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Abstract. An adopted stereological method has been implemented to char-
acterize spherical grains, analysed by scanning electron microscopy (SEM) in
flame-sprayed bioceramic two-layered coatings, consisting of a titania (TiO2)
transition layer (200 µm) and a hydroxylapatite (HA) top layer (200 µm), de-
posited on titanium-aluminium-vanadium alloy (TAV) substrates. In addition,
optical microscopy measurements were combined with image analysis of the
initial powders to explore the relationship between the volume parameters of
the spherical grains and the dimensions of the respective powder particles. The
results revealed that most of these grains were mainly distributed between the
lamellae in the transition layer with a volume share of less than 1%. They were
probably resultant from powder particles, which have reached the substrate in a
semi-molten state. The small amount of the spherical grains in the TiO2 tran-
sition layer and their almost full absence in the top HA layer indicate proper
selection of the technological conditions during the flame-spraying, which con-
tributes to achieve coatings with potentially good exploring properties for med-
ical purposes.

PACS number: 61.05.-a

1 Introduction

Thermal spraying comprises a group of advanced technological surface engi-
neering methods, using a large variety of materials to deposit a wide range of
coatings on different substrates. These techniques are extensively investigated
at present, being main topics at a number of scientific meetings. One of the most
important aims of the modern surface engineering industry is to develop precise,
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preferably non-destructive methods for characterization and control of the tech-
nological conditions, microstructure characteristics and macroscopic properties
of the finished deposits.

Plasma- and flame-spraying are two thermal-spraying techniques, where the
coating material, in the form of a powder, is injected into high-temperature
fields, created by a high-temperature gas plasma torch (plasmotron) or by an
oxy-acetylene flame spray gun, respectively. The heated powder particles,
melted and propelled toward the substrate, solidify on its surface in strongly
non-equilibrium conditions and transform into solid lamellae which form the de-
posit [1, 2]. The thermo-chemical equation, describing the combustion of 1 mol
acetylene in the oxy-acetylene flame, is represented in Ref. [2] as follows:

C2H2 + 2.5O2 = 2CO2 + H2O + 301.4 kcal. (1)

In the same reference it is pointed out that the maximum temperature reached in
the flame, due to the above reaction, is about 3000◦C.

During plasma-spraying, a stream of gas (argon, nitrogen, etc. or their mix-
ture with hydrogen) is introduced into the plasma-spray torch, where, due to the
electric arc, the working gas attains a plasma state with high enthalpy and tem-
peratures in the range of 10 000–15 000◦C and even 30 000◦C in some regions
[1,3-6]. Although the injected powder particles are exposed to this high temper-
ature influence for a very short time (10−3–10−4 s), most of them are heated to
sufficiently high temperatures to become molten [1].

However, as it has been pointed out in Ref. [1, 2, 6, 7], regarding both thermal-
spraying methods discussed above, the individual particles can differ in shape,
dimensions, temperature and velocity. For this reason evaporation, not complete
but only partial melting or even absence of melting of the different powder par-
ticles could occur at the same time during the thermal-spraying. The evaporated
particles do not take part in the coating formation. However, the partially melted
and some of the completely unmelted particles can get incorporated between the
lamellae. As it has been shown in Ref. [1, 3, 8] the shape of the grains, resul-
tant from the semi-molten particles, is spherical. During the practical use these
grains can get depleted or become sources of stress fields in the coating, thus in-
fluencing the properties and as a result the coating performance. That is why it is
of a great importance to know the reasons for availability of such grains in each
particular coating and also to estimate their parameters. This can help in opti-
mizing the technology in order to minimize the concentration and dimensions of
the spherical grains.

Since the mid 1980s thermal-spraying is considered as the most promising tech-
nique to apply bioactive films on metallic implants for orthopaedic and den-
tal applications. Particularly important among them are hydroxylappatite (HA)
coatings on titanium-aluminium-vanadium alloy (TAV) substrates. The hydrox-
ylappatite is a calcium phosphate with chemical formula Ca5(PO4)3(OH). Con-
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tacting with bones, it enables an increased uniform bone growth at the bone-
implant interface, a stable fixation of the implant and a decreased release of
metal ions from the implant to the body [9, 10]. That is why Ti and its alloys,
coated with HA, are intensively investigated at present.

In this paper the basis of a stereological method for estimation of volume param-
eters of spherical grains, distributed between the lamellae in thermally-sprayed
coatings, is described. The method has been adopted and applied for characteri-
zation of flame-sprayed HA and titania (TiO2) deposits on TAV substrates.

2 Description of the Samples and the Applied Stereological
Method

2.1 Samples preparation

The analyzed samples consist of two-layered coatings applied by flame-spraying
of HA and TiO2 powders on TAV substrates. The initial powders were supplied
by Sulzer Metco Europe GmbH. The TAV material was delivered in the form of
a rod with diameter � 36 mm, which was then sawed to prepare the circular sub-
strates with 4 mm thickness. Prior to spraying, their surfaces were grit-blasted
with 450 μm SiC particles under 0.4 MPa air pressure. The flame-spraying was
performed on Castolin Eutectic Rototec 80 equipment. During the spraying the
samples were rotated (50 revs/min) around the normal to their surfaces. The
spraying conditions are given in Table 1.

Table 1. Parameters of the flame-spraying process.

powder pressure, MPa gas flow, l/h spraying distance, mm

O2 C2H2 O2 C2H2

HA 0.4 0.07 650 600 130

TiO2 0.4 0.07 550 600 220

Firstly a TiO2 layer with a thickness of about 200 μm was sprayed onto the sub-
strate. Then a HA coating, having a thickness of 200 μm, was deposited on the
top of this transition layer. Thus, several samples representing heterostructures
HA/TiO2/TAV were prepared.

2.2 Description of the used stereological method

Stereological methods allow estimation of volume parameters of the microstruc-
ture elements on the basis of their two-dimensional cross-section parameters,
which can be experimentally evaluated by standard metallographic methods. All
quantitative stereological analyses are based on the principle, according to which
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the share of a phase (or any other structure element) in a volume is equal to the
surface or linear share of its cross-sections with a plane or line intersecting this
volume. Only structure elements that can be represented as convex bodies are
suitable for stereological analyses, as a concave body can be crossed more than
once by the intersecting plane or line. In addition, stereological methods are
applicable when the distribution of the analyzed structure element (i.e. spherical
grains in the present investigation) in the volume is close to random [11].

The adopted in this study method, known as Scheil–Schwartz–Saltikow’s
method, is based on the fact that the plane, which is observed in a microscope,
intersects the spherical grains at random, thus forming circular cross-sections
with varying radii. The cross-section with the maximum radius is assumed to
correspond to the biggest spherical grain, whose diameter is defined as Dmax.
The actual size distribution of the spheres is approximated by assuming that
their diameters form series of discrete values, i.e. Δ, 2Δ, 3Δ, . . . , kΔ, where
the step size Δ is given by the following relation: Δ = Dmax/k (k is the num-
ber of dimensional groups in which the array of diameters dimensions is dis-
tributed). According to the analysis performed in Ref. [11], values of k in the
range 5 ≤ k ≤ 12 are high enough to give a good approximation to the real
distribution.

If the volume number density of the grains (i.e. their number per 1 mm3 unit
volume) with constant diameter Dj is Nj (1 ≤ j ≤ k) and if the total volume
number density (i.e. the number of all spherical particles with different radii in
1 mm3) is N , then the mean diameter D̄ of the spherical grains can be repre-
sented as follows:

D̄ = (D1N1 + D2N2 + · · · + DkNk)/N. (2)

It follows from equation (2), that for estimation of D̄ it is necessary to know the
size distribution function, i.e. Dj = f(Nj) and the total volume number density
(N ).

As it is already mentioned, the aim of the stereological methods is to calculate
the volume parameters via the corresponding experimentally measured plane
parameters, namely the diameters of the observed circular cross-sections di

(1 ≤ i ≤ k) and their plane number densities ni (i.e. the number of the cir-
cular cross-sections per 1 mm2 unit area). In order to obtain the volume size
distribution Dj = f(Nj), it is necessary to know the corresponding plane size
distribution di = f(ni), where di are the experimentally measured diameters of
the circular cross-sections and ni are their plane number densities (which can
also be experimentally evaluated).

To define the plane size distribution function di = f(ni), a procedure for group-
ing of the measured diameters di, similar to that described above for Dj , must
be performed. In this case the number of the plane dimensional groups is also k,
but in contrast with the volume distribution, where Dj has a constant value in the
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jth volume dimensional group (i.e. Dj = jΔ, 1 ≤ j ≤ k), the corresponding di

in each plane group varies as follows: 0 < d1 ≤ Δ in the first dimensional group
(i = 1), Δ < d2 ≤ 2Δ in the second one (i = 2), . . . , (k − 1)Δ < dk ≤ kΔ in
the last kth dimensional group (i = k).

As the d1 values are the smallest, the cross-sections included in the first plane
dimensional group could correspond to all spherical particles having diameters
Dj , varying from the minimum D1 = Δ to the maximum Dmax = kΔ. These
spherical grains, being crossed at random by the plane, observed in the micro-
scope, form circular cross-sections with diameters d1, varying within the above
mentioned limits and defining the first plane dimensional group.

The second plane dimensional group will contain cross-sections with varying
diameters d2 within the above mentioned limits. The circular cross-sections,
included in this group, are formed as a result of the intersection of particles with
diameters Dj , obeying the relation 2Δ ≤ Dj ≤ kΔ.

The third plane dimensional group corresponds to spherical grains with diam-
eters Dj , varying within the limits 3Δ ≤ Dj ≤ kΔ, etc. And the last, kth,
plane dimensional group will be formed as a result of the intersection of only
the grains with Dmax = kΔ.

It follows from the discussion above that the plane number density ni, corre-
sponding to each of the introduced plane dimensional groups, is a function of
unknown parameters nij (i ≤ j ≤ k), whose values indicate the number density
of the circular cross-sections, included in the ith plane group, which have been
formed when the spheres, belonging to the jth volume dimensional group, have
been crossed with the intersecting plane. Thus, from the description above, it
can be written

n1 = n11 + n12 + n13 + . . . + n1k , (i = 1, 1 ≤ j ≤ k)

n2 = n22 + n23 + n24 + . . . + n2k , (i = 2, 2 ≤ j ≤ k)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

nk = nkk , (i = j = k).

(3)

Figure 1 shows schematically the principle of formation of circular cross-
sections belonging to the ith plane dimensional group (i.e. those with cross-
section diameters di within the interval from (i − 1)Δ to iΔ), which have been
formed from intersected grains belonging to the jth volume dimensional group
(i.e. those with diameter Dj = jΔ). From this scheme it follows that the spher-
ical particles with diameter Dj will form cross-sections belonging to the ith

plane dimensional group only if the distances between particles’ centers and the
intersecting plane are in the range from hi−1 to hi. Thus, the centers of the dis-
cussed spherical grains must be positioned within a rectangular parallelepiped
with the following parameters:
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Figure 1. Scheme representing the formation of circular cross-sections belonging to the
ith plane dimensional group and formed via intersection of the spherical grains included
in the jth volume dimensional group.

• a base laying in the intersecting plane with 1 mm2 area, i.e. the area
over which the corresponding plane number densities are experimentally
estimated;

• a height equal to (hi − hi−1).

As the area of the base is 1 mm2, then the volume of such a parallelepiped is
(hi − hi−1). Taking into account the fact that each particle could be crossed
in an identical manner from both sides in respect to its centre, then the total
volume, containing spherical grains, belonging to the discussed jth dimensional
group will be V = 2(hi − hi−1).

If the volume number density of these spherical grains is Nj , then according to
the main stereological principle, the relation between the introduced parameter
nij and the corresponding volume number density Nj will obey the following
equation:

nij = 2(hi − hi−1)Nj . (4)

From the triangles AOB and A′O′B′ in Figure 1, it follows that

hi = (Δ/2)
√

j2 − (i − 1)2; hi−1 = (Δ/2)
√

j2 − i2. (5)

Then substituting Eq. 5 in Eq. 4, the following relation is obtained:

nij = NjΔ
(√

j2 − (i − 1)2 −
√

j2 − i2
)

. (6)

Now if each parameter nij in the system of equations (3) is substituted by the
corresponding expression from equation (6), a defined system of linear equa-
tions, where the number of equations (k) is equal to that of the unknown vari-
ables, can be obtained. The solution of this system in respect to Nj can be
represented by the following general expression:

Nj = (Ajni − Aj+1ni+1 − Aj+2ni+2 − · · · − Aknk) /Δ, (i = j) (7)
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where ni are the plane number densities, experimentally estimated by the stan-
dard metallographic methods; Aj are coefficients, which have real numerical
values in the obtained solution for the system of equations (3). The analysis
can be speeded up by using the values of the coefficients Aj , that have been
previously estimated and published in Ref. [11].

In the present investigation the method of Scheil–Schwartz–Saltikow has
been adopted and applied to evaluate the volume parameters of the spherical
grains, observed in the transition TiO2 layer of the analysed heterostructures
HA/TiO2/TAV.

3 Results and Discussion

The analysed samples were cryofractured in liquid nitrogen and the prepared
fractured cross-sections were observed under a Hitachi S-4100 FESEM (Ky-
oto, Japan) scanning electron microscope (SEM). A typical picture of the flame-
sprayed HA/TiO2 deposit microstructure is shown in Figure 2.

The observations of all the samples over the whole fractured area showed that
the microstructure is lamellar and the circular cross-sections, corresponding to
spherical grains, are mainly contained in the transition TiO2 layer, while in the
top HA coating they are hardly seen. This is probably due to the fact, that the
TiO2 melting temperature (1850◦C) is higher than that of the HA (1650◦C) and
thus, at the selected technological conditions, full melting of almost all HA pow-
der particles has occurred during their flight through the flame, whereas some of
the TiO2 powder particles have probably reached the substrate only partially
molten.

The stereological analysis of the spherical grains in the transition TiO2 layer was
performed on the basis of 200 measured diameters which have been grouped into
six dimensional groups according to the procedure described above.

Figure 2. SEM micrograph of the outer part of the fractured cross-section of the HA/TiO2

deposit.
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Figure 3. Picture of the initial TiO2 powder particles used for flame-spraying of the
transition layer.

In order to explore the relationship between the volume parameters of the spher-
ical grains in the transition layer and the dimensions of the particles in the ini-
tial TiO2 powder, some additional optical microscopy measurements, combined
with image analysis of these powder particles, were performed by a Carl Zeiss
Axiovert 200M (Göttingen, Germany) transmission light microscope. In Fig-
ure 3 a picture of the TiO2 powder particles is presented.

It is obvious that the majority of them have an irregular, non-spherical shape.
The image analysis was made using a Carl Zeiss Axiovision software package
(Version 4.5) to evaluate the focal plane projection area sopt of each observed
particle. Further, an equivalent circle diameter dopt was calculated and defined
as a particle size according to the following relation:

dopt = 2
√

sopt/π. (8)

The statistics of the equivalent circle diameters was based on measurements of
more than 500 randomly selected powder particles. Six dimensional groups were
applied to obtain the size distribution of the initial TiO2 powder.

In Figure 4 both size distributions curves, corresponding to the initial TiO2 pow-
der and the spherical grains in the flame-sprayed transition TiO2 layer are shown.
It is obvious that the curve corresponding to the spherical grains is shifted to
lower dimensions in respect to those of the initial powder particles. This con-
firms the expectation that the observed spherical grains are probably resultant
from some initial powder particles, which have reached the substrate only par-
tially molten. Those may be particles with higher dimensions, very irregular
form, or particles whose trajectories pass through relatively lower temperature
regions of the flame, or which fly faster through the high temperature field.

The parameters of the initial TiO2 powder particles and spherical grains in the
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Figure 4. Size distribution curves of the initial TiO2 powder and spherical grains in the
TiO2 transition layer.

transition layer, evaluated by the performed metallographic analyses, are given
in Table 2.

Table 2. Evaluated parameters of the initial TiO2 powder particles and spherical grains
in the transition layer.

parameters of the initial parameters of the spherical grains
TiO2 powder particles in the transition TiO2 layer

dmin dmax d̄ Dmin Dmax D̄ N
µm µm µm µm µm µm mm−3

5.65 33.52 18.05 ± 5.15 1.5 16.5 6.6 ± 2.8 28.1

The evaluated relative volume share of the spherical grains in a unit volume of
the TiO2 layer is less than 1%. This small amount, together with the almost full
absence of spherical grains in the top HA layer of all investigated coatings, in-
dicates that the technological conditions during the flame-spraying are properly
selected.

4 Summary

In this study the essential of the Scheil–Schwartz–Saltikow stereological method
is described. The method has been adopted and applied for characterization of
spherical grains in two-layered HA/TiO2 coatings applied by flame-spraying on
TAV substrates. It has been found that the microstructure of both investigated
layers (TiO2 and HA) is predominately lamellar. Spherical grains, distributed
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between the lamellae, have been observed only in the transition TiO2 layer. Their
dimensional characteristics point out that they are probably resultant from some
initial powder particles that have reached the substrate in a semi-molten state.
The performed quantitative stereological analysis showed that the volume share
of the spherical grains is very low (less than 1%) which confirms that the tech-
nological conditions are properly selected to produce coatings with potentially
good exploring properties for medical purposes.
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