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Modeling the Solvolysis of Composite Materials of Wind

Turbine Blades

Yi Chen* and Leon Mishnaevsky |r.

A computational model of the depolymerization of composites during solvolysis
of wind turbine blades is developed. The model is based on a phenomenological
approach, describing the dissolution of an epoxy matrix as a local phase tran-
sition influenced by temperature, solvent diffusion, and local microstructures.
The model is implemented in the finite element code Abaqus, using the user-
defined field and heat flux subroutines. Parametric studies are carried out to

study the influence of defects and heterogeneities on the depolymerization of
composite materials. The results show that variations of the solvent diffusivity in
the vicinity of fiber/matrix lead to nonhomogeneity of depolymerization, and

smaller diffusivity may explain matrix residues remaining on the fibers. Fiber

volume density and distribution influence the polymer dissolution rate because
the resistance to solvent diffusion arises between fibers. Further, voids in the
polymer may lead to a local acceleration of the polymer dissolution. This work
also looks into the contributions of diffusion and reaction to depolymerization,

by 2023.1 Additionally, more blades are on
the way for recycling, as almost 52 000 tons
of blades are expected to be decommis-
sioned every year by 2030.F!

A typical wind turbine blade consists of
glass/carbon fibers, thermosets (such as
epoxy and polyester), thermoplastics (such
as polyvinyl chloride), wood, adhesives, and
coatings.! Various strategies are available
for the end-of-life management of wind
turbine blades, including reuse, refurbish-
ment, and recycling.”) Recycling is a less
preferable option compared to waste reduc-
tion, recovery, and repair. However, under
numerous  circumstances,  recycling
becomes the most viable and necessary
step: it is impractical to repurpose all

and the former dominates. The rate and homogeneity of depolymerization,
therefore, depend significantly on the manufacturing quality of composites.

1. Introduction

Over the following decades, a large expansion of wind energy
generation in Europe is foreseen. The goal is to cover 30% of
the European Union’s electricity demand with wind energy by
2030." At the same time, the wind turbines installed during
the 2000s are approaching the end of their planned lifetime.
While many parts of wind turbines can be well recycled, this
is different for composite blades, which have been designed
to sustain extreme mechanical and environmental loads for dec-
ades. Across Europe, more than 70 000 wind turbines are spin-
ning with a combined capacity of 189 gigawatts, while a single
megawatt of installed capacity can lead to dozens of tons of com-
posite waste.*! 14 000 wind turbine blades need to be recycled
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52000 tons of blades annually for applica-
tions such as bus stops or bridges; not all
structures can be perpetually repaired,
and certain waste generation is inevitable.
Among the existing recycling methods
(mechanical shredding, crushing, pyroly-
sis, solvolysis, etc.), chemical recycling, particularly solvolysis,
is relatively controllable and yields relatively clean fibers, neces-
sitating lower temperatures than pyrolysis.®

During the solvolysis of composites, the polymer matrix
undergoes chemical decomposition facilitated by reactive sol-
vents such as acetone, nitric acid, ammonia, glycol, water, etha-
nol, catalytic, benzyl alcohol, or supercritical fluids. To improve
recycling efficiency and preserve mechanical properties of the
reclaimed fibers, researchers have focused on solvolysis strate-
gies employing diverse solvents®® and catalysts,"” various tem-
peratures and pressures,!'!! processing aids (such as stirring,['%
ultrasounds,!? and fiber washing!"), and pretreatment.!”
Solvolysis, recognized for its lower operational temperatures rel-
ative to pyrolysis and its capacity to yield fibers with favorable
surface and mechanical characteristics, is emerging as a prom-
ising recycling method for composite wind turbines.®*%
Furthermore, chemical recycling, including solvolysis, is among
the most widely considered recycling technologies for the next
generation of composites to be used or developed for recyclable
wind turbine blades.!*”!

Solvolysis of composites includes several physical processes,
notably flow of solvent, solvent diffusion in polymer matrix,
phase transition from solid polymer to solution, and movement
of solid/liquid boundary. Computational modeling of solvolysis
for composites is important for the optimization of solvolysis
techniques as it can provide insight into the depolymerization
mechanism and theoretical guidance on the evaluation and
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optimization of recycling methods. However, the complexity and
multitude of interacting processes pose significant challenges,
resulting in limited work on modeling.

For the analysis of the epoxy dissolution kinetics via mild alco-
holysis, Kuang et al.*"! developed a so-called surface layer model
with three layers (gel layer, solid swollen layer, and pure polymer
layer). The authors determined the dissolution rate during the
diffusion-rate-controlled dissolution process and observed that
the solvent with larger diffusivity and better solubility leads to
a higher alcohol/catalyst concentration in the gel layer and pro-
mote faster dissolution of epoxy. Hammel, Kuang, and Qi*?
developed a reaction—diffusion model for chemical recycling
of epoxy resin and composites, involving chemical species
concentration-dependent diffusion and reaction rates. They
applied the model to multiphase structure and studied the effect
of reinforcement on the dissolution process of composites.
Yu et al/**! developed a multiscale modeling framework, with
the macroscale mass transportation model and microscale chain
diffusion, and used it to analyze the dissolution behavior of cova-
lent adaptable networks. Furthermore, Shi et al.?? developed a
multiscale chemomechanics theory for the dissolution and repo-
lymerization of covalent adaptable network polymers. The theory
was based on the statistical analysis of segment length distribu-
tion and network degree of curing in the polymers, and a contin-
uume-level model of the thermomechanical properties of polymers
at different curing states. The model enabled the prediction of the
conversion ratio of functional groups, solution viscosity, volume
shrinkage, and glass transition behaviors of repolymerizing net-
works. Luo et al® developed a multiscale diffusion—reaction
computational model, linking the microscale bond exchange
kinetics to the continuum-level diffusion and depolymerization
in composites. The authors studied the influence of fiber arrange-
ment and other parameters on composite depolymerization.

For the comparative analysis of solvolysis technologies across
various polymer scenarios, developing a general, phenomenolog-
ical model that correlates output parameters (time, energy, qual-
ity of recyclate) with input parameters (temperature, physical
characteristics) would be advantageous. Furthermore, polymer
composites in wind energy deviate significantly from ideal struc-
tures, exhibiting numerous defects such as voids, poorly cured
regions, and microcracks.*® Such defects dictate the deforma-
tion and damage behavior of these composites throughout their
lifecycle and impact the depolymerization process during chem-
ical recycling. Therefore, this article investigates the influence of
manufacturing defects on the chemical recycling of composites
and explores potential correlations between defects formed dur-
ing manufacturing and recycling efficiency.

This article aims to provide a computational framework for
modeling the solvolysis of composite blades based on a contin-
uum mechanics/micromechanics approach. The dissolution of
polymers was described as a phase transition process, analogous
to the way fractures or material damages are considered
phase transitions from a thermodynamic perspective (refer
to 27,28]). Due to their cross-linked chemical structure, thermo-
sets are more challenging for recycling than thermoplastics.
Consequently, the model was calibrated and validated using
epoxy-based composites materials. The model was applied to
examine how imperfections and manufacturing defects within
composite structures influence the depolymerization process.
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The effect of voids, variations in interfiber distances, and poorly
cured regions on the depolymerization rate were investigated in
numerical experiments. In conclusion, the authors demonstrated
that the quality of recycled fibers depends on the distribution of
defects within the composites. Therefore, considerations for the
postdecommissioning use of composite parts (e.g., fibers) should
be integrated into the optimization of composite manufacturing
technologies.

2. Computational Micromechanical Model of
Dissolution as Phase Transition

2.1. Dissolution as Phase Transition: Phenomenological Model

During solvolysis, the dissolution of the polymer matrix occurs
concurrently with the flow and diffusion of the solvent. The dis-
solution of polymer matrix in solvent is a complex process involv-
ing swelling, mass transport, chemical reaction, and phase
transition, characterized by two moving fronts indicating poly-
mer dissolution and solvent diffusion./?*>®! Figure 1 illustrates
a schematic of the diffusion—dissolution process. The diffusion
and dissolution fronts divide the liquid-solid system into three
layers. The dissolution front between the liquid and gel layers
distinguishes the dissolved and undissolved polymer. It should
be noted that within the gel layer, solvent molecules transition
from a free state (liquid) to a hindered state (gel) with the diffu-
sivity decreased. As the chemical reaction progresses and cleav-
able bonds break, the old dissolution front vanishes along with
the dissolved polymer, and a new front forms. The solvent con-
tinuously diffuses into the polymer, forming a diffusion front
where the solvent concentration reaches a defined value, trigger-
ing the chemical reaction. To numerically simulate the phase
transition from solid polymer to dissolved polymer, a phenome-
nological approach was employed. The two phases were charac-
terized by different properties.

The condition of the transition can be defined by a function of
temperature and concentration of solvent at a given point. This
approach adheres to a modified solid-state reaction law,*" which
describes the rate of polymer dissolving as follows

[Liquid solvent, a>0.99 }
O==0; OE=—=0==0,

O 0O |Dissolution front| O
(@) !

O 0 O O O o O
© o O Gellayer, 0<a<0.99

O [ﬁffusion front|

® O ) o
O O ~ o
g o Polymer, a=0 |
| C O |

Figure 1. Schema diagram of diffusion-dissolution process.
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o pg(0)e /R () (1a)
dt
£(c) = 1 - exp(~Bo) (1b)

where A is a frequency factor, E, is the activation energy
(k] mol™?), Tis the absolute temperature (K), ¢ is the solvent con-
centration in the polymer, and R is the universal gas constant
(8.31] mol™' K™Y). Due to the interaction between the diffusion
and the dissolution process, polymer dissolution can be
diffusion-controlled where the diffusion rate is slower than dis-
solution rate and dissolution-controlled where the dissolution
rate is slower. Therefore, a function scaling from 0 to 1 based on
solvent concentration in the polymer, g(c), is introduced to the
dissolution rate, where B is a constant. f{a) is a function depend-
ing on the reaction mechanism, and « is the reacted fraction of
polymer at current time t. For polymer dissolving, @ can be
defined by
Mo —my My

= 2
a o o (2)

where my, m,, and mqy are polymer’s initial, current, and dissolved
weight, respectively. Ignoring swelling and density change due to
solvent diffusion, Equation (2) is rewritten as

_Va

a =
Vo

G)
where V4 and V, are polymer’s dissolved and initial volume,
respectively. For an infinitesimal polymer element, « is used
to indicate the dissolution degree, such that the polymer is in
solid state when a =0, and it is being dissolved (in the gel layer)
when a is approaching 1. In this study, the polymer is declared to
be dissolved when a > 0.99.

The reaction function fla) is described by a 3D diffusional
model.?"! The model is commonly used to describe the reaction
between a diffusing and a solid reactant where a product layer
formed during the process can be regarded as the gel layer

31 —a)?s
fla)= A= (1) (4)

Combining Equation (1) and (4) gives a reacted fraction in the
discrete form as

i = ay + Ag(c)e @f (a) At
3(1- a)z/3 (5)
21— (1-a)f

a, + A(1 — ¢ Bo)g(Eo/RT)

2.2. Solvent Transport and Diffusion

The balance of the solvent transport can be written in a partial
differential form? as

% vi+H 6
=V (©)
where H is the volumetric change rate of solvent concentration
due to polymer dissolution and J is the flux of the solvent.
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The solvent transport into the polymer is described by Fick’s
law as

J=-DVc (7)

where D is the diffusivity of solvent transport into the polymer.
Substituting Equation (7) into (6) yields
2—: = -DV%+H (8)
As Figure 1 shows, the diffusivity remains at a low level in the
solid layer and increases in the gel layer due to the degradation of
polymer matrix. Some experiments have shown that the solvent
diffusivity during polymer dissolution depends on reaction
environment and progress, such as temperature, cross-link
density,>*3 and solvent concentration.>* Thus, the diffusivity
is described by a function of both temperature and dissolution
degree in exponential fashion!**>¢!

D = Dyentel 9)

where f is a parameter constant and D, is a reference diffusivity.

The swelling due to solvent uptake, and thus the change of
polymer density, is not considered. Considering an infinitesimal
polymer cube, as the material is dissolved, the space is occupied
by the same volume of solvent. Assuming the solvent concentra-
tion in the whole system remains the same, the solvent concen-
tration of this cube can be described as

c = Coa (10)

where ¢, is the constant solvent concentration in the system.
Submitting Equation (10) into (8) obtains

oc
H=—
ot

a
+ DV = c0£ + DV (11)
Ignoring the second-order differential and taking Equation (1)
and (4) into account, H is rewritten as

(1—a)??

1-(1—a)t (12)

3
H= Eyco(l — ¢ Be)g(Ea/RT)

where y is an adjustment factor determined by the dissolution
experiment.

The model was implemented in the commercial finite element
software package Abaqus 2022. Due to the analogy between heat
and mass transfer, the diffusion of solvent is simulated using
a heat transfer analysis. The finite element approach for the
diffusion—dissolution process is presented in Figure 2. For each
element, the chemical reaction begins when the solvent concen-
tration ¢ reaches a defined value c,. At the beginning of each time
increment At, the increase of reacted fraction Aa is calculated if
the chemical reaction has started and the element is not dissolved
(@ <0.99). Otherwise, the reacted fraction increment equals to 0.
The reacted fraction a is consequently updated and used to deter-
mine the diffusivity of solvent into the polymer, D, via the user
subroutine user-defined field (USDFLD). When the chemical
reaction is activated, the rate of change of solvent concentration
due to polymer dissolution, H, is obtained using the user
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Figure 2. Implemented finite element approach for diffusion—dissolution
process at current time increment.

subroutine heat flux (HETVAL). In the end of the time incre-
ment, the solvent concentration ¢ was subsequently updated
by D and H.

2.3. Defects in Blade Composites and Their Potential Influence

As noted above, wind blade composites can contain a rather high
amount of defects, formed during manufacturing.”® In this
work, it is assumed that these defects might influence both

Manufacturing
time
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the service behavior of blades (e.g., damage and failure likeli-
hood, necessity for maintenance) and the recycling process.

The manufacturing of composite blade structures is typically
based on a vacuum infusion process, during which a liquid resin
flows into the dry fibrous reinforcement materials, as shown in
Figure 3, before curing to form the final composite material. Due
to the scale and complexity of the different material systems in
the blades, ensuring proper infiltration of resin between fibers,
managing thermal gradients, and achieving uniformity of curing
throughout the blade face significant challenges. This process
can produce considerable porosity and voids or result in signifi-
cant heterogeneity in the degree of cure throughout the struc-
ture. Both scenarios can adversely affect the quality of the
final products. Regions that are improperly cured and voids
formed during manufacturing constitute potential defect areas
in composites when subjected to mechanical impact or cyclic
loading. Furthermore, poorly cured regions exhibit different dif-
fusion coefficients, influencing moisture uptake in the compos-
ite and potentially reducing the composite’s lifetime.

In addition to triggering damage initiation and causing the
early failure of in-service blades, poorly cured and porous regions
within composites also influence the composite recycling pro-
cess. The solvolysis of composites, controlled by diffusion and
reaction processes, is influenced by both the nano- and micro-
scale porosity, as well as the diffusion coefficient within the poly-
mer regions.

Assuming that the postcuring porosity includes only nano-
scale to very small voids, much less than fiber diameters or inter-
fiber distances, one considers here the diffusion coefficient as
influenced by low-scale porosity. In this case, the equivalent dif-
fusion coefficient is determined by using the coefficient

Dy ~ D (13)

where y is defined as a constant of 0.707 or the product of 0.66
and porosity.?” In refs. [38,39], the diffusion coefficient is

Start of service

Thermal gradient

/ O o ©

= /l (.[>

: X

§ )

Resin flow |

yd i Voids, defect and
poorly cured regions

Damage during
service time

Depolymerization

Recycled material

= @) : N— 3 Lc— o0
/I —> F O ﬁ_r
o . L
Cracks from Depolymerization Residues and
voids/defects by solvent damaged fibers

Figure 3. Schema of the influence of manufacturing defects (poorly cured regions, voids, microcracks) on the lifetime of blades, recycling, and quality of

recyclate.
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determined as an increasing function of the degree of polymeri-
zation. Therefore, it is further assumed that the polymer’s
diffusion coefficient changes depending on the degree of poly-
merization and porosity of the composite regions.

Furthermore, variations in the nanoscale properties of poly-
mers manifest in the vicinity of polymer/fiber interface.*"!
Compositional gradients near the fiber/matrix interfaces were
observed, causing property differences between the interphase
region and the bulk matrix, including a lower interphase glass
transition temperature, T,. According to ref. [39], a lower glass
transition temperature near the interfaces is associated with a
higher diffusion coefficient in these regions.

The heterogeneity of the polymer matrix would supposedly
influence the process of depolymerization of composites during
solvolysis, potentially contributing to the presence of residues on
the surfaces of recycled fibers. The fibers with adherend residues
generally have less value for postrecycling utilization as addi-
tional washing steps are required.*"! Therefore, this study con-
centrates on exploring the effects of variations in the diffusion
coefficient, fiber arrangement, and presence of voids on the sol-
volysis process of composites.

2.4. Determination of Model Parameters and Validation

It should be noted that this work focuses on the computational
modeling of solvolysis of composites without experimental inves-
tigations. To illustrate the procedure for determining the model-
ing parameters, this research utilized the results from
dissolution tests on an anhydride-cured thermosetting epoxy,
as conducted by Luo et al*®! Block samples with squared
cross-sectional dimensions of 11mm x 11 mm and length of
65 mm were immersed in ethylene glycol (EG) mixed with the
catalyst triazabicyclodecene at 140 °C. They were removed from
the solution to dry before weighing at specific time intervals. The
details of the test can be found elsewhere.*”)

Due to the large ratio of the sample length to the cross-
sectional dimension (65 mm/11 mm), a 2D plane strain analysis
was considered. Under the guidance of a convergence study, the
cross-sectional model was meshed with 8464 4-node linear quad-
rilateral elements. The bottom surface was constrained in all
degrees of freedom while an initial temperature representing
the initial solvent concentration ¢y (2.2 x 10"®molm™3) was
mapped to four sides of the model for free diffusion.

Luo’s team presented diffusivity as a function of temperature
and depolymerization degree (similar to the reacted fraction a).

(@) omin 30 min 60 min

Smm
(b) ,
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Given the same material and experimental conditions, the
parameters of diffusivity (Do and f in Equation (9)) were deter-
mined by comparing to the mean value of the diffusivity obtained
by Luo et al. The parameter B from the scaling function
(Equation (12)) was determined by the concerns that g(c) should
approach 1 at the initial concentration. The constants A and y
from Equation (1) and (12), which are related to the polymer
reaction rate, were obtained by fitting the polymer dissolution
test, as shown in Figure 4. The model shows favorable agreement
with experiment for the first 180 min where the cross section
shrinks along four edges with the solvent getting into the epoxy.
As time increases, the simulated sample results in a smaller and
rounder shape, potentially attributable to the absence of swelling
effect and the excessive evolution of solvent concentration
at the corners. Modifications are necessary for future study.
Given the overall favorable agreement with experimental results,
the model is used for this work. The model parameters are listed
in Table 1.

3. Parametric Studies

3.1. Effect of Variability of Diffusion Coefficients on the
Dissolution Process

As discussed in Section 2.3, porosity near the polymer/fiber
interface can result in varying diffusivities. To investigate the
influence of diffusivity on the dissolution process, a square
2D unit cell model with a side length of 0.015 mm, as shown
in Figure 5a, was considered as shown in Figure 5a. The diame-
ter of each fiber is 7 pm. The interface layer model proposed in
ref. [42] was used to account for the role and impact of sizing and
the fiber/matrix interface in the composites. The thin layers sur-
rounding fibers include sizing and interface regions, reflecting
the peculiar properties of these interface regions. The thickness
of the surrounding layers is one-tenth of the fiber diameter. It is
assumed that these layers can contain interface defects, exhibit-
ing varied diffusivity. The diffusivity ratio of this interface region
to the matrix area, denoted as D;/D,,, was varied as 0.1, 0.5, 1,
and 1.5.

The dissolution times required for the complete dissolution of
the matrix in the unit cell models were determined by the compu-
tational simulation. The normalized dissolution times for each
diffusivity ratio are listed in Table 2. As expected, increased dif-
fusivity within the interface area leads to accelerated dissolution.
Given that the model exhibited comparable dissolution behaviors

120 min 180 min 240 min

clco

20002000k
[STINENT Yot

Figure 4. Dissolution of epoxy sample over time from a) experimental testing (reprinted with permission,’® Elsevier) and b) numerical modeling. The

contour refers to the solvent concentration normalized by the initial solvent concentration (c/co). Details of the experiment can be found elsewhere.
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Table 1. Model parameters.
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Table 2. Normalized dissolution time at varying diffusivity ratios.

Parameter Description Value Unit Di/Dn, 0.1 0.5 1 1.5
Do The reference diffusivity 41x10°  mm?s! Normalized dissolution time 1.32 1.14 1 0.90
B A constant for diffusivity 2.8 -
E, The activation energy 93 k) mol™’
B A constant for the rate of dissolution 1.6x10°  m?mol™ 3.2. Effect of Diffusion and Reaction Rates
o The constant solvent concentration 22x10°  molm™

in the system Polymer dissolution arises from the combined contributions of
A A frequency factor 5.87 x 10" - diffusion and reaction processes. To study the effects of reaction
, An adjustment factor for the change 545107 _ and diffusion rates, as well as their coupling effect, on composite

of solvent concentration due to dissolution

for diffusivity ratios of 0.5, 1, and 1.5, only the simulated pro-
cesses corresponding to the ratios of 0.1 and 1 are compared
in Figure 5b,c. A decrease in diffusivity at the interface region
(Di/ Dy = 0.1) results in slower solvent diffusion across the entire
cell and a significantly retarded diffusion around the fibers.
Consequently, the matrix surrounding the fibers disappears later
than the matrix between the fibers, contrasting with observations
at other diffusivities, including D;/D,, = 0.5.

dissolution, a parametric study was performed using the previ-
ously mentioned unit cell model with D;/D,,, = 1, and the results
are presented in Figure 7. The studied parameters, namely, the
diffusivity D,, and the parameter A associated with reaction
rate, were normalized with respect to the parameters utilized
in the modeling described in Section 3.1. Furthermore, the sim-
ulated dissolution times were normalized against the corre-
sponding result in Figure 5c. The normalized diffusivity Dy,
varied from 0.2 to 2, and the normalized reaction parameter
A varied from 1 to 20.

From Figure 6, increasing both the diffusivity and reaction
parameter brings out the fastest dissolution, whereas reducing

(a) | 0.015 mm
N Fiber
o [ Interface region: D,
E Matrix: D,
3
3
() 10.85 4395 4435
rARNIVA N
m L
D,/Dw=0.1 o 32
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Figure 5. Sketch geometry of a) a unit cell with an area adjacent to the fibers, and simulated dissolution processes with the diffusivity ratio, D,/Dy,, of
b) 0.1 and c) 1. The contour refers to the normalized solvent concentration c/co.
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Figure 6. Simulated dissolution time of a unit cell with varying diffusivities
and reaction rates. Each dissolution time is normalized to the model in
Figure 5c.

both parameters yields the opposite result. Compared to the reac-
tion parameter, varying the diffusivity leads to a more pro-
nounced effect on the dissolution time. Therefore, it can be
inferred that the dissolution process is dominated by diffusion.
For instance, at a low reaction factor (A = 1), increasing the dif-
fusivity leads to an 82% reduction in dissolution time. This effect
arises from the fact that higher diffusivity speeds up solvent
transport into the polymer, thereby advancing the onset of the
chemical reaction. However, at a low diffusivity (D,, =0.2), an
increase in the reaction parameter only diminishes the

www.aem-journal.com

dissolution time by 21%, attributable to the sluggish movement
of the diffusion front hindering the reaction.

Similar trends have been observed in experimental studies.
Ma and Mutt!*®! found that the slow diffusion of solvent within
a highly cross-linked matrix significantly limited the recycling
rate of composites through acid digestion, even in the presence
of a rapid reaction rate. Vallee et al.** investigated the solvolysis
of sheet-molding composites using a paste consisting of an
unsaturated polyester—styrene resin. They observed that the
dissolution was initially governed by reaction kinetics at the sam-
ple’s surface, transitioning to diffusion controlled as the solvent
and degradation products permeated the polymer. Therefore, the
parametric study implies that enhancing the solvent diffusivity
into the polymer, achievable by shredding or pretreatment, con-
stitutes a more effective strategy for accelerating solvolysis than
merely speeding up the reaction rate.

3.3. Effect of Fiber Arrangement

In composites, fibers are often arranged in a nonideal or random
manner, with regions of high fiber density constituting some of
the most common defects of composites. The impact of fiber
density variation on the depolymerization process was examined
using a square model measuring 0.08 mm by 0.08 mm. Fibers
with a diameter of 7 pm are randomly distributed within the
model, with volume fractions varying from 20% to 60%. Figure 7
displays the predicted dissolution appearance at the tenth minute
and the dissolution times corresponding to each fiber volume
fraction. It can be seen from Figure 7f that the dissolution time
increases at a faster rate as the fiber volume fraction becomes
larger. Fibers act as barriers to solvent diffusion./**! With a higher

(a) — —— (b

©
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[olo]lelololeleleld
ORNRAUIOVOO

—
=
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Figure 7. Predicted appearance of a square composite sample with fiber volume fraction of a) 20%, b) 30%, c) 40%, d) 50%, and e) 60% at the tenth
minute during the dissolution process, and f) the predicted dissolution time as a function of fiber volume fraction. The contour refers to the normalized

solvent concentration ¢/co.
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concentration of fibers, solvent molecules have to navigate a
more tortuous path to permeate the matrix, elongating the path-
way and slowing down the diffusion process. As the solvent dif-
fusion process is integral to the dissolution of the matrix, access
to the reactive site is also hindered by higher fiber fractions,
affecting the reaction rate. Therefore, a more homogeneous dis-
tribution of fibers is expected to ensure more homogeneous
depolymerization and better quality of recyclates.

3.4. Influence of Voids and Dry Spaces

Voids and dry regions are common defects in blade composites,
especially when fibers are located closely, and resins cannot pen-
etrate this region or air bubbles are trapped in the resin during
manufacturing. It is of interest to investigate how the pores and
voids influence the depolymerization process.

A square model measuring 0.08 mm by 0.08 mm is depicted
in Figure 8. The fibers, uniformly distributed, possess a diameter
of 7pm and comprise a volume fraction of 40%. Diffusion is
assumed to initiate from the top surface. Contrary to fibers, voids
become filled with solvent immediately upon the penetration or
influx of solvent molecules. Therefore, three semicircles located
on the top surface were used to represent the voids, with an ini-
tial solvent concentration applied to the surfaces of these voids as
they become filled with solvent. The dissolution time for the
model, with and without the presence of voids, is 806 and
810, respectively. Upon examining Figure 7b, an increase in
dissolution is observed from the right to the left side in the model
featuring voids, aligning with the absence of voids on the right
side of the top surface.

(@)

www.aem-journal.com

A unit cell with a length of 10 pm was used to examine how
voids accelerate the dissolution process, as depicted in Figure 9.
In the model considering solvent diffusion on the void
(Figure 9b), both the top and void’s surfaces were treated as a
solvent—polymer interface with a boundary condition of solvent
concentration (represented by rectangles). However, in the
model without diffusion on the void (Figure 9c), only the top sur-
face was subjected to the solvent concentration. The diameter of
fiber is 7 pm and the ratio of the void radius to fiber radios (ry/r)
varied from 0 to 0.35. The reduction of dissolution time, t,, is
defined as

=1 : N 100% (14)
t

where t, and t, are the dissolution time of the cell without
(Figure 9c) and with (Figure 9b) void diffusion, respectively.
Figure 10 plots the reduction of dissolution time as a function
of radius ratios. It is observed that the greater the void in the
model, the more rapid the polymer dissolution. This phenome-
non can be explained by comparing the simulated appearances of
unit cells during the dissolution process, as shown in Figure 11.
The void increases the solvent contact area and broadens the dif-
fusion path (Figure 11a), contributing to the accelerated dissolu-
tion. In addition, the effect of voids becomes negligible as the
ratio of void radius to fiber radius is less than 0.05.

3.5. Model Validation

Using the calibrated parameters above, the model was compared
with Luo’s model®! in predicting the dissolution process of a

Q
S

o T T T T
orNRAUIODLO

Figure 8. The comparison of simulated depolymerization for a composite model considering the effect of voids at a) the beginning and b) end of the

process. The contour refers to the normalized solvent concentration.
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Figure 9. Sketch geometry of a) voids in composites and the unit cells designed for the analysis with an initial solvent concentration (represented by

rectangles) on b) the top and void’s surface and c) the top surface only.
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Figure 10. Reduction of dissolution time as a function of the void-to-fiber
radius ratio.
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composite sample, as shown in Figure 12. The dimensions of the
cross section are 0.08 mm x 0.08 mm, with the fiber volume con-
tent of 40%. The diameter of each fiber is 7 pm. The diffusion
and depolymerization started from the top surface where the
boundary condition was defined by an initial solvent concentra-
tion. As the area of initial diffusion has changed from a pure
polymer sample (11 x 65mm? to a composite sample
(0.08 x 100 mm?), the reference diffusivity D, in Table 1 was
divided by a ratio of these two areas (89) for parameter
adjustments.

The dissolution front moves with time and the proposed
model shows dissolution rates comparable to Luo’s model.
It can be seen from the proposed model that the diffusion front
moves deeper into the epoxy area as time progresses, while Luo’s
model showed no significant diffusion. The variance is attributed

\_J
c/co
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Figure 11. Comparison of simulated dissolution process of a unit cell with r,/rr=0.29. An initial solvent concentration is provided on a) the top and
void’s surfaces and b) the top surface only. The contour refers to the normalized solvent concentration.
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Figure 12. The simulated depolymerization of an epoxy matrix composite material with 40% carbon fiber by a) the proposed model and b) Luo’s model
(reprinted with permission.”®! Elsevier). Details of Luo’s model can be found elsewhere.””!

to the different approaches applied to the reacted fractions. The
proposed model allowed the reacted fraction to increase gradually
with rising solvent concentration, facilitating solvent diffusion
before the element totally dissolved. Luo’s model suggested an
instant increase of the reacted fraction at the liquid-solid inter-
face to constrain solvent diffusion.

4. Conclusions

A computational model of depolymerization of composites dur-
ing the solvolysis for wind turbine blades was developed. The
model is based on a phenomenological approach describing
the dissolution of epoxy matrix by a local phase transition with
considerations of temperature, solvent diffusion, and local
microstructures. This has been implemented in Abaqus with
the user subroutines of USDFLD and HETVAL. The calibration
of the model from experimental data (the diffusion test for a ther-
mosetting epoxy immersed in EG at 140 °C and corresponding
dissolution test with catalyst) is demonstrated. The model has
been validated against literature data.

Parametric studies were conducted to assess the effect of
defects and material heterogeneity on depolymerization. It
was demonstrated that voids in the polymer lead to local acceler-
ation of the polymer dissolution. Fiber volume fractions and dis-
tributions show coupling effect on the dissolution rates of
polymers. The solvent diffusion between closely located fibers
evolves more slowly and results in slower dissolution. Further,
variation of the diffusion coefficient in the composite matrix
leads to nonhomogeneity of depolymerization and may explain
remaining residues on the fibers. The conclusion is that the
homogeneity and quality of recycled fibers depends on the
manufacturing quality of composites, while voids, variations
of fibers density, and inadequately cured regions lead to varia-
tions in the depolymerization rate and thus to residues on fibers,
and lower quality recyclates.
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