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a b s t r a c t

The effects of using polydopamine (PDA) coated Cu nanoparticles (PDA-Cu) as a filler in the polytetra-
fluoroethylene (PTFE) topcoat of a PDA/PTFE dual-layer coating are investigated, where the PDA is used as
an adhesive basecoat. Tribological tests show that the addition of PDA-Cu in PTFE increases the wear life
of PDA/PTFE by a factor of two, approximately three orders of magnitude greater than that of pure PTFE
without a PDA basecoat. This increase in wear life is achieved without compromising the low coefficient
of friction characteristic of pure PTFE. Scratch tests show that the PDA-Cu filler improves adhesion be-
tween the PTFE and the PDA, preventing large scale delamination and also increases the toughness of the
coating, preventing ruptures at lower loads.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polytetrafluoroethylene (PTFE) is a polymer composed of a
carbon backbone surrounded by fluorine atoms. It has a high de-
gree of crystallinity (60–80%) [1], a melting point of 327 °C, and is
commonly used as an engineering material because it is chemi-
cally inert, non-toxic, and non-flammable, and exhibits negligible
water absorption, anti-stick behavior, high thermal stability, and a
low dielectric constant [2]. However, PTFE also has certain dis-
advantages such as a high wear rate and low load bearing capacity
[2], which limit its use in certain applications. In order to over-
come these disadvantages, various PTFE compounds have been
formed using polymer blends [3,4], resin binders [5,6], fibers [7],
and nanoparticle fillers [8–10]. Combining these materials with
PTFE has proven to increase the crystallinity [11], ultimate
strength, elongation to failure, and toughness [12], and as a result,
reduces wear in PTFE.

The aim of this study is to examine the tribological effect of
incorporating a polydopamine (PDA) adhesive basecoat and PDA
coated Cu nanoparticle filler (PDA-Cu) in a PTFE coating. PDA-Cu
was selected as the filler in this study to take advantage of PDA's
adhesion to PTFE. It is expected that the PDA shell in PDA-Cu will
first increase the cohesion within the PTFE coating, increasing the
cal Engineering, University of
toughness of the coated film and as a result preventing rupture of
the film at lower loads. Second, it is expected that PDA-Cu will act
as discrete nodes of increased adhesion between the PTFE topcoat
and the PDA basecoat which will prevent delamination of the PTFE
coating at critical loads. Finally, the Cu core in the PDA-Cu filler
was selected to further enhance the mechanical properties of the
coating. Yan et al. studied Cu nanoparticles in PTFE/nano-ex-
panded-graphite and found that Cu increased the hardness,
modulus of elasticity, yield strength, and tensile strength of the
composite [13].

Poor adhesion of PTFE coatings to substrates is typically the
primary cause of coating failure. Previous studies, carried out by
the authors, showed that by adding a PDA adhesive basecoat, the
wear life of PTFE coatings was extended 500 times [14]. The ad-
hesive and porous nature of the PDA basecoat allows a thin layer of
the PTFE topcoat to sturdily adhere to the substrate while allowing
the outermost layers of PTFE to maintain their self-lubricating
properties.

The use of PDA as a surface modification method was proposed
by Lee et al. [15] as a way to mimic the adhesive proteins secreted
by mussels that allows them to stick to both organic and inorganic
surfaces, under water, and in tidal conditions [15–17]. PDA is
synthesized through pH-dependent oxidation of dopamine hy-
drochloride in a basic solution, yielding a coating, approximately
50 nm thick, which can then be coated with various functional
coatings. In the field of tribology, coatings such as ZrO2/PDA [18],
PDA/graphene oxide/PFDTS [19], and PDA/gold on silicon [20] have
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shown favorable results, producing low friction coatings with ex-
tended wear life.

In this study, stainless steel plates coated with a PDA basecoat
and a PTFE and PDA-Cu composite topcoat (PDA/PTFEþPDA-Cu)
were compared to stainless steel plates coated with a PDA base-
coat and a PTFE topcoat (PDA/PTFE). Tribological tests and surface
characterization methods were implemented to compare the
friction and wear behavior exhibited by the two coating conditions
and to identify the wear life, wear mode, surface morphology, and
surface chemistry.
2. Experimental details

The configurations of PDA/PTFE and PDA/PTFEþPDA-Cu sam-
ples are depicted in Fig. 1. Three samples were prepared and tested
for each condition to produce statistically significant results and
ensure repeatability.

2.1. Materials and reagents

The chemicals used to prepare the PDA-Cu nanoparticles were
copper 2,4-pentanedionate (Cu(acac)2, 98%, CAS 13395-16-9, Alfa
Aesar), dodecylamine (DDA, 98%, CAS 124-22-1, Alfa Aesar), bu-
tylamine (BTA, 99%, CAS 109-73-9, Alfa Aesar), dopamine hydro-
chloride (DA-HCl, 99%, CAS 62-31-7, Alfa Aesar), tris(hydro-
xymethyl)aminomethane hydrochloride (Tris–HCl, 99.0% min, CAS
1185-53-1, BDH), and tris(hydroxymethyl)aminomethane (Tris,
ultrapure grade, CAS 77-86-1, AMRESCO), and ethanol (200 proof,
CAS: 64-17-5 KOPTEC). All experiments were performed using
18 MΩ H2O. All chemicals were used as received.

Cu nanoparticles were synthesized by reduction of Cu pre-
cursors in DDA solution. DDA (5.5 g) and Cu(acac)2 (52.5 mg,
0.2 mmol) were added to a 25-mL round-bottom flask equipped
with a magnetic stirring bar. The mixture was purged with Ar for
15 min to remove oxygen. The stirring rate was gradually in-
creased to the setting of 5.5 (Corning hot stirring plate), while the
reaction temperature was increased to 220 °C. The reaction was
held at 220 °C for 25 min and the Cu nanoparticles were formed.
The reaction solution was then cooled to 180 °C, followed by
quenching using ethanol. Cu nanoparticles were then collected by
adding 10 mL of ethanol to the 5 mL of reaction solution, followed
by centrifuging at 3300 rcf for 6 min. The Cu nanoparticles were
purified twice by a mixture of 2 mL toluene and 13 mL of ethanol
and recollected by centrifugation at 3300 rcf for 6 min. The Cu
nanoparticles were then redispersed in 2 mL toluene for further
use.
Fig. 1. Schematic of control group, PDA/PTFE an
PDA-Cu nanoparticles were synthesized by adding 0.75 mL of
Cu nanoparticles (�1 mg/mL) to a solution containing 1 mL of
water, 1 mL of ethanol and 0.5 mL of 1 M Tris–HCl in a 2 dr vial
equipped with a magnetic stirring bar. To initiate the coating
process, 6 mg of DA-HCl was added to the vial. The mixture was
stirred at 25 °C overnight. The reaction mixture turned from light
reddish brown to dark brown, indicating the formation of PDA.
The PDA coated Cu nanoparticles were collected by centrifuging at
12,000 rcf for 25 min, purified once by ethanol, and redispersed in
water. The Cu nanoparticles had an average diameter of �10 nm
and the PDA coated Cu nanoparticles had an average diameter of
�120 nm.

The chemicals used to prepare dip coating solutions for fabri-
cating PDA/PTFE coatings were dopamine hydrochloride (H8502,
Sigma Aldrich, St. Louis, MO, USA), tris(hydroxymethyl)amino-
methane (T1503, Sigma Aldrich, St. Louis, MO, USA), and PTFE
60 wt% aqueous dispersion (Teflon Dispersion DISP30, Fuel Cell
Earth, MA, USA).

2.2. Sample preparation

The substrate used for coating deposition in this study was type
316 polished stainless steel sheets 305�305�0.76 mm (9759k31,
McMaster-CARR, USA). The sheets were first cut into 50�50 mm
squares using a water jet cutter. Subsequently, the squares were
soaked in acetone in an ultrasonic bath for 20 min to remove oils
and organic contaminants. Next, the squares were soaked in iso-
propyl alcohol in an ultrasonic bath for 5 min, and rinsed in
deionized water. Finally, the squares were dried using nitrogen gas
before beginning the coating deposition process.

The PDA basecoat was deposited by submerging the substrate
in an alkaline solution of dopamine hydrochloride for 24 h
[14,15,21]. To prepare the dipping solution containing suspended
PTFE and PDA-Cu, PDA-Cu nanoparticles were mixed with a PTFE
aqueous dispersion to yield a mixture containing 38 wt% PTFE and
0.01 wt% PDA-Cu. The PDA coated samples were then dipped into
either a 38 wt% PTFE solution or 38 wt% PTFEþ0.01 wt% PDA-Cu
solution at an insertion/withdrawal speed of 10 mm/min using a
dip coater (KSV DC, KSV NIMA, USA) to create the PDA/PTFE or
PDA/PTFEþPDA-Cu coatings.

Sample preparation was finalized by using a heat treatment
process to sinter the coatings to the substrate. The samples were
first heated to a temperature of 120 °C for 3 min to remove water
from the coating. This step was followed by heating at 300 °C for
4 min to remove wetting agents form the coating, and finally,
heating at 372 °C for 4 min to sinter the PTFE particles to the PDA
coated substrate [22,23].
d experimental group, PDA/PTFEþPDA-Cu.
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2.3. Tribological testing

The tribological tests were performed using a linear re-
ciprocating ball-on-flat configuration, with 7 mm diameter Cr steel
balls, 50 g load, 2.5 mm/s sliding speed, and 15 mm stroke length
on an Automatic Friction Abrasion Analyzer (TS501, Kyowa Inter-
face Science Co., Ltd., Japan). At this load, the Hertzian contact
pressure produced on the sample surface was calculated to be
0.45 GPa without considering the coating. The average static and
dynamic coefficients of friction (COF) were automatically mea-
sured for each cycle. A sharp increase in the COF was used as an
indicator of coating failure and the number of cycles before the
sharp increase was used as a representation of the durability or
wear life of the coating.

Tribological tests were also carried out for specific durations (1,
10, 50, 100, 500, 1000 cycles) to observe the wear progression at
each of these stages during tribological testing. The wear depth at
each of these testing durations was measured to estimate the wear
progression over time.

Variable load scratch tests were performed on a NanoþMicro
Tribometer (UMT-2, Bruker, Santa Barbara, CA) to identify critical
loads at which the coating fails. The scratch tests were carried out
by linearly increasing the normal load from 0.1 to 8 N for a scratch
length of 15 mm and sliding speed of 0.1 mm/s. Constant load
scratches were also performed on each coating at 1–4 N loads
using the same scratch length and sliding speed as the linearly
increasing load scratches. The counterface used for all scratches
was a 7 mm diameter Cr steel ball.

2.4. Sample characterization

To characterize the surface topography, morphology, chemistry,
and the effect of tribological tests on these properties of the
coating surface, a Surface Stylus Profilometer (Dektak 150, Bruker,
Santa Barbara, CA), an Atomic Force Microscope (AFM, Dimension
Icon, Bruker, Santa Barbara, CA), a 3D Laser Scanning Confocal
Microscope (VK-X100, Keyence Corporation of America, USA) and
X-Ray Photoelectron Spectroscopy (PHI 5000 VersaProbe, ULVAC-
PHI, Kanagawa, Japan) were used. The surface stylus profilometer
was used to measure the coating thickness as well as the cross
sectional profile of wear tracks produced as a result of the tribo-
logical tests. The coating thickness was determined by scanning
across the leading edge of the coating and measuring the step
height between the bare substrate and the coating. The cross
sectional profiles of the wear tracks were measured by scanning
across the wear track in a direction perpendicular to the sliding
direction of the tribological test. The coating thickness and profiles
were measured using a 12.5 μm radius stylus with 3 mg contact
force, 600 mm scan length, and scan duration of 20 s.

The AFM and 3D laser microscope were used to characterize
the surface topography and morphology at different magnifications.
Fig. 2. AFM topographical images of (a) PDA/PTFE nanoparticle film, (b) PDA/PTFE nanop
heated to 372 °C.
The AFM images provided a depiction of how the surface morphol-
ogy changed after heat treatment and allowed for a comparison of
surface roughness for each sample type. The 3D laser microscope was
used to capture images of the scratch tests performed on the samples
and identify coating failure modes.

XPS was used to determine the chemical composition of the
pristine surface of the coatings, as well as within the wear tracks.
Because the coatings are dual layer, XPS scans within the wear
tracks were useful to determine whether the basecoat was ex-
posed as a result of coating removal/wear resulting from the tri-
bological tests. Additionally, high resolution C1s scans within the
wear tracks were used to examine tribo-induced chemical changes
to the material. The XPS spectra were obtained using a mono-
chromatic Al Kα (1486.6 eV) source with a 50 mm spot size. Be-
cause PTFE is an insulator, dual-beam neutralization was used to
avoid charge build up on the samples. All spectra were shifted
based on a –(CF2–CF2)– peak at a binding energy of 291.0 eV to
allow for comparison between spectra.
3. Results and discussion

3.1. Topographical characterization

To examine topographical changes resulting from the heat
treatment procedure, AFM images were captured before and after
heating the samples to 372 °C. Before heating, AFM images reveal a
surface covered with PTFE nanoparticles of 50–300 nm (Fig. 2(a)).
After heating, both PDA/PTFE and PDA/PTFEþPDA-Cu show a si-
milar topography composed of interwoven strands of PTFE (Fig. 2
(b and c)), indicating that PTFE particles have coalesced to form a
more cohesive coating [24]. The PDA/PTFE coating has an average
surface roughness, Ra, of 27.8 nm and root mean square surface
roughness, Rq, of 34.2 nm. PDA/PTFEþPDA-Cu has an Ra of
29.3 nm and Rq of 36.2 nm. There is very little difference in the
average surface roughness between both coatings and it is evident
that the presence of PDA-Cu nanoparticles does not have an ob-
servable effect on the surface topography.

Nanoindentation tests were performed on both coating sur-
faces to determine their hardness. The maximum indentation
depth used was less than 10% of the coating thicknesses to elim-
inate substrate effect. The results show that there is an increase in
the average hardness for the coating containing the PDA-Cu na-
noparticle filler. The average hardness for PDA/PTFE was 52.6 MPa
and the average hardness for PDA/PTFEþPDA-Cu was 55.3 MPa.
However, the standard deviation in the results is too large to infer
a statistically significant increase in hardness at this very low
concentration of filler.
article film heated to 372 °C and (c) PDA/PTFEþPDA-Cu nanoparticle composite film



Fig. 3. Wear life and coefficient of friction results for PDA/PTFE and PDA/
PTFEþPDA-Cu. The bar chart shows averages with individual measurement results
shown as asterisks and circles. The average coefficient of friction is calculated from
friction values before coating failure.

S. Beckford et al. / Tribology International 103 (2016) 87–9490
3.2. Tribological testing

Although the surface topography is similar for both coatings,
there is a significant difference in wear life. On average, PDA/PTFE
coatings of 1.3 mm average thickness withstood 10,080 rubbing
cycles during the tribological tests (Fig. 3). PDA/PTFEþPDA-Cu of
1.2 mm average thickness, on the other hand, withstood an average
of 20,165 rubbing cycles (Fig. 3), a wear life two times greater than
PDA/PTFE and three orders of magnitude greater than what is
typically observed for pure PTFE under these testing conditions.
Furthermore, the incorporation of PDA-Cu in the coating did not
produce a statistically significant difference in the dynamic COF.
PDA/PTFEþPDA-Cu showed an average dynamic COF of 0.072
compared to a COF of 0.069 observed for PDA/PTFE (Fig. 3). The
average static COF for PDA/PTFEþPDA-Cu and PDA/PTFE was 0.136
and 0.141, respectively, with no statistically significant difference.

Tribological tests carried out for 1, 10, 50, 100, 500, and 1000
cycles to observe wear progression revealed that the wear rate of
the topcoat is significantly reduced by incorporating PDA-Cu na-
noparticles. The coating thickness for the PDA/PTFE sample used
for the wear progression tests was 1.06 mm. Cross sectional profiles
of the wear tracks for each of the testing durations show an in-
cremental progression of wear depth from 1 to 100 cycles, at
which point the wear rate significantly decreases and almost
comes to a complete standstill after 500 cycles (Fig. 4(a)). The
cross sectional profile of PDA/PTFE at 500 and 1000 cycles revealed
a constant wear depth of 0.84 mm, indicating that approximately
0.22 mm of coating remained present. As was observed in prior
investigations carried out by the authors, a thin layer of PTFE that
1.06 µm coating thickness
0.22 µm remaining film

Fig. 4. Cross-sectional profiles of (a) PDA/PTFE and (b) PDA/PTFE
has strong adhesion to the PDA basecoat remains present for the
majority of the testing duration and is responsible for the long
wear life of the coating [14].

The PDA/PTFEþPDA-Cu nanoparticle composite coating used in
the wear progression tests had a thickness of 1.2 mm and showed
progressive wear until a wear depth of 0.42 mm was reached after
100 rubbing cycles (Fig. 4(b)), approximately half that of PDA/PTFE
at the same testing stage. At this depth, the wear rate decreases to
almost zero (showing very little change between 100, 500 and
1000 cycles) with approximately 0.78 mm of coating still remain-
ing. This indicates that at this depth PTFE particles experience a
stronger adhesion to the basecoat. The PDA-Cu nanoparticles
within the PTFE topcoat act as bolts by allowing discrete regions of
stacked PDA layers (Fig. 1) to form at the interface between the
basecoat and the topcoat. These stacked regions allow a thicker
layer of PTFE topcoat to experience strong adhesion to the sub-
strate. The improved adhesion between the basecoat and topcoat
contributes to the increase in wear life observed in PDA/
PTFEþPDA-Cu.

The wear depth for 1, 10, 50, 100, 500, and 1000 cycles for both
coating conditions is plotted in Fig. 5. The plot clearly shows the
change in wear rate in both coatings over progressive rubbing
cycles. The wear rate for PDA/PTFE has three stages. From 1 to 100
cycles, the wear depth increases at a rate of 77 nm per test cycle.
After 100 cycles, the wear depth increases at a significantly re-
duced rate of 0.2 nm per cycle. Finally, after 500 cycles, the wear
depth of PDA/PTFE levels off at approximately 0.84 mm. For PDA/
PTFEþPDA-Cu, the wear rate is significantly lower than that of
PDA/PTFE. From 1 to 100 cycles, the wear depth increases at a rate
of 41 nm per test cycle, at which point it levels off at a total wear
depth of approximately 0.42 mm.

3.3. Chemical analysis

A chemical analysis of the surface was carried out to reveal the
chemical composition of the coatings as well as changes produced
as a result of the tribological testing. XPS, C1s spectra reveal the
presence of –(CF3–CF2)– at a binding energy of 292.0 eV and –(CF2–
CF2)– at a binding energy of 291.0 eV on the pristine surface of
PDA/PTFE (Fig. 6(a)). These peaks are characteristic of PTFE and
suggest that the PDA basecoat does not produce any chemical
changes to the outermost layers of the PTFE topcoat. Inside the
wear track produced in the 1000 cycle tribological test (Fig. 6(b)),
five new peaks are observed at 289.1 eV, 288.6 eV, 287.4 eV,
286.2 eV, and 284.8 eV. These peaks represent –(CF–CF)–, C¼O,
C–N, C–O, and adventitious carbon, respectively. –(CF–CF)– is pro-
duced as a result of scission of the PTFE polymer chain caused by
1.20 µm coating thickness

0.78 µm remaining film

þPDA-Cu after 1, 10, 50, 100, 500, and 1000 rubbing cycles.



Fig. 5. Plot of wear depth as a function of rubbing cycles for PDA/PTFE and PDA/
PTFEþPDA-Cu after 1, 10, 50, 100, 500, and 1000 rubbing cycles.

Table 1
XPS results for chemical element proportions in PDA/PTFE and PDA/PTFEþPDA-Cu
after 0, 50, 100, 500, and 1000 rubbing cycles.

Surface Condition Chemical Element

C1s F1s N1s O1s

PDA/PTFE
Pristine surface 28.86 71.14 0.00 0.00
50 cycles 30.78 69.04 0.00 0.18
100 cycles 30.31 68.58 0.74 0.37
500 cycles 32.70 63.68 0.90 2.72
1000 cycles 33.37 63.35 1.10 2.18

PDA/PTFE þ PDA-Cu
Pristine surface 32.39 66.85 0.56 0.20
50 cycles 32.49 66.91 0.43 0.17
100 cycles 32.35 67.10 0.35 0.20
500 cycles 31.70 67.45 0.40 0.45
1000 cycles 31.05 67.95 0.59 0.41
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the high pressure tribological test [25]. C¼O, C–N, and C–O are
attributed to PDA [26], revealing that the PDA basecoat may be
partially exposed after 1000 cycles. This observation is also sup-
ported by the change in color at the center of the wear track
shown in the Scanning X-ray Induced secondary electron image
inset in Fig. 6(b).

For PDA/PTFEþPDA-Cu, XPS C 1s spectra reveal the presence of
–(CF3–CF2)– and –(CF2–CF2)– peaks in the pristine surface (Fig. 6(c))
as was observed for PDA/PTFE. However, the pristine surface of
this coating also shows peaks at 288.6 eV, 287.4 eV, 286.2 eV, and
284.8 eV, which represent C¼O, C–N, C–O, and adventitious car-
bon, respectively [26]. These peaks are attributed to PDA and
Fig. 6. XPS C1s spectra for PDA/PTFE (a) pristine surface and (b) after 1000 rubbing cycle
confirm the presence of PDA-Cu in the PTFE topcoat. Inside the
1000 cycle wear track, the same peaks are present with the added
presence of a peak at 289.1 eV, representative of –(CF–CF)– and a
result of chain scission as was observed for PDA/PTFE.

Table 1 shows the proportion of C, F, N and O on both sample
surfaces at different rubbing durations. The increasing N and O
concentration in PDA/PTFE after 100 cycles is evidence that the
basecoat is exposed at this stage and remains exposed for the
remainder of the tribological test. PDA/PTFEþPDA-Cu, on the
other hand, has relatively constant concentrations of N and O at
different stages of tribological testing. The presence of N and O
confirms the identification of C–N and C–O peaks in the C 1s
spectra which are attributed to the PDA-Cu nanoparticles.
s, and for PDA/PTFEþPDA-Cu (c) pristine surface and (d) after 1000 rubbing cycles.



Fig. 7. Optical image of linearly increasing load scratch on (a) PDA/PTFE and (b) PDA/PTFEþPDA-Cu, (c) coefficient of friction and normal load as a function of scratch
distance, and (d) optical images of point a1, a2, b2, and b2 as labeled in (a) and (b).
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3.4. Scratch test

Variable load scratch tests were performed to determine the
critical loads impacting the wear mode and wear rate of the
coating. The scratch test on PDA/PTFE revealed two critical loads at
the applied loading rate and sliding speed. Between 0 and 5.3 mm,
PDA/PTFE experiences signs of abrasive wear characterized by
removal of surface asperities and compacting of the coating (Fig. 7,
(a)). The COF steadily decreases from 0.1 to 0.035 in this running-
in period (Fig. 7(c)). At a load of 3 N and a distance of 5.3 mm, the
PDA/PTFE coating exhibits a large step increase in friction, bringing
the COF from 0.035 to 0.055 (Fig. 7, (c)). At this load the coated
film ruptures along the edges of the contact area (Fig. 7(d) a1). At a
load of 5.5 N and a distance of approximately 10.2 mm, the coating
suffers large scale delamination characteristic of adhesive failure
(Fig. 7(d) a2).

PDA/PTFEþPDA-Cu, on the other hand, shows a critical point at
a 1.1 N load and 1.7 mm distance where there is a sharp peak in
the COF that quickly drops down and settles at 0.05 (Fig. 7(c)). At
this point the coated film deforms under the load but shows no
sign of rupture (Fig. 7, (d) b1). At a load of 5 N the COF begins to
show larger fluctuations (Fig. 7(c)) and the coating ruptures along
the edges of the contact area (Fig. 7, (d) b2). However, the coating
does not suffer large scale delamination for the full load range of
the test. The sudden deformation of the PDA/PTFEþPDA-Cu film at
a load of 1.1 N indicates that the presence of the filler may create
voids within the film, producing a buckling effect at this load.
However, the absence of film rupture below 5 N and the absence of
delamination for the entire test indicate that the PDA-Cu particles,
even at only 0.01 wt%, have a large impact on the film toughness
and adhesion to the substrate.

Constant load scratch tests were also performed to confirm the
results observed in the variable load scratch tests. Because con-
stant load is applied for the entire 15 mm scratch, rupture and
delamination is observed at slightly lower loads than was seen in
the variable scratch test. PDA/PTFE shows signs of film rupture at a
load of 3 N (delineated in red in Fig. 8) and large scale delamina-
tion at 4 N. PDA/PTFEþPDA-Cu shows signs of rupture at a load of
4 N (delineated in red in Fig. 8) and no evidence of delamination.
These results confirm that PDA-Cu enhances the toughness of the
film as well as increasing the adhesion between the PTFE topcoat
and the PDA basecoat.

A small difference in wear track width is also observed between
PDA/PTFE and PDA/PTFEþPDA-Cu for each of the constant load
scratches (Fig. 8). The difference in width between the two coating
conditions points to a change in stiffness of the film. It is likely that
higher concentrations of the nanoparticle filler will show a more
pronounced change in mechanical properties such as these, and, as
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Fig. 8. Constant load scratch test on PDA/PTFE performed under (a) 1 N, (b) 2 N, (c) 3 N, and (d) 4 N normal loads, and on PDA/PTFEþPDA-Cu performed under (e) 1 N,
(f) 2 N, (g) 3 N, and (h) 4 N normal loads. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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the synthesis process of the filler is optimized, it is the intent of
the authors to evaluate the incorporation of the filler at higher
concentrations.
4. Conclusion

PDA/PTFE coatings of 1.3 mm average coating thickness ex-
hibited an average wear life of 10,082 cycles, approximately 500
times greater than what the authors have observed for pure PTFE
coatings. PDA/PTFEþPDA-Cu coatings of 1.2 mm average coating
thickness exhibit an average wear life of 20,165 cycles, a wear life
that is three orders of magnitude greater than pure PTFE. Ex-
amination of the wear profile in PDA/PTFEþPDA-Cu coatings at
various stages of tribological testing suggests that the presence of
the PDA-Cu filler in the PTFE matrix enhances the toughness of the
film and increases adhesion to the PDA basecoat.

Future research will focus on optimization of filler concentra-
tion. This research direction will allow a better understanding of
the role the nanoparticles play in the durability and friction ex-
hibited by the coating.
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