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Chapter 1: Introduction

This research aims to investigate the micro-structure development of HAp coating on Ti and
Ti6Al4V. The electrochemical deposition technique was applied to obtained pure HAp coatings,
HAp-Ag coatings, HAp-Zn coatings with the requirements of micro-structure's properties,
biocompatibility, bioactivity, corrosion resistance, etc.

This thesis begins, in chapter 2, with an initial recapitulation of the literature that explores
our current knowledge of surface modification of Ti and Ti6Al4V via ED technique, composite
coating of HAp formed by ED, Ag doped into HAp coating on Ti and Ti6Al4V, Zn doped into
HAp coating on Ti and Ti6Al4V, characterization methods for HAp deposited coatings,
biocompatibility test for medical devices, and corrosion test,

Chapter 3 presents the materials, methods, and equipment that the author has chosen to
conduct experiments in the research process.

Chapter 4, 5, 6, 7 is devoted to the detail experiments. This section of the thesis draws
together many of the topics addressed in previous chapters. The obtained results concludes that
HAp coatings adapt the requirements of homogeneity, biocompatibility, bioactivity, and the ability
of corrosion resistance. In addition, the author also studied the adding of silver ion (Ag"), zinc ion
(Zn*") into the HAp coating to explore the non-cytotoxic and biocompatible properties. The
specimens were inspected by SEM technique for morphological features and EDS assessment.
Surface roughness was measured by stylus profilometry over a length of 3 mm and the coatings’
thickness is scanned by stylus profilometry (with stylus radius of 2.5 pum) through the edge of the
coating with a length of 3 mm. Both measurements were performed on a DEKTAK 150 (Veeco
Instruments, Plainview, NY, USA). Moreover, the deposited coatings were expected to more
understand whether this material is in brilliant biocompatibility in conjunction with host. In this
respect, the cellular actions (cells were used are HEK 293T cells) on HAp deposit on Ti (HAp/Ti),
Ag doped into HAp coating on titanium (HAp-Ag/Ti), Zn doped into HAp coating on Ti (HAp-
Zn/Ti) coatings was evaluated in vitro technique. The bioactivity performances of the coatings
also were assessed by the immersion them in SBF solution. In addition, the electrochemical
behavior was investigated at the human body temperature (37.0 + 0.5 °C) in synthetic body fluid
(SBF) with a pH value of 7.4 using a PARSTAT 4000 Potentiostat/Galvanostat.

Finally, the concluding remarks and the upcoming work orientations are mentioned by

chapter 8.
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Chapter 2: Related theories

2.1 Surface modification of Ti and Ti6Al4V via electrochemical deposition technique

Substrate: Detail of steps for the substrate treatment were illustrated in [Table 2.1].

The
substrate
- Polishing with SiC paper to 400 grit
- Etched by the way mixed acid solution of HNO;, HF and H-O for 20s, volume ratio 3:1:10
- Anodization in 5.0 wt..% HF, U= 20 V, within €0 min, at room temperature, Ti played as anode and Pt foil played as cathode
- Wash by deionized water, dry at room temperature
- Anneal in air at 450°C in 3h, heating rate is 15°C/min

Treatment of the substrate

- Polishing with SiC paper from 400 grit to 1200 grit

- Pickling method used with 4% HF within 2 min

- Ultrasonic bath method was applied by series of solutions, including of acetone solution, ethyl alcohol solution, and ultrapure
water in 15 minutes respectively, wash by deionized water, dry at air

- Polishing with SiC paper (grit range of 400-1200)
- Ultrasonically by acetone, ethyl alcohol and distilled water.
Ti - Etched by mixed of 3ml HNO3, Iml HF and 10 ml purified water within 20 seconds, then rinsed by purified water, after that
dried in air
- Anodization by 5 wt..% HF solution within 60 min, U =20 V, Ti utilized for anode and Pt foil employed as cathode
- Rinsed by purified water and dried in air.

- Polishing with emery paper with grit range of 400- 1200

- Etched by the way mixed acid solution of 10% HF and 30% HNO; in 20s

- Ultrasonically in acetone solution and ethyl alcohol solution in 15 minutes, wash by deionized water, dry in air
- Anodization in 0.5 wt..% HF in room temperature, U = 20V, in 60 min, wash in deionized water and dry at air
- Annealed at 500°C for 2h

' - Polishing with SiC paper from 400 grit to 1200 grit
- Pickling method works with 4% HF solution within 2 min
- Ulirasonic bath method was applied by series of solutions acetone solution, ethyl alcohol solution, and deionized water within
15 min respectively

s Then dried naturally in air i

- Polishing with emery paper of 120 grit and 1200 grit.
| - Anodization in IM H3PO,, U = 180V, at room temperature

- Abrade with SiC paper from 400, 600 to 1200 grit
| - Polishing by 1 pm alumina suspension
| - Ultrasonically by distilled water, then dry in air
| - Anodization by electrolyte of HAp gel, U= 14.5V, for 1 day

- T’olisiling with -S“E'.paper from 400 gritto 1200 grit
- Washed by purified water, degreased by acetone, dried in air.

| - Etched in 12M HCI at 80°C for Ih

- Wet-nbraded By 600 gril SiC paper, washed out By distilled water and acetone, !

| - Wet-nbraded by 800 grit SiC paper, rinsed in a mixture of distilled water and acetone
- Immerse in 0.1M NaOH in room temperature for 1 day, rinse out by distilled water and drying in room temperature.
| - Heat to 600°C in an inert atmosphere with rate 10°C/min t

- Pickling method with 4% HF in 2 min

- Ultrasonic bath method was applied by mixture of acetone solution and ethyl alcohol solution within 15 minutes, washed by

purified water and dry in air '
B Polishing with emery paper of 300 grit and 600 grii

- Etched by the way mixture of HF and HNO; (volume ratio is 1:3), in 30 min, washed by purified water, then dried in air
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- Anodization by electrolyte contain of 0.5M H;PO, and 5.79g/I NaF, U = 20V, for 60 min, rinse with distilled water and dry at |
air

- Pickling method was applied by the way mix of HF solution, HNO; solution, and H20 with ratio is 1: 3: 10 respectively | [14]

- Polishing with sandpaper, clean by a mixture of acetone solution and alcohol soiuu'on, washed in purified water, and then dry | [15]
in air,
- Immersion in 8M NaOH at 60°C for 2 days, wash in distilled water and dry at 40°C for | day in an air atmosphere

- Mechanically using with SiC paper (range of 600 - 1500 grit), polishing by diamond paste (type of 1.5 pm) [15]
- Ultrasonically by acetone, dried
- Treatment with high energy electron beam, U = 700 keV, [ = 1,5 mA, = 100Hz, speed of 20m/min

TiGAI4YV :
- Mechanical grinding, cleaned [17]
- Treated by anodization for 2 min in 1M H,S0 solution, U = 100V [
- Soaked in NaOH solution

- Mechanical grinding, grit blasting [18]
- Etched in HF/HNO; solution |
- Soaking in 5M NaOH at 60°C for 24h |

- Mechanical grinding and polishing with SiC paper with range of 400 - 1200 grit, wash by deionized water | [19]
- Ultrasonically by acetone ;
- Abrade with abrasive paper grit of 180, wash in distilled water [20]

Table 2.1 — Treatment of Ti and Ti6Al4V substrate

Formation of HAp coating on Ti and Ti6Al4V

Although the precursors used the ED technique to obtain the pure HAp coatings were
Ca(NOs)2 and NH4H2PO4, but in fact Ca(NO3)2 can be substituted by Ca(NO3):4H20 or CaCly
and NH4H2POj4 can be substituted by KoHPO4 [Table 2.2].

Electrolyte solution

Additive
pll Temperature Solution Refs
Component Concentration Solution Concentration (°C) adjusts pH
(M) i (M)
Ca(NO;): 0.042 [6]
NIHH-PO, 0.025
(NH;).HPO, KNO; 0.2 10 M
Ca(NO,);'4H,0 ‘
Ca(NO;). 4H.0 0.042 4.7 HCl or [8]
K;HPO, 0.025 NH4OH
0-2 wt..% Carbon
nanotubes
CaCl, 0.167 NaCl 0.1 6.0 NaOH | 9]
NH;H.PO, 0.1 i
Ca(NO;), 0.042 4.5-5.5 NaNO; and | [10]
NH4H-PO,4 0.025 NH+.H-0
CaCly;2H,0 0.5 Na 4.5 65 HCl or [16]
(NH4):HPO, 0.3 NH;OH

Table 2.2 — Electrolyte solution for HAp coating on Ti and Ti6Al4V

Pulse clectrochemical deposition techniques

Current research show that researchers more interested on the PED technique aim to give
the HAp coatings with significantly benefits such as easy usage, elevated purity of coatings, easy
alter of the experiment conditions and inexpensive cost [21-24]. The PED method permits the

characterization and structures of coating might adjust and enhance by modifying factors: the on-
Tran Thi Thanh -7- Summary of PhD Thesis
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off cycle (it means the time for pulse on and the time for pulse off) and current density [25]. PED
is a beneficial method, aim to eliminate the H> bubbles lead to enhance the adherence of HAp
coatings onto substrates, this technique was detected in various reports. For example, when the
pulsed current is applied, the HAp coating will be affected on the aspects such as the adhesion and

crystallinity, that has been investigated at [9].

Post-treatment

With the alkaline method, NaOH solution with concentration in range of 0.1 — 0.25 M, at
temperature in range of 60 — 80°C, the cleaning (with distilled water first and then with ultrapure
water) and the drying with temperature in range of 60 — 450°C were used significantly. Thereby,
the Ca-P coating would be transformed to pure HAp coating.

Heat treatments promoted as post-treatment technique for HAp coating are still investigated.
This method is used to enhance the adhesion property of the HAp coatings onto the surface of the

specimens.

2.2 Silver doped hydroxyapatite coating on Ti and Ti6Al4V substrates

Electrolyte Concentration pH value T Additives Refs
solution Electrolyte solution ("C)
Ca(NO;), 0.042 mol/l 4.2 (adjusted by ammonia) 65 [26]
N”J] 111‘04 0.025 l'l'lDl/l
ApgNO, 0.1 mmol/l
Ca(NO;): 5.00mmol/l 4.0 (adjusted by ammonia | 40 Cysteine [27]
NH H:POy 3.00 mmol/1 & nitric acid) (Ag"icysteine
AgNO; 0,0.5 & 1 mmol/l =2:1)

Table 2.3- The conditions of the electrolyte solution before electrodeposition process of Ag
co-substituted HAp

Electrolyte | Concentration pH value T Additives | Refs
solution Electrolyte (°C)
solution
Ca(NO;3): 049 M 40-45 70 H:0: [10].
NHiH:PO, 029 M
H0: 10 ml/1
AgNO; 10°M
ZnNO; 10°M
Ca(NO;): 3.78x10° M 4.5 65 [11]
NH3H; POy 2.5x102 M
Sr(NO3)2 2.52x10° M
AgNO; 1.68x10°M
Ca(NO;)2 0.042 mol/l 4.3 (adjusted | 50 [112]
NH;H POy 0.025 mol/l by ammonia)
cs 0.036 g/l
AgNO, 0.1 mmol/l

Table 2.4 - The conditions of the electrolyte solution before electrodeposition process of
some ion co-substituted HAp.

To obtain HAp-Ag coating, as the resource of Ag AgNO3 was added into the electrolyte
solution [Table 2.3]. The electrolyte solutions used for electrochemical deposition process of co-

substituted HAp is presented in [Table 2.4].
Tran Thi Thanh -8~ Summary of PhD Thesis
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2.3 Zinc doped into hydroxyapatite coating on Ti and Ti6Al4V

The role of Zn as a cationic substitution for Ca in apatite structures of HAp, in all most
studies, the HAp-Zn coatings were obtained by using Zn(NOs:); [28], ZnCl» [29] and
Zn(CH3CO0Q).-2H:0 solutions [30].

2.4 Characterization method for hydroxyapatite deposited layers
- Photon-based: This technique including four method FTIR, Raman spectroscopy, X-ray and
XRD.
- Microscopy techniques: This technique was operated via the microscopy, including SEM,
EDX, TEM.
- Mechanical characterization techniques: This method base on the examination of

mechanical property, containing Adhesion Testing, Roughness Testing, Contact angle method.

2.5 Biocompatibility test for medical devices: review
- In Vitro Tests for Biocompatibility: Cell culture for biocompatibility tests were used a lot
of kind [Table 2.5] [31]

Cell culture Describe Rels

1929 cell (cell of mouse,
type of fibroblast cell)

- Cells were cultured in medium contains 2.0 g/L. NaHCOs, 4.5 g/L. C4H,204, 0.11 g/L C3H;NaO;, 371
2.383 ¢/ HEPES and 10% FBS.

- All cells were incubated in an incubator at environmental conditions: 37°C, 95 % air, and 5% CO,.
- The medium was changed after cach 2 days,

- The cells were collected by 0.25% trypsin

MG 63 cells (cell of - Cell was cultured in DMEM contains 10% FBS and 40 pg/mL gentamicin [32]
human, type of osteoblast- | - 36,000 cells (density of 10,000 cells/em?) were add into 2 mL medium for each well,

like) - All cells were incubated in an incubator at environmental conditions: 37°C, 95 % air, and 5% CO,
for 1, 3, and 7 days

mouse, type of
osteoblasts)

= The cell density was 2 x 104 cells/sample.
- The medium was changed afier each 2 days.

MG63 (cell of human, = Cells were cultured in DMEM complemented with 10% FCS and 1% penicillin and streptomycin, [33]
type of osteoblasts) - All cells were incubated in an incubator at environmental conditions: 37°C, 95 % air, and 5% CO-
SD (cell of mouse, type of | - Cells were cultured in a-MEM complemented with 15 % FBS [27]
osteoblasts) - All cells were incubated in an incubator at environmental conditions: 37°C, 95 % air, and 5% CO-
MC3T3-El, (cell of - Cells were cultured in the medium contains MEM complemented with 10% FBS and 1% [26]
mouse, type of calvarial penicillin/streptomycin
cell) - All cells were incubated in an incubator at environmental conditions: 37°C, 95 % air, and 5% CO,
- The medium was changed afier each 2 days.
MG63 (cell of human, - Cells were cultured in a medium containing of 10 ml MEM, 10% FCS, 2 mM I-glutamine, 1% [34]
type of osteoblasts) penicillin/streptomycin.
= All cells were incubated in an incubator at environmental conditions: 37°C, 95 % air, and 5% CO,
= The medium was changed afier each 3 days.
MC3T3-EI, (cell of - Cells were cultured in a-MEM complemented with 10% FBS; and 1% penicillin/streptomycin. [35]

Tran Thi Thanh
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- In Vivo Tests for Biocompatibility: The purpose of this experiment is to check the harm
level of the medical device to the host by the evaluation of the aspects such as toxicity,

genotoxicity, hemocompatibility, biodegradation, etc. [36].

2.6 Corrosion test

The polarization test was applied to study the corrosion behavior of coatings at 37°C in
simulated body fluid (SBF) with electrochemical workstation. The coated or uncoated samples
were the working electrode (WE) with an expose area of 1 cm2, the platinum foil (Pt) was used as
the counter electrode (CE) and SCE as a reference electrode (RE), respectively. Before testing,

every sample was kept in SBF until making a stable system.

2.7 In vitro bioactivity
The bioactivity of the coatings was investigated by studying the apatite formation ability in
a simulated blood fluid (SBF) with ionic concentrations equal to human blood plasma. SBF

(simulated body fluid), with pH = 7.42, was applied as a solution for the in-vitro test.

Tran Thi Thanh -10- Summary of PhD Thesis
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Chapter 3: Experimental results

The results of experiments are explained in the light of the theories described in Chapter 2.

Preparation for

3.1 Ca-P layers surfaces were obtained via electrochemical process

PHOENIX BETA machine.
+ The dinmond grinding
disc was in size 74 pum
(speed in 300 RPM, in 3
min), 15 pm (speed in 250
RPM, in 3 min).

+ The SiC paper with 320
and 600 grit (speed in 200
RPM, in 3 min), 800 and
1000 grit (speed in 200
RPM, in 4 min)

+ Micro-cloth type of 107
PSA 10/PK and
Polycrystalline  Diamond
Polishing Suspension of 9
um (speed in 100 RPM, in
10 min)

- Cleaning by the ultrasonic
machine in iso-propanol
alcohol for 20 min at 55°C
with frequency 15kHz

with a constant speed about
300 rmpm  during the
deposition process

- pH = 3.990 (was adjusted
by IM HNO;.

- Na gas was led into the
electrolyte bath in 20 min

- Temperature: 50°C

- Scan rate: 100
mV/s

- Break time:
100s

- Number of
cycles: 36

N, Preparation for substrate Parameter Result
electrolyte
= Substrate:  Ti6Al4V, | - 1000 ml total volumes of | - WE: Ti6Al4V | - The uniform Ca-P coating cover
sample shape with 2 cm of | 5 mM Ca(NO;);and 3 mM | - CE: Pt comparatively over specimen substrate
the dinmeter and 0.05 cm of | NH;H,PO,  in  distilled | - RE: Ag/KCl with micro-structure flake-like
the thickness. water, -U=-2Vito0 | morphology, which stacking to the surface
- Mechanical polishing by | - magnetic stirring stirs | V, of the titanium alloy substrate and forming

uniformly clusters

- The homogeneity of Ca-P coating was
assessed using the Ca/P ratio, which
ranged from 0.952 to 1.699

3.2 Micro-structure and composition of

HAp, HAp-Ag coating via SEM

investigations

- Substrate: Ti6A14V, place
shape with 2 cm of the
diameter and 0.3 cm of the
thick,

- Mechanical polishing with
SiC (300-1200 grit).

- Cleaning by the ultrasonic
machine in acetone and
water for 20 min at 55°C
with the frequency 15 kHz.

-5 mM Ca(NO;):.4H.0 and
3mM NH,H,.PO,

- 5 mM Ca(NO;):4H-0,
4.5 mM NHH:POyand 0.5
mM AgNO;

-pH = 4.0 (was adjusted by
IM HNO;.

- magnetic stirring  stirs
with a constant speed about
100 rpm  during  the
deposition process.

- N: gas was led into the
electrolyte bath in 20 min

- Temperature: 75°C

- WE: Ti6Al4V
-CE: Pt

-RE: KCl
~U=-2Vit0
v,
- Scan rate: 100
mV/s

- Break time:
100s

- Number of
cycles: 36

- The achievement of un-doped HAp
coatings and doped Ag/HAp coatings
obtained.

= HAp morphology has changed after silver
doping, revealing a  surface  with
agglomeration of spherical particle of Ag.
- The peaks have slightly shifted towards
left, indicating that Ag is substituting the
Ca present in the HAp lattice.

3.3 Studies of micro-structure and composition of the

HAp, HAp-Ag, and HAp-Zn coatings by SEM

investigations

- Substrate: Ti, disc shape
with 14 mm diameter and 1
mimn thickness.

- Mechanical polishing with
SiC (320, 600, 800 grit).

- Cleaning by the ultrasonic
machine in 2- propanol for
20 min at 55°C with the
frequency 15 kHz.

- 10 mM Ca(NO;)»4H.0
and 6 mM NH,H.PO,

- 9.975 mM
Cﬂ(NO_\);.‘“‘I:O, 6 mM
NHyH:PO; and 0.025 mM
AgNO;

- 9.975 mM
CH(N03)3.4|[10, 6 mM
NH3H.PO, and 0.025 mM
Zn(NO,):.6H.0
-pH=50

- magnetic stirring  stirs
with a constant speed about
50  rpm  during  the
deposition process

- N: gas was led into the
electrolyte bath in 20 min

- Temperature: 75°C

-WE:Ti

-CE: Pt

- RE: KCl
-1=0.6 mA/cm?
-t=20min

- Uniform and thick HAp, HAp-Ag, and
HAp-Zn  coatings  were  deposited
successfully on a Ti surface.

- The microstructures of the HAp coating
have been transformed from a plate-like
structure  to  the plate-like crystals
combined with white flowering branches-
like structure and interconnected network-
type structure.

- Surface roughness was found to be
reduced after adding Ag and Zn elements
to the HAp coating (specifically, Ra =
1847.36 nm for HAp/Ti, Ra = 482,84 nm
for HAp-Ag/Ti, Ra = 214.79 nm for HAp-
Zn/Ti)

- The thickness of the coating also
decreased afier adding Ag and Zn elements
(specifically, HAp/Ti (12.73 pm), HAp-
Ap/Ti (10.60 pm), HAp-Zi/Ti (6.20 pm)

Tran Thi Thanh
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3.4 Corrosion, bioactivity, and biocompatibility investigation of HAp, HAp-
Ag, and HAp-Zn coatings

- Substrate: Ti, disc shape
with 14 mm diameter and 2
mm thickness.

- Mechanical polishing with
SiC (400 -, 800 grit).

- Cleaning by the ultrasonic
machine in 2- propanol for
20 min at 55°C with the
frequency 15 kHz.

- 10 mM Ca(NO;)..4H:0
and 6 mM NHqH:PO.;

- 9.975 mM
Ca(NO;):4H0, 6 mM
NILHPOy and 0.025 mM
AgNO;
"] ]
Cn{NOJ)].4Il20,
NH;H.PO4 and 0.025 mM
Zn(NO;)».6H,0

- pH=5.0 (IM NaOH)

- magnetic stirring  stirs
with a constant speed about
50 rpm  during  the
deposition process

- N; gas was led into the
electrolyte bath in 20 min

- Temperature: 75°C

-WE:Ti
-CE: Pt

- RE: KCl
-1 =-085
mA/em?
-1=1200s

- The morphology of HAp was ribbon like
crystals; the addition of Ag into HAp lead
to some Ag particle agglomerations were
noted; in the case of HAp-Zn coatings, the
morphology was an interconnected porous
network

- The elemental composition indicated that
the addition of Ag and Zn enhances the
Ca/P ratio of HAp from a value of 1.49 for
simple HAp to 1.62 for HAp-Zn and 1.67
for HAp-Ag.

- After 21 days of immersion in SBF the
highest values were registered for HAp-Ag
coatings (7.11 mg), followed by HAp (4.58

mg) and HAp-Zn (4.38 mg), while the cp-
Ti have registered the smallest value (2.11

mg);

The  preliminary  cell  culture

investigations showed that Ag-HAp and
Zn-HAp coating were non-cytotoxic and
biocompatible and overall addition of Ag
and Zn into HAp enhanced the behavior of
HAp.
- The smallest corrosion current density
and highest polarization resistance was
obtained for the HAp-Zn coatings, closely
followed by the ones in which Ag was used
as doping element.

Table 3.1 - Summary of the obtained result

3.1 Characterization of the calcium/phosphate layers surfaces obtained via electrochemical

process

- Surface and morphological studies via SEM investigations

Tran Thi Thanh

Figure 3.2 - SEM images of
Ca-P coating on Ti6Al4V
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- Composition of the deposited specimen

a Element | Element | Element | Atomic | Weight b Element | Element [ Element | Atomic | Weight
Number [ Symbol Name Conce. | Conce. Number | Symbol Name Cone. | Conc,
8 0 Oxygen 68.67 | 47.31 8 0 Oxygen 62.42 | 37.38
20 Ca Calcium 14.17 | 24.46 22 Ti Titanium | 30.28 | 54.25
15 r Phosphorus [ 8.34 1112 13 Al Aluminium | 4.05 4.09
22 Ti Titanium 7.49 15.43 20 Ca Calcium 1.56 2.34
13 Al Aluminium | 1.06 1.23 15 P Phosphorus | 1.48 1.71
14 Si Silicon 0.17 0.20 14 Si Silicon 0.21 0.22
23 Vv Vanadium | 0.11 0.25
c Element | Element| Element | Atomic | Weight d Element | Element| Element | Atomic | Welght
Number | Symbol Name Conc. | Conc, Number | Symbol Name Cone. | Conc.
8 0 Oxygen 63.26 | 37.90 8 (0] Oxygen 68.29 | 43.68
22 Ti Titanium_ | 29.02 | 52.02 22 Ti Titanium | 23.57 | 45.11
13 Al Aluminium | 3.69 3.73 13 Al Aluminium | 343 3.70
23 v Vanadium 1.77 3.38 23 A% Vanadium | 1.50 3.06
20 Ca Calcium 1.07 1.60 20 Ca Calcium 1.43 2.30
15 P Phosphorus [ 1.02 1.18 15 P Phosphorus [ 1.43 1.77
14 Si Silicon 0.18 0.19
Q Table 3.2 Elemental Composition
a Element [ Element | Element | Atomic | Weight b Element | Element | Element | Atomic| Weight
Number | Symbol Name Conc. | Conc. Number | Symbol Name Cone. | Conc.
8 0 Oxygen 73.28 | 51.84 8 0] Oxygen 65.07 | 42.08
22 Ti Titanium 12.41 26.26 22 Ti Titanium 14.99 | 29.01
20 Ca Calcium 6.77 11.99 20 Ca Calcium 10.37 | 16.81
15 B Phosphorus | 5.04 6.90 15 P Phosphorus | 7.69 9.63
13 Al Aluminium [ 220 2.62 13 Al Aluminium | .44 1.57
14 Si Silicon 0.31 0.39 23 v Vanadium | 0.44 0.91
¢ Element | Element | Element | Atomic | Weight d Element | Element| Element | Atomic | Weight
Number | Symbol Name Cone. | Cone. Number | Symbol Name Conc. | Conc.
8 (o] Oxygen 54.02 | 31.56 8 o] Oxygen 70.10 [ 48.75
22 Ti Titaniwm 18.42 | 32.19 20 Ca Calcium 11.40 19.86
20 Ca Calcium 14.64 | 21.43 22 Ti Titanium 8.90 18.52
15 P Phosphorus | 10.88 | 12.31 15 P Phosphorus | 8.62 11.61
13 Al Aluminium | 148 1.46 13 Al Aluminium | 0.85 1.00
23 ) Vanadium | 0.56 1.05 23 Vv Vanadium | 0.12 0.26
e Element [ Element | Element | Atomic | Weight
Number | Symbol Name Cone. | Cone.
8 0 Oxygen 66.19 | 44.20
20 Ca Calcium 13.08 | 21.88
22 Ti Titanium 9.75 19.47
15 P Phosphorus | 9.67 12.50
13 Al Aluminium | 0.84 (.95
23 \ Vanadium | 047 1.00

Table 3.3 Elemental Composition

Tran Thi Thanh -13- Summary of PhD Thesis
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] 1 2
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Figure 3.3 - The EDX spectra (elemental

composition)

[] 1 7
122,312 counts in 30 seconds
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3.2 Micro-structure and clemental composition of HAp, HAp-Ag coatings

- Micro-structure of coatings studies

Figure 3.4 SEM images of HAp/Ti6Al4Y and HAp-Ag/Ti6Al4V coatings

- The elemental composition analysis
HA

[TiGAI4V

MAG 10002 WV §5KY WAL @ Smm

Figure 3.5 - SEM images of elements distribution for the obtained coatings HAp/Ti6Al4V (a, b) and
HAp-Ag/Ti6Al4V (c, d)

Sample HAp/Ti6Al4V HAp-Ag/TiGAl4V
Elemental composition vl AYETL izl ALCAL

Y% wt. | %at | % wt. % at % wt. % at Y wt. Yo at
Ca 38.04 21.80 38.03 21.69 34.55 21.19 33.31 19.40
P 15.77 11.70 15.29 11.29 14.86 11.79 14.53 10.95
0 42.14 60.51 42.59 60.86 39.53 60.72 42.97 62.70

Ti 1.23 0.59 1.13 0.54 - - - -
C 2.82 5.39 2.95 5.62 2.87 4.25 2.87 5.58
Ag - - - - 8.98 2.05 6.32 1.37

Ca/P ratio L.86 1.92 L97 1.90

Table 3.4- Elemental composition of the obtained coatings examined by EDS
Tran Thi Thanh -15- Summary of PhD Thesis
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- The phase composition of the coatings

30 a8 5
—— HARTIBAV Y —— Hap-AgITIBAY — HARTIOAMY
. & TiBAI4V ICDD no. 04-002-870¢ 30 = TIAMV ICOD no. 04-002-870¢ - —— Hap-Ag/TIGAWY
254 * * HApICDD no, 09-0432 *  HAp ICDD no 08-0432 1
i . ¥ AgICOD no, 01-077-8577
264 25
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Z = z
£ é £ 134
E g £

20 25 30 33 40 45 50 55 o0 o5 70 75 &0
Theta ()
C

Theta (°)
a

Figure. 3.6 - XRD pattern of the obtained coatings a) HAp/Ti6Al4V, b) HAp-Ag/Ti6Al4V, c) their
overlay

3.3 Studies of microstructure and composition of HAp, HAp-Ag, and HAp-Zn coatings
- Morphological investigation O

o

O

—t—

: ;._‘Yﬁ-;.v‘ l’:
N,

™
i
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Figure 3.7 - SEM micrograph of the HAp, HAp-Ag, HAp-Zn coatings obtained using electro-deposition at
magnifications x500 (al, b1 cl), x1000 (a2, b2, ¢2), ¥ 3000 (a3, b3, c3), x5000 (ad, b4, c4), x10000 (a5, b5,
¢5), x15000 (a6, b6, c6), x25000 (a7, b7, c7), x30000 (b8, c8)
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- Elemental composition

Coating HAp/Ti HAp-Ag/Ti HAp-Zn/Ti
“Elemental Aren | ESSFATTen 2 B RS ATen 3 Area 6 i ATBRG o
omposition | % wt. Y% at Yo wt. %at | % wt % at Yo wt. % at Yo wt. Y at |
Ca 32.09 18.10 60.22 58.89 65.67 60.70 67.21 61.41 66.91 61.35
P 16.83 12.28 29.55 37.39 32.27 38.59 32.51 38.43 32.12 38.11
0 48.38 68.35 - - - - - - - -
Ti 2.70 1.27 - - - - - - - -
Ag = = 10.24 3.72 207 0.71 - - - -
Zn - - - - - - 0.29 0.16 0.98 0.55
Ca/P ratio 147 1.67 1.94 1.60 Y

Table 3.5 - Elemental composition of the obtained coatings by electrochemical deposition

%o

O 1 1 i B
TET 4 coum in 140 e

¥ 1 ? Ll

"

Xygen
, gk

R e g

Element | Element | Element Atomic | Weight
Number | Symbol |Name Conc. |Conc.

8 o Oxygen 68.35 48.38
20 Ca Calcium 18.10| 32.09
15 P Phosphorus| 12.28( 16.83
22 Ti Titanium 1.27 2.70

» n i Bl w i

Figure 3.8 a - Chemical composition and elemental distribution for HAp/Ti coatings examined by EDS
elemental mapping
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® o
Element | Element | Element Atomic | Weight
Number | Symbol | Name Conc. |[Conc.
20 Ca Calcium 58.89| 60.22
15 P Phosphorus | 37.39( 28.55
47 Ag Silver 3.72| 10.24
| Figure 3.8 b - Chemical composition and elemental distribution for HAp-Ag/Ti coatings
examined by EDS mapping
Phosphorus

Calcium _

® @
Element | Element | Element Atomic | Weight
Number | Symbol | Name Conc. |Conc.
20 Ca Calcium 61.35( 66.91
15 P Phosphorus | 38.11| 32.12
30 Zn Zinc 0.55 0.98
@ _} ® ®
] 4 3 L] T 1] ? w I ud i “

< 1 2
FE3 10 musmen om 1750 wmermnn

Figure 3.8 ¢ - Chemical composition and elemental distribution for HAp-Zn/Ti coatings examined

by EDS elemental mapping

The surface roughness
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Figure 3.9 - Profile lines specific for each group surface (a-c) and
d) overlap of representative profile lines specific for each material
Samples Ra (nm) SD Rq (nm) SD Skew SD
HAp 1847.36 + 277.07 2258.69 + 303.65 0.50 =023
HAp-Ag 482.84 + 35.17 608.72 +43.75 0.17 +0.10
HAp-Zn 214.79 +46.31 278.65 + 63.96 0.82 + (). 25
Table 3.6 - Characteristic roughness parameters
(Ra-average roughness, Rg-root mean square, Skew-skewness)
4000
3500
3000 -
2500
E
£ 2000
s -
1500 -
1000 -
500 -
HAp HAp-Ag HAp-Zn
Figure 3.10 - Coating roughness (Ra and Rq)
The coating thicknesses
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Figure 3.10 - Coating thickness of HAp/Ti (a), HAp-Ag/Ti (b), and HAp-Zn/Ti (c) coatings

Samples Thickness (um) SD
HAp 12.73 + .54

HAp-Ag 10.60 + (.46

HAp-Zn 6.20 *0.51

Table 3.11 - Coating thickness of HAp/Ti (a), HAp-Ag/Ti (b), and HAp-Zn/Ti (c) coatings

2000 v : : 15
1800
1600
1400 4 . 10
-_ 12 ..
£ 1200
£ 1000
L
® 800
600-
400+ \
200- .
0

(wrl) sauyayy

HAp HAp-Ag HAp-Zn

Figure 3.12 - Dependency between the roughness (Ra) and thickness values of the investigated coatings

3.4 Corrosion, bioactivity, and biocompatibility investigation of HAp, HAp-Ag and HAp-Zn
coatings

- Evaluation of Bioactivity

Sample Mass [mg]
Day 1 Day 3 Day 7 Day 14 Day 21
cp-Ti 0.01 (20.01) -0.01 (£0.01) 0.01 (x£0.01) 0.01 (£0.01) 2.62 (20.01)
HAp 0.51 (£0.01) 0.71 (£0.01) 1.19 (£0.01) 2,08 (£0.01) 4.58 (£0.01)
HAp-Ag 0.41 (£0.01) 1.25 (0.01) 2.59 (x0.01) 3.60 (£0.01) 7.1 (0.01)
HAp-Zn 0.17 (£0.01) LLI(£0.01) 2.48 (£0.01) 341 (£0.01) 4.38 (£0.01)

Table 3.8 - Mass evolution of the newly apatite layer on substrate after immersion in SBF
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Figure 3.13 - The chart shows the increase in the mass of the apatite layer on Ti

- Electrochemical corrosion analysis
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Figure 3.14 - Open circuit potential of cp-Ti and Figure 3.15 -Tafel plots of cp-Ti and HAp coatings

HAp coatings

Nrcrt. | Sample | Eoe (V) | Ecor (mV) | Jeore MA/em?) | B mV) | fa (mV) | Rp (kQxem?)
1 cpTi 2209.50 -201.25 246.15 112.12 160.20 116.50
2 HAp -82.45 -207.21 128.40 45.24 771.85 144.78
3 HAp-Ag 18.54 -18.48 9.12 94.87 64.12 182.35
4 HAp-Zn -184.02 -225.99 7.91 107.63 17542 366.33

Table 3.9 - Main electrochemical parameters

Tran Thi Thanh -22-
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- Evaluation of biocompatibility

+ Cell morphology
Magnification %20 Magnification %63

Ti

HAp/Ti

HAp-Ag/Ti

HAp-Zn/Ti

a4 b4

Figure. 3.16 - The results of staining for Actin and Ki67 of the HEK 293T cells (Actin-red,
Ki67-green)
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Magnification %20 Magnification x63

Ti

HAp/Ti

HAp-Ag/Ti

HAp-ZwTi

ad b4

Figure 3.17 - The results of staining for Tubulin and PDI of the HEK 293T cells (Tubulin-
red, PDI-green)
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a2

HAp/Ti

HAp-Ag/Ti

cl

HAp-Zn/Ti

d1 d2
Figure 3.18a - Staining for Actin Figure 3.18b - Staining for Tubulin of
of the coating at magnification %63 (al, the coating at magnification x63 (a2,
bl, cl, dl) b2, c2, d2)
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d1

Figure 3.19 a - Staining for PDI
of the coating at magnification
x63 (al, b1, c1, dl)
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d2

Figure 3.19 b - Staining for Ki67
of the coating at magnification
%63 (a2, b2, ¢2, d2)
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+ Cell proliferation

D Ti HAp/Ti HAp-Ag/Ti HAp-Zn/Ti Control
s (<10%) (<10%) (*x10%) (x10%) (x10%)
1 56.625 64.625 78.125 78.875 99
3 128.75 173.375 2525 279.75 506.75
4 529.125 565.25 687 694.25 1526.625
Cell Number
2000
1500
1000
500 I r] I
1 day 3 days 4 days
BTi ®HAp/Ti = Ag-HAp/Ti ®mZn-HAp/Ti m Control

Fig 3.20 - The number of cells on the coating after 1,3 and 4 days.

, Ti » HAp-Ag/Ti HAp-Zn/Ti )
Days (%) HAp/Ti (%) (%) (%) Control (%)
1 77.73555 80.65162 83.1083% 85.61191 88.29663
3 81.87358 84.37174 85.95683 86.34199 88.38133
4 82.09835 85.14409 86.19814 86.41666 89.15922
95 o S ——— e —
% Cell Viability
90 — T EEEEE—— — ——
3 days
BTi @ HA/Ti nAg-HAp/Ti mZn-HAp/Ti = Control
Fig 3.21 - Cell Viability of the coatings after 1,3 and 4 day
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Chapter 4: Conclusions and orientations of future work

4.1 Conclusions

There are a lot of coating methodologies like deposition: plasma spray deposition, sol-gel

derived coatings, pulsed laser physical vapor deposition, ED, ion beam assisted, magnetron

3\3

sputtering, micro-arc oxidation, etc. In my present thesis, efforts are completed to display a
summary of the basic principles of ED techniques. It contains the beneficial characterizations like
bioactivity behavior and biocompatibility property related with these coatings for the surface
modifications of Ti and Ti6Al4V.

The following conclusions are drawn aim to present my work in my thesis:

1.

The Ca-P deposited coating on Ti6Al4V substrates by ED process was successfully
formed. The uniform Ca-P coating cover all specimen substrate with micro-structure
flake-like morphology, which stacking onto the surface of the Ti4Al6V substrate and
creating uniformly clusters. The homogeneity of Ca-P coating was assessed using the
Ca/Ti molar ratio, which ranged from 0.952 to 1.699 at the examined region of the
coating surface that was revealed by SEM image.

ED process has been effectively applied for the achievement of un-doped HAp coatings
and doped HAp-Ag coatings, which have antibacterial characteristic. The analytical data
from XRD, SEM and EDX exhibited that this method is high beneficial in production of
HAp coating. The HAp-Ag phase micro-structure and the XRD results exhibited that
there are insignificant alterations on coating morphology at the regions on doped coating.
The morphological characteristics of HAp have altered after Ag™ ions doping, the surface
with agglomeration of spherical particle of Ag* ions. Phase composition of HAp coatings
changed by adding Ag* ions, the peaks have a litter moved towards left because of the
substitution of Ca*” ions with Ag" in the HAp crystals.

HAp, HAp-Ag and HAp-Zn coatings were covered effectively onto a Ti surface by an
ED technique at temperatures around 75°C, low current densities (0.6 mA/cm?) and 20
min time. Uniform and thick coatings were obtained. Surface roughness was found to be
reduced after adding Ag and Zn elements to the HAp coating (specifically, Ra = 1847.36
nm for HAp/Ti, Ra = 482.84 nm for HAp-Ag/Ti, Ra = 214.79 nm for HAp-Zn/Ti). The
thickness of the coating also decreased after adding Ag and Zn elements (specifically,
HAp/Ti (12.73), HAp-Ag/Ti (10.60), HAp-Zn/Ti (6.20). The thickness differences can
be associated with the deposition rate which is influenced by the doping element, Ag or

Zn, added in the electrolyte. Considering that all the parameters involved in the

I Tran Thi Thanh -28- Summary of PhD Thesis
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electrochemical deposition were maintained constant, it can be assumed that the doping
elements affects the deposition rate and/or HAp nucleation and growth.

4. The morphology of HAp was made of thin ribbon like crystals; the addition of Ag into
HAp didn’t induce major modification of the ribbon like morphology, but some Ag
particle agglomerations were noted; in the case of HAp-Zn coatings, the morphology
was made of very thin crystals which formed an interconnected porous network. After
the period of 21 days of immersion in SBF solution the highest values were registered
for HAp-Ag coatings (7.11 mg), followed by HAp (4.58 mg) and HAp-Zn (4.38 mg),
while the cp-Ti have registered the smallest value (2.11 mg). The preliminary cell culture
investigations exhibited that Ag-HAp and Zn-HAp coatings were non-cytotoxic and
biocompatible and overall addition of Ag and Zn into HAp enhanced the behavior of
HAp. Even though both doped coatings have improved the corrosion resistance of the
cp-Ti substrate and the electrochemical behavior of HAp, it is worth mentioning that the
smallest corrosion current density and highest polarization resistance was obtained for
the HAp-Zn coatings, closely followed by the ones in which Ag was used as doping

element.

4.2 Personal contributions

- The thesis has successfully contributed to the modification of Titanium and Ti6Al4V
surface by adding two elements silver and zinc to hydroxyapatites coating through electrochemical
deposition method (Ag-HAp coatings and Zn-HAp coatings). The obtained results meet the
requirements of the surface for biomedical materials such as the uniformity of the coatings, the
properties of biological activity, the biocompatibility, and the ability to resist corrosion;

- The thesis also contributes to the successful construction of the parameters of the
electrochemical deposition method, which create the biomedical material surfaces to overcome the
initial disadvantages of Titanium and Ti6Al4V such as: poor biocompatibility, low bioactivity;
while enhancing the corrosion resistance, and exhibiting the non-toxic properties;

- With the parameters of electrochemical deposition built up, the findings on the morphology
of coatings were mentioned:

+ Indeed, the addition Zn and Ag cause to transform in the morphology of HAp coatings
onto Ti specimens. The significant differences of morphologies on the surface of found
HAp, HAp-Ag and HAp-Zn coatings with plate-like crystals, plate-like crystals
combined with white flowering branches-like crystals and interconnected network-

type structure, respectively.
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+ The morphology of HAp was made of thin ribbon like crystals; the addition of Ag into
HAp didn’t induce major modification of the ribbon like morphology, but some Ag
particle agglomerations were noted; in the case of HAp-Zn coatings, the morphology
was made of very thin crystals which formed an interconnected porous network,
suggesting that Zn alters the nucleation kinetics;

- The elemental composition indicated that the addition of Ag and Zn enhances the Ca/P
ratio of HAp. The thesis also contributes in the discoveries of atomic composition: the addition of
Ag and Zn enhances the Ca/P ratio of HAp. The HAp-Ag/Ti, HAp-Zn/Ti coatings with a richer
Ca/P ratio than HAp coating.

- The phase findings of the Ag-HAp phase micro-structure: phase composition also changed
by addition of Ag" ions, the peaks have slightly moved towards left because of the substitution of
Ag" ions for Ca'? in the HAp lattice;

- The aspects of the surface roughness and the thickness were also mentioned: the surface
roughness was found to be reduced after adding Ag and Zn elements to the HAp coating, while
the thickness of the coating also decreased after adding Ag and Zn elements;

- Detection of the coating's corrosion resistance: the both doped coatings (Ag-HAp coatings
and Zn-HAp coatings) have improved the corrosion resistance of the cp-Ti substrate and the
electrochemical behavior of HAp;

- Additionally, the in vitro test show that Ag-HAp and Zn-HAp coatings were non-cytotoxic
and biocompatible.

In summary, the thesis has made a significant contribution in the modification of the Ti and
Ti6Al4V surface. Since then, the thesis will have directions for development and expansion in the

near future,

4.3 Orientation of future work

Based on the theoretical and experimental studies that have been done to reveal several
promising avenues of future work:

- Further improvement through studies on the Ag and Zn co-doped HAp coating (HAp-Ag-
Zn coating) by the electrochemical deposition technique. The influence of co-doped HAp coating
on the aspect such as mechanical properties, physicochemical properties of HAp. Also, the co-
doped HAp coating will be characterized further in terms of its crystallographic structure,
thickness, adhesion, etc.

- Next works will be concentrated to investigate the coatings produced by the antibacterial

characterizations of coatings on Ti and Ti6Al4V.
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