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ARTICLE INFO ABSTRACT

Keywords: Despite their ecological superiority and competitive thermo-mechanical performance compared to petrochemical
Material's engineering matrices, furan resins based on poly(furfuryl alcohol) (PFA) have so far played a minor role in composite ap-
Composites plications. This is due to a demanding manufacturing process, which involves long curing cycles and specialized
Fiber reinforced plastics . f . £ 1 d . d 1 . hi Kk 1 .

Polymers equipment for removing water from polycondensation to produce low-porosity parts. This work employs resin
Renewable feedstock pre-curing (B-staging) to tailor PFA bio-resin properties for prepreg applications, while reducing the porosity in a
Processing fully cured state. A PFA prepolymer with a bio-content of 98 wt% was synthesized before heat treatments were

applied for B-staging and final curing of the acid-catalyzed prepreg resin. The influences on viscosity, resin
reactivity and chemistry, molecular weight, volatile separation, density, and porosity were investigated. It was
found that an isothermal 120-minute B-staging procedure at 60 °C resulted in rheological behavior matching the
processing properties of commercial, aerospace-grade epoxy prepregs. It was demonstrated that B-staging re-
duces volatile separation and associated void formation in the final curing step. Fully cured PFA samples with a
porosity of less than 3 % could be produced employing short curing cycles. The findings advance the under-
standing of sustainable lightweight materials by tailoring PFA resins as potential polymer matrices for bio-

prepregs.

1. Introduction

Sustainability concerns and increasing regulatory pressure put on
industries, along with a declining supply security of petrochemical-
based precursors, have substantially raised the interest of bio-based
thermoset resins for advanced composite manufacturing [1,2].
Comprehensive life cycle assessments (LCA) demonstrated that com-
posite materials made from renewable feedstock can reduce the carbon
footprint of individual applications in various industries such as aviation
[3], automotive [4] and marine [5]. The ecological benefits, however,
are heavily affected and may even be nullified by aspects related to
inferior and fluctuating properties, required energy consumption, and
land use [6]. With respect to the latter, dedicated land cultivation may
be critical due to an inevitable competition with land use for food pro-
duction [7]. A potential solution to this dilemma is to utilize agricultural
waste from food production to source biomass for green chemicals.

One relevant representative of this approach is furfural, a platform
compound which is produced from lignocellulosic biomass, e.g., sugar-
cane bagasse, rice husk or corn cobs, and can be synthesized into furfuryl
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alcohol (FA) by hydrogenation [8]. Driven by pioneer work on fur-
anchemistry conducted by Dunlop and Peters in mid-20th century [9],
FA was found to be able to self-polymerize into a dark viscous liquid
(furan resin) and to eventually form a solid thermoset polymer network
upon final cure. The condensation reaction to polyfurfuryl alcohol (PFA)
is promoted by heat, acidic catalysts, alumina, and others [10] and has
been studied extensively as recently reviewed by Iroegbu and Ray [11].
The authors emphasize that despite the high research effort, the complex
resinification process including linear chain growth by dehydration,
color changes by abstraction of hydride ions and network formation by
Diehls-Alder reaction is yet to be fully understood.

Today, PFA resins are mainly used in foundry as binders for sand
casting [12] and, with less industrial relevance, for wood preservation
[13] and improved chemical resistance of concrete [14]. For load-
bearing composite applications, the most utilized commercially avail-
able PFA in academic research is most likely the Furolite® resin by
Transfuran Chemicals, Belgium which has been used in several studies
on cure kinetics and chemistry [15-18] as well as composite
manufacturing and performance [19,20]. Meanwhile, a handful of
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commercial PFA-based prepreg systems is available from material sup-
pliers including Mitsubishi Chemicals, Simcas Composites, and SHD
Composites. These prepregs are delivered in a pre-cured state (B-stage)
which serves the purpose of adjusting processing properties such as tack
and drape as well as reducing resin bleed during cure, respectively [21].
However, despite their competitive thermo-mechanical properties [22]
and excellent fire, smoke, toxicity (FST) characteristics [23], which
make PFA resins a potential substitute for phenolics, a widespread use in
the composites industry is still pending.

The main technological challenges hindering the widespread indus-
trial use of PFA resins in composite materials are related to the afore-
mentioned polycondensation reaction. During the linear chain growth
condensation reaction, a total of up to 1 mol water per 1 mol FA is
produced in theory [24] equaling 18.4 wt% of chemical water to be
discharged. The water will evaporate at high cure temperatures leading
to massive void formation and porosity which reduces the mechanical
part performance. For their comprehensive review article on PFA com-
posites, Odiyi et al. [25] concluded that long step-wise curing cycles of
up to 96 h are often applied to suppress void formation to the detriment
of economic efficiency. The lengthy manufacturing process cycles have
been a significant drawback that has limited the industrial scaling. Other
porosity mitigation strategies were proposed, e.g., repeated ventilation
in molding processes or double vacuum bag technology [26]. However,
these techniques require either additional process steps or more so-
phisticated manufacturing equipment making PFA composites less
attractive for cost-sensitive applications. In an effort to overcome the
porosity issue, Resch-Fauster et al. [27] investigated the potential of
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natural fibers to absorb water produced upon curing a commercial PFA
resin. A significant porosity reduction within the manufactured com-
posites was achieved when using highly hydrophobic fibers even for
short and high-temperature curing cycles. To the best of the authors’
knowledge, no research has yet been conducted that addresses the
porosity issue of PFA resins specifically tailored for prepregs.
Therefore, the objective of the present study is to investigate cure-
related water separation and void formation of PFA resins with a view
to their utilization as prepreg matrices for advanced composite
manufacturing. It is hypothesized that purposive pre-curing (B-staging)
of the matrix component can reduce the release of water and other
volatiles to such an extent that components with reduced porosity can be
produced within short cure cycles. Therefore, a FA-based prepolymer is
synthesized and pre-cured into different B-stages by applying isothermal
temperature profiles. Changes in rheology are monitored to obtain in-
sights into the resin processing properties. Water release and cure ki-
netics are studied employing thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The combination of methods
enables simultaneous tracking water evaporation and PFA cure pro-
gression as well as considering the volatile weight loss. Finally, the
success of part quality improvement through B-staging is evaluated by
investigating the porosity of cured PFA samples via microscopy. Despite
aiming for prepreg applications in the long run, all experiments of the
study are carried out on neat resin without reinforcement fibers. It is
reasoned that for porosity investigation, absence of fibers helps to set
aside the effects of mechanical entrapment, interface between resin and
fibers, and chemical agents that may be present on the fibers [28].
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Fig. 1. Synthesis, processing route and main reaction schemes of poly(furfuryl alcohol)-based prepreg resin.
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2. Materials

For furan resin synthesis, furfuryl alcohol (FA, 98.5 %,
98.10 g mol 1), maleic anhydride (MA, 99 %, 98.06 g mol 1), p-tolue-
nesulfonic acid monohydrate (pTSA, 98.5%, 190.22 gmol ') and
deionized water, 18.02 g mol 1) were purchased from Merck, Germany.
All chemicals were used as received. The steps, which were involved in
the resin preparation process and are described in the following sec-
tions 2.1 to section 2.3, can be followed according to Fig. 1.

2.1. Polyfurfuryl alcohol (PFA) prepolymer synthesis

In a first step, a prepolymer based on polymerized furfuryl alcohol
(polyfurfuryl alcohol, PFA) was synthesized according to the procedure
described by Wewerka et al. [29]. Therefore, 0.26 g of MA were dis-
solved in 53.4 g of deionized water and added to 150 g of FA in a 250 ml
two-neck flask. The solution was refluxed at 92 °C for 60 min under
rigorous stirring to advance the polymerization reaction. The initially
light-yellow liquid turned into the furan resin-specific dark brown color
within the first 10 min of synthesis. Shortly after, the solubility limit was
reached indicated by a phase separation between the dark resin and a
top layer of water and unreacted FA. From this point on, the resin vis-
cosity visibly increased as a function of reaction time. After 60 min of
prepolymerization, the synthesis product was cooled down before
decanting the top layer of water and unreacted FA. Remaining low
molecular weight fractions were removed by rotatory evaporation at
50 °C for 60 min. The prepolymer at this stage had a PH of 1.9. Opposing
to Wewerka’s original procedure, the resin was not PH-neutralized by
adding sodium hydroxide as no further increase in viscosity was
measured via rheometry even after two weeks of ambient exposure.
Despite showing minimal reactivity at room temperature, the prepol-
ymer was stored at —18 °C until further processing.

2.2. Catalyzed resin (A-stage)

In order to prepare the final reactive one-pot resin that can be used
for prepreg production, the prepolymer was defrosted and heated to
room temperature. 2 wt% of pTSA were used as a catalyst and added to
the prepolymer in form of a 25 % solution in deionized water under
mechanical stirring. The amount of acid catalyst was determined based
on preliminary tests on the observed resin reactivity. The catalyzed resin
was degassed for 5 min at room temperature before further usage and
will be referred to as ‘A-stage’ resin in the following.

2.3. Pre-cured (B-stage) and fully cured (C-stage) prepreg resins

Pre-curing (B-staging) and full curing (C-staging) were performed on
the catalyzed A-stage resin of section 2.2 by applying consecutive heat
treatments as shown in Fig. 2. For B-staging, five alternative isothermal
temperature steps between 50 and 90 °C were employed in order to
create different pre-curing states while the dwell time was kept constant
at 120 min. For subsequent full curing, three 30-minute isothermal steps
were set at 90, 120 and 150 °C (Fig. 2, isothermal cycle). In an effort to
isolate the impact of B-staging, direct curing cycles from A to C-stage
were applied as reference measurements in absence of a preceding B-
staging. Additional dynamic temperature sweeps from room tempera-
ture to 300 °C at 5 K min~! were carried out to set a benchmark for a
maximum high-temperature curing state (Fig. 2, dynamic cycle). All
heating and cooling ramps between isothermal dwells were run at

5K min~.

3. Methods
3.1. Rheology

Viscoelastic characterization of neat PFA prepolymer and pTSA-
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Fig. 2. B-staging and curing cycles for pTSA-catalyzed PFA resins.

catalyzed resin was performed as oscillatory rheometry (Malvern Kine-
xus Ultra+ ). A constant normal force of 0 N was chosen over a constant
gap due to curing-related water evaporation and shrinkage during
measurement while running a plate-plate configuration of 40 mm
diameter. The complex viscosity n*, viscoelastic storage modulus G’ and
loss modulus G” as well as the corresponding loss factor tan § were
measured. Temperature and isothermal time sweeps were carried out in
accordance with the curing cycles presented in section 2.3. For
isothermal dwell, the gel times of catalyzed resin were determined at the
crossover point of G’ and G” equaling a tan § of 1.

3.2. Thermogravimetric analysis (TGA)

TGA (TA Instruments Q500) was applied to monitor the relative
amount of evaporated water which is produced as a byproduct of
polycondensation and can be used as a measure of cure progression for
linear chain growth. In an effort to create equal cure conditions as for
DSC, 10 + 0.5 mg of pTSA-catalyzed prepolymer were transferred to
aluminum DSC crucibles with a pierced lid. In addition to the basic
weight loss information, derivative thermography (DTG) graphs were
constructed which show the rate of mass change pinpointing the tem-
perature of maximum conversion. Mass loss by TGA was monitored
while applying the B-staging and curing cycles outlined in section 2.3.
Purge flows were set at 60 ml of synthetic air during heating and 60 ml
of Ny for cooling.

3.3. Differential scanning calorimetry (DSC)

Modulated DSC (Netzsch DSC 204 F1 Phoenix) was used to monitor
the cure progression of the pTSA-catalyzed PFA prepolymer. In addition
to the aforementioned cure cycles, dynamic temperature profiles of 1, 2,
5 and 10 K min~! between —50 and 300 °C were run. The modulation
period was set at 60 s while the amplitude was adjusted to the heating
rates in such a way that cooling (heat-iso) was excluded. The degree of
(pre)cure (DoC) from B-staging was calculated as the enthalpy ratio
between both B-staged and fresh resin.

10 £ 0.5 g of PFA were analyzed in aluminum pans with pierced lids
to enable water evaporation analogous to TGA. Other than standard DSC
analysis of phenolics utilizing sealed high-pressure crucibles, evapora-
tion was permitted in this study to emulate the curing process during
composite manufacturing. As the water from polycondensation is
continuously split off, the weight of the sample is reduced leading to
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falsified specific enthalpies. Therefore, the time- and temperature-
dependent enthalpies are adjusted by using the corresponding mass
data from TGA.

3.4. Gel permeation chromatography (GPC)

GPC (Malvern Viscotek GPCmax VE2001) was performed to examine
the evolution of the molecular weight of the PFA resins throughout B-
staging. Resin samples were pre-cured at 60 °C for 0, 15, 30, 60 and
120 min, then were dissolved in tetrahydrofuran (THF). The sample
cured for 120 min did not fully dissolve in THF so that only the dissolved
part was analyzed. Three columns connected in series were used
including a pre-column TGuard Organic Guard Column (10e4.6 mm)
and two mixed bed separation columns LT3000L (3008 mm). Elution
was monitored with a Malvern Viscotek TDA 305 refractive index (RI)-
and viscosity detector. The flow rate was set to 1 ml min~! and 100 yl
were injected at a temperature of 35 °C.

3.5. Fourier Transform infrared spectroscopy (FTIR)

FTIR (Bruker Tensor II) spectra of A- and B-stage resins were ac-
quired in attenuated total reflectance (ATR) using the MIRacle™ Single
Reflection Horizonal ATR accessory (PIKE Technologies). The mea-
surements were conducted at a spectral resolution of 2 cm™L. Four
sample spectra were averaged in the mid-infrared (MIR) range from
4000 to 400 cm ™! and cut at 630 cm ™. Prior to each experimental run,
40 background spectra were recorded from the ambient atmosphere
within the sample chamber. The processing of raw data included base-
line correction using the concave rubberband method with five itera-
tions. Normalization was performed on the furan ring C=C stretching
peak at 1505 cm ™! which is considered chemically invariant during the
B-staging process due to its high stability across different polymerization
stages.

3.6. Porosity determination of cured PFA resin samples

In order to quantify porosity induced by water release upon cure,
catalyzed PFA was cured in test tubes and analyzed by light microscopy
following the procedure shown in Fig. 3. Therefore, both A-stage resins
catalyzed by pTSA and B-stage resins were thoroughly stirred and
transferred to test tubes with a sample size of 4 g. The resins were
subjected to the temperature profiles in a programmable oven at at-
mospheric pressure. After cure, the glass test tubes were carefully
smashed before grinding the cured resin columns to gain flat coin-like

Z a Test tube

PFA resin

Cross section
A-A

10
— = S _ o O
o°nn0
. nOO OD
U Porosity @ =
LN Q

Fig. 3. Sample preparation for the determination of cured resin porosity by
microscopy. Illustration not to scale.
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specimens.

The porous surfaces were analyzed by light microscopy using a
Keyence VHX-6000 in combination with a Keyence VH-Z100R universal
zoom lens (100x to 1000x). Images were taken at 100x, stitched and
converted to 8-bit greyscale before defining a threshold to highlight and
measure porosity. The area occupied by pores was set in relation to the
total surface area giving a porosity value ®. The procedure was repeated
for every sample at three different depths (Fig. 3, left) to calculate a
mean value representative of the cured sample. Furthermore, the density
was determined via Archimedes’ principle by using water as the im-
mersion fluid and a density determination kit attached to a Mettler
Toledo AT261 microscale.

4. Results
4.1. A-stage PFA resin

The rheological behavior determines the PFA resin’s processing and
prepregging properties and will be examined in the following. It also
provides information on the success of B-staging when being compared
to commercial prepregs. The complex viscosities of PFA prepolymer and
pTSA-catalyzed resin are plotted as a function of temperature in Fig. 4.
The initial room temperature viscosity of synthesized PFA prepolymer
was 2.5 Pa s which fell into the same range as the ~ 7 Pa s reported by
[17] for a commercial PFA resin. In contrast, it was significantly lower
than 150 Pa s measured in another study [30] after following the same
PFA synthesis route. The increased viscosity may have originated from
higher temperatures and longer dwell times in the rotational evaporator.
In the further course of the prepolymer graph (Fig. 4), 50 mPa s were
reached at 90 °C without indication of an onset of cross-linking.

The catalyzed PFA resin in A-stage showed similar rheological
behavior in the low-temperature regime. However, the curve had a
slightly more erratic trajectory, which was most likely due to phase
separation of the water-containing acid catalyst. Within the mid-
temperature range, curing-related solidification began to exceed the
temperature-induced viscosity reduction eventually leading to forma-
tion of a gel. The minimum viscosity of the A-stage resin was found to be
close to 100 mPa s at 60 °C for the investigated rate ramp of 5 K min "
Meanwhile, the viscosity of the prepolymer steadily decreased to
60 mPas, approaching the lower temperature-dependent limit. At this
stage, the catalyzed resin viscosity appeared to be low enough to achieve
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Fig. 4. Viscosities of PFA prepolymer and catalyzed PFA resin (A-stage) sub-
jected to 5 K min~! temperature sweeps.
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adequate impregnation during resin infusion and prepregging processes,
respectively.

Since the curve indicated an onset of cure in this temperature range,
processing may be compromised by the risk of pre-mature gelation. As a
consequence, the temperature-dependent gel times tge; Were assessed by
applying isothermal cure profiles in form the G’-G” crossover as shown
in Fig. 5. As expected, the gel times decreased rapidly as a function of
cure temperature. For cure temperatures of 70 °C and beyond, a limit
value of about 15 min was reached. Note that the gel times included a
heating period from room temperature at 5 K min~! which took at least
10 min to reach target temperatures of > 70 °C. Hence, the gel times in
this instance did not approach zero for very high temperatures. Based on
the findings, a prepregging temperature around 50 °C to produce PFA
prepregs is recommended. At this temperature level, the viscosity of ~
100 mPas will facilitate void-free impregnation while maintaining a
conveniently long processing window of more than two hours.

4.2. B-staging (pre-curing)

B-staging of prepregs is commonly performed to increase resin vis-
cosity giving the prepreg favorable processing characteristics including
tack and drape, while reducing resin bleed. As desirable viscosity levels
for prepregs are well-known for established prepreg systems based on
epoxy, the aim was to replicate those viscosities for PFA resins. In an
effort to identify heat treatments leading there, isothermal temperature
profiles were applied on A-stage resins for 120 min - the same as used
for the determination of gel times (Fig. 5).

4.2.1. Rheological effects of pre-curing

Fig. 6 shows the progression of viscosity for isothermal B-staging
between 50 and 90 °C. After the heating-related viscosity drop, the
viscosities increased as a result of cure progression. The graphs were
indicative of temperature-specific viscosity limits which both increased
and were approached quicker for higher temperatures. For all dwells,
the limit values, however, were not reached within the tested 120 min
yet. Instead, the viscosities of the B-staged resins ranged between
10%Pas (50 °C) and 510 Pa s (90 °C) at the corresponding tempera-
tures. High temperature B-staging at 80 °C and especially 90 °C was
linked to fluctuation in the graph which may be the result of volatile
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Fig. 5. Gel times of catalyzed PFA resins (A-stage). The displayed gel times

include the durations of heating from room temperature to target temperature

at 5 K min~%.
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Fig. 6. Viscosity evolution of PFA resin during isothermal B-staging.

bubbles that were hindered to dissipate at high viscosities.

Additional temperature sweeps, which were performed by cooling at
5Kmin ! immediately after B-staging, yielded the rheological data
presented in Fig. 7. The sweeps represented the processing-relevant
temperature range, e.g., for automated prepreg lay-up processes such
as AFP, between room temperature and the respective B-staging tem-
peratures. The PFA resins pre-cured at 70, 80 and 90 °C reached high
room temperature viscosities of up to 1.510° Pas. Surprisingly, inde-
pendence of viscosity from temperature was observed here for lower
temperatures. The storage moduli G’ plotted on the right-hand side of
the graph followed the same trends. While B-staging at 50 °C led to
relatively low viscosities, the rheological data of PFA resin pre-cured at
60 °C very accurately replicated the data of an aero-space grade, epoxy-
based prepreg resin (Hexcel’s 8552, black lines) that was characterized
previously [31]. A viscosity of 10* Pa s and a corresponding G’ of 10° Pa
were found at temperatures between 35 and 40 °C — a temperature range
which has repeatedly been demonstrated to result in a favorable
maximum of tackiness for both epoxy [32,33] and phenolic prepregs
[34]. Furthermore, the Dahlquist criterion (G’ < 3¢10° Pa) was satisfied
which is prerequisite for tack of pressure sensitive applications and has
been proven to be applicable to prepregs in a similar manner. With a
view to drapability at room temperature, the B-staged resin films did not
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5 \ 90°C PFA
| 105 £ I
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= 107 ¢ =
= f 3
2 &
> 10 )
10° ¢ g
102 ; ; — 103
20 35 50 65 80
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Fig. 7. Temperature-dependent viscosity and storage modulus of pTSA-
catalyzed PFA prepreg resin after 2h of B-staging at 50, 60, 70, 80 and
90 °C. Rheological data of a commercial epoxy prepreg resin [31] was added
in black.
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flow but subjectively appeared flexible enough for further processing.
From this perspective, pre-curing the investigated PFA prepreg resin at
60 °C has the potential to yield advantageous processing characteristics
such as tack and drape which will be investigated in future research
endeavors.

Comparing the rheological results to data sheets provided by mate-
rial manufacturers for commercial PFA prepregs revealed that the resins
studied here were generally more viscous. Two commercial prepregs, i.
e., Mitsubishi’s CP103 and Simcas composite’s PFC502 were specified
with a rather low viscosity of 5 Pa s at 50 °C. However, no information
was given as to whether this value applies to A-stage or B-stage prepreg
resin. The low value suggested the latter. SHD composite’s PFA prepregs
FR30 (300 Pa s) and PS200 (200 Pa s), however, ranged between resins
that were B-staged at 50 °C and 60 °C for 120 min.

4.2.2. Volatiles separation

In addition to tailoring processing properties, it was hypothesized
that B-staging also reduces void formation upon final curing, since a
significant amount of water by-product from polycondensation has
already been produced and discharged during pre-curing. Therefore, the
portion of volatiles split off during B-staging and final cure was moni-
tored by TGA.

Fig. 8 displays the relative weight loss and loss rates that is the de-
rivative of weight loss over time (isothermal A-stage to B-stage and
dynamic B-stage to C-stage) as well as the derivative of weight loss over
temperature (dynamic B-stage to C-stage). Table 1 provides the most
important corresponding data that can be read from the graphs. The loss
rates of all B-staging procedures shown in the left graphs started to in-
crease rapidly during heating before reaching the maxima as soon as the
target temperatures had been adjusted. Especially in the low tempera-
ture regime, the weight loss was attributed to evaporating water that
had either been present in the resin initially or was formed as the
byproduct of polycondensation. The maximum rate decreased as a
function of temperature from 0.581 + 0.099 wt% min~' at 70 °C to
0.309 + 0.065 wt% min~! at 50 °C. Variations between the high tem-
perature levels involved no significant influence on the loss rate. It was
still found that the weight loss after 120 min of pre-curing steadily
increased for higher temperatures as shown in Fig. 9a. The range
covered mass losses between 8.18 + 0.35 wt% for 50 °C and 12.94 +
1.34 wt% which resulted in an average increase in weight loss of 1.2 wt
% per 10 °C pre-curing temperature. Analogous to the observations
made during the rheological analysis in section 4.2.1, irregularities in
the high temperature curves were present. This was due to bubbles that
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formed as water from polycondensation could not dissipate quick
enough through diffusion and evaporation.

If the B-staged resins were subsequently exposed to dynamic tem-
perature profiles, the weight loss curves converged in a narrow corridor
of 17.16 + 1.15 % weight loss as displayed in the right graph of Fig. 8.
Only a minimal linear upwards trend in the final volatile loss was found
when plotting the data as a function of B-staging temperature (Fig. 9b).
This finding implicates that the B-staging procedure had significant in-
fluence on the intermediate prepreg resin properties but a similar state
was eventually be reached after C-staging as far as the volatile weight
loss was concerned. The loss rate did not fully return to zero towards the
end of the cure cycle which indicated further diffusion of volatiles out of
the cured resin at higher temperatures. At this stage, the TGA curve
might also have been influenced by an overlap of initiated decomposi-
tion. Guigo et al. studied the thermal degradation behavior of cured,
MA-catalyzed PFA resins and found the onset to be between 250 and
300 °C and the decomposition temperature (initial 10 % of weight loss)
to be 340 °C [35].

As stated before, the maximum loss rates during B-staging increased
as a function of temperature up to 70 °C before becoming independent
from temperature (Fig. 9¢). During full curing (Fig. 9d), however, the
opposite trend could be observed: The higher the B-staging temperature,
the fewer unreacted species were available for the chain growth and
cross-linking reaction during C-staging. As a consequence, less water-
byproduct was produced upon final cure which may result in lower
resin porosity and higher part quality. This hypothesis will be explored
in detail in section 4.3.2 by examining the cure-related void formation in
neat PFA resin. Furthermore, it was mainly indicative of the linear chain
growth and did not uncover crosslinking because no volatiles were split
off during the Diehls-Alder reaction which was reported to be respon-
sible for PFA network formation [36]. Therefore, additional DSC mea-
surements were conducted using the same temperature profiles and
identical sample preparation.

4.2.3. Pre-curing monitored via DSC, GPC and FTIR

Table 2 displays the final cure enthalpies released by fresh and B-
staged PFA resins throughout a 5 K min~' temperature ramp to 300 °C.
Fresh PFA released 130 J g~* which was lower than the 165-222 J g~}
(depending on heating rate) reported by [16] for the commercial
Furolite® PFA resin, cured with a comparable amount of pTSA. Analo-
gously, the authors reported a lower peak reactivity temperature of ~
90 °C compared to this study’s 102 °C indicating higher reactivity. The
discrepancy most likely originated from differences in the level of

A-stage Variable, isothermal B-staging B-stage Full curing to 300°C (5 K min™) C-stage
' 0.60 100 ¥ ! 0.60 T 0.12
045 | o5 | oas 4009
S o8 | ] ']y
5 I = E [ ] E ] -
Z [ N - L , S ?§
2 L 030 = B 90 | + 030 % 4+ 006"
= L -~ = g ; _—_
| £ C J 4 =
FE 4 P R S
85 43 Y 015 ° 85 w7 015 4 0.03
§H ]
80 £ g0 — 1y Lo
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Fig. 8. TGA results of catalyzed PFA resin: volatile weight loss and corresponding loss rates for isothermal B-staging procedures carried out at different temperatures
(50, 60, 70, 80 and 90 °C, left) and subsequent dynamic full cure cycles (5 K min’l, right).
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Table 1

TGA data for B-staging and C-staging of catalyzed PFA resin. Dynamic temperature profiles and heating between isothermal plateaus were performed at 5 K min™".
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1

A-stage to B-stage (B-staging)

B-stage to C-stage (Full cure)

Cure Max. rate[wt% Temperature at max. rate Weight loss [wt  Cure cycle Max. rate [wt% Temperature at max. rate Weight loss [wt

cycle min~1] [°C] %] min~] [°C] %]

50°C,2h  0.309 + 0.065 50.2 8.18 + 0.35 20 to 300 °C, 0.466 + 0.035 142.6 17.67 £+ 0.36
5K min !

60°C,2h  0.438 + 0.042 60.4 9.48 £ 0.72 20 to 300 °C, 0.380 + 0.032 144.5 17.72 £ 0.72
5K min !

70°C,2h  0.581 + 0.099 70.5 10.40 + 1.02 20 to 300 °C, 0.351 + 0.044 144.5 17.97 £ 0.74
5K min !

80°C,2h 0.557 + 0.079 80.6 11.41 + 0.80 20 to 300 °C, 0.249 + 0.057 144.6 18.13 £+ 0.90
5Kmin~*

90°C,2h  0.568 + 0.123 90.6 12.94 + 1.34 20 to 300 °C, 0.177 + 0.041 150.5 18.31 + 0.64
5K min~!

- - - - 90, 120, 150 °C a 0.683 + 0.126 90.4 15.58 + 0.44
30 min

60°C,2h 0.443 + 0.051 60.5 9.88 + 0.84 90, 120, 150 °C a4 0.110 £+ 0.029 120.2 16.02 + 0.48
30 min

After B-staging After Full curing
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Fig. 9. Weight loss (a, ¢) and maximum weight loss rate (b, d) as a function of
B-staging temperature after pre-cure (B-stage, left) and full cure (C-stage, right).

Table 2

Pre-cure degrees (DoC) of PFA resins after variable temperature B-staging pro-
cedures calculated from DSC data. DSC enthalpies were used relative to the
initial sample weight (left) and adjusted to the TGA weight loss (right).

Constant sample weight Weight-adjusted by TGA

B-staging Enthalpy DoC [%] Enthalpy DoC [%]
gl e

Fresh 130.0 0 143.6 0

50 °C 113.7 12.5 130.6 9.1

60 °C 84.1 35.3 97.3 32.2

70 °C 69.6 46.5 81.1 43.5

80°C 61.5 52.7 72.1 49.7

90 °C 34.2 73.7 40.5 71.8

prepolymerization and/or in the methodology of analyzing the DSC
data. Odiyi et al. [37] measured 273 J g~! for commercial PFA prepregs
when being exposed to a dynamic temperature profile of 5K min. In
another study [38], very high exothermic enthalpies for isothermal
curing of up to 700 J g~! were reported that can be explained as follows:

Sealed pans were used to eliminate endothermic volatile evaporation
and, particularly, PFA was polymerized and cured in-situ from FA and
acid instead of synthesizing a prepolymer beforehand. From this insight,
it could be deduced that the greater part of the exothermic reaction was
already taking place during prepolymer synthesis.

As the present study is the first in literature to examine B-staging of
PFA, there was only data from the petrochemical pendant of PFA,
phenolic resin, to compare to. Gupta et al. [39] found the residual heat
of B-staged phenolic resin to be as low as 35.2 J g~ Szpoganicz et al.
[34] reported a DSC exothermic enthalpy of 96 J g1 corresponding to a
pre-curing of 36 % which was close to the PFA values at 97.3 J g~! and
32.2 %.

As expected due to the mass loss, the weight-adjusted enthalpies of
Table 2 were consistently higher than the original DSC enthalpies which
were determined for a constant initial sample weight. The adjusted de-
gree of pre-cure from B-staging was found to be 2-3 % lower. The
following results relate to the TGA-adjusted DSC data. 0 % DoC relate to
the catalyzed A-stage PFA resin right after prepolymerization.
Comparing the rheological data of B-staged PFA to a commercial epoxy-
based prepreg resin had already revealed that after 2 h of B-staging at
60 °C, similar temperature-dependent viscosities and storage moduli
could be observed. According to Table 2, the corresponding degree of
pre-cure amounted to 32.2 % for PFA. This value ranked in the middle of
the range proposed as optimal for phenolic prepregs in terms of tack and
flow properties [40]. It was also in accordance with findings for epoxy-
based prepregs of 30 % DoC, which in this condition allowed the prepreg
to be deformed during lay-up, exhibits little residual stress after shearing
and has high adhesive tack strength with a metallic tool surface [41].

The curing progress, as explored by DSC, was also evident in the
evaluation of the GPC chromatograms presented in Fig. 10. Here, the
refractive index as the detector response was plotted as a function of
retention time. The data were not calibrated against polystyrene as
different hydrodynamic behavior per molecular weight was expected
due to fundamental differences in the molecular structure (linear vs.
branched and cross-linked). Nevertheless, a significant shift towards
higher hydrodynamic volume could be observed as B-staging pro-
gressed. At the same time, the initially large peaks at high retention
volumes (monomer and oligomer fractions) progressively decreased
indicating cure progression by linear chain growth and cross-linking.
Peak expansion was observed that was representative of a broad size
distribution in the B-stage, particularly in the highly pre-cured samples.
Analyzing the PFA prepolymer and catalyzed but not pre-cured A-stage
resin (0 min) resulted in close to identical curves. It can therefore be
concluded that pTSA catalysis apparently did not immediately trigger
curing at room temperature which is to be regarded positive in terms of
room temperature storability for prepreg applications.

In an effort to explore the changes in the molecular fingerprint, FTIR
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Fig. 10. GPC chromatograms of PFA prepolymer and resins B-staged at 60 °C for different time spans.

spectroscopy was employed on catalyzed resin samples throughout the
60 °C B-staging procedure. Fig. 11 shows the absorbance spectra in the
mid-infrared range between 500 and 4000 cm™!. The spectra were in
good agreement with those from previous FTIR studies on PFA poly-
merization [18,36,42] as most recorded absorption bands could be
attributed to the characteristic molecular vibrations. Within the FTIR
high-wavenumber region of 3200-3600cm™', the influence of
increasing B-staging times did not result in a clear trend with respect to
the presence of void-inducing water. Reasons are that there are at least
three contributors affecting this region, namely residual alcohol O-H
from furfuryl alcohol, hydrogen-bonded hydroxyl groups in partially
reacted polymer, and water. During polymerization, O-H groups of FA
and partially reacted PFA were constantly consumed while water was
produced — two mechanisms which contributed to the formation of the
broad peak in opposite ways. However, the highest absorbance was
recorded for 120-min B-staged PFA (dark blue line) indicating the
highest amount of unevaporated water and an incomplete thermosetting
process. This peak is not expected to be present any longer in the
spectrum of fully cured PFA.

Moving to lower wavenumbers, two distinct peaks began to form
following long pre-curing at 2850 and 2920 cm™! representing the
symmetric and asymmetric aliphatic methylene bridges between furan
rings and are, therefore, indicative of crosslinking. A substantial in-
crease relative to the initial monomer spectrum was recorded for B-
staging times of 60 and 120 min, respectively. Another indicator cross-
linking progress was the broadening of the aromatic C=C band region
(1510-1560 cm™1), resulting from increased disorder and conjugation.
The intensification of the peak at 1560 cm ™! as part of 2,5-disubstituted

furan rings also suggested the progressing development of the polymeric
network. A further distinctive peak, which increased as a function of B-
staging time, could be observed at 1715 cm ™! at the carbonyl (C=0)
stretching vibration that is not intrinsically contained in FA. Its presence
indicated ring opening under highly acidic conditions, though it may
also have been affected by oxidative degradation. The fact that this peak
was already observed in the A-stage resin (0 min) is evidence to suggest
that at a certain degree of network was already present in the prepol-
ymer state.

General difficulties arose when attempting to make precise mecha-
nistic claims in the fingerprint region due to the complexity of molecular
vibrations. E.g., the loss of alcohol functionality, which represents
monomer consumption in the region around 1012 cm’l, (C-O stretch of
—CH,0H) was not significant contrary to expectations. Either the pro-
portion of unreacted FA was similarly low in all samples, or the results
were influenced by measurement distortions related to normalization,
ATR contact pressure sensitivity, surface composition, or penetration
depth.

4.3. Isothermally full-cured resins (C-stage)

Industry-standard curing cycles for composite manufacturing from
prepregs typically include two or more consecutive isothermal steps to
control excessive exothermic reactions and/or potential resin bleed.
Therefore, a curing cycle between 90 °C and 150 °C was proposed
featuring stepwise temperature increases of 30 °C and dwell times of
30 min. It was applied to the processing-optimized B-stage resin pre-
cured at 60 °C and to the catalyzed A-stage resin (reference).
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Fig. 11. FTIR spectra of PFA resins B-staged at 60 °C for different time spans.
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4.3.1. Impact of preceding B-staging

In Fig. 12, a comparison between fresh (black) and B-staged (60 °C,
orange) PFA resin was drawn in terms of volatile weight loss during the
step-wise curing cycle outlined above. The corresponding numerical
data is given in the last two rows of Table 1. With regard to the impact of
preceding B-staging, both weight loss curves disproportionately trended
downwards when entering the curing cycle at the 120-minute mark.
Fresh PFA quickly started releasing a significant quantity of volatiles as
soon reaching 90 °C with a peak loss rate close to 0.7 wt% min ', Both
the maximum loss rates and lost weight fractions were more than halved
for each consecutive temperature step. Meanwhile, the pre-cured PFA
lost ~ 10 wt% during B-staging — the same quantity of volatiles as fresh
resin during the first curing step but at a significantly slower rate. The
consecutive curing steps only involved weight losses of a few percent
and maximum loss rates of 0.1 wt% min_.

Ultimately, isothermal curing at temperatures up to 150 °C resulted
in a C-stage resin that suffered a total weight loss of 15.58 and 16.02 wt
%, respectively. These values were approximately 2 wt% lower than for
resins that were cured dynamically up to 300 °C. The small difference in
weight loss was attributed to residual unreacted FA which generally
evaporates at temperatures as high as 170 °C. Also, the time and tem-
perature dependent diffusion rate of other volatiles such as water could
also have contributed to the difference. Notwithstanding, the drop in
loss rate to virtually zero indicated a practically fully cured resin after
30 min at 150 °C. It was therefore assumed that the proposed curing
cycle was suitable for the manufacture of composite components. The
fact that a considerable quantity of volatiles was already discarded
throughout B-staging, porosity through void formation was expected to
decrease as a function of pre-curing. The hypothesis will be tested in the
following.

4.3.2. Porosity

The porosity of resin samples that had been B-staged and fully cured
was monitored via light microscopy of polished cross-sections. Porosity
evaluation through microscopy is known to be section-biased [43],
which means results may depend on the selection and direction of the
two-dimensional area of interest. Here, the section bias effect was
eliminated in radial direction by analyzing the whole sample cross-
section. However, it remained in axial direction of the cylindrical
specimen. Density measurement is a more global analysis method, albeit
one that is unable to differentiate locally. In an effort to gain first in-
sights into global porosity, the densities of cured PFA resins were
assessed by Archimedes’ method as shown in Fig. 13.
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Fig. 12. Comparison of volatile separation between B-staged and A-stage PFA

resins during an isothermal curing profile with consecutive 30-minute dwells at
90, 120 and 150 °C.
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Fig. 13. C-stage PFA resin densities determined via Archimedes’ principle.

The densities of low-temperature pre-cured samples were found to be
between 1.24 and 1.28 gcm™>. which was lower than the initial
1.4 g cm ™3 measured for A-stage resin in this study and reported else-
where [44]. The difference of ~ 10 wt% was significantly smaller than
the volatile weight loss measured by TGA. Consequently, a certain re-
sidual porosity of few percent was expected to be present in these
samples. For higher B-staging temperatures, a considerable decrease of
density was observed which was indicative of massive void formation
and entrapment within the resin. Samples without preceding pre-curing
showed the same level of density as samples that were pre-cured at
90 °C. On the one hand, this outcome was expected because the initial
dwell temperature matched the B-staging temperature of 90 °C. On the
other hand, the result showed that the process of void formation was
fully completed within the first 30 min at 90 °C with no further influence
of the subsequent dwell stages at 120 and 150 °C, respectively.

In an effort to characterize void formation in PFA in detail, micro-
graphs of polished resin samples were assessed following the analysis
procedure described in section 3.6. The results of porosity measurement
in combination with representative surface images are presented in
Fig. 14. In accordance with the density results of Fig. 13, low and me-
dium B-staging temperatures reproducibly led to low porosities of 2.5
(50 °C), 3.2 (60 °C), and 4.3 % (70 °C). This level of porosity was
characterized by a large number of micropores that were distributed
evenly through the resin sample in both radial and z-direction. An
average of more than 29,000 micropores were detected in the cross-
sections of 60 °C samples that measured a total area of 254 mm?. The
minimum detectable pore size was 37 um? and the average pore size was
215 um? with a very similar pore structure found in 50 °C samples. The
slightly increased overall porosity observed for 70 °C samples were due
to an increased average pore size (452 pmz) despite a lower average
amount of pores (18.000).

The corresponding pore size distributions are displayed in Fig. 15.
Few but large voids in the 70 °C samples shifted the cumulated relative
porosity towards the right-hand side of the pore size spectrum. Mean-
while, the graphs of 50 and 60 °C PFA samples showed similar trends
and did not exceed a pore size of 10* um? equaling a diameter of ~
35 pym.

The exclusive presence of micropores suggested that during B-stag-
ing between 50 and 70 °C, the water from polycondensation did not
evaporate before resin gelation. Therefore, micropores neither expanded
nor migrated at ambient pressure so that the micropores remained in
place before the resin gelled. The subsequent temperature elevation to
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Fig. 14. Influence of B-staging on the porosity (black) of fully cured PFA resins. Micrographs of macropores and foaming are representative of all samples which were

B-staged at 80 and 90 °C or cured directly.
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Fig. 15. Pore size distributions of microporous, cured PFA samples with pre-
ceding B-staging at 50, 60 and 70 °C.

90, 120 and 150 °C apparently did not influence the pore structure
during the final curing cycle. The observed formation of micropores
during low-temperature B-staging was attributed to the continuous
polymerization-induced formation of water which at some point would
no longer be soluble in the PFA resin. Pores of liquid water formed as
soon as the limit of the resin’s temperature-dependent water solubility
was reached. As the B-staging temperature was well below the ambient
pressure evaporation temperature of the involved liquids, i.e., mainly
water (100 °C), unreacted furfuryl alcohol (170 °C) and a mixture of
both (92 °C), micropores did not expand significantly due to boiling.

A different resin morphology developed for cured samples that were
either B-staged at 80/90 °C or were directly subjected to the final curing
cycle. The corresponding cross-sections shown on the right-hand side of
Fig. 14 display massive formation of macroscopic voids which measured
several square millimeters. The macropores started to form at a B-
staging temperature of 80 °C resulting in an average porosity of 38.3 %.
Pre-curing at 90 °C raised the porosity to a total level of 63.3 % while no
further increase was observed if the resins were cured directly. Here,
foam-like structures were formed which locally reached porosities of

10

more than 80 %. Accordingly, the standard deviations of ~ 15 % were
rather high due to different resin morphologies throughout the sample:
While the foam-like structures could be observed especially in the
surface-near top layers of the resin samples, denser regions were found
towards the bottom. Areas around the macropores still exhibited a
certain degree of microporosity. In a different study focusing on the
influences of initial resin viscosity, moisture and pH on void formation
in cured PFA, porosities between 5.58 and 43.26 % in combination with
average pore sizes between 9.47 and 194.30 um were reported [45]. The
DoE revealed the most crucial effects originating from moisture, fol-
lowed by the adjustment of pH by resin neutralization. Here, the aim
was the rigid control of the processing parameters for obtaining mono-
lithic vitreous carbon (MVC) rather than tailoring PFA resins for prepreg
applications.

According to the well-understood void formation and growth theory
for composites [46-48], the transition of pores from micro to macro
scale in homogenous media (without reinforcement fibers) takes place
as soon as the void pressure exceeds the hydrostatic pressure in the
surrounding resin. The liquid/vapor phase transition is linked to a
massive volume increase that is triggered by volatile boiling. Although
the boiling temperatures were not reached by the nominal temperatures
of 80 and 90 °C, respectively, exothermicity of the rapidly proceeding
reaction may have led to temporary overheating and, thus, void growth.
Higher temperatures generally lead to faster water diffusion through
thermoset resins. Water from surrounding areas accumulated in pores
quicker and favored the formation of larger pores. Furthermore, the
quick viscosity increase and resin gelation at high temperatures pre-
vented volatile bubbles from rising through the PFA and eventually
collapsing at the resin surface.

5. Conclusion and future perspectives

In this study, a thermoset bio-resin based on acid-catalyzed furfuryl
alcohol was synthesized and characterized for prepreg applications at
different stages of processing. Special emphasis was put on the B-stage
that serves as a processing-optimized intermediate state between the
initial post-synthesis (A-stage) and the fully cured (C-stage) state.
Different isothermal B-staging procedures were applied in an effort to
examine their effects on rheology, reactivity, volatile release and part
porosity. The main findings can be summarized as follows:
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— A short curing cycle of 142 min (30 min consecutive dwells at 90,
120 and 150 °C) including heating and cooling ramps was demon-
strated to produce fully cured PFA.

— Up to 18.3 wt% of the sample were split off during cure in the form of
volatiles, i.e., mainly water and unreacted FA.

— Direct curing of A-stage PFA resins led to the formation of macro
pores and a low-density, foam-like structure.

— By pre-curing to a B-stage, more than 50 % of the total volatiles could
be eliminated prematurely and were no longer be present in the resin
to form voids upon final cure.

— The combination of TGA and DSC revealed a substantial decrease in
resin reactivity upon final cure if the PFA had been B-staged
beforehand.

— As a consequence, part porosity could be reduced from a reference
value of 61.7 % to less than 3 % accompanied by full oppression of
macro voids.

— 120 min of isothermal B-staging at 60 °C resulted in rheological
characteristics that matched the data of commercial epoxy prepregs
and, hence, promised favorable processing properties such as tack
and drape.

— The degree of pre-cure after this B-staging procedure was found to be
32.2 % in relation to the A-stage. On the way there, the molecular
weight increased as a function of B-staging duration due to accretive
chain growth and network formation as monitored by FTIR.

The findings illustrate the obstacles of making acid-catalyzed PFA
resins industrially viable for bio-based composite applications. Porosity
as a result of volatiles produced from polycondensation remains a
challenge that was demonstrated to be approachable through informed
B-staging of the resin. Based on the results of this study, it is recom-
mended that a 120-minute pre-curing procedure at 60 °C be imple-
mented to improve both the processing properties of prepregs and the
quality of the resulting parts. However, both aspects will have to be
verified in future research as the study was limited to neat resin at at-
mospheric pressure. With a view to transition the resin-based findings
towards prepregs and composite components, several questions are yet
to be answered. It specifically remains to be proven that the void miti-
gation strategy by pre-curing is applicable to the conditions of com-
posites manufacturing. Here, the influences of consolidation pressure,
fiber reinforcement and laminate stacking sequence on void formation,
growth and suppression are of great interest. Furthermore, PFA prepregs
will be produced and characterized in terms of their processing prop-
erties. The temperature-dependency of processing properties including
drape and tack is crucial to enable informed process adjustment, e.g., for
automated fiber placement (AFP) or other prepreg-based processing
routes. The thermo-mechanical performance of both fully cured neat
resin and composites will be investigated for different PFA formulations
and fiber-matrix combinations at varying manufacturing cycles. In
particular, material characteristics such as stiffness, strength and frac-
ture toughness are expected to be influenced not only by voids, but also
by the formation and constitution of the polymer network.
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