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specific features of the complex diffraction patterns, such as
crystallinity or HA content, rather than providing complete
phase analysis. The effects of variation in the mass absorption
coefficients of the component phases are not addressed, or re-
quire an array of known mixtures for calibration. The crys-
tallinity of biological or precipitated HA can be calculated from
the XRD peak-to-background ratio of a mixture consisting of a
single crystalline phase mixed with an amorphous fraction rela-
tive to that of a fully crystalline reference sample.[8,9] This
method is not, however, generally applicable to plasma-sprayed
coatings because of the potential presence of multiple phases.

The purpose of this paper is to describe an XRD quantitative
phase analysis technique applicable to HA plasma-sprayed coat-
ings based upon the reference intensity ratio (RIR) method com-
monly applied in mineralogy, which provides complete phase
analysis,[10,11] modified to employ an external rather than an in-
ternal standard.

1.1 Prior Methods

Several methods have been described for determining the
phase composition and the amorphous or glassy fraction gener-
ally present in HA plasma-sprayed coatings. In the method of
LeGeros et al.,[12] the complex diffraction patterns produced by
plasma-sprayed coatings are deconvoluted for phase quantifica-
tion, but the broad diffraction peak tails are truncated, leaving
uncertainties in the integrated intensity. Relative intensities re-
ported in the JCPDS files are used in quantification rather than
true reference intensity ratios, and the effect of the absorption
coefficients of the component phases upon the intensity of the
diffraction peaks is not considered. A similar method is de-
scribed by Burgess et al.,[13] but calibration with known mixtures
is used to account for absorption effects. Calibration curves are
suitable for mixtures of two components but are impractical for
generalized mixtures of several component phases, which com-
monly occur in plasma-sprayed HA coatings.

1. Introduction

Medical and dental implants employing hydroxyapatite (HA)
plasma-sprayed coatings on a structural substrate are now
widely used in reconstructive surgery. Both the crystallinity of
the coating and the crystalline phase composition depend upon
the plasma-spray processing parameters and are believed to af-
fect the biological response to the ceramic coating.[1–4] To verify
the phase composition achieved, x-ray diffraction (XRD) char-
acterization of the coatings is recommended by the Food and
Drug Administration[5] and required in ASTM F1185-88, “Stan-
dard Specification for Composition of Ceramic Hydroxylapatite
for Surgical Implants.”[6]

During the plasma-spray process, highly crystalline sintered
HA powder is rapidly heated to a partially molten state and de-
posited at high velocity on a relatively cold metallic substrate,
commonly the titanium alloy Ti-6Al-4V. Variation in either the
plasma-spray conditions, particularly the thermal history, or in
the composition of the starting HA powder can alter both the
phase composition and crystallinity of the coating. The α or β
forms of tricalcium phosphate (TCP), Ca3(PO4)2, and calcium
oxide (CaO) have been observed in plasma-sprayed coat-
ings.[1–4,7]

X-ray diffraction methods have long been applied to char-
acterize HA and related ceramic materials. However, the quan-
titative phase analysis methods described to date for plasma-
sprayed HA coatings have usually been developed to measure
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Keller and Rey-Fessler[14] have described a parallel beam
XRD method developed for cylindrical samples. This procedure
determines the percent crystallinity from calibration curves de-
veloped from mixtures of fully crystalline and “fully amor-
phous” powders. Because the HA coating need not be removed
from the metallic substrate, the method of Keller and Rey-
Fessler provides nondestructive determination of the phase com-
position. Flach, et al.[15] describe a similar method in which
coatings are characterized using calibration curves derived from
known mixtures of 100% crystalline and “100% amorphous”
material. Keller and Dollase[24] propose a method similar to
Keller and Rey-Fessler[14] and note a strong dependence of the
calibration constant derived from the mixtures of amorphous and
crystalline material upon the range of integration used in mea-
suring the integrated intensities. These methods rely upon cali-
bration curves requiring fully amorphous material produced by
splat cooling of molten powders. The lowest energy state of a
solid phase is the fully crystallized state, which is well defined
by diffraction peak widths reduced to the limits of instrumental
broadening. Fully crystalline HA powder is easily achieved by
annealing. In contrast, the nature of the amorphous glassy phase
developed by rapid cooling during plasma-spray deposition is
inconsistent (dependent upon temperatures and cooling rates)
and may not be stable. Calibration using an amorphous standard
is, therefore, specific to the plasma-spraying conditions used to
produce the amorphous or glassy standard and is not generally
applicable. By quantifying all of the crystalline phases and cal-
culating the amorphous fraction as the balance remaining, as
proposed here, the uniformity and nature of the amorphous frac-
tion need not be considered.

The Rietveld method,[25] in which a model of the crystal struc-
ture is refined by least-squares techniques to fit the full diffrac-
tion pattern, has found broad applications in powder diffraction.
Keller[17] has applied Rietveld analysis to the complex mixture
of amorphous and crystalline phases in HA plasma-sprayed
coatings. When used for quantitative analysis of HA coatings,
the method is shown to produce solutions that are not unique, but
depend upon the initial estimates of the large number of para-
meters assumed in the analysis. To achieve a satisfactory fit, it is
necessary to adopt an arbitrary complex background function
(that does not coincide with the scattering maximum of the
amorphous fraction) and temperature factors, Bj, that differ
markedly for the starting powder and deposited coatings. No
physical basis appears to exist for either of these features of the
solution. The method fails to quantify the poorly crystalline β-
TCP that is the common secondary phase found in plasma-
sprayed coatings.

1.2 The Nature of the Poorly Crystallized or Amor-
phous Fraction

Poorly crystallized or truly amorphous material commonly
comprises from 10 to 50 vol.% of typical plasma-sprayed HA
coatings. The available phase quantification methods treat this
significant fraction of the coating differently. Some include it in
the calculation of the crystalline fraction, while others exclude it
as a separate noncrystalline phase. The broad diffraction peaks
seen in the diffraction patterns of plasma-sprayed coatings may
be treated as “microcrystalline” HA, with crystallite sizes on the
order of 10 Å, and included in the calculation of the crystalline

fraction.[12] Alternately, the fraction has been treated as a sepa-
rate Ca/P glassy phase formed by the rapid splat cooling of the
semimolten HA powder and excluded from the crystalline frac-
tion.[14,16] Clearly, the true nature of this fraction must first be es-
tablished before phase quantification.

Naturally occurring HA obtained from bone or poorly crys-
tallized HA produced by precipitation[23] shows very broad dif-
fraction peaks produced by crystallite sizes estimated in the
range of tens to hundreds of Angstroms. Diffraction patterns of
highly crystalline sintered HA, and the small crystallite sizes de-
veloped during precipitation, are shown in Fig. 1(a) and (c). A
typical diffraction pattern for a plasma-sprayed HA coating is
shown in Fig. 1(b).

Work by Keller[22] using Rietveld techniques to simulate the
diffraction patterns of HA has shown that reduction in crystal-
lite sizes to dimensions on the order of 10 Å causes broadening,
very similar to natural or precipitated HA, but no shift in the an-

Fig. 1 Diffraction patterns taken from a variety of sources as noted, 
digitized, and replotted on a common angular scale to differentiate the a
morphous Ca/P glassy phase from the broadened peaks of microcrys-
talline HA. (a) Fully crystalline sintered HA. (b) Hydroxyapatite
plasma-spray coating containing crystalline and glassy material. (c) Hy-
droxyapatite prepared as a precipitate with a small crystallite size (ma-
terial provided by Dr. L. Kuhn Spearing). (d) to (f). Calculated
diffraction patterns produced by crystalline HA with 10, 50, and 100 Å
after Keller.[22] (g) Highly amorphous coating produced on a dental im-
plant containing a minor crystalline fraction (materials provided by Dr.
Paul Glick). (h). Highly amorphous calcium phosphate glass from
Flach, et al.[15]



gular positions of the broadened diffraction peaks. Figure 1(d)
to (f) shows Keller’s calculated diffraction peaks for a range of
crystallite sizes from 10 to 100 Å, presented on the same angu-
lar scale.

The diffraction patterns reported by several authors for
plasma-sprayed coatings containing a large fraction of poorly
crystallized material are presented normalized and on a uniform
angular scale in Fig. 1(g) and (h). Comparison of Fig. 1 (g) and
(h) with the calculated patterns of Fig. 1(d) to (f), and the mi-
crocrystalline HA of Fig. 1(c), clearly reveals that the broad
maximum found in plasma-sprayed coatings is shifted nearly 2°,
to lower Bragg angles, than the (211) diffraction peak produced
by crystalline HA, regardless of the crystallite size. The struc-
ture of the amorphous fraction of plasma-sprayed coatings is dis-
tinctly different from that of microcrystalline HA and is
attributed to a separate glassy Ca/P phase produced by rapid
cooling during plasma spraying. Keller and Dollase [24] report
the amorphous maxima at 30.5°. Using a combination of XRD
and optical microscopy to examine HA plasma-sprayed coatings
produced under a wide range of conditions, Gross and Brendt[18]

have also concluded that a noncrystalline glassy phase is pro-
duced during the thermal cycle and rapid cooling of the plasma-
spray process.

This paper describes a method of XRD quantitative phase
analysis using an external standard RIR method. The method has
been derived from the fundamental physical principles of XRD
and allows simultaneous determination of the weight or volume
fractions of HA (including microcrystalline material), both the
α and β forms of (TCP), and CaO. The Ca/P glassy phase is
treated as a separate component of the multiphase system com-
prising the balance of the material in the coating. “Microcrys-
talline” HA is included in the contribution to the long tails of the
broadened HA diffraction peaks. The percent crystallinity is cal-
culated as the sum of the weight fractions of the crystalline phase
fractions, excluding the glassy Ca/P fraction.

2. Selection of the External Standard 
Method

The intensity of XRD from any system of phases is given as
a function of the diffracting volume of each phase by the pow-
der pattern power theorem.[19] If the effects of variation in the ab-
sorption coefficient of the mixture on the diffracted intensities
are included, the volume fraction of any crystalline phase in a
mixture can be calculated from the measured integrated intensi-
ties of diffraction peaks produced by the component phases. The
need for empirical calibration is then eliminated, and mixtures
containing several phases in any proportion can be analyzed.

X-ray diffraction quantitative phase analysis can be per-
formed by one of three fundamental methods: direct comparison,
internal standard, and external standard.[10,20]The direct compar-
ison method requires no reference standard but is only applica-
ble to fully crystalline samples, or with prior knowledge of the
sample crystallinity. Plasma-sprayed HA coatings generally
contain a significant glassy Ca/P fraction, prohibiting use of the
direct comparison method. Both the internal and external stan-
dard methods are applicable to samples containing an unknown
amorphous fraction. Because the internal standard method re-
quires no prior knowledge of the sample composition, it is gen-

erally preferred for XRD quantification.[11] However, it is only
applicable to finely powdered samples into which a measured
amount of a crystalline standard can be uniformly mixed. The
external standard method can be applied without disturbing the
sample, but only if the mass absorption coefficient of the mix-
ture of phases is known.

The external standard method has been selected because it is
applicable to partially amorphous multiphase solid samples of
known chemical composition, such as plasma-sprayed coatings.
The elemental composition of the plasma-sprayed coating is the
same as the starting powder. Therefore, the mass absorption co-
efficient of the HA plasma-sprayed coating to be analyzed is
equal to the known coefficient of the starting HA powder. The
diffraction pattern obtained nondestructively from the coating
surface is quantified with reference to an external standard such
as aluminum oxide or quartz powder. The percent crystallinity
of the multiphase coatings is taken to be the sum of all crystalline
fractions present. The balance remaining is the amorphous frac-
tion.

2.1 The External Standard Method

If the diffracted intensity from a pure sample of a phase i is
Ii, and the intensity Ii is measured under identical experimental
conditions from a mixture containing an unknown weight frac-
tion Wi of phase i, then the weight fraction in the unknown mix-
ture can be calculated from the ratio of the integrated intensities
as

(Eq 1)

where (µ/ρ)i and (µ/ρ)m are the mass absorption coefficients for
the pure phase and the mixture, respectively. Equation 1 is the
working equation for the external standard method. The mass
absorption coefficient of the mixture, (µ/ρ)m, must be known in-
dependently. In the special case of application to plasma-sprayed
coatings, because the elemental compositions of the coating and
the starting powder remain the same, regardless of any phase
transformations, the mass absorption coefficient of the coating
will be equal to that of the starting powder.

2.2 The External Standard Method Using 
Reference Intensity Ratios

The complexity of the analysis of multiple phases in a mix-
ture can be greatly reduced if all of the pure phase peak intensi-
ties are referenced to a single standard. The RIR for a phase i is
defined as:

where I i is the intensity of the 100% peak of phase i, and Is is
the intensity of the 100% peak of a reference phase s, taken by
convention to be α-Al 2O3, corundum, in a 50:50 mixture by
weight.

For an external standard, the RIR values must be expressed
in terms of the pure intensities, rather than the intensities in a
mixture. From Eq 1, the ratio of the intensities of the strongest
lines of phases i and s in a mixture is:
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In a 50:50 mixture by weight, Wi = Ws, the ratio of intensities is,
by definition, the RIR value:

(Eq 2)

Solving Eq 2 for I i
p in terms of its RIR value and substituting

into Eq 1 yields the weight fraction of phase i in terms of the ratio
of the strongest (100%) peaks of the ith and reference phases.

(Eq 3)

The integrated intensity of any diffraction peak from a phase
with arbitrary Miller indices (hkl) can be expressed as a fraction
of the intensity of the strongest diffraction peak, Ii, of that phase
by the relative intensity. Equation (3) can then be generalized as:

(Eq 4)

where I i
hkl is the measured integrated intensity of the (hkl) re-

flection for phase i, and II
REL is the relative intensity of (hkl) re-

flection for phase i.
If the RIR values for all components in a mixture are known

relative to the reference phase, s,a single determination of Is
p in

conjunction with the measurement of Ii
hkl under identical exper-

imental conditions allows solution of the entire system of weight
fractions, Wi. The use of RIR values is much faster and less prone
to error than the determination of all of the weight fractions from
Eq 1, which would require reference to the integrated intensities
of the 100% peak of each phase in its pure form.

For samples containing an amorphous fraction, the percent
crystallinity is determined as the sum of all the weight fractions
of the crystalline phases in the mixture, which will be less than
unity.

3. Experimental Method

X-ray diffraction data were acquired using copper Ka radia-
tion, a graphite diffracted beam monochromator, and a scintilla-
tion detector on a Bragg-Brentano focusing diffractometer. The
x-ray source was a conventional sealed 2500 W x-ray tube op-
erated at 50 kV and 40 mA. Incident and diffracted beam slits
were 1.0 and 0.2°, respectively, chosen for high intensity. Data
were collected by step counting at 0.02° intervals for 2 seconds
per data point.

3.1 Experimental Determination of RIR Values

The RIR values were determined using commercially avail-
able pure samples of HA, β-TCP, and CaO. Pure α-TCP could
not be obtained, and only a mixture containing a small fraction
of β-TCP was available. The RIR value for α-TCP was obtained
from the mixture of α- and β-TCP after quantification of the
amount of β-TCP in the mixture. Alpha-quartz, rather than α-
Al 2O3, was selected initially as a suitable internal standard be-
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cause peak interference was minimal, and finely ground (5 µm)
pure powder was readily available as a stable reference standard.
Mixtures were prepared for measurement of the intensity ratios
needed for the calculation of RIR values for each phase. At least
five runs were made for each phase, with the powder samples
remixed and repacked in the sample holders between each run to
reduce errors due to inhomogeneity of the powder mixtures. The
mean and standard deviations for RIR values calculated for each
phase are presented in Table 1.

The RIR values of a commercial sintered HA plasma-spray
starting powder and a laboratory precipitate preparation were
found to differ by approximately 6%. Both samples were free of
any contaminants detectable by XRD and were obtained as
“pure” HA powders. Minor variation or substitution in the ap-
atite structure is assumed to alter the structure factor and the RIR
values measured for the two samples. It is generally recom-
mended that RIR values be determined experimentally for any
phase using the data reduction methods and instruments to be
employed for measurement.[21]

3.2 Data Reduction Strategy

Known mixtures of HA, α-TCP, β-TCP, and CaO were pre-
pared to develop a data collection and reduction strategy in
which the angular regions of peak integration and background
were selected. The known mixtures were also used to test the va-
lidity of the RIR values and relative intensities. A typical dif-
fraction pattern for a mixture containing 85% HA and additional
contaminant phases, as indicated, is shown in Fig. 2.

Plasma-sprayed HA coatings can vary widely in the amount
of the glassy Ca/P phase producing the broad amorphous peak
near 30°. The broad, diffuse peak from the glassy phase was ap-
proximated by fitting a Pearson VII function profile over a range
sufficient to define the contribution of the broad tails. Much nar-
rower Pearson VII functions were used to define the contribution
of the neighboring HA peaks to the combined diffraction pattern.
Peak profile fitting of the height, position, width, and the power
term independently for each peak was performed using the
method of Gupta and Cullity[26] assuming a Kα doublet. The de-
convolution of the overlapping peaks is shown in Fig. 3. After
examination of the diffraction patterns of both the known mix-
tures and actual coating samples, regions of true background, be-
yond the tails of the broad glassy Ca/P peak, were selected,
which would be suitable for analysis of any likely concentrations
of the phases encountered in plasma-sprayed HA coatings. The
following data reduction strategy was developed for acquiring
the integrated intensities necessary to quantify mixtures of α-
TCP, β-TCP, CaO, and HA. (Provision is made for interference
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Table 1 (RIR) relative to alpha quartz and corundum

RIR value

Phase α-Quartz Corundum

Hydroxyapatite (a) 0.315(3)
(b) 0.296(2) 1.276(8)

α-TCP 0.20(1) 0.87(4)
β-TCP 0.266(9) 1.15(4)
CaO 0.783(6) 3.37(2)

(a) Commercial sintered HA powder
(b) Laboratory precipitate preparation



effects from β-Ca2P2O7, but this phase has not been observed in
plasma-sprayed coatings in this laboratory, and RIR values have
yet to be determined.)

• The α-TCP content is obtained by integrating the α-TCP
(331), (132), and (151) peaks from 23.8 to 24.8°. This re-
gion is free from interference from any other phase likely to
be found in HA samples. A quadratic background is as-
sumed.

• The (008), (210), and (211) β-Ca2P2O7 peaks are integrated
from 29.3 to 30.20° to allow calculation of the intensity of
the 100% peak. No pure sample of this phase has been avail-
able to allow the development of RIR values for quantifica-
tion, but the integrated intensities may be corrected for
interference. The integrated intensity will be in error due to
interference from the β-TCP (300) and the α-TCP (113)
peaks. This region is integrated assuming a linear back-
ground and a Pearson VII functional form of the peaks sur-
rounding the region, including the diffuse peak attributed to
the glassy Ca/P material.

• The β-TCP content is obtained by integration from 30.5 to
31.5°. The region is corrected for α-TCP (170) and (511)
peak interference and possible β-Ca2P2O7 (204) and (212)
interference, if present. The β-TCP peak being used for
quantification is the (0210) peak. This region is integrated
in the same fashion as the β-Ca2P2O7 peaks above.

• The calcium oxide content is determined by integration
from 37.0 to 38.5° with correction for the β-TCP (1211) and
(315) peaks. This region contains the 100% (200) calcium
oxide peak and is integrated assuming a quadratic form to
the background.

• Finally, the entire region from 38.5 to 59° is integrated as-
suming a linear background and corrected for interference
by α-TCP, β-TCP, calcium oxide, and possibly β-Ca2P2O7

to obtain the HA content. Many peaks are included in the

integration range to reduce the effects of preferred orienta-
tion.

3.3 Relative Intensities

The relative intensities of the peaks or peak regions used in
the analysis were obtained by direct measurement of samples of
each phase. The integrated intensities were calculated from Pear-
son VII function peak profiles fitted by regression after back-
ground subtraction. Table 2 summarizes the combined fractional
relative intensities for each phase summing all of the peaks
found within the integration ranges shown. The HA values are
the averages of results from pure samples obtained from five dif-
ferent sources.

4. Analysis of Calcium Phosphates

4.1 Known Mixture Tests

The data collection strategy and the integrity of the experimen-
tally determined values of RIR and IRELwere tested by quantifying
the known mixtures. Because no amorphous fraction was present
in the known mixtures, the external standard method was reduced
to a direct comparison method (100% crystallinity is assumed).

One mixture containing nominally 85% HA, 10% β-TCP, 3%
α-TCP, and 2% CaO was prepared to closely simulate the nom-
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Fig. 2 Diffraction pattern of the nominally 85% HA fully crys-
talline known mixture with the principal diffraction peaks of the phases i
dentified. Actual composition is shown in Table 3

Fig. 3 Deconvolution of diffraction peaks and the amorphous glassy 
Ca/P phase using Pearson function peak approximation on a linear back-
ground to recover the β-TCP contribution. The β-TCP integrated in-
tensity is obtained as the balance remaining after subtraction of the con-
tributions from the glassy phase in the well-crystallized HA material

Table 2 Combined relative intensities for the integra-
tion regions indicated

Crystalline phase 2 θ range IREL

Hydroxylapatite 38.5–59.0. 2.16(2)
α-TCP 23.8–24.8 0.462(3)

29.3–30.2 0.211(2)
30.5–31.6 1.26(2)
38.5–59.0 2.15(1)

β-TCP 30.5–31.6 1.00
37.0–38.5 0.145(1)
38.5–59.0 2.35(1)

CaO 37.0–38.5 1.00
38.5–59.0 1.32(1)



inal composition of actual plasma-spray coatings containing
small amounts of contaminants in a relatively pure HA matrix.
Six repeat trials were made, remixing and repacking the powder
sample between each measurement to include any effects of mi-
croabsorption, inhomogeneity, and texture produced by packing
the powder. The results, presented in Table 3, demonstrate both
the accuracy and the repeatability of the method using the data
reduction strategy on well-crystallized samples. Repeatability
within 1 wt.% was observed for the major HA phase and within
3 wt.% for the minor α-TCP and β-TCP phases. The average
weight fraction obtained was within 3 wt.% of the actual mea-
sured values for each phase.

The high relative error in the determination of the individual
α-TCP and β-TCP fractions is due to uncertainty in separation
of the contributions of each phase to the 30.5 to 31.6° integra-
tion range when only small quantities of the α-TCP phase are
present. If only the combined fraction of the two phases is re-
ported, the error is greatly reduced. The combined fractions of
α-TCP and β-TCP phases are 13.0 ± 0.6 wt.%. The actual com-
bined fraction is 13.1%.

The second known mixture containing nominally 70% HA
and larger fractions of the other phases was measured only once,
as shown at the bottom of Table 3. Based upon comparison to
the known weight fractions and the error propagated for the cal-
culation of the fraction of the individual phases, the accuracy is
comparable to that achieved for the 85% sample.

The consistently low results obtained for CaO are not fully
understood. The reagent grade material used as a standard was
observed to be hygroscopic. Compressed pure pellets absorbed
water rapidly and nearly doubled in size over a period of a few
days. The thin layer of powder penetrated by the x-ray beam at
the sample surface may have been similarly affected after prepa-
ration of the known mixtures, reducing the intensity of the CaO
diffraction peaks and the weight fraction calculated.

4.2 Plasma-Sprayed Coatings

The external standard method was used to analyze nine HA
plasma-sprayed coating samples reportedly obtained from a va-
riety of commercial sources and representing a wide range of
both dental and prosthetic applications, as well as experimental
coatings. The set of coating samples was provided by a client for
XRD characterization and demonstration of the proposed
method of quantitative phase analysis. The origin of the indi-

vidual samples was not provided to ensure a blind evaluation.
The results are reported here to show application of the method
to a variety of commercial coatings and to demonstrate perfor-
mance on a wide range of compositions.

All the HA coating samples were analyzed nondestructively,
mounting the coated substrates in a flat sample holder. A 1° in-
cident beam was used in a constant incident angle mode, allow-
ing the width of the irradiated area to decrease with increasing
diffraction angle. Using Cu Kα radiation and a graphite mono-
chromator, as detailed above, the irradiated area ranged from
nominally 10 × 12 mm at the lowest diffraction angle of 20° to
10 × 5 mm at the highest angle of 60°. A quartz external stan-
dard was measured concurrently using the same experimental
conditions.

The results for the plasma-sprayed coating samples are pre-
sented in Table 4 and graphically in Fig. 4. The crystallinity,
taken as the sum of the crystalline fractions of the samples, var-
ied from 38% to 84%. The most common secondary phase was
β-TCP, which was observed in all of the coating samples, rang-
ing from nominally 2% to 6%. Up to 2%, α-TCP was attributed
to four of the samples, but as noted above, the combination of
the two TCP components is more reliable. No significant amount
of CaO was observed in any of the coatings.

The error calculated for the determination of the major HA
fraction in the coatings is higher (ranging from 2% to 6% for the
individual samples) than that reported for the known mixtures
(0.6% and 1.6%) in Table 3. Diffraction from the glassy Ca/P
phase, which exceeded 60% of the material in some of the coat-
ings, must be subtracted from the contribution of the other
phases introducing error in the determination of the net inte-
grated intensities of all of the phases. The glassy phase does not
occur in the fully crystalline known mixtures. The fraction of
HA is calculated by subtracting the contributions from all of the
other phases from the extended integration range, compounding
the error in measurement.

A deficiency of the data reduction scheme currently em-
ployed is the sensitivity to the contribution of the secondary
maximum of the amorphous glassy material to the long integra-
tion range (38.5 to 59°) used to quantify the HA component. In-
tegration of the full diffraction pattern obtained from the
amorphous material produced by plasma-spray deposition (Fig.
1g) reveals that the secondary maximum is on the order of 12%
of the intensity of the primary, using the integration ranges pro-
posed. For a typical HA plasma-sprayed coating with a crys-
talline HA content on the order of 70%, the error due to the
secondary maximum would be on the order of 4% of the HA
content reported, less than the nominal random error for mea-
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Table 3 Repeatability test on a known mixture

Sample 1

Trial % HA % β-TCP % α-TCP % (α + β)TCP %CaO

1 87.1 8.5 4.2 12.7 0.2
2 86.2 10.5 3.1 13.6 0.2
3 86.6 13.0 0.4 13.4 0.05
4 87.8 12.0 0.2 12.2 0.08
5 87.1 6.4 6.1 12.5 0.3
6 86.1 12.6 1.3 13.9 0.08
Average 86.8 ± 0.6 10.5 ± 2.6 2.5 ± 2.3 13.0 ± 0.6 0.2 ± 0.1
Actual 84.9 10.1 3.0 13.1 2.0

Sample 2

Trial % HA % β-TCP % α-TCP % (α + β)TCP %CaO

1 67.6 ± 1.6 15.9 ± 0.9 12.8 ± 0.7 28.7 ± 1.5 3.4 ± 0.1
Actual 69.7 15.1 10.0 25.1 5.2

Table 4 Quantitative phase analysis of nine plasma-
sprayed coatings

Sample % HA % β-TCP % α-TCP % CaO % Crystallinity

1 48 ± 5 5 ± 2 2. ± 0.8 0.0 ± 0.2 54.9
2 66 ± 5 2 ± 1 1. ± 0.6 0.0 ± 0.2 68.8
3 80 ± 6 2 ± 2 2. ± 0.7 0.1 ± 0.2 83.6
4 50 ± 5 6 ± 2 0.1 ± 0.8 0.0 ± 0.3 55.3
5 32 ± 5 5 ± 2 0.1 ± 0.8 0.4 ± 0.2 37.3
6 60 ± 3 4 ± 1 0.0 ± 0.8 0.0 ± 0.1 64.6
7 48 ± 5 5 ± 2 1.0 ± 0.7 0.0 ± 0.2 53.4
8 62 ± 3 5 ± 1 0.0 ± 0.8 0.0 ± 0.1 66.8
9 33 ± 2 5 ± 1 0.0 ± 0.7 0.3 ± 0.1 37.7



surement of coatings. Because the intensity of the primary max-
imum is measured in the analysis, the method could be improved
and applicability extended to coatings of lower crystallinity by
correcting for the interference from the secondary amorphous
maximum.

5. Conclusions

A nondestructive method for quantitative phase analysis by
XRD has been developed to determine the amount of HA, α-
TCP, β-TCP, CaO, and the amorphous CA/P glassy phase in
plasma-sprayed HA coatings. The crystallinity of the sample is
calculated as the sum of the crystalline fractions present in the
coating, with the balance being amorphous. A layer of nominally
25 µm is sampled allowing direct analysis of the surface of den-
tal and orthopedic coatings, which will be placed in contact with
tissue. The method uses the integrated intensity of several dif-
fraction peaks of each phase to minimize the effects of preferred
orientation.

The method has been shown to provide both reproducibility
and accuracy on the order of ± 2% for the HA, CaO, and TCP in
known fully crystalline mixtures. Individual accuracies for the
α- and β-TCP fractions are relatively lower because of the
method of phase separation. Uncertainties increase to ±5% for
the HA content of plasma-sprayed coatings containing up to
50% amorphous material.
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