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Abstract
Composites are a type of material that incorporates some amount of one material—termed
the filler—into the bulk of another material—termed the matrix—to take advantage of the filler’s
properties without the product being solely comprised of filler material, which is typically more
expensive than the matrix material. A filler material that has become extremely popular is carbon
fiber. Due to their robust mechanical properties, carbon fibers are often incorporated into polymer
matrices, resulting in a lightweight, ultra-strong material. These carbon-fiber reinforced polymer
(CFRP) composites can be used in a range of products from aerospace to small consumer goods.
As CFRPs become more popular, their end-of-use vectors must be assessed. Putting CFRP
waste into landfills or burning results in total loss of the product and is detrimental to the
environment. As such, recycling is preferred. Mechanical recycling methods grind up the waste
CFRPs, resulting in pellets or powder that can be pressed into new products. By grinding the longstrand fibers into shorter pieces, much of their mechanical strength is lost, but these composites
can still have enhanced properties over base-polymer. A recently-established processing technique
called solid-state shear pulverization (SSSP) is applied to CFRPs to mechanically recycle them in
an effective fashion.
This thesis investigates SSSP as a method of not only breaking the carbon fibers apart, but
exfoliating them into single sheets of graphene, and then dispersing the exfoliated carbon fibers.
We propose that by exfoliating the fibers, SSSP can achieve higher levels of dispersion and
incorporation of filler into matrix than comparable mechanical recycling methods. In doing so,
where other mechanical methods would produce a macrocomposite, SSSP is creating a
nanocomposite that is expected to have superior properties than macrocomposites of a similar filler
due to the increased interaction between filler and matrix.

viii

This study demonstrates that, while SSSP is successful at exfoliating and dispersing carbon
fibers into a polymer matrix, it does not have a significant impact on the mechanical properties of
the resulting composite in comparison to another processing technique and clean polymer.
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1. Introduction
Composites are a class of materials in which a small amount of one material (termed the
filler) is added into the bulk of another material (termed the matrix). Typically, the matrix is a
inexpensive, lightweight (low density) material that lacks some desired property—such as
strength—that limits its application. A common example of a matrix material is polymer; their
low density, low price, and ease of manufacturing make them an attractive option for use in many
applications including aerospace and automotive.

However, polymers alone lack suitable

mechanical properties to be considered for these applications. Thus, by choosing a mechanically
robust filler and incorporating it into a matrix of polymer material, the resulting composite can be
used in more demanding applications.
Carbon fibers (CFs) are a filler that has recently burgeoned in the field of polymer
composites. Carbon fiber reinforced polymers (CFRPs) exhibit mechanical properties comparable
to metals and ceramics while retaining a lower density. This can be seen in Figure 1; CFRP (a
section in the ‘composites’ section of both figures) are on the same density scale as ‘polymers and
elastomer’, but exhibit mechanical properties an order of magnitude greater.

Figure 1: Plots of density vs Young’s modulus (left) and Density vs yield strength (right) [3].
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With continued investment and research towards higher quality materials, CF production
is expected to be $36 billion by 2020, accounting for 110,000 megatons of CFs produced annually
[1]

. This growth in production is expected to be accompanied by reduced prices as production

methods are streamlined [1]. With a larger and less expensive supply of CFs available, production
of CFRPs is projected to increase from about 72,000 tons in 2013 to essentially match the
production of CFs by 2020

[2]

. CFRPs find use in a wide range of applications, from aerospace,

automotive, and defense to sports and leisure activities [2]; Figure 2 provides examples of carbon
fiber composites employed in these applications.

Figure 2: Examples of products that use CFRPs, including plane parts [4], car bumpers [5],
sporting equipment [6], and smaller [7].
With the upward trend in production of CFRPs comes a likewise increase in CFRP waste
with current projections predicting 62,000 tonnes of CF and CFRP waste by 2020 [8]. To deal with
these new wastes, there has recently been increasing interest in evaluating the end-of-use

3

opportunities of these CFRPs. Simple methods of disposal—such as putting these wastes in a
landfill or burning them—do not promote sustainability. In this vein, multiple recycle methods
have been and are currently being investigated, discussed in Chapter 2.
The remainder of this thesis will focus on exploring processes used to recycle waste
CFRPs.

We elaborate on the current methods of recycling waste CFRP to analyze their

shortcoming in Chapter 2. A processing technique is then presented that can potentially be applied
to recycle CFRPs. After establishing this background information, the experimental details and
equipment used for the synthesis and testing of our materials are presented in Chapter 3. The
results and discussion of our characterization work is presented in Chapter 4.

Chapter 5

summarizes the results of the study and entails our final recommendations on further development
of our proposed recycle method as a means of recycling waste CFRP.
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2. Background
The history and production of carbon fiber is briefly discussed to establish their importance
as a filler material. Then, current methods of disposing or recycling of CFRPs is explored in some
detail. After establishing these current methods, the proposed processing technique —solid-state
shear pulverization—is described.

2.1 Carbon Fiber as a Filler
2.1.1 Carbon-Based Materials
Carbon fiber has become a very popular filler for composite materials. The composites
made with these fibers have a unique, black and woven appearance, and because of superior
properties and dropping cost they are increasingly making their way into consumer goods. Carbon
fibers are related to graphite, graphene, and carbon nanotubes, but important distinctions exist,
depicted in Figure 3. Graphite (Figure 3a) is a crystalline form of carbon comprised of individual
sheets of carbon called graphene (Figure 3b). By applying shear to the graphite, these graphene
sheets can be isolated or separated from the graphite. The graphene sheets can coalesce into long
strands: this is carbon fiber (Figure 3c). While methods of producing carbon fiber (detailed in
Section 2.1.2) vary, they all produce this layered and rolled-up graphene structure that constitutes
carbon fiber. Finally, carbon nanotubes (Figure 3d) are hollow rods of a single graphene sheet.
These nanotubes can either be “single-walled,” in which case there is only one graphene sheet in
the rod, or “multi-walled,” in which each nanotube consists of concentric rods of graphene.
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a)

b)

c)

d)

Figure 3: Images of a) a small chunk of graphite [9], b) the single-sheet structure of graphene,
c) a strand of carbon fibers [10], and d) the structure of a single-walled carbon nanotube.

2.1.2 A Brief History of Carbon Fiber and its Production
While present in various forms since the late 19th century, work on modern versions of
carbon fibers began in the mid-20th century [11]. During this time, while studying the properties of
graphite it was found that when graphite deposits from the vapor phase to the solid phase, it would
form extremely thin strands. These strands exhibited wondrous properties: tensile strengths of 20
GPa and Young’s moduli of 700 GPa, compared to steel’s 1-2 GPa tensile strength and 200 GPa
Young’s modulus [12]. Though there is some ambiguity if these first studies produced carbon fibers
or carbon nanotubes, the potential for these products to be incorporated into composites was clear.
However, procedures used to create these strands in the laboratory, when scaled up, would have
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costed $10 million per pound

[11]

, requiring the development of superior synthesis routes before

these materials could be economically viable.
Since this initial discovery, the production of carbon fiber has advanced.

Though

processing varies slightly between methods, the general steps are as follows. First, the precursor—
which is typically polyacrylonitrile or pitch

[13]

—is wound into a fiber. The fiber is then treated

with other chemicals or heat to cross-link the fibers. This is done to ensure that the carbon-based
backbone of the fibers can withstand high processing temperatures [13-15]. After being wound into
fibers and pretreated, the fibers are then heated in the absence of oxygen to about 1500°C. This
energizes the fiber to a level where most of the molecules vibrate off. However, the carbon-based
backbone remains, hence why this step is termed “carbonization.” Once carbonized, the fibers are
treated at an even higher temperature to improve the alignment and orientation of the crystalline
regions within the fibers; this step is termed “graphitization”

[13-15]

. Once fully processed, the

bonding present in the fiber is primarily covalent, imparting high strength to the fibers [16].

2.2 Current CFRP End-of-use Vectors
2.2.1 Chemical Recycling
There are currently four primary methods of chemically recycling carbon fibers: pyrolysis,
fluidized bed processing, low temperature solvolysis, and supercritical solvolysis
method, depicted by Figure 4, focuses on fiber reclamation.

[17]

. Each
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Figure 4: General process flow diagrams for chemical recycling methods [17].
Pyrolysis (Figure 4a) is similar to simply burning the CFRP, the key difference being that
pyrolysis occurs in the absence of oxygen. In this environment, instead of turning to carbon dioxide
and water the polymer matrix will decompose into various organic gases, such as methane

[17]

.

The absence of oxygen also ensures that the carbon fibers stay more intact than during regular
burning. However, it is still possible for the carbon fibers to partially degrade during this process;
this damage often results in a downcycling of carbon fiber when implemented into new products
[17]

.
Fluidized-bed processing (Figure 4b) also involves degrading the polymer matrix. In this

process, waste CFRP is loaded into a bed a silica sand. Hot air ranging from 450 to 550 Celsius is
passed through the bed, where it degrades the polymer into organic gases

[17]

. Once free of the

matrix, the fibers are able to flow up through the bed, where a cyclone separates the fibers from
the gases. Though the fibers recovered in this process are kept together, there is still a chance for
them to be damaged, resulting in downcycled products [17].
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Low temperature solvolysis and supercritical solvolysis (Figure 4c and d, respectively)
both involve degrading the matrix through the use of different process fluids. Low temperature
solvolysis focuses on employing certain chemicals to degrade the matrix while keeping it at a
relatively low temperature. While the least energy intensive of these recycling methods, the
chemicals used are typically concentrated acids and other caustic compounds, resulting in high
equipment cost and leaving extremely hazardous waste after recovering the fibers

[17]

.

Alternatively, supercritical solvolysis utilizes supercritical fluids—typically water, an alcohol, or
carbon dioxide—to remove the polymer matrix

[18]

. While these supercritical fluids present less

of a hazard post-recycle, they still requires high temperatures and pressures to be generated and
necessitate specialty equipment be used, raising the issue of cost. Additionally, both lowtemperature and supercritical solvolysis still present the possibility of damaging the fibers during
processing.

2.2.2 Mechanical Recycling
Mechanical recycling processes are very different from chemical methods. The expected
output of mechanical recycling methods is a powder or pellet of carbon-fiber/polymer blend. In
creating this powder/pellet, the carbon fibers in the waste composite are chopped up, resulting in
much shorter fiber strands. Because the fibers are shortened, the composites made from these
powders/pellets will have far inferior properties to composites made with the long-strand fibers
that can be mostly recovered with chemical methods [19]. To elucidate this reduction of properties,
two different studies explored pyrolysis (chemical) and milling (mechanical) as CFRP recycle
methods. Pyrolysis of waste CFRP and reuse of the recovered fibers yielded a composite with a
flexural modulus and strength of 28.7 GPa and 325 GPa, respectively [20]. Comparatively, milling
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waste CFRP and cold-mixing that powder yielded a composite with a flexural modulus and
strength of 7.5 GPa and 55 MPa [21]. So, while pyrolysis (chemical process) yielded a composite
with slightly reduced properties compared to the waste CFRP, milling (mechanical process)
resulted a much greater degree of reduction.
Despite this diminution of properties compared to chemical recycling methods, mechanical
processing can still produce composites with enhanced properties over those of the pure polymer
[22-24]

and typically requires much less chemical and energy input than chemical recycling methods,

resulting in a lower cost [25]. The trade-off between the cost of recycling and quality of the recycled
product then becomes the key point of interest.

2.2.3 Areas for Improvement
Two routes exist for improving the field. First, chemical methods can be improved to be
less costly. Though these methods return long-strand fibers that will exhibit good mechanical
properties when replaced into a new matrix

[17,18]

, the value of these products is not high enough

for chemical recycling to be profitable. To this end, improving chemical methods to make them
cost less will widen the profit margin and make chemical recycling more viable.
The second route to improving waste CFRP recycling is to either identify or create a
mechanical recycling method that results in composites with mechanical properties higher than
those produced by current mechanical methods. As mechanical recycling methods already have
the cost-edge over chemical recycling methods [19], to improve the value of the recycled products
the mechanical properties of the products must be enhanced. If a mechanical method that achieves
this improvement can be identified and tested, the process could potentially launch mechanical
recycling methods into the realm of greater economic viability.
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Though much work has been directed at improving chemical processing
opportunities exist for mechanical recycling.

[17-19, 26]

,

A recently developed mechanical processing

technique called solid-state shear pulverization has been used to create composites using graphite,
but is untested with carbon fiber; exploring this process’s viability is the focus of the remainder of
the thesis.

2.3 Solid-State Shear Pulverization
2.3.1 SSSP Basics
Solid-state shear pulverization (SSSP) is a process developed at Northwestern University,
which has been used in the past to create polymer nanocomposites using graphite as the filler
material

[22-24]

. Polymer pellets and graphite are put into a modified twin-screw extruder, where

extremely high shear and compressive forces exfoliate the layers of graphene that comprise them
and grind the two materials into well-mixed powder. The key aspect of this process that
differentiates SSSP from regular extrusion is that the barrels of the extruder are cooled or chilled.
As the material passes through the machine, the high forces generate extreme amounts of friction.
In a regular extruder, this friction could melt the polymer, resulting in a two-phase effluent. While
processing the materials in this way still exposes them to shear, this shear between carbon fibers
and polymer is rather weak. By keeping the materials in the solid state as they are processed, it is
theorized that the additional abrasion of solids-on-solids will apply greater shear forces to the filler.
While this process has been successfully applied to graphite-based nanocomposites in the
past [22-24], it has never used carbon fibers as a feed. Like other mechanical methods, the process
drastically shortens the length of the fibers. However, it is hypothesized that SSSP will also
exfoliate the carbon fibers — that is, peel and break apart the layers of carbon fibers into individual
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sheets resembling graphene, as seen in Figure 5. The exfoliation of the fibers would have a
profound effect on a composite made from the resulting powder; instead of being made into a new
CFRP, the composite made with these exfoliated carbon fibers would actually be considered a
carbon nanocomposite.

Figure 5: An example of the structure of the carbon-based nanocomposite; exfoliated carbon
layers (dark, thick lines) are dispersed through the polymer matrix (grey, thin lines).

2.3.2 Macrocomposites versus Nanocomposites
Macrocomposites are composites in which the filler material has a dimension on the same
scale as the matrix material. The filler in most CFRPs is long-strand carbon fiber, which ranges
from millimeters to a few meters in length. Because these carbon fibers have a length that is same
order of magnitude as a dimension of the polymer matrix, these materials are considered
macrocomposites. In the same vein, the recycling techniques discussed prior to SSSP—both
chemical and mechanical—have dealt with macrocomposites. Chemical recycle methods attempt
to keep the fibers on the same length scale as the original composite. Even when the fibers are
chopped in mechanical processes, they retain a length that is typically comparable to the width of
the composites they are in, denoting a macrocomposite.
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The extra exfoliation afforded by SSSP is expected to push our materials into a different
realm of materials: nanocomposites. As the name suggests, these composites have filler materials
with dimensions on the scale of nanometers. In the case of carbon fibers and SSSP, the added
shear is not only expected to chop the fiber to smaller lengths than other mechanical methods, but
also peel off graphene layers to reduce the diameter of individual fibers.
When fillers are reduced to this nano-scale, they have the potential to impart unique
properties to the composite and as such have been the focus of a variety of studies for many years
[27-35]

. A major advantage that nanoscale fillers have over traditional macroscale fillers that even

at load percentages below 5% by weight, the high surface area to volume ratio of the fillers
maximizes its interaction with the matrix. Thus, a small amount of nanoscale filler can have the
same contact as a larger amount of macroscale filler and so can potentially have a comparable
effect on the overall properties of the composite.
Another important topic to understand with both classes of composites is the effect
dispersion of the filler has on the mechanical properties of the composite. Figure 6 provides a
depiction of exfoliation and dispersion that highlights the differences between the terms.
Dispersion simply refers to the uniformity of the filler in the matrix; if clump of filler form in
clusters and do not evenly fill the matrix, the composite has poor dispersion. For mechanical
recycling procedures, dispersion of the filler is vital to the viability of the method. If proper
dispersion is not achieved, the composite will not exhibit consistent properties and will ultimately
be unviable for any consumer goods.
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Figure 6: Depiction of varying degrees of exfoliation and dispersion.

2.3.3 Opportunity of SSSP
Exfoliation and dispersion are extremely important for the success of SSSP as a recycle
method. Given the increased shear made possible by SSSP, the process may achieve levels of
exfoliation of carbon fibers that other mechanical methods cannot. In addition, we believe that
grinding and mixing nature of the process will provide sufficient dispersion. Therefore, we
propose that if SSSP can exfoliate and disperse carbon fibers throughout a polymer matrix better
than other mechanical methods, it could potentially be used to recycle waste CFRPs into higher
quality products than others made through mechanical recycling. The remainder of this thesis will
be used to explore this possibility.
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3. Materials and Methodology
This chapter details the materials and methods, both fabrication and analysis, used over the
course of this research.

3.1 Materials
The polymer used as the matrix in this project was Polypropylene 3272 from Total
Petrochemicals (melt index 2.2 g/10 min, ρ = 0.905 g/cc). Polypropylene’s repeat structure can be
seen in Figure 7. Carbon fiber used in this research came from two sources; both as-received
chopped graphite (Fibre Glast 571 ¼ inch Chopped “Graphite” Fibers, referred to as ARCG) and
sheets of carbon-fiber pre-pegs (Saertex Unidirectional Carbon Fiber Film, 154 g/m2, referred to
as CFF) were used to mimic waste CFRP feeds and are displayed in Figure 8.

Figure 7: Repeat unit of polypropylene.

a.

b.

Figure 8: a) Fibre Glast chopped graphite fibers, b) Saertex unidirectional Carbon Fiber Film.
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3.2 Sample Preparation and Feeding
Polypropylene was fed continuously over an hour with a Brabender Technologie rotating
tube hopper, shown below in Figure 9. The frequency of the rotating nozzle was dialed to give the
desired flowrate of polypropylene, which ranged from 200 g/hr to 500 g/hr depending on the
process being run.

Figure 9: Brabender rotating tube hopper used to feed polypropylene.
ARCG was fed multiple ways. Using a rotational feeder like the one used to feed
polypropylene was impossible, as the graphite strands would stick to the sides of the rotating
nozzle. Instead, a vibrational feeder, seen in Figure 10, was used to feed the ARCG at a rate of 6
g/hr. However, the ARCG clumped up with itself and on the sides of the feeder and got stuck, so
hand-feeding was also employed.
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Figure 10: FMC vibrational feeder used for ARCG.
Since ARCG was difficult to feed, it was decided that pressing our own CFRPs would
improve feeding, as encasing fibers in polymer would make them easier to handle and would more
closely model feeding actual CFRPs to the process. Our feed composites were 50 weight percent
CFF and 50 weight percent polypropylene, prepared via hot pressing. A schematic of the
preparation of the masterbatch is shown in Figure 11, and the hot-pressed used is shown by Figure
12. One-and-a-half grams of polypropylene pellets were placed on an aluminum plate covered
with aluminum foil and spread around. Four inch by four inch sheets of CFF were then placed on
top of these pellets, and another one-and-a-half grams of pellets were spread on top of the CFF.
The polypropylene is spread out this way to try to wet as much of the CFF during pressing as
possible to keep fibers encased in polymer. A 0.5 mm thick brass bracket was placed around the
polypropylene-CFF system to act as a mold, and another aluminum sheet and metal plate are placed
on top of the system. This entire setup is then placed in a Carver Laboratory Equipment Hydraulic
Unit (model C) hot-press at 200°C. Once the system equilibrates back to 200°C, it is pressed at 5
metric tons for 2 minutes, resulting in a pressed sheet of the masterbatch CFRP.
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Figure 11: Schematic of the preparation of the masterbatch.
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Figure 12: Carver Laboratory Equipment Hydraulic Unit (model C) hot-press.
Once this polypropylene-CFF composite was made, it was cut into small 1-inch strips with
widths defined by the confetti scissors (Westcott Mulit-Purpose Shredder Scissors) used to cut
them. These strips were then fed to the extruder via two methods: hand-fed and conveyor-belt fed.
The conveyor belt feeder can be seen in Figure 13.

Figure 13: Conveyor belt feeder.
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3.3 Processing
Two processing techniques were used to fabricate the desired composite mixture. Twin
screw extrusion was performed to create a composite to establish baseline properties of a
comparable mechanical recycling method. Solid-state shear pulverization was then performed and
the properties of the resulting composite was compared against those of Polypropylene 3732 and
the twin screw extrusion composite.

3.3.1 Twin Screw Extrusion
As discussed in Chapter 2, SSSP is based on twin-screw extrusion (TSE). Extrusion is an
industrially-applicable method of processing materials that has been used extensively over the last
century, especially favored in processing thermoplastic polymers due to their flow properties when
heated. In TSE, materials are fed to a set of two screws, which propagate the materials through
the instrument while grinding and mixing them. As the materials move through the instrument,
they are also heated via electric heaters, causing the polymer to melt. This results in a molten
strand of composite that can be cooled, chopped into pellets, and pressed into products. A
schematic of the material flow through a typical TSE instrument is shown in Figure 14.

Figure 14: Schematic of typical twin screw extrusion device.
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The TSE instrument used in this study is the KrausMaffei Berstorff ZE-25A UTX: a
co-rotational, intermeshing twin-screw extruder, shown in Figure 15. The screw elements in the
instrument are 850 mm long with a diameter of 25 mm; thus, the L/D ratio of the equipment is 34.
The instrument is divided into six zones, shown by Figure 16. Zones two through six all possess
an independent heating element, allowing the temperature of each zone to be separately monitored
and controlled.

Figure 15: The KrausMaffei Berstorff ZE-25A UTX twin screw extruder.

Figure 16: Schematic depicting the zones of the TSE; materials enter the hopper at Zone 1 and
are propagated through the instrument until they are expelled at Zone 6.
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The Berstorff system is designed to allow for custom screw set-ups; the two screws can be
fitted with a variety of different conveying and kneading elements, shown in Figure 17. Conveying
elements are primarily responsible for moving materials down the screw, while kneading elements
grind the materials together and help mix them. Both kneading and conveying elements are
displayed in Figure 18. There are three classes of kneading elements: forward, neutral, and reverse.
These different types of fittings affect the residence time of the materials in the extruder; if more
reverse kneading elements are implemented, material remains in the TSE longer, exposing
elements to more grinding and mixing. Therefore, the screw design directly impacts the harshness
of the process and determines the extent to which the fibers are exfoliated.

Figure 17: Twin screw design of the Berstorff TSE.

Figure 18: Conveying and kneading elements.
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With many different combinations of screw designs possible, this study focused on three
intensities of screw design: harsh, medium, and mild, given in Figure 19. In this figure, the first
letter in all cells refers to the size of the element (small, medium, or long). White cells are
conveying elements, and colored cells are kneading elements. For kneading elements, the second
letter refers to the direction of the element (forward, neutral, or reverse). Intensity of the screw is
determined by the number of kneading elements present in the screw; more kneading elements
will present harsher processing conditions, grinding materials to a greater extent. As such, the
medium screw design adds a kneading section in Zone 3, and the harsh screw design adds another
kneading section in Zone 5.

Figure 19: The three screw designs used in this study.
Because the materials leaving the TSE are in a molten state, a water trough is used to cool
the strand, after which it is fed to a pelletizing device, which will chop the strand into small pellets.
The pelletizing device, made by Scheer Bay, is depicted in Figure 20.

Figure 20: Scheer Bay pelletizer.
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3.3.2 SSSP
SSSP is run using the same Berstorff extruder as in TSE (Figure 15). The primary
difference between SSSP and TSE—and the defining feature of SSSP—is that when running the
instrument for SSSP, an anti-freeze-water solution is applied to Zones 2 through 6 to keep them
under 100 °C. Tubing connected to each section allows for the cooling fluid to contact the outside
of the instrument, acting as a heat transfer fluid to cool the contents of the instrument. By keeping
the materials cool, the polymer is kept in the solid-state.

3.4 Characterization Techniques
3.4.1 X-ray Diffraction
X-ray diffraction (XRD) is a technique used to characterize the crystallinity of materials.
To characterize our samples in this study, we used a PANalytical (Philips) X’Pert Pro MultiPurpose Diffractometer System with a ceramic broad-focus Cu X-ray tube, depicted in Figure 21.
In this technique, an X-ray source emits X-rays with known wavelengths onto a solid sample.
These X-rays can interact with the sample and each other, both constructively and destructively,
causing variations in the intensity of the X-ray signal. By measuring the intensity of the diffracted
X-rays over a range of angles, we can glean some insight into the crystal structure of the sample.
Figure 22 depicts an XRD schematic. Knowing the incident angle of the X-rays on the sample (θ),
the wavelength of the X-rays (λ), and the intensity of the signal (n), Bragg’s Law gives the spacing
between sheets of atoms (d):
𝑛 ∗ 𝜆 = 2𝑑 ∗ 𝑠𝑖𝑛(𝜃)

Eq. 1.
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Figure 21: Bucknell’s XRD System: the PANalytical (Philips) X’Pert Pro Multi-Purpose
Diffractometer (MPD) System with a ceramic broad-focus Cu X-ray tube.

Figure 22: Schematic of XRD.
Understanding the crystal structure of the components and of the composites made via TSE
and SSSP gives insight to the degree of exfoliation. Each component should have a unique XRD
signature, with graphite having its characteristic peak at a 2*θ of 25.5, which corresponds to the
spacing between graphene layers. If the spacing between graphene sheets in the carbon fiber is
disturbed (for example, by exfoliating the graphene layers), then the output of a composite XRD
will exhibit an altered peak width corresponding to the change in sheet spacing. Thus, the XRD
can indicate if the carbon fibers were altered.
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Two methods were used to prepare samples for XRD. The polypropylene pellets, pellets
from TSE, and composite powders produced by SSSP were all pressed into sheets and placed on
the sample stage to be measured. CFF was also simply placed on the sample stage in the XRD.
Additionally, ARCG was soaked in acetone to disperse some of the small, loose fibers into
solution. Drops of the solution were then allowed to dry on a sample stage, leaving behind a
powdery residue that could be tested. The X-rays in this study were emitted at 45 kV and 40 mA
through a 1/16° slit. Data was analyzed with the X’Pert HighScore.

3.4.2 Thermogravimetric Analysis and Related Thermal Testing
Characterization of the thermal behaviors of our samples was done using
thermogravimetric analysis (TGA). In this testing method, a ceramic pan is placed on a small
balance and it heated at a constant rate in a nitrogen environment. As the temperature increases,
changes in mass can be observed. Once the temperature ramp is done, weight percent lost versus
temperature is recorded; changes in weight percent can then be linked to changes in phase or
degradation of the sample at certain temperatures. In the context of our study, TGA is expected to
completely decompose the polypropylene matrix; however, the carbon fibers in a nitrogen
environment should remain intact. The value of TGA then comes from its ability to give accurate
reading of weight percent of filler in the composite.
A TA Instruments Q600 TGA was used in this study, as seen in Figure 23. Alumina
ceramic pans were used to house the samples. Temperature was swept from ambient (~25°C) to
1000°C at 10°C/min. Analysis was performed using the TA Thermal Analysis software. Samples
tested with this method were our carbon fiber feeds (ARCG and CFF), the CFF-polypropylene
composite feed, and the composite powders.
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Figure 23: TA Instruments Q600 TGA.
While TGA gives an accurate depiction of the carbon fiber loading of our samples, each
run take a few hours and uses a small amount of mass. This becomes an issue for obtaining a large
amount of exfoliated carbon fibers for other characterization techniques (SEM, BET). As such,
furnace heating was done to obtain larger samples of exfoliated carbon fibers from processed
composites. For burn-off, composite was put in a Ney Vulcan 3-130 oven (Figure 24) where it
was heated to 650°C in nitrogen for ten minutes then allowed to cool.

Figure 24: Ney Vulcan 3-130 oven with a nitrogen feed.
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3.4.3 Scanning Electron Microscope
Scanning electron microscopy (SEM) involves bombarding samples with a stream of
electrons, generating an image that has good resolution down to the micron-scale. SEM is a helpful
tool in understanding the structure of the fibers both before and after processing. While the
Chemical Engineering Department’s SEM does not result in quantitative values to describe the
samples, it provides a useful visual of the change in structure of the fibers. A Jeol JSM-6390LV
SEM was used in this study (Figure 25). Electrons were directed at samples with an intensity of
30 kV and a spot-size of 55 units. The two types of sample studied by SEM were the feed carbon
fiber sources (ARCG and CFF) and the post-processed carbon fibers, separated from the polymer
via burn-off.

Figure 25: Jeol JSM-6390LV SEM.

3.4.4 Brunauer-Emmett-Teller Surface Area Analysis
While SEM can visually demonstrate that the carbon fibers have been exfoliated, it does
not quantify the degree of exfoliation. To quantify this, it is useful to perform Brunauer-EmmettTeller (BET) surface area analysis. Samples are cooled, subjected to nitrogen, and weighed. By
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applying a model developed by Brunauer, Emmett, and Teller [36], weight change of the sample is
related to a layer of nitrogen adsorbed to the surface of the sample, allowing the surface area per
gram of material can be calculated. When the carbon fibers are exfoliated, they create new surface
area for the same mass. By measuring the surface area of the feed carbon fibers (ARCG and CFF)
and comparing it to the surface area of the fibers post-processing, we can numerically assess how
the process affects the degree of exfoliation. The BET used in this study was the Micrometrics
Tristar II system, shown in Figure 26. Similar to SEM, the two types of samples tested in BET
were ARCG, which was subjected to burn-off prior to testing, and post-processed carbon fibers,
obtained via burn-off.

Figure 26: From left to right, the Micrometrics Tristar II BET, the Pfeiffer Vacuum TSH 071E
pump, and the Micrometrics FlowPrep 060.

3.4.5 Tensile Testing
The overall goal of this project is to evaluate SSSP’s ability to make composites with
properties superior to the base polymer and superior to the properties of composites made using
other mechanical methods. For the intended end uses of these composites, their mechanical
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properties are of greatest interest: their yield strength, breaking extension, and Young’s modulus.
Figure 27 demonstrates how each of these quantities was determined.

Figure 27: Depiction of how mechanical properties were determined.
Tensile tests were conducted with a Tinius Olsen H5K-S device, shown in Figure 28, at a
rate of 0.1 inch per minute. To prepare samples for tensile testing, the material was compression
molded using the Carver hot-press (Figure 12) set at 200°C and 5 metric tons for 2 minutes, in the
assembly depicted by Figure 10. Dogbone samples of ASTM D1708 standards were then cut from
these thin sheets and tested. To establish a baseline, polypropylene was put through the SSSP
device before it was pressed into sheets and tested.

Figure 28: Tinius Olsen H5K-S Tensile Tester.
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4. Results and Discussion
Using the equipment and methods discussed in Chapter 3, samples were made and
characterized. The results of these analyses are presented and discussed in this chapter.

4.1 Samples
In total, six unique samples were processed in this study; they are presented in Table 1.
Acronyms are given by processing technique (T for TSE and S for SSSP), harshness of screw (A
for harsh, E for medium, and I for mild), and feed type (A for ARCG and C for CFF). Images of
the samples after processing as powders/pellets are presented in Figure 29.
Table 1: Sample specifications
Acronym Processing Screw
Feed
Target
Polypropylene
Technique Design
loading
feed (g/h)
TEC
TSE
Medium
CFF
3 wt %
485
SAA
SSSP
Harsh
ARCG
10 wt %
270
SEA
SSSP
Medium ARCG
3 wt %
194
SIC
SSSP
Mild
CFF
3 wt %
194
SEC
SSSP
Medium
CFF
3 wt %
194
SAC
SSSP
Harsh
CFF
3 wt %
194

Carbon Fiber
feed (g/h)
15
30
6
6
6
6

As discussed in Chapter 3, material leaving the instrument when operating in TSE is a
molten strand; this strand is cooled and chopped into pellets as demonstrated by TEC in Figure
29a. Because SAA was the first sample processed with SSSP, proper feed rates were still being
dialed in. This led to so much material being fed to the instrument (300 g/h polypropylene and 30
g/h carbon-fiber) that the cooling was not enough to counteract the friction, resulting in some
polymer melting in the instrument and coming out in small strands, seen in Figure 29b. Aiming
for a lower percent loading of carbon-fiber and lessening the material feed rates (200 g/h
polypropylene and 6 g/h carbon-fiber) solved this issue, resulting in the powders seen in Figure
29c through f.
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a.

b.

c.

d.

e.

f.

Figure 29: Composite powders after processing (a. TEC, b. SAA, c. SEA, d. SIC, e. SEC, f.
SAC).
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Despite switching the feed to CFF to achieve better consistency, there were still some
discrepancies between the calculated composition and the actual composition of our composites;
these discrepancies are shown below in Table 2.
Table 2: Desired fiber weight percent in composite versus the measured weight percent
SAA
SEA
TEC
SIC
SEC
SAC
Desired filler
10
3
3
3
3
3
weight %
Actual filler
21.0*
12.2*
1.9**
2.0**
1.5**
1.7**
weight %
*:

Actual filler weight % determined by nitrogen 10-minute burn-off
Actual filler weight % determined by TGA

**:

Three main factors are believed to be responsible for these differences: inconsistency in
feeding-rates, impurities in the feed, and method of weight percent determination. Despite
attempting to utilize feeders for the samples that were processed with ARCG (SAA, SEA), handfeeding was necessary due to the ARCG clumping to itself and rough surfaces. This resulted in
the over-feeding of carbon fibers to the process, leading to a much higher than expected weight
percent of carbon fiber in the composites. As for the samples made from CFF (TEC, SIC, SEC),
the problem was likely in the CFF itself. The CFF sheets were made with 3 grams of CFF and 3
grams of polypropylene, but TGA of CFF revealed that it lost about 13% of its mass when heated
(Figure 30a). This error would lead to a lower loading of filler in the composite, as observed by
Figure 30b dropping to 43 weight percent as opposed to the expected 50 weight percent. Finally,
the method used to evaluate SAA and SEA (burn-off, discussed later this chapter) allowed some
oxygen into the oven. Because fibers are known to degrade in oxygen, this introduction of
oxygen—albeit small—is expected to cause a slight underestimation of weight percent loading.
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a.

b.
Figure 30: TGA of a. CFF and b. the CFF-polypropylene composite fed to SSSP.
As can be observed in Figure 29, differences in color are seen between samples, which can
be partially explained by the weight percent loading of the sample and the degree of exfoliation
achieved by the process. As SAA has the highest weight percentage of carbon-fibers, it is expected
that this sample would be the darkest. Taking the weight percent loading down from 20% to 10%
then resulted in a lighter powder, demonstrated by SEA. Even lighter powders were achieved by
further reducing the weight percent to ~1.5% as with SIC, SEC, and SAC. Interestingly, SIC,
SEC, and SAC get progressively lighter. This change in color can be explained by the screw
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design and subsequently the amount of exfoliation occurring. Graphene sheets by themselves are
nearly transparent, allowing about 98% of light to pass through it

[37]

; yet, carbon fiber, which is

comprised of many layered and rolled graphene sheets, is black. This is because enough graphene
sheets are present in the fiber that their additive blocking of light results in no light being
transmitted. Exfoliation of the fibers would remove graphene sheets, leading to more light being
allowed to pass through. Because SEC and SAC are lighter than SIC, we believe that the medium
and harsh screw designs are indeed exfoliating the carbon fibers to a greater degree. These claims
will be checked by SEM and BET results, discussed later in this chapter.
Pressing the powders into sheets yielded similarly interesting optical properties. Figure 31
presents close-up images of our samples in front of a light source. SAA and SEA are expected to
be black and opaque due to the weight percent loading of carbon fiber. Of interest was TEC, SIC,
SEC, and SAC (Figure 31c, d, e, and f, respectively). The low filler-loading caused the sheets to
be translucent, giving us a view of the fibers in the composite. Looking through the samples,
clumps of filler can be seen in the pressed SIC (Figure 31d) but not in TEC, SEC, and SAC (Figure
31c, e, and f). This seems to indicate that the medium and harsh screw designs not only lead to
better exfoliation, but also superior dispersion.
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a.

b.

c.

d.

e.

f.

Figure 31: Sheets of a. SAA, b. SEA, c. TEC d. SIC, e. SEC, and f. SAC in front of a light.
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4.2 X-Ray Diffraction
XRD was done on ARCG, CFF, and pressed sheets of polypropylene TEC, SAA, SEA,
SIC, SEC, and SAC. The signal count (intensity) versus 2θ plots for all materials are shown below
in Figure 32, with an additional plot for our composites focused on carbon fiber’s peak at 25.5.
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32: XRD plots of a. ARCG, CFF, and polypropylene; b. TEC, SAA, SEA, SIC, SEC, and SAC;
c. SAA, SEA, TEC, SIC, SEC, and SAC focused at the 25.5 peak; and d. TEC, SIC, SEC, and
SAC focused at the 25.5 peak with both axes normalized to zero.
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As can be seen by comparing Figure 32a to 32b, the peaks of all our composites roughly
match those of polypropylene (except for SAA exhibiting a strong peak at 16). However, the peak
at 25.5 that correlates to carbon fiber is slightly different between our samples, seen in Figure 32c.
Unsurprisingly, the higher fiber content of SAA and SEA resulted in higher intensity peaks.
However, despite having similar fiber loading the peaks of the other samples (TEC, SIC, SEC, and
SAC) vary a bit. Focusing in on these peaks and normalizing them (Figure 32d) shows that their
widths are different. All the SSSP-processed samples have narrower peaks than TEC, with SAC
being the narrowest. This indicates that between the screw designs, there is a disruption of the
crystallinity given by the carbon; we believe that this disruption is due to increased exfoliation of
the fibers as harsher and harsher screw designs are employed.

4.3 Thermogravimetric Analysis and Burn-off
TGA was primarily used to help corroborate the stability of the carbon fibers in our feed
to justify using oven burn-off as a means to generate a large quantity of post-processing carbon
fibers for testing. Figure 33 displays the TGA results of ARCG and a CFF. ARCG exhibits
excellent thermal stability, losing less than three percent through the 1000°C temperature ramp.
CFF was slightly less stable, losing 13% of its mass under the same heating conditions. The main
effect this is expected to have is an underestimation of the fiber loading given by burn-off, as
discussed previously in this chapter.
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a.

b.
Figure 33: TGA results from a. ARCG and b. CFF.
Because the fibers seemed stable when heated in nitrogen, burn-off seemed a viable way
to make available large quantities of post-processing carbon fibers for further study without
causing damage to the fibers.
TGA was also used to accurately assess the weight percent loading of TEC, SIC, SEC, and
SAC, seen in Figure 34. These weight percentages are listed above in Table 2. Burn-off was also
used as a supplementary assessment of weight percent loading; the results of burn-off corroborate
the weight percentages determined by TGA.
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a.

b.

c.

d.
Figure 34: TGA results of a. TEC, b. SIC, c. SEC, and d. SAC.

4.4 Scanning Electron Microscopy
The SEM images of original carbon fibers and processed composites after burn-off are
presented in Figures 35, 36, and 37.
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a.ARCG

b.CFF

c.TEC
Figure 35: SEM images at 100 and 1000 times magnification of a. ARCG, b. CFF, and c. TEC
after nitrogen burn-off.
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a.SAA

b.SEA

c.SIC
Figure 36: SEM images at 100 and 1000 times magnification of a. SAA, b. SEA, and c. SIC
after nitrogen burn-off.
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a.SEC

b.SAC
Figure 37: SEM images at 100 and 1000 times magnification of a. SEC, and b. SAC after
nitrogen burn-off.
Both feeds—ARCG and CFF—are comprised of carbon fibers of a diameter of about 7
microns. TSE only slight chopped up the fibers and left the diameter unaltered, as seen in Figure
35c. SSSP did a much better job of breaking up the fibers, shown by Figures 36 and 37. However,
even more remarkable is that in SIC, SEC, and SAC the fiber diameter is reduced to about 5
microns. As previously discussed, carbon fiber is made up of layers of rolled up graphene sheets.
Because we observed this change in diameter, we believe that we are successfully exfoliating the
fibers, peeling away the graphene layers. We suspect that SAA and SEA did not receive this
exfoliation because their fiber loading was too high; because SAA and SEA have much more
carbon fiber than SIC and SEC, the amount of shear able to be applied to a given amount of fiber
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is much less. Conversely, the lower loading of SIC, SEC, and SAC allows more shear to be applied
per fiber. Therefore, we believe that the reduction in fiber diameter given by SIC, SEC, and SAC
confirms that SSSP successfully exfoliates carbon fibers.

4.5 BET Surface Area Analysis
The BET surface area analysis results of ARCG and the fibers post processing are shown
in Figure 38. CFF was not tested because it was in long strand form and would need to be cut
down to fit in the apparatus of BET. For the purpose of this study, we can assume that CFF has a
similar surface area per gram to ARCG.
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Figure 38: BET results of one of the carbon fiber sources and composites after burn-off. Error
bars represent error given by the BET during measurement.
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There were issues running ARCG, as the results of twelve tests all yielded highly varying
values. However, the values were consistently low, establishing that ARCG has a relatively low
surface area before SSSP. As previously discussed, SAA and SEA were both overloaded with
carbon fibers, which we believe hindered SSSP’s ability to exfoliate them, leading to minor
increases in surface area over ARCG.
Comparing TEC to SIC, SEC, and SAC is where BET tells an interesting story. SIC, while
using a milder screw design than TEC, still yielded carbon fibers with an increased surface area,
confirming that SSSP exfoliates the fibers better than TSE. Using medium and harsh screw designs
exfoliates the fibers even more, though there is not much difference in extent of exfoliation
between medium and harsh screw designs.

4.6 Tensile Tests
Examples of tensile tests of polypropylene and SEC are given below in Figure 39 and 40,
respectively. Figures 41, 42, and 43 present averages and standard deviation for the yield strength,
maximum extension, and Young’s modulus, respectively. In general, polypropylene is a ductile
material. While the inclusion of filler was expected to make the composite more brittle, the filler
should instill significant gains to the yield strength and Young’s modulus over polypropylene.

Stress (MPa)
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Stress vs Strain
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Figure 39: Three polypropylene tensile tests.
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Figure 40: Three SEC tensile tests.
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Yield Strength
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Figure 41: Yield strength comparison. Error bars represent standard deviation between multiple
samples of the same material.
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Figure 42: Breaking extension comparison. Error bars represent standard deviation between
multiple samples of the same material.
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Young's Modulus
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Figure 43: Young’s modulus comparison. Error bars represent standard deviation between
multiple samples of the same material.
Table 3: Averages of yield strength, breaking extension, and Young’s modulus
Yield Strength
Breaking Extension
Modulus
(MPa)*
(inches)*
(GPa)*
Polypropylene
26.6 ± 0.7
8.0 ± 0.8
927 ± 64
SAA
18.2 ± 1.7
1.1 ± 0.7
1054 ± 114
SEA
23.8 ± 1.4
3.2 ± 1.8
880 ± 125
TEC
26.6 ± 1.7
6.0 ± 0.4
1068 ± 110
SIC
26.4 ± 2.3
6.5 ± 0.8
165 ± 105
SEC
25.4 ± 2.5
5.5 ± 0.5
969 ± 96
24.5 ± 2.5
SAC
7.3 ± 0.8
962 ± 110
*

: value after ± represents standard deviation between multiple samples of the same material

Tensile testing revealed that the addition of exfoliated carbon fiber had a very minor—if
any—effect on the mechanical properties of the composite. Average yield strength (except for
SAA) remained within error of polypropylene and TEC, while the addition of exfoliated carbon
fibers made the samples more brittle (lower breaking extension), except for the case of SAC where
the ductility was slightly improved, though still within error of other samples. The only property
that showed improvement was the elastic modulus, but even these gains were not impressive. SIC
showed the best improvement in elastic modulus over polypropylene, but the improvement was
only by six percent, and TEC displayed an even higher average modulus.
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5. Conclusions and Recommendations
5.1 Conclusions
This study explored the use of SSSP as a means of mechanically recycling carbon-fiber
reinforced composites that have reached their end-of-use. Various parameters, such as feed-type
and screw-design, were manipulated through this research to create six different samples with
unique properties. These properties were then compared to try to assess SSSP’s potential as a
mechanical processing method to recycle waste CFRPs.
Color of the powder and visibility of fibers in pressed sheets indicated that changing the
harshness of the screw was inciting a change to the fibers being put through SSSP. XRD confirmed
this; carbon fiber’s signature peak at 25.5 had a narrower peak in SSSP samples than in the TSE
sample. SEM imaging the processed fibers allowed us to see a visible lowering of fiber diameter,
which we attributed to SSSP peeling away graphene layers from the fibers. BET surface area
calculations showed a drastic increase of surface area from TSE to SSSP, numerically confirming
that exfoliation was occurring.
Tensile testing revealed that although we can achieve exfoliation with SSSP, the resulting
nanocomposite does not have statistically significant increases in mechanical properties; all
mechanical properties of the processed composites remained on par with those of polypropylene
and composites made with TSE.

5.2 Recommendations and Future Work
Some improvements could be implemented to this study. First, inconsistency in feeding
caused issues in both samples processed by TSE and SSSP. ARCG was nearly unusable due to
the difficulty of feeding it. Using sheets pressed from CFF and polypropylene made feeding
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slightly more consistent, but the difference in CFF mass and actual carbon fiber content in the CFF
led to underloading of filler in our composites. Accounting for this discrepancy by adjusting feed
rate in future runs should result in fiber loadings closer to the desired weight percent.
Another shortcoming of this work was the number of samples made. While each of the six
samples required considerable testing, we ultimately were only able to make conclusions about
one weight percent loading of fiber. As the loading of filler has drastic effects on the composite,
being able to test a range of fiber loadings would not only have given more depth to the data, but
might also reveal a more optimal weight percent loading.
As this was the first time SSSP was applied to carbon fiber, there is much room for future
work. One potential vector is further characterization of our composites. CFRPs have already
demonstrated electrical conductivity

[38]

, so observing the effect of SSSP on the composites’

electrical properties would be an interesting endeavor. It would also be worth assessing the range
of particle sizes present in the composite-powder post SSSP. By sending the powder through a
molecular sieve, particles of different sizes could be parsed and analyzed separately. Obtaining
insight on particle size could not only give us further insight into the exfoliation of the fibers, but
also might help explain some of the optical properties of the powders.
Another valuable direction could be to do an in-depth economic analysis of the process and
how it compares to other processing methods, both chemical and mechanical, at recycling carbon
fibers. This study, like many other recycling studies, was done on the lab scale and would require
scale up to be viable. An effort to evaluate the economics of this process—as well as others—
would require a considerable amount of time and communication with other groups doing similar
studies, but could provide useful direction on where to direct attention for continued work.
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Finally, investigating how SSSP affects thermoset-based CFRPs would be beneficial to
applying the process to a wider range of waste CFRPs. Polypropylene, a thermoplastic, was used
as the matrix in this study because it is easy to process and somewhat prevalent in consumer
products. However, a much larger portion of consumer CFRPs utilize thermoset matrices. These
matrices cannot be reused after they are first cured, meaning that a powder of carbon fibers and
waste thermoset could not be made into a product by themselves and would require a new matrix.
Assessing methods to deal with this would open SSSP to a much broader range of potential wastes.

5.3 Closing Remarks
This study aimed to evaluate the effectiveness of SSSP at exfoliating and dispersing carbon
fibers into a polypropylene matrix. We demonstrated that not only were the fibers chopped to a
greater extent than by another mechanical method, but also that under low filler loading the fibers
were exfoliated by SSSP. However, when pressed into sheets for mechanical testing, composites
processed with SSSP did not exhibit enhanced properties over base polymer or another mechanical
processing technique. Despite not enhancing mechanical properties, confirming the exfoliation
potential of SSSP is an important conclusion of this study, as other mechanical processing methods
cannot exfoliate carbon fibers. Solid-state shear pulverization may now be considered as a
processing technique for other materials and could potentially yield new and exciting
nanocomposites.
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