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Abstract: Based on the analysis of known methods of surface hardening of aluminum alloys
(chromium plating, plasma electrolytic oxidation, hard anodizing), the prospects for pulsed hard
anodizing are shown both for improving the functional characteristics of alloys and for large-scale
implementation of this method. The purpose of this work is to show the possibility of pulsed hard
anodizing to improve the serviceability of low-strength aluminum alloy 1011 under conditions of
abrasive and sliding wear. The influence of the pulsed anodizing temperature on the phase-structural
state of the synthesized layers, their abrasive wear resistance, and tribological characteristics in
various lubricants were established, and the mechanism of wear of these layers was proposed. It
is shown that with an increase in the temperature of pulsed anodizing, the wear resistance of the
synthesized layers increases, and their abrasive wear resistance decreases. The negative effect of
lubricating media on the wear resistance of the synthesized layers compared to tests under dry
conditions was shown, and an explanation for this phenomenon is proposed. A significant (up to
40 times) increase in wear resistance in dry friction of anodized low-strength aluminum alloy 1011
compared to high-strength aluminum alloy 1050 was shown.

Keywords: aluminum alloy 1011; surface hardening; pulsed hard anodizing; synthesized layers;
abrasive wear resistance; friction wear resistance; tribocontact with steel and ceramics; mineral and
synthetic lubricants; mechanisms of wear

1. Introduction

Despite the many advantages of aluminum alloys (simultaneously light and strong
enough, resistant to weathering, easy to machine, etc.), their wider use in machine and
aircraft building is limited by their low hardness and abrasive wear resistance. To eliminate
the above-mentioned disadvantages of aluminum alloys, a number of technologies have
been created that are already used in various industries. The most successful and widely
used methods are galvanic chromium plating [1,2], thermal spraying [3–5], plasma elec-
trolytic oxidation (PEO) [6–10], hard anodizing (HA) [11–13], and pulsed hard anodizing
(PHA). However, all these methods have both advantages and disadvantages. In particular,
chromium plating provides high hardness (up to 1000 HV) and corrosion resistance of
the surface layer, but for its implementation, carcinogenic and environmentally harmful
electrolytes are used, which do not comply with the REACH regulations [1,2,14,15]. The
PEO method is used to harden the surface layers both on aluminum alloys [2,16,17] and on
aluminum coatings deposited in various ways on steel [18–22] or other [23,24] substrates.
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PEO layers on aluminum alloys have high hardness (up to 2000 HV), adhesion to the
substrate, and a low friction coefficient [25–29]. In addition, environmentally friendly
electrolytes are used in the technology of their synthesis. The expansion of the use of PEO
technology is limited by high energy costs, restrictions on the size of hardened elements,
and the need for finishing machining by grinding the treated surfaces. The technology
for the synthesis of hard anodized layers (HAL) is easier to implement and less energy-
intensive compared to PEO technology, and most importantly, it complies with REACH
requirements [2]. The requirements for the shape and size of the treated elements are also
less stringent. In addition, the HAL technology is applicable for processing the internal
surfaces of parts and does not require additional machining. This makes it possible to
widely implement this technology in many branches of industrial production. In particular,
anodizing is proposed for use in the marine and aerospace industries [30]. Moreover, filling
the pores of HAL, synthesized on an aluminum alloy, with silver ions can effectively protect
medical instruments from bacteria [31]. Such filling the pores in HAL synthesized on
aluminum alloys also makes it possible to increase their wear resistance [32]. However, the
low hardness (≤500 HV) and wear resistance of HAL [33–37]. Limit their use for surface
hardening of machine parts operating under more severe loading conditions. But, as shown
in our previous work, the use of heat treatment of synthesized HAL made it possible to
further increase the hardness and abrasion resistance of anodized layers on 1011 aluminum
alloy. Therefore, the possibility of improving the functional characteristics of aluminum
alloys using a synthesis of HAL has not yet been exhausted.

Hard anodizing is usually implemented at a voltage between the electrodes of
80–100 V [38–41]. When it increases, the electric spark discharges occur on the surface
of samples, which destroy the anodized layer. The method of high-voltage electrochemical
oxidation is interpreted as a transitional process between classical hard anodizing and
plasma electrolytic oxidation [42]. Recently, a significant number of studies have appeared
devoted to the synthesis of pulsed hard anodized layers (PHAL) on the surface of aluminum
alloys using the PHA method, which has significant advantages compared to conventional
HA under direct current. In both versions, the anodized layers (HAL and PHAL) are
synthesized on the surface of aluminum alloys in the electrolytes based on a 20% aqueous
solution of sulfuric acid at a temperature of −5–+5 ◦C [40]. Synthesis at the PHA mode
occurs under the periodic changes in the current density. The heat released in the surface
layer in the process of anodizing a sample during the period with a low current density
is effectively dissipated, while at a high current density, it intensifies the process of oxide
formation [38,40]. The duty cycle (DC) is considered an important indicator that affects the
quality of the synthesized PHAL. The duty cycle is determined by the duration of both
periods of the synthesis process (with high ion and low ioff current densities). Quantitatively,
the DC is characterized by the ratio of the duration of synthesis at high current density ton
to the total duration of the synthesis period (ton + toff): DC = ton/(ton + toff). A high value
of the duty cycle (DC > 90%) brings the efficiency of the synthesis process of PHAL closer
to that of HAL. When the DC value is too low, the process of oxide dissolution begins to
prevail over its formation. However, the hardness and wear resistance of the anodized layer
deteriorates. It was established that the optimal value of the duty cycle is 70–80% [39,40].

Pulse anodizing makes it possible to increase the wear resistance and achieve a more
even distribution of hardness throughout the thickness of the synthesized PHAL [42–44].
In addition, during the synthesis of PHAL, the voltage between the electrodes can be
increased to more than 100 V (without the risk of spark discharges), thereby reducing
power consumption during anodizing [38,39].

According to the literature, there are two main approaches regarding the frequency of
change of periods of high and low current densities during the synthesis process: fast (at
the frequency of change of periods with high and low current densities >101 Hz) [45–51]
and slow (at the frequency of their change < 0.1 Hz) [38,43,52–54]. Studies of anodized
layers synthesized at both frequencies show improved properties of PHAL compared to
HAL obtained by classical hard anodizing at direct current. However, it is also noted that
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the change in the frequency of the change of periods with high and low current density
during the operating cycle is in the range of 0.01–100 Hz did not affect almost the hardness
of the anodized layer [55,56]. However, the use of higher current density (ion and ioff)
during synthesis made it possible to increase the density of PHAL significantly [51]. In
addition, it is possible that the cathodic current stimulates the local reduction of hydrogen
ions H+ to its molecular state H2, thereby reducing the dissolution of the anodized layer
in the electrolyte and, therefore, reducing losses in the thickness of the layer during the
PHA process.

An analysis of the literature sources shows that the available information on the effect
of pulsed anodizing on the structure and phase composition of the synthesized layers, their
tribological characteristics, and abrasive wear resistance is insufficient for a reasonable
choice of the temperature regime of synthesis. This narrows the scope and, accordingly,
limits the further distribution of this method of surface hardening of aluminum alloys to
improve the functional properties of machine parts for various purposes.

The purpose of the work is to establish the influence of the temperature regime of
pulsed anodizing on the phase-structural state of the synthesized layers, their abrasive wear
resistance and tribological characteristics under various lubrication conditions, to reveal
the mechanism of their wear and to show the advantages of PHAL compared to HAL.

2. Materials and Methods
2.1. Technological Features of Pulsed Hard Anodizing of 1011 Aluminum Alloy

The synthesis of PHAL on the surface of aluminum alloy 1011 was carried out in the
20% aqueous solution of H2SO4 at a current density of 5.0 A/dm2 at a pulse frequency of
100 Hz and a duty cycle (DC) of 75%. The magnitudes and durations of voltage changes
between electrodes and pulses with high and low current densities in the process of PHAL
synthesis are shown in Figure 1. To select anodizing modes, the results of other studies
were analyzed and taken into account [57,58].
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Figure 1. Change in the value of (a) voltage pulses U and (b) current density pulses I/S during the 
time τ of the anodizing process. 
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an accuracy of ±1 °С at the levels of −5, 0, +5, and +10 °С. The temperature of the electrolyte 
with a volume of 18 dm3 was controlled using a thermocouple installed inside a quartz 
tube with a diameter of 3 mm. The total duration of the PHAL formation was 60 min. 

Figure 1. Change in the value of (a) voltage pulses U and (b) current density pulses I/S during the
time τ of the anodizing process.

The electrolyte temperature in the synthesis process of PHAL was maintained with an
accuracy of ±1 ◦C at the levels of −5, 0, +5, and +10 ◦C. The temperature of the electrolyte
with a volume of 18 dm3 was controlled using a thermocouple installed inside a quartz
tube with a diameter of 3 mm. The total duration of the PHAL formation was 60 min.
Synthesis of PHAL on the surface of samples of aluminum alloys was carried out using a
piece of equipment (its general view and schematic diagram are shown in Figure 2). For
anodizing, the samples of technical aluminum 1011 (wt.%: 0.25 Si, 0.40 Fe, 0.05 Cu, 0.05 Mn,
0.05 Mg, 0.05 Ti, the rest Al) were used in the form of plates with sizes of 20 × 20 × 5 mm3.
AA1050 aluminum alloy is similar to the used 1011 alloy. Before anodizing, the surface
of the samples was polished to a roughness of Ra = 0.2–0.5 µm using AUTO-Paper PS8A
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sandpaper, successively reducing its grain size from P220 to P1200. All samples were also
pre-degreased for 3 min. For degreasing, an aqueous solution of a mixture of calcium and
magnesium oxides was used. Then, the samples were thoroughly washed in warm and
cold water. At the final stage of the preparation of the samples for anodizing, they were
clarified for 30 s in an aqueous solution of nitric acid (400 g/L HNO3).
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minum alloy samples; (b) and schematic representation of the cell for synthesis PHAL: 1—container
with electrolyte; 2—chamber for stabilization of temperature regime of anodizing in range of
−5–+10 ◦C; 3—bubbler; 4—electrolyte temperature control device; 5—ammeter; 6—power sup-
ply for maintaining current density of 5 A/dm2 between sample and electrode; 7—pulse frequency
adjustment block; 8—voltage and pulse frequency control devices on sample; 9—sample for anodiz-
ing; 10—electrode; 11—bubbler; 12—compressor; 13—bubbler and compressor productivity control
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To further improve the hardness of anodized aluminum alloy 1011, heat treatment was
applied (tempering anodized samples for 1 h at a temperature of 350 ◦C). This tempering
mode has been tested on anodized layers synthesized in direct current mode [59].

2.2. Test Method for Determination of Abrasive Wear Resistance of Hard Anodized Layers

Tests on the abrasive wear resistance of samples with synthesized PHAL were carried
out using a piece of equipment (its schematic diagram is shown in Figure 3). An elec-
trocorundum disk with grain sizes of 250–315 µm, a hardness of 2000 HV0.3, a diameter
of 150 mm, and a width of 8 mm was used. The frequency of its rotation was 2.7 s–1,
and the load in the zone of linear contact of the disk with the surface of all samples was
P = (14.7 ± 0.25) N.
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Figure 3. Schematic diagram of equipment for estimation of abrasive wear resistance (with a rigidly
fixed abrasive) of aluminum samples with surface layers synthesized by the method of pulsed hard
anodizing: 1—sample; 2—abrasive disc; 3—lever for transferring of the pressing force of the working
surface of the abrasive disk to the anodized surface of the sample; 4—sample holder; 5—weight
loading system to create the necessary force pressing the abrasive disk to the sample; P is the press
load the disk to the sample surface.
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During tests, the samples were in contact with the disk on a path equal to 1800 m. The
abrasive wear resistance 1/W of the synthesized PHAL was determined by the weight
loss W of the samples after their tests in contact with an electrocorundum disk (fixed
abrasive mode). The value of W was calculated from the difference in the weight of the
samples at the beginning and at the end of their tests. The samples were weighed using
electronic analytical balances of the KERN ABJ 220 4M type. The measurement accuracy
was 2 × 10−4 g. The amount of wear of samples with anodized layers during abrasive wear
resistance tests was determined as the average value from 3 to 5 tests.

2.3. Test Method for Determining the Wear of Pulsed Hard Anodized Layers under
Sliding Conditions

The tribological characteristics of PHAL on the surface of 1011 aluminum alloy were
determined from the results of friction tests by reciprocating motion of steel (0.98C-1.25Cr
steel with hardness 62 HRC) or ceramic (Al2O3) balls on the pre-anodized sample surface.
For the sliding tests, a ball with a diameter of 9 mm was fixed at the end of the beam.
The beam with a ball at the end was pressed against the surface of the sample due to the
normally oriented load applied to it. The load level was controlled using strain gauges
attached to the beam surfaces. All samples with PHAL were tested for wear under sliding
conditions in continuous mode. The total length of the friction path was 2700 mm, the
displacement was 15 mm, the sliding speed was 2 mm/s, the frequency of reciprocating
sliding of the balls was 0.2 s−1, the applied load was 10 N. Ultrasonic cleaning (known in
the practice of tribological tests to remove wear products from the contact zone [60]) was
not used in our studies. The schematic diagram of the wear tests is shown in Figure 4.
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Figure 4. Schematic diagram of a device for determining the tribological characteristics of pulsed
hard anodized layers in tribocontact with a steel (or ceramic) ball reciprocating sliding along the
PHAL surface and pressed against the friction surface by a normally oriented force FN, which remains
unchanged throughout the entire test.

Taking into account the influence of surface roughness on tribological characteristics
of samples under dry and oil-lubricated sliding conditions [61–63], before tribological
tests, all samples with PHAL before tribological tests were repolished to the roughness of
Ra = 0.3 µm since their surface roughness increased slightly after anodizing. PS8A P1200
sandpaper was used to polish their surfaces. The tribological tests of the samples were
carried out under conditions without lubrication and using two oils (mineral type I-20 and
synthetic type EDSE 5W-40) as a lubricant in the contact zone between the triboelements.
The wear values of samples during reciprocating sliding tests were determined as the
average value from 3 to 5 tests. The wear value of each sample was assessed using a
profilogram of the wear trace on its surface, obtained using a Caliber S-265 profilometer. A
typical view of one of these profilograms in the cross-section of the wear trace is shown in
Figure 5.

The wear value was estimated as the average value of the cross-sectional area of the
wear trace on the surface of the anodized layer. It was determined based on the results of
measurements of the main dimensions of the wear groove in 7–10 sections in the central
part of the length of the wear track.
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Figure 5. Typical cross-sectional view of wear trace occurred after reciprocating sliding of ball
over surface of pulsed hard anodized layer: depth (h) and width (l) of groove profile recorded by
profilometer in one of its sections.

The cross-sectional area S of the wear track in any of its sections was determined by
the formula:

S =
l

∑
i=0
|h(xi)|∆xi, (1)

where h is the depth of the wear groove formed during the reciprocating sliding of the ball
over the surface of the anodized layer, measured along the width of the groove cross-section,
µm; l is the width of this groove, mm; h(xi) is the current value of the groove depth at each
point of the scan length, µm; ∆xi—step of measuring current values h along the width l of
the cross-section of the friction trace, mm.

2.4. Other Test Methods Used for Investigations of Pulsed Hard Anodized Layers

The microhardness was measured using a PMT-3 device at a load of 0.49 N as an
average level of the 10–20 measurements.

The structure and micro-X-ray spectral analysis of layers synthesized by the method
of pulsed hard anodizing was studied using an EVO 40 XVP scanning electron microscope
with an INCA Energy 350 microanalysis system. The phase analysis of the synthesized lay-
ers was examined by a BRUKER D8 DISCOVER X-ray diffractometer with monochromatic
Cu-Kα X-ray radiation and Cu filter.

3. Results
3.1. X-ray Microspectral Analysis of Hard Anodized Layers Synthesized at Direct or Pulsed
Current Modes

The SEM cross-sectional images of the anodized layers synthesized at pulsed or direct
current modes and EDX depth profiles of the main elements along their thickness are
shown in Figure 6. An analysis of these data allows us to assert that the Al and O content
over the thickness of the layers synthesized at a temperature of +10 ◦C using the HA and
PHA modes remains almost unchanged. Only a slight tendency to a decrease in the sulfur
content with approaching the outer surface of the HAL was revealed.
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Figure 6. SEM cross-sectional images of anodized layers synthesized on the surface of 1011 aluminum
alloy at an electrolyte temperature of +10 ◦C using (a) direct and (b) pulsed currents and EDX depth
profiles of the main elements (Al, O, S).

SEM cross-sectional micrographs and EDX elemental mapping of the anodized layers
synthesized using direct (a) and pulsed (b) currents are shown in Figure 7. Their analysis
confirmed the conclusion of the uniform distribution of all main elements (Al, O, S) in the
structure of the anodized layers of both types (HAL and PHAL).
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Figure 7. SEM cross-sectional micrographs and EDX elemental mapping of anodized layers on the
surface of 1011 aluminum alloy, synthesized at an electrolyte temperature of +10 ◦C using (a) direct
and (b) pulsed currents.

The uniformity of the distribution of Al, O, S in the structure of the anodized layers
was also confirmed by the results of EDX depth profiles of HAL and PHAL (Figure 8)
synthesized at a temperature of −5 ◦C and by EDX elemental mapping of the anodized
layers (Figure 9).



Coatings 2023, 13, 1883 9 of 28

Coatings 2023, 13, x FOR PEER REVIEW 9 of 28 
 

 

Based on the results of studies by X-ray microspectral analysis, it was concluded that 
the distribution of key elements over the thickness of the anodized layers and over their 
area remained fairly uniform and did not depend on the anodizing mode (on direct or 
pulsed current). 

  

  

  
(a) (b) 

Figure 8. SEM cross-sectional images of anodized layers synthesized on the surface of 1011 
aluminum alloy, synthesized at an electrolyte temperature of −5 °С using (a) direct and (b) pulsed 
currents, and EDX depth profiles of the main elements (Al, O, S). 

Figure 8. SEM cross-sectional images of anodized layers synthesized on the surface of 1011 aluminum
alloy, synthesized at an electrolyte temperature of −5 ◦C using (a) direct and (b) pulsed currents, and
EDX depth profiles of the main elements (Al, O, S).

Based on the results of studies by X-ray microspectral analysis, it was concluded that
the distribution of key elements over the thickness of the anodized layers and over their
area remained fairly uniform and did not depend on the anodizing mode (on direct or
pulsed current).
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Figure 9. SEM cross-sectional micrographs and EDX elemental mapping of anodized layers on the
surface of 1011 aluminum alloy, synthesized at an electrolyte temperature of −5 ◦C using (a) direct
and (b) pulsed current.

3.2. Effect of Electrolyte Temperature during Pulsed Hard Anodizing on Thickness of
Synthesized Layers

The results of evaluating the thickness of PHAL depending on the temperature of
the electrolyte T during anodizing are shown in Figure 10a. The electrochemical reactions
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necessary for the synthesis of PHAL practically stop at temperatures below −10 ◦C since
the electrolyte turns into a gel-like substance. Therefore, the synthesis of PHAL in our
study was started at a temperature of −5 ◦C. The average value of the thickness of the
synthesized PHAL was 92 µm at a temperature of −5 ◦C and increased up to 110 µm with
its further increase to 0 ◦C. The PHAL thickness was decreased with a further increase in
the electrolyte temperature, and after synthesis at a temperature of +10 ◦C, its thickness
reached 80 µm. To explain the obtained trend in the change in the thickness of the anodized
layer depending on the temperature of its synthesis, two opposing processes accompanying
anodizing were involved. The process of PHAL synthesis is intensified with an increase in
the electrolyte temperature. Consequently, the thickness of the synthesized layers must also
constantly increase. However, with an increase in the synthesis temperature, the surface
dissolution of the anodized layer is also intensified, which causes a decrease in its thickness.
The thickness of the PHAL begins to decrease when the dissolution rate of the anodized
layer begins to exceed the synthesis rate due to the increase in the electrolyte temperature.
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Figure 10. (a) Effect of the electrolyte temperature T on the thickness h of the synthesized PHAL
for 1 h and (b) the thickness of the anodized layers h synthesized at temperatures of −5 ◦C (I) and
+5 ◦C (II) under the action of a direct (white columns) or pulsed (grey bars) current.

The obtained regularity of the change in the PHAL thickness depending on the elec-
trolyte temperature confirms an obvious decrease in the growth rate of the layer thickness
with an increase in temperature above 0 ◦C (Figure 10a). This is due to the excess of the
process rate of electrochemical dissolution of PHAL (due to the interaction of the layer
with the acid-containing electrolyte) over the synthesis rate. Consequently, the intensity of
dissolution of the anodized layers due to their interaction with the acid decreases with a
decrease in the temperature of synthesis. Thus, both researchers and manufacturers favor a
low-temperature anodizing process. The synthesis temperature is chosen based on the rule
that the PHAL growth rate is still sufficiently high, and the harmful effect of the dissolution
of the synthesized layer (due to the corrosive effect of the acid) remains minimal.

The use of the method of pulsed hard anodizing makes it possible to additionally
increase the thickness of the synthesized layer h in comparison with the thickness obtained
by conventional hard anodizing at direct current. As shown in Figure 10b, the PHAL thick-
ness increased by about 15% and 17% (at temperatures of −5 ◦C and +5 ◦C, respectively)
relative to the HAL thickness under the same synthesis conditions. At the same time, it
also follows from Figure 10b that the average thickness of the anodized layers synthesized
by both methods (HA and PHA) is slightly (by about 6%) decreased with an increase in the
electrolyte temperature.

Thus, the data presented in Figure 10b clearly showed that the thickness of the an-
odized layer is decreased regardless of the synthesis mode (at direct or pulsed current) as
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the electrolyte temperature is increased from −5 ◦C to +5 ◦C. In both modes of synthesis,
electrochemical processes (synthesis and dissolution of anodized layers) are intensified
with an increase in the electrolyte temperature. Nevertheless, the lower thickness of both
types of anodized layers at a temperature of +5 ◦C (compared to that obtained at −5 ◦C)
was due to more favorable conditions for the dissolution of the layers than for their synthe-
sis. However, it is also obvious that at the same electrolyte temperature in both synthesis
modes, the negative effect of dissolution due to an increase in the synthesis temperature
was largely leveled during the synthesis of PHAL. As a result, a greater PHAL thickness
was obtained compared to the HAL thickness.

3.3. X-ray Phase Analysis of Pulsed Anodized Layers on 1011 Aluminum Alloy

The constituent anodized layers usually include water molecules. Moreover, their
number is greater the higher the temperature of the anodizing process. PCALs usually
contain more water molecules on their outer surface due to their longer contact with the
electrolyte. Figure 11 shows the X-ray diffraction spectra of anodized layers synthesized on
the surface of aluminum alloy 1011 in a pulsed mode.
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Figure 11. X-ray diffraction spectra of anodizing layers on the surface of aluminum alloy 1011,
synthesized for 1 h during pulsed anodizing in sulfate electrolyte at temperatures ◦C: (a) −5, (b) 0,
(c) +5, (d) +10.

Figure 11 shows that hydrated aluminum oxides of two types were formed in an-
odized layers synthesized at different electrolyte temperatures: Al2O3·H2O with one water
molecule and a boehmite structure (a = 3.694 Å, b = 12.214 Å, c = 2.868 Å [64]), and
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Al2O3·3H2O with three water molecules with a gibbsite structure (a = 8.684 Å, b = 5.078 Å,
c = 9.736 Å [65]). In the diffraction spectra obtained on PHAL synthesized at tempera-
tures of −5 ◦C (Figure 11a) and 0 ◦C (Figure 11b), only reflections of aluminum oxide
with one water molecule (boehmite Al2O3·H2O) were recorded, while on PHAL synthe-
sized at temperature of electrolyte +5 ◦C (Figure 11c), the reflections of two phases were
identified—Al2O3·3H2O (gibbsite) and Al2O3·H2O (boehmite). Only one phase (gibbsite)
was again recorded in the X-ray diffraction pattern of PHAL synthesized at a temperature
of +10 ◦C (Figure 11d).

Thus, the X-ray phase analysis revealed a change in the phase composition of PHAL
depending on the electrolyte temperature where their synthesis took place. Taking into
account the different crystallographic structures of the detected phases (boehmite has a
close-packed crystal lattice, while gibbsite has a layered structure somewhat similar to the
structure of graphite), we assumed the different ability of PHALs to resist abrasive and
sliding wear in the presence of such phases in their structure.

3.4. Hardness and Abrasive Wear Resistance of PHAL Synthesized on Aluminum Alloy 1011

The results of experimental evaluations of HV microhardness and abrasive wear resis-
tance 1/W of alloy 1011 samples with hardening layers synthesized on their surface in the
PHA mode are shown in Figure 12. The highest microhardness and, accordingly, abrasive
wear resistance 1/W were recorded for PHAL synthesized at an electrolyte temperature
of −5 ◦C. The X-ray pattern shown in Figure 11a proved that in the layer hardened at
this mode, the reflections of aluminum oxide with one molecule of water Al2O3·H2O
(boehmite) appeared. The maximum effect of surface hardening of aluminum alloy by
PHA treatment is associated with the appearance of boehmite in the PHAL structure. The
microhardness and abrasive wear resistance of PHALs are decreased with an increase in the
electrolyte temperature during pulsed anodizing (Figure 12). This is due to the appearance
of Al2O3·3H2O (gibbsite with a large number of water molecules) in the surface layers of
aluminum samples after their pulsed anodizing.
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Figure 12. Effect of electrolyte temperature during PHA of 1011 aluminum alloy specimens on their
(a) microhardness HV and (b) weight loss W after abrasive wear resistance tests with a fixed abrasive.

Based on the results presented in Figure 12, it was supposed that the established regu-
larities of changes in microhardness and abrasive wear resistance of PHAL are related to the
features of dehydration of anodized layers synthesized at different electrolyte temperatures.
In addition, it was revealed that there is a correlation between the detected temperature
dependences of HV and W and the sulfur content in the anodized layers. In particular,
using X-ray diffraction analysis, a clear increase in the sulfur content in the composition
of PHALs with an increase in the synthesis temperature was established (Figure 13). The
maximum content of sulfur (5.85 wt.%) was found in the layer synthesized at a temperature
of +10 ◦C and the lowest (4.75 wt.%)—at anodizing temperatures in the range from −5 to
0 ◦C.
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Thus, the anodized layer synthesized at a temperature of−5 ◦C has the minimum wear
and, accordingly, the highest wear resistance. This result correlates with the temperature
dependence of the microhardness HV of the PHAL shown in Figure 12a. In particular,
the microhardness of the PHAL synthesized at a temperature of −5 ◦C turned out to be
the highest, and, accordingly, the amount of abrasive wear W of this layer was minimal.
Summarizing the obtained results, it was concluded that higher microhardness HV and
abrasion resistance 1/W PHAL can be obtained at a negative electrolyte temperature, which
provides a lower content of water molecules in the composition of aluminum oxides and a
lower sulfur content in the synthesized PHA layer.

3.5. Tribological Properties of Pulsed Hard Anodized Layers on 1011 Aluminum Alloy Surface

The tribological tests were carried out according to the scheme of reciprocating sliding
of the ball (according to the scheme in Figure 4) on the surface of PHALs synthesized at
different electrolyte temperatures. In the tests, two types of balls (steel or ceramic) were
used, which were pressed onto the sample surface with a normally oriented force.

The results of tribological tests of PHALs (synthesized in an electrolyte of different
temperatures) after their friction contact with a steel ball are shown in Figure 14a. It
is obvious that during their frictional contact without lubrication (in dry sliding wear
conditions) or in a medium of mineral or synthetic lubricants, the wear value S for PHALs
synthesized at a temperature of −5 ◦C was maximum. As the PHAL synthesis temperature
increased, the wear values of the obtained layers gradually decreased. It was revealed
somewhat unexpectedly that, regardless of the PHAL synthesis temperature, the wear
values S of the obtained layers after their contact with a steel ball were the smallest during
tribological tests in the air (i.e., without lubrication) and significantly increased when tested
in the medium of both lubricants. Moreover, regardless of the synthesis temperature, the
wear values of PHALs in the synthetic lubricant EDGE 5W-40 were significantly higher
than those determined in the mineral lubricant I-20 (Figure 14a).

Similar trends in the change in wear indicators S during tribological tests under
various lubrication conditions for PHALs synthesized at different electrolyte temperatures
were also revealed when they were tested in tribocontact with a ceramic ball, as shown
in Figure 14b. As a feature of the tribological wear of PHALs in a pair with a ceramic
ball, significantly higher values of wear were fixed compared to a pair with a steel ball.
Moreover, this regularity was preserved regardless of the synthesis temperature of PHALs.
In addition, it was revealed unexpectedly that in this case (as in the case of friction tests
with a steel ball), during tests with lubrication, the wear values of the PHALs synthesized
at the same electrolyte temperature significantly exceeded those obtained during tests in
the air (without lubrication). This result is contrary to logic and common ideas about the
role of lubricants.
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electrolyte temperatures T, in frictional contact with steel (a) or (b) ceramic balls without lubrication
(gray columns 1) and with lubrication in the form of mineral grease grade I-20 (white columns 2) and
EDGE 5W-40 brand synthetic lubricant (black columns 3).

Summarizing the obtained results of tribological studies of the PHALs synthesized at
different electrolyte temperatures, it was suggested that the unusually high wear resistance
of anodized layers under dry sliding wear conditions compared to friction in both lubricants
could also be due to the presence of water-binding by aluminum oxides in anodized layers.

4. Discussion
4.1. Tribological Properties of HA and PHA Layers Synthesized on the Surface of 1011 Aluminum
Alloy in Comparison with the Properties of High-Strength 1050 Aluminum Alloy

Figure 15 compares the data for two hard-anodized layers on a 1011 aluminum alloy
(synthesized in an electrolyte at a temperature of −5 ◦C in the direct and pulsed current
modes) and a high-strength 1050 aluminum alloy, obtained by testing the corresponding
samples in conditions of their tribocontact with steel and ceramic balls. It was found
that regardless of the lubrication conditions during friction tests (without lubrication
or with lubrication with I-20 mineral lubricant or EDGE 5W-40 synthetic lubricant), the
wear indicators S of the anodized layers synthesized in the pulsed mode were the lowest.
Moreover, this was confirmed by the results of PHAL friction tests both in contact with a
steel ball (as shown in Figure 15a) and with a ceramic ball (as shown in Figure 15b).

In addition, the comparison of the results presented in Figure 15 showed that the
wear values S at tribocontact of all three analyzed materials (1050 aluminum alloy, HAL,
and PHAL on 1011 aluminum alloy) in a pair with a ceramic ball was higher than in a
pair with a steel ball. Moreover, this regularity was maintained regardless of lubrication
conditions during tribological tests (both during tests in the air without lubrication and in
both lubricants).

An anodized layer, synthesized at a temperature of −5 ◦C in a pulsed mode, showed
that its wear resistance 1/S is 2.2–6.4 times (depending on the lubricant and ball type used
in tribological tests) higher than the corresponding values for aluminum alloy 1050, which
is consistent with the results of another research [66]. In addition, the wear resistance of
the synthesized PHAL is 1.5–3.6 times higher than the values for HAL synthesized by
conventional hard anodizing at a current density of 3 A/dm2.
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(II) in mineral lubricant I-20, and (III) in EDGE 5W-40 synthetic lubricant. 
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Figure 15. Comparison of friction wear values S of high-strength aluminum alloy 1050 (1) and an-
odized layers on the surface of aluminum alloy 1011 synthesized in sulfate electrolyte at a temperature
of −5 ◦C for 1 h by hard anodizing at a current density of 3 A/dm2 (2) and by the method of pulsed
hard anodizing (3). These data were obtained after tribological tests of the corresponding samples
in contact with (a) steel and (b) ceramic balls during friction (I) without lubrication (in air), (II) in
mineral lubricant I-20, and (III) in EDGE 5W-40 synthetic lubricant.

The maximum positive effect of anodizing compared to alloy 1055 was obtained
in dry sliding wear resistance tests. In particular, regardless of the type of ball used in
sliding tests, the wear resistance of FAL was 40 times higher than the wear resistance of
high-strength alloy 1055. Moreover, the increase in wear resistance of HAL relative to this
alloy was 4.6 and 7.3 times when the samples were in tribocontact with a steel ball and
ceramics, respectively.

To establish the causes of the revealed features of wear during tribological tests of
synthesized HALs and PHALs, depending on the balls and lubricants used in the tests, it is
necessary to study the wear mechanism of all elements of tribocouples involved in friction.

4.2. Friction Coefficient in Contact Zone of PHAL with Steel and Ceramic Balls under Different
Lubrication Conditions

The coefficient of friction f is one of the defining tribological characteristics of materials.
The regularities of its change under various lubrication conditions during tribocontact
of PHAL with both types of balls were analyzed. PHAL synthesized on the surface of
aluminum alloy 1011 at a temperature of −5 ◦C was used. According to the results of
tribological tests, this PAL is characterized by a maximum wear resistance of 1/S. Figure 16
shows the change in the coefficient f during tribological tests of PHAL in a pair with a
steel ball under different lubrication conditions (without lubrication and with lubrication
in mineral and synthetic lubricants). In particular, during the friction of a steel ball on the
surface of PHAL without lubrication, the friction coefficient initially (approximately to the
middle of the test base) remained unchanged (Figure 16a). After that, the value of f first
gradually and then more and more rapidly increased during the test time τ, stabilizing only
at its final stage (after more than 78% of the entire test duration). A significant data scatter
of the friction coefficient during its growth stage was observed. The reason for the observed
scatter of data may be an increase in the number of obstacles to the reciprocating motion
of the ball over the anodizing surface in the form of burrs, delaminations, etc. (surface
topography effect), but also due to other surface interactions of the tribopair elements,
in particular, such as their adhesion). At the final stage of tests without lubrication, the
values of f were stabilized, and its maximum level reached 0.63. However, under the same
force conditions of the tests, but in the presence of lubricant in the contact zone of the
steel ball with the PHAL, the friction coefficient of the analyzed tribological pair remained
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unchanged throughout the test duration (Figure 16b,c). The friction coefficient remained
unchanged at the level of 0.1 and 0.12 during tribological tests of PHAL in I-20 mineral
lubricant and in EDGE 5W-40 synthetic lubricant, respectively. Approximately the same
value of the coefficient f was also recorded at the beginning of the tribological tests during
contact of PHAL with a steel ball without lubrication. Thus, the friction conditions in both
lubricants used in the experiments remained stable throughout the entire test duration,
while without lubrication, this stability was maintained only during a certain test time.

Coatings 2023, 13, x FOR PEER REVIEW 17 of 28 
 

 

ball on the surface of PHAL without lubrication, the friction coefficient initially 
(approximately to the middle of the test base) remained unchanged (Figure 16a). After 
that, the value of f first gradually and then more and more rapidly increased during the 
test time τ, stabilizing only at its final stage (after more than 78% of the entire test 
duration). A significant data scatter of the friction coefficient during its growth stage was 
observed. The reason for the observed scatter of data may be an increase in the number of 
obstacles to the reciprocating motion of the ball over the anodizing surface in the form of 
burrs, delaminations, etc. (surface topography effect), but also due to other surface 
interactions of the tribopair elements, in particular, such as their adhesion). At the final 
stage of tests without lubrication, the values of f were stabilized, and its maximum level 
reached 0.63. However, under the same force conditions of the tests, but in the presence 
of lubricant in the contact zone of the steel ball with the PHAL, the friction coefficient of 
the analyzed tribological pair remained unchanged throughout the test duration (Figure 
16b,c). The friction coefficient remained unchanged at the level of 0.1 and 0.12 during 
tribological tests of PHAL in I-20 mineral lubricant and in EDGE 5W-40 synthetic 
lubricant, respectively. Approximately the same value of the coefficient f was also 
recorded at the beginning of the tribological tests during contact of PHAL with a steel ball 
without lubrication. Thus, the friction conditions in both lubricants used in the 
experiments remained stable throughout the entire test duration, while without 
lubrication, this stability was maintained only during a certain test time. 

0 200 400 600 800

0.0

-0.6

-0.3

0.3

0.6

τ, s

f

 
0 200 400 600 800

-0.1

0.0

0.1

f

τ, s  0 200 400 600 800

0.0

-0.1

0.1

 f 

τ, s  
(a) (b) (c) 

Figure 16. Change in time τ of the friction coefficient f during tribocontact (pressing force 10 N) of a 
steel ball and the surface of samples with PHAL (synthesized at an electrolyte temperature of −5 °C) 
during sliding wear tests (a) without lubrication (dry sliding), and in lubricating media (b) mineral 
I-20, and (c) synthetic EDGE 5W-40. The transition of the coefficient f to negative values should be 
perceived as conditional, indicating the invariance of the nature of the change in the coefficient f 
when the direction of the reciprocating sliding of the ball on the anodized surface changes. 

Similar trends in the change in the values of f during tribological tests were also 
recorded for a friction pair of PHAL with a ceramic ball. Figure 17 shows that the 
coefficient of friction between the ceramic ball and the pulsed anodized layer was 
increased from 0.15 to 0.8 and did not change further during tribological tests in air 
(without lubrication). The friction coefficient f remained stable throughout the entire test 
period in the presence of any of the lubricants in the contact zone of the elements of this 
pair. Its value was stabilized at 0.14–0.15 in tests with I-20 lubricant and at a slightly higher 
level (0.2) in tests with EDGE 5W-40 lubricant.  

In our studies, complete wear of the anodized layer (down to the aluminum alloy) 
was not observed in any of the tests. An increase in friction coefficient to 0.6–0.8 and its 
stabilization at this level indicates the completion of the running-in period. This change 
in the friction coefficient f during tribological tests could be associated with the completion 
of the stage of eliminating the relief on the surface of the anodized layer, originally created 
by its polishing. In the break-in process of the PHAL with the ball, the predominant 
mechanism of their wear was stabilized. 

Figure 16. Change in time τ of the friction coefficient f during tribocontact (pressing force 10 N) of a
steel ball and the surface of samples with PHAL (synthesized at an electrolyte temperature of −5 ◦C)
during sliding wear tests (a) without lubrication (dry sliding), and in lubricating media (b) mineral
I-20, and (c) synthetic EDGE 5W-40. The transition of the coefficient f to negative values should be
perceived as conditional, indicating the invariance of the nature of the change in the coefficient f
when the direction of the reciprocating sliding of the ball on the anodized surface changes.

Similar trends in the change in the values of f during tribological tests were also
recorded for a friction pair of PHAL with a ceramic ball. Figure 17 shows that the coefficient
of friction between the ceramic ball and the pulsed anodized layer was increased from 0.15
to 0.8 and did not change further during tribological tests in air (without lubrication). The
friction coefficient f remained stable throughout the entire test period in the presence of any
of the lubricants in the contact zone of the elements of this pair. Its value was stabilized at
0.14–0.15 in tests with I-20 lubricant and at a slightly higher level (0.2) in tests with EDGE
5W-40 lubricant.
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There were almost no obvious signs of wear in the zone of contact of the surface of 
the PHAL, synthesized at a temperature of +10 °C, with a steel ball during the analysis of 
wear signs at low resolution (Figure 18d). Only a slight smoothing of the surface relief of 
the anodized layer, which was caused by the previous mechanical treatment, was noted. 
X-ray microspectral analysis of the surface of PHAL over the area confirmed the presence 
in its composition of aluminum gidroxide in the form of gibbsite (which includes three 
water molecules) and sulfur. An analysis of wear marks on the surface of the anodized 
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marks on the surface of the PHAL in the form of thin and shallow scratches (Figure 18d). 
This indicates a high wear resistance of the synthesized PHAL. It was supposed that 

Figure 17. Change in time τ of the friction coefficient f during tribocontact (pressing force 10 N) of
a ceramic ball and the surface of samples with PHAL (synthesized at an electrolyte temperature
of −5 ◦C) during sliding wear tests (a) without lubrication (dry sliding), and in lubricating media
(b) mineral I-20, and (c) synthetic EDGE 5W-40. The transition of the values of the coefficient f to
negative values should be perceived as conditional, indicating the invariance of the nature of the
change in the coefficient f when the direction of reciprocating sliding of the ball on the anodized
surface changes.
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In our studies, complete wear of the anodized layer (down to the aluminum alloy)
was not observed in any of the tests. An increase in friction coefficient to 0.6–0.8 and its
stabilization at this level indicates the completion of the running-in period. This change in
the friction coefficient f during tribological tests could be associated with the completion of
the stage of eliminating the relief on the surface of the anodized layer, originally created
by its polishing. In the break-in process of the PHAL with the ball, the predominant
mechanism of their wear was stabilized.

It is obvious that the trends of the change of the friction coefficient during the tribolog-
ical tests of PHAL are weakly dependent on the ball material. However, in general, in the
tests of the PHAL paired with a ceramic ball, the f values were still slightly higher than
those obtained using a steel ball. The general pattern of change in f from the duration of
the tests was preserved regardless of the type of ball. The increase in the value of f during
tests without lubrication began earlier in the tests of the PHAL in contact with a ceramic
than with a steel ball. The invariance of the coefficient of friction during tribological tests
in both lubricants is logical. However, its invariance at the first stage of dry sliding tests
and the subsequent increase and stabilization at a higher level requires explanation. The
mechanism of wear of the PHAL under various test conditions could explain the reasons
for the appearance of such effects.

4.3. Peculiarities of the Wear Mechanism during Tribocontact of Pulsed Anodized Layer with Steel
and Ceramic Balls

PHALs with the best and worst wear resistance were analyzed. They were synthesized
on aluminum alloy 1011 at temperatures of −5 ◦C and +10 ◦C, respectively. Wear traces
on the surfaces of synthesized PHALs after their tribocontact with a steel ball in an I-20
mineral lubricant medium are shown in Figure 18. Sufficiently deep wear marks in the
form of clearly defined lines were found even at low resolution on the surface of the PHAL
synthesized at a temperature of −5 ◦C (Figure 18a,b). Small burrs, ragged edges of wear
tracks (which is also a sign of burrs), and signs of extrusion of metal along the wear tracks
(due to plastic deformation) were often found at higher resolutions (Figure 18c). All these
features are fractographic signs of the low wear resistance of the PHAL synthesized at a
temperature of −5 ◦C. This result correlates with the results of mechanical testing of the
tribocouple PHAL—steel ball (Figure 14a).

There were almost no obvious signs of wear in the zone of contact of the surface of the
PHAL, synthesized at a temperature of +10 ◦C, with a steel ball during the analysis of wear
signs at low resolution (Figure 18d). Only a slight smoothing of the surface relief of the
anodized layer, which was caused by the previous mechanical treatment, was noted. X-ray
microspectral analysis of the surface of PHAL over the area confirmed the presence in its
composition of aluminum gidroxide in the form of gibbsite (which includes three water
molecules) and sulfur. An analysis of wear marks on the surface of the anodized layer in the
friction zone at a higher resolution showed that the steel ball left insignificant marks on the
surface of the PHAL in the form of thin and shallow scratches (Figure 18d). This indicates
a high wear resistance of the synthesized PHAL. It was supposed that during tribological
contact, the steel ball smoothes the surface of the anodized layer and smears it over its
surface. It was assumed that the gibbsite (with three water molecules (Al2O3·3H2O) and a
layered structure) in the anodized layer synthesized at +10 ◦C could act as a solid lubricant.
This would create favorable conditions for the formation of a tribolayer due to the adhesion
of particles of the anodized layer to the surface of the steel ball and would facilitate mass
transfer between the elements of this friction pair. In this case, the degree of wear of
the PHAL of such a composition could decrease, and the wear resistance, respectively,
could increase.
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Figure 18. Wear traces recorded with different resolutions on the surface of PHALs synthesized at an
electrolyte temperature of (a–c) −5 ◦C and (d,e) +10 ◦C, and (e) deciphering the content of elements
(according to the results of X-ray microspectral analysis) on the surface of wear tracks formed after
tribological tests of both PHALs paired with a steel ball in the I-20 lubricating medium.

To test the validity of the assumption that not sulfur but water molecules embedded
in the structure of the anodized layer in the form of Al2O3·nH2O activate the action of solid
lubricant and increase wear resistance in dry sliding conditions, a sample was taken with
PHAL (synthesized at a temperature of +10 ◦C) subjected to heat treatment at a temperature
of 350 ◦C. As a result of such heating, the sulfur content in the anodized layer should not
be changed, and the number of water molecules in its structure should be decreased (from
three molecules to one). The presence of reflections of the corresponding phases in the
X-ray diffraction patterns confirmed the validity of the assumption made (Figure 19). The
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microhardness of the anodized layer was increased from 400 to 650 HV after heat treatment
of the samples with PHAL for 1 h at a temperature of 350 ◦C (Figure 20a). However, their
friction wear resistance 1/S under tribocontact with steel ball was decreased from 2 to
4 times compared to that determined on specimens without heat treatment. Such an effect
was observed during the friction of the samples both in the air (without lubrication in the
contact zone) and in the medium of both lubricants (Figure 20b). To restore the high wear
resistance of the anodized layer, samples with PHAL were boiled in water. This contributed
to the saturation of the surface of the anodized layer with water molecules and, as a result,
to a decrease in the ability of the samples to wear out during tribological tests. Thus, such a
model experiment made it possible to prove that the increased wear resistance of PHAL
synthesized at a temperature of +10 ◦C is due to a large number of water molecules that
make up gibbsite and its layered structure.
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Figure 19. X-ray diffraction patterns of PHAL synthesized on the surface of 1011 aluminum alloy in a
20% aqueous solution of sulfuric acid at an electrolyte temperature of +10 ◦C for 1 h, (a) without heat
treatment and (b) after additional heat treatment for 1 h at a temperature of 350 ◦C.
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Figure 20. (a) Change of microhardness HV of pulsed hard anodized layers synthesized in sulfate
electrolyte at a temperature of +10 ◦C for 1 h, (I) without and (II) after heat treatment at a temperature
of 350 ◦C and (b) the wear values S of pulsed hard anodized layer in tribocontact with steel ball
during friction (I) without lubrication, (II) in mineral lubricant I-20 and (III) synthetic lubricant EDGE
5W-40: (1) PHAL synthesized at temperature of +10 ◦C, (2) PHAL after additional heat treatment at
temperature of 350 ◦C for 1 h, (3) PHAL after heat treatment and subsequent boiling for 1 h in water.

It was established that the least wear (and, accordingly, the highest wear resistance)
is typical for PHAL on 1011 aluminum alloy, tested for friction without lubrication, in
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comparison with its wear in mineral I-20 and synthetic lubricant EDGE 5W-40 (Figure 20b).
This was explained by the adhesion of a thin layer of gibbsite (Al2O3·3H2O), which is a part
of the anodized layer, to the surface of the steel ball that was in contact with PHAL during
tribological tests (Figure 21). As a result, the contact of the steel ball with the anodized
layer occurred through this thin layer of gibbsite, which ensured constant mass transfer
between both elements of the tribopair and, therefore, they could be constantly restored.
The crystal structure of gibbsite Al2O3·3H2O is layered, similar to the structure of graphite.
Each interlayer consists of two layers of densely packed hydroxyl ions, between which
is a layer of Al3+ cations. The crystal structure of boehmite (Al2O3·H2O) is more densely
packed and, therefore, less prone to adhesion and mass transfer to the surface of the steel
ball in the process of its movement along the PHAL surface.
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Figure 21. (a) Morphology of friction marks on the surface of a steel ball in the zone of its contact with
the surface of a pulsed hard anodized layer (synthesized at a temperature of +10 ◦C), recorded after
tribological tests without lubrication with the corresponding results of X-ray microspectral analysis
of the ball surface in this zone and (b) details of this zone in higher resolution.

The presence of a gibbsite film (Al2O3·3H2O) on the surface of a steel ball after comple-
tion of tribological tests in pair with PHAL synthesized in an electrolyte at a temperature
of +10 ◦C was confirmed by the results of X-ray microspectral analysis. It was revealed
that both aluminum and oxygen were found on its surface (Figure 21a). It was supposed
that, in this case, a special film was formed on the ball’s surface. This film did not harden
during friction but was constantly regenerated. The traces of this film were more clearly
distinguished in the contact zone of tribopair elements at higher resolution in the form of
adhesion islands, which were considered to be parts of layered gibbsite (Figure 21b).

The gibbsite layer (Al2O3·3H2O) was not formed in the zone of tribocontact of the
anodized layer with the steel ball during their friction in the lubrication medium. Lubricants
in the contact zone of the tribopairs prevented the adhesion of gibbsite layers to the ball
surface and, at the same time, facilitated its removal from this zone. Therefore, the friction
process took place directly between the surfaces of the steel ball and the PHALs. The
absence of a film of anodized layer material (gibbsite) on the surface of the steel ball was
confirmed by X-ray microspectral analysis. Neither aluminum nor oxygen was found on
its surface during tribological tests in a lubricant (Figure 22). In addition, traces of uneven
wear in the form of protrusions with smoothed tops were found on the surface of the ball
in the zone of contact with the tribopair. Harder phases in the structure of high-strength
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steel 100Cr1.5 with a lower tendency to wear could contribute to their appearance. These
protrusions could play the role of particles of a bound abrasive, making an additional
contribution to the wear of the PHAL. Consequently, the increased ability of PHAL to wear
in a tribopair with a steel ball is due to the absence of a gibbsite film in the zone of their
contact during tribological tests in lubricant (Figure 20b).
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Figure 22. Morphology of friction marks on the surface of a steel ball in the zone of its tribocontact
with the surface of a pulsed hard anodized layer (synthesized on aluminum alloy 1011 at a temper-
ature of +10 ◦C) and X-ray spectral microanalysis of the ball surface after tribological tests in I-20
mineral lubricant.

A comparison of the wear resistance of PHAL on the surface of a low-strength alu-
minum alloy 1011 during its tribocontact with a ceramic ball showed significantly increased
wear resistance after pulsed anodizing compared to that for one of the strength aluminum
alloys 1050. The friction wear resistance of PHAL was increased more than 40 times when
tested in air, by a factor of 2.3 and 2.9 times when tested in mineral (I-20 type) and synthetic
(EDGE 5W-40 type) lubricants, respectively (Figure 15b).

Thus, it is substantiated that the highest wear resistance (or the lowest wear resistance
S) of anodized layers paired with a ceramic ball during their friction without lubrication
compared to friction in I-20 or EDGE 5W-30 lubricants is due to adhesion and transfer of
gibbsite particles to the ball surface. An analysis of the surface of PHAL synthesized at an
electrolyte temperature of +10 ◦C revealed a topographically developed friction surface.
This is caused, on the one hand, by the smearing of gibbsite over the surface of the anodized
layer and, on the other hand, by the peeling off of sufficiently large sections of it with the
formation of depressions in the friction zone (Figure 23a).

On the PHAL surface in the zone of contact of both elements with a higher resolution,
smooth areas of the plastically deformed upper layer of gibbsite and areas after its peeling,
where the inner gibbsite sublayer protruded outward, were observed (Figure 23b). This
indicates weak adhesion between the layers of the gibbsite and low crack resistance of its
upper layer, which cracks under the contact load. Both of these factors contributed to the
separation of small areas of the PHAL surface from the inner sublayer, followed by the
adhesion of gibbite particles to the surface of the ceramic ball. Similar wear patterns during
friction tests of anodized layers were observed by other researchers [67,68]. The proposed
mechanism of PHAL wear is also confirmed by the results of X-ray microspectral analysis
of the surface layer on the ceramic ball after its contact in air with PHAL, synthesized at
a temperature of +10 ◦C (Figure 24). The ceramic ball consisted of corundum (Al2O3), as
evidenced by the spectrum in Figure 24a. The presence of sulfur on the contact surface of
this ball with the PHAL layer (spectrum in Figure 24b) indicates the transfer of the surface
layer of PHAL and its adhesion to the ceramic surface.
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Figure 23. Morphology of the surface of the pulsed anodized layer synthesized at an electrolyte
temperature of +10 ◦C after tribological tests without lubrication in a pair with a ceramic ball with
traces of (a) smearing of the anodized layer over the surface and (b) cracking and detachment of parts
of the surface film in the friction zone.
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Figure 24. Surface morphology of a ceramic ball in the zone of its contact with a pulsed hard
anodized layer (synthesized at +10 ◦C on aluminum alloy 1011) after tribological tests in the air
(without lubrication) at low (a) and higher (b) resolution with the data of X-ray spectral analysis of
the layer sticking to the ceramic ball.

As a result, the friction of the ceramic ball over the anodized layer occurred through
a thin layer of gibbsite (Al2O3·3H2O) separated from the anodized layer, with a constant
transfer of its particles from one surface (PHAL) to another surface (ball). Thus, this thin
tribolayer was preserved for a long time on the ball surface in the contact zone of friction
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surfaces, which ensured the high wear resistance of PHAL. It was assumed that due to the
adhesion of the particles of the anodized layer to the surface of the ceramic ball, a special
tribolayer is formed between them, which has the ability to continuously renew adhesion
with one or another tribocontact element [68]. This intermediate tribolayer is characterized
by reduced adhesion to both contacting surfaces. As a result, despite a significantly higher
coefficient of friction during tribological tests without lubrication (especially in the second
half of the tests, as shown in Figures 16 and 17), the formation of such an intermediate
tribolayer in the tribocontact zone provided lower PHAL wear values than during tests in
lubricating media (Figure 20).

The presence of lubrication in the zone of tribological contact of the ceramic ball with
PHAL, synthesized at a temperature of +10 ◦C, prevented the formation of a tribolayer on
the surface of the ball. Therefore, the ball and the anodized layer were in direct contact
with each other during friction (Figure 25). No traces of the tribolayer were found on the
surfaces of both elements of the tribopair.
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Figure 25. Comparison of the morphological features of the surfaces of both friction elements in the
zone of their contact during tribological tests in I-20 mineral lubricant: (a) a ceramic ball with the
corresponding data of X-ray microspectral analysis and (b) a pulsed hard anodized layer, synthesized
at a temperature of +10 ◦C.

The wear process occurred due to the gradual (layer-by-layer) removal of thin layers
from the PHAL surface. As a result, damage appeared on the PHAL surface in the form
of scratches and traces of local areas of small thickness, torn from this surface during the
reciprocating sliding of the ceramic ball (Figure 25b). At the same time, a relief in the form
of small protrusions and pits (spall marks) also appeared on the surface of the ceramic
ball, caused by the wear of its surface during sliding tests (Figure 25a). This relief further
increased the wear of the anodized layer. The sharp edges of these small defects on the
surface of the ceramic ball acted as cutting edges and thereby helped in removing the upper
layers of PHAL. At the same time, the wear groove formed on the surface of the PHAL due
to the contact of both elements of the tribopair gradually became deeper and wider.

5. Conclusions

It was shown that an increase in the synthesis temperature of pulsed hard anodized
layers leads to (1) a change in their crystal structure (various numbers of water molecules in
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the composition of aluminum hydroxide) and the phase composition (gibsite and boehmite)
of the anodized layers; (2) reducing their microhardness and abrasive wear resistance
(wear using an abrasive disc); (3) increasing their wear resistance during tribocontact with
both steel and ceramic balls under conditions of dry sliding and sliding in lubricating
environments (mineral lubricant I-20 and synthetic EDGE 5W-40).

It was established that pulsed hard anodized layers synthesized at a temperature
of −5 ◦C with a boehmite structure (Al2O3·H2O) have the maximum level of abrasive
wear resistance. At the same time, the maximum wear resistance during reciprocating
sliding tests is characteristic of anodized layers synthesized at a temperature of +10 ◦C
with a gibsite structure (Al2O3·3H2O). The high wear resistance of anodized layers during
dry sliding tests is associated with the formation of an intermediate tribolayer, which is
constantly renewed due to the adhesion of particles of the anodized layer to the surface of
ceramic or steel balls.

It was established that a higher wear resistance of pulsed hard anodized layers during
dry sliding tests (compared to tests on I-20 or EDGE 5W-40 lubricants) paired with steel or
ceramic balls is due to the transfer of a thin layer of anodized material to the surface of the
balls. The tribolayer formed in the zone of their contact is constantly restored due to mass
transfer between the elements of the tribopair.

It was shown that surface hardening of the low-strength aluminum alloy 1011 in the
pulse anodizing mode made it possible to increase its wear resistance compared to the
high-strength aluminum alloy 1050 by 40 times in dry sliding tests using steel and ceramic
balls. The excess wear resistance of anodized layers over the corresponding values for alloy
1050 during sliding tests in mineral and synthetic lubricants reached from 2.2 to 5.9 times
(depending on the type of ball used in the tribopair with an anodized layer).
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