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ABSTRACT

Purpose: Yttria-stabilized zirconia (TZ) is used for dental applications because of its low toxicity and beneficial mechanical
properties, but it does not stimulate bone regeneration around the implant due to its bioinertness. Therefore, hydroxya-
patite (HA) coatings are often utilized to increase the surface bioactivity and to achieve a better osseointegration. These
coatings, however, are chemically nonstable and provide a weak bonding to the substrate surface.

Materials and Methods: In this study, zirconia substrates were coated with a calcium phosphate/zirconia mixture to achieve
ceramic coatings with a high bioactivity potential and a good mechanical stability. The coatings were obtained by wet powder
spraying (WPS). Pure HA and TZ coatings were employed as reference materials. The coatings were characterized with regard
to microstructure, surface roughness, and phase composition. Scratch tests were carried out to investigate the coating
adhesion. The influence of the coating on the mechanical strength was evaluated with the ball on three balls test (B3B). In
addition, zirconia dental implant screws were also coated and inserted in a biomechanical test block and bovine rip bone.

Results: After sintering, the mixed coating exhibited a porous morphology with a surface roughness of about 4 mm and a
total porosity of 17%. Phase analysis showed a transformation from TZ and HA to calcium zirconium oxide and tricalcium
phosphate. Investigations of the bond strength confirmed a strong adhesion of the mixed coating to the substrate, while the
biaxial fracture strength was only slightly affected. Insertion experiments confirmed the scratch test results and evidenced
an intact mixed coating on the zirconia screw.

Conclusions: The present study revealed a higher stability and firm adhesion of the mixed coating compared with a pure
calcium phosphate coating. We also successfully demonstrate the particular versatility of the WPS technique for dental
implants by coating a complex curved surface.
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INTRODUCTION

The material surface features and composition of ortho-

pedic and dental implants play a crucial role for proper

bone tissue interaction. Today, titanium or titanium

alloys represent standard materials for dental applica-

tions because of their biocompatibility and favorable

mechanical properties.1 Yttria-stabilized zirconia (TZ),

on the other hand, is used in the biomedical field due

to its low toxicity and beneficial mechanical properties,

like high bending strength, fracture toughness, and

hardness, compared with metals and other ceramics.

Although TZ is known for its good biocompatibility, it

does not stimulate extensive bone regeneration around

the implant because of its bioinertness.2–7 However, lack

of material integration in the surrounding bone can
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cause the formation of connective tissue that in turn

induces a premature loosening of the implant.8 During

the past two decades, different surface modification

strategies have been investigated to enhance the contact

at the bone-implant interface, for example, sand-

blasting,9 laser treatment,10,11 or by creating surface

coatings featuring specific composition, topography,

and roughness.12,13

Calcium phosphate-based materials, such as

hydroxyapatite (HA) or tricalcium phosphate (TCP), are

widely used as coatings.14–16 These calcium phosphates

(CP) are known to be osteoconductive and resorbable

to some extent.17 In vitro investigations have shown an

improved adhesion and proliferation of osteoblasts to

CP-coated titania and TZ, while in vivo a significantly

improved tissue integration could be detected.18,19

Although this approach is effective, for example, for

increasing the bioactivity of the implant surface, it

suffers from several drawbacks. In particular, these coat-

ings are poorly stable and provide a weak bonding to the

substrate.20–23 The detachment of the coating can lead to

defects at the bone-implant interface and provoke the

loss of the implant, even if initially a good adhesion

between the coating and the surrounding bone tissue

existed. Therefore, several studies have been done so

far with TZ reinforced HA composites and coatings

to combine enhanced mechanical properties with an

improved osseointegration. Previous research indicated

that the addition of TZ as second phase to HA causes a

significant increase of coating hardness and adhesive

strength. Furthermore, it could be shown that TZ/HA

coatings are not cytotoxic and enhance cell attachment

and proliferation.24,25 Most of the implemented studies

have been done with titanium, titanium alloys, and

stainless steel substrates. Only very little has been con-

ducted up to now about the surface modification of

zirconia substrates with TZ reinforced HA coatings for

dental applications.

For the coating of metals and ceramic substrates,

numerous methods have been developed. The most

commonly used methods include plasma spraying26,27

and sol-gel technology,14,28 each with different advan-

tages and disadvantages. Plasma-sprayed coatings

possess a thickness of a few microns to a few millimeters

and are not appropriate for complex-shaped parts like

dental implants.13 Whereas coatings obtained by sol-gel

method are relatively homogeneous but can only be

produced crack free within a thickness of 0.1 to 1 mm.29

This study presents the deposition of a mixed

coating on TZ using wet powder spraying (WPS).30–32

The sprayed suspension consists of HA and TZ to

provide a partially resorbable part (HA) and at the same

time a nonresorbable part (TZ) of sufficient strength for

a better adhesion of the coating to the substrate. There-

fore, the mechanical stability and coating adhesion are

studied, as well as the chemical composition. In addi-

tion, the suitability of the WPS technique to fabricate

uniform coatings on geometrically complex-shaped

parts is also investigated.

MATERIALS AND METHODS

Substrate Preparation

The substrates used in this study were prepared

from commercially available TZ-3YSB-E powder

(Tosoh, Tokyo, Japan) by uniaxially dry pressing (Weber

Maschinen- und Apparatebau GmbH, Remshalden,

Germany) in a cylindrical form (20 mm diameter) with a

force of 12 kN. The substrates were afterward isostatically

densified in a cold isostatic press (aad Hochdrucktechnik,

Bad Homburg, Germany) at 1,200 bar for 5 minutes and

subsequently presintered at 1,100°C for 2 hours (LHT08/

17, Nabertherm GmbH, Lilienthal, Germany). Zirconia

dental implants (l = 17 mm, Ø = 4.5 mm, INMAFEED

K1012, INMATEC Technologies GmbH, Rheinbach,

Germany) were manufactured according to a modified

geometry design provided by an implant manufacturer

(BEGO Implant Systems, Bremen, Germany) via injection

molding and presintered at 950°C for 2 hours (Fraunhofer

IFAM, Bremen, Germany).

Suspension Preparation

The suspension to coat the presintered zirconia sub-

strates were produced from TZ-3YS-E (TZ, Tosoh) and

HA powder (Sigma Aldrich Chemie GmbH, Munich,

Germany). The characteristics of the used powders are

given in Table 1. The aqueous ceramic suspension

TABLE 1 Characteristics of TZ and HA Powders Used
for Suspension Preparation

Particle Size
(d50, nm)

Isoelectric
Point

Specific
Surface (m2/g)

Density
(g/cm3)

360 1 0.37 8.5 7.0 1 2.0 6.05

151 1 0.24 6.9 58.2 1 0.1 3.15
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consisted of 7.5 vol. % HA and 7.5 vol. % TZ. The

ceramic suspension was stabilized at pH 10 by the addi-

tion of ammonium hydroxide solution (25% NH3 basis,

Sigma Aldrich) to prevent particle agglomeration. Addi-

tionally, a polyacrylic acid-based (PAA) dispersant was

added (12 mg/g ceramic powder, Syntran® 8220, Inter-

polymer GmbH, Hassloch, Germany) for electrosteric

stabilization. As reference materials, pure HA and TZ

coatings were used, for which water-based suspensions

were prepared with solid contents of 12 vol. % for HA

and 20 vol. % for TZ, respectively. Both suspensions

were stabilized with PAA. The HA suspension was

adjusted to pH 10 and TZ to pH 6 with ammonia solu-

tion. The dissolution of potential agglomerates in the

prepared ceramic suspensions was achieved by ultra-

sonic homogenization (Sonifier 450, Branson, Dietzen-

bach, Germany) for 10 minutes (mixed and pure TZ

suspension) and 3 minutes (pure HA suspension). The

compositions of the different coatings are summarized

in Table 2.

WPS

The presintered zirconia substrates (diameter: 15 mm,

height: 1.7 mm) were coated via WPS. A schematic

diagram of the WPS is shown in Figure 1. The coating

was carried out with a double-action airbrush spray

gun (BD 183-K, Artistic Life, Boenen, Germany).

During the spraying process, the airbrush was moved

from top to bottom with a speed of 1 cm/s. The spray-

ing parameters are listed below and kept constant for

all suspensions:

Spraying distance: 200 mm

Air pressure: 2 bar

Airbrush nozzle: 0.8 mm

Relative humidity: ~60%

Spraying time: 3 s

The deposition rates of different coatings are listed in

Table 2. The coated samples were dried for 24 hours

under ambient conditions and subsequently sintered

at 1,500°C for 2 hours.

Coating Characterization

The resulting microstructure of the coatings was studied

after sintering using scanning electron microscopy

(SEM; Camscan Series 2, Obducat CamScan Ltd, Cam-

bridgeshire, UK). The samples were sputter coated with

gold for 60 s before examination (K550, Emitech, West

Sussex, UK), and images were taken at 20 kV using

secondary electron mode.

The surface roughness of the different coatings

was analyzed using an optical profilometer (Plm2300,

Sensofar, Terassa, Spain) by scanning a surface area of

477 ¥ 636 mm2. The measurements were done in tri-

plicates on 15 different samples for each coating. The

average surface roughness (Sa) were calculated accord-

ing to ISO25178. This standard deals with the analysis

of areal surface roughness and covers the noncontact

measurements carried out with optical profilometry.

The characterization of the coating thickness,

pore size, and total porosity was done by image

analysis (Image J 1.42q, National Institute of Health,

Bethesda, MD, USA) of representative top views and

cross-sections.

Energy-dispersive X-ray spectroscopy (EDX)

mapping was carried out with an INCA PentalFETx3

(Oxford Instruments, Tubney Woods, UK) mounted to

a SEM Supra40 (Carl Zeiss AG, Oberkochen, Germany).

The mapping was done from the top view and a polished

TABLE 2 Composition of the Sprayed Coatings and
Suspension Deposition Rate

Sample
Name Substrate Coating

Suspension
Deposition Rate

CP TZ 12 vol.% HA 15.9 1 1.9 g/min

TZ TZ 20 vol.% TZ 7.4 1 1.6 g/min

TZCP TZ 7.5 vol.% TZ

7.5 vol.% HA

9.3 1 1.7 g/min

Figure 1 Experimental setup of the wet powder spraying
(WPS) process. The coating was applied with a double-action
airbrush from a distance of 200 mm and with an air pressure of
2 bar. Airbrush nozzle diameter: 0.8 mm.
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resin embedded cross-section (EpoFix, Struers GmbH,

Willich, Germany) of the mixed coating. The samples

were sputter coated with carbon for 9 s with a Carbon

Coater 108 (Cressington, Watford, UK).

The phase composition of the coatings was

examined, after sintering, by Grazing Incidence X-ray

Diffraction (GI-XRD) using an Ultima IV type III

diffractometer (Rigaku, Tokyo, Japan) equipped with

Cross Beam Optics by using a Ka wavelength emitted

by a Cu anode. Careful alignment of source and detec-

tor with respect to the sample was reached by using a

thin film attachment with three degrees of freedom.

In order to avoid beam defocusing, the measurements

were carried out in parallel beam mode. Divergence of

the primary beam was reduced by a 5° Soller slit, while

divergence of the diffracted beam was reduced by a

0.5° horizontal Soller slit. The incident angle was kept

at 0.5°. In order to identify the phase composition of

each sample, a Rietveld refinement was performed

using, as a reference, the powder patterns stored in the

database of the International Centre of Diffraction

Data (Newtown Square, PA, USA). In particular, the

PDXL software licensed by Rigaku was employed to

minimize the difference between experimental and

calculated data.

Characterization of Mechanical Properties

Scratch tests were performed with a pencil hardness

tester (PH-5800, BYK-Gardner GmbH, Geretsried,

Germany) according to ISO15184. The test was carried

out with a pencil (Vickers hardness 90.6 1 2.5 HV 0.2)

and a sharpened bovine femur (Vickers hardness

89.8 1 5.2 HV 0.2), which was previously ground into a

pencil shape. The pencil or the bone were fixed in a

sclerometer and moved over the surface with a load

of 7.5 N and a velocity of 1 mm/s for a distance of

12 mm. Carbon and bone leftovers on the sample

surface were burned out at 1,000°C and 1,400°C after

the test, respectively, and the sample surface was exam-

ined with SEM.

The influence of the coating on the mechanical

strength of the substrate material was tested with the

ball on three balls (B3B) biaxial flexural test performed

on a universal testing machine (Zwick/Roell Z005, Ulm,

Germany) with balls of 4 mm radius and a test speed

of 0.5 mm/min. Thirty samples were tested for each

coating, and the fracture strength was calculated with

the following Eq. 1:

σ ν
π

ν
ν

max

ln

= ⋅ ⋅ +( )
⋅ ⋅

⋅ + ⎛
⎝⎜

⎞
⎠⎟

+ −
+

⋅ − ( )
⋅

⎛
⎝⎜

3 1

4

1 2
3

1

1
1

3

2

2

2

F

t

Ra

t

t

Ra

⎞⎞
⎠⎟

⋅⎛⎝
⎞
⎠

⎡

⎣
⎢

⎤

⎦
⎥

Ra

R

2

(1)

where F is the applied load, n is the Poisson’s ratio of

the substrate material (here 0.32 for TZ), t is the sample

thickness, Ra is the support radius, and R is the sample

radius. One-way analysis of variance followed by Tukey’s

test (Minitab 16, Minitab Inc., State College, PA, USA)

was performed for comparison of the biaxial flexural

strength values between the different coated groups

(p 2 .05). Additionally, fracture surfaces of the B3B

specimens were examined with SEM to characterize the

adhesion quality of the coating on the substrate.

Insertion of Zirconia Dental Implants

The prefabricated zirconia screws were split into two

groups. One group (n = 10) was inserted into fresh

bovine rip bone, and the second group (n = 10)

was inserted into a biomechanical test block (solid

rigid polyurethane foam [40 pcf = 0.64 g/cc]; Sawbones

Europe AB, Malmö, Sweden). Drilling and insertion

tools from the similarly macro designed implant system

(BEGO Semados® RI; BEGO Implant Systems) were

used. The insertion protocol followed the clinically

proved sequence for the insertion of dental implants

in patients, which was provided by the manufacturer’s

recommendations.

After insertion, the implants with surrounding

bone tissue or polyurethane foam were embedded in

resin (EpoFix, Struers GmbH, Willich, Germany) and

grounded to the middle of the implant. After coating

with a thin gold layer, the samples were examined with

SEM.

RESULTS

Microstructure Characterization

Representative top views of the resulting micro-

structure observed by SEM after sintering at 1,500°C

are shown in Figure 2. The pore size, porosity, and

thickness are compared in Table 3, as determined

by image analysis of representative top views and cross

sections and the average surface roughness of different

coatings.
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As reference materials, pure CP and TZ coating were

prepared. Both coatings displayed an inhomogeneous,

irregular, and rough morphology. CP (Figure 2A) exhib-

ited a lot of pores with different sizes varying from 2 to

30 mm, a porosity of 17.8% and an average roughness

of 6.03 1 0.59 mm. The height of the coating was around

16 mm. The formation of cracks along the coating

surface was also detected, and the cracks had a width of

less than 1.5 mm.

TZ samples (Figure 2B) in contrast showed almost

no pores and splat morphology with some “donut”

like structures. The average surface roughness was

3.46 1 0.45 mm, and the coating thickness was about

20 mm. The coating featured a porosity of 1.6% with

pore sizes varying between 1 and 15 mm.

The morphology of the zirconia/calcium phosphate

coating (TZCP) (Figure 2C) composed of the starting

materials HA and TZ displayed an undulated and

homogenous structure in terms of a fully covered

surface with an average surface roughness of 3.54 1

0.40 mm and a thickness of around 23 mm. No cracks

were present on the coating surface. Furthermore, pores

of different sizes can be observed; the pore size varies

from 1 to 15 mm, and the porosity was about 17.2%.

The average roughness of the uncoated substrate

after sintering was 0.53 1 0.09 mm, pointing out the

significant increase of surface roughness after coating.

EDX Mapping and Phase Analysis

SEM images and the corresponding false color images of

EDX elemental mapping are shown in Figure 3. Zirco-

nium (Zr) is found in the coating and the substrate

(Figure 3, B and E), whereas calcium (Ca) is only located

in the coating (Figure 3, C and F). It can also be observed

Figure 2 Surface morphology of different coatings on TZ obtained by WPS after sintering at 1,500°C. A, CP; B, TZ; C, TZCP; D,
three-dimensional surface topography of TZCP.

TABLE 3 Properties of the Substrate and Sprayed Coatings

Sample Name
Roughness
(Sa in mm)

Thickness
(mm)

Pore Size
(mm)

Porosity
(%)

TZ uncoated 0.53 1 0.09 1741 1 12 1–2 1.3 1 0.1

CP 6.03 1 0.59 16.02 1 5.52 2–30 17.8 1 3.1

TZ 3.46 1 0.45 20.14 1 3.03 1–15 1.6 1 0.2

TZCP 3.54 1 0.40 22.59 1 1.87 1–15 17.2 1 2.4
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that the calcium regions are equally distributed in the

coating, indicating that neither vertical nor lateral sedi-

mentation of TZ occurred after WPS. Higher magnifi-

cations of SEM micrographs (Figure 3, A and D) show

two different areas in the mixed coating. Additional

EDX point analyses (data not shown) depicted the

typical peaks of Ca, phosphor (P) and oxygen (O) in the

dark gray areas and represent calcium phosphate regions

(red arrows). Whereas measurements in the bright gray

areas exhibited the typical peaks of Zr, Ca, and O, rep-

resenting calcium stabilized zirconia regions.

To determine the phase composition of the different

coatings, GI-XRD analyses were carried out after sinter-

ing and are shown in Figure 4. The top diffractogram

exhibits the XRD pattern of TZCP that consisted of

cubic calcium zirconium oxide (Ca0.15Zr0.85O1.85), a-TCP,

and monoclinic zirconia. For the pure CP coating, all

peaks could be completely explained by b-TCP and

a-TCP. The detected zirconia phase originates from the

substrate. No change in phase composition was detected

in the TZ coating after sintering. The main phase of TZ

was tetragonal zirconia, and a negligible amount of the

monoclinic phase was found in the GI-XRD pattern.

Characterization of the Coating Adhesion

The adhesion of the coating is one very important

mechanical property of coated implants envisaged

for load-bearing applications. Figure 5 illustrates the

coating surface before (Figure 5, A–C) and after the

scratch test (Figure 5, D–I). The dashed black lines

correspond to the pencil or bone scratch path. The

pure CP coating (Figure 5, D and G) was completely

damaged and largely removed indicating a poor coating

adhesion to the substrate. In contrast, the results of the

Figure 3 SEM micrographs of the mixed coating TZCP after sintering at 1,500°C and the corresponding EDX elemental mappings of
Zr and Ca for the top view (A–C) and a polished cross-section (D–F). The red arrows point at dark gray areas that represent calcium
phosphate regions.

Figure 4 GI-XRD patterns of the CP, TZ, and TZCP coatings
after heat treatment at 1,500°C with a dwell time of 2 hours.

Mixed Surface Coatings with Firm Adhesion 191



pure TZ (Figure 5, E and H) and mixed coating

(Figure 5, F and I) showed no damage or removal of the

coating induced by the pencil suggesting a firm attach-

ment and a strong interbonding between the coating

and the substrate.

Further investigations of fracture surfaces

(Figure 6) confirm the scratch test results. The mixed

(Figure 6C) and pure TZ coatings (Figure 6B) show a

smooth and continuous morphology along the inter-

bonding. Whereas on the CP coating (Figure 6A arrow),

Figure 5 SEM micrographs of the adhesion testing via pencil scratch tester before (A–C) and after (D–I) the scratch test. The test
was carried out with a pencil hardness grade of 9H on pure CP (D), pure TZ (E), and TZCP (F) and with bone on pure CP (G),
pure TZ (H), and TZCP (I). The black dotted line represents the pencil and bone scratch path.

Figure 6 SEM micrographs of the fracture surfaces of CP (A), TZ (B), and TZCP (C) after heat treatment at 1,500°C. The arrow
marks the interface between the coating and the substrate.
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a distinct interface between the substrate and the coating

could be observed. In some regions, a detachment of the

coating was also visible (data not shown).

Characterization of the Biaxial
Flexural Strength

The biaxial flexural strength of the coated samples was

examined via B3B and compared with an uncoated TZ

substrate as shown in Figure 7. The mean strength

value of the uncoated sample (TZ uncoated), CP, TZ,

and TZCP were 1129.9 MPa, 789.9 MPa, 798.9 MPa and

1023.9 MPa, respectively. The highest strength value was

observed for the uncoated sample (TZ); only a slight

decrease in strength is shown for TZCP. In contrast,

CP and TZ exhibited a significant decrease of strength

compared with TZ and TZCP. In summary, it can be

concluded that TZCP possesses the smallest impact on

the overall strength of the samples within the various

coatings.

Coating and Insertion of Complex
Zirconia Dental Implants

Figure 8 shows a zirconia implant with a porous TZCP

coating obtained by WPS. A homogenously and fully

coated implant (Figure 8A) was achieved. The detailed

SEM image in Figure 8B reveals that the coating mor-

phology is similar to that one obtained on the discs

and features a coatings thickness of around 20 mm

(Figure 8C).

The coated dental implants were inserted into poly-

urethane foam Sawbone and bovine rip bone to inves-

tigate the coating stability during implant placement

(Figure 9, A and B). The SEM images depict the pure CP

and TZCP coating after insertion followed by resin

embedment. Samples coated with pure CP showed at the

thread tips fully damaged coating (Figure 9, C and D).

Dependent on the bone contact area, the thread sides

Figure 7 Box plot diagram depicting the biaxial strength of the
different coated samples compared with an uncoated sample
after sintering at 1,500°C. The box represents the spreading of
the data between the 25th and 75th percentiles. The horizontal
line in the box displays the median. The minimum and
maximum values are illustrated by the whiskers. (�) marks the
mean values. (*) p < .05 in comparison with the uncoated
sample.

Figure 8 Implant overview (A), coating detail (B), and cross-section (C) of a zirconia implant coated with TZCP via WPS after
sintering at 1,500°C.
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show a partial removal of the coating, which could also

be partially caused by grinding. In the areas where the

implant had no bone contact, the coating was still intact.

In contrast, TZCP features a much higher coating sta-

bility; neither the insertion nor the grinding destroyed

the coating (Figure 9, E and F), confirming the strong

adhesion between substrate and coating. These findings

are in accordance with the results from the scratch test

(Figure 5).

DISCUSSION

The present study demonstrates the fabrication of a

mixed coating on TZ, in order to increase the coating

adhesion and stability. As a coating method, WPS

was selected. WPS is a simple, environmental friendly

and cost-effective method that has already been used

successfully for the processing of porous coatings.30–32

Furthermore, it can easily be applied to deposit coat-

ings with varying thicknesses on planar or curved

surfaces.

Coatings of CP and TZ were used as reference mate-

rials for comparative purposes with the mixed coating

(TZCP). Therefore, suspensions were prepared with dif-

ferent solid contents to obtain various coatings with a

comparable height and roughness. All prepared coatings

displayed an irregular, rough, and porous surface mor-

phology. Fully coated, crack-free surfaces for TZCP and

TZ were obtained, whereas for CP cracks were observed.

Furthermore, EDX analysis confirmed the uniformity of

the TZCP coating; Zr and Ca were equally distributed in

the coating layer.

The average surface roughness was evaluated, and

TZCP and TZ showed the same roughness of around

4 mm; only CP was slightly increased with 6 mm. In lit-

erature, surfaces with an average surface roughness of 4

to 7 mm were suggested to have a positive influence on

long-term adhesion.33,34 The higher roughness resulted

in mechanical interlocking and thus in an improved

tissue integration.13 It is also known that osteoblastic

cells are sensitive to different surface roughnesses.

Figure 9 Coated TZ implants were inserted into polyurethane foam Sawbone (left column) and bovine rip bone (right column)
using a clinical protocol. The coating adhesion was qualitatively characterized at the thread tips and sides of the pure CP coating
(C and D) and TZCP (E and F) after embedding in resin. Asterisks indicate areas with residues of the polishing paste.

194 Clinical Implant Dentistry and Related Research, Volume 17, Number 1, 2015



Usually, the cells possess a higher proliferation rate on

smooth surfaces and a higher differentiation on rough

surfaces.33,35,36 However, there is currently no consensus

in literature about the appropriate roughness.

The porosity of the coating is another contributing

factor to the long-term stability of an implant. While

TZCP and CP showed a comparable porosity, TZ dis-

played a more dense structure with less pores. In conse-

quence of the pores, an increased surface to volume ratio

is reached and hence an increase of potential bone inter-

face. It could be observed that the filopodia of osteo-

blasts appear to anchor pores of the coating, which may

lead to a more efficient cell anchoring to the porous

surface and therefore to a better adhesion of the cells to

the material.37 Furthermore, another concern in clinical

research are possible inflammatory reactions after

surgery caused by bacterial contamination. To avoid

the removal of implants due to inflammatory reactions,

porous coatings could be useful due to their higher

loading capacity for antibacterial drugs. However, the

pores can be also utilized to stimulate osteoblastic cells

by loading them with, for example, growth factors,

hormones, or enzymes.

The sintering after coating ensures a sufficient

particle–particle and particle–substrate bonding;

however, the high sintering temperature leads to

phase transformations. The investigation of the TZCP

GI-XRD pattern depicts that the HA fraction is decom-

posed during heat treatment to a-TCP, following

Eq. 2.38,39

Ca PO OH Ca PO CaO H O10 4 6 2 3 4 2 23( ) ( ) → ( ) + + (2)

The Ca ions from the HA decomposition diffuse into the

zirconia phase and cause a transformation of tetragonal

(t) to cubic (c); a calcium stabilized zirconia phase is

obtained as described in Eq. 3.40

Y TZP t CaO Y TZP c− ( ) + → − ( ) (3)

The monoclinic phase in the mixed coating probably

results from the excess of TZ, derived from the substrate.

Normally, the formation of monoclinic zirconia in

TZ/HA composites, where Y2O3 stabilized zirconia was

used, will not occur; only tetragonal and cubic structure

can be found.2 These phase transformations were inten-

tionally induced because of the higher degradation of

tricalcium phosphate. TCP is a bioactive and bioresorb-

able ceramic that gradually dissolves within the body.

The faster release of Ca2+ and PO4
2- ions in physiological

fluids can stimulate bone formation. HA, in contrast,

possesses a rather low degradation behavior in phy-

siological environments, which could influence the

optimal bone tissue formation. Therefore, the decompo-

sition of HA to TCP does not represent a disadvantage

for the biofunction.41 The pure CP coating without

TZ transformed after sintering to b-TCP and a-TCP,

indicating that similar reactions took place during

heat treatment compared with the TZCP coating. The

decomposition of HA into TCP at higher temperatures

is well known and sufficiently investigated, with all

its consequences such as the change of solubility.38,39

However, these circumstances will not be elucidated

further in detail for the sake of simplicity; the pure

CP coating has only been prepared for comparative

purpose. TZ still remains tetragonal zirconia after sin-

tering at 1,500°C.

The qualitative scratch test was performed under

controlled load and speed by scratching the coated sur-

faces with specified pencil hardness and a sharpened

bovine femur. TZCP and TZ showed no damage or

removal of the coating, indicating enhanced adhesion

strength. CP, in contrast, exhibited a weak resistance to

the pencil and bone caused by the poor adhesion of the

coating to the substrate. For the coating, presintered

substrata were used; therefore, the opportunity for dif-

fusion processes was given for particles of the substrate

and the coating during temperature treatment, as solid-

state sintering is a thermally activated process.42 Thus,

the improved adhesion of the mixed coating may be

attributed to the usage of presintered samples, the

material mixture – where one part corresponds to the

substrate – and the subsequent sintering step.

Analysis of fracture surfaces confirms the good

adhesion of the mixed coating and TZ. The coating-

substrate interface appears to be coherent and free of

defects. No cracks or gaps appeared between the coating

and the substrate in the specimens. The poor adhesion

of the pure CP coating may be explained by the

difference in thermal expansion coefficient of the

coating (13.3 ¥ 10-6 /K)43 and the substrate material

(10.8 ¥ 10-6 /K).44 This mismatch results in a weak

attachment of the coating to the substrate. However, we

are also aware of the fact that the microstructures of

the prepared coatings are not comparable with 100%

and could have an impact on the examined properties.

However, one main focus of this study is the stability and
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adhesion of the coating, and we believe that the material

selection, the particle interactions, and the densification

during the sintering process govern these properties.

The examination of the biaxial flexural strength

revealed that TZCP exhibits almost the same strength as

the uncoated sample. Therefore, it can be concluded that

the strength of the sample is slightly affected by the

presence of the mixed coating layer. In contrast, both CP

and TZ show significant lower biaxial flexural strengths

compared with the uncoated sample and TZCP. The

results from the B3B test for CP and TZ emerge most

likely from a combination of surface roughness and

phase transformations at the interface. In CP, a higher

amount of CaO is available that can diffuse into the

zirconia substrate and cause a transformation from tet-

ragonal to cubic. In contrast, in TZCP, most of the CaO

is predominantly incorporated into the coating due to

the excess of TZ. From literature, it is known that cubic

zirconia has inferior mechanical properties compared

with tetragonal zirconia due to the absence of the trans-

formation toughening mechanism.2 Probably the higher

content of cubic phase at the interface of CP leads to the

lower strength values. In TZ, it is most likely that the

roughness has a great influence on the sample strength

that leads to the insertion of stress peaks and thus to

an earlier failure than uncoated TZ.45 The influence of

the coating thickness on the flexural strength can be

neglected due to the comparable values between the

different coatings.

When adopting the coating method for curved

dental implants, the importance of the coating deposi-

tion on complex shaped components has to be consid-

ered. In this study, we could demonstrate the suitability

of WPS for the production of homogenous, porous

coatings on zirconia implants in order to increase the

adhesion and mechanical stability of the coating. There-

fore, we choose insertion studies to characterize the

coating adhesion, as determinations of the tensile bond

strength are not sufficient enough because of the poros-

ity and roughness of the coatings. CP- and TZCP-coated

specimens were inserted into polyurethane foam

Sawbone and fresh bovine rip bone, respectively.

Sawbone is a clinically relevant bone model material

that provides reproducible and standardized experimen-

tal conditions.46 Bovine rip bone, in contrast, exhibits a

great similarity to jaw bone with its spongious bone

structure beneath the cortical bone layer. With these

insertion experiments, which are comparable with the

in vivo clinical situation, we could clearly show the

increased bond strength of TZCP compared with a pure

CP coating. The mixed coating was not damaged by the

insertion, whereas the CP coating was only intact at the

thread sides. These results indicate that TZCP-coated

implants could reach a firm stability in bone.

Furthermore, with the WPS technology used in this

study, it is also possible to carry out sequential coating

steps to increase the coating thickness. The suspension

composition can be varied, for example, by adding

additives to increase the coating bioactivity. The solid

loading of the suspension can also be altered to a certain

amount due to the sprayability of the suspension (data

not published). However, further studies are necessary

to understand and to determine the bioactivity of the

coating, the degradation behavior and kinetics of Ca and

P ion release, as well as the detailed characterization of

the coating properties in vitro and in vivo. In the latter,

the long-term stability of the coating is of particular

interest.

CONCLUSIONS

In this work, a mixed coating composed of calcium

phosphate and zirconia has been successfully used to

fabricate ceramic coatings on zirconia substrates by the

WPS method and compared with a pure CP and pure

TZ coating. Based on this technique, a porous coating

with a roughness of about 4 mm, a pore size ranging

from 1 to 15 mm, and a total porosity of ~17% were

obtained for the mixed coating and were nearly identical

to those values determined for CP and TZ. Our study

revealed the same firm coating adhesion for the mixed

coating compared with pure TZ coating and was much

higher than the CP coating. Furthermore, the biaxial

fracture strength showed almost the same strength as

uncoated zirconia. Using the WPS method, our mixed

coating was effectively applied on complex-shaped

zirconia components with a great potential for dental

implants. Future in vivo experiments should evaluate

the histological reactions and clinical feasibility.
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