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Improvement of the tribological behavior of PTFE-anodic film composites

prepared on 1050 aluminum substrate

Julien Escobar, Laurent Arurault*, Viviane Turq

Université de Toulouse, CIRIMAT, UPS/INPT/CNRS, 118 route de Narbonne, 31062, Toulouse cedex 9, France

ABSTRACT

A model anodic film was prepared to incorporate PolyTetraFluoroEthylene (PTFE) nanoparticles into the
porous structure of the film. Firstly, the influence of the anodization parameters on the morphology
(thickness and pore diameter) was studied, using notably FEG scanning electronic microscopy. Then,
using an improved sedimentation technique, the nanoparticles were successfully inserted into the porous
structure and onto its surface. EDX and Raman spectroscopy attested the presence of PTFE particles
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down to the bottom of the pores. Secondly, the study demonstrated the benefit of incorporating the
PTFE particles. Tribological tests were also carried out and the lubricating properties of the composite

PTFE analyzed. Friction coefficient curves showed a 75-fold improvement of the total lifetime of the anodic

Lubricating composite
Sedimentation
Friction coefficient
Tribology

1. Introduction

Since its discovery by Buff in 1857, aluminum anodization is a
process used in many fields of application like aeronautics, archi-
tecture and cookware [1]. Indeed it enables the light weight of
aluminum and its alloys (2.7 g/cm3) to be combined to specific
properties such as good corrosion resistance, a wide range of col-
oring and an improved wear resistance.

However, anodic oxide films generally present friction coef-
ficients of about 0.5 [2] to 1.2 [3,4]. So, it was interesting to
functionalize the porous anodic film, by filling the pores with
chosen particles, to enhance its lubricating properties [5]. Since
1960, studies have thus focused on functionalizing the anodic films
with PolyTetraFluoroEthylene (PTFE): either by spraying on a PTFE
dispersion [6,7] or by using ultrasonic impregnation [2,8], PTFE
particles remaining mainly on the top surface in both cases. More
recently, Chen et al. [9] added PTFE particles to the anodization
electrolyte itselfin order to directly incorporate them into the com-
posite film. Despite several studies on PTFE/anodic film composite,
the insertion of PTFE particles all along the pores and its effect on
tribological behavior has not been reported.

In the present paper, the first aim was to prepare a new
composite (PTFE/anodic film), elaborated by filling up the pores
of the anodic films with PTFE nanoparticles. Anodization was

* Corresponding author. Tel.: +33561556148.
E-mail address: arurault@chimie.ups-tlse.fr (L. Arurault).

film with a reduced friction coefficient.

performed in phosphoric acid solution, because it provides the
highest pore diameter [10-12]. The second aim of this study was
to show, through tribological tests, the real benefit of including
PTFE particles inside the porous anodic films, the ultimate goal
being to prepare an improved coating on articulated arms for
spacecraft.

2. Experimental
2.1. Preparation process

The substrate material was 1050 aluminum alloy (AA). Its
chemical composition in weight percent is: <0.40%Fe, <0.25%Si,
<0.07%Zn, <0.05%Cu, <0.05%Mg, <0.05%Ti, <0.05%Mn and Al
accounts for the remainder.

The preparation process principally involved three successive
steps: pre-treatment of the surface, anodization and functionaliza-
tion by incorporation of PTFE particles inside the porous anodic
films. All chemicals used were analytical grade and aqueous elec-
trolyte solutions were prepared using deionized water.

Before anodization, the surface was pretreated according
to the European Space Agency (ESA) standard (ECSS-Q-ST-70-
03C [13]) for space applications [14]. The aluminum sheet
(45mm x 37mm x 0.5 mm) was degreased with ethanol and
etched in mixed aqueous Na,COs3 (6.2 g/L) and Na3PO,4 (12.5g/L)
solution for 5min at 93 +2 °C. Then, the sheet was neutralized in
aqueous HNOs (50%, v/v) for 3 min at room temperature. Samples
were rinsed with distilled water after each step.



The anodization was performed in an electrochemical cell,
where the aluminum sheet was used as anode and a lead plate as
counter-electrode. The anodization was run for a given duration (in
the range 30-45 min, usually for 34 min) in the galvanostatic mode
(1.2<J,<1.5A/dm?, typically 1.4+0.1 A/dm?2) using a phosphoric
acid solution (0.4 M) thermally regulated (15<T<35°C, typically
at 20°C). To increase the anodic pore diameter, the sheet was then
soaked in a cell containing a phosphoric acid solution (5 wt%) from
0 to 30 min thermally regulated at 30°C [15].

Two types of PTFE aqueous dispersions (PTFE 3893° and PTFE
5070°, 60wt% PTFE content for both dispersions) provided by
DuPont de Nemours, were used to functionalize the porous anodic
films. Industrial providers claim that the nominal average parti-
cle size for the PTFE 3893 dispersion is 220 nm, while it is 90 nm
for the PTFE 5070 dispersion. The anodized aluminum sheet was
immersed in a beaker containing PTFE dispersion (10-30 mL) with
the anodized face uppermost. The beaker was heated to 60°C and
kept at this temperature until the solution was completely dry
(1-3h).

2.2. Chemical and microstructural characterizations and
tribological tests

PTFE dispersions were analyzed with a ZetaSizer Master 1000 in
order to get the distribution of particle size and the zeta potential
values.

Raman spectra and confocal Raman spectra were obtained with
aLabRAM HR 800 Raman Spectrometer (HORIBA JOBIN YVON) with
a green laser (wave length: 532 nm).

The sample microstructures were observed before and after
impregnation with a Field-Emission Gun Scanning Electron Micro-
scope (FEG-SEM JEOL SM6700F device), while elementary chemical
analyses were performed by energy-dispersive X-ray spectroscopy
(EDX). Especially, the thickness was measured by averaging twenty
measurements on FEG SEM cross-sectional views, while the pore
diameter was measured by analyzing FEG SEM surface views with
the free software Image] [16].

Frictions tests were conducted with a CSM pin-on-disc tribome-
ter. The device was used in rotational mode, with a spherical
alumina counterface of 6 mm in diameter and under a normal load
of 1N, corresponding to a maximum hertzian pressure between 25
and 410 MPa, depending on the sample. The tests lasted from 5000
to 300,000 cycles. The diameter of the track is fixed to 10 mm with
a maximal speed of movement of 5.04 cm/s. Each test was repeated
at least three times.

The morphology of the counterface and the plane track after
tribological testing was analyzed with a numerical microscope
KEYENCE VHX 1020. The width and the depth of the substrate wear
track were measured and the wear volume was calculated, using
an elliptical fit of the wear profile and disregarding the wear of the
counterface.

The wear volume was calculated using Eq. (1).

(Ellipse surface x Perimeter of the track)
2

_ (Dx(W/2)xm)x (2 x 7 xT))

- 2

Wear volume =

(1)

With D as depth, W as width and r as the circle radius.
3. Results and discussion
3.1. Initial PTFE dispersions

Functionalization was conducted with two aqueous dispersions
of PTFE particles (DuPont de Nemours PTFE 3893 and PTFE 5070°)

Table 1
Particle size and zeta potential of the dispersions.

Particle size (nm) Zeta potential (mV)

PTFE 3893 220 + 50 -50
PTFE 5070 90 + 40 —45
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Fig. 1. Raman spectra of PTFE dispersions.

diluted in distilled water (0.25 wt% PTFE content for both disper-
sions after dilution). Table 1 gives the experimental values of the
particle size and zeta potential.

The average values of the particle sizes (220 and 90 nm) are in
agreement with the nominal data provided by DuPont de Nemours.
However, it is important to note that the standard deviation was
about 23% and 44% respectively. Moreover, in both cases, the zeta
potentials were negative.

The two dispersions were analyzed by Raman technique (Fig. 1).
Eight identical peaks were observed on both spectra. All the bond-
ing assignments are reported in Table 2. The strongest peak at
733cm~! (noted vvs) corresponds to CF, symmetric stretching
[17,18]. Principal Raman bands at 290, 387, 733 and 1301 cm™!
belong to the different modes of the CF, groups. Weak bands (noted
w, at 598 and 578 cm~!) were attributed to defects in the PTFE
structure [19] before being attributed to CF; deformation by Mihaly
et al.[20]. Because Raman spectra are identical for both dispersions,
the PTFE particles of the different size classes did not present any
detectable structural differences.

3.2. Preparation and characterization of the standard porous
anodic films

After analysis of the PTFE particles, a model anodic film was
prepared with a view to obtaining a thickness of about 10 wm and
an average pore diameter of 200 nm.

Before the anodization, cleaning pretreatments (degreasing,
etching, neutralization) were performed. The average roughness
(Ra) and peak-to-valley (PV) were measured at each step (Table 3).

Table 2

Assignments of the Raman peaks for the PTFE dispersions.
Raman bands Assignment
290s CF, wagging
387s CF, twisting
598 w CF3; symmetric deformation
57w CF3; symmetric deformation
733 vvs CF, symmetric stretching
1215w CC stretching
1301 m,w CF, asymmetric stretching
1382 m CF stretching
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Fig. 2. Thickness of the anodic film versus current density (t=45 min; T=20°C) and versus anodization time (T=20°C, J=1.4A/dm?).

Table 3
Roughness and peak to valley at each step of the pretreatment of the Al substrate.

Degreasing Etching Neutralization
Ra 0.3 pm 0.6 wm 0.6 wm
PV 3.2pm 8.4 pm 10.1 pm

The roughnesses R, and PV increased step by step along the
pretreatments. The peak-to-valley measurements showed a strong
difference between the “highest” and “lowest” parts on the sur-
face of about 10 wm after neutralization. This pretreated surface
was then used as an anode to perform the anodization. Anodic
film growth followed reaction (1) and is mainly controlled, through
Faraday’s law, by the current density (J) and the anodizing time (t).

2Al + 3H,0 — Al,03 +6H* + 6e~ 1)

We plotted the thickness of the anodic film versus the current
density and the anodization time which is compared to the theoret-
ical thickness (Fig. 2). The thickness is directly proportional to these
two operational parameters, in accordance with the Faraday’s law.
Anyway, the experimental curves do not cross the origin because
of the influence of the dissolution by the phosphoric acid. On the
other hand, the anodization efficiency is about 75% in agreement
with previous studies [21].

The bath temperature plotted versus the thickness and the pore
diameter of the anodic film (Fig. 3) shows that in this temperature
range (15-35°C) the average pore diameter increases (from 120 to
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Fig. 3. Average pore diameter versus the temperature of the electrolyte
(J=1.4A/dm?, t=45 min).

160nm) with temperature, while the thickness decreases slowly
(from 10.5 to 10.0 pm).

Increasing the bath temperature increases the reaction kinetics,
especially of the chemical reactions rather than the electrochemical
ones. During anodization, the electrochemical growth of the anodic
filmis not much affected - the thickness remains almost unchanged
- while chemical reaction (2) of dissolution of the anodic film in
contact with the acidic electrolyte is significantly exacerbated [22].

Al,O03 +6H" — 2AIP* +3H,0 (2)

In a recent study, Goueffon et al. [21] also studied the thickness
and the porosity of anodic films in different operational conditions.
It was shown that the porosity depends on the concentration of
the electrolyte, while a decrease of the thickness occurs when the
temperature of the electrolyte is too high (about 30°C) because of
the merging of pores. However, in our study, this phenomenon was
not observed in a similar range of temperatures, probably because
the porosity was significantly different: here the pore diameter was
200 + 15 nm whereas in Goueffon’s studies it did not reach 100 nm.

Finally, the standard conditions chosen for the anodization
were: galvanostatic mode (1.4A/dm?) for 34 min, in phosphoric
acid electrolyte (0.4 mol/L) thermally regulated at 20°C.

FEG-SEM views (Fig. 4) showed that the thickness of the stan-
dard anodic film is 10.0 £ 0.5 wm and the average pore diameter is
2004 15nm, i.e. higher than the particle size (90 nm) of the PTFE
5070 dispersion and lower than the particle size (220 nm) of the
PTFE 3893 dispersion. The pore density and porosity were respec-
tively 5.4 + 1.5 pore um~2 and 17.0 + 2.5% for the standard anodic
films.

The FEG-SEM cross-sectional view (Fig. 4) also reveals that the
pores are quite erratic and far from the ideal microstructure pro-
posed by Keller [23] due to the initial roughness of the AA substrate
before anodization (PV=10 wm).

The EDX spectrum (Fig. 5) performed on the cross-section of
the anodic film shows peaks attributed to the elements carbon,
oxygen, and aluminum. The aluminum and oxygen directly result
from the growth of the anodic film. The presence of carbon can
result from carbonate inclusion from the anodization electrolyte
but more probably from sample preparation and analysis by SEM.

No Raman features appear in the 100-1500 cm~! region (Fig. 5)
because of its amorphous structure [24-26]. Moreover, metallic
aluminum is fluorescent. So, exciting aluminum with a laser pro-
motes this fluorescence, and swamps any underlying Raman signal
to such an extent that some elements could not be detected [27].

Tribological tests were carried out on aluminum and anodic
film. Firstly, the friction coefficient of the aluminum substrate
fluctuated around 0.8 (Fig. 6), a comparable value (0.85) being
previously obtained for pure (99.99%) aluminum substrate [2].



Fig. 4. FEG-SEM views (a) of the surface and (b) of the cross-section of the standard anodic film.
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Fig. 5. EDX spectrum localized on the cross section of the anodic film and Raman spectrum of the anodic film.

Secondly, the anodized film presented a friction coefficient of about
1.10 during 3000 cycles (Fig. 6). After 3000 cycles, the friction coef-
ficient decreased and reached the same value as on aluminum
(0 =0.70-0.80). Wang [2] showed an unchanged friction coefficient
(0.5-0.6) during 1500 cycles, while Kim and Choi [3,4] obtained a
friction coefficient about 1.2, i.e. a value similar to ours.

The optical views of the track and the counterface after the test
(Fig. 7) exhibit uncovering (exposure) of the aluminum substrate
and metal transfer respectively. This shows that, at the end of the
test, the anodic film was totally worn off, uncovering the aluminum
substrate.

3.3. Preparation and characterization of the composite films
The microstructure of the anodic films after functionalization
with 220 nm-sized PTFE particles and 90 nm-sized PTFE particles

is shown in Fig. 8. The 200 nm-sized PTFE particles remained only
on the top surface of the anodic film with an average thickness
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Fig. 6. Friction coefficient curves on aluminum and anodized aluminum.

of 1 wm. The particles are larger than the average pore diameter
(200+15nm) and block the entrance of the pores. On the other
hand, 90 nm-sized PTFE particles are smaller than the pore diam-
eter and were able to enter the pores reaching right down to the
bottom of the structure. The pores are filled with PTFE particles and

Fig. 7. Views of (a) the counterface and (b) the track at the end of the test.
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Fig. 9. EDX spectra on the cross section of the composite film functionalized (a) with 220 nm-sized PTFE particles and (b) with 90 nm-sized PTFE particles.

a deposit is obtained on the surface with an average thickness of
2 pm.

The insertion of the particles inside the anodic film and down to
the bottom of the pores can be explained by two main phenomena.
Firstly, when the water evaporates, PTFE nanoparticles remain in
solution and led to the bottom of the pores because of the surface
tension between the liquid and the gas [28], the surface tension
acting as a force on the particles. In this case, the low concentra-
tion of the dispersions in PTFE (0.25 wt%) avoids flocculation of the
particles before the total evaporation of the liquid. Secondly, when
the liquid film is thin enough, colloidal particles can self-assemble
due to attractive capillary forces driven by wetting [29,30].

EDX spectra were also recorded on localized surface of the film
cross sections. A spectrum of the film functionalized with 220 nm-
sized PTFE particles is shown in Fig. 9a and with 90 nm-sized PTFE
particles in Fig. 9b. When the PTFE deposit is only on top of the
surface, aluminum and oxygen peaks are mainly present (Fig. 9a)

Intensity
-
g
o

——Z=0pm

——Z=3pum

in the cross-section of the anodic film. No fluorine peaks appear,
suggesting that no PTFE particles have been incorporated in the
anodic film.

In contrast, when PTFE particles are on the surface and inside
the porous anodic film, the aluminum and oxygen are still present
(Fig. 9b), but the fluorine peak, appearing at 0.7 eV, suggests that
PTFE particles have been pulled into the anodic film. This result is
confirmed by comparing the intensity ratios between the peak of
fluorine and the peak of aluminum for both functionalized films
(Table 4).

Confocal Raman spectroscopy was also used to analyze the
composition of the film at different depths, i.e. from Z=0 (at the
initial surface) to Z=20 wm (inside the Al substrate). All the PTFE
Raman bands previously observed on the dispersions (Fig. 1) are
still present on the confocal Raman spectra of the functionalized
anodic film. Fig. 10a shows in particular the intensity of the highest
peak (733 cm™1) as a function of the analyzed depth of the anodic
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Fig. 10. Confocal Raman spectrum on anodic film with (a) PTFE on top surface and (b) PTFE inside the pores.



Table 4
Intensity ratios between fluorine and aluminum peaks on the functionalized film.

200 nm-sized PTFE
particles

90 nm-sized PTFE
particles

Intensity ratio Ir/Iy 0.1% 15.2%

film with PTFE on the surface. The intensity of the peak decreases
as the analyzed zone deepens. The same remarks can be made with
confocal Raman spectra on anodized film with PTFE both on the
surface and inside the porous structure (Fig. 10b).

The area of the peak was then calculated at each depth to com-
pare the decrease of peak intensity for both composite anodic films
(Fig. 11). For the anodic film (10 wm) with PTFE only on the top
surface (1 wm, i.e. a coating thickness of about 11 wm in total), the
area under the peak decreased quickly and reaches a value of less
than 5% for depths of 5 wm to 20 pwm. This means there are no PTFE
particles inside the anodic film.

For the anodic film (10 wm) with PTFE inside and on its surface
(2 um, i.e. a coating thickness of about 12 pm in total), the Raman
peak area also decreased. However, from depths of 3 wum to 12 wm,
almost 20% of the initial peak area still remained (Fig. 11). So, PTFE
particles are significantly present in the first 12 wm of anodic film.
For this composite zone, it can also be noted that the peak area,
corresponding to CF, stretching, is about 20% (100% correspond-
ing to the pure PTFE material). This seems in good agreement with
the initial porosity (17.0+£2.5%) of the anodic film. Then, from a
depth of 12 wm (i.e. the interface with the Al substrate), the peak
area decreases slowly, probably because of some remaining PTFE
fragments.

Thanks to the Raman spectra (Fig. 11), it can be considered that
almost 15% of the volume of the composite film represents the
incorporated PTFE particles. With an average particle diameter of
90nm (i.e.avolume of about 3.81 x 10~ wm?), the average number
of particles incorporated in the anodic film (10 wm thick) is about
700 nanoparticles per pore.

3.4. Tribological tests on the composite film with top PTFE coating
The anodic films, functionalized with both types of PTFE par-
ticles, or not, were tribologically tested (Fig. 12). The friction

coefficient curves typically exhibit three periods (Fig. 13):

- A stable low friction coefficient period (I)
- An increase of the friction coefficient (II)
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Fig. 11. Percentage of peak area versus depth for PTFE on the sample surface and
PTFE inside the sample.
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Fig. 12. Friction coefficient curves of the functionalized anodic films.

- A stable period with higher friction coefficient (III)

The friction coefficient curve corresponding to the functional-
ized anodic film with PTFE only on the top surface is reported in
Fig. 12. During the first period of the tribological test (47,000 cycles),
the friction coefficient was low (u =0.13), attributed to PTFE par-
ticles alone [31] on the top surface. Then the friction coefficient
increased for about 20,000 cycles and reached a value of about 0.90.
At the end, in the third period, the friction coefficient remained sta-
ble at 0.90-1.00, i.e. at a level between the friction coefficients of
aluminum (u ~0.80) and anodized aluminum (u ~1.1).

Optical microscopy of the track (T) and the counterface (C) was
performed at the different periods of the test (Fig. 14).

Images T; and C; correspond to the first period of the test (after
15,000 cycles), the friction coefficient being of about 0.13. Facies T;
shows no oxide or metallic fragments and little wear, while PTFE
can be seen on the counterface.

During the second period, while the friction coefficient
increases, both track and counterface (Fig. 14) show black frag-
ments, identified as aluminum oxide by EDX.

Finally, during the last period (friction coefficient=0.90-1.00),
the aluminum substrate is exposed. Black oxide fragments are still
present on the track and more fragments are on the counterface.

Table 5 presents the different characteristics of the sample, and
especially an estimated wear volume at each period of the test.

1"

>

Fig. 13. Scheme of the different periods of the tribological tests.



0 2
[Lara 21002030

Fig. 14. Facies of the track (T) and the counterface (C) in the first (1), second (2) and third (3) periods for tribological tests with PTFE on top.

Table 5

Characteristics of the track at each period for the PTFE on top surface test and PTFE inside the pore test.

Lifetime (cycles) Depth track (pm) Width track (pum) Wear volume (pm?)
PTFE only on top surface First period (1t =0.13) 47,000 1.1+ 06 200 5.4 x 10
Second period (1« =0.60) 20,000 55+1.2 330 4.5 % 107
Third period (x =0.90) 270,000 35+3 900 7.8 x 108
PTFE inside the pores First period (1 =0.17) 200,000 09+ 0.5 200 4.4 % 106
Second period (14 =0.60) 30,000 31+1 280 2.1x107
Third period (x =0.90) 70,000 32+ 4 770 6.0 x 108
Table6 ) ) rubbing on PTFE. Then, during the second period (Fig. 15b), the alu-
Intensity ratio I/l at the different period of the PTFE on top surface test. minum and the oxygen peaks are strong whereas the carbon and
First period Second period Third period fluorine peaks are weak. The intensity ratio between the fluorine
. . o .
Intensity ratio I/l >100% 7% 0.1% and aluminum peaks is about 7.2%. And finally, when the fric-

EDX spectra were carried out on the center of the track after
each period in order to analyze the rubbed surface. The intensity
ratio Ig/I5 between the fluorine and the aluminum was calculated
(Table 6).

The spectrum of the track during the first period can be seen
in Fig. 15a. The carbon and fluorine peaks are strong whereas the
aluminum and oxygen peaks are weak. Hence, the counterface is

A

tion coefficient is 0.90-1.00 (third period), the spectrum (Fig. 15c)
shows a strong aluminum peak and a weak oxygen peak. The fluo-
rine peak disappeared (intensity ratio Ig/I5; = 0.1%). The aluminum
substrate is exposed because the PTFE layer and the anodic film
have been worn out.

From these results, a first explanation of the friction curves can
be proposed. During the first period, the counterface seems to rub
against the PTFE on the surface. The depth of the trackisonly 1.1 pm
(in agreement with Fig. 8a) and there is only PTFE on the counter-
face. Then, during the second period, the emergence of black oxide
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Fig. 15. Localized EDX spectra on the middle of the track at the first (a), second (b) and third test periods (c) of samples with PTFE on top.



Fig. 16. Facies of the track (T) and the counterface (C) during the first (1), second (2) and third test period (3) with PTFE inside the pores.

fragments on both track and counterface is probably due to the rub-
bing (depth track: 5.5 pm) on the anodic film (thickness: 10 wm),
which explains the increase of the friction coefficient. When the
anodic film has been totally worn out (depth track: 35 um) the
friction coefficient remains stable (third period) until the end of
the test.

3.5. Tribological tests on the composite film with superficial and
included PTFE

The anodic films functionalized with PTFE particles on the sur-
face and inside the pores were finally tested and the friction
coefficient curve is reported in (Fig. 12). During the first period of
the test (200,000 cycles), the friction coefficient was low (4 =0.17),
attributed to the PTFE particles on the surface. Then the friction
coefficient increased to reach a plateau with a friction coefficient
of about 0.50-0.60 for 8000 cycles and after kept increasing until
a value of 0.90-1.00. In the third period, the friction coefficient
remained stable at 0.90-1.00 (between the friction coefficients of
aluminum (u ~0.80) and anodized aluminum (u =~ 1.1)) until the
end of the test.

The optical views of the track and the counterface were taken
at different periods of the test. Fig. 16 shows views of the track (T;)

0

and counterface (C;) during the first period (after 15,000 cycles),
corresponding to a friction coefficient of about 0.17. There is no
oxide or metallic fragments and little wear, and PTFE is present on
the counterface.

Then, during the second period, when the friction coefficient
is stabilized at 0.60, the facies (Fig. 16) do not show black oxide
fragments either in the track or on the counterface. Moreover, PTFE
is still present on the counterface. This could be an explanation for
the presence of the plateau at 0.50-0.60 and the extension of the
lifetime.

Finally, during the last period (friction coefficient=0.90-1.00),
the aluminum substrate is exposed. Black oxide fragments
appeared in the track and on the counterface.

Table 5 presents the different characteristics of the track at each
period of the test. Compared to the characteristics of the track with
samples with PTFE only on the top surface, the width and depth of
the track were lower for each period. Hence, the estimated wear
volume was smaller too. For the second period, the wear volume
was halved.

EDX spectra were carried out at the center of the track after each
period in order to analyze the friction surface. The intensity ratio
Ig/Iy between the fluorine and the aluminum was also calculated
(Table 7). During the first period (Fig. 17a), the carbon and fluorine
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Fig. 17. Localized EDX spectra on the middle of the track at the first (a), second (b) and third test period (c) with PTFE inside the pores.



Table 7
Intensity ratio I/l at each period of the test with PTFE inside the pore.

First period Third period
>100% 40.1% 0.1%

Second period

Intensity ratio Ig/Ia

peaks were strong whereas the aluminum and oxygen peaks were
weak. So, the counterface was rubbing on PTFE. Then during the sec-
ond period, the aluminum and the oxygen peaks became strong but
the carbon and fluorine peak too (Fig. 17b). This spectrum shows
that, during this period, PTFE was still present and the alumina
ball was rubbing on the composite PTFE/anodic film. The inten-
sity ratio between the fluorine and the aluminum peaks was about
40.1%.

To finish, when the friction coefficient reached 0.90-1.00, the
spectrum (Fig. 17c) shows a strong aluminum peak and a weak
oxygen peak, while the fluorine peak has disappeared. The PTFE
layer and the composite film wore out, revealing the aluminum
substrate.

3.6. Comparison between both functionalized anodic films

To sum up, during the first period of both tribological tests,
the friction coefficient was low due to the presence of PTFE coat-
ing on the top surface. The counterface rubbed on PTFE and the
duration of this first period depended on the thickness of the PTFE
layer.

In contrast, during the third period, the anodic film was worn
out and the counterface was rubbing on aluminum. The friction
coefficient was however higher than on pure aluminum because of
the black oxide fragments and wear debris still present in the track
and on the counterface.

The main difference between the films was in fact during the
second period when the counterface rubbed against the anodic
film alone or the composite film. A plateau appeared with a fric-
tion coefficient of about 0.50-0.60 for the composite film. When
PTFE particles were included inside the anodic film, there was
an increase in the duration (8000 cycles more) of the second
period, an increase of the wear resistance (estimated wear vol-
ume divided by two) of the composite film and a delayed final
increase of the friction coefficient when the film was totally worn
out. So, the presence of PTFE particles inside the porous structure
is unambiguously responsible for this extension of the lifetime and
highlights the benefit of inserting PTFE particles into porous anodic
films.

4. Conclusion

In this study, we investigated a new way to prepare PTFE-anodic
composites supported on 1050 aluminum alloy. Firstly we pre-
pared standard anodic films with a thickness of 10.0 + 0.5 wm and
an average pore diameter of 2004+ 15 nm, i.e. larger than the parti-
cle size (90 nm) of the PTFE 5070 dispersion and smaller than the
size (220nm) of the PTFE 3893 dispersion, while the pore den-
sity and the porosity were respectively 5.4+ 1.5 pore um~2 and
17.04+2.5%. Secondly PTFE particles were successfully incorpo-
rated directly inside the pores or onto the surface of the anodic
films by using an improved sedimentation technique. Then we per-
formed tribological tests and revealed the presence of a plateau on
the friction test curve. The incorporated PTFE particles, by delay-
ing the wear of the composite film, enabled a decrease of the
total wear by a factor of two and a significant increase of the
coating lifetime 75-fold. However, further studies will be neces-
sary to better understand the shear mechanisms of the composite
film.
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