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RESUME

L'utilisation de matériaux composites se développe rapidement et il existe une forte demande pour
ces matériaux sur le marché. Il y a quelques obstacles a l'utilisation croissante : prix élevé des
matieres premicres et difficultés dans la gestion de leurs déchets. Trouver une méthode de

recyclage efficace peut surmonter ces difficultés.

L'objectif de cette étude est de trouver une méthode de récupération viable pour les préimprégnés
carbone/époxy périmés a l'aide d'un four a usage général afin de minimiser le colit de recyclage et
de maximiser la valeur du produit récupéré. Des expériences de pyrolyse dans des conditions d'air
ambiant ont été réalisées a des températures allant de 450° C a 600° C. Pour chaque température de
pyrolyse, le temps de pyrolyse variait de 1 a 7 heures. Les résultats obtenus montrent que les
conditions optimales de pyrolyse étaient de 2,5 heures a 500 °C. Une température plus élevée induit

une dégradation des fibres, et une température plus basse conduit a un temps de pyrolyse prolongé.

Aprées avoir trouvé les conditions optimales, des plaques composites ont ét¢ fabriquées a partir de
fibres de carbone recyclées par la méthode d'infusion de résine assistée sous vide. D'autres
caractérisations physiques et des tests mécaniques ont été effectués sur les plaques pour déterminer
les propriétés du rCFRP (recycled Carbon Fiber Reinforced Plastics). Les résultats montrent que
les plaques fabriquées a partir de fibres de carbone recyclées ont de bonnes propriétés physiques et
mécaniques et peuvent étre utilisées dans les applications ou les propriétés completes des fibres
initiales ne sont pas requises. Les propriétés mécaniques des rCFRP fabriqués se comparent
favorablement aux composites fabriqués avec de la fibre de carbone commerciale vierge a usage

général utilisant la méme résine époxy.
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ABSTRACT

The use of composite materials is growing rapidly and there is a high demand for these materials
in the market. There are some obstacles for the increasing usage: high price of raw materials and
difficulties in their waste management. Finding an effective recycling method can overcome these

difficulties.

The objective of this study is to find a viable recovery method for time expired carbon/epoxy
prepregs using a general-purpose oven to minimize the cost of recycling and maximize the value
of the recovered product. Pyrolysis experiments under ambient air conditions were carried out at
temperatures ranging from 450 °C to 600 °C. For each pyrolysis temperature, the pyrolysis time
varied from 1 to 7 hours. The obtained results show that the optimal pyrolysis conditions were 2.5
hours @ 500 °C. A higher temperature induces fibre degradation, and a lower temperature leads to

a very prolonged pyrolysis time.

After finding the optimum conditions, composite plates were manufactured from recycled carbon
fibers by Vacuum Assisted Resin Infusion method. Further physical characterizations and
mechanical tests were performed on the plates to determine the properties of the rCFRP (recycled
Carbon Fiber Reinforced Plastics). Results show that the manufactured plates from recycled carbon
fibers have good physical and mechanical properties and can be used in the applications which full
properties of initial fibers is not required. The mechanical properties of fabricated rCFRPs compare
favorably to composites fabricated with general-purpose virgin commercial carbon fiber using the

Same €poxy resin.
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CHAPTER 1 INTRODUCTION

1.1 Overview

Nowadays human needs for manufacturing new parts and structures are increasing rapidly and this
highlights the demand for new materials. Carbon Fiber Reinforced Plastics (CFRPs) provide
numerous advantages that include but are not limited to high stiffness, high tensile strength, low
weight to strength ratio, low thermal expansion, good chemical, abrasion and corrosion resistance,
and these are the reasons for their extensive use. Reduced cost and time of manufacturing are

among the other prominent properties of these materials.

Starting from the recent decades, composites consisting of carbonous fibers address the demands
of different domains, from aerospace industries to wind, automobile, construction, sports facilities,
etc. Since their emersion, they have played a key role in the market of high-quality products and
they are replacing other materials that have been used for a long time, i.e., metals and alloys (steel,
aluminum, etc.) [1-4]. According to [5], nearly 120,015 tons of carbon fibers have been used in
2020, indicating an 11% increase compared to 2019. Estimations show that the demand for CFRPs
will be 194,000 tons in 2022 [6]. Figure 1.1 shows the global demands for carbon fibers and CFRPs

in different continents.

w2020 w2012 m2020 w2012
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Figure 1.1: Global demands for (a) Carbon fiber and (b) CFRP in different regions
of the world [7]

Despite the advantages that CFRPs provide, there are certain obstacles and challenges in using, or
in other words, manufacturing composites. The main limitation in this way is the high price of

virgin carbon fibers. The mechanical properties of carbon fibers depend on the type of precursor



and currently polyacrylonitrile (PAN) is the widely used precursor used for production of carbon
fibers. PAN needs to undergo over 1500° C in order to change into carbon fibers. Clearly providing
that high temperature requires big energy sources and money [5]. Because of these high expenses
of production, the use of CFRPs in most cases is limited to high-value applications rather than
high-volume productions. By the use of recycled carbon fibers and replacing the high production
costs with lower recycling expenses, we can benefit more from the advantages of CFRPs in daily

life.

The other restricting issue with the use of CFRPs is waste management. There are two main causes
of composite waste. The first one is the scraps produced when manufacturing the bigger parts and
the other source is the end-of-life (EoL) parts [8, 9]. As mentioned earlier, the most portion of
composites used nowadays is devoted to aerospace, wind and automobile sectors. These are mostly
critic parts and need to be replaced and occasionally changed. Consequently, there are massive
amounts of composite wastes generated. It is predicted that the amount of CFRP wastes will be

more than 263 kilotons in 2030 [10].

Currently, there are three traditional ways of treating composite wastes, disposing in landfills,
incineration, and recycling. Great portions of the wastes are being disposed in landfills, as it is the
cheapest way of getting rid of them. But there are certain environmental concerns and researchers
are constantly trying to find alternative methods. When the organic material is put in the landfill
and is decomposed, methane is released which is one of the greenhouse gases that is proven to have
negative impacts on global warming and climate change. The development of landfills also
endangers the lives of special species, known as the biodiversity impacts. Groundwater pollution
and soil fertility effects are the other adverse effects of landfills [11, 12]. On the other hand,
incineration is an expensive method to discard wastes. Despite the efforts to minimize the
pollutants in the incineration process, some toxic and hazardous emissions are dangerous for human
beings [13]. Therefore, finding a suitable and optimal way for their recycling is of great importance

and is one of the hot topics among scientists.

Different methods of recycling composite wastes have been used so far. Among these methods,
conventional pyrolysis is the most promising procedure for meeting the needs of recycling and
recovering fibers from composite wastes [5, 10, 14-16]. Pyrolysis is defined as a process of thermal

decomposition, which mainly takes place in an inert atmosphere at temperatures ranging from



400 C to 1000°C for different periods of time. During Pyrolysis, the polymeric resin is completely
decomposed to volatile materials and the fibers are recovered. It is also possible to collect volatile
as liquid by-products, such as tar, which can be used as oils and fuels. Other gaseous products like
carbon dioxide and methane with lower calorific values can also be utilized as energy resources
[1]. It has been shown that pyrolysis of CFRPs under an inert atmosphere, although preventing
carbon fiber degradation does not yield clean carbon fibers due to incomplete decomposition of the
polymer matrix and hence remaining resin residues. Therefore, pyrolysis under an inert atmosphere
must be complemented by pyrolysis under an oxidizing atmosphere in order to obtain clean fibers
[17]. The use of two stages (1-inert and 2-oxidative) pyrolysis for carbon fiber recovery is not cost-
effective and makes the recyclability of CFRP less economically viable. It should be noted that
oxidative pyrolysis could be carried out with ordinary furnaces. However, conventional pyrolysis
requires a controlled atmosphere furnace that uses inert gases such as nitrogen. In order to keep the
recyclability of CFRPs economically viable, this study proposes to use ordinary furnaces with an

optimized temperature-time isothermal pyrolysis cycle.

1.2 Objective

The main objective of this research is to provide a viable recovery method for expired carbon/epoxy

prepregs. The main objective can be achieved through these specific objectives:

Sub-objective 1: Determine the optimal time-temperature pyrolysis cycle to recover full carbon

fiber (CF) rolls from expired composite prepregs using a general-purpose oven.
Sub-objective 2: Manufacture composite laminates with recovered carbon reinforcement fabrics.

Sub-objective 3: Characterization of the physical and mechanical properties of the composite

laminates manufactured from the recovered carbon reinforcement fabrics.
1.3 Thesis Organization
This thesis includes 5 chapters, which are categorized as below:

- Chapter 1: Introduction

v A short overview of the project domain and the importance of the research is

presented.



v The main objective of the study is explained.
- Chapter 2: Literature review

v" A short summary of different recycling methods and some of the research done is

presented. The focus of literature review is on pyrolysis.
- Chapter 3: Methodology
v" Explanation of pyrolysis process with a general-purpose furnace.

v" Description of different steps for manufacturing process vacuum-assisted resin

infusion (V.A.R.I) used in the research.

v" Specifications of mechanical tests performed on manufactured composite plates

made from recycled carbon fibers with their relevant standards.
- Chapter 4: Results and Discussion

v Explanation of the optimum condition suggested for the material and summary of

mechanical test results on the final samples.
- Chapter 5: Conclusion, Limitations and Recommendations
v Summary of the results and explanation of the objective of the research obtained.
v" Explanation of limitations in the project.

v" Recommendations for the future Work on the subject.



CHAPTER 2 LITERATURE REVIEW

2.1 Methods for recycling composite materials

There are many methods for recycling composite materials. Although there are various
classifications for recycling, but these methods mainly fall into three different categories:

mechanical, thermal and chemical methods.

2.1.1 Mechanical Recycling Methods

Mechanical recycling is a practical procedure to manage the large volumes of composites and
includes different steps to reduce the size of composite parts and put them in smaller pieces.
Different steps of this method comprise shredding, crushing, grinding and milling of wastes. First,
the waste material is shredded into parts of 50-100 mm. The shaft shredding makes uniform pieces
by controlling the distance between the blades, the sieve size and the speed of the rotation [15, 18,
19]. These pieces are then put in a grinder so that they can be transformed into pieces (also called
recyclates) which are collected in the bins. Finally, by the use of cyclones and screens, the
recyclates are separated according to their sizes: coarse recyclates with higher fiber content, and
finer pieces that are richer in resin content. Obviously, the complete separation of fibers and resins
is not achievable by this method. The finer parts, which have higher content of resins, are used as
fillers, but since the materials used as virgin fillers (Silica or Calcium carbonate) are cheap, there
1s no economic advantage in using them. It must also be considered that there is a deterioration in
mechanical properties, but since they contain some amounts of light polymers, they have lower
density compared to virgin fillers. Recyclates can also be used as partial reinforcement of
composites. Because of the small fiber aspect ratio, the powders produced by this method are not

highly demanded in the market and therefore are not very valuable [6].

Considering the nature of this method, the rate of abrasion and erosion in the machinery is relatively
high, which results in high operational costs. All these reasons, along with the degradation of
mechanical properties and their unstructured architecture, limits their use for remanufacturing
composites [20, 21]. There have been research activities in recycling with mechanical method for
both carbon fibers and glass fiber composites, but most of the studies are done on glass fiber

composites. It might be a consequence of their low-value applications [22, 23].



Shuaib et.al [24] investigated the roles of different process parameters in mechanical recycling.
They showed that the clearances between the blades and the sieve mesh size affects the recyclate’
quality and the energy demand of the process. Smaller screen sizes lengthen the residence time of
the material in cutting chamber that consequently increases the total energy consumption. They
also studied the effect of material thickness in energy demand and the efficiency of the cut material.
It was revealed that thick materials result in more useful and tidier recyclates. Although larger
screen meshes decrease the power consumption, but the rate of coarse particles increases which
requires some extra steps. Colucci et.al [25] studied final mechanical properties of artificially aged
polyamide 66 composites that were made of shortened carbon fibers caused by mechanical
recycling. At the beginning, the PA66 granules containing 30 wt.% carbon fibers of 0.3 mm length
were melted and composites were manufactured in the forms of bone-like tensile tests. For
simulating the aging process, they underwent an accelerated ageing process, which was under UV
with different thermal and moisture conditions. Later on, a recycling process was performed in
order to obtain recycled composites. A decrease in the elastic modulus and tensile strength was
observed. The length of carbon fibers in manufactured parts was shorter, but they reported that it

has an insignificant impact on properties of the manufactured parts.

2.1.2 Thermal Recycling Methods

Thermal recycling methods require high temperatures and fluids. The fundamental of this method
is to degrade the polymers by heat and change them into other solid, liquid or gaseous products. In
this method, fibers are released from the cross-linked matrices and are therefore recovered.
Pyrolysis and fluidized bed methods are the two highly deployed procedures categorized in this
method.

2.1.2.1 Pyrolysis

Pyrolysis is the most promising procedure for meeting the needs of recycling and recovering fibers
from composite wastes [14, 26, 27]. Among the technologies for recycling, pyrolysis has been
proven to be one of the very attractive and popular methods. The main reason for this popularity is
the ease of parameter control and adjustment to ensure the best optimized results of the

experiments, as well as relatively low cost of the method.

Pyrolysis is defined as a thermal decomposition process, which is mostly done in an inert



atmosphere, without the presence of oxygen. In this method, the composite material is gone under
high temperature, mostly between 400 and 1000 °C for some hours. As a result, fibers are released
and separated. The removed resin produces gas, tar or char; hence considering the high calorific
value of heavy liquid by-products, like tar, they are used as oils and fuels, other gaseous products
like carbon dioxide and methane with lower calorific values can also be utilized as energy resources
[1, 28]. Normally, the temperature required for degradation of polyester resins is lower than the
epoxy resins. Degree of conversion of the resins is the most influential factor in choosing the proper
temperature for pyrolysis, there are vast improvements and studies conducted on this method, and
nowadays it is used as an acceptable recycling method in industrial scale. Schematic of pyrolysis

method is presented in figure 2.1.

Pyrolysis Process
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Figure 2.1: Schematic of Pyrolysis method [1]
There have been numerous efforts in optimizing the pyrolysis process by adjusting different
elements and many articles have been published on this domain. In one of the research, L.O. Meyer
et.al [14] tried to find the optimal parameters in pyrolysis process and produce recycled fibers with
properties close to virgin fibers. The parameters studied in this study were pyrolysis temperature,
dwelling time and oven temperature. The material was waste prepreg-type Hexply 913C/HTA that
was generated during airplane production. Thermogravimetric analysis (TGA) and Scanning
Electron Microscope (SEM) were used as the main tools to evaluate the quality of recycled fibers.
The experiments were performed in two atmospheres, nitrogen and synthetic air. The rate of weight
loss at different temperatures, and the effect of isothermal dwell time in weight loss of samples are

shown in figure 2.2 and figure 2.3, respectively.
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Figure 2.3: Weight Loss percentage of prepreg samples at different temperatures
[14]

Finally, they did a pyrolysis test run, according to the optimal conditions, and performed fiber
tensile test with at least 50 fibers. They reported that there is a reduction of 3.9% in fiber strength

of pyrolyzed samples and 11.1% loss in modulus.

In another study, T.R. Abdou et.al [29] investigated recycling of HTS40 E13 3K carbon fibers
mixed with polymeric matrix composed of epoxy resins. For this reason, they tested virgin carbon

fibers and the polymeric composite. TGA and SEM were used for evaluating the properties and
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surface of the recovered fibers. For finding the suitable pyrolysis atmosphere, they put virgin fibers
inside the oven for temperatures ranging from 20° C to 700° C, under an inert atmosphere. They
reported no great degradation of carbon fibers, the maximum mass loss was 9%, and there were no
traces of water, CO, and CO; in the released gases. When the virgin fibers were put in a furnace in
air, they reported mass losses equal to 14.5% and 70.7%, for 500° C and 600° C, respectively. It

proves the degradation of carbon fibers in an oxidative atmosphere.

They presented the graph of mass loss vs. temperature for the composite in figure 2.4. They
reported that the degradation happens in two steps, one at 268° C, and the other at 410° C. In the
first step, chains and impurities that are not cured properly degrade, and in a second step,

degradation is completed.
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Figure 2.4: Mass loss vs. function of temperature in an inert atmosphere [25]
Afterwards, they did the pyrolysis test under argon atmosphere. They reported that carbon fibers

were recycled at 550° C for 1 hour, and the higher temperatures cause degradation of carbon fibers.

S.A. Hadigheh et al. [10] tried to optimize the pyrolysis with studying the kinetic behaviors of the
process in temperatures up to 800 °C. To study the quality of the process and fibers, they used TGA
The reported that almost 55% of the matrices are removed in the first step which is up to 425° C
and after that, an oxidation process, up to 550 °C is very effective in having pure recycled carbon
fibers. According to their report, the second step of decomposition of the matrix was less effective

in removing the residual matrices.

Some researchers have tried to make some modifications on the conventional pyrolysis method.



10

Jie Yang et al. [30] tried to investigate the effects of oxygen concentrations on recycling of carbon
fiber reinforced epoxy resin composites along with the role of temperature. They used epoxy resin
E-51 and PAN-based carbon fibers at a mass ration of 100:28 for manufacturing composites by
vacuum bagging method. According to the digestion test, they did on the specimen; fiber content

was reported wt56%. The schematic diagram of their deployed reactor is as figure 2.5.

Thermocouple-.l &

Purge gas
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Figure 2.5: Schematic overview of the reactor used in [29]
The samples were put on the porcelain crucible, centered at the center of the Quartz tube. Different
combinations of atmospheres, including N>, air, and mixtures of N> and O, were used to study the
effects. Liquid and gaseous products of the pyrolysis were gathered in cold trap and sample bag,
respectively. Finally, and based on the TGA results conducted by them, they chose 550° C, 600°
C and 650° C as the experiment temperatures and a mixture of 5% O> and 10% O> with Nitrogen
were the reactant gases. Figure 2.6 is the summary of their results. According to the figure 2.6, the
increase of oxygen concentrations results in a lower residue obtained and the residue rate in 550°
C is closest to the real fiber content of the sample. They also reported that the effect of temperature
in different atmospheres is different, and there is not a unique relation between them. They reported
that in a good experiment condition, almost 80% of tensile strength and modulus could be

recovered.
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Figure 2.6: Residue percentage of samples at different temperatures: (a): 550° C, (b)
600° C and (c) 650° C [30]

Jin-Soo Jeong et al. [31] used superheated stream as an oxidant for recovering carbon fibers from
composites in a short time. They manufactured their sample by hot pressing at 175° C, by mixing
DGEBA YD-128 resins and polyacrylonitrile monofilament carbon fibers which resulted in a
composite with resin content equal to 36%. They put their sample on an alumina container inside
a furnace, and the superheated steam was purged at the rate of 1 ml per minute. The summary of

recovery rates is as figure 2.7.

600-60 650-60 700-60 75060 800-60

Inital weight (g) 0.47 0.48 0.47 0.47 0.47
After pyrolysis (g) 0.32 0.32 0.30 0.24 0.08
Recovery rate (%) 68.09 66.67 63.83 51.06 17.02

Figure 2.7: Recovery rates for different experiment conditions [31]
Their results confirmed the decrease of the recovery rate with the increase in temperature, and
according to their results and the initial resin content, 700-60 was an optimum condition for
removing the resins completely and having clean and recycled fibers. They also tried to measure
the diameter of the fibers to see the changes as a result of recycling process. Based on the SEM
images, the smallest diameter was reported 6.69 nm, compared to the 6.98 nm initial diameter.
They suggested that the diameter of the fibers might even be severely reduced with the increase of

the temperature. They also tried to compare the mechanical properties of the recycled carbon fibers
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with the virgin carbon fibers. The lowest measured values for tensile strength and modulus were
1.53 GPa and 159.04 GPa, respectively which occurred at 700° C, and the highest values were 2.68
GPa and 197.05 GPa, which were measured in 800° C. The original tensile strength and modulus
of virgin fibers were 4.08 GPa and 195.17 GPa, respectively. Therefore, the minimum reduction in
tensile strength was 34%, while for the modulus, the maximum recovered value is almost the same
as the virgin ones. For explaining the maximum values happening at 800° C, they reported that as
temperature increases, in spite of pyrolysis of the resins and etching of the fibers, all defects and
amorphous parts of the carbon fibers also disappear, and that explains the high strength and
modulus of the sample. They also did some tests to measure the interfacial shear strength, while
the virgin carbon fibers were measured 28.74 GPa, while the highest measured value after pyrolysis
was 34.20 GPa, which shows almost a 19% increase. The enhanced surface functionality and
etching with the removal of the resins, help increase the shear strength as the process starts which
also increases the surface roughness of the carbon fibers, but as temperature rises to 750-800° C,
some functional groups of the surface are not able to withstand the high temperature, which results

in a reduced interfacial shear strength. Changes of mechanical properties for their experiment is as

figure 2.8.
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Figure 2.8: Changes of mechanical properties in a single recycled fiber in different

experiment conditions [31]

2.1.2.2 Microwave-assisted Pyrolysis

In order to overcome the rather high energy demand and long processing time of conventional
pyrolysis, using microwaves in pyrolysis method for degrading resins and recovering fibers has
been of great interest for researchers in the recent years. In this method, electromagnetic energy is

absorbed and is changed into heat throughout the volume of the material. The main superiority of
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this method is the fast heat transfer, which results in reduced energy demands. Because of
volumetric heating nature of MAP (microwave-assisted pyrolysis) method, it is considered as one
of the methods with least energy consumption [32-35]. Compared to conventional pyrolysis, it
produces a uniform heating, and is counted as a faster, more efficient and more environmentally
friendly recycling method [36]. Besides the advantages of microwave heating, there are certain
drawbacks of this method, including uneven energy distribution and inconsistency, arcing, tooling
design and also the quality of the parts [37]. The same as the conventional pyrolysis, this procedure
is also done in an inert atmosphere and gaseous and liquid products are collected after the

experiment.

K. Obunai et al. [38] studied the effects of different atmospheres and field intensity on the
microwave -assisted pyrolysis process. The atmospheres they studied were argon, nitrogen, and the
air. They used a 700 W apparatus with the frequency of 2.45 GHz, and a fiber-type
spectroradiometer for measuring the emission spectrum, as in figure 2.9. For better controlling the
experiment atmosphere, the sample was put in a quartz glass chamber that its position was changed
to see the effects of field intensity. They reported that resin elimination rate rises almost in a linear
relation with respect to the irradiated field intensity, and the samples showed better results under

argon and air atmospheres, rather than nitrogen.

| Mass flow controller
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/
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Figure 2.9: Schematic of the microwave apparatus used in [38]

Figure 2.10.a represents their results. Figure 2.10.b shows the resin elimination rate in different
times and different environments. The results show a very high rate of resin elimination in the first
60 seconds, after that, and until 300 seconds, it shows an almost constant rate. According to their

results, 100% of the resins are eliminated under air atmosphere in 300 seconds.



100 T T T T T
- ——O Argon 1
3 L —-—A Nitrogen 1
o . /
2 L ameme{ Air -
—_
5 A2
£ 50} 84 A
E A e
2 d /’/',
n E « - .
& gy
- v"’ A E
o -
- "é—‘/' A 4
0 j ) L L ' 1
4.6 4.8 L5}

Field intensity [kV/m]

(a)

100

50

Resin elimination ratio [%]

14

__________________________________ o
i = a8 8 2} R
A
E 0 A ]
LA I
s _
= O Argon
i A Nitrogen
o O Air
| i ; i
0 100 200 300
Time [s]
(b)

Figure 2.10: (a) Resin elimination ratio changes with respect to Field intensity, (b)
Resin elimination ratio changes with respect to Time [38]

Deng et al. [36] compared the results of traditional pyrolysis and the microwave pyrolysis. They

used a waste CFRP sample of thickness 3 mm, with the carbon fibers of TC33-3K, and E51 epoxy

matrix. They used a 2.45 GHz microwave under an oxygen atmosphere. The sample was put inside

a mullite crucible, which was insulated by a polycrystalline mullite fiber cotton-based chamber

inside the reactor of the microwave. On the other side and for the comparison, they also studied the

pyrolysis of the sample inside a furnace with oxygen atmosphere. The summary of the samples’

weight loss in their work is as figure 2.11. Considering the initial 38wt% of resin content in the
g g g

sample, they reported that the optimum temperature for their case is between 400° C and 450° C.

Their work shows that the required time in microwave assisted method is reduced by 56.67%,

which also has a better recovery ratio compared to the traditional pyrolysis.

Sample Temperature/(°C) Time/min  Average Power/W Heating Method Weight-Loss Ratio/%
1 400 30 850 Traditional 21.89
2 450 30 1060 Traditional 56.50
3 500 30 1300 Traditional 96.12
4 450 13 500 Microwave 47.03
5 450 30 500 Microwave 63.76

Figure 2.11. Weight loss ratios obtained in [36]
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In another study, Siqi Hao et al. [39] after recovering carbon fibers by microwave in different
temperatures, analyzed the gaseous and liquid products, and also compared mechanical properties
of the virgin and recovered fibers. They used T700 carbon fibers and Bisphenol-A epoxy resin,
with the resin content of 37 wt%. They used a 2.45 GHz microwave and nitrogen as the inert
atmosphere. Based on their TGA results, they found that there is no chance of having clean fibers
without any chars under a nitrogen atmosphere. Solid, liquid and gaseous products of the process

and their changes with temperatures are listed in figure 2.12.

Temperature Solid Residue Char* Oil Gas
(°O) (wt.%) (wt.%) (wt.%) (wt.%)
450 69.12 6.12 17.71 13.16
550 67.55 4.55 19.15 13.30
650 65.93 293 20.28 1379

* Char is calculated by solid residue minus fibre weight fraction (63 wt.%).

Figure 2.12. Microwave products and their changes with temperature [39]
They reported that the increase in temperature yields in a decreased chat, consequently an increased
in oil and gaseous products. After testing the mechanical properties of the samples, they reported
that with increase in microwave temperature, there is a 13-20% drop in tensile strength, and for the

tensile modulus, the reduction is almost 10%.

Zhang et al. [40] developed a new method for recycling CFRPs and could increase the temperature
of the experiments by up to 1000 °C. They added graphene porous material (GPM) to the process
which can produce high temperatures while being under microwave irradiation. GPM was prepared
by dipping alumina fiberboard in graphene oxide aqueous solution. The reason for the high
obtained temperature is the generation of delocalized electrodes by graphene on the surface of
alumina fibers, these electrodes then ionized nitrogen between micropores of alumina fiber into
plasma. CFRP specimens were put on GPM inside the Quartz tank under nitrogen. Their results
show that the temperature of the GPM reached 1000 °C after 210 seconds in a 900 W microwave
oven. Their results show 23% increase in the Young's modulus and 12% decrease in Tensile

strength.

2.1.2.3 Fluidized Bed

Fluidized beds have been used in different industries, like catalytic cracking, gasification, drying

and transportation, and this is mainly because of its ability in heat transfer and the precise
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controlling of the temperature. So, benefitting from these advantages, it has also been used as a
thermal recycling method that for recovering carbon fibers and also glass fibers. In this technique,
a bed of silica sand (with the size <1 mm) is fluidized by hot air, that is normally between 450° C
and 550° C, under 10-25 kPa pressure and helps heat the samples in a fast way. The main drawbacks
of this method are pollutant gases and the high-power demands [6]. As pyrolysis method, the
temperature is chosen based on the experiment condition and the sample type, so that the resins are
degraded completely, and the fibers are recycled and separated. The schematic of this process is
illustrated in figure 2.13. The presence of oxygen in hot air is useful for decreasing the char
products on recycled fibers, in other words, the pyrolytic char that is generated during degradation

of the matrix is oxidized and therefore the fiber surfaces are clean and free of them [41].
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Figure 2.13: Schematic of fluidized bed process [42]

In the heat recovery unit, the gas stream is heated again so that all volatizing gases are oxidized,

and the generated heat is used to raise the temperature of the incoming air.

A pilot plant at University of Nottingham for recovering fibers using fluidized bed method was run
in 2015. Exhaust gas treatment and heat recovery units were also included in their plant. There
were three size reduction steps in their unit, the first one was manual, and the second unit provided
100 mm samples by using a twin shaft shredder, and the third unit prepared samples for the process
by using a hammer mill. The energy use for secondary size reduction was 0.04 MJ/kg, while for
the third unit it was equal to 0.22 MJ/kg. The maximum input length of the fibers in their plant was

25 mm.
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Their plant was designed for having yearly output of 50 to 800 tonnes, and the feeding rate was
between 5 and 220 kg/h. figure 2.14 shows the summary of energy demand with respect to feeding

rate. Recycled fibers in their units show a reduction of 20% in tensile strength.
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Figure 2.14: Total energy demand per feeding rate for pilot fluidized bed unit [43]
K. Pender and Liu Yang [41] studied the effects of metal catalysts in a fluidized bed system. They
proposed that to help decomposition of the matrix and also lower energy demands, oxide catalyst
can be added to the system. This modification can decrease the required temperature for the
process, which consequently will decrease the energy and cost demands. For their experiment, they
mixed PRIMEE 27 epoxy resins and PRIME 20LV hardener with CuO nano-powders with the size
50 nm. After mixing the nano-powders by hand, ultrasonic mixing was also utilized. For finding
the effects of these nano-powders, their amount was chosen 0, 1.5 and 5wt%. Based on TGA reports
by them, the second and the complete degradation temperatures are noticeably reduced with the
presence of CuO nano-powders. Figures 2.15.a and 2.15.b are the result of their TGA test, while
figure 2.15.c shows the effects of CUO content n the temperature. They also reported that adding
5wt% of CuO nano-powder does not make any changes on the tensile strength and tensile modulus
of the epoxy and the composite but reduces the strain at break. They concluded that by adding
Swt% of CuO to the epoxy, the temperature required for complete decomposition of the epoxy was
reduced by 60° C. By studying the kinetic energy, they also concluded that CuO reduces the

activation energy requirements for the second phase of degradation.
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Figure 2.15: (a) TGA reports for epoxy degradation at heating rate of 1° C/min, (b)
TGA reports for epoxy degradation at heating rate of 2° C/min, (c) The effect of
CuO content on temperature requirements for heating rate of 1° C/min [41]

S.J Pickerling et al. [44] developed a combustion process according to the figure 2.16. They used
a rotating sieve separator for removing the inorganic parts, like metal and have high value fibers
collected separately. This separator allows the shorter fibers and fillers pass, therefore longer and
valuable fibers are kept. These smaller parts are later collected in a cyclone. They also utilized a
second combustion chamber in higher temperature (1000° C) for the complete degradation of the
matrix. For preheating, they used a 43KW heater, bed diameter was 312 mm with the depth of 150
mm. For showing the ability of this method to recycle a wide range of products, they used three
different scraps, SMC casing, pipe, and an E-glass/polyester sandwich panel. Mechanical testing
of the recycled SMC casing revealed that at 450° C, the tensile strength was reduced by 50%, while
for 550° and 650° C, the reduction ratio was 80% and 90%, respectively.

2.1.3 Chemical Methods

In chemical recycling method, during chemical reactions, polymers are converted into monomers
and oligomers and the resin in composite wastes break by dissolving in a solvent. This method is
mostly applicable for CFRPs and the type of solvent and chemicals are selected based on the
composition of the polymers inside composites. Usually, the recycled fibers are washed after the
process so that the small residues would be removed from their surface. The wise choice of solvent
type, reaction time and its concentration are very important in properly depolymerizing the
matrix.[45, 46] In some cases that water is used to dissolve the resin, the process is called
hydrolysis. In supercritical conditions, the use of chemicals is harmful and has severe adverse

environmental impacts; in this case, water and alcohol must be used instead of chemicals.
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Figure 2.16. Experimental setup for fluidized bed recycling method used in [44]

Because of numerous available solvents, and a wide choice of temperature, pressure and catalysts,
there are many possibilities and states of using this method. The main advantage of this procedure
is the generally low temperature requirements for degrading the polymers, but on the other side
when there is a supercritical situation, the costs of reactors for reaching high temperatures and
pressures are high. Sometimes the solvent is mixed with other co-solvents, so they penetrate the
composite waste and break the bonds, so this method avoids char products on the fibers. Generally,
epoxy resins are more difficult to solvolyze compared to polyester resins, and therefore require
higher temperature. So far, there have been numerous lab-scale studies done on this issue, but there

are only a few industrial applications for this method until now.

Solvolysis is mostly classified into two different categories, based on the temperature and pressure
requirements of the process, high temperatures (>200° C) and pressures also known as supercritical
fluids, and low temperatures (<200° C) and pressures (LTP).

2.1.3.1 High temperature and pressure chemical method

Supercritical fluids show excellent solvolysis properties, and because of that, they have gained lots
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of interests in recent years. Supercritical fluids have properties between liquid and gas and therefore
benefit from some advantages of both. They have low viscosity like gases, density like liquids,
excellent diffusivity and dissolving abilities that make them suitable for using in recycling
composites [15, 47]. Therefore, they give many choices of solvent properties and the necessary
time for reaction. Supercritical critical water in temperatures above 373° C and pressures above 22
bar is a good example of these categories of solvents. Sometimes to reduce the supercritical

temperature of water, some catalysts are added to it.

Hernanz et al. [48] set up a supercritical water batch reactor, with the capacity of 10 mL for
chemical recycling of CFRPs, which consisted of T600 carbon fibers and MTM 28-2 epoxy resins.
They changed the temperature from 523 to 673 K, and the pressure range was 4.0-27 MPa. They
considered different reaction times, from one to 30 minutes. According to their results, changes in
temperature is the most important factor that affected the results of resin elimination by 80%.
Reaction time was the other important factor, changing the results by 43%. For studying the effects
of catalysts, they added alkali to the experiment, and found that it increases the resin elimination
rate from 79.3wt% to 95.4 wt%. The comparison result is presented in figure 2.17. Mechanical
properties of the recycled fibers were also studied, and they reported that tensile strength of the

fibers was only decreased by 2-10%, compared to the virgin fibers.
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Figure 2.17- the effects of alkali catalyst on resin removal results [48]
J. Kieith et al. [49] studied a supercritical acetone/water solvent mixture with an 80:20 ratio for
recovering waste CFRP samples with 35wt% epoxy resin. The experiments were done with 50 Ml
of solvents inside a 100 mL tubular reactor. The temperature range was between 300-380° C and
the reaction time was 0-150 minutes. The summary of the effects of temperature in different times

on resin removal percentage is illustrated in figure 2.18. They also reported that the use of mains
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water instead of distilled water, does not affect the results significantly. They reported that carbon
fibers are recycled in temperatures above 32 C, and increasing the temperature increased the
reaction time, so that in 340° C and 360° C, the resin was completely recycled in 45 and 15 minutes,
respectively. However, increasing the temperature damages the fibers’ architecture; hence, the
optimum condition reported by them was 320-330° C, in 90-120 minutes.
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Figure 2.18: Resin decomposition in an acetone/water solvent [49]
Kim et al. [50] used supercritical water as a green solvent for recovering carbon fibers from CFRP
composites. For having supercritical water, they put samples into 80 ml of water inside a batch
type reactor. The temperature was increased to 405 °C, and the temperature was about 280 bars.
The time considered for the experiment was up to 120 min. They could successfully recover 99%

of fibers by this method.

Compared to water, supercritical and subcritical alcohols have lower critical temperature and
pressure. Idzumi Okajima et al. [51] used supercritical methanol as the solvent for recovering
CFRPs. They used two setups for their experiments, the batch-type reactor and the semi-flow-type
reactor. For the batch-type reactor, they used supercritical methanol at 270°C and 8 MPa for 90
min, which resulted in 7% decrease in tensile strength compared to virgin fibers, and for the semi-
flow-type reactor, they used supercritical methanol at 285°C and 8 MPa for 80 min which was

showing 9% decrease in tensile strength of the carbon fiber.

2.1.3.2 Low Temperature and Pressure Chemical Method

In order to avoid the equipment required for supercritical solvents, some researchers have focused
on low temperature and pressure chemical methods. For solvents to use in low temperatures (<200°
C) and low pressures (<100 kPa), it is essential to use proper catalysts to have the appropriate rate
of resin removal. Jiang et al. [52] tried to recycle carbon fiber composites with 40wt% epoxy. The

samples were put inside nitric acid to decompose and delaminate initially, and later they were
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exposed to ultrasonic cleaning in acetone solution for half an hour. Finally, the wastes were put
inside solvents, consisting of macrogol 400, and potassium hydroxide as catalyst at 160° C for 200
minutes. A schematic view of their procedure is as figure 2.19.
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Figure 2.19: Schematic view of the experiment procedures in [52]
Based on their results, pre-treating the sample inside acid noticeably reduces the reaction time and
energy demand of the process. The rate of resin removal in this step is reported 28wt%. They had
a detailed study on the effects of different factors on resin removal efficiency, which is as figure
2.20.a. According to their report and mechanical tests done for obtaining mechanical properties,
tensile strength of the recovered fibers was at least 90% of virgin carbon fibers. There are also
some decreases in tensile strength (2-9%) when temperature increased from 120 to 180° C. These

results are presented in figure 2.20.b.
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Figure 2.20: (a) The effects of temperature and reaction time on resin decomposition

rate, (b) Tensile strength values obtained in different experiment conditions [52]

There have been numerous studies on recycling of composites using oxidants. Compared to
supercritical and subcritical decomposition methods that use high pressure and temperature, using

oxidants like nitric acid, hydrogen peroxide and potassium permanganate employs relatively low
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pressure and temperature. Takuma Hanaoka et al. [53] tried to decompose the resin in a CFRP
prepreg by using nitric acid as an oxidant, and sodium hydroxide and sodium sulfite solutions.
They used T800 SC carbon fibers with epoxy resins by Toray Industries in two experiment setups:
glass tube test, and reactor vessel scale tests. Despite the glass tube test that no resin was observed,
The SEM results show some residual resins in reactor tests. According to the authors, it was a

consequence of lower diffusion of the oxidant in large-scale test.

In order to have a safer and more energy efficient process, Omid Zabihi et al. [54] used hydrogen
peroxide (H202) and tartaric acid (TA) in reclamation process with microwaves. Different ratios
of these two materials were mixed to compare the results and tensile tests were performed as
evaluation. The CFRP sample was put inside a mixture of these two solvents and was irradiated by
microwave for 1 minute, while the temperature of the mixture was recorded 120°C. Finally,
mechanical test results show that there is only 8% reduction in tensile strength, ne reduction in

Young’s modulus and only 6.3% reduction in strain-to-failure.

2.2 Life Cycle Assessment of recycling methods for composite
materials

Life Cycle Assessment (LCA) is an approach to study the impacts of a method or product on
ecosystems and the environment. This tool helps clarify all the negative and positive assessments
of a product or service with considering different factor, including material production,

manufacturing, the use phase, energy demand, global warning potential and etc. [55-59].

Y. Wei et al. [57] considered cumulative energy demand (CED) and global warning potential/CO,.
Their studies reveal that Pyrolysis and oxidation have lower CED, indicating the lower rate of
energy consumption. Figure 2.21 shows CED for different waste treatment methods. According to
the results, the energy demand for Solvolysis is approximately twice more than the demand for
pyrolysis. The results for global warming potential suggests that landfilling and fluidised bed are
among the worst methods, while the emission of CO, during pyrolysis is within the acceptable

range.

Another study [56] finds that from an environmental point of view, pyrolysis can be implemented

in large-scale, while using solvents for recycling make challenges for the environment and the



method cannot be applied in large industrial scale for now.

75

60

45

30

Process CED (MJ/kg)

> & > > 3 D
S P TS PS S
&S T TS
) B ) & g
¢ ¥ &9 O $F & ¢ S
\%}\\ & ) S Q}ao
P @{o\% = S

Figure 2.21: Cumulative energy demand for different recycling methods [57]
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CHAPTER 3 METHODOLOGY

This chapter covers the three following steps for the project:
1) Using a general-purpose oven for recycling prepregs by conventional pyrolysis,
2) Manufacturing composite plates from recycled carbon fibers by V.A.R.I method,

3) Performing tests to measure the properties of the manufactured plates.

3.1 Experimental procedure for the recovery of carbon fibers by

incineration of waste prepregs

For fulfilling sub-objective 1 one the research, pyrolysis was done. Pyrolysis, as defined by ASTM
standard, is normally done under an inert atmosphere, but here in this study, oxidative pyrolysis
was deployed, which is defined as pyrolysis under ambient air. For doing the pyrolysis, the Type
30400 ThermoLyne Furnace, manufactured by Geneq Inc available in the laboratory of

Polytechnique Montreal was deployed, as figure 3.1.

Figure 3.1: Pyrolysis Oven used
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The material used for the experiments was time expired prepreg roll from CYCOM (CYCOM 5320
8HS T6503k) provided by Bombardier Inc., which is illustrated in figure 3.2. The full properties
of the prepreg are in appendix A.

Figure 3.2: Prepreg roll used in this study

In the first phase of the project, and for recycling the prepregs using general-purpose conventional
oven, small 1" x 1" square specimens were cut from the roll and after measuring the weights, were
put in the oven inside crucibles. Based on the literature review, preliminary experiments were
performed on these samples at temperatures ranging from 450 °C to 600 °C. For each temperature,
the experiment time was repeated from 1 to 7 hours. The weight of each specimen was measured
after pyrolysis to measure the weight loss during pyrolysis. Figure 3.3 shows the placement of the

crucibles inside the oven.

As a baseline to for the study of weight loss of each sample, standard chemical digestion test
according to ASTM D3171 was performed which will be discussed in follow. The results of weight
loss obtained from different conditions of pyrolysis were then compared to the results of

aforementioned digestion test and the optimal condition for the pyrolysis was selected.
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Figure 3.3: Placement of crucibles inside the furnace for pyrolysis
After having the optimal conditions from the preliminary experiments, secondary experiments
were performed for evaluating to see if the conditions apply to bigger samples as well. In this phase,
10" x 10" samples were cut from the prepreg roll and put inside the oven on pizza plates according
to the optimal conditions. The limitation for choosing the maximum size was imposed by the

dimensions of the oven. Figure 3.4 demonstrates positioning of pizza trays inside the oven.

Figure 3.4: Positioning of 10" x 10" samples inside pyrolysis oven
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Scanning Electron Microscope (SEM)

For observing the surface of the recycled samples deeper and more accurate, Scanning Electron
Microscope (SEM) was utilized. As suggested by the name, SEM uses a stream of electrons to
produce an image. The image well demonstrates topology and composition of the samples and
provides many advantages over optical microscopes. In this study, Hitachi TM-1000, as shown in

figure 3.5 was used.

Figure 3.5: HITACHI TM-1000 SEM
3.2 Manufacturing Process for the recycled plates

After pyrolyzing 10" x 10" plates, and for completing sub-objective 2 of the research, new
composite plates were manufactured. For this step, vacuum-assisted resin infusion (V.A.R.I)
manufacturing process was used in the lab B450.4.4 at Polytechnique Montreal. Recycled carbon
fibers from previous steps were used as fibers and for the matrix, commercial Araldite epoxy resin
and ARADUR 8602 US hardener were utilized. Resin Datasheet is presented in Appendix B. The
epoxy and hardener were mixed in a pitcher for 5 minutes with the ratio of 4 to 1 (as suggested by
the manufacturer) and then left in the ambient air for 15 minutes to degas. The weight of the matrix

was chosen 3 times the weight of the fibers, considering the waste matrix inside inlet and outlet
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tubes. For collecting the extra resin and providing a vacuumed environment, Catch Pot was added
to the process. Resin, hardener, and the mixture of them used in the manufacturing process are

shown in figure 3.6.
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Figure 3.6: a) Resin, b) hardener and ¢) mixture of resin and hardener used for
making matrix

The full description of V.A.R.I method is presented in appendix C.

The next step for the manufactured plates was post-curing inside the oven. Considering the glass
transition temperature of the resin which is 73°C (according to the technical data sheet), they were

post-cured at 80°C for 3 hours.

3.3 Physical Characterization

Primary step for evaluating the quality of the manufactured composite plates was inspecting the
physical properties. It gives a good idea of the conditions of the final plates. A plate with an
undesirable physical condition will end up with unfavorable mechanical properties at the end.
Therefore, as a part of sub-objective 3 of the research and for measuring the physical properties of
the manufactured composite plates, some experiments were done on the final manufactured plates

following the relevant standards, as follows.
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3.3.1 Determination of the density by ASTM D792

In this study, ASTM D792 standard test method is used for calculating the density of the specimens
manufactured from recycled carbon fibers. Density is one of the crucial factors in composite
materials. First, density is an important consideration in weight reduction. As mentioned earlier,
one of the benefits of composite materials is their low weight and high strength to weight ratios.
On the other hand, density is fundamental for determining other characteristics of composite
materials. As it will be discussed in follow, for finding the volume percentage of constituents of
the specimen, and eventually for calculating the void volume of the final product, knowledge of

density value is vital.

ASTM D792 recommends various procedures for determining the density. The procedure that best
matches the requirements of this study is test method B, which is testing solid plastics in liquids
other than water. In this study, ethanol was used for density measurements. For calculations, the
weight of the specimen is measured in the air, then the specimen is immersed inside ethanol. For

measurement, first the special gravity is calculated in accordance with equation 3-1.
Sp gr 23/23°C = a/(a+w-b) (3-1)

Where:

a = Apparent mass of specimen without wire or sinker in air,

b = Apparent mass of specimen, sinker and wire immersed in Ethanol, and
w = Apparent mass of sinker and wire.

Afterwards, density is calculated according to equation 3-2.
D %€ kg/m3 = sp gr 23/23°C x d (3-2)

Where:

d = Specific gravity 23/23°C of Ethanol, kg/m?.



31

3.3.2 Determination of the constituent content and void content of composite

materials by ASTM D3171

In this research, the ASTM D3171 standard test method is used for two purposes:

a- Determination of the fiber content by weight in the waste prepregs under study intended for

the recovery of carbon fibers,

b- Determination of the void content by weight in composites made with recovered carbon

fibers.

a- Determination of the fiber content by weight in the waste prepregs under study intended

for the recovery of carbon fibers:

As indicated in the literature review, the disadvantage of the incineration method for the recovery
of carbon fibers from composite waste is that the carbon fibers can be degraded by excessive
temperature. The degradation in question is manifested by a loss of fibrous mass. Similarly, in the
process for recovering carbon fibers from the incineration of prepreg waste, it is desired to get rid
of the resin of the prepreg by incineration without degrading the fibers. However, there is a risk
that the carbon fibers will also be degraded. Therefore, it is important to know the exact fiber
content by weight after incineration to see whether or not there has been a loss in mass. The fiber
content of the prepreg before incineration will serve as a baseline and can be accurately determined

according to the ASTM D3171 method as detailed in the following.

ASTM D3171 proposes numerous procedures to determine the constituent content of composite
materials. The procedure which best applies to carbon fiber reinforced epoxies is the removal of
the matrix by digestion. Specifically, in this research and within ASTM D3171, we used the

procedure entitled:

«A2. PROCEDURE B- MATRIX DIGESTION USING SULFURIC ACID/HYDROGEN
PEROXIDE»

The matrix portion of a material specimen of known mass is removed in a hot liquid medium.
When dissolving in a hot liquid medium, the remaining residue, containing the reinforcement, is
then filtered washed, dried, cooled and weighted. The weight percent of the reinforcement is

calculated, and from this value, and if densities of both the composite and the reinforcement are
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known, the volume percent is calculated. An additional calculation for void volume may be made

if the density of the matrix is known or determined.

b- Determination of the void content by weight in composites made with recovered carbon

fibers.

In this study, after manufacturing composite plates from recovered carbon fibers, it is planned to
evaluate their mechanical properties to estimate their structural value for potential applications.
However, it is well known that the mechanical properties of composite materials can be
significantly affected by the presence of voids introduced during the manufacturing process.
Therefore, it is important to determine the void content of the manufactured plates to ensure that
the manufacturing process is adequate. Indeed, as specified in the ASTM D3171 standard,
knowledge of the void volume of a composite material is desirable as an indication of the quality
of a composite part. ASTM D3171 outlines the details of the procedures which consist of the

following steps:

1- Reinforcement content, weight percent

2- Reinforcement content, volume percent

3- Matrix content, weight percent

4- Matrix content, volume percent

5- Void volume

1- The reinforcement content, in weight percent is calculated in accordance with
equation 3-3.

We=(M¢/M;) x 100 (3-3)

Where:
M; = Initial mass of the composite specimen before digestion
Mt = Final mass of the composite specimen after digestion.

2- The reinforcement content, in volume percent is calculated in accordance with

equation 3-4.
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Vr=(Mf/Mi) x100 % pc/pr (3-4)

Where:
p= Density of the reinforcement, g/cm3 and
p= Density of the specimen, g/cm?.

3- The matrix content, in weight percent, is calculated in accordance with equation 3-5.
Win=(Mi-Mg)/M; % 100 (3-5)
4- The matrix content, in volume percent, is calculated in accordance with equation 3-6.
Vimn=(Mi—Mp)/ Mi X100 X pe/pm (3-6)

Where:
pm= Density of the matrix, g/cm’.

5- The void volume is calculated in percent, in accordance with equation 3-7.

V=100 - (V; + Vi) (3-7)

3.3.3 Determination of Glass Transition Temperature by ASTM D7028

In this study, ASTM D7028 is used to determine the glass transition temperature of the specimens.
Glass transition temperature (Tg) is one of the crucial characteristics of polymers and plays an
important role in most of mechanical, chemical and physical properties of the polymers. It is
defined as the temperature that carbon chains start moving. At this point, the amorphous areas
transfer from solid state to a flexible state. Polymers start losing their elastic modulus and

transferring from glassy state to a rubbery state.

ASTM D7028 is a useful method for measuring the glass transition temperature of polymer matrix
composites by Dynamic Mechanical Analysis (DMA). For measurements, the specimen inside the
DMA machine is oscillated and heated at the range of 5°C/min. The temperature at which storage

modulus decreases indicatively is referred to as Tg.
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3.4 Mechanical Tests of the Manufactured Plates From Recycled
Carbon Fibres

For measuring the mechanical properties and functionality of manufactured composite plates made
from recycled carbon fibers, and as a part of sub-objective 3 of the research, different mechanical
experiments were conducted on the specimens, following the relevant standards. Some of these

tests and standards will be discussed in the following.

3.4.1 Determination of Tensile Properties by ASTM D3039

In this study, the ASTM D3039/D3039M-17 was followed to measure tensile properties of the
manufactured composite plates from recovered carbon fibers. Tensile properties provide useful
information about the ability of composite materials to withstand tension forces without being
failed or permanently deformed. The information acquired by this test determine the reliability of

manufactured plates in application where tensile stresses are applied to the composite.

As suggested by the standard, specimens with constant rectangular cross sections is placed in the
grips of the testing machine and tension load is applied to it with a constant test speed. The force
and displacements are recorded during the test and by the use of these data, following properties

are obtained.
1- Tensile strength
2- Tensile strain
3- Tensile Chord Modulus of Elasticity

1- The ultimate tensile strength is calculated in accordance with equation 3-8.
Ftu— pmax/A (3-8)

Where:
F™ = Ultimate tensile strength, MPa,
P™* = Maximum force before failure, N. and

A = Average cross-sectional area, mm?, which equals thickness times width of the specimen.
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2- The tensile strain is calculated according to equation 3-9 and from the data read by

the extensometer.
& = Oi/Lg (3-9)

Where:

&i = tensile strain at ith data point, pe,

0i = Extensometer displacement at ith data point, mm , and
L, = Extensometer gauge length, mm.

3- The tensile Chord Modulus of Elasticity is calculated from the data acquired for stress

and strain, in accordance with equation 3-10.

Echord = Ag/Ae (3-10)
Where
E ¢hord = Tensile chord modulus of elasticity, GPa,

Ac = Difference in tensile stress between two measured points (1000-3000 pe), MPa, and

Ae = Difference between the two strain points (2000 pe).

3.4.2 Determination of Compressive properties by ASTM D6641

During this thesis, and after manufacturing plates, ASTM D6641 standard was employed to
determine the compressive properties of the final plates. Compressive properties play a critical role
in evaluating the performance of composite plates. These materials may undergo compressive loads
in a variety of applications, hence compressive properties are important considerations in assessing

the performance of CFRPs.

ASTM D6641 suggests two different procedures, procedure A where the specimen is not tabbed,
and procedure B for the tabbed specimens. In this study, for 8-ply plates, procedure A is followed,
while for 4-ply plates, because of smaller values of thickness, procedure B is used. In both
procedures, the specimens are placed inside a proper fixture and are subjected to the combined end-

and-shear loading, while the fixture is only subjected to compressive loading applied by the testing
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machine. Following compressive properties are calculated from the load-strain data acquired by

the testing machine and strain gauges bonded to the unsupported (gauge) length of the specimens.
1- Compressive Strength
2- Compressive Modulus

1- Compressive strength of the samples is calculated using equation 3-11.
F=Pg¢wh (3-11)

Where
F" = Compressive strength, MPa,
P¢f= Maximum load to failure, N,
w = Gage width of the specimen, mm, and
h = Gage thickness of the specimen, mm.
2- Compressive modulus of the specimens is calculated in accordance with equation 3-

12.

ge— PaPs (3-12)

_(SXZ—sxl)wh

Where:

E ¢ = Compressive modulus, MPa,
P1 = Load at &1, N and

P> = Load at ex2, N.

ex1 and &x2 are the actual strain nearest lower and upper end of strain range used, and are considered

1000 and 3000 microstrain.

3.4.3 Determination of Flexural Properties by ASTM D790

ASTM D790 standard test method is used for determining the flexural properties of composite
plates manufactured from recycled carbon fibers. Flexural properties are one of the influential

properties of composite materials that play an important role while being under bending load or
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deflection.

There are different procedures and methods offered by this standard to measure the flexural
properties. For the purpose of this study, procedure A, test type I is followed. For testing, the
rectangular specimen cut from the manufactured plates is placed on supports and the bending force
is applied to the samples. For deflection measurements, crosshead position is utilized. Following

data are obtained from ASTM D790 standard test.
1- Flexural Stress
2- Flexural Strain
3- Modulus of Elasticity.

1- Flexural stress is calculated in accordance with equation 3-13.
or=3 PL/2bd? (3-13)

Where:

o = Stress in the midpoint of outer fibers, MPa,

P = Load at a given point on the load-deflection curve,
L = Support span, mm,

b = Width of the specimen, mm, and

d = Depth of the specimen, mm.

2- Flexural strain in mm/mm is calculated in accordance with equation 3-14.
er=6 Dd/L? (3-14)

Where:

er = Strain in the outer surface, mm/mm,

D = Maximum deflection in the center of the specimen, mm, and
d = Depth of the specimen, mm.

3- Modulus of elasticity of the samples, MPa, is measured in accordance with equation

3-15.
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Eg = L’m/4bd’ (3-15)

Where:

m = Slope of the tangent to the initial straight-line portion of the load-deflection curve, N/mm.

3.4.4 Determination of Shear properties by ASTM D5379

In this study, ASTM D5379 standard test method is used to measure shear properties of the plates
manufactured from recycled carbon fibers. Composite materials may undergo shear loads in
different applications, and therefore the knowledge of their shear properties is an important
consideration. As indicated by the ASTM D5379, two v notches were cut in the center of the
specimen, and were placed inside a standard fixture. Two sides of the fixture undergo compression
force implied by the testing machine. Schematic of the fixture and the applied load are presented
in figure 3-7. By the help of two strain gauges oriented at +45° to the loading axis, and the load

history of the machine, following properties are calculated.

\‘}\\\
-
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™

Figure 3-7: Schematic of the standard fixture for v-notch ASTM DS5379 shear test
and the applied loads [60]

1- Ultimate Shear Strength
2- Ultimate Shear Strain
3- Shear Chord Modulus of Elasticity

1- Ultimate Shear Strength is calculated in accordance with equation 3-16.

Fu=PJ/A (3-16)
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Where:
Fu = Ultimate Strength, MPa,
Pu = the lower of ultimate or force at 5% engineering shear strain, N, and

A = Cross-sectional area, which is calculated according to equation 3-17.
A=wxh (3-17)

Where:
w = Width of the specimen across the notch, mm, and
h = Thickness of the specimen at the notch, mm.

2- Shear Strain and Ultimate Shear Strain are calculated in accordance with equation 3-

18 and 3-19.

Vi=|ews |+ eas| (3-18)
v*=min { 5% or vy at ultimate load (3-19)
Where:

vi= Engineering Shear strain at ith data point, pe,
€+45=+45° normal strain at ith data point, pe,
€.45=-45° normal strain at ith data point, pe, and
v* = Ultimate Shear Strain, pe.

3- Shear Chord Modulus of Elasticity is calculated in accordance with equation 3-20.
G °hord = At/ Ay (3-20)

Where:
G chord = Shear Chord Modulus of Elasticity, GPa,
At = Difference in applied shear stress between two measured points, MPa, and

Ay = Difference between two strain points, which is nominally 0.004.
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3.4.5 Determination of Short Beam Strength by the ASTM D2344

In this study, ASTM D2344 is used for determining short beam strength of the plates manufactured
from recycled carbon fibers. Short beam strength is highlighted in the applications where the
specimen is subjected to bending or twisting forces. For the test, the specimen is placed on two
supports, and the load is applied to the midpoint of the specimen. The short beam strength is

calculated in accordance with equation 3-21.

Fbs=0.75 x 2% (3-21)
bxh

Where:

F s = Short-beam strength, MPa,
Pm = Maximum load obsereved, N,
b = Width of the specimen, mm, and

h = Thickness of the specimen, mm.
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CHAPTER 4 RESULTS AND DISCUSSIONS

4.1 Determination of the optimum temperature-time cycle for

pyrolysis in ambient air

Based on the literature review, three temperatures were chosen for the pyrolysis experiments: 450
°C, 500 °C and 600°C. For each round of experiments, 12 samples were pyrolyzed, and each 30-
minute, one sample was taken out of the oven. The results for different experiments conditions
performed in the first phase of this study, which is the main contribution of this study, are presented

in figure 4.1.

As mentioned in the section 3.3.2, standard test according to ASTM D3171 was performed to
determine the exact value of fiber content by weight percentage in the waste prepregs. The test
results show that the experimental average value of weight fraction of fiber reinforcement in the
time-expired prepreg roll is equal to 62.5% (W=62.5%). So, this ratio was chosen as the baseline
for finding the optimal time and temperature for different pyrolysis experiments. Dotted red line in
figure 4.1 corresponds to the optimum fiber weight fraction of the prepregs as determined by

ASTM D3171 and the results are compared with this value.

The samples under 600°C (experiments #1 and #3 in figure 4.1) tend to lose the most portion of
their weights after a short time. The part of losing weights up to the baseline (dotted red line)
corresponds to the weight of resin, which is degraded at elevated temperature, but the weight loss
below the dashed line indicates burning of the carbon fibers. This extreme temperature and the
subsequent degradation of carbon fibers reveal that 600 °C is not a good option for the prepreg and
causes the loss of fibers. At this temperature, even the geometry and shape of the fibers were
changed. Some photos of the samples after pyrolysis at 600 °C are presented in figure 4.2.
Apparently, samples are crumpled and damaged physically.

Results for experiment #4 which corresponds to this temperature shows the trend of recycling at
450 °C. The samples pyrolyzed at 450 °C eventually reach the dashed line in a gentle and slow
process. It takes almost 6 hours for the samples to lose 37.5% of their initial mass. The pyrolysis

experiments at 500°C were repeated in two sets of experiments, corresponding to experiments #2
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and #5. The same as the experiments for 450 °C, the final loss in mass under this temperature
reaches the desired dashed line, which indicates that all the matrix is removed from the samples
and carbon fibers are left after the pyrolysis. It should be noted that the sudden jump in the data for

experiment #2 at 300 minutes is related to the wrong reading of the data for mass measurements.

100%
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—a&—500degC - Experiment #2
—>¢—600degC - Experiment #3
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Figure 4.1: Comparative pyrolysis results

Figure 4.2- Samples after pyrolysis under 600°C
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Supposedly, both 450 °C and 500 °C are good conditions for pyrolysis of time-expired prepreg
rolls and removing all the matrix from carbon fibers. The only difference between the two is the
time to converge. According to the data, it takes almost 7 hours for the samples to lose 37.5% of
the initial mass at 450 °C, in other words, the sufficient time for the material to lose all the matrix
under these conditions is 7 hours. On the other hand, and based on experimental data and figure
4.1, the time of convergence for pyrolysis at 500°C is lower. The effective time of recovery, i.e.,
removing all the matrix from prepreg samples, is only 2.5 hours at 500 °C. Hence, the most
optimum condition for recycling prepreg samples of this study was selected as 2.5 hours at 500 °C.

These results satisfactorily meet the needs of sub-objective-1for this research.

4.1.1 Scanning Electron Microscope (SEM) Results

After selecting the optimal conditions in terms of temperature and time for the pyrolysis, further
SEM imaging was done to see the surface of recovered carbon fibers. Benefitting from SEM,
different images with different magnifications were taken from random samples to see the surface
of the recovered carbon fibers. Some of the SEM images taken from pyrolyzed samples at 500°C

and after 2.5 h of pyrolysis are presented in figure 4.3.

According to SEM results for the optimal condition, the surface of the recovered carbon fibers is
clean and almost free of any residual resin, which shows the efficiency of the recycling procedure.
There are also no signs of fiber damage on the surface of the fibers, as well as no signs of any

remaining resin.

SEM was also used to observe the surface of carbon fibers recovered from other pyrolysis
conditions. As shown in figure 4.4a and 4.4b, pyrolysis at 500°C for 1 hour is not sufficient and

there are some residual resins left on the surface of the fibers.

Figures 4.4c and 4.4d show SEM images of pyrolysis at 450°C after 3 hours. There are obvious
residuals of resins on the fibers, therefore 3 hours of pyrolysis at 450°C is not sufficient to get rid

of all matrices inside the initial prepreg samples
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TM-1000_2554 2022-12-12 1624 L

TM-1000_2542 2022-12-12 1527 L 2mm

(@) (b)

TM-1000_2550 2022-12-12 16:04 L

() (d)

Figure 4.3: SEM images for samples pyrolyzed at 500°C for 2.5h- a) X30, b) X500,
c) X1500, d) X1800

4.2 Confirmation of the optimal pyrolysis cycle by additional tests

After finding the optimal conditions for pyrolysis, pyrolysis was repeated on more than 70 samples
of 10"x10". The results for weight loss in all experiments were very close to the desired value. The
small differences in Wr values in some tests could be a result of minor errors in weight
measurements, or initial defects of the prepreg roll. Figure 4.5 shows the frequency of the final Wr

results for 1”x1” samples being pyrolysed at 500 °C for 2.5 h.
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Figure 4.4: SEM images for pyrolyzed samples: a) 1Th @500°C- X500, b) 1h @
500°C- X1800, ¢)3h @450°C-X500 and d) 3h @450°C-X1800

The minimum value obtained for Wr was 61.46, while the maximum amount was observed as

63.83%. Other values for the average data and standard deviation are presented in table 4.1.

Table 4.1: Data analysis for Wr results for 1"x1” samples

No. of data Max. Value Min. Value Average Value STDEV.P

70 63.83% 61.46 62.78% 0.44%
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Results of Pyrolysis for 1"x1” samples
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Figure 4.5: Frequency of obtained Wy results for pyrolysis at 500 °C for 2.5 h

4.3 Manufactured Plates

The pyrolysis of the expired prepregs made it possible to recover the carbon fiber satin fabrics in
the form of 10" x 10" sheets. The vacuum-assisted resin infusion (V.A.R.I) process was used in
order to manufacture composite plates to fulfill sub-objectives 2 and 3. The reinforcements plies
were stacked to give cross-ply laminates [(0/90)n]s. the number of plies depends on the properties
that will be measured. For some tests it is 4 plies and others it is 8 plies. A sample of 8-ply woven

plate manufactured from recycled carbon fibers by V.A.R.I method is presented in figure 4.6.

4.4 Physical Characterization Results

4.4.1 Density

Density measurements were done in 4 different plates. From each plate, 3 specimens were cut and
densities were measured according to ASTM D792-20 Method B. Ethanol at 23.5 °C was used as
the immersion liquid. The summary of results is presented in Table 4.2, and the test reports are in

appendix D.

The maximum and minimum values of density in 12 samples were reported 1.503 g/cm® and 1.474

g/cm? respectively, which shows a difference less than 2% between the results. The average value
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of density for 12 plates is 1.486 g/cm?®, which can be considered as the density of the composite

plates manufactured from recovered carbon fibers in this study.

Figure 4.6: Manufactured 8-ply plate from recycled carbon fibers by V.A.R.IL.
method

Table 4.2: Density measurements according to ASTM D792-20 Method B in plates manufactured
from recycled carbon fibers

Plate No. of specimens Min. Density Max. Density Avg. Density
Number (g/ecm?) (g/ecm?) (g/ecm?)
1 3 1.497 1.503 1.500
2 3 1.474 1.476 1.475
3 3 1.489 1.492 1.491
4 3 1.474 1.480 1.478

As early discussed, one of the advantages of composite materials, is their weight light and high
strength to weight ratio. When compared to other materials, the density of manufactured plates is
far lower than steel and aluminum alloys. Table 4.3 is the comparison of density between some
metallic and composite materials where rCFRP refers to the CFRPs manufactured from recycled

carbon fibers in this study.
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Table 4.3: Density of some metallic and composite materials

SAE 1010 6061-T6 High Strength CFRP E-Glass fiber-epoxy
Material rCFRP
Steel aluminum alloy (Unidirectional) matrix (Unidirectional)
Density
7.87* 2.7* 1.55* 1.85%* 1.47
(g/cm’)

* The values are taken from [60].

Table 4.3 demonstrates well the low density value of rCFRP compared to other materials, while
comparison of density between unidirectional CFRP and the rCFRP shows that there is only a 5%
difference. The 5% difference can be an indicator of a slightly higher percentage of resin inside the

rCFRP.

4.4.2 Void Content

As a baseline for evaluating the quality of the plates, void contents were measured in the plates.
Void content test was performed in 4 different plates, with 3 samples from each plate, which gives
a total of 12 experiments. Table 4.3 summarizes the results for the void content. Test reports are

attached in appendix E.

As observed from table 4.4, values obtained for the percentage of void are not the same in different
plates. The reason is the process used for manufacturing plates (V.A.R.I. method) which is not
considered as an automatic method, and therefore the results vary. The average of void content in

manufactured plates is 1.55%, while the maximum void content reported in the plates is 5.5%.

Table 4.4: Percent of Void Content in plates manufactured from recycled carbon fibers measured
according to ASTM D3171-15, Proc . B

Plate Number No. of specimens Max. Void Content (%)  Average Void Content (%)

1 3 1.2 1.1
2 3 0.4 0.2
3 3 0.5 0.5

4 3 55 4.4
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4.4.3 Glass Transition Temperature

There have been six experiments according to ASTM D7028-07 for finding the glass transition
temperature of the manufactured plates. The TA Instruments Q800 Dynamic Mechanical Analyzer

(DMA) according to figure 4.7 was used.

A

Figure 4.7: Q800 DMA used for determining T, of the manufactured plates

According to table 4.5, results suggest that the average glass transition temperature of the
manufactured plate is 59.6 °C, while the data sheet of the initial prepreg suggests that the dry Ty is
190°C. Ty is one of the properties that is highly dependent on the resin, and fibers don’t have an
impact on its value, therefore the difference between calculated T, and the value of the data sheet

originates from the different resins that have been used in prepreg and the manufactured plates.

Table 4.5: Glass Transition Temperature of plates manufactured from recycled carbon fibers
measured according to ASTM D7028-07

Plate Number Number of Max. Ty (°C) Min. T, (°C) Avg. T, (°C)
Number of plies specimens
1 8 2 64.1 58.4 61.3
2 8 2 62.5 62.1 62.3
3 4 2 56 54.6 55.3

All test reports for Glass transition properties are presented in appendix F.
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4.5 Mechanical Testing Results

4.5.1 Tensile Properties

To determine the tensile properties of the manufactured composite plates, the tensile tests were
carried out on a ZWICK Z250 machine according to the ASTM D3039-17 standard. A total of 8
tests were performed from two different plates and tensile strength, tensile chord modulus of
elasticity, elongation at break and rupture time were measured. For securely holding the specimen
in the grips and removing any slacks, a pre-load of 50 N was applied to the machine. Test speed
was 0.5 mm/min and the size of the samples was 1"x10". Figure 4.8 shows the positioning of two
extensometers mounted for measuring the strains and placement of the specimen inside the testing

machine.

4.5.1.1 Tensile Strength

Table 4.6 summarizes the results of tensile strength. Plate number 1 consisted of 8 plies, and the
average thickness was 2.99 mm, while plate number 2 was 4 plies and the average thickness was
1.41 mm. The average ply thickness of the plates, which corresponds to the thickness of the plate
divided by the number of plies, is higher for the 8-ply plate by 6%. This means that the fiber volume
content Vris 6% higher in 4-ply plates. Therefore, 4-ply plates are expected to have higher tensile
strength.

The maximum and minimum values for Tensile strength in the plates were 745 MPa and 676 MPa,
respectively, which shows a difference of 10%. The average value for tensile strength in 8 different
tests is equal to 697 MPa (the average of tensile strength for 8 specimens) that can be considered
as the average tensile strength of the plates manufactured from the carbon fibers recovered in this

study.

Referring to the data sheet of the initial prepreg, tensile strength is 131 ksi (903 MPa). Hence, the

average recovery rate of tensile strength is calculated in accordance with equation 4-1.

Average value of tensile strength of manufactured plates

R.R.T.S= x100 (4-1)

Initial value of tensile strength for prepreg

R.R.T.S=7x100=77.2%,
903



Where R.R.T.S is the recovery rate of tensile strength.

Table 4.6: Tensile Strength of plates manufactured from recycled carbon fibers measured

according to ASTM D3039
Plate  Number of Number of Max. Tensile Min. Tensile Avg. Tensile
Number plies specimens Strength (MPa) = Strength (MPa) Strength (MPa)
1 8 3 702 676 688
2 4 5 745 684 703

(a) (b)

Figure 4.8: a) Positioning of two extensometers, b) placement of the sample for
ASTM D3039 tensile test
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Considering the maximum and minimum values for obtained tensile strengths, the maximum and

minimum recovery rate of tensile strength would be 82.5% and 74.9%.

Considering the R.R.T.E, we can expect a loss of 22.8% in tensile strength. There are different

factors that lead to this loss. The main reasons can be expressed as 1: the manufacturing process,

that is a low-cost process, and 2: the low-cost resin used for manufacturing. Regarding the data

sheet of the initial prepreg, data are acquired by using a high-quality resin, suitable for aerospace

applications.
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Tensile Stress-Strain curves for the two manufactured plates are presented in figure 4.9a and 4.9b.
The stress-strain response for two plates is almost a linear line, which indicates brittle behavior of
the plates. Compared to ductile materials like steel and aluminum, there is not much plastic
deformation area in the curves. So, the plates are expected to break without noticeable deformation.
The slope of the curve, which indicates the modulus of elasticity and will be discussed in the

following, is almost the same for each plate.
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Figure 4.9: Tensile Stress-strain curves for a) 8-ply composite samples and b) 4-ply
composite samples manufactured from recycled carbon fibers
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Despite 22.8% loss in tensile strength compared to the initial fibers, the obtained tensile strength
is still competitive with other metallic and composite materials. Table 4.7 compares well the values
of tensile strength for different materials. Tensile strength of rCFRPs is almost double the strength
of Steel and 6061 aluminum alloy, so for the applications where tensile strength is the most

favorable property, the recycled composite plates can replace conventional materials.

Table 4.7: Comparison of Tensile Strength of some metallic and composite materials

6061-T6 Carbon fiber epoxy Sheet molding
SAE 1010
Material S aluminum matrix (quasi- compound (SMC) rCFRP
teel
alloy isotropic) composite (isotropic)
Tensile
365* 310%* 579* 164* 697
Strength (MPa)

* The values are taken from [60].

In terms of ratio of tensile strength to weight, which is obtained by dividing the tensile strength to
gravity multiplied with the acceleration due to gravity, rCFRPs show superior performance
compared to metallic and composite materials listed in table 4.8. The relatively high value of this
ratio makes it suitable for the purposes where weight is a key factor. Manufacturing of numerous

light-weighted and high strengthen structures is possible using rCFRPs.

Table 4.8: Comparison between ratios of tensile strength to weight

6061-T6 Carbon fiber Sheet molding
SAE 1010
Material Steel aluminum epoxy matrix compound (SMC) rCFRP
tee
alloy (quasi-isotropic) | composite (isotropic)
Ratio of tensile strength
4.72 11.7 38 8.9 48.3
to weight (10° m)

4.5.1.2 Tensile Modulus of Elasticity

Tensile Modulus of elasticity results are reported in table 4.9. The same as tensile strength, 1% plate
was 8 plies, while the 2" plate was 4 plies. The average value for Tensile Modulus is 67.26 GPa,
while all the results are within the range of 64.54 GPa and 69.64 GPa. Referring to the prepreg data
sheet, the Modulus is reported 69.08 GPa (10.02 Msi), therefore the recovery rate of Modulus is

calculated in accordance with equation 4-2.
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Table 4.9: Tensile Modulus of Elasticity of plates manufactured from recycled carbon fibers
measured according to ASTM D3039

Plate Number of Number of Max. Modulus Min. Modulus Avg. Modulus

Number plies specimens (GPa) (GPa) (GPa)

1 8 3 68.3 65.8 67.2

2 4 5 69.64 64.54 67.3
RR.T.M= Average value of tensile Modulus of manufactured plates %100 (4_2)

Initial value of tensile Modulus for prepreg

67.26

R.R.T.M=——=x100=97.4%,
69.08

Where R.R.T.M represents recovery rate of tensile modulus of elasticity. Apparently, the method
utilized for recovering carbon fibers in this study well preserves the Modulus of the carbon fibers

and the composite plate.

When compared with other composite materials, despite losing 2.6% of tensile modulus, the value
1s still better than most used composites in industry, and is almost the same as the modulus of 6061-

T6 aluminum alloy. The results are summarized in table 4.10.

Table 4.10: Comparison between ratios of tensile strength to weight

Carbon fiber Sheet molding
6061-T6 E-Glass fiber-
epoxy matrix compound (SMC)
Material aluminum | epoxy matrix rCFRP
(quasi- composite
alloy (Unidirectional)
isotropic) (isotropic)
Modulus (GPa) 68.9%* 39.3* 45.5% 15.8* 67.26

* The values are taken from [60].

4.5.1.3 Elongation at break

Deformation percentages at the break in the manufactured samples were measured in 8 different
specimens from two plates and the results are shown in table 4.11. Based on the results, the average

deformation was 1.06%, while the maximum and minimum values were measured 1.2% and 1%,
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respectively. The relatively low value of elongation at break indicates the brittle behavior of the
manufactured plates. These materials cannot undergo remarkable plastic deformations and cannot

deform significantly before failure.

Table 4.11- Deformation at break of plates manufactured from recycled carbon fibers measured

according to ASTM D3039
Plate Number Number of Max. Min. Avg. Deformation
Number of plies specimens Deformation (%) Deformation (%) (%)
1 8 3 1 1 1
2 4 5 1.2 1.1 1.1

4.5.1.4 Failure time

Failure time for 8 samples was measured during the tests. Results show that the average failure
time was 6.16 minutes. According to ASTM D3039 standard, the failure should occur within the
first 10 minutes of the test. The times obtained by all the experiments well comply the requirements.

Table 4.12 summarizes the results.

Table 4.12- Failure time of plates manufactured from recycled carbon fibers measured according

to ASTM D3039
Plate Number of Number of Max. Failure Min. Failure Avg. Failure time
Number plies specimens time (min) time (min) (min)
1 8 3 6.7 6.4 6.6
2 4 5 7.7 5.1 59

4.5.1.5 Tensile Test Failure Modes

Tensile Failure modes of the 8 samples almost follow the same modes. According to the ASTM
D3039 standard failure codes, and as indicated in figure 4.10, all the failure areas in the samples
are within a close distance to the grips and follow the LWV code, where L refers to the Lateral

type, W indicates <I W from grip, and v stands for various locations.
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Figure 4.10: Tensile test failure modes of the manufactured plates

Appendix G shows test results for tensile properties.

4.5.2 Tensile properties of burned plates

During the post-curing process, two plates were post-cured at 180 °C for 3 hours. Considering the
properties of the resin that is used for manufacturing the composite plates, the plates were burned.
For finding the properties and comparing with other plates, standard ASTM D3039 was also
performed on these plates. All testing conditions, including the sample sizing, extensometers used,

and the test speed were the same as previous tests.

4.5.2.1 Tensile Strength of Burned Plates

The values of tensile strength for the burned plates are presented in table 4.9. The average tensile
strength is 632.7 MPa. Comparison of this value with the average tensile strength obtained in
section 4.4.3.1 reveals that over burning the plates reduce the tensile strength by 9.2%. It is worth
mentioning that tensile strength in burned plates is reduced by 30% compared to the initial prepreg

tensile strength.

Although most of the tensile load is carried by the fibers, but the results suggest that over burning
the plates, which affects the matrix, has a negative impact on the tensile strength of the composite

plates.

Figure 4.13 presents the tensile stress-strain diagram for one of the burned plates. The tensile
behavior of burned plates is the same as the plates manufactured from recycled carbon fibers. The

material tends to behave like a brittle material and there is not considerable plastic deformation for
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these plates and the slope of the curve which represents the modulus of elasticity is almost the same
for each plate. Compared to the unburned plates, the maximum tensile strength is lower, and there

is a slight decrease in the slope of the curves.

Table 4.13- Tensile Strength of burned plates manufactured from recycled carbon fibers
measured according to ASTM D3039

Plate Number No. of Max. Tensile Min. Tensile Avg. Tensile
Number of plies specimens Strength (MPa) Strength (MPa) Strength (MPa)

1 8 3 665 593 631

2 4 4 639 631 634
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Figure 4.11: Tensile stress-strain curve for the burned manufactured plate
4.5.2.2 Tensile Modulus of elasticity for burned plates

Based on the results of the modulus of elasticity in table 4.14, the average Modulus for burned
plates is equal to 61.9 GPa. Compared to the results in 4.4.3.2, over burning the plates reduces
Modulus of Elasticity by 8%, and compared to the prepreg data sheet, Modulus is reduced by
10.04%. The impact of over burning in Modulus of Elasticity is less severe compared to the results

of Tensile Strength.
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Table 4.14: Tensile Modulus of Elasticity of burned plates manufactured from recycled carbon
fibers measured according to ASTM D3039

Plate Number of Number of Max. Modulus Min. Modulus Avg. Modulus

Number plies specimens (GPa) (GPa) (GPa)
1 8 3 63.6 60.6 61.87
2 4 4 62.8 61.5 61.92

4.5.2.3 Effects of over burning the plates on elongation at Break and Failure Time

The results for elongation at the break and the failure time of over burned plates suggest that the
over-burning does not affect these properties noticeably. Table 4.15 is the comparative table for
these properties. The elongation at break for the two burned and normally cured plates are exactly
the same, indicating that over burning does not change the brittle properties of the composites.
While for the failure time, there is a10% decrease. Regarding the same test speed in both conditions,
the rather smaller failure time for burned plates shows the weakness of the plates under these
conditions. These results are in accordance with the tensile strength results, which there is a

decrease in tensile strength.

Table 4.15: Comparison of average force at failure, deformation at break and failure time
between burned plates and normally cured plates measured according to ASTM D3039

Plate No. of plies Avg. elongation at break (%) Avg. Failure time
Characteristics
Burned Plates 8 1.0 6.6
4 1.1 5.2
Normally cured 8 1.0 6.6
Plates
4 1.1 5.9
Percentage of 8 0 0
Changes
4 0 10.8%

Test results for tensile properties of burned plates are found in appendix H.
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4.5.3 Compressive properties of the manufactured plates

Compressive tests according to ASTM D6641 were done on 10 samples. 0.5"x5 1/2” samples were
cut from two plates and compressive strength and compressive modulus of elasticity were
measured. Plate number #1 consisted of 4 plies, while plate number #2 was 8 plies. Test speeds
were | mm/min and 1.3 mm/min, respectively. For plate #1, because of the thinner thickness,
fiberglass tabs were bonded, while plate #2 was tested without tabbing. Figure 4.12 represents the

test procedure.

(©)

Figure 4.12: a) Bonding of strain gauge, b) placement of specimen inside fixture and
c) testing machine for compression test

Full test reports of compressive properties are presented in appendix 1.
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4.5.3.1 Compressive Strength

Table 4.16 is a summary of compressive strength measurements. The average compressive strength
of the manufactured plates is therefore calculated as 378 MPa, while the maximum and minimum
compressive strengths are 428 MPa and 324 MPa, respectively. The possible misalignments in 8-

ply plates might be the reason for having lower value of compressive strength.

Table 4.16: Compressive Strength of plates manufactured from recycled carbon fibers measured
according to ASTM D6641

Plate Number Number of Max. Compressive Min. Compressive =~ Avg. Compressive

Number of plies = specimens Strength (MPa) Strength (MPa) Strength (MPa)
1 4 5 428 379 403
2 8 5 387 324 353

Following technical data sheet, compressive strength of the prepreg is 750 MPa. So, recovery rate

of compressive strength is calculated in accordance with equation 4-3.

Average value of compressive strength of manufactured plates
R.R.C.S=2rerage value of comp ength of maruf plates . 100 (4-3)
Initial value of compressive strength for prepreg
378 o
R.R.C.S—750X100=50.4A),

Where R.R.C.S represents recovery rate of compressive strength. As calculated, there is a 49.6%
loss in compressive strength. Resin and hardener play an important role in compressive strength of
the composite materials. As mentioned before, a low-cost general-purpose resin is used for
manufacturing the plates from recovered fibers, while the initial resin impregnated in the prepreg
is a high-quality resin with high aerospace standards. The mechanical properties of the matrix and
the strength of the fiber/matrix interface can affect considerably the compression strength of CFRPs
[61-63]. So, considering the type of resin used, it was expected to have a rather great difference
between compressive strength of the manufactured plate with the initial prepreg. On the other hand,
the manufacturing process is not the same, and there are several factors during infusion process

that can affect the results.

Compressive-stress strain responses of two tested plates are presented in figure 4.13. The curves

follow the pattern of brittle materials. Despite the ductile materials, like steel and aluminum that
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normally have high ranges of plastic deformations, the rCFRPs fail suddenly after reaching the
ultimate load. The slope of the curve for samples from the 4-ply plate is almost the same, implying
the same value for compressive modulus. However, there are some variations in the slope of 8-ply
plates. Referring to the test reports, the coefficient of variation (CV) for thickness between 5
specimens is 1.5%. Compared to the thickness CV results of other plates, this value is considerable.
There are some possible explanations for the variations in thickness within the same plate, but the
manufacturing process contributes most to this phenomenon. Sometimes during the manufacturing
process, the side of the plate that is close to the inlet pipe is thicker compared to the other side. The
reason is the accumulation of more resins during the manufacturing process. The higher thickness

results in higher area which eventually will cause lower stress.

4.5.3.2 Compressive Modulus

Compressive modulus for 10 samples were measured according to ASTMD 6641. According to
table 4.17, the average compressive modulus of the manufactured plates is calculated as 45.4 GPa.
The initial compressive modulus of the prepreg was 63.2 GPa, so the recovery rate of compressive
modulus is calculated in accordance with equation 4-4. The higher possibility of misalignments in

8-ply plate can be the reason for the lower modulus in these plates.

Average value of compressive modulus of manufactured plates
R.R.C.M=22£r9 f comp S manuf plates 100 (4-4)

Initial value of compressive modulus for prepreg

RR.C.M=224100=71.8%,
63.2

Where R.R.C.M is the recovery rate of compressive modulus. The same as compressive strength,
the type of the resin has a key role in decrease in compressive modulus and can be improved by

using a better kind of resin and hardener.

Table 4.17: Compressive Modulus of Elasticity of plates manufactured from recycled carbon
fibers measured according to ASTM D6641

Plate Number of Number of Max. Modulus Min. Modulus Avg. Modulus
Number plies specimens (GPa) (GPa) (GPa)

1 4 5 58.5 52.2 544

2 8 5 41.2 33 36.4



62

200

Compressive stressin MPa

0 2000 4000 6000 8000
Average compressive strain in um/m

(2)

o
Q
<]

Com pressive stress in MPa

100

0 2000 4000 6000 8000 10000 12000
Average compressive strain in pm/m

(b)

Figure 4.13: Compressive stress-strain curves for a) 4-ply and b) 8-ply plates
manufactured from recycled carbon fibers

Comparison of compressive strength and modulus between manufactured plates and some
composite materials are summarized in table 4.18. As observed, despite a 49.6% decrease in
compressive strength, the manufactured plates from recycled carbon fibers have still better
compressive strength compared SMC, and almost the same strength as glass/epoxy. From Modulus
point of view, the values obtained are 51% higher than glass/epoxy. Therefore, compressive

properties of the manufactured plates are comparable to other common composite materials, and
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they can be considered as a potential substitute in applications where high compressive properties

are not required.

Table 4.18: Comparison of compressive properties between some composite materials

Glass/Epoxy plain wave Sheet molding compound
Material rCFRP
reinforcement (SMC) SMC-R25
Modulus (GPa) 222 N.A 45.4
Compressive
380° 183° 378
Strength (MPa)

8 Taken from [64] ® Taken from [60].

4.5.3.3 Compression Test Failure Modes

Failure modes for two plates were different. For plate number #1, consisting of 4 plies, two failure
modes of TGM, two modes of TGB and one failure mode of TGT were reported. According to
ASTM D6641, T represents transverse shear (failure mode), and G indicates gauge (failure area).
The third character shows the location of the failure, where M, B and T represent middle, bottom
and top, respectively. Therefore, all the samples failed because of transverse shear in the gauge.
For plate number #2, two modes of HGB, two modes of HGT, and one mode of HGM were reported
where the first character, H, indicates failure through thickness. Therefore, the failure mode for
specimens from the second plate was different location in gauge, caused by failure through

thickness. Figure 4.14 represents the failure mode in two plates.

(a) (b)

Figure 4.14: a) Transverse shear failure in 4-plied samples, b) failure through the
thickness in 8-plied samples
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4.5.4 Flexural Properties

For finding flexural properties of the manufactured plate, 8 samples made from two different plates
were tested following ASTM D790-17. Test speed was between 1.31 mm/min and 1.35 mm/min
and flexural strength, maximum elongation, and modulus were measured. It is worth noting that

although both samples are 8-plies, but they are cut from different plates.

4.5.4.1 Flexural Strength

Flexural strength is calculated based on the failure load and the dimensions of the samples
according to equation 3-13. Table 4.19 summarizes the results of flexural strength for the plates.
Maximum and minimum values for flexural strengths are 747.5 MPa and 620.9 MPa, and the

average value is 692.9 MPa.

Table 4.19: Flexural strength of plates manufactured from recycled carbon fibers measured
according to ASTM D790-17

Plate Number Number of Max. Flexural Min. Flexural Avg. Flexural
Number of plies specimens Strength (MPa) = Strength (MPa) Strength (MPa)
1 8 3 681.4 620.9 648.6
2 8 5 747.5 700.9 719.5

4.5.4.2 Flexural Modulus of Elasticity

The average value for flexural modulus of elasticity for the manufactured plates is 38.26 GPa.
Values for bending modulus have been measured in 8 samples, and the results are presented in

table 4.20.

Table 4.20: Flexural Modulus of Elasticity of plates manufactured from recycled carbon fibers
measured according to ASTM D790-17

Plate Number of Number of Max. Modulus Min. Modulus Avg. Modulus
Number plies specimens (GPa) (GPa) (GPa)

1 8 3 43.9 36.69 39.89

2 8 5 41.74 33.12 37.28
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4.5.4.3 Maximum flexural deformation

Results show that the average maximum flexural deformation for the samples being tested is 1.6%.
The maximum measured value is 1.7%, while the minimum is 1.5%. Table 4.21 summarizes the

results.

Table 4.21: Maximum deformation of plates manufactured from recycled carbon fibers measured
according to ASTM D790-17

Plate Number Number of Max. Min. Avg. Deformation
Number of plies specimens Deformation (%) Deformation (%) (%)
1 8 3 1.5 1.7 1.6
2 8 5 1.7 1.6 1.6

Appendix J is the test report for flexural properties of the composite plates.

Figure 4.15 represents flexural force-deformations curves of the samples. For the elastic region,
the force-deformation determine that all the samples have almost the same slope. After reaching
the maximum force, there is a drop in force value caused by the failure. The fluctuations in the
force value are repeated several times after the first decrease. These fluctuations are due to the
failure of internal plies. As already mentioned, the plates that were tested, consisted of 8 plies, and

failure of each ply induce a fluctuation and decrease in force.

Comparison of flexural properties of the manufactured plates with other composite materials are
summarized in table 4.22. Despite the cheap resin used for manufacturing the plates, the flexural
properties of rCFRPs are competitive. The modulus is higher than unidirectional E-glass fibers and

SMC-R25, while the flexural strength is better than Kevlar-49 and SMC-R25.

Table 4.22: Comparison of flexural properties between some composite materials

E-Glass fiber- Kevlar-49 Sheet molding compound
Material rCFRP
epoxy matrix (UD) epoxy (UD) (SMC) SMC-R25
Modulus (GPa) 36.5% 76* 4.48%* 38.26
Flexural Strength
1137* 621%* 220%* 692.9
(MPa)

* taken from [60].
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Figure 4.15: Flexural force-deformation curves for plates manufactured from
recycled carbon fibers

4.5.5 Shear Properties

For determination of shear properties by ASTM D5379, 5 samples were cut from an 8-ply plate.
The size of the samples was 3” x 0.75 " and a v-notch was cut on the samples. Two strain gauges
were bonded to each sample to measure strain at +45° to the loading axis, according to figure 4.16.
The strain gauge for samples 1 and 2 consisted of two gauges perpendicular to each other,
measuring strain in two directions. The test was done with Zwick Z250 testing machine, with a 0.8

mm/min test speed. The special fixture in accordance with the ASTM D5379 standard was used
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for the tests. Figure 4.17 shows the placement of specimens inside the fixture and its positioning

in the testing machine.

Figure 4.16: Bonding of strain gauges to specimens for ASTM D5379 test

(a) (b)
Figure 4.17: a) fixture and b) test machine for determining the shear properties
according to ASTM D5379

The results of shear test are summarized in table 4.23. Shear properties are dominated by the matrix,

so using a higher-grade matrix will improve the shear properties. Test reports for shear test are
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presented in appendix K.

Table 4.23: Shear properties of plates manufactured from recycled carbon fibers measured

according to ASTM D5379
Property Number of = No. of specimens Max. Value = Min. Value Avg.
plies Value
Shear Strength
8 5 48.7 40.7 45
(MPa)
Deformation at
8 5 5 5 5
Break (%)
Modulus of
8 5 3060 2140 2580
Elasticity (MPa)

Corresponding stress-strain curve is presented in figure 4.18. A blue line showing constant stress
whit a sharp increase in shear strain is observed. The reason is slipping of one of the strain gauges

which has caused an increase in strain.

[ —— shearstress/Shear strain

60 -+

40

Shear stress in MPa

20 4

o 20000 40000 60000 80000 100000 120000
Shear strain in pm/m

Figure 4.18: Stress-Strain curve for ASTMD5379

4.5.6 Short-Beam Strength

Short-Beam strength of manufactured plates was determined by ASTM D2344 test method. 5

samples were cut from a 4-ply plate and were tested with a 1 mm/min speed. The values determined
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for short-beam strength are summarized in table 4.24. Short-beam strength of composites highly
depend on the manufacturing process and the type of resin used in the composite. Hence, by
improving these two factors, higher values for short-beam strength can be expected from recycled

carbon fibers. Figure 4.19 shows force-deformation curve for the short-beam test. Appendix L

shows test report for short-beam test.

Table 4.24: Short-Beam Strength of plates manufactured from recycled carbon fibers measured

according to ASTM D2344
Property Number of No. of specimens Max. Value = Min. Value Avg.
plies Value
Short-beam
4 5 35.2 33.6 344
Strength (MPa)

Force in N

t 1 1
0.0 0.1 0.2 0.3

t {
0.4 0.5
Deformation in mm

Figure 4.19: Force-deformation curve for short-beam test according to ASTM D2344

4.5.7 Summary of Results for Manufactured Plates

Considering all the above-mentioned results, the final properties of composite plates manufactured
from time-expired prepreg rolls can be summarized as table 4.25. It should be noted that these are

average values for different properties that have been measured in different experiments with
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different plates. Therefore, table 4.25 can be a good representation of the properties of CFRPs made

by V.A.R.I method from recycled carbon fibers with a general-purpose resin.

Table 4.25: Properties of the manufactured plates from recovered CFs

Properties Unit Value
Density g/cm? 1.486
Void Content % 1.55
Glass Transition Temperature °C 59.6
Tensile Strength MPa 697
Tensile Modulus GPa 67.26
Tensile Elongation at break % 1.06
Compressive Strength MPa 378
Compressive Modulus GPa 454
Flexural Strength MPa 692.9
Flexural Modulus GPa 38.26
Maximum Flexural Deformation % 1.6
Shear Strength MPa 45
Maximum Shear Deformation % 5
Shear Modulus MPa 2580
Short-Beam Strength MPa 344
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CHAPTER 5 CONCLUSION, LIMITATIONS AND FUTURE

5.1

WORK

Conclusion

In this study, pyrolysis experiments of time-expired prepreg roll were performed under ambient

air. Later, composite plates were manufactured from recovered carbon fibers and several tests

according to ASTM standards were done to find properties of the composite plates. The following

conclusions can be drawn from this study.

Optimal pyrolysis condition for the time-expired prepreg roll investigated in this study is
2.5 hours @ 500°C. Although there are other scenarios and conditions that satisfactorily
meet the needs of this study, but considering the required time and temperature, 2.5 h @
500°C was the best choice for pyrolysis. According to the percentage of resin in initial
prepreg according to chemical digestion results, all the resins are decomposed under these

conditions.

SEM results suggest there are no resins and chars left on the surface of the recovered fibers,
confirming post oxidation that is followed pyrolysis under an inert atmosphere, is not

necessary for pyrolysis under ambient air.

The reclamation process results in 22% reduction in Tensile Strength and 2.5% reduction
in tensile Modulus. On the other hand, the results for compressive tests show there is 50%
decrease in Compressive Strength and 28% reduction in Compressive Modulus. The most
notable reason for the higher rate of loss in compressive properties is the type of resin that
is used for manufacturing plates. In the original prepreg, a higher-grade resin with better

properties was used, which results in better compressive properties.

The method utilized in this study is a cost-effective way of recycling composites compared
to pyrolysis under inert air. All the experiments were done with a general-purpose oven,
while for pyrolysis under an inert atmosphere, a more complicated and high-priced furnace,

with a flow of an inert gas is required. Besides, as mentioned above, after pyrolysis under
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inert air, another round of post-oxidation must be performed, which is eliminated in the

method used in this study.

e This method is suitable for the applications where recovery of 100% of virgin CF

mechanical properties is not critical.

e Over-burning the manufactured plates during post-curing process can decrease the tensile

strength and tensile modulus by 9.2% and 8%, respectively.

5.2 Limitations

The main limitation of the project was the lack of an oven with capability of injecting inert or
ambient gas inside. In the case of being able to measure the flow of air inside the oven,
characteristics of CFs recovered from various flows could be compared and could lead to better

and comparable results.

5.3 Future Work

As a recommendation for future work, it might be interesting to manufacture plates directly from
time-expired prepreg rolls and compare the properties with original carbon fibers and also the
properties of plates manufactured from recovered carbon fibers. For better comparison of
compressive properties, it might be a good idea to reinforce the same resin system used in initial
prepreg with recycled carbon fibers. Cost analysis of the recycled prepregs can also be interesting

as a future work.
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APPENDIX A PREPREG TECHNICAL DATASHEET

TECHNICAL DATA SHEET

CYCOM®5320-1

PREPREG

Table 4 | Lamina Level Properties — TE30-33 & Harness Satin Fabric

Material: Soivay Asrospace Materials CYCOM® 5220-1 TBS0-35 3K 8HS Fabric 26%

Prepreg: CYCOM® 5220-1 TES0-35 3K BHS 38%

Fiber: Solvay TE5025 2k

|Fbe-5in: CYCOM® 532041

Solvay — CYCOM 3320
1/8H5 TES0f35 3k
B-Harness Satin Fabric
Lamina Mechanical
Properties Summary

To (dry): 274°F

Tg (wet"): 316°F

|Tq Method: DMA (ASTM DT02E, 35mm dual cantilever)

Processing: full vacuum, vacuum bag only reom temperature for 16 howrs plus integrated 200°Fr350°F cure/post cure cycle
with a 200°F cure for 10 howrs followed immediately under the same vacuum bag by a post cure at 350+F for two hours.

Mean Mean Mean Mean Mean Mean
0" Tensile
ASTHM D303
Strength (ksi) 1174 131.3 128.8 1380 136.4
Modulus (Msi) 1020 1002 10.06 1020 a.e7
Poisson’s Ratio 0.056 0.048 0.042 0.041 0.041
30° Tensile
ASTHM D303
Strength (ksi) 1182 1208 1338 1370 1364 134.2
Muodulus (Msi) 10.14 9.60 10.00 10.00 10.02 0.4
0* Compression
ASTM DEs41
Sirength (ksi) 1211 10&.8 238 178 a.0
Muodulus (Msi) 10.01 918 9.24 9.23 9.18
90°% Compression
ASTM D661
Strength (ksi) 1223 110.8 254 are 8749 8a.7
Modulus (Msi) 2.42 918 2.20 9.30 .35 9.15
+435" Tensile In-Plane Shear
(S00-3.000 pstrain chord)
ASTM D3518
0.2% Offset Strength (ksi} {12.13) (3.29) {5.87) (4.72) {5.23) (3.31)
Shear Modulus (Msi) {0.95) {0.81) {0.72) {067} {0.71) (0.53)
0® Short Beam
ASTM D2344
Sirength (ksi) {12.29) {11.93) {D.68) {3.51) {B.86) (0.45)

" et condtioning to equilbrium at 85%A'W and 160°F

SOLVAY

arshing mare from chemisgry®
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APPENDIX B RESIN TECHNICAL DATASHEET

HUNTSMAN

Enriching ives through innovation
Advanced Materials

Araldite®LY 8601 / Aradur” 8602 System >

360
N ecomes

EPOXY RESIN SYSTEM

DESCRIPTION:

Araldite™LY 8601 (Resin) / Aradur® 8602 (Hardener) is a two-component, low-viscosity epoxy system
developed for use in the production of advanced composites using vacuum-assisted resin transfer
molding (WVARTM), resin transfer molding (RTM), Seemans Composite Resin Injection Molding Process
(SCRIMP®™), or other infusion processes. The low-mixed viscosity and wet-out potential of Araldite® Ly
8601 { Aradur® 8602 enhance processability parameters.

Araldite® LY 8601 / Aradur® 8602 has excellent toughness, and the increased reactivity allows for a faster
ambient temperature cure and reduced de-mold time.

MIX RATIO:
By weight: 100 to 25 Resin to Hardener
Mixing Instructions: Measure each component accurately (* 5%) info clean containers. Thoroughly mix

resin and hardener together (minimum 2 minutes) scraping container sidewalls, bottom and mixing stick
several times to assure a uniform mix.

TYPICAL HANDLING PROPERTIES:

Tested @ 77 °F (25 °C) unless otherwise noted.

Property Criteria ASTM Test Method Test Value
Color Mixed Transparent
Viscosity, cP Resin D-2393 580
Hardener 25
Mixed 175
Gel Time, minutes 14 fl. oz. D-2471 TO

HOTE : Typical Properiies — These physical properties are reported as typical test values obtained by our
test laboratory. If assistance ig needed establishing product specificaticns, please consult with our Quality
Control Department.

RECOMMENDED CURE SCHEDULE:

Temperaturs Demold Time Full Cure Time
77 °F (25 °C) 24 Hours 3 Days
Araldite® L'y 8801 Aradur® 8802 System Page 1/4 October 2010
Distributed By =

Freaman Manufacturing & Supply Co. ]
werw freemansupplv.com  800-321-8511 FREEMAN
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NEAT SYSTEM

TYPICAL CURED PROPERTIES:

Tested @ 77 °F (25 °C) and cured 7 days @ 77°F (25°C) unless otherwise noted.

Property ASTM Test Method Test Values™
Specific Gravity D-T82 1.12
Cubic inch per Pound - 246
Hardness (Shore D) D-2240 B2
Ultimate Flexural Strength, psi D-750 11,013
Flexural Modulug, psi D-730 322560
Uttimate Tensile Strength, psi D-538 7.871

Tg by DMA, °F (*C) D-4065 164 (T3)
Linear Shrinkage, Mold 0 infin D-2566 D001
Uttimate Compressive Strength, psi D-635 15,410
Compressive Modulus, psi - 305,432
% Elongation D-638 ]
Coefficient of Themmal Expansion, infin/*F D-3386 42 % 10°%
-22 to 86 °F (-30° to 30 °C)

lzod Impact, Motched, ft.lb.fin. D-256 04116

NOTE : All properties are of neat product form (non-composite)

INFUSION PROCESS

TYPICAL CURED PROPERTIES:

Tested @ 77 °F (25 °C) unless otherwise noted.

Property ASTM Test Method  Test Values™  Test Values™
Hardness (Shore D) D-2240 88 o2
Ultimate Flexural Strength, psi D-750 47 600 102,165
Flexural Modulus, psi D-790 25x% 10° 6.9x10°
Uttimate Tensile Strength, psi D-638 44 545 72,851
Ultimate Compressive Strength, psi D-685 30,023 45,387
Compressive Modulus D-695 3.6x 10° 9.7 x10°
% Elongation D-638 1.6 1.0
LAY-UP PROCESS:
Glass Laminate™ Graphite Laminate™
Panel Type : | Approximately 2 fi. x 2 fi. fiat panel | Approximately 2 fi. x 2 ft. flat panel
Cloth Type - [ 8 layer, Volan A 7500, 10cz 8 layer, 3K, 70P
Cloth Rotation : | 0 degrees 0 degrees
Procedure - | VARTM, flat panel VARTM, flat panel
Cure Schedule: | 7 days @ 77°F Tdays @@ 77°F
CONDITIONING:
Stir well before use. This material will zeparate.
Araldit=® LY 8601 Aradur® 8502 System Page 24 October 2010
Distributed By
Manufacturing & Supply Co, [ ]

warw fresmansupply.com  800.321-8611 FREEMAN
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APPENDIX C V.A.RIMETHOD

Different steps of the VARI method used in manufacturing composite plates are as follows:

1- The glass table used as the mold for the process was first cleaned thoroughly with acetone and
WypAll wipers. This step is necessary for having a clean and glassy surface, and for removing any
extra material from the mold, which results in better adherence of the sealant tape to the mold and

a better vacuumed mold.

2- All around the mold and the inlet and outlet for resin were separated by Scotch tape. This ensures

the prevention of penetration of release agent to adhesive sealants.
3- Release agent was applied to the mold area (area between Scotch tape) in 4 steps, with a 10-15

Minute period between each step. Release agent prevents bonding of the material to the surface of

the table.
4- Scotch tape was removed, and adhesive sealants were put instead.

5- After measuring the weight, recovered fibers were put in the middle of the mold, the peel ply
and mesh were placed over them. Peel ply is used for easily removing the extra materials from
finished composite plate. Mesh is placed over the fibers to ensure the smooth and even flow of the

resin over the surface of the fibers. Positioning of CFs, peel ply and mesh is demonstrated in figure

Al
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Peel Ply

Figure A.1: Carbon Fibers covered by Peel ply and mesh
6- Two sets (inlet and outlet) of spirals connected to the pipes were prepared and attached to the

mold.

7- Vacuum bagging film was attached to the sealants around the mold, making a uniform vacuum

environment for the mold.

After this step, the inlet pipe was blocked by the clamps, and the outlet was connected to the catch
pot. To inspect the mold and to figure out if there is any leakage, Central vacuum was connected
to the catch pot, and a negative vacuum below -25 mmHg was applied to the system. Once the
desired pressure was approached, the central vacuum was disconnected from the catch pot, and the
system was left for one hour to see if there would be any pressure drops, which could be a sign of
a leakage in the system. As indicated by figure A.2, the vacuum gauge mounted on the catch pot

shows excellent vacuum conditions, without any leakage in the mold and process.
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Figure A.2: Vacuum gauge and the pressure on it before doing the infusion process
8- After ensuring that there is no leakage and pressure drop in the system, the inlet pipe was put
inside the mixture of resin and hardener, and clamp was removed, so that the mixture could easily

flow into the mold and the infusion process started.

9- Once the resin approached the outlet pipe and all the fibers were wet enough, the inlet and outlet

were clamped again, and the system was isolated for at least one day.

Figure A.3 illustrates the mold during the infusion process. The inlet pipe on the right is inside the

matrix, while the outlet pipe on the left is connected to the catch pot.
[ustration of the whole system used in V.A.R.I. with all the parts is shown in figure A.4.

It should be noted that the excessive length of inlet and outlet pipes will cause loss of resin inside

the pipes.



Figure A.4: V.A.R.I. method and the parts used in the process
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APPENDIX E VOID CONTENT TEST RESULTS
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o Crarm os repport, les e dori be mamées ot maivi de symbals £ s soni o souverts pae ool assdiintion. Fou Fadmes comples d <o, vouils: somdier | couris]

s @ 3000, avenue Boule, Sant-Hyacinthe, OC, Canada, J25 1H2 H SAGEOS

Infogetin com - T.:{+1) 877 288-837% - gestg.com Al
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c Page 1 de &
BAFPORT DANALYSES
No. d'accréditation du CCN: 405
Mme Justine Decasns Date: 26 février 2003
Centre des technologies Textiles PART-4 (CTT-084) Repport 63010015-SAF
IDENTIFICATION: Plaque de fibre de carbone recycles: Sample #1, 500°C, 250
Béception: 2 aedt 2022
NOBME:
TEEar “Constinuet Content of Comiposie Niterials - Void Comteet” ASTMD3171-15. Pmc. B
CONDITIONS D'ESSAT:  Méthode urilizée: Mathoda I;
Procadure wilisse: B—Digestion da la maivice aver Acide sulfuriquePeroxyda dhyvdrogane;
Densité des fitres founte par ke client (g/om”): 1.770
Densité de la résine foarnse par le clisnt (g'ae): 1.12
Temps de sechage (hr Minnmm 2
Tempérarare du four (*C): 105= 3°C
Diate de I'essad: 13 septembre 2022
Fezultar: mdnaduels Aoy, E-T. CV%
26354 26084 16279 16230 00139 05
"""""""""""""""""""""""" T4 TER R T e oo 03
23 31
20 33
23 L
30 oo
0g 1.0
Préparé par: Q) ) . Approwépar
Otz ananille Cupiiie. Dega
Stacy ost, Tech. Cyuthie Dega, MIng
Techniciennes) Directenr mmovaton-Composites Date: 2§ fevrier 2023

**Powr foule mformedon comcernani ce rapport, veudles confacier Cmdhie Depa ™
Liex rapporis soml idmifin pa wn oode alpbememiviqen, b lotim préctdan 4 il néfimmor mmemim dr civieon, fmin om orde ovimnl s versos dectnmige weus du e CTT
ed b vermon afficislls du repporl Lidenisficalion mpporie ol heee s o0 gei = 8 obsernd me Téchardillon moqu dljos Iisformetion foomie per e cbend Les échantiloss e li;m svec
== rppert wml comervis ponded e perisds de M) joms & parir de ks dais de bwmmasn de mppor Los réslietn i hael mentiomés meoso rappoient qeless schanillons s i Des
ai  Co rppoed oo doil pas S reprodsil, sinos o sslier, s |'eslorimation éoie de (rospe CTT. § La poriée dscodisdion [S0VCE] 17025 de Crosgpe CTT el Sisponisle & we golige
=m. Durm s ragepord, e ooses dort be mamérs. o maivi de symbale © iz son pes souverts [ar cofie sssediletion. Proo Fadross complets da climt, vouiler somlter |o zouricl

=) @ 3000, avenus Boule, Sant-Hyacinthe, QC, Canada, J25 1HI H SAGEOS

Infoggetig com - T.2{+1) 877 285-B378 - geftg.com EOECTT
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H c Page 2 de 3
RAFPORT D'ANATYSES
No. d'accréditation duo CCN: 403
Mme Fustine Decaens Date: 26 février 2023
Centre des technologies Textiles-PART-4 (CTT-084) Rapport 6301-0015-6A-8
IDENTIFICATION: Plaque de fibre de carbone recyclée: Sample #2, 500°C, 2,5k
Reéception: 2 aedt 2022
HMOBME:
ESSAT: *Constitaent Content of Conposite Matenials - Voad Combent” ASTMD3171-15, Proc. B
CONDITIONS D'ESSAL: Mathods ublisée: Méthoda I;
Procédure utilisée: B—Dizestion de la matrice avec Acide sulfuriquePerosyde dhvdrogéne;
Diensité des fitres founia par ke client (/o) 1.770
Diensité de Ia résine fourne par le client (g/om?): 1.12
Tamnps de sechage (B Mininmm 2
Températare du four (°C): 105 3°C
Diate de I'egzad; 13 septembre 2022
BESULTATS: Famliat: indivdusk Aday. E-T. TVt
Masze du specimen (=) 26733 25926 26208 26622 0037 14
0z
0.8
1o
20
18
o1
Préparé par Q . o Approwépar .
Otoeg ] anaciile "‘“ﬁr\'}ﬁ' ¢ Dega
Sacy ille-Frost, Tch. Cynthie Deza, M Ing
Techmicien(ps) Directenr mnovatson-Compasites Date: 25 fevrier 2023

**Powr loute Diformasion comeernant of rapport, vendley confacter Cymohis Depa ™
Les rapports moml idenifils par un code alphememdriges, b et précsdant "&° fail réffrsce i mmim de révion, émis o= onkr ovimenl L wersos Secirige regue du Oreupe COTT
et b verson officiells do rppont. Lidentifioation mpporite ext hofe s or qui w &€ obsend mer Téchantillon requ etfon lisfomstion foemie per e chent Les échentiions en lim ovee
o mpport aoEl conmrvis pendest une pericde de 30 joors & partir de ln dae de bwmmamm de mppont Lo riesliets o dasl mentionnds o s mappovient qeissx Schentllons soomis & Fem
=i Ce nppord oo doil paa Bre roodsil, sinoe o eslier, we l'ssormation aciic de Cosgpe CTT. § La poride dscoddintion [S06CE] 179025 du Oroge OTT ext disponisle & www goligc
o Durm og rgeport, ks oo dor b naméns se sivi de rymbal © e son o courerts s ool sccrditation. Fres Fadroos complets de <limt, vouller cormiter |o sowrisl

252 @ 3000, avenue Bouke, Saim-Hyacinihe, QC, Canada, J25 1HI H SHGEOS

INfoy@gesty.com - T.:(+1) 877 285-5376 - gottg.com CEOEETT




APPENDIX F GLASS TRANSITION TEMPERATURE TEST
RESULTS

Pased de

tICTT

BAFPORT D' ANALYSES
No. d'accréditation du CCN: 403

Mime Justine Decaens Date: 26 fevrier 2023
Centre des technologies Textiles-PART-4 (CTT-084) Bapport: 63910015 1A-F
IDENTIFICATION: Plaque de fibre de carbone recyclee (500°C, 25 hours): #1

Feception: 31 mai 2022
HOBME:
ESRAT: *(Flazs Transition Temperanre (DMA Tz) of Polymer Marmrix ASTM DTOZE-07(2015)

Cammesizes by Dynamic Mechanical Analysis®
CONDITIONS DESSAL  Apparelutliss: TA smament QS0
Procédure da calibration wiilisée: lecromique, force, dynamique amachs (masse, décalaze, conformite), tenpéranrs;
Geomeirie des spécimens d'essai; rectangulaire
Type danache: Crual Cantilever
Mode de chargement do DMA: Mui-Fraguency-Stmin
Fréquence (Hz)- 1
Arpirada (um): 20
Tam de chanfe (FC/min): 5
Gar de purge: air
La méthode tangente a5t utilisée pour deternuner 1a temperatirs de tansition vitreuss |
Diate de I'eszai: ke 21 &t 12 juin 2022
BESULTATS: Feaultars mdmaduel: Aoy E-T. Vi

0l
24
[LE]
0L
1158
6.6

47

Drépar par. _ Apgromépr i
2;3 E ’E:T“ / ll_iﬂr‘.}l”l-r-'_ Cega
Tech Cynthie Dega, M Ing
Techriienipe) Directenr mpovation-Composites Date: 15 fevrier 2023
**Poger sute tyformation comcemant ce rapport, vesdlley comtacier Cymiide Depa =+

Lev rapports mont idmifin par o code alphememériges, b et préctdar *4&° il rifimmor m mmem dr fvison, min on orde owEmet s ovendon dectrmige woue du Groupe CTT
i b vemn offickll b mppel. Lidmisialion apperiés of hodc a0 o g 0§62 oleendt o Feclantillon o o s 'sforsstion foome e b cbmi Lo ichmtlion o e o

= mppori wel conmervis pended ume péricds de 30 joen b partir de b deie de bummaem de mppod Lo nleslbis o desl mootiomnés oe ose ppoviest gelesx dchanillons wemis i Fem
2 Ce nppord oo doil pas e roprodsil, sinom e entisr, mon Jmdorition éoiie de (roge CTT. § Lo porie dhecnbdition [S00CE] 19025 e Choepe CTT ent dimponile & we gritge
om Dmm o nppert, bes comn dont bz nosmere oxt nxivi de rymhale 0 e sont o couverts e cotte scerditetion. Pou Fadrees complete de oo, veuilie: somuiter le acuriel

=) @ 3000, avenue Boule, Saim-Hyacinine, QC, Canada, J25 1H3 H SAGGEM?é

Infoy@getty com - T.+1) 877 288-8376 - geftg.com
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Storage Modulus (MPa)

94

Sample: 64225 #1 DMA File: C:..\6391-0015'6391-0015 64225 #1.001
Size: 35.0000 x 11.1200 x 3.1360 mm Operator: G. Ferland
Method: D7028 Run Date: 21-Jun-2022 13:23
Instrument: DMA Q800 V21 3 Build 96
1.0E5 : r 10000
| 76.94°C C
| 69.44°C T
| 0.2+ 1000
— 64.06°C r .
F ®
_‘ | 3
© I g
= + %]
i1}
10000 - ot 1 3
b | c i)
] y © [s]
= F =
1 1 0
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011100
1000 L L L L A L IS AL LA A I 10
-20 0 20 40 60 80 100 120 140 160 180 200

Temperature (°C) Universal V4.5A TA Instruments



Storage Modulus (MPa)

95

Sample: 64225 #1 DMA File: C:..\6391-001S'6391-001S 64225 #1.002
Size: 35.0000 x 11.1000 x 3.2420 mm Operator: G. Ferland
Method: D7028 Run Date: 22-Jun-2022 08:34
Instrument: DMA Q800 V21.3 Build 96
1.0E5 r 10000
1 64.29°C 71.96°C |
J 0.3 4
| 1 1000
_: E—.
F o
© T E
= + W
©
10000 | O 024 2
1 c pe]
] @© <]
-1 s
i »
4 w
E o
] 3
r 100
] A4
1000 —— 1 ‘1 ‘1 "~ 1 ‘"1 ‘1 " v [ * [ T " T [ T T [ T T 10
-20 0 20 40 60 80 100 120 140 160 180 200

Temperature (°C) Universal V4.5A TA Instruments



Page 3 ded

CTT

RAFPORT I'ANAIYSES

No. d'accréditation da CCN: 403
Mime Fustine Decaens Diate: 26 févier 2023
Centre des technologies Textiles-PART-4 (CTT-084) Bapport:  6301-0015-5A-F
IDENTIFICATION: Plaque da fibre de carbone recyclés: Sample #1, 500°C, 2,5k

Reéeption: 2 aodt 2022

MNOBME:
ESSAT *(Flazs Transition Tenperanre (DMA Tg) of Polymer Mamrix ASTM DT028-07(2015)

Compasites by Dymamic Mechanical Analysss®
CONDITIONS DESSAT | Apperalunliss TA Insrmens QR

Procédure de calibration tilisée- électromicue, force, dymamsque. attache (masse, décalaze. confonmité), terpérture;

Geomete des spécimens dessai recrangulaire

Tipe dattache: Dual Cantilever

Wods de charzement dn DMA: Mirkti-Frequency-Stmin

Fraxquence (Hz): 1

Diéformatian (%): 0.1

T e chanfe (FCmin): 5

(Gaz de parge: air

La methode tangente est utilisés pour daterminer la temperanrs da tRosition vilreusa ;

Diate dz l'essai; be § septenthre 2022

RESULTATS: Faanliar: mdividuel Moy E-T. CVh
Lomzueur enire ez appuss (o), 350
Largew du spécimen (mem: 12877 ST aes T om0
Eipaissmw iy ppvimen (oo T [T Lase T 46T a0l 0
Poids de Techamdllon avand DMA TE Y [ LERE 77T e 0004 02
Doids 4 Tachandlon apres DMA T2 g 13 L3RG 77T e 0004 02
Perds depoids apres DMATE (9 i8g GIEFTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 0 kes T 0ol 02
10 18
0.2 1.2
Prépané par < Approuve par: s i .
iy l':f ] i l,_lJ:lr‘,H. '3 I:x,,__,.e.}_.
Cgﬁl?;fhnd.m Cynthie Dega. M Ing
Techmiden(ne) Directeur mnovaton-Composites Date: 2 fewrier 20235

**Powr soute Dyformafion comcernani ce rapposT, veudles contacter Cmohie Depa ™
Len rupports momt idengfies par 0 code alphenemérigee, b lette précédant *-5° il nffwnce m st dp nfvison, fmis o ordee ovomnt  [a verson dectrosige teque du Creoupe CTT
wd b vermm officielle du pport. [idmisfiotion apporiée o hote o o0 gui @ 6 oleerd me Péchniillen o oo Visforsstion fommie e ke ckml Lo iclentlioss o lie oec
o mppert mel cnaavie podemt we piieds de W oo & pariir & b dek ke bumraan de mpped. Lo shaliis o dud momtionds oo mppeissl gl echanidllon wama 4 Fes
@i Cre mpport =e doit pas fere neprodeit, sinoe e estisy, men msormation gordite de (rogpe CTT. § La poride d'scoradission [S00CF] 10035 do Chouge CTT emt disponitle 4 www getige
o Durm e mppert, lex cams dlort Ie nomers e v de rymhals © e son po scuvsts pur cotte acerdiltion. Fros Fadrome complets de climt, voullier comiter le scuriel

e @ 3000, avenus Boule, Sant-Hyacinihe, QC, Canada, 125 1HI H SAGEOS

Infogetty com - T.5(+1) 877 288-6378 - gettg.com EORESTT




Storage Modulus (MPa)

Sample: 66383 Sample #1 DMA File: C:...\gr 07\6391-001S 66383.002

Size: 35.0000 x 12.9700 x 1.4750 mm Operator: G. Ferland

Method: D7028 Run Date: 08-Sep-2022 07:52
Instrument: DMA Q800 V21.3 Build 96

1.0ES 4000
] 59.00°C

0.2+

Tan Delta

3
3
Loss Modulus (MPa)

0.1

L R I L R L T T T T LA I L L R S L B
40 -20 0 20 40 60 80 100 120 140 160
Tempe rature {GC) Universal V4.5A TA Instruments



Storage Modulus (MPa)

98

File: C:...\gr 07\6391-0015 66383.003

Sample: 66383 Sample #1 DMA
Size: 35.0000 x 12.9800 x 1.4590 mm Operator: G. Ferland
Method: D7028 Run Date: 08-Sep-2022 09:39
Instrument: DMA Q800 V21.3 Build 96
1.0E5 5000
] 67.68°C F
R 4000
T | 03 £
I
- 3000 na.!
s 1 =
© S
10000 ~ O p2+ =
B c o
] ] N [s]
] = =
i 2000 &
fa]
] L ]
] 01—
- 1000
1000 L D N 1 1 U T — T T T T T T T T T T
-40 -20 0 20 40 60 80 100 120 140 160

Temperature (°C)

Universal V4_5A TA Instruments



APPENDIX G TENSILE PROPERTIES TEST RESULTS

H c I I o
RAFPORT D'ANALYSES
Ne. d'accreditation da CCN: 403
Mme Justine Decasns Date: 26 fvrier 2003
Centre des technologies Textiles-PART-4 (CTT-084) Bapport:  6391-0015-14-f
IDENTIFICATION: Plaque da fibre de carbone recyclée (300°C, 2.5 hours): #1
Reéception: 31 mai 2022
NOBRME:
ESSAT “Tensile Propertizs of Polymer Mam Compasie Materals” ASTM D303 D3030M-17
CONDITIONS DESSAL Amsphers de condidonnemenr: 23=2°C, 5(=3% HE.:
Apparsil wilizé: Dvnamometre 3 T Constant ' Exension (TCE);
Dimensions des specimens dessai: 1 po % 10 po (coupe 3 lsau);
Michaires utilisées: "Wedge action”™
Disance entre les mdchoines: 6 po;
Apparsil uilisé: Torick Z250 (787200
Extensometre ulize- MakzoXien:
Zooe de deformation wtilisse pour le module et le Cosficient de Peisson: 1000-3000 microstrain -
Vitesse de l'sssal (mm/mem); 0.3
Vitesse de Tessai (pomsn): 0,02
Diate de 'eszai: be & juim 2022
BESULTATS: Remltars mdividusls Aoy, E-T. TVl
Epaizsenr (mm): 30 300 287 1on 0.02 LK
oo
15
13
18
0
oo
18
18
18
213
Préparé par. -~ -:j B o N Approune par: Cundf i
\‘;}5‘ .g - JI \\5,_‘_\/!_.-5 - Lunliie Dega
Pamrick Dubois Cyuhie Degn, MIng
Techricienine) Directenr moovation-Composites Dhate: 24 fevrier 2003

**Powr dpute Mfermadon comcernani ce rappen, venils comfacier Cimihis Depa. ™

Len rapports momt identfin par 0 code alphnemiriqer, b lotw précédan i il néffmnor mi mumém de révisom, Gmis on ords cvimed L werdon dectromige o du e CTT
i b vemm officells d mppet. Lidmidfiation npporits of hoéc o0 o g 5 88 oleedt so Féchanillen mop s 'efomsiion foome e b cbol Lo dchmilios m e oo
o mppert mwl cneavis podst e pieds & W oo b i & b die ok bnmmasnm de appet. Lo sl o dosl momtionds o appeieel qeles schanidlon womis 4 Fem
=i Cr rpport =e doit pan e reprodeit, sinoe o emtier, men |mdoriaation govite de (rospe CTT. § L poride d'sconadistion [S06CF] 17025 du Cheoge CTT emt dspondsle & www geiige

om. Darm e ragepaor, bev eames clort: bs memers et maivd dhe mymbl 0 sont e couverts e oote accrsditation. P Fadress complets de cliont, vesilie: o le couricl

2= @ 3000, avenus Boulié, Sant-Hyacinthe, QC, Canata, J25 1Ha H SAGEOS

Infoufgettg com - T.(+1) 877 2B5-8374 - goftg.com GAURE ETT
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H c Page 4 de d
RAFPORT D'ANATYSES
No. d'accréditation duo CCN: 403
Mme Fustine Decaens Date: 26 février 2023
Centre des technologies Textiles-PART-4 (CTT-084) Rapport  6301-0015-5A-F
IDENTIFICATION: Plaque de fibre de carbone recyclée: Sample #1, 500°C, 2,5
Reception: 2 aoit 2022
MOBME:
ESSAT- *Tensile Properties of Polvmer Mamix Composite Materials” ASTM D3030/D3030M-17
COMNDITIONS D'ESSAL:  Amosphers de condidomnemenr: 23=3°C, 50=32: HE..
Apparsi] utilise: Dynamomeire 3 Tars Constant dFxension (TCE);
Dimensions des spécimens dessai: 1 po % 10 po (coupe a leau);
Michaires urilisées: "Wedge action”;
Distance enirs les machoirss: § po:
Apparsi] wilisé: TWICK 2250 (£787200)
Extensometrs utilise: MakroXrens
Zone de déformartion urilisée pour le module ef le Coefficient de Podsson: 1000-3000 microstmin ;
Vitessa de Tessai (po/men): 0.02
Date de I'esza: le & aout 2022
BESULTATS: Bemultats mdmadnels Aioy. E-T. CVt
Epﬂﬂe‘nrl:‘po:c 00555 0.0563 00347 00339 00367 00554 0.0011 11
0.00 0l
158 18
4 34
01 48
384 a7
034 a7
10 176

Prépané par - -:j P Approwspar )
e N Dol e
Technicien(oe) ! oo Comnas

Date: 2§ fewmier 2023

**Powr loule Dyfprmafion comcernand of ragport, vendles confactier Cymohie Depa. ™

Len rappors s idmifis por o ocode alpheemiviges, b loie préstdn *5° Gil nifimmce s mmSm de fvison, mis o ords cusmnt La venion Secinmige mwgue du Orepe CTT
et b vermion officielle du rapport Lidentification mpporiée oot hote = o0 gui @ &€ cleened mer Téchantillon requ ctfon D'informstion foemic per e cBent Les échentiioss e lis ovee
o mppert wel cmasvia padel e piieds e W poe b putc & b die e bvmommmn de mpped. Lo niedii ci dudl motiomés wow mppeieel gelss schanillons womis i Fes
i Co mppodl oo doil pua B reprsdell, sinoe o eshier, men Vssiormstion aie de (hogpe ©TT. § e poriée discoddision [3060F] 17025 &u Chroupe CTT ewt disponile & www gritgo

om. Dwrm o2 rapport, lex exmes don be memérs e naivi de rymbale © g sonf pe courets e cote asemditeion Pros Padieme complets s <limt, vesile sormuier le couricl

v @ 3000, avenue Boube, SAni-Hyacinthe, G, Canada, J25 1H3
Infoq@getig.com - T.j+1) 77 288-8375 - geffg.com

t{SAGEOS

GEHIFECTT
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APPENDIX H TENSILE PROPERTIES OF BURNED PLATES TEST
RESULTS

H Pase S dad
RAFPORT D'ANALYSES
No. d'accreditation du CCN: 40f
Mme Tustine Decasns Date: 26 fvrier 2023
Centre des technologies Textiles PART-4 (CTT-084) Ropport  6301-0015-2A-F
IDENTIFICATION: Plaque da fibre de carbone recyclée (300°C, 2.5 hours): #2
Reception: 31 mai 2022
NOBME:
ESZAT- *Tensile Propertizs of Polymer Mamm Compasste Matenals” ASTM D3030/D3030M-17
CONDITIONS DESSAT.  Amwsphers de condidonnemenr: 23=2°C, 50=3%: HE_:
Apparsil wiilisé: Dynamometre 3 T Comstant 4 Exeension (TCE);
Dimensions des specimens d'sssai: 1 po % 10 po (coupe A e
Miachoires utilisées: "Wedge action™;
Distance entre Les mdchoires: 6 po;
Appars] urlisé: Twick ZI50 (2787200
Extensomeéte urliss: MakmoXiens
Zone de déformarion urilisée pour le module et le Coefficient de Poisson: 1000-3000 microstmin |
Vitesse de T'sssal (mm/'men); 0.3
Vitesse de Tessai (pomn): 0.02
Diate de U'eszai ke § jum 2022
FESULTATS: Rexultats individusls Adoy. E-T. CVe
Epaizzeur (pm): e 315 318 114 0.05 14
oo
£4
53
57
£8
£
15
15
15
Ternps a b nupeare (mine 13 47 38 6.6 0.7 10.6
Mode demuprure: T L ik 5= g™
Préparé par. P ﬂ‘} P Approwvépar W -
\)ET -g . .‘| '\1 _>_,'! ~ Luyniie Dega.
Pamyck B Cyuthiz Dega, M Ing.
Techmicien(pe) Directenr mnovation-Composites Date: 24 février 2023

**Poger soute formanion comcernant o rappory, veudlles contacter Cymhis Dega **
Les rapports mont idmifis par @ code alpememiviqes, b lotim précédant 5 il rifmmoe s mestm do révisos, fmin e onds gvessl  [a veneos dlechmsigee topus du Geeape CTT
i B vermon officiells du reppori. [iderificalion nepporise o hode s o qui o8 88 cbeend mer Téchaniillon repu dldos lisformation foemie per o chend. Len échaniiions en lim e
== mpport mwl consrvis pondesd ume piicde de W pue & partic & deie de bwmomaeon de mppe. Lo réscliis cihasl mentiomnis meoar mppovient quies échanillons womi @ Fem
s Ce nppord oo doil pua e ropodsil, stinoe @ ocslier, s Tedorastion aoic de (oge COTT. § La poride dscorddietion [S060CF] 170005 du Choupe OTT ent Saponidle & www grilge
o Drarm o port, low camea o ke mamies s msivi ds symhls B o sond e covverts e cofte socssditation. Presr Fadroms compbsta e cliot, vosiler comiter |o sourisl

o {5 3000, avenus Boule, Saint-Hyacinthe, OC, Canada, J23 1H3 H SAGEOS

INfoE-gest. com - T.:(+1) 877 285-8375 - gettg.com CERUFEETT
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H c I I o
RAFPORT D'ANATIYSES
No. d'accréditation du CCN: 40
IMme Fustine Decaens Date: 27 février 2023
Centre des technologies Texfiles PART-4 (CTT-084) Repport 630100152045
IDENTIFICATION: Recycled carbon fiber plaque, 4 plys: 500 C, 2 5h
Eéception: 13 décembrs 2022
MNORME:
ESSAT *Tensile Proparties of Polvmer Matrs Composite Materials™ ASTM D330 D3030M-17
COMNDITIONS DESSAT Ammosphérs de condidonnement: 23=2%C, 50=5CHE.:
Appare] utlise: Dynamomsétre 3 Tawe Constant 4 Exnension (TCE);
Dimensions des specimens d'sssaic 1 po % 10 po (coupe e,
Michoires utilisées "Wedze action™;
Distance enire les machodres: 6 po;
Appars] urlise: ZWICK T350 (£757109)
Extensomeétre urilise- MakraXtens
Zooe de déformation urilisée pour le Module ef le Coefficient de Polsson (micrestrain): 2500-5000
Witesse de T'essai (mmemen): 0.3
Diate da I'eszai; le 12 decemire 2022
E-T. CVh
0.01 08
0.0 0o
50 02
10 02
3 s
0.5 0s
01 55
591 10
T8 e
0.08 e
01 19
Préparé par. - -:_:l P Approwépar - —.
\’%& ¢ \\‘-llhjbﬂ'-m /)f)-ﬁ;‘\- L .1'?_'\5',-#
Pamick Syivie Dalpé. Tech.
Techmicienne) Direcmice de labomtoies Date: 27 fewmier 2023

** Powr doule Difprmadon cemeernani ce rapport, vendlles comiacier Syhie Dalpe. ™

Len rapports st dmifitn pur o oode alplememiciges, b loin precedi 5 Gl réfimeor i mamere de révisow, Gmin e ords ovemel Le o Socimsige weus du Geeps OTT
ed W vermen officicll du rapporl Lidenisficilion mpporits ol hode oo oo qui 8 i olservi s Dechantillon rogu o e l'isfomsation fozmic pe & chenl Les échentiloss en lim o
== mpport el conmrvis pendest ume pevisds de M joers & partir de ln deie de bwmmasen de mppod Lo téeslists cidudl mentiomés me s opporisl gl scharglloms wemis i Fem
@i Ce mepport ne doit pas fve repeodeit, sinos e oestier, e Pesormation ecite de (rospe COTT. § L porde discontdiseion [SOOCE] 13035 du Chrouper CTT emt disponitle @ woss getige

cm Durm o mpport, len exmes dons b memers e miv e rymbole 0 ne soni poscuverts pue oote scesditetion. Fro Tadreoe complese de climt, veriler somuite le couriel

[N .@ 3000, avenue Boule, Saint-Hyacinthe, GC, Canada, J23 1HI
Infs@gesig com - T.j+1) 77 285-5378 - geftg.com

t1SAGEOS

GROUFECTT
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APPENDIX T COMPRESSIVE PROPERTIES TEST RESULTS

H c o
BAFPORT IMANALYSES
No. d'sccréditation du CCN: 403
Mme Justine Decaens Date: 26 fvrier 2003
Centre des technologies Testiles PART-4 (CTT-084) Bopport 6301-0015-6AF
IDENTIFICATION: Plaque da fibre de carbone recycles: Sample #2, 500°C, 250
Réception: 2 acdt 2022
MNOBME:
ESSAT- *Comprassive Properties of Podymer. Materials Using a Combined ASTM DG4 1 DG641M-162
Loading Compression Test Fire"
COMDITIONS D'ESSAL Ammosphers de condigonnemnent: 2320/ 30=5%HE.
Apparei] uiliss: Dvnamometre 3t constant d'estension (TCE)
Diispeositif de test uritise- Tel que decrit dans la methode Jessai;
Farce de semage des bowlons: 3W.me
Grandaur des spécimens: 12 x5 12 po;
Longuer deszai: 12 poc
Jauzes de deformation whilisess: C44-06-1235L-350-380
Facewr de Ia jange: 2.09
Zone de déformation urilisée pour calouler e module: 1000-3000 microsmain 2000-2000
Vitesse de l'essai (mm/'mem): 1
Diate de I'sszai; o 13 sepeambre 2022
FESULTATS: Resultats indrvduels Aoy, E-T. CViy
Idensification du spécimen: 2 = 210 #12 =13
Epasssewr (o) 14 13 TS 5 141 001 08
0.0 04
304 43
L4 41
20 49
Fésistance 2 la compression (ksi): 621 53 500 587 28 418
Modfle s comprassion (MBay SEIO0TUEEGETTEESH0 T UEITON UMM T s44m0 2558 47
Module & compressien (ks 8010 7EWM LT T 370 47
01 53
Préparé par: I ﬁ_‘j Y Approwpar A )
\)ér " '\‘th_.'! ~ Cundiie E}nqu.
Pamck ) Cymthie Dega, M Ing.
Techmicienips) Directewr imnovation-Composites Dae; 3§ fewrier 2023

**Powr ioure mformation comcernant o rapport, veudles comfacier Cymohie Depa ™
Lex rapports mosl idenifids par o cods alphememiiges, b lotim précédant *5° fil réffrmcs i mumém do cévison, fmis en ords coemnl La eos Sechosigae togee du Oreupe OTT
=d b vermen officiclls du rapporl. Liderisfiolion mpporiss ool hode so o qei & 8 obserd me Déchantillon rogu elos Picforsation foomis pe kb chenl Lo échentilons o lism avec
== nppert wel conmrvis pendmt ume pivieds de 30 jomn k& partir de lnodale de Ewemimsn de mppod Lo réeslists cidusl mentiomés we s mapponient qelne dchantllons wemin i Fem
s Co mppot me doit pas B rpdst, sinon e onlis, mow lesorastin fote de Grome CTT. § La porie discordission [SO0CE] 17005 o Choepe CTT ent dispenisle & wnw griige
orn. D 2 mppeord, les eams dont |2 nemére. e arivi de rymhals ©ne sond o scuvsts e oot aseediteion. Foor Padreos complets de <limd, vouilier comiter le scuriel

=) @ 3000, avenus Boube, Salm-Hyacinthe, G, Canada, J25 1HI H mEos

Infoi@goit.com - T.j(+1) 877 288-8378 - geftg.com EOFECTT




H c I I o
BAFPORT D'ANALYSES
No. d'accreditation do CCN: 40
Mme Tustine Decaens Date: 27 fevrier 2023
Centre des technologies Textiles-PART-4 (CTT-084) Bapport:  6301-0015-21A-F
IDENTIFICATION: Fecycled carbon fiber plaque, 8 plys: 500 C, 2.5h
Reception: 13 decenstye 2022
HOBME:
ESSAL *Congpressive Propertss of Polymer. Materials Using a Combined ASTM DS 1D M-1622
Loading Compression Test Faare"
CONDITIONS DESSALT  Amosphere da condidomnement: 23=2°C/ 5(=5% HEL
Apparei] uilizé: Cvnamometre 3tk canstant dextension (TCE),
Diispositif de test utilisé Tel que décrt dans 1a methode Jessai;
Farre de semaze des bowlons: 3 m:
Grandaur des spécimens: 12 % 5 12 po;
Lonmam deszai 12 poc
Tmuzes de deformation wilisess: C4A-06-12351-350-382
Facteur de 1a jauge: 2.09
Zone de diformation urilisée pour calouler e module: 1000-3000 microstrain 2000-2000
Witesse de I'sssal {mm'mem); 1.3
Witesse de T'sssal (po/min):
Diate de 'assai k= 23 janvier 2023
Vg
15
15
[E]
0z
73
73
[ 1]
[}
o5
85
85
Préparé par: - -:j P Approwépr - —
AT W i Gt DG
Pamick 5 Syivie Dalpé. Tech.
Techmicien(ps) Diecmice de labortoimes Date: 27 fevmier 2003

**Pows soute iformadon concernani or rapper, veuilks comsacier Syhie Dalpe =

Len rapports st idmifils par i code alphememériqer, b lote précsdn & il riSimeee m mmem de pévison, Gmis on orde ovemet La eenion Sectrovige reque du Orowpe CTT
wd b vomm officiclle du mpport. Lideniiction mpporite ool hode = oo qui o &6 obeervd mo Péchanillon ey dfon lisformstion foome per kb chenl Lo échantilioss e lim ovec
o mppert mwl cmaevis podemi we piieds de W jom & paiic de b diis ke vmrmem de mpped. Lo el ol desl motionnds o s mppeiesl qelss schantllons wamia i P
xi Cr mppod oo doil pas B ngEodsil, sine o olier, weo Tedormatios dotie de (oge CTT. § La poride d'sconddisgion [SO0CF] 12025 du Choupe CTT col dispondle & wwe goligc

orm. Do os ragrpeort, len cavacn ot |s masmtrs et maivi s symbuls © e sol o courerts pu ootie scereditation. P Padross compléts de sliot, veuiler sormitar | cowriel

=) .@ 3000, avanue Bouké, Saint-Hyacinthe, ©C, Canada, J23 1HI H SAGEOS

Info@getig com - T.j{+1) 377 2688378 - gettg.com EOREETT
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H{CTT h

RAFPORT D'ANATIYSES
Ne. d'accréditation do CON: 403

Mme Justine Decaens Date: 27 février 2023
Centre des technologies Textiles-PART-4 (CTT-084) Rapport 639100152145

Approwse par. Bl R
e ‘;_‘I\Q‘J’l-
alps Tech
Direomice de labortoines
~*Poser doute nflermasion comcernant ce ragport, vewillss comiacier Spfvic Dalpe. ™
Len rapport momt idemEfits par tn code alplenomivigee, b et précédint -5 @il neftemce sy memto de pevisom, fmin o onde ovomn. La wesoe dectrosiqee reoue du Cregpe CTT
e b vomm officklk & mppet. Lidmidialion mappociés ol hotc a0 o qui 0 6 oleerd oo Pechanilln m s Visfimsstion foome e b cbol Lo ichmillos o e o

o mppert mel cmacvis podei we piieds de W oo & paiic de b diis e swnmsm de mppel. Lo nelbin ol hesl mtionds we o mppeiesl qeles schantdlons womia i Feo
=i Co mpped oo doil pua B ompeds, dne @ oostie, s Fedoebor asic de Goge CTT.

Dae: 17 fivrier 2023

1 Lo poride dscrddisen BOCE] 10835 & Oroage CTT ool dispondde 8 weor grilgc
o Tharm s o, bos caca dont be nmérs. e mivi de symbals © ne sl o ccuvers pue cotte sccdilation. P Fadroms complets de <liml, veulie: somuitor lo couricl

3000, awanue Boulke, Saint-Hyacinthe, QC, Canada, J25 1H3

Infogigesiy com - T.{+1) 877 265-8376 - geftgcom n m?c%




APPENDIX J FLEXURAL PROPERTIES TEST RESULTS

H PoseSded
RAFPORT D'ANALYSES
No. d'sccréditation du COCN: 40
Mme Tustine Decaens Date: 26 fevrier 2023
Centre des technologies Textiles-PART-4 (CTT-084) Bapport: 63910015 14-f
IDENTIFICATION: Plaque de fibre de carbone recyclée (500°C, 2.5 hours): #1
Réception: 31 mai 2022
MOBME:
ESSAT: " Properties of Unreinforced Plastics and Elecmical Insulating ASTMD700-17
Marerials”
CONDITIONS DESSAT. Apparasl wilise: Cynamoemetre avec um Taws Constant dExiension (TCE):
Diaflexion mesures en uiilisant 1a position de la maverse (Test Type I)c
Atmosphérs de condifionnement: 40ha 23 = 2°C, 3= 10%HE
Procadure wilisés: 4
Hombre de spécimen: Jessai testés "Flarwise” par prodigt 5
Rappor de distance entre les appuis vs épaisseur: 16:1
Witesse d'essad (mmomun: 1.31
Diate d l'essai: ke 30 juin 2022
[Hi
11
01
a7
a7
26
248
33
Module delasticite (MPa) 37008 40369 33125 417 34135 3T 3745 100
Modde delastice (sl 33676 SESS T NEDAM UTR0ME T S4N65  s480 101
Module sécant 3 19 de dfformarien. P2y~ 4R34 400450 TAUEIE0CaeRMN TS 480144 11558 24
Préparé par. - -::l B o Approue par: Conf _
\}%__ - . \\‘L h>-)|! - Luniiie [ ':r‘u.f-)_.
Farick . Cymthia Dega. MIng
Techmicien(ns) Directenr mnovation-Composites Date: 2§ fovrier 2023

** Powr doule dyformason comcernand ce rappert, veuile; contacier Cynikie Dega **

Len rapports st identifits par i code alphenomiriqoe, b lotte pécéfant "& fil nifémmce i numérn de eévison, tmis en onde ovimnt La wenios slectosige mgue du Oreupe CTT
e b version officiells i rappet Lidentfiation neportée of hode mr oo g s 8 obsen s Pechansllon rop o s Disfomation foemie pe kb chet Len dchentioss ol wvee
2 nmppert wml conurvs pendmt ume pévicde de M0 jomr & partir do b dais de bwmmeon de rppot Lo sl cihesl mentionés s s rpporiest qeles dcbanillos wemn i Tes
ai Ce rgpoct me doit pa B reprodsit, sines m el men l'esoriaation e de Grospe CTT. § La poride dlscridison [S00CE] 10005 &y Croupe CTT ext digenitle & woww gelige

om. D oe meport, les cames dont b memers e maivi de symbale © ne sont peo courerts e oot scemditeion. P Fadnome comphess d <lio, vosile commuite Ie couriel

2= @ 3000, avanus Boule, Saint-Hyacinthe, QC, Canada, J25 1HI
Infoigetigucom - T.:(+1) 377 265-8375 - gethg.com

t4SAGEOS
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H c I I o
BAFPORT DMANALYSES
No. d'accréditation du CCN: 403
Mme Fustine Decaens Date: 26 fevrier 2023
Centre des technologies Textiles-PART-4 (CTT-084) Bapport:  6391-0015-24-F
IDENTIFICATION: Plaque de fibre de carbone recyclée (500°C, 25 hours): #2
Feception: 31 mai 2022
HOBME:
ESRAT: "Flexural Properties of Unreinforced Plastics and Elecmical Insulating ASTMD780-17
Materials”
CONDITIONS D'ESSAL: Appars] uilise: Dynamomeire avec 1m Tars Constant dExzension (TCE):
Dieflexion mesures an uiilisant 1a position de la maverse (Test Type I
Atmosphére de condifionnement: 40ha 23= 37T, 0= 10% HE. :
Procedure wilisée: A
Nombre de spécimen: dessai teses "Flarwize” par produit 3
Rapport de distance entre les appuis vs épaisseur: 16-1
Vitesse d'essal (mmmmn): 135
Date da l'aszal: ke 30 juin 2002
E-T. CVh
001 03
001 [N}
54 4.0
7.9 4.0
306 47
4438 47
0.1 63
3675 22
5330 a1
45835.0 453880 . 5020 13
Préparé par. - -:j Py Approwwé par. Condf .
'\)%_ -g . ."| \\‘L 1_})'! - Ll I ‘,u;;,u.a_.
Famick . Cynthie Dega, MIng.
Techmicienipe) Directenr movation-Composites Date: 2§ fevrier 2023

**Poger sute tyformation comcemant ce rapport, vesdlley comtacier Cymiide Depa =+

Lev rapports mont idmifin par o code alphememériges, b et préctdar *4&° il rifimmor m mmem dr fvison, min on orde owEmet s ovendon dectrmige woue du Groupe CTT
wd b vomm officells & apport. VideniSiation apporiée ol hode sr o gui = & oleed me Péchantillon o o fon 'isfomsetion foomie per kb cbenl. Lea dchaniiions o lim ovec
= mppori wel conmervis pended ume péricds de 30 joen b partir de b deie de bummaem de mppod Lo nleslbis o desl mootiomnés oe ose ppoviest gelesx dchanillons wemis i Fem
2 Ce nppord oo doil pas e roprodsil, sinom e entisr, mon Jmdorition éoiie de (roge CTT. § Lo porie dhecnbdition [S00CE] 19025 e Choepe CTT ent dimponile & we gritge

om. Durm o mpport, ben e dore bs nemers ex nxivi de rymbale 0 ne son! o coverts [ur cette scemditetion. P Fadrome complese e cliot, vesilie: comiter | couriel

s @ 3000, avenus Bouke, Samt-Hyacinthe, GC, Canada, J25 1HI
Infoygottn com - T.o(+1) 877 265-8375 - gottg.com

81SAGEOS

GROUPECTT
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APPENDIX K

Mme Justime Decasns

Centre des technologies Textiles-PART-4 (CTT-084)

tICTT

RAPPORT D'ANATYSES
No. d'acereditation du CCN: 402

Date:

SHEAR TEST RESULTS

Page [ ded

20 mars 2023
6391-0015_27 FR

IDENTIFICATION: Tazzu recyele - pyrolyse convenfionnelle: 500deszC, 2.5h
Peéception: & févmier 2023

HOFME:

ESSAT "Shear Properties of Compostte Materials by the V-Notched Beam

Method"
CONDITIONS DESSATL Amosphére de conditionnement: 73=2°C, 50=5% HL.R;

ASTMDS370/D53T8M-1%a1x

Appareil utilisé: Dynamométrs & Taux Constant dExtension (TCE);
Miéchoires utilisées: Appareil de cisaillement de rail 4 entailles en V' (comme indiqué dans la methede d'essai);

Dimensions des spécimens dessai: 3.0 po x 0.75 po avec un entaills de 0.15 po;

Appareil urilisé: Zwick Z250 (§7872000 + fixmre D3379
Jaugs de déformation wilisée: C4A-06-1255L-350-39P

Factawr de la jauge: 2,08
Zone de déformasion ntlisée pour le module et le Coefficient de Poisson: 1000-3000 usn 1500-2500

TWitesse de l'eszai (mmming: 0.8
Diate de l'eseai: le 2 mars 2023

FESULTATS: Rsuitat: individuels Moy, E-T CVHR
Epaisseur (mum): 373 L3l hL.E37 375 366 374 006 L1
Epaisseur (pol: 0147 0150 0148 0143 0144 0147 0002 13
Largeur () 1od e B3, e e e 01 1o
Largewr (po): 0470 04465 0476 0.449 0.470 0470 0004 0.5
Force 3 la rapaure (M) 2680 2970 2450 24460 2340 2880 250 2.7
Force 4 ls rupiure (Thi): 602 a8 351 553 516 280 56 97
Fésistance au cisaillement (MPa): 487 40.7 Hid 454 45.6 450 29 6.4
Resistance an cisaillement (ksi): 7.06 5.00 6.47 .61 661 6.83 0.42 6.4
Deéformation = cisaillement (%a): =50 =50 =5.0 =5.0 =5.0
Module d'alasticite "chord” (MPs): 1140 3060 2780 2570 2350 2880 360 139
Module d'alasticise "chord” (ksi): 310 444 403 373 341 174 52 140
Mode de maprme: MGH MGH MG MG MGH
Prépazs par. Approuve par.

Patrick Dubods,

Technicien(ne) Date: 20 mars 2023

Lo mppars: sont idansifiss par un code alpbamedcique . b lette précédant ™-£° f référance an mmsiro & révision, s an ondre croissamt. Lo vemsion dlectroniqne mque du Groups CTT
st 12 vamion oficille dn mppost. Lidessifieation rapportes: sst baséa o co gl 2 606 obeang sur 1 ackomslion mea gt/ou 'infreasion Soomio par ke clione. Los ochantillon: oo bon mvoc
R TAPIT SOt Comsanes peadant e pariods do 30 joun a partr & [ dam de tanemistion e rappert. Les resulnn oi-haut peationmds NG 6 TApparteat g sckamlions soes 2 less
ai Compport ne doit pas Sre morodiit, wnon «x eotiar, sans Maworisation acos do Growpe CTT. T La ports daccredation T80/CET 17025 du Groupe CTT est Esponibic 2w potig.c

om Dam oo mppart, ke s dont le oxendre est mund du ryoobols 0 oo sont pa comnvents. par cetie accidinntion. Pour Tadmsse compléne du client, vetlier consmbier lo commmial.

- 9

3000, avenue Boull, Saint-Hyacinthe, QC, Canada, J25 1H9

infofDgottgcom - T.:(#1) 877 283-8378 - gettgcom

H{SAGEOS
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H h
RAPPORT D'ANAIYSES
No. d'aceréditation du CCN: 403
MMme Tustme Decaens Date: 20 mars 2023
Centre des technologies Textiles-PART-4 (CTT-084) Rapport: 6391-0015_27_FR

Approuve par:

Diate: 20 mars 2023

La rappars: some idareifiss. par un. code alplomessiqus, b Lot procedans ™-&7 @2 refroncs am mmero & revidon, ami: an ondre croissant. La varion sloctroniqne s dn Groupe CTT
wat 12 verion ccielle dn mppot. L idesttSication repportes: est basée s ce gel 2 04 obeard s | ackemtillon mega eb'ou I'infmedon foemie par ke chent. Les echentillors ex ben mvec
<& TPpart ot consarves pendant e parods & 30 jowm & partir de [ date de tmnsssion de mpport. Las risuliat oi-baunt mentionmds 06w rApporieat g ckamtilons soumis 2 e
ai Compportne doif pas dire reprodiit, sinon oo eoar, sans Naworisation e dn Growge CTT. T La poriée daccrediartion TROVCET 1 TI2S du Groupe CTT ast dspondle & wowrpotig.c

om Dam oo cpport, ke ez dont lo oo gat anv du symdbale 0o sone pas comneets. par come acoedittion. ﬂoln'hdm.sncm!imﬂndm1mwnhnncm

& @ 3000, avenue Boulié, Saint-Hyacinthe, QC, Canada, JEa 1H9 l' SAG-EOS

infogatg.com - T.:(+1) 877 288-8378 - gettgcom GROURS ETT
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H Paged ded
RAPPORT D'ANAIYSES
No. d'acereditation du CCN: 402
Mme Justine Decasns Date: 20 mars 2023
Centre de: technologies Textiles-PART-4 (CTT-084) Rapport:  6351-0015_27 FR

Approuve par:

Daie: 20 mars 2023

La rappart: sont idansifids par un code alpbamurscique . b letow pricidant ™ £ @28 réfirance au mumséro da révision. s snondre croissant. La vemsion dlectroniqne moue du Growps CTT
wat la wamion oficills dn mpport. L ideatification rappartée ast basée nr co g 2 ¢4 obsand sur |'ackamtillon mdm ob'ou |'nfreation fvamic par ke chent. Las achantilloms on bean mec
<& TGt S0nf comsanes peadant we périods da 30 joum & partir de [ date de tamsrssion du mappert. Las risulh ci-hat meationsds N % Appartat quam sckamtllons soemis A leas
ai Cs mppost ne doit pas dre reqrodnt, inon sn entiar, sans [ngorisation écote do Growge CTT. T La portis dacoradition IS0VCET 1TIRT du Groupe CTT st Sspondbie & wwrw poitgc
om Dam os mapport, les sy dont le mondre sat @i du syzobaole o ne ook pos comerts par cette acoditation. Pour Tadmsse complits do chisnt vestller consuber e commial.

info@gattgeom - T.(+1) 877 2B8-8373 - gettg.com

e & 3000, avenus Bould, SaintHyacinthe, QC. Canada, J25 1HE H SAGEOS
SRSV CTT
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APPENDIX L

HCTT

SHORT BEAM TEST RESULTS

BAFPORT I'ANALYSES
Ne. d'accréditation da CCN: 405

Mme Fustine Decaens Date: 26 fevrier 2003
Centre des technologies Textiles- PART-4 (CTT-084) Rapport  6391-0015-5A-f
IDENTIFICATION: Plaque de fibre de carbone recyclée: Sample #1, 500°C, 2.5k

Réception: 2 aofit 2020
HNORME:
ESSAT: "Short-Beam Smength of Pobvmer Mamix Composite Material: and ASTM D344 16

Their Lamirates"

COMDITIONS D'ESSAT  Atmosphers de confidionnement: 13

Apparsi] utllisé: Dyamometrs 3 tars constant d'extension (TCE),
Diamere da [a téte de chargement § mmc

Diametre des supparts: 3 mm
Normbre de spécimens testés: §
Viresse (povmin): 0.04

Dt d= l'essai: k= 14 septembre 2021

FESULTATS:
Ecart entre les appuis (in 0315

Resltar: individusls Moy, E-T. OV

LT o2 12
TTo0sEm T 00007 12
TTals T ool 02

Gl6s 0001 03
Tasi 3 0
&5 06 0w
MY 05 17

TT4ee T 00z 16

™ vor SR YN

Techricien(ps)

P ’ .
E_iﬂr‘.]ﬁ-fi Dega.
Cymthie Dega. M Ing.
Directeur innovation-Composites Dare: 16 fevrier 2023

**Por oute infrmaton concernant ce ragport, veudlles contacter Cynthic Dega. **

Lev rappuorts most idemifin par 1m code aipbsmemiviee, b letim précédane *f il réfimmce m mamtr de révisom, dmis o orde cvamst La veos deciige sege du Orepe OTT

= b versm

fciclle & rapport. L'idenifiation nppociée onl hode =z oo qui w4 oot me Dichamillen rop o os Visformation foemic e ke chmt Lo échmiiions m lie e

o mpport mml conmrvia pandet wme pirieds de 3 jom k& artr de ln dais de b de appedt. Lo réedists cidwel meotiomés we e mppoiest qelee éckanllons wamis & Tem

s Co gyt s doit pas B reprdsit, sinos o estier, e Vestorantion it de Grogge CTT. § L portée dscridission |
crste saceditation Frasr Ta e client, vessilier aorm

oem. Thurm 22 rgopoe, les exmin dove | naivi de wysshole 0 ' ,

du Crage CTT ext dimponile 4 www gulige

[ @ 3000, avenus Boulé, Saint-Hyacinthe, G, Canada, J25 1H
Infoggetig com - T.(+1) 877 265-8376 - gettg.com
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