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Abstract

This study presents the design and processing of interlocked interfaces of graded bioactive calcium phosphate coat-
ings on a load-bearing zirconia substrate. Such interfacial structures can effectively enhance bonding between the
coating and substrate, and suppress the residual stress across the interfacial region. Multiple coating layers with grad-
ed interconnected micropore structures, and common phases across the layer boundary have been considered to min-
imize the likelihood of interfacial cracking/delamination. The Focused Ion Beam (FIB) technique was used to reveal
microscopic details of the interlocked interface formed by the common calcium phosphate and zirconia phases in both
the microporous coating and the dense substrate. The interface microstructure and phase characteristics in the sub-
strate and coatings were confirmed by means of FIB-SEM and X-ray diffraction (XRD) analysis respectively. A prelim-
inary Finite Element Modelling (FEM) study shows that graded and interconnected micropore structures in multiple
coating layers and tailored material composition can further reduce the interfacial residual stresses. The flexural and
bonding strength of the composite and coating/substrate interface respectively have been characterized. A prelimi-
nary and limited in vitro cell test shows that the composite has no cytotoxicity to the fibroblasts. A successful interface
design is crucial for bioceramic composite design that combines strength and bioactivity to deliver a potential candi-
date for load-bearing application.
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I. Introduction

Calcium phosphate bioceramic coatings on load-bearing
metal and ceramic bone implants can provide the desirable
bioactivity, osseointegration and osteoconductivity 1-6.
Hydroxyapatite/tricalcium phosphate (HA/TCP) bioce-
ramic scaffolds have recently drawn attention for bone tis-
sue repair application because of their bioactivity, biore-
sorbability and osteoconductivity as well as their open mi-
croporous structure, which promotes new bone growth.
Unfortunately, HA/TCP scaffolds with open pores larg-
er than 100 pm required for osteoconduction are sim-
ply too weak and brittle compared to natural bone 7-10,
Since even the bending strength of dense HA is around
100 MPa !1 or only about one third of the upper strength
limit of natural bone 12, significant efforts have been made
to create a load-bearing bioceramic composite. Consid-
ering the bending strength limit of 300 MPa for compact
bone 12, we have fabricated small, layered scaffold con-
structs exhibiting bending strength over 300 MPa 13-16,
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The interfacial bonding between the coating and sub-
strate of different ceramics has always been a concern be-
cause of the severe dissimilarity in the material composi-
tions and physical properties, which can lead to delami-
nation or coating fracture and thus premature prosthesis
failure 17,18,

The interface between a bioactive ceramic coating and a
strong ceramic substrate can be significantly improved if
a strong chemical or ceramic bond can be generated at the
interface during a coating-substrate co-sintering process.
However, residual stresses are also generated during the
co-sintering process owing to differences in the material
compositions, layer structures and thermal expansion co-
efficients, i.e. porous calcium phosphate coating and dense
zirconia substrate. This can cause cracks and delamination
along the coating/coating and coating/substrate interface.
We tested the feasibility of coating-substrate co-sintering,
and microporous calcium phosphate coatings successful-
ly deposited on strong zirconia-based substrates by means
of alow-density coating-slip deposition process, followed
by coating-substrate co-sintering 1316,
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The objective of this study is to process an interlocked
interface and investigate material composition and mi-
crostructure details across the interface between a micro-
porous coating and load-bearing substrate. Besides the
multiple coating layers with graded microporosity, an in-
terlocked boundary across the microporous coating and
load-bearing substrate are also investigated. Such an in-
terface design can significantly improve the coating-sub-
strate bonding strength, and reduce the residual stress-
es caused by the inevitable mismatch in the coefficient of
thermal expansion (CTE) and Young’s modulus. There-
fore, this study pays special attention to the major ma-
terial phase compositions and microstructure characteris-
tics across the coating-substrate interface. FIB in conjunc-
tion with Scanning Electron Microscopy (SEM) was used
to examine microstructural details around the interface. A
preliminary FEM was performed to understand the effect
of graded microporosity and the tailored CTE on the in-
terfacial residual stresses. The graded porous structure of
the coatingand coating/substrate interface were character-
ized and preliminary analyses of the bending strength of
the composite, bonding strength of the coating/substrate
interface and a preliminary in-vitro biocompatibility test
were conducted to prove the suitability of the proposed
composite as a load-bearing bio-implant material.

II. Processing of Microporous Coating/Substrate In-
terface and Interface Microstructure Design

(1) Material composition and microstructure design for
strong interface

A porous ceramic coating and load-bearing dense ceram-
ic substrate with different material compositions and dif-
ferent microstructures have different shrinkage rates when
they are co-sintered together from the green state. Fur-
thermore, residual stresses arise owing to the mismatch
in the CTE and Young’s modulus, which can easily lead
to interfacial cracking/delamination between the micro-
porous coating and substrate. Common material phases
across the layer-interface and multi-coating layers with
graded micropore structures are proposed to promote in-
terfacial bonding on the basis of an interlocked boundary.

Fig. 1(a) illustrates the process for deposition of a micro-
porous hydroxyapatite coating on a zirconia substrate by
means of the low-density-slip deposition and co-sintering
technique 13-16, The slip, consisting of HA powder, poly-
mer particles, water and additives, is applied onto the pre-
sintered microporous zirconia-based substrate. Unlike in
traditional slip casting, the slip containing the polymer ad-
ditives is designed to stick onto the microporous substrate
after drying. The thermal expansion co-efficient mismatch
of the substrate and coatings was reduced by estimating
different material compositions for the substrate and coat-
ings, so that after co-sintering they can potentially gener-
ate a crack- and delamination-free interface. The addition
of alumina and zirconia in the HA coating layers and HA
to zirconia substrate was intended to minimize the mis-
match of thermal expansion co-efficient between the HA
coating and zirconia-based substrate. The density of HA
slips, moisture content of the substrate, drying speed of the
green coating and control of polymer addition were modi-
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fied based on trial and error so that the deposited HA coat-
ings stick to the substrate after drying. Several trials were
conducted before a successful green coating was obtained
that would stick to the substrate. If the density or drying
speed is too high, the green coating cracks, which may lead
to coating delamination.
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Coating deposition using water-based
“HA-powder/Polymer-particle™ slip
on micro-porous ZrO,-substrate. pre-
sintered at 900 °C

After drying. the HA-powder coating
with distributed polymer particles
should stick to the micro-porous
ZrO,-substrate before final sintering

After sintering at 1.300 °C. micro-
porous scaffold-like HA-coating is
formed on the strong ZrO,-substrate
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Fig. 1 (a): Deposition of microporous HA/TCP coating on zirconia
substrate with low-density slip deposition and co-sintering tech-
nique; (b) Deposition of water and HA slurry with pore-forming
agents into the microcavities of the pre-sintered wet substrate; (c)
Enlarged sketch of the interfacial section encircled in (a) showing
a “blurred” or “graded” coating-substrate interface from infiltra-
tion of micropores and material compositions across the interface
to form mechanical interlocks after sintering at 1300 °C.

The final co-sintering process generates the micropore
structures in the HA coating by burning out the polymer
particles. Strong chemical interfacial bonding between the
HA/TCP coating and zirconia substrate is expected based
on the same decomposed phase diffusion along the inter-
face after co-sintering at 1300 °C.

However, special attention is still needed at the interface
between the HA/TCP coating and zirconia substrate. The
interface region encircled in Fig. 1(a) is enlarged and illus-
trated schematically in Fig. 1(c). A “graded” or “blurred”
interface should also be considered, besides graded HA/
TCP coating layers.

Fig. 1(b) illustrates the deposition of the HA slurry in-
to the microcavities of the roughened pre-sintered wet
surface before sintering. The pre-sintered substrate was
roughened with sand paper for better deposition of the
coating slurry and substrate was brushed with water to wet
it. The preliminary water deposition into the cavities of the
pre-sintered porous substrate allows the solid contents of
coating slip filling into the surface microcavities to form a
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micro-mechanical interlocked coating-substrate interface
with micro-asperities/retentions during co-sintering.

In Fig.1(c), the HA/TCP coating contains a small
amount of zirconia phase (grey area) and the zirconia sub-
strate is incorporated with TCP (blue area), which leads
to the “blurred” interface for strong ceramic interfacial
bonding. After sintering at 1300 °C, HA transforms into
TCP.

(2) Material composition design for coating, transition
layer and substrate

The main starting materials used in this study include
yttria-stabilized zirconia (3Y-TZP) (TZ-3Y-E< 200 nm,
Tosoh Co., Japan), hydroxyapatite (HA) (<200 nm, Sig-
ma-Aldrich Co., USA), and alumina (x-Al,O3) (AKP50,
purity > 99.99 %, < 300 nm, Sumitomo, Japan). Polyvinyl
alcohol PVA (9 wt% ) was used as binder. Starch powders,
rice flour, pre-sintered micro-HA particles, and PMMA
partlcles (20—-50) wm, Sigma Aldrich Co. USA) were used
as micropore-forming agents in the HA coating.

A number of processing procedures is employed to re-
duce the residual stresses and to obtain a crack-free inter-
face. Firstly, the coating is depos1ted ina mult1layered fash-
ion with graded composition and porosity and it has been
shown previously that this technique assists with the re-
duction of residual stresses and achieving a delamination-
free substrate/coating interface 13.

In order to minimize the CTE and residual stresses be-
tween the micro-porous HA/TCP-coating and load-bear-
ing zirconia-substrate, a thin transition coating layer with
compromising micro-pore structures and material com-
positions is introduced. The final design of the material
compositions of top coating layer, transition coating lay-
er and substrate also reduce the mismatch in CTE and
Young’s modulus.

Although there were chemical reactions between HA
and alumina or HA and zirconia and the presence of differ-
ent micropore structures, CTE of the composite coating
and substrate can only be estimated by using the follow-
ing simplified relations of Turner Model 1921 in Eq. (1)

OmEny,, + OLPEPVP )

Eme + Epr
wherea, E and Vrepresent the CTE, Young’s modulus and
the volume fraction of the matrix (m) and the secondary
particles (p). The Young’s moduli of HA, «-Al,O5 and
ZrQ, (3Y-TZP) are available in the literature, i.e. Efyp =
100 GPa 22, E 5,0, =401 GPa?? and Ez0,=222 GPa24.
The CTE Values of the composite coating " and substrate
calculated with Eq. (1) are listed in Table 1. These values
were calculated before the co-sintering process. The com-
positions of the coatings and substrate were estimated to
reduce the CTE mismatch between the HA coating and
zirconia-based substrate. From estimation, the transition
layer close to the substrate (zirconia containing 30 vol%
HA) has 10vol% Al,Oj3. It should be mentioned that
the estimation was for fully dense layered composite. The
presence of porosity in the coating layers can significantly
change the calculated results. Porosity in coating layers is
another influencing factor, notexpressed by Eq. (1), is con-
sidered experimentally based on trial and error. The HA
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decomposition above 1000 °C in the presence of Al,O4
and ZrO, has not been considered.

After the coating process, thermal and intrinsic resid-
ual stresses are generated inevitably owing to significant
mismatch of the CTE and Young’s modulus of the coat-
ing and the substrate. Different processing techniques
are employed to reduce residual stresses and to obtain a
crack-free coating/substrate interface. Additionally, HA
isadded in the substrate and ZrO, in the transition coating
layer, TCP can form in the composite. thus improving the
substrate-coating bonding. The presence of porosity and
common phase TCP diffusion between the coating and
substrate interface reduces the CTE mismatch.

The zirconia-substrate is composed of 70vol% ZrO,
and 30vol% HA. The substrate was pre-sintered at
900 °C 13. The slip for the transition coating layer, con-
sisting of 70vol% HA, 20vol% ZrO,, 10vol% Al,O;,
and 10 wt% starch, was introduced between the microp-
orous HA-coating and porous zirconia-based substrate.
300 wt% of water as solvent, 5wt% of polyvinyl alco-
hol (PVA) solution (C = 9wt%) as polymer binder and
0.5wt% of Dolapix as dispersant were added to form
the HA-coating slip for the transition layer and was ball-
milled for 24 h before application to the substrate. The
substrate was roughened with SiC paper and was wet-
ted with a brush for better deposition of the coating slip.
The substrate was pre-sintered at 900 °C for 2 h. The pre-
sintered substrate is microporous 3. The pre-sintering
process used in this study is new and unique. The pre-
sintering process makes green machining or roughening
of the substrate possible. Surface roughness improves the
mechanical interlocking of the coating 37. The roughened
cavities and porosity provide favourable sites for bond-
ing with the HA coating. The coating slurry gets into the
cavities created by roughening and pores during deposi-
tion. As a result, the HA particles with additives get into
the substrate. After drying and chemical reaction during
sintering, these cavities and pores become bonding sites
for the coating. After sintering and chemical reaction, HA
transforms to TCP. The TCP from coating diffuses to
the substrate and zirconia from substrate diffuses to the
coating. These diffused sites can work as bonding sites
and interlock the coating with the substrate. As a result,
the coatings become interlocked with the substrate. The
moisture contained in the coating influences the deposi-
tion process. That is why the substrate was wetted prior
to coating slurry deposition.

The substrate with the transition coating was dried for
24h and pre-sintered again at 900 °C. Finally, the slip
for the green HA-coating contains 90 vol% HA, 10vol%
Al,O3, 10wt% starch, 30 wt% PMMA and 15 wt% rice
flour as pore-forming agents. The top coating slurry was
also ball-milled for 24 h before being applied. After the top
HA coating had been applied with a soft brush, the green
top coating was dried for another 24 hand the coating/sub-
strate composite was pre-sintered at 900 °C before it was
finally co-sintered again at 1300 °C. 10 wt% and 25 wt%
starch powder is added to the transition coating and top
coating respectively to improve the overall interconnec-
tivity of the coatings.



268 Journal of Ceramic Science and Technology —R. Sultana et al.

Vol. 8, No. 2

Table 1: CTEs of HA, zirconia, alumina, HA top coating (with 10 vol% alumina), transition layer (with 20 vol% zirconia
and 10vol% alumina) and zirconia substrate (with 30 vol% HA).

Materials HA Zirconia Alumina HA top coating ~ HA transition layer Zirconia substrate

/composites (3Y-TZP)  (x-Al,O3) (with (with (with
10vol% alumina)  20vol% zirconia 30vol% HA)
and
10vol% alumina)
Coefficient of 13.6 10.8 [22] 8.3 [23] 12.0-12.9 11.7-12.2 11.3-11.6
thermal [21]
expansion

(CTE) (10-6/K)

The optimal processing procedures employed in the pro-
duction of final composite have been identified on the ba-
sis of trial and error.

(3) Phase composition, sample preparations, and mi-
crostructure characterization

The phase change of the coating layer after heat treatment
was characterized using X-ray diffraction (Siemens D5000
diffractometer, Munich, Germany) using CuKe radiation
ata scanning rate of 1.2°/min. The sample used for XRD is
a bulk composite with coating.

Two different types of coating-substrate samples were
prepared. Samples for a large cross-section overview have
thicker calcium phosphate coatings (around 160 pm), as
the coating thickness is not a concern for mechanical sec-
tioning and polishing. Samples for delicate Focused Ion
Beam (FIB) milling/cutting need to have thinner coatings
(around 30 um) so that the coating-substrate cross-section
can be exposed in a reasonable time frame. However, the
material compositions for all coating layers were kept con-
stant for all samples, despite the variation in the coating
thickness.

For analysis of the coating/substrate interface mi-
crostructure, the samples were embedded in the resin
(Epofix epoxy, Struers A/S, DK-2750 Ballerup, Peder-
strupvej84, Denmark) and polished with diamond grind-
ing plates with a final size of 1 um. The resin embedding
was necessary to preserve the porous structure during sec-
tioning and polishing 15. A large-scale porous cross-sec-
tion was observed by means of Field Emission Scanning
Electron Microscope (FESEM) Zeiss 1555 (Oberkochen,
Germany). Focused ion beam-scanning electron mi-
croscopy (FIB-SEM) (FEI Helios Nano Lab Dual Beam,
Hillsboro, Oregon USA) was used to characterize the in-
ner interface microstructure details. The cross-sections
of the coatings on the zirconia-based substrate were pre-
pared using the Ga* ion beam at 30 kV and 21 nA to cut
the holes, with cleaning of the section face done at 30 kV
with 6.5 nA current.

(4) Interfacial residual stress analysis with 2-D finite el-
ement modelling

Preliminary and limited 2-D Finite Element Modelling
(FEM) was performed to understand the residual stress
along the “clear” interface between the porous HA coating
and dense zirconia substrate with big mismatches of CTE
and Young’s modulus. Three plane FE models were built

for analysing the effect of different coating porosity (no
porosity, uniform large porosity and gradient porosity) on
the interfacial residual stress. Half models with symmetri-
cal boundary conditions were used. The properties of HA
and zirconia were apyp = 13.6 x 10°6/K 23, 07,0, = 10.8 x
10-6/K 24, Egyp = 100 GPa 2, and Ez,0, =280 GPa 22 A
thermalloading of -1280 °C was carried out to simulate the
cooling from 1300 °C to 20 °C.

A 4-node bilinear axisymmetric quadrilateral, reduced
integration, hourglass control element of (type CAX4R in
Abaqus) is used. The total number of elements used for
modelling is 14480. The mesh density near to the inter-
face between HA and zirconia is very high to resolve the
thermal stress distribution accurately. Symmetry bound-
ary condition is used on the left-hand side, which reduces
the number of elements and computational time. All the
other sides (top, bottom and right-hand) are kept free so
that the stress can be developed accurately at the interface
between HA and zirconia without any boundary effect.
The initial temperature of both materials is set to 1300 °C.
They are allowed to cool down at 20 °C (room tempera-
ture). The simulation is performed for 1 day. This time is
enough to make sure that the system is in thermal equilib-
rium at the end of the simulation.

(5) Characterization of mechanical properties

The load-bearing capacity of the calcium phosphate and
zirconia composite was measured in a three-point bending
(3-p-b) test. A total of five samples (3 mm x 4 mm x 40 mm)
were tested in 3-p-b using an Instron 4301 testing machine
(Instron Company, Norwood, MA 02062 -2643, USA).
The crosshead speed was 0.5 mm/min and the jig span
was 20 mm. All the coating-substrate faced the loading
roll and the coating faced the spanners. For control, we
used five samples identical in size which consisted only
of the substrate (ZrO, + 30 vol% HA)without the porous
coating

The coating/substrate tensile adhesion tests were con-
ducted in compliance with the method given in ASTM
C633—01. Thesize of the five square samples was 15 mm x
15 mm x 3 mm. Two steel rods with diameters of 10 mm
were made for connecting the sample and testing machine
fixture. Araldite super strength A & B glue was used as
bonding agent, which can reach maximum strength after
24 h. The steel rods with sample adhering to them were
pin-fixed into the testing machine, which provided a self-
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aligning function. The loading speed was 0.1 mm/min.
Five tests were performed on the sample with double-lay-
ered coatings. The bonding strength is calculated based
on the maximum load/contact area. In order to check the
coating/substrate interfacial bonding condition and the
microstructure of the coating, the fracture surface result-
ing from bonding strength test was observed with SEM.

(6) In-vitro cell test

A preliminary in vitro cell test was also conducted to in-
vestigate if the porous scaffold-like coating has any cyto-
toxicity and whether cells can attach, proliferate and grow
on the coating surfaces. This test was employed because
some other minor phases besides the TCP main phase are
contained in the coating, the effect of which cannot be pre-
dicted for the amount resulting from processing on the
cells.

More details of the in-vitro test are given in our previous
paper 15.

II1. Results and Discussion

(1) Largeoverview of the coating-substrate cross-section
and coating surface

Based on the above-graded interface composition and
microstructure design illustrated in Fig. 1(c), microporous
calcium phosphate coatings were successfully fabricated
on zirconia-based substrate in a newly developed low-
density-slip coating-deposition and coating-substrate co-
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sintering process. The well-polished cross-section was ob-
served with SEM to pre-check the coating/substrate in-
terface structure. Figs. 2(a and b) clearly show the coat-
ing is composed of two layers varying in thicknesses and
porosity. The 10-um-thick transition coating layer has mi-
cropores smaller than 10 pm in diameter. The top coat-
ing layer has a thickness of around 150 wum with hierar-
chical porosity, the larger pores in the top coating rang-
ing from 20 pm to 150 um. Figs. 2(a) and 2(b) show that
the coatings are crack-free and with an open gradient ar-
chitecture. Fig.2(c) presents the as-sintered surface mi-
crostructure of the porous coating. The connecting part of
the bigger pores possess a micro-sieve structure with 1 —3-
pm pores generated from HA decomposition to form TCP
with gassy water release and the sintering of HA micro-
particles 1415, Considering the size of the pores, the SEM
observationindicates that the larger pores result from PM-
MA particles and rice flour burnout whereas the small-
er ones and the micro-sieve structure are mainly derived
from starch powder and HA particles sintering. An SEM
close-up overview of the double-layered TCP-based coat-
ing cross-section is shown in Fig. 2(d). The coating shows
the two layers, with the top coating consisting of TCP,
whereas the transition coating contains ZrO, and Al,O4
(white phase). The main phase in the transition coating is
TCP (grey phase). The black phase is the resin that flows
through the interconnected pores when the sample is em-

bedded in the resin.

Fig.2 (a): Overview of a polished TCP-coating/zirconia-substrate cross-section; (b) Higher-magnification view of the encircled area in (a)
showing a 10-um-thick transition layer between the TCP coating and zirconia-substrate, and larger pores in the top TCP coating layer that
were created by burnout of rice flour particles; (c) as-sintered surface of the TCP coating, showing bigger pores from burnout of rice flour
particles and micro-sieve structures of TCP-coating with micropores around 3 um; (d) Close-up cross-sectional view of the substrate/transition

coating/top coating interface.
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The open porous structure with good interconnectivi-
ty in bone implants is believed to have a notably posi-
tive effect on the osteoconductivity and bone in-growth
rate 26-28, Woodard er al. 2% also demonstrates that the
hierarchical microporosity might be helpful for implant
material to increase osteoconductivity required for bone
regeneration. In addition to the porous structure in the
coating, the interfacial bonding condition is the other big
concern for the coating-substrate composite implants. The
large overview of the cross-section and direct observation
indicates that the interfacial bonding between the coating
and the zirconia substrate is excellent as there is no delam-
ination and cracking along the 1.2-mm-long interface.

(2) Material compositionsin adjacent layers and interfa-
cial chemical bond

Sections of the same material compositions across the
interface of two adjacent ceramic layers can form a strong
chemical bond during the sintering process, leading to
the in-situ-formed micro mechanical interlocks across
the interface. As a result, the previously distinct inter-
face formed from the coating deposition process becomes
“blurred”, or the interface is graded or “smeared”.

XRD analysis shows the phase composition of the TCP-
rich coatings and the substrate. In the top coating, the
final phases are TCP, TTCP (Cay(POy4),0), a-Al,O4
and CaAl,O; (Fig. 3a). In contrast, the transition coating
phases are TCP, TTCP (Cay(PO,),0), ZrO,, CaZr Oy
and CaAl,O (Fig. 3b). The main phases in the substrate
are ZrO,, TCP and CaZr,Oy (Fig. 3¢).

HA can decompose to form TCP and TTCP when sub-
jected to temperatures over 1350 °C as illustrated in Eq. (2)
below. Some of the TCP and TTCP can be rehydrated
to HA when the sintering temperature is lowered below
1100 °C. The detailed phase transformation process is re-
ported elsewhere 3031,

2Ca;0(PO4)s(OH); — @)
2C33 (PO4)2 + Ca4(PO4)2O +H,0
Because zirconia and alumina promote the decomposi-
tion of HA at the temperature below 1300 °C, the reactions
can be described by means of the following equations 15.

2C&10(PO4)6(OH)2 + 2A1203 — (3)
5Ca; (PO4)2 + Ca4(PO4)ZO + CaZr409 + 2H20

2Ca1o(PO4)6(OH)2 + 2A12 O3 — (4)
5Ca3(PO4)2 + Ca4(PO4)2O + CaAl4O7 + 2H20
In our samples, we could not trace HA in the sintered
coatings. The common phases in different layers promote
strong interfacial bonding formed through sintering.

(3) Observation of interfacial microstructures using
FIB-SEM

FIB is able to rapidly prepare site-specific cross-sections
through coatings by sputtering, avoiding detrimental pro-
cesses associated with mechanical polishing such as defor-
mation, smearing and the closing of the existing cracks by
abrasion. In this study, we used the FIB-SEM technique to
analyse the interfacial bonding state and detailed interface
structure. The specimen is milled using the ion beam and
tilted to an angle (6 =52°) so that the newly created surface
can be imaged.
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Fig.3: XRD patterns showing the phase compositions of (a) top
coating, and (b) transition coating and (c) the substrate.

After FIB milling, the coating-substrate interface and
coating interior are exposed for direct SEM observation,
as shown in Fig. 4(b). The strong ceramic bonding was
achieved along the coating-substrate and transition-top
coating layer interface, which is distinctly supported by
the magnified images and close-ups shown in Figs. 4(c)-
(f). The HA in the substrate and coating has transformed
to TCP after final sintering, as indicated in XRD anal-
ysis, which is not harmful to the mechanical properties
of the composite, but beneficial to forming a strong ce-
ramic bonding interface. The inter-diffusion of the com-
mon TCP (blue zone) and zirconia (grey zone) phases in
the coating and substrate makes a significant contribution
to the strong interfacial bonding, which is highly aligned
with the sketch presented in Fig. 1(c). The microporous
structure of the coating is helpful for releasing the residual
stress along the interface to reduce the likelihood of inter-
facial-cracking/delamination.
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The TCP and zirconia phases provide strong ceramic
bonding sites and micro-mechanical interlocks at the in-
terface between the substrate and transition coating layer,
as shown in Fig. 4(f). It is proven that the macro- and mi-
cro-mechanical interlocked structures at the interfaces of
layered composite biomaterials could improve the inter-
facial bonding quality and overall mechanical properties,
e.g. tensile strength 32. For the presented coating-substrate
composite, the interfacial micro interlocks are joined by
mechanical bonding and strong ceramic bonding generat-
ed from the inter-penetration and inter-diffusion of the
common phases in the coating and substrate during fi-
nal co-sintering. The interfacial residual thermal stresses
are reduced, which increases interfacial bonding without
any delamination. The actual micropores/material distri-
bution in the coating and substrate are close to the inter-
face, consistent with the design sketch shown in Fig. 1(c).
Fig. 4(c) shows that the transition and top coating layer
bond quite well since they have the main common phase
of TCP. The multi-coating layers with graded micropore
structures and common materials of TCP and zirconia
across the layer-interface make the coating-substrate in-
terface microstructure more blurred to formastronginter-
facial bond, avoiding the interfacial-cracking/delamina-
tion. In addition to the excellent adhesion to the substrate,
the presented coating has submicron/nanopores (Fig. 4(d)
and (f)) resulting from the transformation of HA to TCP
during the sintering process, accompanied by gassy wa-
ter release and burnout of the starch powder 1416, It is
demonstrated that nanoscale surface features of implant
materials are promising to enhance the tissue regeneration
capacity 3334 The micropores connect to each other to in-
crease the interconnectivity and form longer channels to
potentially assist cell migration in enhancing osseointegra-
tion and bone regeneration.

(4) Effect of porosity on residual stresses at interface from
numerical simulations

Fig. 1(c) proposes a graded microstructure for the coat-
ing to improve the interfacial bonding quality and avoid
interfacial-cracking/delamination by reducing the residu-
al thermal stress at the coating-substrate interface. Snap-
shots of the interfacial opening stress are shown in Fig. 5.

The maximum residual stress (Table2) at the interface
decreases from 527 MPa for sample without porosity to
503 MPa and 414 MPa respectively for samples with uni-
form and gradient porosity, whilst the interfacial shear
stress exhibits a similar trend. The FEM results indicate
that the distribution of porosity, which could be highly
reduced by gradient porosity in the coating, is one of the
dominating factors in the development of residual stress at
the interface after heating and cooling.

(5) Interfacial residual stress between composite coating
and substrate with tailored CTEs

For the material design of presented coating-substrate
composite, the zirconia substrate contains 30vol% HA
before final sintering, and the HA transition coating is
incorporated with 20vol% zirconia and 10vol% alumi-
na, which notably increases the similarity of the CTE and
Young’s modulus between the coating and substrate to
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make a more “blurred” interface. The interfacial residu-
al stress is reduced owing to reduced mismatch of CTE
and Young’s modulus between the coating and substrate.
Based on the FEM results the interfacial residual open-
ing stresses along the graded interface decrease notably to
37.9MPa, 36.2 MPaand 29.8 MPafrom 527 MPa, 503 MPa
and 414 MPa, respectively for the coatings without poros-
ity, with uniform porosity and with graded porosity for
the composite coating and composite substrate (Table 3).
With the combination of FEM results and thermal expan-
sion coefficient estimation for the composite coating and
substrate, it can be concluded that the interfacial opening
stress could be greatly reduced by the similar composition
of the coating and substrate with tailored CTEs, as well
as the graded porosity of the coating. Strong interfacial
bonding between the microporous HA/TCP coating and
porous zirconia substrate is achieved by the “blurred” in-
terface composition and microstructure design. Although
in our case, HA is transformed into TCP after sintering
at 1300 °C, the direct observation of the coating/substrate
interface in Fig. 2 proves that the coating/substrate inter-
face is free from cracks and delamination. The combined
contribution of porosity, graded porous coating architec-
ture, transformation of HA to TCP, tailored CTEs of the
graded coating, and common phase diffusion reduces the
interfacial stress (Fig. 5) and creates a crack- and delamina-
tion-free interface.

Table 2: The maximum interfacial opening stress and shear
stress values for pure HA coating on pure zirconia sub-

strate.
Samples with No Uniform  Gradient
various porosity — porosity large porosity
porosity
Interfacial open- 685 654 538
ing stress (MPa)
Interfacial shear 181 153 160

stress (MPa)

Table 3: The maximum interfacial opening stress and shear
stress values for HA composite transition coating (with
20vol% zirconia and 10vol% alumina) on zirconia com-

posite substrate (with 30 vol% HA).

Samples with No Uniform  Gradient
various porosity — porosity large porosity
porosity
Interfacial open- 37.9 36.2 29.8
ing stress (MPa)
Interfacial shear 2.0 5.5 6.8

stress (MPa)
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0, ma=527 MPa
l Trax=28 MPa
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t Oymn=414 MPa

l Tra=94 MPa

—

Fig. 5: Finite element modelling image of thermal-residual stress for pure HA coating on zirconia substrate (a) without porosity; (b) with

uniform and large porosity; (c) with gradient porosity.

Table 4: Flexural strength results of the composite with and without the coating.

Samples

Substrate without 488 415 426
coating

Substrate with 468.23 473 557.26
coating

Bending Strength (MPa)

Average (MPa) SD (MPa)
410 490 445.8 39.87

39341 510 480.4 60

(6) Mechanical testing of the coating/substrate compos-
ite

The 3-p-b test showed that the coating/substrate com-
posite has the bending strength of 480.8 £ 60 MPa. The
average bending strength of the zirconia-based substrate
without coating is 446 * 39.87 14. After coating deposi-
tion and co-sintering, the HA/TCP-containing zirconia
substrate with scaffold-like HA/TCP coatings has bend-
ing strength between 393 and 557 MPa, depending on
the coating thickness and microstructure and the residual
stresses within the composites. Table 4 shows the flexural
strength results of the composite with and without the
coating.

The bonding strength of the TCP coating and zirconia-
based substrate interface was 24 MPa. From the SEM im-
age in Fig. 6, it is clear that there is a mixed mode of fail-
ure. Cohesive failure happens within the coating layers
and adhesive failure along the coating-substrate interface.
In Fig. 6, the white area is the substrate (adhesive failure)
and the grey area is the TCP coating (cohesive failure).
Cohesion failure indicates that the obtained results are
not the actual adhesion strength between the coating sub-
strate interfaces 35. Also, the adhesion failure area is less
than the cohesive failure area, which indicates that the sub-
strate/transition coating interface is stronger than the val-
ue measured. For the sample with double TCP-rich coat-
ing layers, the fracture took place within the top coating
because it is more porous and weaker than the transition

coating. For the sample with only the 10-pm-thick transi-
tion coating layer, the fracture still mainly occurred with-
in the coating and partially at the coating-substrate inter-
face, as shown in Fig. 6 (white area is the exposed sub-
strate). This indicates that interfacial bonding strength be-
tween the presented microporous TCP coating and zirco-
nia-based substrate is higher than the values measured.

T Fracture within top coating

/\

coating
i

y

substrate

steel fixture

_\/

l’ Fracture within transition coating

Fig. 6: Sketch of coating adhesion tests, and typical SEM image of
the fracture surface that occurred in the top TCP-coating layer con-
taining larger micropores (cohesive failure), and failure close to the
coating-substrate (lighter phase) interface for adhesion tests with
only the 10-pm-thick transition layer containing smaller microp-
ores (adhesive failure).




274 Journal of Ceramic Science and Technology —R. Sultana et al.

Vol. 8, No. 2

Fig.7: SEM images showing the morphologies of cells proliferated on the surfaces of (a) transition coating and (b) top coating.

(7) In-vitro test results for the coating

The cytotoxicity of the coatings was evaluated and the
relative growth rate (RGR) was calculated after the L929
mouse fibroblast cells growing for 72 h. The RGR values
of transition/top coatings and control materials are 92 £
1.41, 91 + 1.41, and 93 respectively. It is obvious that the
RGR values of the coatings are close to those of negative
control materials, which means that the cells can prolifer-
ate well on the non-cytotoxic calcium phosphate coating.
The results further indicate that various compositions and
porous structures of the three coating layers have virtually
no influence on the cellular response.

The morphologies of the cells cultured on the coating
surfaces for 72 h were observed with SEM.

The cells attached and spread well on the scaffold surface
with some cytoplasmic extensions (Fig. 7(a) and (b)), sug-
gesting that the porous structure features and interconnec-
tivity of the scaffold layers are suitable for cell spreading
and growth. The results are in agreement with the cellular
response

This is consistent with other reports in the literature 36,
which show a good i vitro cellular response on calcium
phosphate surfaces.

IV. Conclusions

The main achievement of this work is to design and de-
velop a unique processing technique to create a successful
bioactive/load-bearing coating/substrate interface with-
out any cracks or delamination. The bond strength be-
tween the coating layer and the strong substrate is a very
critical factor. Separation of the coating layer from the
implant during service in the human body results in ad-
verse effects on the implants and the surrounding tissue
caused by detached particles 38. The main reason for us-
ing HA coating on load-bearing substrates is to maintain
the mechanical properties of the substrate, such as load-
bearing ability, and, at the same time, to take advantage
of the coating’s chemical similarity and biocompatibility
with the bone. But the stability of the HA coating is the
most critical factor to ensure the success of this type of im-
plant. Furthermore, the method used to deposit HA pow-
der onto the substrate could influence the coating char-
acteristics such as its adhesion strength and reliability 39.

The method used to deposit the coating on the pre-sintered
rough substrate and co-sintering of the coating/substrate
make the current approach better than others. The coat-
ing slurry was deposited not only on the substrate butalso
into the cavities created by the roughening process of the
pre-sintered substrate. The chemical reaction and the dif-
fusion of the common phases during the sintering process
helps to build the bone bonding sites into the substrate. In
the physiological environment, HA/TCP will be replaced
with bone cells and these bonding sites into the substrate
will increase the bone-bonding ability of the composite.
The good interface will also help to stop the separation of
the coating layer.

This study focussed on a graded and micro-interlocked
interface design as well as graded micropore structures
in TCP coatings. Diffusion of common material phases
across the layer-interface and multi-coating layers with
graded micro-pore structures promotes the interfacial
bonding on the basis of an interlocked boundary. This
bio-functional coating/load-bearing substrate composite
has been manufactured using a slip coating and coating/
substrate co-sintering technique. The resulting 150-pm-
thick coating has a graded porous structure with nano/
submicron pores and micropores, and the TCP coatings
are non-cytotoxic to the cells and suitable for cell spread-
ing and growth. The coating/substrate composite exhibits
very good bending strength and strong interfacial bond-
ing. The interface design manufactured in this study can
be applied in other ceramic coating-substrate systems to
promote interfacial bonding quality. This porous bio-
coating/strong substrate composite provides a potential
promising alternative for load-bearing bone implant re-
placement application.

Acknowledgements

This research was supported under the Australian Re-
search Council’s Discovery Projects funding scheme
(DP110105296). R. Sultana was supported by an Aus-
tralian Postgraduate Research Award. J.Z. Yang and Z.
Sun would like to thank the China Scholarship Council.
The authors acknowledge the facilities, and the scientif-
ic and technical assistance of the Australian Microscopy
& Microanalysis Research Facility at the Centre of Ade-



June 2017

laide Microscopy, University of Adelaide and Centre for
Microscopy, Characterisation & Analysis, University of
Western Australia, a facility funded by the University,
State and Commonwealth Governments.

References

1

Tomozawa, M., Hiromoto, S.: Microstructure of hydroxyap-
atite-and octacalcium phosphate coatings formed on magne-
sium by a hydrothermal treatment at various pH values, Acta.
Mater., 59, 355363, (2011).

Kim, H., Camata, R.P,, Lee, S., Rohrer, G.S., Rollett, A.D.,
Vohra, Y.K.: Crystallographic texture in pulsed laser deposited
hydroxyapatite bioceramic coatings. Acta. Mater., 55,131 -139
(2007).

Kim, H.W.,, Kong, Y.M., Bae, CJ., Noh, Y.J., Kim, H.E.:
Sol-gel derived fluor-hydroxyapatite bio coatings on zirconia
substrate, Biomaterials, 25, 2919 —2926, (2004).

Kim, H.W., Yoon, B.H., Koh, Y.H., Kim, H.E.: Processing
and performance of hydroxyapatite/fluor-apatite double lay-
er coating on zirconia by the powder slurry method, J. Am.
Ceram. Soc., 89, 2466 —2472, (2006).

Sun, L., Christopher, C.B., Karlis, A.G., Ahmet, K.: Material
fundamentals and clinical performance of plasma sprayed hy-
droxyapatite coatings: A review, J. Biomed. Mater. Res., 58,
570-592, (2001).

Thian, E.S., Khor, K.A., Loh, N.H., Tor, S.B.: Processing of
HA-coated Ti-6Al-4V by a ceramic slurry approach: An in
vitro study, Biomaterials, 22, 12251232, (2001).

Ray, AM.L., Gautier, H., Bouler, J.M., Weiss, P., Merle, C.:
A new technological procedure using sucrose as porogen com-
pound to manufacture porous biphasic calcium phosphate ce-
ramics of appropriate micro- and macrostructure, Ceram. Int.,
36, 93— 101, (2010).

Gauthier, O., Bouler, J.M., Aguado, E., Pilet, P, Daculsi,
G.: Macro-porous biphasic calcium phosphate ceramics: influ-
ence of macro-pore diameter and macro-porosity percentage
on bone ingrowth, Biomaterials, 19, 133 -9, (1998).

Bignon, A., Chouteau, J., Chevalier, J., Fantozzi, G., Carret,
J.P, Chavassieux, P.: Effect of micro- and macroporosity of
bone substitutes on their mechanical properties and cellular
response, J. Mater. Sci. Mater. Med., 14, 1089-1097, (2003).

Hing, K.A., Annaz, B., Saeed, S., Revell, P.A., Buckland, T.:
Micro porosity enhances bioactivity of synthetic bone graft
substitutes, J. Mater. Sci., Mater. Med., 16, 467 —75, (2005).

Shen, Z., Adolfsson, E., Hygren, M., Gao, L., Hawaoka, H.,
Niharra, K.: Dense hydroxyapatite-zirconia ceramic compos-
ites with high strength for biological application, Adv. Mater.,
13, 214216, (2001).

Currey, ].D.: What determines the bending strength of com-
pact bone?, J. Exp. Biol., 202, 2495-2503, (1999).

Yang, ].Z., Sultana, R., Hu, X.Z., Huang, Z.H.: Porous hy-
droxyapatite coating on strong ceramic substrate fabricated by
low density slip coating-deposition and coating-substrate Co-
sintering., J. Eur. Ceram. Soc., 31, 2065-2071, (2011).

Sultana. R., Yang, J.Z., Hu, X.Z.: Deposition of micro-porous
hydroxyapatite/tri-calcium phosphate coating on zirconia-
based substrate, /. Am. Ceram. Soc., 95, 12121215, (2012).

Yang, J.Z., Sultana, R., Ichim, P., Hu, X.Z., Huang, Z.H., Yj,
W.: Micro-porous calcium phosphate coatings on load-bearing
zirconia substrate: Processing, property and application, Cer-
am. Int., 39, 6533 -6542, (2013).

Yang, J.Z., Sultana, R., Hu, X.Z., Ichim, P.: Novel layered hy-
droxyapatite/tri-calcium phosphate-zirconia scaffold compos-

ite with high bending strength for load-bearing bone implant
application, Int. J. Appl. Ceram. Tech., 10, 1-9, (2013).

Interface Design and Processing of Bioactive Microporous Calcium Phosphate Coatings

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

275

Gross, K.A., Walsh, W., Swarts, E.: Analysis of retrieved
hydroxyapatite coated hip prostheses, /. Therm. Spray., 13,
190194, (2012).

Dalton, J.E., Cook, S.D.: In vivo mechanical and historical
characteristics of HA-coated implants vary with coating ven-
dor, J. Biomed. Mater. Res., 29, 239—245, (1995).

Evis, Z., Doremus, R.H.: Coatings of hydroxyapatite-nano
size alpha alumina composites on Ti-6Al-4V, Mater. Lett., 59,
3824 —3827, (2005).

Warren, R., Sarin, V.K.: Ceramic matrix composites, editor
Warren, R., New York, 1992.

Braem, M., Doren, V.E., Lambrechts, P., Vanherle, G.: Deter-
mination of young’s modulus of dental composites: A phe-
nomenological model, /. Mater. Sci., 22, 2037 —2042, (1987).

Adams, J.W., Ruh, R., Mazdiyasni, K.S.: Young’s modulus,
flexural strength, and fracture of yttria-stabilized zirconia ver-
sus temperature, J. Am. Ceram. Soc., 80, 903 —908, (1997).

Wang, Z.C., Ni, YJ., Huang, J.C., Fabrication and charac-
terization of HAp/Al,O; composite coating on titanium sub-
strate, J. Biomed. Sci. Eng., 1, 190—194, (2008).

Hayashi, H., Saitou, T., Maruyama, N., Inaba, H., Kawamu-
ra, K., Mori, M.: Thermal expansion coefficient of yttria sta-
bilized zirconia for various yttria contents, Sol. Stat. Ion., 176,
613—619, (2005).

Germain, M.A., Hatton, A., Williams, S., Matthews, ].B.,
Stone, M.H., Fisher, J., Ingham, E.: Comparison of the cy-
totoxicity of clinically relevant cobalt-chromium and alumi-
na ceramic wear particles in vitro, Biomaterials, 24, 469 —479,
(2003).

Gauthier, O., Bouler, ].M., Aguado, E., Pilet, P, Daculsi, G.:
Macro- porous biphasic calcium phosphate ceramics: influence
of macro pore diameter and macro porosity percentage on
bone ingrowth, Biomaterials, 19, 133 —139.

Bignon, A., Chouteau, J., Chevalier, J., Fantozzi, G., Carret,
J.P., Chavassieux, P.: Effect of micro and macro porosity of
bone substitutes on their mechanical properties and cellular
response, J. Mater. Sci: Mater. Med., 14, 1089-1097, (2003).

Hing, K.A., Annaz, B., Saeed, S., Revell, PA., Buckland, T.:
Micro porosity enhances bioactivity of synthetic bone graft
substitutes, J. Mater. Sci: Mater. Med., 16, 467 —475, (2005).

Woodard, J.R., Hilldore, A.J., Lan, S.K., Park, C.J., Morgan,
A, Eurell, J.A.C.: The mechanical properties and osteo-
conductivity of hydroxyapatite bone scaffolds with multi-scale
porosity, Biomaterials, 28, 45— 54, (2007).

Muralithran, G., Ramesh, S.: The effects of sintering temper-
ature on the properties of hydroxyapatite, Ceram. Int., 26,
221-230, (2000).

Liao, C.J., Lin, EH., Chen, K.H., Sun, ].S.: Thermal decompo-
sition and reconstitution of hydroxyapatite in air atmosphere,
Biomaterials, 20, 1807 — 1813, (1999).

Zhang, Y.M., Yao, H.M.,, Ortiz, C., Xu, J.Q., Dao, M.: Bio-in-
spired interfacial strengthening strategy through geometrical-
ly interlocking designs, J. Mech. Behav. Biomed. Mater., 15,
70-77, (2012).

Wei, G.B., Ma, P.X.: Nanostructured biomaterials for regener-
ation, Adv. Funct. Mater., 18, 3568 —3582, (2008).

Lipski, A.M., Jaquiery, C., Choi, H., Eberli, D., Stevens, M.,
Martin, I.: Nanoscale engineering of biomaterial surfaces, Adv.
Mater., 19, 553 —557, (2007).

Zhang, S., Wang, Y.S., Zeng, X.T., Khor, K.A., Weng, W,
Sun, D.E.: Evaluation of adhesion strength and toughness of
fluoridated hydroxyapatite coating, Thin. Solid. Film., 516, [6],
5162—5167, (2008).

Jalota, S., Bhaduri, B., Tas, A.C.: Osteoblast proliferation on

neat and apatite-like calcium phosphate-coated titanium foam
scaffolds, Mater. Sci. Eng. C., 27, 432 —440, (2007).



276

37

38

Wang, Y.Y., Li, C.-]., Ohmari, A.: Influence of substrate
roughness on the bonding mechanism of high velocity oxy-
fuel sprayed coating, Thin Solid. Film., 485, [1-2], 141-147,
(2005).

Wang, S., William, R., Lacefield, T., Lemons, J.E.: Interfa-
cial shear strength and histology of plasma sprayed and sin-

39

Journal of Ceramic Science and Technology —R. Sultana et al. Vol. 8, No. 2

tered hydroxyapatite implants in vivo, Biomaterials, 17, [20],
1965 -1970, (1996).

Mohseni, E., Zalnezhad, E., Bushroa, A.R.: Comparative in-
vestigation on the adhesion strength of hydroxyapatite coating

on Ti-6Al-4V implant: A review paper, Int. . Adbes. Adbes.,
48, 238257, (2014).



