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Morphology of calcium phosphate coatings deposited on a Ti–6Al–4V
substrate by an electrolytic method under 80 Torr
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Abstract

Calcium phosphate coatings were deposited on the Ti–6Al–4V alloy plate in a 0.04 M Ca(H2PO4)2·H2O (MCPM) solution at 4–10 V,
0–60◦C, 1 h, and 80 Torr. X-ray diffractometry (XRD), scanning electron microscopy (SEM), energy dispersive spectrometry (EDS) and
transmission electron microscopy (TEM) were used to identify the coating morphology and microstructure. Electrolytic deposition at 80 Torr
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mproves the gathering of the bubbles on the cathode surface, and blocks the deposition of calcium phosphates. Under 80 Torr,
egularly interconnected at applied voltages greater than 7 V owing to rapid degassing. OH− increases with increasing applied voltage. W
xcess OH− is present, hydroxyapatite (HAP) is deposited on the Ti–6Al–4V substrate. The plate-like grains formed at applied
nder 5 V are identified as dicalcium phosphate dehydrate (DCPD). HAP deposition occurs when the applied voltage is greater tha

ncreases with increasing electrolyte temperature.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Biologically relevant calcium phosphates involve amor-
hous calcium phosphate (ACP), brushite (DCPD), monetite
MCP), octacalcium phosphate (OCP), tricalcium phosphate
TCP), calcium pyrophosphate and apatite.1 In 1926, De
ong,2 using X-ray diffraction (XRD) and chemical analysis,
rst identified the mineral phase of dentine, enamel and bone
s calcium phosphate with an apatite structure similar to,
nd idealized to hydroxyapatite (HAP), Ca10(PO4)6(OH)2.
he biocompatibility of hydroxyapatite is great, but with
oor mechanical properties especially brittleness. However,
Ti–6Al–4V alloy often offers better mechanical proper-

ies. Coating bioactive ceramics onto Ti–6Al–4V substrate
s therefore a popular method to provide metals with bone-
onding ability.

∗ Corresponding author. Tel.: +886 37 381710; fax: +886 37 324047.
E-mail address:mcwang@nuu.edu.tw (M.-C. Wang).

Since the bioenvironment in the human body is very c
plicated, metallic implants could interact with surround
tissues and then cause corrosion. Clinical experience
shown that they are susceptible to localized corrosion in
man bodies causing the release of metal ions into the ti
surrounding the implants. So biocompatible and corros
resistant layers are normally coated on alloys. Many ef
have been made in recent years in the development of pro
ing methods for depositing HAP on implant alloy substr
such as Ti–6Al–4V in order to have high strength, suit
specific density, good process ability, and excellent corro
resistance in living bodies.

There are numerous methods to deposit HAP layer
metallic devices, such as plasma-spraying,3,4 electrophoreti
methods5,6 and electrochemical methods. Electrochem
methods for calcium phosphate coatings for biomedica
plications have been investigated since the 1990s.7–11 Cal-
cium phosphate coatings have been deposited on va
metal substrates by an electrochemical method, whi
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an attractive process because highly irregular objects can
be coated relatively quickly at low temperatures, and the
coating morphology can be controlled by varying electro-
chemical potential, current density, electrolyte concentra-
tion and temperature.12 When the electrolyte contains Ca2+

and H2PO4
1−, it will produce calcium phosphate powders,

such as MCP, DCPD, OCP, ACP, HAP.13,14 Among them,
HAP is the most interesting form of calcium phosphate to
be electrochemically deposited from several solutions at ele-
vated temperatures.15–19In this study, the electrolyte has only
one source powder, monocalcium phosphate monohydrate
(MCPM), so the composition of the films is formed from cal-
cium phosphates only, such as DCPD, ACP and HAP, which
are found in chemical synthesis without amino or chlorine
compounds.

The main objective of this study is to investigate the
morphology of calcium phosphate coatings deposited on a
Ti–6Al–4V substrate at different temperatures and applied
voltages by electrolysis in 0.04 M Ca(H2PO4)2·H2O aque-
ous solution under 80 Torr for 1 h.

2. Experimental procedure

2.1. Sample preparation

This study used a Ti–6Al–4V alloy plate as a cathode
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Fig. 1. Diagram of low pressure electrochemical deposition apparatus.

Japan). A monochromatic Cu K� radiation was selected
(λ = 1.54052Å). The operation tube voltage and current were
30 kV and 20 mA, respectively. The scanning angle of the
sample was from 20◦ to 55◦ with a scanning speed of 4◦/min.
The coating microstructure and morphology were studied
with scanning electron microscopy (Hitachi S2700 SEM,
Tokyo, Japan). In addition, the Ca/P ratio was determined
with an energy dispersive spectrometer (EDS, AN10000/855,
LINKS, England). The sample preparation was carried out by
dispersing powders in an ultrasonic bath and then collected
on a copper grid.

A transmission electron microscope was used to recog-
nize the crystal structure (Hitachi HF-2000 Field Emission
Transmission Electron Microscope, HF-2000, Tokyo, Japan)
under 200 kV.

3. Results and discussion

Fig. 2shows the specimen deposited at 7 V under normal
atmospheric pressure and 80 Torr at 30◦C for 1 h. Under the
normal atmospheric pressure, the deposit on the Ti–6Al–4V
substrate is irregular and flakes off due to bubbles gathering at
the cathode surface. Bubbles quickly lift up from the cathode
surface at 80 Torr and the deposit is regular and integrated.

Elmore and Farr20 studied the dissolution of Ca(HPO ) ·
H d
t

F essure
a

nd a platinum plate as anode. The composition of
i–6Al–4V alloy plate conformed to the specification
STM standard F-136. The Ti–6Al–4V alloy plate with a s
f 15 mm× 15 mm× 3 mm was mechanically ground w
iC papers from 120 to 1200 grit and polished with 0.3�m
l2O3 powders to a mirror finish. The Ti–6Al–4V plate w

hen washed thoroughly by running distilled water before
ng ultrasonically degreased with acetone and dried at 6◦C.

.2. Electrolytic deposition

The saturated 0.04 M electrolyte was prepared by ad
g monocalcium phosphate monohydrate (Ca(H2PO4)2·
2O, analytical grade, Showa Chemical Co. Ltd., Tok
apan) in 100 ml deionized water. The electrolyte was st
ith a magnetic stirrer for 1 h to enhance the dissolutio

he calcium phosphate. The pH of the electrolyte was a
.0. Electrolysis was carried out at a cathode voltage

emperature of 4–10 V and 0–60◦C, respectively, for 60 min
he distance between the electrodes was 3 cm and the
de area was maintained at 1.057 cm2. The ambient pres
ure of 80 Torr was selected for the electrolysis to imp
he bubbles assembling in the vicinity of the cathode su
Ti–6Al–4V substrate). The diagram of apparatus was sh
n Fig. 1. After deposition, the sample was washed in disti
ater and dried at room temperature.

.3. Sample characterization

The crystalline composite phases of the dried sam
ere examined with XRD (Rigaku D-Max/IIIV, Toky
-

2 4 2

2O (MCPM) at temperatures from 25 to 100◦C and reporte
he following reactions:

Ca(H2PO4)2 · H2O + xH2O

H2O−→ CaHPO4 + H3PO4 + (1 + x)H2O (1)

ig. 2. Specimens deposited at 7 V under (a) normal atmosphere pr
nd (b) 80 Torr at 30◦C for 1 h.
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H3PO4 is stepwise dissociated, so that H2PO4
1−, HPO4

2−
and PO4

3− ions exist at the electrode. The other related cath-
ode reactions21 are as follows:

2H2O + 2e− → H2 + 2OH− (2)

2H2PO4
1− + 2e− → 2HPO4

2− + H2 (3)

2HPO4
2− + 2e− → 2PO4

3− + H2 (4)

Dicalcium phosphate dehydrate (CaHPO4·2H2O, DCPD)
is formed on the cathode surface as expressed by the follow-
ing reaction(5):

Ca2+ + HPO4
2− + 2H2O → CaHPO4 · 2H2O (5)

It has been established that the electrolytic deposition results
in an increasing pH at the interface due to electron incorpo-
ration to form OH− ions and H2 through water reduction.22

Many bubbles and OH− ions are produced around the cath-
ode electrode with increasing applied voltage. OH− diffuses
rapidly in the electrolyte and causes the pH change around the
metal/solution interface.14 When excess OH− (reaction(2))
is produced, HAP can be deposited on the cathode surface by
the following reaction(6):

10Ca2+ + 6PO4
3− + 2OH− → Ca10(PO4)6 · (OH)2 (6)

W 2− e
r lue
b r-
f
d

-
t ased.
T rface
i ition
o
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F
4

talline DCPD (JCPDS card number 72-1240), HAP (JCPDS
card number 09-9432) and Ti (JCPDS card number 44-1294).
The thickness of the deposits becomes greater as the applied
voltage increases, and induces reduced substrate reflections at
2θ = 37.8◦ and 39.6◦. DCPD is the major phase of the films de-
posited at the applied voltages of 4 and 5 V. When the applied
voltage is 4 V, the deposit is sparse, so the DCPD peak is weak
in Fig. 3a. The intensity of the DCPD (0 4 0) peak at 2θ = 22.8◦
is irregularly strong and gradually decreases with increas-
ing applied voltage. In the SEM observation, the size of the
plate-like DCPD gradually decreases and then vanishes as
the applied voltage rises. So the plate-like DCPD would have
the (0 4 0) preferred orientation. When the applied voltage is
increased to 7 V (Fig. 3c), DCPD is still the major phase, but
the HAP reflections increase relatively. However, the pattern
illustrates clearly the HAP (0 0 2) peak at 2θ = 25.88◦ and the
broadened HAP (2 1 1) peak at 2θ = 31.77◦. When the applied
voltage is raised to 10 V (Fig. 3d), DCPD is dramatically de-
creased and HAP becomes the main substance.

Fig. 4shows the XRD patterns of the specimens deposited
at 7 V in the electrolyte at 0, 30 and 60◦C under 80 Torr for
1 h. The thickness of the deposits becomes greater as the tem-
perature increases, and induces the decreasing of the titanium
alloy reflections. The diffraction peaks due to the DCPD and
HAP phases are observed in the patterns for the applied volt-
age of 7 V at 0 to 60◦C. The intensity of the peaks of HAP
a
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hen pH value is low, the HPO4 ion is stable, hence th
eactions(3) and(5) are the major reaction. When pH va
ecame higher for the OH− around the metal/solution inte

ace, PO4
3− ion is more stable, and the reactions(4) and(6)

ominate.23

H2 gas is produced in reactions(2), (3) and(4). The reac
ion becomes intense when the applied voltage is incre
he bubbles assembled in the vicinity of the cathode su

nhibit the calcium phosphate formation and its depos
n the Ti–6Al–4V alloy substrate.

The XRD patterns of the deposited coatings at 60◦C are
hown inFig. 3. All diffraction peaks are assigned to the cr

ig. 3. XRD patterns of the specimens deposited under 80 Torr at 60◦C: (a)
V, (b) 5 V, (c) 7 V, and (d) 10 V for 1 h. H:HAP, T:Ti, D:DCPD.
t 60◦C (Fig. 4c) is significantly higher than those at 0◦C
Fig. 4a) and 30◦C (Fig. 4b), which reveals an increase
AP and a decrease of DCPD with temperature. It is kn

hat the solubility of calcium phosphate decreases with s
ion temperature. The relationship between solubility p
ct, ks, and solution temperature,T, for hydroxyapatite i
iven by Elliot.24

ogks = −82194.4

T
− 1.6657− 0.09825T (7)

an and Hasegawa25 have found that the crystal grow
f HAP increases with increasing electrolyte tempera

ig. 4. XRD patterns of the specimens deposited under 80 Torr at 7
◦C, (b) 30◦C, and (c) 60◦C for 1 h. H:HAP, T:Ti, D:DCPD.
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Fig. 5. SEM images of (a) starting material, MCPM and specimens deposited under 80 Torr at 60◦C for 1 h (b) 4 V, (c) 5 V, (d) 7 V, and (e) 10 V.

Additionally, the broadened peaks of HAP reveal a coat-
ing with poor crystallinity or composed of small crystallites,
which being similar to natural bone mineral, are suitable for
tissue compatibility.26

The SEM micrograph (Fig. 5a) reveals flat, triclinic
MCPM in the starting material with a typical size of 100�m
in length.Fig. 5b–e shows SEM micrographs of the deposits

Table 1
EDS analysis at the different locations inFig. 5

Applied
voltage
(V)

Morphology at
different
locations

Chemical composition
(at.%)

Ca/P ratio

Ca P O

4 Plate-like at A 23.96 22.00 54.04 1.089
Particles at B 20.44 18.59 60.97 1.100

5 Plate-like at C 24.69 23.38 51.93 1.056
7 Granular at D 39.42 23.33 37.25 1.690

Needle-like at E 23.80 16.18 60.02 1.471
10 Granular at F 33.99 22.11 43.90 1.537

on the Ti–6Al–4V substrate under 4, 5, 7 and 10 V in the
electrolyte at 60◦C. Plate-like precipitates are observed in
the specimen with the applied voltage of 5 V (Fig. 5c). The
width and length of the plates at 4 V (Fig. 5b) are larger than

Fig. 6. Magnified SEM image ofE in Fig. 5d.
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Fig. 7. Cross-sectional view of the specimens deposited under 80 Torr at
60◦C with 10 V for 1 h.

those at 5 V. The compositions of the species with various
morphologies marked from A to E are identified by EDS in
Table 1. Granular (D) and needle-like (E) precipitates are
observed at applied voltages over 7 V.

F
t
i

Fig. 6 shows the SEM micrograph of the needle-like
specimen deposited at 60◦C with 7 V. The width and length
of the needles are about 60 and 300 nm, respectively. The
needle-like substance is identified as Ca3(PO4)2·nH2O
(ACP) by EDS.

Fig. 7shows the SEM micrograph of the cross-section of
the deposit at 60◦C under 10 V for 1 h. The image shows
a macroporous calcium phosphate layer on the Ti–6Al–4V
substrate. Such a bioactive macroporous layer on an implant
is expected not only to enhance bony ingrowth into the porous
structure, but also to provide a chemical integration with bone
via apatite formation on its surface in the body.27

The EDS results of the different deposits are listed in
Table 1. When the applied voltage is under 5 V, the plate-
like substance has a Ca/P ratio of about 1.0. According to
its XRD study, it is identified as DCPD. The needle-like ag-
gregates appear at applied voltages over 7 V with Ca/P ratios
close to 1.50, which is identified as ACP. The HAP phase
appears when the applied voltage is over 7 V inFig. 3, and
the Ca/P ratio of the granular structure is close to 1.67.

The TEM image of the specimen deposited at 60◦C and
4 V under 80 Torr for 1 h is shown inFig. 8. In Fig. 8a, the
crystal has a lath-like shape with 30 nm width and 250 nm
length. Occasionally, discontinuous or weak ring patterns are
ig. 8. TEM image and ED pattern of the calcium phosphate deposited on
he Ti–6Al–4V alloy at 60◦C, 4 V for 1 h: (a) BF image and (b) ring pattern,
ndex corresponding to phase of DCPD and MCP.

F
t
i

ig. 9. TEM image and ED pattern of the calcium phosphate deposited on
he Ti–6Al–4V alloy at 60◦C, 10 V for 1 h: (a) BF image and (b) ring pattern,
ndex corresponding to phase of HAP.
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shown inFig. 8b, which results from the diffraction of DCPD
and MCP nanosized crystallites. InFig. 3a, only DCPD is
found and there is no d-spacing of HAP, corresponding to the
ring patterns.28

Fig. 9 shows the TEM micrograph of the specimen de-
posited at 60◦C and 10 V under 80 Torr for 1 h. InFig. 9a,
the crystal has a rod-like shape with 50 nm width and 150 nm
length with rough edges.Fig. 9b shows the corresponding
diffraction ring pattern of the HAP polycrystals. With the
XRD study, the products are identified to be the DCPD and
HAP phases and no other calcium phosphates are found.

4. Conclusions

Electrolytic deposition at 80 Torr improves bubble re-
moval in the vicinity of the cathode surface and encourages
the deposition of calcium phosphates. The films are regular
and interconnected at applied voltages greater than 7 V under
80 Torr.

At 60◦C, the plate-like crystals formed at 5 V are identi-
fied to be DCPD; HAP occurs when the applied voltage is over
7 V. The electrolytic deposition product is essentially com-
posed of amorphous calcium phosphate, Ca3(PO4)2·nH2O
(ACP) at 5–7 V. The crystal growth of HAP increases with
increasing electrolyte temperature. Different calcium phos-
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