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In this work, a novel class of fully organic, lightweight composite materials was prepared by incorporating
highly crystalline, hydrothermally synthesized poly(p-phenylene pyromellitimide) (PPPI) microparticles into a
commercial epoxy matrix. Particle loadings of up to 15 vol% could be achieved. Microstructural, mechanical,
and thermal properties of these composites were investigated by scanning electron microscopy, three-point
bending and Vickers hardness testing, dynamic mechanical analysis, nanoindentation, and thermogravimetric
analysis. The incorporation of the PPPI filler particles into the epoxy matrix was found to be homogeneous.
Powder X-ray diffraction shows that PPPI's crystallinity is retained in the composites, and infrared
spectroscopy indicates a covalent bonding of PPPI to the epoxy matrix. Flexural modulus and storage
modulus were increased by the PPPI addition, while the flexural strain at break was reduced. In contrast to
that, the flexural strength remained unaffected by the incorporation of PPPI filler particles. Raising the filler

Received 14th December 2020, content also resulted in an improvement of hardness. Furthermore, a decrease in glass-transition

Accepted 29th January 2021 temperature with increasing PPPI content was observed, as well as a pronounced increase in thermal
DOI: 10.1039/d0ma00980f stability of the composites in comparison to the unfilled cured epoxy resin. These results indicate the high

potential of this new class of composites with prospective applicability e.g. in the fields of sports equipment,
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1. Introduction

Polyimides (PIs) are a popular class of organic high-
performance polymers (HPPs) that exhibit remarkable proper-
ties including high specific strength, high modulus, and high
temperature stability." These advantageous materials proper-
ties are known to be even enhanced further with increasing
crystallinity.” Therefore, efforts to synthesize highly ordered PIs
have been made in the past.>* However, generally one of the
downsides of generating PIs is that the conventional synthetic
routes require toxic solvents, harmful condensation catalysts,
as well as long reaction times at elevated temperatures (typi-
cally at least 300 °C). In stark contrast to that, hydrothermal
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aerospace, and automotive technology.

polymerization (HTP) is a much greener alternative
for synthesizing PIs by using nothing but water under high-
pressure and high-temperature conditions.>® On top of allow-
ing for generating PIs in solely water, HTP furthermore
generates them at high order. Recent work has shown that
PIs bearing some degree of flexibility in their backbone are
obtained as fully crystalline product by HTP, but as fully
amorphous product when synthesized classically.”® The rigid-
chain polyimide poly(p-phenylene pyromellitimide) (PPPI) is
hydrothermally also generated at unprecedentedly high crystal-
linity, while classically synthesized PPPI features nematic order
at best.” Furthermore, HTP provides an opportunity to obtain
microparticles with a plethora of different morphologies, tun-
able through employing additives during HTP.® However, the
rigidity of PPPI’s polymer backbone - clearly beneficial from
the viewpoint of materials properties — also leads to the absence
of any softening phenomena (melting or glass transition) upon
heating, as well as PPPI's practically complete insolubility in
virtually any common solvent. HTP generates fully condensed
PPP]I, i.e. PPPI of such a high degree of polymerization that end-
groups cannot be detected at high crystallinity, which renders
solubility and softening phenomena even less conceivable.
Fully crystalline PPPI is generally hardly processable,>” since
conventional techniques from solution or melt are inherently

© 2021 The Author(s). Published by the Royal Society of Chemistry
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not employable. However, one possibility to circumvent these
processing issues, whilst taking advantage of the enhanced
crystallinity of hydrothermally generated PPPI, is to incorporate
the obtained microparticles into a processable matrix material
for yielding novel types of composites.

Generally, the fabrication of composites by incorporation of
various types of fillers into a multitude of different polymer
matrices is a broad field of research. Among all matrix materi-
als, epoxy systems hold a unique position due to their indus-
trial importance, their broad availability, and the adjustability
of various of their materials properties through the choice of
molecular backbone. Most commonly, epoxy matrices are rein-
forced by incorporating inorganic particles such as ZrO,, SiO,,
Al,0;, diamond, glass, short carbon fibres, and nano-clays,’ ™’
which results in an enhancement of mechanical and/or thermal
properties. These inorganic filler particles typically increase the
modulus and fracture toughness of the composites. However,
the strengthening effect strongly depends on the interfacial
adhesion and size of the particles.® In addition to inorganic
particles, the incorporation of organic-based fillers, which
inherently provide a better interface (due to comparably
high chemical similarity between the two phases), has also
turned out to be suitable for improving the properties of
epoxy-based systems. Among others, various types of rubbers,
thermoplastics, or organically-modified graphene have been
shown to be potent filler materials."®>' However, for certain
filler materials one has to deal with some drawbacks, and a
trade-off between certain properties has to be found. In case of
the use of rubber particles for example, a toughening effect
can be achieved, with the drawback of reducing modulus and,
in most cases, strength.?> Contrary to that, for thermoplastic-
modified epoxy systems an even higher toughening effect
can be achieved without experiencing a severe decrease in
Young’s modulus and tensile strength.**?** Examples for
thermoplastics introduced into an epoxy matrix include poly-
phenyleneoxide, poly(methyl methacrylate), or polycarbonate.>®
Moreover, as shown by Cho et al., polyetherimide has success-
fully been applied to strengthen and toughen epoxy systems
without simultaneously reducing the flexural modulus.”*
For doing so, the polyetherimide was incorporated into the
epoxy resin using a solution-based process forming separate
inclusions during curing.”® In addition to that, other works
such as a recent publication by Chen et al. on PI-fiber-
reinforced epoxy composites also suggest that PI fillers
can help to simultaneously improve both modulus and
strength.?® These reports clearly indicate the suitability and
compatibility of PIs as high-performance fillers for epoxy
matrix systems.

Since hydrothermally generated PPPI particles themselves
inherently exhibit exceptional intrinsic properties (stemming
from their high degree of crystallinity) including remarkable
thermal and potentially high mechanical characteristics,
we were intrigued to investigate their potential as filler material
for epoxy matrix-based composites. Thus, with this study
we were not only aiming towards developing a strategy for
preparing novel types of fully organic composite materials

© 2021 The Author(s). Published by the Royal Society of Chemistry
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consisting of hydrothermally synthesized PPPI filler particles
and a commercially available epoxy matrix, but also aimed at
evaluating the effect of PPPI addition on the resulting materials
properties. Consequently, the obtained composite materials
were intensively characterized regarding their mechanical prop-
erties such as strength and hardness, as well as their thermal
behaviour including glass-transition temperature and thermal
degradation. Based on these investigations, we will discuss the
advantages and limits of these novel types of composite mate-
rials, thus providing a framework for prospective application
scenarios in fields such as sports equipment, aerospace, and
automotive applications.

2. Experimental section
2.1 Preparation of PPPI filler particles

PPPI was synthesised as previously reported by Taublaender
et al. within the framework of a two-step reaction.® After the
initial formation of a suitable monomer salt precursor, HTP
was carried out to yield the desired highly crystalline PPPI
microparticles. An outline of the main synthetic steps is given
in the following two paragraphs.

To synthesize the monomer salt, 42.4 g (194.4 mmol,
1.08 eq.) of pyromellitic dianhydride (PMDA, 98%; Sigma-
Aldrich) were added to 600 mL of degassed distilled H,O. After
stirring at 80 °C under Ar atmosphere for one hour, the solution
cleared, indicating completion of the hydrolysis to pyromellitic
acid (PMA). 19.5 g (180 mmol, 1 eq.) of p-phenylenediamine
(PDA, 97%; Sigma-Aldrich) were added, leading to the precipi-
tation of the monomer salt as an off-white solid. The monomer
salt was separated by vacuum filtration, washed intensely with
distilled H,O, and dried under vacuum conditions at room
temperature.®

Subsequently, 23.9 g of the dry monomer salt (66 mmol)
were suspended in 330 mL of distilled water in a 1000 mL steel
autoclave in order to perform the HTP towards PPPI. After
properly closing the autoclave, the mixture was heated to
250 °C for 3 h under stirring. The reaction was stopped by
rapidly quenching the autoclave with cold tap H,O to room
temperature. The obtained orange product was separated by
vacuum filtration and washed with distilled water and ethanol.
Finally, the isolated PPPI powder was dried at 80 °C under
vacuum overnight.® No further milling or deagglomeration
treatments were conducted before subsequent processing.

2.2 Preparation of epoxy composites

As matrix polymer, a commercial epoxy system consisting
of a DGEBA prepolymer (diglycidylether of bisphenol-A)
and an amine-hardener formulation (2,4-diethyl-6-methyl-1,3-
phenylenediamine; 1,2-diaminocyclohexane) was used (Hunts-
man; Araldite LY 1564/Hardener XB 3473). For the preparation
of the composites, the dried PPPI microparticles were initially
suspended in isopropanol. For varying the PPPI volume content
in the final composites (which was varied between 5 vol% and
20 vol%), the quantity of PPPI introduced into isopropanol was

Mater. Adv,, 2021, 2, 2278-2288 | 2279
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adjusted in accordance to the amount of epoxy mixture subse-
quently used, typically ranging from 2 g to 7 g of PPPI per
150 mL isopropanol. In order to break up particle agglomer-
ates, the PPPI/isopropanol mixture was treated in an ultrasonic
bath (Bandelin, Sonorex Super AK 106) for 60 minutes and
under a probe sonicator (Hielscher, UP400S) for 15 minutes
(70% amplitude, 0.5 cycle). The respective quantity of epoxy
prepolymer (DGEBA) was mixed with the obtained isopropanol/
PPPI slurry using a dispersing instrument (Ultra Turrax, T25
basic) for 60 minutes at 1900 rpm. Subsequently, isopropanol
was removed from the mixture by rotary evaporation at 60 °C.
After the addition of the curing agent, the highly viscous
prepolymer/PPPI mixture was homogenized using a planetary
mixer (Thinky, ARE-250; 4 minutes at 2000 rpm). Subsequently,
the mixture was degassed in the planetary mixer for 10 minutes
at 800 rpm and then for 20 minutes at 20 mbar. Before the
desired PPPI-filled epoxy specimens were cast, the rectangular
silicone moulds (Wacker, Elastosil M 4641 B, mould dimen-
sions 100 x 35 x 10 mm) were coated with a thin layer of
silicone spray (Wacker, Silicone spray AK). Additionally, it was
found to be beneficial if both composite mixture and silicone
moulds were preheated to 90 °C before the composite mixture
was finally cast into the moulds. The subsequent curing routine
included an initial step at 130 °C for 3 hours followed by
12 hours at 160 °C. Unfilled epoxy reference samples (PPPI
content 0%) were prepared by mixing the epoxy prepolymer
(DGEBA) with the amine-hardener formulation in a weight ratio
of 100 to 26 parts, respectively. The mixture was stirred in a
planetary mixer for 4 minutes at 2000 rpm. Degassing and
casting were carried out using the same procedure as for the
composite samples. The scheme of preparation of the compo-
site samples is presented in Fig. 1.

2.3 Characterization

Mechanical characterization was performed via three-point
bending tests using a Zwick 1474 universal testing machine
following the EN ISO 178 protocol. The cast and cured samples
were cut into test specimens and ground and polished to
the testing dimensions (35 x 5 x 1.60 mm). The tensile surface
was polished to a 1 pm finish using diamond media. For each
PPPI content, 10 samples were tested using a support span of

Rotary evaporator
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25.4 mm and a test speed of 1 mm min~". Vickers hardness
testing was performed using a load of 9.81 N (HV1) on polished
sample cross-sections (EMCO test M4U-025 hardness tester).
Nanoindentation was performed using a loading of 0.5 mN, a
loading rate of 0.05 mN s~ ', 30 s holding time, and 0.1 mN s *
release on polished sample cross-sections. Details on the
determination of the indentation modulus of PPPI particles
are included in the ESLf Dynamic mechanical analysis (DMA)
was performed in a three-point bending setup with a support
span length of 20 mm (test specimens dimensions of 35 x 5 x
1.25 mm) at 1 Hz and 0.06% dynamic strain (TA Instruments,
DMA Q800), and the temperature was varied from 30 °C to
250 °C at a heating rate of 3 K min~'. Thermogravimetric
analysis (TGA) was conducted using a PerkinElmer TGA 8000
instrument with a ramp of 10 K min™" from 30 °C to 700 °C
under flowing nitrogen atmosphere (20 mL min~'). For TGA
analyses, the samples were cryo-milled with a vibration mill
and liquid nitrogen cooling (Retsch, Mixer Mill MM 400).
The crushed samples were then sieved and the fraction
between 200 pm and 90 um was used for analysis. Powder
X-ray diffraction was performed with a PANAlytical X’'Pert Pro at
a diffraction angle 20 between 5° and 60° using a CukK, source.
The same powdered samples were used for TGA measurements.
Scanning electron microscopy (SEM) images of fracture
surfaces and polished samples were recorded using a FEI ESEM
Quanta 200. SEM images of PPPI particles were recorded after
preparation by sprinkling the dry PPPI powder on carbon-tape
coated steel sample holders and subsequent sputtering with an
8 nm thick layer of Au/Pd 60/40 alloy with a Quarum Q105T S
sample preparation system. Imaging was carried out with a
Quanta 200F FEI microscope. The samples were measured at
5 kv, with a working distance of 9 mm and spot size 2.0. Note
that the PPPI powders were obtained after HTP by (i) filtration,
(ii) washing with distilled water, and (iii) drying in a vacuum
oven at 80 °C. After this isolation procedure PPPI is obtained as
storable, dry powder.

Attenuated total reflectance infrared spectroscopy (ATR-FT-
IR) was conducted on a Bruker Tensor 27 working in ATR
MicroFocusing MVP-QL with a diamond crystal, using OPUS
(version 4.0) software for data analysis. Resolution was set to

2-4 em™ ", and spectra were recorded from 4000 to 470 cm ™',

jgesel

. B —

Vacuum, 90 °C Silicone mould

Curing,3h 130°C+
12h160°C

PPPI
DGEBA “

NH,
/:©i/ (INW
NH NH,

amine-hardener

Fig. 1 Scheme for the preparation of epoxy-based composites and chemical structures of (p-phenylene pyromellitimide) (PPPI), epoxy prepolymer

(DGEBA), and amine-hardener.
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3. Results and discussion
3.1 Characterization of PPPI filler particles

Before discussing the PPPI/epoxy composites regarding their
preparation and properties, characteristics of the used filler
particles should be briefly elucidated here. Further details can
be found in the corresponding literature (c¢f. ref. 6). As can be
seen from the SEM image taken from a representative PPPI
powder sample depicted in Fig. 2, the PPPI particles used in
this work almost exclusively exhibit a sheet-like structure. The
particle size (i.e. the length, width, and thickness of the
particles) was determined from SEM images, and was found
to be in the range of ~0.5-5 pm (length), 0.5-3 pm (width), and
~0.2 pm (thickness), see representative SEM image in Fig. 2.
From SEM images it becomes clear that while the majority of
the particles is found to be at the upper end of the determined
size range (approximately 4-5 pm x 2-3 um x 0.2 pm), there is
also a second population at the lower end of the size range
(approximately 0.5 pm X 0.5-1 pm X 0.2 pm). Furthermore,
many particles are crystalline aggregates of intergrown plate-
lets, which is prompted through their synthesis by hydrother-
mal polymerization,”® and hence expected. The observed
particle morphology in Fig. 2 results exclusively from the
hydrothermal polymerisation and was not altered by further
grinding or deagglomeration processes.

The sheet-like structure of the PPPI particles implies a high
aspect ratio (length/thickness), which is promising for yielding
enhanced reinforcement due to a higher surface area and more
efficient stress transfer from the matrix to the filler. On the one
hand, this sheet-like geometry can be expected to be beneficial
for the use in polymer-based composites.>’*® On the other
hand, it is also conceivable that the full crystallinity of the
PPPI platelets imparts brittleness, i.e. allows for the platelets to
fracture in parallel to the PPPI chain orientation in the crystal-
line platelets.

3.2 Composite fabrication and initial characterization

For the preparation of the desired composite materials it was
clearly of the utmost importance to ensure proper dispersion of
PPPI in the liquid matrix precursor DGEBA, as well as success-
ful degassing in order to avoid structural inhomogeneities and
void formation, respectively. Preheating of the used moulds as
well as of the still liquid prepolymer/PPPI slurry prior to the
casting process furthermore turned out to be highly advanta-
geous for yielding high-quality specimens. Moreover, it already

Fig. 2 SEM micrographs showing the sheet-like morphology of hydro-
thermally generated PPPI products at different magnifications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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20 pm

20 ym

Fig. 3 Backscatter-SEM micrographs of polished (A) neat epoxy and
PPPI-reinforced epoxy composites containing (B) 5 vol% (C) 10 vol% (D)
15 vol% PPPI.

became evident during the first composite fabrication experi-
ments that a filler content higher than 15 vol% could not be
achieved due to a steep increase in viscosity upon elevating the
amount of PPPI introduced.

For assessing the internal composite structure and filler
particle distribution, scanning-electron microscopy (SEM)
images of the polished sample surfaces were taken in back-
scattered electron (BSE) mode. Here, PPPI particles are visible
as brighter spots embedded in the surrounding darker epoxy
matrix. As Fig. 3 indicates, the PPPI microsheets are homo-
geneously distributed in a random orientation. Furthermore,
the size and geometry of the embedded PPPI particles is nicely
comparable with the starting particles. Hence, the PPPI parti-
cles did not fracture significantly into smaller pieces during
composite preparation. Furthermore, breaking-out of the PPPI
particles during polishing can be observed. This is probably
due to the rigid nature of PPPI and the resulting brittleness of
the microparticles. In fact, this issue could not be avoided even
when attempting various rather careful and gentle cutting or
polishing techniques such as ultramicrotomy. Consequently,
these difficulties in sample preparation, i.e. the breaking-out of
filler particles, can already be expected to render nanoindenta-
tion measurements of PPPI particles rather challenging.
Furthermore, this phenomenon may also negatively affect
mechanical behaviour during the three-point bending tests of
polished PPPI-reinforced epoxy composites.

Furthermore, we performed powder X-ray diffraction
(PXRD) of the powdered composites as well as of pristine PPPI
and the unfilled epoxy matrix. PPPI displays high crystallinity
as evinced through the presence of all major and minor
reflections (Fig. 4A, top diffraction curve), as previously
reported.” In contrast, the unfilled epoxy matrix features
only one amorphous halo centered around 17° (26, Cu-K,), ¢f.

Mater. Adv,, 2021, 2, 2278-2288 | 2281
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Fig. 4 PXRD analysis of the used PPPI filler (A, top curve), the pristine epoxy matrix (A, bottom curve), and the composites of PPPI filler contents of 5 vol%
(A, second curve from bottom), 10 vol% (A, third curve from bottom), and 15 vol% (A, second curve from top). (hkl) of all PPPI reflections are indicated;
gray background highlights reflections that are retained in the composites, and yellow background indicates reflections that are not or only partly
(arrows) retained. (B) Schematic of the structure of PPPI platelets; (C) schematic of the composites’ structure indicating the proposed covalent linking of
PPPI to the epoxy matrix via amides with the used amine hardeners; (D) schematic of the unfilled epoxy system'’s structure.

Fig. 4A, bottom curve. In the composites, the majority of PPPI's
reflections are retained and sit on top the amorphous halo
contributed by the epoxy. The retained reflections are high-
lighted by gray background in Fig. 4A, and these are: (002),
(110), (003), (120), (121), (004), (122), (202), (132), (105), (041),
(214), and (205). There are four reflections of PPPI that are not
retained in any of the three composites, i.e. (001), (112), (302),
and (312), and one reflection that can only be seen in samples
with 10 and 15 vol% PPPI, namely (211), indicated by arrows.
These not/partly retained reflections are highlighted in Fig. 4A
with light yellow background, and are already very weak in
pristine PPPI. Therefrom, we can overall conclude that the PPPI
particles (i) remain sufficiently intact through composite pro-
cessing to retain their crystallinity, and, as expected, (ii) the
intensity of the reflections and visibility of even very weak
reflections scales with the amount of PPPI in the composite.
Fig. 4B furthermore illustrates the structure of PPPI platelets
schematically and shows PPPI’s crystal structure. A schematic
of the unfilled (Fig. 4D) and filled (Fig. 4C) epoxy resin includes
the partial covalent bonding of the PPPI filler to the epoxy
matrix, which we infer from ATR-FT-IR analysis, as discussed
subsequently.

Attenuated total reflectance Fourier transform infrared
(ATR-FT-IR) spectroscopy was furthermore performed on the

2282 | Mater. Adv, 2021, 2, 2278-2288

powdered composite samples, as well as on the powdered
pristine PPPI and reference epoxy resin, and is shown in Fig. 5.
The spectra of all three composites contain both the modes of the
epoxy matrix and of PPPI, and their intensity scales nicely with the
relative amount of PPPL:iepoxy. For instance, the OH-mode of
the epoxy resin at ~3400 cm ' decreases in intensity with
increasing PPPI content (¢f Fig. 5B), and the strongest mode of
PPPI at ~1710 cm™ " increases in intensity with the composites’
PPPI content (Fig. 5C). In addition, the appearance of two weak
features points at an amide linkage between PPPI and the amine
hardener (a mixture of 2,4-diethyl-6-methyl-1,3-phenylenediamine
and 1,2-diaminocyclohexane; iZ.e. Huntsman; Araldite LY 1564/
Hardener XB 3473). Specifically, we find a weak shoulder at
2700 cm ™, which is neither present in PPPI nor in the unfilled
cured epoxy. We suspect that this mode corresponds to an amide
A mode, which is typically found in the region of 3500-3000 cm ™",
but can be found at 2700 cm~ " when H-bonding to the amide
carbonyl is present.”® Moreover, the most indicative mode for
imides is in PPPI found as a ca. 10 cm ™! broad peak with its
maximum at 1710 cm™ ', while in all composites, this broad
peak’s maximum is shifted to 1725 cm ™!, which falls into the
region of amide 1 modes (Fig. 5C). Clearly, these two features
are weak in intensity and an indication rather than a proof of
amide bonding. We hypothesize that such amide linkages exist

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 ATR-FT-IR spectra of the composite and pristine PPPI and unfilled epoxy. (A) Individual spectra of all five materials from 4000-470 cm™".
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(B) Overlay of the spectra in the region of 4000-2500 cm™2. (C) Overlay of the spectra in the region of 2000-1300 cm™™. Gray boxes highlighting modes

at ~2700 cm~* and 1725 cm™* are indicative for amides.

in the composites, as illustrated schematically in Fig. 4C, yet
that the ratio of amide functions to all other functions is
relatively small, hence their low intensity in ATR-FT-IR.

3.3 Mechanical properties

3.3.1 Three-point bending tests. To investigate the
mechanical behaviour in the elastic and plastic range of the
material until failure, three-point bending tests were carried
out. In Fig. 6, representative stress/strain curves of the prepared
composite specimens as well as of an unfilled epoxy reference
sample are shown. Table 1 lists the averaged flexural properties
determined therefrom. Clearly, the addition and the amount of
PPPI cause a significant change of the mechanical properties.
From Fig. 6 and Table 1 it readily becomes evident that with
increasing PPPI content the generated composite materials
show a decrease in flexural strain at break and an increase in
flexural modulus, whereas the flexural strength is almost
unaffected by the filler content. The plasticity of the composite
decreases progressively with the amount of PPPI until an
almost complete lack of plastic behaviour is observed for the
composite containing 15 vol% PPPL

The flexural strength of the composite material does not
change significantly compared to the unfilled epoxy, no increase
in flexural strength was observed with increasing PPPI content.
This result is however not fully unexpected for composites

© 2021 The Author(s). Published by the Royal Society of Chemistry

reinforced with particles in the lower micron size range. In the
literature, such decreases in flexural strength have indeed been
reported for polymer composites reinforced with micron-sized
rigid particles."®

After mechanically characterizing the prepared composites,
SEM fractograms (see Fig. 7 for representative images taken

140
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Fig. 6 Representative stress/strain curves obtained from three-point
bending tests of PPPI-reinforced epoxy-composites for specimens con-
taining different amounts of PPPI filler.
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Table 1 Flexural modulus Ey, flexural strength o, and flexural strain at
break &g of PPPl-reinforced epoxy-composites as a function of PPPI
content

PPPI (vol%) E¢ (MPa) o (MPa) &g (%)

0 2200 + 98 120 £+ 2 10.0 + 0.8
5 2480 + 77 124 £+ 2 9.3 £ 1.0
10 2910 + 110 126 £ 3 6.0 £ 0.6
15 3200 + 95 123 £ 4 45404

Fig. 7 SEM micrographs showing the fracture surfaces of PPPI-reinforced
epoxy composites: (A) epoxy reinforced with 10 vol% PPPI; (B) neat epoxy.

from composites containing 10 wt% PPPI) were recorded in order
to give a better understanding of the failure mechanisms present.
In the unfilled epoxy reference specimen, brittle fracture is
indicated by the smooth, glass-like surface. In contrast, the
composite materials exhibit a step-like fracture surface, indicating
debonding of filler particles oriented parallel to the direction of
fracture from the surrounding matrix. This phase separation of
parallelly oriented particles in further consequence results in
crater formation on the fracture surface, the size of which
corresponds to the particle size. Additionally, no debonding of
particles oriented perpendicularly to the fracture surface can be
observed, which would be indicated by sharp, small cavities
originating from a pull-out of these particles. Therefore, particles
oriented perpendicularly to the fracture surface most likely break.

Based on these two failure mechanisms of differently
oriented particles, adequate to strong interface adhesion
between filler particles and matrix can be assumed. Potentially,
this good adhesion between the two phases stems from a
reaction occurring between the amine hardener and surface
imide moieties of PPPI particles. Similarly, so-called aminolysis
reactions are generally well-known to occur on the surface of PI
materials (e.g. films) in the presence of various types of primary
amines,*” and the hardener used in the epoxy curing here is in
fact an amine. Furthermore, for nanocomposites with bad
wetting (i.e., a subpar interface) between the polymeric matrix
and the nanoparticulate fillers, it has been shown that that the
filler often resides inside voids and is not in direct contact with
the matrix. In contrast, favourable interfacial interaction is
microscopically characterized by direct contact between matrix
and filler.’* As both SEM fractograms (Fig. 7) and BSE micro-
graphs of the polished samples (Fig. 3) show good contact
between matrix and filler and no voids, we believe that the
interaction between both is rather favourable in the case of the
here prepared composites, or at least not unfavourable. Yet,
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more detailed analysis would be necessary to properly assess
the interfaces, which is considered for future studies.

As opposed to the flexural strength, the flexural modulus
shows an almost linear increase with PPPI content. To estimate
the theoretical boundaries of modulus enhancement, empirical
models were applied. The rule of mixture (ROM) and the
inverse rule of mixture (inverse ROM) given in eqn (1) and
(2), respectively, are two straightforward approaches for doing
so. Both models require the knowledge of the flexural modulus
and volume fraction of the matrix, E,,, and V,,, as well as the
modulus and volume fraction of the filler compound, Er and
Ve.*>?? While Ey, is easily available from bulk measurements
from non-reinforced reference samples, the determination of E¢
is significantly more challenging. In the present case, utilizing
the indentation modulus of 8700 + 1060 MPa (obtained from
nanoindentation measurements on PPPI particles embedded in
a polyimide matrix, see ESIT for further details) was found to
provide a suitable estimation for Ey. In further consequence, the
obtained Er and E,, values allow for a satisfactory prediction of
the behaviour of the composite modulus.

Ec = Ef Vf + Em Vm (1)
Ve Vi -

E.=(—4-2 2

(B+z) @)

The Halpin-Tsai model is one of the most used models to
estimate the modulus of composite materials, as estimations on
filler geometry and orientation can be applied. This approach (see
eqn (3) and (4)) uses the moduli of both components (i.e. E; and
E,,) as well as a factor { - which takes the filler geometry into
account - to estimate the modulus of the composite E.. In a rough
approximation, the filler geometry can be assumed to be ellipsoi-
dal and randomly oriented, leading to a factor of { = 3. The
constant 77, which contains the ratios between the filler and matrix
moduli as well as the geometry factor {, is usually written
separately to simplify the illustration,''3*

E. 71+C77Vf

Ew  l—n; G
Ery

n%’:)); 4)
En

The Kerner equation (eqn (5)) allows for predicting E.. For
doing so, the Poisson’s ratio vy, (taken from literature as 0.35 °),
the modulus of the matrix material E,,,, and the volume fraction
of the filler compound V; are required.'®'®#** This equation
predicts the modulus of the composite only by assuming
spherical particles and takes no other geometrical assumptions
into account, hence assuming a perfect interfacial adhesion
and an isotropic, homogeneous composite.

E. 15V(1 = )

En | =708 = 10s) G)
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Fig. 8 Flexural modulus of PPPI-reinforced epoxy composites as a func-
tion of PPPI content comparing the measured values with the relationship
predicted by four different estimation models.

In Fig. 8, the measured flexural moduli as well as the ones
predicted by the four estimation models presented are plotted
for different PPPI contents. Generally, the ROM approach
indicates the upper bound for a property of a given composite
material, while the inverse ROM method marks the lower
bound.**?® In the present case, the behaviour predicted by
ROM is in good accordance with the measured flexural compo-
sites modulus, indicating that the indentation modulus deter-
mined for the PPPI particles by nanoindentation is plausible.

As can be clearly seen in Fig. 8, the Halpin-Tsai and Kerner
equations underestimate the flexural modulus of the compo-
sites. The significant deviation observed is most likely caused
by the approximations required for these equations, including
particulate geometry and orientation.

3.3.2 Hardness. The Vickers hardness (HV1) of the composite
materials increases nearly linearly with PPPI filler content. For all
composites up to filler contents of 15 vol%, no cracks were formed
at the indentation edges, thus ruling out a highly brittle material
behaviour. In accordance to the above described procedures for
predicting the flexural moduli of our composites, we also tried to
estimate the hardening effect of PPPI via ROM and inverse ROM.
The hardness of the pure PPPI particles was determined to be
648 + 83 MPa by nanoindentation and used in eqn (1) and (2) as Hg
(replacing Eg). The hardness of the epoxy matrix, determined via
Vickers hardness testing (175 &+ 3 MPa), was used in eqn (1) and (2)
as H,, (replacing E,,). As clearly becomes evident in Fig. 9, the
actually measured composite Vickers hardness lies between the
respective curves predicted by ROM and inverse ROM. Hardness is
typically overestimated when using smaller indenters (as was the
case for the nanoindentation setup), which may affect the mea-
sured hardness of the PPPI particles, and may explain the deviation
between the measured composite data and the behaviour predicted
both by ROM and inverse ROM.

3.4 Thermomechanical properties

The viscoelastic behaviour of the materials as a function of
temperature was evaluated by DMA (Fig. 10). As to be expected

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Hardness (HV1) of PPPI-reinforced epoxy composites as a function
of PPPI content comparing the measured values with the relationship
predicted by ROM and inverse ROM, respectively.

from the previous results, the storage modulus at room tem-
perature increases upon elevating the PPPI content — compar-
able to the behaviour of the flexural modulus determined from
three-point bending tests. In terms of temperature dependency,
a strong effect of the particle content on the thermomechanical
properties was observed. With rising PPPI content, the transi-
tion between the glass-like and rubbery regions (indicated by
the tangent delta of the phase angle between storage and loss
modulus) is shifted to lower temperatures. A particularly pro-
nounced decrease in storage modulus occurs for the sample
containing 15 vol% PPPI. This can be described best by obser-
ving the peak of tan delta (Fig. 10), which can be assigned to the
glass transition temperature (7y) of the material. Clearly, a
significant decrease in Ty is observed upon increasing the filler
content. T, decreases from 174 °C in the unfilled epoxy to
159 °C at 5 vol% PPPI, and to 156 °C at 10 vol% PPPI. An even
stronger decrease in T, to 117 °C can be observed in the sample

4000 0.8
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Fig. 10 Storage modulus and tan delta versus temperature of PPPI-
reinforced epoxy composites for specimens containing different amounts
of PPPI filler.
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containing 15 vol% PPPI. This observation was at first glance
surprising to us, as we expected PPPI - for its thermal features
(reported decomposition temperature Ty, is ~640 °C), absence
of T, or melting point,” and outstanding calculated stiffness
and strength (theoretical calculation on the PPPI chain have
predicted a modulus of 500 GPa)® - to impart an increase in T,
compared to the unfilled epoxy. The literature reports increases
in T, with increasing filler content for micron-sized fillers,*”*
but also decreases in T, for instance for nanocomposites.*”*" I
general, it appears that the effect of the filler and its content on
T, strongly depends on the interface between filler and matrix.
In our composites, we believe to have good interfacial inter-
action between epoxy and PPPI due to their direct contact and
absence of voids deduced from SEM images, and for their - to
some degree - covalent linking via amide bonds. However, the
covalent linkage between PPPI and epoxy consumes some of the
hardener molecules, and therefore must decrease the cross-
linking density in the epoxy matrix (¢f. illustration in Fig. 4C).
We attribute the decrease in the composites’ T, with the PPPI
content to this decrease in matrix crosslinking density.

Furthermore, it should be noted that the reduction of peak
height in Fig. 10 implies a decreased dampening of the material
with rising PPPI content. This result can be expected due to
the rigidity of PPPI, and implies a good interface between filler
and matrix, since mobility of the molecular chains at the
interface decreases. Furthermore, a broadening of the peaks
is noticeable, which can be related to heterogeneity in the
composites.”'>*?* This peak broadening is particularly pro-
nounced in the composite containing 15 vol% PPPI, indicating
a comparably high degree of heterogeneity in this sample.

In Fig. 11, the storage modulus at 30 °C is plotted against the
PPPI content. As previously applied for the flexural modulus,
the same four prediction models were applied to accordingly
evaluate the trend in storage modulus. Again, the indentation
modulus of PPPI was used as the filler modulus E;, and the

n

3600
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Fig. 11 Storage modulus of PPPI-reinforced epoxy composites as a
function of PPPI content comparing the measured values (determined
by DMA at 30 °C) and the relationship as predicted by four different
estimation models.
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storage modulus of the epoxy reference sample (2510 MPa) was
used as the matrix modulus E,. In the filler concentration
range observed, both ROM and the Kerner equation predict the
relationship between storage modulus and PPPI content very
accurately. In this case, the Kerner equation displays a steep
progression, as it tends to overestimate the composite modulus
when a higher matrix modulus is applied for modelling.’* As
the measured storage modulus of the neat epoxy has a higher
value than the measured flexural modulus (2200 MPa), the
Kerner equation shifts more closely to the ROM in this filler
concentration range. In case of the Halpin-Tsai model, the
modulus is again underestimated, while inverse ROM again
represents the lower limit for the composite modulus.

3.5 Thermal properties

Owing to the anticipated application of PPPI-reinforced epoxy
composites, the thermal degradation of the material was eval-
uated via thermogravimetric analysis (TGA; see Fig. 12). The
incorporation of PPPI clearly leads to an increase in degrada-
tion onset temperature (as derived from the onset temperature
of the main mass loss). From 313 °C in case of the neat epoxy,
the onset is shifted to 364 °C in case of the composite contain-
ing 5 vol% PPPI. No significant further increase in degradation
onset temperature was found for higher PPPI contents (10 vol%
PPPI: 369 °C, 15 vol% PPPI: 370 °C). Note that the onset of
thermal degradation of the PPPI filler itself was determined to
be 630 °C. Since the enhancement in thermal degradation
onset does not increase with filler content beyond 5 vol%, we
hypothesize that the effect of the presence of PPPI on thermal
degradation is due to a barrier effect of the filler particles
resulting in inhibited diffusion of decomposition products into
the gas phase, as has been found for similar systems in the
literature.>®****

When comparing the residual mass after heating to 700 °C,
the neat epoxy sample exhibits a considerably higher relative
residual mass than the composite samples. The neat epoxy
sample exhibits a weight loss of 74.7%, while the composite

100
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—~ 80+ —-—-15vol%
X
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9
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£
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®
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Fig. 12 TGA curves of PPPI-reinforced epoxy for specimens containing
different amounts of PPPI filler, measured under nitrogen atmosphere.
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samples exhibit weight losses of 83.8% (15 vol% PPPI), 86.4%
(10 vol% PPPI), and 86.1% (5 vol% PPPI). The decreased weight
loss in the neat epoxy sample is unexpected since the epoxy
reference sample should exhibit a lower thermal stability and
thus a higher weight loss than the composite samples. This
deviation between the neat epoxy and composite samples could
either be attributed to changes in the chemical composition of
the epoxy matrix (which we expect for the linkage of some of the
amine hardener molecules to the epoxy material) or result from
kinetic effects introduced by the particle reinforcement, includ-
ing the provision of escape paths for gaseous decomposition
products.

The residual mass of the composite samples before decom-
position of the PPPI particles at 630 °C is in accordance to the
PPPI content of the composites (24.3%, 19.2%, and 16.8% for
15, 10, and 5 vol% PPPI, respectively).

4. Conclusions

With this work we took a first step towards bringing hydro-
thermally prepared PPPI of environmentally benign origin and
outstandingly high crystallinity closer to real-life applications.
In order to achieve this, PPPI microparticles were successfully
introduced into an epoxy matrix, resulting in a novel type of
PPPI-reinforced epoxy composites.

While the flexural strength of the matrix material was
retained with the addition of PPPI up to 15 vol%, the flexural
modulus of the composite was increased due to the rigid nature
of PPPI. Furthermore, an increase in hardness was observed for
the composite materials compared to the base matrix material.
Observations from fracture surface analysis indicate a good
interfacial adhesion between matrix and reinforcing particles
in the composites developed, most likely resulting from an
aminolysis reaction occurring between PPPI and the amine
hardener compound of the epoxy matrix. The glass transition
temperature was found to decrease with increasing PPPI addi-
tion, which we attribute to the covalent linking of PPPI to the
epoxy matrix consuming a certain fraction of the amine hard-
ener molecules that are therefore not available for crosslinking
the epoxy matrix, hence leading to a decrease in the matrix
crosslinking density. Yet, the thermal stability of the composite
samples was significantly improved.

These results underline that a combination of an amine-
based epoxy system and PPPI particles gives rise to a synergistic
material behaviour. The use of the high modulus, high strength
PPPI particles in the low modulus epoxy matrix leads to a good
balance between processing and mechanical properties while at
the same time improving the thermal stability, thus rendering
these novel composite materials interesting candidates for a
wide variety of aerospace, automotive, or sports-equipment-
related applications.
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