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Figure 2.9 Wear behavior of (a) unfilled PTFE and PTFE/ND composite with (b) larger ND 

particles and (c) smaller ND particles [43]. 

 

Promising results have emerged from the use of nano-sized fillers for PTFE films.  Lim et 

al. showed the importance of particle size on being able to achieve the lowest specific wear rates 

while maintaining a low COF.  A happy medium was found for average ND particle sizes 

between 300 nm to 1000 nm filled at 1 wt% ND filler for 15 μm thick PTFE films.  Beckford et 

al. found by adding fillers of Au or SiO2 nanoparticles to thin PTFE films around 1 μm to 1.8 μm 

thick that increases in durability occur.  Otherwise, these thin PTFE films failed quickly due to 

weak adhesion to the substrate and delamination of the thin PTFE film from the substrate. 
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2.5 Increasing Adherence of PTFE Films to Substrates 

Due to PTFE’s anti-stick property, difficulties arise when attempting to adhere PTFE 

films to substrates. Enhancing adhesion of PTFE films to various substrates, such as metals or 

glass, is typically done by roughening of the substrate, the application of a primer between 

substrate and coating, or both.  Roughening techniques include acid etching, sand blasting, and 

grit blasting [48, 49]. The roughening of surfaces results in surfaces with large peak-to-valley 

profiles which limit the ability to apply uniform thin film coatings because of protrusions 

occurring through these thin coatings from the roughened surface. Single and multiple layer 

primers have been used to increase adherence of PTFE films to substrates. Some of these primers 

include: polyamide imide [50, 51], PTFE/PFA blend [49], and PTFE/FEP blend [52].  All of the 

aforementioned primers have thicknesses ranging from 2 to 15 μm and are prominently for PTFE 

top coatings around 15 μm thick which are not ideal thicknesses for applications of thin PTFE 

films. 

Increasing the adherence of thin PTFE films to substrates is pivotal to decreasing wear 

sufficiently enough to be commercially usable.  Lee et al. created a method that coats objects in 

an aqueous solution of dopamine to form a thin layer of polydopamine (PDA) up to 50 nm thick 

on the surface of the immersed object.  This PDA layer mimics the adhesive properties seen in 

the proteins secreted by sea mussels which have been found to adhere to practically all types of 

organic and inorganic surfaces, including PTFE.  The adherence mechanism of PDA is not well 

known. However, Lee et al. attribute the adherence of PDA to substrates through an oxidation 

reaction of catechol functional groups in 3,4-dihydroxy-L-phenylalanine (DOPA) and amines in 

Lysine peptides [21].  
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Ou et al. have studied PDA as an adhesive layer extensively for organic and inorganic 

composite films [53-56]. Three layer organic films with top coats of stearoyl chloride (STC) and 

reduced GO were applied to silicon substrates containing an interlayer of PDA and initial layer 

of 3-aminopropyltriethoxysilane (APTS), a self-assembled monolayer. Both types of organic 

films were tested using a ball-on-flat configuration with a reciprocating stroke of 0.5 cm at a 1 

Hz sliding frequency. Through the application of PDA as an interlayer, tribological properties of 

the STC and reduced GO films were greatly increased.  At a 0.3 N load, the STC films had an 

increase in wear life by 3600 times and lowered COF values from 0.2 to 0.15 when compared to 

APTS-STC films [53].  The reduced GO films were loaded at 0.1 N and had an increased wear 

life from 1800 seconds to 3600 seconds with a 38% decrease in COF values when an interlayer 

of PDA was introduced between the APTS layer and reduced GO film [55]. Ou et al. also studied 

the effect of adding an inorganic multilayer PDA/ZrO2 film to APTS coated silicon substrates. In 

Figure 2.10, the overall process used by Ou et al. can be seen. At 15 alternating layers of 

PDA/ZrO2, a film thickness around 100 nm was achieved.  When compared to homogenous 

films of ZrO2, the aforementioned PDA/ZrO2 multilayer film possessed greater mechanical 

properties, such as a 47.3% increase in microhardness and 16.82% increase in elastic modulus. 

Ou et al. also reported an increase in corrosion resistance for the PDA/ZrO2 films when 

compared to monolayer ZrO2 films. These increases in mechanical properties and corrosion 

resistance were attributed to the minimization of voids and defects due to an increased packing 

density of the organic-inorganic hybrid microstructure of the PDA/ZrO2 layers [54]. Most 

recently, Ou et al. researched multilayer coatings containing 5 alternating layers of PDA/GO 

with a top coat of 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (PFDTS). The PFDTS 

molecules were applied onto the PDA/GO layers through chemical vapor deposition (CVD).  
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Self-assembled monolayers of PFDTS were applied to silicon substrates as a control for 

comparison to the PDA/GO-PFDTS multilayer coatings. Results for COF and wear life can be 

seen in Figure 2.11. An increase in wear life from 20 seconds to 3600 seconds occurs for the 

PDA/GO-PFDTS multilayer coatings.  COF values of self-assembled monolayers of PFDTS 

reached values as high as 0.22 during the service life of the coating, Figure 2.11a, while 

PDA/GO-PFDTS multilayer coatings maintained a lower COF value around 0.16, Figure 2.11b 

[56]. The achievement of increased mechanical, tribological, and corrosion properties of coatings 

employing an interlayer or multilayer of PDA by Ou et al. shows that PDA has promise to be 

used as an adhesive layer to increase the adherence of other thin films, such as thin PTFE films, 

to a variety of substrates. 

 

 

Figure 2.10 Overall procedure used to create PDA/ZrO2 multilayered films on silicon 

substrates [54]. Reprinted with permission by John Wiley and Sons. 
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Figure 2.11 COF vs. time plots for (a) self-assembled monolayers of PFDTS on silicon and  

(b) PDA/GO-PFDTS coating on silicon [56]. Reprinted with permission from Springer 

Science and Business Media. 
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CHAPTER 3 

EXPERIMENTAL DETAILS 

 

3.1 Materials and Properties 

3.1.1 Stainless Steel Substrate 

Stainless steel was chosen as the substrate used in this investigation due to being 

frequently used in bearing applications due to resistance to surface corrosion. Type 316 stainless 

steel sheets containing a polished mirror-like finish were purchased from McMaster-Carr. These 

sheets were 0.03” thick.  The stainless steel sheets were cut into 1” x 1” square samples followed 

by cleaning in acetone and isopropyl alcohol in an ultrasonic bath for 20 minutes and 5 minutes, 

respectively.  Finally, the stainless steel squares were rinsed in deionized (DI) water and blow 

dried with nitrogen gas. 

 

3.1.2 Materials Used for PTFE and PDA films 

An aqueous dispersion of PTFE nanoparticles (DuPont™ Teflon® PTFE TE-3859 

fluoropolymer resin) containing approximately 60 wt% of 0.05 to 0.5 μm PTFE particles was 

used to make thin coatings of PTFE [57].  Trizma base powder (T1503, Sigma Aldrich) and 

dopamine hydrochloride (H8502, Sigma Aldrich) were both purchased from Sigma Aldrich and 

used to create dilutions of dopamine for producing PDA films on stainless steel substrates. 
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3.1.3 GO Filler Material 

Few layered GO was purchased from Cheap Tubes Inc. in dry powder form. The few 

layered GO was 2 to 4 layers of graphene with more than 99 wt% purity. Total thickness of the 

few layered GO was less than 3 nm with planar dimensions ranging from 300 to 800 nm.  A 

modified Hummers Method was reported by Cheap Tubes Inc. as the process used to create the 

few layered GO. A transmission electron microscope image of the few layered GO was provided 

by Cheap Tubes Inc., as seen in Figure 3.1.  Literature suggests that stable dispersions of 

graphene are difficult to make. Therefore, GO was chosen due to the ease of dispersion in water 

[18, 58, 59].  This also made it convenient to mix the GO dispersion with PTFE dispersion since 

both were aqueous dispersions.   

 

 

Figure 3.1 TEM image of GO sheets [60]. 
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3.2 Sample Types 

Two sets of sample types were created and tested in this investigation. Both sets of 

sample types are presented in Table 3.1.  The first set of samples comprised of single layer 

coatings on stainless steel of unfilled PTFE, PTFE filled with 0.2 wt% few layered GO 

(PFLGO2), and PTFE filled with 0.5 wt% few layered GO (PFLGO5).  The second set of 

samples contained an adhesive layer of PDA with a top coat of either unfilled PTFE or PFLGO2 

coated on stainless steel. 

 

Table 3.1 Sample types for each set of samples created for testing. 

 

 

3.3 Sample Fabrication 

3.3.1 Sample Fabrication Equipment 

Dip coating was chosen as the method to apply PTFE, PTFE composite, and PDA films 

to stainless steel samples. The dip coater used to apply these films was a KSV dip coater from 

KSV Instruments Ltd. (Monroe, CT) as seen in Figure 3.2a. The dip coater was controlled by 

inputting variables into software provided by KSV Instruments to control a stepper motor.  This 

stepper motor moves an apparatus up and down which contains three Teflon clips used to hold 

the stainless steel substrates during immersion into a given solution.  During deposition of PDA 

onto stainless steel substrates, a VWR® magnetic stirrer was needed in order to provide oxygen 

to allow proper polymerization of the PDA and prevent weakly adhered large aggregates of PDA 



31 

from forming on the surface of the stainless steel substrates.  As seen in Figure 3.2b, three 

stainless steel substrates could be coated at a time. 

 

 

Figure 3.2 (a) Dip coater with PTFE and PFLGO2 aqueous dispersions and glass dipping 

vessel. (b) Setup of dip coater during application of PDA to stainless steel substrates. 

 

To further enhance dispersability and prevent aggregation of the GO particles, a disperser 

(T 18 digital ULTRA-TURRAX®, IKA®, Wilmington, NC ) with a dispersing element (S18N–

10G) consisting of a rotor stator configuration was used.  Pictures of the disperser and dispersing 
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element are shown in Figure 3.3. A 40 mL vial was used to mix and disperse the dry GO in DI 

water.  The dispersing element is attached to the drive unit followed by insertion of the 

dispersing element into the 40 mL vial containing a mixture of GO and DI water.  The drive unit 

was turned on to 7000 RPM for approximately 60 seconds in order to break apart and well-

disperse the GO aggregates within each GO dispersion.  An ultimate fineness of 1 μm was 

possible using the given dispersing element.  As large GO aggregates pass through the rotor-

stator area of the dispersing element, they are impacted and sheared into finer particles which are 

easier to disperse.  The rotor rotation causes centrifugal forces within the dispersed solution 

resulting in a continued circulation of the solution into the rotor-stator ensuring a well-dispersed 

product. After dispersing, the GO dispersion was sonicated for approximately 20 minutes to 

further break down and disperse the GO particles.  

 

 

Figure 3.3 Photograph of (a) IKA® T 18 digital ULTRA-TURRAX® disperser and (b) 

S18N-10G dispersing element. 
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3.3.2 Sample Fabrication Process  

3.3.2.1 Dip Coating 

All samples were dip coated with a dipping direction parallel to the polishing lines of the 

stainless steel substrates. The PTFE dispersions had to be further diluted with more water in 

order to create thinner coats of PTFE.  Both sets of samples used PTFE dispersions diluted at a 

2:1 volume ratio of 2 parts PTFE dispersion to 1 part of DI water or GO aqueous dispersion 

depending on whether the coating was PTFE or a PTFE composite. Dilution at this ratio resulted 

in 40 wt% of PTFE particles dispersed in water.  The PTFE and GO filled PTFE aqueous 

dispersions were stored in 40 mL vials.  These aqueous dispersions were transferred into a small 

glass dipping vessel with a plastic Pasteur pipette which could hold approximately 10 mL of 

liquid which helped to minimize the amount of dispersion needed to coat the stainless steel 

samples.  Aqueous dispersions of PTFE and GO filled PTFE and the prior mentioned glass 

dipping vessel can be seen in Figure 3.2a. The disperser was used on each GO dispersion at 7000 

rpm for approximately 1 minute. Following dispersion, the aqueous dispersions of GO were 

sonicated for 20 minutes to ensure full break up of aggregates. The GO dispersions created were 

of 0.2 wt% GO and 0.5 wt% GO dispersed in DI water. At such low weight percents, the weight 

of the added GO was negligible and the GO dispersions were treated as if they were added as the 

diluting DI water to the PTFE dilution procedure above. 

For the first set of samples, single layers of PTFE and PTFE composite films were dip 

coated at insertion and withdrawal speeds of 40 mm/min with an immersion time of 20 seconds.  

For the second set of samples employing an adhesive layer of PDA, the dip coating parameters 

were the same when coating PTFE and PFLGO2 on top of the initial layer of PDA. The 

following procedure reported by Lee et al. was used to apply a thin coating of PDA on stainless 
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steel: First, a Trizma base powder (T1503, Sigma Aldrich) and dopamine hydrochloride (H8502, 

Sigma Aldrich) were combined to produce a dilute solution of dopamine having a pH of 8.5.  In 

order to accomplish a pH of 8.5, the Trizma base powder has to be mixed with DI water at a 10 

mM concentration to make a Tris buffer solution followed by the addition of dopamine 

hydrochloride to the 10 mM concentrated Tris buffer solution at 2 mg of dopamine 

hydrochloride per 1 mL of Tris buffer solution.  During mixing, a VWR® magnetic stirrer was 

used to fully mix the Tris buffer solution and dopamine hydrochloride solution at 400 rpm.  The 

Tris buffer was mixed for approximately 2 minutes before the addition of dopamine 

hydrochloride.  Next, the resulting dilute solution of dopamine was also mixed for approximately 

2 minutes at 400 rpm then turned down to 130 rpm in order to prepare for dip coating.  At speeds 

above 130 rpm, a vortex was created by the magnetic stirrer at the bottom of the container 

making it difficult to produce uniform coatings of PDA on the stainless steel samples.  Cleaned 

stainless steel squares were coated in the diluted solution of dopamine at an immersion time of 

24 hours with insertion and withdrawal speeds of 10 mm/min. Three stainless steel squares could 

be coated at a time as seen by the dip coating setup in Figure 3.2b. Finally, the resulting PDA 

coated samples were sonicated in DI water for 5 minutes followed by blow drying with nitrogen.  

A top coat of either PTFE or PFLGO2 was applied to PDA coated samples using the same dip 

coating parameters as the first set of samples explained earlier. 

 

3.3.2.2 Heating Processes 

Once dip coated, the samples were subsequently heated using a heating procedure 

recommended by DuPont, seen in Figure 3.4 [57].  For the first set of samples with single 

coatings, the initial step of heating was performed on a hot plate preheated at 120 C for 2 
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minutes followed by direct transfer of the coated samples to preheated ovens at 300 C and 372 C 

for 5 minutes and 10 minutes, respectively.  The main purpose of the first two steps is to remove 

the water and surfactant from the coating while the last step consists of heating above the 

crystalline melting point, 327 C, of the PTFE resin particles.  These steps are needed in order to 

ensure proper cohesion of the film and adhesion to the stainless steel substrate. 

 

 

Figure 3.4 DuPont’s recommended heating procedure for PTFE TE-3859 aqueous 

dispersion [57]. 

 

The second set of samples also applied a similar heating procedure to that of the 

recommended DuPont procedure. However, shorter times were used for second and third steps at 

higher temperatures.  Thermogravimetric analysis (TGA) of dopamine hydrochloride, shown in 

Figure 3.5, indicated over 20% weight loss for a 0.1910 mg sample when heated above 300 C at 

10 C/min.  This loss in weight of the dopamine hydrochloride at elevated temperatures used in 

the recommended DuPont heating procedure was considered when deciding how long samples 

employing an adhesive layer of PDA can be heated during the second and third steps.  Thus, a 

modified DuPont procedure was created to avoid degradation of the PDA coating upon the 

second and third steps of heating.  The initial step of heating on a hot plate at 120 C for 2 
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coating 
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particles in 

coating 
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minutes was kept the same. The subsequent heating procedure at 300 C was changed to 250 C 

while heating at 372 C was kept the same. Heating times at 250 C and 372C were lowered to 3 

minutes each.  The change from 300 C to 250 C was chosen due to preliminary results that had 

shown PDA/PTFE films heated at 250 C for 5 minutes resulted in exceptionally well adhered 

PTFE films. Three minutes was arbitrarily picked with the hope to successfully remove all of the 

surfactant and fully melt the PTFE coating without degradation in performance of the PDA 

adhesive layer. 

 

 

Figure 3.5 TGA of dopamine hydrochloride [61]. 
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3.4 Friction and Wear Testing 

An automatic friction abrasion analyzer (Triboster, Kyowa Interface Science Co., Ltd., 

Niiza-City, Japan) was used to perform friction and wear testing by utilizing a ball-on-flat 

configuration through linear reciprocating motion.  The Triboster measured and analyzed the 

static and kinetic COF by sliding a counterface across the surface of a sample. A 7 mm diameter 

chrome steel ball (SUJ-2, Niiza-City, Japan) was used as the counterface in all measurements.  

Testing parameters consisted of a 50 g normal load, 2.5 mm/s sliding velocity, and 15 mm stroke 

length.  To guarantee consistency, all samples were tested by rubbing perpendicular to polishing 

lines of the stainless steel substrates.  Figure 3.6 represents a picture of the Triboster.  Basically, 

each sample was mounted on a stage followed by lowering a chrome steel ball onto the sample 

surface using a bubble level attached to the housing of the Triboster.  Once lowered onto the 

sample surface, a 50 g weight was added to the top of the housing as the applied normal load. 

The sliding velocity, stroke length, and number of testing cycles are input using a touchscreen 

interface on the front of the Triboster. The testing is started by pressing “Start” on the 

touchscreen interface once the Triboster software on the computer has been setup.  In Figure 3.7, 

a schematic of the testing setup for the Triboster can be seen in order to give a better idea of how 

the friction and wear testing is performed. Reciprocation of the stage is counted as one cycle 

when the stage moves the total length of the stroke length then back to the original stage 

position.  The wear resistance of each film was measured by counting the number of cycles 

before failure.  Film failure was indicated by a sharp increase in the dynamic COF due to rubbing 

contact between the counterface and stainless steel substrate. 
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Figure 3.6 Picture of Triboster during friction and wear testing.  

 

 

Figure 3.7 Schematic of friction and wear testing setup for Triboster. 

 

3.5 Sample Characterization 

3.5.1 Thickness and Wear Track Cross Section Measurements 

Film thickness and wear track cross sections were found using a surface profilometer 

(Dektak 150, Veeco Instruments, Inc., Plainview, NY). In Figure 3.8, a photograph of the Dektak 

surface profilometer with a coated stainless steel sample can be seen. The Dektak contained a 
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12.5 μm radius stylus which exerted a 5 mg contact force across the surface of each sample.  

Film thicknesses were found by peeling back the coating using a diamond tipped scriber and 

scanning the stylus on the coating across the sheared edge down onto the substrate surface.  The 

film thickness of five locations, inner edges and center of coating, were taken and averaged to 

determine the average film thickness for each sample type. Difficulties arose when trying to peel 

back the film of top coats with PDA adhesive layers. Therefore, wear track cross sections of 

failed samples were used to approximate film thickness of samples with PDA. Wear track cross 

sections were found by scanning the stylus across the width of a given wear track. 

 

 

Figure 3.8 Photograph of Veeco Dektak 150 Surface Profilometer. 

 



40 

3.5.2 Optical Imaging of Wear Tracks and Counterfaces 

Optical images of wear tracks and counterfaces were taken using an optical microscope 

(XJP-H100, American Scope, Irving, CA). Coating surfaces were observed using the optical 

microscope to ensure GO filler was well dispersed within the coating prior to testing.  

Counterfaces were also looked at prior to testing to make sure no scars or pitting in the 

counterface would cause unreliable or inconsistent results. Wear tracks were compared for 

different sample types to observe wear mechanisms between unfilled PTFE and GO filled PTFE 

composites with and without an adhesive layer of PDA.  Counterfaces were also observed to 

check for evidence of transfer film during testing. 

 

3.5.3 Atomic Force Microscopy 

Atomic force microscopy (AFM) was used to observe the change in microstructure of the 

thin PTFE films once they were heated using the suggested DuPont heating procedure. The AFM 

used was a Bruker Dimension Icon (Billerica, MA) using ScanAsyst® mode and tapping mode. 

An image of the AFM can be seen in Figure 3.9. A SCANASYST-AIR AFM probe was used for 

all AFM experiments using ScanAsyst® mode. The SCANASYST-AIR probes have a spring 

constant of 0.40 N/m with a nominal resonance frequency of 70 kHz.   AFM was also used to 

investigate the surface of a cleaned chrome steel ball and tested chrome steel ball around the area 

of contact. Difficulties arose when attempting to use ScanAsyst® mode on the counterfaces due 

to the curvature of the counterfaces.  Tapping mode proved to be a better choice when using 

AFM to scan the surface of the chrome steel balls.  A RTEPSA (MPP-11120-10) AFM probe 

with nominal resonant frequency of 300 kHz and spring constant of 40 N/m was used for all 

AFM counterface images in this thesis.   
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Figure 3.9 Picture of Bruker Dimension Icon AFM. A mounted stainless steel sample and 

probe holder are on the AFM stage. 

  


