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ABSTRACT: Titanium alloy (ASTM F-136) rods were coated with hydroxyapatite (HA) of 3 levels of
crystallinity, which were determined by X-ray diffraction (XRD) analysis to be 60.5%, 52.8%, and
47.8%. Fourier Transform Infrared (FTIR) spectroscopy analysis showed the removal of the hydroxyl
and carbonate groups as compared to the original HA powder. It appears that these changes are
caused by the high temperature plasma spray coating process. Cyclic fatigue testing in a lactated Ring-
er’s solution to 5 million cycles showed no statistical difference in calcium dissolution among the 3
crystalline levels, whereas phosphorus dissolution was lowest from the highest crystalline coating
sample. The mechanical properties, however, did not change in response to fatigne loading.
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. INTRODUCTION

Hydroxyapatite coating of dental and orthopzdic implants was found to be
biocompatible and osteoconductive in several animal and clinical studies.!8 Short-
term (2-3 year) experience with HA-coated implants in orthopadic applications
has shown good bone apposition.®1? Clinical datal?12 with HA-coated dental im-
plants over 5- and 8-year periods indicates that implants made recently (1989-1991)
had a superior performance than those made earlier (1985-1988) and exhibited in-
significant coating disintegration. A number of studies reported the need for prop-
er characterization of the HA coating—thickness, implant design, and type of
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bone (maxilla vs. mandible)—affecting the stability of the HA coating in long-term
use.!?2! Scanning electron microscopy of failed HA-coated dental implants from
clinical use showed that failure was primarily located at the HA-metal interface,
not the HA-bone interface.?2 In vitro fatigue studies with HA-coated titanium met-
al alloy materials showed that cyclic fatigue caused widening of microcracks and
dissolution of calcium and phosphate.23-2

We reported results of cyclic fatigue testing of 5 commercial dental implants
immersed in a lactated Ringer’s solution.26-27 We concluded that there was widen-
ing of microcracks and dissolution of calcium and phosphate coating from 5 mil-
lion cycles of cyclic loading, which simulated about 5 years of in vivo life. To our
knowledge, in vitro fatigue studies on well-characterized HA-coated dental im-
plants with different levels of crystallinity of the HA coating have not been widely
reported. Such studies are important to gain insight into how stability of the HA
coating is influenced by crystallinity levels when subjected to cyclic fatigue load-
ing.

The objective of the current study is to test the hypothesis that HA-coated im-
plants of higher crystallinity will be stable and that calcium and phosphate disso-
lution will be minimal when these samples are subjected to fatigue loading.

. MATERIALS AND METHODS

ELI (extra low interstitial)-grade Ti-6A1-4V rods were machined to 19.67 mm
in length and 4 mm in diameter and HA coated by a plasma spray process.

A. Coating Application

HA powder conforming to ASTM F1185-88 specifications was plasma-sprayed
onto the Ti-6A1-4V implants as 50 pwm thick HA coatings at 3 crystallinity levels
(Bio-Coat, Inc., Southfield, Michigan). The crystallinity of the coating was varied
by changing the distance between the plasma spray gun and the substrate. For bet-
ter adhesion, the surfaces of the specimens were roughened by grit-blasting prior
to plasma-spraying. Each group had 8 samples, the uncoated samples with and
without grit blasting serving as controls.

In addition to these samples, flat Ti-6A1-4V coupons of dimensions 25 X 25 X
3.2 mm were also coated with HA of the same crystallinity levels as were the rods.
These coupons underwent the identical manufacturing and processing procedures
as did the cylinders. Each group had 6 coupons, which were used for XRD, FTIR,
and coating dissolution analyses.
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B. Coating Characterization

The HA original powder and the coatings on the test samples were character-
ized using XRD and FTIR. The percentage by weight of the crystalline phases
identified as HA, a-TCP, 8-TCP, and CaO in the plasma-sprayed coatings were de-
termined from the XRD analysis. A standard Bragg-Brentano diffractometer
equipped with a graphite monochromator (Cu-Ka radiation of wavelength 1.54
A®) was employed. Diffraction scans were run with a tube voltage of 40kV and a
tube current of 28mA. Each diffraction scan was run from 20°-60° two-theta with
a step of 0.02° and a scan time at each increment of 2 seconds. A 1.0° incident
beam divergence and a 0.2° receiving slit were used.

The infrared spectra were obtained on the HA original powder as well as on
coatings scraped off the Ti-6A1-4V coupons. Coatings weighing about 1.5-3.0 mg
were embedded in 300 mg KBr pellets hand-pressed hydraulically at 20 tons. The
spectra were obtained using a Mattson 2020 Galaxy Series FTIR spectrometer,
which was operated with a 10-minute scanning time for the 4000-400 cm! range.

C. Fatigue Testing

A special sample holder, which was previously described elsewhere,26 is
shown in Figure 1. The test samples were immersed in a lactated Ringer’s solution
of pH 7.0. This sample holder, holding 1 group of 8 samples, was loaded in a biaxial
Instron Mechanical Tester Model 1321. Loading of individual samples in the load-
ing fixture was checked by inserting a pressure-sensitive film between the top of
the samples and the cap of the fixture. Eight samples were then cycled between
240 and 480 pounds load of compression, i.e., 30-60 Ibs/sample, at an ambient
temperature and a frequency of 10 Hz for approximately 5 million cycles, to sim-
ulate 5 years of in vivo loading. Fatigue testing each group of samples took about
2 weeks, because the machine ran only in the daytime.

D. Coating Dissolution Analyses

Calcium (Ca) and phosphate (P) assays were performed on the lactated Ring-
er'simmersing solutions after completion of the fatigue tests to determine any dis-
solution of coating. One coupon from each group was simultaneously immersed
in the same volume of lactated Ringer’s solution of pH 7.0 for 2 weeks, then ana-
lyzed for Ca and P ion dissolutions. These samples served as controls for the fa-
tigued samples.

The amount of calcium eluted from the samples was measured in triplicate by
flame atomic absorption spectrometry using a Perkin-Elmer Model 306 spectro-
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FIGURE 1. Sample holder for 8 specimens.

photometer. The phosphate content of the immersing solutions was colorimetri-
cally determined in triplicate using a Hitachi U-1100 spectrophotometer.

E. Strength Testing

Both fatigued and unfatigued implants were tested in compression to deter-
mine their yield strengths using the Instron Mechanical Tester Model 1321. An
IBM-AT PC connected to the machine acquired the applied load and correspond-
ing change in length through an A/D board. The initial length and the cross-sec-
tional areas of the samples were used to calculate the stress and strain values.
Stress—strain diagrams were plotted for each sample, and yield strength and yield
strain of the material were obtained from the plots.

. RESULTS

The XRD analyses results are shown in Table 1. The crystallinity levels of the
3 groups were 60.5% (Group 1), 52.8% (Group II), and 47.8% (Group III). Statisti-
cal analysis showed a significant difference in crystallinity among the different
groups (p < .05) (Table 2).
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TABLE 1
Quantitative Phase Analysis of HA Coatings on Ti-6A1-4V Coupons

Sample ID % HA % a-TCP % B-TCP % CaO % Crystallinity
HA Starting Powder 99.6+0.9 0.0+0.0 0.410.1 0+0 100.0+ 0.9
Group | -Coupon A 58.0+37 0.1+06 33%15 00 61.3+4.0
Group | -CouponB  53.9+37 05x06 52%15 0+0 59.6 £ 4.0
Group Il -Coupon A 47.2+3.8 0.1+£07 46%15 0+0 519+ 4.1
Group Il -Coupon B  48.1+3.7 05+06 5115 00 53.7 £ 4.1
Group Il - Coupon A 430+38 0.2+07 50+1.6 0x0 48,2t 4.2
Group il - Coupon B 438+1.0 0.0+00 35104 0+0 47.3+1.0

The XRD pattern of the original HA powder used in the study is shown in
Figure 2. Minimal line broadening is observed in the diffractogram, indicating a
well-crystallized material. The flat baseline of the diffraction pattern also indicates
a highly crystalline material with little or no amorphous content. The four stron-
gest lines in this pattern are 002, 211, 112, and 300 reflections, corresponding to
25.9°, 31.7°, 32.0°, and 32.8° 2-theta, respectively. This diffractogram could be
matched with the diffraction data of standard synthetic HA from the Joint Com-
mittee for Powder Diffraction Standards (JCPDS card number 9-0432).

The diffraction pattern obtained from the HA coating from Group I is shown
in Rigure 3(a). Peak positions for all the groups—HA, a-TCP, §-TCP, and CaO—
matched those of the HA original powder, although there were alterations in the
diffraction pattern induced as a result of the coating process. A well-defined flat
baseline no longer existed for the diffraction pattern obtained from the coating. It
was replaced instead by a nondefined baseline, or “glass bulge,” characteristic for
amorphous materials. The diffraction patterns from the other two groups are
shown in Figures 3(b) and 3(c).

TABLE 2
Statistical Analysis of the XRD Data
Sample ID Mean Standard t-test p-value
Crystallinity (%) Deviation Significance
Group | 60.5 1.2 - -
Group |l 52.8 1.3 YES 0.0252
Group i 47.8 0.6 YES 0.0057
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FIGURE 2. XRD pattern of HA original powder.

Infrared spectra of the HA original powder and HA coatings scraped off the
coupons showed absorption bands characteristic of P-O and O-H bonds. The in-
frared spectrum of the HA original powder (see Fig. 4 on page 150) shows that ab-
sorption bands characteristic of P-O bonds appear at 1045, 965, 599, and 475 cm'L.
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FIGURE 3(a). XRD pattern of HA coating from Group |.
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FIGURE 3(b). XRD pattern of HA coating from Group Il

The absorption band at 633 cm ! is indicative of the O liberation peak (v)). The
OH’ stretching peak (v) at 3570 cm! was obscured in the spectrum because of
noise. A slight carbonate contamination in the HA original powder was seen from
the absorption bands at 842 and 1400 cm!.
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FIGURE 3(c). XRD pattern of HA coating from Group 1.
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FIGURE 4. FTIR spectrum of HA original powder.
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FIGURE 5. FTIR spectrum from Group |
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The infrared spectrum of coating from the Group I coupon is represented in
Figure 5. The phosphate vibrations of the HA original powder remained in the HA
coatings. The OH" absorption peak at 633 cm! disappeared in the spectra obtained
from the coatings, indicating dehydroxylation of the HA. As observed in the spec-
trum of HA original powder, the OH absorption peak at 3570 cm! was also ob-
scured in all the spectra of HA coatings as a result of noise. The CO,* absorption
peaks at 842 and 1400 cm! disappeared in the spectra of HA coatings. indicating ab-
sence of the carbonate ions in the coatings.

Comparison of the 500-700 cm ! range between the spectra made on the coat-
ings and the standard spectra of oxyhydroxyapatite indicated that the coating con-
tains oxyhydroxyapatite. This finding is in agreement with that reported by Duch-
eyne et al.20

Fatigue testing of each group of samples took approximately 2 weeks to com-
plete. The intensity of the pressure-sensitive films indicated that the total applied
load was equally shared by the 8 rods. The results of measurements of Ca concen-
tration in the lactated Ringer’s solutions are shown in Table 3. Statistical analysis
by Analysis of Variance (ANOVA) did not show any difference in dissolution in Ca
among all the samples (p = 0.20).

The results of the phosphate dissolution analysis are shown in Table 4. Phos-
phorus release showed significant differences among the samples (p < .0001), the
highest crystalline samples showing the least amount of release, and the nonfa-
tigued coupons showing a higher P release than that from fatigued rods; the rea-
son for this is not clear.

TABLE 3

Calcium Dissolution

Sample # Ca Conc. (ppm)} Ca Conc. (ppm/  Average Ca
mm?) release

(ppm/ mm?)
#1 #2 #3 #1 #2 #3 -
Group | - Rod " 412 513 19.00 0.0164 0.0204 0.07550 0.037 (+0.033)
Group !l - Rod 6.00 19.00 19.30 0.0238 0.0755 0.07660 0.059 (+0.030)
Group il - Rod 8.62 2288 19.75 0.0342 0.0309 0.07840 0.068 (+0.030)

Group | - Coupon 537 17.63 1575 0.0083 0.0273 0.02441 0.020 {+0.010)
Group I - Coupon  3.00 20.88 22775 0.0047 0.0324 0.03530 0.024 (x0.017)

Group il - 6.37 32.25 2875 0.0099 0.0500 0.04460 0.035 (+£0.022)
Coupon

a Surface area of rods = 251.82 mm?
b Surface area of coupons = 645.16 mm?
¢ () Standard deviation
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TABLE 4
Phosphorus Dissolution

Sample # P Conc. (ppm) P Conc. [(ppm/ Average P
mm?Z} conc. ppm/
mm?
o o #2  #3  # 42  #3 )

Group | - Rod 0419 0410 0383 0.0017 0.0016 0.0015 0.0016 (+.0001)
Group I - Rod 0.555 0.813 0.928 0.0022 0.0032 0.0037 0.0030 (+.0007)
Group Il - Rod 0.912 1.223 1.200 0.0039 0.0049 0.0048 0.0045 (+.0006)
Group I- Coupon 3.054 3.280 3.381 0.0048 0.0051 0.0052 0.0050 {+.0003)
Group li- Coupon 3.609 3.690 4.062 0.0056 0.0057 0.0063 0.0060 (+.0004)

Group Il - Coupon  3.746 4.100 4.198 0.0058 0.0064 0.0065 0.0060 (+.0004)

The stress—strain diagrams of all the samples were similar. Yield strengths of
the samples were within 10% of the ASTM value of 827 MPa (Table 5). These re-
sults indicate that fatigue did not have a significant effect on the mechanical prop-
erties of the HA-coated Ti-6A1-4V alloy substrate.

IV. DISCUSSION

Structural changes of HA coating resulting from the plasma spray process have
been reported by Ducheyne et al.2¢ These structural and compositional alterations

TABLE 5
Mechanical Properties of the Ti-6A1-4V implants

Sample ID "7 Yield Strength Yield Strain (%)
{MPa)

Uncoated & Non Grit-blasted Sample 1 771.43 15
Uncoated & Non Grit-blasted Sample 2 846.15 18
Uncoated & Grit-blasted Sample 1 809.52 16
Uncoated & Grit-blasted Sample 2 836.34 20
HA-coated Rod Group | - Sample 1 823.81 16
HA-coated Rod Group | - Sample 2

HA-coated Rod Group Il - Sample 1 828.57 18
HA-coated Rod Group li - Sample 2 846.15 19
HA-coated Rod Group it - Sample 1 838.01 16
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may have been due to extreme temperatures of the plasma spray process. The XRD
data obtained in this study indicated that changing the crystallinity of the coatings
resulted in a change in the percentage of HA in the coatings. There was no significant
difference in the composition of «-TCP, B-TCP, in the coatings. The XRD parterns
obtained in this study for the original powder and the coatings confirmed the pres-
ence of a clearly visible HA crystal structure. However, the diffractograms of the
coatings indicated that considerable amounts of amorphous material were created
by the coating process. This was supported by the drop in crystallinity in the coatings
from that of the HA original powder.

FTIR analysis combined with XRD yielded valuable information about the
process-induced compositional changes that resulted from plasma-spraying of
HA. The broad, featureless band seen in the phosphate region of the spectra of the
HA coatings is characteristic of amorphous calcium phosphates. The OH™ band at
633 cm! observed in the FTIR spectrum of the HA starting powder disappeared
in the spectra of the coatings, indicating loss of hydroxyl groups in the HA coat-
ings. Ducheyne et al?® reported the possible transformation of HA to oxyhy-
droxyapatite in the coatings as a result of the high temperature involved in the
plasma spray process. The OH™ band at 3570 cm! was not seen in any of the spec-
tra because of high background noise, so definitive conclusions cannot be drawn
regarding this absorption band. However, the absorption bands observed at 842
and 1400 cm'! in the spectrum of the HA original powder might indicate a slight
carbonate contamination, which disappeared in the spectra of the coatings.

The Ca dissolution data showed no difference in dissolution among the sam-
ples, but P analysis showed that the highest crystalline sample had the lowest
amount of dissolution. Nevertheless, all rods and coupons showed some Ca and P
dissolution.

The data obtained from the mechanical strength determinations indicate that
cyclic fatigue loading did not affect the mechanical strength of the implants.
Shults?® reported a 15% decrease in strength for the grit-blasted samples, but this
was not observed in our study.

V. CONCLUSIONS
Based on our results we concluded:

1. XRD analysis indicated a significant difference in the degree ot crystallinity
among the HA-coated samples.

2. High temperature used in the plasma-spray process aftected the composition
of the HA coatings. FTIR analysis indicated a decrease in hydroxyl and car-
bonate ions and the presence of oxyhydroxyapatite in the coatings.

3. Dissolution of Ca was not significantly different among the samples, whereas
the highest crystalline coating showed minimal P dissolution.
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4.

Cyclic fatigue loading did not affect the mechanical strength of the HA-
coated implants.
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