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� Reactive acrylic/poly(phenylene
ether) (PPE) blends were studied.
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This work demonstrates the use of an engineering thermoplastic, poly(phenylene ether) (PPE) to enhance
the solvent resistance and thermomechanical properties of liquid acrylic resin-based composites by a
reactive hybridisation route. Oligomeric PPE with vinyl functionality was employed to attain chemical
reactivity between the two constituents during the in-situ polymerisation process. Both unreinforced
polymer blends and glass fibre-reinforced composites were studied; physical insights into the polymer
structure and properties were obtained through complementary spectroscopic analysis, thermal analysis
and microscopy. Spectroscopic analysis revealed the formation of multi-component mixtures in the
blends, containing both CDCl3-soluble and -insoluble constituents, with the latter likely corresponding
to a reacted acrylic/PPE species. These findings show that incorporating reactive PPE into a reactive
acrylic resin to produce a hybrid-matrix system is a simple, yet effective strategy towards enhancing sol-
vent resistance (mass retention: 98% – PPE-modified; 72% – unmodified), while simultaneously enhanc-
ing the glass transition temperature (+9%) in acrylic-matrix composites.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Processing methodologies for thermoplastic polymer matrix
composites can be expensive for low part volumes, owing to high
melt-viscosity, which must be overcome with high-cost tooling
at elevated temperatures and pressures. More recently, a family
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of monomeric acrylic resins, which are suited to liquid resin infu-
sion (LRI) processing of composites at room temperature, has
become the subject of extensive research [1–9]. Such research
efforts have focused on benchmarking their mechanical and ther-
momechanical performance against those of commodity-to-inter
mediate-performance epoxy systems. It has been established that
the acrylic composites exhibit comparable performance with their
epoxy counterparts [1,10–22].

Acrylics, as amorphous commodity thermoplastic polymers, are
highly susceptible to solvent attack [23], which makes them
unsuitable for application in particular environments. Improved
solvent resistance can be highly beneficial for acrylic matrix com-
posites, increasing their acceptance in a broader range of applica-
tions. This is particularly of importance in automotive
applications, where solvent and chemical resistance are desirable
in composite matrices to overcome the effects of prolonged in-
service exposure to chemicals such as gasoline, motor oil, anti-
freeze, paint, cleaning solvents and road salts [24]. Moreover, in
terms of their thermomechanical performance, lower glass transi-
tion temperatures have been reported (compared to epoxy-based
composites) [19]. Thus, any efforts to enhance solvent resistance
should ideally maintain or increase the glass transition tempera-
ture and overall thermal stability.

Low-viscosity, liquid thermoplastic acrylic resins are ideal can-
didate materials for the reactive modification methodologies
employed for liquid thermosetting resin systems in composite
applications [25–33]. Notably, liquid thermosetting resins can be
used as reactive solvents within which higher molecular weight
(higher performance) thermoplastics can be dissolved for subse-
quent processing by liquid composite moulding methods. This is
an attractive way to produce composite structures from hybrid
matrices with tailored performance [34,35].

The novelty of this current work compared with previous pub-
lications lies in the following aspects. First, the attainment of
solvent-resistant blends using a telechelic PPE oligomer with
chain-end vinyl functionality to promote reactivity with a liquid
thermoplastic acrylic resin. Second, the ability to obtain said blends
without compatibilisers or intermediates [36,37], and without sac-
rificing thermal stability and thermomechanical performance.
Third, the direct application of oligomeric PPE as a co-reactant with
a reactive, liquid acrylic monomer to produce room-temperature
vacuum-infused composite laminates. Ultimately, the findings pre-
sented herein open up opportunities for new applications of
acrylic/PPE-matrix composites, such as their potential use for com-
ponents requiring in-service or periodic exposure to harsh chemi-
cal and thermal conditions. Examples include body and structural
parts in automobiles, where the risk of contact with fuels, lubri-
cants and cleaners/disinfectants may be significant enough to limit
the drop-in replacement of thermosetting resin systems with ther-
moplastic acrylic resins.

To this end, the present work combines complementary analyt-
ical techniques to assess the effects of hybridisation on the chem-
ical structure, phase morphology, solvent resistance and thermal
characteristics of the PPE-modified acrylic materials, compared to
an unmodified acrylic polymer counterpart. Solvent resistance
and thermomechanical properties are evaluated in both unrein-
forced and reinforced forms.
2. Materials and methods

2.1. Materials

A liquid thermoplastic acrylic resin (Elium� 188O – Arkema
GRL, France) was reactively modified with an oligomeric PPE to
investigate an innovative route for modifying these liquid resins
2

for composite applications. The PPE used was NORYLTM SA9000
resin (SABIC) – a low-molecular-weight grade (number average
molecular weight (Mn): 2300 Da) with vinyl functional groups.
Hereafter, the polymer samples (unmodified reference and blends)
will be referred to as A100/P0, A97/P3, A95/P5, A90/P10, A85/P15
and A0/P100 as per the compositions and identification scheme:
A#/P*, where # and * are weight fractions of acrylic and PPE in
the blend, respectively.

The composite laminates described in Section 2.2.2 are rein-
forced by a glass, non-crimp fabric (TEST2594) supplied by
Ahlstrom-Munksjö Glassfibre OY, Finland, where GF is appended
to the designation defined for the unreinforced polymers and poly-
mer blends to imply the use of glass fibre reinforcement. The glass
fabric had a quasi-unidirectional construction, comprising 1200
TEX 0�-fibres (94%), 68 TEX 90�-fibres (6%) and polyester stitching.
A [0]8 preform was assembled using eight plies, laid up symmetri-
cally about the mid-plane of the laminate. For both unreinforced
polymers and reinforced composites, polymerisation was initiated
with a dibenzoyl peroxide initiator (BP50FT) supplied by United
Initiators GmbH, Germany.

2.2. Sample preparation

2.2.1. Unreinforced polymer and polymer blends
PPE was dissolved into liquid acrylic resin in the compositional

range of 3% to 15% by weight of the acrylic resin. The liquid acrylic
resin acted as a reactive solvent for the PPE oligomer. BP50FT, a
dibenzoyl peroxide (BPO) initiator was added to the resin blends
24 h after preparation at a mix ratio of 100:3 (by weight). The same
initiator content was used for the neat acrylic resin. Samples mea-
suring 50 mm � 8 mm � 4 mm (nominally) were polymerised at
room temperature for 24 h in silicone moulds. Polytetrafluo-
roethylene (PTFE)-covered steel plates were used to cover the
moulds throughout the polymerisation to prevent the evaporation
and foaming of the liquid resin. The sample specifications used for
characterisation are provided in the relevant methodology sections
of this paper.

2.2.2. Glass fibre-reinforced composites
To assess the potential enhancements conferred by using the

PPE-modified acrylic matrix for composite applications, glass
fibre-reinforced acrylic and PPE-modified acrylic laminates were
also produced by vacuum infusion processing as detailed in the
supporting information (Section S1). The PPE-modified acrylic lam-
inate composition was selected based on the miscibility and phase
stability trial results in the supplementary material (Section S1,
Figure S1), which revealed 5 wt% (A95/P5) as the most stable blend
for the resin infusion conditions employed in this work. Hereafter,
the laminates will be referred to as GF/A100/P0 and GF/A95/P5.
The burn-off technique was employed to determine their fibre vol-
ume fractions as 49.5% and 57%, and fibre weight fractions of 68%
and 75%, respectively. The corresponding void contents for these
materials were 0.4% and 0.8%, respectively. Their solvent resistance
and thermomechanical behaviour have been comparatively
assessed and will be discussed in Sections 3.1.2 and 3.2.2, respec-
tively. Average thicknesses for the GF/A100/P0 and GF/A95/P5
were 3.8 mm and 3.3 mm, respectively. For solvent resistance stud-
ies, samples measuring 8 mm � 8 mm were used, whereas, for
thermomechanical analysis, nominal sample dimensions were
40 mm � 8 mm.

2.3. Solvent resistance characterisation by prolonged acetone
immersion

Non-standard solvent resistance experiments were performed
in acetone to study the influence of PPE-modifier content on the
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unreinforced acrylic matrix system. Two independent sets of
experiments were conducted (one sample per material type, per
set); polymerised samples of unmodified acrylic and acrylic/PPE
blends (PPE content: 3–15 wt%) were sectioned, weighed (216–
275 mg) and placed in acetone at room temperature for 60 min
and 72 h. Samples with a 60-min exposure time were immersed
in acetone for the test duration and carefully removed, dried and
weighed after completing the experiment. Data collection for the
72-h study involved routine inspections at set intervals up to
300 min, during which visible geometrical changes were recorded
until the end of the experiment. After 300 min had elapsed, sam-
ples were inspected at the 24-h mark and 72-h mark. All coupons
were removed from the solvent, dried and weighed at the end of
the respective test durations. The same procedure was followed
for glass fibre-reinforced composite samples (GF/A100/P0 and
GF/A95/P5) with starting weights of 410 – 490 mg to assess their
comparative resistance to acetone.

2.4. Characterisation of thermomechanical properties by dynamic
mechanical analysis

The dynamic mechanical analysis (DMA) was performed on
polymer samples to study the influence of PPE-modifier content
on Tg and damping behaviour using a DMA 8000 analyser (Perkin
Elmer, USA). Two samples (per set), measuring
40 mm � 8 mm � 4 mm (nominal dimensions) were dynamically
loaded at a fixed frequency of 1 Hz using a dual cantilever bending
configuration. Each sample was heated from ambient temperature
to 180�C at 3�C/min.

2.5. Thermogravimetric analysis of unreinforced polymer and polymer
blend samples

Thermogravimetric analysis (TGA) was performed using a TGA/
DSC 1 analyser (Mettler Toledo, USA) to analyse the thermal stabil-
ity of polymeric samples. Samples weighing 10 mg were heated
from 25�C to 600�C at 10�C/min under a nitrogen flow rate of
50 ml/min. The evolution of mass loss and derivative thermograms
(DTG) were compared. Results are averages of duplicates (two
samples per material).

2.6. Confocal Raman microscopy of fractured polymer blend surfaces

Fractured samples were non-destructively imaged using a Con-
focal Raman microscopy technique to spatially assess the chemical
composition of each blend. This method was complementary to the
rest of the characterisation methods, as it provided insights into
the phase morphology and interactions between the blend compo-
nents. Single polymeric samples were fractured using the non-
standard flexural testing method described by Obande et al. [38].
To enhance the visualisation precision across the fracture surface
(irrespective of topographical variations), the sample was main-
tained at constant focus using a TrueSurface� tool. An Alpha 300
AR instrument (WiTec GmbH, Germany) was used for this study.

2.7. Solution-state nuclear magnetic resonance (NMR) spectroscopy of
polymer and polymer blend samples

The chemical structures of unmodified acrylic and PPE in the
presence and absence of BPO (i.e., polymers and unpolymerised
liquid resins, respectively), as well as acrylic/PPE blends (PPE con-
tent: 5–10 wt%), were analysed using 1H and 2D NMR experiments
(1H–1H COrrelated SpectroscopY (COSY), 1H–13C Heteronuclear
Single Quantum Coherence (HSQC) spectroscopy and Diffusion-
Ordered SpectroscopY (DOSY)). NMR spectra were recorded on a
Bruker AVA500 (USA) spectrometer at 298 K (500 MHz) in CDCl3
3

and were referenced to the residual CDCl3 peaks (1H: d 7.26 ppm,
13C: 77.2 ppm). Only the soluble portions of the reactive A95/P5
and A90/P10 blends were analysed by NMR spectroscopy in CDCl3.
The solubility of the reactive blends in CDCl3 was improved by
heating (50�C) and sonicating the blends in CDCl3 for approxi-
mately 2 h or leaving the samples in excess CDCl3 overnight. Both
blends also exhibited low solubility in other common NMR spec-
troscopy solvents (tetrahydrofuran (THF)-d8, pyridine d5 and
toluene d8).
3. Results and discussions

3.1. Solvent resistance

3.1.1. Unreinforced polymer and polymer blend samples
Fig. 1 shows the results of solvent resistance experiments on

unreinforced polymers. Following exposure to acetone for 60 min
at room temperature, all acrylic/PPE blend polymer samples exhib-
ited lower mass losses after 60 min in acetone than the unmodified
acrylic (A100/P0) sample. A 37% mass loss was observed with the
A100/P0 sample, whereas the blends sustained mass losses in the
range of 10–18 %. Except for the A97/P3 sample, which lost only
12% of its original mass, an increase in PPE content from 5 wt%
(A95/P5) to 15 wt% (A85/P15) results in a consistent increase in
solvent resistance, evidenced by corresponding terminal mass
losses of 18% and 10%, respectively.

Following the 72-h exposure experiments, the A100/P0 was
found to completely dissolve after 300 min, following a visible,
progressive loss of volume. In contrast, all blends sustained only
23–25% of mass loss, showing significant improvements in their
solvent resistance. Increasing PPE concentration within the blends
did not, however, appear to result in significant changes in the ter-
minal mass in acetone after 72 h. These observations provide
strong evidence that PPE content plays a vital role in the dissolu-
tion rate and consequently, initial mass loss of acrylic/PPE blends.

The dissolution rate of polymers is influenced by polymer char-
acteristics such as molecular weight, the chemical structure and
composition of the polymer backbone, segmental stiffness, and dis-
persity. Given that the addition of PPE into the hybrid matrices
adds aromatic groups within their structure, where the unmodified
acrylic only contains aliphatic polymer chains, obvious differences
in backbone structure, composition, molecular weight and seg-
mental stiffness are likely to arise between the polymer matrices.
The variations in initial dissolution behaviour observed in the 60-
min experiments with increasing PPE content are possibly linked
with differences in polymer chain mobility [39,40]. At a molecular
level, the variation of respective chain mobilities may be substan-
tial enough to give rise to varying reptation times and thus, disen-
gagement rates. This may provide evidence of interchain
interactions between the phenyl groups within the PPE modifier.

Moreover, the A100/P0 sample can be seen to undergo progres-
sive mass loss until complete dissolution at 300 min. In contrast,
the PPE-modified hybrid matrices appear to exhibit whitening,
with considerable swelling being observed across all samples until
the full study duration elapsed. These results suggest a significant
effect of PPE incorporation on the molecular weight [40] and the
possibility of cross-linked [41] acrylic/PPE species arising from
the reactions of monomeric acrylic with multi-vinyl oligomeric
PPE. Moreover, dispersity also plays a role in the rate of dissolution
and may explain the enhanced solvent resistance observed with
the hybrid matrices [40].

It is worth noting that white sediments were observed in the
solvent from 60 min for all hybrid matrices. These sediments
remained in solution until the experiment was completed. The size
of dispersed sediment appeared to increase with increasing PPE



Fig. 1. Results of solvent resistance experiments after exposure of unreinforced polymer samples to acetone for 60 min (blue) and 72 h (red). Mass losses are presented for
unmodified acrylic (A100/P0) and PPE-modified acrylic (A97/P3-A85/P15) where a lower mass loss corresponds to superior solvent resistance. Note: results are based on one
sample per material, per set. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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content. These observations may indicate the presence of unre-
acted oligomeric PPE within the polymerised samples, which is
in agreement with observations from NMR analysis of these mate-
rials, as discussed in Section 3.5.

3.1.2. Glass-fibre reinforced composite samples
Fig. 2 shows the results of solvent resistance experiments on

glass fibre-reinforced acrylic (GF/A100/P0) and acrylic/PPE (GF/
A95/P5) composite samples. 60-min solvent resistance experi-
ments on the fibre-reinforced acrylic (GF/A100/P0) and acrylic/
PPE (GF/A95/P5) revealed that the incorporation of PPE into the
acrylic resin system contributes positively to the resistance to ini-
tial solvent ingress and subsequent dissolution. No evidence of
Fig. 2. Mass losses after the exposure of glass fibre-reinforced acrylic (GF/A100/P0) and P
72 h (red) showing the influence of PPE modifier content on solvent resistance. Note: A lo
references to colour in this figure legend, the reader is referred to the web version of th

4

mass loss was measured after 60 min. In the unmodified acrylic
composite sample (GF/A100/P0), a 10% loss in mass was recorded.

Given that the rate of dissolution is influenced by chain mobility
at a molecular scale, these results suggest significant differences in
the reptation times and disengagement rates [39,40] between both
matrices. The differences in respective chain mobilities may be
substantial enough to give rise to varying reptation times and dis-
engagement rates at a molecular level. These variations can result
from the presence of the cross-linked species or the presence of
phenyl moieties within the backbone.

Following the longer time-scale exposure (72 h), it becomes
clear that the use of the PPE-modified matrix results in even more
significant improvement of the solvent resistance of the GF/A95/P5
PE-modified acrylic (GF/A95/P5) composite samples to acetone for 60 min (blue) and
wer mass loss corresponds to superior solvent resistance. (For interpretation of the
is article.)
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(only 2% of mass loss) over its unmodified acrylic counterpart (GF/
A100/P0), which lost 28% of its original mass. With a matrix mass
fraction of 32 ± 0.3% in the composite, this recorded mass loss for
the GF/A100/P0 sample is similar in magnitude to its matrix mass
fraction. As such, it indicates that complete dissolution of the
acrylic matrix occurred, which is in agreement with visual observa-
tions during data collection (Fig. 2).

3.2. Characterisation of thermomechanical properties by dynamic
mechanical analysis

3.2.1. Unreinforced polymer and polymer blend samples
From single-frequency DMA scans at 1 Hz, the effects of PPE-

modification on the glass transition temperatures and tan delta
peak heights were studied alongside the unmodified acrylic poly-
mer matrix material. Tg values were determined as the tempera-
tures corresponding to the maximum tan delta values. The
representative thermograms obtained from each material pre-
sented in Fig. 3a reveal single tan delta peaks for all blends. A low-
ering effect was also observed for the tan delta peak heights, with
values decreasing by up to ~ 0.2 (-12%). These trends are more pro-
nounced up to 5 wt% addition of PPE, as in the A95/P5 material;
however, as PPE content is increased up to 15 wt% (A85/P15), the
contributions are less prominent. Moreover, a mild Tg shift is evi-
dent with increasing PPE content. Given that the PPE used had a
higher Tg (160�C) than the acrylic constituent, such a shift is
expected with the in-situ polymerisation of acrylic in the presence
of PPE.

Increasing the PPE content within the blends causes an overall
increase in Tg by up to ~ 6�C (Fig. 3c). This suggests decreased chain
mobility owing to increased rigidity and p- p interactions due to
Fig. 3. (a) Representative DMA results, showing the effects of PPE content on damping b
(c) Tg values and tan delta peak heights, and (d) half tan delta peak widths and peak fa
duplicates.

5

the phenyl rings [42] of the PPE phase. Given that tan delta is a
ratio of loss modulus to storage modulus, and describes the degree
of viscoelastic damping within a material and the extent of poly-
mer segmental mobility, the overall reductions in tan delta peak
height with increasing PPE content suggests a reduction in the vis-
coelastic response of the blends compared to the unmodified
acrylic polymer matrix.

The reductions in tan delta peak height may be due to increased
rigidity caused by the phenyl moieties in PPE or may indicate the
existence of a cross-linked species, which would likely decrease
the chain mobility [43]. Despite the absence of a cross-linking
agent, the presence of vinyl-functionalised PPE oligomer may have
triggered spontaneous localised cross-linking alongside the forma-
tion of a non-cross-linked acrylic-rich constituent. Using a high-
molecular-weight vinyl-pendant PPO, Huang et al. [44] proposed
that a higher vinyl-pendant ratio was more likely to undergo a
cross-linking reaction during polymerisation than a lower ratio.
Interestingly, increasing glass transition temperatures were also
thought to be attributed to the presence of cross-links within the
vinyl-pendant PPO structure.

While this present research employed a low-molecular-weight,
vinyl-end-functionalised PPE, it is plausible that increased glass
transition temperatures in the blends with respect to A100/P0
was a contribution of cross-linked structures.

The effects of PPE modification on half peak width and peak fac-
tor were also assessed. Half peak width is typically used to evaluate
the relative reduction of relaxation-induced molecular mobility
[45]. Peak factor is a representation of the intrinsic heterogeneity
within the polymer system [46]. It is calculated as the ratio of
the corresponding half peak width (Fig. 3b) and peak height
(Fig. 3b) for each material. Within blended polymeric systems with
ehaviour (tan delta) and Tg, (b) graphical representation of the reported parameters,
ctors from DMA experiments on polymer matrix samples. Results are averages of
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dissimilar Tg values, broad tan delta peaks indicate the formation of
diffuse domains [47,48]. Both peak width [49] and peak factor are
attributed to the heterogeneity or broad dispersity within the poly-
mer [46,50]; however, peak width also correlates to the distribu-
tion of relaxation times within the polymer [51]. The parameters
in Fig. 3d, obtained as depicted in Fig. 3b, highlight a correlation
between the PPE content and both peak width and peak factor. This
suggests the co-existence of composition-dependent acrylic-rich
and PPE-rich phases within the blends.
3.2.2. Glass-fibre reinforced composite samples
Fig. 4 shows representative thermograms obtained from DMA

experiments on glass fibre-reinforced PPE-modified acrylic (GF/
A95/P5) matrix composite and an unmodified acrylic composite
(GF/A100/P0). Prominent differences in damping behaviour are
observed. The GF/A100/P0 material exhibits a distinct, single tan
delta peak. In contrast, despite the observation of single peaks
for the unreinforced A95/P5 in Section 3.2.1, the peak for GF/
A95/P5 appears to broaden with mild evidence of peak splitting,
indicating the presence of multi-species phases within the blend-
matrix composite. The distance between tan delta peaks in blends
correlates to the extent of phase separation between their con-
stituents [52].

The dissimilarities in the unreinforced and reinforced A95/P5
matrix provide further evidence of the differences between the
polymerisation conditions between both materials. Moreover, the
effects of fibres on the growth kinetics of the polymer chains is also
another possible source of variation between the two
methodologies.

Although the Fox empirical model has limited applicability for
blends with intermolecular interactions, it has been applied to gain
preliminary insights into the plausible proportions of the hybrid
matrix constituents. A similar approach has been previously
reported in work by Karabanova et al. [53] who studied semi-
interpenetrating polymer networks (semi-IPNs) based on polyur-
ethane and poly(2-hydroxyethyl methacrylate), which provides
insights into the structure of the polymer blends under considera-
tion. Additionally, mass data from the solvent resistance character-
isation described in Section 3.1 have been used in conjunction with
the Fox equation to obtain better approximations of the composi-
tions of the soluble and insoluble constituents of the blend. The
corresponding Tg values for GF/A95/P5 are 105�C and 120�C
(393 K), as shown in Fig. 4. The Tg values for neat acrylic and PPE
Fig. 4. Representative DMA results for glass fibre-reinforced acrylic (GF/A100/P0 –
in red); and (b) PPE-modified acrylic (GF/A95/P5 – in blue) composites. Results are
based on averaged duplicates (Figure S8). Lay-up: [0]8. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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are 104�C (rounded value from results in Fig. 3, 377 K) and 160�C
(433 K) [7], respectively. Thus, Tg1 is most likely attributed to the
presence of an acrylic homopolymer species, as evidenced by
NMR spectroscopy in Fig. 7.

On the other hand, Tg2 is a unique intermediate temperature
between the two blend components, and possibly provides evi-
dence of a reacted product of the acrylic and PPE constituents coex-
isting with the acrylic homopolymer. Based on the observed Tg
values, the hybrid matrix system was assumed to be bi-phasic in
nature, comprising an acrylic (or acrylic-rich phase) and a PPE-
rich acrylic/PPE. The Fox equation was applied using Equation (1)
and as detailed in Section S3.1 to estimate acrylic/PPE reacted pro-
duct’s composition that would give rise to a secondary glass tran-
sition temperature, Tg2.

1
TgN

¼ u2;A

TgN;A
þ u2;B

TgN;B
ð1Þ

Where u2;A and u2;B are mass fractions of acrylic and PPE,
respectively, the sum of which equals unity; TgN is the glass transi-
tion temperature corresponding to the peaks shown in Figure S8
and illustrated in Figure S9; TgN;A and TgN;B are the glass transition
temperatures of the acrylic and PPE constituents, respectively.
Note: all Tg values were used in Kelvin. For the determined Tg2,
Tg2;A and Tg2;B values of 393 K, 377 K, and 433 K, respectively,
u2;A and u2;B within the reacted product were estimated to be
0.69 and 0.31, respectively. The interested reader is referred to Sec-
tion S3.1 for the employed procedure.

Moreover, based on the observation of two Tg values, the full
blended system (SB) can be represented by a summation of the
mass fractions corresponding to Tg1 (u1) and Tg2 (u2;A þu2;B). Tg1

relies solely on contributions from the acrylic phase, and Tg2

involves contributions from both acrylic and PPE phases. Thus,
assuming that all the PPE (5 wt%) within the full blended system
(SB) is directly proportional to u2;B (0.31) according to the Fox
Equation (Equation (1)), u2;A yields a corresponding mass fraction

estimate in SB of 0:69�0:05
0:31

� � ¼ 0.11. The total mass fraction of
acrylic/PPE reacted product is 16 wt%, based on combined acrylic
and PPE mass fractions in SB, i.e. 11 wt% and 5 wt%. Accordingly,
84% of the total 95 wt% of acrylic supplied for the polymerisation
reaction was consumed in the formation of the acrylic homopoly-
mer, whereas 16% formed a reacted product with PPE.

These results provide further evidence of the formation of a
complex co-reacted acrylic/PPE species. Although no traditional
cross-linker was employed as part of this study, the hybridisation
of the acrylic matrix using a PPE oligomer with multiple vinyl func-
tional groups facilitated the formation of a lightly cross-linked
structure.

In light of the relative mass loss of the GF/A95/P5 sample fol-
lowing prolonged exposure to acetone in Section 3.1.2, these esti-
mated mass fractions may hold the key to understanding the
hybrid-matrix structure. Solvent resistance studies revealed that
a mass retention of approximately 98% (of the original mass) was
possible due to PPE incorporation. However, in this section, it
was estimated that the acrylic homopolymer constituted 84 wt%
of the full hybrid matrix system. Neat acrylic has been shown in
Section 3.1.1 to be fully vulnerable to acetone attack under the
same conditions. Given that solvent resistance is influenced by dis-
engagement and reptation times of polymer chains, the blend
architecture must, therefore, provide favourable shielding and
trapping of entanglements, which act as anchors for a large extent
of the vulnerable acrylic homopolymer [54–56].

Furthermore, changes in Tg are typically indicative of changes in
chain length and mobility. The increase in Tg with the addition of
PPE indicates relative reductions in chain flexibility, available free
volume and chain mobility, possibly due to the contributions of
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phenyl moieties in the PPE and cross-links to the overall rigidity
[42]. It is also apparent that the PPE-modified-matrix composite
exhibited a broader peak, providing further evidence of structural
and molecular heterogeneity within the matrix.

Interestingly, the severity of peak height reduction in the GF/
A95/P5 samples supports the hypothesis that the presence of
cross-links and phenyl moieties within the PPE-modified acrylic
composite enhances the rigidity of the matrix. Cross-links are
known to give rise to reduced intensities in damping peaks [57].
Moreover, the low tan delta peak values may also provide crucial
information on the fibre–matrix interfacial behaviour. It is well
known that composites with poor interfacial strength exhibit supe-
rior damping ability, evidenced by increased peak heights [58,59].
Thus, a diminished peak height provides strong evidence that
incorporating PPE into the acrylic matrix does not appear to dete-
riorate interfacial adhesion between the blend matrix and the rein-
forcing fibres.
3.3. Thermogravimetric analysis of unreinforced polymer and polymer
blend samples

The thermal stability of the acrylic and PPE-modified acrylic
blends were analysed by thermogravimetric analysis (TGA). Table 1
summarises the key results from TGA thermograms obtained for
each sample. The interested reader is referred to Figure S10 for
the thermograms.

Oligomeric PPE (A0/P100) appears to undergo a single-stage
degradation process under the experimental conditions employed
(Figure S10). Negligible mass loss was observed below 438 ± 0.1�
C, its onset temperature for major degradation (Tonset-TGA). This
degradation behaviour is consistent with published literature,
which cite a major step between 430 and 500�C occurring due to
thermal Fries-type chain rearrangements [60,61]. The incorpora-
tion of PPE delays the onset of major degradation, Tonset-TGA by 7–
10�C under the degradation conditions used. In addition to com-
paring the effect of PPE content on Tonset-TGA, it may be useful to
compare T5% and T10%, which are temperatures corresponding to
5% and 10% mass losses, respectively. The PPE-modified acrylic
blends possessed up to 10% and 12% higher T5% and T10% values,
respectively relative to the unmodified acrylic polymer. Thus,
incorporating PPE oligomer into the acrylic polymer system results
in improved thermal stability in terms of delaying thermal degra-
dation events. However, at the PPE concentrations employed in
this present work, no distinct trends or correlations were dis-
cernible between PPE loading and the extent of improvements
attained. The representative DTG plots shown in Fig. 5 reveal that
A100/P0 undergoes a major degradation event with a valley occur-
ring at ca. 300–445�C. Evidence of a unique, minor degradation
event in the A100/P0 material can be seen between 225�C and
300�C
Table 1
Summary of thermogravimetric results for acrylic polymer and PPE-modified acrylic blen
from duplicates. Parameters were obtained from data presented in Figure S10, as graphica

Tonset, TGA
a T5%

b

(�C) (�C)

A100/P0 355 ± 3.2 205 ± 6
A97/P3 362 ± 1.3 216 ± 6
A95/P5 362 ± 2.2 225 ± 4
A90/P10 365 ± 2.8 222 ± 13
A85/P15 363 ± 0.1 211 ± 2
A0/P100 438 ± 0.1 426 ± 1

a,d Tonset, TGA & Tend, TGA: Onset & end temperatures for major degradation as determine
b,c TN%: Temperatures corresponding to N% mass loss using the TGA thermograms.
e MR: Residual mass at the end of the thermal cycle.
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Polymethylmethacrylate-based polymers are reported to
undergo three-stage thermal degradation processes; with head-
to-head linkage-induced scission (150�C–264�C), unsaturated
chain-end-induced scission (264�C–335�C) and randommain chain
scission (335�C–425�C) [62–64]. However, two-stage degradations
have also been previously reported [65], namely a minor event
(108�C–115�C) and a major event (298�C–326�C).

In this present work, the occurrence of the unique, minor degra-
dation event in A100/P0 between 225�C and 300�C is attributed to
the degradation of unsaturated chain ends [65]. Interestingly, no
preceding major degradation events were observed. The main
stage of degradation occurring between 300�C and 445�C is linked
to random scission of main polymer chains [62,63]. Moreover,
while TGA thermograms showed minor mass losses between
90�C and 110�C for all acrylic-based polymers and blends, the
early-onset degradation step reported by de Andrade Raponi
et al. [65] as occurring between 150�C and 230�C was characteris-
tically absent from the DTG thermograms of the materials in this
present work. This step is induced by the breakdown of weak
head-to-head linkages formed during the termination reaction
(by combination) of the polymerisation process. Thus, this absence
may indicate that alternative termination reactions were prevalent
within the polymers under investigation [64]. The absence of this
step may also suggest that shorter chain lengths dominate within
each polymer material. Longer chain lengths are more susceptible
to defects such as head-to-head linkages and are thus, more ther-
mally labile [66].

Furthermore, all PPE-modified acrylic blends exhibit elevated
temperature degradation events, occurring between ~ 430�C
and ~ 480�C, where a slower degradation rate is evident. This
late-stage event is likely due to contributions from PPE-rich phases
within the blended polymer systems and may be linked with the
aforementioned Fries-type rearrangements associated with PPE
chains. This distinct behaviour with the blends provides strong evi-
dence of chemical interactions between the acrylic and PPE com-
ponents of the blends, mainly because thermal degradation here
is driven by main chain scission. Thus, this confirms that the PPE
chemically interacts with the acrylic and alters the chemical struc-
ture of the blends compared to the acrylic reference. This is further
supported by the fact that the blends’ end-stage degradation
events coincide with the A0/P100 valley’s peak temperature, as
shown in Zone 1 of (Fig. 5).

3.4. Confocal Raman microscopy of fractured polymer blend surfaces

As is evident from the Confocal Raman micrographs in Fig. 6, all
blends exhibit binary phase separation. PPE-rich domains appear
to be dispersed within an acrylic-rich host matrix. The dispersed
domains appear to vary in size, distribution and intensity within
each blend. These phases appear to interact and are not mutually
exclusive. Some domains exhibit a more distinct boundary,
ds showing the effects of PPE-modification on thermal stability. Values are averaged
lly illustrated in Figure S11.

T10%
c Tend, TGA

d MR
e

(�C) (�C) %

255 ± 4.6 419 ± 1.9 1 ± 0.6
274 ± 4.2 426 ± 0.1 4 ± 0.0
282 ± 2.8 423 ± 0.9 3 ± 0.4
286 ± 11.2 431 ± 0.2 4 ± 0.5
274 ± 3.9 428 ± 1.9 4 ± 0.3
438 ± 0.4 471 ± 0.7 23 ± 0.1

d from TGA curves, respectively (see Figure S11).



Fig. 5. Representative DTG thermograms for unmodified acrylic polymer (A100/P0), PPE oligomer (A0/P100) and their blends: A97/P3, A95/P5, A90/P10 and A85/P15. Zone 1
is an inset graph for improved visibility of unique degradation behaviour exhibited by all blends.
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whereas other boundaries are more diffuse in appearance. It is
worth noting that the exact proportion of each component (acrylic
and PPE) within the domain and host matrix is not exactly dis-
cernible using this technique.

3.5. Solution-state nuclear magnetic resonance (NMR) spectroscopy of
polymer and polymer blend samples

The chemical composition of acrylic/PPE blends A95/P5 and
A90/P10 was probed by NMR spectroscopy in CDCl3 and compared
to monomeric and polymeric acrylic (A100/P0) and oligomeric PPE
(A0/P100) in the absence and presence of BPO initiator (Fig. 7).
While monomeric acrylic, polymeric acrylic and oligomeric PPE
were all soluble in CDCl3 at room temperature, partial dissolution
of the A95/P5 and A90/P10 blends required heat (50�C), sonication
(approx. 2 h) or excess CDCl3 . These differences in solubility sug-
gest that A95/P5 and A90/P10 form reactive blends. Providing fur-
ther evidence to support this, 95:5 and 90:10 blends (w/w) of the
polymeric acrylic and oligomeric PPE were prepared by mixing the
two individual components in the absence of BPO; these non-
reactive blends displayed complete solubility in CDCl3. These solu-
bility differences suggest that the less soluble components of A95/
P5 and A90/P10 are likely to be a high-molecular-weight copoly-
mer or cross-linked polymeric acrylic/PPE species formed upon
mixing monomeric acrylic and PPE in the presence of BPO. Both
A95/P5 and A90/P10 reactive blends also exhibited noticeable
swelling upon solvation in CDCl3, whereas no swelling was
observed with the non-reactive 95:5 and 90:10 polymeric
acrylic/PPE blends (prepared in the absence of BPO). Swelling has
previously been associated with the formation of cross-linked
structures [41], with higher swelling ratios observed at lower
cross-linker concentrations (<20%) of divinylbenzene in methyl
methacrylate (MMA)-divinylbenzene cross-linked copolymers.

NMR analysis of polymeric and monomeric acrylic confirmed
that polymerisation of the acrylic occurs under the reaction condi-
tions employed to generate the reactive acrylic/PPE blends (Fig. 7).
This was evidenced by the appearance of a new 1H signal corre-
sponding to –OR (R = alkyl) protons in the polymeric acrylic back-
8

bone. 1H NMR analysis indicated incomplete conversion of the
monomeric acrylic, which could be due to polymerisation becom-
ing diffusion-limited upon the formation of a high-molecular-
weight polymeric acrylic, the rate of radical initiator formation or
the experimental conditions employed, or both (refer to supporting
information for further details).

Conversely, the reaction of oligomeric PPE with BPO produced
no change in the 1H NMR spectrum (Fig. 7), which suggests that
PPE does not homopolymerise under the reaction conditions
employed. Notably, 1H NMR spectra of PPE with and without
BPO displayed low-intensity 1H signals in the downfield region
(1H3-5), which were tentatively attributed to vinylic end groups
in oligomeric PPE (Fig. 7 and Figure S2).

The relative integrals of these signals suggested a 1:1 ratio of
1H3: [1H4 + 1H5], with coupling between 1H4 and 1H5 detected by
COSY analysis (Figure S2). HSQC analysis indicated that the 1H3 sig-
nal correlates with a different, more downfield 13C resonance com-
pared to the 1H4 and 1H5 signals; 1H4 and 1H5 correlated with a
single 13C resonance within the expected 13C NMR shift range for
a disubstituted vinyl moiety. Therefore, the NMR analysis suggests
that 1H3 protons are most likely aromatic, whereas 1H4 and 1H5

correspond to vinyl protons on disubstituted vinyl moieties in
PPE oligomer end groups [67]. Using the Mn of the commercially
available PPE oligomer (2300 Da), along with the relative integrals
of the 1H3-5 and aromatic PPE oligomer backbone signals, suggests
that the PPE oligomer contains multiple reactive aromatic vinyl
end groups per chain and may, therefore, form cross-links between
polymeric acrylic chains. Although these vinyl functional groups
appear to be unreactive towards homopolymerisation under the
conditions tested, these groups are likely involved in
copolymerisation/cross-linking reactions in the presence of the
acrylic monomer.

The reactivity differences between the acrylic and PPE, com-
bined with NMR studies, suggest that the formation of block
copolymers does not occur under the conditions employed in this
work. The generation of random/gradient copolymers or cross-
linked polymers (or both) is more likely (Fig. 8, refer to the sup-
porting information for further details).



Fig. 6. Confocal Raman micrographs showing compositional maps for A97/P3, A95/P5, A90/P10 and A85/P15. Cyan and yellow regions depict an acrylic-rich phase and PPE-
rich domain, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Although in-depth characterisation of the blends was limited by
their enhanced solvent resistance in common NMR solvents, 1H
NMR analysis of the soluble portions of A95/P5 and A90/P10 blends
indicated multi-component mixtures, which comprised polymeric
acrylic, unreacted oligomeric PPE andmonomeric acrylic, as well as
BPO (Fig. 7, refer to supporting information for more details on the
presence of BPO signals).

The same multi-component mixture was also present in the
non-reactive polymer blends (95:5 and 90:10 polymeric acrylic:
PPE, Figures S6 & S7, respectively). While the insoluble portions
of the reactive blends (A95/P5 and A90/P10) could not be analysed,
1H NMR analysis showed that the polymeric acrylic is the major
component of the soluble portions (based on the relative intensi-
ties of the polymeric acrylic -OR 1H NMR signal vs. the monomeric
acrylic and oligomeric PPE). Although close inspection of baseline
signals in the 1H NMR spectra revealed the presence of several
unknown species, these could be attributed to trace components
present in the starting materials and impurities from sample
9

preparation (Fig. 7); none were associated with polymeric
acrylic/PPE linkages. These observations were supported by DOSY
NMR analysis, which revealed the presence of separate oligomeric
PPE and polymeric acrylic molecules in the soluble portions of the
reactive A95/P5 and A90/P10 blends, as well as the non-reactive
blends, as these species give different diffusion coefficients (Fig-
ures S3 to S5).

Due to the insolubility of the reactive A95/P5 and A90/P10
blends, solid-state NMR was investigated as a method of providing
further insight into the polymer structure. However, it was not
possible to obtain suitably pulverised samples from the A95/P5
and A90/P10 blends using standard and cryogrinding techniques.

Taken together with the 1H NMR data of the soluble compo-
nents, the insolubility, resistance to mechanical grinding, and
swelling of the A95/P5 and A90/P10 blends suggest that these
are reactive blends, rather than (non-reactive) blended aggregates
of polymeric acrylic and oligomeric PPE. Indeed, the enhanced sol-
vent resistance and swelling suggest the formation of high-



Fig. 7. Overlaid 1H NMR spectra of the acrylic/PPE blends A95/P5 and A90/P10 and the starting materials in the presence and absence of BPO in CDCl3. The key 1H NMR signals
from the monomeric acrylic (*, red), oligomeric PPE (*, blue) and polymeric acrylic (#, green) are highlighted. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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molecular-weight copolymeric or cross-linked acrylic/PPE species.
While the resistance to mechanical grinding and lack of solubility
limited determination of the precise chemical structure of the
A95/P5 and A90/10 blends by both solid- and solution-state NMR
spectroscopy, this low solubility implies potential benefits in terms
of solvent resistance. Moreover, the observed resistance to pulveri-
sation in the blends suggests enhanced mechanical properties.
3.6. Proposed polymer blend architecture

Based on a vinyl functionality of 1.9 for the PPE formulation
(specified by the manufacturer [68]), the formation of cross-
linked acrylic/PPE species is highly likely within the blends based
on the number of reactive sites as shown in Fig. 9.
Fig. 8. General structures of block, random and graft copolymers and cross-linked
polymers.
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Moreover, as discussed in Section 3.5, the PPE grade used can-
not homopolymerise; meaning no PPE-PPE interactions are
expected during the polymerisation process. Instead, the teleche-
licity of PPE facilitates its participation in the propagation reaction
with growing acrylic chains.

The study illustrated in Fig. 10a was conducted to explore the
effects of the presence of crosslinks on the reshapability of the
blends. As shown in Fig. 10b, these trials revealed that the presence
of cross-links did not have deleterious effects on the post-
Fig. 9. Chemical structures of the reactants (acrylic monomer, PPE oligomer and
dibenzoyl peroxide radical) and the proposed cross-linked acrylic/PPE structure
formed.



Fig. 10. (a) Methodology and (b) results of reshapability trials performed on unreinforced neat and PPE-modified acrylic samples. 40-mm dia. disc samples were used for an
epoxy reference, A100/P0, A95/P5, A90/P10 and A85/P15 samples. The sample for A97/P3 measures 25 mm � 8 mm � 4 mm due to material availability constraints.
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processibility of the unreinforced PPE-modified acrylic blends. The
unreinforced acrylic/PPE blends and the unreinforced neat acrylic
samples can be seen to be deformable upon heating and retain
the deformed shape upon cooling. Thus, it was demonstrated that
the thermoplastic blends produced in this work exhibit the desir-
able characteristics of thermosets (possessing excellent solvent
resistance, thermal stability, and easy infusibility at room temper-
ature), while also retaining the post-processibility of
thermoplastics.

Such duality of characteristics has been previously reported for
materials such as vitrimers and covalent adaptable networks
(CANs), which are known to offer excellent reprocessibility despite
containing cross-linked networks [69–71]. In addition to retaining
the post-processibility of thermoplastics, which facilitates reshap-
ing even after polymerisation and solidification, these attributes
are highly advantageous and offer numerous potentials for com-
posite applications.

Combined with the micrographic evidence from confocal
Raman imaging and SEM imaging, thermogravimetric analysis
and solvent resistance trials, the thermoformability of these blends
confirms that both acrylic-rich and cross-linked acrylic/PPE remain
reshapable following in-situ polymerisation and consolidation.
Moreover, the results of thermoforming trials suggest a good
extent of chain mobility must be possible despite the presence of
cross-links. Thus, these results confirm that the blends may only
be slightly cross-linked or that the cross-links form clusters.

The degree and density of cross-linking are expected to be
highly influenced by the relative reactivities of PPE and acrylic.
Variations in the extent of steric hindrance resulting from the pres-
ence of bulky phenyl groups [72,73] will likely result in volumetric
congestion around each successive acrylic/PPE interaction at the
reactive site. In addition, an increase in the solution viscosity is
expected to result in the trapping or burying of some substituents.
Consequently, some of the PPE macromolecules may only be par-
11
tially saturated upon the termination of the polymerisation reac-
tion, with perhaps trace amounts of unreacted PPE remaining
entrapped by cross-linked and grafted chains. The latter may
account for the aforementioned observation of unreacted PPE dur-
ing NMR analysis. Branched or grafted chains can effectively
become anchored and trapped within the network within such
structures, restricting disengagement. As such, their presence is
not expected to compromise the solvent resistance of the blends
[74].

Moreover, no specialised approach was adopted for tuning or
controlling the cross-linking or grafting processes; thus, spatial
variations are expected within each blend system. Finally, based
on these observations and discussions, the chain architecture is
proposed in Fig. 11.

This is supported by the analysis of results presented in Sec-
tion 3.1.2, where the two distinct glass transition temperatures
observable at the tan delta peaks provided evidence of the forma-
tion of a complex reacted acrylic/PPE species. Although these tem-
peratures revealed that the acrylic homopolymer contributed
approximately 84 wt% of the total blended system within the GF/
A95/P5 material, with the reacted product constituting approxi-
mately 16 wt%, the relatively high residual mass following expo-
sure to acetone provides even more insights into the blend
architecture. The linear, acrylic homopolymer is likely shielded
within a protective reacted network and is expected to interpene-
trate the cross-linked acrylic/PPE network alongside a graft copoly-
mer. In such a structure, the network can effectively serve as a
scaffold and may promote a great extent of entanglement between
linear acrylic and PPE-grafted acrylic chains.

Remarkably, such architecture has been previously reported by
Röttger [75], who showed that dioxaborolane-based vitrimers
exhibit excellent solvent resistance in THF, retaining up to 95% of
their original mass. The same materials were reported to remain
thermoformable even with cross-linked constituents. This is simi-



Fig. 11. (a) The proposed polymer architecture within the PPE-modified acrylic blends, showing a lightly cross-linked acrylic/PPE network, a branched or grafted acrylic/PPE
species, and a highly entangled, linear acrylic polymer species; (b) a simplified form of same.
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lar to the findings presented herein and may provide interesting
insights into the behaviour of the blends considered in this present
work. The formation of a vitrimer is highly unexpected, however,
as vitrimers characteristically require ester-alcohol transesterifica-
tion reactions. Thus, it is not believed that the blends in this work
are vitrimeric in nature.

Moreover, the process employed in this paper produces a simi-
lar material to interpenetrating polymer networks (IPNs) in that at
least one of the polymers is synthesised in the presence of the
other [53,76–80]. A distinguishing characteristic of IPNs is that
one (semi-IPN) or both (full IPN) are cross-linked to form a net-
work. Although the novel polymer blends presented in this chapter
were not prepared with a traditional cross-linker, it has been
shown that the telechelic PPE employed can promote cross-
linking. Thus, the resulting blend architecture is likely similar to
a semi-IPN with both linear acrylic and branched/grafted acrylic/
PPE species interpenetrating within a lightly cross-linked acrylic/
PPE network.

4. Conclusions

This paper demonstrates a simple, yet practical reactive
hybridisation approach for tailoring the performance of liquid
acrylic resins for composite applications. Unique insights into the
structure–property relationships, which underpin the observed
effects of hybridisation, were provided via a combination of spec-
troscopic, thermal and microscopic analytical techniques. Incorpo-
rating reactive oligomeric PPE with functional vinylic groups into
reactive monomeric acrylic resin results in enhanced solvent resis-
tance (in CDCl3 and acetone) and higher glass transition tempera-
ture of unreinforced (up to 6% increase) and glass fibre-reinforced
(+9%) acrylic/PPE hybrid material systems, with respect to their
neat acrylic counterparts. While unreinforced blend samples
retained up to 77% of their original masses after 72 h of acetone
exposure, the unreinforced, unmodified acrylic sample fully dis-
solved after 300 min. Reinforced samples exhibited similar trends:
98% and 72% mass-retentions in the PPE-modified and unmodified
12
samples, respectively. In addition to the enhanced solvent resis-
tance, the hybrids exhibited exceptional resistance to mechanical
grinding; thus, suitable samples for solid-state NMR spectroscopic
analysis were not readily obtained. However, solution-state NMR
spectroscopic analysis of the soluble portions (in CDCl3) indicated
the formation of multi-component mixtures comprising individual
molecules of monomeric and polymeric acrylic, oligomeric PPE and
BPO. This suggests that the insoluble portions are more complex
and likely to be copolymeric or cross-linked acrylic/PPE species
while retaining reshapability with applied heat and pressure after
in-situ polymerisation. These findings open up new opportunities
for scalable and low-temperature fabrication of thermoplastic
amorphous hybrid-matrix composites with tailored properties for
a wide range of practical applications. Finally, while this work
demonstrated positive hybridisation effects using only glass fibres,
we believe that the insights presented herein should be applicable
to other appropriately sized fibre systems (for the base reactive
acrylic resin).
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