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1 | INTRODUCTION

Epoxies (EP) are widely used thermosetting materials,
given their desirable properties such as high-tensile
strength and tensile modulus, good chemical resistance
and thermal stability. However, their inherent brittleness
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Abstract

Thermoplastic modified thermosets are of great interest especially due to their
improved fracture toughness. Comparable enhancements have been achieved
by adding different nanofillers including inorganic particles such as nanosized
boehmite. Here, we present a nanomechanical study of two composite systems,
the first comprising a polycarbonate (PC) layer in contact with epoxy resin (EP)
and the second consisting of a PC layer containing boehmite nanoparticles
(BNP) which is also in contact with an EP layer. The interaction between PC
and EP monomer is tested by in situ Fourier transformed infrared (FT-IR) anal-
ysis, from which a reaction induced phase separation of the PC phase is
inferred. Both systems are explored by atomic force microscopy (AFM) force
spectroscopy. AFM force-distance curves (FDC) show no alteration of the
mechanical properties of EP at the interface to PC. However, when a PC phase
loaded with BNP is put in contact with an epoxy system during curing, a con-
siderable mechanical improvement exceeding the rule of mixture was detected.
The trend of BNP to agglomerate preferentially around EP dominated regions
and the stiffening effect of BNP on EP shown by spatial resolved measurements
of Young's modulus, suggest the effective presence of BNP within the EP phase.
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and low-fracture toughness represent a drawback in
industrial applications.’ For highly cross-linked EP, the
addition of a thermoplastic phase, such as polycarbonate
(PC), has been proven to overcome some of the short-
comings in mechanical properties.” It has been shown
also that PC is able to form hydrogen bonds with the
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epoxy resin.>* Thus, chemical compatibility is expected
between these two phases.

So far, several ways of interaction between PC and EP
resins have been documented, such as cross-linking,
grafting, or even copolymerization, as well as the possible
formation of a semi-interpenetrating polymer network
between PC and EP. The latter may occur even in the
absence of a curing agent, being triggered mainly by tem-
perature and concentration of PC in the epoxy monomer
resin.””’

Besides the combination of EP with PC, other addi-
tives like nanosized fillers have been used to improve
mechanical properties of the neat resin such as strength,
stiffness, and modulus.*® Recently, promising results
were achieved by the addition of boehmite (-AIOOH)
nanoparticles (BNP). Most remarkably, the increase of
shear strength, shear modulus, and compressive strength,
as well as an improvement of the fracture toughness of
EP by the addition of boehmite were reported.'>** The
role of BNP as a reinforcement agent was attributed to
property alteration of the bulk EP matrix in their pres-
ence, and to the formation of a soft interphase,
preventing crack propagation by increased energy dissi-
pation.’® It was demonstrated ** for an anhydride-cured
EP-BNP composite system, that the hardener molecules
were preferentially absorbed by the BNP, resulting in the
local alteration of the resin-hardener ratio in the bulk.
This heterogeneity in the bulk EP, with a broad stiffness
distribution, is another pathway for energy dissipation,
which makes the system more resistant to fracture.

Based on these improvements, our goal is to develop
a new ternary EP composite, consisting of both PC and
BNP. Here, BNP acts as a local reinforcement agent,
while PC serves as the carrier medium for BNP. This
serves to two purposes. First, to decrease the occupational
hazards that represent the addition of nanoparticles by,
for example, spraying them on specific sites where extra-
reinforcement is needed. Second, to optimize BNP distri-
bution throughout the matrix, using a “carrier” material
placed as a ply before the resin injection process. How-
ever, previous studies demonstrated that, due to the com-
plex interactions between the components of the
composite, the overall behavior can drastically deviate
from the predictions based on classical theoretical
models, such as that of Halpin-Tsai.'* The effect of BNP
on mechanical properties of anhydride-cured EP was
reported to drastically differ from the theoretical predic-
tions of composite’s modulus. It was found to be mainly
due to effects at the nanoscale, such as the formation of
mechanical and chemical gradients’® and soft
interphases,'® migration of the particles to the matrix and
the preferential absorption of hardener molecules toward
the surface of nanoparticles.’®'” These are desired effects,

since properties of the composite are improved. The sub-
ject of this study is to examine the ternary system for
comparable effects.

For this purpose, the first step toward understanding
a multicomponent composite (PC/BNP/EP) is to study
nano effects occurring at the multiple interfaces. This
study focuses on interactions between PC/EP and
PC/BNP/EP. Interfaces had to be made accessible to the
analytical toolset,"® which can probe molecular and
nanomechanical properties, such as atomic force micros-
copy (AFM). The usage of nanomechanical mapping
(e.g., force volume mode) on reactive and nonreactive
polymer blends have demonstrated to be reliable for the
characterization of the interfacial morphology, width,
and mechanical property of the polymer-polymer inter-
phase, making the latter easily evaluated based on the
Young's modulus maps with several hundreds of nano-
meters scan size."’

Such studies have also shown the great influence that
the polymer interphase can play in the overall mechanical
properties. Jiang, Z. et al. proved recently, by PeakForce
quantitative nanomechanical mapping (AFM PF-QNM)
measurements, how the processing conditions of an
immiscible PEEK/PBI blend affect the Young's modulus
across the interphase and ultimately the fracture toughness
of the blend.?® The same technique has also proven to be
successful for the detection of an enhanced interphase
modulus in poly vinyl alcohol/nanodiameter.?!

We developed two systems, sandwiching a PC layer
between two EP layers (Figure 2). One sample contains a
neat PC (system A), the second one contains PC filled
with BNP (system B). A cross-section of these sand-
wiched samples provides easy access to the interface,
which can then be analyzed by AFM. To probe the
nanomechanical properties of interest different tech-
niques were combined. We applied Fourier-transform
infrared spectroscopy (FT-IR) to monitor the chemical
interaction between DGEBA monomer and PC. Trans-
mission scanning microscopy (T-SEM) was used to study
the spatial distribution of the nanoparticles within the
composite. The local mechanical properties of the com-
posite phases were measured by AFM force-distance cur-
ves (AFM FDC) combined with scanning Kelvin probe
microscopy (SKPM).

2 | MATERIALS AND METHODS

2.1 | Materials

The EP system used in this study is bisphenol-A-
diglycidyl ether (DGEBA, Araldite LY 556, Huntsman)
cured with an anhydride curing agent, methyl
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FIGURE 1
(d) Polycarbonate. (¢) Taurine modified boehmite

FIGURE 2 Schematic (a) System
representation of the two systems of

interphases betw: d il

interphases between epoxy an Subsirate

polycarbonate (system a) and epoxy and ~

polycarbonate with 20 wt% of BNP
(system B). BNP, boehmite
nanoparticles; EP, epoxy resin;

PC, polycarbonate [Color figure can be
viewed at wileyonlinelibrary.com]|

tetrahydrophtalic acid anhydride (MTHPA, Aradur
HY917, Huntsman) and accelerated by an amine,
1-methyl-imidazole (DY070, Huntsman). The mixture of
epoxy, hardener, and accelerator is 100:90:1 parts per
weight, respectively. Mixtures are cured for 4 h at 80°C to
reach gelation and 4 h at 120°C for post-curing, as rec-
ommended by the manufacturer to obtain a fully cured
system.”” The PC is a Bisphenol-A PC from Makrolon
3108 (Goodfellow, UK) with Mw = 49,550 g/mol and
Mn = 21,400 as measured by gel permeation chromatog-
raphy (GPC). BNP are aluminum oxide hydroxide
(-AIOOH) boehmite nanoparticles (BNP) (HP14T) with
an average primary size of 20 nm, and surface coverage
modifications of 1.44 x 10™® mol/m® Surface coverage
was determined by Brunauer-Emmett-Tellerspecific sur-
face measurements, showing about 16% of the particle
surface as taurine modified.”® The nanoparticles were

Molecular structure of (a) DGEBA epoxy resin. (b) Anhydride hardener MTHPA. (c) Imidazole accelerator.

(b) (o)
N%\
N
\
\
(e) NH,
O=T=0
0
Odm
0”""-Al‘ .,n\\“o
o 1%
(b) System
EP2a EP28
: EP1s Interacting
In?;i%'/ng Substrate Epox;
= PCa PCs
Polycarbonate Polycarbonate

20 wt% BNP

customized by SASOL Germany. The molecular struc-
tures of the used materials are shown in Figure 1.

2.2 | Sample systems for AFM study

System A comprises a substrate of fully cured epoxy sub-
strate (EP1,) and a solution cast film of neat polycarbon-
ate (PC,) with a concentration of 7 wt% PC in methylene
chloride. System B comprises the same fully cured epoxy
substrate (EP1g) and a solution cast film of PC from
methylene chloride containing 20 wt% of BNP (PCg) as
depicted in Figure 2. The solutions of PC and PC with
BNP were dried overnight at room temperature on their
EP substrates resulting in a film thickness of 109-128 pm
or PC4 and 77-87 pm for PCg, respectively. Subsequently,
in both systems a layer of EP containing the hardener
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and the accelerator (EP2, and EP2g) was poured on top,
creating a sandwich-like sample. Before the curing pro-
cess, the epoxy mixture was left for 45 h at room temper-
ature. Afterwards, the curing process was performed at
80°C for 4 h, followed by post-curing at 120°C for 4 h.

2.3 | Methods

The chemical reactions between epoxy resin (DGEBA)
and PC were monitored in situ by FT-IR. These measure-
ments were performed with a Nicolet 8700 FT-IR spec-
trometer (Thermo Electron Corporation, Madison, WI) in
transmission mode. The heating stage, a Linkam FT-IR
600, was placed in the spectrometer and controlled by a
TMS94 temperature controller. FT-IR measurements
were performed within a wavelength range from 400 to
4000 cm™" and with a resolution of 4 cm™, by averaging
eight scans. For the sample preparation, PC and DGEBA
were mixed in a 1:1 ratio in methylene chloride CH,Cl,
and stirred overnight. The solution was spin-coated on
pressed KBr pellets and mounted inside the heating cell
in transmission mode. The PC/DGEBA film was heated
within the spectrometer to 80°C for 60 min, followed by a
second heating at 120°C for another 60 min. The spectra
were recorded with a time interval of 30 s per spectrum
by the OMNIC software (Thermo Fisher Scientific, Karls-
ruhe, Germany). Except for the background subtraction
no additional data treatment was applied. None of the IR
spectra showed one of the typical absorption bands of the
solvent CH,Cl,.

All AFM measurements were conducted with an
MFP-3D AFM (Asylum Research, Santa Barbara, CA).
The AFM probe used was a Mikromasch, HQ: NSC35
(Wetzlar, Germany). The spring constant of the cantilever
was determined by a noninvasive thermal noise method
to be k. = 14.2 N/m. The tip radius R = 23 nm was esti-
mated by fitting reference measurements on glass sub-
strates (E = 70 GPa, vs = 0.3) with the Hertz theory
(compare Supplementary information Equation (S4)).
FDC were recorded with a frequency of 1 Hz and 1 pm
apart from each other, leading to 60 x 60 curves for a
sample area of 60 x 60 um®, leading to one data point
(pixel) per 1 pm in all FDC maps. Maximum applied
force was 0.7 pN. The detailed methodology of analyzing
FDC curves is described in reference **. In a subsequent
step, each curve was analyzed and fitted by the Hertz the-
ory yielding spatially resolved Young's Modulus maps.
For the analysis of FDC, we used a custom software
developed in our group. For a statistical analysis, histo-
grams of the Young's Modulus maps were plotted. To
separate contributions of the different material phases,
and their possible interphases, these histograms were
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analyzed further. Therefore, they were deconvoluted into
multiple Gaussians (Fityk software®®), which were
assigned to the different phases. SKPM was used to probe
the surface potential to visualize material contrast inde-
pendent of the mechanics of the surface. The maps of the
surface potential are used to determine and locate BNP
and their aggregates. The information about the location
of BNP is then included in the analysis of FDC maps of
the corresponding area. In the SKPM method, an AFM
tip is brought close to the sample surface and their elec-
trostatic interaction can be described by a capacitor plate
model. Surface potential difference is generated between
the tip and sample surface due to the differences in their
Fermi energy levels. An AC voltage is applied to the tip
corresponding to the resonance frequency of the cantile-
ver. The resulting surface potential difference between
the tip and the sample induces mechanical oscillations in
the cantilever. By applying an additional DC voltage to
the cantilever, this mechanical oscillation is canceled out.
The voltage required to nullify the mechanical oscillation
corresponds to the surface potential of the sample. The
corresponding equations and technical considerations are
described in detail elsewhere.*

The spatial distribution of BNP in system B was inves-
tigated by scanning electron microscopy (SEM) using a
Zeiss Supra 40 microscope (Zeiss, Oberkochen, Germany)
equipped with a high-resolution cathode of Schottky type
and conventional Everhart-Thornley (ET) and In-lens
secondary electron (SE) detectors. For better observation
of the nanoparticles in the sample volume, the SEM was
operated in the transmission mode, that is, the so-called
T-SEM mode.”” For this purpose, free-standing 100 nm
thin sections of the samples PC-EP and PC-BNP-EP were
prepared by ultramicrotomy and deposited on a typical
copper TEM grid.

3 | RESULTS AND DISCUSSION
3.1 | System A: Morphology of the
interphases

Figure 3 middle shows the morphology of system A
under an optical microscope. The AFM tapping mode
topography of the interfacial region between EP1, and
PC, is shown in Figure 3 left. The interfacial boundary is
clearly defined. This is because EP1, was already cured
before PC, was brought into contact and thus, formation
of an interphase with mixed properties is not expected.
The topography image of the interfacial region
between PC, and EP2, (Figure 3, right) is significantly
different from that between EP1, and PC, (Figure 3,
left). The topographical features of PC, are spherulite-
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FIGURE 3 Left: AFM tapping mode topography (height) of the interfacial region between EP1, and PC,. Middle: Optical micrograph
of the cross-section of the system. Right: Topography (height) of the interfacial region between PC, and EP2,. AFM, atomic force
microscopy; EP, epoxy resin; PC, polycarbonate [Color figure can be viewed at wileyonlinelibrary.com]

like and are perfectly distinguishable from EP. Although
PC is inherently an amorphous thermoplastic material, it
can crystallize under specific circumstances, as Siegmann
et al. found, using CH,Cl, as a solvent.”®* Accordingly,
a PC film cast from CH,Cl, solution will form spherulites
when annealed between 80°C and its glass transition
temperature (Tg) of 149°C. In our case, the applied curing
conditions are matching the required temperature, and
consequently, crystallization of PC, occurs (Figure 3,
right). In addition, the formation of spherulites is also
promoted by the interaction between PC and the second-
ary hydroxyl groups of the DGEBA. Liang et al.,*
showed that DGEBA acts as a plasticizer for PC and
increases its chain mobility, causing a reduction of T, of
PC and thus an increase in its crystallization rate. More-
over, the concentration of PC in contact with the DGEBA
resin influences possible interactions. At low concentra-
tions of PC, the availability of secondary hydroxyl groups
from DGEBA is higher, which leads to an increased inter-
action probability with the carbonyl group in PC. This
behavior can be mainly associated with the H-bonding
and/or trans-ester reactions.” Using our mentioned ter-
nary composition eventually for technical purposes, it
would be interesting to know if both polymer compo-
nents used in this work behave similarly.

3.2 | In situ monitoring of the PC and
epoxy interaction by FT-IR

To provide evidence whether the PC-DGEBA interaction
is associated with H-bonding and/or trans-ester reactions
as mentioned above, FT-IR measurements were per-
formed resembling the curing conditions. Figure 4(a)
shows IR absorption in the region of carbonyl group
stretching mode. During the first heating stage at 80°C a
broad bimodal peak was measured with maxima at 1776
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FIGURE 4 FT-IR spectra of the sample at the beginning of
the two-step curing process (blue curves), after 40 min at 120°C
(green curves) and 60 min at 120°C (red curves) of heating.

(a) Carbonyl region from 1776 to 1766 cm™ in a mixture of PC and
DGEBA 1:1 (b) Changes in region of O—C—O stretching of the
same DGEBA/PC mixture during heating up to 120°C.

FT-IR, Fourier transformed infrared; PC, polycarbonate [Color
figure can be viewed at wileyonlinelibrary.com]
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and 1770 cm™*, which corresponds to the absorption of
carbonate, linked C=0 group. After 40 min at 120°C, the
two peaks diminish in intensity and a better-defined peak
at 1766 cm ™' becomes predominant, while a small shoul-
der of the 1776 cm™ is still present (Figure 4(a), green
curve). The aliphatic linkage of the C=0O absorbing at
1766 cm™" becomes even more intense after 60 min of
heating at 120°C (Figure 4(a), red curve).

Additional changes were observed in the region of
O—C—O stretching (Figure 4(b)). The observed increase
of the 1246 cm™' peak compared to the 1229 cm™' is
related to exchange reactions like esterification. The lat-
ter implies a bonding of hydrolyzed chains of PC, which
are able to form linkages with the epoxy chain.*' Hence,
this observation indicates that PC/DGEBA system
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interacts in a way that PC is likely to be incorporated
later into the epoxy chain.

In a system like PC/DGEBA, the behavior can be
expected to be similar to that of a thermoplastic modified
thermoset resin, since a reaction induced phase separation
was already described. From the results of IR spectroscopy,
the phases are compatible and do interact. During curing
of EP, its molar mass increases and phase separation from
PC occurs.*® Thus, the energy of mixing is changed and
spinodal decomposition, as well as nucleation and growth
of the thermoplastic phase, are energetically favored.>® At
the end of the phase separation, both phenomena lead to
separated spherical domains of a thermoplastic-rich phase.
Therefore, it was concluded that all these phenomena
result from the interdiffusion of phases.

o AN W A OO
(ed9) sninpop s,BunoA

() : .
O '
o S
| (i
o Lo
ST 3o EP1,-PC,
i =i
ATV
A \ \\_ E
NTTN n_ JE
/’/’/
L1
LT NN
o 10
N Bi©
O 3t
TTHH C’) 3 FIGURE 5 Young's modulus
.| : map of (a) EP1,-PC, and
N _ PC A” EP2 A (b) PCA-EP2, interfacial regions of
system A. (c) Comparison of the
L Young's moduli histogram and their
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0 2 8 10 resin; PC, polycarbonate [Color
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figure can be viewed at
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3.3 | System A: Nanomechanical
properties of the interphases

FDC curves were obtained at the interfacial region on
both sides of the composite, thereby providing informa-
tion about the mechanical properties of the neat mate-
rials (EP1, and PC,) and the binary composite (PCx-
EP2,) with high lateral resolution. As mentioned above,
each FDC was fitted by the Hertz model, yielding the
Young's Modulus for each measuring point.** Figure 5
shows the Young's Modulus maps corresponding to the
interfacial areas of EP1,-PC, (Figure 5(a)) and of PC,-
EP2, (Figure 5(b)). The two material phases can be
clearly distinguished, showing that the Young's Modulus
of PC, (blue region) is noticeably lower than the one of
EP1, and EP2, (red region).

For quantitative evaluation and comparison of
the mechanical properties histograms of the Young's
Modulus were extracted (Figure 5(c)). In the case of
(EP1,-PC,) no interaction between the components is
expected. Thus, the observed distribution of the Young's
Modulus is assigned to the characteristics of the neat
materials. Then, Gaussian deconvolution allows to sepa-
rate the contributions of the pure PC phase and the pure
EP phase in the noninteracting EP1, region. In case of
the binary composite (PCA-EP2,), an interaction of the
material phases was established by FT-IR measurements
(compare Section 3.2). The question remains, if this influ-
ences the mechanical properties of the composite: either
by forming an interphase (a third phase with distinguish-
able properties) or by affecting the bulk directly (chang-
ing the properties of one or both phases significantly).
From the comparison of both deconvoluted histograms,

we conclude that neither a third component is appearing,
nor the average Young's Modulus of both phases changes
significantly. Basically the histograms of EP1,-PC, and
PCA-EP2, are identical and show the same average
Young's Modulus which corresponds to the neat mate-
rials (Epc = 1.7 + 0.55 GPa and Egp = 3.8 + 0.65 GPa).
Thus, we conclude that, despite an observable
chemical interaction between PC and DGEBA, the expo-
sure of PC in EP has no observable influence on the
mechanical properties, when compared to the neat
materials.

3.4 | System B: Spatial distribution and
nanomechanical study on the interphases

The spatial distribution of BNP in system B was studied
by T-SEM measurements, performed on approx. 100 nm
thick, ultra-microtomed slices of system B cross-sections.
It should be noticed here, that the T-SEM transmission
mode is rather sensitive to changes in the atomic number
in the bulk of the electron transparent constituent mate-
rial, and that this superior material contrast is visible
with a spatial resolution of only a few nm. The three
phases are very well distinguishable as shown in
Figure 6. Here, EP is showing a lighter gray level as com-
pared to PC and BNP, which are represented by a darker
gray level. The PC phase in System B appears to be more
homogeneous, and no spherulite-like structures were
detected. A well-defined border between EP1 and PCy is
evident. The interacting PCg-EP25 region shows a blurry,
less well-defined border. This can be the consequence of
a partial dissolution of PC in EP2g resulting in PC

FIGURE 6
(~100 nm thickness) in cross-section. The interfacial region of interest (PCy -EP23) is located in between the blue lines. The dashed square

(a) Scanning electron micrograph in the transmission mode (T-SEM) of system B prepared as ultra-microtomed slice

corresponds to the zoomed-in area in b. (b) the zoomed-in area in which BNP agglomerate around the EP inclusion (see yellow arrows).
BNP, boehmite nanoparticles; EP, epoxy resin; PC, polycarbonate [Color figure can be viewed at wileyonlinelibrary.com]
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regions with decreased density. In some regions, EP2g is
even penetrated and trapped in PC, which is another
indication of interaction between EP2y and PCy phases.
The high concentration (20 wt%) of BNP in PC resulted
in the formation of large, tight agglomerates, visible as
dark small spots in the PCg.

It is noteworthy that there are regions in which BNP
are agglomerated around the EP phase (see Figure 6(b)).
This might be due to the competing processes of self-
aggregation of BNP inside the PC, and the preferential
migration of BNP toward EP2g. In the latter case, it is
anticipated that local mechanical properties of epoxy are
influenced by the presence of BNP.'” This hypothesis is
further verified by comparison of the nanomechanical
properties of PCy and EP2 with those of system A.
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Figure 7(a) shows the topography, of a representative
area within the PCy-EP2y interfacial region (as marked
with blue lines in Figure 6(a)) obtained by AFM. From
the topography map, the PC and EP phases are distin-
guishable, since the cross-sectional cut on PC region gen-
erates a rougher surface as compared to that of
EP. However, identifying BNP solely based on topo-
graphic features is a challenging task. It has been demon-
strated by Ghasem Zadeh Khorasani et al.'* on similar
composites that during SKPM measurements, BNP
appear with a higher surface potential than epoxy. Here,
we also apply SKPM to locate the BNP (brighter spots in
Figure 7(b)) in the epoxy matrix. These AFM scans,
together with the T-SEM micrograph, allow us to distin-
guish between the three regions, which are dominated by

1
EP1,-PC,
2 PC,-EP2,
o, =
co; A
|”H1|i| il 3
........ mui!!!!llﬂHHHIHH\H b P2
.nnnnnPCB
5

" I
!||||||||1|u.:::lI i

Young's Modulus (GPa)

(a) AFM tapping mode topography of a selected area (80 x 80 um?) in the interfacial region between PC-EP25 with a

marked PC-BNP region (blue) and an EP2jp area (red) (b) SKPM map of the same selected area as (a) with a marked bright BNP-rich region
within PCy (green) (c) Young's modulus map of a selected area (same as (a)) in the interface region PCp-EP25 and (d) histograms of the

corresponding Young's modulus maps. For details, see the text. AFM, atomic force microscopy; BNP, boehmite nanoparticles; EP, epoxy
resin; PC, polycarbonate; SKPM, scanning Kelvin probe microscopy [Color figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

CANO MURILLO ET AL.

2| wiLEY-Applied Polymer

CIENCE

TABLE 1 Young's modulus E calculated from the fitting of the
histograms 1-2 shown in Figure 7(d) and calculated as described in
Supporting Information 1.

System A Histogram Epc Eepoxy
1 EP1,-PC, 1.80 +0.46 3.69 + 0.66
2 PCA-EP2, 1.71 +0.55 3.84 + 0.65

Abbreviations: EP, epoxy resin; PC, polycarbonate.

either PC (Figure 7(a) blue line), EP (Figure 7(a) red line)
or BNP (Figure 7(b) dotted green line). Since we are
mainly interested in the mechanical properties of the
sample, an AFM FDC force map was taken from the
same region. Comparing the Young's Modulus maps of
the binary system A with the ternary system B (Figure 7
(c)) it is observed that the overall mechanical properties
changed dramatically, since the overall Young's Modulus
of system B increased up to a factor of two. To under-
stand the origin of this change in mechanical properties,
we had a closer look at the distribution of Young's Modu-
lus (Figure 7(d)). For comparison, the histograms of the
binary systems are included in the graph, and the
Young's Modulus of all regions are summarized in
Table 1 and Table 2. The characteristic values for
Epc = 1.7 £ 0.55 and Egp = 3.8 + 0.65 GPa were kept as
fixed values for all subsequent deconvolutions.

The histogram of the ternary system B (Figure 7(d),
third histogram), comprised of PCy, BNP, EP2j, is very
different and shows an extension to stiffer values. For a
deconvolution of the histogram, three additional Gauss-
ians were added. They represent the intermediate behav-
ior between PC and EP (mixed moduli, 2.8 and 6.6 GPa)
and the influence of the BNP (11.1 GPa), respectively. In
order to understand the contribution from the different
materials to this overall mechanical behavior, histograms
of Young's Modulus values are displayed for comparison.
They correspond to PC dominated (dashed blue line) EP
dominated (dashed red line) and BNP dominated (dashed
green line) regions. When deconvoluting these histo-
grams, the acquired center value (x,) of the respective
Gaussian from the fit before was kept as fixed fit parame-
ters. The distribution of BNP and the central value of
around 11.1 GPa is in agreement with the typical Young's

Modulus value of boehmite, as measured by Fankhénel
et al.>* For the PC dominated region, the deconvolution
shows contributions from neat PC, but most points result
in a stiffness similar to that of the bulk EP. This could be
due to the inclusion of epoxy into the PC dominated
region or stiffening of PC by the BNP. Interestingly, an
intermediate behavior (fit with x, = 2.8 GPa) is also
observed. This indicates a gradual stiffening effect, and
not a bimodal distribution. This might be an additional
indication for a stiffening of PC by the BNP. On the other
hand, there are also values found well above 3.8 GPa,
which are typical for stiffened epoxy and could indicate
the presence of epoxy in the PC dominated area. The
stiffened epoxy can be seen in the histogram of the epoxy
dominated region EP2g, with a clear maximum around
6.6 GPa. This agrees with previous results, according to
which BNP stiffens the epoxy matrix by disrupting the
reaction between anhydride hardener with the epoxy
monomer.’” Moreover, some regions in the histogram of
EP2p showed even higher values, corresponding to the
typical Young's Modulus value of BNP. This being an
indication of the presence of BNP in the EP2; dominated
region. From this, we hypothesize that the contact region
between PC and EP is a region in which BNP can migrate
and affect the molecular architecture of the cross-linked
EP, causing a reinforcing effect. Given the increased
chain mobility of the PC phase, and that the interaction
between PC and EP is proven, it is possible to use this
compatibility between the phases to carry nanoparticles
into an epoxy system and achieve a stronger local rein-
forcement effect.

In general, it is beneficial for the overall mechanical
performance of a composite, to have homogeneous distri-
bution of the nanofiller, since bigger agglomerates
(>5 pm) are often associated with mechanical singulari-
ties in nano composites. However, we would like to point
out here, that this is not the case for the system pres-
ented. By looking at the mechanical properties of such
agglomerates (Figure 7(b), green dotted line) it is obvious
that the agglomerates show a broad distribution of
mechanical properties, which matches the properties of
the overall system B. Therefore, we conclude that
although the T-SEM image shows an inhomogeneous

TABLE 2 Young's modulus E calculated from the fitting of the histograms 3-5 shown in Figure 7(d) and calculated as described in

Supporting Information 1.

System B Histogram Epc Epcstiffened
3 PCg-EP2g 1.76 + 0.38 2.80 + 0.35
4 PCg dominated 1.76 + 0.40* 2.80 + 0.41*

5 EP2; dominated

Abbreviations: EP, epoxy resin; PC, polycarbonate.
*Values that are kept as fixed parameters.

Epc stiffened Eepoxy Ecpoxy,stiffened ~ Eboehmite
3.77 £ 0.39 6.6 + 1.64 11.1 + 3.34
3.77 + 0.96* 6.6 + 1.45*
3.77 + 1.03* 6.6 + 1.37* 11.1 + 2.39*
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phase distribution at the nanometer scale, this inhomoge-
neity is not reflected in the mechanical properties, as can
be seen in the histogram (Figure 7(d)).

4 | CONCLUSIONS

We successfully assessed the nanomechanical properties
of the epoxy (EP) PC composites, with and without the
presence of BNP, on the micro scale, by studying the
cross-section of a layered composite systems. This
approach enabled us to study the interphase between EP
and PC and its changed properties upon addition of the
BNP. An interaction between the PC and the EP phases
was observed by FT-IR in situ monitoring. Such interac-
tion comprised the aliphatic linkage from some PC
chains to the epoxy monomer. An ultimately phase
separation of the PC from the EP was detectable by
AFM-FDC mapping. As expected from the phase separa-
tion, the two phases behaved mechanically indepen-
dently without any gradient of the nanomechanical
properties and the Young's Modulus of the PC as well as
that of the EP phase remained unaltered.

In the case of the ternary system, the three phases
were distinguishable as shown by T-SEM and SKPM.
This allowed us to discriminate areas between the com-
ponents and to make their interphases accessible for
AFM-FDC analysis. A deconvolution of the histograms of
the Young's Modulus accounts for the detection of several
phase contributions in the scanned area. A PC dominated
region appear to be stiffened by the BNP, showing inter-
mediate stiffness values in comparison to those
corresponding to the neat PC and neat EP. Even higher
stiffness values, compared to those of the neat EP were
registered, which suggests the presence of stiffened EP
inside this PC dominated region. In the case of the inter-
acting EP region, the trend toward higher stiffness values
remained and the Young's Modulus increased up to a fac-
tor of two for the overall scanned area. This remarkable
effect was already shown to be due to the presence of
nanoparticles within the epoxy phase, enhancing the
mechanical properties beyond the rule of mixture. Fur-
ther studies will focus on exploring the effects of compos-
ite BNP-PC fibers embedded in an epoxy matrix, and
their potential to enhance stiffness in specific regions of
fiber-reinforced composites.
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