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Laser assisted printing of micro communication systems for smart implants

RESUMO

Impressao de micro sistemas de comunicacao assistida por laser para implantes
inteligentes

O mercado de implantes ortopédicos ¢ um dos maiores no campo da medicina, como
consequéncia do crescimento continuo da populacdo idosa. Apesar dos avancos tecnologicos, o ciclo de
vida de um implante dificilmente excede 15 anos. Assim, as solu¢des mais promissoras para melhorar a
vida util do implante tém sido direcionadas ao desenvolvimento de novos implantes dotados de funcdes
inteligentes. Contudo, o principal desafio tem sido na acomodacédo desses componentes inteligentes ao
longo da superficie do implante, sem modificar significativamente seu design e performance.

Guiado pela versatilidade da técnica de laser e baseado no conceito de implantes inteligentes, este
trabalho esta relacionado com a impressao de componentes do sistema de comunicacdo na superficie do
implante. Apesar da liga de titanio (Ti6Al4V) ser considerada a escolha final para a fabricacao de implantes
ortopédicos, os implantes a base de zirconia surgiram como um material alternativo para superar alguns
problemas relacionados aos implantes a base de titanio. Com isso em mente, este trabalho apresenta
diferentes abordagens para a impressao do sistema de comunicacdo, considerando sua aplicacao tanto
em implantes a base de zircdnia, quanto em implantes a base de liga de titanio.

Em relacdo a superficie do Ti6AI4V, os resultados revelaram que a oxidacdo natural da texturizacdo
a laser é suficiente para evitar perdas elétricas dos fios para o substrato metalico. Além disso, quando
comparado aos métodos convencionais, o laser revelou-se eficiente na producédo de uma camada de 6xido
com boas propriedades de isolamento, assim como no processo de sinterizacao do material condutor. Na
impressao dos micro-componentes na superficie da zirconia, os resultados demonstraram que, embora
tenha sido verificada uma reducéo na resisténcia a flexdo, a abordagem proposta permitiu imprimir fios a
base de prata e micro-antenas com propriedades elétricas satisfatérias. A antena fabricada mostrou
resultados de transmissao de energia bem acima do necessario para a comunicacao de dados, o qual
valida o seu uso para comunicar dados com o mundo externo.

No geral, os resultados deste trabalho de pesquisa demonstraram que & possivel imprimir
microcomponentes em superficies metalicas e ceramicas, por meio de uma abordagem hibrida a laser,
através da combinacao de processos aditivos (sinterizacdo a laser e oxidacdo a laser da superficie) e

processos subtrativos (maquinagem a laser).

PALAVRAS-CHAVE: Impressao a laser, implantes inteligentes; Nd:YAG laser; Ti6Al4V; zircOnia;
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ABSTRACT

Laser assisted printing of micro communication systems for smart implants

The market of orthopedic implants is one of the biggest in medicine field, as a consequence
of the continuously growing elderly population. Despite the technological advances, the life cycle
of an implant hardly exceeds 15 years Thus, the most promising solutions to improve the lifetime
of implant have been targeted at the development of new implants endowed with smart functions.
However, the most challenge has been in housing the smart components along the surface of the
implant without modifying significantly its design and compromising its performance.

Guided by the versatility of laser technique and based on smart implants concept, this work
is concerned with the printing of communication system components on implant surface. Although
Ti6AI4V titanium alloy is still the actual choice for orthopedic implants fabrication, due to its various
excellent properties, zirconia-based implants have emerged as an alternative material to surpass
remaining weakness of titanium-based implants. Bearing this in mind, this work presents different
approaches for printing the communication system considering its application in both, zirconia-
based implants and titanium alloy-based implants.

Regarding titanium alloy surface, the results revealed that the natural oxidation from the
laser texturing is sufficient for avoiding electrical losses from the wires to the metallic substrate. In
addition, when compared to the conventional methods, laser revealed efficient for producing an
oxide layer with good enough insulation properties, as also for sintering process of the conductor
material. In the printing of the micro-components on zirconia surface, the results demonstrated
that, although a reduction in the flexural strength has been verified, the proposed approach allowed
to print silver-based wires and micro-antenna with satisfactory electrical properties. The fabricated
antenna displayed power transmission results well above that required for data communication,
which endorses its use to communicate data with the outside world.

Overall, the results of this research work demonstrated that is possible to print micro-
components in both, metallic and ceramic surfaces, by means of hybrid laser technique that
combines additive (laser sintering and laser surface oxidation) and subtractive (laser machining)

processes.

KEYWORDS: Laser printing; Nd:YAG laser; smart implants;: Ti6AI4V; zirconia
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Chapter 1

Chapter 1 - Scope of the thesis

This chapter aims to clarify the scope of this thesis by enlightening the motivation, the objectives

and the structure of the thesis.
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1.1 Motivation and objectives

Orthopedic implants are medical devices which are implanted surgically in human body
for replacing missing joints and bones or restoring function of a damaged structure. Some
examples include orthopedic implants for joint replacement, implants for fixation of the spine
and implants for treat fractures.

The market of orthopedic implants is one of the biggest in the medicine field and it is
expected to expand significantly in the future, mainly due to the continuously growing elderly
population. To date, metallic material is still the ultimate choice for implants production.
However, studies have been directed towards the use ceramics as an alternative material, due
to their promising properties.

The lifetime of an implant depends on several factors, such as its geometry, physical
activity of the patient, and age of the patient. Although the increasing demand for orthopedic
implants and the technological advance in this area, their life cycle does not exceed 10-15
years. Among the potential causes of failure are wear, loosening and misalignment.

Thus, the ability to monitor the implant’s performance along its use in real time and
establish the communication between the implant and the user, could offer capabilities in
detecting early implant-adjacent tissues failures and eventually to remedy some issues. These
capabilities may be provided by smart implants, which can be defined as a diagnostic tool
able to cater information regarding the environment inside the body, for an external receptor.

Recent advances have shown some solutions regarding accommodation of smart
components along the implant. However, the creation of huge cavities to adapt these
components, besides altering the implant’s design and its properties, may compromise its
long-term implant-adjacent tissues performance. In this sense, the smart implants concept
combined with laser modification (additive/subtractive), is a suitable solution to overcome the
recurring challenges of this area.

On the basis of the foregoing, this work aims at developing an alternative approach for
printing integrated communication system on implants, similar to biological nervous system.
Laser technology was applied as a versatile tool, whether for prepare the material in
subtractive way, by creating micro-cavities, or for print smart components, namely wires and

antenna, in an additively way. Besides, laser was also applied for thermal-chemical
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treatments, namely for creating an oxide layer to act as electrical insulation of communication
wires.

In order to keep up with the main trends on implants production, the later approach was
applied on ceramic and metallic substrates. Thus, the main objectives of this work were:

Definition of strategies to create micro cavities on the metallic and ceramic’s surface, by
using laser;

Definition of strategies to create insulation layers between the substrate and the
communication wire, when necessary as in the case of metallic substrate;

Definition of strategies to consolidate internal communication system in both substrate
materials, Ti6Al4V and zirconia;

Definition of strategies to consolidate a communication system implant-user.
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1.2 Structure of the thesis

This thesis is structured as a compilation of research papers (published or submitted for
publication in international ISI journals). Before this compilation, two chapter are included: Chapter
1 (the current chapter), which is composed by the motivation, objectives and structure of the thesis

and Chapter 2 which presents a general state of the art on some topics.

Based upon the foregoing, in order to contextualize the main aspects discussed along of
this work, as well as providing to the readers fundamental concepts and a background regarding
some key topics, Chapter 2 brings a brief discussion about implants and smart implants aspects,

as well as laser technology, including laser surface modification, laser sintering and laser oxidation.

The research papers are presented from Chapter 3 to Chapter 8. Bearing in mind that this
work aims to print the communication system in both, metallic and ceramic-based implants, the
Chapters are organized accordingly. The studies addressed to the metallic substrate are exposed
from Chapter 3 to Chapter 5. On the other hand, Chapter 6, 7 and 8 present the studies related
to the ceramic surface. The papers are composed by the following sections: Introduction;

Experimental details; Results and discussion and Conclusions.

Chapter 3 is related to the study of laser texturing parameters on the surface modification
of TibAI4V substrate. In this research, besides the characterization of the surface, the oxidation
from the laser texturing was also evaluated regarding the electrical insulation property. This paper

is published in the Journal of Materials Science and Engineering C (impact factor of 4.959, Q1).

Chapter 4 presents the laser printing of the silver-based wires on Ti6AlI4V substrate. This
paper assembles the best strategy in the micro cavity creation, based on previous study, with the
different strategies of surface oxidation, for insulation performance, and the ideal laser sintering
approach for the wires printing. Besides, conventional methods for both, surface oxidation and
sintering of material, were tested in order to compare with laser approach. This work is under

revision in the Journal of Optics and Laser Technology (impact factor of 3.319, Q1).
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After printing the wires for the communication system on Ti6Al4V substrate, Chapter 5 is
concerned the printing of the antenna on titanium alloy substrate. A laser approach was employed
for the antenna production and performance of the fabricated antenna (real condition) was
assessed by simulation and compared with the ideal condition. This work is submitted to

Bionsensors and Bioelectronics (Impact factor 9.51, Q1).

Chapter 6 reports the printing of the silver-based wires on zirconia substrate. In this work,
laser was employed both to create the micro cavities (subtractive) and to consolidate the material
within them (additive). The electrical performance of the printed wires was also presented. This

work is under revision in the Journal of Optics and Laser Technology (impact factor of 3.319, Q1).

Chapter 7 deals the printing of the antenna on zirconia substrate, based on the conditions
studied on the previous work (Chapter 6). The performance of the antenna was assessed
concerning its signal transmission capacity into a representative human body environment. This

work is submitted to Bionsensors and Bioelectronics (Impact factor 9.51, Q1).

Considering the ceramic’s brittleness and the efforts that ceramic-based implant is
subjected during its insertion, Chapter 8 deals the evaluation of laser textures on ceramic surface
regarding the primary stability, while mimics the efforts during the implant’s insertion. This paper

is published in the Journal of Ceramics International (impact factor of 3.450, Q1).

Chapter 9 presents the general conclusions drawn from this work and in addition some

perspective for future works.
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Chapter 2 - Introduction

This chapter aims to provide to the readers fundamental information about the main aspects
discussed in the following chapters that will make easier the understanding of the research
developed in this work. Accordingly, this chapter gathers fundamental about orthopedic implants,

biomaterials for implants, smart implants and laser technology.
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2.1 Implants

Medical implants are manmade devices or tissues that are placed over or inside the surface
of the body for replacing the missing or damaged biological structure [1]. The global implant market
has a growth expectation at an annual rate of 7.07% during the forecast period 2018-2023. The
main reasons for the increase of medical implants market are the rising prevalence of the chronic
disease, improvement of surgical outcomes, acceptance of medical implants devices by patients
and the increase of aging population around the world. It has been estimated that 90% of the
population over the age of 40 suffers from these kinds of degenerative diseases. Artificial
biomaterials are the solutions for these problems, as surgical implantation of these artificial
biomaterials of appropriate shapes helps in restoring the function of the otherwise functionally
compromised structures. There is tremendous increase in the demand for the new long lasting
implants, as the data collected on total joint replacements surgery it is estimated that by the end
of 2030, the number of total hip replacements will rise by 174% (572,000 procedures) and total
knee arthroplasties is projected to grow by 673% from the present rate (3.48 million procedures)
[2].

The main reasons for joint replacements are attributed to diseases such as osteoporosis
(weakening of the bones), osteoarthritis (inflammation in the bone joints) and trauma. Not only the
replacement surgeries have increased, but also the revision surgery of hip and knee implants.
These revision surgeries besides being expensive and exhibiting low success rate, also cause pain
in the patient. The total number of hip and knee revision surgery is expected to increase by 137%
and 607%, respectively, between 2005 and 2030 [2]. Thus, a very high boom in implant
manufacturing is expected in the coming years. The various causes for revision surgery are

depicted in Figure 2.1.
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Failure of implants
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Figure 2.1 Various causes for failure of implants which leads to revision surgery [3].

In this scenario, America dominates the global implants market owing to the increase of
chronic diseases. Furthermore, high health care spending and the geriatric population increasing
are likely to fuel the growth of the market. However, the saturation of the market, as well as the
high cost of the devices and changing reimbursement policies may slow the market growth over a
period. In Europe, the medical implants market occupies the second position of the global market
due to the increased support from the government, the presence of huge geriatric population and
high care spending. Additionally, many Europeans countries have encouraged the manufacturers
for research and development of advanced devices.

There are two types of orthopedic implants, namely the permanent implants and temporary
implants. The permanent orthopedic implants include different types of total joints like the hip,
knee, ankle, shoulder, elbow, wrist, and finger joints [4]. Additionally, permanent orthopedic
implants are expected to serve in the human body throughout the life span of the patients.

Particularly, hip and knee joint prostheses have experienced rapid development and clinical
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acceptance in recent years. However, the delicate articulation and complicated load transfer make
such prostheses very difficult to design.

The temporary orthopedic implants are used to fix broken or fractured bones during the healing
process. They includes plates, screws, pins, wires, and intramedullary nails [4], and are supposed
to serve for a relatively short time just long enough to let bones heal. One major concern of bone
healing is the bone weakening mainly due to the stress-shielding effect, which is also an important
concern for permanent implants. The stress-shielding occurs when metal implants, such as bone
plates and screws, are used to repair fractures or for joint replacement surgery. Although rigid
metal plates stabilize the fracture site and allow early weight bearing and patient mobility, the
higher stiffness of the implant results in bone loss due to a physiologic loading decrease of the
bone. According to Wolff's law [5], if a larger load is applied to the bone over a period of time, the
osteogenic (bone generating) process is more effective and produces better support for the load.
In contrast, a reduced load to the bone induces loss of bone mass.

As stated, the orthopedic implants aim is to restore the structural integrity and functionality of
damaged joints and bones. Thus, to produce an implant with a long lifetime and without inducing
rejection, the biomaterials should present some desirable characteristics, such as mechanical
properties, wear resistance, corrosion resistance, biocompatibility and osseointegration [4].

In relation to mechanical properties for orthopedic implant materials, they are related to the
intended working conditions and specific applications. Among the mechanical properties, Young's
modulus, yield strength, ultimate tensile strength, fracture toughness, and elongation at break are
the five most important. If the materials of the implant have a Young's modulus higher than that
of the human bone, stress transfer to the adjacent bone will be prevented, which leads to bone
resorption and implant loosening. Thus, the implant materials should have Young's modulus
similar to that of the human bones. Another important mechanical requirement for orthopedic
implants is the fatigue strength, from the perspective of cyclic local loading, especially joint

replacements of the hips, knees, and ankles [4].

2.2. Materials for implants

The most common materials used in orthopedic implants are the metals, due to the proper
strength, ductility, fracture toughness, hardness, corrosion resistance, and biocompatibility. The

common biomedical metallic alloys can be categorized into several groups, such as stainless
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steels, Co-based alloys, Ti-based alloys, and biodegradable alloys - Mg-based alloys. The materials
of the first three groups have been approved by the US Food and Drug Administration and are
currently used in orthopedic implants.

Ceramic materials are commonly used as articular components in total joint replacement but
due to their poor ductility, they have not been applied to fracture fixation applications. Ceramics
possess excellent wear resistance, high compressive strength, inherent chemical inertness and
biocompatibility. The most commons ceramic used in orthopedic implants are Al,O,(alumina), ZrO,
(zirconia) and silicon nitride (Si,N,).

Despite the above brief discussion regarding the materials commonly used in orthopedic

implants, this work will be focused on two of them, namely Ti-6Al-4V and zirconia.

2.2.1 Ti-6Al-4V

Pure titanium (Ti) exists as a hexagonal close-packed structure (a phase) up to 885 °C and

a body-centered cubic structure ( phase) above this temperature.

Allotropic
transformation

=)

882.3 °C

Figure 2.2 Schematic illustration of a = B phase allotropic transformation

In terms of microstructure, Ti-based materials are classified as commercial purity titanium (CP, Ti
> 99%) - grades 1 - 4 of ASTM classification, depending on maximum oxygen, carbon, nitrogen,
hydrogen, and iron impurities - and titanium alloys, grade 5 - 38 [6]. Titanium alloys, in turn, are
classified according to their position in the [ isomorphous phase diagram as «, near a, a+f3,

metastable 3 and stable 3 (Figure 2.3).
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B alloys
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Figure 2.3 Schematic three-dimensional phase diagram for classification of titanium alloys (Taken from [7]).

a alloys. Comprises four grades of commercially pure titanium (Ti-O alloys where O varies between
0.18 — 0.40 wt.% from grade 1 to 4) and alloys with exclusively a stabilizing. Due to their lack of
heat treatment response, strengthening by solid solution and cold working are usually applied.
Moreover, they are especially suitable for the chemical industry owing to their excellent corrosion
and creep resistance.

Near a alloys. contain a smaller amount of B-stabilizers (up to 2 wt.%) forming less than = 10 vol.%
of B phase. These alloys combine high creep resistance with good strength levels and are mainly
used for high temperature applications (= 500 —550 °C) in the aerospace industry.

a+f alloys. Present additions of B stabilizers of 4 —6 wt.% leading to 5 —40 vol.% fractions of 3
phase at room temperature. Martensite transformation occurs upon fast cooling from the 3 phase
field to room temperature. These alloys can develop a wide variety of microstructures, i.e. different
mechanical properties, by applying different thermal and thermomechanical treatments. Amongst
the a+f alloys, the Ti-6Al-4V alloy is one of the first made titanium alloys and the most
commercialized nowadays (absorbs more than 50 % of the global market). It has a chemical
composition of 6% aluminum, 4% vanadium, 0.25% (maximum) iron, 0.2% (maximum) oxygen, and
the remainder titanium. These alloy elements make its microstructure composed, at room
temperature, of 91% of a phase and 9% of 3 phase (Figure 2.4). It is significantly stronger than

commercially pure titanium while having similar thermal properties. In addition, it represents the
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most developed and tested titanium alloy that, at the same time, offers a well-balanced property
profile [8].

Stable B alloys. comprise very high addition of 8 stabilizers (around 30 wt.%) and are constituted
by single B phase. 3 alloys possess a BCC crystal structure, which is readily cold-worked (better
than HCP « structure) in the [-phase field. The microstructure after quenching contains equiaxed

B- phase. Commercial alloys are not included in this group.

Figure 2.4 Micrographs of as received commercial Ti-6AI-4V titanium alloy at two different magnifications, showing

alpha and beta phases. a) 15.000x, b) 50.000x.

The most utilized titanium alloys are summarized in Table 2.1, together with their mechanical

properties and composition.

Table 2.1 Mechanical properties and composition of main titanium alloys; grade 2 CP titanium is also exhibited for
comparison [6].

Composition

B tre;;;f’;;pa ) 025 p/;;;j eSS b (6oa) Al Sn Mo v i Otrer
Grade 2 (CP) 485 345 105 - - - - -
Grade 5 (a+B) Ti-6A4V 985 885 105 6 - - 4 -
Grade 6 (a) Ti-5A-2.5Sn 860 825 110 5 2.5 - - -
Grade 7 (CP) Ti-0.15Pd 430 345 105 - - - - - 0.15Pd
Grade 9 (a) Ti-3A1-2.5V 650 550 105 3 - - 25 -
Grade 12 (a) Ti-0.3Mo- 600 460 105 - - 0.3 - 0.8
0.8Ni
Grade 21 (B) annealed Ti- 915 880 83 3 - 15 - - 3Nb, 0.2Si
15Mo-3Nb-3A-0.2Si
Grade 21 (B) aged 1310 1210 102 3 - 15 - - 3Nb, 0.2Si

@ Data from TIMET Titanium metals coorporation
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As above mentioned, among the first-generation a — B alloys, Ti-6Al-4V (Ti64) is the most
extensively used orthopedic alloys. The Al addition is to stabilize the a phase by increasing the
transformation temperature from a to 8 phases, while V stabilizes the tougher 8 phase by lowering
the temperature of the 3 transformation. The fatigue strength is higher than that of 316L stainless
steel and comparable with that of Orthinox and Co-based alloys. The strength of the titanium alloys
is very close to that of 316L SS, and its density is 55% less than steel, hence, when compared by
specific strength (strength per density), the titanium alloys outperform any other implant material.
Although Ti6AI4V has an excellent reputation for corrosion resistance and biocompatibility, the
long-term performance of this alloy have presented some issues regarding aluminum and

vanadium ions release.
2.2.2 Zirconia

From low to high temperature, pure zirconia (ZrO,) exhibits three phases, namely
monoclinic, tetragonal and cubic structures, which are of interest to biomedical applications. The
monoclinic phase exists below 1170 °C. As the temperature increases, it transforms to tetragonal
phase, at approximately 1170 °C, and then the cubic phase at around 2370°C, up to the melting
point of 2716°C (see Figure 2.5). The changes in volume and shape on cooling associated with
the transformation make pure zirconia unsuitable for biomedical applications. However, with the
discovery of transformation zirconia toughening, the engineering applications of zirconia was
promoted. In the beginning, metallic oxides (CaO, MgO, and Y203) were added to zirconia to

stabilize the tetragonal phase under the metastable conditions at room temperature [9].

Monoclinic Tetragonalo Cubic .
< 1170 °C 1170 - 2370 °C 2370 - 2716 °C

Figure 2.5 Schematic illustration of the three zirconia polymorphs.

Garvie et. al (1975) [10] reported MgO-partially stabilized zirconia (Mg-PSZ) with increased

toughness arising from the spontaneous transformation of the metastable tetragonal phase into
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the more stable monoclinic phase under mechanical stimulation, for instance stress at crack tips
associated with a large volume expansion of the structure. This volume expansion, in turn, induces
compressive stress and retards the crack propagation, increasing the strength and toughness.
Thus, Mg-PSZ was the first zirconia to be used in orthopedics, but no large-scale application has
occurred. Afterwards, Yttrium-stabilized zirconia, called yttria (Y,0.) - tetragonal zirconia polycrystal
(Y-TZP), was developed using Y,0, as the stabilizer and almost completely formed by tetragonal
grains at room temperature [11]. Thus, in the 1990s, Y-TZP became the materials of clinical choice
for large-scale industrial production of hip joint femoral heads because of the higher strength and
toughness than Mg-PSZ and CaO-PSZ. The transformation toughening mechanism of Y-TZP is
responsible for enhancing mechanical properties including high fracture strength, which is twice
that of high-density alumina and high flexural strength. Young's modulus of zirconia is smaller than
that of alumina and similar to those of Ti-based alloys enabling the metal-to-ceramic design
transformation.
Biomedical grade zirconia usually contains 3 mol% yttria (Y,0.) as a stabilizer, known as 3Y-TZP.
While the stabilizing Y3+ cations and Zr4d+ are randomly distributed over the cationic sites, the
electrical neutrality is achieved by the oxygen vacancies created [12]. Zirconia also has excellent
biocompatibility, and 3Y-TZP has been used to manufacture femoral heads in total hip prostheses
[4], but its use has been extremally reduced due to a series of failures that occurred in 2001. So,
because of the metastability of the tetragonal phase at room temperature, zirconia suffers from a
mechanism, known as low-temperature degradation (LTD), in which the transformation of the
surface occurs in the presence of water, causing microcracking and roughening [13] (See Figure
2.6). The low temperature degradation (LTD) of zirconia is well-documented phenomenon in
literature [14,15]. As shown in Figure 2.5 by Chevalier (2006) this nucleation of the transformation
leads then to a cascade of events: the transformation of isolated grain results in a volume increase
stressing up the surrounded grains and microcracking. This offers a free path for water penetration
into the specimen. The consequences of this aging process are multiple and include surface
degradation with grain pullout and microcracking, as well as strength degradation.

According to Chevalier (2006) [16], although LDT is associated with the case of several
femoral head prosthesis failures in 2001, there seems to be no clear relationship between LDT
and failure predictability when zirconia is used as a biomaterial. Moreover, although intrinsic aging

of Y-TZP cannot be eliminated, it can be minimized by controlling the manufacturing process to
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refine the grain size, increasing the density, reducing the porosity, and avoiding residual stress
[17].

b)
H,0 \ f" H,0

Surface
uplift

Figure 2.6 Schematic illustration of the ageing process occurring in a cross section, showing the transformation
neighbor to neighbor. (a) Nucleation on an isolated grain at the surface, leading to microcracking and stresses to the
neighbor’s grains. (b) The transformed zone growth, leading to extensive microcracking and surface roughening.
Transformed grains are gray. The red path represents the penetration of water due to microcracking around the

transformed grains. Taken from Chevalier, 2008 [16].

The mechanical properties of 3Y-TZP strongly depend on its grain size, in which above a critical
grain size, 3Y-TZP is less stable and more suitable for t-m transformation. On the other hand,
smaller grain sizes are associated with lower transformation rates [18]. When the microstructure
present grains around 0.2 - 0.5 um of diameter, the flexural strength can be in a range of 800 -

1000 MPa and a fracture toughness of 6 - 8 MPa mes.
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2.3. Smart Implants

2.3.1 Introduction

According to Ledet et. al [19], smart implants are implantable devices that provide not only
therapeutic benefits but also have diagnostic capabilities. As diagnostic tools, smart implants can
provide information regarding the environment inside the body. The transmitted information can
provide qualitative data to start treatments and detect eventual problems earlier [1,20]. In all smart
implant applications, the implant is the vehicle that carries the diagnostic technology into the body,
as can be seen in schematic examples of a total knee replacement, in Figure 2.7. Due to the
possibility to integrate sensing technology, there has been much innovation and development in

the smart orthopedic implants in the last five decades.

Figure 2.7 Schematic illustration of total knee replacement components (left), have sufficient size and volume for
placement of sensors (S), electronics (E) and antenna (A) components within. Once placed in the body (right),

radiofrequency (RF) communications facilitate data collection from the implant. (Taken from Ledet et al.) [19].

Inside the implant, the typical smart components include strain gages, a power coil for
inductive coupling, an antenna for transmitting data, signal conditioning circuits and a telemetry
system. External readers generate a radio-frequency (RF) signal that is transmitted through an

external antenna to the implanted system. Strain gage-based sensing has been the mainstay smart
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implant since the 1960s. The gage is bonded directly to the surface of the implant with an adhesive
and, as the implant deforms, the strain gage deforms equivalently. This deformation causes a
characteristic change in the resistance of the gage, which is proportional to the strain experienced
by the implant. However, protecting strain gages circuits from the bodily fluid remains a challenge
[21,22]. The strategy used to overcome this challenge is to modify the implant design in a way
where the gages are mounted inside the implant [21,23]. In most of the cases of smart implant
applications, the implant is modified by creating a cavity, in which the strain gages can be placed
[24,25].

Despite decades of research and advances, smart implants have not yet become a part of daily
clinical practice, due to the number of limitations and challenges that still have to be overcome in
this research field. In order to reduce the size and signal conditioning circuits,
microelectromechanical systems (MEMS)-based technology has been used for smart implant
applications [26,27]. The most attractive of MEMS is their microscale components and the well-
established fabrication methods. Thus, it seems that the most significant barrier to integration into
clinical practice has been the necessity for host implant modification to accommodate the smart
components. The creation of cavities to adapt these components is challenging and expensive,
besides alters the implant design, which may alter the implant’s properties and consequently,
compromises its performance [28]. Smart implants for the next generation should be simple, small,
efficient and must be integrated with the implant with little to no modification to existing implant

design.

2.3.2 Sensors and actuators

Fundamentally, a sensor requires a material that exhibits a detectable, reproducible
response to a change in the environment, namely temperature, pressure, acceleration, humidity,
chemical or gas composition, and light level. Most of the useful sensor materials generate an
electrical signal, such as a current or a voltage, or a change in the electrical properties such as
resistivity, capacitance, or remnant polarization that can be calibrated for the change in the
environment. The development of an actuator requires a material (or a system) in which there is a
large, controllable response to an applied stimulus. An actuator can convert electrical signals into
physical phenomena. For many actuators, the desired response is a useful motion [29].

Several materials can work as sensors and actuators, simultaneously, improving their

performance in the environment where they are inserted. These materials can alter their properties
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in response to changing surroundings and with these changes, the sensors can act according to
the needs of the intended application [30]. These materials include piezoelectric and shape
memory alloys (SMA). Some examples of these materials and their respective applications are

shown in Table 2.2.

Table 2.2 Examples of smart materials and their applications.

Materials Applications

Piezoelectrics Shape memory alloys Sensors Actuators

Lead zirconate titanate —  NiTi based alloys
PZT (NiTiCu, NiTiPd, NiTiFe) Precision manipulator,
Accelerometers,
pressure generator,
pressure transducer, .
displacement actuator, self-

force transducer, . i
) ) sensing actuator, active
noise/acoustic sensor,
structures, etc.

sensor health
monitoring, etc.

Cu based alloys (CuZn,
Barium titanato - BaTiO3  CuZnAl, CuAINi,
CuAINiMn)

Polyvinylidene fluoride —  Polymers: PTFE, PU, Pe
PVDF

2.3.3 Antenna/ Communication system

Having in mind the orthopedic implant applications, after integrated and accommodated
in the implant, the smart components should be able to transfer their measurements to some
central data storage, as also receive commands from this central. Through this data transfer the
communication between the smart components and the implant’s user is stablished, which
ultimately ensure that any problem with the implant is informed directly to the user. This
communication can be performed by an antenna, which is able to transmit a signal into the body
or pick up a signal from the body, trough the electromagnetic waves propagation [31]. To be printed
on the implant surface, the antenna should be small and requires very low power. However, these
requirements make difficult the data transmission by an implanted device. Thus, designing an
efficient antenna is very important for a reliable implanted communication system [31]. The
antenna is included in the implantable medical device (IMD) concept, in which are placed inside
the human body by means of surgical operation and may serve all sorts of sensing and stimulating
functionalities. Their remarkable feature is the bidirectional link between the implant and its user,

enabling medically useful data to be transmitted both ways, and hence playing a key role in the
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implant durability. Several examples and a vast number of implantable medical technologies can
be found in the literature [32-34].

Unlike traditional antennas that operate in free space, the implantable antennas should
consider many kinds of requirements as an implantable antenna are placed in human bodies, such
as the antenna size (miniaturization), the antenna efficiency (tissue losses) and its biocompatibility.
These issues regarding the in-body antennas operation will be briefly commented below.

It is known that decreasing the electrical size of an antenna will lead to a decrease of its
electromagnetic performances [35]. A study conducted by Harrington [36] demonstrated that the
antenna efficiency is directly proportional to its electrical size and, thus high operating frequencies
are required for geometrically small but efficient antennas. Hence, based on this theory the antenna
efficiency significantly decreases if lower operating frequencies are used. Despite, recent advances
in the technology of implantable medical devices have led to ultra-small designs, driving for a good
compromise between size and performances.

All these studies consider however lossless miniature antennas radiating into free space. In
the case of implantable antennas, we have an important change of paradigm as the antenna is
directly surrounded by loss biological tissues. The main quality criterion in the design of such
antennas is the amount of power the antenna is able to transmit out of the host body. The efficient
design of such antennas will thus have to take into account the host body and will have to develop
specific strategies in order to achieve this goal [35]. Signal losses are an undesirable and inevitable
aspect of electromagnetic wave propagation. The human body is not the ideal medium for radio-
frequency signal propagation since electromagnetic radiation propagation depends heavily on the
tissues water concentration due to the water poor conductivity (5.5 X 10 S/m). Notwithstanding,
as the human tissue is more conductive than the air, there are higher losses due to attenuation
[31].

The implantable antennas must be biocompatible in order to preserve patient safety. The most
common approach to ensure the biocompatibility of the antenna is to cover the structure with a
superstrate dielectric material. At the same time, this approach separates the antenna from the
body tissue. The most usual materials used as dielectric is Teflon (er = 2.1; dielectric loss tangent,
tan 6 = 0.001) and ceramic alumina (er = 9.4; tan & = 0.006) [37]. In the current thesis, since
the antenna will be printed on the implant surface, the biocompatibility role will be executed by the

implant material itself. In addition, for the conventional implants (metal-based substrate), the
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antenna should be isolated from them, as well as from the body environment. This can be
accomplished by using an insulator layer between the antenna and the substrate. It is also
important that this insulator layer be a biocompatible material. Because of its electrical properties,
zirconia is the best candidate material for a biocompatible insulation layer. Its high permittivity and
low loss-tangent values (er = 29; tan & = 0) [35] allow the near fields of the antenna to concentrate
in the metal-based antenna path, thus mitigating power loss [38]. Besides, the thickness of the
insulation layer is another important factor in antenna design, since the computation of its optimum
value is considered to be highly significant to minimize power loss without increase the antenna
size [39].

All the aforementioned smart implants, namely, sensors, actuators and antenna should be
integrated so that communication is stablished among them. Through this communication, the
sensors can transmit a signal to the antenna, which in turn reports the matter to the user. After
receiving the information, the user can send back a command in order to trigger the actuator or
sensor, which can counteract the reported issue via the releasing of medicines, for instance. The
communication among the smart components may be performed by wires made of a material,
also printed in the implant surface, able to conduct electricity. One of the main challenge tasks
within this approach deals with electrical losses from the wires to the conventional implants, which
are also made of a conductive metallic substrate. This issue can be circumvented by the projection
of an insulator layer between them.

The next topics will address both the materials used as conductors (the wires), as well as

the insulating layer.

2.4. Communication system printing

2.4.1. Materials for communication system (Silver)

Among the conductor’s materials, silver presents the greatest electrical conductivity of all
metals, with a resistivity of 1.6 x 108 ohm.m. Silver is an extremely soft, ductile and malleable
transition metal and crystallizes in a face-centered cubic lattice. The only downside is its high cost,
which often restricts its application. Silver is stable in pure air and water; the presence of ozone or
hydrogen sulfide or sulfur in the air or water may result in silver tarnishing [40] due to the formation

of silver sulfide. The most common oxidation states of silver are O and +1, but other oxidation
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states (+2 and +3) are also known. Silver has a specific gravity of 10.5 and a melting point of 960
°C [41].

In the electronic field, silver is widely used for printing circuit boards and keyboards as an
electrical contact. Other applications include the preparation of active waveguides in optical devices
[42], inks for printed circuit boards [43], optoelectronics, nanoelectronics (such as single-electron
transistors, and electrical connectors) and so on. Silver particles are also used for production
conductive paste for electronic packaging [44].

The medical properties of silver have been explored for over 2000 years. In this field, silver has
always been used against various diseases; in the past, it found use as an antiseptic and
antimicrobial against Gram-positive and Gram-negative bacteria [45-47] due to its low cytotoxicity
[47]. The US Food and Drug Administration approved silver solutions in the 1920s to be used as
antibacterial agents. Silver products have strong inhibitory and bactericidal effects in a wide
spectrum of antimicrobial activities. The action mechanism is due to the silver ions which cause
the protein precipitation and acts directly in the cytoplasmic bacterial cell membrane, carrying out
bactericidal action immediate [48]. Although silver itself is not considered toxic, most of its salts
are poisonous, due to the anions involved. The exposure to silver in the air should not exceed 0.01
mg/m:[49]. Because of their great surface area, silver nanoparticles present physical, chemical
and biological properties markedly different from those of the bulk material of origin [50,51].
Despite several mechanisms of antibacterial effect of silver ions have been proposed by different
authors, the mechanism of action is not yet fully elucidated, as well the toxicity effects of silver for
human body. According to literature, at minimal and reasonable concentrations of silver, there are
no side effects on human body [49]. Some studies reported cytotoxic effects on human health
under prolonged exposure to silver nanoparticles, such as the onset of some diseases [52]. Other
studies reported that low concentration is required to kill bacteria without presenting any cytotoxic
effect [63,54].

Therefore, joining the great electrical properties of silver and considering its good acceptance in
the biomedical field, this material seems to be a promising choice to compose the communication

system of implants as a conductive path for where the electrical current flow.

2.4.2. Electric insulator materials (Ti-oxide)
The electrical conductivity of material depends on the amount of charges carriers per
volume, the charge and their mobility. The main charge carriers in a solid are the electrons. In an

isolated atom, an electron occupies determined levels and sub-levels of energy. In a crystal that

21



Chapter 2

has millions of atoms, the levels of energy are overlapped and are replaced by densely filled bands

[55,56]. Figure 2.8 presents the energy band for metals, semiconductors and insulators materials.
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Figure 2.8 Diagram of the energy band gaps of materials.

In conductors’ materials, the valence band is either not fully occupied with electrons, or
the filled valence band overlaps with the empty conduction band. Generally, both states occur at
the same time, so, the electrons can move inside the partially filled valence band or inside the two
overlapping bands. In conductors, there is no band gap between the valence band and conduction
band. Besides, any fact that makes difficult the electrons motion decreases the electrical
conductivity, such as defects in crystalline structure and thermal vibration.

In insulators materials (such as polymers and the majority of ceramics), the valence band
is fully occupied with electrons due to the covalent bonds. The electrons cannot move because
they're "locked up" between the atoms. To achieve a conductivity, electrons from the valence band
have to move into the conduction band. This prevents the band gap, which lies in-between the
valence band and conduction band [55,56].

In the semiconductors, the band gap is too small compared with the insulators that even
at room temperature electrons from the valence band can be lifted into the conduction band. The
electrons can move and act as charge carriers. In addition, each electron also leaves a hole in the
valence band behind, which can be filled by other electrons in the valence band. Thus, one gets
wandering holes in the valence band, which can be viewed as positive charge carriers. At a certain
temperature, an equilibrium is arranged between the electrons elevated to the conduction band
and the electrons falling back. With increasing temperature, the number of electrons that can leap
the band gap is increased, and thus increasing the conductivity of semiconductors [55,56].

Among the semiconductors materials, Titanium oxide (TiO,) is one of the most studied

transition metal oxide semiconductors due to its nontoxic nature, chemical stability and commercial
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availability at a low cost. Because of its properties, TiO, have been attracted interest in several
applications such as photovoltaics [57], spintronics [58] and gas sensors [59]. Most of these
applications depends on the remarkable electrical properties of TiO,. As electrical insulating TiO,
has an extremely resistivity above 10t Q.m with a wide band gap of about 3.0 eV [60]. The control
of these properties can be achieved by controlling the synthesis method, the temperature and
environment nature (such as gas nature and partial pressure) [61].

Titanium dioxide, the only oxide of titanium that occurs naturally at atmospheric pressure,
exhibits three polymorphs, namely: rutile, anatase and brookite [62]. Rutile is the unique stable
phase, while anatase, and brookite are metastable at any temperature. Anatase is kinetically stable
at lower temperatures but converts to rutile at temperatures in the range of 600 ° C to 800 ° C.

Figure 2.9 presents the titanium oxide rutile (Figure 2.9a) and anatase (Figure 2.9b) phase.

Figure 2.9 Unit cell of anatase (a) and rutile (b) phases of TiO,. The light circles represent oxygen and the darker
circles are titanium. Both forms are tetragonal with lattice constants a and ¢ of 0.4594 nm and 0.2958nm for rutile

and 0.3785 nm and 0.9514 nm for anatase. Adapted from [63].

Several methods to obtain titanium oxide have been reported, such as sol-gel synthesis
[64,65], hydrothermal [66,67], chemical vapor deposition - CVD [68] and physical vapor deposition
- PVD [69]. Generally, in the synthesis of TiO, films by several methods, the initial crystalline phase
formed is anatase. This can be explained by the less-constrained molecular construction of anatase
relative to rutile [70]. In contrast, from a thermodynamic perspective, the faster recrystallization of

anatase could be due to the lower surface free energy of this phase, despite the lower Gibbs free
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energy of rutile [71]. The generation of TiO, phases depends significantly on the synthesis
parameters, which in turn, affect the product. The kinetics of these processes usually are
considered in terms of temperature and time. All the mechanisms involved in anatase to rutile

phase transformation are well described in [62].

2.4.3 Ti alloy oxidation and alpha-case formation

Metal oxidation is a special type of degradation of metals which occurs when the metal is
subjected to oxygen and/or other oxidizing environment. Most metals in ambient conditions are
thermodynamically unstable. The metal’s instability may be of little or no practical meaning at room
temperature because of the slow reaction rate, but at elevated temperatures the instability of the
metal increases rapidly. The process of metal oxidation at high temperature is an important broad
field from scientific and technological point of view. It is important to know the oxidation reaction
and the subsequent product of the reaction, as well as, the kinetics and the mechanisms of the
oxidation process. The oxidation of metals usually results in oxide scale formation and may also
cause embrittlement due to dissolution of the gas species (i.e. oxygen) into the metal substrate
[72,73]. This oxide scale and subsurface oxygen enriched layer formation can be described by the
Wagner's model for high-temperature oxidation of metals [74]. The overall oxidation reaction
includes oxide formation and inward oxygen diffusion in the titanium. The oxygen diffusion results
in the formation of an oxygen enriched layer beneath the oxide scale, commonly known as alpha-
case layer. Alpha-case is defined as a continuous hard and brittle layer that is formed because of

oxygen diffusion into the hexagonal closed-packed crystal structure of « -Ti. The name alpha-case
originates from the fact that oxygen is a strong « -stabilizing element and its elevated content in
titanium and its alloys promotes increase of the S -transus temperature and triggers phase
transformation of the retained [ -phase to « -phase. The simultaneous oxide scale and alpha-

case formation can be described by the Wagner's model [74]. Figure 2.10 schematically shows
the oxygen concentration profile during oxide scale and oxygen enriched layer formation as

suggested by the Wagner’'s model.
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Figure 2.10 Oxygen concentration profile of oxidized titanium according to Wagner’'s model [74].

As shown in Figure 2.10, the oxygen concentration profile is composed of two individual
concentration profiles, one for the oxide (TiO,) and the other one for the oxygen diffusion layer i.e.
alpha-case layer. Both profiles have specific thicknesses, TiO, has thickness z, whereas the alpha-
case layer has thickness x. The alpha—case layer has large oxygen solubility range starting with the
highest oxygen concentration at the point Csl, i.e. the oxide/metal interface, and ending at distance
Cso, where the oxygen content reaches the oxygen bulk concentration present in the base metal.
In contrast, the solubility of oxygen in the oxide scale is limited and it can be considered to be
linear. It can be seen that the oxygen concentration present in the metal gradually decreases. The
oxygen concentration at the oxide/metal interface (Csl) is dependent on the exposure temperature
and time and can reach a maximum value of 14.3 wt. %, which is the maximum solid solubility of
oxygen in « - titanium.

The oxidation behavior of titanium alloys is more complex than that CP- Ti, mainly because of
presence of B-phase, the influence of different alloying elements, as well as because of the
coexistence of beta and alpha phases arrangement i.e. different microstructures. Although the
reaction between titanium and oxygen at room temperature results in the formation of a thin and
passive TiO, layer, at elevated temperatures, the TiO, layer loses its protectiveness and allows

oxygen to be dissolved into the titanium bulk metal. The solubility of oxygen in « -titanium is about
30 at. % showing very small variations with temperature, whereas the solubility in 3 -titanium

increases with temperature and at 1720 °C reaches maximum solubility about 8 at. %. Figure 2.11
shows the Ti-O phase diagram, from where it can be seen that many stable titanium oxides such

as Ti,0, TiO, Ti20, and Ti,O,, Tin02n-1 (4 < n < 38) and TiO, can be formed. However, for oxidation
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at temperatures below 1000 °C and at near-atmospheric pressures only the Ti,O rutile type

modification has been detected in the oxide scales [75].

(Mass percent of oxygen)

Io 10 20 30 40
2200 T 1 T T
www.globalsino.com/EM/ -
2000 Tz
1720%C 1885 K 1842°C 1870°C
1800, C)
1600 & =
og ,':N g
@ 1400 = 3
3 -
< 1200
[
£
£ 1000
-
800
\\ ——TtH++}8Ti 0
600 \ aTi, 0
400 o 10 20 30 40 50 60 70
Ti (Oxygen at %)

Figure 2.11 Ti-O phase diagram (Adpated from [76]).

2.4.4 Laser technology

Laser can be defined as a consistent and monochromatic light beam with high intensity
and energy [77]. The generation of laser light is based on the principle of light amplification by
stimulated emission of radiation (corresponding to abbreviation “LASER”). For producing the light
beam, it is necessary that an external energy source (electrical, optical and chemical) bombards
electrons into an active medium, which can be gaseous, liquid or solid. Thus, the electron excitation
releases energy in the form of photons. These photons are reflected several times back in an optical
cavity containing two mirrors at both extremities, in which one is totally reflector and the other is
only partially reflector. Thus, when the gain positive is achieved, the amplified light with a specified
wavelength leaves the system and the laser beam is generated [77,78].
Depending on the medium used to generate and amplify the light beam, laser can be classified as
solid-state lasers (e.g. Nd:YAG, Nd:YVO,, Ti-sapphire, fiber lasers), gas lasers (e.g. CO,, excimer
lasers, semiconductor lasers (e.g. InGaAs, AlGalnP) or as liquid dye lasers (e.g. organic liquid dyes)
[77]. In some cases, lasers can operate in either continuous wave mode or pulsed mode (Figure
2.12). In the continuous wave lasers, such as CO, lasers, the main characteristic is the nonstop
laser beam and hence a continuous output power. In contrast, the pulsed lasers, such as Nd:YAG

lasers, operate by pulses, which can last from several hundreds of micro-seconds to femto-seconds
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[79]. In the pulsed lasers, all the accumulated energy is released in a single pulse and the pulse
duration is usually controlled by a Q-switch module that regulates the amount of stored energy
inside the active medium during the laser blocking [77].

Laser Beam Laser Beam
\ \
\

\
Welding Bead \ e Beam travel Welding Bead & Beam travel

In the case of pulse irradiation In the case of continuous irradiation
(a) (b)

Figure 2.12 Schematic representation of the effects between the operation mode of a (a) pulsed laser and a (b)
continuous wave laser. Adpted from http://www.avio.co.jp

2.4.4. Laser-matter interaction

The laser-matter interaction in the region near to the surface achieves extreme heating and
cooling rates (10: - 10® K/s), while the total deposited energy (typically, 0.1 - 10 J/cm?) is
insufficient to affect, significantly, the temperature of the bulk material. This allows this region to
be processed in extreme conditions with little effect on the bulk properties [80].

One of the major advantages of the laser as a tool for material processing is the ability to
control, precisely, wherein the material and at what rate energy is deposited. This control is possible
through the proper selection of laser processing parameters to achieve the desired material
modification. Moreover, material processing by laser technology is dependent on several process
variables, which influence directly the laser-material interaction and at long last the processing
efficiency and quality. To obtain the desired result there must be a good consensus between the
material properties (optical and thermal properties), laser beam characteristics (power,
wavelength, pulsed duration, etc.) and laser parameters (scanning speed, spot size, laser fluence,
etc.).

Thus, as a versatile tool, laser can be applied for different purposes, such as in a
subtractive method, which involve ablation mechanisms (i.e. material removal) and additive
method, which, in turn, comprises sintering and fusion mechanisms in the material surface. The
next subtopics will discuss briefly some aspects regarding the laser approaches performed in this

work.
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2.4.5. Laser surface modification (subtractive)

Surface properties modification over multiple length scales plays an important role in
optimizing the material’s performance for a given application. Multiscale surface modification is a
critical factor in the development of new material structures and in engineering the detailed
interactions which occur at surfaces and interfaces. Since the earliest works with pulsed lasers, it
has been understood that the unique interaction of laser light with the material surface can lead to
permanent changes in the material’s properties not easily achieved by the other methods. Laser
irradiation has been shown to induce changes to the local morphology, local chemistry and local
structure, all of which affect the material's performance in a given application. Several review
articles have been written regarding this subject [77,81-83]. The modification of the surface by
laser has several advantages and some disadvantages. The main advantage is the ability to work
with different types of materials with no significant setup modification. Laser can also be used to
modify select areas of bulk material. The main disadvantage of laser is regarding the reproducibility
when a new materials system is employed and the large setup cost for the instrumentation [84].

The modification of the surface by laser can be performed in several ways, such as laser
drilling, laser cutting, laser turning, laser cladding, laser texturing and so on. The last one
comprehends the heating of the surface, removing material through layer by layer ablation, giving
rise periodic structures on the material surface, such as grooves, cavities and holes. Many works
have reported laser surface modification in titanium alloy substrate for the most diverse
applications, such as tribological [85], biomedical [86,87], fatigue behavior [88]. Recently, the
interaction between lasers and Ti6Al4V titanium alloy has been widely investigated, with particular
attention to superficial treatments such as texturing. For example, in [89] they studied the effect of
various laser texturing strategies in the roughness, surface structure, hardness and water
wettability of Ti6AI4V substrate for bonding adhesion. In [90] they examine the effects of Gaussian
shaped beam profiles for nanosecond laser processing on the micro-groove characteristics created
on TibAI4V substrate under different conditions. Laser parameters were also studied. The impact
of laser processing parameters on Ti6Al4V samples were also investigated by Campanelli et al.[91].
In their study, the optimization of a nanosecond Nd:YAG laser parameters was performed, aiming
to reduce geometrical defects and improving surface quality.

Although many works can be found in the literature on analyses of laser surface treatments
of Ti6AlI4V titanium alloy, works concerning a systematic study presenting the effects of main

process laser parameters on the geometry of structures fabricated by laser ablation are still few.
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Figure 2.13 SEM image of Excimer laser-irradiated micro-grooves (adapted from [92])

When fluences below the threshold of melting are achieved in laser heating, a variety of
temperature dependent process within the solid material can be activated. The high temperature
gradients achieved with localized laser heating can lead to rapid self-quenching of the material,
trapping in highly non-equilibrium structures. Moreover, the fast generation of high temperature
gradients can induce thermal stresses, which in turn, can contribute to the mechanical response
of the material, such as work hardening, cracking or warping [93].

At temperatures far above the melting temperature, hydrodynamic motion can reshape
and redistribute the material. Radial temperature gradients on the order of 10-10¢ K/mm can
develop in melt pools, causing convective flows to circulate material [77]. For most materials, the
liquid’s surface tension decreases with increasing temperature and the liquid is pulled from the
hotter to the cooler regions (Marangoni effect) [94].

The mechanism of material removal is based on ablation or vaporization. This
phenomenon occurs through the ejection of the material from the target surface due to absorption
of a massive quantity of energy. Overall, during processing localized significant rise in temperature
occurs near the target surface which results in material melting, vaporization and formation of a
plume of hot ionized gas (plasma plume). However, depending on the laser power and the temporal
working mode of the laser, specific ablation mechanism can take place. In femtosecond lasers, the
removal of the material occurs mostly through non-thermal ablation process, involving the direct
rupture of bonds between atoms, ions or molecules from the target [95,96]. Thus, since the
temporal distribution of energy is extremely short, the thermal conduction into the bulk material
can be despised and consequently only material vaporization is observed. The ultrashort pulse

lasers provide great advantages in comparison to the long pulse lasers, such as precise ablation

29



Chapter 2

of materials, no microcrack formation and small heat affected zone [97-99]. Figure 2.14 shows

the practical effects of long-pulsed and ultra-short pulse lasers on the machining process.

Application with long-pulse laser Application with ultrashort pulse laser
(e.g., microsecond) (e.g., femtosecond)
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Figure 2.14 Schematic illustration of the comparison between the practical effects of a long-pulse laser and an
ultrashort pulse laser. Taken from [98].

Although laser ablation is more discussed in the context of pulsed lasers, it is also possible
with intense continuous wave mode irradiation. The onset of ablation occurs above the threshold
fluence, which will depend on the absorption mechanism, particular material properties,
microstructure, morphology, defects, and also on laser parameters, namely wavelength and pulse
duration. According to literature, the typical threshold fluence for metals are between 1 and 10
J/cme, for insulators are between 0.5 and 2 J/cme?, and for organic materials are between 0.1 and
1 J/cmz2 [82]. A detailed study regarding laser interaction with the matter and the phenomena

involved is described in [100].

2.4.6. Laser sintering (additive)

The concept of laser sintering comes from the selective laser sintering/melting concept,
which is a type of additive manufacturing (AM) process. The term “laser” in the name implies that
the laser is used for processing and the term “sintering” implies that the powder is involved in the
process. This implies that powder consolidation is done by laser to make products. The term
“selective”, in turn, infers that all powder is processed by laser where and when it is required.
“Melting” refers to a case in which the powder is completely melted. Although the name shows
two processes (selective laser sintering - SLS and selective laser melting - SLM), for convenience
they have been combined into one as “selective laser sintering/melting [101]. The main difference

between the two processes is that, the first joins the powders by partial melting, while the latter by
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full melting. Four mechanisms are used to explain consolidation in SLS/SLM, namely (a) solid state
sintering, (b) liquid phase sintering, (c) chemical-induced bonding and (d) full melting [102]. In the
Solid State Sintering (SSS) the powders are bound by diffusion of atoms. The diffusion can be of
type volume diffusion, surface diffusion or boundary diffusion. Thus, the diffusion gives rise to the
neck formation at the boundary between two particles, which gets extended, fills the space with
diffusion and binds the powders.

The Liquid Phase Sintering (LPS) is a mechanism widely used in SLS. When the interaction
laser-materials take place, some of the powders are converted in liquid. Then, the liquid generated
flows and fills the porous produced by the adjacent powder particles and thus, the powders are
joined [102].

In the Chemical-Induced Binding (CIB) the binding of the powders is made by the chemical
reactions which may occur when laser interacts with the material. For example, during the laser
irradiation, the material can react with the environment gases (oxygen), forming composts with low
melt point. These composts, which are melted, will bind the rest of the powders, giving rise to the
consolidation. The chemical reactions can be exothermic and generate enough heat to subsequent
consolidation.

Finally, in the full melting mechanism, the powders are fully melted, which on solidification
gives rise to consolidation. As the powder bed is porous, the solidification gives rise to shrinkage.
A high solidification rate can be responsible for stress residual generation. In this mechanism, for
achieving the full melt of the powders, it is necessary for high laser power. Melting gives rise to
liquid, which flows and wet the substrate and adjacent powder. The wetting will depend on the
contact angle between solid/vapor, vapor/liquid and solid/liquid, as explained in [101].

As the interaction time between the laser and the material is short, a thermal gradient is
generated. This leads to a convection motion inside the melt pool, which is called Marangoni effect
[103]. The motion goes from the center of the melt pool to the periphery (i.e. from the high
temperature region to the low temperature region), to minimize the thermal gradient. This gives
rise to the spreading of the melt. In some cases, when there is a foreign element (for example,
oxygen) in the melt pool, there is a decrease in the surface tension and the tension increases with
an increase in temperature, thus, the direction of the motion is just opposite. Instead of creating
the expansion of the pool, it causes the melt to congregate at the center line. Then, it causes a rise

in the mass at the center, which is the reason for low surface quality [104].
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Another problem regarding consolidation that is important to mention is related to the melt
pool size. If the melt pool is longer, it will break in several small fragments [101]. There are many
ways by which the formation of a long thin melt pool can be avoided, for instance using lower scan
speed, higher spot size and preheating. The preheating decreases the solidification rate, which in
turn induces the increase of the melt pool width and changes its proportion.

A single track process map was created by [105], as can be seen in Figure 2.12. The map
is divided into five areas and each one represents the single-track shape for 314 stainless steel

with different laser power and scanning speeds.
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Figure 2.15 314S single track process map produced using a laser spot size of 1.1mm [105].

2.4.7. Laser oxidation

Heating of the titanium surface (along with other metals) in the air by laser source results in
the growth of an oxide film due to the chemical interaction with the air components. The thin film
properties are dependent on the temperature and heat time, while the application of pulsed laser
radiation makes it possible to vary some characteristics of the film, namely compositions and
thickness. Thus, it is therefore not surprising that oxidation of metals through laser processing is
becoming attractive for applications requiring selectivity and high precision [106]. In particular,
oxidation by laser can offer several advantages over the other methods, namely: high precision
spatial-temporal control; less processing time for relatively small processing areas; high
repeatability. Another important limitation of the other traditional methods to oxide titanium surface
is that the majority of them are nonselective and the resulting oxide thickness is not totally
controllable. Besides, high power and wet chemical bath are required, which make them hazardous

processes [107]. The formation of a thin oxide film by laser can be achieved not only heating the
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metal surface but also by generating surface modification (which can involve the metal layer fusion)
[107]. Notwithstanding, it is imperative a detailed characterization of the oxide layer properties
produced by laser irradiation, such as chemical composition, thickness and morphology. Studies
concerning the characterization of oxide layer in titanium surface have already been performed in
literature, namely the composition and mechanism of laser oxidation [108], structures of Ti oxide
films [106], laser oxidation versus anodizing [107] and the dependence of Ti oxide formation on
laser parameters [109-111]. However, composition analysis is complicated since, during laser
exposure in air, similar processing models can result in different compositions and thickness of
the obtained films. Many divergences in results have been found in different authors regarding the
determination of films’ composition [108,112]. In the papers published to date, the authors have
been reported oxide layers constituted mainly by TiO, [107] or a conglomeration of titanium oxides,
namely Ti,0, TiO, Ti,0,, TiO, [108,113]. In addition, abrupt temperature changes involved in laser
oxidation can cause lasting structural defects, such as dislocations and microcracks, which may

influence the diffusion of oxygen and change the reaction speed [113,114].
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Abstract

The development of smart biomedical implants with intrinsic communication system between
sensors and actuators, or between implant and patient, remains a challenge for scientific
community. Titanium and its alloys, especially Ti6Al4V, are the most used materials in the
implant’s fabrication. The present work is concerned with implant internal communication printing
process and presents a detailed study on titanium alloy (Ti6AI4V) surface texturing and their
characterization (morphological and chemical) produced by a Nd: YAG laser, aiming to create
localized electrical insulation zones, necessary to accommodate electrical communication systems.
The characterization of the textured surface was carried out by scanning electron microscopy and
the heat affected zone was analyzed by X-ray diffraction. The results showed the formation of o-Ti,
TiO and Ti,O phases on the textured surface. Through simulations in 7/NVA software, the outer
oxide layer formed during laser texturing had efficiency above 90% as insulator when an electrical
current was applied.

Keywords:

3.1 Introduction

Smart implants are implantable devices that not only provide therapeutic benefits but also
diagnostic capability [1]. The technological advances in this area are related to the possibility of
developing intelligent implants, capable of providing the patient realtime feedback on the
performance of the implants, thus allowing the identification of possible problems such as
inflammations, or other abnormal body reactions. Although the development of smart implants to
integrate additional functions to implants, including sensing functions, power transfer functions,
energy storage functions, and an internal communication system, has matured over the last
decades, there are still many challenges to be overcome. This is particularly important if we
consider that the additional functions should be fully integrated within the implant or in its surface,
during manufacturing, mainly through additive technologies, and not assembled as a post
processing. The pairing of these additional functions on the implant, such as diagnostics and
treatment, with self-storage capable to provide energy to activate sensors and actuators on the
implants surface, as well as communication between sensorized/actuating areas, and from
implant to patient, may be the key to enable the long-term success of the implants.

As biomedical material, titanium and its alloys, especially Ti6Al4V, are the most used due

to its excellent biocompatibility, high corrosion resistance and high strength [2,3]. Due to the fact
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that Ti6AI4V is a bioinert material, it has been the subject of several studies [4-8], which reveals
big improvements of properties upon surface modification. Several techniques can be used to
perform the surface modification of titanium-based materials [9]. Among them, laser surface
texturing (LST) has demonstrated to be a promising alternative to overcome the conventional
existent methods, since it is versatile and environmentally friendly. Laser, as a direct energy source,
can enable deposition, removal and alteration of material property through changes in its
configuration. The mainly advantage of using laser as an energy source is due to its efficient control
of depth and amount of energy. This technique is desirable for microtechnology due to its high
lateral resolution, low heat input and high flexibility [10,11]. For these laser approach has been
extremally explored by several works, for instance in texturing field [7,12-14]. In this method a
high energy density is applied on the surface, by using the laser, allowing material ablation which
result in surface roughness with preferred orientations, meaning different structures on the surface
[15]. Furthermore, laser surface texturing has proven to be efficient not only to produce periodic
surface structures but also to oxidize metal surfaces, which results in formation of a coating film
through anodic oxidation. Thus, this approach allows to combine a groove formation with surface
oxidation at the same time, since the oxide layer grows on the sample surface as a result of the
gases mixture and oxygen diffusion existent in the atmospheric environment [16].

Studies concerning laser surface texturing on titanium alloys, namely the analysis of the
heat affected zone due to the Ti oxide layer formation are very scarce. Furthermore, in literature
the studies are more focused on the investigation of the crystalline structures and optical properties
of TiO, [17,18], very few have been concerned the electrical properties of TiO, thin film [19,20].
However, the electrical characterization of the formed oxide layer becomes crucial if we aim to
create electrical barriers (cavities) between electrical conductors for electronic circuit printed on
TiGAI4V (either on implant’s surface or inside the component, during additive printing), which is
the idea behind the concept of smart implants. Figure 3.1 shows a schematic representation of

this potential application, which will be described in more detail in this work.
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Wires for communication
system

Silver TibAMV
wire substrate
0 iy actuators mm from textured
sensors CPU . cavity

Figure 3.1 Schematic representation of electronic circuit printed on Ti6AI4V substrate.

Figure 3.1 presents the concept of a smart hip implant where actuating and sensoring
areas are printed in the surface, and an internal electrical communication system is printed
between them and a CPU-central processing unit. The whole system may be printed in the
component surface, or, preferably inside the component, by using smart additive technologies, as
the one being developed in the CMEMS research centre [21], where the component and the
communication, sensoring and actuating areas, are printed sequentially, being thus fully integrated
in the implant. In this sense, this work presents a detailed study on titanium alloy (Ti6AI4V) grooves
manufacturing and their electrical insulation, for posterior communication systems printing (for
example in Silver), and their morphological and chemical characterization. A Nd:YAG laser was
used to produce both the grooves and the thermo-chemical oxidation treatment for their electrical
insulation. Cavities with different depths and surface topology have been produced, in order to
determine the most adequate strategy to produce cavities in Ti6AI4V surface. Due to the high
flexibility of the laser system, structural features such as topology, morphology and depth can be
achieved by changing the laser parameters. An optimization of the parameters, namely scanning
speed, laser power and number of passes, were performed aiming to obtain less amount of defects
and better surface groove quality. The structural and electronic properties of Ti oxides thin-layers
resulting from laser surface texturing were studied and discussed. The electrical insulation property
of Ti-oxide/Ti6Al4V interface was analyzed based on current-voltage measurements in a metal

conductor structure and its insulator capacity was simulated through 7/NVA simulation software.
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3.2 Experimental details

3.2.1 Surface laser texturing

A Nd:YAG laser (OEM Plus, working in wavelength of 1064 nm and 6 W of maximum power) was
used to texture grooves in the surface of a 2 mm thick Ti6Al4V titanium alloy target. Figure 3.2
shows a scheme illustrating the used experimental set up (Fig 3.2b). The laser is pulsed and the
laser spot has a diameter of 3 um, then each laser textured line consists in a sequence of several
pulses with an overlap area (Figure 3.2a). For texturing the grooves, the distance between each
line was changed from 10 to 50 um in order to study the effect on the groove quality (Fig 3.2c).
Table 1 shows the combination of parameters used in this work. Figure 3.2d) shows a photo of a
real sample after laser processing.

As can be seen in Figure 3.2b, we have different groups of cavities represented by grey and black
rectangles. In each rectangle there are five groups of lines with different distance between them,
which will result in five different cavities after laser scanning. The grooves were designed by using
a drawing software mask and the width of the cavities was projected to have 250 um. Using these
masks, the sample laser scanning was approached. Three laser scanning parameters were varied
in this study, namely laser power, scanning speed and number of passes, in order to evaluate i)
their influence on the quality of the grooves, ii) the amount of material re-solidified and iii) the depth
achieved. Laser power represents the laser beam energy delivered per pulse in Watts; the scanning
speed is the marking speed at the leading edge of the beam front in mm/s and the number of
passes corresponds to the number of scans carried out by the laser during the process, which will

affect the depth of groove.
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Laser scanning setup
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Figure 3.2 Scheme illustrating the experimental set-up of the laser processing (a and b). It is also shown a Scheme

illustrating the different kinds of grooves performed (b) and (d) is a photo of a real sample after processing.

Table 3.1.Laser parameters combination

Laser power Scanning speed (mm/s)

(W) 64 128 256 400
6 [@AXOAXGAX®OAX
? @A @AX®AXO®AX

15 @A GAXGAXGAX

Number of passes:

® 1 pass A [ passes % 16 passes

The laser energy density (E) was calculated for each condition through the equation below:

Pxn
E = — Equation 1

Where P is the laser power (Watts), £is energy density in J/mm; nis the number of passes and v

is the scanning speed in mm/s.
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3.2.2 Surface characterization
The surface morphology of irradiated samples was analyzed by scanning electron microscopy
(SEM). The phase composition of the titanium oxide layer was analyzed by X-ray diffraction (XRD-

Bruker D8 Discover) using a CuKao. radiation at a grazing angle of 1°.

3.2.3 Insulation properties of Ti-oxide layer

After the parameters’ study for a good quality groove formation and corresponding characterization
of the Ti-oxide obtained layer, we devote our study to analyze the insulation property of the Ti-oxide
layer formed during laser texturing on the surface. For this study the following methodology was
used.

A Ti6AI4V sample was irradiated using the optimal laser parameters creating a desired groove.
Then, Ag powder (average size particle of 230 nm) was compacted inside the created groove and
exposed again to the laser (Nd:YAG, laser fluence of 5.6 x 10: J/mm?), in order to form an Ag wire
(diameter around 250 um), as illustrated in Figure 3.3a). The resistance of each component of the
final structure, namely the resistance of oxide layer (A), resistance of the wire (£) and the
resistance of the substrate-Ti alloy (£) was measured by using four-point probe method, using
different configurations (Fig 3.3b). In this method a current is passed through the outer probes and
induces a voltage in the inner voltage probes. For this, in configuration 1, the current was applied
to the wire and the voltage was also measured on it, thus the resistance of the wire was obtained.
In configuration 2, the current was applied to the substrate and the voltage was measured on the
wire, allowing to obtain the resistance of the oxide layer. Finally, in configuration 3, the current was
applied to the substrate and the voltage was also measured on it, the resistance of the substrate
was achieved. After obtaining the resistances, an electrical circuit was built and simulated through
the 7/NA software and a current of 100mA was applied. In Figure 3.3c) this methodology is
outlined. This circuit models the interface between the substrate and the wire. The series
resistances R1 and R2 represents the measured wire resistance (R,), the series resistances R3
and R4 the substrate resistance (Rs) and parallel of R6 resistors the measured interface resistance

(Ro).
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a) Component setup b) Electrical measurements
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R1 and R2 correspond to Ry (resistance of the wire), R3 and R4 correspond to Rg
(resistance of the substrate) and R6 corresponds to R, resistance of the oxide layer.

Figure 3.3.lllustration of the process for the Ag wire formation. (a) The SEM image illustrates the Silver wire inside
the groove (scale bar=200 um). (b) Experimental methodology used for electrical measurements. (c) Electrical

circuit built through TINA software.

3.3 Results and discussion

3.3.1 Surface morphology of the laser grooves

Figure 3.4 (a-c) shows the SEM micrographs of the laser textured surface of Ti-6Al-4V processed
in air, in which (a) n=1, (b) n=4 and (c) n=16 refer to the number of laser passes. Figure 3.4(a)
reveals the results of the parameters map tested, compound by 5 grooves (for each condition),
with widths around 250 um, wherein each one was built by periodic lines spaced with different

values: from 10 to 50 um - as can be seen in Figure 3.2. For some of the combinations of the
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used parameters, the application of equation 1, results in the same value of energy density.
However, analyzing the SEM images in Fig 3.4 it is seen that each parameters combination result
in different surface changes (even if the energy density is the same), which means that each
parameter has an important role on the surface modification, as seen in Figure 3.4. The contour
plots of laser energy density (E) for the studied numbers of passes (n) is demonstrated in the plot
shown in Figure 3.5. These contour plots are directly associated with the matrix of conditions that
make up each group (the latter being defined by the different number of passes used) and
represents the energy density (using Equation 1) distribution in each group, as a function of the
different values of laser power and scan speed. In Figure 3.4 the conditions corresponding to the

highest laser energy are highlighted in red color contour.

a) Laser power (W)

0.37 J/mm? | 0.19 J/mm? | (_ 0.09 J/mm?.

0.19 J/mm? 0.09 J/mm? 0.05 J/mmi“

Scanning speed (mm/s)

0.09 J/mm? 0.05 J/mm? S : 0.02 J/mm?

0.06 J/mm? 0.03 J/mm? . .. 0.01 J/mm3.
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b)

Scanning speed (mm/s)
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Figure 3.4 SEM micrographs of top surface of laser textured Ti-6Al-4V with different number of laser passes: a) n=1,
b) n=4 and c) n=16. Each textured area has 5 grooves formed by lines with different spacing between the lines,

varying from 10 to 50 pum (from left to right).
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Figure 3.5.3D contour plot correlating laser energy, scanning speed and laser power at constant laser passes. a)

n=1, b) n=4 and c) n=16.

As can be observed from Figure 3.4, high laser energies resulted in higher marking depths as a
consequence of greater ablation rates of the material, which produced grooves with a high density
of re-solidified material droplets (debris) accumulated after polished areas. On the other hand, low
laser energies resulted in melt pool tracks and cleaner surfaces with less re-solidified material
droplets. Besides, for the same laser energy density, it is seen that the increase of scanning speed
resulted in a smaller overlapping between the successive marks and in a decrease of ablation rate,
leading to disruptions (or discontinuities) on the laser marking. It is known that in any laser ablation
process, there is a removal of material from substrate by direct absorption of laser energy. In
metals this absorption is dominated by the free electrons and the energy is subsequently
transferred to lattice phonons by collisions [22]. Thus, fluences above the melting threshold can
lead to the formation of pools of molten material on the surface. This molten material will support
greater atomic mobilities and solubilities than the solid phase, which result in a rapid material
homogenization [23].
Analyzing the micrographs evolution with the number of laser passes, it can be observed that one

laser passage (n=1), resulted in a melt pool groove and in a clean surface, without re-solidified
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droplet, even when the laser energy is high. Moreover, for this case, an excessive scan speed (400
mm/s) combined with low laser power (1.5 W), resulted in deficiencies on the laser marking
process, in which it is possible to see the individual laser pulses in some cases. Indeed, this trend
was observed for all the laser passes (n=1, n=4 and n=16), meaning that higher scan speeds do
not allow a continuous marking on the surface. Besides, as from n=4 the micrographs reveal
grooves more chaotic with a high amount of re-solidified material debris spread to the polish areas
around, even for low scan speed. This occurs due to the temperature gradients, which develop in
melt pools, causing convective flows to circulate material [23]. Also, in laser processing, when
temperatures above the melting point are attained, hydrodynamic motion can reshape and
redistribute material. Thus, as explained by the Marangoni effect, the liquid is pulled from the
warmer to the cooler zone [24].

From the microstructure of the textured zones it is also evident the presence of refined
microstructures, as shown in Figure 3.6, which are partly due to deposition of ablated species and
partly due to grain refinement resultant from the fast cooling of the molten state, that is usual in
laser texturing. Besides, the surface becomes more rough due mainly to the liquid phase formed

during the laser scanning, as also observed by other authors [7].

=

Refined structure /}\R
/ /
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Re-solidified
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Figure 3.6 Scanning electron micrograph (300x) of cross-section of a groove, illustrating the presence of refined

particular.
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Figure 3.7 shows the evolution of the line spacing of two higher energy conditions (0.75 and 1.5
J/mm2), in which for values between 10-30 um the line spacing is not remarkable in the groove.
However, for line spacing = 40 um it is possible to see the space between each line inside the
groove, which turns out to be an opposite result to that objectified, since a groove is not formed.
Thus, by analyzing the depth and the amount of re-solidified material inside the groove, for the
texturing conditions used, we verify an increase in the amount of material accumulated in the
center of the material with the decrease of the line spacing, which corresponds to a greater overlap
of the textured areas. This effect is clearly seen for 10 um lines spacing. In fact, of all the
separations between lines studied, the one that results in a greater groove depth (d in the inset of
Figure 3.7) is the one that is realized with a separation between lines of 10 um, disregarding the
conditions a.3, a.4, b.3 and b.4, in which the line spacing were 40 and 50 um, respectively, since
they presented varied depths along the cavities formed. Although in Figure 3.7 there are only the

micrographs of two conditions, this trend was observed for all the textured conditions.
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E =0.75 J/mm

Line spacing increasing

Figure 3.7 Micrographs showing the line spacing effect: a - a.4) correspond to 10 to 50 pum (left side) and b - b.4)
correspond to 10 to 50 um (right side) and energy values of 1.5 and 0.75 J/mm and scanning speed of 64 and 128

mmy/s, respectively. Cross-section at 300x. In each micrograph is indicated the groove depth (d).

In general, the number of laser passes had an important role on the resultant groove depth, in
which from n=4 to n=16 the average depth tripled for the same texturing conditions. Furthermore,

when we compare all the parameters regarding their effects on the surface modification, we
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conclude that for the same energy value it is possible to obtain a different surface modification,
which means that although the energy is the same, each parameter has a different contribution
and a particular effect on the final result. Among the conditions analyzed, we conclude that the
texturing conditions with 16 laser passes, scanning speeds of 64, 128 and 256 for all the laser
power used (presented in Table 3.2) presented the best result, since a greater depth and more
homogeneous groove was obtained. Amongst these conditions, for the following studies the groove
built with the line spacing of 10 um was selected, since this condition allowed a more

homogeneous groove.

Table 3.2. List of chosen conditions and the samples name.

Sample name Conditions Energy density (J/mm)
Al P6 v64 nl6 1.5
A2 P6v128 nl6 0.75
A3 P6 v256 n16 0.375
A4 P3v64 nl6 0.75
A5 P3v128nl6 0.375
A6 P1.5v64 nl6 0.375

* P=laser power; v=scanning speed and n= number of passes.

In order to correlate scanning speed, laser power and the depths obtained, a 3D plot is presented
in Figure 3.8 for the samples presented in Table 3.2, in which three lines spacing values were
considered for each condition: 10, 20 and 30 um. The groove depths were measured by using
image processing (ImageJ) and the obtained values reveal that the maximum depth values were
achieved using the lowest scanning speed (64 mm/s). On the other hand, for high scanning speed
(above 128 mm/s), low depths are produced, especially for scanning speed of 400 mm/s due to
the lower interaction time between the laser beam and the machined surface [24]. From this study
we also confirm the effect of the line spacing on the groove depth: the groove depth decreases as
the line spacing increases. This behavior may be a consequence of greater material removal in the

cases of smaller line spacing values.
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Figure 3.8 3D plot correlating scan speed (mm/s), laser power (W) and depth (ium) of the samples analyzed for

each line spacing (10, 20 and 30 um).

3.3.2 Surface oxidation analysis

Morphology and composition

As already mentioned, an oxide layer can be obtained by laser texturing the surface. During the
laser texturing, the samples are superficially melted, by the laser beam, leading to oxygen diffusion
through the molten material and, thus, to the oxidation of the material (titanium in the present
study). In particular, by changing the parameters used for laser texturing, different oxidation states
can be achieved. For the purpose of the present work, the six conditions (Table 3.2) of laser
texturing were analyzed regarding oxide layer composition (but only with 10 um lines spacing). The
XRD diffractograms for angles from 20° to 80° are shown in Figure 3.9. The peaks presented in
the XRD diffractograms reveal the presence of o-Ti (ICDD 1-1198) and Ti,O phases for all the
samples, being o-Ti the main phase formed. Some vestiges of Ti,O phase was also observed by

the presence of a very weak and broad peak around 38° [25-27]. No peaks of TiO, (rutile),

oxynitrides and B-Ti are visible in any case.
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Figure 3.9 XRD diffractogram of the textured samples at different conditions.

The formation of a-Ti phase was already discussed in literature [28], which is referred to as “alpha-
case”. Titanium has two allotropic forms: o-Ti (hexagonal close-packed form - hcp) and B-Ti (body-
centered cubic form - bee). The o-Ti is an interstitial solid solution Ti(O), which forms a thick oxygen-
rich metallic layer under the main oxide layer on titanium surface. This phenomenon occurs during
the process of high-temperature oxidation, when the concentration of oxygen is high, and thus, at
temperatures above 600 °C, o-Ti is capable of dissolving a great amount of oxygen (33 at.%) and
nitrogen (23 at.%), which locate themselves in the interstitial positions of the lattice. The amount
of oxygen present in this phase hardens the layer and it is responsible to its embrittlement and,
depending on the thickness of the layer, the generated relaxing stress can cause its exfoliation
[29].

The thickness of the Ti-oxide layer can be seen in the SEM images shown in Figure 3.10. The Ti-
oxide layer has a thickness around 1.5 um and the layer cross-section show a dense and rough
oxide film without pores on the surface. EDS analysis of sample A2 in two zones (Z1 and Z2) is
presented in Figure 3.10 (Complement table below the images). Z1 refers to the oxide layer on the
surface and Z2 is the substrate zone. Oxygen was detected in both zones, while the other elements
(Al'and V) were detected only in Z2. It can be also observed a slight increase in oxygen percentage
in Z1, which can indicate a higher oxidized state of the surface, in comparison to Z2. This

emphasizes the oxide layer formation.
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Figure 3.10 Micrographs of Titanium oxide layer cross-section (Sample A2) and EDS in different sample zones.

Electrical insulation capacity

In order to evaluate the electrical insulation capacity of the oxide layer formed on titanium alloy
surface during the laser texturing, electrical measurements were performed. Taking into account
that all the studied samples (Al to A6) presented the same phases on the surface, and since the
oxide layer is too thin to have a significantly variation regarding its insulation property, the
conditions A1, A2 and A4 were chosen for this study. For this purpose, the electrical measurements
were performed by using four-point probe method, by applying an electrical current and measuring
the voltage resultant. Assuming a uniform oxide layer thickness, the resistivity (o) can be obtained
by using the relation p = Ko * where tis the oxide layer thickness and A, is the measured sheet
resistance [30]. The obtained IV curves for the 3 samples are shown in Figure 3.11(a). The
resistivity of the oxide layer was obtained measuring through a silver wire deposited and sintered
into the groove (as shown in scheme of Figure 3.3a). The obtained resistivities are not compatible
with the resistivity of an insulating material. Several factors may have influenced this result. It is
well known that the electrical properties of titanium oxide strongly depended depends on the layer
composition, oxygen pressure, layer thickness and so on [30]. Furthermore, the defect disorder
and O/Ti stoichiometry play an important role in the insulation property of titanium oxide [31].
Indeed, our previous studies showed that o-Ti is the main phase (but not unique-by XRD) and the
SEM studies showed the presence of superficial defects (microcracks and discontinuities on the
layer) resulting from laser treatment, which may have been detrimental to electrical insulation

property of the layer. These defects in the insulation layer may lead to the current applied on the
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wire to flow to the metal substrate, losing efficiency. In literature, the studies are more focused on
the electrical properties of TiO, phase, which is the mainly oxide of Ti. In fact, this material has a
great insulation capacity, as shown by Ju et al [31], with resistivity (0/in a range of 0.0026 - 0.101
Q.m, for different film thickness.

Despite this result, a simulation was performed (through 7/NVA software) to evaluate the use of the
fabricated silver wire to transport a current between two points. Using the measured electrical
resistance values (as shown in section 2), a current of 100 mA was applied between the ends of
the silver wire, resulting that 90.95 mA flows through the silver wire, while only 9.05 mA flows
through the substrate, i.e. the silver wire efficiency is above 90% when Ti-oxide and o-Ti are

simulated with the ohmic values presented in Figure 3.11(b).
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Figure 3.11. a) -V curves for samples A1, A2 and A4. b) Electrical circuit from 7/NA software simulation.

On the other hand, when the resistors are removed from the circuit, the wire efficiency decreases
to 50 %. This means that the Ti-oxide/o.-Ti layer obtained after laser texturing is efficient to insulate

the metal substrate for the applied current.

3.4 Conclusions

The study presents laser surface texturing of titanium alloy (Ti-6Al-4V) by using a Nd:YAG laser
source. The texture was performed by scanning the laser along the surface producing grooves
formed by consecutive lines having different line separation. A detailed characterization of the
textured surface as a function of texturing parameters was performed. Moreover, the study of the
Ti-oxide layer, formed during the laser texturing, has been undertaken. Besides, the electrical

insulation capacity of this Ti-oxide layer was analyzed through current-voltage measurements and
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by using 7/NA simulation software. From the above mentioned investigation, the following
conclusions may be drawn:

(1) Laser surface texturing of Ti-6Al-4V with linear and dimple structure geometries were
successfully developed with Nd:YAG laser radiation. The periodic lines revealed low
amount of surface defects. For the same value of laser energy density, but different
combination of the processing parameters, different characteristics of the textured grooves
were obtained. The depth of the textured grooves increases as the number of laser passes
increase.

(2) Due to the fast cooling of the molten state of the surface promoted by laser irradiation, the
presence of refined microstructure is evident. In order to obtain a groove with a
considerably depth and low density of debris on the surface, the best laser processing
parameters are: intermediate scanning speeds (64-128 mm/s), high laser power (1.5 W)
and the maximum number of laser passes (n=16).

(3) Regarding the Ti-oxide layer formed as a result of laser texturing, the XRD study revealed
peaks of Ti oxides and o-Ti phases. The thickness of the Ti-oxide/a-Ti layer is around 1.5
pm and the layer cross-section showed a dense and rough oxide film without pores on the
surface.

(4) The insulation capacity of the Ti-oxide/o-Ti layer obtained from laser texture was
performed. According to the results, this layer is capable of a good electrical insulation

when a current of 100 mA was applied in the circuit through a silver wire.
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Abstract

Endow the implant with intrinsic capabilities such as sensing, actuating and control to solve
problems can be determinant for its long-term success. The capacity of early diagnosis of failures
and the ability to remedy them are necessary to minimize expensive complications and reducing
revision procedures. Ti6Al4V is the most used titanium alloy for implant’s fabrication. In this sense,
this work presents a promising approach to print communication systems by using laser
technology, aiming integrate the smart components on titanium implants. Silver wires have been
printed on Ti6AI4V surface in order to conduct electrical current. To minimize current loss for the
substrate, titanium oxide layer has been produced by different methods (laser and anodization).
Laser sintering (LS) has been also compared to a conventional method (Hot-pressing- HP) to
consolidate the silver powder into the cavities. Electrical resistivity of the wire has been calculated
and the results showed a great wire contribution for the electrical flow in laser group. The thin oxide
layers produced have demonstrated good insulation capacity, minimizing the current loss from the

wire to the substrate.

4.1 Introduction

Commercial pure titanium and titanium alloy (Ti6AI4V) are still the elected materials in the
fabrication of implants, due to their great biocompatibility and mechanical properties [1,2].
Although it has a high success rate of these implants, some failures are still arising, leading to an
early revision surgery and implant replacement. Many studies have been undertaken to improve
the titanium implants properties, such as osseointegration, bioactivity, surface and the material
itself [3-5]. However, the early diagnosis and remediation of failures may play a prominent role for
increasing the implant’'s lifetime, minimizing expensive complications and reducing revision
procedures [6].

In this context, smart implants concept has been extensively explored in the development
of new implants endowed with several capacities. Smart implants are defined as implantable
devices that provide not only therapeutic benefits, but also diagnostic capabilities and they have
been applied in knee arthroplasty, hip arthroplasty, fracture fixation and others. To date, smart
implants have been used to measure several physical parameters from inside the body (such as
pressing, force, strain, displacement and temperature) [7]. The data prevenient from the smart

implants have led to the refinement and improvement of design and implant technology. Despite
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recent technological advances, the smart implants are yet part of the daily clinical. This is because
the actual sensors technology requires significant modification of the implants design which may
compromise its long-term performance.

Based on the foregoing, the need to integrate the smart components (sensors, actuators
and antennas) and to establish a communication among them and an external receptor has
emerged. However, the assembly of these elements along the implant’s surface, in a microscale,
with no jeopardize the implants design is still a challenge. [8,9]. Nonetheless, with the advances
in the 3D printing technology with multi-material approaches, it is feasibly to print, layer by layer,
implants where a communication system (comprised by sensors and actuators materials) may be
integrated, giving rise to a component with an internal communication array of wires and local
surface areas with the capacity to sense or actuate. This potential application is described in details

in our previous work [10]. The overall idea presented in Figure 4.1.
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In this sense, this work concerns of print the communication systems on titanium alloy
surface by using laser technology, aiming integrate the smart components on titanium implants.
For this, micro-cavities were created on TibAI4V substrate, where silver powder was then deposited
and sintered, forming a wire. In order to avoid or reduce the electrical current loss to the substrate,
an insulator layer is necessary between the TibAl4V substrate and the silver wire. Two approaches
were tested to create TiO, films on the surface, since it presents insulation property. The electrical

resistance of the wires was measured by using the four-probe method.

4.2 Experimental details

4.2.1 Micro-cavities production

A Nd:YAG laser (OEM Plus, working in wavelength of 1064 nm and 6 W of maximum
power) was used to produce the micro-cavities on the surface of a 2 mm thick Ti6AI4V titanium
alloy target. To create the micro-cavities, a strategic design was used, in which overlapping lines
with different wobble amplitudes were built by laser, aiming to produce a micro-cavity with more
rounded shape (Figure 4.2). A sequence of 10 wobbles lines with different widths (from 25 to 250
um) overlapped was performed, where the scanning speed has been changed in each one (from
20 to 2 mm/s), in order to better distribute the laser energy along the cavity. While the wobble
amplitude increased, the scanning speed has decreased aiming to machine more evenly from the
inside out of the micro-cavity. The final width of the cavity was around 250 um. The laser is pulsed,
and the spot has a diameter of 3 um, then each laser textured line consists in a sequence of

several pulses with an overlap area.

Wobble amplitude

m
[ “’ ________________________ ' Wobble Scanning

1
\}m: H ‘ 10 overlapped amplitude speed
f ‘ - : \ lines ,(umlf., (n_\m/s)

1 \ 25 20
) 1 y _—
'm | \ 50 18

=k * _——— 1 !
0
PR

A
I
75 16 |
i 100 | 14 |
125 12 |
10 | 10 |
175 8
00 | 6 I
25 | 4 |
30 | 2 I

Va

@ — ———,————

150
175
200
225
250

Figure 4.2 Schematic drawing of the micro-cavity build produced by laser.
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4.2.2 Surface oxidation

The anodic oxidation was carried out in potentiostatic mode at room temperature using
0.4 M H,PO, as electrolyte. A rectangular graphite plate was used as the counter-electrode. The
exposure area was 8 mm in diameter of the sample in all the experiments. Two voltages were
tested: 20 Vand 120V for 1 minute, in order to evaluate the effect of the thickness in the insulation
performance of the film. This results in films with different colors, being purple and green for 20 V
and 120 V condition, respectively.
For the laser oxidation a Nd:YAG (1064 nm of wavelength) was used to make a thin texture on the
surface, in order to obtain the oxidized layer. A laser energy of 0.094 J/mm was used to irradiate
all the surface.

The morphology of the oxidized films was analyzed using scanning electron microscope
(SEM - FEI Nova 200) and the phase composition was analyzed by X-ray diffraction (XRD- Bruker
D8 Discover) using a CuKa radiation at a grazing angle of 1°. The thickness of the anodized films
was measured by an atomic force microscope (AFM - Bruker), using a scan rate of 0.7 Hz at room
temperature in tapping in air mode. In this regard, the samples were carefully polished till mirror
finishing. The half of the surface was then covered by a piece of DUPONT™ KAPTON® tape
(polyamide film resistant to acid), in order to obtain two zones: the anodized zone and the non-

anodized zone.

4.2.3 Silver powder deposition

In the silver (Ag) wire printing, silver powder (= 99% pure) with an average grain size of
230 nm, from Metalor Technologies-USA, was deposited and compacted into the micro-cavity on
Ti6AI4V substrate. After the deposition, the powder was compacted by using a pressure of 8 MPa
to ensure the total accommodation of the powder into the micro-cavity. The excess of the powder
on the surface was removed through polishing with P800 grit SiC paper. This step is illustrated in

Figure 4.3.c).

4.2.4 Micro-wire printing

In the silver wire printing, two techniques were performed to sinter the powder deposited
on the cavities, laser sintering (LS) and hot-pressing (HP), in order to compare a conventional
method with laser technique in terms of densification and quality of the wire (Figure 4.3.d). Laser

sintering was performed by a Nd:YAG (Sisma - 1064 nm of wavelength) with a spot size of 0.3 um
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and 40 W of power. An energy of 10 Joules was used in all the samples. This value of energy was
chosen as the best condition to melt the powder with less defects after several parameters’ tests.

In the conventional method, silver wire has been prepared by hot-pressing the silver powder
at 960 °C under a normal pressure of 1 bar in vacuum in a graphite die. For this, silver powder is
deposited on top of the micro-cavity of Ti6AI4V sample. The silver wires were characterized by
scanning electron microscope (SEM - FEI Nova 200) in order to evaluate the quality of the wire, in

terms of densification. Table 4.1 shows the different types of TibAI4V samples produced and tested

in this work.
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Figure 4.3. Experimental set up.

Table 4.1. Ti6AI4V samples details.

Sample Surface oxidation method Wire sintering method
ST No oxidation Laser

STLO Laser oxidation Laser

STA20 Anodization Laser

STA120 Anodization Laser

STHP No oxidation Hot-pressing
ST20HP Anodization Hot-pressing
ST120HP Anodization Hot-pressing

4.2.5 Electrical measurements of the wires
In order to evaluate the electrical conductivity of the printed silver wires, the four-point

probe method has been used. In this method a current is passed through the outer probes and
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induces a voltage in the inner voltage probes, resultingin a | x V curve. The range of applied current
was 0.01 to 0.1 Ampere. In order to exclude the bias of the printed wires, the resistivity (o) was
calculated using Eqg. 1 to evaluate the electrical performance. The resistance values were taken

fromV x| curves.

P=R— (1)
Where pis the resistivity, R is the resistance measured on the wire, L is the distance between each
probe, and A is the cross-sectional area of the Ag wire. To obtain accurate resistivity, the actual
cross-sectional area was assumed to be a uniform wire with approximately 250 um of diameter.
This equation for the resistivity calculation was chosen considering the wire deposited on an

insulating substrate, in which all the current flows through the wire.

4.3 Results and discussion

4.3.1 Surface morphology of the micro-cavities

Figure 4.4 shows the SEM micrographs of the micro-cavities produced by laser on Ti-6Al-
4V surface processed in air. The micro-cavity presents a width and depth around 250-300 um, as
expected. The strategy used to produce the micro-cavities consists of an overlap of different
wobbles’ width, starting from 25 um and increasing until the desired width is reached, in this case,
250 um. This strategy resulted in a round-shaped cavity, since the emitted laser energy was better

distributed along the cavity. It is notable a rough surface into the cavity with flat walls.

Figure 4.4.SEM micrographs of the micro-cavity created by Nd:YAG laser.
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4.3.2 Oxidized surface characterization

Oxidation by anodization

The oxidized surface from the micro-cavity production by laser was compared to the surface
oxidation by anodization method. In order to evaluate the electrical insulation capacity of the
anodizing oxides, two different voltages were studied, namely 20 V and 120 V. The tested conditions
were chosen based on other studies reported in literature, taking into account the achievement of
a uniform film with no porosity and cracks-free in order to obtain great insulation properties [11-
13]. In terms of the oxide phases formation, the results of the phase analysis by XRD are shown in
Figure 4.5.a). As can be observed, the anodic film formed after anodizing at 20 V shows a more
amorphous structure with a-Ti peaks mostly. In contrast, when the voltage increases to 120 V,
crystalline peaks of anatase phase (Ti,0) were detected, in agreement with other reports [14].

The crystalline transformation is closely related to the dielectric rupture of the film during
anodizing process and, at low voltages, the anodic oxide film is amorphous. By increasing the
voltage, the film structure changes from amorphous to crystalline. Peaks of o-Ti, Ti,O, and TiO
were also detected at 120 V. These phases have been reported by others works, in which
phosphoric acid has been used [13,15]. According to literature, in the synthesis of TiO, films by
various methods in pure titanium, the initial crystalline TiO, phase formed is generally anatase
[16,17]. Despite this, the oxide formation is different for Ti6Al4V, in which anatase become the
dominant phase. The reason for the growth of anatase in Ti6Al4V is not yet understood by literature,
but it is unlikely that this is due to the presence of the alloying elements V and Al. Actually,
aluminum tends to favor the rutile phase by creation of oxygen, and vanadium rather promotes the
transformation of anatase to rutile in bulk titania, lowering the transition temperature [18].

In anodizing process, the surface of a metal is transformed into an oxide layer, through the
passage of electric current, in which this layer formed anodically is allowed to dye in many different
shades. In addition to the phenomenon of light interference, the coloring may be related to the
crystalline structure of the film. The morphology of the surface and the thickness of the oxide layer
depend on the method applied for the formation of the oxide layer and the relation between color
and thickness of the oxide depends on the anodization process and the nature of the electrolyte
[19].

The morphology of the anodic films produced by using 20 and 120 V during 1 minute

is presented in Figure 4.6, where two regions are presented, a non-anodized region and an

73



Chapter 4

anodized region of the same sample. The a- and B-Ti phase can be distinguished on the surface
of both conditions presented. According to literature, the anodic films are composed by two layers:
the inner Ti-oxide, which is composed by anatase crystals and the outer Ti-oxide formed at the
film/electrolyte interface, which is composed by an amorphous oxide. During the anodization of Ti,
an amorphous-crystalline transition is involved and at relative low voltages, this transition might not
be completed, resulting in an amorphous and thinner oxide layer [20]. As can be observed (Figure
4.6b), the anodic oxide film formed is more pronounced at the 120 V condition, since the thickness
is higher when compared to 20 V (Figure 4.6a). In addition, the film seems to be uniform and
continuous in the case of 20 V and some defects (porous/impurities) in the 120 V condition (Figure
4.6al and 4.6b1) is presented. Similar morphology was already obtained by other works, wherein
phosphoric acid (H,PO,) in low concentration has been used [11,21]. The anodizing curve (current

vs time) of each condition is also presented in Figure 4.6.
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Figure 4.5.XRD patterns of untreated Ti6Al4V alloy and samples with oxidized surface by: (a) anodization at 20 V and

120 V during 1 minute and (b) laser scanning.
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Figure 4.6 SEM micrographs of Ti6Al4V surface after anodizing at 20 V (a) and 120 V (b). The interface between two
regions (anodized and non-anodized) is presented. Images a.1) and b.1) show the zone of the oxide layer and their

correspondents anodization curves for 20 and 120 V, respectively.

In order to determine the thickness of each anodizing condition, atomic force microscope
was performed. AFM images are presented in Figure 4.7. The thickness was measured after
obtaining an AFM image from the region of the interface between non-anodized surface (A) and
TiO, film (B). A line was traced from the region A to B and the thickness of the film is a result of

the difference in the height of these regions. The film produced with the lowest voltage (20 V)
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resulted in a thickness around 20 nm and the film produced by using 120 V presented a thickness

of 152 nm. These values of thickness are in agreement with some works in literature [11,12].

)20V

b) 120 V

Height (nm)
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2
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Figure 4.7. AFM images of anodic titanium oxide on Ti6AI4V surface: a) 20 V and b) 120 V.

Oxidation by laser

During the laser scanning, the samples are superficially melted, by laser beam, leading to oxygen
diffusion through the molten material and, thus, to its surface oxidation. The XRD diffractograms
of untreated Ti6Al4V and the oxidized surfaces after laser scanning are shown in Figure 4.5b. The
peaks presented in the XRD diffractograms reveal the presence of a-Ti, TiO and Ti,0, phases, being
o-Ti the main phase formed [22-24]. No peaks of TiO, (anatase/rutile) are visible. These sub-
stoichiometric phases formation has been shown in other studies, in which titanium alloy surface
was oxidized by using laser [22,25]. The formation of o-Ti is discussed in literature [26], which
consists in an interstitial solid solution Ti(O) that forms a thick oxygen-rich metallic layer under the
main oxide layer on titanium alloy surface [27]. The thickness of the Ti-oxide layer can be seen in
the SEM images shown in Figure 4.8. The Ti-oxide layer has a thickness around 916 nm and the

layer cross-section show a dense and rough oxide film without pores on the surface.
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Figure 4.8. Cross-section micrograph of Ti6AI4V surface oxidized by laser micro-scanning.

4.3.3 Silver powder sintering - Wire printing

After micro-cavity creation and insulation layer production on the micro-cavity, silver
powder was deposited and accommodated into the cavities. Then, silver powder was sintered by
using two methodologies, such as hot-pressing and laser sintering. Figure 9 presents SEM images
of the silver wires after sintering, in which Figure 9 a) corresponds to the wire sintered by laser at
average power of 4 W and Figure 9 b) is the wire after sintering by hot-pressing. As can be observed
the silver powder grains were apparently melted and spread to completely merge together with
neighboring grains in both sintering conditions. However, the wire sintered by laser presents more
imperfections on the surface. The contraction of the silver powder after sintering is more evident

in this condition.
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Figure 4.9 Silver wires printed on Ti6Al4V through sintering of the powder by: a) Laser and b) Hot-pressing.

In laser sintering, when the laser beam irradiates the powder surface, it absorbs the light
energy and the temperature increases, giving raise to necking, grain growth and partial or fully
melting in some cases, and also eventually densification [28]. Powder melting happens when the
temperature reaches the material melting temperature and the dimension of molten pool will
depends to the average applied energy per volume, which can be controlled through laser power
and scanning speed [29]. Figure 4.10 shows the process principle of laser sintering. Compared to
heating with furnace, the laser sintering provides the advantage of localized energy deposition, in
which the powder is selectively irradiated and locally sintered, while the non-irradiated part of the
laser stays unconsolidated [30], as occurred in our case. In Figure 4.10 it is possible to see in the
extended SEM micrograph some region with non-consolidated particles. The main issue about laser
sintering is related to a very steep temperature gradient that is generated due to the fast heating
and cooling rate during the process. The temperature gradient induced surface tension in the
molten pool can lead to convective motions (Marangoni effect) and also induce high internal
stresses [31]. As can be seen in Figure 10, when the laser irradiates the top surface, the expansion
of the heated layer is restricted by the surrounding area, which generates a compressive stress on
the top surface. In contrast, the extent to which the laser moves away, the contraction of the top
layer is restricted by the surrounding area, leading to a tensile residual stress on the top surface.

This residual stress will accumulate during the laser scan, which can result in delamination and

78



Chapter 4

cracks formation [29]. As can be seen on Figure 4.10, there are some deficiency of molten material
on the surface as a result of stress concentration by laser process. This issue has already
mentioned by other works [32].

As regards hot-pressing system, a combination of pressure and temperature is responsible for a
particular density at a lower temperature than would be require for sintering alone and at lower
pressure. The effect of the lower temperature is that the grain growth can be avoided [33]. The
sintering mechanism consists in, firstly, particles in contact and necks formation; the necks grow,
and open porosity starts to decrease. Finally, necks become quite large, pores spheroidize and all
open porosity disappears, the densification occurs [34]. The great advantage of sintering by HP is

that there is time available for all sintering mechanisms to occur, unlike the process by LS.
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Figure 4.10 Schematic description of laser sintering of the silver wire on the Ti6Al4V substrate.

4.3.4 Electrical measurements of printed wires

In order to evaluate the electrical insulation capacity of the oxide layer formed by both laser
texture and anodizing on titanium alloy surface, electrical measurements were performed. For this
purpose, the four-point probe method has been used by applying an electrical current and
measuring the voltage resultant. The setup of the measurement is shown in Figure 4.11 jointly to

a Wx/curves of four conditions studied, which shows the range of electrical current applied.
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Figure 4.11 Arrangement for resistivity measurements by using four-probe method and Vx| curves of the conditions

studied. The letter s represents the distance between the probes, which must be known.

Thus, assuming a uniform oxide layer thickness, the resistivity (o) of the silver wire can be
calculated through V x | curves by using Eq. 1. The results of electrical resistance aree presented
in Table 4.2 and the electrical resistivity values of the Ti6AI4V titanium alloy and silver according
to literature are presented in Table 4.3.

Table 4.2 Electrical resistance values calculated for each condition.

Sample R (Q)
ST 0.0038
STLO 0.0131
STA20 0.0179
STA120 0.0049
STHP 0.0008
ST20HP 0.0004
ST120HP 0.0003
Ti6Al4V substrate 0.0003
Wire in ZrO2 substrate 0.0135

Several works in literature have reported the calculation of resistivity in cases of multilayers
film, but they are composed by oxide-metal-oxide multilayer, in which the resistance of the
multilayer is approximately equal to the parallel resistance of the metal and oxide layers. Since the

conductivity of the metal layer is about 100 times higher than that of oxide layer, the conductivity
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of the multilayer is mainly supplied by the metal layer present [35-37]. However, studies
concerning the resistivity calculation of metal on metal substrate separated by a thin oxide layer
are scarce and there is no specific equation for that. As already known in literature, TiO, is
electrically insulating with an extremely high resistivity above 10¢ ).m, but the suboxidized TiO,
with an excess of titanium is an n type semiconductor, indicating the defect disorder and O/Ti

stoichiometric play an important role in the electrical properties of TiOx [38].

Table 4.3 Electrical resistivity of the materials according to literature.

Electrical resistivity
Material
(Q.m)
Ti6Al4V 1.71 x 10°[39]
Silver 1.60 x 10°*[40]

According to the results, there are two factors that may influence the resistance values,
namely: the wire quality, and the insulator layer efficiency. The wire quality includes the impurities
and imperfections which is a result of the sintering process and may further decrease the mean
free path of electrons. As regard the insulator layer, its efficiency will depend not only its thickness,
but also its morphology and structure formed.

The electrical resistance measured in the samples has two opposites trends depending on
the sintering method: it slightly decreases as the insulating increases in HP group and it increases
in LS approach. Nonetheless, the variation between the resistance values of the HP group and the
resistance measured on Ti6AI4V substrate is not relevant, being in the same order of magnitude.
This suggests that when hot-pressing is used, although the densification is satisfactory, the
interface between the silver wire and titanium alloy substrate is damaged, decreasing the contact
resistance, which will force the current to flow through the substrate rather than the wire.

On the other hand, by analyzing the LS group, the values of resistance increase as the insulation
layer is improved, from ST to STLO and STA20, except the sample STA120, in which the resistance
value decreases again. This behavior can be justified through the oxide layer morphology formed
at 120V, which can be seen in Figure 4.6a.2 as well as in anodizing curve. The oxide layer at 120
V presents a great porous distribution in contrast with the oxide at 20 V, although in this condition
the oxide thickness is considerably lower. In addition, the currenttime behavior measured during
the potentiostatic preparation of oxide layer reflects this overall mechanism (Figure 4.6a.1 and

a.2), in which for 20 V condition, in the first stage the current increases due to the oxide layer
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formation and then decreases rapidly reaching zero, as a consequence of increasing resistance of
the rapidly growing oxide layer. In contrast, the anodizing curve for 120 V condition shows that
after the oxide formation the current decreases but not in total, keeping constant until the end of
the process [41-43].

In terms of laser sintering process, a larger grains size resultant may have influenced the electrical
resistivity of the wire. In the case of LS, the energy is deposited in a very fine surface layer of the
single grains that will melt partially. Then, neighboring grains will join by the liquid surface layer
that re-solidifies very quickly and consequently, the grains are frozen. As a consequence of that a
low grain boundary is generated, favoring the grains connectivity, affecting positively the current
flow [44-46].

Taking into account the resistance measured on the wire deposited and sintered by laser in zirconia
substrate, in which all the current flows to the metallic part (wire), a value of resistivity can be
calculated through Eq. 1, presented in Section 2. In this case, according to Equation, Ais the cross-
section area of the wire, L is the probe distance (0.001 m) and R is the resistance of the wire.
Thus, a value of 4.86 x 107 2.m was found, which is still far from the known value for silver (1.6 x
104 Q.m) [40].

To verify the experimentally calculated value for the silver wire resistivity, numerical
simulations were performed using the COMSOL Multiphysics software and using the main
parameters shown in Table 4.4. The electric currents from the AC/DC model was used for the
numerical simulations. Four geometric points (P1, P2, P3, and P4) were place on top of the silver
wire with 1 mm distance between each other, in order to simulate the four points probes (Figure
4.12a). The silver wire is perfectly isolated from the substrate. At the furthest points (P1 and P4) a
current source of 0.2 A and -0.2 A was applied. A wide range of resistivity values were attributed
to the silver wire and the voltage output for each resistivity was measured between P2 and P3.

The electric potential value calculated experimentally for the silver wire with a current
source of 0.2 A was 0.27 mV. An electric potential value of 0.277 mV between P2 and P3 can be
obtained from the simulation for a silver resistivity of 5x107 {0.m, which is in good agreements with
the expected theoretical value. Figure 4.12b shows the distribution of the electric potential along

the wire for a silver resistivity of 5x107 £1.m.
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Table 4.4 Numerical simulation parameters

Module

AC/DC

Method

Finite Element Method (FEM)

Equations Solved

J = 0E +],
—V(aPV - Jo) = @

where ¢ is the electrical conductivity (SI units: S/m), J,, is an externally
generated current density (S| units: A/m?) and Q; is a current source

(SI units: A)

Study

Stationary

Computational Mesh

3D mesh with triangular and tetrahedral elements (COMSOL physics

controlled mesh)

Refinement of the

Computational Mesh

Extremely fine (with 0.16 mm as maximum element size and 1.6 um as

minimum element size)

Convergence Criteria

Stationary iterative solver Multigrid with a relative tolerance of 1x10-.

Boundary Conditions

All surfaces were electrically isolated. At the furthest points (P1 and P4) a

current source of 0.2 A and -0.2 A was applied.

Output Results

Electrical potential measured between the geometric points P2 and P3 for a

wide range of resistivity values for the silver wire.
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Figure 4.12 (a) Draft of the geometric configuration of the simulation conditions, (b) Distribution of the electric

potential along the silver wire.

4.4 Conclusions

Print of micro communication systems in titanium alloy (Ti-6Al-4V) surface assisted by laser is
presented in this work. In this context, micro-cavities were successfully produced by laser scanning
and silver powder has been consolidated into the cavities, forming micro-wires. Thin oxide layers
by different approaches have been produced and tested regarding their insulation performance, in
order to minimize the loss of electrical current to the substrate. In summary, electrical
measurements showed that both methods used to oxidize the titanium alloy surface showed great
insulation capacity, since the resistance values decrease from ST to STLO and ST20 conditions.
This behavior can be attributed to a greater wire contribution for the current flow. In addition, the
results showed that although the condition ST120 presents an oxide layer thicker compared to
ST20, its porous structure compromises its insulation performance. As regards HP groups,
although HP sintering presented a satisfactory densification of the wire, the resistance measured
values indicate a weak contribution of the wire to the current flow, due to the low contact resistance
in the interface between the materials, as a result of the pressure and temperature used in this
method. In order to know the electrical resistivity of the wire sintered by laser, a zirconia substrate
was used to receive the wire. The calculated value for the wire resistivity was 4.86 x 107 Q.m,

which is in good agreement with the value from the simulation performed. This work presented a

84



Chapter 4

hybrid approach for printing micro-wires in metal substrate through laser technology as also
showed different methods to insulate the wire from the substrate, allowing its great efficiency in

the current flow.
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Abstract

The market of orthopedic implants is one of the biggest in medicine field and it is expected to grow
significantly in the next years, mainly because of the continuously growing elderly population.
Despite the technological advances, the implant-adjacent biological issues empower the implants’
failures, and consequently reduce its lifetime. The development of implants with self-healing
capabilities have been explored as a reliable approach to tackle the aforementioned issues. This
can be accomplished through the introduction of actuators, sensors devices and antennas, which
ultimately falls into the concept of smart implants. Thus, this work presents an alternative approach
for printing antenna in Ti6Al4V substrate by using laser technique. The performance of the
fabricated antenna was assessed through simulation and compared with an ideal condition. In both
situations, the antenna presented the better results at high frequencies. Nevertheless, the defects

arising from the experimental fabrication contributed in a negative manner the antenna’s efficiency.

Keywords: Nd:YAG laser; smart implants; communication system; antenna; implants.

5.1 Introduction

Despite the technological advances in orthopaedic implants, the frequent occurrence of failures
trigged by implant-adjacent biological issues, namely wear, loosening and misalignhment,
significantly reduce the implant’s life cycle. At the same time, the orthopedic implants market tends
to grow in the years to come as the population ages [1]. In this framework, the demand for new
long-lasting implants is imperative. The development of implants with self-healing capabilities have
been explored as a reliable approach to tackle the aforementioned issues. This can be
accomplished through the introduction of actuators and sensors devices, which ultimately falls into
the concept of smart implants.

The integration of smart components, and consequently their proper functioning, is highly
dependent on the communication system, which is comprised by internal communication array of
wires, antenna, and local surface areas with ability to sense and or actuate. The antenna is
responsible to transmit a signal from the interior of the body to the exterior and vice versa, and
hence make up the main communication cavity between the implant and the user.

In general, a combination of classical surface micromachining and self-assembly techniques,
(such as evaporation and sputtering) is used to obtain micro-antennas, mostly fabricated on

insulating substrates [2-5]. However, the latter methods would involve a multi-step fabrication
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process if applied for manufacturing antennas on implant’s surface. In this regard, 3D printing is
emerging as an enabling technology for a wide range of new applications, in which materials as
sensors, actuators or antennas may be successively printed, giving rise to a component with smart
function areas. The main advantage of 3D printing technology is the ability to fabricate components,
with complex structures, in a single step process [6].

The following requirements must be met so that the antenna performs successfully when
placed in the implant’s surface, namely it must (i) be small and (ii) isolated from the metallic
substrate. The most common approach to ensure the insulation of the antenna is to cover the
substrate with a dielectric material. For this purpose, zirconia is the ideal candidate mainly due to
its electrical properties. Its high permittivity and low loss-tangent values (g, = 29; tan & = 0) [7]
allow the near fields of the antenna to concentrate in the metal-based antenna path, thus mitigating
power loss [8].

With this in mind, this works present an alternative approach to print a silver-based antenna in
the titanium alloy substrate, as a component of the communication system, assisted by laser
technology. Although this work will focus on the printing of the antenna, as a separate step, this
method will further integrate a continuous processing design, from which the implant and all other
components (including the communication system) will be printed in a single step. The laser is
applied as a versatile tool, whether for preparing the surface of the material in a subtractive way,
by creating micro-cavities, or for print the components, in an additively way. The final design of the
implant with the printed communication system is schematically presented in Figure 5.1.

3D Implant Design

Frontal view -

Hip implant

W O ® o _©o

Bt

Lateral view @ntenna @ actuators m
sensors O

Figure 5.1 Schematically illustration of the final solution of Ti6Al4V-based implant with printed the communication

system.
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5.2 Experimental details

The objective of this work is the proposal of a fabrication method capable of yielding an
antenna directly integrated in the metal substrate of an implant, during its fabrication, without
significant modifications to its design and structure. For this, it is desired the design of a small
antenna with little impact on the structure of the implant. Therefore, a wire antenna inside the
substrate presents itself as a viable option that meets the aforementioned requirements. The design

of such an antenna is presented in the next section of this work.

5.2.1 Proposed antenna

Bearing in mind that the preservation of the structural integrity of the substrate is of
paramount importance, an antenna with a low impact on the substrate is proposed. Such antenna
can be, for example, a loop antenna, and this antenna architecture will be considered in this work.
To build such an antenna, it is necessary to deposit a conductive metal wire in the metal substrate
and guarantee its electrical insulation from the substrate. This can be achieved by creating a small
cavity in the substrate that is filled with an electrical insulator, i.e. a dielectric material, followed by
the creation of a conducting wire in the insulator.

The antenna proposed in this work is presented in Figure 5.2. The dielectric material is

zirconia, while the conducting metal of the antenna is silver.

— _» Silver

Titanium 500

D Zirconia
B Silver

Figure 5.2 Model of the proposed antenna, where the substrate is made of titanium, the dielectric material is

zirconia and the metal path is made of silver (all units in pm).

5.2.2 Simulation performance of the proposed antenna
The model of the proposed loop antenna was constructed using Ansys HFSS, and the

antenna was simulated to determine its potential performance. The antenna model was also
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inserted inside a box with the same dielectric properties of muscle tissue, in order to mimic the
implantation environment of the device, in accordance to Figure 5.3.
The antenna's return loss and impedance are presented in Figure 5.4, while its radiation

pattern at 2.6 GHz and 8.4 GHz are presented in Figure 5.5.

Air

Muscle

° " 20 (mm)

Figure 5.3 Muscle phantom placed around the model of the antenna.
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Figure 5.4 Return loss (top) and impedance (bottom) of the proposed antenna.
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Figure 5.5 Radiation pattern of the antenna at 2.6 GHz (left) and 8.4 GHz (right).

Firstly, the return loss also presents an unusual wavy pattern, which is also observed in its
impedance, leading to the conclusion that such an effect occurs due to the characteristics of the
structure being simulated, and not a simulation error such as a poorly placed radiation absorption
boundary.

Analysing the return loss, it is possible to conclude that the antenna operates best at lower
frequencies, as the return loss is lowest in this region, as opposite to higher frequencies, where a
significant part of the signal that is injected into the antenna is immediately reflected to the source.
Nevertheless, when comparing the radiation patterns at 2.6 GHz and 8.4 GHz, it is possible to see
that the antenna presents the highest gain at the higher frequency (-44 dB versus -26 dB). These
contradictory results lead to the conclusion that, despite the fact that the antenna accepts the most
power at the lower frequencies, this power is not radiated, as it is lost to the substrate through the
dielectric insulator. On the other hand, at higher frequencies the dielectric material becomes
thicker, electrically speaking, and is capable of better insulating the antenna from the metal
substrate. Consequently, even though it doesn't accept as much power at high frequencies, the
power it accepts is radiated rather than lost to the substrate. This claim is supported by the analysis
of the efficiency of the antenna at each of the studied frequencies, as it increases from -44.7 dB
at 2.6 GHz t0-29.2 dB at 8.4 GHz, a 15 dB increase. Additional support for this conclusion comes
from the analysis of the surface currents at the dielectric material, presented in Figure 5.6. As it
can be seen, the current that travels through the dielectric is higher at lower frequencies, thus

validating the previous claim.

94



Chapter 5

Jsurf [A/n]

2.S000E+02
. 1.9261E+02
1.4839€+02
1.1433€+02
8. 8081E+01
6. 7860E+01
5.2282€+01
4.0280E+01 [e—

3.1033€+01 -~ l
2. 3999E+01 —

1. 8420E+01
1.9192€+01

1.0934E+01
8. 4236E+20
. 6. 4899E+00
5. 0000E+00

Figure 5.6 Surface currents at the dielectric at the frequencies of 2.6 GHz (left) and 8.4 GHz (right).

\ !

The next section of this paper presents a fabrication method that can be used to produce antennas

such as the one designed here.

5.2.3 Antenna Fabrication

In this work, commercial Yttria-stabilized zirconia (3Y-TZP) powder with dispersion of 3
mol% Yttria (Tosoh Corporation, Japan), with particle size of 40 nm (in agglomerated size of 60
um) was used as the dielectric material and silver powder (= 99% pure) with an average grain size

of 230 nm, from Metalor Technologies-USA, was used as the conductor path of the antenna.

The proposed fabrication procedure consists in three steps, which are described below:
(1) Micro-cavity creation in Ti6AI4V substrate by laser;
(i1) Spray deposition and laser sintering of zirconia layer;

(i11) Deposition and laser sintering of silver powder

(i) Micro-cavity creation

In this step, a micro-cavity is created on the surface of a circular Ti6AI4V titanium alloy
target with 8 mm diameter and a thickness of 2 mm for subsequently receiving the insulating layer
and then, the silver powder. For this purpose, a pulsed Nd:YAG laser (OEM Plus) with a wavelength
of 1064 nm and 6 W of maximum power has been used. To create the micro-cavity, a strategy
consisting of overlapping lines with different wobble amplitudes and scanning speeds was
performed. Thus, a sequence of 10 wobbles with different widths and scanning speed was
undertaken, aiming to create a rounded shape cavity through more even distribution of laser

energy. In additional, each wobble amplitude was repeated in ascending sequence, in order to
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achieve great depth, which resulted in 110 laser passages. Figure 5.7 shows a scheme of the laser

strategy above mentioned.

WOBBLE
a) AMPLITUDE b)
= 25 10 250 um > Wobble amplitude Scanning speed Laser
(um) (mm/s) passages
25 20 2
50 18 4
75 16 6
100 14 8
125 12 10
150 10 12
175 8 14
200 6 16
225 4 18
§ 175 250 2 20
200
225

250

Figure 5.7 Schematic illustration of the laser strategy used to create the micro-cavity on Ti6Al4V surface. (a) Scheme

of the wobbles sequence. (b) Table with the parameters used in each wobble.

(ii) Zirconia layer deposition

In this step, 3Y-TZP powder was used as a dielectric material. After micro-cavity creation
on titanium alloy surface, a zirconia layer was deposited on the surface by means of spray
deposition process. Zirconia powder was dispersed in acetone and the suspension was sprayed
using an air-brush on top of the titanium substrate. Before to spray, the solution was ultrasonically
dispersed to avoid particles agglomeration. The sample was sprayed three times on the surface,
in order to obtain a thick and dense layer. Then, the Ti6AI4V/ZrO, layer was heated by using a CO,
laser (Bende CO, laser marking) with an output power of 40 Watts and a spot size of 200 um for
zirconia layer consolidation. The great advantage of this process is the possibility to sinter specific
zones without compromise the substrate. Thus, a power of 20 W and a scanning speed of 200
mm/s was applied on the surface, in a frequency of 20 Hz. Figure 5.8b schematically illustrates

the sintering process of zirconia layer.

(iii) Silver powder deposition and laser sintering

To print the silver-based antenna, silver powder (= 99% pure) with an average grain size of 230
nm, (Metalor Technologies-USA) was compacted into the cavity created in step (i) on Ti6AI4V
substrate. A pressure of 8 MPa was applied to ensure the total accommodation of the powder.

Then, a Nd:YAG laser (Sisma - 1064 nm of wavelength) with a spot size of 0.2 um and 100 J of

96



Chapter 5

maximum energy has been used to sinter the silver powder and thus, generate conductor path of
antenna. An energy of 10 J was used in the sintering process. In this last step, a support Figure

2c illustrates this process. Each step aforementioned is schematically illustrated in Figure 5.8.

a) Step (i). Micro-cavity creation b) Step (ii). ZrO2 layer deposition and laser surface heating

Nd:YAG Laser Spray deposition method Laser heating

[ ;——% \ CO,Laser
/,
Micro-cavity, ‘

ZrQ, suspension
in acetone

Zr0, layer
TIGAI4V substrate

C) Step (iii). Silver powder deposition and laser sintering
Laser sintering
Nd:YAG Laser
Ag antenna path
Zr0, layer
Ag powder deposition P

Ti6AI4V substrate

----------------

Figure 5.8 Schematic illustration of the antenna manufacturing on Ti6AI4V substrate (a-c).

The cross-section of the produced antenna was analysed using scanning electron
microscopy (SEM - Nova NanoSEM 200, FEI, Netherlands) equipped with an Energy Dispersive

Spectrometer (EDS). EDS analysis was performed using an energy of 15 keV.

5.3 Results and Discussion
5.3.1 Antenna characterization
A photography of the fabricated antenna is shown in Figure 5.9 below. The SEM image of

the antenna fabricated is presented in Figure 5.10 with the detailed dimensions of the layers

produced according to the method described in section 2.
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| @ 8 mm |

Figure 5.9 Photography of the fabricated antenna.

250.5 ym

Silver antenna path

Figure 5.10 Cross-section SEM images of laser-generated micro-cavity after silver-based antenna manufacturing. On
the right side, a schematic illustration of the micro-cavity and the dimensions of the layers, and EDS spectrum of
each layer.

As it can be seen, the micro-cavity is completely filled by dielectric material (zirconia) and
the antenna around the middle of zirconia layer. Through the laser strategy used, a cavity with a
more rounded shape was obtained, due to the energy distribution. Generally, when laser beam is
used to remove material from the surface through ablation mechanism, the quality of parts is
reduced by melt accretions and thermal damage; however, this problem can be reduced with
shorter pulse duration, although in this case, the ablation efficiency is reduced. Despite, laser
ablation in the nanosecond range still offer great advantages and a good compromise between
process quality and efficiency, depending on the strategy used to machine the surface and the

material response.
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In the laser strategy used, an increase of laser energy is obtained as increase the wobble
amplitude, which is associated with the cavity width. Laser energy density (E) can be calculated
through the equation showed in a previous study [9]. For instance, by varying the wobble from 25
to 250 um, the laser energy density increases from 0.3 J/mm2 to 30 J/mm2, respectively. As a
consequence of that, the energy is more concentrated when a larger area is machined, which
avoids an acute shape of the cavity.

After the micro-cavity creation by laser ablation, as open space to antenna printing, a
dielectric layer is required. For this, zirconia is the choice material, as previously mentioned. Thus,
after the spray deposition of zirconia on the substrate, this layer was irradiated by means CO, laser
source. Spray method was efficient for depositing a thick and homogeneous layer of zirconia.
Others works have reported the spray deposition method as a simple and cheap technique for
incorporating a material into a surface [10,11].

In comparison to laser sintering of metals, which is well established, laser sintering of
ceramics encounters some difficulties. Their high melting points make difficult to melt and high
energy input is required. Thus, although Nd:YAG lasers is one of the currently popular laser sources
for processing ceramics, the continuous wave CO, laser is preferable, since its large wavelength of
10.6 um can be absorbed directly by most of ceramics, including ZrO,, but its focusing diameter
is much bigger than that of the Nd:YAG laser, which leads to a decrease of the power intensity
[12]. In additional, the CO, laser is less suitable for laser sintering of ceramics through the solid or
liquid state mechanisms. In our case, as can be seen in the SEM images, the layer of zirconia is
quite large, and they are not completely consolidated. Some grains are still released, requiring
more laser energy to join them. In these cases, zirconia powder was mechanically trapped but not
sintered. Even that, good adhesion was obtained of zirconia powder into the cavity.

After the process aforementioned, silver powder was filled into the laser generated micro-
cavity. Through Figure 3 it is possible to see the silver path formed after the laser sintering process.
It is possible to observe that silver powder was melted by laser and filled all the existing space after
the dielectric deposition. As a consequence of the irregular roughness of the zirconia layer, silver
path assumed an irregular shape with approximately 150 um of depth. A successful laser sintering
depends relies on fully or partially melting of the solid powder granules. Thus, the formed melt
wets the un-melted powder granules, which facilitates a viscous flow and further the local
consolidation. For this, it is crucial that the laser energy per volume and time is controlled carefully

when converting from electromagnetic radiation to thermal heat.
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Further improvements are necessary to control the final geometry of the antenna during
its manufacturing as also its centralization, in order to preserve the same dielectric thickness
around for enhancing the antenna performance. Despite this, all the processes applied in this
proposed solution for a micro-antenna fabrication proved to be promising alternatives to the
commonly applied methods, by using laser technique. Generally, these micro-devices are printed
on an insulator substrate (i.e. polymeric) by using standard lithographic or chemical deposition
techniques [13,14].

EDS analysis shows no silver oxide formation in the antenna path (Z3), after laser sintering.
In additional, in the substrate zone (Z1), EDS presents Ti and Al peaks which is in agreement with
Ti6Al4V composition. Vanadium is not present, because its amount is too low to be detected by

this technique.

5.3.2 Performance assessment of the fabricated antenna by simulation

As seen in the previous section, the fabrication of the proposed antenna is not as
straightforward as one would hope, and errors associated with the process itself mean that the
final results aren’t exactly like the antenna that was designed in the previous section. Consequently,
the simulation model was updated to represent the measurements presented in Figure 5.10. The
detail of the uncentered silver line is presented in Figure 5.11. The return loss and radiation

patterns at 2.6 GHz and 8.4 GHz are also presented in Figure 5.12.

I:l Zirconia
D Silver

Figure 5.11 Uncentered silver line detail from the HFSS model of the fabricated antenna.
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Figure 5.12 Return loss (top) and radiation patterns of the fabricated antenna at 2.6 GHz (bottom left) and 8.4 GHz
(bottom right).

As it can be seen from the results of Figure 5.12, the return loss of the antenna is much higher in
the entirety of the studied frequency range. This, in turn, is reflected in the decrease of the gain of
the antennas at both the 2.6 and 8.4 GHz scenarios. Nevertheless, the behaviour that was
observed in the previous chapter, i.e. better results at higher frequencies, are still observed in this
updated model, as expected, since the same justifications are still valid. The deterioration of the
results can, in turn, be due to the smaller dielectric insulator thickness that was experimentally

achieved, especially in the one side where it is as thin as 30 um.

5.4 Conclusions
The antenna plays a key role in establishing the communication between the implant and the
user, through signal and data transmission. The ability to incorporate the antenna on the implant 's

surface in a single step is of paramount importance to avoid further methods and to preserve its
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properties. The proposed approach has showed to be promising for printing antennas on Ti6AlI4V-
based implant surface. This achievement is made possible by using laser technique for creating
the micro-cavity and also for consolidating the dielectric layer and the conductor path of the
antenna.

The simulation results of the real case showed that the return loss of the antenna is much
higher in the entirety of the studied frequency range. For both ideal and real cases, the better
results are observed at higher frequencies and the deterioration of the outcomes in the real case
can be due to the smaller dielectric insulator thickness that was experimentally achieved.
Therefore, further simulations and experiments are needed in order to optimize the antenna

efficiency by exploring higher and more accuracy dielectric thickness and its sintering conditions.
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Abstract

Smart implants are endowed with functions of sensing, actuating and control to solve problems
that may arise during their use. The assembly of these functions along the implant surface is still
a challenge. However, with the advent of 3D printing, it is possible to print on implants’ surface,
communication cavities or micro-antennas or even sensoric/actuating areas. Despite Ti6AI4V
titanium alloy is the standard choice for implants fabrication, 3Y-TZP (tetragonal 3% mol yttria-
stabilized zirconia) has emerged as a ceramic material suitable to overcome titanium alloy
problems, due to its numerous advantages. In this sense, this work is concerned with the ability of
printing silver-based communication system in zirconia substrates by using laser technology. For
this, micro-cavities were created on ZrO, substrate, where the silver powder was placed and
sintered into them. Through the laser approach silver-based wires with good quality and low
resistivity values were achieved. The flexural strength of zirconia disks decreased after the wire

printing on the surface but remained in an acceptable limit.

6.1 Introduction

Smart active implants incorporate functions of sensing, actuation, and control in order to
describe and analyze a situation and make decisions based on the available data in a predictive or
adaptive manner, thereby performing smart actions [1,2]. These implants need to have sensors,
actuators, and communication cavities such as electrical wires and antennas (Figure 6.1).
However, the assembling of these elements along the implant surface is difficult and will modify
some desired characteristics of the implant for implantation, osseointegration, etc. Nevertheless,
with the advent of 3D printing, mainly with multi-material approaches, it is possible to print, layer
by layer, implants where a communication system, mimicking the central nervous system of lining
bodies, local materials as sensors or actuators, such as piezo electric materials (for instance
BaTiO,), among other, may be successively printed giving rise to a component with an internal
communication array of wires and local surface areas with ability to sense (temperature, PH, etc.)
and or actuate (with electrical potentials, volume changing). It is also possible to print, on the
implant’s surface, communication cavities, or micro-antennas, or even sensoric/actuating areas.

This new concept of one component active implant with intrinsic smart functions, similar to
biological bodies, is being investigated and manufactured with new complex multi-material 3D

printing (Figure 6.2).
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Figure 6.2 lllustrative scheme of the manufacturing steps of the antenna by 3D printing

Although titanium and its alloys are the standard choice for biomedical implants fabrication,

tetragonal 3 mol% yttria stabilized zirconia (3Y-TZP) has arisen as a promising and eligible ceramic

material for implants fabrication to overcome metal ions release and allergic reactions provided

from titanium implants which compromise their durability. The main advantages of using zirconia

is due to its high chemical and dimensional stability, mechanical strength, relatively good

toughness, and low bacterial affinity [4-6].

Until this moment, the studies are focused on dental implants, in which several investigations

have demonstrated a good performance of zirconia implants when compared to titanium alloy

[7,8]. Several /in vivo and in vitro investigations of soft tissue responses around zirconia revealed

comparable or even better healing response, less inflammatory infiltrate and reduced plaque
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adhesion on zirconia compared to conventionally pure titanium [9-11]. Despite this, the drive
towards ceramic implants to satisfy the increasing aesthetic demands and metal-free request is
fraught with compromise. According to literature, there is still no valid scientific data available to
recommend the routine clinical use of zirconia implants since the majority of the studies are either
case reports or case series with a limited number of participants and short-term follow-up periods
[8]. Furthermore, since zirconia is a brittle material with significant sensitivity to the surface defects,
good control of quality during the manufacturing process is a necessity to enhance the long-term
performance of the zirconia implants [12,13].

Based on the foregoing, this work is concerned with the ability of printing silver-based
communication system in zirconia substrates by using laser technology. For this, micro-cavities
were created on ZrO, substrate, where the silver powder was placed and sintered into them, forming
a wire. The electrical measurements of the wires were assessed by using the four-probe method.

The mechanical strength of zirconia disks before and after the wire printing was also performed.

6.2 Experimental details

6. 2.1 Zirconia disks fabrication

A commercial powder of 3% mol vyttria stabilized zirconia - 3Y-TZP (TZ-3YB-E Tosoh
Corporation, Japan) was used as feedstock to produce zirconia disks by press and sintering
technique. The pressing of the TZ-3YB-E powder was performed on a steel cylindrical mold with an
internal diameter of 18 mm. First, the TZ-3YB-E powder was placed into the mold and then, it was
applied pressure of 200 MPa for 30 s. After that, the zirconia disks were sintered using a high-
temperature furnace (Zirkonofen 700, Zirkonzahn, ltaly) with a sintering temperature of 1500°C,
a heating and cooling rate of 8 °C/min and 2 h of holding time. After sintering, zirconia disks with
14.4 mm in diameter and 2 mm thick were obtained. All disks were ultrasonically cleaned in

isopropyl alcohol for 10 min. to remove any loose debris or surface contamination.

6.2.2 Micro-cavities production

Surface laser texturing
A pulsed Nd:YAG laser (OEM Plus, working in wavelength of 1064 nm and 6 W of maximum
power) was used to texture cavity in the surface of a 2 mm thick ZrO, disk. Figure 6.3 shows a

schematic illustrating the used experimental set up (Figure 6.3a and b). The laser is pulsed, and
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the laser spot has a diameter of 3 um, then each laser textured line consists in a sequence of
several pulses with an overlap area (Figure 6.3a). For texturing the cavity, the distance between
each line was changed from 10 to 50 um in order to study the effect on the groove quality (Figure
6.3c).

As can be seen in Figure 6.3b, we have different groups of micro-cavities represented by
grey and black rectangles. In each rectangle, there are five groups of lines with different distance
between them, which will result in five different micro-cavities after laser scanning. The cavity was
designed by using a drawing software and the width of the micro-cavities was projected to have
250 um. Using these masks, the sample laser scanning was approached. Three laser scanning
parameters were varied in this study, namely laser power, scanning speed and number of passes,
in order to evaluate i) their influence on the quality of the cavity, ii) the amount of material re-
solidified and iii) the depth achieved. Laser power represents the laser beam energy delivered per
pulse in Watts; the scanning speed is the marking speed at the leading edge of the beam front in
mm/s and the number of passes corresponds to the number of scans carried out by the laser
during the process, which will affect the depth of the groove. Thus, in this study, the energy density
was kept constant while the other parameters varied. Table 6.1 shows the combination of

parameters used in this work.

Laser scanning setup

Laser spot
diameter (3 ym)

2
£ Laser direction
scanning

“
Laser overlapping
zone

Software draft

N (TR
C) Spacing line "h "Il

50 um 40 um 30 um 20 pm 10 um
- - - 1

Figure 6.3 Scheme illustrating the experimental set-up of the laser processing (a and b). It is also shown a scheme

—_
200 pm

illustrating the different kinds of cavity performed (b) and (c) illustrate the different line spacings tested. Modified
from [3].
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Table 6.1 Laser parameters combination

Pack 1
Sample Power Scanning speed Number of passes
W) (mm/s)
ZrP1.1 6 5 1
ZrP1.2 3 5 2
ZrP1.3 1.5 5 4
ZrP1.4 0.75 5 8
ZrP1.5 0.375 5 16
ZrP1.6 6 25 5
ZrP1.7 3 25 10
ZrP1.8 1.5 25 20
ZrP1.9 0.75 25 40
ZrP1.10 0.375 25 80
Pack 2

ZrP2.1 6 50 10
ZrP2.2 3 50 20
ZrP2.3 1.5 50 40
ZrP2.4 0.75 50 80
ZrP2.5 0.375 50 160
ZrP2.6 6 100 10
ZrP2.7 3 100 20
ZrP2.8 1.5 100 40
ZrP2.9 0.75 100 80
ZrP2.10 0.375 100 160

The laser energy density (E) was calculated for each condition through the equation below:

E:Pﬁ (1)

v

Where P is the laser power, £ is energy density in J/mm; n7is the number of passes and vis the
scanning speed in mm/s.
For each condition, there is a parameter combination in which the energy density corresponds to

the same value, 20 J/mm.
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6.2.3 Micro-wire printing

In the silver (Ag) wire printing, silver powder (= 99% pure) with an average grain size of
230 nm, from Metalor Technologies-USA, was deposited and compacted into the micro-cavity on
Zr0, substrate. After the deposition, the powder was compacted by using a pressure of 8 MPa to
ensure the total accommodation of the powder into the micro-cavity. The excess of the powder on
the surface was removed through polishing with P800 grit SiC paper. In order to consolidate the
powder into the micro-cavity, a pulsed Nd:YAG (Sisma - 1064 nm of wavelength) with a spot size
of 0.3 um and 100 J of maximum energy has been used. An energy of 10 J was used in all the
samples. This value of energy was chosen as the best condition to melt the powder with fewer
defects after several parameters’ tests. The silver wires were characterized by Scanning Electron
Microscope (SEM - FEI Nova 200) to evaluate the quality of the wire, in terms of densification.

Energy Dispersive Spectrometer (EDS) was performed to verify the presence of silver oxidation.

6.2.4 Electrical measurements of the wires

In order to evaluate the electrical conductivity of the printed silver wires, the four-point
probe method has been used (Figure 6.4). In this method a current is passed through the outer
probes and induces a voltage in the inner voltage probes, resulting in a | x V curve. The range of

applied current was 0.01 to 0.1 Ampére.

Source .
5

Ag wire

Figure 6.4 V x | curves with the resistance and the electrical resistivity values of each sample. The letter s represents

the distance between the probes, which must be known.
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The electrical performance was evaluated by comparing the resistivity (p) obtained by the

application of Eq. 2 [14]:

p=R- (2)

Where pis the resistivity, R is the resistance measured on the wire, L is the distance between each
probe, and A is the cross-sectional area of the Ag wire. To obtain accurate resistivity, the actual
cross-sectional area was assumed to be a uniform wire with approximately 200 um of diameter.
This equation for the resistivity calculation is the most adequate because as the wire is deposited
in an insulating substrate, the conductivity is supplied by the metal present, since all the current

flows through the wire.

6.2.5 Ball-on-three-balls (B3B) tests

In order to evaluate the effects of the silver wire printing on the zirconia surface regarding
mechanical performance, the flexural strength of the samples was measured using the ball-on-
three-balls test. The tests were done before the laser irradiation (as sintered sample), after the
micro-cavity production by laser and after the silver wire printing on the cavity. The samples were
then divided into three groups:

1. Zirconia samples as sintered (ZrAS);

2. Zirconia samples with a micro-cavity produced by laser (ZrP2.7);

3. Zirconia samples with a micro-cavity produced by laser containing a silver wire within
the micro-cavity (ZrP2.7_Ag).

In the test, the intended side of the sample was positioned in the sample’s holder on top
of the three supporting steel balls equidistant from its center. The opposite surface was centrally
loaded by a fourth ball coupled to the pin crosshead of the testing machine. The test started from
a small preload and then the load increased until sample fracture. After that, the fracture load was
recorded and the maximum tensile stress (0,,45), that occurs in the centre of the sample, on the

opposite side of the loading ball, was calculated according to the Eq. 3 [15,16]:

_F C1+Cz(t/R)+C3(t/R)2+c4(t/R)3(
Imax = 2 [CO + 1+c5(t/R)

1+c)| @)

Rq
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where Fis the maximum force at fracture (N), #the sample thickness (mm), R the sample radius
(mm), R, the support radius (R,=5 mm), and the parameters cO to c6 refers to fitting factors for
the geometrical correction term (c,=-17,346 c,= 20,774 c,= 622.62 ¢,= 76.879 c¢,= 50.383 c.=
33.736 ¢,= 0.0613) [16]. It is worth noting that the latter parameters’ values are dependent of
Poisson’s ratio of the studied material (0= 0.3) [17]. After B3B tests, the fracture surfaces were
analyzed by Scanning Electron Microscopy (SEM — FEI Nova 200). For this analysis, the samples

were coated with an Au/Pd layer of 3 nm of thickness.

6.3 Results and Discussion

6.3.1 Surface morphology of the laser micro-cavity

Figure 6.5 (a and b) shows the SEM micrographs of the laser textured surface of ZrQ,
processed in air, in which (a) refers to the pack 1 and (b) refers to pack 2 of conditions. Figure 6.4
reveals the results of the parameters map tested, compound by 5 sets of micro-cavities (for each
condition), with width around 200 um, wherein each one was built by periodic lines spaced with
different values: from 10 to 50 um - as can be seen in Figure 6.3. For each combination of the
used parameters, the value of energy density is the same. However, by analyzing the SEM images
in Figure 6.5 it is seen that each parameter combination results in different surface changes, which

means that each parameter has an important role in the surface modification.
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a) Pack 1 b) Pack 2

ZrP2.5

Figure 6.5 SEM micrographs of top surface of laser textured ZrO, with different parameters combination: a) pack 1,
b) pack 2. Each textured area has 5 set of micro-cavities formed by lines with different spacing between the them,

varying from 50 to 10 pum (from left to right).

In general, the laser scanning produced tracks of approximately 250 um of width formed
by overlapped lines. In addition, as can be observed that for the same energy density different
surface morphologies can be obtained through combining different laser parameters. According to
the images (Figure 6.5), the line spacing above 40 pum did not result in a micro-cavity formation,
but a set of spaced tracks. Thus, taking into account that to print the wire, it is necessary to create
a clean micro-cavity with considerable depth, only the spacing lines of 20 and 10 um seems
adequate. By analyzing the other parameters, in pack 1, from condition ZrP1.6, by increasing the
scanning speed, the groove becomes cleaner and presents higher depth. However, in the

conditions in which the scanning speed is lower (ZrP1.1 to ZrP1.5), the decrease of laser power is
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compensated by the increase of laser passes, resulting in micro-cavities with a great amount of re-
solidified material droplets (debris) accumulated into the tracks. On the other hand, in pack 2, in
which the scanning speed is higher, and more laser passes were performed, damaged surfaces
were obtained in the conditions ZrP2.1 and ZrP2.2, presenting microcracks and holes on the
surface, since higher output power is used. In general, only two conditions tested in this pack
resulted in a desirable micro-cavity (ZrP2.6 and ZrP2.7), from the combination of high scanning
speed and laser power with less laser passes. This result was already mentioned in previous
studies, which reported the observation of microcracks on the zirconia surface after Nd:YAG
treatment [18-20]. The presence of microcracks is a consequence of thermal gradients provided
by rapid cooling during the laser irradiation. In literature, different methods to machining ceramics
by laser for defect-free have been tested, for instance, underwater processing [21,22].

When the laser beam reaches a ceramic surface, physical phenomena take place, namely
reflection, absorption, scattering and transmission. Absorption is the vital of all the effects, it is the
interaction of the electromagnetic radiation with the electrons of the material and it depends on
both the wavelength of the material and the spectral absorptivity characteristics of the ceramic
being machined [23]. Furthermore, as the thermal conductivity of ceramics is generally less
comparing to the majority of metals, the energy absorption takes place faster in ceramics and all

the incident energy is immediately absorbed by the ceramic for the machining process [24-25].

6.3.2 Silver wire printing

After the study of laser parameters for the micro-cavities production on zirconia surface,
the condition which resulted in a cleaner micro-cavity with a considerable depth has been selected.
The main objective is to place the silver powder into the micro-cavity and sinter it by laser, forming
a wire. Figure 6.6a shows the SEM micrographs of the selected micro-cavity, produced by using
the parameters combination of condition ZrP2.7. For silver wire printing, the silver powder was
placed and accommodated into the micro-cavity and sintered by laser with an energy of 10 Joules.
Figure 6.6b presents SEM images of the silver wires after sintering into the micro-cavity. As can be
observed the silver powder grains were apparently melted and spread to completely merge together
with neighboring grains in both sintering conditions. However, some imperfections from the
sintering is still evident. In laser sintering, localized energy is deposited, in which the powder is
selectively irradiated and locally sintered, while the non-irradiated part of the laser stays

unconsolidated [26], as occurred in our case. Another important aspect regarding laser sintering
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is related to a very steep temperature gradient that is generated due to the fast heating and cooling
rate during the process. Because of the temperature gradient, during laser sintering of the wire,
thermal stresses are generated due to the expansion restriction of the heated top layer, promoting
compressive stresses. On the other hand, there is a contraction of the top layer of the metal powder,
while the laser scans the surface, which is also restricted by the surrounding area, leading to tensile

residual stress, being accumulated and resulting in cracks formation and delamination [27,28].

230 pm

‘l)—, . e > Micro-channel
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Figure 6.6 SEM micrographs of: a,b) Micro-cavity produced by ZrP2.7 condition trough laser irradiation. c,d)

Micrograph of micro-cavity filled by silver powder and sintered by laser at 10 J of energy.

The EDS analyses (Figure 6.7) of the silver wire (Z1) shows the presence of the Ag element

and no oxygen has been detected.
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Figure 6.7 EDS spectrum of the silver wire zone (Z1) on zirconia substrate.

6.3.3 Electrical measurements of printed wires

After silver wire printing in the zirconia surface, electrical measurements were performed
in order to evaluate their ability to conduct electrical current. For this purpose, the four-point probe
method has been used by applying an electrical current and measuring the voltage resultant. Figure
6.8 presents the x/curves of three samples prepared with the same conditions and the respective

electrical resistance and resistivity values.
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Figure 6.8 VxI curves with the electrical resistance and resistivity values of each sample measured.

Thus, assuming a uniform wire with known dimensions, the resistivity (o) of the silver wire
can be calculated through VxI curves by using Eqg. 2 and the values are presented in Figure 6.8.
The values of zirconia and silver at room temperature, according to literature are 10*? and 1.6 x
108 Q.m [29], respectively. According to the results, although the resistivity values of the silver

wire are higher than the theoretical value, they are not so far apart. The difference between them
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may be related to the wire quality, which includes the impurities and imperfections resulting from
the sintering process and may further decrease the mean free path of electrons. Such imperfection
can be related mainly to the presence of porous. As it is well-known the sintering process is the
atom diffusion driven by internal and external energies or forces. A denser microstructure would
enhance the electrical conductivity, which indicates that good densification in the sintering process
is a key to secure better electrical properties [30].

To date, the process of printing electronic devices and circuits in insulator substrates is
already quite developed. However, the main processes of manufacturing involve high temperature
and pressure in traditional sintering approaches, which are not tolerated by the soft substrates
commonly used. Although several room-temperature and pressureless methods have been
proposed, these methods are based on the use of chemical agents, compromising the electrical
performance [31-33]. To the best of our knowledge, works related with printing local conductive
cavities by using a single method (laser technology) are scarce. Our proposed method allows,
starting from biocompatible materials, printing conductive wires on the surface of a zirconia
implant, endowing it with various capacities, while using the laser for both cavity creation and
sintering of conductive material. Finally, this methodology also resulted in conductive wires with

good electrical performance when compared to the bulk material.

6.3.4 Flexural strength results

After verifying the electrical performance of the printed wires and taking into account that the
substrate is a brittle material, it is necessary to evaluate zirconia substrate before and after
receiving the wire, regarding mechanical properties. Among them, Nd:YAG pulsed laser has
demonstrated to be adequate to scan the ceramic surface since, unlike the continuous mode,
pulsed lasers provide easier control in their parameters [23,24]. However, due to the fast heat and
cooling generated in laser scanning, the ceramic surface is damaged, and cracks can be formed
[35]. In this sense, many efforts have been made in order to reduce heat related structural changes
and damage on the ceramic surface. Despite this, there are still few studies focused in the influence
of laser parameters on zirconia mechanical properties as well as studies related to groove
production to place other materials. In Noda et al. [35], they presented the characterization of the
surface damages of zirconia irradiated by Nd:YAG laser and the microstructural changes. The
results revealed that cracks were formed after laser treatment and oxygen loss occurred. However,

any mechanical property has been investigated in their study. Carvalho et al. [36] also presented
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an investigation regarding the influence of laser parameters and irradiation atmosphere on ZrO,
surface. The main objective was creating cavities and functionalize them with bioactive materials
for zirconia surface bioactivity improvement. Despite their satisfactory results of bioactive adhesion,
the mechanical properties of zirconia after laser irradiation was not assessed.

Considering that the flexural strength is a mechanical property determining to evaluate the
mechanical performance of zirconia implants, a biaxial bending strength test of brittle materials
designated ball-on-three-balls test was performed.

According to the ISO 13356:2008 (Implants for surgery — ceramic materials based on
yttria-stabilizes tetragonal zirconia (Y-TZP)), the flexural strength of zirconia should be = 500 MPa
[37]. In Figure 6.9 are shown the mean flexural strength values obtained from the B3B tests for

each group of samples as well as the corresponding fractured samples.
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Figure 6.9 Mean flexural strength obtained from the ball-on-three-balls (B3B) test and the corresponding fragments of

broken ZrAS, ZrP2.7 and ZrP2.7_Ag samples.

Analyzing the obtained results, a flexural strength value of 795 + 87 MPa was obtained for
ZrAS samples, which is in agreement with the standard defined by the ISO 13356:2008. Within
the laser irradiated samples, there was a decrease in flexural strength values from 523 + 16 MPa
to 422 + 43 MPa for ZrP2.7 and ZrP2.7_Ag samples, respectively. Additionally, by comparing
flexural strength values of ZrP2.7 and ZrP2.7_Ag samples with ZrAS samples, a decrease was

verified. This means that the mechanical resistance of zirconia was affected by the laser surface

118



Chapter 6

irradiation. Despite this reduction on the flexural strength values, it is important to highlight, that
the value of ZrP2.7 samples is within the standard defined by the ISO 13356:2008. Regarding the
ZrP2.7_Ag value, this found below of the one defined by the ISO 13356:2008. Reasons may lie on
the fact of surfaces have been subjected twice times to the laser irradiation (laser ablation and
laser sintering processes), while in the case of ZrP2.7 samples the surfaces were irradiated by
laser one time in the step of micro-cavity production (laser ablation process), therefore, the
mechanical performance was less compromised. Additionally, it is worth noting that the flexural
strength value stated by the ISO 13356:2008 is defined for a zirconia sample without any surface
treatment and in our study, the surface of the samples was irradiated by laser. Thus, it is expectable
a decrease in flexural strength values after laser irradiation. Although Nd:YAG pulsed laser has
demonstrated to be adequate to scan the ceramic surface, due to the fast heat and cooling
generated in laser scanning, the ceramic surface is damaged.

Figure 6.10 presents the fracture surface of each group of samples. It can be seen from
Figure 6.10a and b that, in all group of samples, the failure started from the bottom part of the
samples, which corresponds to the tensile surface in the B3B test. The fracture surfaces exhibited
typical fracture patterns of ceramic materials [38]. From Figure 6.10a.1 and b.1 there is visible a
mixture of two types of fracture: intergranular and transgranular [39]. Additionally, it can be
observed from Figure 6.10 that the fracture surfaces revealed the absence of detectable porosity

within the samples.
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Figure 6.10. SEM micrographs of fracture surfaces of the samples: (a) and (a.1) ZrP2.7 and (b) and (b.1)
ZrP2.7_Ag, after ball-on-three-balls (B3B) test.

6.4 Conclusions

In summary, laser technology proved to be a promising technique to produce micro-cavities on the
zirconia surface with acceptable mechanical strength. Furthermore, laser technology was also
efficient in the sintering process of silver powder into the cavities of zirconia, which resulted in
wires with good quality and great electrical performance presenting low resistivity values.

In terms of mechanical performance of the substrate, although the presence of silver wire on
zirconia surface decreased its mechanical strength, this result does not compromise the proposed
application. Thus, taking into account that along with the implant there are different load regions,
the communication system could be printed in a region with a low mechanical request. It is believed
that the proposed approach is significant for the fabrication of an implant with intrinsic capacities

that is useful for smart implants applications.
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Abstract

3Y-TZP (tetragonal 3% mol yttria-stabilized zirconia) has emerged as a ceramic material suitable to
overcome titanium alloy in implants’ fabrication, due to its numerous advantages. The metal ions
releases and aesthetic problems of titanium alloy implants are the main reasons for this trend. In
addition to meeting expectations regarding properties, the implant must own intrinsic capacities,
such as auto-diagnostic and auto-treatment. Thus, based on smart implants concept, this work
purposes a hybrid approach for printing a part of the communication system of zirconia implant by
using laser technology, aiming to endow the implant with intrinsic capacities. In this sense, the
antenna designed was printed on zirconia surface through laser technology. Silver powder was

used as the conductor material of the antenna.

Keywords: Nd:YAG laser; smart implants; communication system; antenna; zirconia implants.

7.1 Introduction

In the biomedical field, titanium and its alloys have been the gold standard choice for implants,
mainly due to their mechanical performance and excellent biocompatibility [1-3]. Despite this, the
release of ions and allergic reactions have been reported as the main causes of the titanium
implant failure.

In this sense, tetragonal 3 mol% yttria stabilized zirconia (3Y-TZP) has arisen as a promising
and eligible ceramic material for implant fabrication, capable to overcome titanium implant
deficiencies [4-7]. To date, studies regarding zirconia-based implants are mainly directed to dental
field. Several authors have demonstrated that, for the concerned application, zirconia implants
present a good performance when compared to titanium alloy [8,9]. Nevertheless, the trend for
implants in zirconia is fraught of compromises, mainly because zirconia is a brittle material with
significant sensitivity to surface defects. Therefore, a good quality control during the manufacturing
process is necessary for a satisfactory long-term performance of zirconia implants.

Consequently, future works should focus on evaluating the optimal design for the next
generation of zirconia implants aligned with the concept of smart implants, in order to endow the
implant with intrinsic capacities. Some of these capacities are related to sensing, actuating, and
control, in order to describe and analyze issues and make decisions based on the available data in
a predictive or adaptive manner, thereby performing smart actions. Thus, these implants should

have sensors, actuators and a communication array of wires and antennas (Figure 7.1). The latter
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is responsible to transmit information between the implant-adjacent environment and the user. To
be printed in the implant, the antenna should be very small and require very low power, thus

designing an efficient antenna is a key requirement for the communication system [10].

Antenna

Zirconia Implant
surface

@ antenna actuators ==

sensors CPU ﬂ

Communication System

Figure 7.1 Schematic illustration of a hip implant with smart components printed on its surface, highlighting the

antenna. Modified from [3].

Within the smart implants manufacturing, the conventional methods used to fabricate antennas
in an insulator substrate may entail time-consuming and additional fabrication steps [11,12].
However, resorting to 3D printing technology, it is possible to print, layer by layer, implants with
smart components, such as sensors, actuators, and antennas in a single step.

Therefore, this works is concerned with the ability to print a silver-based communication
antenna in zirconia substrate by 3D printing-based approach. It provides the manufacturing steps
and determines the suitability of the printed antenna to be used in an implant for communication

purposes.

7.2 Experimental details

7.2.1 Materials

In this work, commercial Yttria-stabilized zirconia (3Y-TZP) powder with dispersion of 3 mol% Yttria
(Tosoh Corporation, Japan), with particle size of 40 nm (in agglomerated size of 60 um) was used
to produce zirconia disks, as the antenna substrate. As the conductor material of antenna, silver
powder (= 99% pure) with an average grain size of 230 nm, from Metalor Technologies-USA was

used.
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7.2.2 Samples preparation

Zirconia disks were produced by press and sintering technique. The pressing of the TZ-3YB-E
powder was performed on a steel cylindrical mold with an internal diameter of 18 mm. First, the
TZ-3YB-E powder was placed into the mold and then, it was applied pressure of 200 MPa for 30 s.
After that, the zirconia disks were sintered using a high-temperature furnace (Zirkonofen 700,
Zirkonzahn, Italy) with a sintering temperature of 1500° C, a heating and cooling rate of 8 *C/min
and 2 h of holding time. After sintering, zirconia disks with 14.4 mm in diameter and 1.8 mm thick

were obtained.

7.2.3 Antenna production

The antenna printing was performed by three steps:
a) Micro-cavity creation by laser scanning;
b) Silver powder deposition into the cavity;
c) Laser sintering of the silver powder.

The schematic representation of laser machining is illustrated in Figure 7.2.

Micro-cavity creation by laser scanning

In this step, a Nd:YAG laser (OEM Plus) working in a wavelength of 1064 nm, a spot size
of 3 um and 6 W of maximum power was used to create the micro-cavity on zirconia surface. To
create the micro-cavity a sequence of lines was performed with a distance of 10 um between them,
forming a cavity of approximately 350 um width. The cavity was created by using a laser energy of

0.72 J/mm and a scanning speed of 50 mm/s. Figure 7.2a illustrates this step.

Silver powder deposition into the cavity

After the cavity creation on zirconia surface, the silver powder was deposited and compacted
into the cavity on zirconia substrate (Figure 7.2b). After the deposition, the powder was compacted
by using a pressure of 8 MPa to ensure the total accommodation of the powder into the cavity. The

excess of the powder on the surface was removed through polishing with P800 grit SiC paper.
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Laser sintering of the silver powder
In the silver powder consolidation, a Nd:YAG laser (Sisma) with 1064 nm of wavelength, a spot
size of 0.3 um and 100 J of maximum energy has been used. An energy of 10 J was used in the

sintering process.
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Figure 7.2 Schematic illustration of the antenna design and manufacturing (a-c), highlighting the laser strategy used
to create the micro-cavity

7.2.4 Antenna performance

Characterization and testing of the fabricated antenna began by interfacing it with standard
measurement equipment. For that, a U.FL cable was cut in half and its ground and signal lines were
separated, as shown in Figure 7.3a. Each of these terminations was then connected to the antenna resorting

to silver conductive paint, resulting in the device of Figure 7.3b.

Silver-based
antenna

710,
substrate

Signal

Figure 7.3 Photographs of the U.FL cable with signal and ground terminations separated (a) and of the fabricated
antenna ready for testing
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The antenna was connected to a Keysight E5071C VNA to measure its properties and
determine its suitability for use inside the human body as a communication antenna. To do so, the
antenna under test was placed between two 1 cm thick beef steaks to approximate the test's
conditions to the antenna’s operating conditions once it is implanted. This is an important step
because the surrounding environment has a profound effect in the radiation characteristics of an
antenna. The measurement setup is presented in Figure 7.4. A Q-par Angus WBH2-18S horn
antenna was used as a transmitter, and it placed 25 cm away from the fabricated antenna. A

polymeric foam was used to hold the structure of DUT test, and it is invisible to electromagnetic

waves in the frequency range used (it behaves as air).
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Figure 7.4 Photograph of the antenna testing setup. The transmitter antenna is distanced 25 cm from the fabricated

Transmitter
antenna

antenna, which is placed between two 1 cm thick beef steaks for human.

7.3. Results and Discussion

7.3.1 Antenna production
Figure 7.5 presents the SEM images of the micro-cavity created by laser on zirconia surface. The

micro-cavity was produced in accordance with the defined antenna design.
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Figure 7.5 Micro-cavity of the antenna created by laser on zirconia surface.

After the micro-cavity created on the surface, silver powder was placed into the cavity and
consolidated by laser sintering/melting approach. Figure 7.6 shows a part of the antenna after

laser consolidation.

Micro-cavity

7r0,
substrate

Figure 7.6 (a) A part of the micro-cavity of the antenna created by laser on zirconia surface, (b) the micro-cavity filled

with silver powder after laser sintering/melting.

As it can be observed, the silver powder grains were apparently melted in the sintering
condition. However, some imperfections from the sintering is still evident, such as voids due to
gases accumulation during the process. The great advantage regarding this technique is the
possibility to sinter specific zones by concentrating the laser energy. Despite that, due to the
inherent nature of rapid heating and cooling during the laser sintering, the materials normally
receive high residual stress. In some cases, even cracks may be initiated in the surrounding area.

The distribution and magnitude of the residual stress are influenced by the laser scanning strategy,
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materials properties and environmental conditions. This aspect is evidenced by Figure 7.6b, in
which some micro-cracks are present in zirconia substrate, after laser sintering process of the
antenna. Although the laser beam focused only in silver path, the heat from laser irradiation

promoted thermal stress on ceramic substrate.

7.3.2 Antenna performance

The return and transmission losses of the antenna are displayed in Figure 7.7. Through
their analysis, it is possible to conclude that the antenna, when placed inside biological tissue,
operates best at 2.4 GHz, as its S11 parameter is the lowest at that frequency and the S21
parameter is the highest. Operation at 2.4 GHz, i.e. the ISM band, is an attractive feature of the
antenna, as common communication protocols, e.g. Wi-fi and Bluetooth, also utilize this band, thus

making it easier to establish a communication link with the implanted device.
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Figure 7.7 S11 (top) and S21 (bottom) parameters measured through the VNA for a frequency range of 1 to 5 GHz,

which demonstrate that the antenna is better suited to operate at 2.4 GHz.

Further analysis of the experimental results, namely the S, parameter, indicate that the
fabricated antenna is capable of receiving -45 dBm of power from the transmission antenna at 2.4
GHz when they are 25 cm apart. These -45 dBm are well above what is required for a
communication system’s antenna, as these can operate at values between -90 dBm and -125

dBm, and there are cases where the receiver’'s sensitivity is as low as -150 dBm [10].
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Consequently, it is possible to affirm that the antenna fabricated through the proposed method can
be used in an implant to communicate data with the outside world without the need to have the
exterior antenna attached to the skin (due to the 25 cm separation used in the tests), thus allowing

for truly tether-less applications.

7.4 Conclusions

A promising approach to produce a silver-based antenna on a ceramic substrate was presented in
this work. Laser technology was employed as a versatile tool to produce micro-cavity in zirconia
substrate (as a subtractive process) and also to sinter the antenna material into the cavity (as an
additive process). A micro-cavity with the desired antenna design was created by laser on the
zirconia surface and then, silver powder was successfully sintered into this cavity, forming a
conductor path. Besides being a fast and inexpensive manufacturing technique, this approach can
be applied also for other and more complex designs. The results showed the efficiency of the used
approach regarding the signal transmission from inside the human body environment to the
exterior. The fabricated antenna is capable of receiving -45 dB of power at 2.4 GHz from a
transmitter, which is above of the required for a communication system'’s antenna and well below
safety electromagnetic exposure limits. Consequently, it is made possible its use in an implant for
data communication with the outside world without needing to have an exterior antenna attached

to the skin.
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Abstract

The aim of this study was to investigate the influence of different laser surface texturing
parameters on static and dynamic coefficient of friction values of Yttria-tetragonal zirconia
polycristals (3Y-TZP) against bone to assess primary stability of implants. Ability of the textures to
promote osseointegration, as measured by wettability, and eventual changes in roughness, due to
possible aging during sterilization, were also assessed. 3Y-TZP disks were divided into four groups:
as sintered sample, sandblasting and etching treatment, laser irradiation using an output power of
0.9 W and laser irradiation using an output power of 1.8 W. The friction tests were carried out
using a pin-on-plate configuration. Pins were the 3Y-TZP disks and plates were bone. The surfaces
were inspected by SEM/EDS and by surface roughness profilometer. Wettability characteristics
were also evaluated by drop contact angle, and aging was assessed, after laser treatments, by XRD
analysis. Results demonstrate that with laser surface texturing of zirconia it is possible to combine
better wettability, better aging performance, and better primary stability, as compared to traditional
- Sand blasting and Etching treatments. Thus, it is shown that the laser irradiation technique is a

promising alternative to conventional sandblasting and etching procedures.

Keywords: zirconia; laser treatment; roughness; hydrophilicity; coefficient of friction.

8.1 Introduction

Yitria-stabilized tetragonal zirconia polycrystalline (Y-TZP) was introduced in the
biomaterials field several years ago, mainly due to its combination of mechanical properties and
aesthetic quality and durability [1,2]. Nowadays, zirconia bioceramics are often applied as implants
in knee, bone screws, and dental applications [2]. Moreover, in vitro and in vivo studies also
reported that the osseointegration capability of zirconia Y-TZP implants has been shown to be very
similar to titanium implants, proving its suitability as an implant material [3,4]. This is possible
notwithstanding the poor chemical connection with bone [5], since zirconia is a chemically inert
material when introduced in human body [6].

To enhance zirconia surface properties, several surface treatments have been applied and
the most common are etching, sandblasting, polishing and coating.

The conventional approach is performed by a sandblasting followed by an acid-etching,

which is known to be the gold standard surface treatment [7]. It allows achieving micro-roughness
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values from 0.5 until 4 um (Ra) [8]. However, the main disadvantage of this method is the potential
undesirable chemical modification of the base material [9].

More recently, laser treatments have been proposed as a solution to modify the surface
properties of biomaterials. This is an easily controllable and very flexible technique that promotes
a rapid and oriented modification of the surface [10]. Although there are several attempts to modify
zirconia surface and investigate its influence on biological response and mechanical properties,
there is still little knowledge about the effects of surface modification on primary stability, as
measured by static and dynamic friction response against bone. Moreover, effect of sterilization
(aging) on surface roughness, and wettability is also scarce.

There are two important factors to ensure that the prosthesis mimics the mechanical and
physical functions of a natural joint, which are important to mention: are the primary and secondary
stability. The press-fit procedure during the total hip arthroplasty, for instance, guarantees that both
the acetabulum cup and stem are anchored to the bone - referred to as primary stability — and
the subsequent bone ingrowth insures the long-term bonding between the prosthesis and bone -
referred to as secondary stability [11]. The integration between implant and bone is conducted by
several events (e.g. surface topography and chemistry), which determines the performance of
implant, and take place largely at the tissue-implant interface. The development of this interface
depends on interactions of bone matrix and osteoblast with the biomaterial. Thus, the improvement
of initial attachment of osteoblasts precursor cells to implant surfaces plays an important role in
the bone integration of the implant and longer-term stability [12].

Furthermore, protein adsorption and subsequent cell behaviour will depend on surface
topography, wettability and electric charge [13,14]. The relation between the hydrophilicity of a
material surface and cell adhesion has been widely investigated, and several works have reported
that high surface wettability, which means high surface energy, promote higher cell adhesion in
comparison to low surface energy [15,16]. Tarumi et al. [17] studied the relation between surface
roughness and wettability of zirconia after various treatments (silicone wheel polishing treatment,
sandblast treatment, tribochemical treatment), and reported that by increasing the surface
roughness (obtained in the case of sandblast treatment, tribochemical treatment) the water contact
angle decreases thus increasing wettability.

Besides, in an implant design, other aspects have to be taken into account such as
mechanical properties and tribological behaviour [18]. Tribological aspects are important, mainly

during insertion of the prosthesis, which produce a friction pressure in the bone-implant interface.

136



Chapter 8

Primary stability of the implants is dependent on the friction between implant and bone, and in the
case of screw type implants (screws, dental implants) depend mainly on the upper surface of the
threads and the bone [11].

Studies concerning the tribological behaviour, in particular, friction coefficient of zirconia
against bone are very scarce. Notwithstanding, there are a few studies on this field, but only Ti and
its alloys, as well as other metallic materials, against bone are included. Mischler and co-authors
reported the tribological behaviour of Ti sliding against cow bone, in a lubricated medium and their
results showed a severe wear of the bone, evidenced by the great amount of bone in the metal
surface. The values of friction coefficient varied from 0.34 to 0.39 in their study [19]. Davim and
co-authors studied the friction and wear behaviour of bovine cancellous bone against stainless
steel, under water lubrification. They showed that, the prevalent mechanism found was abrasion
and their average friction coefficient value was 0.25 [20]. Dantas and co-authors studied the
tribological performance of Ti6Al4V bioactive composites to evaluate the friction response and
surface damage. Surface treatment was also used and their results showed that the static friction
increased with surface roughness (from 0.20 to 0.60), when compared to polished samples [11].

Finally, and regarding eventual surface topography changes, due to aging as a
consequence of common sterilization processes, after laser surface treatments, there is also no
information in literature. Thus, in this study a preliminary analysis of aging effect on surface
properties, namely roughness, was performed.

It is worth to mention at this stage that the effect of laser surface treatments or textures in
mechanical properties and in aging is out of the scope of this paper. Another paper is being
prepared with detailed information of mechanical properties as a function of laser treatments and
aging. However, it may be said at this moment that laser treatment, including texturing, is not
necessarily detrimental in terms of mechanical properties.

The main aim of this study is to comprehend the friction behaviour on the implant-bone
interface during the implant insertion in the bone and to evaluate the influence of surface properties

of zirconia modified by laser treatment in comparison to the conventional treatment.
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8.2 Experimental details

8.2.1 Preparation and surface treatment of zirconia disks

A commercial powder of 3% mol yttria stabilized zirconia — 3Y-TZP (TZ-3YB-E Tosoh, Japan)
was used to produce disks with 14.5 mm radius by biaxial pressing under 200 MPa. Zirconia disks
were sintered in air for 2h at 1500 °C in a heating rate of 8 °C/min, resulting in a grain size of
0.42 £ 0.031 um. A total of 12 disks were prepared.

The 3Y-TZP disks were divided into four groups according to a surface treatment:

(i). AS - as sintered sample;

(ii). SE - sandblasting and etching treatment. The 3Y-TZP disks were subjected to grit-
blasting procedure, using 100 um alumina particles. The grit-blasting was carried out at a constant
pressure of 6 bar, at a distance of 10 mm from the blasting nozzle and with an impact angle of
90° for 30s. Then, the samples were immersed in hydrofluoridine acid (48 %) for 30 minutes;

(iii). LI - laser irradiation using an output power of 0.9 Watts.

(iv). LIl - laser irradiation using an output power of 1.8 Watts.

The samples were subjected to a laser treatment in order to produce a moderate and high
roughness topography. For this, a Nd:YAG laser (OEM Plus 6 W, Italy) working in a fundamental
wavelength of 1064 nm and a repetition rate of 20 KHz. was employed to carry out the laser
treatments. The nominal focal length of the focusing lens was 160 mm. The surface samples were
irradiated using two output laser power values, 0.9 Watts (LI) and 1.8 Watts (LIl), with a scan speed
of 15 mm/s at room temperature in air. To relieve the stresses caused by laser irradiation and
recover the oxygen content to the zirconia surface, the laser irradiation groups (LI and LII) were
subjected to a thermal treatment (in air) of 1200 °C for 1h with a heating rate of 5 °C/min (named

here LIT and LIT).

8.2.2. Preparation of the plates (bone)

The plates used in this study were prepared from a fresh young femur of bovine (8
months). The bone was cut into rectangular samples (4x16x20). The samples were continuously
kept wet with PBS [21,22] solution during sample preparation. After machining, the bone plates
were covered with gauge immersed in PBS solution and kept in the freezer until the friction tests.

Before the friction tests the samples were defrosted.
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8.2.3 Surface roughness measurements

After the surface treatments, the roughness was measured using a contact profilometer
(Surftest SJ 201, Mitutoyo, Tokyo, Japan) at 2.5 mm measurement length and 0.25 mm/s. In the
case of samples treated by laser, the profilometer ran the samples in the perpendicular direction
in relation to the direction of the textures. Five measured were perfomed for each test sample. The
measured surface roughness parameters were: (i) average roughness, Aa, (average obtained
between peaks and valleys distance), (i) skewness, Rsk, (the curve asymmetry in terms of
frequency of valleys and peaks along to the profile, i.e. this parameter indicates the proportion
between the amount of peaks and valleys) and (iii) kurtosis, Rku, (the distortion of the curve

regarding the normal distribution).

8.2.4 Autoclave procedure

The standard steam sterilization procedure, according to ISO 13356 (134 °C, under 2 bars
pressure for 1h) was performed after all the surface treatments. Monoclinic content was monitored
after each treatment, including autoclave test, through XRD analysis with an incidence angle held
in 2°, using Toraya modification of Garvie & Nicholson equation, considering the maximum

intensities of peaks [23,24].

8.2.5 Contact angle measurements

The wettability of the zirconia discs was determined using the contact angle measurement
(drop method) between the water droplet and the treated surface, using a fluid medium of de-
ionized water. A drop was placed on the surface of each sample with volume controlled (0.0076
mL) and several pictures were taken by a camera. The tests were carried out at room temperature
and the contact angle for each surface treatment was achieved by the average contact angle value
determined using AutoCAD 2010 software (Figure 8.1). For each condition, three samples of

zirconia disks were used in this test.

Droplet
e

Figure 8.1 Contact angle measurements of zirconia surface.
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8.2.6 Friction test procedure

To determine both the static and dynamic coefficient of friction a reciprocating pin-on-plate
tribometer (Bruker-UMT-2, USA) was used. The plates were the bones. The pins were the studied
materials. The bone plates were mounted in an acrylic electrochemical cell attached to the
tribometer. The schematic representation of the friction tests performed in this work is presented
in Figure 8.2.

The friction tests were carried out in three steps: (i). a displacement in one direction to
measure the initial static coefficient of friction (Figure 8.2a - solid arrow); (iii). 17 seconds of
reciprocating sliding in order to measure the dynamic coefficient of friction (Figure 8.2b) and (iii).
a displacement in the opposite direction of the first reading, in order to get the static coefficient of

friction after the dynamic test (Figure 8.2a — dashed arrow).

Fn ’
_ 3Y-TZP disk
o Final //
displacement displacement o i
N . -
L__- - -‘{» ‘_‘K
" Displacement
a b

Figure 8.2 Schematic representation of the friction test: (a) Initial and final static friction test and (b) dynamic
friction

The friction tests were carried out by continuously hydrating the bones with a Phosphate
Buffered Saline (PBS) fluid, with a normal load of 100 N on the pin, at a frequency of 1Hz and a
stroke length of 5 mm of the plate. All the tests were carried out under the same conditions and
the only variable was the surface treatment applied to zirconia samples. In the case of the samples
treated by laser, the displacement was performed in the perpendicular direction of the texture's
direction. For each condition, three samples were tested, by using a new bone plate for each test.

After reciprocating friction test, the surfaces of zirconia blocks and also of the plates
(bones) were inspected by Scanning Electron Microscopy/Energy Dispersive Spectroscopy

(SEM/EDS).
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8.3 Results and discussion

8.3.1 Microstructural characterization
SEM images of the microstructure for all different surface treatments are presented in

Figure 8.3. It can be seen a clear difference in the morphologic patterns of the zirconia surfaces.
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Figure 8.3 SEM images of the zirconia surfaces: (a) AS 500x; (a.1) AS 2000x. (b) SE 500x; (b.1) SE 2000x. (c) LI
500x; (c.1) LI 2000x. (d) LIl 500x and (d.1) LIl 2000x.

It can be observed from Figure 8.3a the smooth surface of zirconia surface, after sintering,
that did not suffer any surface treatment (AS).

Figure 8.3b shows the SEM images (500x and 2000x maghnification) of the zirconia disks
where was applied the combination of blasting and etching treatment. This is the surface treatment
that has the most clinical use in the market of the implants. It resulted into a surface with a uniform
roughness throughout the surface.

In Figure 8.3c and Figure 8.3d are presented, in two magnifications, the SEM micrographs
of the samples treated by laser. It seems that the roughness of the samples subjected to laser
treatment is formed of two components. In the case of LI samples can be seen surface
irregularities, forming cavities through the removal of material by laser (like “grooves” b — peaks
and valleys), which can be considered as a micro-roughness, while from the SEM images with a
higher magnification (Figure 8.3c - 2000x) can be observed that the peaks present irregularities
(like a sub-micro-roughness).

The SEM micrographs, in two magnifications, of the LIl samples are shown in Figure 8.3d.
It can be clearly seen that the higher roughness induced in this case was obtained by a pattern

formed essentially by regular pits of around 50um length and 15um width, surrounded by ridges.

8.3.2 Surface roughness
Surface roughness values of the zirconia discks for all different surface treatments before

and after aging are presented in Table 8.1.

142



Chapter 8

Table 8.1 Roughness values as function of different surface treatments

Roughness Parameters

Surface Ra Rsk Rku
Treatment (um) (um) (um)
AS 0.43 £0.10 -1.72 £2.25  12.93 +16.65
SE 1.24 +0.18 -0.04 £0.29 0.07 £0.40
Before Aging
LI 1.06 +0.20 -0.63 £0.70 1.80 +£3.75
LIl 2.66 £0.31 -0.52 +0.13 0.13£0.11
AS 0.39 +0.25 -3.36 £4.10  33.35 +47.81
SE 1.38 +0.23 0.02 +0.40 0.06 £0.44
After Aging
LI 1.04 +0.19 -0.70 £0.28 0.50 £0.81
LIl 2.82 +0.38 -0.50 £0.13 0.00 £0.50

The description of surface morphology can be achieved using other parameters beyond
the usual average roughness (Ra), such as skewness (Rsk) and kurtosis (Rku). If Rsk = 0, the
number of peaks is equivalent to number of valleys. Profiles with predominance of valleys, Rsk is
negative. However, if the valleys are filled, forming a plateau-peak, Rsk becames positive [25].

Regarding the, Rku roughness parameter, if Rku = 3 then the curve is Gaussian. However,
for values of Rku < 3, the profile presents a few high peaks and deep valleys, while for values of
Rku >3, indicate many low peaks and shallow valleys in the profile [25].

Taking into account these concepts and according to data from Table 8.1, the SE and laser
groups brought an increase in roughness as compared to AS group. As expected, after surface
treatments Rsk decreased, since it was created more valleys on the surface. For SE samples,
according to Rsk values, the number of peaks and valleys are equivalent. Regarding the laser
groups, it can be observed that by increasing the laser power energy there is an increase in
roughness, resulting in two levels of roughness, an intermediate value, in the case of LI and a
higher value, in the case of LIl. According Rku values, the surface treatment allowed profiles with
a thin form, in which, laser treatment formed few high peaks and deep valleys on the surface. All
the samples were submitted to the standard steam sterilization in autoclave for 1h [26]. Roughness
measures were done before and after autoclave tests to evaluate their effects, since it was already

reported the influence of aging on roughness of zirconia surface [26,27]. Concerning the roughness

143



Chapter 8

after the standard sterilization no meaningful change was found. Maybe it can be attributed to a
small change in phase transformation, as observed in Figure 8.5. It is the phase transformation
that could generate expansion in some grains and consequently an increase in roughness [28]. In
our case the transformation is not substantial, and the added roughness maybe included in the
measurement error, since we already have a substantial roughness value, due to the surface
treatments [28].

For zirconia, sandblasting and etching treatments still remain as popular choice to modify
the material surface. However, the undesired contamination on the surface by the abrasive
particles is still a matter of concern, in which often the acid etching treatment is not able to remove
completely [29,30]. Thus, laser treatment is a novel technique to improve zirconia surface that has
gained interest to replace the conventional treatments, since this method exerts no risk for surface
contamination because there is no contact between the material and laser. Moreover, laser is very
versatile allowing the design of the surface with any desired pattern and with desired roughness
value, which is not possible with common existing surface modification techniques such as
sandblasting or etching. Lastly laser is becoming a low-cost technology. In this work, laser
treatment promoted surface modifications with controlled roughness and contamination-free
surfaces. The laser acted over zirconia by removing content from its surface due to ablation induced
by laser, forming voids. SEM analysis shows that samples irradiated by laser present a kind of
melting pattern, which contributed to a Ra mean value almost eight times higher than the samples
without treatment and also two times higher than the SE samples, in case of LIl and slightly lower
than SE for LI. This can be attributed to the formation of higher peaks and valleys, promoted by

this melting pattern, that increased the Ra values.

8.3.3 Surface wettability

Considering that the surface wettability is one of the important factors in the process of
osseointegration and thus, in the short and long-term stability of implant, the contact angles of the
surface samples were measured. According to definition, surfaces which have contact angles of
water above 90° are designated hydrophobic, while those below 90° are designated hydrophilic
[31]. Figure 8.4 shows the correlation between average contact angle values and Ra as a function

of different surface treatments.
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Figure 8.4 Correlation between average contact angle values and average roughness (Ra) as function of different
surface treatments: AS: as sintered; SE: sandblasting and etching treatment; LI: laser treatment with 0.9 W of power;

LII: laser treatment with 1.8 W of power.

The average contact angle was strongly influenced by the type of surface treatment used,
because not only surface chemistry affects the contact angle, but also the surface roughness [31].
The laser groups exhibited the lowest contact angles 36.4 + 1° for LIl group and 38.2 + 1° for LI
group while the AS and SE groups presented much higher contact angles values (46.9 + 5° for AS
and 44.6 + 3° for SE). These results showed that in the case of laser groups there is higher
wettability, and it is observed a correlation between roughness and wettability.

Many studies have reported the improvement of wettability using laser treatments on
ceramics surfaces [32-34]. In Hao et. al. the wettability of MgO-PSZ was proven to be improved
by laser treatment compared to untreated control group [35]. Lauwrence and co-authors attributed
the changes in wetting properties achieved by laser treatment to the altered surface topography,
composition and energy [36]. Hao and co-authors modified the surface of MgO-PSZ using a
continuous-wave laser (CO,) and correlated the laser parameters, wettability and cell attachment.
They concluded that the surface energy and surface oxygen exerted influence on the wettability,
while the effect of surface roughness was not significant [35]. The investigation regarding the
effects of surface characteristics on cellular response have been extensively reported. It has been
shown that the surface topography, which includes surface roughness, affects cell growth and

activity [37-39]. Perhaps the most important conclusion in this section is that laser surface
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treatments in zirconia allow control of wettability, probably as no other technique, since all type of

patterns are possible with laser.

8.3.4 XRD analysis

Figure 8.5 shows the results of monoclinic content based on XRD analysis on the zirconia
blocks for all different surface treatments before and after the standard sterilization in autoclave
for 1h. In the graph, the studied specimens are divided in to four groups: No aging (represents the
monoclinic content of all samples after the surface treatment applied), LI + thermal treatment and
LIl + thermal treatment (indicates the monoclinic content of the samples submitted to a thermal
treatment at 1200 °C after surface treatment by laser) and Aging (represents the monoclinic

content of all samples after aging for 1h).

1 B No aging
40 B LI + thermal treatment
. 72 @8 LI+ thermal treatment
35 % 127 Aging
o
25—
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Figure 8.5 Relative amounts of monoclinic zirconia (Xm in %) on the surface of 3Y-TZP ceramics samples before and
after aging, according to the studied groups. AS: as sintered; SE: sandblasting and etching treatment; LI: laser
treatment with 0.9 W of power; LII: laser treatment with 1.8 W of power; LI + thermal treatment: laser treatment |
followed by thermal treatment; LI+ thermal treatment: laser treatment Il followed by thermal treatment. No aging:

before aging. Aging: After aging (standard sterilization in autoclave for 1h).

146



Chapter 8

As already stated, surface treatments in zirconia lead to damage in its microstructure,
followed by the monoclinic transformation on surface (which is called low temperature degradation
LTD). LTD has been associated to the roughening of the implants after steam sterilization [40]. The
relative amounts of the monoclinic phase on zirconia surface were measured in untreated (control)
and surface-treated specimens. These measurements were done in each group, after the treatment
and also after the steam sterilization. However, since laser treatment causes changing color on
zirconia surface, due to the exposure to elevated temperature gradients followed by oxygen loss, a
thermal treatment at 1200 °C was performed. This thermal treatment was able to make the
samples recover the oxygen content and thus regaining the white color. In this case, the monoclinic
content was also measured after the thermal treatment.

Some works reported that during laser treatment, local temperature changes might create
internal tensions, which consequently spreads gradually along the surface and penetrates into the
depth of the material. Thus, laser treatment can induce tetragonal to monoclinic phase
transformation of zirconia, which is harmful to mechanical characteristics [41-44]. However, as
can be seen in Figure 8.5, the highest amount of the monoclinic phase was found after
sandblasting and etching treatment, when compared to the control group (as sintered). Inokoshi
et al. also reported that sandblasting treatment on zirconia surface resulted in the highest
monoclinic content when compared to untreated samples. They studied the influence of zirconia
surface treatments on aging behavior, however, laser treatments were not included [45].

In this present study, we concluded that laser treatment allowed to achieve desired
roughness with less monoclinic transformation in comparison to sandblasting and etching
treatment. After steam sterilization, there was no relevant change on the monoclinic content for
the laser groups, while for SE group the low temperature degradation was significant.

Although not the focus of the present paper it is interesting to observe that laser treatment
enhanced aging resistance of samples compared to the samples subjected to SE treatment. This

issue will be explored in detail in another paper of the same authors.

8.3.5 Static and dynamic coefficient of friction
Figure 8.6 shows a representative evolution of the coefficient of friction (COF) - with time

for zirconia disks sliding against bone (as sintered sample). Figure 8.6a shows the difference
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between the static and dynamic coefficient of friction values. The evolution of COF is similar for all
the tests performed.

When two bodies are in contact in relative motion, the static friction force represents the
force necessary to start the movement (us - static coefficient of friction) and the dynamic friction
force is the resistance to the movement (ud - dynamic coefficient of friction). Typically, the dynamic
coefficient of friction is smaller than the static coefficient of friction. In this particular case, at the
end of the dynamic test (representing the implantation), after approximately 170 mm of relatively
displacement, the movement stopped for some seconds (2s) and it was carried out another static
friction test (Figure 8.6b). This final static friction test may be important to prove the adhesion of
the bone to the implant, after implantation, representing primary stability of the implant. It can be
observed that, the final static COF value is higher than the dynamic COF and higher than the initial
static COF.

COF

Static friction Dynamic friction

0.1 /
0.0 —
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Figure 8.6 Evolution of the COF with time: (a). initial static and dynamic COF and (b) final static COF.

According to the available literature, both static and dynamic coefficient of friction values
resulted from several mechanisms, which depends on geometry of the contact, properties of the
contact materials, surface integrity (roughness parameter), conditions used in the friction tests
(loading, sliding speed etc.) and operating conditions such as lubricated or unlubricated conditions
(surface wettability) etc. [46-50]. Regarding the static coefficient of friction, it has been reported
that the most important parameters that influence its value are the chemical composition and
morphology of the surfaces [47].

Figure 8.7 shows the average values of static and dynamic coefficient of friction as a

function of the surface treatments.
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Figure 8.7 Average coefficient of friction (COF) as a function of the surface treatments: (a) initial static COF, (b)

dynamic COF and (c) final static coefficient of friction.

In the case of zirconia disk/bone tribo-system, the average initial static COF values
increased from 0.42 to 0.51 when changing from AS group to SE group. The initial static COF
values increased more in the case of laser groups. It can be seen from Figure 7a that the static
COF value was 0.55 in the case of LI group and slightly higher in the case LIl group, 0.59. Thus,
based on the initial static COF values, among all the studied cases, it can be highlighted that in the
case of laser samples/bone tribo-systems, it is necessary a higher energy to initiate the motion

between the bone and zirconia disk.
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As expected, the values of static coefficient of friction were higher when compared to the
values of dynamic coefficient of friction. Usually, the dynamic COF is considered to be 70% of the
static COF [49]. Based on the explanation of Bowden and Tabor [51], this is related to the chemical
bonding between bone and implant material.

As can be seen, it was not found a significant difference in the dynamic coefficient of
friction values, among the studied cases. Although the roughness increased, it was found just a
slight increasing tendency in the dynamic COF values, in which it was more pronounced in the
case of Lll/bone tribo-system (0.4). This fact may prove that, in this case, the roughness induced
by laser is still valid after the bone adhesion (imprisonment) to the zirconia disk.

Regarding the final static COF, the values were much higher when compared to the initial
static COF ones. This increase of final static COF may be attributed to the good adhesion of the
bone to the zirconia disks. Thus, based on the final static COF values, it is necessary a higher
energy to move bone against zirconia disk, in the case of LIl/bone tribo-system. In this case (LIl
group), the final static COF increased from 0.53 to 0.66, which seems that the adhesion
component of friction is very active in this case.

The COF results validate the roughness responses, but the effect seems to be more
marked in the case of static coefficient of friction. This can be related to the fact that, firstly, the
contact is between the pick of asperities (smaller contact areas), then, when the sliding starting,
after few cycles all the valleys/voids are filled/covered by bone. From this moment, the effect of
roughness seems to be minimized (a new surface was formed). Regarding the relation between
roughness and coefficient of friction, contradictory results were reported [52,53]. If the normal load
is lower, a significant influence of the roughness on the COF value was observed, while for a higher
contact load, the influence of roughness on the static friction is less significant [53]. This is due to
the high normal load, which leads to an increase into the contact area (increase of the number of
asperities in contact) [48]. As stated by Panagouli et al. [52], the interlocking phenomena is more

pronounced in the case of rough surfaces.

8.3.5 Surface analysis after the friction tests
Figure 8.8 shows the SEM images (with two different magnifications, 500x and 2000x) of
the zirconia disks after the friction tests for all the surface treatments. It can be noticed substantial

differences in the topographies.
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In order to identify if the bone adhered the zirconia disks, EDS analysis were performed in

the marked zones (Z1 and Z2). The results of the EDS analysis are presented in Table 8.2.
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Figure 8.8 SEM images of zirconia samples after the friction test against bone: a) AS 500x; a.1) AS 2000x. b) SE
500x; b.1) SE 2000x. c¢) LI 500x; c.1) LI 2000x. d) LIl 500x and d.1) LIl 2000x.

Table 8.2 Chemical composition (wt.%) of the marked zones (Z1 and Z2) in Figure 4 for all zirconia samples after

friction tests, obtained by EDS

Zones Elements AS SE LI LI
Zr 20.05 22.74 9.02 9.84
Y 5.94 4.46 5.45 5.28
Ca 17.50 1.95 24.09 23.43
o P 7.23 1.01 11.07 9.87
0] 29.18 17.99 33.83 32.44
C 16.33 50.66 13.04 16.28
Zr 33.70 18.39 48.32 49.74
Y 7.09 3.67 8.66 8.72
Ca 9.99 3.04 5.69 4.50
e P 4.75 1.89 3.36 2.66
0 27.69 22.07 24.58 23.52
C 14.61 49.04 9.38 10.01

It can be observed from Figure 8a (as sintered sample — AS), some slight sliding grooves
on the zirconia disk (aligned with the sliding direction) and also material (bone) adhered all over

the surface.
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EDS analysis revealed the presence of Zr and Y from the zirconia disk as well as calcium
(Ca) and phosphorus (P) that are common chemical elements on bone tissue composition, which
confirms the transfer of the bone to the zirconia samples (suggesting an adhesive mechanism).
This transfer is observed in case of all the studied cases. It should be highlighted that in the case
of SE samples (Figure 8.8b) there are localized bone adherence. However, comparing the different
treatments, the surface morphology achieved by laser treatment allowed a higher bone
imprisonment on surface. A little amount of bone was found on surface of samples treated by SE,
even compared to untreated samples, which seems that zirconia naturally has a good chemical
affinity with bone.

As known, implant surface characteristics, including roughness have influence on primary
stability, since the rough surface allows a firmer mechanical link to the surrounding tissues [54].
Several works have reported the importance of a high bone-to-implant contact for primary stability
and how much this can be improved through surface treatments of the implant [55,56].

As the average roughness of the AS group was around 0.39 +0.25 um, it should be
highlighted that the increase of COF value is not due to the roughness, but it is due to the chemical
affinity between the bone and zirconia disk as all over the surface after the friction test is bone
(Figure 8.8a). The samples treated by laser at condition | (LI), show on the surface two types of
regions, smooth regions, where the bone was adhered to the surface (regions where the cavities
are covered by bone), and some rougher regions, where all the cavities created by laser were filled.
However, it is still possible to see the picks of the cavities (Figure 8.8c). In the laser treatment, in
condition 1l (LIl), the samples show regular pits (see Figure 8.3d). The formation of these pits
increased the surface roughness as compared to the SE group. It seems that the bone filled all the
pits created by laser.

The results indicated that the surface treatments play a relevant role into the coefficient of
friction and surface properties of zirconia, and consequently into the connection between zirconia
and the bone.

It is well known that the coefficient of friction has a major influence on stability and, as
consequence, on the lifetime of the implant. Since during insertion of the implant the bone is in
contact with the peaks of the asperities (depending on the distribution of the asperities), the
roughness may has influence on the static friction. The influence of roughness on the static COF

was also reported in [47].
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According to available literature, during the lifetime of implant, in order to avoid retraction
of the bone and space closure, a low coefficient of friction is required. However, during implantation
(insertion of the implant) seems that a high coefficient of friction may leads to a better initial stability
and, as a consequence, to a long lasting stability of the implant [57,58]. Also, Biemond et al. [59]
proved that the coefficient of friction value has direct effect on the stability of implant to the bone
surface.

This work puts in evidence the laser surface treatment as a promising alternative to
conventional surface modifications, since it brings a good control of the roughness, which allowed
an enhance of bone adhesion and surface wettability. In additional, regarding monoclinic
transformation on the surface, laser treatment allowed less monoclinic transformation when
compared to conventional methods, being a great advantage in terms of mechanical issues and

lifetime of implant.

8.4 Conclusions

1) Surface treatments played a significant role on the friction behaviour of the bone/ 3Y-TZP disks
tribopair. The initial static coefficient of friction, which represent the initial moment of implantation,
was higher in all laser groups. The dynamic coefficient of friction, representative of the contact
between bone and implant during the primary stability, was higher for the samples of group LII
when compared to SE surfaces of zirconia.

2) Regarding monoclinic content, it was observed in laser treatment a less amount of phase
transformation, when compared to SE treatment;

3) The roughness has a more pronounced effect in the static coefficient of friction value then in the
case of dynamic coefficient of friction;

4) There is a higher chemical affinity between bone and 3Y-TZP disks when the laser treatments
were used, which promoted a higher bone imprisonment on surface.

5) Laser treatment seems to be a promising alternative to conventional sandblasting and etching
procedure to promote surface modifications with controlled roughness and contamination-free of

zirconia.
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Chapter 9 - General conclusions

This chapter presents the general conclusions, according to the fulfillment of the proposed
objectives, the suggestions for future works and the further contributions of this thesis. Since this
thesis is organized as a compilation of researches papers, which have their specific conclusion,
the present chapter touch on the general conclusions intending to integrate all the studies

developed in this work.

16l



Chapter 9

This thesis is concerned with the printing of communication system components on
titanium alloy and zirconia surface resorting to laser technology. In this sense, the study was divided

according to the substrate material as follows.

Ti6AI4V substrate

Chapter 3 presents a study of laser parameters on surface texturing with a detailed
characterization of the textured surface. In this study the main goal was to evaluate the surface
oxidation as a result of the laser texturing, mainly regarding its electrical insulation properties. The
results revealed that the oxide layer formed as a result of laser texturing on Ti6Al4V surface
exhibited good electrical insulation performance.

Thereafter to the study aforementioned, Chapter 4 deals with the laser printing of the silver-

based micro-wires in Ti6AI4V substrate by combining different laser processes, such as: (i) laser
machining (in the micro-cavity creation), (ii) laser oxidation (for generating the insulation layer) and
(iii) laser sintering (for wire consolidation). In addition, the last two processes have been compared
to conventional techniques, namely anodizing oxidation and hot-pressing sintering, respectively.
In comparison to the conventional techniques (anodizing method), the obtained results show that
laser is a competitive approach for oxidizing the Ti6AI4V surface. Moreover, silver powder was
successfully consolidated into the micro-cavity by means laser sintering. Consequently, the micro-
wires printed by using only the laser approach have good results in terms of electrical conductivity,
actuating as the conductor path for electrical flow.

Building on the printing of communication system components, Chapter 5 presents a
possible strategy for silver-based antenna on titanium alloy substrate. Trough the simulation
results, the fabricated antenna presented a great return loss in the frequency range studied. The
deterioration of the outcomes in the real case can be due to the smaller dielectric insulator
thickness, which was experimentally achieved. The most challenge task was linked to the drawing

up of a dense and thick insulator layer, by using only laser sintering process.

Zirconia substrate
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In Chapter 6, the assessment of laser parameters on the micro-cavity creation at zirconia
surface was undertaken. The concerned study was mainly directed to the laser printing of
conductive micro-wires on ZrO2 surface, with minimal damage to its mechanical properties. The
results showed that the approach used allowed to print micro-wires with low electrical resistivity,
while the mechanical strength of the samples remained at an acceptable level. Despite the results,
further mechanical tests are still needed for a deep evaluation of damages caused by laser.

In the sequence of the components printing for the communication systems, Chapter 7
dealt with the laser printing of the micro-antenna on zirconia substrate, based on the previous
chapter. In this regard, a set up was arranged in order to simulate the antenna in a human body
environment and the transmission signal was assessed. The results revealed that the micro-
antenna produced by the proposed approach is fully capable to hold a communication cavity from
inside the human body to the exterior. These results validated the use of the produced antenna in
an implant for data communication with the outside world.

Taking into account the application of the current research, and the possible effects caused
by the printing of communication system along the zirconia-based implant surface, it seemed
relevant to assess the implications brought by the laser surface treatment on primary stability of
the implant (presented in Chapter 8). Comparison with a standard surface treatment was also
undertaken, in which sandblasting followed by acid-etching treatment was performed to obtain a
surface roughness typically used in an implant manufacturing. ZrO2-bone interaction tests were
carried out to replicate, in some extension, the insertion of the implant. The obtained results,
together with a high amount of adhered bone at the zirconia surface, are promising evidences that

laser surface treatments can enhance the implant stability.

Overall, the results from this thesis showed that Laser Technology can be applied as a
reliable tool for printing communication system components in both, metallic and ceramic-based
implants. Therefore, as a rapid, innovative and versatile technique, the laser can open up a range

of approaches to design new implants for the next generation, endowed with smart functions.

9.2 Further contributions of this thesis
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C. G. Moura, R. S. F. Pereira, R. M. Nascimento, F. S. Silva, “Surface modification of zirconia by
Nd:YAG laser irradiation”, 7th Portuguese Congress on Biomechanics, 10-11 of February of 2017,
University of Minho, Guimaraes, Portugal

(Oral presentation).

C. G. Moura, R. S. F. Pereira, R. M. Nascimento, F. S. Silva, “Influence of liquid medium and laser
fluence on production of silver nanoparticles by pulsed laser ablation”, Materials 2017, 9-12 April
of 2017, Aveiro, Portugal.

(Oral presentation).

C. G. Moura, R. S. F. Pereira, M. Buciumeanu, R. M. Nascimento, F. S. Silva, “Effect of zirconia
surface treatments on friction coefficient and surface properties”, 15*Conference and Exhibition of
the European Ceramic Society (ECers2017), 9-13 of July of 2017, Budapest, Hungry.

(Conference paper).

9.1 Suggestions for future works

Based on the developed work and results obtained, some suggestions of complementary and
prospective investigations may include:

o A deeper analyze regarding laser sintering process of the silver-based wires, including
chemical and thermal characterizations;

e Mechanical properties assessment of TibAI4V after micro-components printing;

e Carry through further mechanical tests regarding ZrO2 substrate upon micro-components
printing. Efforts should be conducted to minimize laser damages on zirconia substrate.

In a broader perspective:

e Keep on building the system by adding the following layers of material, in order to insulate
the wire and antenna from the superior layer. In Ti6AI4V substrate, an insulator layer is
required, which can be performed by zirconia or titanium oxide.

e The integration of the communication system with the smart implants, such as actuators
and sensors should be undertaken, in order to validate its operation.

e Present the final prototype and evaluate the antibacterial effects, biocompatibility and

bioactivity.

165



