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The local mechanical properties of partially cured epoxy resins based on tetraglycidyl methylene dia-
niline (TGMDA) are proved to be heterogeneous at the nanoscale with the degree of heterogeneity
decreasing when the crosslinking density increases. The fully cured resin can be considered homoge-
neous on both the nano- and macroscale. These conclusions are supported by a comprehensive statistical
analysis of AFM-based local mechanical properties measurements, which reveal changes in the modulus
distributions from multimodal to monomodal. Furthermore, the histograms of adhesion force and energy
dissipation exhibit decreasing fluctuations with increasing degree of curing. The surface topography of all
samples is very flat at the nanoscale, which indicates that the observed features are not the result of
surface irregularities. The existence of differently cured domains due to local fluctuations in the curing
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kinetics is proposed as the origin of the observed properties contrast.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding the molecular structure and the properties of
epoxies at the micro- and nanoscale in relationship with the me-
chanical performances has drawn the attention of many re-
searchers since the 1960s [1,2]. Among others, significant efforts
have been devoted to address the question whether the molecular
structure and properties of epoxies, as a function of scale, are ho-
mogeneous or not. In order to generate optimal mechanical and
physico-chemical properties, epoxy resins are mostly processed in
a highly crosslinked state. Hence, the natural expectation about the
molecular structure and resulting properties is a high degree of
homogeneity. However, definite confirmation of this expectation is
not straightforward and has prompted numerous researches on the
subject.
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Early structural analyses were performed with the help of
electron microscopy on epoxy resins based on diglycidyl ether of
bisphenol A (DGEBA) and triglycidyl ether of glycerol (TGEG)
crosslinked using various curing programs [3,4]. These studies
mostly evidenced a nodular morphology with a length scale be-
tween 5 and 60 nm for highly cured resins and related this finding
to heterogeneities in the molecular structure due to differences in
local crosslinking state. Later, however, other groups raised doubts
about these results using structural characterization techniques
like small-angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS) [5—7] on DGEBA-based epoxies cured with amine
agents. It was claimed that, as a matter of fact, the molecular
structure of epoxies and the crosslinking distribution within the
cured structure is homogeneous and argued that the previous
electron microscopy findings were probably influenced by imaging
artifacts due to sample preparation or to the electron interactions
with etched surfaces. Nevertheless, there are other proofs of the
existence of structural heterogeneities in the literature based on
SAXS [8] analysis or comparative studies using both SAXS and SANS
[9], which confirmed the presence of a structural heterogeneity on
similar epoxy systems. These contradictions highlight the difficulty
to reconcile evidences gleaned from different techniques, especially
from SAXS and SANS.


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:amir.bahrami@uclouvain.be
mailto:xavier.morelle@uclouvain.be
mailto:xavier.morelle@uclouvain.be
mailto:DuyMinh.Le@soprabanking.com
mailto:thomas.pardoen@uclouvain.be
mailto:christian.bailly@uclouvain.be
mailto:bernard.nysten@uclouvain.be
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2015.04.084&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2015.04.084
http://dx.doi.org/10.1016/j.polymer.2015.04.084
http://dx.doi.org/10.1016/j.polymer.2015.04.084

2 A. Bahrami et al. / Polymer 68 (2015) 1-10

Addressing the question from a different angle, other re-
searchers hypothesized that if there is any sort of structural het-
erogeneity in cured epoxies it should be reflected in the physical
and mechanical properties. Mijovic et al. [10—12] measured at
different temperatures the fracture toughness and dynamic me-
chanical properties of DGEBA with different curing agents, curing
and postcuring programs. They assumed the existence of a het-
erogeneous nodular morphology with different crosslinking states
and established a relationship between the morphology of the
fracture surfaces observed by transmission electron microscopy
(TEM) and the mechanical properties. In another work, Wu et al.
[13] studied the effect of the curing program on the elastic
modulus, fracture toughness, impact resistance and glass transition
temperature (Tg) of epoxies based on DGEBA crosslinked with two
different linear diamines. The morphologies characterized by SAXS
were related to the bulk properties.

An epoxy network builds up progressively and passes through
partial crosslinking stages with rubbery or glassy dynamics before
reaching the maximum crosslinking density [14]. A better under-
standing of the structure and properties of epoxies must take into
account the network formation kinetics. Furthermore, partially
cured epoxies have important industrial applications that justify
more attention to the link between their molecular structure and
their physical as well as mechanical properties, which is the reason
why the effect of partial crosslinking on the morphology and
properties of epoxies and the progressive network build-up of
these resins have been addressed by several authors [15—18].

A survey of previous researches on epoxies shows a lack of
comparability among the studies due to the widely different
chemical compositions as well as curing and sample preparation
schemes. Free surfaces, interfaces formed with different substrates
or fracture surfaces were the most widely used sample preparation
methods to study various resin systems with a wide variety of
crosslinking degree. The experimental plan in each research was
adapted to specific needs, which explains also the diversity of ap-
proaches and results. Furthermore, most of the previous works
were concerned with the relationship between the molecular
structure homogeneity and the macroscopic bulk properties.
Nowadays however, the increasing application of epoxies in many
high-tech fields like nanocomposites, or thin adhesive films, asks
for considering the local properties and their relationship to local
scale homogeneity as a central question in this field. A better un-
derstanding of the mechanical properties of epoxy resins at the
local scale is indeed becoming essential in nanoscience and nano-
technology. Heterogeneities in the local mechanical response can
also lead to so-called back stress effects or kinematic hardening
which shows up during cyclic loading with a key effect on fatigue
resistance properties [19].

Advanced scanning probe microscopy techniques constitute a
very attractive approach to unravel local mechanical properties.
Early efforts have mostly used tapping-mode atomic force micro-
scopy (TM-AFM) analysis on fractured or etched epoxy surfaces to
image the surface topography as well as the phase signal. A nodular
morphology was observed on height and phase images taken from
the free surface, interface and bulk samples for different epoxy
systems [20,21]. The authors suggested the existence of structural
heterogeneity at the scale of 75 nm in the case of a bulk sample.
Other authors [22], however, studied similar systems and defined a
criterion for the presence of a heterogeneous structure based on the
difference between the observed features in the height and phase
images. Kishi et al. [23] reported an inhomogeneous microstructure
in DICY-cured epoxies and related the AFM images to bulk me-
chanical and physical properties, e.g. fracture toughness, ductility,
solvent resistance and heat resistance. Contrast in phase images in
AFM tapping-mode is indeed influenced by the local material

properties [24—27] and can, in principle, be used as a tool for the
detection of heterogeneities in mechanical properties. However,
the interpretation of phase images is complicated by the fact that
they are also affected by surface physico-chemical properties such
as adhesion as well as by the topography. Hence, the observed
signal must first be deconvoluted into its various contributions
before it can be ascribed to local mechanical heterogeneity.

Recently new AFM modes have been developed for mechanical
property mapping, involving the HarmoniX™ mode [28—32], the
Peak-Force Quantitative Nanomechanical Mapping (PeakForce-
QNM) [33] and the contact resonance [34,35] modes. The aim of
these modes is to perform in real-time the decomposition
mentioned above by separately measuring different properties like
adhesion force, energy dissipation and modulus. Most of these
techniques are based on recording and analyzing the force versus
distance curves (f—d curves) that result from very shallow inden-
tation of the surface by the AFM tip, as explained later in the
experimental section. Haba et al. [36] exploited Peak-Force QNM to
study the morphology and mechanical properties of a DGEBA-
based epoxy cured with different agents. They used two different
tapping forces as well as two different tip sizes in order to verify the
possible presence of a nodular morphology and an associated
heterogeneity in the mechanical response. Through comparison
with typical amorphous polymers, they concluded that epoxies
show no heterogeneity in mechanical properties at the local scale
and that the observed nodular morphology is essentially an AFM
imaging artefact erroneously called “tip convolution”.

The present work aims at clarifying the link between the pro-
gressive network build-up of epoxies and the resulting morphology
as well as the local mechanical properties homogeneity by using an
advanced AFM mode on a well-controlled and representative resin
system. The commercial RTM6 epoxy system used as matrix for
high performance composites in aerospace applications has been
chosen. A range of bulk samples with partial and full curing has
been systematically prepared. As flat as possible surfaces were
prepared with the help of ultramicrotomy in order to avoid artifacts
due to other sample preparation methods, e.g. fracture surfaces,
which might be influenced by preferred crack propagation path-
ways, or chemically etched surfaces, which might alter the true
resin structure. High resolution mapping of topography combined
with high sensitivity mechanical property mapping were per-
formed using the HarmoniX™ mode. A detailed analysis of
topography as well as a cross-correlation of property maps was
performed in order to rule out the possible contribution of surface
artifacts to the measured properties and to establish a solid rela-
tionship between morphology and local mechanical properties.

This analysis shows that the distribution of moduli on stiffness
maps changes from bimodal for partially crosslinked samples to
monomodal for the fully cured resin. The AFM-extracted modulus
for the later sample nicely compares with that obtained from
macroscopic tensile tests [37]. These results demonstrate how the
homogeneity of the resin local mechanical response changes as a
function of crosslinking degree. This is an important result in the
context of the current controversies in the literature about epoxy
resins opening to several perspectives in the deep understanding of
complex mechanical properties such as plasticity initialized by
shear transformation, fracture and fatigue influenced by back stress
effects.

2. Experimental
2.1. Materials

The experiments have been performed on a premixed epoxy
system under commercial name HexFlow® RTM6 supplied by
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HEXCEL® Corporation. This high-performance thermoset has been
specifically developed for the advanced resin transfer molding
(RTM) based processing of carbon fiber reinforced composites used
in the aerospace industry. It is composed of a stoichiometric
mixture of a tetrafunctional epoxy (tetraglycidyl methylene diani-
line, TGMDA) with two amine hardeners (4,4’-methylenebis(2,6-
diethylaniline)), MDEA, and 4,4’-methylenebis(2-isopropyl-6-
methylaniline), M-MIPA), as shown in Fig. 1.

2.2. Curing cycle

The stoichiometric mixture is intended to reach a very high
degree of crosslinking, up to 97.5%. In order to study the effect of
curing on the morphology and mechanical properties, three
different degrees of curing were compared involving two partially
cured resins at 70% and 80%; and one resin fully cured at 95%.

Modified curing cycles, compared to the standard program
proposed by the supplier, were developed to obtain resins with the
desired partial degree of curing. As illustrated schematically in
Fig. 2, the reference cycle is composed of three steps: firstly, the
resin is degassed for 75 min at 90 °C under vacuum; then, a curing
step of 3 h at 130 °C is applied in an air-circulated oven; and,
eventually, a post-curing step of 3 h at 180 °C is applied to achieve
the maximum crosslinking density. All heating and cooling rates
are set to 2 °C/min.

For partial curing, only the degassing and isothermal heating
step at 130 °C were applied, but with shorter curing times. The
required time to reach a given degree of curing was estimated
through the modeling of the crosslinking reaction kinetics, as
illustrated in Fig. 2, which was built from the observations and data
collected by Skordos et al. [38]. The durations for 70% and 80%
curing degrees were respectively, 2 h20 min and 3 h of isothermal
heating at 130 °C. The obtained degrees of curing were verified
afterwards with differential scanning calorimetry (DSC) (see
supplementary information for details).

2.3. Bulk compressive and tensile modulus

The macroscopic compressive and tensile moduli of the fully
cured sample were obtained using uniaxial compression test and
dynamic mechanical thermal analysis (DMTA), respectively. The
compression tests were performed on a screw-driven Zwick-Roell
universal testing machine with a 250 kN external load cell, at room
temperature with solid lubrication. Tests were carried out at con-
stant crosshead speed of 1 mm/min, on cylindrical specimens with
height and diameter both equal to 12 mm. DMTA was performed on

A

TGMDA N
o]
Al LA

(a) (b)

MMIPA

Fig. 1. Chemical structure of (a) the tetrafunctional epoxy resin (tetraglycidyl methy-
lene dianiline, TGMDA) and (b) of its two diamine hardeners MDEA and M-MIPA. The
reactive functional groups are marked with rectangles and circles.
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Fig. 2. (a) Typical curing program with three main steps and (b) model of polymeri-
zation kinetics for the estimation of the required time to reach a given degree of
curing.

a DMA/SDTA861e machine from Mettler Toledo on samples with
the following geometry: length 9 mm, width 4 mm, thickness
1 mm. Temperature and frequency sweep analyses were both
performed.

2.4. Sample preparation for AFM

Ideal surfaces for mechanical property mapping should be as flat
as possible in order to maintain similar tip-sample contact angle
and contact area during the scan. Currently, ultramicrotomy is
among the best surfacing techniques, as it provides flat surfaces at
the nanoscale without considerably altering the structure of the
material. Samples were first cut from the cured cylinders, then
inserted and fixed to AFM sample holders, and the surface was
finally prepared by ultramicrotomy with the help of a diamond
knife (LEICA EM FC6 microtome system equipped with DIATOME
Cryo 35° knife). The step size in material removal from the surface
was set around 50 nm in order to minimize the shear stress on the
surface and avoid any material damage. Microtomy was performed
at room temperature due to the high glass transition temperature
(Tg) of cured epoxy resins (~220 °C). Surfaces were prepared just
before the AFM analysis and the microtomed samples were stored
in a desiccator to avoid surface contamination.

2.5. AFM characterization

HarmoniX™ mode is a resonant probe AFM technique for higher
harmonics imaging of mechanical properties, such as adhesion
force, energy dissipation and modulus [29]. In this mode, torsional
harmonic cantilevers (THC) are used with the probe tip on one
corner of a T-shaped cantilever, which promotes the torsional vi-
bration of the probe during tapping on the sample surface. While
tapping near its fundamental flexural resonance frequency
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(50 kHz), THC probe indents the sample surface and triggers higher
frequency vibrational harmonics of tip-sample interactions. The
torsional vibration spectrum of the cantilever is used to reconstruct
the force vs. distance (f—d) curves. The f—d curves are later analyzed
in real time in order to generate maps of different mechanical
properties like adhesion force, energy dissipation and DMT
modulus (see Supplementary Information for details). HarmoniX™
probes have a wide band width, which offers high force measure-
ment sensitivity in the range of 250 MPa up to 10 GPa. This makes
the HarmoniX™ mode a suitable technique for high resolution and
fast mapping of mechanical properties on polymers such as epoxy
resins.

HarmoniX™ probes with a spring constant of ~2 N/m were used
on a Bruker Multimode 5 AFM in order to record images at different
magnifications (10 x 10,3 x 3,1 x 1 and 0.5 x 0.5 um?) on different
areas of the surface of each sample. The image resolution was
256 x 256 pixels with a scan rate between 0.5 and 1 Hz depending
on the image size. The tapping ratio (the ratio of set-point ampli-
tude Ay, to free vibration amplitude Ag, rsp = Asp/Ag) was set to 0.6 in
order to maintain “hard tapping” conditions and to enhance the
“material contrast”, while keeping a good image resolution.

The photodetector sensitivity was calibrated using a ramping
procedure on a clean Si wafer. Afterwards, the cantilever flexural
spring constant was calibrated using the thermal tune procedure.
The force sensitivity and the dissipation sensitivity were also cali-
brated through measurement of the jump in the ramping curve on
the Si wafer. Finally, the DMT modulus sensitivity was calibrated

using a reference polystyrene (PS) sample with known modulus
value. The same imaging conditions (tapping ratio and scan rate)
were then used for all samples. This careful calibration procedure
ensures the extraction of quantitative results.

The tip size of AFM probes used in this study was estimated
between 8 and 11 nm using two procedures. First, an absolute tip
size measurement was realized by imaging a standard roughness
sample from Bruker (RS-12 M). In addition, the tip size was esti-
mated using a relative calibration of the tip size by imaging the
standard polystyrene sample.

2.6. Data analysis

A comprehensive analysis was performed on the surface
topography, adhesion force, energy dissipation and DMT modulus
images in order to address the possible relationships between
surface topography and property channels. All analyses were per-
formed based on in-house developed routines under Igor-Pro
(WaveMetrics).

2.6.1. Topography images

All images were flattened line-by-line using a 3rd order poly-
nomial fit while masking regions with outliers to avoid introducing
artifacts in the analysis. The procedure was applied to 3 x 3,1 x 1
and 0.5 x 0.5 um? images, because these are the length scales at
which the surface topography of the resins is best revealed, while,
at the larger length scales, the topography is influenced by

02 03 04
um

Fig. 3. Topographic images at three magnifications for the three samples with different crosslinking degrees: (a, b, c) 70%, (d, e, f) 80% and (g, h, i) 95%.
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scratches due to the microtomy. For all images, the radially aver-
aged power spectral density (PSD) was calculated as

27 2
PSD(S):;—W/% /h(?)exp(zwj?-?)ﬁ> d (1)
0 A

where s is the spatial frequency, A is the projected area of the image,
and h(T) is the height function of the image.

Afterwards, the PSDs of individual images (with different length
scales) were merged in order to obtain a PSD covering a wider
range of spatial frequencies [39]. Considering the surface of the
samples as randomly rough surfaces, the PSD curves were fitted
using the K-correlation function proposed by Palasantzas et al. [40]
to extract the surface characteristic correlation length £.

0.252
PSD(s) = 21 )

1+H
(1 +21—H(27r5)252>

In this expression H is the roughness exponent related to the
slope at high spatial frequencies. The length scale variation of RMS
roughness (o) was also calculated from the merged PSD:

(1) = 2 / PSD(s)sds 3)
1/r

2.6.2. Adhesion force, energy dissipation and DMT modulus images
For each sample an average value of the adhesion, dissipation
and DMT modulus was obtained by calculating the average of the
mean values obtained for all images. Then, in order to eliminate
possible artifacts due to drift, the images were first flattened and
then normalized to the average value. One main histogram was then
generated by accumulation of the histograms of the image at
1 x 1 pm?. The main histogram was fitted with Gaussian functions.
The most probable values and the histogram width were extracted.

3. Results and discussion
3.1. Topography

Fig. 3 shows selected topography images at three different
magnifications obtained for the resins cured at 70%, 80% and 95%.
The surfaces are flat at the micro- and nanoscale and no extensive
scratches or artifacts due to the microtomy are revealed. Appar-
ently, the morphology contrast becomes finer when the degree of
curing increases.

The PSD and the RMS roughness variations calculated using the
procedure described in the experimental section are shown in
Fig. 4. At high spatial frequency (s between ~50 and 100 um™!) all
three samples present the same behavior. In this region that cor-
responds to small length scales on the images, PSD curves are
superimposed and hence the surface roughness of all three samples
is similar. The rapid increase of the PSD in this region is followed by
a separation of the curves at medium spatial frequencies (s around
30—50 um~!) and finally by a correlation break (change of slope)
where the three samples show differences with a “plateau-like”
behavior or a weak frequency dependence. At very low spatial
frequencies (s lower than 3 um™~') there is no meaningful difference
between the samples due to highly scattered data points. The larger
PSD values for the sample involving low degree of curing corre-
spond to the larger roughness observed at larger length scale. As
shown in Fig. 4, the position of the correlation break in the PSD
curves, which is related to the correlation length £, appears

PSD (um’)

O 70% cured
80% cured
A 95% cured

-14 Il
10 2 3 45678 2 3 45678
1 10 100
. -1
Spatial frequency (um )
(b) 1%
E U
e
Q
c 24
£
o
=]
e o1 T
2 I O 70% cured
E 6f R 80% cured
i A 95% cured
3 + +———+—+—+—+—+1 + A+
2 3 4 5678 2 3 4 5678
10 100 1000

Length scale (nm)

Fig. 4. (a) PSD curves and (b) RMS roughness curves for three samples (blue circles:
70% curing degree, green squares: 80% curing degree, and red triangles: 95% curing
degree). On the PSD graph, the solid curves are the results of the fit with the K-cor-
relation function. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Results of the fit of the PSD curves with a K-correlation function: RMS roughness (o)
at a scale length of 1 um, correlation length (¢) and roughness exponent H.

Curing degree a 13 H

(%) (nm) (nm)

70 0.66 9.6 +0.3 6.1 + 0.6
80 0.53 9.5+0.8 6.0 +0.5
95 0.44 8.6 + 0.9 57+03
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Fig. 5. Adhesion force (top) and energy dissipation (bottom) images for the three samples with different crosslinking degrees: (a, d) 70%, (b, e) 80% and (c, f) 95%.

approximately at the same spatial frequency for all three samples.
This is confirmed by the fit of the PSD curves that gives similar
values for the correlation length (Table 1).

As indicated, the typical values of ¢ are relatively low, around
~0.5 nm, which is a proof of the flatness of the surfaces prepared by
microtomy. This parameter is a measure of the mean deviation in
surface height. The weak difference observed between the samples
means that the average height of topography features (nodules or
bumps) of the three samples is only marginally different. The cor-
relation length (&) is the typical distance between two different
irregularities on the surface. Also ¢ does not considerably change
among the three samples. The subnanometer roughness and the
similar lateral size of surface features suggest that if differences
appear between the three samples in the property channels
(adhesion force, energy dissipation and DMT modulus), this cannot
be ascribed to differences in surface roughness of the samples.
Especially, the similar roughness of the three samples at the scale of
the probe tip, i.e. at large spatial frequency (or small scale length)
strongly supports that the property signals are not, or very weakly,
influenced by surface topography.

3.2. Adhesion force and energy dissipation

Fig. 5 show the adhesion force and energy dissipation maps at
1 x 1 um? scan size for the three samples. A gradual decrease of the
values of both parameters with increasing degree of curing can be
visually detected through the change in the brightness of the colors.
The histograms of the adhesion force and of the energy dissipation,
shown in Fig. 6 respectively, exhibit monomodal distributions, with
a width and most probable value changing as a function of degree
of curing. As described before in the experimental procedures
section, a Gaussian function was fitted to these histograms in order
to determine the width and maximum of the peak. Table 2 sum-
marizes these values.

The average force of adhesion as well as the average dissipated
energy decrease with increasing the curing degree and the devia-
tion on the calculated average values follows the same trend

(Fig. 6(c)). As mentioned before, the values of adhesion force and
energy dissipation present symmetric distributions around a cen-
tral value. Nevertheless, the histogram width systematically in-
creases with decreasing the degree of curing. This suggests that
there might exist some heterogeneity in the local distribution of
these parameters, but not to the extent of breaking the distribu-
tions into bimodal or multimodal characteristics.

To understand the origin of the observed variations of the
adhesion force and energy dissipation, the type of tip-sample contact
should first be clarified in the case of our experiments. In all gener-
ality, applying a load to the sample during nanoindentation by AFM
may cause three simultaneous and competing processes: (1) elastic
energy storage, which is immediately released during unloading; (2)
viscoelastic energy storage, which is partly released during unload-
ing (the elastic contribution to viscoelasticity, E’') and partly released
in long-term (the viscous contribution to viscoelasticity, E”),
depending on the unloading rate and on the respective relaxation
time of the material; (3) dissipative process or plastic deformation. A
key factor that can determine which of the above mentioned pro-
cesses is mostly influencing the contact, is the indentation rate. A
study by Tranchida et al. [41] on various polymers covering a wide
range of mechanical response shows that during indentation with
rates above 10 Hz, which is much lower than the HarmoniX™
indentation rate of ~50 kHz, the contribution of viscoelastic and
plastic phenomena can be reasonably neglected and the contact can
thus be considered as dominated by elastic processes.

Thus, the energy dissipation ascribed to either viscoelasticity/
plasticity or adhesion force or to a mixture of both (see
Supplementary Information) is mostly due to the adhesion force in
the case of our experiments. This may explain the fact that both
properties present the same trends as a function of the crosslinking
degree. Furthermore, this suggests that the measured adhesion
force is mostly due to chemical interactions rather than to visco-
elastic phenomena. The elastic dominated contact, in addition,
proves that the tip-sample contact can indeed be analyzed here
with elastic contact models such as the DMT model (see
Supplementary Information).
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Fig. 6. Histograms of (a) the adhesion force and (b) the energy dissipation for the three
samples. (c) Variation of the peak values of the adhesion force and the energy dissi-
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3.3. DMT modulus

Fig. 7 shows the DMT modulus maps of all samples in three scan
sizes. An apparent gradual increase of the modulus with increasing
degree of curing is observed as shown by the change in the color

Table 2

Summary of the calculated values obtained by fitting the adhesion force and energy
dissipation histograms with Gaussian functions: average adhesion force Fgqp,
average energy dissipation Egjss, A\Faqn and AEgiss width of the Gaussian functions.

Curing degree Fadn Faan Ediss Eaiss
(%) (nN) (nN) (meV) (meV)
70 440 0.86 0.29 0.16
80 3.84 0.63 0.25 0.08
95 2.73 0.54 0.11 0.08

brightness of the images. The images at smaller scales (1 x 1 and
0.5 x 0.5 um?) also suggest the presence of stiffer and more
compliant domains, especially for the samples with 70% and 80%
crosslinking density. The apparent size of these domains is around
20—-30 nm.

The histograms of DMT modulus reveal different behaviors be-
tween the samples, changing from clearly bimodal to monomodal
as the crosslinking degree increases (Fig. 8). Unlike the adhesion
force and energy dissipation, the DMT modulus presents a bimodal
distribution for the 70% and 80% curing with two clearly distinct
peaks while it is monomodal with a single peak for the 95% curing
degree.

Globally, the average value of the DMT modulus increases with
the degree of curing. The corresponding distributions have been
fitted with a series of Gaussian functions. Fig. 8(a and b) show the
Gaussian fit of the modulus histograms for the 70% and 80%
crosslinked samples. These two samples exhibit bimodal distribu-
tions with peaks located around 2400 MPa and 3100 MPa, con-
firming the presence of stiffer and more compliant domains. The
proportion of stiff domains increases from 0.52 for the sample with
70% curing degree to 0.74 for the sample with 80% curing degree. A
similar analysis for the 95% sample (Fig. 8(c)) with only one
Gaussian function gives a most probable value around 3200 MPa,
corresponding only to stiff domains. The most probable values and
the peak proportion for all samples are summarized in Table 3.

This evolution is illustrated in Fig. 9 where the most probable
values of the peaks are reported as a function of the curing degree.
On this graph, the size of the symbols is proportional to the fraction
of the corresponding peak and the error bars to the width of the
peaks. One can see that there are two main populations of modulus
values around 2400 MPa and 3100 MPa. The fraction of stiffer do-
mains increases upon increasing the degree of curing; likewise, the
fraction of more compliant domains gradually decrease from 70% to
80% curing degree and finally disappears for the 95% cured sample.

Based on the assumptions that the stiffer and more compliant
domains are characterized by an essentially constant local degree of
crosslinking and that it is the fractions of the two types of domains
that changes with the global degree of crosslinking, the cross-
linking degree of the compliant domain can be estimated using a
simple linear regression. Using the ratio of the compliant domains
for the three global degrees of crosslinking (Table 3), we can
extrapolate the hypothetical global degree of curing for the case
where the sample would consist only of one compliant domain,
which would correspond to an estimated degree of crosslinking of
about 46% (see Supplementary Information). Hence, it can be
argued that the local structure of incompletely cured RTM6 resins
probably consists of contiguous domains with a size of the order of
20—-30 nm involving very high and comparably low degree of
crosslinking.

However, the determination of the bulk modulus of a sample
cured only at 46% was impossible due to the very brittle nature of
lightly crosslinked samples that strongly limits standard test
specimen preparation. However, based on the available literature
data and the presented results of this work, we may have a rough
estimation of the modulus for a bulk sample with 46% curing de-
gree. As discussed by Mooseburger et al. [16], the gel point in RTM6
epoxy systems is reached typically between 40% and 50% of con-
version. Thus, 46% of crosslinking should be above the gel point.
The measurements performed by this group showed that the
macroscopic moduli change by 23% as the curing degree increases
from 55% to 95%. The two values reported here for the moduli
corresponding to the fully cured and lightly cured domains fall in
this reported range.

The origin of the observed heterogeneity most probably is
related to the peculiar reaction kinetics of epoxy-amine systems. It
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Fig. 7. DMT modulus images at three magnifications for the three samples with different crosslinking degrees: (a, b, ¢) 70%, (d, e, f) 80% and (g, h, i) 95%.

has been shown that the curing reaction of RTM6 is partially auto-
catalyzed [42]. In other words, the already reacted groups accel-
erate the reaction. However, the low molecular mobility in the re-
action medium from the gel point and above prevents effective
diffusion of the auto-catalyzing agents, which can cause spatial
modulation of the reactivity in the system. This, in turn, generates
spatial heterogeneity of the degree of crosslinking. Nevertheless, as
shown in this work, this heterogeneity decreases with increasing
the global curing degree as deduced from the narrower adhesion
force and energy dissipation histograms as well as from the mon-
omodal DMT modulus distribution for the fully crosslinked sample.
The AFM extracted modulus value for the 95% cured sample com-
pares very well with that measured by macroscopic tensile testing.
This strongly suggests that the fully cured sample is mechanically
homogeneous from the scale of nanoindentation by the AFM tip up
to the macroscopic scale of tensile test specimens, i.e. from a few
nanometers up to several millimeters [43].

A comparison of the bulk compressive and tensile moduli of the
95% cured sample with the AFM-extracted values has also been
done. A systematic comparison of bulk and AFM-extracted moduli
for all three samples has not been performed. Indeed, first a local-
global comparison for partially cured samples (70% and 80%) is not
straightforward due to the heterogeneous nature of these two
samples. Furthermore, in the case of those samples, machining of
standard specimens was not possible due to their brittleness.

The AFM-measured modulus is compared to the bulk compres-
sive and tensile moduli in Table 4. The measured bulk compressive

and tensile moduli of the 95% cured sample, 3070 MPa and
2700 MPa respectively, are close to the literature value of 2890 MPa
[44,45]. The difference between the compressive and tensile moduli
is originating from different testing set-up and loading of the
specimens. The AFM-extracted local modulus is higher than the
bulk compressive and tensile moduli by 5.2% and 19.6% respectively.
Nevertheless, the local and bulk values are comparable and the
observed differences could be attributed to the differences between
the methods of measurements. The similarity in local and bulk
moduli is another proof of homogeneity of the mechanical response
over different length scales. As mentioned in the main text, the fully
cured sample does not show any sign of heterogeneity in the local
mechanical response at the scale of AFM tip size.

4. Conclusions

The HarmoniX™ mode of atomic force microscopy has been
used to study the effect of the degree of crosslinking on the local
morphology and mechanical properties of RTM6 epoxy resin. A
comprehensive analysis of the surface topography, aiming at ruling
out the possible influence of the surface topography on the
measured properties, together with a statistical analysis of the
properties was carried out.

Microtomy allowed obtaining very smooth surfaces with sub-
nanometer roughness. A very slight increase of the sample surface
roughness was observed with the decrease of the curing degree,
with the RMS roughness ranging from ~0.4 nm for the fully cured
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Table 3
Summary of the calculated values obtained by fitting the DMT modulus histograms
with Gaussian functions: peak 1 position, E;, and fraction and peak 2 position E; and
fraction.

Curing degree Eq Peak 1 fraction E Peak 2 fraction
(%) (MPa) (%) (MPa) (%)
70 2390 48 3140 52
80 2360 26 3040 74
95 — — 3230 100
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Fig. 9. Variation with the crosslinking density of the peak values of the two pop-
ulations at around 2400 MPa and 3100 MPa. The contribution of each population is
highlighted via the size of symbols and the error bars correspond to the with of the
corresponding Gaussian function.

sample to ~0.6 nm for 70% curing degree. The lateral size of the
surface features contributing to the roughness was found to be
similar for all samples with an average size (correlation length)
around ~9 nm. It can be thus expected that the mechanical prop-
erties signals (adhesion, energy dissipation and DMT modulus) are
not influenced by the surface topography.

The images of the adhesion force and the energy dissipation
exhibit homogeneous morphologies for all curing programs, as
evidenced by monomodal distributions of the corresponding his-
tograms. The average values of adhesion force and energy dissi-
pation as well as the corresponding deviations decrease as the
curing degree increases. The high frequency property mapping of
the HarmoniX™ mode, around 50 kHz, ensures an elastic domi-
nated tip-sample contact with negligible viscoelastic and plastic
contributions. Chemical interactions are thus the main origin of the
detected adhesion force and the decrease of the energy dissipation
is directly due to the decrease of the adhesion force.

On the contrary, the analysis of the DMT modulus images reveals
a clearly bimodal distribution for the non-fully cured resins (70% and
80%) while the distribution is monomodal for the fully cured sample
(95%). The analysis of the histograms gives values around 2400 MPa
and 3100 MPa for the two peaks observed on the non-fully cured
samples. These values are attributed to the co-existence of “more
compliant” non-fully cured domains and of “stiffer”, almost fully
cured, domains. The fraction of the “more compliant” domains de-
creases with increasing the degree of curing and, finally, these do-
mains disappear at full curing. A rough estimation of the degree of
curing of the compliant domains is about 46%. A possible explanation
for the observed heterogeneity can be found in the kinetics of curing
of epoxy resins. The localized auto-catalysis by the already reacted
groups in a low molecular mobility reaction medium promotes local
heterogeneities in the curing evolution and hence in the resulting
mechanical response. This phenomenon can form distinct compliant
and rigid “domains” with low and high crosslinking degrees.

These results show how the difference in the degree of curing of
epoxy resins can influence the local heterogeneities in the

Table 4
Comparison between the AFM-measured modulus with the bulk compressive and
tensile moduli of the 95% cured resin.

AFM-extrated
modulus (MPa)

Bulk tensile
modulus (MPa)

3230 3070 2700

Bulk compressive
modulus (MPa)
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chanical response. The fully cured resins can indeed be consid-
d as homogeneous at the nanoscale. In addition, it was shown
t AFM-based approaches to the local property mapping of ep-

oxies are powerful tools for addressing such a complicated issue

inv

olving heterogeneities at the nanoscale.
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