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ABSTRACT

The highly cross-linked (epoxy) matrix material in fiber reinforced polymers has a microscopic volume between fibers and there-
fore exhibits different mechanical behavior in comparison to standard bulk epoxy samples. It has been found in previous studies
that a decreased epoxy gauge volume leads to an increased deformation ability (necking and shear band formation). By using
laser cutting to create dogbone samples from manufactured epoxy films, the gauge volume can be further reduced in comparison
to previous studies, and the ductility can be enhanced even further. To understand load-induced molecular mechanisms respon-
sible for the increase in ductility at macroscale, this study combines digital image correlation (DIC) with tensile tests and precise
force measurement. The global and local strains are calculated using the DIC data. The determined strains reach values up to
80% (global strains) and 120% (local strains), respectively. These strain values are significantly higher than those of archetypical
brittle epoxy bulk samples (less than 10%). Polarized Raman spectra show that load-bearing backbone molecules in the deformed
film sample regions are oriented in the tensile load direction. This orientation might be due to the unraveling of entanglements,
which can be seen as a sudden decrease followed by a subsequent rise in engineering stress values during deformation.

1 | Introduction are in the (sub) micrometer range, such as resin-rich zones

between fibers (1 — 25 um, intralayer) and between reinforc-

Fiber reinforced polymers (FRPs) can often be found in indus-
trial applications that require excellent mechanical performance
at low weight, for example, in aviation or automotive industry.
The structure of FRPs consists of oriented fibers surrounded by
a continuous matrix material, such as an epoxy resin system.
This results in a structure with areas of matrix materials that

ing prepregs or layers (10 — 200 pm, interlayer) [1]. The stan-
dard characterization of matrix materials is usually performed
using macroscopic test volumes such as those specified in the
standardized test methods ASTM D638 and DIN EN ISO 527.
Accordingly, when modeling FRPs, it is often assumed that the
epoxy-based matrix, has bulk mechanical properties. Using the
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bulk mechanical parameters of standard specimens as input
for microscale modeling of composite materials can lead to
insufficient agreement between the modeled and experimen-
tally observed behavior [1-4]. Beside geometrical constraints,
this might be due to the deviation of the mechanical behavior
of the microscopic matrix from the macroscopic standard bulk
specimens. It has been shown in previous studies that the duc-
tility and plasticity of an archetypical brittle epoxy matrix can
be increased by reducing the gauge volume [1, 5-7]. Especially
microscale epoxy films exhibit an increased deformation ability
due to necking and the formation of shear bands under tensile
load [8]. However, to date, there is no complete physical, mech-
anochemical or molecular explanation for the observed size
effect regarding the deformation ability and the mechanisms
behind the shear band formation. The knowledge about this can
further help to optimize the mechanical behavior of FRPs since
the matrix deformation potential significantly affects the overall
mechanical behavior of FRPs. For even more accurate modeling
and design of FRPs, the mechanical behavior of epoxy should
not be based on the mechanical parameters of bulk samples, but
on the parameters of microscopic epoxy samples in order to im-
prove the accuracy of micromechanics-based models.

For film samples, with a comparably small gauge volume, a very
sensitive load cell and a suitable micro tensile test device are
necessary to investigate the mechanical behavior. Performing
tensile tests with an appropriate setup will allow accurate mea-
surement of changes in force (stress) due to molecular processes
inside the epoxy material.

The strain analysis can be done by applying the digital image
correlation (DIC) technique, where the (surface) deformation of
the test specimen is observed during the test based on tracking
a random speckle pattern on the sample surface. This approach
has been used for several FRPs with epoxy matrix [9-14] to an-
alyze the interphase region between the matrix and fibers and
to correlate the local deformation mechanisms with the macro-
scopic mechanical parameters.

To investigate the molecular processes, which lead to the local
and global mechanical response to external stress, Raman spec-
troscopy can be used. In particular, polarized Raman spec-
troscopy allows the analysis of polymer backbone orientations
[15-19]. The technique is usually applied to semi-crystalline
polymer films, surfaces, and fibers, like poly(ethylene tere-
phthalate) [20-23], polyethylene [24] and polypropylene [25]. In
this study, polarized Raman measurements were performed on
the shear bands and the deformed regions of the tensile-loaded
epoxy film specimens. The purpose was to analyze the molecu-
lar changes and associated local deformations in these regions.
This facilitates the observation of the presumed unraveling of
entanglements, molecular alignment, and bond stretching due
to the applied tensile load.

A combination of these methods will provide a detailed insight
into the micromechanical properties of the thermoset matrix
as a micro-component of composites. This is important for the
optimization of the design and performance of polymeric com-
posites with an epoxy matrix. Furthermore, as the multiscale
modeling of composite materials becomes even more popular
and essential for the industry, it is necessary to fully understand

the required conditions for the increased deformation ability
and the underlying mechanisms in epoxy.

Therefore, in this study, a combination of microscale tensile
tests with DIC followed by photoelastic imaging and polarized
Raman analysis of the deformed film specimen is used to visual-
ize the deformation and to understand the associated molecular
backbone movements and orientation as a result of the applied
tensile load.

For this study, a low viscosity resin has been chosen to produce
thin epoxy film samples with a previously developed manufac-
turing method [8]. The samples, which had a dogbone geometry
with a comparably small gauge volume, were cut by a femto-
second laser from the thin epoxy films.

2 | Materials and Methods

A low viscosity resin system consisting of EPIKOTE Resin
MGS RIMR 135, which is based on diglycidyl ether of bisphe-
nol A (DGEBA), combined with a liquid aliphatic diamine
hardener, EPIKURE Curing Agent MGS RIMH 137 (Westlake,
International: USA/Europe) was used. Both components were
mixed in a weight ratio of 100:30 in a mixer (SpeedMixer DAC
150.1 FVZ) at 3500 rpm for 5min. The backbone of the DGEBA
is shown in Figure 1.

2.1 | Epoxy Film Samples

In a previous study, a new liquid molding process was devel-
oped and optimized to produce thermoset films with a defined
thickness [8]. By using this manufacturing method, epoxy
films with thickness of 30.36 +2.01 um were created for this
study. After the fabrication, the selected thickness of the films
was verified with a dial gauge and the utilized dogbone geom-
etry (see Figure 1) was created by femto-second laser cutting
from defect free film regions (confirmed via microscopy anal-
ysis). A laser with a wavelength of 343nm and a beam size (in
focus) of approximately 10 ym was used. The cutting speed
was set to 175 mm/s which amounts to pulse energy of 4.6 uJ.
The geometric dimensions of the cut dogbone samples deviate
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FIGURE 1 | Dogbone sample geometry for tensile test with a
gauge volume of 0.06 mm?® and the chemical structure of the DGEBA
backbones.
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from the established standard DIN EN ISO 527-3, as they are
predefined by the used microtest grippers for the tensile tests
and the gauge volume is further reduced in comparison to the
previous studies [8], due to limitation in maximum force of
the load cell. The gauge length was 4mm and the gauge vol-
ume was about 0.06 mm? for the chosen dogbone specimen
geometry.

2.2 | Tensile Test and DIC Analysis

An Alemnis in situ nanoindenter was modified with grip-
pers to perform tensile tests. Alemnis sample-side load cell
(SLC-2.5) was used. This load cell has a load range of 2.5N and
load resolution of < 15 uN. All experiments were confined to
loads less than 2N. The displacement was applied using the Z
stage of the nanoindenter, which is based on piezoactuation
mechanism and has a resolution <10nm. The compliance of
the nanoindenter setup for the micro tensile tests was found
to be 4.3nm/mN.

All tensile tests were performed in displacement-controlled
mode at room temperature. The compliance was taken into
account during the mechanical data evaluation. A displace-
ment rate of 0.3 mm/min was imposed resulting in a nominal
strain rate of 107s™! to provide the epoxy material with suffi-
cient time to undergo the (molecular) deformation processes.
In total, six samples (three longitudinal and three transverse
to the resin flow direction in the film manufacturing process)
were tested with this setup. Supplementing the standard se-
ries of tensile tests, a second set of tensile tests on six further
samples was carried out using the DIC analysis to obtain in-
formation about local strains. In preparation for these tests,
a fine stochastic speckle pattern was applied onto the epoxy
film samples using black spray paint. The spray paint was
sprayed against a plastic disk in an approximately 45" angle
where the spray paint bounced off and fell onto the samples
which were horizontally placed on a paper. It should be noted
that the DIC paint was not applied as a continuous layer, thus,
the mechanical response should be similar to the previously
tested samples without paint and the influence of the color
particles is, therefore, considered negligible.

After the applied color had dried, the pattern was checked for
DIC applicability under an optical microscope. The samples with
a feasible speckle pattern were tensile tested combined with DIC
immediately after the pattern application. For this purpose, the
loading stage with the clamped sample was positioned under a
stereo-optical microscope from Leica with a camera and a USB
connection for video and images storage. The magnification was
set so that optical resolution of ~ 10 um/pixel at the gauge sec-
tion was achieved. The DIC system was calibrated using a cali-
bration plate (a glass plate with rectangular grid of dots placed at
0.5mm from each other). During the mechanical loading of the
samples, a video with 15 frames per second were recorded. The
duration of the tensile tests varied from 300 to 515s resulting in
>4500 frames collected per tested sample. For the DIC analysis
and results presented in this study, every 100th image was used
resulting in an effective frame rate of 0.15 frames per second
or 6.67s between the frames, which is considered sufficient for
the present purposes. The DIC analysis was performed with

LaVision DaVis 10.2.1 software with the following correlation
parameters: correlation relative to first frame, 2nd order shape
functions and subset size/step size ranging from 19/6 to 23/7 pix-
els. It is noteworthy that due to the evident challenges related
to the creation of the speckle patterns in such a small length
scale, the resulting pattern speckle size was not homogeneous
as highlighted by the example in Figure S1. Most speckles were
less than 10 pixels in size, the smallest being in the 3-5 pixel
size, which is considered optimal [26]. However, there were also
some notably larger speckles (up to 30 pixels). In order to ob-
tain sufficient spatial resolution, the subset and step sizes were
selected based on the smaller speckles. This choice led to some
loss of data at the vicinity of the larger speckles and in areas with
lower local speckle density; this loss was deemed acceptable in
the present work.

The resulting deformation data were analyzed in terms of strain
fields obtained directly from the calculations as well as in terms
of data obtained via post processing, that is, virtual extensom-
eter and strain along a line placed longitudinally on the gauge
section. The DIC data were additionally used to check the global
engineering strain determined via the displacement of the Z-
stage of the nanondenter based on the piezoactuation mecha-
nism. The determined and measured global strain values were
found to be almost identical.

2.2.1 | Polarized Raman Spectroscopy

The polarized Raman spectroscopy measurements were per-
formed with a Renishaw inVia Qontor Raman microscope
using a 50x long working distance objective (NA 0.55). The
laser wavelength was 532nm and the spectrometer had a
grating with 1200 grooves per millimeter (spectral resolution
of 2cm™). The resolution was 0.5 ym in X- and Y-direction.
Before mechanical testing, the six film samples (without DIC
pattern) were analyzed in the as-produced state to identify the
initial molecular state.

Therefore, Raman spectra at four different sample positions
in the gauge length were recorded. For every measurement
position, the measurements were performed in polarization
along the load direction (X) and perpendicular to the load di-
rection (Y) for 120s (see Figure 9). After mechanical loading
and final failure, Raman spectra were recorded in both polar-
ization modes in the macroscopically deformed sample regions
with shear bands and reduced cross-sections, and in the unde-
formed sample regions. The raw data were processed by cos-
mic ray removal, and the background was corrected using a 4th
order polynomial.

Additional measurements were done using a confocal WITec
alpha300 RA+ Raman imaging system, equipped with a
UHTS 300 spectrometer (grating: 600 groves/mm) and a back-
illuminated Andor Newton 970 EMCCD camera together with
the WITec Suite SIX 6.1 software package. Measurements were
conducted with the same laser wavelength as described above,
employing a 50x long working distance objective (Zeiss LD EC
Epiplan-Neofluar Dic 50x, NA 0.55), a typical laser intensity of
22mW (integration time 0.5s, 50 accumulations). All spectra
were subjected to a cosmic ray removal routine and baseline
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correction (shape mode) implemented in the WITec Project SIX
6.1 software.

2.3 | Photoelasticity

In addition to mechanical tests and spectroscopic investiga-
tions, photoelasticity was used as a further supplementary
method after mechanical loading. With the use of polarized
light, the stress distribution in the translucent epoxy films
could be studied.

For this purpose, a Keyence VHX-6000 microscope was used to-
gether with a VH-Z20 objective and polarization adapters after
mechanical loading.

Two different polarization filters were used. These two polariz-
ing filters were aligned in 90° to each other. The measurement
was performed in transmitted light mode, that is, the translu-
cent and deformed epoxy film was positioned on a glass speci-
men holder between the two polarizing filters, which allowed an
analysis with cross-polarized light.

3 | Results and Discussion
3.1 | Tensile Testing

No significant differences between the mechanical behavior
of samples cut longitudinal or perpendicular to the resin flow
direction could be observed. Figure 2 shows representative en-
gineering stress-strain curves of longitudinal and transverse
epoxy film specimens without a DIC pattern. The global strain
was determined from the crosshead (Z-stage) displacement
which is based on piezoactuation. Unless explicitly stated oth-
erwise, the global strain in this study was always determined in
this way. The elongation at break is 83% and the tensile strength
is about 54MPa for the longitudinal sample 1 and 82% and
54 MPa for the transverse sample 1. The general mechanical pa-
rameters for the samples tested without the DIC pattern is about
77.3% + 6.1% for the elongation at break and 52.0 + 2.8 MPa for
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FIGURE 2 | Representative engineering stress-strain curves of two

longitudinal and two transverse (to the resin flow direction) cut epoxy

film specimens. Stress decreases for one longitudinal sample (black

curve) are marked with black arrows.

the tensile strength. The latter is reduced compared to previous
film sample geometries [8], but the global strain at break is re-
markable for an archetypal brittle epoxy material and is signifi-
cantly increased compared to standard bulk samples (less than
10%) and other epoxy film samples with a larger test volume
[8]. After yielding, the engineering stress decreases and strain
softening takes place.

Especially for the longitudinal sample this can be seen around
global strains of 32%, 52%, and 72% (see Figure 2 the black
arrows), the stress decreases followed by an increase (strain
hardening) with further tensile deformation. This type of be-
havior can be found also for epoxy volumes tested under pure
shear [27], but not for standard bulk samples in tension [28].
This macroscopic strain softening and hardening might be ex-
plained as follows. The global stress decreases due to the pre-
sumed unraveling of entanglements and molecular alignments
inside the material. After the stress is partially relaxed by the
molecular movements and macroscopically visible shear bands
are formed in some sample areas, the stress increases again due
to the hardening effect of the molecule chains aligned in the
tensile direction inside the deforming sample. Strain softening
and hardening can be found for example in glassy thermoplas-
tics [29, 30] or some amorphous thermosets under compression
load [31]. To the knowledge of the authors, strain softening and
hardening with accompanying formation of shear bands for neat
epoxy has so far only been observed sporadically in compression
tests and tensile tests at elevated temperatures [32], but not yet
for tensile tests at room temperature. In the study of Sui et al.,
microscale epoxy fibers having a gauge length of 10mm and di-
ameters between 30 and 120 pm exhibited strain softening and
hardening under tensile load, but shear bands were not observed
in these necked fibers [6].

3.2 | Photoelasticity and DIC

The shear bands and the reduced widths of the specimens can be
visualized in photoelastic digital microscope images, as can be
seen in Figure 3 for two representative epoxy film samples after

Initial test length of 4 mm

FIGURE 3 | Photoelastic images of deformed epoxy film samples af-
ter tensile testing (elongation at break of 74% [top] and 71% [bottom]).
The initial gauge length is marked and shear band structures in 45° to
55° are visible. The different yellow colors represent mechanical stress-
es in the material.
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FIGURE 4 | Visualized DIC data at a global strain around 30% (image 1, top) and 35% (image 2, bottom) and the corresponding engineering
stress—strain curve (black) and true stress-strain curve (gray, only maximal transverse contraction in the gauge length from the DIC data) of a rep-
resentative epoxy film sample. The DIC field data are shown by colorized quadrilaterals so that the subset size used in the calculation corresponds

to 3x 3 =9 quadrilaterals in this figure.

tensile testing. The yellow regions indicate mechanical stresses
within the epoxy samples.

The shear band orientation of 45°-55° to the tensile direction
and reduced gauge width can also be seen in the DIC defor-
mation field data shown in Figure 4 (left). As described, after
the peak yield stress is reached, the sample does not deform
uniformly. Here, a distinct deformation can be seen on the
right-hand part (region A) of the sample gauge section (see
Figure 4 (left, 1)). The maximum local strain reaches values of
up to 100%. The local deformation phenomena are also evident
in the global engineering stress—strain curve, as can be seen
in Figure 4 (right). During the formation and growth of local
deformation region A, the stress remains relatively constant.
After a specific level of molecular orientations in the tensile
direction has been reached, strain hardening takes place, and
the stress increases as the aligned molecular backbones are
further stressed and stretched. The stress maximum for the
deformation region A is approximately at 30% global strain.
When a global strain around 35% is reached, increased local
strain values are detectable in sample region B, where a second
shear band formation within the gauge length begins, as can
be seen in Figure 4 (left, 2). This correlates with a decrease in
global stress since the external mechanical energy is used for
the molecular backbone movement processes, as can be seen
in the corresponding engineering stress-strain curve (strain
softening). The second deformation zone probably appears be-
cause the maximum possible amount of deformation for the
first deformation region A and the required yield stress for
a second deformation zone is reached in the left sample side

around region B. Thus, the formation of a new deformation on
the left-hand side of the specimen (region B) is energetically
more feasible than continued deformation in the first zone
(region A), where hardening resulting from local molecular
reorientation has already taken place. At the end of the tensile
test or before final failure, a large part of the sample gauge
length is deformed, that is, most of the backbone chains are
oriented, and the stress increases again. To take the width re-
duction into account, the true stress—strain curve for the same
sample was determined based on the local maximum contrac-
tion in the transverse direction within the gauge length for
each time increment. However, it is not possible to include
possible load-induced thickness changes in this method. This
is why the initial thickness is taken for this procedure.

The true stress curve is also shown in Figure 4 (right). Since the
measured contraction in the transverse direction depends on the
quality of the DIC pattern, the true stress-strain curve contains
some peaks or fluctuations. The overall trend shows increasing
stress values after reaching the yield stress since the true cross sec-
tion decreases due to the reduction in widths. Nevertheless, in the
true stress curve, the aforementioned peaks of strain hardening
and strain softening are still visible at the same global strain values.

The DIC data of the presented film specimen in Figure 4 were
further analyzed regarding the strain softening and hardening
effects. A detailed DIC investigation was performed where dif-
ferent sections along the gauge length of 4mm were compared
to each other. This is visualized in Figure 5. The y-axis in the
graph (see Figure 5, right) shows the global strain or the progress
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FIGURE 5 | Visualized DIC data including the local strains, which are colored regarding the corresponding strain values during the tensile test

(global strain) for selected sample positions in the initial gauge length.

in tensile test, that is, it is a temporal axis. By assigning the local
strain values to a color scale, it was possible to visualize and de-
termine the local strains for each selected specimen position at
each time point (or global strain value) during the tensile test.

The sample positions and assigned numbers were selected re-
garding the beginning of an increase in the local strain values
(as indicated in Figure 5). At the beginning of the tensile test in
the elastic and viscoelastic region, that is, at low global strains,
there is no reduction of the widths or high local strain values
detectable (with the used color scale, the entire gauge length is
blue). At sample position 1, the local strain increases, deforma-
tion and shear bands start and grow in the direction of positions
2 and 3 as the tensile test progresses. In these sample regions, the
local strain values increase further as the tensile test progresses.

As mentioned before (see Figure 4), at a global strain around
35%, a second deformation zone is created at position 4. This de-
formation zone extends in the direction of positions 5 and 6. At
the end of the tensile test or shortly before the final failure, the
entire gauge length has reduced width except for a small sample
region on the left side next to position 6. The local strain curves
at these six selected specimen positions over the progress of the
tensile test are displayed in Figure 6. The local strain values were
calculated for each time as an average local strain across the sam-
ple width. It can be seen that the strain curves for all selected
sample positions follow a similar pattern. In the beginning of
the tensile test, there are only moderate local strain values and
a slight gradient due to the elastic and viscoelastic behavior of
the epoxy. As the tensile test progresses, a steep increase in local
strain is first observed at position 1. Here, the strain increases
up to a maximum local strain value of approximately 60%, and
the local strain value remains almost constant afterward. When
reaching the constant strain value in position 1, the local strain
in position 2 starts to increase, as well as in position 3 since the
deformation grows in both directions. In the same way, it can
be seen that the local strain of position 5 rises sharply when the

80

Local strain in %

0 50 100 150 200 250 300 350 400 450 500
Timeins

Progress in tensile test

FIGURE 6 | Local strain curves for six selected locations on the ini-
tial gauge length over the tensile test duration (see Figure 5).

local strain in position 4 is reaching the constant or maximum
value. The difference in the local strain histories for positions 5
and 6 is minor as the deformation grows from position 4 in both
directions (toward positions 5 and 6). These results imply that at
the microscopic level, after a sufficient stress level is reached, the
backbones can be oriented and stretched inside the epoxy ma-
terial until a characteristic threshold (local strain around 60%)
is reached. Stretching may include the increase of load-bearing
bond lengths and a more linear conformation.

Afterwards, it seems to be energetically more favorable to con-
tinue the deformation process in another region of the sample,
where the local yield stress is reached.

3.3 | Polarized Raman Microscopy

The X (in load direction) and Y (transverse to load direction)
polarized Raman spectrum of an unloaded or as-produced
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epoxy film sample are shown in Figure 7. The initial polarized
Raman spectra show no polarization dependent intensity or
differences between the X and Y spectra, which means that no
molecular orientation from the film manufacturing process is
evident. This is in line with the mechanical data of the trans-
verse and longitudinal samples, which show no significant
differences.

Between the X and Y spectra of undeformed sample regions of
a loaded epoxy film sample, there is no significant difference as
well as (see Figure 9b).

To visualize the differences between the deformed and unde-
formed regions of the samples in more detail, a mapping in X
and Y polarization modes was performed. The map data was
processed with k means cluster analysis to identify regions with
similar spectra. In Figure 8, it is clearly visible that the X polar-
ized spectra differ between the two regions, that is, deformed
(left) and undeformed (right). This is highlighted with two dif-
ferent colors (blue and cyan). Each color represents almost simi-
lar spectra for the corresponding measurement points. Since the
Raman method does not depend on the sample thickness like

Infrared spectroscopy, the reduction of the thickness can be ex-
cluded as the cause of the spectral differences.

Each pixel represents one measurement point. All blue pixels
(deformed) and all cyan pixels (undeformed) have similar spec-
tra. The averaged spectra of both regions in X polarization mode
are shown.

Further Raman analysis shows that the polarized spectra re-
corded after the tensile test show increased intensities of the X
polarization mode (in tensile direction) in the deformed sample
with reduced widths (see Figure 9a).

At the same measuring positions, comparably lower intensities
for the Y polarization mode (perpendicular to tensile direction)
are detected for most peaks, as can be seen in Figure 9. This is
especially evident for the molecular backbone components, as
for the different aromatic vibration modes (peaks at 1605, 1580,
1105, and 821 cm™) [33, 34], which exhibit a significantly in-
creased intensity for the X polarization in load direction. Even
though generally a normalization is applied when comparing
spectra, this was deliberately omitted here in order to show the
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— As-produced - Y Y

—
X

600 700 800 900 1000 1100

1200 1300 1400 1500 1600 1700 1800
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FIGURE7 | Xand Y Raman spectrum of an as-produced epoxy film sample. Both spectra are recorded at the same sample position.
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FIGURE 8 | Mapping and k-means cluster analysis in X polarization mode over the interface between the deformed (left) and undeformed region

(right) as shown in the corresponding photoelastic image (right). The sample was stretched until a global strain e;=73%. The cluster analysis was

performed using the Renishaw Wire software. The initialization was chosen as random and the clustering type was k-means, using correlation as the

distance metric. The initial number of clusters was chosen as five, but based on the similarity within the spectra of the identified clusters in different

regions, the final number was reduced to two.

70f11

1]uo//sdny) SUONIPUOD PUe SWIB | 8y} 88S *[5202/70/20] Uo Afeiqi8UIIUO AS|IM “SRUIO!GIGSTEISBAIUN BinguieH T1SBAIUN 8YISIUYIe | Ad T/604202" 100/200T 0T/I0p/Wod" A3 |1m Ake.q 1 putjuo//:sdny Wwoly pepeojumod ‘0 ‘69Trzr9e

0 I A,

ol

85US017 SUOLILLIOD BAIER1D 3|qedt|dde ay Aq pausnob afe sajoiiie YO ‘8N J0 S3|nJ 1o} AkeiqiT auljuO A3|1M Uo (Suon



—_
=S (a) — Deformed - X
8 — Deformed - Y
>
® Excitation Raman
g laser scattering
L
1<
- T T T T T T T T T T T \ /-/

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift in cm™ F| Epoxy film sample [F

£}

. — Undeformed - X
s (b) — Undeformed - Y Y.
2
»
2 X
[
e
E T T T T T T T T T T T

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift in cm™

FIGURE 9 | Polarized Raman spectra of a tensile tested epoxy film sample. (a) Spectra for two different polarization modes (X and Y) in a de-
formed sample region with shear bands and (b) pictured the spectra (X and Y) recorded in an undeformed sample region. The polarization directions

are shown with regard to the tensile direction.
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FIGURE10 | The molecular orientation factor is shown as a box plot for each Raman peak from the deformed sample region and the as-produced
initial sample state. The factor is determined from Equation (1) with the X and Y polarized intensity.

differences for all peaks. The data processing was therefore car-
ried out exclusively as described in Section 2.2.1.

Another way to demonstrate molecular orientations is to deter-
mine the molecular orientation factor ffor each peak as follows:

fPeak =1- IY,Peak/IX,Peak (1)

I'refers to the intensity of the corresponding Raman peak, where
X and Yindicate the polarization mode with regard to the tensile
direction.

The factor fis not an absolute value of molecular orientation, but
can be used for comparative studies [5, 35]. Note that the factor
fvaries from 0 to 1, corresponding, respectively, to random and
perfect alignments parallel to the tensile direction (X). However,
it could take a negative value if the molecule has preferred orien-
tation in the transverse direction (Y). The molecular orientation
factor for all peaks were determined and is shown as box plot in
Figure 10. The peaks corresponding to backbone segments ex-
hibit a positive value for the molecular orientation factor, which
means an orientation of the corresponding molecular segments

in load direction. Only the peaks at 1455 and 1185 cm™! exhibit
a negative molecular orientation factor.

The peak at 1185 cm™! corresponds to the in-plane stretching
vibration of gem-dimethyl group of bisphenol A between the ar-
omatic rings and the peak at 1455 cm™! is related to the methyl
and methylene vibrations (see chemical structure in Figure 1)
[5, 34, 36]. Both peaks correspond to molecules that are not di-
rectly part of the backbones. In addition, the aforementioned side
bonds are almost perpendicular to the backbone [5]. If the back-
bones get oriented in the tensile direction (X), these bonds are
increasingly aligned perpendicular to the tensile direction (Y).

The fact that molecular orientations can only be found in se-
verely deformed sample areas can be seen visually again in
Figure 11.

At different selected sample positions within the gauge length
(marked as gray dots in Figure 11a), Raman spectra in X and
Y polarization direction (Iy, I,) were recorded and used for the
calculation (see Equation 1) of the molecular orientation factor
of the peak at 1605 cm™!, which corresponds to in-plane C—C
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FIGURE 11 | Photoelastic image of a deformed epoxy film sample (global strain e; =17%) with white colored shear bands and yellow, purple and
green colored mechanically stressed and deformed sample region (a) and the molecular orientation factor (red line) determined for the aromatic peak
at 1605 cm™! (b) for different sample positions (marked as gray dots in photoelastic image) in the gauge length. The corresponding intensities of the
aromatic peak at 1605 cm™! for each sample measurement point for the X (Iy) and Y (I) polarized measurements are shown as well (gray and dark

blue lines).

stretching vibrations in the aromatic rings. The calculation re-
sults are shown in Figure 11. The experimental evidence leads
to the conclusion that in highly deformed sample regions with
shear bands (white shear bands and yellow, purple, green col-
ored and mechanically stressed sample region in the photo-
elastic image in Figure 11a), the backbones with the aromatic
rings are oriented in tensile direction. As a component of the
backbones, the aromatic rings or para-phenylene groups are di-
rectly involved in the load transfer. High local strain values in
the shear bands indicate that the molecular bonds within the
material are stressed and stretched in these sample regions.
This is consistent with previous studies that have indicated that
the para-phenylene groups, as a load-bearing part of the back-
bones, might be stretched as an IR redshift is detectable [8] and
a molecular environment change can occur in microscale epoxy
samples [37]. In this study, it was possible to show that the back-
bones within the shear bands of deformed epoxy film samples
are also aligned in the tensile direction.

The study by Sui et al. [5] on necked epoxy fibers has shown
that the side chains of the backbones are oriented perpendicular
to the tensile direction and it was assumed that the backbones
might be aligned in the tensile direction. This is in line with the
results presented here and the evidence that the backbones are
oriented in the tensile direction.

4 | Conclusion

It has been shown that with an essential decrease of the test vol-
ume of epoxy samples, the deformation ability and elongation
at break (up to 85%) in tensile tests increase significantly and
are remarkable for an archetypical brittle thermoset material,
especially compared to standard bulk epoxy specimens. Shear
bands and regions of reduced widths are clearly visible in the
photoelastic images after tensile tests and final failure. The ten-
sile test data with a very precise force recording and local strain
determination via DIC show an interplay of stress increase and

decrease, macroscopic growth of deformation zones, and forma-
tion of shear bands.

The molecular processes such as unraveling of entanglements,
molecular backbone stretching, and alignment might lead to a
decrease of stress and strain softening. After the alignment of mo-
lecular backbones in the load direction and local strain values up
to 100% are reached, a stress increase and strain hardening are
recognizable in the engineering and true stress-strain curves.

With a detailed DIC analysis, it was possible to show that after
reaching a characteristic local strain level in a deformation zone,
a new deformation localization takes place in neighboring re-
gions. The deformation grows over the entire sample gauge
length until the molecular backbones within the network or
material cannot be further oriented due to spatial hindrance of
neighboring molecules. At this point, final failure may occur
due to multiple molecular chain scissions.

Polarized Raman measurements showed that the molecular
backbones are oriented and aligned in the load direction only
in the deformed sample regions, which means that high local
strain values appear with shear bands and molecularly ori-
ented backbones. This allows the conclusion that at low strain
rates for samples with microscale gauge volume, it is possible
to reach high ductility and increased elongation at break as
a result of molecular movements, even in a high-crosslinked
epoxy material.

Further experimental studies on epoxy films and epoxy simula-
tions are planned in order to understand the molecular processes
in detail and to gain an even better understanding of the nec-
essary requirements for the increased ductility. A further gauge
volume decrease even closer to the often appearing epoxy matrix
volume in FRPs by guaranteeing an accurate and optimized sam-
ple handling would allow an even more realistic analysis of the
deformation ability under external load in epoxy matrix regions
in FRPs. By better understanding the described interactions
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between macroscopic ductile deformation behavior, the forma-
tion of shear bands, and the associated molecular structural
changes, the aim is to enable more accurate modeling and im-
proved composite development in the future.
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