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1. My name is June Ann Munford. I am over the age of 18, have personal 

knowledge of the facts set forth herein, and am competent to testify to the 

same. 

 

2. I earned a Master of Library and Information Science (MLIS) from the 

University of Wisconsin-Milwaukee in 2009. I have over ten years of 

experience in the library/information science field. Beginning in 2004, I 

have served in various positions in the public library sector including 

Assistant Librarian, Youth Services Librarian and Library Director. I have 

attached my Curriculum Vitae as Appendix CV. 

 

3. During my career in the library profession, I have been responsible for 

materials acquisition for multiple libraries. In that position, I have cataloged, 

purchased and processed incoming library works. That includes purchasing 

materials directly from vendors, recording publishing data from the material 

in question, creating detailed material records for library catalogs and 

physically preparing that material for circulation. In addition to my 

experience in acquisitions, I was also responsible for analyzing large 

collections of library materials, tailoring library records for optimal catalog 
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search performance and creating lending agreements between libraries 

during my time as a Library Director.  

 
4. I am fully familiar with the catalog record creation process in the library 

sector. In preparing a material for public availability, a library catalog record 

describing that material would be created. These records are typically 

written in Machine Readable Catalog (herein referred to as “MARC”) code 

and contain information such as a physical description of the material, 

metadata from the material’s publisher, and date of library acquisition. In 

particular, the 008 field of the MARC record is reserved for denoting the 

date of creation of the library record itself. As this typically occurs during 

the process of preparing materials for public access, it is my experience that 

an item’s MARC record indicates the date of an item’s public availability. 

 
5. Typically, in creating a MARC record, a librarian would gather various bits 

of metadata such as book title, publisher and subject headings among others 

and assign each value to a relevant numerical field. For example, a book’s 

physical description is tracked in field 300 while title/attribution is tracked in 

field 245. The 008 field of the MARC record is reserved for denoting the 

creation of the library record itself. As this is the only date reflecting the 

inclusion of said materials within the library’s collection, it is my experience 
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that an item’s 008 field accurately indicates the date of an item’s public 

availability. 

 
6. I am familiar with the Internet Archive, a digital library accessible to the 

general public. Among other services that the Internet Archive makes 

available to the general public is the Wayback Machine, an online archive of 

the web. The Internet Archive’s Wayback Machine service archives 

webpages as of a certain capture date to track changes in the web over time. 

The Internet Archive has been in operation as a nonprofit library since 1996 

and has hosted the Wayback Machine service since its inception in 2001. 

During my time as a librarian, I frequently used the Internet Archive’s 

Wayback Machine for research and instruction purposes. This includes 

teaching instructional classes on using the Wayback Machine to library 

patrons and using the Wayback Machine to research reference inquiries that 

require hard-to-find online resources. I consider the Internet Archive’s 

recordskeeping to be as rigorous and detailed as other formal library 

recordskeeping practices such as MARC records, OCLC records and Dublin 

Core.  
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7. I have reviewed Exhibit EX1039, "Preparation and Tribological Properties 

of Modified MoS2/SiC/Epoxy Composites" by Cheng Liu, et al as published 

in Materials April 2021. 

 
8. Attached hereto as Appendix LIU01 is a true and correct copy of the MARC 

record for Materials as held by the Penn State University Library. I secured 

this record myself from the library’s public catalog. The MARC record 

contained within Appendix LIU01 accurately describes the title, publisher 

and ISSN number of Materials. The Showing Results field present on page 4 

of this record indicates the library's collection includes the April 2021 issue 

of Materials containing "Preparation and Tribological Properties of Modified 

MoS2/SiC/Epoxy Composites". 

 
9. Attached hereto as Appendix LIU02 is a true and correct copy of 

"Preparation and Tribological Properties of Modified MoS2/SiC/Epoxy 

Composites" as published in Materials as held by the Penn State University 

Library. These scans were secured from the library’s collection. In 

comparing Exhibit EX1039 to Appendix LIU02, it is my determination that 

Exhibit EX1039 is a true and correct copy of "Preparation and Tribological 

Properties of Modified MoS2/SiC/Epoxy Composites" by Cheng Liu, et al as 

published in Materials. 
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10. The 008 field of the MARC record in Appendix LIU01 indicates the date of 

record creation. The 008 field of Appendix LIU01 indicates the Penn State 

University Library first acquired Materials as of June 3, 2009 and held the 

journal in perpetuity until the publication of "Preparation and Tribological 

Properties of Modified MoS2/SiC/Epoxy Composites". Considering this 

information, it is my determination that Materials April 2021 and therefore 

"Preparation and Tribological Properties of Modified MoS2/SiC/Epoxy 

Composites" was made available to the public shortly after its initial 

publication in April 2021.  

 
11. I have reviewed Exhibit EX1040, "Modified Epoxy Coatings on Mild Steel: 

Tribology and Surface Energy" by Witold Brostow, et al as published in 

European Polymer Journal November 2010. 

 
12. Attached hereto as Appendix BROSTOW01 is a true and correct copy of the 

MARC record for European Polymer Journal as held by the Penn State 

University Library. I secured this record myself from the library’s public 

catalog. The MARC record contained within Appendix BROSTOW01 

accurately describes the title, publisher and ISSN number of European 

Polymer Journal. The Showing Results field present on page 3 of this record 
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indicates the library's collection includes the November 2010 issue of 

European Polymer Journal containing "Modified Epoxy Coatings on Mild 

Steel: Tribology and Surface Energy". 

 
13. Attached hereto as Appendix BROSTOW02 is a true and correct copy of 

"Modified Epoxy Coatings on Mild Steel: Tribology and Surface Energy" as 

published in European Polymer Journal as held by the Penn State University 

Library. These scans were secured from the library’s collection. In 

comparing Exhibit EX1040 to Appendix BROSTOW02, it is my 

determination that Exhibit EX1040 is a true and correct copy of "Modified 

Epoxy Coatings on Mild Steel: Tribology and Surface Energy" by Witold 

Brostow, et al as published in European Polymer Journal. 

 
14. The 008 field of the MARC record in Appendix BROSTOW01 indicates the 

date of record creation. The 008 field of Appendix BROSTOW01 indicates 

the Penn State University Library first acquired European Polymer Journal 

as of April 14, 1998 and held the journal in perpetuity until the publication 

of "Modified Epoxy Coatings on Mild Steel: Tribology and Surface 

Energy". Considering this information, it is my determination that European 

Polymer Journal November 2010 and therefore "Modified Epoxy Coatings 
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on Mild Steel: Tribology and Surface Energy" was made available to the 

public shortly after its initial publication in November 2010. 

 
15. I have reviewed Exhibit EX1041, "Tribological Studies of Epoxy 

Composites with Solid and Liquid Fillers" by Vikram Kumar, et al as 

published in Tribology International September 2016. 

 
16. Attached hereto as Appendix KUMAR01 is a true and correct copy of the 

MARC record for Tribology International as held by the Penn State 

University Library. I secured this record myself from the library’s public 

catalog. The MARC record contained within Appendix KUMAR01 

accurately describes the title, publisher and ISSN number of Tribology 

International. The Showing Results field present on page 5 of this record 

indicates the library's collection includes the September 2016 issue of 

Tribology International containing "Tribological Studies of Epoxy 

Composites with Solid and Liquid Fillers". 

 
17. Attached hereto as Appendix KUMAR02 is a true and correct copy of 

Tribological Studies of Epoxy Composites with Solid and Liquid Fillers" by 

Vikram Kumar, et al as published in Tribology International as held by the 

Penn State University Library. These scans were secured from the library’s 
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collection. In comparing Exhibit EX1041 to Appendix KUMAR02, it is my 

determination that Exhibit EX1041 is a true and correct copy of 

"Tribological Studies of Epoxy Composites with Solid and Liquid Fillers" 

by Vikram Kumar, et al as published in Tribology International. 

 
18. The 008 field of the MARC record in Appendix KUMAR01 indicates the 

date of record creation. The 008 field of Appendix KUMAR01 indicates the 

Penn State University Library first acquired Tribology International as of 

June 4, 1998 and held the journal in perpetuity until the publication of 

"Tribological Studies of Epoxy Composites with Solid and Liquid Fillers". 

Considering this information, it is my determination that Tribology 

International September 2016 and therefore "Tribological Studies of Epoxy 

Composites with Solid and Liquid Fillers" was made available to the public 

shortly after its initial publication in September 2016. 

 
19. I have been retained on behalf of the Petitioner to provide assistance in the 

above-illustrated matter in establishing the authenticity and public 

availability of the documents discussed in this declaration. I am being 

compensated for my services in this matter at the rate of $200.00 per hour 

plus reasonable expenses.  My statements are objective, and my 

compensation does not depend on the outcome of this matter. 
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20. I declare under penalty of perjury that the foregoing is true and correct. I 

hereby declare that all statements made herein of my own knowledge are 

true and that all statements made on information and belief are believed to 

be true; and further that these statements were made the knowledge that 

willful false statements and the like so made are punishable by fine or 

imprisonment, or both, under Section 1001 of Title 18 of the United States 

Code. 

 
 
Dated: 5/12/2025 
 
 
 
June Ann Munford 
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Abstract: In order to improve the tribological properties of epoxy (EP), EP composites were prepared

by filling different proportions of silicon carbide (SiC) particles and molybdenum disulfide (MoS2)

powder. SiC and MoS2 particle surfaces were modified by the silane coupling agent KH560 to improve

dispersion and avoid agglomeration of the inorganic particles in the EP resin matrix. The effect of

different proportions of modified MoS2 content on the tribological properties of SiC/EP composites,

and the wear mechanism of the worn surface, were investigated when the filler content was fixed

at 55 wt.%. The results indicate that the friction and wear properties of modified MoS2/SiC/EP

composites are better than SiC/EP composites without modified MoS2. When the modified MoS2

content is 4 wt.%, the average friction coefficient and volume wear rate of the modified MoS2/SiC/EP

composite are 0.447 and 14.39 × 10−5 mm3/N·m, respectively, which is reduced by 10.06% and

52.13% in comparison with that of the 55 wt.% SiC/EP composite. Furthermore, the average friction

coefficient of a composite containing 4 wt.% MoS2 is 16.14% lower, and the volume wear rate is

92.84% lower than that of pure EP.

Keywords: molybdenum disulfide; silicon carbide; surface modification; epoxy matrix composite;

tribological properties

1. Introduction

Epoxy (EP) is one of the most commonly used industrial materials. Owing to its
excellent properties, such as high adhesive capacity, excellent chemical stability, and
good solvent resistance, it is a very widely used thermosetting resin [1,2]. It has been
widely reported that the addition of inorganic powders, such as silicon carbide (SiC), SiO2,
graphite, etc., can significantly improve the mechanical properties, heat resistance and
wear resistance of EP [3–5]. However, due to its three-dimensional network structure and
poor surface properties, EP cannot be directly used as a wear-resistant material [6]. In order
to strengthen and improve the tribological properties of EP, adding different fillers into the
EP matrix has become an important and valid approach for solving these problems [7,8].
Most notably, the composite filling of hard particles and solid lubricants is very effective at
improving the properties of EP composites, because the complementary properties of these
different fillers, and the synergistic effect between fillers, make the tribological properties
of EP composites more effective. For example, graphite/glass-EP composites reinforced
by SiC particles can obtain better wear resistance [9], and an EP composite with TiO2 and
graphite fillers together has a lower friction coefficient and better wear resistance than a
single filled EP, under all loads and speed conditions [10].

SiC has many excellent properties, such as high hardness, high wear resistance, high
mechanical strength, and so on. It can be used to enhance the mechanical properties and

Materials 2021, 14, 1731. https://doi.org/10.3390/ma14071731 https://www.mdpi.com/journal/materials
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tribological properties of polymer composites [11–13]. Molybdenum disulfide (MoS2) has
a special layered structure, similar to graphite, which can enhance the various properties of
polymer composites. They can not only improve the mechanical and electrical properties
but can also act as a solid lubricant [14–17]. The layered structure is connected by a weak
van der Waals force between the layers, which has good lubricity, making it possible to
form a lubricating film on the surface of the polymer and, therefore, improving the friction
and wear performance of the polymer composite [18,19].

There is much research on the friction and wear of epoxy resin filled with SiC or
MoS2 [20–24], but, so far, there are few reports on the synergistic filling of SiC and MoS2. In
this paper, EP composites with different proportions of SiC and MoS2 were prepared. Due
to the significant differences in chemical structure and physical form, and a lack of affinity
between inorganic fillers and EP resin, surface modification of fillers is essential to make
them combine better with polymer and have good dispersion, especially when the filler
content is higher, which cannot be well dispersed in the polymer, even through mechanical
stirring [25,26]. Therefore, an important silane coupling agent, KH560 (c-glycidoxy propyl
trimethoxy silane), is used to form a layer of single molecule membrane on the surface of
fillers and improve their wettability and dispersion. There are many reports that focus on
the effects of KH560-modified SiC [27,28], but the research on KH560-modified MoS2 in
relation to the tribological properties of reinforced composites is scarce. In our work, the
effect of surface modification by KH560 on MoS2 powder was studied in detail. At the
same time, KH560-MoS2 was added into an EP composite reinforced with a high content
of silane coupling agent, KH560-modified SiC powder. The effect of SiC and MoS2 on
the friction and wear properties of EP composites was studied, and the worn surface
morphology of EP composites was analyzed. On this basis, the wear mechanism of SiC and
MoS2 synergistically reinforced EP composites was discussed, which provided a reference
for the high wear resistance design and application of EP composites.

2. Materials and Methods

2.1. Materials

The experimental reagents mainly included MoS2 powder (particle size ≤ 2 μm, 99.8%
grad, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), SiC powder
(D50 = 0.9 μm, 99.5% grad, Shanghai Yaotian New Material Technology Co., Ltd., Shanghai,
China), epoxy E51 (Hangzhou wuhuigang adhesive Co., Ltd., Hangzhou, China), curing
agent polyethylene polyamine (Aladdin, Shanghai, China), silane coupling agent, KH560,
acetone, ethanol, and acetic acid (all purchased from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China).

2.2. Preparation of KH560-MoS2

Firstly, MoS2 and KH560 were mixed in an ethanol and water solvent with proper
prescription (pH~4) in a reactor. Then, the mixture reacted for 6 h, with stirring at 60 ◦C and
ultrasonic dispersion for 30 min. After cooling to room temperature, the modified MoS2

was centrifugally washed 3 times using ethanol, and, finally, it was dried in a vacuum for
8 h to remove the solvent at 120 ◦C.

2.3. Composites Preparation

The as-prepared KH560-MoS2 was added into the preheated EP and stirred for 1 h.
Then, the KH560-SiC and a little acetone was added into the mixture, stirred, and defoamed
at 70 ◦C under a vacuum for 2 h. After that, the polyethylene polyamine was added into
the mixture by slowly stirring. Then, the suspension was poured into the preheated mold
and cured in the blast air oven. The selected curing process was 40 ◦C/12 h + 60 ◦C/2 h +
100 ◦C/4 h. Finally, the EP composites were obtained after demoulding. The ingredients
of EP composites are listed in Table 1, and the entire synthetic approach of modified
MoS2/SiC/EP composites is shown in Figure 1.
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Table 1. Ingredients of epoxy composites.

Sample
Fillers (wt.%)

EP (wt.%)
SiC MoS2

EP 0 0 100
SE 50 0 50
S0 55 0 45
S1 54 1 45
S2 53 2 45
S3 52 3 45
S4 51 4 45
S5 50 5 45

Figure 1. Diagrammatic representation of modified MoS2/SiC/EP composites’ preparation.

2.4. Measurement and Characterization

A thermal-gravimetric analyzer (TGA) measurement was performed on an STA449F3
instrument (Netzsch instruments, Selb, Germany). About 3.5 mg of sample was put in an
alumina crucible and the heating rate was set as 10 ◦C/min, with the test range from room
temperature to 800 ◦C at argon atmosphere. A Raman laser spectroscopy measurement
was performed using a confocal laser, Raman evolution (LabRam HR Evolution, Paris,
France), with excitation provided in back-scattering geometry by a 532 nm laser line in
an air-ambient environment. An X-ray photoelectron spectroscopy (XPS, Thermo Scien-
tific Escalab 250Xi, Waltham, MA, USA) was used to characterize the surface chemical
composition and elemental content of the sample.

A Vickers hardness of samples was obtained by a digital microhardness tester system
(Wilson Tukon 1202, Norwood, MA, USA). The maximum indentation load was 0.1 kg,
while the holding time at maximum depth was 15 s. In order to reduce the tolerance, the
experiments were conducted at five indents for each sample. A field emission scanning
electron microscope (FESEM, FEI, Quanta + FEG250, Hillsboro, OR, USA) was used to
observe the fracture morphology and dispersion of the samples. The friction and wear
tests were tested by an MFT-4000 multifunctional material surface performance instrument
(MFT-4000, Lanzhou Huahui Instrument Technology Co., Ltd., Lanzhou, China), with
GCr15 steel balls 5 mm in diameter, as the upper specimens at room temperature. The
single reciprocating stroke was 10mm. The speed was 180 mm/min and the time lasted
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for 30 min. The friction coefficient was recorded by the tester, and the volume wear rate K
(mm3/N·m) was calculated according to the Formula (1):

K =

ΔV

F × L
(1)

where ΔV is the wear volume (mm3), F is the test load (N), and L is the total reciprocating
stroke (m).

A three-dimensional optical profilometer (Nanovea ST400, Irvine, CA, USA) was used
to observe the three-dimensional contour map of wear track, and a field emission ultra-high
resolution scanning electron microscope (SEM, Zeiss sigma500, Oberkochen, Germany)
was used to analyze the worn surface morphology of samples.

3. Results and Discussion

3.1. Characterization on The Modification of MoS2 Powder by KH560

The TGA thermal analysis curves of MoS2 and KH560-MoS2 were shown in Figure 2a.
It was seen from the figure that when the temperature started to rise to about 124 ◦C,
the weight loss trend of the two kinds of powders was the same. However, the thermal
weight loss of KH560-MoS2 was obviously more stable than that of unmodified MoS2 in the
temperature range of 124 ◦C~230 ◦C, which indicated that KH560 successfully modified
MoS2 and improved the thermal stability of MoS2. Overall, the weight loss of modified
MoS2 was higher than that of unmodified MoS2 from room temperature to 800 ◦C, which
was attributed to the decomposition of KH560. A Raman spectroscopy was carried out to
garner more structural information, as shown in Figure 2b. Pure MoS2 had two dominant
peaks, at 379.4 cm−1 and 403.4 cm−1, which were, respectively, the in-plane E1

2g and out-of-

plane A1
g vibrational modes [29]. It was observed that the E1

2g and A1
g vibrational modes

had different degrees of shift to higher frequencies, and that the shift of E1
2g was larger

than that of A1
g, suggesting that the KH560 molecule used for surface modification was

combined with MoS2 and introduced tensile strain into MoS2 layers [30].

%

°

°

°

Figure 2. TGA curves (a) and Raman Spectroscopy (b) of MoS2 and KH560-MoS2.

XPS was used to confirm the chemical composition of MoS2 and kH560-MoS2, as
shown in Figure 3. From the full spectrum in Figure 3a, it was found that the peak intensity
of C and O elements of the modified MoS2 was higher than that of the unmodified MoS2,
and that the characteristic peaks of silicon (3.76%) appeared in KH560-MoS2, indicating
that KH560 was grafted onto the MoS2 surface successfully. The high-resolution C1s and
O1s spectra were to estimate the function groups for KH560-MoS2 in Figure 3b,c. The
functional groups of C1s peak included C-O, C-C, and Si-C, at 286.22 eV, 284.78 eV, and
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283.79 eV, respectively [31,32], and the C-O and Si-O of O1s peaked at 532.68 eV and
531.89 eV, respectively [33,34]. These functional groups were related to KH560 grafted on
the surface of MoS2. In addition, the high-resolution of Mo3d and S2p for KH560-MoS2

and MoS2 were studied. Mo3d3/2, Mo3d5/2, S2p1/2, and S2p3/2 peaks of KH560-MoS2

were located at 232.36 eV, 229.23 eV, 163.30 eV, and 162.08 eV, respectively, and Mo3d3/2,
Mo3d5/2, S2p1/2, and S2p3/2 peaks of MoS2 were located at 232.90 eV, 229.77 eV, 163.80
eV, and 162.58 eV, respectively. It was found that the binding energy of Mo3d and S2p
of KH560-MoS2 all shifted to lower energy. This could be explained by the electrostatic
interaction between MoS2 and KH560 [35].

Figure 3. Cont.
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Figure 3. XPS spectra of MoS2 and KH560-MoS2 (a), high-resolution XPS spectra of C1s (b); O1s (c);

Mo3d (d); S2p (e) for KH560-MoS2, and Mo3d (f); S2p (g) for MoS2.

3.2. Dispersion of High Content of Modified MoS2/SiC in Epoxy Matrix

The dispersion uniformity of fillers in the epoxy resin matrix directly affects the
performance of the EP composites. Most notably, this effect will be more significant when
the filler is added in a large proportion [36]. As shown in Figure 4, SEM fracture scanning
combined with EDS analysis was used to study the dispersion of high-content-modified
SiC/MoS2 in EP composites. When the content of KH560-SiC was as high as 55 wt.%
(sample S0), it was still evenly distributed in the EP with good dispersibility, and was
well combined with the epoxy resin matrix (Figure 4a–c). The total content of inorganic
fillers was fixed at 55 wt.%, and KH560-MoS2 partially replaced the same mass fraction of
KH560-SiC particles; the highest proportion of KH560-MoS2 was 5 wt.% (sample S5). SEM
and EDS analysis (Figure 4d–g) showed that the modified MoS2 with lamellar structure
was closely embedded in the modified SiC/EP composites, with uniform distribution and
good dispersion. The KH560-MoS2 powder size was less than or equal to 2 μm, without
agglomeration phenomenon in EP composites, which proved that the MoS2 lamellar
powder modified by KH560 could also be well dispersed and combined in the epoxy
resin matrix.

Figure 4. Fracture morphology of S0 (a) and EDS results of C (b); Si (c), and Fracture morphology of S5 (d) and EDS results

of C (e); Si (f); Mo (g).
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3.3. Tribological Properties of Composites

The real-time friction coefficient (COF) for the EP and other EP composites, and the
resulting variation in the average COF and volume wear rate of composites at 60 N, are
shown in Figure 5. It was obvious that all samples had experienced two stages of running-
in period and stable period from the friction test curve (Figure 5a,c). In the early stage of
the running-in period, the friction coefficients of all samples increased rapidly with the
progress of friction. Compared with pure EP, the friction coefficient of EP composites with
SiC and MoS2 added had relatively small fluctuations in the stable period. In addition, the
friction coefficient of pure EP still fluctuated greatly after the stable period. The reason was
that, compared with the EP composites, the hardness of pure EP was the lowest, which was
19.0 HV (Figure 6, Vickers hardness of EP and EP composites). The plastic deformation
of the EP worn surface was more serious during the friction process, which resulted in
serious fatigue wear and which led to a large fluctuation of friction coefficient after the
stable period [37]. It was found that when the content of modified SiC increased to 50 and
55 wt.%, the friction coefficient of SE and S0 was lower and tended to be stable [38,39], as
shown in Figure 5a. This indicated that the modified SiC particles could be well combined
with the epoxy resin matrix, and the matrix stress could be better transmitted to endure
higher normal loads when the content of SiC particles was higher. At the same time, a
large amount of SiC particles distributed on the friction interface could reduce the tearing
of the EP composite surface and the formation of furrows, thereby reducing the friction
coefficient [40].

•
•

Figure 5. Development of friction coefficient over testing time for EP composites (a,c), and average COF and wear rate for

EP composites at 60 N (b,d).
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Figure 6. Vickers hardness of EP composites.

Figure 5b depicts that the average COF of the EP composite adding 55 wt.% SiC
particles was 0.497, and the volume wear rate was 30.06 × 10−5 mm3/N·m. Compared
with pure EP, the average COF was reduced by 6.75% from 0.533, and the volume wear
rate was reduced by 85.04% from 200.98 × 10−5 mm3/N·m. If the addition of SiC par-
ticles was reduced to 50 wt.% (sample SE), the average COF and volume wear rate had
no obvious change compared to sample S0. Therefore, the fixed total content of fillers
added in EP was 55 wt.% in the composite material with modified MoS2 powder. As
shown in the inset of Figure 5c, the friction coefficient of the EP composites with modified
MoS2 powder in the stable period was lower than that of S0, which proved that the ad-
dition of MoS2 improved the friction-reducing performance of EP composites better [41].
When the content of modified MoS2 was increased to 4 wt.% (Figure 5d, sample S4), the
measured lowest average COF was 0.447, which was reduced by 10.06% compared to
0.497 of S0, and was reduced by 16.14% compared to 0.533 of EP. At the same time, the
measured lowest volume wear rate was 14.39 × 10−5 mm3/N·m of S4, which was reduced
by 52.13% compared to 30.06 × 10−5 mm3/N·m of S0, and was reduced by 92.84% com-
pared to 200.98 × 10−5 mm3/N·m of EP. When the content of modified MoS2 continued to
increase, the average COF and volume wear rate of the modified MoS2/SiC/EP composites
increased; but they were still lower than those of S0. With reference to Figure 6, as the
content of modified MoS2 increased, the hardness of the EP composites decreased. When
the content of modified MoS2 was 5 wt.% (S5), the hardness of modified MoS2/SiC/EP
composite was the lowest, which was 32.2HV. Although the modified SiC and MoS2 could
be well dispersed in the resin matrix, the composite hardness would be reduced when
MoS2 replaced the same amount of SiC. This is because the hardness of SiC particles is
higher than that of MoS2, and some MoS2 particles had larger particle size, smaller specific
surface area, and lower surface energy, which made the bonding strength between MoS2

and epoxy resin weak. In this case, the contact area of the friction pair on the surface of
the composites increased, and more hard abrasive SiC particles were produced in the early
stage of the running-in period, which resulted in slight abrasive wear during the friction
process and led to the increase of the friction coefficient and the volume wear rate.

Figure 7 showed the effect of applied load on the friction coefficient and wear rate
of modified MoS2/SiC reinforced EP composites, and the test sample was S4. As shown
in Figure 7a, when the applied load was only 10~20 N, the friction curve of the stable
period tends to be flat and straight, indicating that the friction process was proceeding
on its surface. The wear rate was very small, and a small number of particles adhered to
the dual surface. When the applied load was gradually increased to 40~60 N, the MoS2

particles with weak bonding interface, bonded by van der Waals force between the layers,
would extrude and penetrate into the matrix, resulting in the formation of lubricating film
at the friction interface, which reduced the friction resistance and decreased the friction
coefficient gradually. However, with the applied load increasing to 80 N, the lubricating
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film produced by MoS2 particles could reduce the friction coefficient in the middle stage
of friction. The friction coefficient began to fluctuate greatly in the late stage after 20 min
(shown in the inset of Figure 7a), resulting in the damage of the lubricating film on the
friction interface and severe fatigue wear, which led to the obvious increase of the friction
coefficient and volume wear rate (Figure 7b) [42].

•

Figure 7. Development of friction coefficient over testing time for S4 (a), and average COF and wear rate for S4 at different

applied loads (b).

3.4. Wear Mechanism Analysis of Composites

Comparing the three-dimensional profile of S0 and S4 samples after the friction test
at 60 N (shown in Figure 8), and combining it with the hardness test results (shown in
Figure 6), it can be seen that when the additional amount of modified MoS2 is 4 wt.%, the
depth of the wear scar is relatively shallow and the depth distribution of the wear scar is
relatively consistent; although, the hardness of EP composites is lower than that of 55 wt.%
SiC/EP composites without modified MoS2. This illustrates that the soft phase addition of
MoS2 can reduce the hardness of the composites, and the addition of properly modified
MoS2 can not only improve the composite’s ability to withstand applied loads, but, also,
spread on the friction surface, thereby effectively reducing the actual friction area and
playing a better role in wear resistance [43].

Figure 8. Three-dimensional contour map of wear track of S0 (a) and S5 (b) at 60 N.
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In order to investigate the wear mechanism for filled and unfilled composites, the cor-
responding low and high magnification SEM images of the worn surfaces are demonstrated
in Figure 9. The worn surface of EP (Figure 9a) appears rough and more microcracked.
This indicates that part of the EP is detached and the friction damage to the material is
more serious, showing typical fatigue wear characteristics. For the composite with 55 wt.%
modified SiC, the worn surface is relatively smooth, and some hard abrasive SiC particles
are produced (Figure 9b). In addition, the hard abrasive SiC particles can be seen protrud-
ing on the worn surface at higher SEM magnification (Figure 9i), which shows the abrasive
wear mechanism. After adding appropriately modified MoS2, which lends solid lubricant
properties, the MoS2 particles evenly dispersed in the composites gradually migrate to the
worn surface during the friction process, and provide a lubrication effect, thus, making
the worn surface smoother (Figure 9c–f). In addition, it seems that the transfer film has
a compact and smooth structure; this can be seen clearly in a high SEM magnification
(Figure 9j). When the content of modified MoS2 increases to 5 wt.% (Figure 9g), some hard
abrasive SiC particles exist on the worn surface, resulting in slight abrasive wear, which
increases the friction coefficient and volume wear rate. Nevertheless, with the normal load
increases exceeding the capacity of the modified MoS2/SiC/EP composite, the lubricant
film will be partially destroyed, and more microcracks appear on the worn surface, as
shown in Figure 9h. At this moment, the main wear mechanism is fatigue wear, which
greatly increases volume wear rate.

Figure 9. SEM images of wear track on the composites EP (a); S0 (b,i); S1 (c); S2 (d); S3 (e); S4 (f,h,j); S5 (g). The load of

S4 (h) is 80 N, while the others are 60 N.

4. Conclusions

The surface of MoS2 particles was successfully modified by silane coupling agent
KH560 to improve its dispersion in EP composites. An MFT-4000 multifunctional material
surface performance tester was used to evaluate the friction and wear properties of the
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composites filled with modified MoS2, instead of SiC, with the same mass fraction when
the fixed filler content was 55 wt.%. The wear mechanism was discussed by analyzing the
worn surface. Our main conclusions could be drawn as follows:

(1) The results of TGA, Raman and XPS showed that the surface of MoS2 particles was
successfully modified by KH560.

(2) It is found that the friction and wear properties of SiC/EP composites with MoS2

are better than those without MoS2. When the adding fraction of modified MoS2 is
4 wt.%, the friction coefficient and volume wear rate of EP composites are lowest.
Compared with 55 wt.% SiC/EP composite, the friction coefficient and volume wear
rate of the SiC/EP composite containing 4 wt.% MoS2 are reduced by 10.06% and
52.13%, respectively. Furthermore, the composite friction coefficient is decreased by
about 16.14%, from 0.533 to 0.447, and the volume wear rate is reduced by 92.84%,
from 200.98 × 10−5 mm3/N·m to 14.39 × 10−5 mm3/N·m, in comparison with those
of pure EP, proving the significant improvement of wear resistance of EP composites.

(3) When the appropriate content of MoS2 with lubricating properties is added, the MoS2

homogenously dispersed in the material gradually migrates to the surface during the
friction process to form the lubricating film, so as to make the worn surface smoother.
However, when the weak-bonded MoS2 content increased to 5 wt.%, some hard
abrasive SiC particles existed on the wear surface, resulting in slight abrasive wear,
which increased the friction coefficient and volume wear rate. In addition, if the load
increases and exceeds the capacity of the modified MoS2/SiC/EP composite, the
lubricant film is partially destroyed, and the main wear mechanism is fatigue wear.
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a b s t r a c t

A commercial epoxy diglycidylether of bisphenol-A (DGEBA) was modified by adding fluo-
rinated poly(aryl ether ketone) fluoropolymer and in turn metal micro powders (Ni, Al, Zn,
and Ag) and coated on mild steel. Two curing agents were used; triethylenetetramine (a
low temperature curing agent) and hexamethylenediamine (a high temperature curing
agent) for understanding the curing temperature effect on the properties. Variations in tri-
bological properties (dynamic friction and wear) and surface energies with varying
amounts of metal powders and curing agents were evaluated. When cured at 30 �C,
dynamic friction and wear decrease significantly due to phase separation reaction being
favored between the fluoropolymer and the epoxy. However, when cured at 80 �C, friction
and wear increase; this can be explained in terms of a crosslinking reaction favored at that
temperature. There is a significant decrease in surface energies with the addition of
modifiers.

� 2010 Published by Elsevier Ltd.

1. Introduction

Epoxies are noted for their versatility, high resistance to
chemicals, outstanding adhesion to a variety of substrates,
toughness, high electrical resistance, durability at high
and low temperatures, low shrinkage upon cure, flexibility,
and the ease with which they can be poured or cast without
forming bubbles [1–5]. These propertiesmake themeligible
for use in various applications such as protective coatings
(for appliance, automotive primers, pipes) [6], encapsula-
tion of electrical and electronic devices, adhesives, bonding
materials for dental uses, replacement of welding and rivet-
ing in aircraft and automobiles, composites materials in
space industry, printed circuitry, pressure vessels and pipes,

and construction uses such as flooring, paving, and airport
runway repair [1,7].

One of the ways of improving the performance of poly-
mers is by introducing a metallic dispersed phase. Metallic
materials have useful properties and characteristics that
are crucial for many applications; among them high elec-
tric conductivity, paramagnetism, high thermal conductiv-
ity as well as good mechanical properties. Combination of
polymers with metals results in materials with electrical
and magnetic properties comparable to neat metals and
with a significant improvement in thermal properties of
polymers. Also, the processability is the same as for neat
polymers – a significant advantage for speed of production
and processing costs.

Al particles added to poly(ethylene oxide) affect elec-
tric conductivity as reported by Muszynska and her col-
leagues [8]. Mamunya et al. used Cu and Ni powders as
fillers in an epoxy resin and in poly(vinyl chloride) and
studied the concentration dependence of electric and
thermal conductivity [9]. Kim and coworkers added a soft
Al + Fe + Si magnetic powder to a polymeric matrix to
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produce magnetic films to be used for shielding of elec-
tromagnetic waves [10]. Metal powders have been dis-
tributed in low density polyethylene (LDPE) without
agglomeration [11], resulting in improvement of tribolog-
ical properties [12,13]. Brito and Sanchez [14] used Zn,
Cu, and Al as fillers in thermoset polymer systems com-
posed by epoxy and amino resins at several concentra-
tions up to 30 wt.%; they studied mechanical properties
as well as thermal decomposition. They observed that
the temperature of decomposition decreases when metal

is added to epoxy + amine resins, this for all metals and
all epoxy:amine ratios.

Modification of epoxies for achieving a wide range of
properties including the above mentioned ones can be
effective. Fluoropolymer modified epoxy provides better
scratch resistance, low surface tension, better overall
tribological properties and hydrophobicity [15–18]. Ku-

mar, Alagar and Mohan developed siliconized epoxy
interpenetrating coatings over mild steel wherein Zn
powder was used for achieving good corrosion resis-
tance [19]. Bazyliak, Bratychak, and one of us proposed
the use of oligomers containing peroxy groups as epoxy
modifiers in order to improve adhesion [20–22]. Poly-
mer composites including carbon nanotubes (CNTs) are
used for a variety of applications [23]; epoxies as corro-
sion protection coatings on steels have been reported
[24]. Epoxy powder coatings modified using nano-
CaCO3, resulting in tensile and corrosion resistant prop-
erties were described by Yu and coworkers [25]. There
has also been work reported on blends of thermoplastics
like polysulfones and poly(methyl methacrylate) with
epoxies for achieving toughness [26,27]. Kumar,
Balakrishnan, Alagar and Denchev used silicone and
phosphorus for modifying an epoxy to achieve anticor-
rosion, antifouling and flame retardant properties [28].
Fibers can also be used to alter the properties of the
material [29].

In this work, modification of pure epoxy had been car-
ried using a fluoropolymer and metal powders to achieve
an advantageous combination of tribological and hydro-
phobic properties.

2. Experimental

2.1. Materials

Epon™ Resin 828, an undiluted clear difunctional
bisphenol-A/epichlorohydrin derived liquid epoxy resin,
diglycidyl ether of bisphenol-A (DGEBA), from Hexion Spe-
ciality Chemical Inc., was used as the base epoxy. The glass
transition temperature Tg of the epoxy is 92 �C [16]. The
epoxide equivalent weight of the epoxy is 185–192 g/eq.
Its chemical formula is:

Fluorinated poly(aryl ether ketone) (FPEK) fluoropoly-
mer was used as one of the modifiers due to its low surface
energy nature which could provide hydrophobicity to the
material and for its scratch resistance [19]. FPEK was syn-
thesized in the Department of Chemistry, Texas State Uni-
versity, San Marcos according to a procedure reported in
[30,31]. The Tg of the FPEK is 180 �C. Its chemical formula is:

The other modifier used was a metal powder. Four types
of metal powders of size 1–5 lm were used: Ni, Al, Ag, and
Zn. These metals powders were obtained from Atlantic
Equipment Engineers (a division of Micron Metals Inc.).
The Ni particles were used in flakes form whereas the Al
particles were atomized particles. The shape of Ag was
irregular, whereas the Zn particles were a combination of
irregular and spherical particles.

Two types of curing agents were used in this work. One
of them is triethylenetetramine (TETA) – a room tempera-
ture curing agent (from Hexion Speciality Chemical Inc.)
and the other is hexamethylenediamine (HMDA) – a high
temperature curing agent (from Sigma Aldrich). It has been
reported in literature that curing temperature has a signif-
icant effect on a variety of properties – especially mechan-
ical ones, friction, tensile bond strength, electrical
resistivity, etc. of cured epoxies [16,32,33].

2.2. Epoxy modification, coating, and curing

Amount of FPEK used was 10 wt.% of the total system.
Amount of curing agent used was 13 g TETA/100 g epoxy;
15 g HMDA/100 g epoxy. 25 wt.% metal powder/100 g
epoxy was used.
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Calculated amount of FPEK was dissolved in chloroform
(20 ml chloroform/1 g FPEK) and then the epoxy resin was
added. Then calculated amounts of metal powders were in
turn added. This mixture was subjected to vacuum to re-
move chloroform and any trapped air. The curing agents
were then added accordingly. These epoxy mixtures were
coated onto ASTM A366 steel substrates (100 � 200) using a
brush. Thus, two different types of systems were synthe-
sized using TETA and HMDA. Each system consisted of
six compositions:

Unmodified epoxy; epoxy + FPEK; epoxy + FPEK + Ni;
epoxy + FPEK + Al; epoxy + FPEK + Ag; epoxy + FPEK + Zn.

Samples with TETA were cured at 30 �C (24 h), whereas
samples with HMDA were cured at 30 �C (5 h) and then

post-cured at 80 �C (24 h) to allow formation of a smooth
and even coating. After curing all the samples were stored
at room temperature.

2.3. Friction determination

Nanovea pin-on-disc tribometer from Micro Photonics,
Inc., was used for determining dynamic friction. A SS 302
grade stainless steel ball with diameter 3.20 mm was used
as the pin. The pin was loaded onto the test sample with a
known weight 5.0 N. A highly stiff elastic arm insures a
nearly fixed contact point and thus a stable position in
the friction track. Dynamic friction is determined during
the test by measuring the deflection of the elastic arm by

Fig. 1a. Diffraction pattern of Ni powder.

Fig. 1b. Diffraction pattern of Al powder.
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direct measurement of the change in torque. The rotation
speed of the disc was 100 rpm and the radius of wear track
was 2.0 mm. The test was performed for 500 and 5000 rev-
olutions under room temperature conditions. The results
reported are averages from three runs.

2.4. Wear rate determination

Wear was determined by studying the wear track re-
sulted due to the pin-on-disc friction test after 5000 revo-
lutions. FEI Quanta 200 SEM was used for analysing the

wear track and determining the wear track width. The
accelerating voltage was 20.0 kV. Ten values of wear track
width were measured at different locations on each sample
and averaged for the purpose of accuracy. The volume loss
due to wear Vm was then calculated using the following
formula according to ASTM G99-05:

Vm ¼ 2pR½r2 sin�1ðd=2rÞ � ðd=4Þð4r2 � d2Þ1=2� ð1Þ
where R is the wear track depth radius in mm (2.0 mm in
this case), d is the wear track width in mm, and r is the
pin end radius in mm (1.6 mm in this case).

Fig. 1c. Diffraction pattern of Ag powder.

Fig. 1d. Diffraction pattern of Zn powder.
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Wear rate (Z) was then calculated using:

Z ¼ Vm=WX ð2Þ
where W is load in N and X is the sliding distance in m.

2.5. Determination of contact angle and surface energy

In order to determine the surface energies of the sam-
ples, first contact angles were determined using sessile
drop technique. A Ramé–Hart Instrument Co. goniometer
was used for this purpose. A polar liquid (water) and an
apolar liquid (diiodomethane) were used as testing liquids
[18]. Surface tension values at 20 �C of water and diiodo-
methane are 72.80 mN/m and 50.80 mN/m respectively.
The mean of five contact angles for each sample was
calculated.

The Ramé–Hart goniometer which was used for calcu-
lating contact angles was used for determining surface
energies of the coatings as well. The surface energy values
were calculated from the contact angles using the har-
monic-mean method [34]:

ð1þ cos h1Þc1 ¼ 4f½ðcd1cds Þ=ðcd1 þ cds Þ� þ ½ðcp1cps Þ=ðcp1 þ cps Þ�g
ð3Þ

ð1þ cos h2Þc2 ¼ 4f½ðcd2cds Þ=ðcd2 þ cds Þ� þ ½ðcp2cps Þ=ðcp2 þ cps Þ�g
ð4Þ

where h1 and h2 are contact angles made by liquids 1 and 2
on the solid respectively, c1 and c2 are surface tensions, cd1
and cd2 are dispersion components of surface tensions of
liquids, cds are dispersion components of surface energy of
solid, cp1 and cp2 are polar components of surface tension
while cps is the polar component of surface energy of solid.

2.6. Surface analysis of coating

Surface composition of the coatings was determined
using a Nicolet 6700 Spectrometer with Smart Horizontal
ATR micro-sampling accessory from Thermo Electron with
4 cm�1 resolution. ATR spectra were collected in the range
800–4000 cm�1. The area of the sample to be measured
was selected visually and the spring-loaded ATR element
was lowered to make contact with the surface of the
sample.

2.7. Metal powder analysis

In order to determine the existence of any secondary
phases in the metal powders (as they were used in their
pure form) XRD was carried out for all the four metal pow-
ders (Ni, Al, Ag, and Zn). This was done using a Rigaku Ul-
tima III High-Resolution XRD. Cu Ka radiation of
wavelength 0.154 nm was used. Additional acquisition
parameters were: 2h range = 20� � 90� and scan rate = 2� -

Fig. 2. Pin-on-disc friction vs. number of revolutions of samples cured with TETA.

Fig. 3. Pin-on-disc friction after 500 and 5000 revolutions of samples
with TETA.
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min�1. Diffraction patterns were referenced against the
JCPDS database for sample identification.

3. Results and discussion

3.1. Metal powder characterization

3.1.1. Composition
Since the coatings were prepared in laboratory atmo-

sphere, there was a chance of formation of a new second-
ary phase within the metal powders like a metal oxide
phase which would affect the tribological properties of
the final coating. Hence it was pertinent to analyze the
composition of the metal powders to determine the exist-
ing phases. Diffraction patterns of Ni, Al, and Ag powders
did not show traces of any secondary phases but the dif-
fraction pattern of Zn powder shows some peaks related
to ZnO phase (Figs. 1a–1d).

3.2. Pin-on-disc friction

Friction increased as the number of revolutions in-
creased from 500 to 5000 irrespective of the curing tem-
perature. To explain this, let us consider the set of
samples with TETA curing agent cured at 30 �C. The friction
of most of the coatings (except for the epoxy + FPEK + Ni
sample) cured at 30 �C was constant up to 500 revolutions.
After 500 revolutions the coating on the testing surface got
worn out completely and the pin touched the steel sub-
strate; at this point there occurs a sharp increase in friction
(Fig. 2) resulting in an increase in friction – continuing up
to 5000 revolutions. However, the epoxy + FPEK + Al sam-
ple did not get worn even after 5000 revolutions (Fig. 3).
Also, friction decreased with the addition of FPEK to the
epoxy; during slow curing the FPEK migrates to the free
surface since the surface energy of the fluoropolymer is
lower than that of pure epoxy [16]. The second set consists

Fig. 4. Pin-on-disc friction vs. number of revolutions of samples cured at 80 �C.

Fig. 5. Pin-on-disc friction after 500 and 5000 revolutions of samples cured at 80 �C.
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of samples with HMDA post-cured at 80 �C. In this case
only the unmodified epoxy sample and the epoxy + FPEK
sample got worn out after 500 revolutions. All other sam-
ples got worn out before 500 revolutions – the reason for
lower friction of the unmodified epoxy sample and the
epoxy + FPEK sample compared to other materials (Figs. 4
and 5). This can be explained by the following hypothesis:
at high temperatures the crosslinking reaction competes
with phase separation and is favored over the latter –
resulting in a mixture of epoxy and FPEK phases at the free
surface. Samples containing Zn show high friction in both
cases – clearly because of the presence of ZnO phase along
with Zn phase. Also the morphology of the Zn and ZnO par-
ticles is responsible for high friction. Samples containing Al
show the least friction when compared to other metal
powder containing nanocomposites. This can be explained
by spherical morphology of Al particles which results in
rolling friction.

3.3. Wear

Wear results are presented in Figs. 6 and 7, respectively
for TETA and HMDA curing agents.

For the samples with TETA we find that Z decreases
with the addition of FPEK and metal powders. We note that
epoxy and FPEK are softer phases while each metallic
phase is relatively harder. Samples containing Ni, Ag, and
Zn show higher Z values than Al-containing nanohybrids
because of the already mentioned spherical morphology
of Al. In the materials containing the remaining metal pow-
ders, there exists stresses at the interfaces of the particles
because of irregular morphologies and hence higher Z val-
ues. We recall a discussion by Kopczynska and Ehrenstein
of the importance of interfaces for composite properties
[35]. We also note that connections between various tribo-
logical properties can be pursued [36] while the popular

Fig. 6. Z of samples with TETA cured at 30 �C.

Fig. 7. Z of the samples with HMDA cured at 80 �C.

Fig. 8. Surface energies of samples with TETA cured at 30 �C.

Fig. 9. Surface energies of samples with HMDA cured at 80 �C.
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assumption ‘‘higher friction means more wear” is by no
means generally valid.

In the case of samples with HMDA, since the crosslink-
ing reaction is favored, these systems tend to show higher
Z values upon addition of the metal powders. The high Z of
sample containing Zn can be related to the same fact of
existence of ZnO phase. Samples containing Ni and Al show
high Z values when cured at 80 �C. The test surface of the
coating gets worn out as early as �250 revolutions in the
case of the sample containing Ni and before 1000 revolu-
tions in the case of sample containing Al (Fig. 4).

3.4. Surface energy

Fluorine-containing polymers have low surface free en-
ergy, low tendency for water uptake, and high water repel-
lence [15,18,34,37,38]. Therefore, the addition of FPEK to
the epoxy should decrease the surface energy significantly.
We find that the expected trend is followed; see Figs. 8 and
9. The decrease in surface energy is smaller at the higher
curing temperature. The reason is the same as discussed
above: as the curing temperature increases, the phase sep-
aration process is less pronounced. Therefore, in the case of
curing at 30 �C, the FPEK phase is present at the entire free
surface. Hence a steep decrease in surface energy. When
curing at 80 �C, less fluoropolymer reaches the surface
since more of it is trapped by the crosslinking on its way
to the surface. In both the cases, the sample containing
Zn shows high surface energy consistent with its high
friction.

3.5. FTIR-ATR measurements

Three samples: epoxy + FPEK (cured at 30 �C) and epox-
y + FPEK + Ni (cured at 30 and 80 �C) were tested for sur-
face composition using FTIR-ATR to analyze the phases
present at the surface when cured at different tempera-
tures. The results are presented in Fig. 10. Since character-
istic absorbance literature for FPEK was not available, it
was pertinent to obtain the ATR for the FPEK sample and
then compare the results of the rest of the samples with
the FPEK sample to detect what phases were present at
the surface of the samples after curing.

There are few new bands which appear when the curing
temperature increases. The band at �1750 cm�1 refers to
carbonyl group [39] and such a group is present only in
FPEK among the materials used. Thus, this band represents
the FPEK phase. The band slowly disappears as the temper-
ature increases – what means that the fluoropolymer
phase amount is slowly decreasing at the surface as the
temperature increases. At the same time, there are new
characteristic bands forming between 820 and 980 cm�1

as the curing temperature increases; they correspond to
the DGEBA epoxy [40]. Apparently, as the temperature in-
creases, there is a mixture of FPEK and epoxy phases that
coexist at the free surface. This supports the increasing
trend of surface energy and friction with increasing curing
temperature. The bands at 3300 and 2900–3050 cm�1 cor-
respond to the hydroxyl and C–H groups of DGEBA. There
is no change in these peaks in all the four systems corre-
sponding to the presence of DGEBA present near the sur-
face [41].
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A B S T R A C T

Epoxy-based composites are promising tribological coatings. The tribological properties of epoxy composites
with filler materials such as graphene, graphite, and liquid lubricants (base-oil SN150 and perfluoropolyether)
are studied. The composite coatings were applied on cylindrical steel surface and a steel ball was used as the
counterface. Tests were conducted at 10 N normal load and 0.63 m/s linear sliding speed. Among all coatings,
epoxy filled with graphene and SN150 lubricant provided the lowest coefficient of friction of 0.09 with wear
cycles exceeding 200,000 and specific wear rate of 5.4×10−7 mm3/N-m. Speed effects on friction were also
evaluated.

1. Introduction

Presently, there is a trend towards using lubricants without any
additives (such as friction modifiers) that are harmful to the environ-
ment. Metals, such as steel, wear heavily if only base lubricant oil is
used specially in boundary lubrication regime. Polymer-based coatings
have been applied on steel surfaces which work well in both dry and
base oil lubricated conditions [1]. Machine components can be
protected by such tribological coatings. A suitable polymer coating
provides low coefficient of friction (CoF), low wear and very good
adhesion properties with many substrates [2]. There are many poly-
mers such as epoxy, SU-8 (an epoxy-based polymer), PEEK,
UHMWPE, PTFE, etc. which have been used as coatings to improve
the tribological performances of solid surfaces [2–4]. They can work
like an effective boundary lubricant, thus protecting the steel surfaces.

Epoxy resin is a thermoset polymer having a number of well-known
advantages including high toughness and strength, adhesion, durability
at low and high temperatures and thermal stability, high chemical
resistance, low shrinkage and ease of fabrication [5–8]. Epoxy resins
are widely used in applications ranging from electric and electronic
systems to automotive parts, aircraft components, biocompatible
implants, protective coatings, and adhesives [5]. Normally, epoxy is a
poor tribological material. However, addition of suitable fillers such as
graphene and liquid lubricants (such as base oil SN150) can enhance
its performance with low coefficient of friction and high wear life [1].
Such kind of tribological bearing materials (with liquid fillers) success-
fully operates in the boundary to mixed lubrication regimes. Hence, a
literature review on this type of lubrication and associated analysis are
presented below.

Different micro/nano-filler have been added in epoxy and other
polymers for tribological performance enhancement.
Microencapsulated lubricant (70SN) was incorporated in epoxy by
Guo et al. [9]. The results showed that at 10 wt% of the microcapsules
the coefficient of friction was reduced from 0.56 to 0.14 and there was a
reduction in the specific wear rate by two orders of magnitude.
However, mechanically, the composite was weaker (flexural strength)
by half at 10 wt% of the filler compared with the base polymer and also
there was a tendency for the coefficient of friction and wear to increase
beyond the optimum 10 wt% filler content. Similar work has also been
reported by Khun et al. [10]. Sarvanan et al. [11] have used
perfluoropolyether (PFPE) lubricant in the form of micro/nano sized
droplets in SU-8 matrix reducing the steady-state coefficients of
friction by ~6 times, and increasing the wear life by more than 104

times. It was shown that liquid lubricant-filled SU-8 provides lubrica-
tion by the mechanism of physical boundary layer. The friction and
wear performances are largely unaffected by load, however, there is a
limiting maximum speed beyond which physical boundary layer may
become ineffective.

Surface modification by developing polymer brushes of alkyl
methacrylates with hexyl, octadecyl and dodecyl side chain on silica
and iron surfaces were carried out by Bielecki et al. [12]. The Stribeck
curves were plotted for hexadecane, toluene and ethanol as lubricants
between the polymer brushes which showed very low friction coeffi-
cient (~0.01) at low speed (0.1 m/s) which increased with speed. The
study concluded that the increase in viscosity causes gradual increment
of shear stress at the interface.

Sophie et al. have found that for monolayers of additives and
friction modifiers, the coefficient of friction increases with velocity
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under boundary lubrication regime [13]. They observed that the
saturated friction modifiers (such as stearic acid), which are adsorbed
on the surface in orderly closed-packed configuration, show low friction
whereas the unsaturated friction modifiers (such as oleic acid and
elaidic acid) exhibit high friction due to not closely-packed monolayer.

The frictional behavior of automotive transmission fluids for wet
clutch in which regimes of boundary lubrication occur over the
complete sliding velocity range, was studied by Ingram et al. [14].
Friction modifiers and additives (such as 12-hydroxystearic acid, C18-
acid and C18-amine) provide low friction at low velocities (less than
0.01 m/s), and friction increases with speed. They also reported that
the functional polar groups such as –OH and –COOH displayed a trend
of a rapid increase in friction with increasing speed and at high speeds
there is certain fall due to insufficient time to return to their original
state of bonding between friction modifiers and the pad surface.

The frictional behavior of silica surfaces with and without absorbed
brush like copolymer of poly (L-lysine)-graft-poly (ethylene glycol)
(PLL-g-PEG) and poly (L-lysine)-graft-dextran (PLL-g-dextran) in
aqueous solution were studied as a function of shear viscosity by
Prathima et al. [15] with the help of colloidal-probe lateral force
microscopy. Nano-scale Stribeck curves were obtained for bare silica in
selected solvents which described the effect of solvent viscosity on
measured frictional force. Under the boundary lubrication regime, the
adsorbed hydrated ions acted as a surface-solvating thin film, prevent-
ing direct physical contact. It was also found that polymer brushes
reduce the friction for a specific solvent mixture. Further, solvated
polymer brushes shift the hydrodynamic lubrication regime to the left
towards smaller values of the product, sliding speed×viscosity (Uη).

In the boundary lubrication regime (i e. low value of Sommerfeld
number), the lubricant film thickness is lower than the surface rough-
ness, and the coefficient of friction lies between 0.08 and 0.12. The
coefficient of friction was found to be independent of normal load [16].
The lubrication regime of ball bearings and gears were found to be in
the elasto-hydrodynamic lubrication regime only at high and moderate
speeds and fluid film thickness gives a trend with (Uη)0.7. In this
regime of lubrication, the coefficient of friction lies between 0.02 and

0.10, and it is independent of viscosity and depends upon molecular
structure of the lubricant [17].

Earlier study has shown that in the in situ lubrication case, there is
strong dependence of coefficient of friction on the sliding speed but
there is minimum effect of the normal load within a range [18]. The in
situ lubrication is indeed a case of mixed lubrication for which two
analyses have been provided. Albertson [16] proposed that for the
lubricants with additives, the boundary film formation is a diffusion
controlled phenomenon (based on Eyring’s rate of diffusion [19]) and
hence the coefficient of friction will depend upon the sliding speed.

It was presented by Sophie et al. [13] that in the boundary and
mixed lubrication regimes the interfacial shear stress is a function of
the sliding speed. The analysis uses the Eyring [19] equation for
activated slip model. It is based on the principle that when one layer of
molecules slips over another, there is an activation energy needed for
this slip to overcome the energy barrier. The values are different in
forward and backward directions. The rates of slip depend upon the
applied shear stress and the thermal fluctuations. Using this approach
they have shown that the net velocity for slip is an exponential function
of the shear stress. Thus, upon taking logarithm on both sides, the
following relation is obtained [13,18],

⎛
⎝⎜

⎞
⎠⎟τ kT ϕ v

v ϕ
E P= ( / )In + 1 ( + Ω)

0 (1)

where τ is the shear stress, v is the relative velocity, vo is a reference
velocity, ϕ is the shear activated volume, Ω is the pressure activation
volume, T is the absolute temperature, k is the Boltzmann constant, E
is the activation energy and P is the hydrostatic pressure. The full
derivation of Eq. (1) is given in Ref. [13].

Thus, the relation between v and τ can be given as follows;

τ τ θ v= + In( )1 (2)

where,

τ
ϕ

E P kT v θ kT
ϕ

= 1 ( + Ω − (In )); = ;1 0

where τ1 and θ are constants for the given boundary layer. The
coefficient of friction is very much influenced by interfacial shear
strength [18]. Eq. (2) was also derived by Briscoe and Evans [20] which
also described the experimental data for monolayers very well. If it is
assume that for a fixed applied load, the contact area and thus the
pressure is constant, Eq. (2) can be re-written for the boundary friction
as,

μ a a v= + lnb 1 (3)

where a and a1 are constants for a set of load and temperature.
For the boundary lubrication by mono and multilayers of carboxylic

acid, Briscoe and Evans [20] also proposed the relations for shear
stress as functions of constant pressure, P, and temperature, T, which
are given as;

τ τ αP= + (At constant temperature and velocity)2 (4)

τ τ βT= − (At constant pressure and velocity)3 (5)

where α, β, τ τ,2 3 are constants for a given lubricant.
The wear and lubrication mechanisms of SU-8 filled with PFPE (Z-

Table 1
Tensile properties and Vicker's hardness data for pure epoxy and its composites. All fillers, graphene, graphite, SN150 and PFPE were in concentration of 10 wt% in each case.

Material Epoxy Epoxy/Graphene Epoxy/Graphite

Liquid filler material none PFPE SN150 PFPE SN150 PFPE SN150
Young modulus GPa 0.815 0.687 0.716 0.832 0.848 0.755 0.838
Tensile strength MPa 40 40.571 41.53 38.331 43.96 28.903 32.64
Hardness MPa 215 134.1 132.3 204.3 157.4 144.6 141.8

Fig. 1. Schematic diagram of the ball-on-cylinder tribometer.
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dol) droplet were investigated by Saravanan et al. [18] under different
regimes of lubrication. The lubrication mechanism was explained by
studying the variation of coefficient of friction with the sliding velocity
trends by dividing it in three zones.

From the above literature survey, it can be concluded that there is a
strong dependence of the CoF on the speed, whereas CoF is mostly
independent of normal load. The mixed lubrication is a possible
mechanism of lubrication for liquid-filled polymer coatings where
lubrication is continuously provided in situ. In the present study, we
will compare the CoF with respect to speed and normal load for the
epoxy composites filled with two solids (graphene and graphite) and
two liquid (SN150 and PFPE) lubricants.

2. Experimental procedure

2.1. Materials

Epoxy and its composites filled with liquid lubricants (SN150 or
PFPE) and graphene or graphite particles were coated onto D2 tool
steel cylindrical shaft (diameter = 40 mm). The thickness of the coating
was in the range of 50–60 μm. Base-oil SN150 (Indian Oil Corporation
Limited Faridabad India) of Group-I with viscosity 24.25 cP (at 40 °C)
and PFPE (commercial name Fomblin Y, supplied by Sigma Aldrich,
India) with viscosity of 43.38 cP (at 40 °C) were used. Graphene with
particle sizes < 100 nm was supplied by Reinste Nano Ventures Pvt

Fig. 2. FESEM images of the cross-sections of the coatings.
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Ltd, India, and graphite with particle sizes < 20 μm was purchased
from Sigma Aldrich, India. The epoxy used was Araldite AY 103 with
hardener HY 951, supplied by Huntsman Advanced Material Pvt. Ltd.
Steel ball (SAE 52100 with hardness of 58 HRC) of 4 mm diameter and
roughness 50 nm was used as counterface for all tribological tests.

2.2. Sample preparation

D2 tool steel cylindrical specimen of diameter ~40 mm and width
~12 mm was prepared by turning and then grinding the surface till the
roughness of Ra~0.40 μm. The surface was cleaned with acetone, air-
dried and treated with air plasma [1]. Air plasma cleaning was carried
out on steel surface to remove any organic impurity and to generate
hydroxyl groups on the substrate which increase the adhesion of the
coating to the substrate. The filler materials were added into liquid
monomer epoxy and stirred thoroughly using ultrasonication. After
this, the hardener was mixed and the air bubbles were removed by
exposing the mixture to vacuum. Four different types of composites
were prepared:

(i) Epoxy/graphene (10 wt%)/SN150 (10 wt%) (named as E/Gn/
SN150).

(ii) Epoxy/graphene (10 wt%)/PFPE (10 wt%) (named as E/Gn/
PFPE).

(iii) Epoxy/graphite (10 wt%)/SN150 (10 wt%) (named as E/Gt/
SN150).

(iv) Epoxy/graphite (10 wt%)/PFPE (10 wt%) (named as E/Gt/PFPE).

The steel surfaces were coated with epoxy composites by a lab-
fabricated ‘dip and rotate’ coating machine and then by rotating the
coated shaft at 100 rpm for 4 h in order to distribute the epoxy
composite uniformly over the shaft while it air-cured. The coatings
were cured initially at room temperature for 16 h followed by thermal
curing at 80 °C for 4 h. The final coating thickness varied between ~50
and 60 μm. The samples were then stored in a desiccator before any
further use.

2.3. Material characterization of epoxy composites

Mechanical properties such as tensile strength and modulus of
elasticity of the polymer composites were measured using tensile tests
and the hardness was measured by Vickers hardness tester.

2.3.1. Tensile strength and modulus of elasticity

ASTM standard D638 test samples were prepared by casting in a
mould of dimensions 3 mm×3.9 mm cross-section with a gauge length
of 10 mm [1]. The curing process followed was same as explained for
the coating on the steel shaft. Tensile tests of composites were
performed using a universal testing machine with a cross-head speed
of 0.1 mm/min. The moduli of elasticity and tensile strengths of epoxy
composites filled with liquid lubricants and graphene or graphite
particles are given in Table 1. Each datum represents an average of
three repeated tests. These observations show that there is some
decrement in the tensile strength on adding graphite with liquid
filler whereas with graphene there is an increment by ~10%. The
modulus of elasticity is increased for both graphene and graphite
additions. However, this increase in the elastic modulus is more for
graphene than for graphite. In general, graphene is more effective in
improving the mechanical properties of epoxy which indicates better
bonding between the two because of smaller size of the graphene
particles.

2.3.2. Hardness

Hardness of the composites was evaluated by Vickers hardness
tester [1]. The hardness values of different composites are also
presented in Table 1. The data reported are averages of ten measured
values on at least two different specimens.

2.4. Tribological test

Friction and wear tests were performed using lab-fabricated ball-
on-cylinder tribometer setup (Fig. 1). Photo of the experimental set-up
was shown in our earlier publication [1]. The polymeric coatings were
coated on the cylinder outer surface. The ball used was bearing steel
(SAE 52100) of diameter 4 mm. The tests were conducted at the
normal load of 10 N and at different rotational speeds of 10, 20, 50,
100, 200, 300, 600, 1000 and 1200 rpm. The linear sliding speed range
was varied from 0.021 m/s to 2.5 m/s. In order to understand the load
effect, the tests were also performed at a speed of 0.63 m/s and three
different normal loads (3, 6 and 10 N). All tests were conducted at
room temperature (25 ± 2 °C) and relative humidity of 45 ± 5%. The
steady-state coefficient of friction (CoF) was estimated by taking
average of the last 1000 values before coating failed. Sommerfeld
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number (ηV/P) was also calculated in order to plot the Stribeck curve
for two composites which are epoxy/graphene/SN150 and epoxy/
graphene/PFPE. In order to calculate the volumetric wear rate, the
wear track width and depth profiles were measured by using 3D optical
profiler (Contour GTK, Bruker, USA). Images of worn surfaces on the
cylindrical and ball surfaces were taken by optical microscope.

2.5. Surface characterization of epoxy composites

2.5.1. Optical and scanning electron microscopy

The worn surfaces of specimen sample and ball were observed by
Digital Microscope (Dino-lite, Kontrelek Instruments, India) to analyze
the wear behavior of each sample. This is a portable type microscope
with 270-480 X magnification. The images of tested ball were also
analyzed by Confocal Microscope. Field Emission Scanning Electron
Microscopy (FESEM) was carried out on EIGMA, Zeiss, USA FESEM
machine. The samples were gold coated using a sputter coater
(SC7620-CF, Quorum Laughton Lewes) prior to FESEM imaging.
SEM images of the cross-sections of the four composites E/Gn/
SN150, E/Gn/PFPE, E/Gt/SN150 and E/Gt/SN150 are shown in
Fig. 2. It is seen in these images that the volume of SN150 is much
larger than that of PFPE. Also, between graphene and graphite based
composites, the lubricant droplets are larger and more in volume in the
case of graphene than in the case of graphite presence. These
differences will be discussed in later sections.

2.5.2. 3D optical profiler analysis

3D optical profiler (Contour GTK, Bruker, USA) was used for wear
track profile measurements. The cross-sectional area of the wear track
was calculated by integrating the width and depth profiles which was
then multiplied by the total track length to obtain the wear volume. The
specific wear rate (Wsp) was calculated using the following relation [8],

W V
LD

= mm /N m,sp
3

(6)

where V is the wear volume, L is the normal load and D is the total
sliding distance.

2.5.3. Atomic force microscopy

Atomic force microscope (XE7, Park System, South Korea) was
used for the surface topography of the epoxy composites. The AFM
imaging of the specimen surfaces and the wear tracks was carried out to
understand material surface topography before and after the wear
process.

3. Results and discussion

3.1. Friction results and stribeck curve

Fig. 3 presents the steady-state coefficient of friction (CoF) values
versus Sommerfeld number for the epoxy/graphene composites with
(a) 10 wt% SN150 and (b) 10 wt% PFPE. The Sommerfeld number was
calculated as ηv/P, where η is the viscosity of the liquid filler, v is the
sliding speed in m/s and P is the normal load (10 N). The coefficient of
friction was inspected for a fixed 5000 sliding cycles for different
Sommerfeld numbers. The plot is divided into two different zones
based on their frictional behavior with respect to the Sommerfeld
number, Zone 1 and Zone 2, which represent an abrupt change in the
coefficient of friction as the Sommerfeld number increases. In Zone 1,
the coefficient of friction increased very steeply from 0.04 to 0.06, while
in zone 2, it was nearly constant (0.06–0.07) for SN150. In the case of
PFPE, the CoF in Zone 1 increases from 0.06 to 0.12 and in Zone 2
decreases from 0.12 to 0.10. The mechanisms responsible for frictional

behavior in Zone 1 and 2 are explained in the next section.
Table 2 presents optical images of coating worn surfaces and the

ball surfaces. These images show less amount of lubricant transfer onto
the ball in Zone 1. In Zone 2, there is less lubricant on the ball and the
composite surface (v=0.63 m/s). However, at v=2.51 m/s the amount
of lubricant increases at the interface. This somewhat correlates with
the CoF which stabilizes at higher sliding speed or reduces marginally.

3.1.1. Zone 1 mechanism

In Zone 1, the coefficient of friction rises sharply as the Sommerfeld
number is increased. This rise is in contrast to the typical Stribeck
curve in which the CoF decreases in value as Sommerfeld number is
increased.

A schematic of the coating cross-section with the bonded and
mobile lubricant is shown in Fig. 4. There is presence of lubricant
liquid droplets in the bulk and at the sliding surface; there is mobile
lubricant presence due to the opening up of those droplets. In the
beginning of the sliding process, the bonded and mobile lubricant
molecules present on the surface provide sufficient lubrication [12,15],
keeping the CoF in the range of 0.042. The trapped droplets of the
lubricant are quickly released in the beginning of the sliding process
which maintains low shear stress at the interface. The low CoF
condition is maintained for 5000 cycles and above because of the in-
situ supply of lubricant.

It is seen that with increase of sliding velocity, lubricant displace-
ment increases from contact point. At low sliding speed, a balance is
maintained between the displacements of lubricant from the wear track
and re-flow. But at higher speed, the displaced lubricant is not quickly
available on the wear track due to insufficient time leading to lubricant
starvation [16]. The repeated movement of lubricant from wear track
causes asperity contact, and the coefficient of friction increases, which
leads to wear. The images of the counterface ball after wear test and the
worn surfaces also support the proposed mechanism for displaced
lubricant as given in Table 2. The images of the counterface ball show
the presence of lubricant on their surfaces which initially increases with
increase of speed and also some amount of wear debris is present on
the ball surface.

3.1.2. Zone 2 mechanism

Zone 2 shows a mechanism where lubricant is mixed with the wear
debris in the form of slurry. The slurry effectively provides lubrication.
The CoF is maintained at constant value of approximately 0.07–0.08
for SN150 filled composites. The CoF decreases from 0.12 to 0.09 for
the PFPE-filled composites as the Sommerfeld number is increased
from 15 to 120.

These observations clearly show that there is strong influence of the
in-situ lubricant present in the matrix of epoxy. The lubrication regime
is that of mixed lubrication type where both liquid and solid interac-
tions play their parts. It is seen that for liquid-filled composites, the
slurry of lubricant and initial wear debris also play an important role in
maintaining low CoF at high speed. In fact CoF decreases for epoxy/
graphene/PFPE when the Sommerfeld Number is increased (Fig. 3(b)).

3.2. Effects of speed on the coefficient of friction

As the liquid filler (SN150 and PFPE) is added in epoxy composites
(epoxy/graphene and epoxy/graphite) the coefficient of friction goes
down drastically and load bearing capacity also increases. Fig. 5(a) and
(b) presents the coefficient of friction versus sliding velocity for epoxy/
graphene composite with the liquid fillers SN150 and PFPE, respec-
tively, for three different loads. From Fig. 5(a) it is observed that the
variation of coefficient of friction with sliding velocity is nearly same at
the loads of 3 N, 10 N and 12 N. At lower speed, the coefficient of
friction is low (0.04–0.06) and increases steeply with velocity up to
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0.42 m/s and then becomes nearly constant (CoF~.09) in the velocity
range of 0.42 m/s–2.51 m/s for all composites. The epoxy composites
filled with SN150 shows lower coefficients of friction (0.04–0.1) as
compared to those for PFPE (CoF 0.06–0.17). In Fig. 5(b), the
variation of the coefficient of friction at different loads (3 N, 10 N

and 12 N) shows same behavior with velocity but has very different
coefficients of friction. At 10 N normal load, the coefficient of friction
for epoxy/graphene/PFPE shows the lowest value (0.06–0.11) whereas
at other loads the values are much higher. For PFPE, in general for all
loads, slight reduction in the CoF at high speeds is observed. However,

Fig. 4. Possible sequence of lubrication mechanisms at the ball-surface interface during tribological test and lubricant distribution in composite.

Table 2
Optical images of the ball contact surface and the corresponding wear tracks for epoxy/graphene (10 wt%)/SN150 (10 wt%) composite coating at the
steady-state of the sliding process. They are typical examples of the interfaces in Zone 1 and Zone 2 regimes. Scales are provided in each image.
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the CoF values for PFPE composites are higher in comparison to those
for SN150 composites. It appears to be the effect of the volume of the
lubricants in the composites. SN150 is less dense (density=840 kg/m3)

in comparison to PFPE (density=1810 kg/m3) and hence, the volume
of SN150 is nearly double in the composite for the same wt%. Hence,
more volume of SN150 liquid lubricant is present at the interface. With
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lower viscosity of SN150, it is able to form much more lubricating
slurry at the interface at higher sliding speeds. Hence, SN150 is able to
provide lower CoF in comparison to that of PFPE at all sliding speeds.

3.3. Effects of load on the coefficient of friction

Fig. 6(a) and (b) present the initial and steady-state coefficients of
friction of the coatings at different applied normal loads for the same
linear speed of 0.63 m/s (300 rpm). For all composites, as the load
increases, the initial coefficient of friction also increases. For epoxy/
graphene/SN150 the initial coefficient of friction is 0.04 at 3 N load
and 0.08 at 10 N load, which are the lowest values amongst all epoxy
composites with liquid fillers. It is found that the initial and steady-
state coefficients of friction for PFPE are higher than those of SN150 in
their composite forms. As explained before, the volume of SN150 was
nearly twice that of PFPE because of density difference. This can result
in large volume of SN150 lubricant present at the interface and hence
low CoF. Another reason could be because of viscosity difference. PFPE
has viscosity of 43.38 cP in comparison to 24.25 cP for SN150. Low
viscosity fluid can provide low coefficient of friction. The steady-state
coefficient of friction for Epoxy/graphene/SN150 composite is mini-
mum (0.08) at lower loads (3 N and 6 N) and increases to 0.10 at 10 N
load. Both for SN150 and PFPE cases, it is found that composites with
graphene have lower CoF in comparison with that for the composite
with graphite particle. Observing Fig. 2, it can be seen that the
lubricant droplets are more in number in the case of graphene-based
composite than in the case of graphite-based composite. In order to see
the difference in the interaction between liquid lubricants and the filler
particles, oil droplet contact angle was measured for each powder using
the lubricants as the droplets. The contact angle of SN150 on graphene
was measured as 47° in comparison to 28° on graphite. The contact
angle of PFPE was measured as 73° on graphene in comparison to 27°
on graphite. The experimental errors for all measurements were within
± 1°. These data indicate that, in general, graphene is oliophobic than
graphite. This property of graphene renders graphene-based composite
with higher amount of free or mobile lubricant which helps in reducing
friction. Graphite is oliophilic leading to physical absorption of the
lubricant molecules much faster. Hence, in relative terms, graphene-
based composite show low coefficient of friction for both the lubricants
in epoxy. It will be shown in latter section that epoxy/Gn/SN150 has
the lowest wear rate at all loads when compared to all other
composites. At 10 N load, all composite coatings survive 200,000 no.
of cycles except epoxy/PFPE.

3.4. Shear stress

Fig. 7(a) and (b) present the shear stress (τ) as a function of ln(v)
plots for epoxy/graphene/SN150 and epoxy/graphene/PFPE compo-
sites, respectively, tested at the normal load of 10 N and at different
sliding speeds for 5000 no. of cycles. The shear stress is calculated by
assuming the contact area to be the Hertzian contact and the shear
stress of interface is CoF times the pressure applied (Supplementary
information, S1, provides the details). The data are fitted to Eq. (3)
which is given as follows-

τ τ θ V= + ln1

The values of τ1 and θ are calculated for epoxy/graphene/SN150 as
0.00758 GPa and 0.00565, respectively, and for epoxy/graphene/PFPE
as 0.02279 GPa and 0.00358, respectively. There is an excellent fit of
the data to this equation proving that the lubrication mechanism is in
the mixed lubrication regime as proposed by Spikes [17]. The data also
validate the relation given earlier by Briscoe and Evans [20] for
monolayers of carboxylic acids and their soaps. In an earlier work
[18], this equation was found to fit the experimental data for a SU-8
(epoxy type molecule) polymer matrix and functionalized PFPE (Z-dol)
liquid filler composite. However, the curve fitting parameters were
found to be different for different regimes. Hence, such differences are
possible for different combinations of matrix and the liquid fillers.

3.5. Wear analysis

Wear performances of the coatings were evaluated by conducting
the sliding tests at the maximum normal load of 10 N for all
composites. After this, the wear rate was calculated by measuring the
wear track profiles on 3D Optical Profilometer. Wear life was also
observed in terms of the number of cycles for which the CoF remained
at a low steady-state value. Failure of the coating was defined as the
point when the CoF rose sharply (above 0.3) or became fluctuating.
Fig. 8(a) presents plots of coefficient of friction as a function of the
number of cycle at 10 N load and 0.63 m/s linear sliding speed for
epoxy composites with liquid fillers. From this figure it can be observed
that epoxy/PFPE and epoxy/graphite/PFPE fails very early as com-
pared to other composites. It is clear from these data that epoxy/PFPE
coating is much poorer in wear life compared with the other composites
at different loads and sliding velocities tested. At 3 N and 6 N normal
loads, wear lives of all the composites with liquid filler are more than
200,000 no. of cycle. Further, epoxy/graphite/PFPE coating gives poor
wear-life at 10 N load and 0.63 m/s speed due to delamination of the
coating. Based on the failure definition (μ≥0.3), epoxy composites filled
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with SN150 do not fail till 200,000 no. of cycle. The experiments were
stopped at 200,000 cycles due to long test duration. At 0.63 m/s
(300 rpm) sliding velocity and 10 N load, all samples survived except
epoxy/PFPE which failed very early within few 100 s of cycles and
epoxy/graphite/PFPE coating which failed at nearly 70,000 no. of
cycle.

In Fig. 8(b) specific wear rates (mm3/N-m) are plotted as a function
of normal load for 0.63 m/s (300 rpm) sliding speed. It is found that
epoxy/graphite/PFPE coating shows the highest wear rate at 10 N load.
The wear rate of epoxy/PFPE coating is much higher
(311.95×10−7 mm3/N-m) than those of composite coatings of epoxy/
graphite and epoxy/graphene combined with liquid lubricant filler.
Hence, the datum for epoxy/PFPE is not included for 10 N normal
load. Wear rates for the epoxy/graphene/SN150 composites remain
nearly zero at low loads (3 N and 6 N) and gives lowest value than all
other composites at the maximum load of 10 N. Epoxy/graphite/
SN150 also shows very low wear rate even at the highest load of
10 N. For all composites, the rate of change of wear rate follows
different trend below 6 N normal load and above, except for Epoxy/
SN150 composite, in which case there is sharp increase in the wear rate
beyond 6 N load. The composites with graphene nano particles and
liquid filler have the best wear resistance. Fig. 9 provides AFM images
of the unworn (original) and worn surfaces for two composites Epoxy/
graphene/SN150 and Epoxy/graphite/SN150. Whereas the original
surface is very smooth, the worn surfaces show many pillars which tend
to reduce the contact area which may also contribute to their excellent
tribological performance in addition to the other effects mentioned
earlier.

4. Conclusions

Coated samples of epoxy composites (with 10 wt% of graphene or
graphite particles) with liquid lubricant fillers (10 wt% of SN150 or
PFPE) were tested for tribological performance under dry sliding
condition. The counterface was 4 mm diameter steel (SAE 52100) ball.

The sliding velocity and normal load were varied during the tribological
tests. The conclusions drawn are as follows:

1. The composites filled with liquid lubricant coated on D2 steel act as
self-lubricating layer with drastically reduced coefficient of friction
(2 times reduction over the sample without liquid filler) and low
wear rate.

2. The coefficient of friction increases with increase of sliding velocity
initially, and after a speed of 0.42 m/s becomes nearly constant for
the case of SN150. There is a decreasing trend for CoF of the
composite with PFPE beyond a critical sliding speed.

3. Among all composites, the epoxy/SN150 gives lowest CoF (0.045)
but at high load epoxy/graphene/SN150 shows the lowest coefficient
of friction.

4. The wear rate for epoxy/graphene/SN150 is very low
(2.5×10−7 mm3/N-m) at 10 N load and nearly zero at low load of
3 N. This performance is followed by epoxy/graphite/SN150 which
gives wear rate of 5.4×10−7 mm3/N-m at 10 N load.

Overall, liquid-filled epoxy-based composites are very suitable as
tribological coatings for load bearing applications in journal bearings,
engine piston rings etc.
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Fig. 9. AFM images of original and worn surfaces of epoxy/graphene/SN150 (E/Gn/SN150) and epoxy/graphite/SN150 (E/Gt/SN150) composites. These composites showed the least
steady-state coefficients of friction and minimum wear rates.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.triboint.2016.09.010.
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