°e NMNIEXRFFHEEURI LY

+ Kyutacar

ite of Technology Academic Repository

Compositional dependence of the apatite
formation ability of Ti Zr alloys designed for
hard tissue reconstruction

0ad Miyazaki Toshiki, Hosokawa Tomoya, Yokoyama
Ken®ichi, Shiraishi Takanobu

journal or Journal of Materials Science: Materials in

publication title |Medicine

volume 31

page range 110-1-110-8

year 2020-11-09

URL http://hdl _handle.net/10228/00008523

doi: https://doi.org/10.1007/s10856-020-06448-9




Manuscript

Click here to
access/download;Manuscript; TiZr_Rev200715.docx

Click here to view linked References

O©CoO~NOOTA~AWNE

10

11

12

13

14

15

16

17

Compositional dependence of the apatite formation ability of Ti—Zr

alloys designed for hard tissue reconstruction

Toshiki Miyazaki?, Tomoya Hosokawa?, Ken’ichi Yokoyama®, Takanobu Shiraishi®

8Graduate School of Life Science and System Engineering, Kyushu Institute of

Technology, Kitakyushu, Japan

bDepartment of Materials Science and Engineering, Kyushu Institute of Technology,

Kitakyushu, Japan

‘Graduate School of Biomedical Sciences, Nagasaki University, Nagasaki, Japan

Corresponding author: Toshiki Miyazaki

Graduate School of Life Science and Systems Engineering, Kyushu Institute of

Technology, 2-4, Hibikino, Wakamatsu-ku, Kitakyushu 808-0196, Japan

Tel./Fax: +81-93-695-6025

E-mail: tmiya@life.kyutech.ac.jp

L]


https://www.editorialmanager.com/jmsm/download.aspx?id=299148&guid=e920eb4c-c834-400a-8f03-b8fbaa69d2d0&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299148&guid=e920eb4c-c834-400a-8f03-b8fbaa69d2d0&scheme=1
https://www.editorialmanager.com/jmsm/viewRCResults.aspx?pdf=1&docID=17125&rev=1&fileID=299148&msid=383eec4a-3c77-4348-97ee-80c0722eb869

O©CoO~NOOTA~AWNE

10

11

12

13

14

15

16

Abstract

Ti—Zr alloys are expected to be novel biomaterials with low stress shielding owing to

their lower Young’s moduli than pure Ti. The drawback of metallic biomaterials is that

their bone-bonding abilities are relatively low. NaOH and heat treatments have been

performed to provide Ti—50Zr with apatite-forming ability in the body environment,

which is essential for bone bonding. However, the systematic compositional dependence

of apatite formation has not been revealed. In the present study, NaOH treatment of

Ti—Zr alloys with various compositions and bone-bonding abilities was assessed in vitro

by apatite formation in simulated body fluid (SBF). The corrosion current density in

NaOH aqueous solution and the amount of Na incorporated into the surface tended to

decrease with increasing Zr content. The apatite-forming ability of the treated alloy

significantly decreased when the Zr content was >60 atom%. This phenomenon is

attributed to the (1) low OH content on the surface, (2) low Na incorporation into the

treated alloy surface, which enhances apatite formation, and (3) low ability of P

adsorption to the Ti—Zr alloy in SBF following Ca adsorption to trigger apatite

nucleation. Although the adhesion of the titanate/zirconate layer formed on the surfaces
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to the substrates increased as Zr content increased, the adhesion between the apatite and

the substrate was still low.

Keywords: Ti—Zr alloy, NaOH treatment, Apatite, Simulated body fluid, Hard tissue

reconstruction

Running Heads: Compositional dependence of the apatite formation ability
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1. Introduction

Because metallic materials, such as Ti and its alloys, have high mechanical

strength and fracture toughness, they are clinically applied to repair hard tissues, such as

bone and joints, under high loaded conditions [1]. However, they have the drawback of

poor bone-bonding ability leading to low long-term stability of fixation [2]. Formation

of bone-like apatite in a body fluid environment is necessary for the material to bond to

bone [3]. This type of apatite formation is known to be reproduced even in simulated

body fluid (SBF) that mimics the human body fluid composition [4]. Various surface

modifications of Ti, such as NaOH treatment [5], hydrogen peroxide treatment [6],

anodic oxidation [7], and hydrothermal treatment [8,9], have been proposed to improve

the bone-bonding ability of Ti.

Ti—Zr alloys are expected to be novel biomaterials with low stress shielding owing

to their lower Young’s moduli than pure Ti. It has mechanical strength comparable to

commercialized Ti-29Nb-13Ta-4.6Zr alloy with low Young’s moduli [10,11]. Also,

Ti—Zr binary system gives solid solution at any composition [12], therefore the galvanic

corrosion in body environment can be suppressed. Shiraishi et al. [13] fabricated Ti—Zr



O©CoO~NOOTA~AWNE

10

11

12

13

14

15

16

alloys with various compositions and evaluated their mechanical properties, and they

found that the Young’s modulus decreases to 90 GPa at Ti—60 atom% Zr. It has also

been reported that pure Zr [14] and Ti-50 atom% Zr [15,16] subjected to NaOH

treatment (and subsequent heat treatment for some metals) shows apatite-forming

ability in SBF. However, the systematic compositional dependence of apatite formation

has not been reported.

In this study, Ti—Zr alloys with different compositions were treated with NaOH

aqueous solution, and their apatite-formation abilities were investigated in vitro using

SBF. The surface structural changes caused by NaOH treatment were analyzed

spectroscopically and electrochemically, and their affect on apatite formation was

investigated.

2. Materials and methods

2.1. Specimen preparation

The Ti-Zr alloys, as well as pure Ti and Zr, were prepared by the arc-melting

method. NaOH and the reagents used to prepare SBF were purchased from Nacalai
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Tesque Inc. (Kyoto, Japan). NH4Cl, ZnCl2, NHs, and HNOs aqueous solutions were

purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).

The alloy substrates with dimensions of 5 mm x 5 mm x 1 mm were polished

with #500 SiC paper. Hereafter, the Ti—Zr alloys containing x atom% Zr are denoted

Ti—xZr (x = 20-80). Each substrate was then soaked in 5 mL of 5 M NaOH aqueous

solution and shaken in a water bath (H-10, Taitec Co., Saitama, Japan) at 60 °C and 120

strokes/min for 1 day. The substrates were then removed from solution, gently washed

with ultrapure water, and dried at 60 °C.

2.2. Soaking in SBF

The treated substrates were soaked in 30 mL of SBF containing 142.0 mM Na",

5.0 mM K*, 2.5 mM Mg#, 147.8 mM CI", 4.2 mM HCO3", 1.0 mM HPO+*", and 0.5

mM SO4?™ at 36.5 °C for various periods. The pH of the solution was buffered at 7.40

by 50 mM tris(hydroxymethyl)aminomethane and an appropriate amount of HCI. The

SBF was prepared according to the literature [4]. After soaking, the substrates were

removed from the SBF and then subjected to ultrasonic cleaning with ultrapure water
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for 30 min to remove excess water-soluble salts on their surfaces.

2.3. Characterization

The surface structural changes of the substrates were characterized by scanning

electron microscopy (SEM, Model S-3500N, Hitachi Co., Tokyo, Japan), energy

dispersive X-ray spectroscopy (EDX, Model EX-400, Horiba Co., Kyoto, Japan), and

thin-film X-ray diffraction (TF-XRD, MXP3V, Mac Science Ltd., Yokohama, Japan). In

the TF-XRD experiments, CuKa X-ray with voltage and current of 30 kV and 40 mA,

respectively, was used and the incident beam was fixed at 1° to the surface of each

substrate and the scan rate was 0.02°-s71. In EDX, the atomic ratio of each element was

calculated from the peak area in the EDX spectrum by using ZAF correction method.

Three points were measured for each specimen. Specimens for cross-sectional

observation were prepared by embedding in light-curing resin (Technovit 4071, KulZer

GmbH, Hanau, Germany), cutting and polishing with #80, #120, #240, #500 and #1000

SiC paper.

Rate of corrosion corresponding to surface oxide formation was evaluated by
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polarization test. It was performed in 1 M NaOH aqueous solution using a potentiostat

(HA-151A, Hokuto Denko Co., Tokyo, Japan) equipped with a saturated calomel

electrode as the reference electrode and a Pt electrode as the counter electrode [17]. The

specimens were embedded in acrylic resin and the cross-section was abraded with #120,

#240, and #500 SiC paper. In the polarization test, the sample was first immersed in 1

M NaOH aqueous solution for 10 min, and the approximate corrosion potential was

measured. The specimens were then polarized from the corrosion potential to the anode

(+1.5 V) or cathode direction (—1.5 V) at a sweep rate of 20 mV min™1. Measurement

was performed once for each specimen.

Surface OH formation by NaOH treatment is reported to govern the apatite

formation in body environment [5]. Therefore, the concentration of surface OH groups

was determined by formation of a zinc complex [18]. The Zn solution was prepared by

mixing 500 mL of 4 M NH4Cl and 250 mL of 0.4 M ZnCly, adjusting the pH to 6.9 with

25% NHs aqueous solution, and finally adjusting the volume to 1000 mL. Each

specimen was soaked in 150 mL of the Zn solution for 5 min and washed with 150 mL

of ultrapure water for 10 min. The washing operation was repeated three times. Each



O©CoO~NOOTA~AWNE

10

11

12

13

14

15

16

specimen was then dried for 1 h and soaked in 100 mL of 2.42 M HNO3 aqueous

solution for 10 min. The Zn concentration in the HNOs solution was measured by

inductively coupled plasma atomic emission spectroscopy (ICPE-9800, Shimadzu Co.,

Kyoto, Japan). The surface active OH concentration (Con) was calculated by the

following equation [18]:

Con = — )
where Czy, V, S, and A, are the Zn concentration in the HNO3z solution (mM), volume of
the HNOs solution (L), surface area of the specimen (mm?), and Avogadro number (6.02
x 10%), respectively. Measurement was performed three to six times for each specimen.
The adhesive strength of the apatite layer formed on the specimens was measured
by peeling-off test regulated in JIS K 5600. An adhesive tape (CT-15105P, NICHIBAN
Co., Ltd., Tokyo, Japan) was attached on the specimens and detached. This operation

was repeated 5 times.

3. Results

SEM images of the specimen surfaces before and after NaOH treatment are shown
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in Fig. 1. Before treatment, only polishing scratches were observed in any of the

specimens. After NaOH treatment, pure Ti and Ti—20Zr showed a network structure

composed of flake-like particles of less than 1 pm in size. When the Zr content was 40

or 50 atom%, formation of a layer without a network structure was observed. Above 50

atom% Zr, no layer formed and polishing scratches were observed, similar to before

treatment.

The amounts of OH groups on the specimen surfaces before and after NaOH

treatment, which were determined by Zn complex formation method, are shown in Fig.

2. For the untreated specimens, the OH amount was about 1 x 10*® mm™2 irrespective of

the Zr content. In contrast, the OH amount on the NaOH-treated Ti specimen was about

4 x 10 mm™ and it tended to decrease with increasing Zr content. The OH amount of

Ti—20Zr was lower than that of Ti and Ti—40Zr. Detailed reason is not clear at present.

However, judging from the results that Na content is almost the same and morphology

of the former was a little different from the latter, difference in OH amount may be

attributed to specific surface area. When the Zr content was >70 atom%, the OH amount

was almost the same as that of the untreated specimens.

10
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The relationship between the Na/(Ti+Zr) ratio on the NaOH-treated specimen

surface and the Zr content, which were determined by EDX quantitative analyses, is

shown in Figure 3. The Na/(Ti+Zr) ratio was 0.12 for pure Ti. With increasing Zr

content, the Na/(Ti+Zr) ratio increased until 40 atom% Zr and then decreased. Na was

hardly detected at Zr content >80 atom%.

The relationship between the corrosion current density of the specimen in 1 M

NaOH aqueous solution and the Zr content is shown in Figure 4. The corrosion current

density monotonically decreased with increasing Zr content, indicating that the

corrosion resistance against NaOH increased.

The TF-XRD patterns of the untreated and NaOH-treated specimens are shown in

Fig. 5. Only the diffraction peaks assigned to the alloys were observed for the untreated

specimen. The diffraction angle shifted to lower angle with increasing Zr content. This

agrees with the Ti-Zr phase diagram showing an all-proportional solid solution [12].

After NaOH treatment, peaks assigned to crystalline zirconium titanate were only

observed for Ti—-60Zr and Ti—70Zr.

SEM-EDX profiles of cross-sections of NaOH-treated specimens. in Fig. 6.

11
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Concentration gradient of change Ti and Zr increased with increase in Zr content,

suggesting that the thickness of the surface oxide layer is decreased.

SEM images of the specimen surfaces after NaOH treatment and subsequent

immersion in SBF for 7 days are shown in Fig. 7. Spherical particles formed on the

samples with Zr content <50 atom%. In the TF-XRD patterns of the specimens shown

in Fig. 8, broad peaks assigned to poorly crystalline apatite (JCPDS#09-0432) are

observed at 20 = 26° and 32° for Zr content <50 atom%. This means that the formed

spherical particles were poorly crystalline apatite.

The (Ca or P)/(Ti+Zr) molar ratios of the specimen surfaces with Zr content of

>60 atom% after soaking in SBF for 7 days, where no apatite formed, are shown in Fig.

9. They were determined by EDX quantitative analyses. Both Ca and P were detected

for 60 atom% Zr, while only Ca was detected for >70 atom% Zr.

Figure 10 shows SEM images of the specimen surfaces after NaOH treatment and

subsequent immersion in SBF for 7 days, which were attached and detached with an

adhesive tape 5 times. Surface titanate/zirconate layer as well as the apatite particles

was peeled-off for pure Ti and 20 atom% Zr, while only the apatite particles for 40

12
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atom% Zr and 50 atom% Zr.

4. Discussion

The thickness of the surface reaction product significantly decreased at high Zr

content (>50 atom% Zr). This is attributed to reduction of the reactivity against NaOH

aqueous solution. This assumption is supported by the data showing reduction of the

corrosion current and OH concentration (see Figs. 2 and 4).

The surface phases on the alloys produced by NaOH treatment significantly

varied depending on the Zr content. The surface phases on the alloys predicted from the

data in Figs. 2, 3, and 5 are given in Table 1. According to the Pourbaix diagram,

HTiOs™ and HZrOs™ are stable chemical species around pH 14.7, corresponding to 5 M

NaOH, meaning that sodium (hydrogen) titanate/zirconate favorably forms [19].

However, the present result showing no Na incorporation into NaOH-treated Zr is

different from that predicted from the Pourbaix diagram (see Fig. 3). It has been

reported that although Na is observed on the top surface of Zr treated with 6.1 M NaOH

at 50 °C by X-ray photoelectron spectroscopy (XPS), it disappears after Ar* sputtering

13
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for 6 s [20]. Therefore, Na may exist only on the top surface of the present specimens.

However, from the fact that Zr has a significantly lower corrosion rate than Ti in NaOH

solution [20], zirconia hydrogel would be the dominant phase. This is consistent with

the report by Uchida et al. [14], where zirconia hydrogel formed after 20 M NaOH

treatment.

When the Zr content exceeded 50 atom%, the apatite-forming ability significantly

decreased (see Figs. 7 and 8). From the result that the specimens formed with the

zirconium titanate phase did not precipitate apatite, the zirconium titanate phase would

not contribute to apatite formation. Ti-OH [21] and Zr—OH [22] groups trigger

heterogeneous apatite nucleation in the body environment. Therefore, the decrease in

the OH amount shown in Fig. 2 would suppress apatite formation. In addition, for

NaOH-treated Ti, Na* released from the surface sodium titanate is known to increase

the pH of SBF by ion exchange with H3O* and the supersaturation degree with respect

to apatite, leading to enhancement of apatite formation [5]. In this study, all the

specimens showed pH increase by 0.1 to 0.17 after soaking in SBF for 1 day (Data not

shown). In the case of the alloys with high Zr content, judging from the result that Na is

14
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hardly incorporated, pH increase would be attributed to another factor such as

dissolution of zirconium hydroxide on the surfaces [23]. However, the present results

indicate that pH increase do not contribute to the apatite formation at high Zr content.

Adsorption of P was not observed for the alloys that did not form apatite (see Fig.

8). Hanawa and co-workers [24,25] investigated the surface structural changes of the

surfaces of pure Ti, pure Zr, and Ti—Zr alloys in Hanks’ solution by XPS, and they

found that pure Zr and Ti—Zr alloys with high Zr content adsorbed P but not Ca.

However, such zirconium phosphate was not detected for the present specimens by

EDX or XRD. This may be because analytical method or chemical state of surface

zirconia is different. In addition, zirconia hydrogel produced by the sol-gel method is

known to have the ability of Ca adsorption [26]. This means that the ion adsorption

behavior on the passive oxide film on the metal surface and the sol-gel-derived metal

oxide hydrogel is different, and the adsorption behavior on the surfaces of the present

alloys is relatively close to the latter. Apatite nucleation on NaOH- and heat-treated Ti in

SBF is known to proceed by Ca adsorption followed by P adsorption [27]. It has also

been reported that if Ca is adsorbed on zirconia hydrogel in advance, the P adsorption

15
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capacity increases [26]. Therefore, the apatite-forming ability may be improved on the

alloys with high Zr content by appropriate control of the state of Ca adsorption.

The surface potential is also an important factor that governs the apatite-forming

ability. Hashimoto et al. [28] investigated apatite formation on Ti metal heat treated in

various atmospheres, and they found that a highly negatively (=30 to —15 mV) or

positively (10 to 15 mV) charged sample tended to form a large amount of apatite. In

contrast, the Ti—Hf alloy formed with hafnium titanate with a highly negative zeta

potential of about —40 mV did not form apatite [29]. This means that the surface charge

suitable for induction of apatite formation is different depending on the substrate. In

future, control of the surface potential should also be investigated.

It was found that the adhesion of the titanate/zirconate layer formed on the

surfaces to the substrates increased as Zr content increased. Considering that the

concentration gradient becomes gentle as Zr content increases, it is assumed that the

stress concentration is suppressed by the formation of the graded structure. However,

even in the alloys with high Zr content, the adhesion between the apatite and the

substrate was low. This is probably because the alloys with high Zr content had a

16
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smooth surface after NaOH treatment as shown in Fig. 1, and had little mechanical

locking with the apatite. Kim et al. reported that heating at 600°C following NaOH

treatment is effective for improving the adhesion of surface titanate layer to Ti substrate

[30]. However, in this study, the apatite-forming ability was lost for all the specimens

after the heat treatment at 600°C (Data not shown). Also, alpha-beta phase transition

may occur around 600 to 800°C [12], which deteriorate mechanical properties of the

alloys. It is necessary to pursue optimal heat treatment conditions that maintain the

apatite-forming ability.

5. Conclusions

We have found that the apatite-forming ability of NaOH-treated Ti—Zr alloys in

SBF is highly dependent on the Zr content. Namely, high Zr content significantly

suppresses the apatite-forming ability. This phenomenon is attributed to reduction in the

reaction rate in NaOH aqueous solution at high Zr content and the low potential for P to

adsorb in SBF. In future, enhancement of the apatite-forming ability of Ti—60Zr is

required, because it is has the lowest Young’s modulus among the Ti-Zr alloys.

17
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Table 1 Predicted surface phases formed on the alloys by NaOH treatment

Zr content in atom%

Surface phase

0

20, 40
60

70

80
100

Sodium titanate hydrogel

Sodium titanate/zirconate hydrogel

Sodium titanate/zirconate hydrogel, Crystalline ZrTiO4
Zirconia/titania hydrogel, Crystalline ZrTiO4
Zirconia/titania hydrogel

Zirconia hydrogel
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Figure captions

Figure 1 SEM images of the specimen surfaces before and after NaOH treatment.

Figure 2 Relationships between the amounts of OH groups on the specimen surfaces

before and after NaOH treatment and the Zr content, which were determined by Zn

complex formation method (n=3 for untreated sample and n=6 for treated sample).

Figure 3 Relationship between the Na/(Ti+Zr) molar ratio on the NaOH-treated

specimen surface and the Zr content, which was determined by EDX quantitative

analyses (n=3).

Figure 4 Relationship between the corrosion current density of the specimen in 1 M

NaOH aqueous solution and the Zr content (n=1).

Figure 5 TF-XRD patterns of the untreated and NaOH-treated specimens.

Figure 6 SEM-EDX profiles of cross-sections of NaOH-treated specimens.

Figure 7 SEM images of the specimen surfaces after NaOH treatment and subsequent

immersion in SBF for 7 days.

Figure 8 TF-XRD patterns of the specimen surfaces after NaOH treatment and

subsequent immersion in SBF for 7 days.
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Figure 9 (Ca or P)/(Ti+Zr) molar ratios of the specimen surfaces with Zr content of

>60 atom% after soaking in SBF for 7 days, which were determined by EDX

quantitative analyses (n=3).

Figure 10 SEM images of the specimen surfaces after NaOH treatment and

subsequent immersion in SBF for 7 days, which were attached and detached with an

adhesive tape 5 times.

26



Fig1 Click here to access/download;Figure;renamed_df7b6.jpg %

Before NaOH treatment

Fig. 1


https://www.editorialmanager.com/jmsm/download.aspx?id=299149&guid=4b623fe1-3e08-47df-84f9-7a812f63999a&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299149&guid=4b623fe1-3e08-47df-84f9-7a812f63999a&scheme=1

Fig1-2 Click here to access/download;Figure;renamed_00da4.jpg %

After NaOH treatment
Ti

Fig. 1 (Continued)


https://www.editorialmanager.com/jmsm/download.aspx?id=299150&guid=fd6ee8fd-ee7c-471c-a172-c43417054925&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299150&guid=fd6ee8fd-ee7c-471c-a172-c43417054925&scheme=1

Fig2 Click here to access/download;Figure;renamed_3910a.jpg %

5
4.5
oy I After NaOH treatment
E 4T El/
E 357
o 3L 0
= 25 | 0
= Z L Before NaOH treatment
O
E 1 / O 1
T 1L u ]
O Q O o g '®)
05 L 0O
0 | | | | | | | | |

0O 10 20 30 40 50 60 70 80 90100
Zr concentration / atom%

Fig. 2


https://www.editorialmanager.com/jmsm/download.aspx?id=299151&guid=143da7fd-905a-4ce3-901a-cf54c69f1ac0&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299151&guid=143da7fd-905a-4ce3-901a-cf54c69f1ac0&scheme=1

Fig3

Click here to access/download;Figure;renamed_d02d0.jpg %

0.05 L

0

Pt

.

|E.|.

0

10 20 30 40 50 60 70 80 90100

Zr concentration / atom%

Fig. 3


https://www.editorialmanager.com/jmsm/download.aspx?id=299152&guid=2aaacea3-f19a-463f-8c00-40a9d5246bd3&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299152&guid=2aaacea3-f19a-463f-8c00-40a9d5246bd3&scheme=1

Fig4 Click here to access/download;Figure;renamed_5cd29.jpg %

0.1
0.09 |-
0.08 |
0.07 &
006 | m
0.05 |-
0.04 | £
0.03 |
0.02 | e

001 | w

0 | | [ | I | I I l
0O 10 20 30 40 50 60 70 80 90100

Corrosion current density / A-m

Zr concentration / atom%

Fig. 4


https://www.editorialmanager.com/jmsm/download.aspx?id=299153&guid=81e9a9f6-20ea-46b8-99a9-ad2034008a02&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299153&guid=81e9a9f6-20ea-46b8-99a9-ad2034008a02&scheme=1

Fig5 Click here to access/download;Figure;renamed_7e67b.jpg %

Before NaOH treatment After NaOH treatment
| v ZrTiO,
il |
o UN B R |~
A

= N Tisoze =
s | =3 '
E AN\ Tir02e 3 |||
- \_ Ti-80Zr A
= N\ Tieoze | 2 r
o A @ o alb TiahE
I5) AN\ _Ti0Zr | & Y . _A__Ti60Zr
£ \ £ N Ti-50Zr
_N\_Ti-202¢ N Ti-20Zr
| \_Ti T
20 30 40 50 20 30 40 50
26/ degree 26/ degree

Fig. 5


https://www.editorialmanager.com/jmsm/download.aspx?id=299154&guid=a2bbfb40-ebfb-495a-9384-c7afc2014d6a&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299154&guid=a2bbfb40-ebfb-495a-9384-c7afc2014d6a&scheme=1

-4

Click here to access/download;Figure;renamed_19ad1.jpg

Fig6

Substrate

Resin

Substrate

Resin Substrate Resin

Substrate

Fig. 6


https://www.editorialmanager.com/jmsm/download.aspx?id=299155&guid=88ec4796-1f53-4289-a595-9347a7294d21&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299155&guid=88ec4796-1f53-4289-a595-9347a7294d21&scheme=1

Fig7 Click here to access/download;Figure;renamed_99669.jpg %

Fig. 7


https://www.editorialmanager.com/jmsm/download.aspx?id=299156&guid=4cd0a85a-ea29-4568-887f-bbebc7d48c56&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299156&guid=4cd0a85a-ea29-4568-887f-bbebc7d48c56&scheme=1

Fig8

Intensity / Arb. unit

v ZrTiO,
1 o Apatite
J}' z
4 ]
_ Ti-80Zr .
v
~_/\J-\_/Jk TE70Zr .
AN Tieoze
. M. . TS0
.. Ti-40Zr
B . N
20 30 40 50
20/ degree

Click here to access/download;Figure;renamed_c9c82.jpg =

Fig. 8


https://www.editorialmanager.com/jmsm/download.aspx?id=299157&guid=2e3c7f34-adb7-4643-8fa6-f07b96700d53&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299157&guid=2e3c7f34-adb7-4643-8fa6-f07b96700d53&scheme=1

Fig9 Click here to access/download;Figure;renamed_1a388.jpg *

0.8 0.2
0.7 Ca 0.18 | P
0.6 L [
. o}
'EI 0.5 I"':-:I 0.12
E 0.4 E .1
e 0.3 = 008
8" .
' T 0.4
0.1 0.02
0 .—- i 0
T & 100 60 bl &0 100
Zr concentration [ atom% Zr concentration / atom%

Fig. 9


https://www.editorialmanager.com/jmsm/download.aspx?id=299158&guid=9c807a61-5566-4962-b59b-21be0cf434d8&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299158&guid=9c807a61-5566-4962-b59b-21be0cf434d8&scheme=1

Fig10 Click here to access/download;Figure;renamed_9668e.jpg %

Peeled region

— T

S o
e .

wE

Fig. 10


https://www.editorialmanager.com/jmsm/download.aspx?id=299159&guid=249b55ad-7056-41dd-8894-9841292ddce5&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299159&guid=249b55ad-7056-41dd-8894-9841292ddce5&scheme=1

Graphical Abstract Click here to access/download;Graphical Abstract;GA.jpg *

Apatite



https://www.editorialmanager.com/jmsm/download.aspx?id=299161&guid=8fd563d8-cf10-45bc-b500-00e8bd624365&scheme=1
https://www.editorialmanager.com/jmsm/download.aspx?id=299161&guid=8fd563d8-cf10-45bc-b500-00e8bd624365&scheme=1



