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Abstract: Carbon fiber recycling has garnered significant attention in recent years due to the large
volume of manufacturing waste and upcoming end-of-life products that will enter the waste stream
as the current generation of aircraft is retired from service. Recycled carbon fibers have been
shown to retain most of their virgin mechanical properties, but their length is generally reduced
such that continuous fiber laminates cannot be remade. As such, these fibers are typically used in
low-performance applications including injection molding, extrusion/compression molding, and
3D printing that further degrade the fiber length and resulting composite properties. However,
recent advances in the processing of long discontinuous fiber textiles have led to medium- to
high-performance composites using recycled carbon fibers. This review paper describes the recent
advances in recycled carbon fiber textile processing that have made these improvements possible.
The techniques used to manufacture high-value polymer composites reinforced with discontinuous
recycled carbon fiber are described. The resulting mechanical and multifunctional properties are also
discussed to illustrate the advantages of these new textile-based recycled fiber composites over the
prior art.
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1. Introduction

The automotive industry is rapidly becoming one of the largest consumers of carbon
fiber, accounting for 10% of the global demand in 2018 with a compound annual growth
rate of 6% expected until 2025 [1]. Much of this demand is driven by lightweighting
efforts, which result in a 6% to 8% improvement in fuel economy for every 10% of weight
reduced [2]. Similarly, battery electric vehicles stand to benefit even more from lightweight-
ing, with even greater range improvements resulting from weight reductions. As a result,
a consortium of US auto manufacturers has outlined a vision for composite materials by
2025 [3], which calls for unidirectional composites offering tensile strength greater than
700 MPa and tensile modulus greater than 100 GPa. They also seek processing times less
than 3 min and a 25% weight reduction relative to a 2012 baseline with added cost of no
more than USD 5 per pound of mass offset (USD 11 per kg). Many of these goals are driven
by fuel efficiency legislation and the current state of the art is likely able to meet all but
one—the requirement to limit cost. Virgin carbon fibers currently cost between USD 33 and
USD 66 per kilogram depending upon the fiber grade, making low-cost lightweighting
with carbon fiber composite materials very difficult [4].

Fortunately, carbon fibers can be recycled at a cost of less than USD 5 per kg, sig-
nificantly improving the financial viability of automotive carbon fiber composites [4].
Furthermore, the supply of composite waste is quite large, with 10% to 30% of carbon
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fiber ending up as manufacturing waste [5]. With global demand of over 140 kilotons in
2018, this translates to between 14 kilotons and 42 kilotons of waste carbon fiber annually,
which is significantly more than the entire automotive industry demand of 14.3 kilotons
in 2018 [1]. This steady manufacturing waste stream is primarily driven by the aerospace
and wind industries, who are the greatest consumers of virgin carbon fibers. Furthermore,
products of these industries will soon reach their end of service life, resulting in 23 kilotons
per year of retired aircraft carbon fiber composites by 2035 and a cumulative 438 kilotons
of end-of-life wind turbine blade carbon fiber composites by 2050 [6]. As a result, the
automotive industry stands to benefit from this upcoming growth in supply of low-cost
carbon fiber.

This review article seeks to explain the state of the art in recycled carbon fiber textile
manufacturing and subsequent processing into high-value automotive grade composites.
Unlike other recent reviews that focus primarily on composites made of recycled fibers
processed using yarn spinning [7] and fibers recycled using only pyrolysis [8], this review
is indifferent towards any specific textile manufacturing and fiber recycling processes. First,
recycling concepts, methods, and the expected properties are introduced. Then, the state
of the art in textile manufacturing methods used to produce isotropic and anisotropic
fiber preforms is described. The next section describes composite processing methods
for these textiles and their resulting mechanical properties. After, some of the unique
functions offered by these textile-based recycled carbon fiber composites are described.
Lastly, conclusions are drawn that put the state of the art into perspective and identify
areas of research needed to further develop recycled carbon fiber composites.

2. Carbon Fiber Recycling

The recycling of carbon fiber composites is still an emerging field of research with
great strides having been made in the past two decades. Waste composite materials can
generally be classified into three categories based on the fiber source: (1) dry fiber waste;
(2) uncured/partially cured waste; and (3) cured/end-of-life waste. Examples of type 1
waste include fabric offcuts, end-of-roll products, and staple carbon fibers produced from
dry waste. Type 2 waste includes expired prepregs and prepreg trimmings. Type 3 waste
consists of cured prepreg waste, thermoplastic organosheet trimmings, rejected parts, and
components that have reached the end of their useful service life. Generally, type 1 fibers
can be integrated into textiles with little recycling effort. For example, fibers may have to be
chopped to a precise length for integration into a textile preform, but otherwise they require
no additional recycling. As such, these fibers may be referred to as staple, repurposed,
or reused. Alternatively, type 2 and type 3 fibers generally must be separated from the
surrounding matrix material and may also require size reduction. Fiber/matrix separation
is generally referred to as recycling, as the material must undergo significant reprocessing
cycles before remanufacturing.

Several thorough literature reviews of composite recycling processes are available [1,6,9,10].
As such, we will only briefly cover them here. Recycling methods can broadly be placed
into three categories: mechanical, thermal, and chemical recycling. Generally, mechanical
recycling involves downsizing the material using abrasive processes such as shredding or
milling. Such processes yield low-value products, as the fiber length is severely reduced and
matrix material remains in the recyclate to some extent. Resin can be partially removed through
sieving processes, but the resulting fiber-rich product is still only useful as a filler material for
low-value applications [9]. Such processes generally produce high-performance composites
for only type 1 waste, where long fibers with clean surfaces can be retained. Thermal recycling
offers an alternative recycling method, where long discontinuous fibers with little residual
matrix can be recovered. Examples include pyrolysis and fluidized bed processes [1]. In the
pyrolysis process, fibers are heated in either air or an inert atmosphere to high temperatures to
remove the matrix. In air, the matrix is combusted, and the resulting heat can be recovered for
additional processing or power generation. In an inert vacuum process, the chemical products
of the degraded matrix can be captured and used as a synthetic gas for future energy generation.
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The fluidized bed process uses a stream of hot air passing through a silica bed to separate
the fibers and matrix into controlled waste streams with reduced environmental and health
hazards. All thermal recycling methods leave some level of residue on the fiber surface that must
be removed through additional processes to ensure high-quality remanufactured composites.
Chemical recycling utilizes acids, solvents, electrochemical methods, or super-/sub-critical
fluids to dissolve the matrix [6]. In some processes, the dissolved matrix can be precipitated
from the solution and reused in composites manufacturing. Unlike the pyrolysis process, fibers
recycled using chemical methods generally yield residue-free surfaces. In general, the tensile
modulus of recycled carbon fibers is retained in both thermal and chemical recycling processes.
However, fiber diameter attrition due to thermal recycling processes often strongly decreases the
tensile strength. Chemical recycling processes, which do not severely reduce the fiber diameter,
typically yield greater than 90% strength retention [1].

In general, commercial recycling of composites is still in its infancy. A review of the
technology readiness level of composite recycling technologies by Rybicka et al. [11] shows
that only pyrolysis and mechanical grinding are currently viable options at an industrial
scale. Processes such as chemical solvolysis and fluidized bed processing show promise at
a laboratory scale but are not available at large scales. To the authors” knowledge, Vartega
is the only commercial carbon fiber recycler that uses chemical methods, and they are
currently in the startup phase [12,13]. Alternatively, multiple fiber recyclers capable of
processing greater than 1000 tons per year use the pyrolysis process [1]. Meng et al. [4] note
that the fluidized bed process developed by the University of Nottingham also provides a
financially viable path for carbon fiber composite recycling, aided in part by their ability to
convert the recycled fibers into highly aligned composites with high mechanical properties.
They also showed that even randomly oriented recycled carbon fiber composites show
promise as a financially viable path toward a circular economy, but that the value of aligned
recycled fiber composites was higher. Similarly, Li et al. [14] found that improving the
performance of recycled carbon fiber composites will be key to the financial viability of any
recycling process.

3. Textiles Manufactured Using Recycled Carbon Fibers

Recycled carbon fiber (rCF) generally requires further processing into textile preforms
for reuse in the composites industry. The use of nonwoven preforms is attractive due
to their high production rates, greater than an order of magnitude faster than woven
textiles [15]. The high value placed on low cost and rapid processing by the automotive
industry makes nonwoven textiles a natural fit for automotive composite reinforcement.

In general, nonwoven composites exhibit varying levels of anisotropy depending upon
the textile manufacturing process. Isotropic textiles, which exhibit equivalent mechanical
properties in all directions, can be produced using wet-laid and air-laid processes. Often,
in-plane isotropy is targeted, since most composite parts are thin shells loaded in-plane.
However, for thicker parts experiencing transverse out-of-plane loading, three-dimensional
isotropy is desirable. Conversely, anisotropic textiles can be produced using carding and
yarn spinning processes that align the fibers in a preferential direction. These compos-
ites, like traditional continuous fiber composites, require careful consideration of loading
conditions and laminate sequence but can yield greater cost and weight savings than
isotropic textiles. Recently, new methods of producing highly aligned recycled carbon fiber
textiles have further pushed this performance envelope to approach properties nearing
their continuous virgin fiber counterparts.

3.1. Isotropic Textiles
3.1.1. Wet-Laid

Wet-laid nonwovens are produced using a modified papermaking process. That is,
the fibers are suspended in water or an aqueous solution to form a slurry, pumped into
a headbox, deposited onto a moving forming belt, and subsequently dried, as shown in
Figure 1. Typical features include random orientation of fibers, the ability to produce a
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(a) fiber dispersion

wide range of areal density mats, and the ability to process short and smooth fibers, as well
as long fibers, thanks to recent novel mixing techniques that opened possibilities of using

fibers with various lengths such as recycled CF [16].

(b) web formation

(c) consolidation
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Figure 1. Illustration of wet-laid process. Reprinted with permission from [17]. Copyright 2021 Elsevier.

With the addition of filler and in-line impregnation, manufacturers can control the
material functionality and explore various potential applications ranging from filtering to
roofing substrates to semi-structural composites. Production rates vary based on several
factors but have been reported at up to 1000 m per minute [15]. Ahrens [18] demonstrated
that the wet-laid system allows great flexibility in the blending of different kinds of fibers.
This opened the doors for exploration of producing nonwovens of mixed thermoplastic
and reinforcing fibers. In processing such nonwoven textiles, the highly intermingled
thermoplastic fibers can be melted to consolidate the composite in compression molding
processes. Caba [19] analyzed fiber—fiber interactions during composite fabrication, a
vital step to comprehend the expected performance of wet-laid reinforced composites. Of
particular importance is developing defect-free wet-laid nonwoven textiles. General defects
include logs or sticks consisting of unopened fiber bundles due to poor agitation, dumbbell-
shaped clumps of fibers due to poor flow design, and ropes of fibers that form from vortices
of similar size as the fiber in the headbox [20]. As such, manufacturing line design plays
a significant role in the resulting composite properties. Furthermore, to form high areal
density nonwovens, the web must be bonded to enhance handleability. Several techniques
of web bonding have been developed, including cellulosic binding, latex bonding, thermal
bonding, hydroentanglement, and other chemical bonding methods [20]. In the formation
of composites, it is important that any chemicals used in bonding are amenable to the
matrix resin, as a poor fiber/matrix interface will significantly degrade performance. As
such, hydroentanglement is generally the preferred method of web bonding for nonwoven

textiles used in the production of composites.

3.1.2. Air-Laid

Air-laid is a dry laying process that uniformly disperses individual fibers in an
airstream and leads the mixture towards a permeable screen or conveyor belt where
the fibers are randomly deposited in the form of a web. The result is largely isotropic
nonwoven textiles with three-dimensional structure when the areal density exceeds about
50 gm~2 [21]. Several factors affect the quality of an air-laid nonwoven. Any fiber clumps
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introduced into the air stream will be difficult to separate and can reflect as a defect in
the web. Hence, the importance of fiber introduction to the system. Some of the most
common methods of fiber introduction from opening to the web-forming section are: (1)
free fall; (2) compressed air; (3) air suction; (4) closed air circuit; and (5) a combination
of compressed air and air suction systems. The dynamics of the airflow can be used to
control the fiber orientation and therefore the level of anisotropy in the textiles. Among the
benefits of this preforming process are: (1) isotropic properties; (2) three-dimensionality
for high areal density; and (3) compatibility with a wide variety of fiber types including
natural and synthetic. On the other hand, the limitations are: (1) fabric uniformity is highly
dependent on fiber opening prior to web forming; (2) air flow irregularity adjacent to the
walls of the conduit leads to variability across web structure; and (3) fiber entanglement in
the airstream can lead to web faults. Additionally, the fiber length is typically limited to
1-4 mm, which is significantly lower than that achieved for wet-laid processes [15]. As in
the wet-laid process, the web must be bonded for handleability. Since the air-laid process
does not easily entangle fibers as in hydroentanglement, needle punching is commonly
used to mechanically interlock fibers. Production rates of over 20 m per minute have been
reported [21], which is significantly lower than wet-laid processes.

3.2. Anisotropic Textiles
3.2.1. Wet-Laid

Wet-laid nonwovens are generally assumed to exhibit isotropic properties. However,
variables such as belt speed and headbox flow geometry can be used to influence the fiber
orientation [22]. As a result, anisotropic wet-laid composites are found extensively in
literature and are further discussed in this manuscript.

3.2.2. Carding

Carding is a mechanical process that opens and blends fiber bundles to produce a
continuous web suitable for subsequent processing. The flexibility of the carding process is
reflected by the diversity of fiber types found in the industry, which includes polymers,
glass, carbon, ceramic, natural, and recently recycled carbon fiber [21]. Dense clumps of
fibers referred to as bales are first opened in a bale breaker to produce more manageable
tufts of fiber. In the case of mixed input material, a bale picker can be used to remove
contaminant tufts from the bale. The tufts then undergo an opening stage, in which they
are mechanically opened as they pass through a series of sawtooth rollers called beaters.
During this process, fibers are disentangled and mixed, presenting an opportunity for the
inclusion of thermoplastic matrix fibers. The use of high forces at this stage can generally
reduce fiber entanglement and aid in opening at the cost of fiber length reduction. In
general, the starting fiber length is 15-250 mm, but this is reduced significantly throughout
the textile conversion process. By controlling variables such as static electricity, fiber-to-
fiber cohesion, and fiber extension, this damage can also be reduced [21]. The next step is
carding, in which pairs of worker and stripper rollers disentangle and mix fibers, as shown
in Figure 2. First, a licker-in feeds the opened fiber tufts to a central cylinder called a swift.
The swift rotates to carry fiber to the workers and strippers, which remove some of the
fiber from the swift for further carding action and then return it back onto the swift. After
being subjected to several worker-stripper pairs, the web is removed from the swift by a
roller referred to as the doffer. Some machines contain multiple swifts, each with their own
number of worker-stripper pairs. Increasing the number of worker-stripper pairs leads
to an increase in the degree of mixing and disentanglement, but comes at the cost of fiber
length retention, which has been shown to lead to a decrease in the resulting composite
mechanical properties [23].

In general, the areal density of the carded web must be relatively low to allow for
proper carding action. As the web becomes thick, the teeth on the worker-stripper pairs
and swift may be rendered ineffective. As a result, a cross-lapping process is often used to
increase the areal density of the textile by layering the web on a conveyer belt traveling
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perpendicular to the carding line [15]. As the number of layers increases, so too does
the areal density. To enhance handleability, the web layers must be bonded using the
methods described for wet-laid and air-laid processing. Needle punching is commonly
used to induce some z-orientation that enhances the handleability of recycled carbon
fiber nonwoven textiles [24]. Increasing the areal density of carded nonwoven textiles by
cross-lapping will inevitably decrease the production rate, but high-speed cross-lappers
capable of up to 200 m per minute are reported [21]. As such, carded nonwoven textiles
offer competitive processing times for automotive composite production.

oL oke
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O

v 8 Doffers
Cylinder : /

Figure 2. Illustration of carding process and worker-stripper action. Reprinted with permission
from [21]. Copyright 2007 Elsevier.

3.2.3. Yarn Spinning

Hybrid yarns made of thermoplastic fibers intertwined with recycled carbon fibers
have been studied for several years. In general, yarns are produced by drawing and
drafting a carded web of intermingled fibers into a sliver through a series of rollers [25].
The resulting sliver is more highly aligned and narrower than the initial carded web.
Then, the sliver is spun into a yarn, during which twist is introduced to further reduce
the sliver diameter and form a nominally round textile that is wrapped around a bobbin.
Throughout these processes, careful consideration of applied forces must be made to
ensure that the fiber length does not degrade to an unacceptable extent. The unspun slivers
can be used to produce non-crimp fabrics [26] and tapes [27-29] for consolidation via
compression molding. The spun yarns can be wrapped around a mandrel [30,31] or woven
into fabrics [32,33] for compression molding. In general, the fibers in yarns are highly
aligned due to the drawing process, though some misalignment is introduced during the
spinning process due to the introduced twist.

3.2.4. Highly Aligned Preforms

Several methods have been developed to produce highly aligned preforms made of
recycled carbon fibers. The earliest such method was first reported in 2014 by Yu et al. [34]
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at the University of Bristol, who developed the High Performance-Discontinuous Fibre
(HiPerDiF) method, shown in Figure 3a. In this method, short fibers are suspended in
water, accelerated through a nozzle, and impinged upon an orientation plate to align the
fibers transverse to the suspension jet. The fibers then fall onto a moving perforated belt
to form a continuous preform of aligned fibers. Vacuum is applied to the belt to hold
and dry the fibers throughout the process. Several authors have produced composites
by infusing these preforms using manufacturing techniques such as autoclave resin film
infusion [34-36] and powder or resin film compression molding [37-39]. In most studies,
fiber length was 3 mm, though fibers of up to 6 mm in length were shown to produce
preforms made into composites with adequate mechanical properties [36]. Fiber alignment
was high, with 65-67% of fibers aligned within £3° of the loading axis. Given the extensive
literature on the HiPerDiF process, it is the most well-studied method of producing highly
aligned preforms.
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Figure 3. (a) HiPerDiF method of producing highly aligned preforms. Reprinted from [37]; (b) drum alignment method of
producing highly aligned preforms. Reprinted with permission from [40]. Copyright 2021 Elsevier.

In recognition of the importance of fiber alignment on the resulting mechanical prop-
erties of recycled carbon fiber composites, Gillet et al. [41] at the University of Bordeaux
developed an alignment method for dry fibers with lengths on the order of 50 mm to
100 mm in 2015. Fiber tows were deposited into a U-channel to produce 25 mm width
highly aligned tapes, which were then impregnated with an epoxy resin and cured in
a heated press. In general, the modulus of unidirectional tapes was recovered, but the
strength approached only 50% of the ideal composite. Later work by the authors revealed
that roughly 90% of fibers were aligned within £10° of the loading axis [42].

Another promising alignment method relies on the centrifugal forces generated by a
rotating drum. In 2016, Pickering et al. [43] reported a method of producing highly aligned
preforms by spraying a slurry of carbon fiber, water, and glycerin onto a rotating drum,
as shown in Figure 3b. Centrifugal forces held the fibers in place, aided by vacuum to
also remove the water and glycerin from the preform. The aligned preforms were then
manufactured into composites via a film infusion compression molding process. The
resulting fiber orientation was 94% of fibers aligned within £10° of the loading axis. Later
work sought to increase the fiber length from 3 mm to up to 12 mm, resulting in a slight
decrease in alignment [40]. Similar work was pursued by van de Werken et al. [44] at the
University of New Mexico, who aligned 70% of 1.5 mm fibers within £15°.

Several other authors have pursued other alignment methods with varying degrees of
success. For example, Heider et al. [45] reported on the Tailorable Universal Feedstock for
Forming (TuFF) process at the University of Delaware in 2019. Little information regarding
the process is available, but the resulting preforms exhibit fiber alignment of 94% within
+5° of the loading axis for fibers 3 mm in length [46]. In 2019, Gan et al. [47] reported a



Textiles 2021, 1

440

method of aligning dry fibers of 12 mm length by dropping the fibers through a vibrating
slotted feed box onto a moving plate. A conveyer belt allowed constant feeding of the fibers
into the feed box, where vibrations and a hierarchical slit design prevented fiber clumping.
The result was fiber alignment of greater than 80% within 10°. In 2020, Gopalraj et al. [48]
manually realigned fibers recovered from unidirectional composites pyrolyzed in a cone
calorimeter and remanufactured epoxy composites using a wet compression process. The
resulting mechanical properties were subpar and such an alignment process is not likely
conducive to high-volume manufacturing.

4. Mechanical Properties of Recycled Carbon Fiber Textile Composites

Throughout the following sections describing each textile type, work will be described
chronologically to elucidate the progression of research in recycled carbon fiber composites.
For reference, the strength and modulus of the various fiber reinforcements are shown in
Table 1. When possible, recycled fiber properties are reported from the literature. Otherwise,
virgin properties are included as a reference. Despite the discontinuous nature of recycled
carbon fibers, single fiber testing at comparable gauge lengths to virgin fibers yields greater
than 90% fiber strength and modulus retention across a range of recycling methods [7].
In general, high-performance fibers will yield higher-performance composites. This is
especially true in the case of modulus, which was generally found to be less degraded by
recycling processes than the strength.

Table 1. Single fiber tensile properties for carbon fibers used in recycled carbon fiber composite literature.

Fiber Type Tensile Modulus (GPa) Tensile Strength (MPa) Source
T300 217.8 4160 [49]
CF-PYR-H-1 93.4 3119 [50]
T600SC 223 2732 [51]
T700 230 * 4900 * [52]
T800 294 * 5490 * [53]
Sigrafil C T50 208.7 3599 [54]
Sigrafil C T24 270°* 5000 * [55]
TR50S 225 2860 [30]
C124 225 * 4344 * [34]
HTS40 225* 4350 * [35]
HTA 5131 238 * 3833 * [56]
M-7 276 * 5516 * [57]
MR60H 290 * 5680 * [36]

* Virgin fiber properties reported.

4.1. Isotropic Textile Properties

Carbon fibers exhibit strong anisotropy, with longitudinal to transverse stiffness
ratios greater than 10:1 along the fiber, which is retained in their resulting unidirectional
composites. This anisotropy can be exploited in engineering designs to stiffen structures
in the primary loading directions with minimal weight increase. However, the benefits
of anisotropy become detrimental in designs requiring isotropic behavior. While quasi-
isotropic laminates can be manufactured, the ply sequence requires careful adherence and
adds to the cost of manufacturing through lamination steps. For the material properties
targeted by US automotive manufacturers (700 MPa strength and 100 GPa modulus), this
translates to 215 MPa strength and 41 GPa modulus in a quasi-isotropic laminate [24]. As
such, this serves as the benchmark against which isotropic recycled carbon fiber textile
composites should be compared.

4.1.1. Wet-Laid

Early work on producing wet-laid recycled carbon fiber composites began in the late
2000s and is still actively studied today. Wong et al. [49] produced epoxy composites from
recycled T300 carbon fibers using compression molding at the University of Nottingham.
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Nonwoven preforms of 100 gsm areal density were produced from 12 mm fibers and
molded to 20, 30, and 40% fiber volume fraction with void content in the range of 3
to 7%. They found that the tensile and flexural stiffness increased monotonically as a
function of the fiber volume fraction, but the tensile strength reached a maximum at 30%
fiber volume fraction and decreased thereafter. Janney et al. [58] at Materials Innovation
Technologies produced recycled T700 carbon fiber/epoxy composites using the Three-
Dimensional Engineered Preform (3-DEP) process with 25.4 mm fiber length and 33.5%
fiber volume fraction. They also demonstrated the ability to form complex parts. At North
Carolina State University, Heil et al. [59] produced epoxy composites using a resin transfer
molding process with 40 to 60 gsm nonwovens made of 12.5 mm recycled T800 carbon
fibers at 24% fiber volume fraction. Of particular interest, they found that the compressive
strength of their composites exceeded the tensile properties. In typical unidirectional
composites, the tensile properties exceed the compressive properties due to fiber buckling.
Here, off-axis fibers were believed to provide a confining force that prevented buckling
of load-bearing axially aligned fibers. At the Lulea University of Technology, Szpieg and
colleagues produced thermoplastic polypropylene (PP)/CFM-PYR-H-1 recycled carbon
fiber composites using a film-stacking compression molding process [50,60,61]. Their
wet-laid nonwovens were of much higher areal density than in other work, achieving
260-270 gsm with fibers less than 1 mm in length. They produced composites with 30%
and 40% fiber volume fraction and studied the impact of strain rate on the mechanical
response. High fiber modulus degradation caused the stiffness of their composites to be
low relative to other similar work.

In the mid-2010s, Pimenta and Pinho [62] at Imperial College London studied wet-laid
nonwovens made of T300 and T800 recycled carbon fibers used to reinforce epoxy. Samples
were produced using compression molding and resin transfer molding (RTM) with a target
fiber volume fraction of 30%. The mean fiber length in this work varied from 0.2 mm
for T300-rRCF to 17.7 mm for T800-rMIT to 35.2 mm for T300-rMIT. As found earlier,
the compressive strength significantly exceeded the tensile strength of the composites.
The authors also came to two important conclusions: (1) the apparent interfacial shear
strength was not impacted by the recycling process; and (2) composites exhibiting coarser
bundle architectures showed significantly improved tensile fracture toughness. The optical
micrographs in Figure 4 show the microstructure of the composites they produced. The
T300-rRCF exhibited the highest tensile strength in their study, while the modulus was
unchanged for all sample types. Interestingly, the T300-rRCF samples also exhibited the
shortest mean fiber length, near 0.2 mm, while the others had mean fiber length greater
than 15 mm. Wei et al. [63] at the University of Tokyo studied thermoplastic composites of
T300 and T800 fibers reinforcing PA6 and PP made by compression molding. The preforms
were made of intermingled polymer fiber and carbon fibers at 20% reinforcing fiber volume
fraction. They showed that in general, the PA6 composites performed better than the PP
ones, indicating that the matrix properties play a significant role in the performance of
isotropic recycled fiber composites. They also showed that mixing different grades of
recycled carbon fiber can yield a change in the flexural and IZOD impact performance. In
general, as higher-performance fibers were introduced in larger quantities, the composite
properties improved linearly.
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(a) T300-rRCF. (b) T300-rMIT. (c) T800-rMIT.

< L

Figure 4. Microstructure of recycled carbon fiber composites from wet-laid textiles. Reprinted with permission from [62].

Copyright 2014 Elsevier.

In the late 2010s, Wei et al. [64] continued their work on PA6 composites by optimizing
the molding pressure. They found that molding at pressures above 3 MPa and less than
8 MPa yielded improved flexural properties. They also found that the highest impact
energy absorption was apparent at 5 MPa molding pressure, indicating that this was an
optimal pressure for their process.

Recently, Huan et al. [65] at the Beijing University of Chemical Technology produced
epoxy composites reinforced with 20 gsm wet-laid recycled 4 mm T800 carbon fiber non-
wovens at 30 wt%. They used a polydopamine surface modifier to improve the dispersion
of the fibers, leading to reduced variation in areal density. Moreover, the surface modifier
improved the fiber/matrix adhesion to improve the tensile, flexural, and interlaminar
shear properties. Yan et al. [66] at the South China University of Technology manufactured
400 gsm nonwovens containing PP fibers intermingled with 17.6% volume fraction of 2
mm, 4 mm, 6 mm, or 10 mm recycled T300 carbon fibers consolidated using compression
molding. They optimized the molding time, temperature, and pressure to limit the void
content of the composites. Tensile and flexural strength were found to be maximized for 6
mm fiber length due to improved dispersion in the nonwoven.

4.1.2. Air-Laid

Few studies of air-laid recycled carbon fibers exist. To the authors” knowledge, only
Heilos et al. [67] at the Saxon Textile Research Institute have studied such composites. In
their work, 300 gsm air-laid nonwoven textiles were produced and needle punched before
being impregnated with epoxy in a wet compression process to achieve 34.6% fiber volume
fraction composites. The resulting tensile and flexural properties showed slight anisotropy
with high strength.

Due to the similarities to the air-laid process (i.e., the lack of a drying step and
largely random orientation), processes involving woven recyclates are also considered
here. In the early 2010s, Feraboli et al. [68] from the University of Washington recycled
woven T700 carbon fiber laminates using an acid digestion procedure and then infused
the resulting mass of entangled and partially woven fibers with epoxy in a vacuum-
assisted resin transfer molding (VARTM) process to produce composites with 33% fiber
volume fraction. The resulting composites showed good flexural and compressive strength
retention, but poor tensile strength retention. Meredith et al. [69] at the University of
Warwick produced composites from 200 gsm 2 x 2 twill fabrics recycled via pyrolysis.
The weave structure was retained, resulting in high retention of tensile, flexural, and
compressive moduli, with significant reductions in the tensile and flexural strength, as well
as the interlaminar shear strength. The fiber volume fraction of the composites was near
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50%, illustrating the benefit of highly ordered woven microstructures over random fiber
orientation. Pimenta and Pinho [70] similarly produced composites in which the 280 gsm
woven AS4 structure was maintained during recycling. They used a resin film infusion
process under vacuum or autoclave pressure to produce composites with 40% and 50%
fiber volume fraction, respectively. The recycled fiber strength and stiffness were found to
be nearly fully retained, which translated to particularly good modulus retention. However,
the tensile, compressive, and in-plane shear strengths were all degraded. Interestingly, the
compressive strength was generally better retained for fibers degraded by more severe
recycling processes than those recycled at lower temperatures and exhibiting higher single
fiber tensile strength, due to the lack of residual matrix.

In the late 2010s, Baek et al. [71] at Gyeonsang National University produced recycled
carbon fiber/PET composites using a film-stacking compression molding process. They
recycled the fibers using pyrolysis at several temperatures to determine the impact on
properties such as the interfacial shear strength (IFSS) and the interlaminar shear strength
(ILSS). They found that recycling the fibers at 500 °C yielded similar IFSS and ILSS to the
neat fibers, despite a reduction in fiber diameter and strength.

4.2. Anisotropic Textile Properties

As described earlier, a consortium of US auto manufacturers defined target properties
of 700 MPa strength and 100 GPa modulus for future low-cost carbon fiber composites.
Therefore, anisotropic composites should seek to meet this target. However, for composites
exhibiting mild anisotropy, here defined as longitudinal to transverse stiffness less than 3:1,
quasi-isotropic laminates could instead be produced and would still meet the target.

4.2.1. Wet-Laid

Wet-laid nonwoven fiber orientation can be controlled by varying manufacturing
parameters such as line speed, uptake angle, and headbox geometry. As such, not all
wet-laid composites exhibit isotropy. The properties then vary based on the orientation of
the cut preform. Here, we describe composite properties in the machine direction (MD) or
cross direction (CD) of the manufacturing line. The ratio of the mechanical properties in
these two directions serves as a benchmark for the level of anisotropy in the preforms.

Work completed by Turner et al. [72] at the University of Nottingham in the late 2000s
focused on the development of highly oriented wet-laid preforms. Recycled carbon fibers of
unknown length and grade were used to produce 10 gsm nonwovens that were infiltrated
with an epoxy resin film via compression molding, autoclave curing, and out-of-autoclave
vacuum curing, resulting in fiber volume fractions of 44%, 27%, and 17%, respectively. The
primary factor influencing the fiber content of the composites was the processing pressure,
which was 5-10 MPa, 0.7-1 MPa, and 0.1 MPa for the different infiltration methods. As
a result of the increased fiber volume fraction, the tensile, flexural, and compressive
properties showed strong increases.

In the early 2010s, further study of anisotropic wet-laid composites was undertaken
by researchers in the UK. Pimenta et al. [73] compression molded recycled T300/epoxy
composites from 110 gsm preforms with 12 mm fiber length. The resulting composites
exhibited moderate fiber volume fraction (27%) and void content (7%) with anisotropy
of approximately 1.7:1 for the MD:CD. Compressive properties showed significantly less
anisotropy, with the strength exhibiting a 1.25:1 ratio of anisotropy and fracture toughness
being significantly improved by the presence of fiber bundles. Wong et al. [51] produced
PA6/PA66/T600 composites from 20 gsm aligned preforms with mean fiber length of
1.43 mm. The fiber volume fraction was 25%, and they noted that the void content was
below 5% at optimal molding temperatures. They showed that a 100 gsm nonwoven
preform assumed to be random exhibited similar levels of tensile anisotropy (roughly
2:1) to one that was intentionally aligned (roughly 2.5:1), illustrating the importance of
experimental measurements of mat anisotropy as an input to engineering designs.
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In the mid-2010s, researchers at the University of Nottingham continued to pursue
alignment through the wet-laid process in the work of Shah and Schubel [74]. They
produced composites using a VARTM process with additional consolidation pressure pro-
vided by a heated press. Recycled carbon fibers with modulus of 218 GPa and strength
of 3200 MPa were made into 90 gsm random and 24.3 gsm aligned nonwoven preforms
and infiltrated with an epoxy matrix. To elucidate the importance of compaction pressure,
composites produced under vacuum pressure only yielded 8.5% fiber volume fraction,
as opposed to the 24.8% to 33.9% range reported for 2.5 MPa compression. Void content
was in the range of 3% to 9% for all composites. Not only were the aligned tensile prop-
erties significantly improved, but the interlaminar shear strength was also found to be
significantly higher for aligned composites. Interestingly, the aligned composites exhibited
only a slight improvement in compressive modulus and a slight decrease in compressive
strength explained by the easier formation of kink bands. Wolling et al. [75] at the Fraun-
hofer Institute investigated anisotropy in wet-laid nonwovens of varying areal density
(150 gsm and 250 gsm) used to produce commingled PP (20% fiber volume fraction) or
epoxy matrix (25% fiber volume fraction) composites using compression molding and resin
transfer molding (RTM), respectively. The recycled carbon fibers exhibited tensile strength
and modulus of 3770 MPa and 212 GPa, respectively, with typical fiber length between
10 mm and 30 mm. They found that the MD:CD properties were only slightly anisotropic
for 150 gsm nonwovens (roughly 1.1:1) and were more isotropic for 250 gsm nonwovens
(roughly 0.95:1), with a shift in the fiber-dominant orientation from MD to CD as the areal
density increased.

Recent work by Barnett et al. [24,76] at the University of Tennessee evaluated the
properties of 300 gsm wet-laid nonwoven composites produced via a film-stacking com-
pression molding process. Repurposed 28.8 mm long carbon fibers with 197 GPa modulus
and 3302 MPa strength were infiltrated with polyphenylene sulfide (PPS) films to form
organosheets that were then stacked and molded to the desired thickness. Fiber content
was near 30% and void content near 17%. Mild anisotropy was found, with a roughly 1.4:1
MD:CD ratio. The mechanical properties were characterized at the lamina and laminate
level to show that inhomogeneity was minimized by increasing composite thickness. Mi-
crostructural inhomogeneity was also studied using optical microscopy, where it was found
that local variations in fiber and void content strongly influenced the predicted strength of
discontinuous fiber composites. Figure 5a shows an optical micrograph of their wet-laid
composites, where significant void content and fiber bundles are apparent, leading to wide
property variations.

(b)

Figure 5. Optical micrographs of composite cross-sections for (a) repurposed fiber wet-laid composites and (b) recycled

fiber carded composites. Reprinted with permission from [24]. Copyright 2021 Elsevier.
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4.2.2. Carding

Carding is known to induce fiber alignment along the drum direction. However, to build
areal density, cross-lapping is often used, which turns the carded fibers 90°, resulting in strong
CD orientation. Starting in the mid-2010s, carding became a popular method for manufacturing
nonwoven carbon fiber textiles. Akonda et al. [26] at Tilsatec Advanced Textile Materials in the
UK developed a non-crimp textile of commingled 60 mm waste T700 carbon fiber and PET
fibers using carding and subsequent spreading and stitching steps. Composites with 50.6% fiber
volume fraction were manufactured by compression molding 400 gsm preforms and exhibited
good mechanical properties in a cross-ply laminate. Wei et al. [77] produced intermingled
recycled T300/PA6 composites using a compression molding process. The fiber length was 6
mm and the results showed mild anisotropy (i.e., less than 2:1 MD:CD). As noted for wet-laid
composites, increasing fiber volume fraction from 20% to 40% resulted in an increase in stiffness
but a loss in strength. Hofmann et al. [78] at the Saxon Textile Research Institute used laser
irradiation to remove contaminates from staple fiber carded felt preforms without significant
degradation in single fiber properties, which may serve as an effective method for sorting
recycled materials. Wolling et al. [75] produced carded, cross-lapped, and needle-punched
nonwovens of 150 gsm and 250 gsm areal density containing either pure recycled carbon fiber
(epoxy matrix) or intermingled PP fibers to produce composites with 25% fiber volume fraction
and 20% fiber volume fraction, respectively. The MD:CD anisotropy of the thermoplastic
composites was found to decrease from 1.25:1 to 1.17:1 with areal density, while the thermoset
increased from 1.25:1 to 1.43:1. These results suggest that carding achieves higher anisotropy
than the wet-laid processes they studied. Akonda et al. [27] later modified their manufacturing
process to produce partially consolidated 150 gsm tapes by integrating in-line heating and
compaction. The tapes were then used to make cross-ply composites or they were cut and
woven into a plain weave fabric for further consolidation to 53% fiber volume fraction via
compression molding. These processing modifications led to a considerable improvement in
tensile strength over their earlier work.

In the late 2010s, Lopes et al. [79] of the Center for Textile Science and Technology
at the University of Minho produced recycled carbon fiber/PP composites using a film
impregnation and commingled compression molding process from preforms with areal
density of 100 gsm (film) and 500 gsm (commingled). They found that the comingled
composites exhibited greater flexural modulus, but reduced IZOD impact resistance relative
to the film impregnated. Reichert et al. [28] at the German Institutes of Textile and Fiber
Research produced thermoplastic tapes by carding 80 mm staple (waste) carbon fiber
(Sigrafil C T50-4.0/240-T140) with PAG6 fibers at 40% fiber volume fraction and drawing
it into a sliver to be consolidated by a series of compaction rollers. They showed that
a homogeneous blend was possible with minimal thickness variation and good tensile
strength. Rimmel et al. [29] at the Institute for Composite Materials in Germany produced
highly aligned composites from 150 mm long recycled carbon fibers. The tapes were
produced by carding the fibers mixed with PA6 fibers and drawing the web into a sliver.
The sliver was then placed in a mold using an automated tape laying (ATL) process
and consolidated in a heated press to form composites with 50% fiber volume fraction.
Thermoset (epoxy) samples were produced using RTM to produce 34% fiber volume
fraction composites. Both processes showed extremely low void content (<1%), and the
resulting tensile and flexural properties were quite high relative to other carding processes.
Xiao et al. [80] of the University of Tokyo produced 100 gsm carded nonwoven textiles
using virgin and recycled T700S carbon fibers of 53 mm length commingled with PA66/PA6
core/shell fibers. To further induce orientation, a stretching process was employed prior to
compression molding, resulting in increased fiber volume fraction. The results indicate that
stretching significantly improved the tensile and flexural properties but had little influence
on the IZOD impact resistance.

Recent work by Kumar et al. [81] at Oxford Brookes University examined the shear
response of recycled carbon fiber composites. Recycled carbon fiber from ELG Carbon Fibre
in the form of 220 gsm carded and needle-punched mats was infiltrated with an epoxy matrix
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using a wet compression method to produce composites with 22% fiber volume fraction and
1.96% void content. A variety of shear testing methods were evaluated, and it was found
that many test standards developed to measure the interlaminar shear strength of continuous
fiber composites did not yield proper failure modes for discontinuous fiber composites. In
general, the losipescu shear test provided the most appropriate failure modes and is suggested
over other test methods such as the short beam shear method. Heilos et al. [67] produced
carded and cross-lapped recycled carbon fiber nonwoven textiles with higher CD properties
than MD from staple and recycled carbon fibers recovered via pyrolysis. Composites were
manufactured using wet compression, RIM, and autoclave processes. Nonwovens of 300 gsm
areal density were processed using RTM at fiber volume fractions ranging from 11% to 27%,
and it was found that increased fiber content yielded more anisotropic behavior. As expected,
mechanical properties increased as the compaction pressure increased from RTM to autoclave
to compression molding processes. Genna et al. [82] at the University of Rome evaluated the
mechanical properties of recycled carbon fiber felt composites produced using a VARTM process.
They showed strong anisotropy in the CD via tensile, flexure, and impact testing, as well as
enhanced penetration resistance in the z-direction (through thickness) due to fibers oriented
out of plane. Barnett et al. [24,76] evaluated composites based on carded, cross-lapped, and
needle-punched 200 gsm recycled carbon fiber textiles. The fiber modulus and strength were
206 GPa and 4426 MPa, respectively, with an average length of 38.8 mm. The authors studied
three matrix types: PPS, epoxy, and acrylonitrile butadiene styrene (ABS), used to produce
composites via compression molding with average fiber volume fraction of 29.4%, 25.4%, and
23.7%, respectively, and average void content of 4.4%, 16.3%, and 4.7%, respectively. The authors
used optical microscopy and X-ray computed tomography to evaluate the fiber orientation,
which showed a strong CD preference. This result was confirmed by experiments, which
were used to validate a newly developed model to predict the strength of discontinuous fiber
composites based on stochastic microstructural measurements. They showed that homogenizing
the microstructure led to an overestimate of composite strength, but that strength estimates
could be improved by considering local inhomogeneity. Optical micrographs of their composites
are shown in Figure 5b, where fewer fiber bundles and voids are apparent than in the wet-laid
samples. Consequently, the strength of the recycled fiber composites was significantly improved
by the more homogeneous microstructure. Manis et al. [23] at the Fronhofer Institute produced
carded staple and recycled carbon fiber composites by intermingling PA6 and PET fibers and
subsequent compression molding. Recycled fibers were found to exhibit more breakage during
the carding process, and they showed that reducing the number of worker-stripper pairs
reduced fiber breakage. Four-point flexural strength generally increased up to 25% fiber volume
fraction, beyond which increased void content led to strength degradation. They also found
that PET fibers yielded better mechanical properties than PA6, which is particularly noteworthy
due to the high availability of recycled PET.

4.2.3. Yarn Spinning

Yarn spinning offers the opportunity for highly aligned recycled fiber composites,
as the carding and subsequent drawing process induce strong axial orientation. In the
early 2010s, Akonda et al. [30] carded recycled TR50S carbon fibers of 50 mm to 55 mm
length with PP fibers, drew the material into a sliver, and then spun a yarn. They produced
unidirectional plates using winding and subsequent compression molding with 15% and
27.7% fiber volume fraction, which were tested in tension and flexure. While very good
alignment was realized, the low fiber volume fraction and weak matrix properties led to
mild mechanical properties.

Significant interest in hybrid yarns was renewed in the late 2010s, primarily in Germany.
Christian et al. [32] of the Institute for Composite Materials produced yarns from 80 mm
staple carbon fibers commingled with PA6 fibers and produced non-crimp fabrics that were
subsequently compression molded. These yarns of 55% fiber volume fraction exhibited superior
tensile properties to all previously described recycled carbon fiber composites. Hengstermann
et al. [31] at the Dresden University of Technology produced yarns from staple SIGRAFIL
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C50 carbon fibers (40 mm and 60 mm length) and recycled carbon fiber provided by ELG
Carbon Fibre (65 mm length) commingled with PA6 fibers. Yarns were wound around a
plate and compression molded to form composites. At 50% fiber volume fraction, they found
that decreasing the number of twists resulted in higher tensile strength due to improved
fiber orientation. Interestingly, the modulus of the recycled carbon fiber yarns was found
to be significantly lower than the staple fibers, but the strength was nearly equivalent. It
is apparent that there exists significant microstructural inhomogeneity, as resin-rich regions
between yarns are observed in the consolidated composites of both types. While the effect
of such inhomogeneity is minimal for stiffness, the strength is significantly impacted by such
microstructural inhomogeneity. Hasan et al. [83] of the Dresden University of Technology
produced staple carbon fiber (SIGRAFIL CT50)/PA6 yarns that were wrapped around a frame
and consolidated via compression molding. The yarn consisted of a PA6 yarn core surrounded
by hybrid commingled fibers and a PA6 sheath. The core to sheath weight ratio was varied to
produce composites with fiber volume fraction ranging from 35.5% to 53% with void content
below 4%. The resulting tensile properties were within 86% of continuous fiber strength and
modulus, indicating good fiber alignment. Examples of micrographs of the staple carbon
fiber/PA6 composites are shown in Figure 6. The microstructure is inhomogeneous, with
regions of highly varying fiber volume fraction.

Figure 6. Optical micrograph of yarn-based composite produced via compression molding. Reprinted with permission
from [84]. Copyright 2019 Elsevier.

Recently, hybrid yarn research has focused on improvements in manufacturing tech-
nology. Reese et al. [33] of Dresden University of Technology showed that a staple
SIGRAFIL C T24 carbon fiber/PA6-yarn-based fabric can be consolidated favorably us-
ing Joule heating. The flexural strength was comparable to that measured for samples
processed in a heated press, though the deviation was larger. The primary benefit of this
processing method is that heating times lower than 15 s allow for consolidation processes of
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less than one minute as the heating rate is near 13.3 °C s~L. Mischo et al. [85] at the Institute
for Composite Materials showed that T700 staple carbon fiber/PA6 yarns could be used to
manufacture non-crimp fabrics capable of forming complex geometries. They showed good
tensile and flexural properties for cross-ply laminates consolidated in an autoclave. The
organosheet material was then molded to produce sinusoid specimens for crush testing,
revealing competitive specific energy absorption. Hengstermann et al. [54] evaluated the
impact of epoxy and thermoplastic sizing, as well as no sizing, on the tensile, flexural, and
interfacial properties of staple SIGRAFIL C50 carbon fiber/PA6-yarn-based composites.
They found that the epoxy and thermoplastic sizing yielded similar IFSS, while the unsized
fibers exhibited a small decrease. They also showed that the sizing acted as a stiffener to
preserve fiber length during the carding process. Tensile and flexural testing reveals that
the thermoplastic-sized fibers produced the highest strength composites, followed closely
by the epoxy sizing (for the tensile strength only), while the unsized fiber composites
performed the poorest. As in other work, the modulus was more sensitive to the fiber
volume fraction, while the strength was more sensitive to factors such as the fiber length
and the fiber /matrix interface.

4.2.4. Highly Aligned Preforms

While the high alignment offered by recycled carbon fiber yarn-based composites lends
itself to enhanced mechanical properties, the inherent out-of-plane fiber orientation due to
twisting leads to some reduction in mechanical properties. As an alternative, two-dimensional,
highly aligned preforms are of interest. Starting in the mid-2010s, Yu et al. [34] at the University
of Bristol developed the HiPerDiF hydrodynamic process to align fibers in a high areal density
preform. Toho Tenax C124 carbon fibers of 3 mm length were used to produce textile preforms
of 95.5 gsm and 209 gsm areal density, processed using an autoclave to infuse an epoxy resin
film, resulting in composites with 41% and 55% fiber volume fraction, respectively. The resulting
composites exhibited good fiber alignment, with greater than 65% of the fibers aligned within
+3° of the loading axis, leading to exceptional tensile properties. Figure 7a shows a cross-section
of the 55% fiber volume fraction composite. Overall, good microstructural homogeneity was
achieved, which manifested itself in exceptionally high tensile properties. At the University of
Bordeaux, Gillet et al. [41] produced 600 gsm staple carbon fiber tapes of various lengths of T300
carbon fiber. The epoxy composites were consolidated using a vacuum compression molding
process to achieve a fiber volume fraction between 39% and 46%. They found that realigned
tapes exhibited similar modulus to continuous fiber tapes, but reduced strength that increased
with the fiber length from 50 mm to realigned continuous fibers. Longana et al. [35] adapted
the HiPerDiF process for recycled Toho Tenax HTS40 carbon fibers. Fibers were recovered by
pyrolysis and remanufactured into epoxy composites with fiber volume fraction near 28%. Little
degradation was found after the first recycling loop, but further recycling led to degradation
in the fiber length and surface quality, thereby reducing strength and modulus. Meanwhile,
Pickering et al. [43] at the University of Nottingham aligned fibers using a rotating drum and
converging nozzle to produce textiles of 35-70 gsm from 3 mm and 12 mm staple Toho Tenax
HTA531 and 3 mm recycled T800 carbon fibers. Recycled fiber composites were manufactured
through compression molding to infuse an epoxy resin film to achieve 60% fiber volume fraction.
Staple fiber composites were manufactured via autoclave molding to achieve 43% to 46% fiber
volume fraction. Alignment of over 90% of the fibers within +10° of the loading axis was
achieved, resulting in high strength and stiffness. Figure 7b shows a cross-section of a 60%
fiber volume fraction sample, which exhibited good homogeneity to yield very high flexural
strength and stiffness. Both the HiPerDiF and rotating drum alignment processes use water as
a carrier for the fibers, which requires an additional drying step to ensure good fiber /matrix
adhesion. Alternatively, Oliveux et al. [42] at the University of Birmingham developed a process
that aligns fibers in a U-shaped channel to produce plies with 600 gsm to 700 gsm areal density.
They recycled T700 carbon fibers using a solvolysis process and produced epoxy composites
using a wet compression method to yield fiber volume fraction near 55% with void content
below 2% and greater than 75% of fibers oriented within + 10°. The resulting tensile modulus
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was very high, but the tensile strength was only moderate due to the poor fiber/matrix interface
caused by organic residue left on the surface of the recycled fibers.

—-
~ e

Figure 7. Microstructure of composites produced via (a) the HiPerDiF process and (b) drum alignment. (a) Reprinted with

permission from [34]. Copyright 2014 Elsevier. (b) Reprinted from [43] under the Creative Commons Attribution 3.0 license.

In the late 2010s, continued work using the HiPerDiF process explored the use of ther-
moplastic composite matrices. Tapper et al. [38] produced compression molded Toho Tenax
C124 /PP composites and showed that the fiber and matrix could be recycled multiple times
via solvolysis in which the polymer was recovered as a powder through a precipitation
process. The result was moderate performance composites at 26% fiber volume fraction.
Interestingly, they found that additional cycles resulted in an increase in the tensile strength,
as residual PP on the fiber surface improved the fiber/matrix bonding, despite reductions
in fiber length and matrix molecular weight. The tensile modulus was largely unaffected
by recycling. Tapper et al. [39] also showed that PA6 composites could be produced and
recycled using similar methods. Slightly higher fiber volume fraction composites (30%)
were produced and exhibited similar mechanical properties, with the same trends in fiber
length and matrix molecular weight degradation with recycling. Interestingly, significant
mechanical property degradation was observed and attributed to fiber agglomerations
during the remanufacturing process. The primary difference in the manufacturing process
was that the PP-recycled composite fibers were carded to separate fiber bundles, while the
PA6-recycled composite fibers were separated using a sonication process.

At the University of New Mexico, van de Werken et al. [44] produced recycled T800
carbon fiber textiles using a centrifugal method similar to that of Pickering. Fibers were
recovered using a solvolysis process and aligned to produce preforms with 20% fiber
volume fraction with 1.5 mm mean fiber length. Moderate mechanical properties were
achieved, with roughly 70% of fibers oriented between £15° to the loading axis. Meanwhile,
a highly aligned preform known as Tailorable Universal Feedstock for Forming (TUFF)
was developed at the University of Delaware [45,46]. IM-7 carbon fibers of 3 mm length
were used to produce 8 gsm textiles that were consolidated with a polyetherimide (PEI)
resin to produce composites in an autoclave with up to 63% fiber volume fraction and
alignment of 94% of fibers within +5° of the loading axis. Recycled fiber TUFF composites
were produced using Elium, an infusible polymethylmethacrylate (PMMA) thermoplastic,
in a VARTM process to produce composites with roughly 30% fiber volume fraction
and high tensile strength and stiffness. Pyrolysis was used to recover the fibers and
produce composites that exhibited very little degradation in mechanical properties. The
microstructure of the recycled fiber composites is shown in Figure 8. It is clear that the fiber
dispersion is imperfect, as resin-rich regions exist that strongly influence the strength of
the recycled fiber composites.
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Figure 8. Cross-section optical micrograph of TUFF recycled fiber composite produced using VARM processing. Reprinted
with permission from [45]. Copyright 2019 SAMPE.

Recently, Aravindan et al. [36] used the HiPerDiF method to convert staple MR60H
carbon fibers of 3 mm, 4.5 mm, and 6 mm length into highly aligned epoxy composites us-
ing autoclave curing. Composites with 41% fiber volume fraction showed good mechanical
properties. Gopalraj and Karki [48] at LUT University recycled carbon fibers using a cone
calorimeter for remanufacturing into aligned continuous fiber epoxy composites via com-
pression molding. They showed good tensile modulus for the manually aligned recycled
fiber composites at 40 wt% and 60 wt% but poor tensile strength due to char formation
on the fiber surface and a loss in fiber strength. Liu et al. [40] used the hydrodynamic
alignment process developed at the University of Nottingham to produce 131 gsm recycled
fiber preforms with 1.15 mm fibers recycled through a fluidized bed process. Autoclave
processing was used to produce composites with 38% fiber volume fraction with moderate
tensile modulus, but relatively poor tensile strength due to the short fiber length, for which
around 3% were below the critical length of 0.38 mm.

4.3. General Trends in Mechanical Properties of Recycled Carbon Fiber Composites

Several trends in the mechanical properties of recycled carbon fiber composites are
apparent from literature. As expected, as the tensile modulus increases, so too does the
tensile strength, shown by the Ashby plot in Figure 9. The references used here have been
used in Figures 10 and 11 for properties whose data are available in the cited literature. It
is apparent that most wet-laid composites exhibit low strength and modulus, while carded
composites offer slightly higher strength at similar stiffness. Yarn composites offer high
strength and stiffness, falling slightly short of those achieved by highly aligned preforms.
This order of property increase is based on two primary geometric factors: fiber alignment
and fiber dispersion. In general, the fiber alignment is best in highly aligned preforms,
followed by yarns, carding, and wet-laid textiles. The dispersion of fibers is generally poor
in wet-laid processes, as there is not a fiber opening step as is found in the carding and
yarn-spinning process. Furthermore, more highly aligned textiles exhibit an inherently
more homogeneous microstructure due to fiber packing requirements (i.e., the high aspect
ratio of the fibers necessitates high degrees of alignment to achieve high fiber volume
fraction). The matrix material also plays a significant role in the resulting properties. PP
composites were found to generally exhibit lower tensile modulus and strength than higher-
performance polymers such as PA6 and epoxy. In general, epoxy composites provided
the highest performance, likely due to high-quality impregnation and favorable surface
chemistry with staple fibers.
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Figure 9. Ashby plot of various recycled carbon fiber composites from literature [24,26,27,29-32,34-45,49-51,54,59,61,62,65-

67,72,74-77,80,83,85-87].

An additional factor not captured in Ashby plots that strongly controls the properties
of composite materials is the fiber volume fraction. Figure 10 shows the strength and
modulus as a function of fiber volume fraction. As expected, the tensile strength improves
with fiber volume fraction. However, at low fiber volume fraction (below 30%), the strength
is largely independent of fiber volume fraction. Most of these low fiber volume fraction
composites are assumed to exhibit random orientation (i.e., wet-laid and carded). However,
many authors did not test samples in orthogonal directions to validate this assumption.
Similarly, many authors did not consider the fiber dispersion in the microstructure, which
has a strong impact on tensile strength. These low fiber volume fraction composites are
more prone to microstructural inhomogeneity than their higher fiber volume fraction
counterparts due to the geometric packing effects described earlier. Figure 10b shows the
tensile modulus as a function of fiber volume fraction, where the dashed line represents the
Rule of Mixtures approximation for a unidirectional composite with 230 GPa fiber modulus
and 3 GPa matrix modulus. It is apparent that highly aligned preforms at high fiber volume
fractions (greater than 40%) most closely track with the Rule of Mixtures estimate due to
their high degree of alighment and microstructural homogeneity. Yarn-based composites
stray from the Rule of Mixtures estimate due to slight out-of-plane fiber alignment (twist)
and possible agglomerations caused by poor fiber bundle opening. Wet-laid and isotropic
preforms strongly vary from the Rule of Mixtures approximation primarily due to poor
fiber alignment. Estimates for isotropic and slightly anisotropic recycled carbon fiber
composite stiffness can be found elsewhere in literature [76,80] and are more appropriate
for multidirectional composites.

An important factor impacting the processes used to consolidate recycled carbon fiber
composites is the textile areal density. Figure 11 shows the impact of areal density on
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the measured tensile strength and modulus. These results represent the multi-laminate
composite properties, as opposed to the properties of individual lamina, which were not
reported in most literature. In general, higher areal density preforms are more conducive
to high-volume manufacturing by reducing the number of plies to achieve a given part
thickness. However, high areal density preforms are also more difficult to impregnate
with resin and may exhibit poorer fiber alignment. Thermoplastic composites produced
using the wet-laid, carding, and yarn-making processes address the impregnation issue by
intermingling thermoplastic fibers in the textile to reduce the infiltration distance. Such
processes are not yet established for thermoset composites. It is difficult to establish clear
trends from the reported properties shown in Figure 11. However, two key results are
apparent: (1) wet-laid composites made from lower areal density textiles yield higher
modulus; and (2) highly aligned composites made from high areal density preforms exhibit
lower strength than their low areal density counterparts. This indicates that higher areal
density wet-laid composites likely exhibit lower fiber volume fraction due to reduced
packing efficiency. For example, through-thickness fiber orientation may be more apparent
at higher areal densities. The same behavior is likely apparent for highly aligned preforms.
Additionally, the highly aligned textiles with high areal density may fail to be fully consol-
idated by the epoxy matrix, resulting in decreased tensile strength as damage can more
easily localize near regions of poor wetting.

T T T T T
I Epoxy B PET
| == PP ABS " A -
BN PAG PMMA
mmm PPS v
L v v .
2 ¥
c@A 2 A A
- A Ei A m (u] -
Q o % a % A % o
o =
., V% 0" @eg ) :
10 20 30 40 50 60
V, (%)
(a)
O Wet Laid
O Carded __,»" AA
- | A Highly Aligned _.-ATA .
V_Yam o Aoy v
- A A
AL A X
5 ‘—__— & n g -
=" ADWBAD o \la!
=" v O o 2 'ﬁ @ o o
.- [« T v B o)
= - 1 u 9 $ D D 1 1
10 20 30 40 50 60
V; (%)
(b)

Figure 10. Tensile strength (a) and modulus (b) as a function of fiber volume fraction. Dashed line represents the Rule of

Mixtures estimation for longitudinal modulus in unidirectional composites.
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Figure 11. Impact of areal density on the tensile modulus (a) and strength (b) of recycled carbon fiber composites.

Recycled carbon fiber textile-based composites were found to exhibit unique com-
pression behavior, as shown in Figure 12. In general, the tensile and compressive moduli
of the composites were nearly equal, as represented by the dashed lines. However, the
compressive strength varied significantly. In general, the compressive strength of wet-laid
composites was significantly higher than the tensile strength. This is dramatically different
than in traditional continuous fiber composites, which exhibit lower compressive strength
due to fiber buckling. Here, the confining effect of the surrounding misoriented fibers
allows fibers oriented in the loading direction to reach higher loads prior to failure. This
effect was not apparent in all recycled fiber composites based on retained fabric architec-
tures, where size reduction was not used and therefore the original weave architecture
was maintained [69,70]. Here, the tensile and compressive strength and modulus were
generally higher due to the continuous nature of the fibers and high degree of alignment
(resulting in higher fiber volume fraction). The relationship between the tensile and com-
pressive strength was largely influenced by factors stemming from manufacturing and
recycling processes and therefore no trends are apparent. Unfortunately, there is a dearth
of information in the literature regarding the compressive properties of highly aligned,
yarn-based, and carded textile composites made from recycled carbon fibers.

Recycled carbon fiber textile-based composites also exhibited unique flexural behavior.
As shown in Figure 13, the flexural strength was generally higher than the tensile strength,
while the moduli exhibited the inverse relationship. In typical unidirectional continuous
fiber composites, flexural failure is dominated by the compressive strength of the composite,
which is generally lower than the tensile strength. Here, tensile failure is expected to be
the dominant failure mode due to the improved compressive strength of discontinuous
fiber composites with largely random orientation. However, the flexural strength typically
exceeds the tensile strength, indicating that the failure behavior is largely complicated by
the more complex microstructure. Furthermore, the stress state within flexural specimens
is not one of pure tension and compression, but rather there exists a gradient in stress with
no stress along the neutral axis. This complex stress state also brings into question the
meaning of comparisons between the tensile and flexural modulus. As such, the following
observations can be made for the flexural properties of recycled carbon fiber composites: (1)
the flexural modulus is generally lower than the tensile modulus; (2) the flexural strength
is generally higher than the tensile strength for less aligned textiles; and (3) the flexural
strength is generally lower than the tensile strength for more highly aligned textiles. Special
consideration of these trends should be used to model the behavior of recycled carbon fiber
textile composites in bending.
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Other mechanical properties of interest for recycled carbon fiber composites include
shear and impact energy absorption properties. Figure 14 shows these properties as mea-
sured in the literature. In general, the interlaminar shear strength of recycled carbon
fiber /epoxy was slightly higher for aligned composites. Furthermore, the ILSS was higher
for carded composites than wet-laid composites, indicating that out-of-plane fiber ori-
entation induced by the needle-punching process during carding improves interlaminar
bonding. The impact energy absorption measured by IZOD testing was only available for
wet-laid and carded composites. In general, higher fiber volume fraction in PA6 composites
yielded lower impact energy absorption. Furthermore, energy absorption was strongly
dependent on the matrix properties such as fracture toughness, with more brittle matrices
exhibiting lower impact energy absorption than highly ductile matrices. Data are even
more limited for the in-plane shear properties of recycled carbon fiber composites. The
following trends are apparent: (1) the shear strength decreases with increasing fiber volume
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fraction; and (2) the shear modulus increases with increasing fiber volume fraction. In
general, these trends are in good agreement with insights from unidirectional composites,
which show increased shear modulus with the addition of fiber content due to the higher
shear stiffness of the reinforcing fibers (relative to the matrix) and a reduction in shear
strength due to stress concentrations about the fibers that are amplified at higher fiber
volume fraction. Additionally, low-strength matrix materials such as ABS yield lower shear
strength at similar fiber volume fractions than higher strength epoxies. Overall, the shear
properties of recycled carbon fiber composites are not well-documented in literature and
require further study.
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Figure 14. Various properties of recycled carbon fiber composites: (a) interlaminar shear strength [42,65,68,69,74,81],
(b) IZOD impact energy absorption [63,64,77,80,88] and (c) in-plane shear strength [73,81,88].
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5. Unique Functions of Recycled Carbon Fiber Textile Composites

A thorough review of the multifunctionality of recycled carbon fiber composites was
undertaken by May et al. [13]. As such, this section does not seek to thoroughly review the
entirety of the literature on multifunctional recycled carbon fiber composites. Rather, we
review a few concepts that are highly relevant to the automotive industry.

5.1. Crash Energy Absorption

The crashworthiness of recycled carbon fiber composites is of particular importance to the
automotive industry, which stands to benefit from the low cost and moderate to high perfor-
mance of recycled carbon fiber composites. Typical crashworthiness of composite materials
is measured using crush testing. The resulting energy absorbed divided by the mass of the
crushed material is referred to as the specific energy absorbed (SEA). Typical values of SEA for
automotive metals such as steel and aluminum are in the range of 15 to 30 k] kg1, while con-
tinuous fiber composites generally yield between 40 and 80 kg ™! [89]. The geometry (specimen
and ply sequence), testing rate, and temperature all strongly impact the measured properties.
Meredith et al. [69] produced recycled carbon fiber/epoxy composites with a retained woven
architecture and showed comparable dynamic SEA to virgin fiber composites that they tested.
Their measured SEA was low (32-36 k] kg™!), relative to other composite structures. This is
likely due to their choice of crush geometry—a truncated cone. It has been previously reported
that truncated cones exhibit non-uniform SEA through the crush depth [90], so these results
may not provide an adequate comparison to traditional constant cross-section crush specimen
geometries such as tubes and sinusoidal sections, an example of which is shown in Figure 15.
The geometry is self-supporting with high buckling resistance to induce failure via splaying
and fragmentation modes to aid in energy absorption. Mischo et al. [85] produced sinusoidal
crush specimens from a cross-ply staple carbon fiber /PA6-yarn-based organosheet and found
the dynamic SEA to be 58 k] kg !, which compares well with traditional composite materials.
Barnett et al. [88] studied the crashworthiness of carded recycled carbon fiber composites with
three matrix types—ABS, PPS, and epoxy—at several quasi-static rates and temperatures. Their
work revealed remarkably high SEA: 110 k] kg~ for epoxy, 95 k] kg ! for PPS, and 47 k] kg !
for ABS. They also showed that thermoplastic composite SEA generally increases with increas-
ing loading rate and decreases with temperature in the quasi-static loading rate regime. Their
results were some of the highest reported in the literature for the sinusoid geometry, indicating
that discontinuous fiber composites with moderate alighment may be strong candidates for
crashworthy automotive structures.

(a) (b)

Figure 15. Constant cross-section crush specimens in the sinusoidal geometry: (a) untested sample and (b) failed sample.

Reprinted with permission from [88]. Copyright 2021 Elsevier.
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5.2. Deep Drawability

Traditional continuous fiber composites are limited in their ability to conform to tight
radii of curvature and struggle in deep-draw applications due to the high stiffness of
the fiber. Recycled fiber composites based on discontinuous short fibers offer a potential
solution to this problem. For example, Yarlagadda et al. [91] showed that TUFF preforms
can undergo extensional and transverse strain up to 40% with uniform deformation to
conform to complex geometries. An example is shown in Figure 16, capturing the high
formability of 3 mm fiber preforms in both the longitudinal and transverse directions.
Goergen et al. [92] at the Institute for Composite Materials in Germany showed that staple
carbon fiber /PA6-yarn-based non-crimp fabric organosheets can be drawn more than 100%
locally and 50% globally. They did not define a criterion for acceptable local thinning,
but they were able to develop a finite element framework for predicting the deformation
during deep drawing. Composite materials that offer high formability are particularly
important to the automotive industry, which traditionally relies on processes such as stamp
forming to rapidly produce parts.

(b)

Figure 16. Formability of TUFF composites in the (a) longitudinal and (b) transverse directions. Reprinted with permission
from [91]. Copyright 2019 SAMPE.

5.3. Hybrid Composites

Much like hybrid vehicles, which improve efficiency by coupling propulsion modes,
hybrid composites offer many competitive advantages when materials synergistically improve
the properties over the constitutive components. Several authors have studied the integration
of recycled carbon fiber into hybrid composites. In the early 2010s, Koike et al. [93] of Doshisha
University produced stampable bamboo fiber/recycled carbon fiber /PP composites. Nonwoven
textiles of bamboo/PP (800 gsm) and recycled carbon fiber/PP (100 gsm) were produced
using a carding process and were needle punched to induce z-orientation and enhance fiber
commingling. The stiffer carbon fiber/PP nonwovens were placed on the outside of the
thick bamboo /PP core and were compression molded to form a sandwich laminate with an
improvement of over 100% in the flexural strength compared to the neat bamboo/PP composite.

In the late 2010s, Longana et al. [37] produced intermingled virgin and recycled carbon
fiber textiles using the HiPerDiF process that were placed as a core between continuous
E-glass and S-glass unidirectional fabrics. They found that increasing the recycled fiber
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content led to a reduction in the strength of the composites due to the degradation of
the fiber strength, while modulus remained largely unaffected. They also showed a
pseudo-ductile response for hybrid carbon/glass laminates, which is typically not shown
in fiber-reinforced composites. Bachmann et al. [94] at the German Aerospace Center mixed
flax fibers and staple carbon fibers to form a carded nonwoven textile that was infused
with epoxy in an RTM process to produce composites with 30% fiber volume fraction. They
also produced composite sandwich laminates with pure carbon fiber face sheets and a
pure flax fiber core to show that the properties of hybrid laminates could be optimized
by placing the stiff carbon fibers away from the neutral axis of loading in flexural testing.
Tse et al. [95] at the University of Manchester produced 100 gsm hybrid recycled carbon
fiber/flax fiber/polylactic acid (PLA) nonwoven textiles using a wet-laid process and
consolidated them using compression molding to produce hybrid composites with 30%
fiber volume fraction. The ratio of recycled carbon fiber to flax fiber was varied and it was
found that hybrid laminates with a 3:1 ratio yielded the best flexural properties due to
improvements in compactibility at relatively low molding pressure (0.2 MPa), resulting
in lower void content. Longana et al. [87] produced hybrid textiles from 3 mm recycled
carbon and flax fibers using the HiPerDiF process that were infused with an epoxy resin
film in an autoclave process to produce composites with 35% fiber volume fraction. They
found that the tensile modulus and strength were only weakly impacted at 3:1 recycled
carbon fiber to flax ratios, while the vibrational damping was improved by nearly 50%.
Gan et al. [47] at the University of Southampton Malaysia developed a dry recycled carbon
fiber tow alignment system to deposit chopped tows onto chopped strand glass mat or
woven glass fabric with fiber alignment greater than 70% within £10°. Composites were
consolidated using VARTM and tensile properties were subsequently measured to show a
significant increase in stiffness over the neat glass composites. However, the strength was
reduced relative to the neat glass fiber composites due to poor load transfer to the carbon
fiber tows. Wei et al. [96] produced hybrid wet-laid nonwoven textiles using 6 mm recycled
T800 carbon fibers, 13 mm glass fibers, and PAG6 fibers. Glass fibers were mixed at 1%, 2%,
and 5% fiber volume fraction and compression molding was used to produce plates with
20% total fiber volume fraction for flexural and IZOD impact testing. The flexural modulus
of the composites was found to be largely insensitive to the added glass fiber, whereas the
flexural strength and IZOD impact resistance decreased slightly. Hasan et al. [84] produced
staple carbon fiber /continuous glass filament/PA6 hybrid yarns that were compression
molded to form composites with fiber volume fraction ranging from 53% to 58% and void
content from 1.4% to 3.9%. The ratio of glass fiber to carbon fiber was small, 7:93 and 6:94
for the hybrids produced, which led to a small decrease in tensile strength and failure strain
and a strong increase (18.4% to 50.5%) in Charpy impact resistance as the continuous glass
fibers more strongly resisted fracture. An example fracture surface is shown in Figure 17,
where the remaining glass fiber filaments indicate continued energy absorption after carbon
fiber failure.
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Figure 17. Image of hybrid staple carbon fiber/glass fiber filament/PA6 Charpy impact test specimen failure surface.

Reprinted with permission from [84]. Copyright 2019 Elsevier.

Recently, Wilson et al. [86] at the University of Warwick produced hybrid recycled
carbon fiber/virgin carbon fiber/flax fiber/epoxy composites using a VARTM process.
Laminates of each reinforcement were produced, along with hybrids of two reinforcement
types where the stiffest material was placed on the outer plies. The fiber volume fraction
was found to vary with the material type due to the compactibility of each fiber textile
type under vacuum pressure, with recycled fiber layers exhibiting the lowest fiber volume
fraction. They found that the addition of recycled carbon fiber or flax fiber layers improved
the vibrational damping performance of the composites but decreased the tensile and
flexural properties.

Hybridization of recycled carbon fiber reinforced composites offers promise as a
way of reducing material cost, transitioning failure behavior from explosive to ductile
modes, and reducing vibrational noise and loading in vehicles. There are likely many still
undiscovered benefits of hybrid composites, making this field one that is positioned for
growth in the amount of active research.

5.4. Electromagnetic Shielding

As electric vehicles become more ubiquitous and use high-power electronics, it may
become necessary to shield certain components from electromagnetic interference. The
high electrical conductivity of carbon fibers may enable multifunctional structures capable
of shielding electronics in vehicles. Wong et al. [97] at the University of Nottingham
showed that wet-laid veils of recycled carbon fibers can meet FCC Class B shielding
requirements at 80 gsm. They found that the shielding efficiency was largely dependent
upon good fiber dispersion, which indicates that highly aligned recycled fiber composites
may be less likely than isotropic composites to provide adequate shielding, which requires
further exploration.
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5.5. High-Rate Manufacturing

Traditional composite manufacturers typically produce low-volume products and
are more concerned with maximizing the strength-to-weight and stiffness-to-weight of
their materials than reducing cost and cycle time. While these material properties are also
of importance to the automotive industry, high manufacturing volume necessitates that
manufacturing processes be primarily chosen based on cost and cycle time. Organosheets
offer a strong candidate material for automotive manufacturing due to their stampability,
shelf-stable nature, and rapid cycle times. For example, Yarlagadda et al. [91] were able to
mold TUFF preforms in 1 to 3 min, while Goergen et al. [92] were able to mold organosheet
parts in under 2 min. Both used a heated press to raise the temperature of the material to
allow for sufficient flexibility when forming. After forming, the materials were cooled on
the press to a temperature at which they could be removed without deformation. These
heating and cooling processes are generally quite slow, even when the material is pre-
heated before transfer to the press. Alternatively, Reese et al. [33] showed that Joule heating
can be used to rapidly heat composite materials for consolidation and forming for sub-
minute processing times. Joule heating takes advantage of the electrical conductivity of
the carbon fibers to generate volumetric heating within the textile, as opposed to relying
on conductive heat transfer from press platens or radiative heat transfer from an infrared
pre-heating stage. This manufacturing method shows promise as an energy-efficient means
of high-rate manufacturing for the automotive industry.

Generally, high-rate manufacturing with thermosets is difficult due to the long cure
times relative to those required to melt and solidify thermoplastics. Goergen et al. [98]
developed a b-staging process to oversaturate carded recycled carbon fiber nonwovens with
an epoxy resin using multiple hardeners to partially cure the resin at room temperature.
Once at the processing temperature, the viscosity of the partially cured resin decreases to
enhance wetting, followed by cure upon activation of the second hardener. This technology
could be used to reduce the number of resin applications required in wet compression
processes, as the excess resin in the saturated nonwovens could be squeezed into dry layers
during the molding process, thereby reducing touch labor and layup times. Though not
discussed in the work, snap cure epoxy resins could be used in such processes to further
reduce cycle time.

6. Conclusions

Significant progress has been made in developing high-performance recycled carbon
fiber textiles for automotive grade composites in recent years. A variety of traditional
textile manufacturing techniques have been adapted to use carbon fibers. New techniques
that produce highly aligned short fiber plies have been developed and show great promise
for producing high-performance automotive grade composites. Continued research to
homogeneously disperse fibers in these preforms will be crucial to future performance
improvements in their composites.

High areal density nonwoven textiles have been developed with isotropic and weakly
anisotropic properties, some of which meet the strength requirements put forth by US
auto manufacturers. However, the stiffness is largely limited by the relatively low fiber
volume fractions achieved. Since it is unlikely that additional fiber volume fraction can
be achieved without strength degradation, hybrid composites are a strong candidate for
future performance improvements. Future research should seek to enhance synergies that
improve material strength, as hybrid composites containing glass and recycled carbon
fiber plies of similar strength all showed poorer strength properties compared to their
constituent components.

Highly aligned short fiber composites show great promise as a future automotive
material, meeting or exceeding the strength and stiffness targets. However, further im-
provements should be pursued. Yarn-based composite properties may be further improved
by increasing their fiber volume fraction and increasing fiber alignment. Highly aligned
short fiber preforms such as TUFF composites consist of very low areal density plies, which
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is not conducive to rapid manufacturing. Therefore, increasing the areal density of these
textiles while still maintaining a high degree of alignment and homogeneity should be at
the forefront of future research.

The multifunctional properties of recycled carbon fiber textiles remain largely unex-
plored. Most efforts to date have focused on enhancing manufacturability and reducing
cycle times. Significant research effort is needed to further understand the coupled elec-
tromechanical properties of these composite materials and how their microstructure may
be exploited for purposes such as structural health monitoring, structural battery housings,
and crash-sensitive structures.

The future of recycled carbon fiber is exciting but may be hindered by the perception
that recycled materials are inherently less valuable than their virgin counterparts. Much
of the work presented here challenges this notion and shows that recycled carbon fiber
composites can provide high performance at low cost for automotive applications.
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