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Structure of magnetron hydroxyapatite films
with small stoichiometry deviation
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Phase composition, coherence lengths and micro-strain level in hydroxyapatite films
with controlled deviation from stoichiometry (Ca/P = 1.67) were measured by methods of
X-ray diffraction and X-ray fluorescent analysis. It was established that at Ca/P =
1.620.03, hydroxyapatite layers with thickness 2+5 um on the niobium substrates were
practically single-phase but differed by the coherence lengths and micro-strain levels for
different crystallographic directions: the coherence length along [001] was commensurable
with the film thickness and much exceeded the values for [101] and [111] directions. The
micro-strain level € for [001] direction reached (1.3+1.7)-1072 being by an order higher
than for [101] and [111] directions. That testifies constrained growth conditions along
[001] with the high homogeneity of the lattice period of the hydroxyapatite film.

Keywords: hydroxyapatite coating, chemical composition, phase composition, substruc-
ture, micro-strain.

MeTomamMu pPEeHTIEeHOCTPYKTYPHOI'O M PEHTIEeHO(MIYOPECIeHTHOTO aHAaJIM3a olpeaesieH da-
B0BBIII COCTaB, pasMepbl 00JlacTeil KOePEeHTHOI'0 paccesiHuA 1 yPOBEeHb MUkKpoxzedopmanuy B
IUIEHKAX I'HAPOKCHUAIIATUTA € KOHTPOJMPYEMBIM OTKJOHeHuMeM or crexuomerpumn (Ca/P =
1,67). Veranosaeno, uro npu coornomenuu Ca/P = 1,67+0,03 ciou rugpokcruamaTUTa TOJ-
MUHOM 2—5 MKM Ha IIOJJIOMKAX N3 HUOOHSA INPAKTHYECKH ONHO(MA3HBIE, HO PA3JHUYAIOTCA II0
pasmepy ofbJacTell KOrepeHTHOTO PAaCCeAHUA U YPOBHIO MUKpoAedOpMAaIUU B PAaBIMYHBIX
Kpucrasnorpad@uuecKux HAIPaBJEHUSX: pasMep O0.K.p. Bmoab Hamnpasiaenus [001] cousme-
PUM C TOJIMMHOU MJEHKW X HAMHOI'O IIPEBBIIIAET TaKOBOI misa Hampasienwmit [101] m [111].
Vposenb Mukpogedopmanuy € niasa Haapasiexus [001] goeruraer (1,3-1,7)-1073 u Ha mops-
JOK IIpeBLINIaeT BeJNYUHy € B HampaBaeHunax [101] u [111]. 9To cBUAETENBCTBYET O CTECHEH-
HBIX YCJOBUAX pocTa BRoaL [001] mpu BBICOKOH OZHODPOTHOCTM TEPUOAA PeIIeTKU TJIeHKU
TUAPOKCUATIATUTA.

CTpykTypa MATHETPOHHHUX TiIPOKCHATIATUTHUX ILTIBOK 3 MaJUM BigXujeHHAM Big cre-
xiomerpii.l.P.Muxaiinos, B.B.Cmapiros, O.A.Bamypin.

MeTomaMu pPEHTTEHOCTPYKTYPHOTO M DPEHTTeHOMIYOPeCIleHTHOTO aHaaizy BU3HAUeHO (da-
30BUIl CKJajg, posMipm obsacTell KOTepeHTHOTO po3citoBaHHA i piBenb Mikpomedopwmarii B
ILIIBKAX IiAPOKCHAIIATUTY 3 KOHTPOJIbOBAHUM BigxuimeHHsawm Bix crexiomerpii (Ca/P = 1.67).
Beranosaeno, mo npu crissizmomenni Ca/P = 1,6740,03 mapu rigpoxcmamnaTury TOBIIU-
HOI0 2—5 MKM Ha TiKJIaAKax 3 Hiob6i0 mpakTuuHo oxHodasHi, ajle PIBHATHCA MO PO3Mipy
obJjacTeil KorepeHTHOTO poacitoBamusa ¥ piBHio Mikpomedopmarii y pisaux Kpwmcramorpadiu-
HUX HATIPAMKAaX: PO3Mip o.K.p. y3a0B:xK Hanpamiky [001] cymipuuit 3 TOBIMMHOIO TaiBKK
HabaraTo TepeBUITye Takuii Ana Hanmpamkis [101] i [111]. Pisens mikpogedopmarnii € musa
manpsamry [001] gocsarae (1,8-1,7)-1073 i Ha TOPALOK IEPEBUIINYE BeJNUMHY £ y HANPAMKAX
[101] i [111]. Ile cBiguuTs mpo cTucHeHi ymoBH pocty y3goBk [001] mpu Bucokiit oxmo-
pizHOCTi mepiony rpaTKuM MJIIBKM TifApPOKCHATIATUTY.
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1. Introduction

Materials based on hydroxyapatite
Cag(PO,4)6(OH), are widely applied in medi-
cine as coatings of metal implants [1] be-
cause there chemical and phase composi-
tions are close to that of bone tissue by
mineral components.

It is obviously that none of known coat-
ing deposition methods can provide abso-
lutely homogeneous by composition and
structure layers of the multi-component
compounds. Small contents of extraneous
phases in the coatings can result in pitting
corrosion. Sometimes, such phase inhomo-
geneities are necessary to be created deliber-
ately for increasing the solubility, biore-
sorption and osteoinduction of the hy-
droxyapatite coatings because pure
hydroxyapatite has low bioresorption speed
and weak stimulating influence on the
growth of new bone tissue because of its
extremely low solubility [2, 3].

Taking into consideration the importance
of the structural and substructure charac-
teristics for determination of the implant
operation properties, it is worth to study
phase composition and substructure of films
with controllable stoichiometry deviation by
Ca/P ratio.

The purposes of the work are the follow-
ing:

1) creation of hydroxyapatite layers with
controllable Ca/P ratio in the range from
1.55 to 1.70;

2) quantitative measurements of extrane-
ous phases;

3) determination of coherence lengths
and micro-strains of the base hydroxyapa-
tite phase in various crystallographic direc-
tions.

2. Experimental

Objects of the research were hydroxyapa-
tite films deposited on niobium substrates
by magnetron sputtering [4, 5] from a
Ca g(PO4)6(OH),  (hydroxyapatite) target
with stoichiometric ratio of Ca/P = 1.67.

Varying the Ca/P ratio in the films was
realized by change of magnetron regimes.
Control of the Ca/P ratio was carried out by
X-ray fluorescent analysis (XFA) using en-
ergy-dispersive spectrometer "SPRUT" (AC
Ukrrentgen, Ukraine) with SDD X-100 de-
tector (Amptek, USA) by measuring the in-
tensity ratio of Ca-K, and P-K, lines tak-
ing into account the film thickness. The
scheme with a complex secondary radiator
was applied to increase the spectral contrast
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Table 1. Integrated intensities (number of
counts accumulated for 300 s) of fluores-
cence lines Nb-L, (substrate), Ca—Ko and
P—K,, (hydroxyapatite film), film thickness
t, and Ca/P atomic concentration ratio

Sample| Nb Ca P t CalP
222 7876 |299439| 77735 | 5.1 1.70
221 22701 [219092| 68993 3.3 1.66
218 | 25061 [191238| 66519 | 3.14 1.55
217 | 29660 |176075| 66515 | 2.84 1.49

[6]. The films thicknesses in the range from
3.0 to 5.1 um were controlled by intensity
attenuation of Nb-L, lines from a substrate
with accuracy 0.005 um for counts accu-
mulation from 7800 (at ¢= 5.1 um) to
25060 (at t = 8.0 um). For the pure sub-
strate, the counts accumulation was
162100. The effect of the film thickness on
the ratio of Ca—K; to P-K, line intensities
was evaluated according to [7]. The bulk
targets with the stoichiometric ratio of
Ca/P = 1.67 were used as standards. Time
of spectra accumulation was 300 s.

X-ray diffraction measurements were
carried out using DRON-3M diffractometer
with copper anode radiation monochroma-
tized with (002) reflection of a highly-ori-
ented graphite crystal in the diffracted
beam. A special Soller’s collimator with an-
gular divergence 0.23° was placed in the
front of the monochromator to increase
spectrum contrast. That has allowed raising
the phase analysis sensitivity by a factor of
2+3 in comparison to the usual scheme with
a secondary monochromator.

Quantitative X-ray phase analysis [8]
was carried out by X-ray diffraction pat-
terns taken in 0 — 20 scanning regime by
broadening of the diffraction lines for crys-
tallographic directions [001], [101], and
[111] of the hydroxyapatite lattice. The re-
flections (002)-(004); (101)—(202), and
(111)—(222) were analyzed. Reflection pro-
files were measured with step 0.02° or 0.05°
with exposure 40 s or 100 s. The standards
for taking into account the geometric factor
were annealed powders of metals and
fullerite films.

3. Results and discussion

Results of the measurements for cal-
cium/phosphorous atomic concentration
ratio by fluorescence intensity from films
with different thicknesses are given in
Table 1. The first group of the samples had
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Fig. 1. Diffraction pattern of magnetron hy-
droxyapatite film with ratio Ca/P = 1.70; A —
reflections of extraneous phase.

the ratio Ca/P = 1.67 close to nominal value
for stoichiometric hydroxyapatite
Cayg(PO,4)s(OH),, while the second being
close to Ca3(PO4)2 (Ca/P = 1.5).

There are observed more than fifteen re-
flections from the hydroxyapatite phase and
also two reflections from the niobium sub-
strate in the X-ray diffraction patterns of
the samples with Ca/P ratio close to
"stoichiometric™ value 1.67 (Fig. 1). The re-
flections intensity ratio Ca-K, /P-K, is close
to the tabular values; however, weak tex-
ture (001) is revealed. For some samples,
very weak reflections probably belonging to
B—Ca3(PO,), phase are revealed (Fig. 1, Pos.
A). The maximum possible concentration of
this phase has been estimated as 3.2 % for
the sample with ratio of Ca/P = 1.7 (Fig. 1);
while at Ca/P = 1.66, these reflections could
not be revealed (Fig. 2) at the reached quality
of the X-ray diffraction spectra. Evaluation
of the maximum possible content of the ex-
traneous phase gives =1 % according to the
detection limit criterion.

Thus, magnetron layers with 97-99 %
content of the base hydroxyapatite phase at
Cal/P ratios from 1.66 to 1.70 close to the
stoichiometric (1.67) can be obtained.

The X-ray diffraction patterns are con-
siderably different for the samples with
ratio of Ca/P = 1.5 typical for Cas(POy,),
phase. In these patterns, the reflections of
this phase are observed along with still
strong reflections of the hydroxyapatite.
That indicates heterophase structure of the
film deposited by magnetron sputtering from
the stoichiometric hydroxyapatite target.

High quality of the X-ray diffraction
pattern has allowed to reveal reflections
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Fig. 2. Diffraction pattern of magnetron hy-
droxyapatite film with ratio Ca/P = 1.67.

Table 2. Coherent lengths L and micro-
strain values € measured in [001] direction
for films with various Ca/P ratios

Sample Ca/P L, A €108
222 1.70 >3000 1.85
221 1.66 >3000 1.70
218 1.55 645 1.25

with the big Miller’s indices and to apply
the method of approximation for determin-
ing the coherent lengths and micro-strains
in various crystallographic directions. Prac-
tically homogeneous hydroxyapatite films
with Ca/P ratios from 1.66 to 1.70 are char-
acterized by the large coherent lengths L >
3000 A along the growth direction [00I].
This means the coherent lengths in [00]]
direction are quite commensurable with the
film thickness.

The micro-strain extent in the direction
[001] is high enough being in the range of
(1.85+1.70)-1073 that testifies either con-
strained conditions of growth in the direction
[001] or inhomogeneity of the solid solution.

In heterophase films with ratio of Ca/P =
1.5, the coherent lengths along [001] are
significantly less (Table 2), while the micro-
strain level being almost similar. The high
micro-strains (€) along [001] can be related
with the heterogeneous composition of the
solid solution.

In other crystallographic directions [101]
and [111], the coherent lengths are substan-
tially lower being in the range from 460 to
830 A, and the micro-strains are practically
absent (Table 8). That means, the crystal-
line blocks are rather homogeneous by the
lattice period of the basic phase, and the
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Table 3. Coherent lengths and micro-
strains measured in [101] and [111] crys-
tallographic directions for single-phase hy-
droxyapatite films

Sample | (101) and (202) (111) and (222)
L,A | e-108 | L,A | e-103
222 830 0 460 0.1
221 740 0.2 = 500 -

observed heterogeneity of interplanar dis-
tances along [001] is related, most likely,
with the micro-strains caused by joining of
the growing blocks.

4. Conclusions

It has been established that substructure
of single-phase hydroxyapatite films differs
considerably in various crystallographic di-
rections. In growth direction [00l], the co-
herent lengths are commensurable with the
film thickness but the micro-strain level is
quite high that testifies constrained condi-
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tions of the film growth. In [101] and [111]
directions, the coherent lengths are much
less = 400—700A, but low level of micro-
strain (~ 1-:10%) indicates homogeneity of
the hydroxyapatite lattice period.
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