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ABSTRACT
Disposal of wind turbine blades, which are generally non-biodegradable and non-recyclable
products comprised largely of fiber-reinforced thermoset polymers (FRPs), pose environmen-
tal problems when components reach end-of-service-life. Because the global wind turbine
market shows steady year-over-year growth, the need for a recycling solution for wind blade
FRPs is urgent and growing rapidly. In the present study, recyclable resins, formulated using
proprietary epoxy curing agents (CleavamineVR , Adesso), were charactered and analyzed for
processability and recyclability. Protocols for vacuum infusion processing were developed for
these recyclable resins. Secondly, laminates of glass fibers and the above epoxy matrices
were first produced then recycled, and the properties of recovered fibers were evaluated.
Matrix and laminate properties were compared to a benchmark commercial epoxy presently
used in commercial wind blades. Results showed that vacuum infusion with the recyclable
resins yielded laminates with low void contents and properties comparable to non-recyclable
commercial epoxies, and the recovered glass fibers retained surface quality comparable to
virgin fibers. Furthermore, results also showed that the recovered matrix residue can be re-
used in second-life applications, effectively completing the closed-loop recycling method in
this study.
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GRAPHICAL ABSTRACT

1. Introduction

Wind energy has grown rapidly over the past two
decades. In fact, the overall capacity of all wind tur-
bines installed worldwide by the end of 2017
reached 539,291 megawatts, according to prelimin-
ary statistics published by World Wind Energy
Association (WWEA) [1]. In 2017 alone, 52,552
megawatt was added, slightly more than in 2016,
when 51,402 megawatts went online [1]. The market
growth is expected to continue. In addition, since
the 1980s, the sizes of wind turbine blade sizes have
increased eight-fold, surpassing 100 meters in
length, harvesting green energy to meet global
demand [2]. The demand for longer blades is being
addressed by the development of lighter structures,
particularly those based on fiber-reinforced poly-
mers (FRPs). The projected lifespan of these wind
blades is roughly 20–25 years, and presently, the
only option for disposal at end-of- blade-life is to

landfill. Thus, within the next 25 years, 225,000 tons
per year of FRP-based rotor blades worldwide are
projected to reach the end of life and require dis-
posal, or preferably, recycling [3]. To prevent waste
and recover economic and environmental value, the
wind energy sector requires more efficient materials
and processing, more reliable performance, and
FRPs that are recyclable. The focus of this work is
the development of processes for such FRPs, which
offer major economic and environmental benefits.

Recent reports have described the state of the art
for reuse and recycling of composite materials
[4–17]. Recycling of thermoset composites (particu-
larly epoxies) presents a challenge due to their
highly cross-linked structures and insolubility under
mild conditions [18, 19]. While landfills remain the
least expensive option for end-of-life disposal, most
European Union (EU) member states have passed
laws in the past decade forbidding landfill disposal
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of composites [20]. In the same time period, mul-
tiple technologies have been developed to explore
the feasibility of recycling FRPs. Currently, there are
two physical recycling approaches practiced on
industrial scales: mechanical grinding [21–27] and
pyrolysis (including other thermal processes
[28–33]. The main advantage of physical recycling
methods is that composite materials comprised of
different matrix polymers and fiber reinforcements
can be accommodated by a single process, although
the matrix generally cannot be recovered. Also, long
clean fibers cannot be recovered after mechanical
grinding, limiting second-use applications. Pyrolysis
(thermal processing) is the most widely practiced
recycling process, and it is used extensively for
industrial scale recycling. However, pyrolysis
destroys polymer matrices, and fibers are often
degraded due to high-temperature treatment. Fibers
recovered from thermal processing are generally
chopped into short lengths for use in molding com-
pounds, and most of the value of the continuous
fibers is lost. Due to the limited market demand for
recycled short fibers, most composites are not being
recycled today.

To overcome the limitations of grinding and pyr-
olysis, lab-scale chemical processes have been devel-
oped to recover clean fibers (99.9% purity) with
greater than 90% strength retention [34]. For
example, supercritical fluids have received attention
because of the ability to tailor the operating condi-
tions (temperature, pressure, and volume) for spe-
cific composites. However, the severity of the
conditions and the high cost of the associated
equipment have limited development. Also, because
of the batch nature of the process, scaling presents
challenges. Recent investigations have considered
less severe conditions, although the process times
increase markedly [35–37]. The toxicity of solvents
and/or catalysts, as well as the damage to fibers and
severity of process conditions have limited present
attempts to recycle FRPs.

So far, recycling of FRPs by chemical degradation
has received only limited consideration, and chem-
ical recycling methods have not been employed on
an industrial-scale recycling due to a few conun-
drums. First, the high capital costs typically required
to achieve high temperature and pressure, as well as
the batch nature of the process, are incompatible
with large-scale deployment. Second, the solvent
and/or catalysts toxicity issues must be solved before
large-scale usage. Finally, the post-treatment meth-
ods for chemical solutions after recycling are not yet
mature. Most chemical recycling methods have
focused on amine-cured bisphenol A type epoxies
(bi-functional epoxy) [38–40], which feature rela-
tively low crosslink density and glass transition

temperature (Tg). For example, both depolymeriza-
tion (benzyl alcohol/K3PO4 at 200 �C) and acid
digestion (acetic acid/H2O2 at 110 �C) were shown
to be effective for amine-cured neat epoxy with high
crosslink density [41–43]. In contrast, the present
work attempts to demonstrate more effective chem-
ical treatments for amine/epoxy composites recy-
cling that can be performed under moderate
conditions, i.e. atmospheric pressure, moderate tem-
perature condition (80 �C and 110 �C), and a rela-
tively mild acid [44]. Catalyst usage is avoided to
simplify the recycling procedure, limit cost and
ensure safety.

If and when such a process is deployed on a large
scale for treatment of retired wind blades, the pro-
cess will yield large quantities of (mostly) continu-
ous glass and carbon fibers, as well as feedstocks for
recycled polymers [45–47]. Overall, the ability to
recycle the end-of-life wind blades will provide a
much-needed increase in the sustainability of the
energy industry. The most expedient use of recov-
ered fibers may be as fillers in molding compounds
[21, 22, 48–50]. However, industrial applications
using recycled fibers or resins are presently rare,
and there is little market “pull” for such products,
resulting in an oversupply of recovered fibers. The
situation stems from multiple factors, including (1)
performance/cost ratio relative to virgin glass fibers,
(2) fiber surface quality (sizings are typically
removed by digestion solutions), and (3) recovered
fibers lack uniformity in terms of length distribution
and organization. Thus, reaching sustainability of
FRPs requires both advances in the separation tech-
nology (to make recycling feasible on a large scale),
as well as development of markets and applications
for the recovered products.

A recyclable epoxy resin was formulated based
on a cleavable curing agent (Adesso Cleavamine)
[51–53]. The cured epoxy can be chemically sepa-
rated from fiber reinforcements and subsequently
recycled under moderate pressure and temperature
to yield small polymer molecules/segments.
Thermochemical and thermomechanical properties
of a prototype resin system were evaluated to deter-
mine in-process cure kinetics and viscosity profile.
A vacuum infusion (VI) process was demonstrated
to produce lab-scale FRP panels, from which the
mechanical properties were measured. The fibers
and matrix of prototype laminates were subse-
quently separated using an aqueous-organic mixture,
and the properties of the reclaimed fibers were
documented. The study demonstrates a viable path-
way for large-scale recycling of FRPs based on an
epoxy formulation yielding performance comparable
to those presently used in large-scale production of
wind turbine blades.
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2. Experiments

2.1. Resin formulation

The recyclable resin selected (rAFV-1005G2,
Adesso) was a two-component (mixing ratio of
100:18.6, parts by weight), low-viscosity epoxy
designed for vacuum infusion. By design, the curing
agents contained acid-labile formyl, and acetal or
ketal bonds in the molecule. Fiber-reinforced com-
posite parts produced from epoxy resins cured with
a matched curing agent (CleavamineVR ) can be dis-
solved in an aqueous-organic solvent mixture under
mild conditions, i.e. at atmospheric pressure
and T< 110 �C.

The acetal or ketal linkage in the curing agents
can be cleaved by acid hydrolysis during the dissol-
ution process to yield useful molecular products. In
the development of recyclable rAFV-1005G2 resin
for vacuum infusion processes, the curing agents
(CleavamineVR , Figure 1) were selected to yield Tg,
gel time, viscosity, and processing characteristics
suitable for wind turbine blades and FRP recycling
[51, 53].

In tests for recycling the reclaimed resin, different
weight percentages (by mass) of reclaimed resin
powder (5wt%, 10wt% and 20wt%) first were
blended with neat resin using a mixing ratio of
recyclate-to-curing agent of 100:18.6. The blend
ratio yielded a homogeneous mixture, a requisite
before proceeding with the subsequent vacuum infu-
sion process.

2.2. Thermal analysis

TGA experiments were performed to determine the
degradation temperature of epoxy samples by meas-
uring weight loss as a function of temperature. In
each TGA test, samples were heated from 30 to
350 �C at a rate of 1.5 �C/minute. From the TGA
data, the polymer degradation temperature, defined
as the temperature at which 5% sample weight loss
occurred, was determined (Td ¼ 280.4 �C). The
measured Td set an upper limit for further calori-
metric tests.

The cure kinetics of the resin were determined
using modulated differential scanning calorimetry
(MDSC), employing both isothermal and dynamic
measurements (TA Instruments Q2000 DSC, New
Castle, DE). MDSC yields accurate heat capacity
measurements with a single experiment and allows
separation of the total heat flow into reversing and
nonreversing heat flow components [54–57]. Both
isothermal and dynamic measurements were per-
formed to measure the degree of cure (DoC).

The MDSC measurements were performed under
a constant flow of nitrogen (50mL/min). Prior to
each DSC scan, the uncured sample (7–20mg) was
sealed in a pan, placed in the DSC cell, and pre-
cooled to �40 �C. For dynamic MDSC measure-
ments, the DSC cell was subsequently heated at a
rate of 1, 2, 5 and 10 �C/minute from �40 to 250 �C
with ±0.5 �C/minute modulation. For isothermal
measurements, the objective was to determine the
relationship between the DoC and the glass transi-
tion temperature (Tg). Three isothermal cure tem-
peratures were selected (60, 80 and 100 �C) between
the onset of the reaction and the peak heat flow
from the dynamic scan. In these isothermal tests,
the DSC cell was heated to the cure temperature,
then held at that temperature for times ranging
from 2min to 2 h. Table 1 lists the temperatures
and hold-times used to reach specific cure states.
Following scans, the DSC cell was cooled to �40 �C,
then heated to 250 �C at 10 �C/min to measure the
residual heat of reaction (DHR). The Tg value was
determined from the inflection point of the step-
wise transition.

2.3. Rheometry

Viscosity (g) measurements were conducted using a
rheometer (TA Instruments AR2000) with

Figure 1. CleavamineVR curing agents applied in this work.

Table 1. Parameters of MDSC tests.
Curing temperature Tc (�C) Hold times th (min)

60 15, 40, 60, 120, 240, 300
80 15, 40, 60, 120, 240, 300
100 1, 5, 15, 20, 40, 60, 120, 240, 300

Note: Vitrification was observed during isothermal curing.
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aluminum parallel plates. All tests were performed
under constant oscillatory shear at a frequency of
1Hz and at a strain value of 0.25%, within the lin-
ear viscoelastic (LVE) regime of all resin systems.
The resin samples were sandwiched between the
plates and compressed to a gap of 0.5mm.
Nonisothermal cures were conducted by heating at
2.0 �C/min from 20 to 250 �C, and isothermal dwells
were performed by heating at 10 �C/min to 60, 80
and 100 �C to determine the gel-time and viscosity
profile. The stop condition was set as 90% of max-
imum torque (200mN�m) in both nonisothermal
and isothermal tests.

2.4. Composite fabrication

Stitched unidirectional E-glass fiber was selected as
the reinforcement (non-crimp fabric, NCF, 955 g/
m2, Fibre Glast Developments CorpVR ). NCF glass
was chosen because of affordability, superior drap-
ability, and ability to conform to curved surfaces
typical of wind blades. Fiber sheets 250� 250mm2

were cut and stacked to form two-layer, four-layer,
and eight-layer preforms. The infusion area was pre-
pared by removing dust, and the tool surface was
treated with a mold release agent prior to infusion.
Cut plies were placed on a Teflon film, creating the
preform, and a peel ply (ECONOSTITCH, Airtech
International) was placed over the preform. To
ensure even resin distribution through the preform,
a spiral slit hose was used at the inlet and outlet of
the cavity, cut to a length of 260mm and placed at
the edge of the fiber sheets. Distribution media
(Greenflow 75, Airtech) were laid over the peel ply
to enhance resin flow. The spiral tube, the foam
piece, and the inlet pipe were the major inlet com-
ponents. The vacuum bag was positioned over the

preform, and bag edges were sealed using sealant
tape. Vacuum debulking was performed for 30min.
Resin and hardener were mixed homogeneously and
debulked for 10–15min before injection. During
injection, resin first filled the spiral tubes, then
spread in a nearly parallel flow front to infuse the
preform from top to bottom through the thickness.
Once the flow front reached the outlet, and no bub-
bles were in the tube, both the inlet and outlet were
clamped for finishing the infusion (fill) stage. The
vacuum infusion protocol was based on thermal
analysis of the resin properties (MDSC and rheome-
try). After the injection was complete (when the
entire fabric preform was infused with resin), the
laminate was ramped from 20 to 80 �C (at 2 �C/
min) on the heated tool plate for 10 h under vac-
uum. This process advanced the degree of cure and
increased green strength, and was followed by free-
standing post-cure for 2 h at 110 �C. Figure 2 shows
the setup used required for the VI process.

Figure 3 depicts the stages of the process. Once
inlet and vent tubes were positioned, the vacuum bag
assembly was sealed and closed, the inlet was
clamped, and vacuum was applied, a stage referred
to as ‘pre-filling’ (Figure 3(a)). The resin/hardener
mixing and debulk were also performed at this stage
to minimize resin injection time. After pre-filling,
the inlet was opened and the resin infiltrated and
filled the preform, the “filling stage” (Figure 3(b)).
The pressure inside the cavity varied with position
and time. Within the impregnated portion of the
preform, the resin pressure varied from vacuum (at
the flow front) to atmospheric pressure (at the inlet).
Once the preform was completely filled, either the
inlet was clamped or inlet and vent port directly con-
nected to equilibrate resin pressure within the lamin-
ate. In the filling stage, the resin viscosity profile was

Figure 2. Schematic diagram of a simple VARTM setup for a part made on a flat mold surface.
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critical. In our work, the 250� 250mm2 fabric area
was filled in <5min (up to 30–40min without distri-
bution media) because of the low resin viscosity. The
‘post-filling’ stage (Figure 3(c)) involved removal of
excess resin and allowed resin pressure and laminate
thickness to equilibrate within the assembly. As
excess resin bled through the vent, fiber volume frac-
tion increased, and resin impregnated unsaturated
fiber tows or macro-pores.

To ensure acceptable quality, the void contents
were measured by image analysis of polished cross-
sections. Samples 50mm long were cut from the
part center. Cross-sections were polished to a grit
size of 4000. Images of polished sections were
acquired at 200� using a digital stereo microscope
(KeyenceVR VHX-6000). Two cross-sections were
used to evaluate porosity for each sample. For void
content analysis, images were converted to gray-
scale, and voids were manually selected and filled to
distinguish from solid phases. Image analysis code
(ImageJVR ) was used to “threshold” each image into a
binary map of void (black) and solid (white) pixels,
and to analyze the resulting areal void ratio.

2.5. Mechanical properties

Mechanical test samples were prepared from the
post-cured laminates. Only panels with void contents
<1% were accepted for continued evaluation. All of
the test samples were stored in a desiccator prior to
testing. Samples (203.2mm long and 25.4mm wide)
were cut and loaded to failure in tension using a load
frame (Instron 5567) in accordance with ASTM
D3039. The loading rate was 2mm/min, eight sam-
ples were tested per manufactured panel, and only
valid gage section failure cases were chosen. The
gauge length was set to 40mm for all samples.

Compression tests were carried out using a com-
bined loading compression (CLC) fixture (Wyoming
Test Fixtures, Salt Lake City, UT) following ASTM
D6641. Eight samples (139.7mm by 12.7mm) were
prepared from each panel with a gauge length of
12.7mm. Samples were aligned to the text fixture to
prevent premature end crushing and limit bending
or buckling during testings. The loading rate was
1.3mm/min to failure.

The flexural properties were determined by three-
point bending tests in accordance with ASTM
D6272. Four samples were prepared and tested per
manufactured panel. The tests were conducted using
a load frame (Instron 5567) with a 5000-N load cell.
Flexural tests were performed at a strain rate of
0.1mm/min at room temperature with a load span
of 25.5mm and a support span of 50.7mm. Beam
deflection was measured using a deflectometer
(Instron 2601-093).

2.6. Chemical recycling & recovered fiber
characterization

Laminates were cut to 120� 20mm samples and
recycled using acid digestion to separate glass fibers
from the composites. The standard acid digestion
solution consisted of 100mL glacial acetic acid
(Sigma-Aldrich) as a solvent and 10mL hydrogen
peroxide solution (30% (w/w) in H2O as the oxi-
dant. An acid digestion process without oxidant was
also introduced, since the hydrogen peroxide is a
volatile reducing agent and widely considered too
hazardous for large-scale industrial use. A three-
neck round-bottom flask (1 L) was filled with acid
solution, and a composite sample was refluxed at 80
and 110 �C. Laminate dissolution in the solvent was
determined by observation every 10min until each

Figure 3. Three stages in the VARTM infusion process: (a) Pre-filling (b) Filling (c) Post-filling Stage.
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ply could be easily separated. Recycling times were
recorded for each acid treatment/temperature condi-
tion. Additional hydrogen peroxide solution (30%,
5mL) was added to the flask every 30min.
Recovered glass fibers were rinsed in water and
acetone until no residue was observed. After oven-
drying at 120 �C for 30min, recovered fibers were
examined by scanning electron microscopy (SEM,
JSM 6610).

2.7. Dissolution comparison study

Cured neat polymer samples were prepared by mix-
ing 0.1 AHEW of curing agent (the Adesso
CleavamineVR agent shown in Figure 1, and
Huntsmann D230) with 0.1 EEW of NPEL 128
epoxy resin (EEW ¼ 184–190 g/eq, Nan Ya Plastics
Corporation), degassing the resultant mixture under
vacuum, and curing at 80 �C (125 �C for
CleavamineVR 1) for 2 h followed by 125 �C (150 �C
for CleavamineVR 1) for 1 h.

The cured neat polymer samples were exposed to
three condidtions to compare dissolution behavior.

Condition 1:2 g of glycial acetic acid and 8 g of
water were added to a 250mL three-necked round
bottom flask. The final acetic acid concentration in
the solution was 20% (w/w). The flask was heated in
an oil bath at 110 �C, then a piece of cured neat
polymer sample (1.0 g) was added to the flask. The
flask was maintained at 110 �C. The sample was
cleaned and dried at select times, and weights
were recorded.

Condition 2:0.5 g of conc. HCl (36.5–38%) and
9.5 g of ethylene glycol were added to a 250mL
three-necked round-bottom flask. The final concen-
tration of HCl in the degradation solution was 1.9%
(w/w). The flask was heated in an oil bath at 145 �C,
after which a piece of cured sample (1.0 g) was
added to the flask. The flask was maintained at
145 �C. The resin sample was cleaned and dried at
select times, and weights were recorded.

Condition 3:3 g of conc. HCl (36.5–38%) and 25 g
of ethylene glycol were added to a 250mL three-
necked round-bottom flask. The final concentration
of HCl in the degradation solution was 4.0% (w/w).
The flask was heated in an oil bath at 145 �C, after
which a piece of cured sample (1.0 g) was added to
the flask. The flask was maintained at 145 �C. The
sample was cleaned and dried at times, and weights
were recorded.

3. Results

3.1. Resin properties

The aim of the thermal analysis was to define a cure
cycle suitable for composite manufacturing using

the selected resin. TGA tests indicated that the
rAFV-2101S resin system began to degrade at
�280 �C, setting not only the maximum temperature
for MDSC tests but also a limit for post-cure tem-
perature selection. The dynamic measurements were
used to determine the maximum total heat of reac-
tion (HT) for the resin (368.42 ± 7.57 J/mole). This
value was key to determining the degree of cure by
isothermal measurements, shown later. The Tg of
the cured epoxy was obtained from the inflection
point of the last reversible heat flow signal during
the ramp cycle (Tg ¼ 67.4 �C at a ramp rate of 2 �C/
min). The area under the exothermic peak was
largely the heat of reaction. The degree of cure, a
reached at the end of the isothermal phase was cal-
culated by:

a ¼ HT �DHR

HT
¼ 1 � DHR

HT
(1)

The a at three temperatures was determined and
values are shown in Figure 4. The symbols represent
the different cure time for a given temperature,
while the lines are determined from Equation (1)
during isothermal cure measurements. The curves
show that full cure is approached more rapidly with
increasing cure temperature, and that cure at 60 �C
may not be sufficient to achieve full cure. The
curves in Figure 4 also provide useful guidance for
identifying process windows for practical
manufacture.

Gelation is defined as the point during the cure
cycle when the resin has achieved a flexible but
non-flowing molecular structure. In practice, gel-
ation marks the end of the ‘working life’ of the resin
and determines the ‘infusion time’ for VI process-
ing. The ‘working life’ or ‘infusion time’ defines the
time period for which the resin remains liquid and
is able to flow between fibers. Insufficient working
time may result in dry fiber areas and compromise
the properties of the composite. Gel time and tem-
perature are thus especially critical for thick or large
cross-section composites.

Figure 4. MDSC degree of cure as a function of time at
three isothermal cure temperatures.
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To estimate resin gel time, isothermal cures were
conducted in a rheometer. In rheometric tests, a
rotational shear geometry was used to measure the
dynamic loss modulus, G00, and the dynamic storage
modulus G0. A sinusoidal oscillation was applied
and the resulting stress was measured. In this study,
the gel point was defined as the point at which the
storage modulus G0 exceeded the loss modulus G00,
indicating that the resin transitioned from fluid
flow-like behavior to solid elastic behavior. In add-
ition, the viscosity of the resin starts to increase
sharply after gelation. In Figure 5(a) and (b), the gel
time determined by the intersection between G0 and
G00, and the relationship between gel time and iso-
thermal temperature, show that the resin gel time
was up to 6.5 h at 20 �C, but decreased to less than
40min when the temperature was 100 �C. The
parameters determined for cure kinetics and viscos-
ity profile are used to guide the selection of the VI
cure cycle.

3.2. Composite characterization

Inspection of polished sections revealed negligible
void contents in flat laminates, as shown in images
of the 4-ply laminates (Figure 6). Void contents
were less than 0.5% with continuous and intimate
fiber-resin adhesive contact. The fiber mass ratios of
reinforcement and matrix were 0.46 ± 0.02 (2-ply
laminates) and 0.49 ± 0.01(4-ply laminates),
respectively.

Because the intended application of the resin sys-
tem is wind blades, basic mechanical tests were con-
ducted, and the results were compared with
properties reported for commercial resins presently
used for such applications. Results are summarized
in Figure 7, with more details in Table 2. The recyc-
lable composite (Adesso) with the highest Tg,
yielded a strength of 88–95% of the value reported
for laminates produced with one commercial resin
(Hexion), and 100–108% of the value reported for

laminates produced with another (GURIT). All three
products exhibited similar modulus ranges of
20–30GPa, which is not surprising since modulus is
a fiber-dominated property. Also, as we can see in
Figure 7, the recyclable composites produced in this
study exhibit mechanical strength levels comparable
to the two commercial GFRP products presently
used in wind blades.

3.3. Composite recycling & recovered fiber
surface quality

The viability of deconstructing the cured composites
by chemical means was evaluated by measuring dis-
solution times at atmospheric pressure. In Table 3,
the recycling time is presented for laminates of dif-
ferent thickness and for different solvent tempera-
tures. Here, the recycling time of the laminate is
defined as the time required for the matrix to fully
dissolve in the solvent (determined visually), allow-
ing clean fiber bundles to be fully separated after
removal. Without the addition of hydrogen peroxide
and at a relatively low temperature, the recycling
time for the 2-ply composite sample was less than
1.5 h and less than 2.5 h for the 8-ply laminate. Note
that while the number of plies in each laminate was
relatively small, the overall thickness was not,

Figure 5. (a) Rheology result for gel time determination of recyclable epoxy resin system. (b) Gel time and temperature as a
function of recyclable epoxy resin system.

Figure 6. Polished cross-sections of 4-plies composite lami-
nates under 200� magnification.
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because of the high areal weight of the NCF.
Recycling temperatures were modest, and times
were generally under 2 h, without application of
super-ambient pressure.

Figure 8(a) shows the recycled GF and the parent
laminate at different stages of dissolution. The cen-
ter image in Figure 8(a) shows the effects of partial
immersion in the digestion solution, while the image
at right shows the recovered fibers. Note that the
fiber architecture of the NCF is partially preserved,
indicating the possibility of retaining fabric architec-
ture after separation from the matrix. Figure 8(b)
shows the reclaimed matrix residue obtained after
the neutralization reaction, which manifests as a
powdery substance comprised of molecular frag-
ments of the parent polymer, as yet unidentified.
The image demonstrates that complete dissolution
of the matrix can be achieved via acid digestion
under mild conditions.

Figure 8(c) compares the post-digestion appear-
ance a laminate produced using the recyclable epoxy
resin (on the left) with a comparable laminate pro-
duced with a commercial amine-cured epoxy (bi-
functional epoxy monomer (diglycidyl ether of
bisphenol A (DGEBA), Araldite GY 6010,
Huntsman) and diamine 3,30-diaminodiphenylsul-
fone curing agent (3,30-DDS, AradurVR 9719-1,
Huntsman) (on the right). Samples of each type of
laminate were partially immersed in the same diges-
tion solution for identical times. The image demon-
strates that complete dissolution of the recyclable
epoxy matrix can be achieved in moderate condi-
tions (acetic acid/H2O2 treatment at 110 �C for 30
mins). However, the conventional amine-cured
epoxy laminate shows only slight matrix dissolution
after 24 h treatment.

The quality of glass fibers recovered after matrix
digestion was examined to ascertain surface quality

Figure 7. Comparison of mechanical properties with other commercial wind turbine blade resin products in (a) modulus
(b) strength.

Table 2. Mechanical and thermal properties comparison.
Company ADESSO1 GURIT2 HEXION3 Test Standards for ADESSO resin

Tg (�C) 71.3 69.3 70 DSC (heat rate: 2 �C/min)
Tensile Strength (MPa) 506.2 ± 9.8 536.8 460–500 ASTM D3039
Tensile Modulous (GPa) 24.1 ± 0.8 28.6 20–24
Compressive Strength (MPa) 514.3 ± 17.3 567.9 410–440 ASTM D6641
Compressive Modulous (GPa) 25.1 ± 1.0 29.2 20–24
Flexural Strength (MPa) 580.4 ± 12.5 642.2 510–560 Three-point bending ASTM D790
Flexural Modulous (GPa) 23.4 ± 0.6 21.4 20–24
Cure Cycle (Cure/post-cure) RT x 10hr þ 80�C � 2hr/

110�C � 2hr
23�C � 24hr/60�C � 15hr 50�C � 16hr

Note:
1ADESSO Laminate: 4 plies of Saertex triaxial E-glass. 980 g/m2, 3.3mm thick.
2GURIT Laminate: 4 plies of XE600 biaxial E-glass. (PRIMETM 27 datasheet).
3HEXION Laminate: 16 layers of glass fabric, 8 H satin, 296 g/m2, 4mm thick. (EPIKOTETM RIMR 135 Datasheet).

Table 3. The recycling time under different acid treatment conditions and temperatures with 2,4,8-
ply laminates.
Acid Treatment/Temperature 2 plies (�1.7mm) 4 plies (�3.3mm) 8 plies (�6.7mm)

Aceric acid/H2O2, 110 �C 30 mins 50 mins 80 mins
Aceric acid, 110 �C 50 mins 70 mins 100 mins
Aceric acid, 80 �C 80 mins 100 mins 130 mins

Note: All experiments processed under atmospheric pressure.
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and detect any matrix residue on fiber surfaces.
Figure 9(a) shows virgin glass fibers compared with
glass fibers recovered from a typical acid digestion
treatment at 110 �C (Figure 9(b)). The fiber surfaces
show no evidence of change after acid digestion at
110 �C or at lower temperature (80 �C) and in
milder conditions (without using hydrogen perox-
ide). The recovered fiber surface quality is identical
to the surface quality of virgin glass fibers, and no
surface defects or residues are evident. The

diameters of recovered fibers are slightly less
(roughly 13mm versus 16mm) than those of virgin
fibers perhaps due to the removal of the sizing dur-
ing acid digestion, which may lead to weaker adhe-
sion to the polymer matrix in subsequent re-use
applications.

3.4. Reclaimed resin properties

After separating fibers from the matrix, matrix resi-
due powders (recyclate) were blended with neat
resin (from 5wt% up to 20wt%, without any further
chemical modification), then combined with fiber
reinforcement by resin infusion and cured. The flex-
ural properties and glass transition temperature (Tg)
(determined by DSC) of the resultant blended poly-
mers were then compared, to determine the depend-
ence on recyclate fraction, as shown in Figure 10.
When residue powder content of up to 5% was
added, the value of strength and Tg were similar to
the control (virgin polymer), indicating full reten-
tion of properties.

Thermal properties of reclaimed resin were also
evaluated, and dynamic mechanical analysis (DMA)
was used to measure Tg from the storage modulus
(E0), as well as from the tangent of the loss angle

Figure 8. (a) Recovered glass fibers after Acid-digestion
treatment, (b) reclaimed resin powder after recycling and (c)
recyclability comparison with other commercial
epoxy system.

Figure 9. Virgin glass fiber and recovered fiber surfaces after
different temperature treatments: (a) Virgin glass fiber; (b)
Acetic acid, 110�C.
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(d). Figure 11 shows the change in the storage
modulus E0 and tand for selected temperature ramp
procedures (5 �C/min, ramp from 20 to 200 �C). The
values from DMA analysis are also presented in
Table 4. A significant decrease in the storage modu-
lus was noted when the reclaimed resin content in
the polymer matrix exceeded 10%. At 25 �C, the
value of E0 decreased by 43% with a 20% share of
the filler in relation to the (virgin) neat polymer.
The results indicate that additions of 10–20% recy-
clate caused both the strength and the Tg to
decrease in proportion to the percentages of recy-
clate added. Thus, the recyclate effectively acted
more as a filler than as a molecular component of
the cross-linked polymer network.

3.5. Dissolution

To understand the effects of different types of for-
mal/ketal bonds on the degradation potential in
cured epoxy, a series of comparison studies were
conducted. A summary of the results is shown in
Figure 12. All cured samples were prepared from an
EEW:AHEW ¼ 1:1 mixture of a selected curing
agent and epoxy resin (NPEL128) to assure equiva-
lent degrees of crosslinking in the cured polymer.
The epoxy resin sample cured with CleavamineVR

curing agent 3, which contains a ketal bond linking
the two aliphatic amino groups, showed 100% dis-
solution in 20% acetic acid aqueous solution within
1 hour at 110 �C (black filled rectangles in Figure
12). Likewise, the same samples showed complete
dissolution in 1.9% HCl aqueous solution containing
a common organic solvent, ethylene glycol, within
1.5 h at 145 �C (red filled circles in Figure 12). In
contrast, its equivalent, cured with CleavamineVR 2,
required a higher concentration of 4% HCl in the
aqueous ethylene glycol system, and a longer dissol-
ution period, up to 20 h for degradation completion
heated at 145 �C (blue filled triangles in Figure 12).
The CleavamineVR 2 contains a formal bond linking
the two aliphatic amino groups.

Under the same degradation conditions, epoxy
resin samples cured with a commercial cure agent

Figure 11. The (a) storage modulus (E’) and (b) tand values from DMA to determine the glass transition temperature.

Table 4. Summarising the glass transition temperature val-
ues and storage modulus values of the different wt%
reclaimed Epoxy/GF composites.

Reclaimed resin content (wt%)

Tg (�C)

E0 at 25 �C (MPa)E0 Onset Tand

0 68.0 74.6 10451
5 67.1 72.8 10094
10 61.4 69.1 9383
20 53.1 63.9 6034

Figure 10. Flexural strength, flexural modulus and glass
transistion temperature (Tg) of neat polymer blended with
reclaimed recyclate (powder), as a function of recy-
clate loading.

Figure 12. Degradability of different types of formal/ketal
bonds hardeners in cured epoxy.
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(Huntsman D230) did not exhibit any degradation
over a period of 24 h (purple filled triangles in
Figure 12). Note that the dissolution of the epoxy
sample cured with CleavamineVR 1, which contains a
formal bond directly linking two phenyl rings com-
prising amino groups, was achieved in less than 20 h
in 1.9% HCl aqueous solution at 145 �C (dark cyan
filled down triangles in Figure 11).We conclude that
among the three CleavamineVR curing agents, the
dissolution potential is greatest in those with the
ketal bond, followed by those with the formal bond,
besides, the phenyl formal bond dissolution time is
less than the aliphatic formal bond.

4. Conclusions

We have demonstrated the feasibility of using recyc-
lable epoxy resin in VI processing of composites. In
addition, we have demonstrated the ability to subse-
quently separate fibers from matrix, while recover-
ing matrix components that are potentially eligible
for re-use. The separation process was conducted by
acid digestion under mild conditions (atmospheric
pressure and without using strong oxidizer), and
affords the opportunity to recover and re-use both
high-value fibers as well as useful parts of matrix
molecules. The recovered glass fibers retained near-
virgin fiber surface quality, while the recovered
matrix residue was suitable for blending with virgin
epoxy for re-use in second-life applications. The
thermal and mechanical properties of the recyclable
polymer showed performance characteristics com-
parable to typical non-recyclable infusion resins,
allowing direct substitution for commercial resins
without sacrificing performance. Also, the resin
chemistry and degradibiliy mechanisim of recycled
resin had been included.

Despite these promising results, challenges
remain. First, the key component of the digestive
solution, H2O2, is both costly and explosive, and in
all likelihood, it cannot be safely deployed on an
industrial scale. Thus, this reagent must be elimi-
nated from the digestion process and replaced with
a safer surrogate. Doing so will increase the value of
dissolution products, reduce intrinsic hazard, and
increase the net value of recovered FRP compo-
nents. Secondly, we have demonstrated matrix
digestion only on small laminates, and the reaction
kinetics must be proven on much larger parts, often
with protective coatings, attached core materials,
and fasteners.

We have demonstrated a pathway to a closed-
loop recycling process for thermoset composites.
Future efforts must focus on developing more cost-
effective and safer recycling routes for both reclim-
aed resin and recylced fibers. In addition, efforts

must focus on restoring the adhesion properties of
recovered fibers to levels comparable to virgin
fibers. Finally, the prospect of recycling not only
fibers but polymer matrix would enhance sustain-
ability of future composite products, but not those
composites presently in use. A scalable solution to
that problem most likely will require a clever chem-
ical solution, as yet unknown.
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