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Over the past decade, bioactive calcium phos-
phate ceramics have been used widely in clini-

cal implant applications because of their biocom-
patibility and their intimate contact with bone.1–3

Hydroxyapatite (HA) and tricalcium phosphate

(TCP) have been recognized as bioceramics that
provide scaffolds upon which bone can grow,4–7

although they have created some controversy in the
dental and orthopedic fields.8 One drawback of
these bioceramics is their brittleness, which results
in low impact resistance and tensile strength.3,4,9

As a solution to this problem, thin coatings of bio-
ceramics on metallic substrates have been intro-
duced, thus combining the strength of metals with
the favorable properties of bioceramics.2,9–11

The chemistry of calcium phosphate ceramics
under equilibrium conditions has been studied
extensively.9,12,13 Synthetic HA is widely used as an
implant material because of its structural similari-
ties with biologic HA, the principal natural compo-
nent of human vertebrate hard tissue (eg, enamel
and bone). Biologic hydroxyapatites are deficient
in calcium, nonstoichiometric, and may contain
minor and trace inorganic elements.14 Natural HA
may have a monoclinic structure because of the
strains and distortions resulting from these factors,
whereas synthetic pure HA has a hexagonal struc-
ture with a chemical formula of Ca10(PO4)6(OH)2
and a Ca:P ratio of 1.67. The other calcium phos-
phate bioceramic commonly used for clinical appli-
cations is ß-TCP, also termed whitlockite. This bio-
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The purpose of this study was to investigate the crystallographic characteristics of 3 sets of plasma-
sprayed hydroxyapatite (HA) coatings prepared with different degrees of crystallinity on Ti-6Al-4V sub-
strates. X-ray diffraction analyses were performed on the coatings to determine mean percent crystallinity,
calcium phosphate phases present, average crystallite size, and residual strain. The mean percent crys-
tallinity for the 3 sets of coatings ranged from 49 to 60%. The coatings that achieved the highest crys-
tallinity consisted almost entirely of HA. As the coating crystallinity decreased, increasing amounts of �-
and ß-tricalcium phosphate and tetracalcium phosphate were detected. The mean HA crystallite size for
the 3 sets of coatings ranged from 0.02 to 0.05 µm. Differences in mean interplanar spacing for selected
crystallographic planes of HA, compared with the pure ICDD (International Center for Diffraction Data)
powder standards, implied that the coatings were in an uneven state of tensile strain.
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ceramic also has a hexagonal structure with a
chemical formula of Ca3(PO4)2 and a Ca:P ratio of
1.50. Variations in Ca:P ratios and substitution of
other ions such as fluorine result in differences in
solubility and bone bonding.11,15

Plasma spraying is the technique currently
favored by manufacturers for forming dense,
adherent coatings of HA/TCP ceramics on metal
substrates.11,16,17 Plasma spraying of molten parti-
cles results in a highly textured coating because of
incomplete coalescence of splat deposition sites;
this is considered to be beneficial in providing
mechanical interlocking and improved bonding 
of bone to the implant surface.18–20 However, dur-
ing the coating process, as a result of the highly
nonequilibratory nature of the plasma spraying
technique and the very high plasma temperatures
(in excess of 10,000°C), the starting powder parti-
cles, such as HA and TCP, experience structural
changes.4,10,21,22

X-ray diffraction (XRD) studies have confirmed
that plasma spraying induces phase compositional
and crystal structural changes in the starting pow-
der particles, thereby influencing the in vivo stabil-
ity of the coatings.3,10,21,23–25 Since there is almost
always phase transformation during the plasma
spraying process, it would be more appropriate to
use the general term calcium phosphate ceramics
for the bioceramic coatings. It is found that under
equilibrium conditions, HA transforms mainly into
ß-TCP around 1300°C, and the transition temper-
ature between the � and ß phases of TCP occurs
around 1200°C.10,21,25 The nonequilibrium
plasma-sprayed coatings can contain various crys-
talline phases (HA, ß-TCP, �-TCP, calcium
pyrophosphate [PP], tetracalcium phosphate
[TTCP], and calcium oxide [CaO]), as well as an
amorphous (glassy) calcium phosphate phase
(ACP).4,10,21,26,27

Despite their beneficial roles in providing
improved bone/implant contact and preventing
possible leakage of metal ions from the sub-
strate,28,29 the in vivo stability of these coatings
has been questioned because of the nonequilibrium
conditions during plasma spraying. Based on the
foregoing results, one may expect dissolution or
instability of the coatings in vivo,21,25,30 and it is
essential to clarify that their biocompatibility and
dissolution are within an acceptable range.
Numerous studies have shown that the tendency
for biodegradation of the calcium phosphates
occurs in the following order12,13: ACP > TTCP >>
�-TCP > ß-TCP >> HA. Therefore, the crystallinity
and composition of the coatings, as well as micro-
scopic and residual stresses, are believed to affect

the biologic and mechanical behavior of the
implants.3,10,20,24,30 Residual stresses, which may
occur as the result of rapid cooling rates and dif-
ferences in the coefficients of thermal contraction
of the coating and the substrate, can cause surface
cracking and delamination in the coatings. Eventu-
ally, these stresses can lead to the detachment of
the coating in service.

The purpose of this study was to use an x-ray
diffractometric technique to characterize the crys-
tallographic nature of calcium phosphate coatings
plasma-sprayed onto Ti-6Al-4V coupons under dif-
ferent conditions. Hydroxyapatite crystal size in the
coatings was determined from the full width at
half-maximum (FWHM) intensity of selected reflec-
tion planes, and comparison of the HA peak posi-
tions to those of an appropriate standard provided
information about residual strain in the coatings.

Materials and Methods

For this study, 1 inch � 1 inch � 0.25 inch flat
coupons of Ti-6Al-4V alloy were custom plasma-
sprayed, using pure HA starting powder (> 99 wt
%) and proprietary processes (Bio-Coat, South-
field, MI). Three groups of samples (n = 3) were
prepared with different degrees of coating crys-
tallinity, and labeled as A, B, and C. The plasma
spraying parameters for the Group A coatings were
representative of those used for dental and ortho-
pedic implants commercially available in the mar-
ket. However, for the Groups B and C coatings, the
distance from the plasma-spraying gun to the spec-
imen was deliberately changed for scientific study.
For these 2 groups, the stand-off distance was
increased, with a larger distance for the Group C
specimens. Gross et al7 have suggested that a larger
distance between the plasma gun and the object to
be coated will result in thicker splats, yielding a
higher amount of amorphous phase formation.

In the first part of this study, nondestructive
XRD analyses were performed on the intact coat-
ings over a diffraction angle (2�) range of 15 to 45
degrees, using Cu K� radiation (weighted average
� = 1.542 Å for Cu K�1 and Cu K�2)31 and a
Philips Electronics PW 1316/90 wide-range
goniometer (Eindhoven, The Netherlands) with
XRG 3100 x-ray generator, DMS-41 measuring
system, �-compensating slit, and graphite mono-
chromator. This high-precision apparatus was peri-
odically calibrated using known crystallographic
standards. The 2� step interval was 0.05 degrees
with a counting time of 10 sec/step. Additional
XRD analyses over the range 15 to 85 degrees
were also run on 1 sample each from Groups A
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and C. An XRD analysis between 34 and 78
degrees was performed on the back side of 1 speci-
men from the C group to obtain the most intense
peaks from the titanium alloy substrate to aid in
the peak assignments.

The coated flat coupons were further analyzed
in novel XRD experiments in the second part of
the study to determine the residual stresses in the
coatings. For these experiments, a small amount of
tungsten powder was carefully sprinkled over each
specimen surface to serve as a control to standard-
ize the positions of the XRD peaks. Previous cali-
bration experiments had shown that the positions
of the XRD peaks from this powder closely
matched those from the ICDD (International Cen-
ter for Diffraction Data, Swarthmore, PA) for
tungsten. The position of the strongest (110) peak
from tungsten (as an internal experimental stan-
dard) was used to determine the instrumental shift
of the peak positions for the calcium phosphate
phrases in each coating from the positions given in
the ICDD standards. These XRD analyses were
performed over a 2� range of 10 to 80 degrees
using CuK� radiation, a 2�-step interval of 0.02
degree, and a counting time of 3 sec/step.

The full XRD patterns for the coatings in the
first part of the study, where the tungsten powder
was not used, were examined using a computer
program written by one of the authors32 to deter-
mine the mean 2� peak positions, the FWHM
intensity for these peaks, and the average crystal-
lite size, as well as the phases present and the
degree of crystallinity. This computer program fit
diffractometric data pairs (2�, counts) to a Gauss-
ian distribution, using a weighted regression analy-
sis, which also provided an assessment for experi-
mental errors. Because of their highly symmetric
Gaussian shape, the (002), (210), and (202) reflec-
tions for HA were further analyzed to determine
the state of residual stresses and crystallographic
differences in the coatings of different groups. The
average HA crystallite sizes were obtained from
the Debye-Scherrer formula31:

r =      K�     
B cos�

where r is the crystallite dimension (Å) in the direc-
tion perpendicular to the chosen crystallographic
plane, K is a constant (0.9), � is the wavelength of
the Cu K� x-rays, and B is the observed broadening
measured in radians at the half-maximum height of
the XRD peak. If the instrumental broadening (Bi)
is known, it can be included in Equation 1 to
account for the true broadening.31 The line broad-

ening may indicate crystallite size and crystallite
strain if there is nonuniform deformation.

The percent crystallinity (%C) (ie, the total per-
centage of all of the crystalline phases in the coat-
ing) was calculated using the following equation32:

%C =  100Ixtl  

Ixtl � Iam

where Iam is the total intensity arising from the
amorphous phase and Ixtl is the total intensity aris-
ing from the several crystalline phases in the coat-
ing. The value of Ixtl was obtained by integrating
the area under the crystalline reflections between
15 and 45 degrees (2�) of the background-cor-
rected-intensity XRD pattern. The amorphous
phase was identified by a broad hump near 30
degrees. The value of Iam was obtained by fitting
the curve for the intensity of this ACP component
into a linear expression (over the 2� range of 15 to
29 degrees) and a fourth-order polynomial expres-
sion (over the 2� range of 29 to 45 degrees) and
integrating over the range of the amorphous con-
tribution.32 (Other mathematical relationships
were also tried, but the linear and polynomial
combination of expressions yielded the highest
correlation coefficient.) The mean percent crys-
tallinity was calculated using those selected reflect-
ing planes for each of the 3 specimens from the 3
groups (n = 3). The principles behind this com-
puter program have been used by other investiga-
tors for the study of HA coatings.7,33,34 The
numerical procedures were facilitated by the use of
computer software (PSI-Plot, Poly Software Inter-
national, Salt Lake City, UT). For identification of
the phases in the coatings, the XRD patterns were
compared with files of appropriate ICDD poly-
crystalline powder standards. If the difference
between the interplanar spacings (d-spacings) cal-
culated from observed 2� values and the d-spac-
ings for the standard were ≤ 0.03 Å, then the
match was considered to be good.

The mean values of 2�, FWHM, r, and %C for
Groups A, B, and C were compared statistically
using 1-way analysis of variance (ANOVA) (n = 3).
A level of � = .05 was chosen as the criterion for
statistical significance.

As previously noted, in the second part of the
study, tungsten powder served as an internal stan-
dard for the determination of the instrumental
shift of the x-ray diffractometer system, which was
also taken into consideration in the calculations of
the residual stresses in the coatings. The peak posi-
tions and FWHM values for the (002), (210), and
(202) planes were determined using the commer-

(Equation 1)

(Equation 2)
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cially available Peak-Fit computer program (SPSS,
Chicago, IL). The changes in interplanar spacing
for these selected planes compared to the ICDD
powder standard for HA were again used to calcu-
late the strains, and crystallite sizes were calculated
using Equation 1. The data obtained with the
Peak-Fit software were compared to those
obtained from the first part of the study, where a
different computer program written by one of the
authors32 was used.

Results and Discussion

The XRD patterns obtained from representative
coatings from the 3 groups are shown in Figs 1 to
3. Comparing the relative sizes of the broad back-
ground crests from the ACP phases, it is evident
that Group A had the highest crystallinity, Group
B was intermediate, and Group C had the lowest
crystallinity. The XRD patterns obtained from
Group A specimens exhibited the strongest and
sharpest peaks, whereas Group C specimens had
the weakest and broadest peaks. There were some
small peaks that were not readily visible for Group
A but became increasingly prominent for Groups B
and C as the crystallinity decreased. These qualita-
tive observations were confirmed by quantitative
analyses of the XRD patterns, where calculated d-
spacing values were compared with ICDD stan-
dards to identify reflecting planes.

Results indicated that coatings in Group A con-
sisted mainly of HA and the amorphous (ACP)
phase. All of the major peaks in Fig 1 were found
to correspond to ICDD standard 9-432 (Table 1)
for HA, and there was very good agreement within
about 0.01 Å for the calculated d-spacings and the
ICDD standard. The good qualitative agreement
between the relative intensities for the peaks and
those in the standard indicated that there was little
preferred orientation for the HA in the coatings.
There were also some weak additional peaks, but
difficulties in distinguishing these peaks from the
background and the small number of data pairs in
each peak precluded accurate determinations of
mean 2� values. Nevertheless, the positions of
these weak peaks (Fig 1) closely matched those of
ICDD standard 29-359 (Table 1) for �-TCP.

Groups B and C contained XRD peaks that
could generally be indexed to multiple calcium
phosphate phases (Figs 2 and 3). Referring to the
example in Table 2, the coatings in these 2 groups
contained TTCP (ICDD 25-1137), �-TCP (ICDD
29-359), and ß-TCP (ICDD 9-169), in addition to
HA. Lattice parameters corresponding to the cal-
cium phosphate phases in the coatings are summa-

rized in Table 1. Because of their very similar com-
positions and peak positions in the ICDD stan-
dards, the presence of other calcium phosphate
phases, such as calcium pyrophosphate (Ca2P2O7)
and octacalcium phosphate [Ca8H2(PO4)6•5H2O],
cannot be precluded. An XRD scan extending
from 15 to 85 degrees was also performed for 2
representative coatings to provide maximum accu-
racy for the peak assignments to specific phases.
Since there also appeared to be little preferred ori-
entation for the HA in Groups B and C, if some of
the strong reflecting planes for a particular phase
were missing, it was assumed that this phase was
not present in the coating. For example, if the peak
at 2� = 29.40 degrees and a relative intensity of
100 were assigned to �-PP (ICDD 9-345), then
another strong peak at 27.68 degrees should also
be present. However, Table 2 shows that this peak
was missing.

For the same reason, it could not be concluded
that the CaO phase was present in the coatings,
although some possible reflections were observed
(Table 2). Upon examination of the entire XRD
pattern, this phase was ruled out because of many
missing reflections. Nevertheless, other studies11,30

have shown that CaO is present in plasma-sprayed
HA coatings. This is plausible since high tempera-
tures can cause dehydroxylation of HA, which
could lead to formation of this phase.

One major problem encountered in matching
the diffraction patterns to ICDD standards, so as
to determine whether phases other than HA were
present, was the frequent overlapping of the XRD
peaks. For example, the majority of strong peaks
from TTCP were masked by the more intense HA
peaks. However, the strongest peak for TTCP (as
well as other weak peaks) was present throughout
the XRD patterns for coatings from Groups B and
C, which suggested that this phase was present.
Since comparison of the relative intensities for the
HA peaks in the coatings with the ICDD standard
suggested minimal preferred orientation, another
criterion for phase identification was agreement of
the relative peak intensities for each possible phase
in a coating with those for the peaks in the ICDD
standard. While preferred orientation might be
expected at the coating/titanium alloy interface
because of epitaxial effects, this is unlikely in the
bulk coating because of the random nature of the
plasma deposition process and insufficient time
available for growth kinetics. It was concluded
that, as the coating crystallinity decreased from
Group A to Group C, �-TCP, ß-TCP, and TTCP
were present in increasing amounts. These results
are not surprising, since very high temperatures
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Fig 1 X-ray diffraction pattern of specimen
1 from Group A, showing the peaks that cor-
respond only to HA.

Fig 2 X-ray diffraction pattern of specimen
1 from Group B, showing the peaks that cor-
respond to other phases in addition to HA.

Fig 3 X-ray diffraction pattern of specimen
1 from Group C, showing the peaks that cor-
respond to other phases in addition to HA.
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Table 2 Possible Assignments of the XRD Peaks for Specimen 1 from Group C

Intensity 2�
(counts/10 sec) (degrees) d (Å) Interpretation

390 16.800 5.277 Good match: HA; poor match: ß-TCP, OCP
461 18.811 4.718 Good match: HA, TTCP, ß-PP, OCP
684 21.753 4.086 Good match: HA, ß-TCP, TTCP, OCP
798 22.853 3.892 Good match: HA, �-TCP, TTCP; poor match: ß-TCP, OCP
510 25.400 3.507 Good match: HA, �-TCP, TTCP; poor match: ß-TCP, ß-PP 
1544 25.814 3.452 Good match: HA, ß-TCP, TTCP, �-PP, OCP
944 28.087 3.177 Good match: HA, �-TCP, ß-TCP, TTCP, �-PP, OCP
1637 28.969 3.082 Good match: HA, �-TCP, ß-TCP, TTCP, �-PP, ß-PP, OCP
800 29.199 3.058 Good match: �-TCP, TTCP, ß-PP, OCP; poor match: ß-TCP
753 29.397 3.038 Good match: �-TCP, ß-TCP, TTCP, ß-PP, OCP, CaO
826 29.550 3.023 Good match: �-TCP, ß-TCP, TTCP, ß-PP, OCP, CaO
1006 31.150 2.871 Good match: �-TCP, ß-TCP, OCP
4710 31.749 2.818 Good match: HA, �-TCP, TTCP, ß-PP, OCP
2600 32.150 2.784 Good match: HA, �-TCP, ß-TCP, TTCP, �-PP, ß-PP, OCP
3211 32.941 2.719 Good match: HA, ß-TCP, TTCP, OCP
1269 33.989 2.638 Good match: HA, ß-TCP, TTCP, �-PP, OCP
612 35.250 2.546 Good match: �-TCP, ß-TCP, TTCP, �-PP, ß-PP, OCP
721 35.500 2.529 Good match: HA, ß-TCP, �-PP, ß-PP; poor match: �-TCP
761 38.504 2.338 Good match: �-TCP, TTCP, OCP; poor match: ß-TCP
702 38.600 2.332 Good match: �-TCP, TTCP, OCP; poor match: ß-TCP
656 39.255 2.295 Good match: HA, TTCP; poor match: �-TCP, OCP
1615 39.850 2.262 Good match: HA, �-TCP, ß-TCP, TTCP, ß-PP, OCP, CaO; poor match;�-PP
1391 40.338 2.236 Good match: HA, ß-TCP, TTCP, ß-PP; poor match: �-TCP
672 42.059 2.148 Good match: HA, TTCP, �-PP, ß-PP
527 43.312 2.089 Good match: ß-TCP, TTCP, �-PP, ß-PP, OCP, CaO
564 43.815 2.066 Good match: HA, ß-TCP, TTCP, �-PP, ß-PP, OCP

HA = hydroxyapatite; �- and ß-TCP = �- and ß-tricalcium phosphate; TTCP = tetracalcium phosphate; �- and ß-PP = �- and ß- pyrophosphate; 
OCP = octacalcium phosphate; CaO = calcium oxide.

Table 1 Lattice Parameters for the Calcium Phosphate
Phases in the Coatings

Ca:P molar Reference
Phase Structure Lattice Parameters ratio (ICDD)

HA Hexagonal a = 9.418 Å 1.67 9-432
c = 6.884 Å

�-TCP Monoclinic a = 12.887 Å 1.50 29-359
b = 27.280 Å
c = 15.219 Å
ß = 126.2 deg

ß-TCP Rhombohedral* a = 10.429 Å 1.50 9-169
c = 37.380 Å

TTCP Monoclinic a = 7.018 Å 2.00 25-1137
b = 11.980 Å
c = 9.469 Å
ß = 90.88 deg

*The axial angle for this crystal structure was not provided in the ICDD standard.
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(> 10,000°C) are generated in the plasma gun and
the molten powder particles are directed onto the
substrate by the ionized carrier gas (plasma) in
milliseconds.35 Because of the highly nonequilib-
rium conditions during plasma spraying, dehy-
droxylation and phase transformations of the
starting powder particles can occur.11

A noteworthy result was the presence of �-tita-
nium peaks (ICDD 5-682) in the coatings of
Group C. The identity of these peaks was con-
firmed on the extended XRD patterns and by
obtaining an XRD pattern from the uncoated back
of one Ti-6Al-4V coupon. To verify whether the x-
rays traveled a sufficient distance through the bulk
coating to the titanium alloy substrate, depth-of-
penetration calculations were carried out using the
following formula36:

x = Kx sin�
2µ

where µ is the linear absorption coefficient (for
HA), � is the x-ray angle of incidence (half the dif-
fraction angle in Figs 1 to 3), and Kx is a tabulated
constant based on the fraction (Gx) of the total dif-
fracted intensity contributed by a surface layer of
depth (x).

These calculations showed that the x-ray path
lengths through the coatings required to yield peaks
from the substrates were plausible. For example, at
a 2� value of 40 degrees and assuming that 99% of
the x-rays were collected, the distance that the x-ray
beam would need to travel to reach the substrate
was about 50 µm. Even though the actual coating
thickness of the specimens was not known, it was
assumed to be around 50 µm, the optimum thick-
ness desired by manufacturers.2,10,21 Therefore, the
XRD pattern is believed to arise from the bulk coat-
ing. The present results indicate that the 3 specimens
in Group C had a lower coating thickness than the
specimens belonging to Groups A and B, which did
not exhibit titanium peaks in their XRD patterns.

When the XRD pattern obtained from the back
of a coupon in Group C was carefully examined,
peaks in addition to those for �-titanium were
present. These extra peaks were indexed to alu-
mina (ICDD 42-1468). Previous investigations of
the microscopic and morphologic features of cal-
cium phosphate–coated dental implants showed
aluminum-rich particles at the coating/substrate
interface, as revealed by x-ray energy-dispersive
analysis with the scanning electron micro-
scope,37,38 and these particles were identified 
as alumina using x-ray wavelength-dispersive
analysis with the electron microprobe.39 Appar-

ently, alumina particles become entrapped in the
titanium alloy substrate during grit blasting, a
process employed by manufacturers to achieve a
rough surface on the substrate and improve coat-
ing adherence.

The percent crystallinity calculations obtained
with the computer program used by Foreman and
Jakes,32 which are provided in Table 3, confirmed
that Group A had the highest crystallinity, with a
value of 60 ± 4% (mean ± standard deviation).
Independent measurements (Lambda Research,
Cincinnati, OH) on coatings nominally identical to
those in Group A yielded a mean percent crys-
tallinity of 65.1%. Group B had crystallinity of 51
± 6%, and Group C had crystallinity of 49 ± 6%.
Previously, Lacefield4 and LeGeros et al13 reported
crystallinity ranges in plasma-sprayed coatings of
40 to 80% and 30 to 70%, respectively. However,
it is well known that these results are highly
dependent upon the method used to analyze the
XRD patterns, and independent laboratories
report different values of percent crystallinity for
the same specimens. The percent crystallinity
results are based upon all of the phases present in
the coatings, and they represent the ratio of the
total amount of crystalline phases to the sum of
the crystalline and amorphous phases, as shown in
Equation 2. The contribution of the secondary
crystalline calcium phosphate phases to the percent
crystallinity was minor, since these phases had
weak peaks compared to the large HA peaks.
There were no significant differences among the 3
coating groups (P > .05) for the percent crys-
tallinity results. A larger sample size may be
needed to show statistical differences between the
groups, since the sample size in this study was rela-
tively small (n = 3 for each group).

In the second part of this study, the state of
stress in the coatings was investigated with particu-
lar care, since the presence of residual stresses may
contribute significantly to the bond strength with
the substrate as measured with conventional

Table 3 Percent Crystallinity Results for the 
3 Groups of Coatings*

Specimen Group A Group B Group C

1 61 50 54
2 56 57 43
3 64 46 49
Mean (SD) 60 (4) 51 (6) 49 (6)

*n = 3; values were not significantly different (P > .05).

(Equation 3)
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mechanical tests.2,22 The relatively sharp (002),
(210), and (202) planes for HA were analyzed (Fig
1). As can be seen in Table 4, there was high preci-
sion in the 2� and FWHM values obtained for the
3 different coating groups in the first part of the
study. While it was felt that the use of tungsten as
an internal standard in the second part of the study
gave more precise data, Table 4 shows that similar
values were obtained in both parts of the study for
the standard deviations of the 2� and FWHM val-
ues. The crystallite size (r) for each of the 3 coating
groups, defined as the average size of a region that
has the same coherently diffracting structure,21

exhibited a wide range of values for the (002),
(210), and (202) reflecting planes. For example, the
mean value of r for Group B was 412 Å and 239 Å
for the (002) and (210) reflecting planes, respec-
tively. Nevertheless, the present range for r in Table
4 was less than that in a previous study,21 which
also reported the differences in crystallite size for
various reflecting planes. It was suggested21 that
the different values of r arise from the structural
properties of the crystalline starting HA powder
and the conditions of deposition onto the sub-
strate. Because of several relatively large standard
deviations, there were no significant differences in r
among the 3 coating groups (P > .05), and the
mean crystallite size ranged from 0.02 to 0.05 µm.

Table 4 indicates minimal variation (usually not
exceeding 0.01 degree) between the values of mean
2� for each of the 3 reflecting planes among the 3
coating groups. This result not only verified the
high precision of the diffractometric technique, but
also suggested that there was little difference in the

purity or stoichiometry of the HA phase in the 3
coating groups. While the positions and relative
intensities of the XRD peaks for the HA phase in
the coatings were in excellent agreement with
ICDD standard 9-432, comparisons of mean 2�
values for HA in Table 4 to those computed from
the interplanar spacings for the pure ICDD powder
standard imply an uneven state of strain in the
coatings. Both XRD techniques in the present
study (ie, using or not using tungsten powder as an
internal standard) showed that the coatings were
under both tensile and compressive stresses,
although generally the stresses were tensile. This is
not surprising, since the higher reported thermal
contraction coefficient for HA compared to the Ti-
6Al-4V substrate creates residual tensile stresses in
the coating parallel to the interface, and cracks
will appear if the residual stress exceeds the tensile
strength of the coating.40,41 Previous studies have
shown that plasma-sprayed coatings have numer-
ous surface cracks.37–39 Even though the (002),
(210), and (202) XRD peaks from the HA were
sharp, overlapping reflections from other crys-
talline phases in Groups B and C might contribute
uncertainty to the results for these specimens.
More detailed study using sophisticated XRD
stress measurement techniques36 is required to
investigate the stresses in the coatings.

In this study, the residual strains for the selected
reflecting planes were estimated using the follow-
ing formula:

� = do – ds

ds

Table 4 Mean Values and Standard Deviations of 2�, FWHM, and r for Groups A, B, and C from the
(002), (210), and (202) Reflecting Planes Obtained Using 2 Techniques

Group A Group B Group C

(002) (210) (202) (002) (210) (202) (002) (210) (202)

Mean 2� 25.82 28.95 34.01 25.81 28.96 34.00 25.82 28.98 34.00
(deg)* (0.01) (0.00) (0.01) (0.00) (0.02) (0.01) (0.00) (0.01) (0.02)
FWHM 0.21 0.25 0.32 0.21 0.34 0.34 0.21 0.36 0.31
(deg)* (0.03) (0.07) (0.03) (0.07) (0.00) (0.00) (0.00) (0.00) (0.03)
r (Å)* 396 351 258 412 239 290 396 228 274

(69) (110) (28) (110) (0) (0) (69) (20) (28)
Mean 2� 25.86 28.98 34.08 25.85 28.98 34.06 25.84 28.99 34.04
(deg)† (0.00) (0.01) (0.08) (0.02) (0.01) (0.02) (0.00) (0.01) (0.01)
FWHM 0.18 0.26 0.24 0.25 0.26 0.26 0.20 0.28 0.27
(deg)† (0.01) (0.00) (0.02) (0.12) (0.08) (0.06) (0.02) (0.06) (0.02)
r (Å)† 481 325 351 397 344 332 417 305 308

(10) (43) (31) (165) (96) (72) (36) (67) (21)

*Data obtained using the computer program developed by Foreman.32

†Data obtained using the Peak-Fit software.

(Equation 4)
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where � is the strain for the reflecting plane consid-
ered, do is the observed interatomic spacing, and ds
is the interatomic spacing according to the ICDD
standard for that reflecting plane. The very small
strain values ranged over an order of magnitude
between 0.0003 and 0.0035 and were nearly at the
limit of detection for the XRD technique used in
this study. Residual stresses were calculated using
the relationship for the applicable case of 2-dimen-
sional plane stress42:

� =   E�   
1 – 	

where � is the stress; E and 	 are the modulus of
elasticity (34 GPa)40 and Poisson’s ratio (0.28)43 of
HA, respectively, and � is the strain for parallel
members of the given reflecting plane. This rela-
tionship is derived from the assumption that the
normal stresses (�x and �y) in the plane of the coat-
ing are approximately equal because of the square
specimen geometry and isotropic properties of the
coating. The third normal stress (�z) is assumed to
be zero because of the very small coating thickness.
Therefore, the coatings are considered to be in a 2-
dimensional state of plane stress.44

Values of residual stresses obtained from the
first and second parts of this study for the (002),
(210), and (202) reflecting planes ranged from 10
to 120 MPa and 0 to 136 MPa, respectively. Since
the use of high-angle XRD peaks is desirable to
achieve stress measurements with an increased sen-
sitivity to small changes in the d-spacing and to
reduce instrumental errors,45 the stresses for the
(004) and (513) reflecting planes were also exam-
ined. The mean stress values for the (004) reflect-
ing plane were 0 MPa, 63 ± 27 MPa, and 0 MPa
for Groups A, B, and C, respectively. For the (513)
reflecting plane, the mean stress values were found
to be 100 ± 21 MPa, 63 ± 98 MPa, and 31 ± 98
MPa, respectively, for the same 3 coating groups.
The stresses were found to be in both the tensile
and compressive states. Since there was a substan-
tial scatter in the data, larger sample sizes might be
needed to more accurately determine the stresses,
although it is still likely that such results would
have high variability. It should be noted that back-
reflection peaks (2� > 90 degrees) for the most
accurate stress determination are not available for
HA when Cu K� x-rays are used.

Nonetheless, the values of residual stress found in
the present study were comparable to the reported
tensile strength values (40 to 80 MPa) of HA.46,47

The wide range of values published for both the
elastic modulus and tensile strength of HA40,46–48 is

not unexpected, since these mechanical properties
are highly dependent upon the method of process-
ing.49 Sergo et al50 pointed out that, although calcu-
lated residual stress values are around 440 MPa, the
difference in the coefficients of contraction between
the coating and the substrate causes the actual
stresses to be less than the theoretical values. They
concluded that residual stresses are also dominated
by growth conditions that result in smaller values
(approximately 100 MPa).

LeGeros14 emphasized that there is an addi-
tional contribution to the XRD peak broadening,
which is proportional to both the strain and tan �.
For the data in Table 2 and a hypothetical situa-
tion of uniform strain, there would be a broaden-
ing of approximately 34% for the (202) peak com-
pared to the (002) peak. In the present
experiments, the observed peak broadening, which
was used to calculate crystallite size (r) with Equa-
tion 1, had the opposite trend of being greater for
the (002) peak than for the (202) peak. Because of
the uneven stress conditions prevailing in the HA
coatings, correction of the mean values of (r) in
Table 4 was not possible.

The residual stress developed in the coating dur-
ing cooling may first be crudely estimated using
the following formula,51 assuming that the sub-
strate acts as a rigid (noncontracting) material dur-
ing this process:

� = E�(Tg – T)

where E and � are the modulus of elasticity (34
GPa)40 and thermal contraction coefficient (11 �
10–6/°C),40 respectively, of HA, Tg is the glass tran-
sition temperature, and T is the temperature of
interest. The glass transition temperature is a very
important factor in determining the stresses that
occur during cooling of the ceramic. Above Tg, vis-
cous flow in the ceramic is capable of relieving any
stress, whereas below Tg the material behaves as
an elastic solid, and stress relaxation does not take
place.52 In the absence of published data on the
glass transition temperature of HA, Tg was
assumed to be around 600°C, which is the glass
transition temperature of dental porcelain.52 Using
this value in the above relationship, the residual
stress in the coatings is estimated to be 215 MPa,
which is much higher than the range of values
found from the XRD analysis.

Alternatively, residual stress calculations may be
performed based on the assumption that the tita-
nium alloy substrate also contracts during the
cooling process for the coating. This is a more
complex situation, since the thermal and mechani-

(Equation 5)

(Equation 6)
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cal properties of both materials need to be taken
into consideration. In this case, tensile stresses will
be created in the coating, while compressive
stresses will be created in the substrate, as a result
of the lower value of � (8.6 � 10–6/°C)40 for tita-
nium. There will be a mechanical equilibrium
where equal and opposite stresses occur in the
coating and substrate. This equilibrium point may
be derived using the following basic formula51:

lf = lo[1 – �(∆T)]

where lf and lo are the final and original lengths, �
is the thermal contraction coefficient, and ∆T is
the difference in the final and starting tempera-
tures (room temperature and Tg). Once the length
of the materials at equilibrium (le) is obtained, the
residual stress may be calculated from the value of
strain resulting from the difference between le and
the length that would occur if the coating were not
bonded to the substrate. However, because of the
relatively thin coating (50 µm) and thick substrate
(3 mm), the coating will be in a state of plane
stress (where the elastic modulus can be calculated
as E/[1 – 	]) and the substrate will be in a state of
plane strain (where the elastic modulus can be cal-
culated as E/[1 + 	]).40,43 In this case, the residual
stress in the coating was found to be 121 MPa,
which is within the range obtained from the XRD
analyses. These latter calculations may represent
the true situation, since the Ti-6Al-4V substrate
surface is in contact with the molten ceramic parti-
cles at high temperatures (Tm = 1600°C)49 and
should be subject to some thermal contraction.

Other analytic techniques, such as Fourier
transform infrared analysis and Raman spec-
troscopy, can provide additional information such
as the loss of OH from HA, which is not readily
determined using XRD.4 It has been reported that
the same information can be obtained from pow-
der XRD patterns studied by the Rietveld method.
In this technique, a powder pattern is analyzed on
the basis of both a structural model and the char-
acteristics of the instrument used, and the differ-
ences between the observed and calculated intensi-
ties are minimized.53

This study has shown that proprietary plasma
spraying of current dental implants results in cal-
cium phosphate coatings containing approximately
50 to 60% crystalline HA, with small amounts of
other crystalline phases (�-TCP, ß-TCP, and
TTCP). The results obtained with the Groups B
and C specimens demonstrated that crystallo-
graphic transformations of HA are inevitable
under certain conditions of plasma spraying. Sta-

bility of the bioceramic coating depends highly
upon these minor phases, which have much higher
dissolution rates compared to pure HA.11,12,15

While appropriate manipulation of the coating
parameters, such as starting powder particle com-
position and size, the distance of the plasma gun to
the substrate, and the carrier gas, can yield high-
quality coatings of nearly pure HA, the approxi-
mately 40 to 50% ACP phase is subject7 to rela-
tively rapid dissolution in vivo. Fundamental
questions about the optimum percentage of ACP
and whether the coating should remain intact in
vivo or resorb are unresolved.

Conclusions

Plasma spraying of HA onto Ti-6Al-4V substrates
resulted in a bioceramic coating that consisted
mainly of HA, with �-TCP, ß-TCP, and TTCP as
minor phases under some conditions. Approxi-
mately 40 to 50% amorphous calcium phosphate
phase existed in the coatings, depending upon the
deposition parameters. There were no significant
differences in the crystallite sizes (ranging from
about 0.02 to 0.05 µm) and the percent crys-
tallinity values for the 3 coating groups examined.
Comparison of the interplanar spacings for selected
crystallographic planes with values in the ICDD
standard for HA suggests that the coatings are in
an uneven state of tensile strain, which is consistent
with the differences in the thermal expansion coef-
ficients of HA and Ti-6Al-4V.
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