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BACKGROUND: ISO13779-3 “Implants for surgery - Hydroxyapatite — Part 3: Chemical analysis and characterization of crystallinity and 
phase purity” was published in 2008. In 2013, a work was initiated in ISO TC150 in order to revise the standard. One of the improvements 
proposed was to modify the method for XRD assessment of the crystallinity ratio of hydroxyapatite (HA): rather than calculating the ratio 
between the integrated intensity of 10 lines, suitably chosen from the sample’s X-ray diffraction pattern, and of the same 10 lines of a fully 
crystallized reference powder, it is proposed to calculate the ratio between to the integrated intensity of 10 lines of the HA sample and 10 
lines of the HA sample after calcination at 1000°C. 

OBJECTIVES: The aim of this work is to compare the 2008 published method and the new method by an interlaboratory test. 

METHODS: One powder sample (P1) and three plasma sprayed coating samples from different manufacturers (C1, C2 and C3) were 
assessed for the crystallinity ratio according to the 2008 published method and the new method by five different labs (L1 to L5). Each lab 
repeated the measurement 3 times on each sample. The results were analyzed according to the methods proposed in ISO 5725-2 (1994). 

RESULTS: The average of the values obtained by the five laboratories was very close between the new method and the 2008 published 
method (difference was less than 1.1% of the result). However the interlaboratory standard deviation was lower with the new method 
than with the 2008 published method (1.90% to 3.41% vs. 3.55% to 8.35% respectively, expressed in crystallinity ratio). The fact that, for 
the 2008 published method, each laboratory was using a different reference powder may explain the higher dispersion of results. This 
assumption was confirmed by the fact that, for high crystallinity powder, some labs found a crystallinity ratio > 100% with the 2008 
standard method. 

CONCLUSION: The new method proposed in the revision of ISO13779-3 for assessment of the crystallinity ratio of hydroxyapatite 
generates less dispersion of the results between laboratories. On average on different labs, the new method and the 2008 standard 
method give similar results, but each laboratory will have to evaluate the impact of the implementation of the new method on its results. 
The reproducibility of the new method is less than 3.71% (expressed in crystallinity ratio) with no repetition of the measurement and we 
can suggest removing the requirement to repeat the measurement 3 times in the new standard. 
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INTRODUCTION 

ISO13779-3 “Implants for surgery - Hydroxyapatite — Part 
3: Chemical analysis and characterization of crystallinity 
and phase purity” was published in 2008. In this 
international standard, clause 12 deals with the 
assessment of the crystallinity ratio. The method 
described is based on the measurement of the integrated 
intensity of ten lines, suitably chosen from the sample’s X-
ray diffraction pattern, and of the same ten lines of a fully 
crystallized reference compound.  

The difficulty encountered by the users of this standard 
was to validate as suitable fully crystallized reference 
compound as no internationally recognized reference 
material was available for hydroxyapatite (HA). As the 
integrated intensity of powder samples may depend of 
the crystallite size and purity of the powder, the variations 
in the quality of the reference powders used by the 
different laboratories applying the standard may influence 
the crystallinity ratio results. Moreover the diffracted 
intensities may also depend of the packed density of the 
powder sample in the XRD sample holder: if the tested 
sample and the reference powder had different 
morphologies, the packed density could be significantly 
different and influence the diffracted intensities. 

The 2008 standard method has another major limitation: 
when calculating the crystallinity ratio, we compare the 
ten lines of the sample, which may contain foreign 
crystalline phases to the ten lines of a pure reference HA 
powder. As for HA coating complying to ISO 13779-2 
standard, the foreign phases content may be as high as 
5% of tetracalcium phosphate, 5% of beta tricalcium 
phosphate, 5% of alpha tricalcium phosphate and 5% of 
calcium oxide (CaO), this amount of foreign phases can be 
significant.  A fully crystalline sample should have a 
crystallinity ratio of 100%, however, if we make the 
hypothesis that a sample is fully crystalline but contents 
the quantity of foreign phases mentioned above (20% in 
total, reported to HA), then the crystallinity ratio assessed 
according to the 2008 standard method will give a 
crystallinity ratio around 80%. 

In 2013, a work was initiated in Technical Committee 
ISO/TC 150, “Implants for surgery”, Subcommittee SC 1, 
“Materials” in order to revise the standard. One of the 
improvements proposed was to modify the method for 
XRD assessment of the crystallinity ratio of hydroxyapatite 
(HA): rather than calculating the ratio between the 
integrated intensity of 10 lines, suitably chosen from the 

sample’s X-ray diffraction pattern, and of the same 10 
lines of a fully crystallized reference powder, it was 
proposed to calculate the ratio between to the integrated 
intensity of 10 lines of the HA sample and 10 lines of the 
HA sample after calcination at 1000°C. It was proposed to 
launch a round Robin test to assess the two methods and 
decide which method will be chosen in the revised version 
of ISO 13779-3. 

METHODS 

Production of X-Ray diffraction patterns: One powder 
sample (P1) and three plasma sprayed coating samples 
from different manufacturers (C1, C2 and C3) were 
assessed for the crystallinity ratio according to the 2008 
standard method and the new method by five different 
labs (L1 to L5). Each lab repeated the measurement 3 
times on each sample.  

Before testing, all the samples were crushed and sieved 
with a 40 µm sieve. P1 and C1 samples were sieved by the 
sample providers, whereas C2 and C3 samples were 
crushed and sieved by each lab. Before and after each 
analysis, the samples were stored in a desiccator. 

For the tests performed according to the 2008 standard 
method, each lab used its own fully crystalline reference 
powder and fulfilled the requirements of ISO 13779-3 
(2008). 

The new method was based on the measurement of the 
integrated intensity (S1) of ten lines, suitably chosen from 
the sample’s X-ray diffraction pattern of the sample, and 
of the same ten lines (S2) of the sample after calcination 
at 1000°C for 15 hours (fully crystallized sample). The 
positions of the intensity lines are shown in Table 1 (these 
positions are the same as for the 2008 standard method). 
The crystallinity ratio (C) was calculated as follows: 

=   (1) 

Each crushed and sieved sample was cut in two parts: one 
part not calcined and one part calcined in air at 1000°C ± 
25°C for at least 15 hours in a platinum or alumina 
crucible. After calcination the samples were crushed 
gently in order to break the agglomerates. 

X-Ray scanning conditions were defined as follows: 

1) The diffractometer settings allowed a resolution of 
0,02° on a 2  angle scale and a signal to noise ratio 
greater than 20 for peak 211 of HA. 
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2) The integrated intensities of the peaks taken into 
consideration were measured without having 
recourse to deconvolution or peak decomposition 
software. 

3) The peak integrated intensities of all phases were 
determined to accuracy greater than 5 % using 
suitable software. The integrated intensity 
corresponded to the surface area between the base 
line of the recording, from which the background was 
removed, and the plot of the line. 

4) 2  minimum and maximum limits for integration 
area of each peak were determined so that the peaks 
were totally comprised in the specified limits. 2  
minimum and maximum limits for integration area of 
each peak were the same for the not calcined sample 
and the calcined sample. 

Lines 

d1 = 3,44  1010 m 

d2 = 3,17  1010 m 

d3 = 3,08  1010 m 

d4 = 2,81 1010 m 

d5 = 2,78 1010 m 

d6 = 2,72 1010 m 

d7 = 2,63 1010 m 

d8 = 2,26 1010 m 

d9 = 1,94 1010 m 

d10 = 1,84 1010 m 

Table 1: Ten lines of the HA diffraction pattern used for 
integration 

Statistical methods: The results were analyzed according 
to the methods proposed in ISO 5725-2 (1994). 

A cell was defined as a combination of a lab and a sample, 
comprising 3 repetitions of the test. 

The standard deviation of each cell was calculated and 
assessed by the Cochran test. According to the Cochran 
test and criteria defined in ISO 5725-2, the decision was 
taken to remove aberrant individual values from the cells. 

Average of each cell was calculated and the Grubbs 
statistical test was performed on each sample for each 
method. According to the Grubbs test criteria defined in 
ISO5725-2, the decision was taken to remove aberrant 
cell average values from the tables. 

For each method and each sample, the average of cell 
average (X) was calculated. 

Repeatability standard deviation (Sr), interlaboratory 
standard deviation (SL) and reproducibility standard 

deviation ( = + ) were calculated according to 
ISO 5725-2 for each sample and each method. 

RESULTS 

Examples of X-Ray diffraction patterns obtained by lab L5 
on each sample without calcination and after calcination 
are provided in Figure 2 to 9. 

Qualitatively, powder sample P1 appears as a pure 
crystalline HA powder. C1, C2 and C3 coating samples 
appear to have a lower crystallinity compared to C1, to 
have broader peaks and presence of foreign phases. After 
calcination, C1 and C3 samples present a peak 
corresponding to CaO, which is typical of a sample having 
a calcium on phosphorous ratio Ca/P > 1.67 (1.67 is the 
Ca/P ratio of pure HA).  

Each method (2008 standard method and new method) 
comprised 18 cells (lab L4 didn’t wish to participate to the 
interlaboratory test for C2 and C3 samples). Individual 
results are presented in Table 2 and Table 3, averages of 
cells are presented in Table 4 and Table 5 and standard 
deviation of cells are presented in Table 6 and Table 7 for 
2008 standard method and new method respectively.  

According to the Cochran test, none of the individual 
results (tables 2 and 3) was considered outlier or isolated. 
According to the Grubbs test, the average result for C3 
sample from L5 lab with the 2008 standard method was 
considered isolated but was retained in the data.  

The statistical parameters were calculated according to 
ISO5725-2 for each sample: 

 Interlaboratory average (X) 
 Repeatability standard deviation (Sr) 
 Interlaboratory standard deviation (SL) 
 Reproducibility standard deviation (SR) 

These statistical parameters are given in Table 8 and Table 
9 for 2008 standard method and new method respectively 
and a graphical representation of interlaboratory average 
(X) and standard deviation (SL) is given in Figure 1.
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Samples 

 Labortatories P1 C2 C3 C1 

L1 

106,1% 93,6% 73,8% 59,0% 

108,4% 95,6% 72,6% 58,9% 

105,6% 94,4% 73,8% 58,8% 

L2 

105,6% 95,1% 72,8% 57,5% 

101,9% 96,6% 72,2% 57,4% 

104,1% 99,2% 71,4% 57,7% 

L3 

92,8% 85,8% 71,9% 60,4% 

92,9% 85,5% 71,6% 60,6% 

92,6% 85,8% 71,7% 60,2% 

L4 

96,1%  - -  56,0% 

96,0%  - -  56,9% 

95,8%  -  - 56,6% 

L5 

87,9% 78,1% 61,6% 51,7% 

86,4% 79,4% 61,5% 50,5% 

85,8% 78,6% 61,9% 51,0% 
Table 2: Individual results for crystallinity ratio  

(2008 standard method) 
 

Table 3: Individual results for crystallinity ratio  
 (new method) 

 
  

 
Samples 

Labortatories P1 C2 C3 C1 

L1 106,7% 94,5% 73,4% 58,9% 

L2 103,9% 97,0% 72,2% 57,5% 

L3 92,8% 85,7% 71,7% 60,4% 

L4 96,0% - - 56,5% 

L5 86,7% 78,7% 61,7%* 51,1% 
Table 4: Average results for crystallinity ratio 

(2008 standard method) 
* isolated value (according to Grubbs test) 

Table 5: Average results for crystallinity ratio 
(new method) 

 
  

 
Samples 

Labortatories P1 C2 C3 C1 

L1 1,47% 1,02% 0,72% 0,09% 

L2 1,86% 2,06% 0,70% 0,17% 

L3 0,15% 0,17% 0,13% 0,18% 

L4 0,19% - - 0,45% 

L5 1,04% 0,62% 0,20% 0,60% 

Table 6: Standard deviations of results for  
crystallinity ratio 

(2008 standard method) 

Table 7: : Standard deviations of results for  
crystallinity ratio 

(new method) 
 

 

 

 
Samples 

Labortatories P1 C2 C3 C1 

L1 

92,4% 87,9% 69,3% 57,6% 

95,1% 89,8% 69,7% 56,5% 

92,6% 90,7% 68,5% 56,9% 

L2 

99,9% 91,8% 71,0% 57,6% 

95,9% 93,6% 70,4% 56,5% 

98,3% 96,5% 71,2% 56,9% 

L3 

94,7% 87,1% 72,0% 61,4% 

94,6% 86,9% 72,3% 61,0% 

94,2% 87,3% 72,1% 61,0% 

L4 

99,0%  - -  55,4% 

96,2%  - -  57,0% 

96,4%  - -  57,5% 

L5 

99,8% 85,1% 66,0% 55,9% 

97,9% 86,9% 65,8% 54,7% 

95,7% 86,2% 67,2% 54,6% 

 
Samples 

Labortatories P1 C2 C3 C1 
L1 93,4% 89,5% 69,1% 57,0% 

L2 98,1% 94,0% 70,9% 57,0% 

L3 94,5% 87,1% 72,1% 61,1% 

L4 97,2% - - 56,7% 

L5 97,8% 86,0% 66,3% 55,1% 

 
Samples 

Labortatories P1 C2 C3 C1 

L1 1,51% 1,44% 0,61% 0,56% 

L2 2,03% 2,40% 0,40% 0,56% 

L3 0,27% 0,21% 0,12% 0,22% 

L4 1,54% - - 1,11% 

L5 2,04% 0,91% 0,75% 0,71% 
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Figure 1: Comparison of the results with the new method and the 2008 standard method 

 

 
Samples 

 
P1 C2 C3 C1 

Interlaboratory average (X) 97,2% 89,0% 69,7% 56,9% 

Repeatability standard deviation (Sr) 1,16% 1,19% 0,52% 0,35% 

Interlaboratory standard deviation (SL) 8,12% 8,35% 5,41% 3,55% 

Reproducibility standard deviation (SR) 8,20% 8,43% 5,44% 3,57% 

Table 8: Precision statistics for crystallinity ratio (2008 standard method) 

 

 Samples 

 P1 C2 C3 C1 

Average of the cell average (X) 96,2% 89,1% 69,6% 57,4% 

Repeatability standard deviation (Sr) 1,61% 1,48% 0,53% 0,69% 

Interlaboratory standard deviation (SL) 1,90% 3,41% 2,49% 2,22% 

Reproducibility standard deviation (SR) 2,49% 3,71% 2,55% 2,33% 

Table 9: Precision statistics for crystallinity ratio (new method) 
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DISCUSSION 

The average crystallinity ratio values of the different 
samples ranged from 57% to 97% (whatever the method 
used). This large range of crystallinity ratios is 
representative of the crystallinities which can be found on 
HA powders and plasma sprayed coatings.  

The interlaboratory averages (X) of the different samples 
are very similar between the 2008 standard method and 
the new method. As a consequence we can consider the 
new method to give results equivalent to the 2008 
standard method if we consider the average of the five 
labs for each sample. 

Repeatabilities (Sr) of the two methods are also equivalent 
with a repeatability standard deviation ranging from 
0.35% to 1.61% whatever the method used. 

However, the interlaboratory standard deviation (SL) is 
very different between the two methods: the 2008 
standard method interlaboratory standard deviations 
ranged from 3.55% to 8.35% according to the samples 
whereas the new method interlaboratory standard 
deviations ranged from 1.90% to 3.41%. As the reference 
powder used for the 2008 standard method is different 
according the labs, the labs which have a reference 
powder with lower integrated intensities give on average 
higher crystallinity ratios compared to other labs. As the 
calculation of the result is a ratio, this is emphasized for 
high crystallinity samples like sample P1 for which labs L1 
and L2 obtain crystallinity ratios higher than 100%. The 
variation of integrated intensities of the reference 
powders used by the labs can be explained by their 
crystallinity, but as these powders are most of the time 
pure HA powders obtained by synthesis and calcination, 
they should be fully crystalline. It is more likely that the 
variations of integrated intensities of the reference 
powders can be explained by the size of the diffracting 
crystallites: the smaller the crystallites are, the lower the 
integrated intensities are. These results validate the 
hypothesis that the use of different crystalline reference 
powders between the different labs induces 
interlaboratory variability with the 2008 standard 
method. It also validates the hypothesis that the new 
method generates less interlaboratory variability.  

The 2008 standard method requires calculating the 
average of 3 measurements for the determination of the 
crystallinity ratio. However, the reproducibility of the new 
method is less than 3,71% (taking into account the 
interlaboratory standard deviation and the repeatability 

standard deviation with no repetition of the crystallinity 
ratio measurement) and we can suggest removing the 
requirement to repeat the measurement 3 times in the 
new standard. 

CONCLUSION 

Today, no method has been proposed to measure the 
“true crystallinity” of HA samples. The method described 
in ISO 13779-3 (2008) proposes to measure the 
“crystallinity ratio” of the samples, this mean that the 
sample is compared to a reference. It is thus 
acknowledged that the “crystallinity ratio” is different to 
the “true crystallinity” of the samples. However, the 
measurement of the crystallinity ratio aims to be a 
standardized method able to compare different products 
of the market and to establish their compliance to 
predetermined criteria (for example criteria of 
ISO 13779-2 for HA coatings). As anticipated, this study 
demonstrates that the crystallinity ratios obtained by the 
2008 standard method have a significant interlaboratory 
variation, which is not recommended for a standardized 
method.  

The new method proposed in the revision of ISO13779-3 
for assessment of the crystallinity ratio of hydroxyapatite 
is also not a method to measure the “true crystallinity” of 
the samples; however it generates less dispersion of the 
results between laboratories. On average on different 
labs, the new method and the 2008 standard method give 
similar results; however each laboratory will have to 
evaluate the impact of the implementation of the new 
method on its results. The reproducibility of the new 
method is less than 3.71% (expressed in crystallinity ratio) 
with no repetition of the measurement and we can 
suggest removing the requirement to repeat the 
measurement 3 times in the new standard. 
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Figure 2: X-Ray diffraction pattern of the powder sample P1 without calcination 

 

 

 

Figure 3: X-Ray diffraction pattern of the powder sample P1 after calcination at 1000°C 
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Figure 4: X-Ray diffraction pattern of the coating sample C1 without calcination 

 

 

Figure 5: X-Ray diffraction pattern of the coating sample C1 after calcination at 1000°C 
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Figure 6: X-Ray diffraction pattern of the coating sample C2 without calcination 

 

 

 

Figure 7: X-Ray diffraction pattern of the coating sample C2 after calcination at 1000°C 
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Figure 8: X-Ray diffraction pattern of the coating sample C3 without calcination 

 

 

Figure 9: X-Ray diffraction pattern of the coating sample C3 after calcination at 1000°C 

 

 


