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Abstract

In some engineering fields, wear resistance anohaftiction coefficient are required at the same
time. In this research, PTFE nanoparticles andoramanotubes were co-deposited within Ni-P
matrix to obtain an Ni-P-PTFE-CNT hybrid coating feear resistance and a low friction coefficient.
The tribological properties of the deposits weraleated by pin on disc tribometer. The morphology
of the coatings and worn surface was evaluatedcayrsng electron microscopy. However, the
results showed that the addition of PTFE nanopestito the Ni-P electroless coating caused the
friction coefficient to decrease to values lowearth0.2, which led to an improvement in friction
behavior because of its self-lubricity propertiéshowever, decreased the strength of coatingtdue
polymeric and soft structure of the molecules. $imeultaneous incorporation of PTFE nanoparticles
and carbon nanotubes can provide the propertidsothf molecules and increased the strength of
coating with a low friction coefficient and selfdtcity properties. Therefore, the wear rate are th
degradation of surface were decreased during the mrecess.
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1. Introduction

Tribology is the science of interacting surfacesrétative motion. When two interacting surfaces
move against each other, two undesirable phenowmenas: friction and wear. The development of
new materials to deal with these two issues haayaween a critical purpose for researchers. Sarfac
engineering and surface finishing are two fieldst throvide new methods and techniques for the
prevention of friction and wear. New coatings haeen designed and developed to protect various
parts used in different fields ranging from indisdtmachines to medical equipment and prosthetic
components. Electroless nickel coating is one @séhmethods and is widely used in various
industries (Shahoo et al., 2012). Electroless tickatings have unigue properties such as high wear
resistance, high corrosion resistance, high hasjresl good lubricity and toughness (Grosjean. et al
2001; Wang et al., 2008). By combining nanosizatiglas as a reinforcing phase into Ni—P matrix to
form functional nanometer composite coatings vilaetroless co-deposition process, the properties
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of Ni-P coating can be greatly improved and some features are entirely added to the coating
performance (Tian et al., 2010). For this purpesaoparticles such as SiC, WC,@4, TiO,, and
ZnO as hard particles and PTFE and graphite ad kddricant nanoparticles are added to the coating
(Huang et al., 2003). Among these composite costiNg-P-PTFE has come under focus because of
the properties such as very low friction coeffitinbricity, anti-stick, and anti-fouling propezs

and good wear and corrosion resistance (Ger e2@02; Zhao et al., 2002; Ramalho et al., 2005);
however, the polymeric nature of polytetrafluorgéthe causes a decrease in the hardness and
strength of the coating. Nowadays, complex compasiatings containing both hard and lubricating
particles are receiving more and more interest, andecent years, attention has turned to hybrid
composite coatings. Several methods have beenapmeeto produce hybrid coatings. Guo and Kong
studied the structure of aluminum hybrid coatingataining SiC particles and graphite, which was
created by the plasma spray (Gui et al., 2001) liyan evaluated the self-lubricating properties of
CrN-Ag hybrid composite coatings produced by thegmedron sputtering (Mulligan et al., 2005).
Straflinie et al. studied the wear behavior of NRPFE-SIC coatings (Straflinie et al., 1999).
Although a few works have been reported on eleesohybrid coatings (Wu et al., 2005; Wu et al.,
2006; Huang et al., 2003; Suiyuan et al., 2012}, thare is no information on Ni-P-PTFE-CNT
hybrid nanocomposite coatings.

However, the extraordinary properties of carbon nanotutigsh as high length to diameter ratio,
strength, flexibility, elastic modulus, hardnessnductivity, chemical stability, etgrovide very
beneficial improvements in the Ni-P matrix. In titsidy, the effect of simultaneous incorporation of
PTFE nanoparticles and carbon nanotubes on theldgizal properties of Ni-P coatings was
investigated and compared with Ni-P-PTFE and Ne&tiags.

2. Materials and methods

Carbon steel disc-shaped samples with a diamet® ofm and a thickness of 8 mm were used as the
substrate.

The surface preparation of the samples was asvgilo

The substrate was ground using SiC abrasive pagpedsthendegreased with an electrolytic
degreasing solution for 15 minutes at 75-55 °CeAfhat, the samples wei@mersed in a ferro-

clean solution to remove surface oxides for 4-5ut@s. Finally, in order toeutralize and activate the
surface, the sample was immersed in a solutiorulbfiric acid (10 wt.%) for 15%econds. The as-
pretreated substrate was electroless depositethieraostatically controlled bath amgre coated to

a thickness of 14m.

Pristine CVD-grown multi-walled carbon nanotube8;5® um in length and 5-15 nm in diameter,
with a special surface area (SSA) of about 23&ynwere purchased from Iranian Nanomaterials
Pioneers Company. The nano-PTFE patrticle size veaween 100-200 nm (produced by AHC-

Surface (RIAG) Company, Germany). After preparihg Ni-P bath, a portion of the bath was
selected and a suspension of PTFE nanoparticleat(ét) at a concentration of 10 gr./L was added
to it. For producing Ni-P-PTFE-CNT hybrid compositoatings, PTFE nanoparticle at a

concentration of 10 gr./L and carbon nanotubesargentration of 2 gr./L were added to a portion
of electroless nickel bath. In order to prevent élgglomeration of PTFE particles and CNT's in the
bath and obtain a uniform distribution, the cetithethyl ammonium bromide (CTAB) was added to
the bath (20-30 mg/L) as the surfactant. The stafdcnot only increases suspension stability by
increasing the wettability and the surface charfgeacticles suspended in solution, but also in@esas

the electrostatic absorption of particles on thiby@de by increasing the positive electrical chayge
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the particles (Ming et al., 2002). Finally, thisrppvas added to the electroless nickel bath, aed th
final solution was stirred for 5 hrs using a magnstirrer at 1000 rpm and then for 30 minutes by
ultrasonic stirrer followed by the coating proce&dditionally, mechanical stirring was used to keep
particles from sediment during the coating process.

The surface morphology and the worn surfaces weeidiesl using a scanning electron microscopy
(SEM model Philips XL30).

Pin-on-disk tests were used to determine the wesistance and the dynamic friction coefficient of
the coatings; the weight loss was measured by aobatance. The results were recorded as the
friction coefficient variations versus the slidimtistance. The wear rate of the coating was also
computed and reported.

3. Results and discussion

3.1. Coating surface mor phology

Figures 1 and 2 depict the SEM micrographs cormedipg to the surface morphology of the
electroless Ni-P-PTFE and Ni-P-PTFE-CNT coated daspespectively. The simultaneous
incorporation of PTFE nanoparticles and carbon hdres can be seen in Figure 2. As can be seen,
PTFE nanoparticles are in the form of black dot$ earbon nanotubes are in the form of fine white
lines. The PTFE nanoparticles and CNT's are unifprembedded in the Ni—P matrix as seen in the
SEM images.

MIRAZ TESCAN

SEM MAG: 20.0 kx |Date(mid/y): 01/13/15 RMRC

Figurel
Surface morphology of Ni-P-PTFE nanocomposite ooati
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Figure?2
Surface morphology of Ni-P-PTFE-CNT nanocompositatings.

3.2. Wear resistance

Figure 3 shows the effects of adding PTFE nanapestiand the simultaneous incorporation of
carbon nanotubes and PTFE nanoparticles on th@ofricoefficient of the Ni-P coating. It can be
seen that adding PTFE nanoparticles to Ni-P ma#md thus self-lubricating properties of these
particles, has significantly reduced the frictiarefficient of the composite coating compared to the
Ni-P coating. On the other hand, a significant o#idm in the coefficient of friction in the presenof
carbon nanotubes has been reported by Alishahi @leshahi et al., 2012). Therefore, the redustio
of the coefficient of friction in the simultaneouscorporation of PTFE nanoparticles and carbon
nanotubes can be explained as follows:

The presence of PTFE nanoparticles in the Ni-Pimgaeduced the coefficient of friction
because of the self-lubrication properties of theasicles. PTFE molecules have 13 to 15
chemical repeating units, have no branches, andareonsidered as bulky molecules. This
causes the molecule to have a smooth profile. Tingoth molecular profile and the easy
formation of a PTFE transfer film between the aogtand pin ball during the wear sliding
decrease the coefficient of friction (Huang et 2D03; Wu et al., 2006; Ramalhoa et al.,
2005).

The cylindrical shape and unique structure of carbanotubes and their low coefficient of
friction (0.09 in horizontal orientation) reduceetleoefficient of friction of the coating. In
addition, with increasing the sliding distance,réty increasing the material lost, some
CNT’s were placed in the worn surface. Strong bogdietween the carbon atoms results in
the high strength of CNT’s to the extent that tloeyn withstand pressures up to 55 GPa
without the destruction of their cylindrical shaféang et al., 2005; Hilding et al., 2003).
Therefore, it seems that the CNT’s can easily sépween the sliding surfaces due to their
cylindrical shape, which consequently leads tdtertreduction in the coefficient of friction.
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- The presence of carbon nanotubes—which are coesides one of the hardest materials in
the nature—along with PTFE nanopatrticles helpeddlparticles to play the role of a barrier
in the coating. As a result, the direct contactMeen steel pin and the surface (and thus the
direct contact of iron and nickel, which have ahhgplubility in each other) became limited
and the coefficient of friction was decreased (Hyenal., 2003).

- In addition, PTFE and CNT’s form a mechanically edxPTFE-rich layer on the worn
surface, which contains both PTFE and CNT. Thigdacts as lubricant layer and reduces
the coefficient of friction. Similar results werbserved by Huang et al. (Huang et al., 2003).

- Given the high thermal conductivity of the nanotailbsed in the coating, they could quickly
transfer the heat produced during the sliding mect the substrate and prevent the
formation of severe conditions in the contact stefa and they consequently reduced the
coefficient of friction.

The wear rate of each coating was calculated bygusguation 1. In this equation (mn/Nm)

is the wear rate, antin (mg) is the weight losg; (gr/cn?) represents density, and | (m) and F (N)

are the sliding distance and the applied forceaetsgely.
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Figure3
The effect of the simultaneous incorporation of ETfanoparticles and CNT’s on the friction coeffitie

3.2. Analysis of worn surfaces

Figures 4-6 show the SEM images of the worn susfaxfeNi-P, Ni-P-PTFE, and Ni-P-PTFE-CNT
coatings respectively. Studying the surface ofNi® coating (Figure 5) showebatthis surfaces
mainly composed of longitudinal grooves and paitraigularpits along the sliding direction. A more
detailed view of thevear track (at a higher magnification) reveals ti@tonly scuffingand peeling-
off are occurred, but also micro-cracks amerged on the worn surface. Additionally, a seriou
plastic deformatiomns taken place. These observations indicate tleatvisarmechanism in the Ni—P
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coating is featured as severe adhesiveabrdsive wear, which are established for electsolisP
sliding against steels (Liu et al., 1996; Palaniappa ¢28D8; Staia et al., 1996). On the other hand,
the presence of uneven corrugated holes increbsgubssibility of the delamination wear mechanism
along with adhesive wear mechanism. High solubiitynickel and iron in each other caused the
transmission and diffusion of atoms in the integfa¢ wear surfaces, and created a strong adhesive
connection between them. The relative movemenhefsurfaces leads to the rupture and cutting of
these connections and the transmission of matkoal one surface to another, and it eventually
destructs the surfaces (Ashrafi et al., 1995).
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Figure4
The SEM images of the worn surface of the Ni-P iogadt a magnification of: a) 62x and b) 250x.

a) b)
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Figure5
The SEM images of the worn surface of Ni-P-PTFRiogaat a magnification of: a) 70x and b) 1.20kx.
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Figure6
The SEM images of the worn surface of the Ni-P-P-TH¥ET coating at a magnification of: a) 30x and Bp1.

Figure 6 shows the worn surface of Ni-P-PTFE cagatiks seen, wear resistance is much better than
that of the Ni-P coating, and low wear damage seoled. There are only a few effects of smearing
on the coating and no cracks are seen. The sulfficeexd appropriate incorporation of the
nanoparticles in the coating leads to the discaimeof the direct contact of iron and nickel and
thereby a low coefficient of friction; thereforen @amprovement in the wear resistance is obtained.
Given the presence of the soft polymer phase ofRte reduction of the coefficient of friction was
combined with the reduction of the coating strength seen in Figure 6, no peeling-off is occurred,
but there are longitudinal grooves in the slidingection, which indicates the abrasive wear
mechanism.

Figure 7 shows the worn surface of the Ni-P-PTFEFQ§ating. In this sample, the amount of wear
damage is reduced. The presence of carbon nanoimbemsed the strength of the coating and
reduced the plastic deformation and damaged tauhface. The presence of carbon nanotubes also
prevented the growth of cracks, longitudinal gragwand removing of the coating from the surface. A
low coefficient of friction combined with suffici¢strength caused by the simultaneous incorporation
of self-lubricant PTFE nanoparticles and high-ggtbn carbon nanotubes reduced the plastic
deformation, the possibility of connection betwebe coating and the counter surface, and the
delamination phenomenon during the wear processth®rother hand, the increased heat transfer
coefficient of the coating in the presence of carbanotubes caused the quick transfer of the heat
produced during the sliding process to the sulestat prevented the formation of severe conditions
on the worn surfaces. All these factors improvedl tibological behavior of the Ni-P-PTFE-CNT
composite coating.

4. Conclusions

A Ni-P-PTFE-CNT hybrid nanocomposite coating wascessfully applied on the steel substrate for
the first time. After the heat treatment of the towp to obtain optimum wear properties, the
tribological behavior of the coating was evaluaded the following results were obtained:
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Adding PTFE lubricant nanopatrticles to the Ni-P mxateduced the coefficient of friction and the
wear rate of the coating; therefore, the wear taste of the Ni-P coating was improved.

The decrease in strength caused by adding the mwftmer phase of PTFE resulted in
longitudinal grooves in the direction of sliding.

The simultaneous incorporation of self-lubricant FET nanoparticles and carbon nanotubes

increased the strength of the coating, which camsetly reduced the damage caused by the wear
process. In this method, the plastic deformatiosh @moving of the coating decreased; the wear

rate and the coefficient of friction is lower thdne Ni-P and Ni-P-PTFE coatings, and, as a result,

the tribological behavior of the coating is higityproved.

Nomenclature

CTAB : Cetyl trimethyl ammonium bromide
CNT : Carbon nanotube

PTFE : Polytetrafluoroethylene

SEM : Scanning electron microscopy
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