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ADHESION PROPERTIES OF CALCIUM PHOSPHATE COATINGS ON TITANIUM

Abstract: Biocompatible calcium phosphate coatings were obtained by high-frequency magnetron sputtering method on the titanium
substrate of VT1-0 brand at a high-frequency plasma power of 200 W and a different sputtering time. The results of Auger spectroscopy
study of the elemental concentrations of profiles along the depth of the obtained calcium phosphate films are presented. X-ray phase
analysis results allowed to determine the detailed structure and phase composition of calcium phosphate coatings formed as a result of
plasma-chemical reactions on a titanium substrate are presented. It was found that the diffraction peaks corresponding to hydroxyapatite
shift toward larger angles and the magnitude of the interplanar spacing decreases, which is due to the process of formation of tri-calcium
phosphate and titanium oxide. The data of sclerometric studies (scratch test) on the adhesion strength of the formed coatings to the
substrate are given at different film thicknesses equal to 0.09 ym, 0.72 ym and 1.6 pym. According to the sclerometry data, films with a
smaller thickness (0.09 um) undergo degradation at much lower values of the load than samples with a higher thickness (0.72 and 1.6 pm).
This is explained by the fact that films with a larger thickness have stronger adhesion and cohesive resistance. Thus, with an increase of
the thickness of the calcium phosphate coating up to 1.6 um, there is a significant improvement in adhesion characteristics.
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Introduction. Calcium phosphate (CP) compounds
containing hydroxyapatite (HA) today are the most
popular and implemented in medical applications,
such as the manufacture of cement for regenerative
surgery [1] or forming biocompatible coatings [2-4].
A number of methods have been developed to create
coatings for HA on metal implants. Those already
have commercial applications: plasma deposition
[3], microarc oxidation [5] and methods based
on crystallization coatings of different solutions
[6], the method of detonation-gas spraying [7],
electrochemical deposition, sol-gel dip coating [8],
etc. Each technique has its own scope and certain
limitations [9].

First of all, the coating must have a high adhesion
to the substrate to ensure its high practicality. On
medical implants with weakly-adhesive coatings,
delamination can occur, which in turn significantly
limits the effectiveness of the implant [10].

In accordance with current researches, the use
of the magnetron sputtering method provides a high
adhesion strength between the substrate and the
coating. Under optimal experimental conditions,
the coatings are close in stoichiometric composition
to the composition of the initial target. High-
frequency magnetron sputtering method (HFMS) is

the most flexible, as it allows to vary the elemental
composition of the coating by varying either the
composition of the initial target for sputtering
or deposition parameters (discharge power, the
working gas, and others.) [11].

One of the most important features of
biocompatible coatings is their resisting power.
A scratch test method [12] is used to assess the
adhesion strength of coatings and their physico-
mechanical properties. The scratch test method is
a simple, semi-quantitative method which can be
applicable in measuring the adhesion strength of
various coating-substrate systems. It consists of
application of a normal load on the sample surface
through the indenter, which moves along the
surface of the sample at a constant speed [13]. The
sclerometry method allows to reveal a threshold
load on the coating at which the film breaks down
and detaches from the substrate. Figure 1 shows
the adhesion strength values of the HA coatings on
Ti-6Al1-4V using various production techniques.

Coatings obtained by magnetron sputtering have
the highest adhesion to the substrate as compared
to other methods. This is due to the possibility of
combining the cleaning of the substrate surface by
ion bombardment followed by sputtering [15, 16].
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Figure 1 - Comparison of adhesion properties of coating obtained
by different application methods [14]

The preliminary preparation of the substrate
surface prior to deposition is important for high
adhesion, since its purity determines the level
of chemical bonding at the coating-substrate
interface. In addition, the surface relief (roughness)
greatly affects the strength of the adhesion of the
bone tissue to the implant. This, in turn, creates the
necessary conditions for germination of the cells of
biostructures into cavities of various shapes with
the formation of a strong connection between the
implant and the tissue [17, 18]. In [19], coatings
obtained by microarc oxidation were investigated,
their structure, and morphology were studied. A
high value of the roughness parameter, Ra, was
noted. Also, in [20], the authors investigated the
effect of heat treatment of biocomposites on their
structure, morphology and, in particular, adhesion
properties. To determine the scratch resistance
and the mechanism of destruction of the CP films,
a scratch test was carried out with an increasing
load of 0.9 to 5 N. It was found that the coatings
obtained had high wear resistance and adhesion
characteristics, as well as low elasticity moduli
and friction coefficient. CP coatings with high
adhesion and cohesive properties, wear resistance
are promising thin-film materials in medicine.

Thus, in order to reveal the adhesive properties
of our samples, calcium phosphate coatings of
different thicknesses on a titanium substrate were
obtained by the authors. For rapid germination
(ostiointegration), it is necessary to have a
structure with a developed surface, which has high
adhesion and cohesive properties, wear resistance.
Proceeding from this, the aim of the work was to
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study the adhesion properties of calcium phosphate
coatings on a titanium substrate of grade T1-0,
formed with the help of plasma of high-frequency
magnetron discharge.

Experimental part. Research methods and
materials. For the application of CP coatings, an
upgraded installation were used, defined as a vacuum
universal post with a magnetron source VUP-5M.
The operating frequency of the high-frequency
(HF) generator is equal to 5.28MHz. The following
sputtering coating modes were used: the working
pressure in the chamber after the argon inlet was 0.1
Pa, the distance between the target and the substrate
was 40 mm, the sputtering time, depending on the
required thickness, was 10, 80, 190 min.

Prior to the deposition process, the pressure in
the reaction vacuum chamber was reduced to a value
of 9 « 10~ Pa. The substrate was heated to 900 °C.
Further, an ultra high purity argon was fed into the
chamber until the working pressure of 0.1 Pa was
reached and stabilized in the chamber. The residual
pressure was monitored automatically using the
RGG-3 gas flow regulator system with an accuracy
of = 0.1 Pa. After reaching the required pressure, the
power supplies of the heater and the power supply
of the high-frequency generator were switched on,
and in the working volume of the vacuum chamber a
high-frequency plasma was ignited between the target
and the substrate in the argon gas atmosphere. Then
a magnetron was connected at a radiation power of
the generator of 200 W, and due to plasma-chemical
reactions on the titanium substrate a coating was
deposited.

Titanium plates of VT1-0 brand with chemical
composition in%: Fe-0.25, Si-0.1, Ti-99.7, 0-0.2 were
used as substrates. A disk with 120 mm in diameter
target from a pressed powdered HA functioned as a
target. The dispersion of the HA particles was equal
to <63 pm.

The profiles study of the basic elements
concentration in the depth of the obtained CP films
was carried out by the Auger spectroscopy method
using a Skhuna-2 device (NPO Electron, Russia).
Adhesive properties of CP coatings were measured
using a Revetest scratch tester (CSM Instruments,
Switzerland). The studies were carried out in the
Laboratory of Nanostructural Biocomposite Physics
at the Tomsk Polytechnic University.

The phase composition study of the samples
was carried out using the diffractometer DS
Advance (Bruker, USA) at the National Scientific
Laboratory for Collective Use in the Priority
Direction of “Technologies of the Hydrocarbon
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and Mining and Metallurgical Sectors and Related
Service Industries” of the Institute of Metallurgy
and Ore Beneficiation. Radiographs were obtained
using copper radiation (A = 1.5406 A) in a digital
form. The processing of X-rays to determine the
angular position and intensity of the reflexes was
carried out by the program Origin Pro 8.1. During
the phase analysis the PCPDFWIN program with
the PDF-2 diffractometric data base were used.

Results and discussion. The main structural
elements of the hydroxyapatite sputtered target
such as calcium, phosphorus, oxygen, and also
titanium (substrate) can be found on Auger spectra
of CP coatings with a thickness of 0.72 um. As can
be seen in the Figure 2, the elements are equally
distributed over the depth of the film and completely
cover the substrate. In the contact area between the
film and sample surface, the profile overlapping of
the coating and substrate elements can be observed,
which shows the formation of chemical connection
of the film with the substrate and provides good
adhesion.
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Figure 2 — The main elements concentration profiles along the
thickness of CP coatings formed by the HFMS method within
80 min (thickness - 0.72 pym).

On the diffractogram (Figure 3) there
are reflections from the (002), (211),
(310), (213) planes corresponding to
hydroxyapatite (JCPDS # 09-0432),
Ti (200), (101) (JCPDS # 44 -1294), calcium
oxide (220) (JCPDS # 77-2376) and titanium
oxide (213) (JCPDS # 21-1272). The X-ray
diffraction pattern of the target HA and the
obtained coating shows the presence of the peaks
Ca (PO, ,(OH),, Ti, CaO, TiO, u B-Ca,(PO,),.
The diffraction lines corresponding to the HA
are shifted toward larger angles, and accordingly

the value of the interplanar distances decreases,
which is apparently due to the formation of
tricalcium phosphate and titanium oxide.
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Figure 3 - X-ray patterns of HA target and synthesized CP
coatings (thickness- 1.6 pm).

Adhesion of the resulting CP coating was
measured by sclerometry method. The parameters of
the scratch test were as follows: the maximum load
was 2 N, the rate of change of the normal loading on
the sample was 2 N/min, the speed of the indenter was
7 mm/min, the scratch length was 7 mm, and the tip
curvature was 20 pm.

Adhesive properties were measured on coatings
with thicknesses of 0.09 um, 0.72 um and 1.6 um.
Figures 4-7 show the measurements of acoustic
emission (AE) and the coefficient of resistance (CR)
obtained during the coating scratch test. By changing
the curves of the dependence of the CR and AE on
the load on the indenter, the critical values that
characterize the plastic indentation of the indenter
into the substrate with peeling of the coating are
fixed. These results were monitored using the built-in
optical microscope Revetest.

Figure 4 shows the dependence of the change in the
CR and the signal AE, which arise when indenter is
pressed into the coating. The parameters of the sample
are as follows: the sputtering time of the HA is 10
minutes, the thickness of the formed coating is 0.09 um.
The destruction of the CP coating begins when the
intensity of the indenter is 0.27 N, as shown in Figure
4a. In this case, there is a sharp increase in both AE
and CR, which confirms the beginning of the process
of destruction of the coating. The microphotographs
of the coating surface show traces of scratches when
the intensity of the indenter loading is 0.08 N and
0.27 N (Figures 4b and 4c, respectively).
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Figure 4 - Change in CR and AE signal with increasing applied
load for CP coatings (4a) and coating microphotography under
load F = 0.08 N (4b) and F = 0.27 N (4c)
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Figure 5 - Change in CR, AE signal (5a) with increasing
applied load for CP coatings and surface microphotography under
load F = 0.85 N (5b) and F = 1.65 N (5c).

Figure 5 shows the dependencies of the CR and
AE on one of the three scratch tests performed for
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a sample with a coating thickness of 0.72 um (the
sputtering time is 80 minutes). The presence of the
first minor changes in the amplitude of the AE is due
to the parameters of the surface roughness. As the
loading force increases, the coating degrades, but
with further displacement of the indenter, there are
no visible signs of destruction of the coating, both in
the scratching zone and along its edges (Figure 5).
This indicates a high cohesive and adhesion strength
of CP coatings formed by the method of HFMS.
The destruction of the CP coverage area at a load
of 0.85 N is shown in a micrograph (Figure 5b).
However, figure 5c confirms that individual areas
of coating of CP on titanium have high adhesion.

To analyze the adhesion properties of the surface
of the CP, scratch tests were performed at different
sites. It should be noted that one of the three scratches
made on a CP coating with a thickness of 0.72 pm
did not lead to the destruction of the coating at a load
of 2 N. On the microphotography of the scratch, the
deformation front is noticeable in the form of waves
of forward needles. At a maximum load of 2 N, at
the end of the scratch, “bulk” is observed, which
indicates a high plasticity of the coating (Figure 6c)
[12]. There are no swelling of the surface near the
scratch, which indicates a high value of adhesion.
From the data presented on the graph of AE and CR
dependences (Figures 6a and 6b) on the loading force,
it is determined that the load at 1.8 N corresponds to
the beginning of the surface destruction. In addition,
the scratch test showed that further loading did
not lead to the destruction of the coating, which is
clearly seen in the micrograph (Figure 6c¢). This high
adhesion strength is achieved through the formation
of chemical bonds between the coating elements and
the substrate at the interface.

In the case of a coating with a thickness of
1.6 um, the nature of the coating damage was
significantly different from the thin coatings of
the CP (0.72 and 0.09 pum). Scratch test of this
sample showed the formation of splits and chips
along the scratching at a load of already 0.54 N
(Figure 7b). The increase in the load leads
to a change in the CR and the amplitude
of the AE (Figure 7a). With a loading
force of 0.81 N, the indenter pushes the
coating, which is observed on a micrograph
(Figure 7c¢). The beginning of the destruction
of the film was fixed at a load value of 0.81 N
(Figure 7a). Analysis of literature data showed
that the adhesion strength of coatings with a
thickness of up to 1.6 um is greater than 40 MPa
[21].
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Figure 6 - Change in CR, AE signal (6a, 6b) with increasing
applied load on the CP coating and surface microphotography
under load F =2 N (6¢)

The reason for the high adhesion strength is most
likely a thin oxide layer of TiO,, which promotes
the formation of a strong covalent bond between the
substrate and the coating [22], and also correlates well
with X-ray phase analysis data (Figure 3). In addition,
this is confirmed by the fact that even with the force
of the load on the CP coating in 2 N, there was no
destruction.

Thus, sclerometry data suggest that films with a
smaller thickness (0.09 pm) undergo disruption at
significantly lower load values than samples with a
higher thickness (0.72 and 1.6 pum). This is explained by
the fact that films with a thickness of 0.72 and 1.6 pm
have higher strength adhesion and cohesive resistance.
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Figure 7 - Dependences of AE and CR (7a) CP coatings with a
thickness of 1.6 um and surface micrographs at a load of
F=0.54 N (7b) and F = 0.81 N (7c)

Conclusions. Through the use of high-frequency
magnetron sputtering, thin calcium phosphate
coatings with high substrate adhesion were formed.
Analysis of the experimental results obtained in the
study of the structure and adhesion properties of
CP coatings of different thicknesses: 0.09 pum, 0.72
pum and 1.6 pm showed that with an increase in the
thickness of calcium phosphate coatings up to 1.6 pm,
adhesion properties improve. Films with a thickness
of 0.72 and 1.6 pm had rather strong adhesion and
cohesive resistance. Thus, as a result of the research,
optimal experimental regimes and parameters were
determined for obtaining qualitative CP coatings.
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TYWHOEME

Xofapbl KMINiKTi MarHeTpoHAbIK To3aHAaHablpy aaiciveH 200 BT nnasma KyaTbIMeH >keHe opTypni To3aH4aHAbIpY YakbITbl

apanbifbiHaa BT1-0 mapkanel TuTaH 6eTiHe 6uoyinecimai kanbumii-oocdatTblK xxabbiHAbINap ansiHabl. Oxe CnekTpockonusichl agicimeH
Kanbuuii-pocdaTTblK KabblHAbINAPAbIH TEPEHAIriHeH anblHFaH aMeMeHTTep KOHUEeHpaUMsiChiHbIH NPodunb HaTMXKenepi KepCceTinreH.
MarHeTpoHAblK Mnasmaga anbiHFaH Karnbumin-pocdatTblk xabblHabinapablH dasanblk Kypambl MeH KypbinbiMbl peHTreHgasanblk
aHanusi apkbinbl cunattanfaH. [A Tuecini gndpakumoHablK LWbiHAAPAbIH, YAKEH LWbIHAAP aiMarblHa biFbiCaTbiHbl Gankanabl, OHbIH
cebebi TpukanbuundocdaT NeH TUTaH OKCUAIHIH KypbinyblHaH ekeHi aHnbikTanabl. Kaneivaeirsl 0.09 Mkm, 0.72 Mkm 1 1.6 Mkm 6onatbiH
XabblHAbINapFa CKNepoMeTpusnbIK 3epTTeyrnep XyprisinreH. Kanbumin-chocdatTbik KabblHAbINapabiH, KanbiHabiFbl 1.6 MKM LuamacbkiHa
OeWniH ynKenreH canblH afresvsanblk KAaCMETTEPIHIH, XakcapaTbiHbl aHbIKTanabl.

TyuiHai cespep: kanbUuii-ocdaTTbik KabblHAbI, XOFapbl XWiNiKTi MarHETPOHAbIK TO3aHAaHAbIPY, MHAEHTOP, aKyCTUKarblk SMUCCUS,
yVikeny koadULMeHTi

PE3IOME

BrocoBmecTumMble  KanbLmii-chocdaTHble MOKPBITUS MOMyYeHbl METOAOM BbICOKOYACTOTHOrO MAarHeTPOHHOTO pachbifieHnst Ha
NoAnoXke 13 TuTaHa mapku BT1-0 npu MoLHOCTM BbicOko4acToTHOM nna3mbl 200 BT 1 pa3nuyHom BpeMeHu HanbineHus. [NpeacrtasneHbl
pe3ynbTaTthl UccrnefoBaHWn Npogunen KOHLEHTPaLMI 3r1EMEHTOB MO MybByHe NonyYeHHbIX Kanbumin-gocdaTtHbIX nneHok metogom Oxe
cnekTpockonuu. MNprBeaeHbl pesynbTraTbl UCCrieAoBaHW METOAOM PEHTIEHO(a30BOro aHanmn3aa, KoTopbI MO3BONWM AeTanbHO onpeaenvTb
CTPYKTYPY 1 (ha3oBhbI COCTaB KanbLUui-pocaTHbIX MOKPbITUA, 06pasylomnxcs BCNeACTBME NNa3MOXMMUYECKUX peakuuii Ha TUTaHOBOM
noanoxke. bbino ycraHoBneHo, 4To AN pakLMOHHbIE NMKK, COOTBETCTBYIOLLME rMAPOKCHaNaTUTY, CMELLATCA B CTOPOHY 6OMbLUKX YroB,
a BenuuMHa MEeXMNIOCKOCTHbIX PaCCTOSHWIA YMeHbLUaeTCs, YTO CBA3aHO C MnpoueccoM obpasoBaHusi Tpukanbuuidocdata u okevraa
TuTaHa. lMpuBeaeHbl JaHHbIe CKNepoOMEeTPUYECcKNX uccriegoBaHuii (scratch test) Ha npoyHoCTh cuenneHns cchopMUPOBaHHBIX MOKPBITUI C
NOAMOXKON NPY pasHbiX 3HAYEHUAX TOMNLWUHBI NNEHOK, paBHbiX 0.09 Mkm, 0.72 MkM 1 1.6 MkM. CornacHoO AaHHbIM CKIEPOMETPUN, MAEHKN
C MeHbLen TonwmHon (0.09 MKM) npeTepneBatoT paspyLleHVe Npu 3HadYMTenbHO 6onee HU3KMX 3HaYeHUsX Harpysku, Yem obpasupl ¢
bonee BbICOKMM nokasartenem TonwmHbl (0.72 1 1.6 Mkm). OTo oObsACHSAETCA Tem, 4YTO MreHkM ¢ bonbluel TomnwmHon obnapatT bonee
NMPOYHON afreanein N KoreanoHHbIM COMpoTMBIEeHNeM. Takum o6pa3oMm, C yBenmyeHneM TOMLWUHbLI KanbLuii-gocdaTHOro NoKpbITUS A0
3HaYeHU 1.6 MKM NPOUCXOANT 3HAYUTENbHOE YNyyLlleHUe aare3noHHbIX XapakTepPUCTUK.

KnioueBble cnosa: KaﬂbLWIIZ-qI)OCCbaTHOG NOKPbITUE, BbICOKOYACTOTHOE MarHeTpoHHOe pachnblflieHne, MHOEHTOpP, aKycTuyeckas
amMuccus, KOC-)d)CbVILI,I/IeHT TPEeHUA, TUTaHOBaA NoANOXKa
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