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Deposition of phosphate coatings on titanium
within scaffold structure
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Purpose: Existing knowledge about the appearance, thickness, and chemical composition of phosphate coatings on titanium inside
porous structures is insufficient. Such knowledge is important for the design and fabrication of porous implants.

Methods: Metallic scaffolds were fabricated by selective laser melting of 316L stainless steel powder. Phosphate coatings were de-
posited on Ti sensors placed either outside the scaffolds or in the holes in the scaffolds. The electrochemically-assisted cathodic deposi-
tion of phosphate coatings was performed under galvanostatic conditions in an electrolyte containing the calcium and phosphate ions.
The phosphate deposits were microscopically investigated; this included the performance of mass weight measurements and chemical
analyses of the content of Ca2+ and 2

4PO  ions after the dissolution of deposits.
Results: The thicknesses of the calcium phosphate coatings were about 140 and 200 nm for isolated titanium sensors and 170 and

300 nm for titanium sensors placed inside pores. Deposition of calcium phosphate occurred inside the pores up to 150 mm below the
scaffold surface. The deposits were rich in Ca, with a Ca/P ratio ranging from 2 to 2.5.

Conclusions: Calcium phosphate coatings can be successfully deposited on a Ti surface inside a model scaffold. An increase in ca-
thodic current results in an increase in coating thickness. Any decrease in the cathodic current inside the porous structure is slight. The
calcium phosphate inside the pores has a much higher Ca/P ratio than that of stoichiometric HAp, likely due to a gradual increase in
Ca fraction with distance from the surface.
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1. Introduction

Load-bearing implants of different kinds are made
of metallic alloys such as stainless steel, titanium,
cobalt, and Ni-Ti alloys. Porous metallic implants and
biodegradable metals have often been considered and
investigated for two reasons: (i) they permit bone
tissue to grow into the implant, enhancing its stabili-
sation, and (ii) they possess a lower Young’s modulus,
closer to that of bone, thus reducing the ‘screening
effect’. Porous implants have been developed espe-
cially for titanium and its alloys based on several

techniques [23] and, recently, often with a 3D printing
[2], [12], [13], [18]. The titanium dioxide scaffolds
have also been produced [21].

The porous stainless steel 316L, used in this re-
search for a model scaffold, has also been produced
in different ways for medical purposes. Conventional
sintering was used [7] to produce the steel with po-
rosity ranging from 21% to 55%, while laser sinter-
ing became useful to made the steel of similar,
40‒50% porosity [5]. Selective laser sintering in
a hydrogen atmosphere was used [25] to produce
316L steel from powder coated with an ethylene-vinyl
acetate copolymer. After sintering at 1100–1300 °C,
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the average pore size 160–35 µm, porosity 58–28%,
elastic modulus 1.58–6.64 GPa and compressive yield
strength 15.5–52.8 MPa were found. The europium
doped TiO2 sol was deposited on 316L steel plates by
either dip-coating or spin-coating method to protect
the steel from an aggressive environment [6].

A variety of techniques are used to deposit phos-
phate coatings. For titanium and its alloys, these in-
clude electrochemically assisted deposition (ECAD)
[22], [27], electrophoretic deposition [1], [16], biomi-
metic methods [3], [18], [20], magnetron sputtering [8],
[17], ion-beam physical vapour deposition [9], the
alternate immersion method [11], [24], and pulsed
laser deposition [20], [23].

Deposition of phosphate coatings inside metallic
scaffolds has seldom been investigated. In [10], cal-
cium phosphate coatings inside a porous titanium
alloy were produced using both biomimetic deposi-
tion (BD) and ECAD methods in aqueous solutions.
The BD coatings were thicker and more uniform than
the ED coatings, but the ED method was less sensi-
tive to the condition of the titanium surface and
much faster in terms of the deposition of the coating.
The same technique was used to prepare BD hydroxy-
apatite coatings in porous CoCr substrates manufac-
tured by electron beam melting [15]. In [26], micro-
porous and macroporous titanium samples produced
by powder metallurgy were immersed in a solution
containing calcium and phosphorus ions, resulting
in the appearance of globular or plate-like coatings
typical of hydroxyapatite and octacalcium phosphate.
The positive influence of calcium ion deposition
on the apatite-inducing ability of porous titanium
was demonstrated in [4]; a thin layer of calcium
titanate/calcium oxide mixture with a nanostructured
porous network was produced after hydrothermal
treatment.

The present research was aimed at establishing the
appearance of phosphate coatings on titanium surfaces
deep inside a porous metallic structure, along with
determining the thickness and chemical composition
of coatings related to certain process parameters. As
such measurements are difficult to carry out on a tita-
nium scaffold, titanium sensors placed inside porous
structures made of 316L stainless steel were used.
This was a reasonable choice, as the deposition of
phosphate is more difficult on stainless steel than on
titanium. The study was expected to answer the ques-

tion whether the bioactive hydroxyapatite coatings
may be effectively deposited within the titanium scaf-
folds.

2. Materials and methods

2.1. Preparation of sensors

The sensors were wires 0.98 mm in diameter,
made of Ti Grade 4. The wires were covered with
isolating paint that protected the upper part from cur-
rent flow and calcium phosphate deposition. The end
parts of the wires were left unpainted. The sensors
used different in the length the unpainted part and the
lower part exposed to the solution: 5, 10, and 14 mm.
The unpainted areas of the sensors were 16.1, 31.5
and 43.8 mm2.

2.2. Preparation of scaffolds

The porous structures were made of 316L stainless
steel powder. The chemical composition of the stain-
less steel, according to the manufacturer’s attestation,
is shown in Table 1. The size of each powder particle
was around 25 µm. The porous structures were de-
signed using Autodesk Inventor software; scaffolds
were produced using an additive technique, through
selective laser melting of metallic powder with Realizer
II equipment. The porous structures are shown in Fig. 1,
both as CAD designs and as laser-melted samples. The
dimensions of the structures were 10 × 10 × 15 mm; the
dimension of a single hole was 0.6 × 0.6 mm; the
number of holes in the top section was 11 × 11, in the
side section 11 × 16. The same configuration was
designed for every layer, from bottom to top. The
actual surface area was calculated for each scaffold
structure (for a perfect scaffold without a hole for
a sensor) as 4727 mm2.

The views of different scaffolds and positions of
sensors are shown in Fig. 1a–c. The sensor placement
was as follows: specimen A – hole closer to the mid-
dle of sample, B – hole closer to the edge, C – hole
closer to the middle, D – hole closer to the edge.

Table 1. Chemical composition of 316L steel

Element C Si Mn P S N Cr Mo Ni
Mass % <0.03 <1.0 <2.0 <0.045 <0.015 <0.011 16.6–18.5 2.0–2.5 10.0–13.0
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a) 

b) 

c) 

Fig. 1. View of different scaffolds (a), image of the scaffold
with an SS wire designed to connect sample with a potentiostat (b),
position of sensors inside the samples shown in Figs. 7–10 (c)

After completing the fabrication process and cut-
ting the supports of the bottom part, the porous speci-
mens were cleaned to remove loose powder particles.
The process was carried out in an ultrasonic washer
for 15 minutes in acetone and 45 minutes in ethanol at

ambient temperatures. The specimens were then dried
in cold air.

2.3. Deposition of phosphate coatings
on isolated sensors

Deposition of calcium phosphate coatings was
done by means of electrochemically assisted deposi-
tion (ECAD). The solution contained 1.67 mN of cal-
cium and 1.0 mN of phosphate ions and a 1% NH.
The solution was used to set the pH at 6.4.

The scheme of change in current is shown for
one selected value, 5 mA/cm2, in Fig. 2. Three dif-
ferent upper cathodic current density values were
used: 5, 6 and 7 mA/cm2

. The sequence of current
change was as follows: initially, 10 s at open circuit
potential (OCP); deposition for 60 s at 5, 6 or
‒7 mA/cm2; and, finally, 60 s at OCP. This cycle was
repeated ten times followed by final deposition at
‒8 mA/cm2 for 5 min. The deposition temperature was
36 °C. The sample was rotated at 30 rpm for 25 min,
starting after the first cycle (130 s).

Fig. 2. Diagram presenting deposition current
as a function of time. OCP – Open Circuit Potential

2.4. Deposition of phosphate coatings
on sensors placed in porous specimens

Before the tests, the bottom surface of each scaffold
was covered with “Deguform” silicone paint. The sen-
sors were then placed inside the holes, their unpainted
parts close to the bottom of the specimen. The same
solution and deposition parameters were used for both
isolated sensors and scaffolds with sensors inside.

The specimens were not fully immersed, so as to
enable transport processes in the porous structure in
the x and y directions (lateral) only. Under these ex-
perimental conditions, the deposition of calcium phos-
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phate was not expected to depend on the z position
(vertical), on either the porous scaffold or the sensor
electrode. Thus, a quantitative analysis of the coating
deposited on the sensor electrode would enable the
characterization of the transport processes driving
deposition at a given position of the sensor as described
by the x and y position in the porous scaffold. The holes
for sensors were left above electrolyte level so that 75%
of the volume of each sample was immersed. The un-
painted part of the sensor was fully immersed.

The results obtained on isolated sensors of differ-
ent length of the unpainted part and different current
density were not very different from each other.
Therefore, the tests on scaffolds were made only for
selected values of those two parameters: 10-mm
length of the sensor’s unpainted part and ‒5 mA/cm2

of the value upper current density.

2.5. Chemical analysis of coatings

After deposition, the protective paint was removed
from the surface of the sensors with acetone. The sen-
sors were then cleaned and dried in cold air. The phos-
phate coating was then dissolved in 400 µl of l% HNO3
solution for 20 minutes. Chemical analysis of the
calcium phosphate coatings was performed following
their dissolution in 0.1 N nitric acid using a Calcium
CPC kit (Analyticon Biotechnologies AG, Germany)
and a Phosphate FS kit (DiaSys Greiner GmbH, Ger-
many), according to the manufacturer’s instructions.

2.6. Microscopic examinations

Microscopic examinations were made with a Philips
XL-30 environmental scanning electron microscope
(ESEM). The observations were made on isolated
sensors removed from the scaffold and drained in
laboratory air.

3. Results

3.1. Deposition of calcium phosphate
coatings on isolated sensors

Figure 3 shows a summary of mean values of the
Ca+2 ion mass/surface ratio; Fig. 4, of the 3

4PO  ion
mass/surface ratio; Fig. 5, the HAp mass/surface ratio,
based on the Ca amount and assuming the stoichiometry

of hydroxyapatite; and Fig. 6, the Ca+2/ 3
4PO  (also

designated as Ca/PO4) mass/surface ratio. The error
was calculated based on measurements for three sensors
of the same working gauge and four repetitions of
chemical analysis. The calcium phosphate coating thick-
nesses were 156, 201, and 137 nm for unpainted
parts of sensor with lengths of 5, 10, and 14 mm at
‒5 mA/cm2, respectively; 178, 159, and 109 nm at
‒6 mA/cm2, respectively; and 191, 181, and 156 nm
at ‒7 mA/cm2, respectively. These calculations were
based on two assumptions: (i) the coatings were ho-
mogenous and non-porous, and (ii) calcium phosphate
is a stoichiometric hydroxyapatite.

Fig. 3. Calcium ions mass/surface ratio
for deposition on isolated sensors

Fig. 4. Phosphate ions mass/surface ratio
for deposition on isolated sensors

Fig. 5. Hydroxyapatite mass/surface ratio for deposition
on isolated sensors (calculated based on Ca values)
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Fig. 6. Ca2+/ 3
4PO  ion ratio

for deposition on isolated sensors

The intrinsic structure of electrochemically de-
posited HAp coatings was shown to be homogenous
and demonstrated only surface roughness on flat
specimens. The results illustrate the deposit mass as
a function of both current density and length of the
sensor. The composition of the coatings was close
to that of hydroxyapatite. Therefore, the errors re-
sulting from the above assumptions are low and the
deviations of obtained thickness values from the
calculated values may be estimated at 3–5%. Within
the limits of those experimental errors, it may then
be concluded that the current regime and length of
the unpainted part have moderate effects on deposit
masses.

3.2. Deposition on sensors
inside scaffold specimens

The sensor position inside the scaffold is shown in
Fig. 1. The obtained results, presented in Figs. 7–10,
are close to those obtained for isolated sensors in
terms of the mass content of calcium and phosphate
ions. The thicknesses of coatings, calculated from the
Ca mass measurements, were in the range from 170 to
300 nm, on the assumptions given in Section 3.1.
However, the Ca/P ratios were well above stoichi-
ometric value and for that reason, the true thickness of
the phosphate coatings should likely be 140–240 nm.
Moreover, as illustrated by the surfaces covered with
calcium phosphate coatings (Fig. 11), the porous coat-
ings always appeared, presumably as the effect of hy-
drogen evolution. Assuming the porosity as ap-
proaching even 10%, the real thickness could be
finally between some 154 and 264 nm. No significant
effect of sensor position on the obtained results was
observed.

Fig. 7. Calcium mass/surface ratio
on sensors inside porous structure

Fig. 8. Calcium mass/surface ratio
on sensors inside porous structure

Fig. 9. Hydroxyapatite mass/surface ratio
on sensors inside porous structure

Fig. 10. Ca2+/PO4
3 mass/surface ratio

on sensors inside porous structure
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4. Discussion

The deposition of phosphate and, particularly,
hydroxyapatite coatings on the flat surfaces of Ti al-
loys, stainless steel, or Ti-Ni alloys has been clearly
described. However, to date, for porous metals, the
presence, thickness and properties of phosphate coat-
ings obtained by electrochemical deposition inside the

pores have rarely been investigated. In [26], for tita-
nium beads with small diameters of 600–800 µm,
porosity approaching 40%, and pore size ranging be-
tween 100 and 300 µm, deposits of 10–25 µm thick-
ness were observed following biomimetic deposition
and ECAD on the whole surface. For porous Co-Cr
alloys produced by the additive technique with struts
330 µm and 640 µm, and with the biomimetic method
used to deposit the phosphates over three days, thin

a)      b) 

c)      d) 

e)      f) 

Fig. 11. Magnified views of the surfaces covered with calcium phosphate coating
after ECAD at –5 mA/cm2 (a, c, e) and –8 mA/cm2 (b, d, f) charging

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Deposition of phosphate coatings on titanium within scaffold structure 71

300–500-nm coatings were observed within a porous
block 15 × 9 × 2.7 mm in size [14]. Our results are
thus among the first to demonstrate that phosphate
coatings can be obtained by the ECAD technique on
a titanium surface deep inside porous structures.

The main obstacle to the formation of phosphate
coatings inside porous structures is the difficulty of
migration of substrates and products inside the pores.
Another obstacle may include capillary effects resulting
in a possible decrease in current value inside the holes.
In our research as well as in previous studies [14], [26],
these factors could not prevent the formation of phos-
phate coatings on Ti deep under the outer surface. The
current value and distance from the surface may have
had a certain effect, but this was slight or even insig-
nificant within the limits of experimental error.

The resultant coatings in this research are character-
ised by a calcium/phosphate ratio which is higher than
1.67 and may approach as high as 2 to 2.5, suggesting
that this coating is not a stoichiometric hydroxyapatite.
The coating mass ranged from 33 to 62 µg/cm2 (130 to
200 nm for stoichiometric HAp) for coatings deposited
on isolated sensors and from 45 to 90 µg/cm2 (170 to
300 nm for HAp) for sensors in porous structures. These
results differ from those reported by Zhang et al. [26].
In their research, octacalcium phosphate (OCP) with
a Ca/PO4 ratio of 1.33 was obtained inside the pores.
The present results may be explained in terms of the
migration of ions under ECAD conditions: migration
into the scaffold pores of positively-charged Ca ions
is enhanced by the applied cathodic current, but for
negatively charged phosphate ions this phenomenon is
impossible. As a consequence, the Ca2+/ 3

4PO  ratio in
phosphate deposits is expected to increase in deep pores.

5. Conclusions

Calcium phosphate coatings can be deposited on a Ti
surface even 50–140 mm inside the pores of a model
scaffold made of 316L stainless steel. The thickness
of these coatings, assessed by means of the coating
mass measurements, ranges from 170 to 300 nm. The
increase in cathodic current results in an increase in
coating thickness.

The difference between the thickness of coatings
on isolated Ti wires and Ti sensors placed inside the
pores of the scaffold is relatively small. This observa-
tion demonstrates that the current values on the outer
and inner surfaces are close so that any decrease in the
cathodic current (screening effect) inside the porous
structure is relatively low.

The calcium phosphate inside the pores has a much
higher Ca/P ratio than that of stoichiometric HAp.
This result may be explained by the differing effects
of cathodic current on positively-charged calcium ions
and negatively charged phosphate ions. This effect is
presumed to result in a gradual increase in the Ca frac-
tion with distance from the surface.
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