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ABSTRACT 

The present study assesses the tribological performance of epoxy composites reinforced with 

chopped carbon fibers (CCFs). The CCFs having a diameter of ~ 7-8 microns and an average 

length ranging from ~ 40 to ~ 100 microns were recycled from carbon fiber waste. In the present 

investigation, epoxy resin was reinforced with CCFs at varying (0.5, 1.0, and 1.5 wt%) to 

fabricate cylindrical-shaped epoxy composite samples according to ASTM G99 standards. 

Since friction and wear is an important parameter that governs the tribological behavior of 

any materials, therefore, the developed epoxy composites were studied under tribometer. It 

was found that the addition of CCFs in epoxy resin significantly reduces the wear rates and 

coefficient of friction of the resulting epoxy composites. The addition of 1.5 wt% of CCFs 

helped lower the coefficient of friction and wear rate by 62% and 29% respectively compared 

to the control specimen without any reinforcement. The worn surfaces were then characterized 

under SEM to understand the wear mechanism. 
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1. Introduction 

The demand for carbon fiber (CF) is increasing rapidly to 
make lightweight structures for various engineering 
applications like aerospace, automobile, maritime 

transportation, civil engineering, porting products, medical 
equipment, prosthetic devices, etc. [1,2]. The CF is made of 
polymer precursors, such as polyacrylonitrile, which are 
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spun into yarn and heated to a high temperature during 
carbonization. By stripping the precursor fibers of their non-
carbon components throughout the carbonization process, 
pure carbon fiber is left behind. Other production techniques, 
including the pitch method and the plasma approach, have 
been developed throughout time [3]. While the plasma 
approach employs a gas plasma to transform a hydrocarbon 
gas into carbon fibers, the pitch method uses a petroleum-
based pitch as the precursor material [4]. The production of 
CF needs a massive energy supply and hence makes it a 
costlier solution for high-end applications.   

CFs fabrics are mostly introduced in polymer 
matrices to fabricate carbon fiber-reinforced polymers for 
the above-said applications. However, during the fabrication 
process, the trimmings of CF fabrics generate nearly ~ 20 to 
30% waste of CF. Similarly, in numerous industries CF 
leftovers are produced which causes serious environmental 
problems [5,6]. In addition, CF is an expensive material so the 
waste and leftovers of CF cause heavy losses to the company 
which they must bear. Therefore, recycling of waste CF is a 
preferable solution, particularly chopped carbon fibers (CCF) 
with significant economic and environmental advantages. 
Accordingly, the author utilized CCF to develop an epoxy 
composite (EC) with enhanced thermo-mechanical 
properties compared to the neat epoxy (NE) without any 
reinforcement [7,8]. Epoxy resin is a type of thermoset resin 
that is widely used in many engineering applications today. 
Its excellent mechanical properties, easy availability, high 
adhesion properties, good corrosion stability, low shrinkage, 
and ease of molding make it ideal for use in coating materials, 
fiber-reinforced composites, sporting goods, and leisure 
equipment [9–14]. Nevertheless, the cured epoxy resin 
creates a strongly cross-linked network that reduces wear 
resistance capabilities and has poor resistance to crack 
propagation [15]. Since the addition of CCF in epoxy resin 
improves its strength and toughness without reducing its 
thermal properties [11,12], therefore it is believed that, if CCF 
is added to epoxy resin it will help to reduce the wear of the 
resulting EC.  

Therefore, in continuation to the author’s earlier 
work, the present investigation is mainly focused on the 
tribological behavior of EC reinforced with CCF for the first 
time.  
 

2. Materials and methods  
 
The waste CF is collected from the leftover unidirectional CF 
fabrics at Composite Lab, UPES Dehradun. The unidirectional 
CF fabric shown in Fig. 1 (a) was supplied by Composites 
Tomorrow, Gujrat to the Composite Lab, UPES Dehradun. The 
single fiber strands were then separated from the fabric as 
shown in Fig. 1 (b) followed by chopping them into ~ 2.5 cm 
strands as shown in Fig. 1 (c). 
 
 

 
Fig. 1(a) Waste carbon fabric, (b) CF strand separated 

from the unidirectional fabric, (c) CCF. 

 
The CCF was then cleaned at the soxhlet apparatus (Fig. 2a) 
with ethanol for 48 h to remove the sizing agent present on 
CF and other impurities. The wet CF is then collected in a 
petri dish followed by vacuum drying at 80 oC for overnight 
as shown in Fig. 2(b). Thereafter, the dried CCF is again 

crushed in an aged mortar (Fig. 2c) to reduce the length of 
the CCF further. 

 
Fig. 2(a) Cleaning of CCF using Soxhlet apparatus, (b) 

drying of CCF using vacuum oven, and (c) crushing of 

CCF using aged mortar. 

 
Finally, to examine the impact of CF on the wear behavior of 
the EC, the CCFs were combined with epoxy resin at wt% of 
0.5, 1.0, and 1.5. About 20 g of Lapox L-12 epoxy resin (Make: 
Atul Ltd, Gujrat) are measured in a plastic beaker to fabricate 
the EC. After that, the epoxy resin was combined with 0.5 
wt% of dried CCF and left overnight. The CCF was evenly 
distributed throughout the epoxy resin using an overhead 
stirrer running at 1500 rpm, as seen in Fig. 3(a). As indicated 
in Fig. 3(b), the mixture was subsequently degassed using a 
vacuum desiccator to release the trapped air. After that, the 
epoxy/CCF mixture was mixed with Lapox K-6 hardener in 
the recommended ratio by the manufacturer followed by 
further degassing for 5 min to remove the remaining 
entrapped air. After that, the completed epoxy mixture is put 
into a silicone mold, as seen in Fig. 3(c), and it is left to cure 
for 24 h at room temperature. A comparable technique was 
employed to create EC with 1.0 and 1.5 wt% of CCF. The neat 
epoxy (NE) sample was similarly prepared without any 
reinforcement. 
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Fig. 3(a) Mixing of CCF with epoxy resin using an 

overhead stirrer, (b) degassing of epoxy resin, and (c) 

pouring of epoxy resin into silicone mold. 

 
The ASTM G99 standard was followed in the fabrication of 
the cured cylindrical epoxy composite sample, which has a 
50 mm length and a 10 mm diameter, as seen in Fig. 4(a). A 
wear test was conducted on a pin-on-disc tribometer under 
dry conditions to evaluate the contribution of CCF to the 
tribological behavior of EC, as illustrated in Fig. 4(b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4(a) The pin specimens made of cured EC, and (b) 

mounting of test pin into pin holder of tribometer. 

To maintain the track diameter at 60 mm during the test, the 
composite pin was fixed in the stationary jaw holder. Keeping 
the load constant at 15 N, the counter disc (hardened ground 
steel EN-31, hardness 60 HRC, surface roughness 1.6 Ra) was 
rotated at 300 RMP for 60 min. Eqn. (1) was used to 
determine the specific rate of the composite samples, and the 
load sensors were used to estimate the coefficient of friction. 
 
                                 𝑊𝑆 =  𝛥𝑚 / 𝜌𝑡𝑉𝑆𝐹𝑁                                  (1) 
 
In this case, t is the test period (s), VS is the sliding velocity 
(m/s), FN is the average normal load (N), and ∆𝑚 is the total 
mass loss during the test (g). 
  
3. Results and Discussion 

 

3.1. Visual and Microscopic Inspection of 

CCF 
 
It was observed that, when CF was chopped at ~ 2.5 cm 
length, the fibers tend to agglomerate during mixing with 
epoxy. The chopped CFs are getting entangled and make a 
lump of spherical shape as shown in Fig. 5(a). However, 
when chopped CF was further crushed into smaller spices, 
these difficulties were overcome. To understand this 
phenomenon, the crushed CCF was examined under FESEM, 
and the micrograph is shown in Fig. 5(b). From the FESEM 
analysis, it is observed that the CF has a diameter of ~ 7.5 
μm and a length varying from ~ 40 μm to ~ 100 μm. 
Therefore, it is concluded that the CCF with a 2.5 cm length 
and higher length/diameter (l/d) ratio of 3333.33 compared 
to that of the grounded CCF which has a lesser l/d ratio. The 
higher l/d ratio for ~ 2.5 cm CCF results in self-
entanglements and hence form spherical lumps. Therefore, it 
is evident that a smaller l/d ratio of CCF is preferable to 
disperse them into viscous resins.  
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 5(a) Lump Formation of ~ 2.5 cm CCF during mixing with epoxy resin and (b) FESEM images of crushed CCF.
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3.2. Friction and wear 

 
In the present investigation, the wear rate and coefficient of 
friction (COF) were measured by carrying out the wear test 
at a pin-on-disc tribometer. The results of wear rate and COF 
of EC samples containing varying wt% of CCF are exhibited 
in Fig. 6(a, b). During the wear test, the presence of CCF at 
the interface of the composite pin and rotating disc helps to 
reduce the wear rate of the resulting EC. The CCFs are acting 
as hard particles at the interface and hence lower the wear 
rate which was reduced by 29% at 1.5 wt% of CCF as 
revealed by Fig. 6(a). On the other hand, the graphitic nature 
of CCF acts as a lubricating surface and helps to lower the 
COF of the resulting EC. At 0.5 wt% of CCF, no significant 
change was observed in COF, however, at higher wt% the 
COF started decreasing as clearly observed in Fig. 6(b). A 
maximum reduction of 62% in COF was observed for 1.5 wt% 
of CCF owing to the large interaction of CCF at the interface 
of the pin and rotating disk. 

 
The worn surface was analyzed using a FESEM to 
comprehend the wear mechanism; the resulting micrographs 
are shown in Fig. 7. The wear rate and friction coefficient of 
the EC are significantly influenced by the sliding velocity and 
applied load, and it has been shown that NE wears more than 
EC [16–18]. The brittleness of the cured epoxy resin is 
observed to have caused fractures on the friction surface of 
the NE sample. A brittle fracture [12] that resulted from high 
pressure and shear stress at the disc's fast sliding speed is 
indicated by the existence of a distinct imprint in Fig. 7(a), 
which is indicated by the white arrowhead. However, as 
demonstrated in Fig. 7(b), the presence of brittle fracture 
decreased following the addition of 1.5 wt% of CFF in epoxy. 
Furthermore, it was noted that the worn debris had gathered 
and compacted around the CCF. Over time, the accumulated 
debris serves to lower the COF and wear rate by forming a 
thin coating that acts like a lubrication layer.

 
 
 
 

 

 

 

 

 

 

 

 

 
Fig. 6(a) Wear rate and (b) COF of the EC containing different wt% of CCF at a constant load of 15 N.

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Worn surfaces of (a) NE sample and (b) epoxy composite filled with 1.5 wt% of CCF. 
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4. Conclusions 
 
The involvement of CCF in the tribological characteristics of 
EC is the primary focus of the current investigation. When 
the EC samples were dry, the wear and COF were measured 
using a pin-on-disc tribometer. The calculated values of the 
COF of NE and wear rate are around 0.00012 mm3/Nm and 
~ 0.32, respectively. While 0.5 wt% of CCF added to epoxy 
resin does not significantly lower the friction coefficient, it 
does aid to minimize the wear rate. The wear rate and 
friction coefficient are dramatically reduced by 29% and 
62%, respectively, with the addition of 1.5 wt% of CCF. The 
NE was undergoing brittle fracture to impart shear force 
during the test in the absence of CCF. However, the presence 
of CCF helps to lower the wear rate by minimizing the brittle 
fracture. In addition, the accumulation of debris around the 
CCF also helps to reduce the wear rate and COF. Thus, it is 
concluded that recycling waste CF to CCF will open a new 
pathway to reinforce epoxy and other polymers for 
developing polymer composites for tribological applications. 
 
Acknowledgements 
 
The Central Instrumentation Centre (CIC) at UPES and the 
SEED funding program (UPES/R&D-SOE/07032022/08, 
dated 12/05/2022) provided generous support for the 
research for this paper. The Department of Science and 
Technology, India, under the CRG (Grant No. 
CRG/2023/007045) program, is also acknowledged and 
appreciated by the authors. 

 

Disclosure statement 

 
The authors declare no relevant financial or non-financial 
interests. 

 

Data availability 

 
Raw data of the research article is available with the authors 
and will be provided as per a request from the journal. 
 
Ethical approval 
 
Not applicable. 
 
References 

 
[1] N.I. Khan, S. Halder, S. Das, J. Wang, Exfoliation level 

of aggregated graphitic nanoplatelets by oxidation 

followed by silanization on controlling mechanical 

and nanomechanical performance of hybrid CFRP 

composites, Compos Part B 173 (2019) 106855–

106867.  

[2] N.I. Khan, S. Halder, S. Das, M.S. Goyat, Graphitic 
nanoparticles functionalized with epoxy moiety for 
enhancing the mechanical performance of hybrid 
carbon fiber reinforced polymer laminated 
composites, Polym Compos 42 (2020) 1–15.  

[3] L. Yang, Y. Chen, Z. Xu, H. Xia, T. Natuski, Y. Xi, et al., 
Effect of surface modification of carbon fiber based 
on magnetron sputtering technology on tensile 
properties, Carbon 204 (2023) 377–386.  

[4] H. Sun, G. Guo, S.A. Memon,W. Xu, Q. Zhang, Zhu J-H, 
et al., Recycling of carbon fibers from carbon fiber 
reinforced polymer using electrochemical method, 
Compos Part A 78 (2015) 10–17. 

[5] S. Zhang, X. Shen, Y. Tian, Y. Fu, M. Li, S. Li, et al., The 
turbulent-flow-assisted electrostatic collection and 
alignment of recycled short-chopped carbon fiber in 
gaseous phase, Sep Purif Technol 305 (2023) 
122518. 

[6] Y. Fu, Y. Tian, M. Li, J. Ma, S. Li, W. Zhu, et al., 
Electrostatic manipulation for saturated charging 
and orientating of recycled short-chopped carbon 
fibers based on dielectric polarization, J Clean Prod 
380 (2022) 134912. 

[7] S. Das, S. Halder, J. Wang, M.S. Goyat, A.A. Kumar, Y. 
Fang, Amending the thermo-mechanical response 
and mechanical properties of epoxy composites with 
silanized chopped carbon fibers, Compos Part A 102 
(2017) 347–356. 

[8] S. Das, N.I. Khan, S. Halder, Thermo-mechanical 
stability of epoxy composites induced with surface 
silanized recycled carbon fibers, IOP Conf Ser Mater 
Sci Eng 77 (2018) 12172.  

[9] S. Das, S. Halder, N.I. Khan, Mechanical properties of 
oxidized fullerene C60 / epoxy nanocomposite, Mater 
Today Proc 18 (2019) 655–659.  

[10]  S. Das, S. Halder, K. Kumar, A comprehensive study 
on stepwise surface modification of C60: Effect of 
oxidation and silanization on dynamic mechanical 
and thermal stability of epoxy nanocomposite, Mater 
Chem Phys 179 (2016) 120–128.  

[11] A. Sinha, N.I. Khan, S. Das, J. Zhang, S. Halder, Effect 
of reactive and non-reactive diluents on thermal and 
mechanical properties of epoxy resin, High Perform 
Polym 30 (2018) 1159–1168. 

[12] S. Das, S. Halder, A. Sinha, M.A. Imam, N.I. Khan, 
Assessing Nanoscratch Behavior of Epoxy 
Nanocomposite Toughened with Silanized Fullerene, 
ACS Appl Nano Mater 1 (2018) 3653–3662.  

[13] S. Das, S. Halder, B. Paul, N.I. Khan, M.S. Goyat, 
Impact of silanized milled graphite nanoparticles on 
thermo-mechanical properties of epoxy 
nanocomposite, Mater Chem Phys 278 (2021) 
125601.  

[14] S. Halder, S. Ahemad, S. Das, J. Wang, Epoxy/Glass 
Fiber Laminated Composites Integrated with Amino 
Functionalized ZrO2 for Advanced Structural 



 Research Article                               RW Materials             https://www.rwpublisher.com/ 

 

(E-ISSN: 3048-6718)                                                                             28                                                                  RW Materials 2024, 01, 23-28. 
 

Applications, ACS Appl Mater Interfaces 8 (2016) 
1695–1706.  

[15] S. Das, D. Gayen, S. Kumar, A. Joshi, Mechanical 
properties of epoxy nanocomposites added with 
fullerene and milled-graphite nanoparticles: A 
comparative study, Mater Today Proc 69 (2022) 
431–434. 

[16] S. Song, X. Fan, H. Yan, M. Cai, Y. Huang, C. He, et al., 
Facile fabrication of continuous graphene nanolayer 
in epoxy coating towards efficient corrosion/wear 
protection, Composites Communications 37 (2023) 
37.  

[17]  J. Tian, X. Qi, C. Li, G. Xian, Friction behaviors and 
wear mechanisms of multi-filler reinforced epoxy 
composites under dry and wet conditions: Effects of 
loads, sliding speeds, temperatures, water 
lubrication, Tribol Int 179 (2023) 108148. 

[18] J. Sanes, N. Saurín, F.J. Carrión, G. Ojados, M.D. 
Bermúdez, Synergy between single-walled carbon 
nanotubes and ionic liquid in epoxy resin 
nanocomposites, Compos Part B 105 (2016) 149–
159. 

 
 


