order to erase possible aging effects prior
to testing, each epoxy sample was annealed inside a
nitrogen-purged oven at ~20°C above the correspond-
ing T, for 30 min. After annealing, the samples were
allowed to cool to room temperature in open air. Prior to
operation, the rheometer was calibrated for measure-
ment of instrument inertia, geometry inertia, air bearing
friction, rotational mapping, and zero gap measurement.
Torsion samples were fixed in place using two clamps
that were tightened by screws with a torque wrench. To
ensure that tests were conducted in the linear viscoelastic
deformation regime, an oscillatory strain sweep at 1 Hz
was performed on each sample at room temperature to
determine the threshold at which the shear modulus
began to change with strain; this corresponded to about
0.15% shear strain. Even greater linear viscoelastic
strains should be permissible at higher temperatures.
Therefore, to be conservative, the maximum applied
shear strain was targeted at all temperatures to be 0.1%.
The applied normal force on the sample was controlled

at 0.1 £ 0.1 N, which was the lowest value the machine
would allow.

To find the shear stress that corresponded to 0.1%
strain for all testing conditions, a stress-relaxation test,
in which strain was maintained constant, was performed
for a duration of 2 min at temperatures of 25 and 55°C.
The actual temperature deviation was a maximum of
0.2°C from the commanded temperature. The approx-
imate shear stress values throughout the test were
noted. In between tests, at least 5 min was allotted for
the sample to completely recover. Creep tests were then
performed at shear stress values corresponding to 0.1%
shear strain, with three trials for each condition. At the
shear stress values selected, shear strain was 0.1% or
below.

Indentation creep testing was performed using a
depth-sensing indenter (Micro Materials, Ltd., Wrex-
ham, UK) over a range of temperatures. This system
has been shown to offer low drift and reliable results at
higher temperatures on a number of materials [23].
A schematic of the instrument is shown in Fig. 1.
Experiments were conducted at polymer surface tem-
peratures of 25 and 55°C, as measured via a thermo-
couple on the surface. These temperatures were chosen
because rheology experiments indicated that changes in
creep compliance were detectable at 55°C for the
epoxies considered. Each sample was mounted on a
temperature controlled stage via a rigid, high temper-
ature cement. The system was allowed to equilibrate for
at least 15 min at all temperatures before experiments
began, and then was stable during testing to within
0.2°C of the desired temperature.

Creep compliance experiments were conducted with
a ruby spherical indenter (radius R = 500 pm),
measuring the change in depth A(f) over 100 s upon
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Fig. 2 Typical displacement data as a function of time for a hold
at a load of 3.8 mN on sample M818 at 25°C
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application of a step-load (loading time of 0.5 s) of
magnitude P,,,. Creep compliance was calculated via
application of equation (9) to measured A(?); output
for a typical test is shown in Fig. 2. Both load and
displacement into the sample surface were measured
continuously, and the instrument was operated in load-
control. Each sample was indented in triplicate at each
temperature to a contact strain level of 0.38 + 0.002%
(corresponding to 90 nm depth with contact strain
defined as € = 0.2a/R, where a is the radius of contact
at the sample surface). This level of contact strain is
well below 0.8%, which has been determined to be
within the linear viscoelastic regime for these three
samples [24]. Experimental iteration was used to
determine the load P,,,x corresponding to a displace-
ment of 90 + 4 nm for each epoxy. Although
instrument signal stability was not compromised at
temperatures less than 55°C as confirmed by similar
tests on nonpolymeric samples with the same indenter
radius, indentation creep compliance measurements at
75°C are not included herein because repeatability of
Prax (B =90 £ 4 nm) was insufficient to allow com-
parison of creep responses. This may have been due to
effective roughening and increased molecular mobility
of epoxy surfaces nearing T,. This experimental
limitation in elevated temperature indentation has
not been found on amorphous polymers such as
polystyrene with our current setup.

Results and Discussion

Creep compliance measured via torsion at 25°C is
shown in Fig. 3. The M1452 epoxy was the least com-
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Fig. 3 Creep compliance measurements of the three epoxy
samples at 25°C from torsion tests. Error bars show one standard
deviation between three separate test runs. Each sample has a
creep compliance of about 1 GPa™! over 100 s of loading
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Fig. 4 Creep compliance measurements of the three epoxy
samples at 55°C from torsion tests. Error bars show one standard
deviation between three separate test runs. M1452 is clearly
more compliant than the other samples, followed by M818

pliant, while M596 was the most compliant. However,
the differences between the three materials are within
about 5% difference in J(f) compared to the others.
There are several parameters that can affect the
integrity of the measurement, including securing the
sample bar completely orthogonal to the direction of
the normal load, degree of uniform dimensions of the
sample throughout its width or thickness, temperature
calibration, and force or distance calibrations on the
machine. Also, all three materials are sufficiently
below the respective Tgs, such that they all exhibit
glassy behavior. Therefore, at 25°C, the differences in
J(t) among the three epoxies are minimal and are
similar in magnitude to measurement uncertainties.
At 55°C, the networks began to exhibit significant
differences in J(¢) behavior, as shown in Fig. 4. Values
of J(t) differ from one material to the next by at least
100%. In particular, M1452 exhibits a much higher
degree of time-dependence under loading as compared
to at 25°C. This shift in behavior occurs below the
determined 7, of 67°C. However, the glass transition
temperature represents a range of temperatures about
which the molecular side chains gain mobility, and
mechanical softening can occur when the temperature
is less than T,. Tests performed at 75°C, shown in
Fig. 5, distinguish the differences between the time-
dependent mechanical responses of these materials to
an even greater degree. Even though 55°C is below the
T, of all samples and M818 and M596 were at least
30°C below their corresponding 7, values, the effect of
M. on J(t) becomes evident, as J(f) increases for higher
M. values; i.e., lower cross-link density correlates with
increased mechanical compliance. This is consistent
with the trend found previously for natural rubbers of
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Fig. 5 Creep compliance measurements of the three epoxy
samples at 75°C from torsion tests. Error bars show one standard
deviation between three separate test runs. For this condition,
creep compliance measurements between the three samples are
distinguished much more than at 55 or 25°C

varying M. [25, 26], as well as for glassy polyimide
systems [27]. The creep compliance rate, dJ(¢)/dt also
increased for each material relative to 25°C. Note that
as J(f) increased by an order of magnitude with
increasing temperature, the variance in acquired data
also increased considerably. This additional variance
may be due to the resolution of the applied torque or
the influence of the normal load on the sample (up to
0.2 N), as the material begins to transition from glassy
to rubbery.

Creep compliance measured via depth-sensing in-
dentation at 25°C is shown in Fig. 6. The values of J()
for the epoxies were similar and could not be
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Fig. 6 Creep compliance measurements of the three epoxy
samples at 25°C using indentation. Error bars show one standard
deviation between three separate test runs. Each measurement is
within scatter of one another

statistically separated outside of the data scatter. This
result was further verified using a different indentation
instrument (Nano Indenter XP, MTS Systems). The
average values of J(f) for each sample measured at the
macroscale via torsion and at the microscale via
indentation were within ~10%. However, creep com-
pliance rate and thus the change in creep compliance
over the 100 s hold period were markedly different.
Whereas torsion data showed an increase over 100 s of
only about 0.03 GPa™", indentation detects about a 0.1
GPa ™! increase—about a factor of three higher than
that measured at the macroscale. This difference may
be due in part to drift in instrumentation signals and/or
to the difference in applied strain levels between the
two techniques. For indentation creep compliance
measurements, the total increase in A(f) was on the
order of 10 nm. The typical magnitude in drift of A()
over 100 s is <3 nm, and this measurement error could
result in as much as a 50% increase in J(¢). In addition,
contact strains imposed via indentation (~0.4%)
exceeded those imposed via torsion (~0.1%), although
previous testing indicated that linear viscoelasticity
was maintained for contact strains less than 0.8%.
However, a more significant issue might be potential
errors introduced via indenter contact with surface
asperities. Surface roughness on the order of tens of
nanometers can affect the evolution of A(f) when
indenting with a sphere that has a micron-scale radius.
As the sphere radius increases, the ratio of contact
area to depth increases. Therefore, the differences
observed between the creep of near-surface and bulk
volumes for the epoxy samples is likely due to surface
roughness and the use of a 500 um radius spherical tip:
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Fig. 7 Creep compliance measurements of the three epoxy
samples at 55°C using indentation. Error bars show one standard
deviation between three separate test runs. As with the torsion
measurements, M1452 is the most compliant sample, followed by
MS818 and then M596
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Table 1 Summary of testing data for both indentation and torsion measurements at 25 and 55°C, including average J(), standard
deviation of J(), and approximate change in J(¢) over the 100 s hold

Epoxy M596 Epoxy M818 Epoxy M1452
Temperature 25°C 55°C 25°C 55°C 25°C 55°C
Rheometer J(f) Ave (GPa™') 1.04 £ 0.02 1.81 £ 0.08 0.99 + 0.01 3.10 £ 0.50 0.94 £ 0.01 33.7+19.7
Rheometer J(r) (GPa™!) 0.05 0.35 0.05 1 0.05 30
Indentation J(f) Ave (GPa™") 0.80 + 0.07 0.86 + 0.03 0.93 + 0.04 1.06 + 0.06 0.86 + 0.07 1.25 £ 0.08
Indentation J(r) (GPa™ ') 0.15 0.25 0.20 0.40 0.15 1

a rough surface should be measured as being more
compliant than a smooth one. A further possibility is
that the epoxy surfaces are indeed different relative to
the bulk material. For example, the crosslink density
could be reduced at the surface (more network
defects) or the silating agent used might alter surface
properties. For the samples tested in torsion, machine
mechanical or thermal drift and surface effects such as
roughness or decreased crosslink density would not
contribute significantly to the precision of the data due
to the much larger sampled volume.

At 55°C, J(t) measured via indentation, as shown in
Fig. 7, is a clear function of M.. As expected, the most
compliant sample is M1452, followed by M818 and
then M596. This trend agrees with that measured via
torsion experiments at the same temperature. Also, as
observed in the torsion experiments, the average
standard deviation increases for each sample with
temperature, as does the change in J(¢) relative to
values measured at 25°C. The percent change in J()
over the 100 s hold period is similar between torsion
and indentation measurements for all three samples at
55°C. This result suggests that the time-dependent or
viscous component of the material response is similar
when measured by either approach. However, there
are some striking differences between the torsion and
indentation data. Most notably, although the values for
J(t) are comparable between the two methods at 25°C,
indentation J(¢) values at 55°C are at least a factor of
two lower (M596) and as much as a factor of 30 lower
(M1452) compared to the torsion measurements at
55°C.

A synopsis of measurement results is shown in
Table 1. This comparison may suggest that at 55°C,
the molecular mobility for microscale, near-surface
volumes of the epoxy networks is not nearly as
pronounced as it is for macroscale volumes. However,
measurement of creep in polymers via indentation at
elevated temperature has not been previously consid-
ered. Therefore, no similar data exists in the literature
to which results can be compared, and the amount of
error associated with using equation (9) on the
resulting data is unknown. This relation does not

SEM

include contributions from frictional or adhesive
forces, which could alter the measurement of the
surface compliance. In addition, although structural
isotropy over the deformed epoxy volume is assumed,
elevated temperature may alter the degree of isotropy
within constrained areas of the epoxy networks. Finally,
if decreased crosslink density affected the results at
25°C at the free surface of the epoxy, a similar increase
in creep compliance or in compliance rate of the near-
surface volumes would be expected relative to the bulk
measurements, which was not observed.

In summary, comparison of macroscale and micro-
scale measurements of J(¢) indicates that microscale or
near-surface indentation measurements of J(¢) qualita-
tively capture the effects of structural and physical
properties on creep compliance. An appropriate tem-
perature range must be considered. However, micro-
scale measurements analyzed using currently available
contact models will quantitatively underestimate J(¢)
as the material behavior deviates from primarily elastic
behavior.

Conclusions

Both torsion and depth-sensing indentation techniques
were used to measure creep compliance, J(¢), for three
aliphatic epoxies, each with different molecular weight
between crosslinks, M., using analytical relations of
experimentally measured variables. At room temper-
ature, all three epoxies were sufficiently below their
glass transition temperature and exhibited limited
creep behavior. Differences in J(f) values between
epoxies were minimal and did not correspond to
differences in M.. The magnitudes of the J(¢) values
measured via these two methods were quantitatively
similar, indicating that cubic-micron scale volumes
behave in a similar fashion to the bulk epoxy.
However, surface roughness issues can cause discrep-
ancies when using large spherical probes, which are
required to achieve linear viscoelastic contact condi-
tions. As temperature was increased, J(f) measured via
either approach indicated significant differences as a
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function of M. and corresponding T,. At 55°C, similar
trends but differing magnitudes of J(z) were identified.
Most notably, creep compliance of the bulk polymer
M1452 measured via torsion increased significantly at a
temperature roughly 12°C below its T,, whereas the
increase in creep compliance of the M1452 surface
measured via indentation was significantly less. These
issues could indicate that the available viscoelastic
contact analyses require further refinement to account
for pronounced nonlinearity or viscosity, as is antici-
pated in polymers characterized near T,,.
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