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Summary:

Plasma spray Cr,O3; ceramic layers are used as a separate coating or as
a supplement to bio-reactive organic composite  ceramics
Ca1p(POy4)s(OH),-Al,03-ZrO,-Cr,Os and other bio-inert ceramics in
composites of the types Al,O3~ZrO—SrO—Cr,O3-Y>0s3, ZrO,-TiO>-Cr,03
and TiO,-Cr,0O3 to increase the mechanical properties and resistance
components of artificial joints on sliding abrasion and corrosion. This
paper analyzes the influence of the plasma gun distance from the
Substrate on the mechanical properties and the microstructure of Cr,Oj
layers deposited with the current of 40kW. The aim was to deposit layers
with optimal characteristics that will enable the effective implementation of
Cr,03 layers on substrates of steel implants exposed to dry friction without
lubrication and to corrosion of living tissues. The mechanical properties
were tested by examining microhardness layers using the HV,3; method
and the strength was tested by tensile testing. The surface of powder
particles was examined by SEM. The microstructures of layers were
analyzed with the use of an optical microscope (OM) and a scanning
electron microscope (SEM). The test results confirmed a possibility of
effective application of bio-inert layers of Cr.Os; with other ceramics
intended for the production of functional implants.
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Introduction

The APS - atmospheric plasma spray process is one of the
technologies used for the deposition of bio-reactive and bio-inert coatings
on the surface of implants (Bag & Biswas, 2016, pp.117—-128). For the
majority of plasma spray coatings, argon (Ar) can be used as a carrier gas.
However, for the melting of metal oxide powders in high temperature
plasma, oxygen is often used as a carrier gas in order to minimize the
decomposition of oxide powder (Morks & Akimoto, 2008, p.1). The degree
of powder melting depends on the size and the particle size distribution,
the spray system used for powder deposition and the coating deposition
parameters (Wang & Shaw, 2007, pp.34), (Trifa et al, 2005, pp.54-69). In
the previously published papers, it was found that the coating
microstructure depends on the spraying conditions (Mrdak, 2017a, pp.30-
44), (Mrdak, 2017b, pp.378-391). Layers of plasma sprayed oxides are
widely used for improving resistance to wear, abrasion and corrosion. This
includes a wide range of deposited materials of metal oxides. One such
material is Cr,O3; oxide, which is characterized by high resistance to sliding
wear and corrosion. Cr,O3 oxide produces chemically most inert thermal
spray layers resistant to abrasion of all oxides produced in the Sulzer
Metco company. Coatings are very dense and have a low coefficient of
friction without the addition of lubricants. Because of that, they have found
application in the process of implants production (Material Product Data
Sheet, 2012). An important feature of Cr,O3; oxide is non-toxicity and
biocompatibility. Due to strong bonds of valence electrons of chromium
and oxygen atoms, Cr,O; oxide is stable and bio-inert. The ceramic
coating or Cr,O; oxide film deposited on the surface of the implant
passivates the alloy substrate surface (Co-Cr, Co-Cr-Mo, Ti-6Al-4V i Ti-
6AI-7Nb) and prevents the migration of toxic metal ions from the substrate
into the surrounding tissue (Ogwu et al, 2016). Cr,O3; oxide has a high
resistance to corrosion in contact with living tissues and goood tribological
behavior during friction and abrasive wear (Pang et al, 2007, pp.3531-
3537), (Szafarska & lwaszko, 2012, pp.215-221). Depending on the
applied thermal spray coating process, coatings have a variety of
microstructures and properties. The homogeneity of the coating structure
significantly affects its tribological behavior. However, plasma spray of the
Cr,O3 oxide coating has the highest abrasion resistance in dry conditions
and in lubrication conditions compared with Al,O; and TiO, coatings
(Cetinel et al, 2008, pp.259-265). During the process of powder melting in
plasma, one part of Cr,O; oxide is decomposed due to plasma high
temperature. After the dual diagram Cr — O, Cr,O3 oxide occurs in several
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crystalline phases such as Cr;04(29,1Wt.%0), Cr,0; (32wt.%0),
CrO,(38,1wt.%0), Crs012(42,5wWt.%0), Crs015(43,4wt.%0) and
CrO5(48wt.%0) (ASM Handbook, 1992). Black a-Cr,O; oxide with a
hexagonal lattice is used for deposition; the lattice basal planes are
conveniently distributed in the coating thus giving good sliding properties.
With the typical spraying parameters, Cr,O3 coating is somewhat under-
stoichiometric, and its microstructure consists of the initial oxide type
a-Cr,05, dark gray in color, and light gray Cr;O4, CrO and CrO, oxides
(Khanna & Bhat, 2006).

This paper presents the results of the influence of the plasma gun
distance from the substrate on the mechanical properties and the
microstructure of Cr,O; layers. Powder is deposited on the metal surface
at a distance of 90 mm, 100 mm and 110 mm. The adhesion strength,
microhardness and microstructural characteristics of Cr,O; coating were
analysed; these coatings have layers of the best features which enable
efficient implementation on the substrates in the conditions of bet
lubrication friction and corrosion present on implants.

Materials and experimental details

For depositing layers of Cr,O3; Sulzer Metco 106 NS powder was
used; the powder particle surface is shown in SEM photomicrographs in
Figure 1.

Figure 1 — (SEM) micrography of Cr,O3 powder particles
Puc. 1 - (SEM) mukpoepacpusi yacmuy, nopowka Cro03
Cnuka 1 - (SEM) mukpoepacgpuja yecmuua npaxa Cra03

The applied powder was the a-Cr,O; modification produced by
sintering and grinding to a granulation of 11um - 90um (Material Product
Data Sheet, 2012). Cr,O3 coating layers are deposited on substrates of
C.4171 (X15Cr13 EN10027) steel in the thermally untreated condition. To
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assess the microhardness and microstructure of coatings, the substrates
had dimensions of 70x20x1.5mm. To assess the adhesion / cohesion
strength of the layers, the substrate samples had dimensions @25x50 mm.
The mechanical properties of layers were assessed in accordance with
standard ASTM C633-1, 2008. The paper presents the minimum and
maximum microhardness values HV;3; as well as the mean values of
tensile bond strength.

The analysis of the microstructure of Cr,O; layers was performed by
an optical microscope. The assessment of content, distribution and size of
micro pores was performed on five photos - OM at 200x magnification. The
paper presents the mean value of the content of pores.

Cr,0O5; powder was deposited at atmospheric pressure with a plasma
spray of the Plasmadyne system. The SG-100 plasma gun which was
used for powder deposition consisted of a cathode type K 1083A-129, an
anode type A 2083-145 and a gas injector type Gl 1083A-113. The plasma
gas was a mixture of gases Ar/ He and the power supply was up to 40kW.
The powder deposition parameters are shown in Table 1. The deposited
coatings had a thickness of 0.18 mm - 0.20mm.

Table 1 — Plasma spray parameters
Tabnuua 1 — lNapamempbl nnasmMeHHoO20 Harlbl1eHUs
Tabena 1— na3ma cripej napamempu

Deposition parameters Values

Plasma current, | (A) 800 800 800
Plasma Voltage, U (V) 40 40 40
Primary plasma gas

flow rate, Ar (I/min) A 4 A
Secondary plasma gas

flow rate, He (I/min) 12 12 12
Carrier gas

flow rate, Ar (I/min) 6 6 6
Powder feed rate, (g/min) 40 40 40
Stand-off distance, (mm) 90 100 110

Results and Discussion

Distances of the plasma gun from the substrate had an important
influence on the mechanical properties and microstructure of the deposited
layers. The measured values of micro hardness and tensile strength of
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Cr,O3 coatings depending on the distance of the plasma gun from the
substrates are shown in Figures 2 and 3. The layers deposited with a
minimum spray distance of 90 mm have the largest range of
microhardness of 230HV, ; and the lowest value of 1030HV,3to 1260HV 5.
The highest values of microhardness 1270HV,; to 1395HV, ; occur in the
layers deposited with the largest spray distance of 110 mm. The smallest
microhardness range of 180HV0.3 was measured in these layers.

HVD.3

Microhardness

30 rrrm

100 mm min.

110 mm

Max.

Plasma spray distance mm

Figure 2 — Microhardness of Cr,03 layers
Puc. 2 — Mukpomeepdocmb riokpbimusi CroO3
Cnuka 2 — Mukpomepdoha Cr»0O3 criojesa

MPa

Bond strength

100 rmm

110 mm
Plasma spray distance mm
Figure 3 — Bond strength of Cr,Oslayers
Puc. 3 — lNpo4yHocmb cesa3u crioes nokpbimusi Cro0s
Cnuka 3 — Yspcmoha cnoja Cr.03 cnojesa

<>



With the increase of the spray distance, powder particles melt better
due to a longer stay in plasma. Better powder melting enabled the
deposition of layers of higher density and higher adhesion / cohesion
strength, which was confirmed by examining the deposited coatings.

The tensile strength of the bond of the Cr,O; coating deposited with
the smallest spray distance of 90 mm had the lowest value of the bond
strength of 39 MPa. A smaller spray distance reduces the residence time
of particles in plasma, therefore causing poorer melting of powder
particles. The coating Cr,O; deposited with the largest spray distance of
110 mm has the highest bond strength of 48 MPa. Due to a longer stay in
plasma, powder particles have sufficient time to melt fully and bind tightly
to the surface of the substrate and the particles from the previously
deposited layers.

The metallographic analysis of Cr,O; coatings showed a good
bonding between the coating and the substrate; it also showed that there
are no residual particles of corundum due to roughening at the interface.
Micro and macro cracks are not observed along the interface; there is
neither separation of the coating along the sample edges nor peeling off of
the coatings from the substrates. There are neither micro/macro cracks nor
unmelted powder particles in the deposited layers, which contributed to
coatings having good adhesion / cohesion strength.

The microstructures of Cr,O3; coatings were in accordance with the
mechanical characteristics of the coatings. The distance of the plasma gun
from the substrate had a significant impact on the degree of melting and
deformation of particles in collision with the substrate. Depending on the
substrate distance, the layers of the deposited coatings had a different
share, distribution and size of micro pores in the coating. Figure 4 shows
the microstructure of Cr,O; coatings deposited with a minimum distance of
90 mm from the substrate. The coating predictably had the highest
proportion of micro pores, which resulted in the layers having minimum
microhardness and adhesion strength. In the layers, there are coarse
micro pores larger than 20 pm. The total share of micro pores was 9.3%.
Because of smaller distances of the substrate and a shorter stay of powder
particles in plasma, particles are half melted and, therefore, less deformed
in collision with the substrate. As a result, the bonding surface between the
deposited particles is reduced, the content of pores is increased as well as
the presence of coarse pores which all leads to inferior mechanical
properties of the coating.
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100 pm

Figure 4 — Cr,03 coating microstructure deposited from a distance of 90mm
Puc. 4 — Mukpocmpykmypa nokpbimusi Cr,O3 HaHeceHHo20 ¢ paccmosiHusi 90 Mm
Cnuka 4 — Mukpocmpykmypa Cr.O3 npesnake ca odcmojarem 90 mm

Figures 5 and 6 show the microstructure of the Cr,O; coating
deposited on the substrate from a distance of 110 mm which had the best
microstructure and mechanical properties.

N

Intertaes Substrate 50 pm

Figure 5 — Cr,Q3 coating microstructure deposited from a distance of 110mm
Puc. 5 — Mukpocmpykmypa nokpsimusi CroO3 HaHeceHH020 ¢ paccmosiHusi 110 mm
Cnuka 5 — Mukpocmpykmypa Cr.O3 npesnake ca oocmojarem 110 mm

A large distance from the substrate enabled the best melting of Cr,0O;
powder particles and a uniform deposition of molten droplets on the
surface of the substrate and previously deposited layers. In a collision with
the substrate, droplets of molten particles spilled in a regular pattern and
formed thin lamelae with a larger contact surface and a lower content of
micro pores. The analysis of the micrograph showed that the Cr,O3 coating
contains micro pores with an average content of 3.5%. The formed micro
pores are black and of irregular shape.
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Interface Substrate 100 pm
Figure 6 — Cr,03 coating microstructure deposited from a distance of 110mm
Puc. 6 — Mukpocmpykmypa rnokpsimusi CroO3 HaHeceHH020 ¢ paccmosiHusi 110 mm

Cnuka 6 — Mukpocmpykmypa Cr.03 npeenake ca odcmojarem 110 mm

The SEM micrograph shows the Cr,O; coating with the best
mechanical and structural characteristics (Figure 7).

e

Interface Substrate 50 pm

Figure 7 — (SEM) Cr203 coating microstructure deposited from a distance of 110 mm
Puc. 7 — (SEM) Mukpocmpykmypa nokpbimusi Cr,0O3, HaHeceHHoe20 ¢ paccmosiHusi 110 mm
Cnuka 7 — (SEM) Mukpocmpykmypa Cr-O3 npeenake OeroHosaHe ca o0cmojarsem 110 mm

Oxide lamellae of the deposited Cr,O5; coatings are clearly seen in the
microstructure. Due to a partial decomposition of the initial dark gray
phase of a-Cr,O3 during plasma powder spraying, other types of oxides
such as Cr;04, CrO and CrO; (light gray) are present in the microstructure
of the coating (Schutz et al, 1991, p.649-669). Micro pores (black) can
also be seen in the microstructure of the coating. Figure 8 shows a SEM
micrograph of the Cr,O; coating surface deposited from a distance of 110
mm and which had the best mechanical properties and the microstructure.

Mrdak, M., Mechanical properties and microstructures of bio-inert layers of chrome oxide coatings deposited by the APS process, pp.28-40
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Figure 8 — (SEM) Surface morphology of the coatings deposited from a distance of 110 mm
Puc. 8 — (SEM) Mopgboriozusi mosepxHocmu foKpbIMusi, HaHECEeHHO20 ¢ paccmosiHusi 110 mm
Cnuxka 8 — (SEM) Mopgboriozuja rnospuuuHe ripesriake OerioHosaHe ca odcmojarbem 110 mm

The coating surface shows complete melting and spreading of
droplets of molten Cr,O; particles on the previously deposited layer. The
micrograph shows the surface of a molten and evenly distributed Cr,O;
droplet on the previously deposited layers (circled with a red line). The
droplet of a molten powder particle formed a thin disk — splat of an
approximately circular shape in a collision with the substrate surface. The
deformed droplet, in a collision with the substrate, formed a regular shape,
thus creating a good bond with the previously deposited layer. The evenly
spilled particle has a lamellar structure in the cross section, as it can be
seen in Figure 7.

In the microstructure, there are fine precipitates of approximately
spherical size of 10 ym formed by breaking off the edges of molten
particles in a collision with the substrate. The SEM micrograph shows
micro pores (black) up to 10 pym circled in yellow.

Conclusion

The paper analyzes the mechanical properties and the microstructure
of the deposited Cr,0O; layers depending on the distance of the substrate
from the plasma gun, on the basis of which the following conclusions are
derived.

The mechanical properties and the microstructure of Cr,O; coating
layers were in accordance with the conditions of the powder deposition.
The microhardness values increase with increasing the substrate distance
due to a longer stay of powder particles in plasma, which allows complete
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powder melting. The layers deposited from the largest distance have the
smallest range and highest microhardness values. These layers have
proved to be the thickest. The mean content of micro pores in these layers
was the lowest and amounted to 3.5%. Also, the maximum value of the
adhesion strength of 48 MPa was found in the layers deposited from the
largest distance of the substrate and with the lowest content of micro pores
of 3.5%. The mechanical properties of Cr,O; layers are in accordance with
the microstructures.

In the microstructure of Cr,0O; layers, besides the initial oxide phase of
a-Cr203 in dark gray, there are also present Cr;O,4, CrO and CrO, oxides
(light gray) due to partial decomposition of the initial oxide. Good
mechanical and structural characteristics of Cr,O3; coating layers deposited
on the substrate from a distance of 110mm allow its efficient application on
steel implants with surfaces exposed to friction without lubrication as well
as to corrosion.
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MEXAHUYECKNE XAPAKTEPUCTUKN N MUKPOCTPYKTYPA
BMOWHEPTHbLIX CITOEB XPOMOKCUOHbLIX MOKPbLITUW,
HAHECEHHbIX BO3QYLWHO-MNASMEHHbLIM HATMBLINEHWEM

Muxauno P. Mpgak
LleHTp nccnegosanun n passutusa A.O. «KMMTEJ1 kommyHukaumm», r. Benrpag,
Pecny6nuka Cepbus

OBJNIACTb: xumn4yeckme TexHonormm
BWO CTATbW: opuruHansHas Hay4Has ctaTbs
A3bIK CTATbW: aHrnuinckumn

Pe3some:

Memod nnasmeHHo20 HanbiieHUs1 kepamudeckux Cr203 nokpbimud
MPUMEHSIemMCs Kak caMOCmOsiImesibHOe MOKpbImue, makK U 8 Kayecmee
OoronHeHuUs1 K buoaKmMuUBHOU opaaHU4YeCcKoU KOMMIO3UUUOHHOU KepaMuKe
Ca10(P0O4)6(0OH)2-Al203-ZrO2-Cr203 u K UHbIM 6GUOUHEPMHbIM
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KepamukamMm, coszdasasi komrosumsl muna Al203-ZrO2-SrO-Cr203-
Y203, ZrO2-TiO2-Cr203 u TiO2-Cr203 ¢ uenbio yry4qweHust
MexXaHUYeCKUX XapakmepucmuK U MO8bILUEHUST CImMOUKOCMU K U3HOCY U
KOppo3uu KOMIOHEHmMo8 rpome3a cycmaea. B daHHOU cmambe
npedcmassieHo KakuM obpas3oM paccmosiHue MexoOy rucmosiemom Orisi
ra3MeHHO20 HarblileHUs1 U obpabambigaeMol MOBEPXHOCMbIO 8Usiem
Ha MexaHu4eckue xapakmepucmuku u mukpocmpykmypy Cr203 crioes
MOKPbIMUST, HaHeCeHHbIX rpu 3anekmopomowHocmu 40 «kBm. Llenb
HaHECEeHUs1 PasfiudHbIX CII0e8 3akKrryanacb 68 orpedenieHuU Jly4quiux
Xapakmepucmuk, Komopble obecriedam 3¢hheKmueHoe npuUMeHeHUe
nokpbimusi Cr203 0Oniss moOrnoxek Memariudeckux UMriiaHmamos,
M00BEPXKEHHbBIX CyXOoMy mpeHuto 6e3 cMa3Ku, a makxe KoOppo3uu XUbIX
mkaHel. AHarnu3 MexaHU4ecKUX XapakmepucmuK MOKPbIMuUsi MposedeH
Ha OCHoeaHUU ucrbimaHuli Mukpomeepdocmu memodom HV0.3 u
npoyHocmu coeduHeHUl MemodoM pacmsikeHusi. Cmpykmypa crioes
ucribimaHa mMmemodomM onmuyveckol mukpockoruu (OM), a nosepxHocmb
ucribimaHa MemoOoM  371eKMPOHHOU  Mukpozpachuu (SEM). Ha
OCHOBaHUU  MOJIy4YeHHbIX  XapakmepucmuK  yCmaHOoB/IeHO,  4mo
aghgpekmugHoe npumeHeHue buouHepmHbix crioeg Cr203 803MOXHO U 8

coyemaHuu c Opyaumu Kepamu4yeckumu MOKPBLIMUSIMU,
npedHasHaYeHHbIMU onst U320moerieHust GDYHKUUOHASTbHbBIX
uMnIaHmMamos.

Knrowesble criosa: ocHoga, MUKPOCMPYKmMypa, KOppo3usi, Kepamuka.

MEXAHUNYKA CBOJCTBA N MMKPOCTPYKTYPE BUONHEPTHNX
CNOJEBA XPOM-OKCUOHWX MPEBIAKA OEMOHOBAHNX
APS-NMPOLIECOM

Muxauno P. Mpaak
WcTpaxusayku u passojHu ueHtap UMTEJ komyHukauuje a.a., beorpag,
Peny6nuka Cpbwja

OBNACT: xemujcke TexHomnoruje
BPCTA YJIAHKA: opuvruHanHn Hay4YHu YnaHak
JESNK YJTAHKA: eHrnecku

Caxemak:

lnasma crnpej kepamudku criojesu Cr,O3 Kopucme ce kKao 3acebHa
npeeniaka unu kao dodamak bUOpPeaKMmMUBHOj OpP2aHCKOj KOMIMO3UIMHOf
kepamuuu Caq(PO,4)s(OH),-Al,O3-ZrO>-Cr,O3 u Opyaum OUOUHEPMHUM
Kkepamukama, npasehu komrnosu muna Al,O3~ZrO—-SrO-Cr,03-Y,0s;,
ZrO,-TiO>-Cr,03 U TiO»-Cr,O3 3a  rnoseharbe  MexaHUYKUX
Kapakmepucmuka u omrnopHOCmMuU KOMIOHEHMU gewmadkoa 325i0ba Ha
xabarbe Ku3aremM U Koposujy. Y pady je awHanusupaH ymuuaj
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odcmojawba nnasma nuwmosba 00 odsicee  Ha - MexaHu4Ke
Kapakmepucmuke u muxkpocmpykmypy Cr,Oz criojeea deroHogaHuUxX ca
CHazoMm Hanajarba 00 40 kW. Ljurb pada buo je Oa ce OeroHyjy criojesu
onmumMarsiHuUx Kapakmepucmuka kKoju he omoayhumu egbukacHy rnpumeHy
Cr,03 criojesa Ha nodnozama YesnuYyHUX UMIIaHmama UsrioxeHux Cyeom
mpery 6e3 nodmasusara U KOPO3Uju XXusUux mKuea. Vicnumueare
MEexXaHU4YKUX Kapakmepucmuka peasiu308aHo je  UucCrmumuear-em
mukpomepdohe cricjesa memodom HV, 3 u yepcmohe crioja memodom Ha
3ame3arse. M3enned nospwuHe Yecmuya rpaxa ucrnumad je mMemoodom
CEM. Mukpocmpykmype criojega aHanu3supaHe Cy y3 rnpuMeHy ornmu4yko2
mukpockorna (OM) u cKeHUuHz enekmpoHcKoe Mukpockorna (CEM).
Pesynmamu ucriumugara nomepounu cy MmoayhHocm egbukacHe
npumeHe 6uouHepmHux crojeea Cr,Os; ca Opyeum Kepamukama
HameHeHUM 3a u3pady yHKUUOHaIHUX UMriaHmama.

KrbyqHe pedu: nodnoze, MUKpocmpykmypa, koposuja, kepamuka.
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