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Obtaining functional gradient coatings based on Al,O; by detonation spraying

The article deals with the phase composition and hardness of Al,O; coatings obtained by detonation spraying.
It was found that a decrease in the delay time between shots is leading to an increase in the hardness and elas-
tic module of Al,O3 coatings. It was found based on X-ray diffraction analysis that the main reason for the in-
crease in hardness with a decreasing in the delay time between shots is associated with increases in the vol-
ume fraction of a- Al,O; phase. A high content of the more ductile y-Al,O; phase at'the substrate-coating in-
terface leads to an increase in adhesion characteristics, and a high content of the a-Al,O; phase on the coating
surface provides high hardness and wear resistance. The studies of X-ray diffraction presented that the high-
est phase content is achieved when the coatings are formed with a delay time between shots.of 0.25 s. It was
found that increase in the volume fraction of the a-Al,O; phase is caused by the secondary recrystallization
vy — a, which occurs due to the heating of particles during coating formation, i.e. due torincrease in tempera-
ture above 1100 °C in single spots of the coating when they are put each other.

Keywords: detonation spraying, gradient coating, aluminum oxide, structure, hardness, wear resistance,
phase, temperature.

Introduction

Currently, methods of applying powder coatings ate the effective remedy of increasing the reliability
and durability of structural materials for maching parts, equipment, technological and tooling [1]. The resto-
ration and enhancing of machine parts using‘powder coatings has given rise to a whole family of so-called
gas thermal technological processes [2]. The current trend of increasing the adhesion properties of gas ther-
mal coatings is directed to improving the speed of sprayed particles. Therefore, there is much interested in
high-speed technologies for coating deposition, which are characterised by high performance, universality,
simplicity of automation, and almost unlimited sizes of the surfaces to be coated. Geothermal high-speed
methods for obtaining coatings include methods of detonation, high-velocity air-oxygen fuel (HVAOF) and
high-velocity oxygen fuel (HVOF) spraying [3—5]. Among them, prospective is detonation spraying [6-9].
However, widely used the detonation method for strengthening components and equipment parts for the oil
and gas industry, shipbuilding, metallurgy, gas turbine engineering, etc. requires a significant increase in the
properties of the obtained coatings. It is related to the components and parts of the above equipment operate
under the simultaneous influence of various environments and loads, the values of which in many cases ex-
ceed the maximum permissible values for existing detonation coatings. Significantly increase the properties
of detonation coeatings can be achieved by spraying various materials (powders) in several layers, which al-
lows you to obtain‘coatings with special characteristics. This is also possible when using gradient coatings of
the same 'material, which structure and properties change in the depth of the coatings. Such coatings have the
necessary specified properties of the outer layers that are exposed to the direct impacts on the external envi-
ronment. Besides, compared to a multi-layer coating, they reduce the difference between the physical and
mechanical characteristics of the coating and the base. Therefore, the stress jump occurs when loading at the
border of the interface layers is reduced.

In connection with, the task was in this work to obtain and study functional gradient coatings based on
aluminium oxide obtained on a single-barrel detonation unit by changing the technological parameters during
spraying with the use of only one dispenser, i.e. one type of powder.

Methods and materials

Stainless steel 12Kh18N10T was chosen as the substrate. Before coating, the samples were exposed to
sandblasting. For the obtain coatings of zirconium oxide was used powders of corundum (a-Al,O;). Powder
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particle size is 22—45 mp. Detonation coatings were obtained by a new generation of CCDS2000 (Computer
Controlled Detonation Spraying) computerized detonation spraying system [10]. Table 1 shows the modes
for obtaining functional gradient coatings based on Al,Os.

Table 1
Technological parameters for obtaining functional gradient coatings Al,O;
. Filling volume . Number Delay time
Ratio of 0/C,H, of the barrel, % Spray distance, mm of shots fired between shots, s
1.856 63 250 20 1.00-0.25

The general view and schematic diagram of the detonation spraying process are shown in.Figure 1. The
channel inside the gun barrel is filled with gases using a high-precision gas distribution system, which is con-
trolled by a computer. The process begins with filling the channel with a carrier gas. After-that, a particular
portion of the explosive mixture is fed in such a way that a layered gas medium is formed, consisting of an
explosive charge and a carrier gas. Using a carrier gas stream for the powder is injecteduinto the barrel (using
a computer-controlled feeder) and forms a cloud. The substrate is allocated at a certain distance from the
output from the barrel. After some of the gunpowder is injected, the computer sends a‘signal to initiate deto-
nation. is is realized by an electric spark. The duration of the explosive charge combustions is about 1 ms. In
the explosive mixture, a detonation wave is formed, which in the carrier gas passes into a shockwave. The
detonation products (heated to 3500—4500 K) and the carrier gas (heated by the shockwave to 1000-1500 K)
move at supersonic speed. The interaction time of gases with the sprayed particles is 2—5 ms. The particle
speed can reach 800 ms ™' [11].
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Figure 1. Computerized detonation complex CCDS2000 (a) and its schematic diagram ()
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The phase composition of the samples was studied by X-ray diffraction analysis on an X'pert Pro
diffractometer using.CuKa-radiation. The measurement of hardness and modulus of elasticity was deter-
mined by indenting on a nano hardness «NanoScan-4D compact» by state standard R 8.748-2011 and ISO
14577. The tests were performed at a load of 100 mN. Tribological tests for sliding friction were performed
on a high-temperature tribometer TRB® using the standard «ball-disk» method (international standards
ASTM G 133-95 and ASTM G 99). As a counterbody was used a 3.0 mm diameter ball made of SiC-coated
steel. The tests were performed at a load of 10 N and a linear velocity of 3 cm/s, with a wear radius of 4 mm,
and a friction path of 81 m. Tribological characteristics of the modified layer were characterized by wear
intensity and friction coefficient. All types of experimental studies were performed at the Scientific Research
Center «Surface Engineering and Tribology» of the Non-limited profit company Sarsen Amanzholov East
Kazakhstan University.

Results and discussion

In work [12], was studied the effect of the detonation spraying mode on the structure and properties of
AlLO5 coatings. Determined, a decrease in the delay time between shots brings to an increase in the hardness
and elastic modulus of AL,O; coatings. Based on X-ray phase analysis was found, the main reason for the
increase in hardness with a decrease in the delay time between shots is associated with an increase in the
volume fraction of the a-Al,O; phase. X-ray phase analysis showed the highest content of the a-phase is
achieved when coatings are formed with a delay between shots of the order of 0.25 s. It was found, the in-
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crease in the volume fraction of the a-Al,O; phase is caused by secondary recrystallization of y — a, which
occurs due to the warming of the particles during the coating formation, i.e., due to an increase in the tem-
perature above 1100 °C in individual coating spots when they overlap each other. In this regard, we studied
the possibility of obtaining functional gradient coatings, which the gradient of structure and properties is
based on a gradual increase in the volume fraction of the a-Al,O; phase from the substrate to the outer layer.

Figure 2 shows the diffractograms of a multilayer gradient coating obtained by a gradual decrease in the
delay time between shots during spraying. Multilayer coating consists of four layers. All coating layers are
contained the y-Al,O3 and a-Al,O; phases.
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Figure 2. Diffractogram of the coating

Herewith, there is a gradual inerease in the intensity of the a-Al,O; phase reflexes from the substrate to
the surface. The results of the quantitative analysis showed that the volume fraction of the a-Al,O; phase
from the substrate to‘the outer layer gradually increases. The volume fraction of the a-Al,O; phase in the first
layer is 24 %, in the second layer 30 %, in the third layer 31 %, in the fourth layer, i.e. on the coating surface
the volume fraction of the a-Al,O; phase is 34 %.

Figure 3 shows a graph of the microhardness distribution over the thickness of gradient coatings. The
graph of the dependence of microhardness on the depth of the gradient coating Al,O; shows an unequal dis-
tribution .of microhardness: the coating near the transition layer has a lower microhardness value, indiffer-
ence the upper part of the coating. Herewith, there is a uniform increase in microhardness from the substrate
to the surface of the coating.

A layer-by-layer analysis was performed of the functional gradient coating of Al,Os;. After spraying
each layer, was studied the structure and tribological characteristics of the coatings. Table 2 shows data of
layers of functional gradient coating Al,O; the structure and tribological characteristics. Experimental data
clearly illustrates the correlation between the structural and tribological characteristics of layers of Al,Os
functionally gradient coating.

The generalized data given in the Table 2, the dependence of the wear intensity, hardness, and friction
coefficient of the Al,O; coating layers on its structural and phase states is clearly traced. The wear resistance
of the first, second and third layers (delay time between shots 1 s) is significantly lower than that of the
fourth layer (delay time between shots 0.25 s). The fourth layer, consisting of y-Al,O; (66 %) and a-Al,O;
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(34 %), showed high tribological characteristics. The effects of increasing hardness and wear resistance are
directly related to the volume fraction of the a-Al,O; phase, which are formed during the spraying process
due to heating of the coating surface.
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Figure 3. Graph of hardness distribution by depth of gradient coatings Al,O;

Table 2

Experimental data on the structure-and tribological characteristics
of functional gradient coating layers Al,O3

Coating layer Phase composition |Nanohardness, GPa Youn%rggdulus, %?‘giﬁgﬁt W;e;;}i/rzt;r.llzi)ty,
First layer [T 10.87 207.70 0.42 3.83-10-°
Second layer 7_3}2?50(3?3?2/3“ 11.03 159.97 0.48 4.16-10-°
Third layer 7'3_12?230(36(93?’2/:‘)“‘1 11.72 206.48 0.41 3,73:10-°
Fourth layer 7'12_12?230(36(63?2/3‘“1 16.33 270.64 0.37 1,60-10-

Conclusion

A method for obtaining multilayer gradient coatings based on Al,O; with various modifications, vary-
ing the technological modes of detonation spraying has been developed. The developed method allows ob-
taining gradient coating structures on a single barrel detonation installation with a unique dispenser by
changing the delay time between shots. It is determined that a decrease in the delay time between shots leads
to an increase in the hardness, modulus of elasticity and wear resistance of Al,O; coatings. Based on X-ray
phase analysis, it was found that the main reason for the increase in hardness with a decrease in the delay
time between shots is associated with an increase in the volume fraction of the a-Al,O; phase. A high content
of the more plastic y-Al,O; phase at the substrate-coating border leads to an increase in the adhesion charac-
teristics, and a high content of the a-Al,Os phase on the coating surface provides high hardness and wear re-
sistance. Therefore, we obtained a functional gradient coating in which the gradient of structure and proper-
ties is based on a gradual increase in the volume fraction of the a-Al,O3 phase from the substrate to the outer
layer.

This paper was performed within the grant financing of scientific research for 2018—2020 of Committee
of Science of the Ministry of Education and Science of the Republic of Kazakhstan. Grant BR05236748.
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JeToHaums/IbIK TO3aHAaTy daicimen ALO; Herizinae
(GYHKIIHOHANIBIK-TPAAHEHTTIK KA0bBIHAAPABI ATy

Makanazna neToHaUUsIIBIK OYpKy pexuminiy Al,O; jkaObIHAAPBIHBIH KYPBUIBIMBI MEH KacHueTTepine acepi
3epTTeNni. ATy apachiHIaFbl Kigipic yakbITBIHBIH a3aiobl Al,O; jkaObIHIAPBIHBIH KATTHUIBIFBI MEH CepIIiM-
IUTIK MOJYJIIHIH JKOFapblUIayblHA OKEJETiHI aHBIKTANAbl. PeHTreHmik ¢aszanblk Tanmay HeTi3iHge Kaapiap
apachIHAFBl  KiJipiC  yaKbITBIHBIH a3al0bIMEH KaTTBUIBIKTBHIH >KOFApbUIAyBIHBIH Herisri cebebi o-Al,O;
(ha3achIHBIH KOJEMIIK YVIICCIHIH apTybIMCH OalJIaHBICTHI EKEHIIrT AaHBIKTaIabl. TeceM MeH XKaOblH
nIeKapachblHAArsl IIACTHKAIBIK Y-Al,O; (ha3achIHBIH HEFYpJIbIM KON MeJIIIepi aire3wsulblK CHIaTTama-
NapbIHBbIH JKOFapbulayblHa oKeyeai, an jxaObiHaap Oerinmgeri a-AlyOz (a3acklHbIH KON MeIepi KOFapbl
KATTBUTBIK [ICH TO3yFAaTe3IMAUTIKTI KamTamachi3 ereldi. PeHTreHmik Qasanblk 3epTTey KOpCeTKeHIeH,
o ¢a3aceiHbIH eH ken Memnepi 0,25 ¢ OYpKy apachlHAAFbI KiAipicrieH xaObIHAap bl KAIbINTACTRIPY Ke3iHIae
Kon okerkizimenmi. azanbiH 0-Al,O; KeJeMAiK YIECiHIH apTybl Y — O-HbIH KalTanamaibl Kaiita
KpPHCTAIJaHYbIMEH OAMIaHBICTHI €KEHJIITT aHBIKTaNABI, OYJI 5kaOBIH/IBI KAIBIITACTRIPY Ke3iHAe OOIIIeKTepIiH
KBI3ybl HOTIDKECIHIE Taiia Oomapl, sFHHA ojiap Oip-OipiHe KabaTTackaH Ke3Jie jKaObIHHBIH Oip JaKTapblHIa
temneparypanbiH 1100 °C-taH jxoFaphl KeTepityine OaiIaHbICTHI.

Kinm co30ep: neToHanMsUIBIK OYpKY, TPaJUeHTT] KaObIH, IIOMIHAN OKCHAI, KYPBUIBIM, KaTTBUIBIK, TO3YFa-
Te3IMALTIK, (a3a, TeMuepaTypa.
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Hony4yenne GpyHKIMOHAIBbHO-TPAANECHTHBIX NOKPBITHI
Ha ocHoBe Al,O; MeTO0M 1€TOHAIITMOHHOI'0 HANBLJIEHU A

B crarbe 6b1I0 H3yU€HO BIMSHUE PEXMMA AETOHAI[MOHHOTO HAMBIIEHHS HA CTPYKTYPY U CBOWCTBA MOKPBITUIL
Al,O;. OnpeneneHo, 4To yMeHbIIEHHE BPEMEHH 3aJIep)KKU MEXTy BBICTpEIaMU HMPUBOAUT K HMOBBIMICHUIO
TBEPIOCTH ¥ MOy ynpyroctu nokpeituii Al,O;. Ha ocHOBe peHTreH0()a30BOro aHamm3a yCTaHOBIICHO, YTO
OCHOBHAsI IIPUYMHA MTOBBIIICHNS] TBEPIOCTH NP YMEHBIICHHN BPEMEHH 3a/IePKKH MEXK/Ty BBICTPEIAMHU CBS
3aHa ¢ MOBBINICHWEM 00beMHOU momu 0-Al,Oz ¢assl. Bonbiioe conepikanue Oonee mracTuaHoi y-Al,Os3-
(a3bl Ha rpaHUIIE MOIOKKA—TIOKPBITHE NPUBOAUT K YBEIMYCHUIO a[re3UOHHBIX XapaKTEPUCTHK, a O0JIbLIOEe
coxepxanue o-Al,O;3-¢a3pl Ha MOBEPXHOCTH MOKPHITHI 00ECIEYNBACT BBICOKYIO TBEPAOCTh U M3HOCOCTOM=
KOCTb. PeHTreHoda3oBoe Hccien0BaHHe M0Ka3al0, YTO Hauboublee cojepikaHue o-(pas3bl JOCTUraeTCst IpU
(hopMHUpPOBaHUH TOKPBITHIA C 3a/Iep)KKOM MeXIy BeICTperamu nopsiaka 0,25 ¢. Y cTaHOBICHO, YTO yBENNYEHHE
o0beMHO# omu 0-Al,O; pa3pl 00ycaoBIMBaeTCA BTOPUYHON MEPEKpUCTAIIM3ALUEH Y — ¢, TPOUCXOIAIIEH
BCJICICTBUE OTOIPEBA YaCTHIl NMPHU (OPMHUPOBAHUU INOKPHITHS, T.€. IPH BO3PACTAHHU TEMIICPATyPHL BBIIIS
1100 °C B eAMHUYHBIX IATHAX IOKPBITUS B PE3Y/IbTaTe UX HAI0XKEHUS ApYr Ha Ipyra.

Kniouesvie cnoea: neTOHALMOHHOE HAIBLICHUE, I'PAJAMEHTHOE IOKPBITUE, OKCHJ AIOMUHUS, CTPYKTYpa,
TBEPIOCTH, H3HOCOCTOUKOCTB, (paza, TeMIepaTypa.
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