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Influence of Detonation Spray Parameters on the Formation of Mechanical and
Tribological Properties of Gradient Coatings based on Alumina

Using the detonation method, the shaft was filled with a gas mixture of C,H,/O, from 53 to 68 % and an alu-
mina-based gradient coating was obtained on the surface of the substrate. The microstructure of the coatings
was studied by scanning electron microscopic analysis. By increasing the proportion of
a-Al,O; phase towards the surface layer of the coating by 10-15 %, a coating layer with increased strength
and wear resistance was received. By X-ray structural study, changes in the a-Al,O3 lattice were studied by
reducing the amount of gas filling in the barrel and the firing time from 1 s to 0.25 s. By reducing the amount
of gas in the shaft from 68 to 53 % and the firing time from 1 s to 0.25 s, a compatible gradient coating with
improved mechanical properties was obtained, the maximum value of microhardness of the gradient coating
was 23.73 GPa. The tribological properties of the coatings were studied and showed that the value of the
coefficient of friction of the gradient coating is about 50 % lower than that of other coatings, i.e. wear-
resistant.

Keywords: aluminum oxide, detonation spraying, gradient coating, phase, microstructure, friction coefficient,
tribology, microhardness.

Introduction

The service life of metal parts can be significantly extended by coating them with special performance
characteristics. Taking advantage of this situation, it is possible to make floor coatings from high-quality and
inexpensive materials, as only a coating will improve the critical role of the part. Various engineering
materials often suffer from mechanical loads, thermal or aggressive environments every day. Coating
technologies are being developed, but the physical and mechanical properties are improved, i.e. the
production of low-porosity, wear-resistant, adhesive-coated coatings is one of the unresolved issues.
Everyone gets different coatings on their own, and most scientists are studying the properties of multi-layer
or gradient coatings using several powders. Artechnology has its own advantages and disadvantages. Most
surface coating technologies cannot spray several powders at once, i.e., to obtain a multi-layer or gradient
coating. One of the most rapidly developing roofing technologies in recent years is the method of thermal
spraying. Through this technology, it is possible to obtain high-quality, durable coatings [1-5].

Thermal spraying method includes detonation spraying (DS) and high-speed gas-flame spraying
(HVOF), which allows getting a coating with excellent adhesive strength, low porosity, density and wear-
resistance [6, 7]. Obtained by general thermal methods, alumina-based coatings consist mainly of the vy
phase; y phase has lower properties than a phase, has a low level of wear resistance and strength. The
formation of a large number of y phases is a common problem in all coatings obtained by air plasma, plasma,
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and gas-thermal spraying. In most cases, the raw powder consists only of a-Al,O3, the presence of a-Al,O3
after detonation spraying is due to the rapid crystallization of the molten volume of y-Al,O; because of
insoluble or semi-soluble particles in the powder [8-10]. However, there are few studies on gradient coatings
of aluminum oxide obtained by detonation spraying, which require further study. Therefore, we aim to obtain
a gradient coating by changing the detonation parameters, studying the structural and phase state of
aluminum oxide and changes in mechanical and tribological properties.

Experimental

Detonation coatings were obtained in the computerized complex of new generation detonation spraying
CCDS2000 (Computer Controlled Detonation Spraying) [11, 12]. Figure 1 illustrates a general view and
scheme of the detonation injection process. The shaft is filled with gases through a high-precision gas
distribution system and controlled by a computer. The process begins by filling the shaft with carrier gas.
Then a certain part of the explosive mixture is transferred in such a way that a layered gas medium is formed,
consisting of a charge of explosive and carrier gas. Using a stream of carrier gas, it is poured into the
explosion zone (using a computer-controlled feeder) and forms a cloud (fog). The mat is placed at a certain
distance from the shaft. The computer beeps to start an explosion. This is done through an electric spark. The
duration of explosive combustion of a charge is about 1 ms. A detonation wave is generated in the explosive
mixture, which turns into a shock wave in the carrier gas. Detonation products (heated to 3500-4500 K) and
carrier gas (heated to 1000-1500 k with shock waves) move at a speed higher than sound. The reaction time
of gases with scattered particles is 2-5 ms. The velocity of the particles can reach 8001200 ms™ [13-15].
The method of detonation spraying was used to obtain Al,Os coating. The size of the aluminum powder for
spraying was 34+6 um. The injection shaft was placed on a detonation unit “CCDS-2000" with a diameter of
20 mm and a length of 800 mm. Stainless steel 12Ch18N10T was chosen as the lining material. The chemi-
cal composition of steel corresponds to GOST 498679 [16].
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Figure 1. Schematic diagram of the computerized detonation complex CCDS200

The size of the substrate was 70x50x3 mm, the roughness of the initial surface was 0.080 um. The
surface of the substrate was sandblasted and chemically cleaned for 5-7 minutes. Sand with a grain size of
about 40-60 microns was used to increase the average roughness of the dried substrate to 4.5 microns. In the
production of a gradient coating based on alumina, the filling of the shaft with gas was between 53 %68 %.
The chemical composition of the substrate is shown in our previous study [17].

We obtained an Al,Os coating for different volumes of barrel filling using a mixture of acetylene-
oxygen as the fuel gas. As the proportion of explosive mixture increases (from 53 % to 68 % of the volume
of the shaft), the temperature inside the shaft increases. In addition, changing the oxygen/fuel ratio from O, /
C,H, = 1.1 to O,/C,H, = 1.856 for low particle velocities can lead to an increase in temperature for the
volume of explosive mixture. We chose O,/C,H, = 1.856 as the optimal ratio, which ensures complete
melting of the powder material during injection. Table 1 shows the used process parameters.

Table 1
Technological parameters of Al,O5 coating
No. 0,/C,H, Barrel Filling Volume,% Spray Distance, mm Number of Shots
1 1.856 68, 63, 58, 53 250 20
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We determined the phase composition of the sprayed coatings via the X-ray diffraction technique (XRD)
applying an X’Pert PRO (Philips Corporation, Amsterdam, the Netherlands) diffractometer with Cu-Ka radia-
tion (A = 1.541 A) at a voltage of 40 kV and a current of 30 mA. The diffractograms were decoded using the
HighScore program. The measurements were carried out between 2°-90° with 0.02 step size and 0.5 s/step
counting time. The surface roughness of the coatings was estimated according to GOST 2789-73 (ASTM
D7127-05) using the Ra parameter by profilometer model 130 (JSC Plant PROTON, Moscow, Russia) [18].
We studied the mechanical properties of the coatings (microhardness) using a PMT-3M (LOMO, Saint Peters-
burg, Russia) microhardness tester. Microhardness was measured according to GOST 9450-76 (ASTM E384—
11) [19] with a maximum load value equal to 3 N and a dwell time of 10 s. Tribological performances were
evaluated in dry sliding tests performed on a high-temperature TRB3 (Anton Paar Srl, Peseux, Switzerland)
using the standard ball-on-disc technique according to the ASTM G 133-95 and ASTM G99 standards [20,
21]. The sliding pair consisted of a stationary ball with a diameter of 6 mm and hardness 62+2 HRC, made of
steel 100Cr6, pressed against a rotating disc made of steel 12Ch18N10T respectively uncoated and spray-
coated with 160-200 um thick Al,0; coating. The contact load amounted to 10 N and the rubbing speed to 0.2
m/s. The cycle time was 60 minutes. The tribological performance of the coatings was characterized by wear
intensity and friction coefficient. To obtain results, we conducted the test on three samples from each variant.
We used scanning electron microscopy (SEM) with backscattered electrons (BSE) at an accelerated voltage
scanning electron microscope JSM-6390LV (Jeol, Tokyo, Japan) to study the cross-sectional morphology of
the sample.

Results and Discussion

Figure 2 presents the microstructure of the cross-section for a gradient coating before and after anneal-
ing. The thickness of the coatings was 160-200 um. The coating has a porous structure. The average pore
size is 8-10 um. Each sample was shot 5 times in each reduction, reducing the amount of gas in the barrel
from 68 % to 63-58-53 %. The total number of shots was 20 times. A gradient coating was obtained by
detonation spraying, reducing the volume of filling the shaft (gas) with gas (C,H,/O,) from 68 % to 53 %.
The roughness of the gradient coating is Ra = 0.269 um. Based on the results of the study, it was shown that
the change in the coating’s roughness surface depends on the degree of gas filling of the shaft, as well as the
proportion of a-Al,O3 and y-Al,O5 phases in the coating.

Figure 3 shows the results of linear analysis of the lateral surface of the alumina-based gradient coating
based on 68 %, 63 %, 58 %, 53 % of the shaft after gasification. Prior to the study of the coating, the surface
of the coating was coated with carbon in a universal vacuum post, because it is difficult to see the surface
morphology, as the aluminum oxide powder forms a ceramic when coated, so it was coated with a special
carbon. Considering our study [17], the following gradient coating layer was obtained. On the surface of the
substrate, we applied the first layer every 1 s with 68 % filling, and the second 5 layers every 0.75 seconds
with 63 % filling, the third 5 layers every 0.5 seconds with 58 % filling and the fourth 5 layers every 0.25
seconds with the last 53 % filling.

Figure 2. Microstructure of the cross-section of a gradient coating based on Al203:
68 % (1), 63 % (2), 58 % (3), and 53 % (4)
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Figure 3a demonstrates that, in the area where the substrate is on the left side, the element Fe has more
and less Ni and Cr elements. Towards the surface, one can see that the atoms of Al and O gradually increase,
as shown in the right part of Figure 3a. The same process is noted in the distribution of the cardiogram
elements shown in Figure 3b.
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Figure 3. REM image taken from the cross-section of a gradient coating comprising aluminum oxide and the result of
cardiogram analysis linear distribution of elements depending on
the depth of the cross-section of the gradient coating Al,Os (a); elemental distribution cardiogram (b)

Figure 4 shows the phase composition of the Al,Os coating obtained using the given parameters. After
detonation injection, alumina consisted of a-Al,O3 hexagonal (ICDD / JCPDS Ne 96-230-0376) and y-Al,O3
cubic lattice (ICDD / JCPDS Ne 96-154-1583). Researchers [22, 23] state that Al,Os-based powder is
capable of several modifications under the influence of high temperatures. Also, under the influence of heat,
the composition of the Al,Os coating changes into a, v, 8, 6 and different phases, in which the formation of a
and y phases predominates. These phases depend on the source material and the melting and cooling
temperatures. Figure 4 comparatively shows the results of X-ray phase analysis of the shaft at 58 % gas
filling and gradient coating. When the shaft is filled with gas up to 58 %, one can see that the proportion of
the y-Al,O; phase in the alumina coating formed by the detonation explosion increases, while the proportion
of the a-Al,O; phase decreases (Figure 4a). We obtained the following gradient coating by regulating the
phase change of the composition of aluminum oxide. First, by filling the shaft with 68 % gas on the surface
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of the substrate, we laid a layer with a larger share of the y-Al,O3; phase. We continued to reduce the size of
the y-Al,O; phase by slightly filling the next layer (ply) by 63 %, slightly increasing the proportion of the a-
Al,O; phase, filling the shaft by 58 % and continuing to reduce the y-Al,O3 phase in the coating. We
increased the proportion of a-Al,O3 phase in the coating by filling the shaft by 53 % to obtain the next layer,
then continued the process. Our goal is to obtain a gradient coating with a single powder (aluminum oxide)
using a single dispenser, based on which a coating layer with improved mechanical and tribological
properties, the y-Al,O3 phase in the coating increases the plasticity and elasticity of the coating [19, 24].
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Figure 4. X-ray phase diffractogram of alumina coating obtained by
filling the shaft with gas 58 % (a); 68 %, 63 %, 58 %, 53 % (b)

Figure 5 demonstrates a time graph of the coefficients of friction of the gradient coating relative to the
substrate (Figure 5a) and the results of the study on the lost volume (Figure 5b). In [17], we stated that the
coefficients of friction of coatings obtained during gas filling to 53-68 % were studied separately and p =
0.52-0.59. The coefficient of friction of the pavement material was u = 0.6-0.8, the value of the coefficient
of friction of the gradient coating was p = 0.027-0.33, i.e., the value of the coefficient of friction of the
gradient coating, the wear resistance increased by 50 % compared to the pavement material. The value of the
wear volume was 0.085 mm3 for the floor material, and 0.0165 mm3 for the gradient coating, i.e., it is
5 times less worn. The proposed gradient coating gives these steel products high physical, mechanical, and
operational properties. In our opinion, the increase in hardness and wear resistance can be attributed to the
increase in the proportion of a-Al,O3 phase in the coating. The a-Al,O3 phase has several features, including
low density, relatively high melting point, excellent corrosion and wear resistance, high temperature
resistance [24]. As can be seen, the wear resistance of the gradient coating was obtained by increasing the
proportion of y-Al,O3 phase in the substrate’s vicinity and by increasing the amount of a-Al,O3 phase in the
vicinity by reducing the degree of shaft filling from 68 to 53 % towards the surface layer. X-ray phase
analysis explained this by an increase in the intensity of the diffractogram lines of the a-Al,O3 phase (Figure
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Figure 5. Results of tribological testing of Al,O5 coatings according to the scheme
“ball-disk™ a) change in the coefficient of friction; b) volumetric wear

In [17], the microhardness of the alumina coating obtained by filling the shaft with gas to 53-68 % was
shown in between 16.31-20.56 GPa, the highest value of microhardness was observed at 53 % filling. The
maximum value of the microhardness of the gradient coating obtained by changing the firing time with the
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degree of gas filling was 23.73 GPa, i.e. the value of the microhardness increased by about 15 % compared
to the filling of 53-68 %. It was found that the microhardness increases when the barrel is filled with gas by
53 % and the firing delay is 0.25 s. In addition, the abrasion wear resistance of the gradient coating was
compared with that of the substrate and standard steel 45, the abrasion resistance coefficient was 1 for
standard material steel 45, 0.968 for substrate material, and 6.921 for Al,Os-based gradient coating. It was
proved that the value of the coefficient of abrasive wear of the gradient coating obtained by us is 6—7 times
higher than that of standard and lining material, i.e., wear-resistant.

Depending on the amount of gas filling of the shaft, the alumina-based coatings and gradient coatings
were kept in a muffle furnace at 600 °C for 100 hours. Every 10 hours we turned off the oven, cooled it with
the oven, took it out and measured its mass and microhardness, thus plotting the time dependence of the heat
resistance coefficient as shown in Figure 6. The coefficients of wear resistance gradually decrease after 50
hours, when filling the shaft by 58, 63, 68 %, the gradient coating has little change compared to others. From
this, one can see that the quality of the gradient coating obtained by the method developed by us is good,
based on the characteristics of the mechanical, tribological, and structural-phase properties of the gradient
coating studied above. We consider that the reason for this is the gradual decrease in the proportion of the y-
Al,O3 phase to the surface with a decrease in the delay time with the amount of gas filling the shaft, and the
formation of a closely spaced gradient coating under the influence of an increase in the a-Al,O3 phase.

1

Gradient coating

0.99995

0.9909

0.99985

0.9998

0.99975

0.9997

Coefficient of heat resistance, (C)

10 20 30 40 50 60 70 20 90 100
t, hours

Figure 6. Graph of time dependence of Al203 gradient heat-resistance coefficient

Conclusions

1. A harmonious mode of obtaining a strong and dense coating layer was determined by reducing the
percentage of gas filling of the detonation shaft from 68 to 53 % and regulating the formation of a-Al203
and y-Al203 lattices of alumina-based coatings.

2. The microhardness of the alumina coating showed that the maximum value of the microhardness of
the gradient coating obtained by reducing the amount of gas in the shaft from 68 to 53 % and the firing time
from 1 s to 0.25 s was 23.73 GPa. The reason is the effect of increasing the volume fraction of the a-Al203
phase towards the surface.

3. In atribological study of a gradient coating consisting of alumina obtained by the method developed
by us, the value of the coefficient of friction was about 50 % less than that of the floor coating and other
conventional coatings. The coefficient of abrasion wear resistance was 6—7 times higher than that of the
lining material and steel 45, which indicates that the obtained gradient coating has a high wear resistance.

4. The value of the heat resistance coefficient of the gradient coating obtained by reducing the
percentage of gas filling of the shaft from 68 to 53 % is uniform compared to other non-gradient coatings.
that is, the a phase has higher physical and mechanical properties than the y phase, i.e., it has a positive
effect on temperature resistance.
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Influence of Detonation Spray...

H. Kanraii, b.K. Paxagunos, M. IlamkoBckwuii, A. Habnonguna

JleToHAUMSJIBIK TO3aHAay NapaMeTpJepiH e3repTe OThIPbIII,
AJTIOMUHMIA OKCH/Ii HeTi3iHaeri rpaueHTTi KAOBIH/bI ATy KOHE
OHbIH MEXaHMKAJIBIK, TPUO0JIOTHSIIBIK KaCHeTTepiHe dcepiH 3epTTey

JleToHAUMSIBIK OMIiCTi KOJIAHBIN, OKNaHAbl (CTBOAB) 53-TeH 68 %-ra neiiin C,H,/O, ras kocmaceiMeH
TONTHIPA OTBIPBIN, TOCEHIMTIH (MOUIOXKKA) O€TiHe aTIOMUHHMKA OKCHAl HETi3iHAeri TpagueHTTi XaObIH
aNbIHABL. AJIBIHFaH KaOBIHOAPIBIH MMKPOKYPBUIBIMBI PAcTPIIBIK 3JIEKTPOHABI MHKPOCKONMSUIBIK Tanaay
keMmeriMeH 3eprtrenai. JKaObIHHBIH OeTki kabatka kapait o-Al,O; dazanbiy ynecin 10-15 %-ra apTThipy
apKBUIBI OEpiIKTiri, TO3yFa TYPaKTBUIBIFBI JKOFAapbUIaraH >kaObIH KaOaThl ajbIHIBL. PeHTreHKYpBUIBIMIIBIK
3epTTey apKbUIBI, OKIAH/ABI I'a3Fa TOJTHIPY MeJIIepi MEH aTy Ke3iHAeri Kifipy yakeIThiH lc-tan 0.25 c-ka
azaiity kesinzeri a-Al,O3 TopnapbiHblH e3repici 3eprrenai. OKnaHIaFsl ra3apiH MeJiepin 68-1ex 53 %-ra
JKOHE aTy Ke3iHJeri Kiaipy yaksIThH 1 c-TaH 0.25 c-Ka a3aiiTy apKblIbl MEXaHUKANBIK KaCHETi KaKCapThUIFaH
yitneciMai rpaaueHTTi KaOblH KaOaThl ajbIHABI, aJbIHFAH T'PaJUCHTT] >KaOBIHHBIH MHKPOKATTBUIBIKTHIH €H
skorapel MoHi 23.73 I'lla-mgpl kepcerTi. AJbIHFaH >XaOBIHAAPABIH TPUOOJOTHSUIBIK KAaCHETi 3epTTei,
rpaJueHTT] )kaObIHHBIH YiiKernic ko3 bHIHeHTIHIH MoHI Oacka jkabbIHIapMEH CalbICTHIPHIN KaparaHaa 50 %-
Jlail TOMeH, SIFHU TO3yFa Oepik eKeHIH KOpCeTTi.

Kinm ce30ep: amoOMHHUI OKCHJ, JETOHANMSIBIK TO3aHAAy, TPAJMEHTTI KaOblH, (aza, MUKPOKYPBUIBIM,
y#iKkenic ko3¢ GuIHeHTi, TpHOOIOTUsl, MUKPOKATTHUIBIK,.

H. Kanraii, b.K. Paxagunos, M. ITamxkoBckuii, A. Habunonauna

Ho.ﬂyqune IrPAaAHCHTHOI'0O MOKPLITHA HA OCHOBC OKCHIA AJTIOMUHHUA IIYTEM
H3MECHCHHUSA MAPpaMETPOB A€TOHAIIMOHHOIO HANNBIJICHUA U U3YYCHHE €0 BIUAHUA HA
MEXaHHYIECCKHE U TpHﬁOJIOFI/I‘IeCKI/Ie CBOMCTBA

JleTOHAIMOHHBIM METOIOM CTBOJI OBLI 3aM0JIHEH Ta30Boit cMechio CoH,/O; ot 53 10 68 %, 1 Ha TOBEPXHOCTH
MOJUIOKKM OBUIO TONYYEHO TPaJMCHTHOE IOKPHITHE HA OCHOBE OKCHIA ATIOMUHHA. MHUKPOCTPYKTypa
MOJYYEHHBIX IOKPHITUI OBUTa MCCIEIOBaHA C MOMOIIBIO PACTPOBOTO 3JIEKTPOHHO-MUKPOCKOIIYECKOTO
aHanmm3a. 3a cder yBenudeHus nomu ¢assl a-Al,O3 M0 OTHONIEHHIO K MOBEPXHOCTHOMY CJIOKO TIOKPBITHS HA
10-15% Obu1 TONMy4eH CJIOH IMOKPHITUS C MOBBILCHHOH IPOYHOCTBIO M HM3HOCOCTOMKOCTBIO. [lyTem
PEHTTEHOCTPYKTYPHOTO MCCIEN0BaHks ObUIM M3ydeHbl n3MeHeHus pemerku o-Al,O; 3a cuer yMmeHblIeHHs
KOJIMYECTBA rasa, 3aroJIHSIOIET0 CTBOJ, M BPEMEHH 3aJiep>KKu cTpenbObl ot 1 10 0,25 ¢. U3-3a cokpanienus
KOJIMYECTBa Ta3a B cTBOJE ¢ 68 10 53 % u BpeMeHu 3amepkku cTpenbObl oT 1 ¢ 10 0,25 ¢ ObUIO MOJyYeHO
COBMECTUMOE TPAJUCHTHOC TMOKPBHITHE C YIYYIICHHBIMH MEXaHHMYCCKUMH CBOMCTBAMH, MaKCHMAaJbHOEC
3HaYCHHE MHUKPOTBEPIOCTH IMOIYYEHHOTO T'PaJHeHTHOTO MOKpBITHA coctaBmio 23,73 ['Tla. brum n3ydeHb
TPHOOJIOTHYECKHE CBOWCTBA IMOJNYYEHHBIX MOKPBHITHH W 3HadeHHE KOI(PHUIMEHTAa TPEHHS TPATUCHTHOTO
MOKpBITHA TprMepHO Ha 50 % HIDKE, TO €CTh OHM IOKAa3bIBAIH MPOYHOCTh K M3HOCY, N0 CPAaBHEHHIO C
PYTUMH TOKPBITHSIMH.

Knrouesvle cnoea: OKCUI aJIOMHUHUS, JETOHAI[MOHHOE HAIbUICHHE, TPAaJMeHTHOE IOKpbITHE, (a3a,
MHKPOCTPYKTYpa, KO3 HULUESHT TpeHuUsi, TPHOOIOT s, MUKPOTBEPOCTb.
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