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Hydroxyapatite (HA) coatings with different thicknesses were produced on Ti and Si
substrates using the radio frequency magnetron sputtering method. The mechanical
properties, for example, modulus and hardness, of the coatings were measured using
nanoindentation. The measured values of modulus and hardness were close to the
upper limit of that reported for bulk HA, indicating a fully dense structure. Interfacial
strengths between the HA coatings and substrates were also evaluated using a
nanoscratch technique. The HA-Ti interface appeared to be stronger than the HA-Si
interface. The microstructures of the HA coating and the HA-Ti interface were
examined using high-resolution electron microscopy. Chemical compositions of the HA
coating and the HA-Ti interface were also analyzed using x-ray energy dispersive
spectrometer and electron energy loss spectroscopy. The results indicated that the
strong HA-Ti bonding is associated with an outward diffusion of Ti into HA layer and
concomitant formation of TiQat or near the interface.

I. INTRODUCTION alloys, to improve surface biocompatibility is considered
to be an alternative solution. The coating approach is
Bone and teeth are mineralized tissues whose primamnore practical than designing a new monolithic hydroxy-
function is “load bearing.” Wet cortical bone is com- apatite structure, since metallic implants have been used
posed of 22 wt% organic matrix, 69 wt% mineral, andfor many years and their mechanical responses are well
9 wt% waterr The major subphase of the mineral con-understood. A hydroxyapatite-coated metallic implant is
sists of submicroscopic crystals of an apatite of calciunexpected to extend its useful life.
and phosphate, resembling hydroxyapatite (HA) crystal Various coating methods, including plasma spfay,
structure. The apatite crystals are usually formed as sleimagnetron sputtering;*° electrodepositiod™*?and va-
der needles, 20—40 nm in length by 1.5-7 nm in thick-por depositior;> have been investigated to produce reli-
ness: Hydroxyapatite [Cay(PO,)s(OH),] has the unit able HA coatings. Each method has its own merits and
cell dimensions ofa = 0.9432 to 0.9418 nm and = drawbacks. An ideal HA coating is expected to be fully
0.6881 to 0.6884 nm, and the maximum x-ray diffractiondense and to have a good adhesion at the coating—Ti
plan is (211) The ideal Ca/P ratio of HA is 1.67 and the interface, to minimize direct Ti-body fluid contact.
calculated density is 3.219 g/érh Calcium phosphate- It must be porous (with a pore size approximately
based bioceramics have been in use in medicine ant0O0—200um) at the outer surface to permit tissue in-
dentistry for over 20 years, because of its excellent biogrowth, which is important for stress transfer during
compatibility with human tissues. Applications of fully loading. In summary, mechanical and physical consider-
dense bioceramics include dental implants, percutaneowsions lead to the concept of a graded coating, shown in
devices, and use in periodontal treatment, alveolar ridg€ig. 1, in which the coating is fully dense at the Ti-HA
augmentation, orthopedics, maxillofacial surgery, otolarinterface, but the density decreases gradually to about

yngology, and spinal surgery. 50% near the surface. That is, it is a graded structure.
Whereas porous hydroxyapatite has been successfulBdso, pores in the coating must be interconnected allow-
synthesized for non-load-bearing bioimplahis,is still ing full circulation of body fluid. Such coating is tech-

considered not suitable for load-bearing application benologically challenging to produce, and scientifically
cause of its low mechanical strength. In contrast, hydifficult to model. Plasma spray is a practical and eco-
droxyapatite coating on metallic implants, e.g., Ti and Conomic way to produce porous structures. However, good
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100 temperature. The hydroxyapatite coatings were subse-
P, % quently deposited by magnetrons in the rf at a forward
50 power of 75 W with a working gas pressure of 1.3 Pa at
a flow rate of 40 cc miit. Two coating thicknesses,
0.35 and 0.6jum, were produced. The 0.§5m-thick
coating was produced using a working gas of pure Ar-
60 O O'OO gon, whereas in the case of 0.gBa-thick coating, a
2. 2509457, working gas mixture of Ar-3%Q@was used. A 1.5em-
s 0 0 O thick coating was also prepared, but the coating was
° 9 09 5 O‘Oo cracked, apparently resulting from the presence of large
Tior Co o‘oov o 0 0 Body tissue residual stresses in the film.
implants o Qo 0 OOO The microstructure of the 0.6pm-thick HA coating
°‘°°‘ o o O on the Ti/Si substrate was observed with a transmission
o8 O'o~ o‘QOO’ electron microscope (TEM) equipped with a field-
o s o 0 O emission electron gun. TEM samples were prepared by
s 0 0 O mechanical grinding and ion milling. Chemical compo-
98 O O o sition was determined by an x-ray energy dispersive
Graded spectrometer (EDS) and an electron energy loss spec-
Hydroxyapatite trometer (EELS), both attached to the TEM. A nomlna}l
coating probe with a diameter of 7 nm was used for the analysis.

FIG. 1. A desired coating is fully d ¢ the implant_HA intert To obtain reliable information about the concentration,
1. esired coating is fully dense at the implant-HA interface : _
to prevent metal-body fluid interaction, but porous (graded) at thebOth spectrometers were used in a _complementary man
HA—tissue interface to allow ingrowth of body tissue. ner. The EDS was capable of analyzing Ca and P, but not
0. On the other hand, the EELS was capable of analyzing

Ca and O, but not P. This was because the P loss peak

bonding between the HA coating and metal substrate angPPeared at 135 eV with a very strong background in-
the control of the chemical composition of the HA coat- t€NSity of & plasmon peak. To estimate Ca/P ratio in the
ing are always challengintf. One possible way to over- coating, Rutherford bgckscatterlng ;pectrometry (.RBS)
come the bonding problem is to pre-coat a thin HA layerVas also carried out with 2.3-MeV Héons for analysis.
and then overcoat HA with a plasma spray method. In thd "€ RBS measurements were performed on au0rb-
present study, we produced HA coatings on Ti and gfhick HA coating on Si substrate with the ion beam at
substrates using a magnetron sputtering technique afprmal incidence and at 60° off normal, which doubles
further characterize the microstructures and mechanicd® Path length and the beam spot area.

properties of the coatings. An explanation for the ob- Nanoindentation tests were performed on the coated

served good bonding between HA and Ti substrate i§&MPles with & S. Nano Indenter XP (Nano Instrument,
offered. Oak Ridge, TN). Hardness and elastic modulus were

measured by the continuous stiffness option, which
yields elastic modulus and hardness as a function of in-
dentation depth. A Berkovich indenter was used in the
ll. SAMPLE PREPARATION AND experiments. A quartz sample was used as a standard for
EXPERIMENTAL PROCEDURES the initial calibration. Five types of experiments—

The coatings used for this investigation were preparethardness test at a load, hardness test at a depth, continu-
by sputter deposition using planar magnetrons operatealus stiffness test at a depth, continuous stiffness at a load,
in the direct content and radiofrequency (rf) modes. Theand a four times load/unload experimental procedure—
high vacuum chamber was cryogenically pumped to avere performed at different loads and depths. Ten inden-
base pressure of pPa. Each planar magnetron had tations were made for each test on each specimen, with
a 63-mm diameter and was horizontally positionedmost of the results presented here representing averages
at a source-to-substrate separation of 102 mm. The targ#ir the group. To provide a measure of scratch resistance
materials were 99.94% pure titanium and hydroxyapatitegr adhesive strength of the coatings, ramping load scratch
which were produced by hot pressing hydroxy-tests were performed on samples over a H00-
apatite powders, prepared by a precipitattamethod, in  length?®*” During testing, the applied normal load was
air at 1300 °C. The substrate wafers were polishedlinearly increased from an initial 20N to the maximum
single-crystal (111) silicon and wafers that were sputtetoads of 20, 40, 80, and 150 mN. The scratched lines
coated with a Jxzm-thick layer of titanium (denoted as were subsequently examined using scanning electron
Ti/Si substrate). The substrate table was held at roormicroscopy (SEM).
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[ll. RESULTS AND DISCUSSION drops in both modulus and hardness in Figs. 2(a) and 2(b)
were associated with an uncertainty in determining con-
tact area of the indenter upon the initial nanoindentation.
Atfter the initial drop, both the modulus and hardness are
The modulus and hardness as a function of indentationoted to increase gradually with increasing indentation
depth of the 0.65 and 0.3bm HA coatings on Ti/Siand depth. The increases are caused by the harder substrates,
Si substrates are shown in Figs. 2(a) and 2(b), respe&i and Ti. [The modulus and hardness of Si (111) are
tively. The indentation measurements on the Qu®s- about 160 and 13 GPa respectivéfygand the modulus of
coating were terminated at a depth of 220 nm, which isTi is about 116 GPa]. However, the modulus and hard-
about a third of the total HA coating thickness. The initial ness of the HA coatings are estimated to be about 120
and 7.8 GPa, respectively. This hardness value is slightly

A. Mechanical properties
1. Modulus and hardness

200 e e e e higher than that of the HA target (fully dense HA), which
I o Egg e 1 oum A m TVSH ] is about 6.5 GPa. The measured modulus and hardness of
e E (F) GPa~499-1012A/0.65um HA/ um TUSi ] the HA coating on the Ti/Si substrate are noted to be
v__E (F) GPa~499-1012B/0.65um HA/Si 1 slightly lower than that measured from the coating on the
150 =% v Si substrate. This is a result of the fact that Si is stiffer
. S AR BV VYV ] and harder than Ti. In comparison, the modulus of mono-
Ve 9 V7§ 1¥30..° lithic bulk HA, depending upon its density, has been
3 - Vegit & - reported to be between 41 to 121 GPahe modulus of
g 100 fag . the present coatings is therefore near the high end of the
o Poo A oo ] spectrum, suggesting a high-density material. The modu-
| °o.iec00® ] lus of the present coating is much higher than that of a
natural bone, which is only 7-25 GPa.
*° 2. Scratch test
deposited using Ar sputter: gas . . )
v = 0§27 ] To evaluate the interfacial cohesion between HA coat-
i ] ing and substrates, the ramping load nano-scratch
ol v v v e technigue was performed. The ramping normal load of
0 50 100 150 200 250 0.02-20 mN was used for a scratch distance of o060
Disp. (nm) Scratch and surface profiles both before and after scratch
(a) of the 0.65p.m-thick HA coating on the Ti/Si substrate
e — are shown in Fig. 3(a). For easy discussion, the ramping
: . normal load is also included in the figure (bottom). The
[ v v prescan_profile indicates that the roughne§s qf the sgmple
8 R S N ¢ 1 4 ¥9.7 surface is about _40 nm. The scratch profile is relatlvgly
Loy o0 N * smooth but nonlinear. In fact, the slope of the profile
LYo o caAs ; monotonically decreases with increasing depth; this is
Las ; o X obviously a result of increasing contact area. The depth
s ° N * ] difference between the scratch and postscan profiles
s o ] represents the elastic recovery of the coating and sub-
c L ° ol ] strate. Identical tests were also carried out with the
T o4 4 2 0.654um-thick HA coating on the Si substrate and
i T the results are shown in Fig. 3(b). As is readily seen, the
i deposiled using Ar sputtef gas ] results are remarkably similar to that obtained from
’ - — the HA coating on the Si substrate.
. :EE; Ghadoe t1oaposmmnas o Normally, during a ramping load test, sudden changes
e H (F) GPa~499-1012A/0.65um HA/{um TirSi | in the friction coefficient (or load) are often observed,
() e e O e which are associated with microcracking or delamination
° 0 50 100 150 200 .50 Of the films. The load that causes the delamination is

denoted as the “critical load,” which provides a quanti-
tative measure of scratch resistance or adhesive strength
(b) 9% : ) -

of a film.~® However, no sudden increase in the friction

FIG. 2. (a) Modulus and (b) hardness of HA coatings on Ti/Si and Si . . . .
substrates. The measured modulus and hardness are similar fordiffe(l:QEff'C'ent was discernible during scratch tests of HA

ent substrates. The continual increase in both modulus and hardne§9atings, as ShOW_n in Fig. 3 It is noted in th_e figure
values with indentation depth are attributed to hard substrates. that the total plowing depth is 140 nm, which is about

Disp. (nm)
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one-third of the coating thickness; plastic zone caused bgroduces a plowing depth of 900 nm (greater than the

scratching may not have reached the interface. Greatéhickness of the coating), no abrupt change in friction

maximum loads of 40, 60, 80, 100, and 150 mN werecoefficient was observed, indicating a strong bonding

subsequently applied on the HA/Ti sample. Howeverbetween HA and Ti.

even with a maximum load of 150 mN, which Despite the similar mechanical response, scratch
marks on the two coatings are quite different. For the

o prescan Prof. nm HA/Si sample, a complete film separation was observed
- v~ Soralh Prof.rm P1109001 [Fig. 4(a)], suggesting a poor HA-Si interfacial bonding.
— : ——Load (mN) In contrast, for the HA/Ti sample [Fig. 4(b)], the end of

100 AR o0 scratched HA film still attaches to its substrate. These

: results indicate a stronger bonding between HA coating
PRI 50 and Ti than that between HA and Si.

[ ] B. Microstructure
-100 X 40 ) ]
r 1 1. Target material and coating morphology
W%\ :

The grain structure of the hydroxyapatite target re-
vealed by SEM is shown in Fig. 5. It is nearly fully dense
(approximately 99.7%), with small pores distributed

-200 30

Surface Profile (nm)
(Nw) peoT

[ 0.65 um Hydroxy: Apatite/1 um Ti/Si subs.

-300 [ deposited using Ar sputter-gas ] 20
v =027 /
-400 /./ 10
500 Las . PP I EFRPIE BRI SV EFEPE
0 100 200 300 400 500 600 700
Sliding Distance (um)
(@
o prescan Prof. nm PI1109006
- -¥ - -scratch Prof. nm
- -7 - - postscan Prof. nm e L 0ad (MN)
100 7 rrrr1 1T 80
VO )
70
0 5 ; . e
) N ] 1
i 160
E -100 %, j
£ r 4 50
2 [ I
= Q
& 200 | ] 2
-20 40 =
s 201 1° 2
g <
& L s 4 30
300 0.65 pum Hydroxy ApatitefSi subs.
B r'deposited using Arsputiet gas 1
i v=027 / 1 90
400 -"/ ]
r el J10
500 L — 0
0 100 200 300 400 500 600 700
Sliding Distance (pm)
(b)

FIG. 3. (a) Ramping load scratch profiles from HA coating on Ti/Si ()

substrate. The smooth scratch curve (no sudden change in surfaé¢G. 4. Scratch morphology of HA coating on (a) Si and (b) Ti/Si
profile) suggests no delamination, and thus good adhesion, betweesubstrate. Scratch marks on the two coatings are apparently different.
substrate and coating. (b) Ramping load scratch profiles from HAScratched HA film in the HA/Ti sample still attaches to its substrate,
coating on Si substrate. The scratch profile is remarkably similar tandicating a stronger bonding between HA coating and Ti than that
that observed from HA coating on Si substrate. between HA and Si.
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primarily along grain boundaries and triple junctions. It Sputter coating of HA with pure Ar gas produces
is a two-phase structure with a mean grain diameter ofamples with a smooth surface. In contrast, samples pre-
about 4um. X-ray analysis indicates that the samplepared with an oxygen/argon mixture are relatively
contains, in addition to hydroxyapatite, a small amountough. Numerous bubbles with sizes of about {:r®
(less than 5%) of tri-calcium phosphate (TCP). This iswere observed (Fig. 7). The presence of these bubbles
somewhat expected since apatite is essentially a linsuggests that some gaseous species were trapped in the
compound, and thus is technically difficult to obtain in coating. The fact that no bubbles were observed in coat-
the pure form. The hardness of this hydroxyapatite ishgs prepared with pure Ar gas indicates that oxygen-
about 6 GPa. Figure 6 shows a bright-field TEM imagecontaining gas causes the bubble formation. It is noted
of the hydroxyapatite target. The image reveals equilithat oxygen gas may also chemically react with Ti or Si
brated, hexagonal-shaped grains with sharp apexes andabstrate in the initial stage of deposition. Such a reaction
mean grain size of approximatelyp3n. The Ca/P ratio is expected to degrade the adhesion of HA and lead to
of the sputter target was analyzed by energy dispersivepalling.

x-ray (EDX) and was found to be essentially a constant. As discussed earlier, special efforts were made to de-
posit 1.5sm-thick HA coatings. However, it was found
that a high density of surface cracks was present in the
coatings (Fig. 8). The observed surface cracks are be-
lieved to be a result of the presence of exceedingly large
residual stresses. The thermal expansion coefficient of
HA (15 x 10°° K™) is about 70% higher than that of Ti

(9 x 10°K™), and 3 times that of Si (5 x TOK ™). This
large difference in thermal expansion coefficient can
produce a significant residual stress in thick HA coat-
ings even during a small thermal excursion. The re-
sidual stress, whether it is tensile or compressive, can
readily lead to surface cracking in brittle ceramics such
as HA. Nonetheless, the measured modulus and hard-
ness of the 1.5em-thick film are similar to those of the
thinner films.

2. Interface structure

A TEM cross-sectional microstructure of the nominal
0.65+4m-thick HA coating on Ti/Si substrate is shown in
Fig. 9. The thickness of the Ti layer is found to be about

FIG. 5. SEM micrograph shows an equilibrated, equiaxed structure i (
the fully dense HA.

FIG. 6. TEM micrograph shows the fine-grained structure of fully FIG. 7. Bubbles formed on the surface of HA coating produced by
dense HA target. using Ar + 3%Q gas.
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620 nm with an interface roughness of 14 nm. The totahs-deposited HA coatings prepared by magnetron sput-
thickness of the HA layer, on the other hand, is 735 nmtering*® and evaporatioA® In contrast, amorphous and
In comparison to the Ti underlayer, the surface roughnessrystalline structures were observed in plasma-sprayed
of the HA layer is reduced. The Ti layer consists of samples, presumably from excessive heating.
columnar grains with a grain size of 70 nm near an in- A high magnification view of the interface region be-
terface with the oxide film. The grain size is much tween the Ti and the HA layer is shown in Fig. 10(a).
smaller in the vicinity of an interface with the Si sub- There is no intermediate phase formed at the interface.
strate. The hydroxyapatite layer does not exhibit any dif-The interface position is determined based on the pres-
fraction contrast, indicating an amorphous structure. Thence of lattice fringes in the Ti layer and is indicated by
amorphous structure is further confirmed by a diffractiona thin line in the figure. Each black dot indicates a region
pattern. Amorphous structure was also observed in theshere an EDS spectrum is taken to determine the Ca/P
concentration ratio. Each dot is numbered relative to the
EDS results. Region 1 is the Ti layer showing clear lat-
tice fringes. Region 2 is near the Ti—HA interface. Re-
gions 3 and higher are from the HA layer showing the
absence of lattice fringes. Corresponding EDS results
from these five regions are shown in Fig. 10(b). The
number of each probed region is given at the left top
corner of each spectrum. It is particularly noted that Ti
peaks are observed in the HA layer. The relative intensity
of the Ti peaks decreases with increasing distance from
the interface. These results indicate that a chemical re-
action takes place at the interface caused by the outward
diffusion of Ti into the HA layer.
Figure 11 shows EELS spectra from Regions 1 and 3.
It is immediately noticed that the spectrum from Re-
* ' 0.t mm gion 3 is shifted toward a high energy side with respect
FIG. 8. A cracked 1.j:m-thick HA film on Ti-Si substrate under to the spectrum of the Region 1. This is known as a
indentation. Cracking can be attributed to a large residual stress in thehemical shift, which is caused by an increase in bind-
film. ing energy of the core-level electrons. The magnitude
of energy shift can be estimated from the difference in
an energy-loss value at a half height of a rising edge
and is found to be 1.6 eV. This value agrees with a
reported value for pure Ti and Ti3° Furthermore,
the spectrum from Region 1 exhibits two sharp peaks
related to L2 and L3 lines of pure Ti. In Region 3, on the
other hand, these peaks appear to be split, making up a
total of four peaks. The peak splitting in Ti has been
reported to be a signature of the formation of Jike-
cause of lifting of the degeneracy of Td3tates by the
electrostatic field of oxygen atont8In the case of TiQ,
however, the magnitude of peak splitting is 2.5eV. In
the present case, it is approximately 1.6 eV. Less
splitting may be caused by the fact that the present
HA film is amorphous and the electrostatic-field effect
from the oxygen atoms is not as strong as in the case of
crystalline TiQ..
It is evident in Fig. 10 that there is extensive outward
diffusion of Ti into the HA layer during deposition, even
Si 500 nm though the substrate is kept at room temperature. The
diffusion distance is estimated to be about 50 nm. This is
probably, in part, a result of the fact that the structure
FIG. 9. Cross-section structure of HA coating on Ti/Si substrate. TheOf the HA is amorphpus'_ which efases f[he dlffu_smn pro_c-
Ti substrate has a fine-grained columnar structure with a surfac€SS. The outward diffusion of Ti and intermixing of Ti
roughness of about 14 nm. HA has a uniform amorphous structure.and HA is expected to reduce the Ti—HA interfacial

J. Mater. Res., Vol. 16, No. 11, Nov 2001 3243



T.G. Nieh et al.: Processing and characterization of hydroxyapatite coatings on titanium produced by magnetron sputtering

—Ti

el 1174

H

i

{

[

.' LY

{ o
Il \.v'.’ s YoV
H
I

:I

;

Electron Counts / a.u.

440 450 460 470 480 490
Energy Loss /eV

FIG. 11. ELLs spectrum from locations 1 and 5 in Fig. 10(a), showing
the chemical shift and crystal split of Ti.

stresses and thus improve the bonding. This is similar to
the situation of having a Ti—HA functionally graded
structure, in which improved strength and toughness
were observed*

It is noted that the Ti—-HA interface is slightly rough,
with a roughness of about 14 nm (Figs.9 and 10).
However, the rough interface is not expected to contrib-
1 ute significantly to interfacial shear strength. In sum-

Ti K mary, good bonding between the HA coating and Ti
} / substrate is not caused by a direct chemical reaction be-
tween the two materials per se, but rather an outward
‘ e diffusion of Ti into HA, which results in a graded struc-
. 2 ture, and the concomitant formation of TiGear the
OK interface.

/ The Ca/P ratio determined from EDS and EELS is
1.41, which is less than the expected value of 1.67 from
el === g stoichiometric HA. This is probably in part caused by
preferential sputtering of lightweight P atoms with re-
spect to heavy Ca atoms. The Ca deficiency is consistent
with a previous result of van Dikgt al® who also used
the rf magnetron sputtering technique to deposit HA. The
Ca/P ratio in their coatings was found to decrease with
4 decreasing sputtering input power. For example, it is
2.2-2.4 at an 800W input power but reduces to 1.7-1.8 at
a 200W input power. The power used in the present study
was only 75W and thus expected to produce a lower
Ca/P ratio than the theoretical value of 1.67.

w

X-ray counts /a.u.

IV. SUMMARY

Thin hydroxyapatite coatings (0.35 and 0,68 thick)
. were produced by rf magnetron sputtering on both Si and
0 20 40 60 Ti/Si substrates. The Ca/P ratio in the coatings was lower
than the theoretical value of 1.67, which attributable to a
low sputter input energy. Nanoindentation tests showed

FIG. 10. (a) A high magnification of cross-sectional structure of HA .
coating (top) on Ti substrate (bottom two grains). (b) EDAX spectrumtha,t th,e modulus of the coating was about 120 GPa,
from various locations marked in Fig. 10(a), showing the outwardWhich is close to the value for the fully dense bulk hy-

diffusion of Ti into HA. droxyapatite. The hardness was about 8 GPa, which is

(b) Energy /keV
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higher than 6.5 GPa for a fully dense HA. Ramping load 4.
scratch tests were also performed, and the results indi-
cated a strong bonding between HA and Ti but poor
bonding between HA and Si. Microstructural and chemi- g
cal analyses across the HA-Ti interface revealed the
presence of Ti and TiQin HA coating. It is therefore
proposed that the strong bonding between the HA coat-/-
ing and Ti substrate is not caused by a direct chemical
reaction between the two materials per se, but a result of8'
outward diffusion of Ti into HA layer and the concomi- 9
tant formation of TiQ near the interface. In the present
study, it was also demonstrated that a thick HA coatinglo
(e.g., 1.5um) could lead to surface cracking, probably
caused by a large thermal expansion mismatch between
the two materials.
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