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Abstract—This article describes the influence of Mg and Sr
substitutions in the structure of pB-tricalcium phosphate and
hydroxyapatite powder targets on the deposition rate of coatings
formed via RF-magnetron sputtering and their properties. It was
revealed that even low doses of ionic substitutions in p-tricalcium
phosphate significantly affect deposition rate, morphology and
physico-chemical properties of respective coatings. Similar doses
of these substitutions in hydroxyapatite are not enough to
influence the deposition rate, but they affect coating properties.

Keywords—calcium-phosphates, radiofrequency magnetron
sputtering, ionic substitutions, thin films, implant coatings

1. INTRODUCTION

Metal implants for reconstructive surgery are usually
modified with calcium phosphate (CaP) materials to increase
their bioactivity and osteoconductivity. The most widely
spread CaP materials used for this purpose are hydroxyapatite
(HA) and B-tricalcium phosphate (TCP). Many articles are
dedicated to the influence of ionic substitutions on the
deposition rate of coatings and their physic-chemical and
mechanical properties [1, 2]. Some of them have controversial
conclusions because they were deposited under different
conditions with the use of different sputtering systems.
Moreover, the used targets were synthesized by different
methods and characterized by various amounts of
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substitutions.

In this work, we compare deposition rates and the
properties of coatings formed under similar conditions,
namely, the same sputtering system, the similar quantity of
substitutions in sputtered targets as well as the most
approximate coating deposition parameters. Respectively, the
purpose of this work is to compare the influence of Mg and Sr
substitutions in the composition of various sputtered targets
(HA, TCP) on the deposition rate.

II.  MATERIALS AND METHODS

Polished Ti (VT6) discs were used as substrates (diameter
— 10 mm, thickness — 1 mm) for deposition of the CaP
coatings by RF-magnetron sputtering of the Mg- and Sr-
substituted B-tricalcium phosphate and hydroxyapatite.
Grinding and polishing of the substrates were carried out with
the use of the “Unipol-802” machine. The deposition of the
coatings was performed by applying the upgraded universal
magnetron sputtering system “Cathode-1M”. Six CaP-based
powders were used as targets: pure hydroxyapatite (HA), Mg-
substituted ~ hydroxyapatite (Mg-HA), Sr-substituted
hydroxyapatite (Sr-HA), pure B-tricalcium phosphate (TCP),
Mg-substituted B-tricalcium phosphate (Mg-TCP) and Sr-
substituted B-tricalcium phosphate (Sr-TCP). The number of
substitutions in the composition of the sputtered targets was
similar and was equal to ~1.53wt% for Mg and Sr in HA;
1.53+0.01wt% for Mg and 3.39£0.09wt% for Sr in
TCP.Deposition processes were carried out under the
following conditions: the distance between the target and the
substrates was 40 mm; working pressure was 0.5 Pa; the
power density was 5.26 W/cm? for the HA-based targets and
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4.8 W/cm? for the TCP-based targets. Sputtering of HA-based
targets was carried out under the lower power density than
TCP-based ones because of the technical condition of the
sputtering system. In order to form the coatings with the same
thicknesses for the correct comparison of physico-chemical
properties of the coatings, the deposition time was 7 hours for
the HA-based coatings and 21 hours for the TCP-based ones.

Optical emission spectroscope HR2000+ (OceanOptics,
USA) was used to study plasma discharge content in the
wavelength range of 200-1000 nm. Coating thicknesses were
studied by contact profilometry (Talysurf-5, Taylor & Hobson,
UK). For this purpose, the polished Si sample was covered with
Al foil to make a “step”. Atomic force microscopy (Solver-HV,
NT-MDT, Russia) was used to study the coating morphology.
Obtained images were processed by applying the program
(Nova SPM software, NT-MDT, Russia). The elemental
composition of the coatings was measured by applying the
energy dispersive spectroscopy method (JSM-5900LV, JEOL
Ltd., Japan) at a low vacuum and an accelerating voltage of 10
kV. X-ray diffraction (XRD-6000, Shimadzu, Japan) method
with the CuKo radiation at a right angle was used to measure
the phase composition of the samples under study. The
roentgenograms were analyzed with the use of PDF 4+
databases and the POWDER CELL 2.4 full-profile analysis
program. The surface free energy (SFE) and its polar and
dispersion components were calculated by the OWRK method
from the water, glycerol, and dimethylformamide contact
angles. The volume of each drop was 3 ml. The statistical
reliability of the results was estimated using a one-way analysis
of variance and the Mann-Whitney U-test (Statistica 7.0,
StatSoft, USA).

II1.

Optical plasma spectra study revealed that plasma
discharges are represented with working gas ions (Ar) and
atomic (Ca, P and O) and molecular (CaO, PO, OH, H-O,
CaOH) particles of sputtered targets (Fig. 1). Spectra
corresponding to the sputtering of HA-based targets are
characterized with the higher intensity of target particles peaks
in comparison with TCP-based spectra. HA, Mg-HA and Sr-
HA spectra contain an intensive peak corresponding to Ho.
Presence of molecular hydrogen is explained by hydroxyapatite
decomposition, while B-tricalcium phosphate doesn’t contain
hydrogen, so the spectra obtained while sputtering of TCP, Mg-
TCP and Sr-TCP don’t have this peak. CaO and PO are the
most intensive peaks among ones corresponding to target
particles. Plasma compositions are represented by
predominantly oxygen-containing particles. Chemical bonds in
oxygen-containing particles are strong: oxygen is the second
most active oxidizing agent after fluorine. For example, the
energy of Ca—Ca chemical bond is 0.16 eV, while the Ca—O
bond energy is 4.9 eV [3].

RESULTS AND DISCUSSION

According to our study of deposition rates of coatings
formed by sputtering of TCP powder targets [4], it can be
assumed that the used concentration of Mg and Sr ionic
substitutions into TCP target significantly affect deposition rate
(Table I). At the same time, similar concentrations of these
substitutions in HA target don’t cause statistically reliable
differences in the deposition rate of coatings. This phenomenon
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can be explained by the difference in the crystal lattice of HA
and TCP. In the works [4, 5], computer modeling of the crystal
lattices of TCP and HA is given. The significance of ionic
substitutions effect on the lattice is proved by the experimental
study of ionic yield into 0.9 wt.% NaCl solution. Sr
substitutions increase the ionic yield of lattice elements, while
Mg ones decrease this parameter. Ozeki et. al. [6] claim that the
deposition rate of CaPs depends on lattice energy, which is also
connected with their solubility. According to our experimental
results, the amount of Mg substitutions in Mg-HA was not
enough to cause a change in these parameters. This suggestion
is proved by [7], where there was revealed no significant
differences in lattice parameters of pure HA and Mg-
substituted HA. The amount of Mg substitutions was 1%,
which was close to the group Mg-HA studied in this work. It
seems that incorporation of Sr into TCP causes larger changes
in lattice parameters than into HA one because HA contains a
larger cation site compared to TCP [8].

This assumption explains why a similar amount of Sr in
TCP and HA increases the deposition rate of TCP-based
coatings and doesn’t affect the deposition rate of HA-based
ones.

The initial Ti substrate is characterized by the presence of
shallow traces caused by grinding and polishing (Fig. 2a).
Coatings formed by sputtering of HA target are characterized
by spherical grains with an area of 0.010 um2 (Fig. 2b). There
are small grains of 0.005 um2 on the surface of CaP coating
formed by the sputtering of Mg-HA (Fig. 2c). The coating
formed by sputtering of the Sr-HA (Fig. 2d) target is
characterized by complex shape agglomerates consisting of
grains with an area of 0.018 um2. There was revealed no
structural elements on the surface of coatings formed by
sputtering of TCP (Fig. le). Ion substituted TCP-based coatings
are represented with grains of 0.017 ym2 and 0.001 pm2 for
Mg-TCP (Fig. 2f) and Sr-TCP (Fig. 2g), respectively.

TABLE I. THICKNESSES AND DEPOSITION RATES OF COATINGS FORMED BY
RF-MAGNETRON SPUTTERING OF TCP AND HA-BASED POWDER TARGETS.

Sample Thickness, nm Deposition rate, nm/h
TCP 630+19 30+1
Mg-TCP 560+16 27+1
Sr-TCP 990+30 47+1
HA 1045+5 149+1
Mg-HA 912+ 114 130+16
Sr-HA 873 +80 125+11

All the coatings under study are characterized by a lower
content of oxygen in comparison with respective targets
(Table II). It is caused by the scattering of this element on the
way from target to substrate. It is interesting to note that the
amount of Mg and Sr in the coatings formed by the sputtering
of ion-substituted TCP is higher than in targets. There is no
significant difference between HA-based targets and coatings.
TCP-based targets have a lower value of Ca/P ratio in
comparison with respective coatings, while HA-based ones
have the opposite trend. Mg substitutions decrease the Ca/P
ratio in TCP-based coatings, while Sr substitutions increase this
parameter. Ca/P of HA-based coatings doesn’t depend on the
presence of Mg and Sr substitutions.
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Fig. 1. Optical emission spectra of plasma discharges obtained during the sputtering of HA-based (a) and TCP-based targets (b).
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Fig. 2. AFM-images of the initial substrate (a), the coating formed by sputtering of pure HA (b), the coatings formed by sputtering of Mg- and Sr-substituted HA
(c and d, respectively), the coating formed by sputtering of pure TCP (e), the coatings formed by sputtering of Mg- and Sr-substituted TCP (f and g, respectively).

TABLE II. ELEMENTAL COMPOSITION OF THE POWDER TARGETS AND THE COATINGS, AT.%.

Sample Ca P [0) Mg Sr Ti Al Ca/P
Ti control - - - - - 90.27+0.42 9.73+0.42 -

TCP powder 16.00+0.00 13.2+0.03 70.26+0.07 0.32+0.03 0.22+0.01 - 1.2140.01

TCP coating 36.69+2.15 17.36+2.72 45.96+4.84 - - - - 2.14+0.22
Mg-TCP powder 15.15+0.05* 13.14+0.02* 70.12+0.05* 1.384+0.00* 0.21+0.01 - - 1.15+0.01*

Mg-TCP coating 32.65+1.77+ 18.35+2.68 44.64+4.05 435+0.51F - - - 1.80+0.17
Sr-TCP powder 16.23+0.02* 12.52+0.03* 70.27+0.07 0.11+0.01* 0.87+0.02* - - 1.30+0.01*

Sr-TCP coating 35.81+7.37 12.76+3.10 48.91+7.70 - 252+ 1.67F - - 2.94+0.85

HA powder 13.80+0.24 8.65+0.49 77.54+0.70 - - - - 1.60+0.07

HA coating 15.98+0.07 12.12+0.06 69.50+0.16 - - 2.2240.12 0.18+0.03 1.32+0.01
Mg-HA powder 11.85+0.40%* 9.02+0.31 78.20+0.04 0.93+0.13* - - - 1.32+0.09*
Mg-HA coating 14.02+0.75+ 12.18+0.68 71.30+1.75% 1.3540.45+ - 0.80+0.05F 0.35+0.13F 1.15+£0.01F
Sr-HA powder 11.504+0.39* 8.64+0.12 79.38+0.47%* - ~0.47* - - 1.3340.04*
Sr-HA coating 14.49+0.09+ 12.41+0.08F 70.38+0.471 — 0.46+0.02} 2.10+0.48 0.17+0.05 1.17+0.01F

* significant difference between pure and substituted powders (p<0.05);
T significant difference between pure and substituted coatings (p<0.05).

The XRD-study of powder targets (not shown in the paper)
revealed that spectra corresponding to ion substituted TCP-
based are characterized with a slight shift of characteristic
peaks (0.19+0.03° to higher angles for Mg-TCP and
0.06+£0.03° to lower ones), which indicates successful
incorporation of substitutions into the lattice [4]. The Sr-TCP
spectrum contains a small HA peak. Mg and Sr substitutions

Authorized licensed use limited to: Tomsk State University. Downloaded

decrease characteristic peaks on 0.33+0.04° and 0.21+0.04°,
respectively. Mg also causes the appearance of peaks
corresponding to whitlockite (Caz.s50Mgo.41(PO4)2). According to
XRD-spectra of coatings, Mg and Sr substitutions decrease the
crystallinity of coating formed by sputtering of ion-substituted
TCP- and HA-based coatings. Crystalline orientation (002) is
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the most energetically beneficial in comparison with other ones
for all the coatings under study [9].

IV. CONCLUSION

A comparison of CaP coatings formed by RF-magnetron
sputtering of TCP- and HA-based targets was carried out. Mg
and Sr substitutions significantly affect the deposition rate of
TCP-based coatings, however, the same amount of these
substitutions don’t influence this parameter of TCP-based
coatings. Nevertheless, Mg and Sr substitutions in the structure
of TCP- and HA-based coatings affect their morphology and
physic-chemical properties. Mg substitutions decrease the Ca/P
ratio of TCP-based coatings, Sr ones increase this parameter.
Both substitutions decrease the crystallinity of all the coatings
under study.

ACKNOWLEDGMENT

This work was supported by the Tomsk Polytechnic
University Competitiveness Enhancement Program project
VIU-School of Nuclear Science and Engineering-204/2019 and
in part of magnetron sputtering of HA targets is the
continuation of the RFBR project No. 13-08-98052 r_sibir_a.
The study of materials spectral characteristics in the infrared
region was supported by the by the Ministry of Science and
Higher Education of the Russian Federation (budget funds for
IOA SB RAS).

567

(1]

(2]

[3]
(4]

[3]

(6]

(7]

(8]

(9]

REFERENCES

A. R. Boyd, L. Rutledge, L. D. Randolph, and B. J. Meenan,
“Strontium-substituted hydroxyapatite coatings deposited via a co-
deposition sputter technique,” Mater. Sci. Eng. C, vol. 46, pp. 290-300,
Jan. 2015.

G. Graziani, M. Bianchi, E. Sassoni, A. Russo, and M. Marcacci, “lon-
substituted calcium phosphate coatings deposited by plasma-assisted
techniques: A review,” Mater. Sci. Eng. C, vol. 74, pp. 219-229, 2016.

L. Torrisi and G. Foti, “KeV ion sputtering of hydroxyapatite,” Appl.
Phys. Lett., vol. 62, no. 3, pp. 237-239, 1993.

A. L. Kozelskaya et al., “Radio frequency magnetron sputtering of Sr-
and Mg-substituted P-tricalcium phosphate:  Analysis of the
physicochemical properties and deposition rate of coatings,” Appl. Surf.
Sci., vol. 509, p. 144763, 2020.

F. Ren, Y. Leng, R. Xin, and X. Ge, “Synthesis , characterization and
ab initio simulation of magnesium-substituted hydroxyapatite,” Acta
Biomater., vol. 6, no. 7, pp. 2787-2796, 2010.

K. Ozeki, Y. Fukui, and H. Aoki, “Influence of the calcium phosphate
content of the target on the phase composition and deposition rate of
sputtered films,” Appl. Surf. Sci., vol. 253, no. 11, pp. 5040-5044, Mar.
2007.

V. Aina, G. Lusvardi, B. Annaz, and 1. R. Gibson, “Magnesium- and
strontium-co-substituted hydroxyapatite : the effects of doped-ions on
the structure and chemico-physical properties,” J. Mater. Sci.: Matrer.
Med., vol. 23, pp. 28672879, July 2012.

H. Ryu and J. Lee, “Variations of structure and composition in
magnesium incorporated hydroxyapatite/b-tricalcium phosphate,” J.
Mater. Res., vol. 21, no. 2, pp. 428-436, 2006.

M. R. T. Filgueiras, D. Mkhonto, and N. H. de Leeuw, “Computer

simulations of the adsorption of citric acid at hydroxyapatite surfaces,”
J. Cryst. Growth, vol. 294, no. 1, pp. 60—-68, Aug. 2006.

Authorized licensed use limited to: Tomsk State University. Downloaded on February 28,2021 at 13:49:53 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>

    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /RUS <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




