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This work is aimed at obtaining gradient coating of aluminum oxide (Al,05) by detonation spraying. The influence of technologi-
cal parameters of spraying on the formation of structure, phase composition. mechanical, and tribological characteristics of Al,O;
coatings have been investigated. It was determined that coatings obtained from the same raw powder materials under different
technological conditions show different structural and phase characteristics. X-ray diffraction analysis showed that when the barrel
is filled with gas mixture by 56%, the coating with the main phase a-Al,Oj3 is formed, and when the barrel is filled with gas mixture
by 63%, the coating with the main phase y-Al,O3, which is relatively more ductile than a-Al,Os, is formed. It is determined that the
a-Al, 05 formed mainly on the surface provides good wear resistance. The bottom layer composed of y-Al,O5 phase, which is
relatively more ductile than a-Al,Os, provides good adhesion of the coating to the substrate. Tribological study showed that the
coating obtained at 56% of filling shows good wear resistance compared to other samples. At 63% of filling the results of scratch test
showed good adhesive strength. By varying the technological mode of detonation sputtering (56%, 53%, and 63%), Al,O; coating
with gradient structure was obtained, in which y-Al,O3 smoothly transitions to a-Al,O; from the substrate to the surface. The

hardness of the coatings was found to increase smoothly from substrate to surface (12.4-14.2 GPa).

1. Introduction

The condition of material surfaces is of crucial importance in
modern mechanical engineering as it affects the functionality
of machine and tool parts. The surface layers of these parts
are particularly vulnerable to wear during operation. To
improve physical and mechanical properties of metals and
alloys, protective coatings with high strength, wear resistance
and resistance to aggressive media, low thermal, and electri-
cal conductivity are used. This significantly increases the
service life and reliability of structural parts. For the manu-
facture of protective coatings that meet these requirements,
oxide-aluminum ceramics are usually used. Aluminum oxide
coatings are particularly useful for improving the perfor-
mance of metals in high-temperature and aggressive envir-
onments due to their high chemical and thermal stability [1].

The physical and mechanical characteristics of alumi-
num oxide coatings can be improved by increasing the pro-
portion of a-Al,Oj3 in the coating composition. Usually, bulk
or surface heat treatment is used to obtain a-Al,O;. How-
ever, this increases the labor intensity of the coating process
and is not economically feasible.

The phase composition of aluminum oxide coatings is
influenced by many factors, such as deposition method, pro-
cess parameters, substrate temperature, particle size, and
many others. Standard methods of obtaining such coatings
include microarc oxidation [4, 5], anodic oxidation [6, 7],
sol-gel [8, 9], plasma [10-12], and gas-flame deposition
[2, 13, 14], as well as detonation sputtering [15, 16]. A rela-
tively new direction in this field is the use of detonation
technology, which refers to gas-thermal methods of coating
modification. This method makes it possible to create high-
quality coatings with lower energy costs and less components
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TasLe 1: Chemical composition of 12X18H10T steel (AISI 321).

C Si Mn P S Cr
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<0.5 9.0-11.0 <0.2 <0.8 <04 <0.2

The rest

in the gas mixture, compared to other methods of gas-
thermal deposition, and at the same time provides the pos-
sibility of producing coatings up to 500 um thick at the
industrial level [16]. Plasma and detonation spraying meth-
ods are of particular interest. For example, when a-Al,O; is
used as a starting powder to create aluminum oxide coatings
using gas-flame spraying, the resulting coating is mainly
composed of y-Al,O;. Meanwhile, plasma and detonation
sputtering produce biphasic coatings that include both a-
Al,O; and y-AlLO; [14, 16]. It is important to note that
the coatings obtained by these methods often contain the
main phase y-Al,O;, which is characterized by a less dense
structure and lower hardness, wear resistance, and corrosion
resistance compared to a-Al,O3 [19-20].

Recent studies [21, 22] also indicate that it is possible to
obtain coatings with the main a-Al,O; phase by plasma
spraying using y-AlL,O; as a starting powder. These studies
show that the variation of process parameters, such as firing
frequency and barrel fill volume, affects the ratio of a-Al,O3
and y-Al,O; phases in the resulting coatings. Consequently,
the structural and phase characteristics of aluminum oxide
coatings are significantly affected by the technological param-
eters of detonation spraying. Our previous studies [23-25]
also confirmed that changes in parameters such as the explo-
sion frequency and the volume filled with the gas mixture in
the barrel lead to changes in the content of a-Al,O5 and y-
AL, O; phases in the coatings. In our studies [23-25], we used
a-AlyO; as a starting powder and investigated the effects of
maximum parameters on a CCDS2000 detonation machine.
We found that as the blast frequency decreases, the a-Al,O;
content of the coatings increases. However, the main phase
remains y-Al,Os. Despite the positive results obtained in the
current research on detonation coatings of aluminum oxide, it
is important to note that there is still a need to increase the a-
Al,O5 content in such coatings, since this phase has excellent
physical and mechanical properties. Based on the available
literature, data on detonation coatings having a-AL,O; as
the main phase are still lacking. Our previously published
work [24] reported results on the production of aluminum oxide
coatings having a-Al,O3 as the main phase by optimizing deto-
nation sputtering process regimes. In this work, we studied the
tribological and mechanical properties of a gradient coating
based on Al,O; obtained by detonation sputtering.

2. Materials and Methods

Corundum (a-Al,O3) powder [26-27] with a dispersity of
20-45 um of spherical shape (LLC STC “INOX”) was used as
the sputtering material. Stainless steel 12X18HI10T (AISI
321) was used as the substrate material. The chemical com-
position of 12Cr18Nil0Ti steel is shown in Table 1.

The coatings were applied to the samples by detonation
spraying on a CCDS2000 (computer-controlled detonation

spraying) machine [28]. Figure 1 shows the general view and
schematic diagram of the detonation complex CCDS2000.
The coating is applied by a detonation gun, the barrel of
which is filled with an explosive gas mixture, a dosed portion
of powder is thrown into the barrel, and detonation is excited
by an electric spark. The detonation product heats the pow-
der particles to melting and throws them at high velocity at
the part mounted in front of the gun barrel. Upon impact,
microwelding occurs and the powder is firmly (at the molec-
ular level) bonded to the surface of the part. After each shot,
the barrel is purged with nitrogen, to clean the residue of
detonation products. The required thickness is built up by a
series of consecutive shots, during which the object can be
moved with the help of a manipulator [29].

Gradient coatings based on Al,O3 were applied to samples
of AISI 321 steel by our developed method [24]. The devel-
oped method includes abrasive blasting and coating using a-
AlLO5 powder by impacting the treated surface with a stream
of heated powder particles formed in the barrel of the detona-
tion spraying machine. At the same time, the surface blasting
and coating are carried out sequentially at different regimes of
detonation spraying using the same a-Al,O; powder. The
regime of surface abrasive treatment is selected so that the
abrasive particles reach the surface to be sprayed in solid
state and atomize the surface. Coating is carried out by step-
wise changing the regime of detonation spraying to obtain a
gradient structure in which y-Al,O; smoothly transitions to
a-AlO5 from the substrate to the surface, and the spraying
process includes the following continuous steps: first stage—
the volume of filling the barrel with acetylene and oxygen gas
mixture is 63%, second stage—the volume of filling the barrel
with acetylene and oxygen gas mixture is 53%, and third stage
—the volume of filling the barrel with acetylene, oxygen, and
propane gas mixture is 56%.

Table 2 shows the spraying regimes. For samples nos. 1-3
the aluminum oxide coating was obtained by detonation
spraying at different filling volumes of 63%, 56%, and 53%,
respectively. When spraying sample no. 4, the process param-
eters are gradually changed and the spraying regime includes
three continuous stages 63%, 53%, and 56% to obtain a gradi-
ent coating.

X-ray phase studies of the samples were performed by X-
ray diffraction analysis on a X’PertPRO diffractometer (Phi-
lips Corporation, Netherlands). The diffractograms were
taken using CuKa-radiation (1 =2.2897 A°) at a voltage of
40kV and a current of 30mA. The diffractograms were
decoded using the HighScore program. Mechanical properties
of the obtained coatings (Young’s modulus, hardness) were
investigated using a NanoScan-4D Compact nanohardness
tester (FSBI “TISNUM,” Russia). Nanoindentation of coat-
ings was carried out according to the method of Oliver and
Farr using Berkovich indenter at a load of 100 mN (ASTM
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Ficure 1: Computerized detonation complex CCDS2000: (a) general view and (b) schematic diagram of the setup.

TasLe 2: Technological regimes for spraying aluminum oxide coatings.

Sample no. Fuel/oxidizer ratios Barrel fill volume (%) Spray distance (mm) Number of shots
1 1.856 63 250 15
2 1.856 56 250 15
3 1.026 53 250 15
4 1.856-1.026 63-53-56 250 15

E2546-07). The surface roughness of the coatings Ra was
evaluated using a profilometer model 130 (JSC “Plant PRO-
TON,” Moscow, Russia). The Ra value, which represents the
arithmetic mean deviation of the profile, was chosen as the
main parameter for evaluating the coating surface roughness.
Three measurements were made to obtain the surface rough-
ness value for each sample.

Microhardness of the cross-section of the samples was mea-
sured in accordance with GOST 9450-76 (ASTM E384-11) on a
microtweedometer Metolab 502 (Metolab, Russia), at indenter
load P=1N and dwell time 10s.

Tribological tests on sliding friction were carried out on
tribometer TRB® (Anton Paar Srl, Peseux, Switzerland) using
the standard method “ball-on-disk” (international standards

ASTM G 133-95 and ASTM G99). A 3.0-mm diameter ball
made of SiC-coated steel was used as a counterbody at a load
of 5N and linear velocity of 15 cm/s, wear curvature radius of
5mm, and friction path of 50 m. According to the obtained
profilometer values, profilograms were plotted, and using a
special program, values for calculating the wear volumes of
the obtained coatings were obtained.

To investigate the adhesion characteristics of coatings by
“scratching” method a scratch tester CSEM micro-scratch
tester (Neuchatel, Switzerland) was used. Scratch tests were
carried out at a maximum load of 30 N, the change in the rate
of normal load on the sample was 29.99 N/min, the indenter
displacement speed was 9.63 mm/min, the scratch length was
10 mm, and the tip radius of curvature was 100 ym.
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FiGure 2: Diffractograms of Al,Oz-based coatings obtained at dif-
ferent fillings of the detonation spraying barrel.

Surface morphology was studied by scanning electron
microscopy on a MIRA scanning electron microscope (SEM)
MIRA SEM (Tescan, Czech Republic).

3. Results and Discussion

Al, 05 coatings were obtained by varying the volume of barrel
filling. At standard regimes of detonation spraying using initial
powder from a-AlL,Os, the obtained coatings have the main
phase of y-ALOs. In order to obtain coatings with a-AL,Os
basic phase, we conducted a series of experiments in different
detonation spraying regimes. Figure 2 shows the diffractograms
of the obtained coatings. The results of X-ray diffraction anal-
ysis of the coatings showed that 63% of the barrel filling yielded
a coating with y-Al,O; main phase, and 56% of the barrel filling
yielded a coating with a-Al,O; main phase and 53% of the
barrel filling yielded a coating with a-AlL,O; and y-ALO,
main phase (ICDD card number 96-500-0093). This is
explained by the fact that nonequilibrium recrystallization of
a-Al,O5; phase to y-Al,O5; phase occurs under shock wave
conditions and rapid cooling during coating formation. To
calculate the content of a-Al,O; phase in the coatings, a semi-
crystallization analysis was performed [27].

c 1(104) 4+ 1(113) + I(116)
* 7 1(104) +I(113) + I(116) + I(311) + I(400) + 1(440)

(1)

where C, represents the content of a-Al,O; phase and I
represents peak area.

The results of semicrystal analysis show that the content
of a-Al,O; phase in the coating obtained at 56% barrel filling
(a-Al,03—78.62%) is much higher than at 53% (a-AlL,O;—
60.96%) and 63% (a-Al,05—23.4%).

Figure 3 shows the microstructure of the coatings and the
results of measuring the surface roughness of the AL, O;-
based coating material.
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Metallographic analysis showed that the coatings have a
heterogeneous structure with the presence of small pores.
The pore size and number of pores in the coating obtained
at 56% barrel fill are larger than those obtained at 53% and 63%.
The roughness parameter of the coating obtained at 63% filling
of the barrel has a value of R, = 1.72 4 0.0286 um (Figure 3(a)),
and the coating at 56% has a value of R,=3.85+
0.0273 um (Figure 3(b)) and the coating at 53% has a value
of Ra=1.72+0.0276 um (Figure 3(c)). The high roughness
and porosity of the coating obtained at 56% barrel filling are
due to the difference in the impact of the shock wave and the
resulting compaction of the coating.

One of the main factors determining the quality of the
coating is adhesion. Figure 4 shows the adhesion test results
for the scratch test. The moment of adhesion or cohesive
failure of the coating was recorded by changing two param-
eters: acoustic emission (AE) and friction force.

It should be noted that not all the recorded coating failure
events describe the actual adhesion of the coating to the sub-
strate. Different registration parameters during the tests
allowed to record different stages of coating failure. So, Lcl
means the moment of the first crack appearance, Lc2 peeling
of coating sections, and Lc3-plastic abrasion of the coating
against the substrate [17]. The type of change in the amplitude
of AE can be used to judge the intensity of crack formation
and their development in the sample during scratching. In the
coating obtained by filling the barrel by 56%, the first crack
was formed ataload Lcl =6 N (Figure 4(a)). Then the process
continued in a certain cycle. The corresponding AE peak
accompanied the formation of each crack (Figure 4(a)). Par-
tial abrasion of the coating against the substrate was judged by
a sharp change in the intensity of friction force growth. This
occurred at the load Le3 =29 N. In the coating obtained by
filling the barrel by 53%, the first crack was formed at the load
Lc1 =10N (Figure 4(b)) In the coating obtained by filling the
barrel by 63%, the first crack was formed at the load
Lcl1=15N (Figure 4(c)). According to the results of adhesion
tests, it can be stated that the cohesive failure of the sample
coating occurred at 15N, and its adhesive failure occurred at
29N. The coatings obtained at 63% barrel filling have good
adhesion strength than the coatings obtained at 53% and 56%
barrel filling. This is due to the fact that the coating obtained
at 63% barrel filling has y-Al,O5 as the main phase, which is
relatively more ductile than the a-Al,O5 phase and this pro-
vides good adhesion of the coating to the substrate.

The Vickers method was used to determine the hardness
of Al,O; detonation coatings obtained at different borehole
fillings. The results of hardness measurement are shown in
Figure 5. The hardness of coatings at 56% borehole filling has
the highest hardness (14.1 GPa). This is due to the increased
proportion of a-Al,O5 phase in the coating obtained at 56%
barrel filling, which has high wear resistance. At 53% and
63% of barrel filling hardness decreases 13.6 and 12.4 GPa,
respectively, this is due to a decrease in the proportion of a-
Al,Oj; phase in the coating.

One of the main properties responsible for the durability
of products is tribological parameters, which in this work were
evaluated by the value of the wear volume of coatings during
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FiGURE 4: Coverage scratch test results 56% (a), 53% (b), and 63% (c).
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FIGURE 6: Friction coefficient (a) and wear volume (b) of coatings obtained at different detonation barrel fillings.

the “ball-on-disk” test. Figure 6 shows the data on the wear
volume (Figure 6(b)) and friction coefficient (Figure 6(a)) of
the coatings at different detonation barrel fills. Also the figure
shows the wear morphology of the obtained coatings [31, 32].
The test results show that the sample obtained at 56% barrel
filling has a low value of wear volume compared to the sam-
ples obtained at 63% and 53% barrel fillings. Figure 6(a) shows
that the coefficient of friction of the sample obtained at 63%
barrel filling is 0.68, and at 53% barrel filling is 0.61, and the
coefficient of friction of the sample obtained at 56% barrel
filling is 0.32. Thus, it can be stated that under the tested
conditions, the wear resistance of the sample obtained at
56% barrel filling is three times higher than that obtained at
63% and 53%. This is primarily due to the increased propor-
tion of a-Al,O; phase in the coating obtained at 56% barrel
filling, which has a high resistance to wear.

Based on the study of the influence of the spraying
regime on the structure and properties of Al,O; coatings,
we developed a method for obtaining gradient coatings.

This method uses a CCDS2000 detonation complex and
Al,O5-based powder; the technological parameters are varied
during the spraying process. We gradually varied the barrel
filling volume, i.e., the first layer was sprayed at 63% barrel
filling, followed by the second layer at 53% and the third
layer on the surface at 56% barrel filling, and then studied
the structure and properties of the resulting Al,Os-based
gradient coating. The choice of spraying regime is based on
the experimental results presented above and is aimed at
obtaining coatings in which the content of the a-Al,O; phase
fraction increases uniformly from the substrate to the coating
surface. The volume fraction of a-Al,O; phase formed on the
surface provides good wear resistance. The bottom layer
consists of y-Al,O3 phase, which is relatively more ductile
than a-Al,O; phase and provides good adhesion of the coat-
ing to the substrate.

Figure 7 shows a plot of the distribution of instrumental
nanoindentation and elastic modulus over the thickness of
the Al,Oj;-based gradient coating. As can be seen, the
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Ficure 8: SEM images of cross-section and feature distribution as a function of depth of the Al,O;-based gradient coating.

hardness values increase smoothly from substrate to surface.
The maximum hardness value is 14.2 GPa. The values of
elastic modulus are from 200 to 250 GPa. The hardness of
coatings obtained by the proposed method is distributed
from the surface to the substrate in the following way: on
the surface of the coating hardness has a maximum value,
then smoothly decreases down to the substrate. In this case,
near the substrate hardness is 3.5-4 GPa, which is compara-
ble to the hardness of most steels. This prevents cracking and
delamination of coatings. Thus, high hardness of the coating
surface and smooth decrease of hardness along the coating
depth provides high-performance properties of the parts, on
the surface of which this coating is applied. In addition, due
to the formation of a-Al,O; on the surface layer, high
mechanical and tribological characteristics of coatings are
provided. The formation of y-Al,O; on the substrate—coating
interface provides high adhesion strength of the coating.
Figure 8 shows SEM images of the cross-section of the
Al,O5-based gradient coating. The thickness of the coating is

~60-70 um. As can be seen from the obtained gradient coat-
ing has an integral (not layered) structure characterized by a
smooth transition (gradient) of phase composition between
the main zones formed under different spraying regimes.
Practically no boundary between the layers obtained after
the first, second, and third stages of detonation spraying of
aluminum oxide by the proposed method is observed.

4. Conclusion

Based on the conducted study of the influence of the spraying
regime on the structure and properties of Al,O; coatings, we
can state that the phase composition and properties of deto-
nation coatings strongly depend on the technological param-
eters of spraying. When spraying Al,O;-based powder, the
chemical and phase composition of the resulting coatings
strongly depends on the degree of filling of the barrel with
gas mixture. It has been determined that the coating having
a-Al,Oj; basic phase has high hardness, wear resistance, and



erosion resistance in comparison with the coating having y-
Al,Oj basic phase. It is determined that the coating having y-
Al,O; basic phase has high adhesion strength compared to
the coating having a-Al,O; basic phase. Thus, the results
showed that it is possible to control the phase composition
of Al,O;-based coatings and, consequently, the properties of
the coatings by changing the composition and filling degree
of the combustible mixtures. For the first time experimen-
tally obtained a gradient coating in which the content of a-
Al O; fractions increases uniformly from the substrate to the
coating surface The volumetric fraction of a-Al,O; formed
on the surface provides good wear resistance. The bottom
layer is composed of y-Al,O3 phase, which is relatively more
ductile than a-Al,O5; and provides good adhesion of the
coating to the substrate.
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