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Abstract

Lean duplex stainless steel 2101 is an alloy of stainless steel with a
chromium of (21%) and nickel of (1%) content that has strong mechanical
properties, good corrosion resistance, and various industrial applications.
The low nickel content of this alloy gives a positive medical advantage
(less than 316L stainless steel) because the amount of toxic nickel ions
emitted inside the human body would be low, in addition to its relatively
low cost (it is considered one of the cheapest types of stainless steel due to

the few alloying elements present in the alloy).

The weakness of the bone Osseo-integration in the bone tissue and the
consequent risks of surface contact between the metal implant and human
body fluids lead to severe corrosion. In order to bypass these limitations,
in this thesis, various surface modifications were performed on the LDX
2101 DSS alloy, and then the effect of the type of surface modification
and its parameters were studied on improving the mechanical properties,
surface properties, anti-bacterial activity, adhesion strength, and corrosion
resistance of the surface layer formed as a result of these surface

modifications and determining the optimal values for those parameters.

Three surface modification treatments for duplex stainless steel alloy
(LDX 2101 DSS) were used with different conditions for each treatment:
plasma nitriding technique at a voltage of (400) v and a current of (30)
mA with times of (5,10,15,20,25) hrs; deposition of tantalum oxide using
a plasma sputtering technique at a voltage of (3500) v and a current of
(10) mA with times of (2,4,6,8,10) hrs, and deposition of tantalum nitride
using a plasma sputtering technique at a voltage of (3500) v and a current

of (10) mA with times of (2,4,6,8,10) hrs.

The mechanical properties of the formed surface layer were studied

using the Vickers micro-hardness test, while the surface characteristics

8
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were studied by scanning electron microscope (SEM and FESEM) and
atomic force microscopy (AFM), in addition to examining the chemical
composition of the distribution of the elements on the surface of the
formed layer using energy dispersive spectroscopy (EDS). As for the
phases formed as a result of surface treatments on the formed layer, they

were analyzed by X-ray diffraction (XRD).

After that, the formed layer was tested for its resistance to harmful
bacteria, E.Coli, as well as its resistance to adhesion. Finally, the behavior
of surface modified samples in the fluid simulating the human body
(Ringer solution) was studied using open circuit potential and

electrochemical dynamic and cyclic polarization tests.

The results showed an improvement of (65%, 52%, and 85%) in the
hardness values for nitrided samples and sputtered samples with Tantalum
Oxide and Tantalum Nitride, respectively. The scanning electron
microscope (SEM) images showed the formation of a surface layer with a
dense, coherent structure free of cracks or defects. The results of (XRD)
and (FE-SEM) revealed the formation of new phases in the surface layer
(expanded austenite S, Ta,Os, TaN), which indicates that the surface
modification conditions were very good, while the results of (AFM)
displayed an increase in the surface roughness values of the surface

modified samples with the increase in the treatment time.

The results of the antibacterial activity test with E.Coli strains showed that
the formed layer from surface modifications has a strong antibacterial
effect to prevent bacterial growth. As for the results of the adhesion
resistance test, it was shown that the modified layer for all types of

surface treatments used had an acceptable adhesion strength.

The results of the polarization curves showed an increase in the corrosion

resistance of the surface modified samples compared to the untreated

8
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samples. The results revealed that the best condition for plasma nitriding
was at time (10) hrs, where the nitrided layer has the lowest corrosion rate
(0.057 mpy) in Ringer’s solution, while the best condition for deposition
of tantalum oxide using plasma sputtering technique was at time (8) hrs,
where the deposited layer has the lowest corrosion rate (0.0492 mpy). On
the other hand, the best time (8 hrs) for deposition of tantalum nitride
using plasma sputtering technique was when the precipitated layer had the

lowest corrosion rate (0.022 mpy).

Finally, the gray relational analysis (GRA) method was used to determine
the optimum conditions for surface parameters (type of surface
modification, voltage, current, time) and responses (corrosion rate, surface
layer thickness, Vickers hardness, surface roughness). To accomplish this
study, the program (Minitabl7 Microsoft) was used. Experiment 14,
which has a surface treatment of tantalum nitride deposition with a plasma
sputtering technique, was recorded with the optimal response factors

being time (8 hrs), voltage (3500) volts, and current (10 mA).

The treatments and surface modifications that were used to develop LDX
2101 DSS in mechanical and surface properties and corrosion resistance
will meet the future requirements of applying the alloy as a strong and

alternative competitor for orthopedic biomedical applications.

8
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Chapter One

Introduction

1.1 Introduction

Like other materials, biomaterials can be classified into four main
categories polymers, ceramics, composites, and metals. Pure metals and
alloys are among the metallic alloys. Stainless steels, pure titanium and its
alloys, Cobalt base alloys, also a few another metals are the most widely

used metals and alloys for medical device applications [1,2].

Metallic biomaterials are typically applied for applications as load bearing,
and therefore should be of high strength, hardness, fracture toughness and
fatigue strength. When used in services, the most critical property of a
metals as a biomaterial is it doesn't have a negative effect., i.e., it is
biocompatible. Good mechanical properties "hardness, tensile strength,
Young's modulus, and elongation" are also necessary, as well as Osseo

incorporation, high corrosion resistance, and excellent wear resistance [3].

The formation of an invisible and adherent chromium rich oxide surface
coating gives stainless characteristics. This passive film serves as a barrier
to corrosion processes in alloy systems that would otherwise experience

very high corrosion rates [4].

First stainless steel used for implants includes 18wt% Cr and 8wt%
Ni making it stronger and more corrosion resistant than steel. The corrosion
resistance of stainless steel type 316 has been increased by the addition of
molybdenum (Mo). Then, the carbon (C) content was lowered from 0.08 to
0.03 wt% resulting in 316L which increased corrosion resistance to

chloride solution [5].



Figure 1.1 shows the noticeable progress in the development of

biomaterials and implants for a variety of applications in the body
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Figure 1.1 (a) An implant for total shoulder replacement. (b) An implant for total hip
replacement (c) An implant for total knee replacement (d) The development of root
form designs of titanium implants and (e) a photograph of several designs used in
clinical practice [4,5].

In the "Schaeffler Delong" scheme, the effects of the alloyed elements on
the structure of steel are summarized (Figure 1.2). The diagram is based on
the fact that the alloying elements can be classified into ferrite stabilizers
and austenite-stabilizers, it becomes possible to calculate the total ferrite
and austenite stabilizing effect of the alloying elements in the steel. This

gives the so-called chromium and nickel equivalents in the Schaeffler-



Delong diagram. The Schaeffler-Delong diagram is not the only diagram

for assessment of ferrite contents and structure of stainless steels [6].

Ni-equivalent = 3% Ni+30(% C+9% N)+0.5(%Mn+%Cu+%Co)
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Figure 1.2 The Schaeffler-Delong diagram [6].

For implantations the most often used stainless steels were austenitic
stainless steels 316 and 316L. which were alloyed with molybdenum and
have a stronger resistance to crevice and pitting corrosion in chloride
environments than 304 steels. The function of the nickel is to stabilize the
austenitic structure of the steel at room temperature and below. The
minimum nickel content that required to stabilize the austenitic is
approximately 8%. Nickel can also reduce the rate of general corrosion

since it 1s a more noble metal than chromium or iron [7].

1.2 Duplex Stainless Steels

Duplex stainless steel groups have a biphasic microstructure (Figure 1.3),
typically "austenitic" and "ferritic" and include about equal fractions of

these phases and combining many of the benefits of single phase alloys



while avoiding some of the disadvantages. The adding of N to modern
duplex stainless steels improves their good toughness, good stress

corrosion properties, high strength and a lower alloy cost [8-11].

Austenite

Ferrite

Figure 1.3 Microstructure of duplex stainless steel [12].

In the two-phase region in phase diagram, high Cr content (17.30%) and
relatively low Ni contents (1.7%) produce about equal amounts of austenite
and ferrite after heat treatment. Mo and N are most common alloying
elements that are utilized to improve strength, resistance of corrosion, and
microstructure balance. Duplex stainless steels often combine the

characteristics of both austenitic and ferritic steels [13].

When the temperature of a common duplex stainless steel alloy
drops below the melting point, a two-phase field known as the partially
melted zone forms, which is a mixture of liquid and solid ferrite phase.
This is due to the high temperature, which promotes ferrite formation. As
the ferrite matrix cools more, austenite regions appear (Figure 1.4).
Because austenite is formed from ferrite, it is thermodynamically
impossible for the alloy to go above the austenite equilibrium level. With
duplex, the highest problem forms brittle intermetallic phases like Chi,
Sigma, Alpha Prime and R extremely quickly [12].
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Figure 1.4 Fe-Cr-Ni Phase Diagram [12].

TTT diagram (Figure 1.5) shows precipitation phenomena in duplex
stainless steels and the influence of the different alloying elements. From
all these precipitates, the most damaging is the sigma (c) and Chi ()
phases. The sigma phase is a chromium-rich inter-metallic phase. Its
precipitation depletes the surrounding material from chromium, and rends
the alloy less corrosion resistant. The Chi phase is similar to the sigma

phase but contains more molybdenum [14].

carbide,Cr N nitride HAZ
+ ¢ phase
+ Ct, N nitride
* 4 phase
* ¥, phase
+ M,, C; carbide

* B Phase

Cr, Mo, Cu, W

Cr, Mo, Cu, W

Figure 1.5 TTT diagram of secondary precipitates in duplex [14].
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Duplex austenitic ferritic steels combine some of the features of each
phase: they are higher tensile, high weldability; their toughness are greater
of the ferritic steels but lower to that of the austenitic steels, and their
strength is superior than the austenitic steels by a factor of about two and
resistant to stress corrosion cracking due to the existence of the austenitic

phase, it's have good resistance of corrosion [8,10].
1.2.1 Evolution History of Duplex Stainless Steels

This section is summarized and classified into two parts: duplex stainless

steel and lean duplex stainless steel [15-19]:

DSS has been available for a long time, but recently starts to increase
sharply. From the 1960s to 1970s a nickel shortage drove up the price of
austenitic stainless steels, so stimulating the use of duplex grades. Other
developments favored their wider use: the introduction of the vacuum and
argon oxygen decarburization (VOD and AOD) made it possible to reduce
carbon levels and control nitrogen content. In the 1980s a second
generation of duplex grades came into being, in which nitrogen assumed a

central role.

PRENW| 30-60 || 6190 || 1991 | [ 91-00 | | 0014 | [ Next
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46
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38 S31250 PREN min.40, .25N
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36 $32205 -3M (Duplex 31803, PREN 33)
34 §31803-14N | [ s31803-2.7M * Duplex 32304, PREN 26
32 Also the clear evidence
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Figure 1.6 The evolution of duplex stainless steel chemistries between the 1930s
and1990s [16].




It is not appropriate to replace austenitic grades with duplex grades
as the benefits do not justify the extra cost. Thus there arose the need to
develop lean (low-nickel, low-molybdenum) duplex grades. Austenitic
replacement and the desire to avoid over specification of stronger duplex
grades are two of the most important factors driving development today.
The Super- and Hyper-duplex grades have a dual goal to improve corrosion

resistance while lowering susceptibility to detrimental intermetallic phases.

The second advancement was the use of lean duplex stainless steel
grades with no Mo or Ni in applications where austenitic stainless steel
grades 304 or 316 could be used. Since approximately 2000, the addition of
(Mn) has been considered to have created a new family of DSS. Ni
additions are substituted with Mn additions and additional (N) additions in
those grades. Optimization of alloying and further cost reduction pressures
were driving forces for the development of leaner duplex grades. More
recently Outokumpu has proposed the UNS S 82441 (LDX 2404) grade
presenting higher mechanical properties through increased N additions by
taking advantage of almost 3% Mn and 24% Cr additions. Lean duplex

stainless steel (LDSS) was considered to be a modern grade.
1.2.2 Grades of Duplex Stainless Steel
Recent Duplex Stainless Steels have developed into groups [20,21]:

» Lean grades

Lean grades have low Ni and often no Mo are presented in these grades,
which have strong mechanical properties but poor resistance to chloride

localized corrosion, lowest pitting resistance.

* Regular grades

These grades have > 4% Nickel and >2.5% Molybdenum, good mechanical

properties, and much greater localized corrosion resistance than lean
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grades. 3RE60 (UNS S31500) and 2205 (UNS S32205/S31803) are classic

regular grades.
* Super grades

These grades have > 5% Ni and > 3% Mo, very high resistance to localized

corrosion and higher strength than regular duplex grades.
* Specialized “hyper-duplex” grades

These grades that resist chloride localized corrosion in all marine
applications are existing in limited product forms. Its efforts are being
made to develop new “Hyper duplex” grades, which existing, in some
applications, corrosion resistant properties higher than 6% Mo. The hyper
duplex grades have been mostly used in the manufacture of seamless tubes.
They promise cost effective replacements to super austenitics, nickel based

alloys for exchangers cooled by seawater.
1.2.3 Duplex Steels Structure

A two phase structure of DSS is divided into four structure types (as

shown in Figure 1.7) as follows [22]:

I. Duplex structure IT. Dispersion structure

I1l. Net structure IV. Dual structure

Figure 1.7 Four types of two-phase structures [22].



The structure of crystal comprises of a (BCC) and y (FCC). The
following parameters may be used for determining the characteristics of

two phase materials:

* Duplex-structures: Two structure components y and a lie as crystals of the
similar size statistically distributed next to each other.

* Dispersion structure: All parts of the "y" phase lie isolated in the basic "a"
matrix.

", n

* Net structure: The second phase "y" precipitates only on the grain

" n

boundaries of the basic "a" matrix.

* Dual phase structure: The volume of the y and a grains is equal, and their
distribution is uniform and independent of the volume ratio, similar to

", n

duplex structures. The "y" phase must be separated from the "a" phase [22].

Compared to single phased austenitic and ferritic alloys, the advantages and

disadvantages of DSS, may be stated as follows:

= Thermal conductivity is superior than austenitic grades.

= Strength is higher than austenitic grades.

= Precipitation and transformation are complex behavior

= Due to formation of nitrides, carbides, and intermetallic phases, it's
have high tendency to embrittlement

» [Impact value is higher than ferritic grades.

= Resistance of hydrogen embrittlement higher than ferrites

» Increased resistance of pitting, intergranular, stress-corrosion
cracking and crevice corrosion.

= Increased resistance of general corrosion.

1.3 Lean Duplex Stainless Steel

Duplex stainless steel use has been rising gradually worldwide, and

the variations in nickel prices in recent years have caused further growth.



Outokumpu lean duplex grade "LDX 2101" (EN 1.4162), "UNS S32101" is
a low Ni amount that is alloyed with N and Mn to get a balanced
microstructure. LDX 2101 (EN 1.4162), "UNS S32101", and 2304 (EN
1.4362), "UNS S32304", successfully replaced austenitic steel of type 304
(EN 1.4301) and AISI 316L (EN 1.4404). The transformation to austenite
happens in the solid phase and is governed by N diffusion. DSS is often
solidified in a ferritic mode. Austenite precipitates first at grain boundaries.
Examples of lean grades are 2002 (UNS S32002), 2101 (UNS S32101) and
2304 (UNS S32304). The first two numbers are Cr content and Ni content
are the last two [13,23,24].

Duplex stainless steels can suffer large microstructural modification at
room temperature as a consequence of either thermo-mechanical treatment,
nitride precipitation, ferrite decomposition, which causes "S" and "X"
phase formation or plastic deformation, austenite transformation into stress
induced martensite "SIM". These minor phases abnormally affect the

properties of "2101" LDX, so are of huge industrial interest [25].

The total consumption of stainless steel still duplex stainless steel
accounts for only a small portion. One of the most recent developments is
the penetration by duplex grades (especially lean grades). In both, the

mixture of lightness and strength is an important advantage [26].

Nowadays the chief aim is the improvement of lean duplex stainless
steels, which have far less alloying elements than the standard "2205"
duplex grade. LDX has been substituting "304" and even "316" groups.
"2202" and "2304" LDX grades were produced by Industeel, which offer
excellent cost effective alternatives to "304L" and "316L" in a variety of
applications. The chemistries of some of these alloys are existing in Table

1.1[25,27].
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Table 1.1 New lean duplex grades compared to 304L and 316L [27].

USA EN Cr Ni Mo N Cu Mn PREN
304L 14307 18 9 - - - 1 18
316L  1.4401 17 10-14 25 - - 1 24

S32001 20 1.7 03 015 03 5 23

S32101 1.4162 21.5 1.5 03 02 03 5 26

S32202 1.4062 22.7 2 03 021 02 13 26/27

S32003 20 3.5 1.7 015 - 2 28

1.4 Applications of Lean Duplex

Duplex stainless steels are essential for many applications such as
[23,28,29]:

Heat exchangers, Pressure vessels, piping systems and tankers, tanks
Air Pollution Control

Beverage and Food Process Equipment
Biofuels, Biodiesel, tanks and Ethanol plants
Bridges, Infrastructure, sluice gates, flood gates

Seawater Treatment, Wastewater and Water.

Figure 1.8 Lean duplex allows Vossloh to reduce weight and maintenance on its

Tramlink and Lean duplex rebar was used on the Gateway Upgrade Project in Brisbane,

Queensland, Australia [26].
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1.5 Scope and Objectives

The overall objective of this PhD thesis is to study the response to
plasma technique to deposit suitable layers of nanocomposite coatings of
(nitride, Ta,Os and TaN) on a new medical grade duplex stainless steels
2101 in order to enhance their surface properties for orthopedic biomedical
applications and investigates of the most essential variables to obtain the
best properties of coating in order to improve the performance of the

biomedical implant. Exactly, the main objectives of the present study are:

1- Characterization and evaluation of the coating layer by studying the
parameters of the surface modification process that effect on the coating
such as deposition time.

2- Attaining surface layers with good homogeneity and morphology to
produce bioactive coatings.

3- Getting multi-properties surface layers gathering high mechanical
properties and biocompatibility.

4- To study the microstructure, surface morphology, phase identification,
antibacterial activity, adhesion strength as well as the corrosion behavior of
modified and unmodified 2101 Lean Duplex Stainless Steel after
immersing in Ringer’s solution by linear potentiodynamic and cyclic

polarizations.

12



Chapter Two

Theoretical and Literature Review

2.1 Introduction

The requirements for the biomaterials are very severe due to the
human body; they are exposed to the aggressive effects of body fluids and
external factors. A number of mechanical properties such as tensile
strength, hardness, elasticity, suitable density, wear resistance, etc. are also
essential. According to implant interaction with the host tissue they can be
categorized into bioinert, bioactive and bioresorbable materials. The
bioactive materials evoke a specific biological response and make

connections with the host tissue [30].

The common reasons for implant failure are stress shielding and
stress concentrations, corrosion and toxicity risk, Infection and Implant
loosening and Osseo integration. Nickel is known to be carcinogenic and
has been observed to cause allergic, cytotoxic, and mutagenic responses.
Ion release can also cause formation of a membrane around the implant,
which prevents or disrupts the integration of the implant with surrounding
bone tissue, a process that may lead to failure of the implant. Solid implants
have less contact surface than porous implants. The amount of nickel
released from porous implants has been observed to be higher than in solid,
nonporous material, perhaps due to the higher surface area. For implants

additional surface modifications and coatings are possible solutions [31].

2.2 Important Considerations on Biocompatible Metals

To produce safe implants with a long lifetime and without inducing
rejection, the biomaterials should possess desirable characteristics

including [32-36]:

13



1. Biocompatibility

Biocompatibility is defined as the ability or capacity of the material
to be used in close connection with living tissue without causing adverse
effects to them. The materials used as implants are expected to be highly
non-toxic and should not cause any inflammatory or allergic reactions in
the human body. The body parts coming into contact with the implants
should avoid any physical irritation, inflammation, and toxicity, mutagenic
or carcinogenic action. The greater the corrosion of the implants, the more
toxic ion rates are released into the body. Surface topography is also very

essential for the biocompatibility of implant material [37].

The biocompatibility requirements are strict and complex; altering
the particular medical applications resulting in the release of the toxic
metallic ions. Thus, the biocompatibility of a medical appliance envelops
equally in the compatibility and design of materials utilized, including the
device mechanics, electrical control, and geometry. Concerning the
biocompatibility of implant materials, these include the physical impacts on
the tissues surrounding the implanted material or the mechanical properties
of the materials. Bioactive materials are widely chosen since they promote
high integration with adjoining bone. Ideally, to develop a biomedical

alloy, the non-toxic elements must be chosen as the alloying elements [38].
2. Mechanical Compatibility

It refers to the appropriate mechanical properties according to the
function to be performed and the site to be implanted. In addition, bio-
implants shall have appropriate mechanical strength to withstand all forces
and related loads. Primarily, the material selected for bio application must
have the ability to withstand the load; therefore, they will not be susceptible
to fracture. Tensile strength, hardness, Osseo integration, modulus of

elasticity, resistance to corrosion wear is some of the properties that are of
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fundamental importance. Biomechanical incompatibility that leads to the
death of bone cells is called the stress shielding effect. Therefore, a
material with excellent combination of high strength and low Young’s

modulus closer to the bone should be used for implantation.
3. High corrosion resistance

The presence of body fluids allows metal implants to release metallic
ions that may accumulate in nearby tissues or be transported to other parts
of the body. Corrosion is one of the major processes that affect the life and
service of orthopedic appliances made of metals and alloys used as
implants in the body. Corroded implants in the human body cause excess of
harmful and toxic metal ions such as Fe, Cr, Ni, Co, and Ti released into
the body fluid. When the oxide layer on the metal is broken, corrosion

occurs and a metal ion is released.

The atmosphere within the human body is dissimilar to ambient
conditions, both chemically and physically. Therefore, a metal that presents
well and is passive or inert in the air can undergo brutal corrosion in the
body. In fact, stainless steel is the most corrosion resistant metal but

normally causes toxic reactions and chronic allergy in the host body.
4. High wear resistance

The low wear resistance leads to the release of wear debris from the
implant into the surrounding tissue which can produce an adverse cellular
response leading to the release of harmful enzymes, inflammation,
osteolysis, infection, and pain and bone resorption. The wear resistance of
the material plays a significant role in the biomaterial proper functioning,
avoiding loosening of the implant and reactions in the tissue in which it is
deposited. Then in the incongruent joints, for example, the ankle and knee

joints, the relationship between the hard surfaces of these two

15



corrosion and wear is of prime importance [39,47].

incongruences make very heterogeneous or strong stresses (Figure 2.1).
The friction between the implant and other tissues may increase the release

of ions. Thus, the development of implants with high resistance to
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Figure 2.1 Schematic diagram of the SS implant in (a) knee, (b) ankle, (c) examples of
different orthopedic devices, (d) artificial hip joint and knee implant [39].

Osseo-integration is the practice of bone healing and new bone
development, which is a fundamental condition in orthopedics. The
creation of fibrous tissue around the implant makes an implant surface
incapable of bonding to other tissues and adjacent bone because of micro
motions that promote the prosthesis loosening. Hence, a suitable surface is
necessary for an implant to mix well with adjacent bone. The surface

roughness, topography, and chemistry are the measured aspects for a good




Osseo-integration. Osseo integration refers to a phenomenon where an
implant becomes so fused to the bone that it cannot be separated without a
fracture, and when an implant is Osseo-integrated there is no progressive
relative movement between it and the bone, with which it has direct
contact. Among other factors, roughness and wettability are very important
in Osseo-integration. It is defined as the direct anchoring of an implant by
the formation of bone tissue around the implant without fibrous tissue

growth at the bone implant interface [40].

2.3 Surface Modifications for Biomedical Materials

Surface engineering technology is a suitable method for coatings on the
metal surfaces or performing surface modification treatment, this can

improve corrosion resistance and biocompatibility of metals [41].

Surface modification is a process that changes a material’s surface
composition, structure and morphology, leaving the bulk mechanical
properties intact. With surface modification, the tissue compatibility of the

surface layer can be improved [42].

Surface modifications of biomaterials have led to improvements in device
multi-functionality, tribological and mechanical properties, and the
biocompatibility of artificial devices, while avoiding the need for additional
costs and time. It changes the physiochemical properties of the materials

such as surface charge, surface energy and surface composition [43].

The biological characteristics of implants can be enhanced by adding
materials with desired properties, changing the composition, or removing
unwanted materials from the implant surface. These methods are known as
surface treatments and can be classified into four categories: mechanical,
physical, chemical, and biochemical surface modifications. Machining,

grinding, polishing, and blasting are mechanical surface modifications.
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Physical surface treatments include thermal spraying, physical vapor
deposition, ion implantation and deposition, and glow discharge plasma
treatment. Chemical surface modifications include chemical treatment
(acid, hydrogen peroxide, alkaline, etc), anodic oxidation, sole gel
processes, and chemical vapor deposition [44]. The bio functionality of
metallic biomaterials is generally poor because the biomaterials do not

directly fuse with living tissue [45].

Physical modification of the oxide surface increases cell adhesion.
Surface modification is generally accepted as a route to enhance cell
functions for biomaterials and tissue engineering applications.
Consideration must be given to modifying cell morphology to enhance cell
behavior, density or orientation of the modifier and stability of the modifier

on the surface. Surface modifications are needed [46,47]:

* To improve the functional lifetime of an implant by decreasing the
rate of degradation due to corrosion and wear.

= To promote and improve fixation by improving the strength of
adhesion to host bone and to accelerate the rate of bonding.

= To promote Osseo integration by influencing the attachment and
differentiation of osteoblasts.

* In the case of restorable graft materials, to permit the attachment of
osteoclasts, formation of resorption lacunae and eventual
remodeling.

= To deliver cells, biomolecules or drugs to the implant site to promote

healing and prevent infection

The type of growth surface has a crucial effect on the cells’ binding to the
substrate. With the surface modification, it is possible to control the
behavior of the cells, to increase the adhesion of one type of cell and limit

the growth of the other types of cells. The applied surface modification
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would simplify the binding of the cells to the surface and generally enable

their good spreading [48].

The biological response from living tissues to the biomaterials is reliant on
the surface properties such as chemical composition, cleanliness,
topography, surface energy, corrosion resistance, and the tendency to
denaturalize neighboring proteins. The surface properties are the major
factors that determine rejection or acceptance of a biomaterial in the body
because the surface is the interface where the biomaterials meet and
interact with the biological environment. It is rare that a biomaterial with
bulk properties possesses appropriate surface characteristics for medical
applications, and very few surfaces are biocompatible, therefore a
biocompatible modified layer with suitable wear and corrosion resistance

would ease the above problems [49].

The surface properties are surface chemistry, surface wettability,
surface texture and surface charges. The surface chemistry of most of the
commonly used metallic biomaterials is primarily determined by the
chemical composition of a surface oxide layer. Surface texture is available
on metals in macroscale, microscale, and nanoscale. The surface charges of
metals can be positive, negative, or neutral. The surface modification
typically contains either altering the original surface or depositing a coating
on the existing surface. In both the cases, all the surface properties

including surface chemistry will then depend on the nature of modified

surfaces [50].

2.4 Surface Modification Techniques

Surface engineering is processing of the surface characteristics of the
object obtained through removing or adding the material. The surface

engineering processes are majorly classified into two categories: surface
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modification (treatment, cladding, and machining) and surface finishing
(polishing and grinding). To enhance the service life of biomaterials, by the
special treatment or technique used on the surface to increase the
productivity of biomaterial in the harsh human body environment. Table
2.1 presents the various surface modification techniques and their own
advantages and drawbacks. Bioactive materials are active to form chemical
bond with human bones. Bioactive materials are blend of oxides (SiO,,
CaO, MgO, Ta,Os, etc.) which stimulates the composition of bones and

proved excellent treatment results [51].

Table 2.1 Surface modification techniques for metallic alloy as a biomedical implant

[44,52].

Surface modification
methods

Modified layer

Objective

Mechanical methods
* Machining
* Grinding
* Polishing

* Blasting

The rough or smooth
surface formed by the
subtraction process

Produce specific surface

topographies; Clean and

roughen surface; improve
adhesion in bonding

Chemical methods

<10 nm of the surface
oxide layer

~1 pm of sodium

Remove oxide scales and
contamination Improve

* Acidic treatment titanate gel biocompatibility,
) ) bioactivity, or bone
* Alkaline treatment ~§ nm of dense inner conductivity
oxide and porous outer
layer
~10 pum of the thin . Improye' .
biocompatibility,
Sol-gel films, such as CaP, L
. - bioactivity, or bone
Ti03, and silica ..
conductivity

Anodic oxidation

~10 nm to 40 pm of

Ti0; layer,dsorption,

and incorporation of
electrolyte anions

Produce specific surface

topographies; improve
corrosion resistance and
biocompatibility
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Chemical vapor
deposition

~1 um of TiN, TiC,

TiCN, diamond, and

diamond-like carbon
thin film

Improve wear resistance,
corrosion resistance, and
blood compatibility

Glow discharge plasma

~1 nm to ~100 nm of
surface modified layer

Clean, sterilize, nitride
surface; remove the
native oxide layer

Biochemical methods

Modification through
silanized titania, self-
assembledmono layers,
photochemistry, protein
resistance, etc.

Induce specific cell and
tissue response by means
of surface immobilized
peptides, proteins, or
growth factors

Physical methods
* Thermal spray
* Flame spray
* HVOF
* DGON

~30 to 200 pum of
coatings, such as
titanium, HA, calcium
silicate, Al,O3, ZrO,,
TiO;

Improve wear resistance,
corrosion resistance, and

biological properties

PVD
* Evaporation
* Jon plating

* Sputtering

~1 pm of TiN, TiC,

TiCN, diamond, and

diamond-like carbon
thin film

Improve wear resistance,
corrosion resistance, and
blood compatibility

Ion implantation and
deposition Beam-line
ion implantation and P-

111

~10 nm of the surface
modified layer and/or
~um of thin film

Modify surface
composition; improve
wear, corrosion
resistance, and
biocompatibility

Since surface modification for medical implants is primarily used to
improve or optimize the properties of a biomaterial, the various
modification techniques should generally be simple, robust, and cost
effective. Surface modification techniques can generally be classified into
two groups, subtractive modifications and additive modifications.
Subtractive surface modifications refer to a change in the surface as a result

of removal of the surface layer (physical modifications). It includes
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abrasive blasting and plasma treatments. In contrast, additive surface
modifications refer to a change in the surface as a result of depositing films
or biological factors on the biomaterial surface (coating or chemical
modifications). Surface properties altered could include chemistry, grain
size, crystallographic orientation, defects, stress concentration, film

adhesion, surface topography, and biology—biomaterials interactions [53].

Plasma coating is a state of matter that is partially or fully ionized,
and contains charged particles of free ions, electrons, radicals, as well as
neutral particles of atoms and molecules. Plasma could be divided into
thermal (high-temperature/hot/equilibrium) one and non-thermal (low-
temperature/cold/non equilibrium) one. The thermal plasma is nearly fully
ionized, and electrons and heavy particles have the same temperature. For
non-thermal plasma, only a small fraction of the gas molecules is ionized,
and 1ons and neutrals are at a much lower temperature (room temperature).
The plasma used for the surface modification of biomaterials is the non-
thermal one [54]. Some commonly used surface modification techniques

and their effects (Figure 2.2).

coating. gradient coating roughening patterning
solentooaling oniplantation, PIl plasia icing iogreeny
g;ﬁz;d;z:g depostion lon beam assisted deposition - mechanical roughening gg;(;ts";’gg”g
(oSl Soiay ) "ESSEmIy
RP prototyping _] e e 3D pattarning
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[ ‘ " untreated substrate | ‘

grafting multilayer films
plasma grafiing biomacromolacules.
phiotografting & radio grafting precipitation

chemical covalent grafting

Figure 2.2 Schematic diagrams of surface modification techniques [54].
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Physical modification techniques are divided into two distinct
categories; the first involves chemical alteration of surface structures, while
the second involves deposition of an additional external layer to the surface
of the substrate. Chemical modification of metallic biomaterials mainly
depends on the chemical reactions occurring at the interface between
biomaterials and reactive solutions. The common methods are hydrogen

peroxide, acid, alkali, and thermal oxidation treatments [55].

2.4.1 Sputtering Processes

Sputtering 1s a variant of PVD, which possesses similar line-of-sight
requirements, but does not involve direct material vaporization. Instead, a
flood of plasma-charged particles (ions) is generated. Ions are then driven
toward the substrate from the target by electrostatic acceleration. It is
always performed in vacuum. Sputtering may also sometimes make use of
reactive precursors, thus named reactive sputtering. In contrast to
evaporative PVD or CVD, coatings formed by sputtering are typically
much denser owing to the much higher energy of deposition experienced
by the ions during the coating process. However, owing to the lack of
topography by sputtering alone, they tend to be coupled to methods. In
some instances, optimization of the sputtering process (working distance
and power) appears to be capable of generating in situ roughened super

hydrophobic coatings [56].

The sputtering method also involves the use of ion beams, where the
ions are accelerated toward a target, causing atoms to be ejected which are
then deposited on the surface of a substrate. The treatment is used to form
inorganic coatings, though the surface treated must be heat resistant to
prevent deformation. This limits the application to heat-resistant metal
implants. This treatment leads to good adhesion of the coating to the

substrate and has been used to improve biocompatibility [57-59].
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2.4.2 Plasma Processes

Plasma surface-modification techniques are depicted in Figure 2.3. Each of
these techniques alters the surface properties of biomaterials to a different
extent through surface cleaning, surface functionalization and deposition of
materials. Metallic plasma is generated separately or simultaneously using
vacuum arc plasma sources. More than one element can be introduced into

the plasma system at any one time [60,61].

Plasma surface
modification
(i) (ii) (iii)
Removal @ Addition
f v v

Plasma Plasma Plasma ion Plasma Plasma
sputtering sterlllzatlon lmplantallon polymerizatlon grafting

Plasma Plasma
etching spray
Y

U

Figure 2.3 Classification of plasma surface-modification techniques [61].

2.4.3 Nitriding Processes

Nitriding are widely used technique for surface hardening of iron alloys
and steels. Low temperature nitriding allow the formation of an expanded
austenite. Expanded austenite is merely a metastable supersaturated solid
solution of nitrogen in which the precipitation of nitrides is avoided if the
processing temperature is lower than 450°C for nitriding. The nitrogen
atoms dissolved in SS matrix are accommodated in the octahedral sites of
the "FCC" stainless steel crystal structure. The concentrations are

significantly higher than the maximum solid solubility and lead to a



substantial increase in the stainless steel lattice parameter crystallography
of expanded austenite. The crystal structure of expanded austenite was
defined as a compound layer having a M4sN (M=Fe, Cr, Ni) structure or as a

combination of austenite and [(Fe, Cr, Ni)sM] [62].

Nitriding is a heat treating process that diffuses nitrogen into the
surface of a metal to create a case-hardened surface. It is effective way to
strengthen the surface of materials and improve their surface hardness,
tribological and corrosion properties. A number of different techniques are
conventionally applied such as salt bath nitriding, nitriding and carburizing
and plasma nitriding. However, increased treatment temperature can lead to
the formation of chromium nitride precipitates in the nitrogen enriched
layer, and thus worsen corrosion resistance. Therefore, gas composition,
temperature and time have a main role in producing expanded austenite and

formation of chromium nitride [63].

Nitriding is an act of bombarding nitrogen atom into lattice or
interstices of a parent material to form solid solution. It involves 1onized
nitrogen gas from high-concentration region to low-concentration region. It
requires high activation energy from temperature and pressure to overcome
barrier since is a nonspontaneous reaction. Composition of other gas such
as hydrogen, ammonia, or methane gas in nitriding of SS has better and
improved mechanical properties than single gas nitriding. Hydrogen plays a
role of removing oxide layer that might impair in-depth of nitrogen.
Increase in N, composition increases the case depth, hardness, and the

surface roughness of treated material [64].

The typical structure of a nitrided layer includes a gradient of nitride
compounds followed by an interstitial diffusion layer and finally the bulk
(Figure 2.4). The composition and proportion of the compounds present

within the layer is highly dependent on both the process parameters and the
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alloy composition (e-Fes.oN, y'-FesN, CrN in SS). Higher temperatures and
longer treatment duration lead to an increase in thickness of the compound
layer. Gas nitriding relies on the use of ammonia or ammonia-hydrogen
mixtures (eq.8), which first requires the removal of the surface oxide layer.
Later, a thin Ni or Fe layer is plated to prevent re-passivation. Ni and Fe
also act as catalysts for the decomposition ammonia during the heat

treatment.
NH; — [N] +3/2H; ............... t))

After the diffusion of atomic N, the catalyst layer is removed by acid and

passivation can be restored [65].

Compound layer
Diffusion compound layer

Diffusion zone

Bulk

Figure 2.4 Schematic structure of a nitrided layer [65].

During the low temperature nitriding (below 500-C), it is possible to obtain
layers which are both wear and corrosion resistant. The layer which is
formed on DSS is composed of the S phase only. The increase in nitriding
temperature in the range of 400 —500°C makes fine CrN precipitate from
‘expanded martensite’ reducing the corrosion resistance, but small size of
nitrides allows high hardness. Layers nitrided above 500°C are mostly

composed of CrN and iron nitride, but still, S phase is present there [65].

Moreover, the increase of the nitrogen content leads to obtain of
thick nitrided layers with higher hardness. The YN phase consists of a
nitrogen supersaturated austenite, consequence of the possible presence of

interstitial elements as N. yN phase have an Fcc structure where nitrogen
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atoms are located in random octahedral sites, that generate compressive
residual stresses and stacking faults production. In fact, although the
addition of the nitrogen stabilizes the austenite, the presence of Cr element,
especially at high concentration and temperatures higher than 450 °C,

favors the precipitation of CrN [66].

2.4.3.1 Plasma Nitriding

Plasma nitriding is a thermochemical treatment associated with
nitrogen incorporation into the bulk material. Notably, plasma-assisted
nitriding at temperature below 500 °C improves not only the surface
hardness, but also the corrosion resistance by producing the metastable
FCC composed of supersaturated nitrogen atoms in the SS matrix. It is well
known that nitrogen is a beneficial austenite-stabilizing element, which

efficiently intensifies the resistance to localized corrosion [67].

The parts to be treated (the charge) form the cathode, and the furnace
wall is the anode. The supplied gas is ionized in the electric field. On the
surface area that is directly charged by the ions, nitrogen-rich nitrides are

formed and decomposed, releasing active nitrogen onto the surface [68,69].

The process is popular because it requires less gas compared to gas
nitriding and is more environmentally friendly. A different kind of process
was developed, called active screen plasma nitriding (ASPN) to solve the
limitations. The wear rate was increasing with an increase in the nitrogen
content on the gas mixture. Moreover, both the thicker layer and the higher

hardness are advantageous [70,71].

Expanded austenite formed during low temperature plasma nitriding
is known for its excellent wear and corrosion resistance. Very fine and
dispersed CrN nano sized precipitates are formed in the nitrogen rich

region of the expanded austenite layer, after exposure to higher than 400 °C
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where the N supersaturated austenite decomposes into a lower N austenite
+ CrN. When carried out at temperatures below 450°C, plasma and gas
nitriding can increase the surface hardness, while avoiding chromium
nitrides precipitation and chromium depletion in the matrix granting
corrosion resistance. This behavior i1s due to formation of N enriched

metastable phases expanded austenite also called S phase [72].

The nitrided layers situated in the austenitic phase (y) were thinner
than which in the ferritic phase (o) at low temperatures. The nitrogen atom
has a higher diffusion rate in the ferritic phase during plasma nitriding
treatment. The hardness increases with the increasing nitriding temperature,
which 1s caused by the thicker nitrided layers and the higher nitrogen
content in layers at high temperatures. The hardness increased by

approximately 3 times compared with the matrix. Both a and y phase of the

matrix transformed into Yy after plasma nitriding [73].

Expanded austenite phase is hard, wear resistant and a paramagnetic
to ferromagnetic transition takes place for nitrogen content higher than 14
at. %. Another particular feature of the expanded austenite is nitrogen depth
profiles in the nitrided layer, resulting in a hardness gradient which
provides a good intermediate transition to enhance the adhesion of hard

coatings on soft substrates [74].

Low temperature nitriding lead to nitrogen super saturation and
formation of expanded austenite, expanded ferrite or expanded martensite.
Such super saturation results in expansion of the crystal lattice and creation
of very intense compressive residual stresses leading to an increase of the
surface hardness due to the formation of these expanded phases. S phase
uniformly formed on both austenitic and ferritic phases. The expanded

ferrite layer is thicker than expanded austenite layer [75].
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2.4.3.2 Mechanism of Plasma Nitriding

The most common plasma nitriding mechanism was nitrogen atoms
diffusion takes place mainly as a result of the metastable M (Fe)N nitride
decomposition, formed in the reaction of nitrogen atoms with sputtered
from the surface Fe atoms in the cathode potential drop. On the other hand,
hydrogen ions, nitrogen ions and argon ions are implanted in the subsurface
layer depending on their energy values, and they create clusters that cause
the nitrogen concentration growth effect and lead to an initiation of its
inward diffusion processes. A further stage of the process is atomic
nitrogen diffusion from the surface to the material core, which completely

controls the thickness of the diffusion layer in plasma nitriding [76].

The mechanism for hardening by plasma nitriding is as follows: First
of all, the interaction of atomic nitrogen with surface results in the
formation of FeN. This nitride phase is unstable and is transformed to a and
Y nitrides; therefore, the compound layer is formed. Moreover, with
diffusing of nitrogen toward the core, the diffusion layer is formed (Figure
2.5). Plasma process allows both bulk and grain-boundary diffusion

compared to only grain-boundary diffusion in gas nitriding [77].
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Figure 2.5 The proposed mechanism for plasma nitriding [77].
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2.4.3.3 Parameters of Plasma Nitriding

There are several parameters influencing plasma nitriding process [77]:
- Gas Mixture

The usual gas mixture used for plasma nitriding is 25 % N, + 75 % Ho. If
the nitrogen amount raises to 50 %, the growth rate of case is increased.
Further increment in nitrogen amount results in the thickening of
compound layer. The role of hydrogen in the nitriding process positive can
be increased reaction rate, thickness of nitrided case, and density of active

nitriding species in the plasma.
- Temperature, Time, Pressure, and Plasma Power

The parameters of nitriding are time, temperature, pressure and AC
frequency. The temperature for plasma nitriding plays a key role in
nitriding depth and should be in the range of 350-580 °C. Higher pressure
positively influences corrosion resistance. As nitrogen content rises, it
becomes more difficult due to the gradient of nitrogen concentration along

the depth and, usually, the increase in the number of phases [78].

An increase in the thickness of the nitriding layer is observed with
increasing treatment time. Lower treatment times generate a high
concentration of nitrogen in the surface, which increases its hardness. As
the treatment time is increased, the concentration of nitrogen on the surface
decreased diffusing to the substrate, which causes the increase of diffusion
depth. With the formation of the compounds layer, especially expanded
austenite, compressive residual stresses are generated in the outermost
layers of the material, increasing the wear resistance and hardness of the

material [79].
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Effective nitriding time was defined as the total actual nitriding
duration minus the time required removing the passive layer from the
surface. Longer duration of the chemical etching and lower stability of the
passive layer (inferior corrosion property) were useful in obtaining the
longer effective nitriding time and hence, higher thickness of the nitrided

layer.

YN Ynt+a/Fe;N/CrN yYn+o/Fe;N/CrN
Cycle-N1

| Cycle-N2

Effective nitriding time =—

ynto/Fe;N/CrN yn+a/FesN/CrN
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Figure 2.6 Schematic for the mechanism of nitrided layer formation and transformation

in a) non-SMATed and b) SMATed AISI 304L steel specimens [80].

Higher effective nitriding time promoted the higher decomposition of YN
phase into CrN, Fe;N and a. The surface hardness of the nitride layer was
decreased with the increase in the decomposition of YN phase (Figure 2.6)
[80]. Increased treatment time significantly contributes to the formation of
CrN. In addition, the formation of CrN in the nitride layer at a specific
range of temperature and time could lead to increasing of hardness. The
longer time and higher temperature of nitriding process has developed high
amount of nitrogen element diffused in the nitride alloy layer of DSS. The
N reacted with Cr to form CrN precipitate which led to the depletion of Cr
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in the solid solution phase of the nitrided alloy layer and leads to the
deterioration in corrosion resistance of DSS. The compound layer thickness

increased by increasing the nitriding temperature and time [81].

2.4.3.4 Parts of a Plasma Nitriding System

As shown schematically in Figure 2.7, the main parts of a plasma
nitriding system are a vacuum chamber, a power supply, and a process gas
system with a gas-mixing panel or other mass flow controls. The power
supply as the most important part of the system must provide an output
voltage and an output current depending on the size of the vessel and
workload. Arcing can occur in the form of an arc because the glow
discharge process causes the removal of surface impurities, in which a
sudden decrease in voltage and increase in current is occurred. The
appropriate value of voltage and current density for plasma nitriding called
"Glow discharge". To obtain this glow discharge in the nitriding process,
the components to be treated are placed in the discharge vessel and charged
to a potential of 400-1000 V, with respect to the wall of the vessel which

acts as the anode of the circuit [77].
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Figure 2.7 Parts of a typical plasma nitriding system [77].
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2.4.3.5 Advantages and Disadvantages of Plasma Nitriding

Plasma nitriding has some advantages compared to other methods. Some of
them are [82]:

1. Lowering the process time,
. Lowering distortion and dimensional changes,
. No need for final finishing processes,

. Lowering the finished cost of process.

O, I SRS B\

. The surface homogeneity and uniformity of samples with complex
geometry,

6. Harmlessness of plasma nitriding,

7. Fast kinetics of reaction at the surface and

8. Possibility to remove the oxide films before nitriding to accelerate

nitrogen mass transfer from the plasma to the component.

There are also some problems for plasma nitriding method, as follows:

1. Need for handling of the process by skilled person,

2. The difficulty of processing big workloads with reproducible results,

3. Non uniformity of the temperature distribution within the workload,

4. The overheating of small parts and

5. Surface damage by arcing.

2.4.4 Surface Coatings with Tantalum based compounds (Pentoxide

and Nitride)

The new implant and stent types coated by oxide and oxynitride
coatings have excellent biocompatibility. Tantalum and tantalum-based
compounds are promising for biomedical applications due to their good
dielectric properties. The results of tests on implanting Ta in both soft and
hard tissue of rats showed the good biocompatibility and osteogenesis of
this metal. TaC and TaN materials possess relatively high hardness and

demonstrate high corrosion resistance [83,84].
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Bulk Ta suffers from high density and costs that restrict its
applications. Therefore, tantalum oxide could be an appropriate substitute
for tantalum owing to its lower ion release and toxicity, higher corrosion
resistance, and Dbetter biocompatibility. Novel anticorrosion and
antibacterial Ta,Os coatings were successfully prepared and have minimal
antibacterial activity. Ta,Os coatings considered have the potential for

extensive applications for orthopedic implants [85].

Tantalum possess mechanical properties similar to bones high
hardness and flexibility. It is a highly ductile metal and forms a stable
oxide component (TaO,, Ta,0s) on its surface. Tantalum and oxygen is
sputtered at the same time to attain tantalum oxide during deposition, the
pure tantalum is chosen because its reaction with oxygen occurs faster. The
corrosion resistance of Ta alloy was showing an improvement due to the

more stable Ta;Os passive films [86].

The bioactivity and biocompatibility of Ta stems from its ability to
form a self-passivation surface oxide layer. From the perspective of
orthopedic implants, this (Ta,Os) layer can facilitate the formation of a
bone-like apatite coating thus allowing bone and fibrous in-growth and
rapid attachment of bone and soft tissues. Moreover, Ta is one of the best
anticorrosion metals due to the quick formation of an insulating Ta,Os film.

The Ta,Os coating possessed excellent barrier in (SBF) [87].

Nitride coatings have also been tested as candidates to improve
dental implants properties, including TiN, AIN, TaN and Cu- or Ag-doped
TiN and TaN grown by magnetron sputtering, possibly combined with
plasma nitriding. These coatings have been intended mainly to improve the
osseointegration the protection against corrosion, and to reduce bacterial

adhesion [88].
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Ta is an excellent candidate for usage as a coating to improve its
anticorrosion property and radiopacity. It was coated with excellent
outcomes of good mechanical properties (high elastic modulus, high
hardness value, low friction coefficient, high wear resistance) and chemical
properties (high wettability, good corrosion resistance), so that it is of
interest for joints presenting good biocompatibility and great longevity.

Porous Ta is currently available for use in several orthopedic applications

[89].

2.5 Surface Modification Technologies for Lean Duplex

Stainless Steel

Surface modification of SS includes laser treatment, plasma modification,
chemical and electrochemical treatment to obtain SS with certain properties
such as roughness, hydrophilicity and corrosion resistance. Other surface
modification techniques employ different physico-chemical methods.
Hence, creating a micro- and nanostructured surface is another important
method in surface modification of SS. Another way to increase the
concentration of surface oxides consists in depositing metal oxides such as

depositing TaO on SS implants [90].

Plasma nitriding of LDX at temperatures below 450°C in a gas
mixture of 25%N, and 75% H, forms a hardened surface layer with the
thickness depending on the treatment temperatures. When low temperature
plasma nitrided (T< 450 -C), the original austenite grains in the surface of
the LDX forms the S-phase whilst "Fe;N" were precipitated from nitrogen

saturated ferrite grains [91].

Duplex stainless steel is wusually employed in aggressive
environments, the use of processing temperatures of 350 or 400 °C

promoted the formation of only expanded austenite (yn), thereby
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considerably increasing the corrosion potential and open circuit potential
(OCP). Nitriding could be used to impart resistance to hydrogen
embrittlement in DSS. The greater original hardness of DSS allowed it to
better support the thin nitrided layer [92].

LDSS have been affected only by nitrides formation. Grade 2101 DSS only
affected by Cr,N nitrides precipitation, whereas a significant amount of the
intermetallic o-phase observed only in the high alloyed DSS. R-phase is not
a structural anomaly but belongs to the equilibrium microstructure of all
DSS (Figure 2.8). Nitrides formation is related to the variation of
temperature of the ferrite solubility against nitrogen, which increases at
high temperature, thus bringing ferrite in supersaturated solid-solution

conditions [93].
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Figure 2.8 Equilibrium phase diagrams of LDX 2101 [93].

The passive film formed on SS in simulated physiological solutions is
composed mainly of Cr and Fe oxides, with minor amounts of Ni and Mo
oxides. The amount of Cr reaches a maximum in the outermost layer of the
surface and decreases to a minimum, whereas the Fe concentration steadily

increases until becoming constant. Both the thickness and nature of the
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oxide on SS implants may change with time, depending on the location of

the implant in the body [94].

The reasons for the different mechanical properties of the two phases
of DSS are, first, the restoration mechanisms of ferrite and austenite during
hot deformation differ. Ferrite has high stacking fault energy but, austenite
has low stacking fault energy. Secondly, compared with BCC ferrite, FCC
austenite has larger octahedral interstices; this leads to distribution of more

interstitial solid-solution atoms in austenite than in ferrite [95].

A single S-phase layer on DSS is formed during low temperature
nitriding. This requires the transformation from 'BCC" to "FCC" structure
in the ferrite grains enriched with nitrogen. S-phase in the original austenite
grains and oN and nitrides in the original ferrite grains are formed. At
relatively low temperatures (<400 °C), a mixed phase (S-phase and aN)

layer is more likely to form [96].

The increase of alloy contents not only improves the performances,
but also promotes the precipitation of various secondary phases. These
deleterious phases significantly deteriorate both the corrosion resistance
and mechanical properties of the steel. The addition of N to SS not only
facilitated the formation of finer precipitates but also promoted their
uniform distribution in the steel. Increasing Cr and Mo content of SS could

accelerate the precipitation of intermetallic phases [97].

Alloying N and C enhances the resistance to localized corrosion by
strengthening the protectiveness of the passive film. Therefore, various SSs
have been modified and newly developed by alloying N. The advantages of
the alloying N can be manifested as long as they remain in solid solution

state in the matrix. Because the alloyed N exceeding solubility limits is
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prone to form Cr-consuming precipitates, such as Cr,N and Cr,3Cs, which

degrade both mechanical and corrosion properties [98].

The austenite stability adjusted by Mn, C, N and other alloying
elements, such that the austenite transforms during deformation, with
consequent increase in strength and elongation. As regards, resource-saving
duplex stainless steel, which has higher N content and lower Mo content,
high temperature austenite shows increased hardness because of increase of
interstitial content, while ferrite at high temperature has low hardness. The
increased difference in hardness significantly reduces the deformation

compatibility of the two phases during hot deformation [99,100].

2.6 Corrosion of Duplex Stainless Steel

Typically, the excellent corrosion resistance of stainless steel mainly
comes from its passivation. The passive film formed at high potential
contains a much lower concentration of defects and provides better

protection performance [101].

In the bio corrosion process, proteins are denatured and transform
into a film on the metal surface, inhibiting corrosion. Fast or uncontrolled
corrosion 1s accompanied by hydrogen and ion release and severe pH
changes, which can lead to adverse biological reactions. Mechanical failure
of orthopedic implants most frequently occurs due to fatigue. Structural
changes in the film or variation in the ionic or electrical conductivity of the
film alter the passive film resistance against corrosion. Presences of
chloride ions essentially affects the corrosion of metallic implants where
can easily penetrate the passive film due to their high diffusivity. Fluoride
ions are also very corrosive. Protein adsorption inhibits the corrosion of
metals, chiefly in two ways. First, the adsorbed protein layer forms a

barrier between the electrolyte and the surface oxide layer, and resulting in
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growth of the surface oxide. it is clear that proteins act as cathodic

corrosion inhibitor. Second, the surface oxide contains negative charged

oxide ions [36,37].
2.6.1 Corrosion Types of Duplex Stainless Steel

DSS showed the lowest corrosion rate. On the other hand, ferrite and
austenite phases did not corrode uniformly. In DSSs, Cr, Ni, Mo, and N
were not uniformly distributed between ferrite and austenite phases. This
heterogeneity may lead to galvanic interactions, which result in a difference
in corrosion behavior between these phases and can cause a preferential
corrosion attack on the weakest phase. Ferrite was more active than
austenite. Higher corrosion resistance of austenite in relation to ferrite
phase attributed to a higher content of Ni in this phase. The release of metal

1ons was mainly from ferrite regions in a selective attack [102,103].

Galvanic corrosion takes place in direct physical contact with a
dissimilar metal within an electrolyte such as serum or body fluid,
especially in acidic pH environment. Amorphous oxide film has higher
corrosion resistance compared to the polycrystalline oxide layer. The
surface film crystalline defects act as active sites for corrosion. The
absence of grain boundary, defects, and dislocations on amorphous oxide
film provide the lowest current density and absence of breakdown
potential. Addition of nitrogen increases resistance to pitting corrosion of

stainless steels [104,105].
- Pitting and Crevice Corrosion Resistance

DSS can be characterized by a temperature above which pitting
corrosion will initiate and propagate. This temperature is known as Critical
Pitting Temperature (CPT). Pitting initiation below this temperature will

not occur for long periods of time. Pit initiation is random, and the CPT is
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sensitive to minor variations. The critical temperature for initiation of
crevice corrosion is called the Critical Crevice Temperature (CCT).
Generally; higher critical pitting or crevice corrosion temperatures indicate
greater resistance to the initiation of these forms of corrosion. CPT and
CCT of all grades of DSS are well above those of Type 316. This makes
DSS a versatile preferred material. CPT = Constant + % Cr + 3.3 x % Mo +
16 x % N (Per IMOA guidelines) [104].

The pitting resistance of DSSs depends mainly on their Cr, Mo and
N contents. Thus, the pitting corrosion resistance can be expressed in term

of an empirical pitting resistance equivalent number (PREN) given by:
PREN =wt % Cr + 3.3 wt % Mo +x wt % N...... 9)

where the x value ranges from 16 to 30. Larger PREN value gives rise to
higher pitting resistance. Partitioning of Cr and Mo in ferritic phase and of
Ni and N in austenitic phase can affect the PREN values of both phases.
Furthermore, the precipitation of secondary phase particles can cause
compositional changes in the a- and y-phases, resulting in selective pitting
corrosion of a weak phase. Critical pitting temperature (CPT) is more
appropriate to describe the susceptibility of stainless alloys to pitting
corrosion. The ferrite volume fraction increases while the austenite fraction
decreases with increasing temperature. Cr and Mo content in the a-phase
decrease, while N content in the 7y-phase increases, with increasing
temperature. Accordingly, PREN value determined with x = 20 for the a-
phase decreases, while that for the fy-phase rises by increasing the
temperature. For lean UNS S32101 DSS contains very low Mo content, its
pitting potential decreases with time that attributed to the formation of
CrN precipitates. Pits nucleate mainly at the Cr-depletion region around

the Cr,N precipitates, and then grow into ferritic grains. The reduction in
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the passivation range, caused by the formation of o’ phase, leads to serious

pitting attack in the ferrite phase [104].

The resistance to the pitting corrosion gradually decreased as
increase in o fraction. The phase fraction (a:y) which exhibited the highest
resistance to pitting corrosion was approximately 50:50 in all the DSSs.
The pitting resistance equivalent numbers (PRENSs) of a and y phases in the
DSSs (PRENa and PRENY, respectively) is focused to explain the relation
between the resistance to pitting corrosion and the phase fraction. The
PREN values of the two phases become different. The overall resistance to
the pitting corrosion of DSS determined by the pitting susceptibility level
of less resistant phase than the other, which predicted by the PREN values
of the two phases. Pitting corrosion occurred mostly at a phase adjacent to
the y phase and propagated into o phase. The more dissolved phase (the
less noble phase) was a phase in all DSS. As a fraction increased, the
average corrosion depth decreased. The pitting corrosion of DSS showed a
stronger correlation with the galvanic corrosion rate between o and y

phases [106].

In practice, the pitting resistance equivalent (PRE) number is often
used for comparing the pitting corrosion resistance of SS. The PRE number
1s between 34 and 35 for the austenite phase and around 41 for the ferrite
matrix (without the nitride particles). This suggests a higher susceptibility
of austenite, having lower PRE number, to initiate pitting corrosion than
the ferrite phase at temperature above the CPT. The lower amount of Cr
and Mo in the austenite phase could be a reason of its higher susceptibility

to pitting corrosion compared to the ferrite phase [107].
- Stress Corrosion Cracking

DSS are replacements for austenitic grades in applications with a

significantly lower risk of SCC. The presence of ferrite in DSS imparts the
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superior chloride SCC resistance and high strength. Austenite in DSS
provides higher resistance to aqueous corrosion and low temperature

impact toughness.

The resistance of DSS to SCC is reduced by high temperature, low
pH and high applied stress. The a-phase is more susceptible to SCC attack
in hot chloride solutions, while the y-phase is selectively attacked in hot
alkaline sulfide solutions. Corrosion pits assist fine crack nucleation,
causing selective dissolution of the a-phase. Preferential attack occurred at
a-a and a-y boundaries due to the formation of o-phase in these regions.
However, intermetallic phase and Cr-rich o’-precipitates are detrimental to
the corrosion resistance of DSSs, especially for highly alloyed steels. The
formation of these phases depletes Cr or Cr/Mo content in the matrix
adjacent to the precipitates, leading to IGC, pitting corrosion and SCC
[104].

- Intergranular Corrosion

The formation of intermetallic compounds, chromium nitrides and
chromium carbides depletes Cr or both the Cr and Mo in DSS, leading to
intergranular corrosion upon exposure to corrosive environments.
Detrimental intermetallic phases in duplex stainless steel lead to low

toughness and poor corrosion resistance [104].

2.6.2 Role of Alloying Elements in Duplex

e Chromium (Cr) — Ferrite Stabilizer — A minimum of 10.5% chromium
is necessary to form a stable passive film to protect steel from mild
atmospheric corrosion. The corrosion resistance is higher with increasing

chromium content

* Molybdenum (Mo) — Ferrite Stabilizer — Molybdenum acts to support

chromium to provide chloride corrosion resistance and resistance to pitting
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corrosion; molybdenum also resists tendency to form detrimental

intermetallic phases (e.g.: sigma, chi)

* Nickel (Ni) — Changes lattice structure from BCC to FCC; FCC gives
excellent toughness; Ni additions help delay the formation of detrimental
intermetallic phases. DSS do not have sufficient nickel to resist the strong

reducing conditions

* Nitrogen (N;) — Austenite Stabilizer — It delays formation of sigma
phase; increases resistance to pitting and crevice corrosion; increases
toughness; nitrogen is adjusted based on nickel content to achieve desired

phase balance

* Manganese (Mn) — Somewhat controversial; stabilizes austenite, but

may reduce pitting corrosion resistance [104,108].

2.7 Corrosion Resistance of Lean Duplex Stainless Steels

Lean Duplex stainless steel UNS S32101 and ASS 304L are showed
similar breakdown potentials and pitting damage. There does not seem to
be a universal relationship between PRE number and breakdown potential
for the LDX and ASS. Lean DSS are also structurally stable and phases

reform easily as result of nitrogen addition [108].

Corrosion resistance of LDX is similar to AISI 316L steel, but with
the advantage of a yield limit two times superior to conventional austenitic
grades. Lean duplex is much more susceptible to martensitic
transformation, which can be explained by its lower Mo and Ni contents.
Steels with PRE > 40 are super duplex, and those with PRE < 40 are duplex
or “lean” duplex. LDSS have lower PRE than DSS because their Mo
content is very low (less than 1.0%). A non-official boundary between

LDSS and DSS is the PRE number of 30. The austenite of lean duplex
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stainless steel was found to be as metastable as austenitic AISI 301LN

grade, and more metastable than AISI 304L [34].

The dissolution of the microstructure of lean DSS during
atmospheric corrosion seemed to spread preferentially along the outer
surface rather than in depth. Pitting corrosion seemed to have been less
favored apparent from minor localized forms of cavities, indicating

corrosion attack occurred primarily by selective dissolution [109].

Localized corrosion occurs at the weakest parts of the LDX 2101
matrix. In general, equal volume fractions of phases, a defect-free
microstructure, and no deleterious phases are required for LDX 2101 to
have good corrosion resistance. LDX 2101 contains lower Mo, thus the
precipitation of ¢ is more difficult. The resistance to pitting corrosion
decreased gradually as the temperature increased from 950 C to 1100 C.
[110-112].

With the temperature increasing, the change of chemical composition
of each phase results in the PREN of ferrite phase decreasing while that of
austenite phase increasing. But no equal PREN values in both phases were
found in the alloy UNS S32101. Therefore, the pits are preferentially
nucleated at austenite phase and restrained by ferrite phase. The pitting

corrosion resistance is determined by the PREN value of the weaker phase

[113].

The pitting corrosion resistance and the critical pitting temperature of
LDSS have been found to be better than the standard austenitic types.
LDSS, UNS S32101 has been very good resistance to stress corrosion
cracking. Erosion can also be harmful to the pitting resistance of alloys
especially if the re passivation rate is low. An increase in chromium content
and an addition of N and Mo raises the re passivation rate. Mo containing

alloy re passivates faster than without Mo. The LDSS UNS S32101 with
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5wt% Mn is an alloy of interest due to the negative effect of Mn, in form of
MnS inclusions; MnS (affect the pitting behavior). Mn is presented in the
passive film of UNS S32101, likely to be preferentially oxidized and
absorbed into the passive film formed on the austenite phase more than the

dual phase of the lean duplex UNS S32101 [114].

2.8 The Body Environment

The human body consists of a significant number of natural elements
with water. Where, about 96% of the available elements are oxygen,
hydrogen, carbon and nitrogen. Additional ~ 4% of body mass comes in the
form of bone minerals and blood composed of Ca, P, Mg and extracellular
fluids comprising Na, Cl and K. As such, any implant developed on the
basis of these elements would be compatible with the human body.
However, there are few trace elements (trace elements) that are toxic at

high levels [115].

Dissolved salts are probably the most influential components for
implant corrosion in vivo. The most important characteristics of body fluids
that influence the corrosion of metal implants are the chloride, dissolved
oxygen and pH levels. Body fluids may seem to be slightly less aggressive
than seawater, based on the lower (PREN) of 26 in comparison to the value
of 40 for seawater. Indeed, deaerating of the solution with high-purity
nitrogen gas to maintain low O, concentration was found to better predict
the in vivo performance of metal implants. Another gas, carbon dioxide
(COy), influences the corrosion in vivo by affecting the pH. The hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) are two

important reduction reactions in corrosion in vivo [116].

Artificial materials intended for clinical use are studied by in vivo

and in vitro methods in simulated body fluids (SBF) to evaluate their
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biocompatibility. In these model fluids, the ability of apatite formation on
the surfaces can be tested. Most SBFs do not contain proteins, amino acids,
or vitamins; only the inorganic ions of blood plasma are present in the same
concentration as in the natural fluids as shown in Table (2.3). The tests may
be either dynamic or static. Taking the constant flow of the body fluids into
consideration, the dynamic method might be considered a better way to

evaluate biocompatibility [117].

Table 2.2 Ionic concentrations of test solutions (in mM) [118-121].

Ions Na®™ K" Mg? Ca¥* ClI' HCO*> HPO+s SO4

SBF 142.0 5.0 1.5 25 1478 4.2 1.0 0.5
Ringers 1564 5.6 - 22 161.8 24 - -
PBS 1387 3.1 - - 139.7 - 2.03 -

2.9 Literature Review and Previous Study

2.9.1 Surface Modifications for Biomedical Applications
2.9.1.1 Different Surface Modifications on Stainless Steel

In 2015 He-Kyong Kang et.al [122]. This study investigated the
biomechanical properties and bone-implant inter surface response of
machined and laser surface-treated stainless steel (SS) mini-screw implants
(MSIs). The mean values of Sa and Sq were significantly higher in the
laser-treated group compared with the machined group (P <0.05). There
were no significant differences in fracture resistance and BIC between the
two groups. Laser treatment increased surface roughness without
compromising fracture resistance. Despite increasing surface roughness,

laser treatment did not improve BIC (the bone-implant contact).

In 2017 E.D.Gonzalez et.al [123]. Authors have proposed the use of Ti-Nb
alloy thin films as surface coating for SS. Thin films were deposited on

316L SS substrate by magnetron sputtering, and four compositions were
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produced: TigsNb;s, TigoNba, TizoNbsg, and TigNbso. The structure,
morphology, and nanostructure of the coatings were analyzed by means of
(XRD), (SEM), (TEM). The results showed lower elastic modulus values
and higher hardness values as compared to commercially used alloys, as
well as high values for joint plastic deformation between the coating and

substrate.

In 2019 Viktoria Meyer-Kobbe et.al [124]. The objective of this study
was to quantify the intraoral biofilm reduction on bracket material as a
result of different surface modifications using silver ions. In addition to
galvanic silver coating and (PVD), the plasma immersion ion implantation
and deposition (PIIID) procedure was investigated for the first time within
an orthodontic application. Orthodontic SS with a silver-modified surface
by PIIID procedure showed an effective reduction in the intraoral biofilm
formation compared to untreated bracket material. Additionally, the PIIID

silver-modified surface has an increased bactericidal effect.

In 2020 A.M. Oje et.al [125]. Chromium oxide coatings deposited on
stainless steel substrates by RF reactive magnetron sputtering were tested
for their corrosion and ion release behavior in three physiological solutions.
The coatings tested in Ringer’s and Hank’s solutions possess lower defect
densities, better corrosion resistance, and lower ion release when compared
to those tested in saline solutions. The metal ion release test suggests that
the coatings have the potential to be used as an implantable coating for

orthopedic implant applications.

2.9.1.2 Coatings with Tantalum based compounds (Pentoxide and
Nitride)

In 2016 B. Rahmati et.al [86]. In this research, an attempt is made to
study the corrosion and wear behavior of TaO, thin film coating deposited

onto Ti-6Al-4V alloy by using physical vapor deposition magnetron
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sputtering (PVDMS) with the highest adhesion which leads to increase
corrosion resistance, decrease debris generation and improve durability.
Corrosion testing was carried out in fetal bovine serum (FBS). The
corrosion test in FBS medium confirmed that the corrosion resistance of the
TaO; coated Ti-6Al1-4V alloys was significantly higher than the uncoated
Ti-6Al-4V substrate with high thin-film adhesion. The tests revealed that
the specific wear ratio of TaO, coating was significantly lower than the
uncoated substrate wear ratio. So, due to the noticeable corrosion and wear
resistance characteristics of the TaO, coating, it is suggested for hip joint

implant.

In 2016 Jian Cheng et.al [126]. In order to improve the corrosion and
wear resistance of biomedical implants, a Ta,N coating was synthesized on
a Ti-6Al1-4V alloy by the double glow discharge plasma process. The Ta,N
coating, improved the surface hardness and showed good contact damage
tolerance and good adhesion strength to the substrate. The corrosion
resistance of the Ta,N coating in Ringer’s physiological solution was
evaluated by potentiodynamic polarization, electrochemical impedance
spectroscopy  (EIS), potentiostatic  polarization and capacitance
measurements (Mott-Schottky approach). The evolution of the surface
composition of the passive films at different applied potentials was
determined by X-ray photoelectron spectroscopy (XPS). The Ta,N coating
showed higher corrosion resistance than both commercially pure Ta and

uncoated Ti-6Al-4V in this solution.

In 2018 Ay Ching Hee et.al [127]. Tantalum films were deposited on
negatively biased Ti6Al4V substrates using filtered cathodic vacuum arc
deposition. The effect of substrate voltage bias on the microstructure,
mechanical and corrosion properties was examined and the cyto-

compatibility of the deposited films was verified with mammalian cell
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culturing. Ta/~100 V showed a significant improvement in corrosion
resistance, which is attributed to the stable oxide layer. The results show
that the Ta films have no adverse effect on mammalian cell adhesion and

spreading proliferation.

In 2019 G. B. Melnikova et.al [128]. The research of structure, roughness
and friction coefficients of tantalum and tantalum oxide coatings on steel
and glass substrates by the AFM method is presented. The samples are
characterized by low friction coefficients. These materials are proposed for

fabrication of stents in medical applications.

In 2020 Hassan Jawad Farhan et.al [129]. Aim of study: to find
materials which accelerate bone formation at bone implant interface and
improve Osseo integration. Modified reactive plasma sputtering was used
to coat CpTi with TaN at 4, 6 &8 hrs. Surface characterization by (XRD),
(SEM), (EDS), contact angle measurement, were carried out for coated and
uncoated disks. The results showed that 8 hrs coating time was the best
time according to the results of XRD analysis. The results of wettability
test for CpTi disk coated with TaN disk was more than wettability of non-
coated CpTi disk. Surface roughness was more and better distributed in

CpTi coated with TaN disk than non- coated one.

2.9.2 Plasma Nitriding

In 2015 J. Alphonsa et.al [130]. With a view to improve hardness and
corrosion resistance of 2205 duplex stainless steel, plasma nitriding and
nitro carburizing processes were performed at 350, 400, 450 and 500 °C for
4 hrs. Samples treated at 400 °C by plasma nitro carburizing exhibits the
highest corrosion resistant with a significant raise in surface hardness. At

higher temperatures, samples treated by these processes show poor
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corrosion resistance. This study high lights the difference in plasma

nitriding behavior of the ferrite and austenite phases.

In 2017 M A Maleque et.al [81]. The main aim of this work is to nitride
alloy layer on the surface of duplex stainless steel by the nitriding process
temperature of 400°C and 450°C at different time and ammonia
composition using a horizontal tube furnace. After nitriding, it was
observed that the hardness performance increased until 1100 Hv compared
to substrate material of 250 Hv. The thickness layer of nitrided alloy also
increased due to diffusion of nitrogen on the surface of DSS. XRD results
showed that the nitride layer consists of iron nitride, expanded austenite
and chromium nitride. It can be concluded that nitride alloy layer can be
produced via nitriding process with significant improvement of

microstructural and hardness properties.

In 2019 Giuseppe Pintaude et.al [92]. Two grades of DSS, SAF 2205 and
SAF 2507, were nitrided using an active screen plasma process carried out
at 380 °C for 10 hrs. X-ray diffractometer showed expanded austenite
formation in all nitrided samples. The super duplex steel SAF 2507 showed
much better scratch resistance, with low friction coefficient and greater
toughness. The corrosion behavior of duplex steels was also different, and

nitriding had a more beneficial effect upon SAF 2507.

In 2019 Ali Sabea Hammood et.al [131]. In this thesis the plasma
nitriding process was done for a titanium alloy (Ti—6Al-4V) rod and
performed at different nitriding times (5, 10, and 15 hrs), and the effect of
plasma nitriding was examined on the chemical compassion of the alloy
and phases were studied by (OM), (SEM) and (FESEM), (XRD), Tafel
potential polarization, and cyclic polarization. The results indicate that the

formation of layers and phases Ti;N and Ti,Ns- x on a surface of the alloy
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were achieved, which would improve the chemical corrosion in simulated

body fluid.

In 2020 Alisiya Biserova-Tahchieva et.al [132]. In this study, the effect
of a plasma ion carburizing process to (DSS and SDSS), at 925 -C for a
long time is presented. The objective is to analyze the diffusion elements’
influence on the precipitation of secondary phases after additional short
thermal treatment. Precipitation of secondary phases—sigma, chi, nitrides
and carbides—seemed to occur during the treatments in a similar way for
both (DSS and SDSS). It was found that an improvement of the surface

protection after the plasma carburizing process occurred.

In 2020 XIAO TAO et.al [133]. In this article, Invar 36 (Fe-36Ni, in wt
pct), is characterized after triode plasma nitriding (TPN) treatments at
400-C to 450-C and compared with a RA 330® (Fe-19Cr-35Ni, in wt pct)
treated under equivalent nitriding conditions. Cr does indeed appear to play
a pivotal role in colossal nitrogen super saturation of austenitic steel under
low-temperature (< 450 °C) nitrogen diffusion. Nevertheless, this work
reveals that nitrogen-induced lattice expansion occurs below the nitride-
containing surface layer in Invar 36 alloy after TPN treatment, implying
that Cr is not a necessity for the nitrogen-interstitial induced lattice

expansion to occur.

2.9.3 Duplex Stainless Steel

In 2015 M.E. Sotomayor et.al [134]. Purpose of this paper is the
evaluation of three different surface treatments on a duplex stainless steel,
in order to improve its adhesive properties on a thermoplastic like
polysulfide. Shot-peening, acid (aquaria) etching and atmospheric pressure
plasma jet have been used. Additionally, aging studies have been
performed to evaluate the effect of storage time of parts on atmospheric

plasma torch surface treatment. Aquaria and plasma torch treatments have
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reached the optimal surface modification condition under wettability
criteria. Shear strength tests demonstrated that the improved surface
adhesion provided on this substrate and the polysulfide is achieved by shot-

peening and acid etching treatments.

In 2015 Margarita Bobadilla et.al [135]. In this work, DSS samples were
plasma nitrided at temperatures between 350 °C and 500 °C for 240 min
under an atmosphere of 75% N, + 25% H,. Apparent diffusion coefficients,
activation energy and pre-exponential constant were calculates using the
first law of Fick for each material phase, austenite and ferrite. Nitrogen
diffusion in both phases appears to be similar. Nevertheless, the difference
on the layer thickness in both of the phases is small. From these results, it
was proposed a model of nitrogen diffusion into a two-phase stainless steel
to explain the morphology of the interface between the layer and the

substrate.

In 2016 R. W. Gregorutti et.al [136]. Mechanical, electrochemical and
magnetic properties of DSS were analyzed to evaluate its use as
biomaterial, comparing the results with those obtained for ASS. Yield and
ultimate tensile strengths are almost twice in DSS. The electrochemical test
revealed that this material has lower susceptibility to localized corrosion
because of its greater passive range. Both steels behave as soft magnetic
materials; however, DSS has higher magnetic saturation, while ASS is

more prone to heating when exposed to a magnetic field.

In 2017 Ali Sabea Hammood et.al [137]. In the present study, the
corrosion resistance of a DSS in artificial saliva was studied by
potentiodynamic measurements. The microstructure was investigated by
(SEM), (XRD) and (HV). The properties were tested in thermally treated
conditions (800-900°C, 2-8 min). The research aims to evaluate the

capability of DSS for orthodontic applications. The results indicate that the
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corrosion resistance is mainly affected by the ferrite /austenite ratio. The

best result was obtained with a treatment at 900°C for 2 min.

In 2017 P.H. Lailatula et.al [138]. Surface modification of duplex
stainless steel is important to make this material suitable for tribological
and high temperature applications. The surface modification using fine SiC
(20 um) powder preplacement by TIG torch technique has been performed
on DSS. The TIG torch was employed with varying operating welding
variables such as welding current of 80 A, 90 A and 100 A and energy
input of 648, 768 and 1440 J/mm. The composite surface layer was
characterized using Vickers micro-hardness tester and (SEM). Based on the
results, it was found that re-solidified composite layer produced maximum
hardness of 833.6 Hv from substrate hardness for TIG processed of 768
J/mm energy input. The microstructure revealed the formation of dendrite

phase due to complete melting of SiC in the modified layer.

In 2019 Alisiya Biserova Tahchieva et.al [139]. The paper presents an
overview of diffusion surface treatments, especially nitriding processes,
applied to duplex and super duplex stainless steels in the last five years.
Research has been done mainly to investigate different nitriding processes
in order to optimize parameters for the most appropriate procedure. The
scope has been to improve mechanical and wear resistance without
prejudice to the corrosion properties of the duplex and super duplex

stainless steels.

In 2020 G. Lakshmi Prasanna et.al [140]. This paper analyzes a study of
the impact of carburizing on DSS. The main focus is on increasing the
hardness and wear ability without sacrificing the resistance to corrosion
will significantly extend its applications. With regard to various
metallographic and mechanical tests, these heat treated materials were

analyzed. Metallographic measures such as XRD, SEM, and mechanical
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tests such as tensile and hardness tests are the most commonly used. The

paper discusses structural and physical changes in duplex stainless steel.

In 2021 Ali Sabea Hammood et.al [141]. This paper reports on
electrophoretic deposition (EPD) of hydroxyapatite / titania nanocomposite
coatings on 2205 (DSS). The effects of using deposition voltages of 20 V,
30 V, and 40 V on the kinetics during EPD were identified. The corrosion
behavior of coated and uncoated samples was studied in Ringer’s solution
using potentiodynamic and cyclic polarization tests. A homogeneous
morphology and crack-free structure were obtained at the optimum
condition of 30 V, with minimum porosity and the highest corrosion
resistance. The results confirm that these materials suitable for use in

medical applications.

In 2021 Ali Sabea Hammood ect.al [142]. This thesis indicates that
Hydroxyapatite-Silver (HAp/AgNPS) coating on 2507 (DSS) by
electrophoretic deposition (EPD) process was done. The ideal EPD
parameters for good 2507 DSS coating were 20 V and 3 min. The corrosion
results showed that all 2507 DSS coated samples had a lesser corrosion
current density in solution (Ringer) at 37 °C than the 2507 DSS uncoated
sample, while antibacterial results indicate that AgNPS play an effective

role in destroying and inhibiting bacteria.

2.9.4 2101 Lean Duplex Stainless Steel

In 2015 Zhi-hui Feng et.al [143]. The microstructure, micro hardness,
phase ratio, and recrystallization dependence of the deformation
compatibility of LDX 2101 and DSS 2205 were investigated using (OM),
electron backscatter diffraction (EBSD), Thermo - Calc software, and
(TEM). The results showed that the phase ratio transformations of LDX
2101 and DSS 2205 were almost equal under the condition of increasing

solution temperature. Thus, the phase transformation was not the main
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cause for the hot plasticity difference of these two steels. The grain size of
LDX 2101 was substantially greater than that of DSS 2205, and the micro
hardness difference of LDX 2101 was larger than that of DSS 2205.

In 2016 Alberto Ruiz et.al [144]. In this paper, welded joint of a 2101 lean
duplex stainless steel (DSS) was studied using ultrasonic attenuation
measurements. Two plates were welded using gas metal arc welding
(GMAW) process. Experimental measurements show that the longitudinal
ultrasonic wave amplitude is significantly affected by the recrystallization
of the microstructure caused by multi-pass welding. Similarly, it was found
from Vickers micro hardness maps, that finer microstructure shows higher

micro hardness values while coarser grains present the lower values.

In 2016 Jean-Yves Maetz et.al [145]. The microstructural evolution of a
2101 lean duplex stainless steel (DSS) during isothermal aging from room
temperature to 470 °C was investigated using thermoelectric power (TEP)
measurements to follow the kinetics, atom probe tomography, and
transmission  electron  microscopy. The time—temperature pairs
characteristic of the early stages of ferrite decomposition were determined

from the TEP kinetics.

In 2018 A. A. H. Ameri et.al [146]. The effect of strain rate on the
mechanical response and microstructural evolution of Lean Duplex
Stainless Steel 2101 (LDSS 2101) has been investigated. The compressive
response of LDSS 2101 at different strain rates was measured by using a
universal testing machine and Split Hopkinson Pressure Bar (SHPB). The
microstructural changes were examined using OM, ESM and Electron
Backscatter Diffraction (EBSD). The results showed that the mechanical
response of LDSS 2101 depends on strain rate. Microstructural

observations revealed that some of the austenite phase transforms to
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martensite. The volume fraction of the martensitic phase, increases with

increasing plastic strain but decreases with increasing strain rate.

In 2018 Franc Tehovnik et.al [147]. The purpose of the research was to
qualitatively analyze the phases in 2101 lean duplex stainless steel after
thermal aging. (OM), (SEM) and electron-backscatter diffraction (EBSD)
were used to investigate the structural stability and the chemical

compositions of the phases.

In 2019 Masoud Atapour et.al [148]. Changes in corrosion behavior,
metal release, and surface composition of austenitic (AISI 316L), ferritic
(AISI 430), and lean duplex (LDX 2101) stainless steels in simulated milk
(SMS) and whey protein solution were investigated. The amount of
released metals and the corrosion susceptibility increased according to
2101 < 316L < 430. All grades revealed low corrosion rates in the whey
protein solution without any sign of active/metastable corrosion. The total
amount of released metals (iron, chromium, and nickel) was significantly
higher in whey protein solution compared with SMS. Nickel was
preferentially released compared to its bulk composition fraction for both
316L and 2101 in the highly complexing SMS. Reduced metal release rates

with time correlated with the enrichment of chromium in the surface oxide.
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Chapter Three

Experimental Part

3.1 Introduction
This chapter comprises the materials that were used and preparation
of these materials and the experimental procedures. The experimental part
of this investigation will contain the following:
e Materials used in this study
e Sample preparation for surface modifications and tests
e Experiments and performance methods

3.2 Raw Material

The alloy used in this work was rod of LDX 2101 lean duplex stainless
steel (Figure 3.1) which made in Sweden OutoKumpu factory for stainless
steel and high performance alloys. The analysis of chemical compositions
for this alloy is displayed in Table (3.1). This test was performed in Al
Nabaa Co. Engineering Services Labs in Baghdad which is agreed with
OutoKumpu data of chemical compositions for LDX "2101" [149].

Figure 3.1 A sample prepared experimentally.

Table 3.1 Chemical composition analysis for LDX "2101" alloy in wt%.

LDX 2101 EN ASTM C Cr Ni Si Mo N Others @ Fe

stainless | 410 §32101 003 215 15 1 03 022 MM gy
steel alloy Cu

Figure 3.2 shows illustrates the "flow chart" of the present study of the

presented investigation.
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Figure 3.2 Flow chart of the study
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3.3 Samples Preparation

The first step to prepare the samples for surface modifications was cut
a rod of LDX 2101 alloy into samples with dimensions of (¢15x5) mm to
three sets. Each set contained five samples, which were then ground with
silicon carbide papers, and rinsed in refined water before polishing using
the grinding and polishing machine (Meta Serv. 250). After polishing is
completed, the samples were ultrasonically cleaned by ethanol medium for

10 min to remove any impurities from the surface.

3.4 Surface Modifications Techniques
From the material as received, the surface modification will consist of three

parts:

3.4.1 First Part: Plasma Nitriding Technique

The plasma nitriding procedure was performed on mirror polished
finished LDX 2101 DSS samples for different nitriding times (5, 10, 15, 20
and 25) hrs in plasma nitriding system. This was a low-pressure gas
discharge unit consisting of a vacuum chamber with two parallel
electrodes. The plasma chamber contains a target (cathode) and anode disk
of stainless steel. The cathode faces the anode, which provides an electric
field for the gas to be discharged. The bottom shaft of the cathode electrode
is shielded by insulator disk (ceramic). The top of cathode is shielded by
cathode space assembly which included by ceramics insulator and stainless
steel holder. The diameter of the top electrode is 14.5 cm while the target
electrode (effective area of cathode dark space) is 7.5 cm and the gap
distance between them can be varied from 4 to 6 cm and in the current
study a 4 cm distance is used. The feeding of N gas was done after

evacuating the process chamber to high vacuum (= 1 X 107> mbar) using

high vacuum system consisting of rotary and turbo molecular vacuum

pumps to ensure the complete removal of the heavy gases like
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hydrocarbons. A 4 kV DC voltage—power supply is used to ensure the
necessary voltage for plasma nitriding and the discharge voltage was 400
V. The plasma nitriding process was performed in 3 mbar pressure of
nitrogen. The clean samples are placed on the anode in the center of the
dark shield as shown in Figure 3.3. The cathode was connected to the DC
power supply, while the grounded chamber served as anode. After the
process was finished, switch off voltage power supply and aeration the
chamber in nitrogen gas to purpose reduce the pressure inter the vacuum

chamber and exit the samples.

Vacuum
chamber

Voltage DC glow
plasma discharge
for nitiding

turbo

Vaoltage DC glow

plasma discharge

forsputtering
—

Pirani
gauges

Figure 3.3 The plasma nitriding system (design and made locally).

Plasma nitriding for DSS (2101) at different times (5, 10, 15, 20, 25) hrs,
voltage (400 V), current (30 mA) and pressure (3 mbar).

1- Preparation of samples from modern LDX (2101). 5 samples with
(p15 x5) mm dimensions.

2- Optimization of plasma nitriding process parameters: time, voltage,
current and pressure, with several gases in order to use N».

3- Samples nitriding, by different nirtiding times and stay the other
parameters invariant.
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3.4.2 Second Part: Ta — Pentoxide Deposition by Reactive Sputtering
Technique

Ta — Pentoxide deposition by sputtering at different sputtering times (2, 4.

6, 8, 10) hrs and voltage of (3500 V), current of (10 mA) and power of (35

W).

1- Preparation of samples from modern LDX (2101) (5 samples with
(p15x5) mm) dimensions.

2- Optimization of Ta,Os reactive sputtering process parameters time,
current and power.

3- Samples sputtering by different times and hold other parameters
constant.

3.4.3 Third Part: Ta — Nitride Deposition by Reactive Sputtering
Technique

Ta — Nitride deposition by sputtering at different sputtering times (2, 4. 6,

8, 10) hrs and voltage of (3500 V), current of (10 mA) and power of (35

W).

1- Prepare samples from modern LDX (2101) (5 samples with (¢15x5)
mm) dimensions.

2- Apply the optimized process parameters of sputtering Ta — Nitride
method.
3.5 Surface Characterization Processes

A brief description of the wvarious techniques used for the

characterization of the alloys is given in the following sections:

3.5.1 Vickers Micro Hardness Test
The hardness test can detect any changes in microstructures that are not
related to varying chemical compositions. The test was accomplished at the
University of Kufa — Faculty of Engineering— Materials Engineering

Department. It was performed by using a "digital calibrated Vickers" micro
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hardness testing machine, "TH715", "Beijing Time High Technology Ltd.,
China), equipped with microscopic lenses with amplification of 400 X and
100 X and according to ASTM E 384-99 (standard test technique for
materials micro indentation hardness), to test samples at 9.8 N load and 15
sec before and after surface modifications. The hardness readings were
taken five times in different regions and then the average of these readings

were recorded for the sample before and after surface modifications.

3.5.2 Field Emission Scanning Electron Microscopy
Scanning electron microscopy (SEM) is used to identify microstructural
features associated with the ferrite and austenite phases and also secondary
phases. The test was performed for LDX 2101 in "Al-Razi Metallurgy
Research Center" in Tehran by using FESEM kind (MIRA 3-XMU)
(Figure 3.4) and "CAC Chemistry Analysis Center" in Baghdad.

Figure 3.4 Field Emission Scanning Electron Microscopy.

3.5.3 Energy Dispersive Spectroscopy
Energy dispersive spectroscopy (EDS) analysis (attached to SEM) is one
method to evaluate the chemical composition of each phase. Doing three
spectrums by SEM for each phase (one sample), then calculating the mean
value of weight percentage for each element and the minimum and

maximum values for each element in the phases.
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3.5.4 X-Ray Diffraction
X-ray diffraction (XRD) techniques is used method to define the presence
phases in LDX 2101 alloy before and after the surface modifications. The
"SHIMADZU Lab X XRD-6000", Japan X-Ray machine used in this thesis
(Figure 3.5). The tests were accomplished at the Al-Razi Metallurgy
Research Center in Tehran and the CAC Chemistry Analysis Center in
Baghdad. X-ray with a nickel filter and generator copper Ka radiation (A =
1.5406). The scanning speed of the diffract meter was adjusted to 60 per
min with the diffraction angle range 20° was (40°-100°). The resulting
peaks are then compared to standard peaks for each phase that will appear
in the Lean Duplex stainless steel alloy and phases that will appear as a

result of surface modifications.

Figure 3.5 X-ray diffraction SHIMADZU Lab X XRD-6000.

3.5.5 Atomic Force Microscopy
The surface image feature, particle size in addition nano roughness of the
deposition layer is observed with the atomic force microscope (AFM).
AFM is a beneficial tool used to detect the arrangement of nanoparticles
and providing high resolution topographies of coated films. This technique
is very effective for characterizing the material in the nano scale. This test

performed in the University of Babylon-Faculty of Materials Engineering
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by using AFM (Figure 3.6) (SPM AA3000, Angstrom Advanced Inc.,
USA).

v

Figure 3.6 Atomic force microscopy (AFM).

3.5.6 Antibacterial Test
The risk of initial Microbial Colonization and bacterial attack exists on the
surface of biomaterial. The activity of antibacterial of the surface layer of
modified LDX was investigated to evaluate whether the coated layer is
antibacterial or not. The activity of antibacterial is studied by using the
inhibition zone method. An antibacterial kinetic test with bacterial strains
of "E.coli" (Escherichia coli, American type culture, "ATCC 25922", gram

negative bacteria, is prepared at the University of Kufa - Faculty of

Medicine - Microbiology Department [150]. The E.coli grown on a (N.
agar) "nutrient agar" and placed in the incubator for 24 hrs, then the
bacteria spread on a petri dish and incubated at 37°C for 24 hrs as seen in
Figure 3.7, after that, the samples are placed in four different regions on the

petri dish and the inhibition zones are observed.
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Figure 3.7 Anti-bacterial test samples

3.5.7 Adhesion Test

The adhesion test was performed using the Rockwell-C adhesion test,
which uses a standard Rockwell hardness tester fitted with a Rockwell
(type - C) diamond cone and a load of (150 kg) at 2 sec. Adhesion types as
(HF1-HF6) ratio to the cracking level and plating delamination about the
indented in Figure 3.8. Adequate adhesion is denoted by the indented
classifications ("HF1" and "HF2") [151]. Rockwell hardness test was
performed on LDX 2101 DSS substrate and nitrided samples at the Faculty
of Engineering labs / Kufa University.

Acceptable level of interfacial adhesion (HF1, HF2, HF3, HF4)

microcracks

delamination

£ 1 i == & T = =
HF5 HF6
Poor interfacial adhesion (HF5, HFG)

Figure 3.8 The adhesion test planner for Rockwell-C [151]

3.5.8 Electrochemical Corrosion Test
The electrochemical corrosion tests have been studied for the
samples, before and after surface modifications, by polarization tests
(potentiodynamic and cyclic). These tests are done in "Ringer’s solution"

(chemical composition detailed in Table 3.2). This test is performed by
65



utilizing potentiostats/galvanostats (MLab Bank Elektronik, Germany
(Figure 3.9) at University of Technology—Production Engineering and
Metallurgy Department. There are three electrodes in the corrosion cell.:

1. The electrode of working "LDX 2101 sample".

2. The counter electrode (platinum rod).

3. The saturated calomel electrode (SCE).

The exposed surface area was (1 cm?) for the electrode of working where

used for all samples.

Table 3.2 Chemical Composition of "Ringer’s solution"

Component Concentration (g/L)
NaCl 8.60
KClI 0.30
CaCl.2HO 0.33
pH 7.4
Na* 147.5
K" 4.0
Ca 4.5
Cr 156.0

Figure 3.9 The electrochemical Corrosion Test System.

The corrosion rate (CR) was calculated by using Faraday’s law in mpy unit

according to the ASTM G102 — 89 [152]:

icorr W

CR=K
Where:
K: Constant equal to 0.1288.

e Eq (3.1)

p*n

icorr: Corrosion current density pA/cm?,

W: Elements atomic weight.
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p : Density of the alloy, which is calculated practically for LDX 2101 DSS

and its value equal to 7.3 g/cm’.
n: The required number of electrons to oxidize the element atom in the
corrosion process or it is the valence of the element (n = 2 for DSS).

3.5.8.1 Potentiodynamic Polarization
In this work, the corrosion behavior was analyzed for LDX 2101 duplex
stainless steel before and after surface modifications by using
electrochemical cell (three-electrode). Polarization tests were done in
potentiostat type "Winking M Lab 200". The curves of potentiodynamic
polarization were plotted then Tafel plots were used to determine both the
corrosion potential (Ecorr) and the corrosion current density (Icorr) using
both anodic and cathodic polarization branches, the tests were done in
"Ringer’s solution" at 37 °C.

Polarization resistance was characterized as the resistance of the
specimen to oxidation, during the application of an external potential.
Based on the Sterne-Geary formula provided by Eq. (3.3) [152], Rp values
were calculated: [153]

_ Ba Bc
Rp = — Barpe) Eq. (3.3)

Where:
B a: Anodic Tafel slope.
B c: Cathodic Tafel slope.

3.5.8.2 Cyclic Potentiodynamic Polarization
The cyclic potentiodynamic polarization method gives a reasonable, rapid
technique for qualitatively predicting the propensity of an alloy or metal to
suffer localized corrosion in the form of pitting. The test performed in the
same system used in the potentiodynamic polarization shown in (Figure
3.8) and same conditions and test parameters. The test performed for LDX

2101 before and after surface modifications.
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Chapter Four

Results & Discussion

4.1 Introduction

This chapter offers the results that have been inferred from the
practical part, mechanical, physical and chemical tests followed by their
discussion. The results are presented and discussed to demonstrate the
effect of surface modifications type and its parameters (such as treatment
time) on the mechanical and surface properties, antibacterial activity,
adhesion strength in addition corrosion resistance of deposited layer was
studied in vitro by "Ringer's solution" (simulated body fluid) at temperature
37 £1 °C.

In this chapter also results of surface modifications processes with

optimum conditions are extracted from statistical analyses.
4.2 Microstructure of LDX 2101 DSS Substrate

LDX 2101 duplex stainless steel before surface modifications has
microstructure of biphasic, with darker ferritic and brighter austenitic phase
grains in approximately area fraction of 50.6 % ferrite (o) and 49.4 %
austenite (y) without secondary phases (Figure 4.1), that calculated by
using Image J-1.46r program [154].

Figure 4.1 Initial microstructure of LDX 2101 duplex stainless steel, with ferrite (dark)
and austenite (light) phases.
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4.3 Surface Characterization Techniques after Surface

Modifications

Part I: Plasma Nitriding Technique

4.3.1 Vickers Micro Hardness Test

The average micro-hardness for the un nitrided 2101 LDSS substrate
at five different regions is 260 HV, which is equal to the hardness of LDSS
260 HV [155]. The surface hardness is increased due to the nitrogen
diffusion into the crystal lattice by plasma nitriding [156].

The precipitates, that form nitrides, distort the lattice and pin crystal
dislocations, significantly increasing the material's hardness. The super
saturation of N in solid solution and precipitation of "nitride" result in very
high micro hardness values. By employing active nitrogen diffusion for
nitriding times less than "10 hrs", the ferrite in sample surface may be
transformed to austenite, and the "expanded austenite" was the main phase
in the nitriding layer "S phase". By the nitrogen atoms infusion, the region
of pre-existing ferrite transformed into "S phase", most of atoms remain in
interstitial positions. Little pre-existing ferrite was decomposed and €-
nitride precipitated in "S phase" whenever time of nitriding was prolonged
to 16 hrs. When time of nitriding was extended, a great amount of "€-
nitride", also "CrN" precipitates were found in pre-existing ferritic zone
(expanded austenite). In addition, from pre-austenite region, several
nitrides precipitated [157]. At an initial stage of nitriding treatment,
nitrogen atoms are dissolve into the a and vy, causing its lattice expansion,
which improves the surface hardness of DSS. Besides, nitrogen atoms
combine with alloy elements to form nitrides (CrN and Fe,.3N), which
significantly enhances its surface hardness. When the surface layer reaches
a certain thickness, the diffusion resistance of nitrogen atoms increases, and
the degree of lattice distortion and the amount of nitrides have un obvious
increase, the surface hardness of the treated sample reaches the maximum.
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With prolonged nitriding time, nitrides grow and coarsen, which causes the
decrease of surface hardness instead in samples 4 (20 hrs) and 5 (25 hrs) as
shown in Figure (4.2) which is match with references [158,159]. Increased
nitriding time (up to 15 hrs) results in a decrease in nano-hardness, which
may be attributed to increased particle size produced by longer nitriding

[160].

Hardness values of untreated and nitrided samples

of LDX 2101 DSS
1400

1200

1000 mHV1

800 HHV2
400 HV4
HV5
200
H HVav
0

Shrs 10hrs 15hrs 20hrs 25hrs
Nitriding time hrs

Vickers micro hardness Hv

Figure 4.2 Histogram of hardness values for untreated and nitrided samples of LDX
2101 DSS.

4.3.2 Field Emission Scanning Electron Microscopy

Figure 4.3 (a,b,c,d,e) shows the SEM micrographs of nitrided layer at
different times. It can be observed that the microstructure is densely packed
The main phase of the nitrided layer is the expanded austenite. When the
nitriding time extends up to 16 hrs, some pre-existing ferrite in expanded
austenite is decomposed and E€-nitride precipitated subsequently. When the
treatment time went up to more time, large amount of E-nitride and CrN
precipitates are observed in the pre-existing ferritic region in the expanded
austenite. Furthermore, many nitrides precipitate from the pre-austenite

region [157].
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Figure 4.3 SEM micrographs of nitried samples of LDX 2101 DSS alloy at: (R)
uncoated (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 hrs.

At 5-hrs deposition time (Figure 4.3), it can be seen that the
distribution of particles is better than uncoated morphology, while Figure
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4.3 (b) that the nitriding time is 10 hrs shows more close packed
microstructures, homogeneity surface, crack- free and uniform coating
were achieved. On the other hand, after (15, 20, 25) hrs as shown in Figure
4.3 (c,d,e), it can be observed that there are coarse particles with non-
uniform distribution. These observations are due to the coalescence of large

amount of E-nitride and CrN precipitates [157].

Figure (4.4) (a,b,c,d,e) illustrates the cross-sectional topography of
the nitriding coating at (5, 10, 15, 20, 25) hrs. It can be seen that the coated
layer has a regular thin film structure of (97.32, 176.28, 248.70, 200.06,
113.67) nm in thickness, with higher compact, homogeneity, and complete
adhesion between the coating and the substrate. Figure (4.4) shows the
mapping of elements that are present in nitrided samples. With the increase
in nitriding time, its thickness increases significantly. When the nitriding
time is over 15 hrs, the thickness decreases slowly. Obviously, with the
increase of nitriding time, the growth rate of the compound layer gradually
slows down. The reason is that due to the extension of nitriding time, the
nitrides formed on the surface of LDX 2101 increase, which results in the
diffusion resistance of nitrogen increasing and the formation ability of
nitrides reducing [159,194]. In Plasma nitriding, excessively long
treatments lead to thinner coatings because of the plasma formation and
continuous sputtering on the metal surface [160].

When nitriding time is 20 and 25 hrs, there is some micro cracks
appears on the surface layer of the treated samples, and the longer nitriding

time 1s, the more cracks are.
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Figure 4.4 Cross-sectional SEM micrographs and EDS elemental mapping of N, O,
Cr, Fe and Ni of nitrided samples at (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 hrs.

4.3.3 Energy Dispersive Spectroscopy

The elemental composition of nitrided layer formed on the LDX 2101 DSS

alloys for different times parameters are shown in Figure (4.5).
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Figure 4.5 EDS analysis for nitrided samples at: (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 hrs.

It can be observed that the main elements of Fe, Cr, O, N and Ni are
presented in the coatings. The existence of these elements confirms the
formation of nitrided coating on the LDX 2101 DSS alloy. Moreover, there

is no other peaks different from nitride and this assure the coating purity.

4.3.4 X-Ray Diffraction Analysis

The XRD results, (Figure 4.6), reveals crystalline a and y phases in the
reference (untreated) LDX sample, these phases are identified according to
the JCPDS card numbers where the diffraction pattern of the ferrite phase
match with the (JCPDS Card No. 06-0694) peaks and the austenite phase
match with the (JCPDS Card No. 33- 0397). After nitriding, the expanded
austenite (YN - S-phase) and nitride (y'-FesN and €-Fe,s;N) phases are
identified in all the surfaces. Likewise, with increasing treatment time, the
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a phase of nitrided DSS is converted into YN, €-Fe,sN, and € + CiN
(Figure 4.6 — d and e), the YN being the main phase on the surfaces in
accordance with literature [73,156,161].
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Figure 4.6 XRD patterns of plasma nitrided LDX 2101samples at: (R) un treated (a) 5
(b) 10 (c) 15 (d) 20 (e) 25 hrs.

4.3.5 Atomic Force Microscopy Analysis

The average surface roughness (Ra) of the uncoated LDX 2101 DSS
sample was equal to (2.55) um. The roughness was required to develop the
necessary mechanical bonding to improve the adhesion between the coating
and base alloy for biomedical applications. The AFM analysis is done for
the nitrided alloys and the topography of the nitrided samples with 3D
performance images were shown in Figure (4.7). The topography shows

some spherical packed particles in a dense and homogeneous layer of the
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coated samples, as well as the surface roughness were (2.66, 3.02, 4.38,
6.78 and 8.25) nm respectively. The illustrated topographies indicate that
the surface of nitride samples is covered by semispherical nitride particles.
The height and width of these nitride particles increased with the increase
of the treatment time. This is an important role in the bone replacement
field, where it is strongly related to the bonding between the implant
surface and host bone, hence it accelerated the implant fixation to the
human body [160,162]. The different particles distributions for the
mentioned samples are shown in Figure (4.7). It appears that the granularity
accumulations for the coating layers with average diameters of (455.28,
844.28, 1032.94, 1374.40, 1436.02) nm respectively in these conditions
increase with increasing nitriding time. which is attributed to the growth of

particles [163].
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Figure 4.7 The topography of the nitrided samples with 3D performance images and
granularity accumulation chart for particles at: (R) un treated (a) 5 (b) 10 (¢) 15 (d) 20
(e) 25 hrs.

4.3.6 Antibacterial Test

The effect of the antibacterial nitrided LDX 2101 DSS alloys was
examined against E. coli culture as shown in (Figure 4.8). The formation of
a clear region around the disc is referred to as the bacterial inhibition zone.
After 24 hours of incubation, both cases exhibited a good antibacterial
effect against E. coli [164], and then the nitride particles exhibited a strong
antibacterial effect. Therefore, the presence of N2 nano particles was
effective in preventing bacterial adhesion on the surface and, in turn,
preventing bacteria growth, which would improve the antibacterial activity,
and this activity would increase with increased nitriding time. Bacterial
tests demonstrated the nitrided layer had excellent anti-bacterial properties

[67,150].
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Figure 4.8 Optical photographs of antibacterial activity of E.coli performed for nitrided
samples at: (R) un treatment (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 hrs.

4.3.7 Adhesion Test

Figure (4.9) shows the optical microscope (OM) images of Rockwell C
indentation on the nitrided samples. Deep and long cracks were observed
around the indentation point in the nitrided samples. Furthermore, no
delamination was observed around the Rockwell C indentation effect.
These results show that the adhesion strength quality of these samples is
related to HF1 and HF2 and these failures represent HF2-HF3 type of the
adhesion strength quality. The adhesion of all treated sample is sufficient
[165,166]. The adhesion strength of the surface layer substrate declines,
and the longer the nitriding time is, the more obvious the decline is. This
may be attributed to the fact that the brittle phase of CrN (as shown in
XRD) increases and coarsens with nitriding time increasing (as observed in
AFM, Figure 4.7), which causes a decrease in the toughness of the surface
layer. Besides, the structural differences between the phases increase the

residual stress in the surface layer [159].
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Figure 4.9 Optical photographs of Rockwell type - C effect an indentation for plasma
nitrided samples at: (R)un treatment (a) 5 (b) 10 (c) 15 (d) 20 (e) 25 hrs.

4.3.8 Corrosion Behavior

Investigation of corrosion behavior of coating is obtained by
potentiodynamic and cyclic polarization tests. At first, the sample is
immersed in Ringer’s physiological solution for 30 min and the open

circuit potential (OCP) has been recorded after this period, where a steady
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state potential is attained. The corrosion behavior has been studied for
nitriding time.

4.3.8.1 Potentiodynamic Polarization

Figure (4.10) shows the potentiodynamic polarization curves for untreated
LDX 2101 DSS alloy and nitrided samples in the Ringer's solution at 37 +1
°C for different treatment time. The corrosion current densities (icorr) and
corrosion potentials (Ecor) are derived from the potentiodynamic curves by
employing Tafel extrapolation (Table 4.1). In addition, the corrosion rates
(CR) are also included in this Table and it is calculated according to the

equation (3.2).
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Figure 4.10 Potentiodynamic polarization curves of untreated LDX 2101 DSS and
nitrided samples at different times in Ringer's solution at 37 =1 °C.

It can be realized from the results obtained in Table 4.1, the untreated alloy
has high corrosion current density (icor = 2.75 uA/cm?) and thus corrosion
resistance happens because of the occurrence of metal ions dissolution on
the surface of the uncoated substrate. After nitriding, it can be observed
that the corrosion current density of some samples decreases, this means

that the nitriding provides a protective layer on the alloy surface that would
34



reduce the corrosion rate. The nitriding time (5 hrs) treated samples showed
better corrosion resistance than the untreated samples. When nitriding at 10
hrs, a lowest corrosion current (icor = 0.118 pA/cm?) is obtained. It is
evident that the sample coated at 10 hrs shows a lowest corrosion rate and
high E..r and thus more corrosion resistance than the others. This mean a
high nitride protection layer on the 2101 DSS substrate is obtained because
of uniform, dense and compact layer structure of this sample, while the
nitriding time at 15, 20 and 25 hrs, shows some micro cracks, and the
presence of CrN in structure (see Figure 4.3 — c, d and e), this leads to

decrease the corrosion resistance [78,156].

Table 4.1 Electrochemical parameters of the nitrided samples for LDX 2101 DSS at
different times.

Sample no. Condition icorr (nA/cm?) Ecorr (mV) CR(mpy)
R untreated 2.75 -34.2 1.329
1 5 hrs 1.56 -37.1 0.754
2 10 hrs 0.118 13.2 0.057
3 15 hrs 1.87 -84.8 0.903
4 20 ns 2.66 15.3 1.285
5 25 hs 5.64 -145 2.725

In addition, coating at extension time leads to produce a coarse
particles and inhomogeneity in the nitride layer that result in rough and
poor deposit quality. On the other hand, nitriding at 25 hrs has the lowest
corrosion resistance than the other as a result of the low layer thickness
compared with the other samples.

Finally, the corrosion resistance of the diffusion layer increases with
the improvement of nitriding time, but after nitriding 10 hrs its uptrend
stabilized, It is also evident that the corrosion behavior of time 10 hrs is
better than others of a high corrosion potential and lower passive corrosion
density [167,147].

Polarization resistance (Rp) measurements were used to determine the

protective ability of nitrided layer since the registered Rp values are
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contrariwise proportional to the corrosion current (higher polarization
resistance means lower corrosion current). The corrosion rate was directly

related to the Rp. Rp was calculated by Eq. (3.3).

Table 4.2 Polarization resistance of untreated and nitrided LDX 2101 DSS samples.

Sample no. Condition icorr (RA/cm?) pa (mV) Pe(mV) Rp (kQ.cm?)
R Un treated 2.75 80 -52.6 5.017
1 5 trs 1.56 42.7 -124.9 8.86
2 10 s 0.118 69 -50.1 106.94
3 15 hrs 1.87 82.4 -86.9 9.83
4 20 hrs 2.66 92.7 -101.5 791
5 25 nrs 5.64 125 -78.3 3.71

According to Table 4.2, untreated LDX 2101 DSS has low

polarization resistance (Rp = 5.017 kQ.cm?). Nitriding process leads to
increase in polarization resistance to (Rp = 106.94 kQ.cm?) at 10 hrs

which has lowest corrosion current density led to lowest corrosion rate.

4.3.8.2 Cyclic Polarization

In order to investigate the resistance of the samples to the localized
corrosion, the cyclic polarization is carried out. Figure (4.11) illustrates the
cyclic polarization curves for untreated and nitrided samples at different
times. Typically, the reading starts at the open circuit potential and scans
upwards until breakdown is attained. Then the direction of scan is inverted
after specific amount of localized corrosion is established and the passive
film is damaged. The potential at which stable pit formed is called
breakdown potential (Eb) or pitting potential (Ep). Consequently, the Ep
imply the potential over which the pits initiated and developed. If the Ep is
high, the material has high resistance to the pitting corrosion [168]. During
the reverse scan, a negative hysteresis can be observed on the curve as that

shown schematically in Figure (4.11). The difference between Ep and
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Eprot (AE) will give an indication to the corrosion resistance of the

sample, where the smaller AE value means the highest corrosion

resistance.
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Figure 4.11 Cyclic polarization curves for untreated LDX 2101 DSS and nitrided

samples at different times in Ringer's solution at 37 £1 °C.

It 1s clear from Figure (4.11) and Table 4.3 that the nitrided sample at 25
hrs has the lowest pitting or break down potential and thus low resistance to
the pitting corrosion, this is due to the increasing of coarse particles.
However, the nitrided sample at 10 hrs has highest pitting and protection
potential with a close hysteresis loop where this polarization behavior tends

to be resistant to the localized corrosion. In addition, the lowest value of A

E is obtained and consequently this sample would have the more resistance
to pitting corrosion. Addition of nitrogen increases resistance to pitting
corrosion of stainless steels by dissolution of nitrogen at the pit site and

subsequent formation of ammonium ions NH4s" and NO; in the metal
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interface which increases pH and thus slows down pit growth kinetics
[105]. This means that this sample has appropriately hindered the pit
initiation and propagation. Therefore, based on the results from the
potentiodynamic and cyclic polarization curves, it is supposing that the
nitrided layer at 10 hrs has a strong ability to act as barrier to prevent the
localized corrosion attack of many aggressive ions appeared in Ringer's
solution during the corrosion test. Moreover, the nitrided layer has the
ability to exhibit efficacious chemical barriers against metal ions release
from the metallic implants.

Table 4.3 Values of pitting potential for untreated and nitrided samples at different
times from cyclic polarization.

Sample no. Condition Ep (mV)
R untreated 694
1 S hrs 787
2 10 hrs 801
3 15 hrs 710
4 20 ns 685
5 25 ns 670

Part Il: Tantalum Pentoxide Deposition by Plasma Sputtering
Technigue

4.3.9 Vickers Micro Hardness Test

The mechanical strength of LDX 2101 DSS alloy 1s promoted by a ferritic
structure (interstitial solid solution, mainly N; substitutional solid solution,
mainly Cr, Mo, Ni; grain refining, with mutual action between the phases),
while the austenitic structure promises ductility and fracture toughness
[169,170]. Figure 4.12 displays histogram of micro hardness values of
samples coated with Ta,Os at different times (2,4,6,8 and 10) hrs. It may be
noticed from this Figure that when sputtering time increases, this leads to
increase the micro hardness of sputtered samples with Ta,Os. It is observed

that the hardness value of Ta,Os thin film has significantly increased up to
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1.7-fold when compared with un sputtered sample. The increase in

hardness values are due to the crystallization state of Ta,Os [171].

Hardness values of untreated and sputtered
samples with Ta,O; of LDX 2101 DSS
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Figure 4.12 Histogram of hardness values for untreated and sputtered samples with
TaxOs of LDX 2101 DSS.

4.3.10 Field Emission Scanning Electron Microscopy

The morphology and topography of un-sputtered and sputtered samples
with Ta,Os were observed by SEM in Figure (4.13) (a,b,c,d,e), shows the
SEM micrographs of tantalum pentoxide layer coatings at different times.
The SEM surface micrograph shows a smoother surface, typically observed
in compact coatings grown with amorphous morphologies, suggesting that
the addition of (O,) promotes the densification of the coatings. It can be
observed that the microstructure is densely packed and contain a
homogeneous particles distribution and leads to the formation of
homogeneous coatings. Figure 4.13 (a and b) shows a structure with
homogeneous particles distribution within them at (2 and 4) hrs. On the
other hand, after 10 hrs as shown in Figure (4.13) (e), it can be observed
that there are micro cracks, coarse particles with uniform distribution with
some uncovered areas. The use of high time during sputtering leads to a
considerable increase in the porosity of deposition and the tendency for

micro crack formation. Moreover, coarse particles will deposit and cause
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an increase in the roughness and thickness of coating and that will promote
the cracking to be more dominant for the thick layer as seen in Figure (4.13
— ¢). Therefore, it is clear that the coated sample at 8§ hrs is the most

appropriate one.

. £ - A -
- 2 o . < ® e
MIRAZ TESCAN g . | ‘WD: 9.49 mm MIRA3 TESCAN|
Det: SE 500 nm

RMRC FESEM View field: 2.77 ym _|Date(m/dly): 05/22119 | RMRC FESEM

A

SEM HV: 15.0 kV ‘ ‘WD: 9.34 mm MIRA:; TESCAN

Det: SE 500 nm

View field: 2.77 ym |Date(m/diy): 05/22/19 RMRC FESEM Figure 4.13 SEM mlcrographs Of Tantalum
oxide coating on LDX 2101 DSS alloy at: (R) uncoated (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.
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Figure (4.14) (a,b,c,d,e) illustrates the cross-sectional topography of
sputtered samples with Ta,Os at (2,4,6,8 and 10) hrs. It can be seen that the
sputtered layer has a regular thin film structure of (454.19 nm, 784.92 nm,
867.54 nm, 1.03um and 2.07um) respectively in thickness with higher
compact, homogeneity and complete adhesion between the coating and the
substrate. It can be concluded that with the increase of sputtering time,
thickness of coating layer increases significantly [172]. Interfaces can be
seen clearly between sputtered layer and substrate. As well as Figure 4.14
shows mapping of elements that present in sputtered Ta,Os samples which

are O, Cr, Fe, Ni and Ta that match with EDS analysis (Figure 4.15) [84].

Substrate

SEMHV: 150KV, Wo teemm MIRAS TESCANNN =~ = '
SEM NAG: 75.0 kx {

View field: 2.77 ym) |Date(m/dly):'05/26/19 RMRC FESEM

91



Substrate

15.0 kV. WD: 12.02 mm | i MIRA3 TESCAN

SEM MAG: 75.0 kx g )
View field: 2.77 pm| | Date{midly): 05/26/19 RMRC EESEM

SEM MAG: 75.0 lx

View field: 2277 pm Da'te(m]dfy)

92



SEM HV: 15.0 kV
SEM MAG: 7510 lox Det: BSE
View field:2.77 pm| | Date (mid/y): 05/28/19

Date{midly): 05/28(19 RMRGC FESEM|

Figure 4.14 Cross-sectional SEM micrographs and EDS mapping of Tantalum oxide
coating on LDX 2101 samples at: (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.
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4.3.11 Energy Dispersive Spectroscopy

Figure 4.15 shows EDS analysis results, it can be observed that Fe,
Cr, O, Ta and Ni are the main elements existing in the sputtered layer for
coated samples at condition (2,4,6,8 and 10) hrs sputtering time. The
existence of these elements confirms the formation of successful Tantalum

oxide coating on the LDX 2101 DSS alloy.
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Figure 4.15 EDS analysis for sputtered samples with Ta>Os at: 2 (b) 4 (c) 6 (d) 8 (e) 10
hrs.

4.3.12 X — Ray Diffraction Analysis

Identification of phases present in LDX 2101 DSS substrate before
sputtering, and sputtered samples are characterized by using X-ray
diffraction technique. The XRD results, (Figure 4.16), revealing crystalline
a and y phases in the reference (untreated) LDX sample, after sputtering
Ta,0Os film crystallization possess a typical amorphous hump between 20
angle of 20° - 40° [173]. Ta,Os and TaO phases are identified in all the
surfaces. Moreover, the broad peak of the pattern matches with the location
of several peaks for oxide phases such as TaO, (ICDD card no 00-019-
1297) and Ta,Os (ICDD card no 00-025-0922), implying that either one or
a mixture of these phases may be present [170]. Ta,Os coatings are
synthesized by using a reactive magnetron sputtering system, the deposited

Ta,0s exhibited amorphous structure [84,174].
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Figure 4.16 XRD patterns of sputtered LDX 2101samples with Tantalum oxide at: (R)
un coated (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.

4.3.13 Atomic Force Microscopy Analysis

The AFM analysis is performed for the substrate LDX 2101 DSS
and sputtered samples with Ta,0Os at (2,4,6,8 and 10) hrs. The topography
of the sputtered samples and different particles distribution in Ta,Os
coating layer with 3D performance image is shown in Figure (4.17). The
surface roughness of sputtered coated samples was (2.65, 2.71, 3.22, 3.6
and 6.11) nm respectively, which indicates that when time of sputtering
increases, roughness of sputtered coating layer increases [175]. This Figure
also shows different particles distributions and the granularity
accumulations for the coated layers for the mentioned samples with
average diameters of (846.92, 934.69, 1032.25, 1109.00 and 1196.36) nm
respectively in these conditions, the tantalum oxide surface is characterized
by the irregular localization of particles that increase with increasing
sputtering time [84,128,170].
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Figure 4.17 The topography of the Tantalum oxide coated samples with 3D
performance images and granularity accumulation chart for particles at: (a) 2 (b) 4 (c) 6
(d) 8 (e) 10 hrs.
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4.3.14 Antibacterial Teat

The antibacterial effect is more obvious for the deposited Ta,Os
coating samples than for the uncoated alloys as shown in Figure (4.18).
Depending on the coating structures (amorphous and crystalline phases),
the amorphous and crystalline Ta,Os exhibits good antimicrobial
performance against E. Coli, and has potential in medical applications.
Ta,Os coatings possess excellent cell viability and can be used as a surface
modification for implant applications to increase the biocompatibility

[85,174].

Petri Dish

Microbial
growth

Inhibition
zone

Figure 4.18 Optical photographs of antibacterial activity of E.coli performed for
sputtered samples with Ta;Os at: (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.

4.3.15 Adhesion Test

Figure 4.19 shows the (OM) images of Rockwell C indentation with
three different magnifications (5X, 10X, 20X) on the surface of sputtered
samples with Ta,0Os. Shallow and short cracks are observed around the
indentation point in the sputtered samples with T,Os at different times (2, 4,
6, 8 and 10) hrs. Furthermore, no delamination is observed around the

Rockwell C indentation effect.
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The only cracking on any of these films is located within the
indentation and is minimal. All samples have an HF rating of 1, which
implies that all tantalum films and coatings deposited by sputtering exhibit
good adhesion regardless of thickness. When deposition time increases,

adhesion will increase [176].

Figure 4.19 Optical photographs of Rockwell type - C effect an indentation for
sputtered samples with Ta,Os at: (R) un treatment (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.

4.3.16 Corrosion Behavior

Corrosion behavior of sputtering samples is studied by potentiodynamic

and cyclic polarization tests.
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4.3.16.1 Potentiodynamic Polarization

Figure 4.20 shows the potentiodynamic polarization curves for base
LDX 2101 DSS alloy and sputtered samples in the Ringer's solution at 37
+1 °C for different treatment times. The corrosion current densities (icorr)
and corrosion potentials (E.) are derived from the potentiodynamic
curves by employing Tafel extrapolation (Table 4.4). Also, the corrosion

rates (CR) were also included in this Table.

Ta,O, coating on LDX 2101 DSS
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Figure 4.20 Potentiodynamic polarization curves of un treated LDX 2101 DSS and
sputtered samples with Ta,Os at different times in Ringer's solution at 37 =1 °C.

It can be seen from the results obtained in Table 4.4, un—sputtered sample
has corrosion current density (icor = 2.75 pA/cm?), but the corrosion current
density of all sputtered samples decreases, this means that sputtering with
Ta,Os coating layer provides a protective layer and barrier properties
towards corrosion on the alloy surface [85] that would reduce the corrosion
rate. The sputtering with lower time (2 hrs) results in incomplete deposition
that produce a nonhomogeneous layer. The sputtering at 4 and 6 hrs, shows
some micro cracks in the structure, (see Figure (4.13) — a, b and c), which

leads to decrease current densities. When sputtering at 8 hrs, a lowest
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corrosion current (icor = 0.102 pA/cm?) is obtained and this result has the
highest corrosion resistance between the other. This is attributed to dense
structure of this coating layer and Ta,Os film improves. In contrast,
sputtering at 10 hrs has the lowest corrosion resistance than the other as a
result of the thicker layer compared with the other samples. The corrosion
tests reveal that the corrosion resistance of the Ta,Os thin film coating is
higher than that untreated LDX 2101 DSS after immersion in Ringer
solution, which means that the substrate surface with a thin-film Ta,0Os
layer notably enhances the passive layer's resistance. This study clearly
suggests that using tantalum oxide reduces the risk of implant failure due to
corrosion [86].

Table 4.4 Electrochemical parameters of the sputtered samples with Ta>Os for LDX
2101 DSS at different times.

Sample no. Condition icorr (nA/cm?)  Ecorr (mV) CR(mpy)
R Un treated 2.75 -34.52 1.329
6 2 hrs 2.530 -45.8 1.222
7 4 s 1.68 -25.4 0.811
8 6 s 1.38 -7.3 0.667
9 8 hrs 0.102 1.13 0.0492
10 10 hrs 2.72 7.9 1.314

Polarization resistance (Rp) measurements are used to determine the
protective ability of sputtered ceramic layer since the registered Rp values
are contrariwise proportional to the corrosion current (higher polarization

resistance means lower corrosion current).

Based on Table 4.5, un-sputtered LDX 2101 DSS has low

polarization resistance (Rp = 5.017 k Q.cm?). Sputtering led to increase in
polarization resistance to (Rp = 101.832 kQ.cm?) at 8 hrs, which has

lowest corrosion current density (0.102 pA/cm?) led to lowest corrosion

rate (0.0492).
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Table 4.5 Polarization resistance of un—sputtered and sputtered LDX 2101 DSS samples
with Ta,0Os coatings.

Sample no Condition icorr (uA/cm?) Ba (mV) PBe(mV) Rp (kQ.cm?)
R Un treated 2.75 80 -52.6 5.017
6 2 hrs 2.530 83.9 -159.4 9.005
7 4 hrs 1.68 85.1 -139.6 12.081
8 6 hrs 1.38 64.3 -103.4 14.435
9 8 hrs 0.102 50.3 -45.5 101.832
10 10 hrs 2.72 51.6 -84 .4 5.118

4.3.16.2 Cyclic Polarization

The cyclic Potentiodynamic polarization of sputtered samples at different
times has been investigated in the Ringer's solution at 37 +1 °C as
illustrated in Figure 4.21. It is clear that increasing sputtering time leads to

increased pitting corrosion resistance up to 8 hrs.
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Figure 4.21 Cyclic polarization curves for un treated LDX 2101 DSS and sputtered
samples with Ta,Os at different times in Ringer's solution at 37 +1 °C.
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The sputtered sample at 10 hrs has the lowest pitting or break down
potential and thus low resistance to pitting corrosion. This is due to the
increase of coarse particles. But, the sputtered sample at 8 hrs has the
highest pitting and protection potential with a close hysteresis loop where

this polarization behavior tends to be resistance to the localized corrosion.

Table 4.6 contains values of Ep of an-sputtering and sputtered
samples which are extracted from cyclic polarization curves. It indicated
that when sputtering time increases, Ep increases then decreases at 10
hrs. Sputtering with Ta;Os of LDX 2101 DSS increases resistance of pitting
corrosion by a strong ability to act as barrier to prevent the localized
corrosion attack of many aggressive ions appeared in Ringer's solution
during the corrosion test [177]. Results obtained from potentiodynamic, and
cyclic polarization tests reveal the excellent protection against corrosion
provided by sputtering Ta,Os coatings at 8 hrs. However, as cracking
straight paths are not formed, the coating acts as an efficient protection to
the base metal for the Ringer solution attack. The performance of the Ta-
based coatings on LDX 2101 DSS suggests that new medical alloys coated
with tantalum pentoxide will have an excellent performance and a large life
time for orthopedic fields [178].

Table 4.6 Values of pitting potential for un—sputtered and sputtered samples with Ta,0Os
at different times from cyclic polarization.

Sample no. Condition Ep (mV)
R untreated 694
6 2 hrs 770
7 4 hrs 781
8 6 hrs 789
9 8 hrs 820
10 10 hrs 715
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Part Ill: Tantalum Nitride Deposition by Plasma Sputtering
Technique

4.3.17 Vickers Micro Hardness Test

The micro hardness initially increases with increasing sputtering time, then
it decreases due to the thickness of sputtered layers, which is attributed to
grain size, phase, residual stress, or the appearance of texture. The present
TaN phase leads to increasing micro hardness. The residual stress is
influenced by the stoichiometry, phase, film thickness, and deposition
conditions [179][180]. Figure 4.22 shows micro hardness values of

untreated and sputtered LDX 2101 samples with Tantalum Nitride.

Hardness values of untreated and sputtered
samples with TaN of LDX 2101 DSS
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Figure 4.22 Histogram of hardness values for untreated and sputtered samples with TaN
of LDX 2101 DSS.

4.3.18 Field Emission Scanning Electron Microscopy

The SEM surface micrograph in Figure 4.23 shows a smoother
surface, typically observed in compact coatings grown with amorphous
morphologies. It can be observed that the microstructure was densely
packed and contained a homogeneous particle distribution, forming
homogeneous coatings. As they appeared in Figure (4.23 - e) after 10 hrs, it

can be observed that there are micro cracks and coarse particles. The use of
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high sputtering time led to a considerable increase in the tendency for

micro crack formation.

SEM MAG: 100 kx
WD: 5.00 mm

MIRAS TESCAN

View et 20 iy, v Figure 4.23 SEM micrographs of Tantalum
nitride coating on LDX 2101 DSS alloy at: (R) uncoated (a) 2 (b) 4 (c) 6 (d) 8 (e) 10
hrs.
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Figure (4.24) explains the cross-sectional topography of sputtered
samples with TaN at (2,4,6,8 and 10) hrs. It can be noticed that the
sputtered layer has a regular thin film structure of (27.44, 30.92, 31.43,
32.48 and 31.83) nm in thickness with higher compact, homogeneity and
complete adhesion between the coating and the substrate. With the increase
of sputtering time, thickness of coating layer increases significantly up to 8
hrs. As well as Figure (4.24) shows mapping of elements that present in
sputtered TaN samples which are O, Cr, Fe, Ni, N and Ta that match with
EDS analysis. The films are quite homogeneous and dense and no obvious
micro-defects. Meanwhile, the films adhere tightly to the substrate. The
results reveal that amorphous, homogeneous, compact, and adherent films
composed of TaN. The thickness of coating layer increased then decreased

with increasing sputtering time [181].
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Figure 4.24 Cross-sectional SEM micrographs and EDS mapping of Tantalum nitride
coating on LDX 2101 samples at: (a) 2 (b) 4 (¢) 6 (d) 8 (e) 10 hrs.
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4.3.19 Energy Dispersive Spectroscopy

The results of EDS analysis are shown in Figure 4.25, it can be seen
that the main elements existing in the coatings are Fe, Cr, O, Ta and N.
These elements existence approve the formation of successful Tantalum
Nitride coating on the LDX 2101 DSS alloy. Moreover, there is no extra
peaks different from TaN and this confirm the coating purity.
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Figure 4.25 EDS analysis for sputtered samples with TaN at: (a) 2 (b) 4 (c) 6 (d) 8 (e)
10 hrs.

4.3.20 X-Ray Diffraction Analysis

XRD patterns of the uncoated LDX 2101 DSS sample and TaN
coated samples by modified reactive plasma sputtering at different
sputtering time (2, 4, 6, 8 and 10 hrs) are demonstrated in Figure 4.26 and
these data are indexed according to the Powder Diffraction Files ferrite,
austenite, TaN (JCPDS-ICDD file # 25-0922, 33-1391 and 33-1390) and
TaN (JCPDS-ICDD file # 34-0977). The patterns of the plasma sputtered
samples for 2, 4 and 6 hrs show wide peaks in the range of 20 20-40, which
seems to be due to the formation of not fully crystalline TaN, whereas the

patterns of the samples sputtered for 8§ and 10 hrs show clear and prominent

TaN peaks [129].
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Figure 4.26 XRD patterns of coated LDX 2101samples with Tantalum nitride at: (R) un
coated (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.

4.3.21 Atomic Force Microscopy Analysis

The two-dimensional (2D) and three-dimensional (3D) AFM images of
TaN films deposited at different deposition times are shown in Figure 4.27.
The 2D images show the surface of the deposited TaN films is rather
homogenous with the presence of a granular morphology. These
morphological features seem to increase in size with time. In addition, the
grains for films deposited at a higher time (10 hrs) are poor. Furthermore,
the 3D images (Figure 4.27) show that, as time increases, the surface
roughness first rises and then starts to drop (3.6, 4.14, 5.07, 8.36, and 7.2)
nm, respectively. The surface of the film deposited at 2 hrs is quite smooth.
With increasing time of sputtering, the surface roughness first increases
until reaching a maximum value at 8 hrs. Above that time of 8 hrs, it
decreases at 10 hrs. According to XRD, the simultaneous and competitive
growth of c-TaN and N-rich nitride phases with distinct growth

mechanisms could be responsible for the observed relatively rougher
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surface at intermediate times. On the other hand, at low and high time, the
deposition of one single phase is dominant. Moreover, the decrease in the
surface roughness at high sputtering time can also be attributed to the lower
film thickness (decrease in the deposition rate). Thick coatings may present
dense columns that yield a rougher surface and leave (detrimental) open
pores at the grain boundaries as a result of atomic followed deposition.
Figure (4.27) also shows different particles distributions for the mentioned
samples and the granularity accumulations for the coating layers with
average diameters of (884.27, 915.56, 1030.23, 1100.66 and 1075.18) nm
respectively [128].
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Figure 4.27 The topography of the Tantalum nitride coated samples with 3D
performance images and granularity accumulation chart for particles at: (a) 2 (b) 4 (¢) 6
(d) 8 (e) 10 hrs.

4.3.22 Antibacterial Test

Results of antibacterial test indicate that LDX 2101 DSS substrate
without coating, in case of E. coli, some cell reduction as compared with
control as shown in Figure 4.28. This suggests that there is some adhesion
of microorganism cells to the particles of substrate, which may contribute
to the overall reduction of cell number, so, it reduces the growth of
bacteria. For sputtered samples, it has shown the highest antimicrobial
activity, this refers to TaN coating active role in killing bacterial strains.
According to the results illustrated in Figure 4.28 bacterial adhesion is
significantly reduced for E. coli, which indicates that the bacterial strain
may lose its replicating capacity, causing bacterial cell death. This means
the presence of TaN completely kills bacterial strains, the bactericidal
properties of TaN are due to the Ta ions release from the particles, which

confers the activity of antimicrobial [182].
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Figure 4.28 Optical photographs of antibacterial activity of E.coli performed for
sputtered samples with TaN coating at: (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.

4.3.23 Adhesion Test

Figure 4.29 shows the Optical microscope (OM) images of Rockwell C
indentation with three different magnifications (5X, 10X, 20X) on the
sputtered samples with TaN. Shallow and short cracks are observed around
the indentation point in the sputtering samples with TaN at different
deposition times (2, 4, 6, 8 and 10) hrs. Furthermore, no delamination is
observed around the Rockwell C indentation effect. The only cracking on
any of these films is located within the indentation and is minimal. All
samples have an HF rating of 1 that implies all tantalum films and coatings
deposited by sputtering in this study exhibit good adhesion regardless of
thickness. All films and coatings exhibited good adhesion. The coatings
also showed very little cracking indicating good adhesion to the substrate.
The TaN coating exhibits good contact damage tolerance and sufficient
adhesion strength to meet requirements for long term use in the human

body under load bearing conditions [126].
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Figure 4.29 Optical photographs of Rockwell type - C effect an indentation for
sputtered samples with TaN at: (R) un treated (a) 2 (b) 4 (c) 6 (d) 8 (e) 10 hrs.

4.3.24 Corrosion Behavior

Corrosion behavior of sputtering samples is studied by potentiodynamic
and cyclic polarization tests.

4.3.24.1 Potentiodynamic Polarization

Figure 4.30 shows the potentiodynamic polarization curves for base LDX

2101 DSS alloy and sputtered samples with TaN in the Ringer's solution at
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37 +1 °C for different treatment times. The corrosion current densities (icor)
and corrosion potentials (Ecor) are derived from the potentiodynamic
curves by employing Tafel extrapolation (Table 4.7). Also, the corrosion

rates (CR) were also included in this Table.
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Figure 4.30 Potentiodynamic polarization curves of base LDX 2101 and sputtered
samples with TaN of LDX 2101 at deposition time (2, 4, 6, 8 and 10) hrs.

It can be seen from the results obtained in Table 4.7, unmodified sample
has corrosion current density (icor = 2.75 pA/cm?), the sputtering with
lower time (2 hrs) results in lacking deposition that not enough to produce a
homogeneous layer, the low time treated samples show better corrosion
resistance than the untreated sample. This mean that sputtering with TaN
coating layer provide a protective passive layer on the alloy surface that
would reduce the corrosion rate. But the corrosion current density of
sputtered samples with TaN decreases at 2, 4, 6 up to 8 hrs then decreases
at 10 hrs. When sputtering at 8 hrs, a lowest corrosion current (icorr = 0.022
uA/cm?) is obtained and this result has the highest corrosion resistance.

This is attributed to dense structure of this coating layer [86].
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Table 4.7 Electrochemical parameters of the sputtered samples with TaN for LDX 2101
DSS at different deposition times.

Sample no. Condition icorr (nA/cm?)  Ecorr (mV)  CR (mpy)
R Un treated 2.75 -34.52 1.329
11 2 hrs 2.191 -24.8 1.058
12 4 hrs 1.92 -7.3 0.927
13 6 hrs 1.38 -16.8 0.666
14 8 hrs 0.0456 -14.7 0.022
15 10 s 1.8 -16.3 0.869

In addition, coating at extension time leads to produce a coarse
particles and inhomogeneity in the nitride layer that results in rough and
poor deposit quality. On the other hand, sputtering at 10 hrs has the lowest
corrosion resistance than the other as a result of the low layer thickness
compared with the other samples. This is due to coarse nitride layer
produced at higher deposition time during sputtering process in addition to
the occurrence of fast-localized corrosion inside the cracks and pores as

verified by cyclic corrosion.

Polarization resistance (Rp) measurements are used to determine the
protective ability of sputtering samples since the registered Rp values are
contrariwise proportional to the corrosion current (higher polarization

resistance means lower corrosion current). The corrosion rate is directly

related to the Rp.
Table 4.8 Polarization resistance of un—sputtered and sputtered LDX 2101 DSS samples
with TaN.
Sample no. Condition Icorr (nA/cm?) Ba(mV) pe(mV) Rp (kQ.cm?)

R Un treated 2.75 80 -52.6 5.017
6 2 hrs 2.530 83.9 -159.4 9.446
7 4 hrs 1.68 85.1 -139.6 13.682
8 6 hrs 1.38 78.3 -103.4 14.038
9 8 hrs 0.102 64.3 -70.5 143.344
10 10 hrs 2.72 51.6 -84.4 5.118
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According to Table 4.8, untreated LDX 2101 DSS has low

polarization resistance (Rp = 5.017 k Q.cm?). Sputtering process leads to
increase in polarization resistance to (Rp = 143.344 kQ.cm?) at 8 hrs

which has lowest corrosion current density led to lowest corrosion rate.
4.3.24.2 Cyclic Polarization

The cyclic Potentiodynamic polarization of sputtered samples at different
times has been investigated also in the Ringer's solution at 37 +1 °C as
illustrated in Figure 4.31. It is cleared that the sputtered sample at 8 hrs had
the lowest pitting or break down potential and thus highest pitting and
protection potential with an adjacent hysteresis loop where this polarization
behavior tends to be resistance to the localized corrosion (Table 4.9). In

addition, the lowest value of AE is obtained and consequently this sample

would have the more resistance to pitting corrosion. Coating of TaN
increases resistance to pitting corrosion of LDX by dissolution of nitrogen
at the pit site and subsequent formation of ammonium ions NH4" and NO5~
in the metal interface which increases pH and thus slows down pit growth

kinetics [105].

Based on the results from the potentiodynamic and cyclic polarization
curves, it is supposing that the sputtered layer at 8 hrs had a strong ability
to act as barrier to prevent the localized corrosion attack of many
aggressive ions appeared in Ringer's solution during the corrosion test.

Table 4.9 Values of pitting potential for un—sputtered and sputtered samples with TaN
at different times from cyclic polarization.

Sample no. Condition @ Ep (mV)
R untreated 694
11 2 s 774
12 4 s 784
13 6 hrs 790
14 8 hrs 810
15 10 hrs 773
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In light of its high electrochemical stability combined with good
mechanical properties, the TaN coating has potential for the surface
protection of metallic orthopedic devices. TaN coating could be passivated
spontaneously in Ringer’s physiological solution and showed a more
positive Ecorr and lower iqr . The performance of the Ta-based coatings on
LDX 2101 DSS suggests that new medical alloys coated with tantalum
nitride will have an excellent performance and a large lifetime for

Orthopedic fields [178].
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Figure 4.31 Cyclic polarization curves for untreated LDX 2101 DSS and sputtered
samples with TaN at different deposition times in Ringer's solution at 37 =1 °C.

4.4 Analysis and Optimization of Results by Grey Relational
Analysis Method

A Grey relational analysis method was performed to optimize the
responses. The obtained experimental results were analyzed using Minitab

16 software at a confidence level of 0.5%. Table (4.10) contains the
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parameters of surface modifications techniques that used (surface
modifications type (S.M), voltage (V), current (I) and time (t)) and the
experimental results of responses (micro hardness (Hv), thickness (th),
surface roughness (Ra) and corrosion rate (CR)). The steps used for multi-
parametric optimization using the GRA are discussed below [183-187]:

Table 4.10 The parameters of surface modifications techniques that used and the
experimental results of responses.

Processes Parameters Experimental Results
Expno SM V | t CR th Hv Ra
1 1 400 30 5 0.754 97.32 785.04 2.66
2 1 400 30 10 0.057 176.28 934.54 3.02
3 1 400 30 15 3.755 248.7 1196.82 4.38
4 1 400 30 20 5.446 200.06 999.96 6.78
5 1 400 30 25 7.558 113.67 984.16 8.25
6 2 3500 10 2 1.222 454.19 290.96 2.65
7 2 3500 10 4 0.811 784.92 339.2 2.71
8 2 3500 10 6 0.667 867.54 411.48 3.22
9 2 3500 10 8 0.0492 1.03 564.28 3.6
10 2 3500 10 10 1.314 2.07 588.46 6.11
11 3 3500 10 2 1.058 27.44 308.2 3.6
12 3 3500 10 4 0.927 30.92 511.96 4.14
13 3 3500 10 @ 6 0.666 31.43 743.101 5.07
14 3 3500 10 8 0.022 32.48 934.54 8.36
15 3 3500 10 @ 10 0.869 31.83 857.32 7.2

Step 1. Data Pre-Processing

The data is first to be normalized because of avoiding different units and to
reduce the variability. It is essentially required since the variation of one
data differs from other data. A suitable value is derived from the original
value to make the array between (0 to 1). In general, it is a method of
converting the original data to a comparable data. If the response is to be
minimized, then smaller—the—better (or larger—the—better) characteristics is
intended for normalization to scale it into an acceptable range by the

following formula:
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max x,(k)—x,(k)

L

Gic max x,(k)—min x,(k) (1)
crn X(K) —minX; (K)

x; (k) = max X; (k) — minX; (k) (2)

where, i = 1,..., m; k = 1,...,n., m is the number of experimental data and n
is the number of responses. xi(k) denotes the original sequence, xi*(k)
denotes the sequence after the data preprocessing, max xi(k) denotes the
largest value of xi(k), min xi(k) denotes the smallest value of xi(k), and x is
the desired value. Table (4.11) shows The sequences of each performance

characteristic after data processing.

Table 4.11 The sequences of each performance characteristic after data processing.

Normalized Sequence
Ra Hv th CR
0.001751 0.545426 0.888876  0.902866
0.064799 0.710463 0.797752 = 0.995356

0.302977 1 0.714175 = 0.504644
0.723292 0.782682 0.770308 = 0.280255
0.980736 0.76524 0.870007 0

0 0 0.477029 = 0.840764
0.010508 0.053253 0.095348  0.895303
0.099825 0.133045 0 0.914411
0.166375 0.301724 1 0.996391

0.605954 0.328417 0.9988 0.828556
0.166375 0.019032 0.969521 = 0.862527
0.260946 0.243967 0.965505  0.87991
0.423818 0.499129 0.964917  0.914544
1 0.710463 0.963705 1
0.796848 0.625218 0.964455  0.887606

Step 2. Grey Relational Coefficient (GRC)

Next step is to calculate grey relational coefficient, i(k) from the

normalized values by the following formula as follows:
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where, AOi is the deviation sequence of the reference sequence and the

comparability sequence and
Ay, = o (k) — x, (K|

where xo (k) implies the reference sequence and xi (k) termed as
comparability sequence. Amin and Apax are the minimum and maximum
values of the absolute differences (A¢;) of all comparing sequences. { is
distinguishing or identification coefficient and the range is between (0 to
1). Usually, the value of { is taken as 0.5. The GRC for each experiment is
shown in Table (4.12).

Table 4.12 Grey Relational Coefficient (GRC).

Grey Relation Coefficient (GRC)

Ra Hv th CR
0.333723  0.523794 0.818165 0.837333
0.348383  0.633283 0.711999 0.990797
0.417703 1 0.636274  0.502333
0.643743  0.697041 0.685221 0.409922
0.962901 | 0.680494 0.79366  0.333333
0.333333  0.333333 0.488772 0.758454
0.335685  0.345603 0.35596  0.82686
0.357098  0.365776 0.333333 0.853841
0.374918  0.417266 1 0.992833
0.559256  0.426773 0.997605 0.744664
0.374918  0.337617 0.942545 0.784346
0.403534  0.398079 0.935463 0.806334
0.464605  0.499565 0.934434 0.854034

1 0.633283  0.932323 1
0.711083 ' 0.571571 0.933629 0.816468

Step 3. Grey Relational Grade (GRG)

To find out the grey relational grade (GRG) as follows:
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where, 7Yi is the required grey relational grade for ith experiment and n =
number of response characteristics. The grey relational grade represents the
level of correlation between the reference sequence and the comparability
sequence and is the overall representative of all the quality characteristics.
Thus the multi-response optimization problem is converted into single

response optimization problem through grey relational analysis (Table

4.13).

Table 4.13 Grey relational grade and its order in the optimization.

Exp no GRG Rank
1 0.628254 10
2 0.671115 7
3 0.639078 8
4 0.608982 12
5 0.692597 4
6 0.478473 13
7 0.466027 15
8 0.477512 14
9 0.696254 3
10 0.682075 6
11 0.609857 11
12 0.635852 9
13 0.68816 5
14 0.891401 1
15 0.758188 2

Step 4. Optimization of process parameters

Grey relational analysis method used to obtain on the optimal alloy (the
best experiment). Then an optimal level of process parameters is
determined using higher grey relational grade that indicates the better
product quality. To obtain this, average grade values for each level of

process parameter is to be find out which can be shown as mean response
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table. From, mean response table, higher values of average grade values are

chosen as optimal parametric combination for multi-responses.

Figure 4.32 shows the influence of the surface modifications
parameters on the responses through the main effect plots. The figures
indicate that the parameters (V, I, and SM) have the lowest effect on the
responses (Vickers hardness Hv, thickness th, surface roughness Ra and
corrosion rate CR), while the time of surface modifications have the
essential influence on the responses. The results of optimization and
mechanical, surface and corrosion tests showed that the optimal parameters
of surface modifications techniques are experimental no.14, where surface
of sample modified using tantalum nitride sputtering technique with time (8

hrs), V (3500 v) and I (10 mA).
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Figure 4.32. Effect of the surface modifications process parameters on (a) Vickers

Hardness, (b) thickness (c) surface roughness (d) corrosion rate.
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Chapter Five

Conclusions and Recommendations

5.1 Conclusions

In the current study, the plasma nitriding and reactive sputtering
technique has been used to modify the surface of LDX 2101 DSS
successfully by deposition a surface layer for biomedical applications. In

view of the results, the following conclusions can be offered:

5.1.1 Plasma Nitriding
1. The average micro-hardness of the nitrided samples is higher than the
hardness of untreated samples because of the existence of an expanded
austenite phase.
2. SEM and FESEM results display a dense structure with an increase in
the thickness of the nitrided layer up to 15 hrs, then decrease due to coarse
particles and form a CrN phase.
3. The morphology of the nitrided layer is homogenous and crack-free
when nitriding, with the optimum time at 10 hrs.
4. The XRD analysis shows a high degree of crystallinity in the crystal
structure of the nitrided layer and contains expanded austenite phase.
5. The potentiodynamic and cyclic polarization results demonstrate that
the plasma nitriding method on LDx 2101 DSS at 10 hrs has the lowest
corrosion current density value (0.057 pA/cm?) and highest corrosion
resistance, and an improvement in the pitting corrosion resistance when

immersed in the Ringer’s solution.
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5.1.2 Tantalum Pentoxide Deposition by Plasma Reactive Sputtering

1. The sputtered samples with Tantalum oxide have an average micro-
hardness higher than the hardness of untreated samples due to the presence
of an oxide layer.

2. SEM and FESEM results display a regular structure with an increase in
the thickness of the deposited sputtered layer with increasing sputtering
time.

3. The morphology of sputtered coatings is homogenous and defect-free
when coated, with the optimum time at 8 hrs.

4. The XRD analysis shows a high degree of crystallinity and contains
Ta,Os phase in the crystal structure of the deposited layer.

5. The potentiodynamic polarization results demonstrate that the reactive
sputtering with Ta;Os method on LDX 2101 DSS at 8 hrs has the lowest
corrosion current density (0.0492 uA/cm?) and the highest corrosion
resistance. In addition, the cyclic polarization results state that the coating
at 8 hrs shows an improvement in the pitting corrosion resistance when

immersed in the Ringer’s solution.

5.1.3 Tantalum Nitride Deposition by Plasma Reactive Sputtering

1. The average micro-hardness of the sputtered samples with Tantalum
nitride is higher than the hardness of unmodified samples due to the
presence of a nitride layer on the surface. When the sputtering time exceeds
8 hours, the increase in hardness decreases.

2. The XRD analysis shows a tantalum nitride phase and a high degree of
crystallinity in the crystal structure of the sputtered layer.

3. The coating morphology is homogenous and crack-free when coating,
with the optimum time at 8 hrs.

4. The potentiodynamic polarization results demonstrate that the reactive
sputtering with the TaN method on LDX 2101 DSS at 8 hrs has the lowest

corrosion current density value (0.022 pA/cm2). In addition, the cyclic
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polarization results state that the coating at 8 hrs shows an improvement in
the pitting corrosion resistance when immersed in the Ringer’s solution.

5. AFM topography shows spherical particles in a dense and homogenous
film for the nitrided and sputtered samples. The roughness of the modified
layer increases with increasing surface modification time.

6. The results The results of antibacterial analysis have confirmed that the
plasma nitrided layer and the plasma sputtered coating reveal good
antibacterial activity against gram negative E.coli. This antibacterial
activity increases when surface treatment time increases. That makes these
coatings safe and they can be used for orthopedic implant applications.

7. Adhesion strength results for modified samples compared with non-
modified samples appear to be good adhesive for the nitrided layer and
sputtered deposited layers with Ta,Os and TaN.

8. Grey relational analysis method (GRA) results show the optimal
surface modification parameters were obtained as experiment no. 14, which
contains the following conditions: surface modification type is deposition
of Tantalum Nitride by sputtering technique at time (8 hrs), V (3500 v) and
[ (10 mA).

9. The Minitab 17 software results indicate that the parameters (V, I, and
SM) have the lowest effect on (Vickers hardness Hv, thickness th, surface
roughness Ra, and corrosion rate CR), while the time of surface

modifications has the essential influence.
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5.2 Suggestions for Future Work

Based on the aforementioned results and conclusions, it is recommended
that:

a. The effect of using alternating techniques, such as spray process,
instead of plasma nitriding and plasma reactive sputtering on LDX 2101
DSS can be studied.

b. Study deposition of another coating biomaterial instead of Ta,Os and
TaN, such as ZnO, TiO; and Al,Os.

c. The effect of using alternating nitriding and sputtering parameters, such
as temperatures and power, on LDX 2101 DSS can be studied.

d. The bioactivity, wettability, and metal ion release behavior of the
nitrided and sputtered coated DSS for orthopedic applications may be
investigated.

e. The Electrophoretic Deposition coating of HAp nanocomposite on
Lean Duplex Stainless Steel for biomedical applications is to be further
studied.

f. The effect of laser surface treatment on the morphology and corrosion
resistance of 2101 Lean Duplex Stainless Steel may be scrutinized.

g. Using duplex layer (layer-by-layer) coating for nitriding and sputtering
nanocomposite to enhance the resistance to pitting corrosion.

h. The tribo-corrosion behavior of modified LDX 2101 DSS with nitrided
and sputtered deposited layers must be further pondered scientifically and

experimentally.
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Appendix A

Micro Hardness values of nitrided LDX 2101 samples

Sample no. HVay

R 260.8
Lshrs 785.04
210hrs 934.54
315hrs 1196.82
420hrs 999.96
S25hrs 984.16

Appendix B

Micro Hardness values of sputtered LDX 2101 samples with Tantalum Oxide

Appendix C
Micro Hardness values of sputtered LDX 2101 samples with Tantalum Nitride

Sample no. HVav

R 260.8
11 2nrs 308.52
12 4hrs 512.066
13 6hrs 743.51
14 8hrs 936.494
15 10nrs 858.036




Appendix D

Elements Percent of nitrided layer on LDX 2101 DSS.

No. Condition Fe% Cr% 0% N%  Ni%
A 5 hrs 66.6 20.83 8.15 2.87 1.50
B 10 hrs 65.72 20.16 9.40 2.89 1.85
C 15 hrs 53.96 1635 2371 3.60 @ 2.38
D 20 hrs 52.92 1730 = 21.53 459  3.66
E 25 hrs 66.35 22.76 5.60 2.54 275

Appendix E
Elements Percent of Ta>Os coating on LDX 2101 DSS.
No. Condition Fe% Cr% O% Ni% Ta%
A 2 hrs 2.13 046 31.17 0.31 6594
B 4 hrs 2.10 0.59 30.86 0.29 66.15
C 6 hrs 244 043 3036 0.32 6646
D 8 hrs 0.67 033 3431 0.50 64.19
E 10 hrs 1.34 042 33.65 0.64 6395
Appendix F
Elements Percent of TaN coating on LDX 2101 DSS.
No. Condition Fe% Cr% 0% Ta% N%
A 2 s 349  1.18 4425 7.63 4345
B 4 s 327  1.17 4485 427 4643
C 6 hrs 3.14 1.07 44.65 3.83 47.32
D 8 hrs 2.64 0.81 4456 7.13 44.87
E 10 hrs 2.16 0.61 43.81 10.51 4291
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