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ABSTRACT 

This work combines two industrially friendly processing methods in order to create wear 

resistant and solid-lubricating composite coatings potentially suitable for high load applications. 

Layered composite coatings were fabricated over wrought stainless steel 444 (SS444) by 

compression molding a mixture of solid lubricant polymer, polytetrafluoroethylene (PTFE, 80 

wt%), and wear resistant polymer, polyimide (PI, 20 wt%), onto iron aluminide (Fe3Al) thermal 

spray coatings without the need of either primers or adhesives. The fabrication process consisted 

of three main steps: deposition of the Fe3Al thermal spray coating onto a SS444 substrate and 

transfer into a metal mold; transfer, compress, and sinter mixed polymeric powder onto the 

thermal spray coating; and finally, sample cooling to room temperature. This method takes 

advantage of the high surface roughness of thermal spray coatings, which increases mechanical 

adhesion of slippery PTFE to the underlying metallic material. Coatings were produced with and 

without a small amount of graphite (5 wt%) to analyze its impact on sliding and wear properties. 

Unlike current coating technologies, the thickness of the coatings presented herein can be easily 

and quickly tailored by varying the amount of polymer powder added to the mold prior to 

compression, or by grinding after fabrication. We produced and analyzed coatings ~1.3 mm in 

total thickness that portray coefficient of frictions ~0.1, similar to that of pure PTFE. The 

calculated wear rates for both coatings with and without graphite are an order of magnitude 

lower than what has been previously reported for coatings of similar composition.  The influence 
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of graphite on wear properties was found to be minimal due to the high content of self-

lubricating PTFE, yet can act as a way to lower material costs and increase the coatings load 

capacity.  

 

 

 

 

1 INTRODUCTION 

In many industrial sectors such as oil, gas, and hydroelectric, sliding or rolling contacts are 

common in machine parts, where low friction and high wear resistance are needed to increase 

efficiency and service life of the infrastructure.[1] Solid lubricating materials have become a 

popular alternative to liquid lubricants and grease due to their ability to reduce maintenance costs 

and environmental impact. Solid lubricants also play a vital role in applications that do not 

permit the use of external lubrication such as in aerospace, food industries and medical treatment 

products.  

 

Polytetrafluoroethylene (PTFE), or Teflon®, is the most commonly used solid lubricant 

because of its resistance to chemical attack, high melting point, and biocompatibility.[2,3] Its 

low dry sliding friction coefficient (μ< 0.2) on a variety of counterface materials is attributed to 

the low shear strength of the long (CF2-CF2) chains[4] and the transfer of polymeric material to 

the counter surface, creating a well-adhered thin transfer layer that results in the sliding of two 

soft polymeric surfaces.[5,6]  
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Despite its excellent sliding properties, PTFE suffers from poor wear resistance and excessive 

viscoelastic deformation under load,[7] which greatly limits its use in high load bearing 

applications. The incorporation of almost any type of reinforcing fillers into PTFE including 

inorganic (metals, metal oxides/carbides)[4,8,9] and organic (carbon fiber, graphite, polymer 

blends)[10–13] materials has been shown to reduce wear and increase load capacity. In cases 

where metal fillers are utilized, there are often corrosion issues such as galvanic corrosion with 

the counter metal that limit their applications. Furthermore, purely polymeric composite systems 

still portray relatively low load capacities with low pressure-velocity limit values.[14] Therefore, 

this work strives to develop a new wear resistant solid-lubricating layered composite coating 

system that is functional at high loads by combining industrially relevant technologies: thermal 

spraying and compression molding. 

 

Thermal spray methods are responsible for the success and safety of many renewable/non-

renewable energy divisions and industrial sectors including biomedical, automotive, and 

aerospace due to their strong mechanical adhesion to substrates and ability to form dense, wear 

resistant coatings.[15] Consequently, the implementation of thermal spray technology to create 

high load bearing and wear resistant solid-lubricating coatings has been previously 

documented.[16–19] Two approaches have been reported: multilayered coatings and mixture 

composite systems. The layering approach uses thermally sprayed inorganic coatings as the 

bottom layer with a PTFE-based topcoat to utilize the tribological and chemical abilities of the 

two layers, respectively.[16,17] PTFE coatings have been previously applied using air 

spraying[16] and physical vapour deposition.[17] However, due to the poor adhesion of the solid 
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lubricant with the metal substrate, the use of a primer layer (i.e., polymer binders) was required 

to increase adhesion and inhibit delamination. This poses another step in the fabrication process, 

increasing both processing time and cost, as well as having a negative environmental impact. 

 

The mixture composite approach combines both the inorganic material with the polymer to 

create composite coatings.[18,19] Yamane et al fabricated binary metallic thermal spray coatings 

with arranged PTFE reservoirs designed to support the load on both the hard metallic thermal 

spray coating and the slippery PTFE sections.[18] Although wear rates decreased, the coefficient 

of friction of the composite coatings were inferior to pure PTFE and such coatings remain 

vulnerable to chemical degradation. Another study conducted by Mateus et al consisted of co-

spraying ceramic and PTFE powders to create composite coatings via thermal spraying.[19] 

PTFE thermal spray coatings build up is difficult due to its low adherence and high viscosity 

while in a molten state, which results in issues during splat formation.[19] Furthermore, thermal 

spraying polymeric material is tricky due to their low melting temperatures and irregular particle 

morphology/size that can cause clogging of the spray nozzle. While the researchers were able to 

co-deposit PTFE and ceramic material using ideal injection systems to form composite coatings, 

the coatings portrayed poor scratch resistance and low adhesion between the ceramic and PTFE. 

As a result, a thermal post-treatment was required to increase adhesion. Despite such efforts, the 

coefficients of frictions reported were much higher than pure PTFE (0.4 at steady state).  

 

Alternatively, the work presented herein implements hard metal thermal spray coatings as a 

bottom layer under a PTFE-based polymeric film formed via compression molding of polymer 

powder. This methodology minimizes corrosion, the coefficient of friction, and processing time; 
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by fabricating a solid-lubricating, layered coating structure capable of withstanding high loads 

and wear without further post modifications. 

 

Compression molding is one of the most common methods to produce freestanding PTFE[20–

22] and PTFE composite objects.[4,9,23] The process involves transferring polymeric powder 

into a mold of desired shape/dimensions, followed by applying heat and pressure for a period of 

time before cooling back to room temperature. This method is attractive due to its ability to make 

complex geometric shapes, produce excellent surface finishing, and due to its reliability on large 

quantity manufacturing.[24] Although a popular method for fabricating freestanding material, 

there lacks an effort to apply compression molding to form PTFE-based coatings onto metallic 

substrates. Current methodologies to create PTFE coatings include physical vapor 

deposition,[17,25] electroplating,[26] air[16,27] and thermal[19] spraying, immersion 

deposition,[18,28] and spin coating.[29] The resulting coatings typically require a post heat 

treatment to encourage densification and adhesion. Additionally, thicknesses range from 1-50 

μm, which are thin enough to be easily perforated during erosional processes.[17] By utilizing 

compression molding, we are able to fabricate much thicker polymer coatings to increase the 

lifespan of the material, without post modifications. The high surface roughness of as sprayed 

thermal spray coatings (Sa ~12µm)[30,31] increases the mechanical adhesion between the 

polymer and metal layers to avoid the use of adhesive additives/layers. Another advantage of 

combining these to coating methods is that both can be applied to curved surfaces, where 

geometrically complex parts can be easily coated for protection. A high wear resistant and 

thermally stable polymer, polyimide (PI), is added to the PTFE matrix as a filler in order to 

further reduce wear and possibly encourage chemical adhesion to the metal thermal spray bottom 
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layer.[32–34] Coatings with and without a solid lubricating graphite additive are fabricated and 

their tribological properties are compared.[35]  

2  MATERIALS AND METHODS 

2.1 Thermal Spray Coating Fabrication 

The underlying thermal spray coatings were prepared using iron aluminide (Fe3Al) (Ametek, 

Eighty Four, Pennsylvania, USA) water atomized powder. The irregular shape of water atomized 

particles increases the materials surface roughness, unlike spherical gas atomized particles, thus 

increasing mechanical adhesion of the polymeric material to that of the metal substrate. The 

metallic powder was ball milled using 3 mm diameter stainless steel balls (horizontal stainless 

steel mill CM08, ZoX Simoloyer Inc, Wenden, Germany) for 9 h and sieved to achieve a mean 

particle diameter of 25 ± 11 μm as measured by laser diffraction (HORIBA LA-900, California, 

USA).  

 

The thermal spray coatings were fabricated using a high velocity oxygen fuel (HVOF) 

spraying torch (JP-8000 Praxair) with 4” nozzle length and liquid kerosene as the fuel source. 

The substrates were 6 × 10” plates of wrought stainless steel (SS) 444 produced by 

ArcelorMittal, sandblasted prior to HVOF spraying via alumina grit blasting (270 μm) to induce 

a surface roughness (Ra) of 2.1 μm. Spray parameters include a powder feed rate of 44 g/min, 

stand-off distance of 13”, and 15 passes were used to create ~300 μm thick coatings. The oxygen 

and kerosene fuel flow rates were 732 L/min and 28 L/h, respectively, using a combustion 

pressure of 655 kPa. The argon flow rate was 4.5 L/min. The coating was then section into 

circular coupons 16 mm in diameter via water jet cutting for further analysis and polymer 

coating application. 
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2.2 Mold Fabrication 

A steel mold was fabricated to fit the 16 mm diameter circular HVOF coupons. The mold was 

made of tool steel, where the raw material was pre-machined before heat treatment for 

hardening. In order to achieve a slide fit, the mold parts were then ground to precise dimensions. 

A schematic and images of the mold can be found in Figure 1. 

 

2.3 Compression Molding of Polymeric Composite Coatings 

Two, pre-mixed polymeric composite powders were donated (Ensinger HP Polymer GmbH, 

Lenzing, Austria). The first composite powder had a composition of 20% PI and 80% PTFE and 

was dark yellow in colour, while the other consisted of 20% PI, 75% PTFE, 5% graphite, giving 

it a light gray colouring.  

 

HVOF coated coupons were transferred into the bottom of the mold, on top of the bottom pin 

that avoids direct contact with the hot plates. About 0.3 g of polymeric powder was added and 

spread evenly onto the HVOF surface within the mold using a spatula. The pressure pin was 

loaded into the mold to seal the HVOF coupon and polymer powder inside, and the entire system 

was transferred into the compression press. The system was heated to a temperature of 330 °C 

while under 5000 psi of pressure for 30 min, as suggested by the polymer powder suppliers for 

compression molding of free-standing objects. This is around the melting temperature of PTFE 

(326 °C)[36] and slightly higher than the glass transition temperature of PI (315 °C),[37] 

insuring flowability and hence maximizing adhesion between the two polymeric materials as 
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well as with the metal HVOF coated substrates. The system was then removed from the 

compression press and left to cool down for 30 min before removing the sample. 

 

It is important to mention that coatings were also attempted over both mirror polished and 

sandblasted SS 444, however, due to the lack of surface roughness, there was not enough 

mechanical adhesion at the polymer-metal interface and delamination occurred. 

 

2.4 Thermal Gravimetric Analysis (TGA) 

The thermal stability of the polymeric powders was studied (Discovery TGA 5500, TA 

Instruments). About 9-10 mg of sample was transferred into weighing trays and the temperature 

was ramped from room temperature to 1000 °C at a rate of 20 °C min-1. The experiments were 

carried out under air with a flow rate of 20 mL/min.  

 

2.5 Microscopy and Chemical Analysis 

 Scanning electron microscopy (SEM) (SU 3500 variable pressure, Hitachi) equipped with 

energy-dispersive X-ray spectroscopy (EDX) (Oxford, Inca, Silicon drift detector) for elemental 

composition determination was used to image the cross section of the layered coatings. The 

electron microscope was utilized under 30 Pa of pressure and incident beam energy of 15 kV. 

Prior to imaging, all cross sections of samples were ground using 800-4000 grit SiC pads and 

polished to a final step using 0.05 μm Alumina slurry.  

 

All confocal microscopy data for surface roughness analysis and wear track profiles was 

recorded using a white light interferometry profiler (NewView, Zygo) and Mx™ software.  
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Chemical analysis of the polymeric films, HVOF coatings, and interface was carried out using 

an Al K-Alpha X-ray photoelectron spectrometer (XPS) (ThermoFisher). Prior to analysis, 

surfaces were sputtered clean with 1000 eV Ar+ ions. The spot size was 200 μm and 10 scans 

were performed per spectrum. Each region was analyzed 3 times to insure reproducibility.  

 

2.6 Tribological Testing 

Sliding wear measurements were performed in air (30-35% relative humidity) using a custom-

built ball on flat reciprocating tribometer. Counterfaces used were spheres of AISI stainless steel 

440C with a diameter of 6.5 mm. All testing was conducted with a normal load of 10.7 N, sliding 

speed of 10 mm/s, track length of 6 mm, and were run for 10,000 cycles (sliding distance of 120 

m). A piezoelectric sensor mounted underneath the sample stage measured friction forces with a 

sampling rate of 800 Hz. The average coefficient of friction (COF) across the middle of the wear 

track was graphed versus the number of cycles. Sliding tests were repeated at least 4 times for 

each condition. The volume removed during wear testing, v (mm3), was measured using a white 

light interferometry profiler, obtained by multiplying the profilometry-measured cross-sectional 

area of the material removed by the track length. Using the total sliding distance, x (m), and the 

applied load, W (N), the wear rate, k (mm3/Nm) was calculated: 

 

k =
v

Wx
                [1] 

 

As previously used to estimate wear rate of coatings in previous studies.[38–40] All wear tests 

were done on as-casted coatings (no grinding/ polishing). 
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3 RESULTS AND DISCUSSION 

3.1 Fe3Al Thermal Spray Coatings 

 Fe3Al is an excellent candidate material for implementation in high temperature environments 

due to its resistance to sulfidizing/oxidizing and low cost.[41] Research efforts have focused on 

the industrialization of Fe3Al by using thermal spray methods in order to solve difficulties in 

shaping the material.[41–43] Electron microscopy images of the underlying Fe3Al HVOF 

coatings surface can be found in Figure 2. The HVOF coatings are well adhered to the stainless 

steel substrate, where no delamination was observed. The surface of the coatings is rough (Sa ~13 

μm via confocal microscopy) with a hierarchical sub-micron/micron textured surface (Figure 

2B). The high surface roughness of the HVOF coatings enable maximum mechanical adhesion to 

the polymeric coating. 

 

The chemical composition of the Fe3Al HVOF coatings can be found in table 1. The main 

composition of the coatings is Fe and Al, while Cr and Si are added to improve mechanical 

properties. The presence of oxygen is due to the thermal oxidation of the material occurring in 

flight during the spraying process and during powder atomization. High amounts of carbon are 

also detected on the surface of the coatings, stemming from the deposition of residual carbon 

from the fuel source, kerosene,[30] and/or from the deposition of contaminating volatile organic 

compounds on the coating’s surface.[44] This chemical analysis is in agreement with Fe3Al 

HVOF coatings that have been previously reported.[45] 

 

Although Fe3Al HVOF coatings portray high adhesion and strength, low porosity, and high-

temperature erosion resistance,[46] they show poor wear resistance at room temperature (k ~ 

10−3 to 10−4 mm3/Nm) and high COF (>0.8).[47,48] Hence, the addition of hard ceramic fillers 
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such as TiC,[48] TiB,[47] and WC[46] have been implemented to improve wear rates. Despite 

improvements in wear resistance, high COF render such coatings unsuitable for protecting 

moving parts in infrastructure. Thus, this work acts as a proof of concept to successfully 

compression press PTFE composite coatings onto pure Fe3Al HVOF coatings to produce a 

layered, well-adhered, and solid lubricating coating with moderate wear rates and low COF. 

 

3.2 Polymer Thermal Stability 

 The thermal stability of the composite polymeric powders was investigated using thermal 

gravimetric analysis under air to confirm the stability of the material during thermal compression 

molding. Typical TGA traces obtained from the powders with and without graphite addition are 

shown in Figure 3. The materials did not lose any significant mass until an offset point was 

reached at a temperature of 568 °C for the PTFE/PI material and 575 °C for the 

PTFE/PI/graphite material. The slight increase in offset temperature for the powder containing 

graphite is simply due to the presence of graphite. These values are in agreement with what has 

been reported previously for similar composite materials.[49] The degradation process continued 

until about 650 °C for the PTFE/PI powder when the weight % reached nearly zero, indicating 

the complete combustion of the sample. The powder containing graphite underwent another 

combustion process at 725 °C, which corresponds to the burning of graphite.[50,51] The 

PTFE/PI/Graphite powder was completely burnt at around 810 °C. This analysis confirms the 

thermal stability of the two materials during compression molding at 330 °C. 
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3.3 Coating Structure and Interface 

 Polymer coatings with and without graphite were compression press molded onto the flat 

HVOF thermal spray coatings using 0.3 g of polymeric powder. The cross sections of the 

resulting layered composite coatings can be found in Figure 4. Both polymeric layers, PTFE/PI 

(Figure 4A) and PTFE/PI/Graphite (Figure 4B), are about 1 mm in thickness.  

 

The PI particles are darker in contrast due to the polymer’s consisting elements having a lower 

atomic mass (i.e. Oxygen, Nitrogen) in comparison to PTFE (i.e. Fluorine), and are 

homogeneously distributed throughout the PTFE matrix as particles due to their high melting 

point. Neither voids/pores nor cracks are observed within the polymeric coating, presenting a 

dense and defect-free polymer top layer. The polymer layer is also in good contact with the 

HVOF coating, where no voids/pores are observed at the interface.  

 

Magnified SEM images of the interface of the HVOF and polymeric coatings can be seen in 

Figure 4i and 4ii for coatings without and with graphite, respectively. EDX mapping shows the 

local elemental composition of the magnified cross-section image at the interface for elements of 

Fe, F, and C. The polymer layer is in direct contact to the HVOF metallic coating, where the 

PTFE matrix has penetrated the valleys and voids within the surface of the thermal spray coating 

for both types of polymeric films. PI particles can be observed as the regions within the polymer 

coating that is lacking F (as pointed out in Figure 4i/ii). It can also be seen that both PI and PTFE 

are in contact with the HVOF coating, indicating the possibility of bonding, and hence, chemical 

adhesion, between PI and metallic coatings that would increase the total adhesion between the 

two layers. This is further investigated in later sections. 
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Although we demonstrate this coating system on flat substrates, both thermal spray 

technology[52,53] and compression molding[54,55] can be applied to curved objects. The 

combination of the two methodologies presented here has potential to be an attractive fabrication 

process for coating real industrial parts with complex geometric shapes. Certain challenges for 

coating curved surfaces that would need to be addressed in future studies include designing and 

fabricating molds, the uniformity of the thermal spray coating at sharp or angular regions, and 

limitations of material flow within the mold cavity.  

 

The surface of the polymeric composite films is shown in Figure 5A with corresponding 

surface roughness measurements obtained using an optical profilometer, as shown in Figure 5B. 

A total of 6 measurements were taken to result in an average surface roughness, Sa, of 0.4 ± 0.1 

μm. The difference in height of the PI particles and the PTFE matrix could be due to the 

difference in compression strengths and/or of different thermal properties of the polymers as they 

cool. The low surface roughness encourages a lower coefficient of friction at initial stages of 

wear,[56] which is measured in the next section.  

 

3.4 Tribological Testing 

The sliding capabilities of the composite polymeric coatings were plotted in terms of 

coefficient of friction (COF) with respect to the number of cycles as seen for coatings without 

(Figure 6A) and with (Figure 6B) graphite. It can be seen for both coatings that the COF 

increases until reaching steady state. COF curve for PTFE/PI/Graphite reached steady state value 

of 0.1 at around 2000 cycles, whereas PTFE/PI displayed slightly higher steady state COF value 
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which was developed at longer sliding cycles. Similar values have been reported for unfilled 

PTFE in previous studies.3,4 

 

The values measured in this work are compared to pure PTFE and PI as well as PTFE/PI 

composite materials in Table 2. The average COF of both coatings fabricated are lower than 

what has been previously reported for PTFE/PI composite materials of similar compositions. In 

the case of Su et al’s work,[34]  this could be due to the higher content of PI, and/or the 

fabrication method chosen, a spraying technique, which produces coatings with a higher surface 

roughness and lower density in comparison to the coatings presented in this work. It should be 

noted, however, there are many parameters to take into consideration during sliding testing 

(counter material, sliding speed, normal load, experimental set up, relative humidity, etc.) that 

can result in different COF values. 

 

To understand the coatings’ wear and sliding behaviors, we studied the resulting wear tracks 

and corresponding counter spheres using SEM/EDX. Previously, the COF evolution of the top 

polymer coatings (run-in period and gradual increase) was accounted to the transfer film 

formation on the counter material.[33,34] The evaluation of the counter spheres was performed 

to observe the presence of a transfer film and/or wear of the balls. No wear was observed; 

indicating the contact pressure during testing was consistent. The formation of a transfer film 

could lead to circulation of third-bodies from the surface’s interface to the counter spheres and 

back onto the polymer surface. The morphology, structure, and adhesion of transfer films to the 

counter sphere have all been found to be strong predictors of friction and wear properties. From 

the SEM images in Figure 7, no bulk transfer film was identified that resulted from wear testing 
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of both thick coating systems. However, there are small patches of thin local transfer films 

observed on the counter spheres, in contact regions, as well as wear debris. The EDX point 

chemical analysis of such debris and thin polymer transfer films can be found in Table 7. All 

material found on the counter spheres mating with PI/PTFE are rich in PTFE, which provides 

evidence of PTFE displacement and therefore PI enrichment within the wear tracks. Whereas 

local transfer films identified on counter spheres sliding on PI/PTFE/graphite was rich in carbon, 

implying graphitic transfer film formation.  

 

Images of the wear tracks for both coating systems can be found in Figure 8. Materials are 

scraped from the contact area as seen at the edges of the wear track. Chemical analysis of 

extruded chips on the side of wear tracks showed that this material was mostly PTFE. Inside the 

wear tracks, a high density of PI particles can be seen in comparison to outside the wear tracks. 

EDX point analysis inside and outside the wear tracks confirmed this enrichment of PI inside the 

wear tracks, where more F was found outside and a higher content of N and O were detected 

inside, as presented in Table 4. The enrichment of PI inside the wear tracks is therefore 

responsible for the gradual increase in COF during the run-in period, yet this enrichment does 

not increase the COF above a value greater than the COF of pure PTFE. 

 

The coatings with 5 wt% graphite additive portrayed a smaller confidence interval for COF 

values in comparison to coatings without graphite, a trend that has been reported previously.[57] 

This may be caused by a slightly better locally adhered transfer film produced from coatings 

with graphite addition to the counterface,[58] and/or due to a simple relationship between 

friction and contact stress. The addition of graphite was also shown to decrease the percentage of 
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deformation under load by the polymer powder suppliers, Ensinger, and has been previously 

documented as a method to increase load capacity.[10] Thus, such coatings may bear a higher 

load capacity than coating without the graphite additive.  

 

It has been shown in previous studies for PI coatings without PTFE that the addition of 

graphite can significantly decrease the COF value of the system, where 25 wt% of graphite 

additive demonstrates a COF of 0.15.[59] However, we observe no change in value between the 

two coating systems studied here since PTFE is already an excellent solid lubricating agent. 

Regardless, we show that a 5 wt% of graphite does not negatively impact the COF, and therefore 

could also be a method for decreasing the cost associated with materials for coating production. 

This could be particularly important for coating large industrial infrastructure.  

 

The wear rates of the coatings were also calculated and averaged. Both coatings exhibit wear 

rates two orders of magnitude lower than that of pure PTFE, indicating that the addition of PI 

increases wear resistance. The wear rate values obtained for each coating are not significantly 

different from one another, further validating the use of graphite to lower production costs. In 

comparison to similar studies presented in Table 2, the coatings developed here portray order of 

magnitude lower values for wear rates. This could be due to the density of the compressed 

coatings in comparison to the sprayed coatings,[34] and due to the influence of the underlying 

metallic HVOF thermal spray coating in comparison to the free standing PTFE/PI materials.[33]  

 

After 10, 000 cycles, only about 50 μm of the coatings was penetrated. The thickness of the 

coatings presented are about ~1 mm, indicating a long lifespan of the material. This can be 
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controlled by adding more polymeric powder to the compression mold prior to compression 

molding, so it is possible to fabricate even thicker polymer coatings on top of the thermal spray 

substrates to further increase the coatings lifespan. Due to the thickness of the coatings produced 

in this work, the interface between the polymer and HVOF layers was not reached during 

tribological analysis. It was attempted to polish the coatings prior to wear testing in order to 

reach the polymer/metal interface and study the transition region during wear experiments. 

Perforation of the coatings during wear testing to expose the metallic HVOF coating was 

successful, as bright areas in back-scattered electron microscopy images (not shown) indicate a 

material with a high atomic mass and was confirmed using EDX point analysis. However, we 

still were unable to see such a transition region in the tribological measurements. The behavior of 

this interface, i.e., when the top polymer layer has been comprised and the exposure of the 

HVOF coating is present, will continue to be investigated in future studies.  

 

Lastly, no delamination of the polymer coatings from the metal thermal spray substrates was 

detected after wear testing. This adhesion between the two coatings can be explained by the high 

surface roughness of the HVOF coatings, therefore increasing mechanical adhesion. There is also 

the possibility of chemical bonding, and hence chemical adhesion, occurring at the interface. The 

chemical composition of the polymer/metal interface is investigated in the next section in order 

to better understand the adhesion mechanism occurring.  
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3.5 Chemical Composition and Adhesion of Polymer/Metal Interface 

 In order to understand the adhesion mechanism of the polymer film to the HVOF metallic 

surface, the interfaces were investigated using XPS- one of the most utilized techniques for 

revealing changes in surface chemical states and hence chemical adhesion mechanisms.[60,61]  

 

C 1s regions were analyzed for coatings with and without graphite as shown in Figure 9. 

Spectra were taken on the polymeric coating, HVOF coating, and interface for each coating and 

were fit to theoretical binding energies of present carbon species. It can be seen for both coatings  

that the HVOF coatings’ surface contains carbon species including C=O, C-O, and C-C, which 

are present due to the deposition of kerosene and VOCs, as shown previously for SS HVOF 

coatings produced using the same parameters.[30] The carbon XPS spectra of the polymeric 

coatings shows the inclusion of PTFE and PI in the composite polymer film by the presence of 

C-F2 at about 292.0 eV and C=O at 289.0 eV (from the imide functional group) binding energies, 

respectively.  

 

The presence of carbon metal bonds has been previously detected on both PTFE[29] and 

PI.[62] Binding energies for Ti and Cr carbon bonds formed between sputtered metal and spin 

coated PTFE films was observed at 282.0 eV and 283.0 eV, respectively, which explained the 

increase in peel strength measured for such materials.[29] However, neither shifts nor satellite 

peaks to lower binding energies were observed in the spectra collected at the interface in this 

work, nulling the hypothesis that chemical adhesion between PTFE and the metal thermal spray 

coatings exits.  
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Atanasoska et al used XPS to study the formation of chemical bonds at an aluminum/PI 

interface via in-situ vapor deposition at room temperature and after sintering at 300 °C. At both 

temperatures, the formation of Al-O bonds was observed and attributed to a C-O-Al complex 

compound where annealing resulted in a less selective but higher reaction of Al with PI.[62] 

Such analysis is difficult for the system under investigation in this study since Al-O bonding is 

present in the Fe3Al thermal spray coatings due to thermal oxidation during spraying. Yet, due to 

the literature regarding the presence of chemical bonding at the interface of metal/PI 

systems[62,63] as well as the excellent adhesion observed during tribological measurements, the 

formation and presence of chemical bonding between the PI and metallic coatings cannot be 

ruled out. Furthermore, we attempted to fabricate pure PTFE films on top of the HVOF coatings 

in a similar manner, but the resulting coatings did not portray good adhesion between the 

polymer and metal i.e. delamination occurred prior to any tribological testing, indicating the 

importance of PI on adhesion. Thus, further investigation is required to better understand such 

phenomenon and will be carried out in future works. Nonetheless, by utilizing high surface 

roughness HVOF coatings as a substrate for compression molding PTFE/PI composite coatings, 

adhesion is maintained after extensive tribological investigation. This method could be utilized 

as an alternative technique for adhering slippery PTFE composite coatings onto metallic surfaces 

instead of using more complex and expensive methods including ion beam and plasma 

sputtering, or direct chemical treatments.[64–67] Therefore, we are currently investigating the 

outcome of this coating method on various types of thermally sprayed materials. 

4 CONCLUSIONS 

Layered metal thermal spray and polymeric composite coatings have been fabricated to 

produce wear resistant and solid-lubricating materials by compression press molding. The high 
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surface roughness of the thermal spray coatings and presence of PI increases adhesion between 

the two coatings, minimizing the possibility of delamination. Two PTFE composite powders 

with and without graphite were implemented for coating fabrication and analyzed for their 

tribological properties. Both coatings portrayed low values of COF and relatively high wear 

resistance in comparison to what has been previously reported, although under slightly different 

conditions. The addition of 5 wt% graphite stabilized the coating’s COF, but no significant 

difference in COF nor wear rate values were found, indicating that small substitutions of graphite 

for PTFE is an acceptable method of minimizing costs and can increase the coatings load 

capacity. This coating fabrication process is tailorable to produce any desirable polymeric film 

thickness and can be utilized for making thick (> 1mm) solid lubricating coatings without the 

need of adhesives or non-industrially friendly adhesion methods.  
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Table I: Elemental analysis of the Fe3Al HVOF coatings’ surface via EDX. Values are 9 spots 

that were averaged at 95% confidence intervals. 

Element Fe Al C O Cr Si 

wt% 69.3  ± 8.6 13.2 ± 2.8 7.9 ± 2.1 7.5 ± 6.4 1.9 ± 0.3 0.3 ± 0.1 
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Table II: Comparison of tribological properties including COF and wear rates of some coatings 

and materials reported in literature and coatings produced in this work at 95% confidence 

intervals. * Represents results from the presented work. 

Ref Coating  COF Wear Rate 

(10-4 mm3/Nm) 

Fabrication 

Process 

Set Up Counter Material, 

Load Applied, 

Sliding Velocity, RH 

[33] PTFE 0.21 

± 

0.02 

23.1 ± 2.5 Compression 

molding 

Pin-on-

disk  

10 N, anodized Al, 

2.3 m/s, 50 % 

[34] PI 0.35 2.7 Air spray Ball-on-

disk 

GCr15 Steel, 4.0 N, 

0.33 m/s, N/A 

[34] 20% 

PTFE/ 

80% PI 

0.15 1.3 Air spray Ball-on-

disk 

GCr15 Steel, 4.0 N, 

0.33 m/s, N/A 

[33] 85% 

PTFE/ 

15% PI  

0.13 

± 

0.03 

1.1 ± 0.2 Compression 

molding 

Pin-on-

disk 

10 N, anodized Al, 

2.3 m/s, 50 % 

* 80% 

PTFE/ 

20% PI 

0.10 

± 

0.02 

0.4 ± 0.1 Compression 

molding 

Ball-on-

flat 

AISI stainless steel 

440C, 10.7 N, 0.01 

m/s, 30-35% 

* 75% 

PTFE/ 

20% PI/ 

5% 

Graphite 

0.10 

± 

0.01 

0.5 ± 0.4 Compression 

molding 

Ball-on-

flat 

AISI stainless steel 

440C, 10.7 N, 0.01 

m/s, 30-35% 
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Table III: Elemental composition of points analyzed in Figure 7 as wt%. 

Point C F O Cr 

Red 32.7 67.3 -- -- 

Blue 18.9 75.0 -- 6.1 

Green 70.5 4.3 25.2 -- 

Violet 23.4 76.6 -- -- 
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Table IV: Elemental composition of points analyzed in Figure 8 as wt%.  

Point C N O F Fe Pt Cr 

Red 33.7 -- 1.9 62.9 -- 1.6 -- 

Blue 63.9 6.10 15.3 0.1 0.1 13.8 0.8 

Green 40.1 -- -- 57.5 -- 2.4 -- 

Violet 98.3 -- 1.5 -- -- 0.3 -- 
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Figure 1: Schematic of the compression press mold fabricated for the present work. 

Figure 2: (A) SEM image of the as sprayed Fe3Al HVOF coating’s surface and (B) A magnified 

image showing the material’s surface roughness.  

Figure 3: Thermal gravimetric thermograms of PTFE/PI and PTFE/PI/Graphite powders 

performed under air and ramped at a rate of 20 °C/min. 

Figure 4: Electron microscopy images of the layered composite coating’s cross sections without 

(A) and with (B) the addition of graphite. Magnified images of the interfaces between the 

thermal spray and polymer coatings are shown in (i) without and (ii) with graphite, showing 

corresponding EDX mappings of Fe, F, and C. 

Figure 5: (A) SEM image of the composite polymeric surface and (B) corresponding average 

surface roughness measurements at a 95% confidence interval.  

Figure 6: The coefficient of friction as a function of cycle number of the (A) PTFE/PI and (B) 

PTFE/PI/graphite coatings under 10.7 N load and a wear track of 6 mm. 

Figure 7: Backscatter electron microscopy image of the counter spheres after wear measurements 

on the thick PTFE/PI coatings (A) and PTFE/PI coatings with 5 wt% graphite (B). White arrows 

indicate sliding directions.  

Figure 8: Back-scattered electron microscopy images and EDS chemical point analysis of wear 

tracks resulting from wear measurements on the PTFE/PI coatings (A and B) and PTFE/PI 

coatings with 5 wt% graphite (C and D). All images show the enrichment of PI inside the wear 

track, as shown by the dark regions and pointed out with black arrows. The sliding direction is 

shown by the white double arrows. 
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Figure 9: X-ray photoelectron spectroscopy spectra for the C 1s region obtained over crossed 

sections of PI/PTFE and PI/PTFE/graphite coatings carried out over the HVOF coatings, the 

polymeric films, and at the interface.  
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