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Summary:

The paper analyzes the VPS - Ti / TiC composite coating. The powder
was deposited at low pressure with an F4 plasma gun produced by
Plasma Technik AG because of the influence of the environment on
powder oxidation. The main goal of the work was to prevent low-pressure
decomposition of TiC cubic carbide into TiO, and NiTiOs; oxides that
reduce: adhesion, cohesive strength, TiC hardness, and abrasion
resistance to wear. The mechanical properties and the structure of the Ti/
TiC coating were analyzed in accordance with the Praft & Whitney
standard. The microhardness values of the coating layers were in the
range of 750-837 HV,3, and the substrate/coating bond strength was 84
MPa. The coating microstructure was examined by the light microscopy
technique. The distribution of TiC in the Ti base is uniform and the
deposited layers are obtained without segregation effects. The coating
structure consists of titanium layers with 8 - Ti and a - Ti modifications and
TiC cubic layers. In the microstructure, there are unmelted TiC particles
present in a smaller share as well as micropores that did not affect the
coating strength. The tests showed that the VPS - Ti / TiC composite
coating has good mechanical properties and a good microstructure, which
fully enables its application on substrates of biomedical implants.

Keywords: microstructure, coatings.
Introduction

Materials used for biomedical implants must meet a number of
requirements which are often mutually exclusive. Different parts of the
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elements require different material properties. These factors often make
the production of medical implants harder when using one type of
material. Many implant elements, such as knee replacements, only
include relative movement between the components while functioning. In
such conditions, polyethylene applied on supporting metal surfaces is
currently widely used. However, although polyethylene as a whole is
biologically inert in the body, microscopic polyethylene particles formed
by wear may be poisonous if present in large quantities and they can
lead to osteolysis (Pancanti et al, 2003, pp.777-785), (Atala et al, 2010),
(Amstutz & Le Duff, 2012, pp.275-282), (Hamilton et al, 2013, pp.96-
100). This has led to an increasing interest in the fabrication of
supporting surfaces of metal-on-metal implants, especially in applications
involving a large contact surface (Liu et al, 2005, pp.319-328), (Haruna et
al, 2017, pp.95-101), (Goldsmith et al, 2000, pp.39-47), (Xia et al, 2017,
pp.1205-1217). The metal-on-metal approach requires that the
supporting surfaces be extremely hard and resistant to wear.
Manufacturing a whole implant out of a hard material is not acceptable,
because such hard materials would be too brittle to use. The best
approach is the application of appropriate hard surface layers on the
supporting surfaces of the implant. This approach allows the production
of implants with biocompatible materials with the desired properties, and
the surface requirements are met with biocompatible hard surface layers.
Although the application of surface coatings is certainly an advantage,
which is a great benefit in the process of implant making, there are,
however, some issues relating to the coating materials that must satisfy
some of the requirements, such as: coating material must be
biocompatible, coatings must not be brittle or prone to other damage,
coatings should have adequate hardness and wear resistance, and
coating material should be metallurgically compatible with the carrier
material of the implant. Most coating materials, such as carbides,
borides, nitrides, and oxides (Al,Os;, ZrO,, CaO, etc.), easily meet
hardness and abrasion resistance requirements, but they are brittle and
often not metallurgically compatible with metal substrates of implants. It
is difficult to apply hard monophase non-metallic materials on metal
substrates due to residual stresses at the interface and inside the
coating; this causes brittleness, cracking of coating particles, peeling and
separating coating parts from the metal substrate of the implant. For
example, depositing a coating of pure TiC on the Ti alloy substrate is
undesirable because the coating cracks (Liu & DuPont, 2003, pp.1337-
1342). This has led to the use of composite coatings consisting of a
tough metal substrate and hard non-metallic materials evenly dispersed
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in the metal substrate. In this way, a coating with the desired
characteristics can be produced. A soft metal substrate provides
toughness to the coating as well as the metallurgical compatibility /
bonding with the substrate, while hard non-metallic material reinforces
the coating and provides adequate hardness and resistance to wear.
Another important issue is a coating application method. In this respect, a
coating application method or process should enable the production of
homogeneous and thick composite coatings. The coating must be able to
achieve metallurgical bonding to the base material in order to achieve
adequate adhesion and to allow a minimum heat input so as not to
damage the microstructure and the mechanical properties of the base
material. Today, Ti / TiC composite coatings are extremely suitable for
application on parts of metal-on-metal implants exposed to excessive
wear. These types of coatings can be especially used on commercial
titanium alloys for the production of high performance implants. The
method of protecting implant parts consists of the deposition of a
mechanical mixture of commercial Ti and TiC powders of Ar inert gas at
low pressure by the plasma spray process in a vacuum. Depending on
the working conditions of the coating, the VPS process allows the
deposition of composite coatings in different quantitative relationships
between carbide and metal. At low pressure of the inert gas, the reaction
of metal and carbide with the air is completely eliminated. The advantage
of the process is the application of the transferred arc which cleans and
preheats the substrate surface prior to depositing the powder thus
increasing the adhesion and cohesive strength (Mrdak, 2017, pp.30-44).
The properties of coating layers are directly connected to powder
technology and powder deposition parameters. TiC is dark gray, with a
low density of 4.93 g/cm?® and a high melting temperature of 3140 °C. TiC
particles have shown great potential as a phase that reinforces the
composite material due to its high hardness level, high modulus, low
density and high thermal stability. TiC-based cermets have excellent
resistance to wear, high temperature, chemical corrosion, oxidation, as
well as a low coefficient of friction and density (Cai et al, 2013,
pp.1681-1688). TiC coatings have superior resistance when exposed to
abrasion. The Ti / TiC composite base can be another metal or alloy
depending on different needs and applications. Due to its excellent
corrosion resistance, high strength to weight ratio and biocompatibility,
titanium is used as the carrier material for the fabrication of metal parts of
implants in a large number of applications (Okazaki et al, 2001, pp.599-
607). Ti has a polymorphism property, since it crystallizes from the liquid
state to 1665 °C in a B-spatially centered cubic lattice, and when cooled
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further to 882 °C it goes into an a-hexagonal tightly packed grid. Titanium
is a metal with a low density of 4.5 g/cm?®, which in combination with good
mechanical properties, such as high strength and hardness, gives high
specific strength. The Ti/TiC coating consists of a mixture of coarse non-
molten, partially molten and completely molten TiC particles uniformly
distributed in the titanium base with B-Ti and a-Ti modifications. With the
increase of the TiC content in the coating, the coating hardness and
resistance to wear increases. Besides by the TiC content, the coating
microhardness is also affected by the content, size and distribution of
micropores in the deposited layers. The coating friction coefficient
depends on the content of carbides in the coating. When the content of
TiC particles increases, the coefficient of friction of composite coatings
decreases. The friction coefficient decreases with the increase of the
content of TiC particles in the coating.

The main objective of the paper is to deposit layers of coating with
primary cubic titanium carbide (TiC) in a vacuum at low pressure of inert
gas, which gives excellent resistance to wear, high temperature,
oxidation and corrosion. Studies have shown that the VPS - Ti/TiC
coating has good mechanical properties and a microstructure in which
there are no oxides of TiO, and NiTiO;. The coating layers have
adhesion and cohesion strength values which are in agreement with the
coating microstructure in which the primary cubic carbide TiC dominates,
thus making such a coating capable of modifying the surface of
biomedical implants.

Materials and experimental details

A VPS-Ti/TiC composite coating was made from a mixture
consisting of a commercially pure Ti powder of 60 wt% and TiC of 40
wt%. The morphology of powder particles was examined on a scanning
electron microscope (SEM). Powder particles are of irregular shape with
sharp edges, obtained by a grinding technique with a powder range
ranging from 45 pm to 150 ym. Figure 1 shows a SEM micrograph of Ti
powder particles, and Figure 2 shows a SEM micrograph of TiC powder
particles. The substrates on which the layers were deposited were made
of steel C.4171 (X15Cr13 EN10027).

In order to test the microhardness of the Ti-TiC composite coating
layers, 70x20x1.5mm samples were made, while the samples for testing
the bond strength had the dimensions of @25x50mm. The microhardness
of the layers was assessed by the HV,3; method and the bond strength
by tensile testing.
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Figure 1 — (SEM) Shape of Ti powder particles
Puc. 1— (SEM) ®opma yacmuuy, nopowka Ti
Cnuka 1 - (CEM) O6nuk yecmuua npaxa Ti

Figure 2 — (SEM) Shape of TiC powder particles
Puc. 2 — (SEM) ®opma yacmuy nopowka TiC
Cnuka 2 — (CEM) O6nuk yecmuua npaxa TiC

In order to assess the coating homogeneity, the layer microhardness
was measured in the direction along the lamellae, in the middle and at
the ends of the samples. Five readings were carried out at three
measuring points, and the microhardness range from the minimum to
maximum value was displayed. The coating/substrate interface strength
was tested by tensile testing with a tensile speed of 1mm/1min. Five test
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specimens were used and the average values were presented in the
report. The microstructure of the deposited layers was examined on a
light microscope. The share of micropores in the coating was analysed
by processing 5 micrographs at a magnification of 200x, and the report
shows the average pore content in the coating. The coating mechanical
and microstructural characteristics were examined in accordance with the
standard (Pratt & Whitney, 2002).

Prior to the deposition of the mechanical mixture of Ti and TiC
powders, the surfaces of the substrate were roughened with white
corundum particles of 0.7 - 1.5 mm. The powder was deposited on the
Plasma Technik AG system with a F4 plasma gun. The microprocessor
unit of the VPS Plasma Technik AG has a program for depositing a
powder mixture. All process parameters were included in the program,
such as: chamber vacuuming, plasma gas flow, cleaning the substrate
with a transferred arc, powder mixture flow, coating deposition rate,
substrate cooling and vacuum chamber ventilation. The substrate surface
was cleaned with a transferred arc using Ar / He gases. The powder
mixture was deposited with a mixture of Ar/H, plasma gases. The coating
was deposited with a thickness of 90-100 um.

The plasma spray parameters of the Ti-TiC powder deposition on
the samples are shown in Table1.

Tabela 1 — VPS parameters of the deposition of the Ti-TiC powder mixture
Tabnuya 1 — VPS napamempbl HaHeceHus1 cmecu riopowkos Ti-TiC
Tabena 1 — VPS napamempu deno3uyuje mewasuHe npaxa Ti-TiC

Values
Parameters - -
Cleaning arc Spraying
Plasma current, | (A) 500 745
Plasma Voltage, V (V) 65 74
Primary plasma gas flow rate, Ar 50 40
(I/min)
Secondar;/ plasma gas flow rate | 10 ") 8.5@
He @ H,? (I/min)
Carrier gas flow rate (I/min) -- 4
Powder feed rate, (g/min) - 15
Stand-off distance, (mm) 290 270
Chamber pressure (mbar) 40 80
Nozzle diameter, (mm) 8 8
Speed of the gun, (mm /s) 250 250
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Results and discussion

Along the lamellar microstructure of the Ti / TiC coating, the
microhardness values range from 750 HVq3; to 837 HV, 3 The measured
values indicate that the coating microstructure contains an undeveloped
primary carbide phase TiC due to the powder deposition in an inert
atmosphere of Ar at low pressure, which is confirmed by the analysis of
the microstructure of the coating layer on a microscope (OM). Such a
microhardness range of the deposited layers of the Ti / TiC composite
coating is caused by the influence of softer Ti layers, a hard TiC carbide
phase, and the presence of micropores. The tensile strength of the bond
between the metal substrate and the Ti / TiC composite coating is 84
MPa. High tensile bond strength values are generally characteristic of
deposited coatings in a vacuum. The roughening of the metal substrate
surface and the subsequent cleaning of the substrate surface with a
transferred arc at low pressure resulted in a better adherence of molten
powder particles to the substrate, which led to a high adhesion value.
The values of microhardness and tensile bond strength are always in
correlation with the microstructure of layers.

Figures 3 and 4 are the micrographs of the structure of the
deposited layers of VPS - Ti / TiC composite coatings. The qualitative
analysis has shown that there are no defects in a form of discontinuity of
the deposited layers, microcracks, macrocracks and separation of the
coating layers from the substrate at the interface. In some places, at the
substrate/coating interface, there are dark areas formed by TiC carbide
particle exctraction during the sample preparation. This effect is known
as pull out and, in the micrograph, it is clearly visible that these dark
areas retain the morphology of an original TiC carbide particle with its
angular and sharp edges.

The boundary at the substrate/coating interface is extremely clean,
indicating that the substrate surface was perfectly cleaned with a
transferred arc. Dark micropores of irregular shape are present in the
coating layers at the lamellar borders of Ti and TiC carbides. The
average value of the share of micropores was 2.7%. A smaller part of the
coating contains unmelted TiC particles that are irregular in shape and
darker in the micrograph. The Ti/TiC composite coating microstructure
shows that the Ti and TiC layers are uniformly deposited without
segregation, which is crucial for the coating good resistance to wear.
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50 ym @ Substrate Interface

Figure 3 — (OM) Microstructure of the Ti-TiC coating in a deposited state
Puc. 3 — (OM) Mukpocmpykmypa HaHeceHHo20 nokpbimusi Ti-TiC
Cnuka 3 — (OM) Mukpocmpykmypa Ti-TiC npeenake y 0erloHo8aHOM cmakrsy

Figure 4 — (OM) Microstructure of the Ti-TiC coating in a deposited state
Puc. 4 — (OM) Mukpocmpykmypa HaHeceHHo20 rokpbimusi Ti-TiC
Cnuka 4 — (OM) Mukpocmpykmypa Ti-TiC npeenaka y 0ernoHo8aHOM cmarby

Through the coating layers, no precipitates are observed, and
longitudinal oxide lamellae are not observed at the interlamellar
boundaries either. This confirms that the vacuum plasma spray process
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allows the deposition of coating layers without the content of TiO, and
NiTiO; oxides which reduce the coating mechanical properties, thus
showing a great advantage over other thermal spray processes. The
microstructure of the Ti / TiC cermet coating is lamellar with good
interlamellar bonding of longitudinal Ti lamellae which form the basis of
the coating composed of B-Ti and a-Ti modifications and longitudinal
lamellae of TiC cubic carbide. Good interlamellar bonding in the deposit
increases microhardness values and fracture toughness, as confirmed by
mechanical tests of the coating. The inner layers of the coating are free
of microcracks. The tests have shown that the VPS - Ti / TiC composite
coating has such mechanical and structural properties which allow it to
be used in exploitation on parts of implants exposed to wear and
corrosion of liquids of living tissues.

Conclusion

In this work, the vacuum plasma spray process was used for
depositing Ti/TiC composite coating layers. The mechanical
characteristics and the microstructure of the coating in the deposited
state were analyzed, based on which the following conclusions were
drawn.

The vacuum plasma sprayed Ti/TiC composite coating had the
microhardness values of 750 HVq; to 837 HVy3. The adhesion strength
between the composite coating and the substrate had a high value of 84
MPa. Cleaning the substrate surface with a transferred arc led to a better
adhesion of molten particles, which reflected in the resulting adhesion
value. The microhardness and adhesion strength of the Ti/TiC composite
coating bond were in correlation with the microstructure of the deposited
layers.

The coating microstructure is lamellar with uniformly distributed
lamellae of the basic Ti coating composed of § and a modifications and
longitudinal lamellae of Ti cubic carbide. At the interlamellar surfaces,
there is a share of micropores of 2.7%. Through the coating layers, the
segregation of the TiC carbide phase in the Ti base is not observed,
which enables uniform wear of the coating in exploitation.

The vacuum plasma sprayed Ti/TiC composite coating has good
mechanical and structural characteristics, and the goal was to produce a
coating of increased resistance to wear and corrosion for its application
in biomedicine to modify the surface of parts of biomedical implants.
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XAPAKTEPUNCTUKN KOMMNO3NTHOIO MNMOKPbLITUA VPS-TI/TiC,
HAHECEHHOIO BO34YLUHO-MNASMEHHbBLIM HAMBITEHVEM

Muxauno P. Mpaak
LleHTp uccneposanun un passutusa A.O. « MMTEJT koMMyHMKaumnmy,
r. benrpag, Pecnybnuka Cepbus

OBJNIACTb: xumn4yeckme TexHomnorum
BWO CTATbW: opurmHanbHasa Hay4YHas ctatbs
A3bIK CTATbW: aHrnuickmin

Pe3swome:

B daHHOU cmambe npedcmasneHbl XapakmepucmuKu KOMMIO3UIMHO20
nokpeimusi VPS — Ti/TiC. B uenu npedomepalieHusi 8030elicmausi
OKpy>atowjel cpedbl Ha OKcudayuro MOKPLIMUS, MOPOWOK bblil HaHeCeH
nod HU3KUM QaesieHUeM C [IOMOWbi0 rasmampoHa «F4» om
npoussodumensi  «Plasma  Technik AG». Lenb Hacmoswezo
uccrniedogaHusi  3akmodanacb 8  npedomepaweHuu  pasrioxeHusi
Kybudeckozo kapbuda TiC Ha okcudel TiO2 u NiTiO3, komopbie
CHWxarom: alee3uro, npoYyHocmb cuernneHus, meepdocmb TiC u
usHococmouUKocmb  MoKpbimusi. B cmambe npusedeH  aHanus
MexaHUYeCKUX Xxapakmepucmuk u cmpykmypbl rnokpsimusi Ti/TiC e
coomeemcmeuu ¢ mpebosaHusmMu cmaHOapma Pratt & Whitney.
Mukpomeepdocme crioes rnokpbimusi buina e npedenax 750 - 837 HVO0.3,
a meepdocmb cuernieHusi MoKpbImMusi ¢ 0cHogoll cocmaesisina 84 MPa.
Mukpocmpykmypa [OKpbImusi UchbimaHa C [OMOWbBK €8emosol
mukpockonuu. Pacnpedenerue TiC e ocHoge Ti 6birio paBHOMEPHbLIM, a 8
HaHeCeHHbIX CIosiX MOKpbimusi He O6bino aghghekmos cezpezauuul.
Cmpykmypa nokpbimusi cocmoum u3 crioee mumaHa ¢ B - Tii a — Ti
modlucpukayusamu u croee Kybudeckoeo TiC. B Mukpocmpykmype
MOKPLIMUST  8bISIBNIEHO  HEbONbWOE KOUYEeCmBO Hepacrias/ieHHbIX
yacmuy, TiC, a makxkKe MUKDPOMNOPbl, KOMOpble HE 6usm Ha
meepdocmb  MOKpbImMuUs. McribimaHusi riokasarsnu, 4Ymo KOMMO3UMmHoe
nokpsimue VPS — Ti/TiC obnadaem 6na2onpusimHbiMu MexXaHu4ecKkumu
ceoticmeamu U Mukpocmpykmypod, b6razodapss KomopbiM OaHHbIU 8ud
MOKPBIMUST  MOXHO  MPUMEHSIMb 8  U320mOe/ieHUU  MeOUUUHCKUX
UMI1aHmoes.

Knoueseble crosa: MUKPOCMPYKmMypa, noKpbImus.
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KAPAKTEPUCTWKE KOMIMO3WTHE MPEBINAKE VPS - Ti/TiC
HAHETE BAKYYM MJA3MA CINPEJOM

Muxauno P. Mpaak

UcTtpaxmeadku n passojHu ueHtap UMTEJ komyHukauuje a.a., beorpag,
Peny6bnuka Cpbuja

OBNACT: xemujcke TexHomnorunje

BPCTA UJTIAHKA: opyruHanHu Hay4Hu YnaHak

JESNK YJTAHKA: eHrnecku

Caxemak:

Y pady cy npedcmasrbeHe Kapakmepucmuke KoMrio3umHe rpeenake VPS
— Ti/TiC. lpax je OeroHogaH Ha HUCKOM MPUMUCKY ria3ma nuuwimorbem
F4, cpupme Plasma Technik AG, 36oe ymuuaja okonuHe Ha okcudauujy
npaxa. Yurb je 6uo Oa ce Ha HUCKOM MPUMUCKY Cripeyu pasepad-a
KybHoe kapbuda TiC y okcude TiO, u NiTiOz Koju ymarbyjy: adxesujy,
Koxe3uoHy 4yepcmohy, mepdohy TiC u omrnopHocm ripeeriake Ha xabare.
AHarnusupaHe cy MexaHu4dke Kapakmepucmuke u cmpykmypa Ti/TiC
npeenake y cknady ca cmaHdapdom Pratt & Whitney. Mukpomepdohe
criojesa ripeeasiake burne cy y pacrioHy 00 750 do 837 HV,3, a yspcmoha
crioja usmeRy npeernake u rnodnoze umana je epedHocm 84 MPa.
Mukpocmpykmypa npeenake ucrumaHa je MEeXHUKOM C8emsioCHe
mukpockonuje. Huempubyuuja TiC y ocHosu Ti je pasHomepHa, a
OerioHosaHU criojesu dobujeHu cy 6e3 eghekama ceepezauuje. Cmpykmypa
npeernake cacmoju ce 00 crojeea mumaHa ca B — Ti u a — Ti
moducpukayujama u criojesa KybHoe TiC. Y MUKpOCMpPyKmypu Cy y Marem
Oeny npucymHe HeucmorubeHe decmuuye TiC u MUKporiope Koje Hucy
ymuyane Ha 4epcmoRy npeenake. Vicnumueara cy nokasana Oa
KomnodumHa rnipesnaka VPS — Ti/TiC uma 0obpe mexaHu4ke ocobuHe u
MUKDOCIPYKmMYypy, Koje y nommyHocmu omoayhasajy H-eHy rnpuMeHy Ha
cybecmpamuma 6UoMeOUUUHCKUX UMIIaHmama.
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