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Summary:

Al,O3 is hard oxide ceramics, chemically bioinert and with good sliding
properties; it has found wide application in the design of engineering
components. The aim of the paper was to apply the APS process with
the change of plasma currents in order to produce Al,Os layers of such
structural and mechanical properties which will find application in the
manufacture of biomedical coatings alone or in combination with
hydroxyapatite (HA) on the surfaces of alloys used for making implants.
The coating was deposited with a plasma current of 700, 800 and 900 A.
The mechanical properties of coatings were tested using the Praft &
Whitney standard. The shape of the surface of powder particles and the
coating surface were examined by SEM. The metallographic analysis of
the inner layers was carried out by light microscopy. The best structural
and mechanical properties of the Al,Oz coating deposited with 900A
were confirmed by testing the sliding properties of the coating deposited
and polished to a mirror on the sealing ring paired with the graphite ring
on the water brake.

Keywords: sliding, property, oxides, mechanical properties, deposits,
coatings, Al;O;.
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Introduction

Ceramic coatings are widely used to improve wear resistance of
working surfaces of various mechanisms due to their high strength and
structural stability (Toma et al, 2001, pp.149-158). Al,O; ceramics is
applied to many engineering components where good sliding properties
and wear resistance to friction are required. Because being bioinert in li-
ving tissues, Al,O3; ceramics is applied to the surface modification of bio-
medical coatings deposited on titanium alloys. Good mechanical charac-
teristics of Al,O3 ceramics allow it — since it is inorganic and bioinert - to
be combined in different volume ratios with organic bioactive ceramics
hydroxyapatite (HA) in the process of producing biomedical coatings. In
this way, coating stiffness is reduced, tensile strength and fatigue resi-
stance to friction are increased, which extends the life of the coating (Li
et al, 2006, pp.1166-1172), (Liou, 2009). Applying such modified coa-
tings on the surfaces of titanium alloys significantly enhance the biologi-
cal activity of implants and increase the resistance of titanium alloys to
bio corrosion (Gadow et al, 2010, pp.1157-1164). For the manufacture
and modification of biomedical coatings, ceramics of Al,O; and ZrO, are
most frequently used, alone or in combination, as well as hydroxyapatite
(HA) (Hsiung et al, 2012, pp.457-463).

In the plasma spray process, due to high speed of plasma particles
and uneven distribution of temperature in plasma, plasma current chan-
ges significantly affect total or partial melting of Al,O3; powder particles,
which is reflected in the structure and mechanical properties of the coa-
ting (Friis et al, 2001, pp.115-127), (Matejicek & Sampath, 2001,
pp.1993-1999). Previous studies have shown that the properties of the
coating are directly related to the parameters that influence the degree of
melting of particles and the mechanism of deformation of molten drops in
collision with the substrate (Li & Ohmori, 2002, pp.365-374), (Mrdak,
2016a, pp.1-25), (Mrdak, 2016b, pp.411-430). The coating quality is pri-
marily defined by its microstructure (type of phases and homogeneity)
and its mechanical properties that are critical for reliable behavior of the
coating in exploitation (Tucker, 2002, pp.45-53), (Liao et al, 2000,
pp.235-242), (Toma et al, 2001, pp.149-158). The share and the phase
a-Al,O3/y-Al, O3 ratio depends on the amount of heat which drops of mol-
ten particles carry with them and which is directly dependent on the size
of melting particles, cooling rate and substrate temperature (Kulkarni et
al, 2004, pp.124-137), (Yang et al, 2006, pp.1649-1653). The y-Al,O;
phase in the coating is desirable for increasing toughness and cohesive
coating / adhesion strength. Resistance to sliding contact fatigue of the
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Al,O5; coating depends on the phase composition, content and pore size,
and presence of unmelted particles and cracks.

The paper presents an analysis of the results of tests of the mecha-
nical properties and the microstructure of Al,O; coatings deposited with
700, 800 and 900A. Because of economic effects, Al,O3; coatings were
deposited on steel substrates. The aim was to use plasma in the manu-
facture of coating layers to be applied for the modification of biomedical
coatings and the surface modification of alloys used to produce implants.
The coating with the best properties is tested on the sealing ring of the
water brake paired with the graphite ring. The investigation confirmed
that the Al,O; coating, polished to a mirror on the sealing ring, substanti-
ally improved the efficiency of the sealing and significantly reduced the
sealing ring friction abrasion, thus allowing the use of Al,O3 coatings for
implant surface modification.

Materials and experimental details

Al,O; oxide powder used for coating deposition is Metco 105NS pro-
duced by the technique of melting / grinding molded blocks to a granula-
tion of 15 - 45 ym. (Material Product Data Sheet, 2012). Figure 1 (SEM)
shows the surface of Al,O; powder particles used in this work; the partic-
les are of irregular shapes with sharp edges.

: s
Figure 1 — Surface of Al;,O3 particles
Puc. 1 — U3zobpaxeHue nosepxHocmu yacmuy Al2O3
Cnuka 1 - U3aned nospwure Al,O3 yecmuua

To test the mechanical properties and the structure of the layers, the
powder is deposited on steel samples (X15Cr13 EN10027), the charac-
teristics and dimensions of which are prescribed by the Pratt & Whitney
standard (Pratt & Whitney, 2002). To measure the microhardness and
adhesion strength, the Pratt & Whitney standard was used, providing the
measurement procedure relating to the number of samples and the num-
ber of measuring points (Pratt & Whitney, 2002). The paper presents the
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minimum and maximum values of microhardness and average adhesion
strength. The metallographic analysis of the coatings and the content of
pores in the coatings was performed under a light microscope. The pa-
per presents the average values of a share of pores. The analysis of the
surface of the powder particles and the surface of the deposited coating
is carried out by the SEM method.

The Al,O3; powder was deposited at atmospheric pressure with a
SG-100 plasma gun and a power supply of 40kW. The Al,O3; powder
deposition parameters are shown in Table 1. The deposited layers for-
med a coating thickness from 0.18 to 0.20 mm.

Table 1 — Plasma spray parameters
Tabnuua 1 — lNapamempsl nnasmMeHHO20 Harbl1eHUs
Tabena 1 - lNna3ma cripej napamempu

Deposition parameters Values
Plasma current, | (A) 700 | 800 | 900
Plasma Voltage, U (V) 35 37 42

Primary plasma gas

flow rate, Ar (I/min) 50 | 50 | 50
Secondary plasma gas

flow rate, He (I/min) 32 | 32 | 32
Carrier gas . N :

flow rate, Ar (I/min)
Powder feed rate, (g/min) | 40 40 40
Stand-off distance, (mm) 115 | 115 | 115

Results and discussion

Figure 2 illustrates the results of the microhardness of Al,O; coa-
tings deposited with a change in plasma current amperage. The mea-
sured values of coating microhardness were directly related to the
applied current amperage. The lowest microhardness value of 780 — 1010HV,3
belongs to the coating deposited with 700A, and the maximum value of
990 - 1180HV, ; characterizes the coating deposited with 900A. Nonu-
niform and different coating microhardness values are the result of
uneven distribution of micro pores, different pore content and pore size
in the coating layers. The plasma current amperage significantly influ-
enced the melting of powder particles. Lower current intensity was not
enough to melt injected particles throughout the complete cross sec-
tion, which resulted in the deposited particles having a smaller intercon-
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tact surface and a higher intercontact content of micro pores. Due to
poorer melting of particles and a larger share of pores, the coating had
a range of microhardness of 230HV,;. The coating deposited with
900A had a range of microhardness lower than 190HV, ;. High ampera-
ge affects a greater degree of ionization of the He monoatomic gas,
which increases the plasma temperature and heat transfer from plasma
to powder particles.

1200 N
| 1090 g0

1000 L 1010

8004

HV0.3

600 -

400

Microhardness

200-

D_

min. max
800A ) min.

900A max.

Plasma current A
Figure 2 — Results of th e microhardness of Al,Os coatings

Puc. 2 — Pesynbmamsl mukpomeepdocmu riokpbimusi Al2O3
Cnuka 2 — Peaynmamu mukpomespdohe npeenaka Al2O3

Consequently, powder particles melt better and more evenly
throughout the cross section. Liquid drops of molten particles are better
bonded to one another achieving a greater bonding area and stronger
cohesive strength with a smaller proportion of micro pores. Figure 3
shows the results of the adhesion strength of the substrate / Al,O3 coa-
ting bond depending on the amperage. The Al,O; powder deposited
with 700A achieved the lowest value of adhesion strength of 38MPa
with the substrate. Due to uneven and incompletely melted powder par-
ticles in plasma with 700A, particles carry a small amount of heat.
Therefore, incompletely melted particles transfer a smaller amount of
heat to the substrate, which is why their bond to the substrate is weak.
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Figure 3 — Results of the bond strength of Al,O3 coatings
Puc. 3 — Pe3synbmamsbi meepdocmu cesizu nokpbimusi Al;O3
Cnuka 3 — Pesynmamu yepcmohe croja npesnaka Al,O3

Heating the metal substrates from liquid drops of completely melted
AlL,O; particles deposited with 900A increases the adhesive bond
strength to 47 MPa. At the fracture of the samples, it was established
that the fracture mechanism was adhesion at the substrate / Al,O3 coa-
ting interface.

Figure 4 illustrates the cross section of the microstructure of the
Al,O3 coating deposited with 900A. The substrate / coating bond is very
good because contamination from corundum, coarse pores and micro
cracks are not visible at the interface. High amperage of plasma current
allowed the drops of completely melted particles to overlap completely
in collision with the substrate and form thin lamellae and inter lamellar
pores of small size and small content in the coating. In the coating,
there are micro pores of 5 - 10um with a mean share of 4.2%. The
structure of the coating consists of phases of mixed crystals a-Al,O; +
y-Al,O3 (Kulkarni et al, 2004, pp. 124-137), (Yang et al, 2006, pp.1649-
1653).

Figures 5 and 6 illustrate the cross sections and the microstructu-
res of the Al,O; coatings deposited with 800A and 700A.
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50 pm

“k/’/'

Interface Substrate

Figure 4 — Cross section and microstructure of the Al,O3 (900A) coatings
Puc. 4 — lNonepeyHoe cedeHue u mukpocmpykmypa Al>Os nokpsimusi (900A)
Cnuka 4 — Nonpey4Hu npecek u mukpocmpykmypa Al.Os npesnake (900 A)

Due to low thermal conductivity of the oxide powder, lower plasma
current amperage heats and melts powder particles to a lower extent.

e

Interface

Substrate

50 pm

Figure 5 — Cross section and microstructure of the Al,O3 (800A) coatings
Puc. 5 — lNonepey4Hoe ceveHue u mukpocmpykmypa Al,Os nokpbimusi (800A)
Cnuka 5 — lNonpeyHu npecek u mukpocmpykmypa Al,O3 npesnake (800 A)
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Such semi-melted particles are poorly and improperly deformed in
collision with the substrate thus forming pores larger in size and share in
the coatings. Coatings with a higher share of pores of irregular shapes
and larger pores significantly reduce the cohesive strength of the coating
and the coating time and resistance to fatigue friction. Because of their
lower density and inhomogeneity, such coatings will wear faster and are
unreliable in operation.

Substrate

Figure 6 — Cross section and microstructure of the Al,O3 (700A) coatings
Puc. 6 — lNonepey4Hoe ceveHue u mukpocmpykmypa Al,Os nokpbimusi (700A)
Cniuka 6 — NMonpeyHu npecek u mukpocmpykmypa Al;O3 npeenake (700 A)

In the structure of the coating deposited with 800A, there are small
and rough micro pores of irregular shape marked with red arrows. Micro
pores in the coating had a size of 10 - 20pm with a total content of 6.4%.
The microstructure of the worst coatings deposited with 700A is illustra-
ted in Figure 6. The highest content of micro pores of 8.6% and formed
coarse pores over 20um resulted in the coating having the lowest micro-
hardness, the highest microhardness range and the lowest adhesion
strength.

Figure 7 illustrates the surface morphology of the Al,O3 coating depo-
sited with 900A and analyzed by the SEM method. On the surface of the
Al,O3 coating, overlapped particles can be seen, deformed in a characteri-
stic way in collision with the substrate. Drops of molten Al,O3 particles coo-
led to the substrate temperature and formed a disk-like shape. The
morphology of a well-molten particle is marked with a red line in the Figu-
re. Complete overlapping of particles is proof that the Al,O; particles are
completely molten in plasma and as such allow deposition of layers of co-
ating with thin disks - lamellae on whose edges (interfaces) fine micro po-
res and precipitates are present. Micro pores in the Figure are rounded in

931

Mrdak, M., Testing mechanical structural characteristics of Al,O3 oxide ceramics resistant to sliding friction, pp.924-936



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2017, Vol. 65, Issue 4

yellow, while precipitates are in red and green. Full overlapping of deposi-
ted particles, due to a large contact area, indicates a good bond between
individual particles in a layer deposited in a single plasma gun shot.

<

Figure 7 — Morphology surface of the Al>O3 coating in the sprayed state, (900A)
Puc. 7 — Mopgpornozusi nosepxHocmu riokpsimusi Al,0s, HaHeceHHo20 HarbineHuem, (900A)
Cniuka 7 — Mopgbonozuja nospuiuHe Al,O3npesrake y HarpckaHoM cmarsy (900 A)

It also indicates good bonding between the layers in the coating as
well as good adhesion of ceramic particles with the roughened substrate
on whose surface liquid Al,O3 ceramic drops stay during cooling to the
substrate temperature. Such deposition of fully molten powder particles
enables the production of coatings of good adhesion / cohesion strength
and provides the coating with good sliding properties and wear resistan-
ce to friction.

Conclusion

On the basis of the results of examining the mechanical, structural
and sliding properties of the Al,O; coatings deposited with 700A, 800A
and 900A, it can be concluded:

The results of coatings microhardness were directly related to the ap-
plied current amperage. The current of 900A melted injected Al,O3 partic-
les in plasma over the complete cross section, which caused the deposi-
ted particles to have a large intercontact surface (good cohesive strength)
and maximum microhardness. The transfer of heat from the liquid drops of
completely molten Al,O; particles to the metal substrate enabled that the
coating has the highest strength of bond adhesion - 47 MPa.

932




Plasma current of 900A resulted in Al,O; powder particles melting
completely and, in collision with the substrate, they completely overlapped
and formed a coating of the best microstructure. In this way, thin lamellae
and interlamellar pores of small size with a small share in the coating were
formed in the layers. Micro pores had a size of 5 - 10um with a mean sha-
re of 4.2% in the coating. The structure of the coating consisted of the pha-
ses of mixed crystals of a-Al,O3; + y-Al,Os.

The coating deposited with 900A was tested on the sealing ring of
the water brake paired with its counter pair made of graphite. Testing
the sliding properties showed that the Al,O3; coating brushed and polis-
hed to a mirror on the sealing ring has good properties of sliding fatigue
since the ring sealing efficiency is significantly improved and the ring
wear is reduced.
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NCMBITAHNA MEXAHUYECKUX CTPYKTYPHbBIX
XAPAKTEPUCTUK OKCMOHOW KEPAMUKW Al,O3 HA
N3HOCOCTOMKOCTb NP TPEHNN CKOJNBXEHUA

Muxauno P. Mpaak
LleHtp nccnegosanunm n passutus A.O. « MIMTEJT koMMyHuKaummy, .
Benrpap, Pecny6nuka Cepbus

OBNACTb: xumu4yeckue TexXHonornm
BWO CTATbW: opurmHanbHasa HayyYHas ctatbsl
A3bIK CTATbW: aHrnuinckmin

Pe3some:

Al,O3 sensgemcss meepdol  OKCUOHOU KepaMukou, kKomopasi
obnadaem 6uouHepmHbIMU cgolicmeamu U omru4aemcsi 8bICOKOU
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CMOUKOCMbIK Ha CKoNbXeHue, 6nazodapsi 4Yemy OHa WUPOKO
MPUMEHSIeMCs1 8 [POEKMUPOBAHUU UHXEHEPHbIX KOMIOHEHMOS.
Llenb uccnedosaHusi 3aknwodanacb 6 npucriocobneHuu APS
npouecca HaHeCEHUs M1a3MeHHO20 HarlbIIeHUs], MymeM U3MEHEHUs
rnnasMeHHo20 rnomoka, ghopmupyrowezo crou Al,Oj obnadarouwue
makumu CmpPyKmMypHbIMU U MexaHUYeCKUMU Xapakmepucmukamu,
Komopbie Mmoenu 6bl  Halmu npuMeHeHue 8 rnpoussodcmee
6uomeQuUUHCKUX MOKpbIMmul, Kak 6 omoenbHocmu, maKk U 8
KoMmbuHayuu ¢  audpokcuanamumom, 8 4YacmHocmu  Ons
oeepxHOCMU  Crylagos,  UCMOMb3yeMbiX 8  U320moefieHuu
umnnaHmos. Nokpbimue HaHeceHo nnasmeHHouU cmpyed 700, 800 u
900A. MexaHu4yeckue xapakmepuKku [IOKPbIMUSI UCMbIMaHbl 8
coomeemcmeauu co cmaHO0apmamu Pratt & Whitney.

®opma yacmuy ropowika U nog8epxHOCMb MOKPbIMUS UCMbIMaHb!
memodom SEM. Memannozpaghudeckuli aHau3 8HympeHHUX Ci0ea
rpoeedeH ¢ NMoMouwbro €8emogoli MUKPOCKOMUU.

Jlyqwiue cmpykmypHble U MexaHudeckue Kapakmepucmuku Al;Oz
MOKpbIMUST  8bIsi8NIEHbI Yy MOKpbIMuUl, HaHeceHHbix rpu 900A,
ucrnblimaHa CMOUKOCMb Ha CKOMbXeHue, ymeM HaHeCeHusi Ha
ynnomHUmesnibHoe KonbUyo 8 nape C epagumosbiM  KOIbUOM,
3awuwarouee eudpasnuyuckuli mopmo3 U nymem wiughosaHusi
rnokpbImusi 00 3epkarnbHo20 briecka.

Krniroueesble criosa: cKombxXeHue, c8olicmeo, OKCUObI, MexaHu4YyecKue
ceoticmea, HaHeceHue, nokpsimue, Al,Os.

NCMNTUBAHE MEXAHUYKNX CTPYKTYPHUX
KAPAKTEPUCTUKA OKCMAHE KEPAMUKE Al,O3
OTIMOPHE HA KITM3AHE TPEHEM

Muxauno P. Mpaak
Uctpaxuayku n passojHu ueHtap UMTEJ KomyHukaumje a. g., beorpag,
Peny6nuka Cpbuja

OBJIACT: xemujcke TexHonoruje
BPCTA YJIAHKA: opyrMHanHm Hay4dHu YnaHak
JESNK YJTAHKA: eHrnecku

Caxemak:

AlL,O; je mepda okcuOHa Kepamuka, XeMujcku 6uouHepmHa ca
00bpuMm K/U3HUM c8ojcmeuMa, Koja je Hawiia WUPOKY MPUMEHY Y
rpojekmosarby UHXeHepCKUX KoMmrnoHeHmu. Ljurb pada 6uo je da ce
APS npouecom ca ripomeHOM rnnasma cmpyje npouseedy crojesu
AlL,O3 cmpykmypHUX U MexaHUYKUX Kapakmepucmuka Koju he Hahu
rpuUMeHy 3a rpou38o0ry bUOMEOUUUHCKUX rpesraka 3acebHo unu y
KombuHayuju ca xudpokcuanamumom (XA) Ha nospwuHama neaypa
Koje ce kopucme 3a u3pady umniaHama. [lpeenaka je dernoHogaHa
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ca nnasma cmpyjom 700, 800 u 900 A. MexaHuu4ke
Kapakmepucmuke rpeenake ucrumaHe cy fnpuMeHoMm cmaHOapda
Pratt & Whitney. O6bnuk nospwuHe 4Yyecmuua npaxa U MospuwiuHa
npesnake ucriumadHa je memodom SEM. Memarnoepachcka aHanusa
YHympawHUx criojega ucriumaHa je c8emiioCHOM MUKPOCKOMUjOM.
Haj6éorbe cmpykmypHe u MexaHudyke Kapakmepucmuke Al,O3
npesnake OernoHosaHe ca 900 A nomepheHe cy ucnumueaH-em
KMU3HUX ceojcmaea rpesrake eroHoeHe U nonupaHe 0o oenedana
Ha 3anmueHOM MPCMEHY yrnapeHoM ca epacbumHuM MpPCcmMeHOM Ha
800€eHOj KOYHULU.

KrbyyHe peuu: Krusamse, €80jcmeo, OKcudu, MexaHu4yka ceojcmea,
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