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Piezoelectric coatings have the ability to functionalise conventional structural materials into responsive devices.
Today, piezoelectric coatings have been applied to both rigid and flexible substrates for sensing, actuating, and
energy harvesting applications. We envision (Ba,Ca)(Zr,Ti)O3 (BCZT) piezoelectric coatings for biomedical use
such as in vivo sensing or electrical cell stimulation. However, reliable processing routes for the development of
BCZT ceramics as a functionalisation coating on biomedical substrates are required. In this work, the synthesis of

bilayer BCZT and CaTiO3 ceramic coatings on Ti6Al4V metal substrates via spray-deposition and heat-treatment
was investigated. For thin coatings, reactions at the metal/ceramic interface led to the development of a porous
interface reaction region partly consisting of CaO. The hygroscopicity of CaO affects the adhesion of the coating
to Ti6Al4V at ambient conditions. Minimisation of the kinetic contributions to these interface reactions were
achieved by increasing the coating thickness.

1. Introduction

Piezoelectric ceramics are utilised in many applications including
sensing, actuation, and energy harvesting due to their electromechanical
characteristics. For novel electronic devices, such as random access
memories, structural health monitoring, and microelectromechanical
systems, the development of ceramic coatings on metal substrates is
essential to allow integration with existing device platforms [1-3].

In these applications, piezoelectric ceramic coatings have primarily
been developed from Pb(Zr,Ti)Os (PZT) due to the exceptionally high
piezoelectric response, and have been deposited onto substrates
including steel, copper, and nickel [4-7].

A novel application for piezoelectric materials is in the biomedical
field, especially for in vivo sensing and electrical cell stimulation for
provoking specific cell responses [8-10]. For the translation of piezo-
electric coatings to this field, lead-free materials are necessary to avoid
lead poisoning. Furthermore, the ceramic material should be integrable
on metal substrate materials commonly used in the desired application.
One promising candidate for the implementation in biomedical devices
is barium titanate (BT). Development of BT-based ceramic coatings have
been reported for Ti6Al4V substrates, a Ti-alloy that is primarily used for

hard tissue replacement such as in dental or joint implants using plasma
electrolytic oxidation, as well as for TiNb substrates using pulsed laser
deposition [11,12]. In addition, current biomedical ceramic coatings
such as hydroxyapatite are often deposited on Ti6Al4V [13]. This is due
to the combination of high Young’s modulus, fracture toughness,
corrosion resistance, and strength to weight ratio values that are more
suited to load-bearing applications than the values for ceramics
including BT-based materials [14-19].

We envisage (Ba,Ca)(Zr,Ti)Os (BCZT) piezoelectric ceramics as
functional coatings on Ti6Al4V for in vivo cell stimulation directly at an
implant site. BCZT has been shown to be non-cytotoxic and to exhibit an
exceptional piezoelectric response higher than BT ceramics [20-24]. In
this study, we investigate a spray-deposition and heat-treatment process
for the development of BCZT coatings on Ti6Al4V substrates with a
CaTiOs interlayer. CaTiO3 has been shown to improve the bioactivity of
Ti6Al4V dental implants [25] and was chosen due to its thermal
expansion coefficient bridging the characteristics of Ti6Al4V and BCZT.
Spray-deposition was selected for its versatility, cost efficiency, and
application relevance. Although it is a line-of-sight technique, the
mobility of the nozzle or substrate during spray-coating allows for the
deposition of coatings on curved substrates. During heat-treatment,
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interface reactions caused the formation of a porous interface reaction
region between Ti6Al4V and CaTiOs for thin bilayer ceramic coatings.
Hygroscopic CaO was formed and significantly impaired the adhesive
quality of the ceramic coatings to the metal substrate over time.
Increasing the thickness of the ceramic layers kinetically hindered these
interface reactions and the microstructure of the coatings remained
stable.

2. Materials and methods
2.1. Ceramic coating synthesis

Ceramic coatings on Ti6Al4V were formed from calcined (Bag 9Cag.1)
(Zrp.1Tip.9)O3 and as-received CaTiO3 ceramic powders (> 99 %, Sigma
Aldrich). Based on the BCZT phase diagram, the (Bag 9Cag.1)(Zro.1Tip.9)
O3 composition was chosen for its tendency to display good and stable
piezoelectric properties under mechanical loading conditions, relevant
for the potential application as a load-bearing implant material [26].
CaTiO3 was chosen as a suitable interlayer to reduce the thermal
expansion coefficient mismatch between Ti6Al4V and BCZT (TECrisaisy
=10.3 x 10° K (600-1000 °C) [271, TECcario, = 12.2 x 10° K1
(30-700 °C) [28], TECpr = 17.5 % 10% k! (350-1050 °C) [29]). BCZT
ceramic powders were synthesised following the solid-state approach, as
described in reference [22]. BaCO3 (> 99.98 %, Sigma Aldrich), CaCO3
(> 99 %, Sigma Aldrich), ZrOy (> 99.978 %, Alfa Aesar), and TiOy (>
99.8 %, Sigma Aldrich) were selected as precursor materials. Pellets
calcined at 1300 °C for 2 h were ground using an agate mortar and
pestle, sieved with a 250 pm mesh, wet ball-milled with 96 % ethanol
and 5 mm diameter yttria-stabilised zirconia milling balls for 24 h on a
long roll jar mill, and dried using a rotary evaporator. The dried calcined
powders were thereafter sieved through a 250 pm mesh. The particle
size of the calcined BCZT and as-received CaTiO3 powders were ~ 0.76
+ 0.20 pm and ~ 0.41 £ 0.09 pm, respectively, as determined following
the linear intercept method on at least 50 intersections from SEM
micrographs.

Ceramic slurries were prepared by ultra-sonicating suspensions of
ceramic powders in 96 % ethanol (0.05 g/mL, Ultrasonic Needle,
Branson Ultrasonics Corp., USA). In preparation for deposition, Ti6Al4V
(Grade 5, ASTM B265 [30]) metal substrates (10 x 10 x 1 mrn3,
ANKURO Int. GmbH, Germany) were grinded with #1200 SiC paper,
degreased with detergent and ethanol, dried using lint-free paper, and
pre-heated to 100 °C.

Coatings were deposited in layers within 1 h of substrate preparation
using an Aztek spray-coating gun (0.7 pm nozzle size, 0.5 bar pressurised
air, Testors, USA). After each ceramic slurry layer (1—5 pm in thickness)
was deposited, samples were transferred to a heating cabinet at 100 °C
for 20 s before a subsequent layer was deposited.

Heat-treatment was performed in zirconia crucibles in a tube furnace
(Entech Horizontal Tube Furnace, Entech Energiteknik, Sweden) at 900
°C for 1 h under Ar atmosphere (0.6 N1/min), with heating and cooling
rates of 200 °C/h. Prior to heat-treatment, the tube furnace was evac-
uated to 0.6-0.8 mbar and purged at least three times with Ar gas (Argon
5.0, > 99.999 % purity).

The samples were stored in a desiccator at 23 °C and a relative hu-
midity of 23 %.

2.2. Imaging, elemental and phase analyses

Micrographs were obtained using scanning electron microscopy
(SEM) (Ultra 55, Carl Zeiss AG, Germany). In preparation for SEM im-
aging, entire ceramic-coated metal substrates were cold-mounted in
epoxy (EpoFix Resin & Hardener, Struers Inc., USA). To expose the
metal/ceramic cross-section, the 1 mm side of a sample was grinded to a
depth of at least 3 mm into the sample and to a surface finish of 0.25 pm,
and the surface was coated with carbon for imaging. Element distribu-
tions across the metal/ceramic interface were determined using electron
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probe microanalysis wavelength dispersive spectroscopy (EPMA WDS)
(JEOL JXA-8500 F, JEOL Ltd., Japan). The phase compositions at the
metal/ceramic interface were determined by X-ray diffraction (XRD)
measurements (D8 A25 DaVinci X-ray Diffractometer, Bruker, USA)
using Cu Ko radiation of 1.54 A.

3. Results
3.1. Samples with coating thickness < 80 um

For ceramic coatings of < 80 pm in thickness, a porous interface
reaction region of ~ 2 pm in thickness tended to form at the interface
between Ti6Al4V and CaTiO3 upon heat treatment, as shown in Fig. 1
(a). In addition, two microstructurally distinct CaTiO3 regions were
apparent. The region adjacent to the Ti6Al4V substrate, labelled as
CaTiOs3(1), appeared to be denser, while the region adjacent to the BCZT
coating, denoted as CaTiO3(2), was coarser. When observed from the top
view, the ceramic coating was well-attached and homogeneous (Fig. 1
(b)). However, after storing for several weeks at constant temperature
and relative humidity (23 °C and 23 %), crack formation through the
CaTiOs3 coating was observed (Fig. 1 (c)), as well as pronounced peeling
and delamination (Fig. 1 (d)).

WDS line scans were performed to determine the element distribu-
tions through the metal/ceramic cross-sections containing the porous
interface reaction region, as shown in Fig. 2. Oxygen was detected at the
porous interface reaction region, CaTiO3 and BCZT coatings, with
increasing concentration towards the surface of the coated substrate.
The porous interface reaction region also contained Ca, but in lower
concentration than the bulk CaTiOs coating. With respect to the two
microstructurally distinct CaTiO3 regions, CaTiO3(1) is Ca-deficient
compared to CaTiO3(2). Diffusion of Al and V was observed from the
Ti6Al4V substrate into the porous interface reaction region, but not
beyond into the CaTiOs3 coating. The concentration of Ti remained stable
through the Ti6Al4V substrate and decreased within the porous inter-
face reaction region towards the surface of the coated substrate. Some
interdiffusion of Ca and Ba was observed at the CaTiO3/BCZT interface.
Values at the crack region are not discussed because the topographical
feature alters X-ray scattering behaviour, which therefore significantly
affects the results. Similarly, only qualitative analyses of the trends in

Ti6AI4V

Fig. 1. SEM cross-sectional micrographs and photographs of CaTiO3- and
BCZT-coated Ti6Al4V (a, b) immediately after synthesis and (c, d) after storing
for several weeks in an environment with constant temperature and relative
humidity (23 °C and 23 %). Crack formation, peeling, and delamination were
observed after storage.
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Fig. 2. EPMA WDS line scans of CaTiO3- and BCZT-coated Ti6Al4V containing
the porous interface reaction region. The line scans display the element dis-
tributions of Ti, Al, V, Ca, O, Ba, and Zr across the metal/ceramic interface.

the element distributions across the interface were performed as the
porous interface reaction region, CaTiO3 and BCZT coatings are not fully
dense.

An XRD pattern of a CaTiOs- and BCZT-coated sample that displayed
coating delamination after storage is presented in Fig. 3. At the
delaminated interface, BCZT and CaTiO3 were detected, as expected, as
well as TiOg g4 and Ca(OH), (PDF cards 04-020-5213, 00-022-0153, 04-
006-1902, and 01-070-5492, respectively [31]).

3.2. Samples with coating thickness > 80 ym

Fig. 4 shows a representative SEM micrograph of the metal/ceramic
cross-section for ceramic coatings > 80 pm in thickness. In contrast to
the thinner coatings (Fig. 1), no reaction regions at the metal-ceramic
interface appeared. Instead, clear distinctions between the three mate-
rials, Ti6Al4V, CaTiO3, and BCZT, were observed. Slight delamination
between Ti6Al4V and CaTiOs can be seen, as highlighted by the
magnified region in Fig. 4, but both layers of CaTiO3 and BCZT appeared
well-attached and well-packed.

T Delaminated Interface
v BagyCagZroTigeOs o0
s CaTiO,
e TiOpgs
¢  Ca(OH),

Intensity (a.u.)

Fig. 3. XRD diffractogram of the delaminated metal/ceramic interface of
CaTiO3- and BCZT-coated Ti6Al4V (as described in the inset figure schematic).
The diffractogram is matched with PDF 04-020-5213 Bag 9Cag 1Zro.1Tio.903,
PDF 00-022-0153 CaTiO3, PDF 04-006-1902 TiOgg4, and PDF 01-070-5492
Ca(OH),.
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Ti6AI4V

CaTiO, BCZT

Fig. 4. SEM micrograph of CaTiO3- and BCZT-coated Ti6Al4V with a total
ceramic coating thickness of ~ 200 pm.

4. Discussion

The mechanism of the porous interface reaction region formation

Based on the element distributions and phase analysis of the porous
interface reaction region, it is proposed that several interface reactions
occur during heat-treatment giving rise to the porous interface reaction
region and the differing CaTiO3 microstructures for ceramic coatings of
< 80 pm in thickness. An illustration of the metal/ceramic cross-section
and a brief description of the interface reactions are displayed in Fig. 5.

The porous interface reaction region arises from partial oxidation of
the Ti6Al4V substrate, as described by:

Ti(s) + %02 (g)—=TiO.(s) )}
2AI(s) + %02 (g)=ALOs(s) 2
V() +305()=VO.(s) ®

where oxygen arises from two sources. The first source is oxygen in the
inert Ar gas during heat-treatment in the tube furnace. It is expected that
a constant oxygen partial pressure of 0.2 Pa is maintained, as calculated
using the oxygen partial pressure of the Ar gas, the ideal gas law, Dal-
ton’s law, and a furnace volume of 1.13 - 10" m®.

The second source of oxygen is from the reduction of Ti** in CaTiO3
due to the low oxygen partial pressure in the furnace and at the interface
to the Ti6Al4V substrate, as follows:

CaTiOs(s)—CaTiO;_(s) + gOz (g) (@)

Partial oxidation of TIBAI4V
Reduction of CaTiO, & reaction with Ti6Al4V

Fig. 5. Illustration of the metal/ceramic cross-section. The porous interface
reaction region (orange) arises from oxidation of the Ti6Al4V substrate. The
two microstructurally distinct CaTiO3 regions (purple & blue) are apparent due
to the reduction of CaTiO3 when in contact with Ti6Al4V. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).
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Egs. (1-3) are corroborated by the detection of Ti, Al, V, and O at the
porous interface reaction region in the WDS line scans (Fig. 2). Addi-
tionally, Eq. (1) is confirmed by the detection of TiOg g4 from XRD an-
alyses at the delaminated coating interface (Fig. 3). The enrichment of Al
at the porous interface reaction region has similarly been observed
during cyclic oxidation of Ti6Al4V [32]. Moreover, the partial oxidation
of Ti6Al4V is confirmed by the porous appearance of the interface re-
action region shown in Fig. 1 (a). The microstructure is reminiscent of
the Kirkendall effect, describing the creation of voids due to dissimilar
atom diffusion rates across an interface [33]. Similar microstructures
have been observed between metal/metal and metal/oxide interfaces
[34,35].

In contact with Ti of the Ti6Al4V substrate, CaTiOs g from Eq. (4) can
be further reduced to form TiO; 4 and CaO as reaction products:

Ti(s) 4+ CaTiOs_5(s)—>2TiO,_(s) + CaO(s) 5)

The estimated equilibrium oxygen partial pressure at the Ti6Al4V/
CaTiOs.s interface is 5.3 - 107*° Pa [36] assuming an oxygen content of
0.2 wt% (0.57 mol%) in Ti6Al4V [30] and a temperature of 900 °C. Due
to the low oxygen partial pressure at the Ti6Al4V/CaTiO3.;s interface, Ti
in the reaction product TiO,_, will not stabilise as Ti** nor Ti**, but
rather at a lower oxidation state or as a solid solution [37]. This is
observed by the detection of TiOy g4 at the delaminated coating interface
from XRD analyses (Fig. 3). Critically, the formation of CaO, a highly
hygroscopic compound [38], degrades the structural integrity of the
ceramic coating in ambient conditions [39]. Upon reaction with mois-
ture in the air, CaO forms Ca(OH), and expands, causing crack evolution
during storage. The presence of Ca(OH), at the metal/ceramic interface
was confirmed in the XRD pattern (Fig. 3).

The presence of Ca in the porous interface reaction region, as shown
in the WDS line scans (Fig. 2), indicates a time-dependent effect during
heat-treatment. The partial oxidation of Ti6Al4V creates the porous
interface reaction region, which is initially thin enough to allow the
reduction reaction in Eq. (5) to proceed. However, at a threshold
thickness, the porous interface reaction region becomes thick enough to
act as a separation layer between Ti6Al4V and CaTiOs3.s, limiting further
reduction. This enables the reverse reaction to occur, where CaO reacts
with TiO, ,, to form the more stable CaTiOs.5 at the porous interface
reaction region.

The microstructural distinction between the CaTiO3 regions,
CaTiO3(1) and CaTiO3(2) (Fig. 1 (a)), arises from the different stoichi-
ometries induced by the reduction reactions described above. The
CaTiOs3(2) region is less affected by the reduction reactions described by
Egs. (4) and (5) as it is distant from Ti6Al4V and not in contact with the
reducing medium, Ti. In contrast, CaTiO3(1), which is adjacent to the
Ti6Al4V substrate is more strongly affected by reduction and by diffu-
sion across the Ti6Al4V/CaTiO3 interface. This results in a CaTiO3(2)
region that is less oxygen deficient than the CaTiO3(1) region (i.e. § in
the CaTiO3(2) region is smaller than in the CaTiO3(1) region), influ-
encing the diffusion processes that occur during sintering and subse-
quently, the densification and grain growth behaviour of the two CaTiO3
regions.

The oxygen content within the CaTiOs layer is calculated to be
2.5-5.7 - 10" mol for a powder mass of 0.06-0.13 g, suggesting that it
should be the primary source of oxygen. However, the different micro-
structures observed for thin (< 80 pm) and thick (> 80 pm) bilayer
ceramic coatings highlight that the ceramic coating thickness strongly
influences diffusion processes and sintering behaviour. The tendency for
the porous interface reaction region and two microstructurally distinct
CaTiOg3 regions to be formed for ceramic coating thicknesses of < 80 pm
(Fig. 1) show that the interface reactions are kinetically driven by the
diffusion of oxygen gas from the Ar environment through the porous
structure of the ceramic coatings to the Ti6Al4V substrate. In contrast,
ceramic coatings of > 80 pum in thickness did not tend to form the porous
interface reaction region and showed only one microstructurally distinct

2921

Journal of the European Ceramic Society 41 (2021) 2918-2922

CaTiOg region (Fig. 4). The larger thickness of the coatings kinetically
hindered the diffusion of oxygen gas to the Ti6Al4V substrate, sup-
pressing the reactions described by Egs. (1-3). The tendency for the
porous interface reaction region formation is therefore likely dominated
by the diffusion of higher mobility oxygen gas through the ceramic
coatings compared to lower mobility 0% in the CaTiOj3 lattice in the
interlayer.

5. Conclusions

In this work, BCZT ceramic coatings were spray-deposited onto
Ti6A14V with a CaTiOs interlayer and heat-treated at 900 °C for 1 h
under Ar atmosphere. During heat-treatment, a porous interface reac-
tion region formed between Ti6Al4V and CaTiOs. Crack formation was
observed after storing samples at constant temperature and relative
humidity for several weeks. This behaviour is attributed to interface
reactions between Ti6Al4V and CaTiO3 and the subsequent formation of
highly hygroscopic CaO. To minimise the interface reactions, it is rec-
ommended that the ceramic coating be tailored to > 80 pm in thickness
to kinetically hinder diffusion of oxygen in the Ar gaseous environment
to the Ti6Al4V/CaTiOs interface. Alternatively, the Ti6Al4V substrate
could be pre-oxidised prior to deposition of the ceramic slurries. An
oxidised Ti6Al4V surface layer can act as a separation barrier [40],
preventing the reaction between Ti6Al4V and CaTiOs and the subse-
quent formation of the detrimental CaO compound during
heat-treatment. However, it is pertinent to limit pre-oxidation treat-
ments to low temperatures, as oxidation of Ti6Al4V at temperatures
exceeding 800 °C can cause the formation of a weakly adhered oxide
layer prone to spalling [41].
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