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Recycled carbon fibers cost a fraction of virgin fibers and their composites can potentially achieve mechanical
properties suitable for a wide range of applications. When recycled, carbon fibers usually become millimeter to
centimeter long and emerge as a tangled mass analogous to cotton candy. In this work, recycled carbon fibers
were processed into unidirectionally aligned and two-dimensional randomly oriented recycled carbon fiber
mats. The surface of the recycled carbon fibers was probed to understand the significance of surface char-

acteristics on the mechanical behavior of recycled carbon fiber composites. Tensile testing was used to determine
the influence of fiber surface quality, aspect ratio, and alignment on mechanical properties of the composites. It
is concluded that the processing has a significant effect on the properties of recycled fiber composites. An
analytical model was validated and subsequently used to provide insight into viable methods for improving
mechanical properties in recycled carbon fiber composites.

1. Introduction

Carbon fiber reinforced polymer composites (CFRPs) exhibit unique
combination of properties, such as low density, high strength and
stiffness, corrosion resistance, fatigue resistance, and controllable ani-
sotropic mechanical properties [1]. This combination of properties has
led to the utilization of CFRPs in a diverse set of markets, such as wind
energy, aerospace, infrastructure, high end cars, and luxury sport
equipment [2]. However, the high cost associated with carbon fiber
composites has limited their applications to mostly aerospace industries
and been a major barrier for their widespread adoption into other large
volume markets such as the automotive [2]. Recycled carbon fibers
have recently emerged as an inexpensive and environmentally friendly
alternative with attractive mechanical performance.

The production of virgin carbon fiber is an energy intensive process,
requiring 50-150 kWh/kg. Such a production process together with the
high cost of carbon fiber precursor dictates the high price of carbon
fibers [3]. Naturally, this high cost has placed a premium on high-
performance alternatives to virgin carbon fiber. One alternative is re-
cycled carbon fibers, which can be produced at a fraction of the cost
while maintaining nearly all the mechanical properties of the virgin
fibers [4,5]. Carbon fibers can be reclaimed from end-of-life composites
at an energy cost as low as 3-9 kWh/kg, which significantly reduces the
price compared with virgin carbon fibers [6]. The use of recycled
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carbon fiber is environmentally attractive, potentially reducing green-
house gases for producing new carbon fibers and diverting composite
waste from landfills and incineration, which are the current most
common disposal methods for end-of-life carbon fiber composites [7].

Carbon fiber reclamation has been accomplished through pyrolysis,
solvolysis, and a fluidized bed process, each with its own advantages
and limitations [4]. Pyrolysis recovers fiber reinforcement from a
composite by burning off the polymer matrix at elevated temperatures
[4]. Chemical recycling can produce fibers with very high retention of
mechanical properties, though the process may not be robust to con-
tamination [4]. The fluidized bed process is robust to many types of
contamination and has been well documented, though degradation of
the fiber length and properties have been reported [4,8,9].

Nabhil et al. investigated the use of pyrolysis to recycle a carbon fiber
polybenzoxazine composite in a fixed bed reactor, which produced fi-
bers with 90% of virgin fiber mechanical properties [10]. Jiang et al.
studied the contact angles and interfacial bonding of carbon fibers re-
cycled via pyrolysis, finding that T800 carbon fibers had reduced
wetting and lower interfacial shear strength with thermosetting resins
than virgin T800 fibers [11]. Jiang et al. also found that pyrolysis re-
cycling results in both a decrease in fiber strength and fiber-epoxy in-
terfacial shear strength [12]. The fibers experienced a reduction in
lateral crystallite size on their surface, along with an expansion between
graphitic layers. The 2-16% reduction in fiber tensile strength is
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thought to be related to surface defects introduced in the process, while
the 24% reduction in interfacial shear strength (IFSS) is related to a
2.6-42% decrease in surface oxygen concentration [12].

Catalytic recycling processes at relatively low temperatures but high
pressures can also produce fibers with 83-99% virgin strength and
varying degrees of surface oxidation [13]. Moreover, supercritical and
near-supercritical water with the addition of a potassium hydroxide
catalyst can be used to remove up to 95.3 wt% of epoxy from a com-
posite [14]. These recycled fibers retained between 90% and 98% of the
virgin fiber tensile strength. The use of supercritical n-propanol to re-
claim carbon fibers was studied further in 2009. It was found that while
the vast majority of resin was removed, the fiber surface experienced a
decrease in C—OH groups [15]. This decrease is likely responsible for
the reduction in IFSS between the fibers and epoxy. While most re-
cycling technologies retain 80-100% of the fiber level mechanical
properties, fiber surfaces and their interactions with polymers usually
deteriorate.

Various re-manufacturing methods have been developed for re-
cycled carbon fiber composites (rCFRP). Many methods are borrowed
from discontinuous fiber composites and applied to rCFRPs. These
processes typically produce uniformly aligned or randomly oriented
composites. Randomly aligned composites reduce the cost of re-
manufacturing but observe a corresponding reduction in achievable
volume fraction and mechanical properties. An overview of aligned
short fiber composites was provided by Such et al. in 2014 [16], be-
ginning with the first instances of fiber alignment methods developed in
the early 1960s.

In 2010, Turner et al. outlined a portion of the challenges facing
recycled carbon fiber composite technology, concluding that fiber
alignment would be a critical factor in producing competitive recycled
fiber composites [17]. Turner et al. produced an aligned recycled
carbon fiber composite with a 44% volume fraction and a strength and
modulus of 422MPa and 80 GPa, respectively, using compression
molding with 5-10 MPa molding pressure [17]. In 2014, Yu et al. de-
veloped the High Performance-Discontinuous Fiber (HiPerDiF) align-
ment method [18]. This method was used to successfully align 67% of
3mm long tape type preforms from virgin carbon fibers within the
range of + 3°. The composite made from these aligned fibers had a
volume fraction of 55%, with a strength and stiffness of 1509 MPa and
115 GPa, respectively [18]. While this technique may be applicable to
recycled carbon fibers, the alignment of recycled carbon fibers was not
considered in this study.

The potential benefits of recycled carbon fiber composites have
become apparent, though further work is needed to bring the tech-
nology into large-scale markets. The focus of this study is on in-
vestigating the effect of sizing, processing, and alignment on the me-
chanical properties of rCFRP composites. Sized and non-sized fibers
were used to make composites with either uni-directionally aligned
fiber mats or 2D randomly oriented fiber mats. The fiber mats were then
infused with epoxy using a resin transfer molder. The individual fibers
and composites were characterized and an analytical model was used to
contextualize the observed properties and prescribe directions for de-
signing recycled carbon fiber composites for different applications. The
validated model of the rCFRP was used to understand the effects of fiber
aspect ratio, alignment, and interfacial strength on the mechanical
properties of rCFRP composites.

2. Materials and methods
2.1. Materials

Toray T800 carbon fiber epoxy composites were recycled by
Adherent Technologies Inc. using a wet chemical process. Adherent
Technologies Inc. combines a catalyst-based wet recycling process with
vacuum pyrolysis treatment to successfully reclaim 99% clean carbon
fibers [19]. The wet recycling process is performed at low temperatures
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Fig. 1. As-received recycled carbon fibers resemble cotton candy of highly
entangled fibers.

inside of a low pressure vessel (150 °C and 150 psi) to fully recover
carbon fibers while causing minimal damage to their surface [20]. A
proprietary epoxy-based sizing agent was applied to a selection of the
recycled fibers, and both as-is and sized fibers were used to make
composite plates. The fiber length ranged from ~10 to 50 mm, and the
fibers were received in a highly entangled fluffy architecture, as shown
in Fig. 1. A 95wt% glycerol/water solution was used to disperse the
recycled fibers using an axial impeller. Aeropoxy PR2032 resin and
PH3660 hardener (100:27 wt/wt) were used as the epoxy system for the
composite plates. Following our previous studies, the Aeropoxy was
cured at room temperature for 18 h, followed by a two-hour post-cure
at 80 °C [1,21,22].

2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) micrographs were collected
using an FEI Quanta 3D FEG SEM. Samples were prepared by fixing a
random selection of fibers to the sample holder using electrically con-
ductive carbon tape. The micrographs were used to characterize the
surface quality and diameter of the as-received sized and non-sized
carbon fibers. The features of interest were defects such as pitting or
residual epoxy, or foreign contaminants that may have been introduced
to the recycling process.

2.3. X-ray photoelectron spectroscopy

The active chemical groups on the fiber surface before and after
sizing and after the mat remanufacturing processing were analyzed
with a Kratos AXIS Ultra X-ray photoelectron spectrometer (XPS). The
spectrometer was equipped with a monochromatic Al Ka source oper-
ating at 300 W, with a base pressure of 2 x 10~ '° torr and an operating
pressure of 2 x 10~ 7 torr. High-resolution spectra were taken of the
Cls, N1s, and O1s peaks at 20 eV.

2.4. Single fiber tensile test

The mechanical properties of the individual recycled carbon fibers
were characterized using single fiber tensile tests. The tests were per-
formed with a DMA Q800 equipped with film tension clamps, following
the ASTM C1557-14 standard. Single carbon fibers were placed across a
12.7 mm square window in a piece of card stock. The ends of the fibers
were glued to the paper with a cyanoacrylate adhesive. The samples
were mounted in the clamps, and the sides of the paper were cut away
to leave only the single fiber between the two clamps. The test was
carried out at a displacement rate of 20 um/s until fiber failure.

A Weibull analysis was applied to the single fiber tensile data results
[23]. For this study, 20 fibers were tested. A least squares regression fit
was used with this data to find the shape and scale parameters. The
scale parameter is used to identify the stress at which the weakest 63%
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Fig. 2. Non-aligned mat production process involving dispersion of recycled fibers into a viscous glycerol solution and deposition of fibers onto a nylon-covered sieve.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of fibers in a population will fail and thus acts as an appropriate metric
to compare the strengths of different samples [15].

2.5. rCF mat fabrication

Randomly oriented 2D fiber mats were fabricated using a vacuum
filtration method, as illustrated in Fig. 2. A carbon fiber slurry was
created by dispersing the recycled fiber bundles in a viscous glycerol
solution using an axial impeller. The high viscosity allows for larger
shear forces to be imparted on the fiber bundles, assisting in the dis-
persion to the single-fiber level. Roughly 500 mg of fibers were dis-
persed in 200-400 ml of glycerol/water solution. The axial impeller was
run at 1100 rpm in five-minute intervals. After five minutes, any re-
maining fiber bundles were removed from the solution, and the dis-
persed fiber slurry was poured uniformly onto a nylon mesh covering a
10 cm stainless steel sieve. Vacuum was applied to remove glycerol and
densify the fiber mat. The five-minute mixing time was designed to
prevent excess damage to the fibers. Undispersed fiber bundles were
added to the clean glycerol for the subsequent mixing step. This process
was repeated until ~10 g of fibers were deposited on the mat. The mat
was then thoroughly rinsed with warm DI water to remove glycerol and
dried at 180 °C for two hours. Reference samples based on virgin T800
fibers were also processed into mats.

A lower concentration of carbon fibers in the slurry was necessary to
achieve highly aligned carbon fiber mats. The carbon fiber slurry was
prepared by adding approximately 60-100 mg of carbon fiber to 500 ml
of the glycerol solution. This solution was mixed with the axial impeller
at 1100 rpm for 5 min before an additional 60-100 mg of fibers were
added. The impeller was placed near the edge of the mixing container,
in this case a one-liter funnel, to maximize shear forces in the region
between the impeller and container wall. Within the funnel, larger
bundles of fibers were trapped in the fluid vortex while dispersed fibers
travelled with the glycerol out of the funnel.

When the fiber slurry exited the funnel, it travelled through a
flexible tube toward a convergent nozzle. The tube and nozzle were
attached to a reciprocating rack, which travelled on a single axis ac-
cording to an alternating and constant positive and negative velocity
over a 6 cm distance. The convergent nozzle was positioned inside of a
rotating mesh drum, with the nozzle exit velocity aligned tangentially
to the drum circumference. The fibers become partially aligned in the
convergent nozzle and are further aligned as they contact the mesh on
the drum. The difference in velocity between the fiber slurry jet and
drum rotation causes the bottom of the fiber to be ‘pulled’ along the
circumference of the drum to encourage alignment in that direction. A
schematic of the alignment rig and an example of an aligned mat pro-
duced with this technique is illustrated in Fig. 3. Mats were finally
rinsed with warm deionized (DI) water and dried at either 180 °C or
300 °C. The latter temperature was chosen to ensure evaporation of any
remaining glycerol, which evaporates at ~290 °C.

The use of a centrifugal alignment rig to align discontinuous fibers
was first developed in 1980 by Edwards and Evans [16], and utilized
later by Wong et al. [24]. In this study, the use of a funnel for dispersing
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Fig. 3. Centrifugal alignment rig concept and 60 x 120 mm fabricated aligned
carbon fiber mat. Red arrows indicate the mechanical motion of the compo-
nents. The yellow arrow indicates alignment direction. The collection cylinder,
typically surrounding this device, is left out for clarity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

the carbon fibers restricted the entry of fiber bundles from entering the
nozzle. The alignment rig used in this study also allowed for control
over solution temperature (and consequently viscosity), drum rotation
rate, and nozzle linear velocity.

The length, width, and thickness of the resulting aligned carbon
fiber mat are determined by the drum diameter, maximum nozzle
travel, and the amount of fibers deposited, respectively. The drum was
made from a rolled piece of 70 X 150 mm stainless-steel wire cloth,
with a 0.8 mm wire diameter and a 1.3 mm opening size (37.5% open
area). However, the carbon fibers do not tend to adhere well to the
steel, so a thin nylon mesh was inserted to cover the inside of the drum.
This also allows for simplified removal of the aligned mat once the
desired thickness is achieved. The mat was carefully rinsed and dried
once the desired thickness was achieved. Design of experiments was
used to find the optimum flow rates and lateral nozzle speeds. A nozzle
linear velocity of 2.5 cm/s, temperature of 30 °C, and drum rotational
velocity of 600 rpm were found to be most effective at aligning the fiber
mat. Additionally, the alignment would decrease as the mat thickness
increased and permeability decreased. Therefore, mats were made
containing 1g of material and stacked to achieve the desired composite
thickness.

2.6. Fiber alignment and length characterization

The alignment was characterized by tracing individual fibers in a
micrograph using the software ImageJ. This technique was used to find
the respective angle of each fiber in a representative micrograph. From
this data, a fiber angle histogram was generated for the front and back
of the aligned fiber mat.

To ensure that the processing of carbon fibers into aligned mats did
not degrade the fiber length beyond the critical length, the length dis-
tribution of fibers was found through image analysis. For this experi-
ment, a random selection of fibers was taken from a processed, rinsed
and dried rCF mat and dispersed across a piece of white cardstock. Once
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the fibers were dispersed enough to allow for individual length iden-
tification, an image was taken of roughly a 50 x 50 mm? square area.
The fibers were traced with image analysis software (ImageJ) to mea-
sure their length. Over 500 fibers were measured with this technique,
and a length distribution histogram was generated.

2.7. Resin transfer molding

Resin transfer molding (RTM) was used to fabricate the composite
plates for this study. The epoxy was degassed for a minimum of 30 min
before being injected into the mold and was infused at a rate of 2 cc/
min for 50 min.

2.8. Composite characterization

The tensile properties of the rCFRP specimens were measured fol-
lowing the ASTM D3039/D3039M guidelines. Fiberglass composite tabs
were attached to each end of the tensile coupons using Aeropoxy, fol-
lowing the standard degassing, mixing, and curing procedure. The tabs
were roughened prior to bonding with 240 grit silicon carbide paper to
improve adhesion. The tests were performed with an Instron 4400R, at
a constant displacement rate of 1.3 mm/min. The rCFRP specimens
were also examined using micro-computed tomography (uCT). This
characterization was used to observe the 3D alignment of the fibers
within the samples, and monitor voids, defects, and contamination. A
Zeiss Xradia 520 Versa was used to collect the data for the samples, and
the data was analyzed using Dragonfly Pro.

2.9. Modeling tensile properties of short fiber reinforced composites

Analytical models for the prediction of tensile strength and stiffness
of short fiber composites have been developed and validated [25-29].
These models can be used to assess the recycled fiber composites ex-
amined in this study, including the Halpin Tsai semi-empirical equa-
tions, composite mechanics approach and laminate analogy approach,
incorporating the experimentally measured fiber orientation and length
distributions of the specimens [25,27]. These analytical models require
a precise description of fiber length and orientation distributions, as
well as fiber interfacial and tensile strength. Length and orientation
distributions can be mathematically described by probability density
functions. The probability density function for fiber lengths or fiber
length distribution (FLD) is defined such that the probability of fibers
with a length between [ and [ + dl is f(Ddl. A similar probability func-
tion, g(6), can be defined for fiber orientation distribution (FOD)
[26,30]. The experimental FLD and FOD were fitted to:

f () = ablb~lexp(—al®) 6}
where a and b are parameters that define FLD,
2(6) = sin62P—1 cos2q-1
~ Omax
S sing?P~1 cos624-1do
Omin (2)

for 0 < By < 6 < By < m/2, where p and q are shape parameters that
determine the FOD function shape. For example, if p = ¢ = 0.5, fibers
are randomly distributed and for p = 0.5 and ¢ > 100, almost all fibers
are aligned in the 0° direction.

Experimental FLD and FOD were fit to Egs. (1) and (2) using the
least square method in a Matlab script, as shown in Fig. 4. Fit para-
meters were found to be p = 0.51, ¢ = 2.2, a = 0.285, and b = 1.554.

The strength of partially aligned discontinuous fiber composite can
be estimated using a mechanics approach [30]. Interfacial shear stress
between fiber and matrix increases with increasing the applied load.
Strength of the composite can be estimated by evaluating the average
stress required to break the composite at some random cross section.
For a single fiber that intersects a crack at an angle, ©:
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ore = or[1 — Ay tan (0)] 3)

where A¢is a constant equal to 0.083 for carbon-epoxy systems and o is
the strength of fiber when the crack plane is perpendicular to fiber axis
[29]. Fiber failure in a composite depends strongly on the critical fiber
length. The critical length of an oblique fiber can be written as:

L = Ie[1 - Aftan(6)]
)

4

where [ is the critical fiber length for a straight fiber and y is the
snubbing friction and is estimated as 0.1 in our model [30].

The composite strength can then be calculated using the following
expression:

O = XX, Or Vf + OMVm 5)
6 = S [0 DO W nean) U/2L)exp(u6)dIde
oo [ £ (D@ (€)(Ulmean) (1 — Ay tan (6))

x (1 — 1. (1 — A tan(6))/(2l exp (u6)))dldO 6)

where vy is the fiber volume fraction, vy, is the matrix volume fraction,
and y and y, are fiber orientation factor and fiber length factor, re-
spectively. For example, for a composite with perfectly aligned fibers x;
is 1, and if fibers are infinitely long, y, is 1. It should be noted that the
described model for tensile strength does not account for the fiber end
effects and therefore overestimates the tensile strength.

Elastic moduli of discontinuous fiber composites can be calculated
using the laminate analogy approach where the composite is simulated
as sequential stacks of various laminae with different orientation and
fiber lengths. The off-axis stress-strain relation for a laminate, Qi'j, can
be used to find the laminate stiffness matrix for discontinuous fiber
composites using:

- lmax Emax '
A= [ [ Quf g (@)dide

)
Finally, the composite tensile modulus is calculated using:
= _ Audp-Ab
En=""%, ®)

Elastic constants for unidirectional fiber composites were estimated
from the Halpin-Tsai equations [31]. Finally, the fiber orientation
coefficient, f;, was used to describe the average orientation of fibers in a
specimen, where f;, varies between —1 and 1, with —1 corresponding
to fibers that are perpendicular to the measurement direction, 0 for
random fiber orientation, and 1 corresponding to uni-axially aligned
fibers along the loading direction:

smax
= f g(6)cos?(6)d6 — 1

Omin

©)

Input parameters to the models were experimentally measured or
indirectly calculated using the Halpin-Tsai equations. The critical fiber
length was estimated by fitting the strength equation to the strength
values measured experimentally.

3. Results and discussions
3.1. Recycled fiber characterization

A representative scanning electron micrograph of recycled carbon
fibers is shown in Fig. 5. The particles observed on the fiber surface are
believed to be residual toughening particles from the original compo-
site. Additionally, a small amount of residual epoxy and minor pitting
can be observed on the fiber surface. SEM micrographs were also used
to measure an average fiber diameter of 5.5um, while the reported
diameter of virgin T800 carbon fibers is 5 um [32]. Using the measured
FLD and the average fiber diameter, the aspect ratio of the recycled
fibers used in this study falls mostly within the 100-1000 range
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Fig. 4. Fiber length and orientation distributions (FLD and FOD, respectively) in a unidirectionally aligned sample and curve fits to them. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. SEM images of non-sized recycled carbon fibers.

(average aspect ratio of 300). Weibull analysis was used to find the
scale parameter for the single fiber tensile test data, which was used as
a measure of fiber strength. The fiber modulus was not affected by the
recycling process. However, the strength experienced a 25.2% reduc-
tion compared with the virgin fibers.

The XPS results for recycled carbon fibers are summarized in
Table 1; as recycled non-sized fibers, recycled and sized fibers, and
recycled non-sized fibers that have been through the dispersion and
alignment processing. The processed fibers were exposed to the water/
glycerol solution, then rinsed with warm DI water to remove glycerol
and dried above glycerol’s boiling temperature for two hours. This data
shows an increase in functional groups on the fiber surface due to
sizing, however, the concentration of these groups changes upon pro-
cessing. The relative percentage of Ols bonds increased from 12.1% to
18.5% due to the applied sizing. The C—OH and C—O bonds also in-
crease from 59.8% to 74.3%, and 11.1% to 37.6%, from non-sized to
sized fibers, respectively. These groups are available to bond to the
amine groups of the epoxy and therefore are expected to increase the

Table 1
XPS analysis of recycled carbon fiber surfaces.

Non-sized Sized Processed non-sized
c=C 61.6% 34.6% 56.4%
Ols 12.1% 18.5% 15.0%
C—OH 59.8% 74.3% 54.1%
c-0 11.1% 37.6% 13.3%
Amine 25.5% 32.2% 63.2%
0/C ratio 14.3% 23.2% 18.7%
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interfacial shear strength of the sized fibers [33-35]. Both C—OH and
C—O0 bonds were significantly reduced after processing. There was an
unusual increase in the concentration of amine groups on recycled fi-
bers due to processing.

3.2. Recycled carbon fiber composite characterization

The aligned and non-aligned fiber mats were characterized with
optical microscopy, as shown in Fig. 6. The aligned virgin fiber tow
demonstrates the maximum packing efficiency of the fibers. While
substantial alignment can be observed in the aligned recycled fiber mat,
the misaligned fibers can be seen to limit the packing efficiency.

Micrographs of the composite cross-sections taken using a light
microscope are shown in Fig. 7. Virtually no voids from the composite
manufacturing were observed in the composites. Highly misaligned fi-
bers can be observed in both the aligned and non-aligned composites,
though of course are more prevalent in the randomly oriented com-
posite. It can also be observed that the fibers in both samples are almost
perfectly aligned in the plane direction, i.e., no misaligned fiber in the
through-the-thickness (horizontal) direction. The fiber packing density
also is higher in the aligned fiber composite. The highly misaligned
fibers result in a substantial decrease in the ability of fibers to pack
efficiently together, resulting in low volume fractions.

The data collected from micro-computed tomography (UCT) is
shown in Fig. 8. Again, misaligned fibers can be observed within the
matrix. It is also evident that a substantial amount of contamination is
present within the composite, as illustrated by the contrasting phases
illustrated. While some of these phases have a fiber morphology, the
exact composition of these contaminants is not known. It is likely that
contaminants will act as defects in the matrix, potentially reducing the
mechanical properties of the composites.

SEM micrographs of the fractured surfaces can be observed in Fig. 9.
Substantial fiber pullout, along with the clean surface of the fibers,
suggests low interfacial bond strength between the fibers and the ma-
trix. This property is observed across the recycled fibers that were non-
sized, sized, and sized and heated to 300 °C. Virgin chopped fibers were
also processed into mats and subsequently composite plates were fab-
ricated; following identical protocol used for recycled fibers. Fracto-
graphy of these specimens also suggested a low interfacial strength
evident by the pulled-out clean fiber surfaces. This result suggests that
processing the fibers in water and glycerol adversely affects the ability
of the surface to form covalent bonds with the epoxy matrix. These
findings agree with the carbon fiber surface activities measured via
XPS, suggesting that the processing significantly reduces some of the
functional groups on carbon fiber surface.

The mechanical properties of the rCF composites are tabulated in
Table 2. A minimum of five coupons were tested for each configuration.
The first two rows summarize properties for the non-aligned composites
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Fig. 6. Aligned virgin fiber (left), non-aligned recycled fiber (middle) and aligned recycled fiber (right). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

and the last three rows are for aligned composites. It was difficult to
maximize the volume fraction beyond the obtained range of 18-24%;
higher volume fractions can be obtained by using higher molding
pressures. However, higher molding pressures can also lead to fiber
breakage and lower average fiber lengths. FLD and FOD for the aligned
rCF composites was used in the model to extract the tensile properties,
as shown in the last row. While the model predicts the modulus well, a
weak interfacial strength was used to match the experimental strength
values. As such, the critical fiber length was calculated to be 4 mm; the
critical fiber length is inversely proportional to the interfacial bond
strength between the fiber and matrix. The estimated value of 4 mm is
an order of magnitude higher than that reported for carbon fiber-epoxy

systems [36], highlighting the poor interfacial bond between the carbon
fibers used in this study with the epoxy matrix. Composites based on
virgin fibers also showed similar strength values confirming that the
weak interfaces are a result of the processing approach used here. As
mentioned earlier, the model overestimates strength values because it
does not account for fiber end effects. The uCT also revealed impurities
in the composite. The presence of impurities, weak fiber-matrix inter-
facial bonding, and fiber end effects collectively contribute to the re-
latively low strength of the rCFRP samples. The mechanical properties
of the non-aligned composites highlight the importance of fiber align-
ment on both the modulus and strength in rCF reinforced composites.
The effect of alignment can also be understood by comparing the

Fig. 7. Through-the-thickness
tional micrographs of recycled carbon fiber
composites. 10x (top) and 20X (bottom)
magnification images are shown of an
aligned (left) and randomly oriented (right)
rCF composites. White and back areas are
fibers and voids, respectively, and the grey
background represents the polymer matrix.
The cross-section of the aligned sample is
perpendicular to the fiber alignment direc-
tion, while the cross-section of the randomly
oriented sample was chosen arbitrarily.
Cross-section of perfectly aligned fibers is
complete circles while misaligned fibers are
seen as ellipses, where the length of the
major ellipse axis is proportional to the fiber
misalignment degree. For all the images, the
sample thickness is in the horizontal direc-
tion.

Cross-sec-
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Fig. 8. Micro computed tomography (UCT) generated image of the recycled carbon fiber composite (left) and contaminates within the composite (right). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

aligned, sized samples with the non-aligned, sized sample. If these Table 2

strength and modulus values are normalized to the volume fraction of Tensile strength and modulus of recycled carbon fiber composites.
the composite, isolating the influence of alignment, the strength and
modulus are improved by 100.0% and 136.7%, respectively. Again,

Sizing Alignment Vi Strength (MPa) Modulus (GPa)

normalizing the properties to the volume fractions, the addition of a Yes No 20 93 + 95 11. = 0.7

sizing agent resulted in an increase in the strength by 3.9%, but a re- Virgin fiber No 20 104 + 3.6 107

duction in the modulus by 20.0%. It is, therefore, concluded that sizin; No Yes 18 192 = 231 31.6 =09
y 20.U0%. 2L 1S, g 8 Yes Yes 24 266 = 28.2 337 + 2.2

did not have a strong effect on the tensile strength in aligned samples. Model Yes 20 325 33.8
A comparison of these composite properties to those of continuous

Fig. 9. SEM of recycled carbon fiber composite fractured surface for non-sized (top) and sized (bottom) samples.
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Fig. 11. left: Composite strength as a function of fiber orientation for two values of critical length. right: 1, as a function of mean fiber length (mm) for two given
critical lengths. fo = 0 corresponds to randomly aligned fibers, while fo = 1 corresponds to perfectly aligned fibers. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

virgin fiber composites can be a valuable metric to gauge the effec-
tiveness of the recycled fiber composites. Unidirectional virgin T800
composites with a 60% volume fraction have a tensile strength and
modulus of 2650 MPa and 170 GPa, respectively [32]. With this metric,
the translation efficiency of the aligned, sized recycled fiber composite
for strength and modulus is 10% and 20%, respectively. This gauge
considers the effects of change in length, surface quality, and volume
fraction that accompanies the recycling and remanufacturing processes.
As the recycled fibers can be an order of magnitude cheaper compared
with the virgin T800 fibers, a composite approaching virgin fiber
property is not necessary to be competitive in the market but improving
the translation efficiency will be necessary to see the incorporation of
recycled fibers into high-volume markets.

3.3. Recycled fiber composite modeling

Using the model detailed in Section 2.9, the relationship between
the normalized composite modulus and fiber orientation angle is
plotted in Fig. 10. Young’s modulus values were normalized to the
modulus of a composite with continuous, perfectly aligned fibers at
20% fiber volume fraction. The shape of the observed length distribu-
tion was used in this model, but the average length was varied when
shown. The intention of this model is to understand the influence of
multiple parameters on composite properties in order to identify the
highest value methods of improving composite properties. As expected,
as the fibers become more aligned along the tensile axis, the composite
modulus monotonically increases. The trend observed in this plot is not
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linear, which illustrates the importance of increasing the fiber or-
ientation above an f; of 0.7. The relationship between normalized
modulus and mean fiber length (fiber diameter was 5.5 um) is shown in
Fig. 10. Again, the intuitive trend of increasing modulus with increasing
mean fiber length is observed. The figure demonstrates the importance
of maintaining a mean fiber length at the millimeter scale. For both
weakly and strongly aligned fibers, the normalized modulus is sig-
nificantly reduced below 5 mm mean lengths. Increasing the mean fiber
length above 5mm does not produce a significant increase in the
composite modulus. Therefore, it appears necessary to maintain a mean
fiber length of 2-3mm to produce composites with a competitive
modulus, which is independent of the fiber critical length. Therefore,
maintaining a minimum mean fiber length of 2 mm while achieving an
Jfo of greater than 0.7-0.8 will be necessary for producing high modulus
composites. It should also be noted that higher volume fractions can be
achieved when fibers are more aligned. If fibers are not highly aligned
in the mat, composite specimens can be fabricated under high molding
pressures at the price of shortening and damaging the fibers.

The parameter y, can be used to predict the composite strength. y,
varies between 0 and 1, with 1 representing the maximum achievable
composite strength with continuous fibers. The relationship between y,
and f; is illustrated in Fig. 11. For a long critical fiber length (4 mm),
there does not appear to be a dependence of composite strength on fiber
orientation. However, at low critical lengths (0.25 mm), fiber alignment
does increase the strength of the composite. However, the incremental
increase in strength is diminished above an f, of 0.5, at which point the
composite can be expected to achieve a strength near the optimum
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value. It can be concluded that the critical fiber length significantly
influences the strength of composite while fiber orientation has a lower
influence on the strength. This is contrary to the composite elastic
modulus dependence on orientation where there exists a strong re-
lationship.

The dependence of composite strength on mean fiber length was
further explored in Fig. 11. For a low critical fiber length (0.25 mm), the
strength reaches a plateau at a fiber length of only a few millimeters.
Above 5 mm, only slight improvements of the strength can be observed.
At high critical fiber lengths, however, increasing the mean fiber length
continues to produce improvements in strength up to centimeter scale
mean fiber lengths. This indicates that strength can be maximized at
low mean fiber lengths when the critical length is small, while long
fibers are necessary to increase the strength for relatively long critical
fiber lengths.

In general, the strength of the tested composites also falls short of
predicted values. This may be the result of weak interfacial shear
strength, resulting in a long critical fiber length, combined with a low
average fiber length, and the fiber end effects that are not accounted for
in the model. Therefore, a longer average fiber length and lower critical
length are required to achieve a high-performance recycled carbon fiber
composite. Additionally, an increase in the degree of fiber alignment
would also result in an increased composite tensile modulus. In sum-
mary, f, and l,.q., above 0.7 and 5 mm, respectively, can be expected to
produce a high modulus composite. Similarly, a mean fiber length
above 3 mm is expected to produce a high strength composite for short
critical lengths (e.g., I, = 0.25), while a mean fiber length above 10 mm
is required for longer critical lengths (e.g., . = 4 mm). The fiber ends
only partially carry loads and cause stress concentrations in adjacent
fibers. Recycling technologies as well as the difficulty in dispersing and
aligning long fibers limit the maximum fiber length achievable in
rCFRPs. This complex problem calls for multi-objective optimization of
mechanical properties with respect to feasible FLD, FOD, and volume
fractions.

4. Conclusions

The effect of alignment and sizing of recycled carbon fiber compo-
sites was investigated experimentally and analytically. Randomly or-
iented 2D carbon fiber mats were manufactured through a dispersion
and filtration method. Aligned carbon fiber mats were fabricated using
a similar dispersion process coupled with a centrifugal alignment rig.
Analysis of SEM micrographs did not show any substantial degradation
or contamination on the fiber surface after the sizing process. XPS did
show an increase in active chemical groups on the fiber surface after
sizing, which are known to bond with the epoxy used in this study.
Processing of sized fibers in glycerol and water, degraded surface
functionality of fibers, resulting in weak bonding to the epoxy used in
this study. Image analysis found that the alignment process could
produce mats with roughly 70% of fibers aligned within + 15° of the
mean direction. The effect of processing on the average fiber length was
also evaluated, finding that the average fiber length after processing
was roughly 1.5 mm.

The degree of alignment was unsurprisingly found to have the lar-
gest influence on the strength and elastic modulus of the composites.
The aligned composite had an increase in normalized tensile strength
and modulus of 100% and 137%, respectively, over the non-aligned
composite. Sizing did not have a strong effect on properties. This could
have been due to the deteriorating effects of glycerol/water processing
on carbon fiber surfaces. Further improving the alignment will allow for
an enhanced composite volume fraction, which is necessary to realize
improvements in the translation efficiency of recycled fiber composites
beyond 10-20%.

To put the findings of this paper in perspective, one should consider
the price and properties of non-carbon fiber types. For example, the
recycled T800 fibers used here possess a similar strength to S-glass

46

Composites Part A 119 (2019) 38-47

fibers, however, are almost four times stiffer (elastic modulus) and less
expensive; price of recycled carbon fibers is predicted to be lower than
S-glass. For high performance applications, unidirectional S-glass fiber
composites (volume fraction of 50%) achieve better strength and si-
milar elastic modulus compared with recycled carbon fiber composites
(aligned and 15-20% volume fraction). For several applications, such as
injection molded parts and 3D printed composites [37], short fibers at
relatively low (< 20%) volume fractions are employed. In such appli-
cations, the combination of the high modulus and low cost of the re-
cycled fibers is unrivaled. It should finally be noted that carbon fibers
impart other functionalities such as low thermal expansion and elec-
trical conductivity that might be critical for some applications.

An analytical model was used to examine the significance of fiber
length and orientation. The model indicated that low fiber lengths re-
lative to the critical length could dramatically reduce the strength and
modulus of the composites. This result suggests that further effort may
be needed to retain relatively long fibers during the recycling as well as
the dispersion and alignment processes. Ideally, fibers longer than
5 mm in length can be expected to produce composites with exceptional
strength and elastic modulus. Additionally, a low critical fiber length is
necessary to improve the strength of the composites. Finally, improving
fiber alignment improves the composite’s elastic modulus and fiber
volume fraction, though the improvement in composite strength is
likely to be influenced to a lesser extent.
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