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Abstract

The main focus of this thesis is to investigate and describe a novel biomaterial
structure that doesot have any previously documented history of testing. The trabecular
structure is not yet commercially available for prostheses or implants but seems to be very
promising in various aspects such as biocompatibility and mechanical properties. Since this
morphologically complex structure cannot be machined, 3D printing was used to create a
variety of test specimens. These specimens were then tested by nanoindentation and tensile
and compression tests. On the basis of the mechanical tests, a numerical asoctelared
and curvefitted to represent the mechanical behavior of the trabecular structure. Since future
effort will be directed towards utilizing the structure in dental implants specifically, an
overview of recent and historic implant materials andhoes is presented to point out the
benefits of development of new materials and structures. A closer attention is given to
implant alloys, titanium implants, material properties and surface treatment. It is expected
that further effort beyond the limits tifis thesis will be needed to fully describe the complex

behavior of the trabecular structure as no comparison with other authors is available yet.
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1 Introduction

The word Aimplantfi can have multiple mea
conception of contemporary society. To accuratelgress the subject of this thesis, |
consider its definition very important. The description | find to be lt@sif for my specific
issue is as followsA A n i m pr asificialmatesial or tissue that shows biocompatibility
upon its surgical implantatidn. Thi s i s a definition introd:t
of Oral and Maxillofacial Implants (JOMIIn other words, an implant represents an

extrinsic material the body of the patient is able and willing to accept and fully integrate.

The general purpose of most implants is to substitute or enhance the original living
tissue of the patient in some wayape or formErom now on, whenevemill address the
wor d Ai Imyil tharefdrefimean the living or artificial replacement tissue introduced
in the body of the patient in order to compensate for the loss, extraction or deterioration of
the originaltissue. Implants are manade devices, contrary to transplants, which are living

tissues transferred from a healthy specimen into the body of the patient.

There are multiple reasons as to why should one want an implant introduced in their
body. Throughouthe years of human evolution, mankind has used implants of various
shapes, materials and purposes to fill in the role of damaged[ti}sMiaterials like ligature
wire made of gold, stone, oxen bones, ivory or animal shells were used ttusellnsigsing
teeth since thdawn of ancient civilizationf2]. The history of dental implants goes as far
back as 3000 B.(3], the period of anciergyptians.

| have chosen to cover this topic because with the advanced technology and
manufacturing process we have at our disposal today, the whole idea of implants is growing
rapidly and implants become more and more available. Whereas before only gleople
privileged position could afford to undergo this kind of treatment, now it is a widely available
and also suggested option for nearly everybody who suffers from damage related to their
bone tissue. | would like tpresenta comparison to confirm thisdt. In the year 2008,
searching the term AimplantfAi in the PubMed
9,768 of them being identi f[3eNbw,tatdhetinteef t er m

writing this thesis in 2016, the same search extracted 97,655 papers when searching

7
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Ai mplantiA and 37,185 papers for Adent al I my
and the number of papers specifically vemtton dental implants has been quadrupled. This
simple comparison shows us how much have implants (dental implants in particular) gained

in popularity and attention over the course of mere 8 years.

There is, however, still a great many number of unansvwegresions and challenging
problems withregard to this issue. One of them is the main motivation behind creating the
trabecular structurethe difference of material properties at the interface of individual dental
materials. Dental implants have advatcé&remendously, evolving from primitive
hammereedown pieces of bone into fine, precisely shaped metal products. Yet, they still
have one bad common denominator, and that is the interconnection between the implant and
the bone. Trabecular structure is thass a future prospect and a potential solution to the
problem of both the bad interconnection and material difference at the interface of materials.
If proven to be satisfying in medical, mechanical and economic regards, trabecutaretru

could be thduture ofdental implants, improving updhe formervariants

Fig. 1: lllustration of a prous tantalum trabecular metal (PTTMinicrostructure (left)
and the overall structure of a titanium PTIdvihanced deat implant (right)[4].

The methods used to experimentally analyze the properties of the structure, mainly
Youngo6s BEwmoddredlcadsmodulus, aremicromechanical and macromechanical
tests, specifically nanoindentation and global tensile and compression tests. The mechanical
tests have been conducted as a pilot experiment and cannot be therefore compared with

results published by any other author.

The complete mechanical analysis of the trabecular structure calls out for a numerical

model. The nature of deformation of the structure is yet unknown, making the development
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of any model without experimental data vehallenging However, with the data pvided

by micromechanical and macromechanical tests, it is possible to develop a numerical model
including the nonlinear behavior required to describe the sdtesism diagrams obtained
during the mechanical tests. This data served as a baseline feffitturg, a necessary
process in the creation of the numerical model based on experimental data. The manipulation
of the properties of the model has been done in order to fit in the two most important regions
i the yield strength and ultimate strengthd their respective values of corresponding

elongation
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2 Brief overview of alternative methods of treatment

The approach of trélment has multiple options. Before we further delve into the topic
of dental implants specifically, let us brieflydrdss other options of treatntexs well. There
are generally three basic solutions to the problem of treating missing teeth in the jaw
dentures, bridgework and implants.

2.1 Dentures

The first option of treatment is dentufedenture, sometimes referred to as false teeth,
is a remowble replacement for missing teeth and tissues surrounding them. According to the
number of teeth missing, they are either complete or pafiigl Z). Dentures camlso be
divided into another two major groupsconventional and immediafé]. A conventional
denture is ready for placement approximately 8 to 12 weeks after the teeth have been
removed. Immediate dentures are made in advance and are ready for placement immediately
after the extraction. They bring the benefit of replacing the teeth diatedy, allowing the
patient an undisrupted period of time during the healing process. However, as the bone
remodels itself and the gums shrink, adjustments to the immediate denture are necessary in
order to remain functional. Conventional dentures shalilchys be considered as the

definitive answer, replacing immediate dentures after the healing pfétess

<— Partial denture

Complete denture

Fig. 2: Images of different tygs of dentures. A partial denture (left) and a complete
denture (right]6].

10
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Dentures are usually removable and provide the necessary masticatory and esthetic
functions. However, they are generally considered as an obsolete method of tr€atment
simply because they cannot fully substitute the origieethiand are not nearly as stable as
a dental implant. This fact is preventing the patient from performing everyday actions with

the comfort of a dental implant tre original tooth.
2.2Bridgework

The second option at our disposal is bridgework. There are generally three main types
of bridgework[8]. The first and most common type is a traditionatigpe. The treatment
procedure using xaditional bridge can be seamkig. 3. The downside of this method is
that teeth placed adjacent to the nmiggboth have to be prepared (sized down) so the crowns
on both sides can fit onto them. When everything is prepared, the crowns are cemented onto
the adjacent filed teeth and the bridge is complete. Traditional bridges can provide the patient
with a stabé foundation to perform everyday activitiemastication, smiling, speaking etc.

They also help keep other teeth in place since they fill the empty space between adjacent
teeth, making the drifting impossible or keeping it at its minimi@h and are also
esthetically pleasingf]. However, traditional bridges still do not provide any load to the
bone underneath the missing to¢és there is no contact since the site is bridgetjch

can lead to bone loss. This iaat that makes dental implants superior to them, as they can

provide the necessary load to maintain the bone mass.

\r( \ \'a'a B8 [\/

Missing tooth Adjacent teeth prepared

N A
AN F
4 \

gy S Bridge

. Bridge in place
L 1 ) created LR

Fig. 3: A stepby-step illustration of applying a bridgewolrk1].

11
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The second type of bridge is the cantilever bridge. While they are still being used, they
have been on the decline as research has proven that they are not a very suitable solution to
the problem as they suffer from mechanical and technical difficltigs Due to the
mechanical nature of the cantilever, they sometimes behave like a lever, prying the abutment
out from the healthy tooth and causing a loss of tetenThere careither be one or multiple
abutnent teeth.

The third type of bridge is the Maryland bridge (relsonded bridge). The main
distinguishing part of this bridge is a metal or porcelain framework that holds the false tooth
and bonds it to the gatent tooth or teeth by resin. The advantage of the Maryland bridge is
that the adjacent teeth do not need to have their enamel sanded away. A potential
disadvantage might be the strength of the resin that binds the framework to the adjacent
teeth, espeally in areas where the masticatory stresses are very high, like the fa8lars
Another potentil disadvantage is the discomfort of the framework getting in tne of
oneds pite (b3. Thisris yet another disadvantage of the bridgework thes dot

concern dental implants.

Fig. 4. Imagery of different types of dental bridges. A cantilever bridge (te4f) and a
resinbonded (Maryland) bridge (righfl5].

12
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3 Implantology

3.1 History of dental implants

The history of dental implants is very rich and fascinating, revealing maskind
resourefulness, creativity and ability to use contemporary technology and materials. One of
the most famous and documented archaeolofjiwdihgs of dental implants stretches back
to the Mayan civilization at around the year 600 [AB], [17]. In 1931, archaeologists found
remains of the body of a young (approximately 20 years Miljan woman in the area
where Honduras is today. Her lower jaw had three tebtped pieces of shells placed in it
to substitute for her missing incisor te¢t], [17], [18]. It has been stated that these shell
implants were indeed fational and were placed in the body of the woman during her life,
contrary to the élief that they only served @sstmortem, estheticaessoriefl8]. But the
history goes back even further. As long ago as 2500 BC, the ancient Egyptians used golden
ligature wire to stabilize loose teattvolved in periodontal issu¢g]. It is even documented
in their manuscripts that this method of treatment oftesexhgevere toothaches. It iscals
believed that Egyptians used shells just as the Mayand @lidvarious materials such as
bone, shells or stone were used in order to preserve the looks and functions of the ancient

humaris dentition.

a) Ancient Grecian appliance b) Ancient Etruscan Appliance

Fig. 5: Various types of ancient dental restorations. Ligature wire and staples on the left
[20], animal shells and bones on the rifit].

13
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In the Middle Ages, implantation revolved mostly around allografts and xenografts
[22],[23]. An allograft is a transplant of an organ or a tissue from a donor of the same species
with a different genotype. A xenograft is also a transplant, but it is graft@dainandividual
of completely different or unlikely species (for example a tissue from a baboon transplanted

to a human)24]. It was very common that the transpis& came from dead people or

|l ivestock. During the time between 15006s &

cadavers or from underprivileged commoners to be used as allotrangjlamtss practice,
however, did not have much success as it was often the causerefisfammation or even
death[23].

Anot her evolution of I mpl ants happened
specialists were able to implant false teeth lasting as long as 8 to 1[2#¢afswide array
of materials was already available at that time, including gold, platinum, rubber, wood, tin

or lead.

I n | ate 19306s, another great invention W

who experimented with Vitallium, a chromiyoobaltmolybdenum alloy. They observed

the effect of screws made from this material that were placed in hipbones of patients by other
physicians and decided to implant them in humans and dogs in order to provide the
anchorage for the replacement teeth. For this inmenthey have been later acknowledged

in selection of a biocompatible material usable in hudertition[25].

Fig. 6: A crownlessVitallium implant replacing a human tooth byr&k brotherg26].

In the 19400s, i mpl ants took anotaher t u
developed a subperiosteal (placed above the bone) imgBnwith flat abutments and
screws which lay over the crest of the alveolar rifgjeHis work has been continued by
Goldberg and Gershkoff in USA to produce a cebhliomium molybdenum implant with

14
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an extension including the external oblique rifjd. This concept was further investigated
by Lew, Bausch and Berman in 1928] andimproved upon. The whole process was being

streamlined and the placement of screws and the shape of the framework optimized.

Endosteal implants Subperiosteal implant

Fig. 7: Position of the implant in regard to the jawbdrendosteal (inside the bone)
implants on the e and subperiosteal (on the surface of the bone) on the[2ght

The greatest milestone in the evolution of dental implaafgpened just a few years
later. In1952, Swedish orthopaedic surgeon-PggvarB rnemark observed the process of
bone healing response and regeneration. To perform this experiment in vivo, he adapted an
experimental chamber developed at the Cambridge university calledirdabbit ear
chambeo [18], [22]. This chamber was used to observe the functionirfmpoé marrow of
rakbits in vivo. At that time, he was unable to obtain the original material, tantalum, so he
used titanium instead. He performed a series of long investigations and when he finally
wanted to retrieve the chamber and reuse it, he foundtdisgontent that it could not be

removed from the bon&0].

Brnremark did not put much weight onto th
accepted professorshiip the Department of Anatomy at Gothenburg University. Then, he
started investigating more and used a titanium lens casting to observe the structure and
workings of blood cells irhuman armsunder numerous conditions, such as cigarette
smoking. This reseah brought a great deal of information on the behavior of the blood cells
but also ultimately proved that titanium is very compatible with human tissue as it did not
provoke any immunological reactions. It was after this experimentBthiaemark gave
titanium a brand new purpose as he began devising plans of introducing titanium in the

15
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medical field[22]. Although at first he thought that his main work should be dedicated to
knee and hip surgery, later on he finally decided that the jaw is far more accessible to
continuous observations and also provides many specimens to work with as edentulism (loss

of all teeh in one or both jaws) is very widespread throughout the populd@jn

During the following year$} rnemark and his team focused mainly on the effects of
titanium screws in living organisms and the biological responses associated with
implantation. With these screws, they made various experiments on dogs, observing the
conditions of bonding and the overall response to the extrinsic maf2gjl As the
understanding deepened and the field of their studies began to be more and more important,
B rnemark felt the need taldress the process of bonding thetal with boneThe term he
chose was osseointegration, from the Latin words os (bone) and integro (to renew). This is
a term that is now used very frequently and is also one of the keypoints behind creating new
structures, such as the trabecular structure. He and s tteen proceeded to create
numerous papers and carry out a vast volume of research and experiments towards the

creation of titanium dental implani31].

HOW A NATURAL HOW AN IMPLANT
TOOTH ATTACHES TO ATTACHES TO
BONE BONE

Natural tooth crown—— y ——Atrtificial tooth crown

Gum tissue — l&

]
[

—Implant abutment

Fibers holding—" i e J/
gum to tooth /{ : -
| Gum tissue
/
—Screw-type implant
Bone
Fibers holding———— 7= ©
tooth to boneg — Note that bone
(periodontal attaches directly
ligament) to implant; called

osseointegration

Fig. 8: Image of a section showing tdédference in the contact region of a natural tooth
and an osseointegrated impl&3s].

16
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In 1965,B rnemark successfully implanted the first titanium imp[&8{. His patient,
G°sta Larsson was the first person to ever
his life tremendouslyBrn-e mar k pl aced f our titanium scr
mandible, waited several months and then proceeded to place a set of false teeth. All of the

titanium fixtures s uadbeenceadgedforthebtef®®. pati ent 6

This method proved to be very effective. Eventually, in 1B7&emark won the
approval of the team of three independent Swedish dentists who reported to the Swedish
National Health and Welfare Board. As the result of this eventBtheermark method
became fully covered by the Swedish national health insurance system in 1976. A year later,
in 1977,B rnemark began to train the first Swedish dental experts in his methods and
technique$28].

The evolution of dental implants went on and many other improvements follénved
1978,B rnemarkentered into a commercial partnership with Bofors AB. With this company
as the parent company, Nobelpharma AB (lateramed Nobel Biocare) was founded in
1981[18]. In 1997, the first tapered implarfi@. 9 left) was created and in 1998 thd-Ah-

4 system was inventedrif. 9 right). This groundbreaking method of implahbn
dramatically changed the lives of patients who have been previously unable to have dental

implants placed in their jaw due to bone I{&3].

Fig. 9: Left T tapered implantf34]; right- the All-on-4 system, where a whole arch of
artificial crowns is supported only by 4 dental impldB§).

17
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During the 8006s, the word spread to t
University, who was trained und8rrnemark, organized the 1982 Toronto confeecon
Osseointegration in Clinical Dentistry.dve than 70 universities responded and sent their
representatives. At this important confererBenemark presented more than 15 years of

his diligent research on humans and anir{z8$.

Up to 2014, more than 7 millioB rnemark system implants have been plgd&d
and hundreds of companies already produce dental implants. The demand for dental implants
is very high, as approximately 450,000 implants are placed every year. In the case of single

tooth replacement, the expectation of success rate is around33.%
3.2 Approachingtreatment

The purpose of dental implants is to provide a stable;nmawving anchor in the
jawbone. This anchor serves as a support for the artifepéacement tooth (crown), which
is installed on the top of the dental implafig( 10). The whole extrinsic body then
comprises of the dental impi crown and the abutment, which is an interconnecting piece
of metal installed on top of the dental implant. Treatment in the form of dental implants
should be considered as a viable option for the replacement of missing or damaged teeth as
it provides nore predictable results than bridgework, rdsamded bridges or endodontic
treatmen{36] andalso does not cause bone IfK3]. Dental implants therefore have a way

of keeping the jawbone healthy and functional and are also fulfilling the esthetic demands.

Crown

o
Abutment ks g

a
(5]
17 &
Implant g Ad Al
)

Fig. 10: Conventional implant and its parts (left) and its placement in the jaw (f&)jt)
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It is very important to acknowdge the need of treatment astfas possible. The
earlier a patient recognizes the problem, the better and more successful can the procedure of
treat ment be. Ac cTlerlanionBgne ReamodMoydresentédsmorke tham,
a hundred years ago, the bone of a healthy specintleslways adapto the conditions of
the load[38]. Therefore, if the tooth has been extracted or damaged and is\ger lo
providing sufficient load to the bonederneath it, the bone will start to remodel itself. As
a result, the bone will become weaker and less dense, as it no longer needs to withstand the
previously provided load. The fact that dental implants provide such load makes them

significantly superioto other methods of treatment.

The procedure of implantation is usually done in three sittings and is as fdllows
during the first sitting, the dental surgeon makes a small incision in the gingiva where the
i mpl ant wi || be placed. After tahdacteanituphey dr
for the placement of the implant. After the implant is placed, the hole in the gisgiva
stitched together and the patient now enters the healing phase, during which the bone
surrounding the implant heals and bonds with the metal (a grpcegiously described as
osseointegratior[B9]. After this healing period, which is usually three to five months long,
the patient visits the surgeon again. During the second procedure, the wound is opened again,
exposing the implant. A healing cap is screwed on the top of the implant in order to shape
and heal the gingiva. During the third sitting, the healing cap is removed and the abutment
is screwed into the implant, followed by placement of the crown. Multiple variations of this

procedure are also possible, resulting in eithergtage, or even orstage procedurdg89].

3.3Types of implants

Historically, there are four main types of dental implants that have been used in clinical
dentistry. They include theubperiostealKig. 11 A), blade(Fig. 11 B), ramus framgFig.
11 C) and endosseus screw or cylinddaped implantéFig. 11 D) [31]. However, since
most of contemporary surgeons use endosseous implantstypiewill only ballustrated

briefly and the main attention will be directed towards endosseous implants.
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C

Fig. 11: Different types of implants based on their shape and position towards the jawbone.
A) subperiosteal implanjd0], B) blade implanf40], C) ramus fraraimplant[41], D)
endosseous implaf2].

Endossous dental implants are avaiain different shapes, diameters, sizes, lengths,
surface modifications, coatings, materials and other properties. Nowadays, dental surgeons

have to choose from thousands of implant types withreifteproperties and attributgk3].

According to the method of placement, endosseous implants can be divided into 2
major sulgroupsi screwthreadedmplants and pusin implants.The pushn implants are
coated twith dayer of osseointegrative layer asmnply pushednto the drilled, cleaned
holeand left toosseointegrate. Screthireadedmplants are placed onto the top of the drilled

hole and screwed down.

Fig. 12 Variants ofcoatedpushin implants (left) and screwhreaded implants (right).
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4 Implant alloys and biocompatibility

Nowadays there are generally 2 major groups of materials used in implant déntistry
metals (mainly titanium and its alloys) acetamics. A great many other materials have been
used in the pastmaterials like gold, stainless steel, colddtomium alloys, various resins

and many more. Most of these materials, however, did not meet the necessary requirements

for longevity, biocomaptibility and mechanical properties and their production ceased as

new, better materials arog#t].

4.1 Bioceramics

Bioceramics is a rather new material in implant dentistry. It has been introduced in the
199006s adternativevto tdaabilimealloypt4]. Most ceramic implats are zirconia
implants. Ceramics have one substantial benefit over titahitmair color. If the gums are
worn out, the dark, grayish surface of titanium can be visible through thénypdaint
gingiva, impairing the overall esthetidsig. 13 left). Ceramic implants are white and their
esthetics are more appealing in this manner. Another great benefits are thermal non
conductivity, no piezeelectric currents between different metals in the mouth and no

corrosion[46].

Fig. 13: Comparison of a titaniurireated case (left) with recediggms and bioceramics
(right). The grayish surface of titanium might appear unesthetic compared to bioceramics,
where no defects are visible as the implant is wibé.
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Zirconiaimplants, however, do ngrovide much documented history of success as
they have not been around for a long pewbddime. They are also known to be prone to
shear and tensile loading. Surface wear may then lead to prenfature of the implant
Ceramics also have poor bonding abiliti@saking osseointegration questionapig].
Surface modifications of ceramic dental implants therefore a way obptimizing the
bonding procesl8]. Micro-roughness modificatior(sandblasting, acidtching), applying
bioactive coatings (collagen, calcium phosphate, bisphosponate) and other various
modifications are often performed inder to prepare the surface of the implant for osseous
healing[49]. A picture of a ceramic implant taken with an optical microscoEaasvn in
Fig. 14.

Fig. 14: Images of a bioceramics implant taken with an optical microséperall image
of the implant (left) and a magnified image of the upper area (right).

4.2 Titanium alloys

The use ofitanium alloys in various areas of biomedical engineaamgpw a standard
gold rule It is mainly due to their attractive propertiegery high tensile strength, corrosion
resistance, l ow density, | ow Youngd6s modul
human bone and tissue) and good ductiltg.the other handitéanium alloys also have one
very specific weaknese they are rather expensive, which is a fact that is limiting the
potential of their usage as conventional materials. Various effortdleavemade to reduce
their cost such as alloying with various elements, themmechanical treatments and

different approaches in the production prodéss.

To better fit the natural environment of human body, it is desirable to redudastie e

modulus of titanium alloys, making their mechanical behavior more similar to that of human
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bones and tissuy®&1]. An overview of various titanium and othéifferent alloys is shown
in Fig. 15.

CoCr (Cast) 240 |
AISI 316L 210 |
CP Ta 200 |
Ti-6Al-4V 112
Ti-6Al-7Nb 110
Ti-5Al-1.5B TT0
CPTi 100
Ti-16Nb-13Ta-4Mo 91
Ti-12Mo-6Zr-2Fe 85
Ti-15Mo-5Zr-3Al (ST) aged 30
Ti-29Nb-13Ta-4.6Zr(aged) 80
Ti-13Nb-13Zr Tl
Ti-29Nb-13Ta-4Mo 74
Ti-29Nb-13Ta-6Sn
Ti-29Nb-13Ta-4.6Sn
Ti-29Nb-13Ta-4.5Zr
Ti-29Nb-13Ta-2Sn
Ti-29Nb-13Ta-7.1Zr
NiTi
Bone

Implant Alloy

T

T T T 1
0 50 100 150 200 250 300
Elastic modulus [GPa]

Fig. 15: Moduli of elasticity of various biomedical allo}52].

Titanium has one great benefit over zirconia implarntss a welldocumented history

of success, as they have been used for a Igregerd oftime. Titanium implants can easily
reamain functionaafter 2530 years of servicgl6]. Titanium implants are also much more
versatile than zirconia implants. Since zirconia is aieee systemhere is not much space

for fine-tuning and rectification of the implant. Unlike zirconia, titanium implants are a two
piece system comprising of the body of the implant, which substitutes the root, and the
abutment, onto which the artificial crown is pldc&his system allows for a custom position
placement of the implant and even slightly-affgle positions with customized, angled

abutments, which are sometimesadekin case of local bone |0gi6] (Fig. 16).

0° 5 11° 17° 23° 30°

Fig. 16: Variants of agled abutmentir special applicationb3].
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Titanium is an allotropic material, which means it can exist in multiple crystalline
states. There are two of théinthe lowt e mp e r -phtse ané thelhigh e mper-at ur e
phase :-phafehhasalblogeacked hexagonal cr ysphasehasstr uc
a bodycentered cubic (BCC) structurd-ig. 17) [54]. The transition from the low
t e mp e r-phoise mte thdohigh e mper-ahase 6ccurs at 882AC,
use of different alloying elements with different mechanical properties. Therefore, using

various alloying elements allows for stabiligititanium in its respective phases.

B

Body-centered cubic
AN

Temperature

a
Hexagonal close packed

Fig.27#2# Two all otropic forms of tit-phasetothe The
BCCphase occ(54]®4.at 882AC

Choosing the elements for a specific alloy is bound with determining the final

structure. The choice of the elemeat® mes from their ability to
phase. The nsmhlizingelemamsofor titddium alloys are aluminum, oxygen,
nitrogen, gal lium and car b ehasecélbedveedin® usec

two sectionsi element s f or msomagphaush ¢ p 6  o-eutedbiditgpe. Bhe
isomorphoudype binary systeAiorming stabilizing elements are molybdenum, vanadium
and tantalum, while the eutecetigpe stabilizing elements are copper, manganese, chrome,
iron, nickel, colalt and hydrogen. Zirconium, tin and silicon are considered to be neutral,

considering theirlaility to stabilize either phad&5].
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Tab.1: Cri ti cal c on c«abilizinggetements requifedvtd
retai n 1 0pgh&se atdr quericheng n binary Ti alldgs].

Critical concentration

Element Type (Wt.%)
Molybdenum Isomorphous 10.0
Niobium Isomorphous 36.0
Tantalum Isomorphous 50.0
Vanadium Isomorphous 15.0
Tungsten Isomorphous 25.0
Cobalt Eutectoid 6.0
Copper Eutectoid 13.0
Chromium Eutectoid 8.0
Iron Eutectoid 4.0
Manganese Eutectoid 6.0
Nickel Eutectoid 8.0

The def i ni n-tganiam alays idtheit abilityotd renfain 100 % stable when
guenched -phasefield tb toan tdmperature. This stability is provided by alloying
titaniumw i t h -phabkeestalfilizing elements. By providing the alloy with certain elements,
we can stabilize either phase of titanium. Various elements can be used to lower the transus
temperature required to pr o-phasg.ehisemparatsd or mat
is the | owest t emper gphaserwdl exisn Othehelemdnts dad % o f
used to i ncr eeshe steh & i sphazkefietchof ehta leeonfination of
the two[56]. An overview of different), b and U+b biomedical titanium alloys is shown in
Tab.2.

The T6AI-4V alloy deserves mor&tention in particular, as it is the commonly used
alloy in total hip prostheses, dental implants and other biomedical applications. Wb an
titanium alloy with an excellent strength to weight ratio and very good corrosion resistance.
Aside from thebiomedical field, the FBAI-4V alloy plays a huge role in aerospace,
automotive, chemical plant, power generation, oil and gas extraction and many other
industries[57], where low density, high performance and egf$tctivity demands the use

of advanced materials.
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Tab.2: Various dental implant alloys and their mechanical propd#ids

Tensile Yield , Reduction Type
Elongation . Modulus of
Alloy strength strength in area alloy
[MPa] [MPa] [%] [%0] [GPa]

cp Tigrade | 240 170 24 30 102.7 U
cp Tigrade 2 345 275 20 30 102.7 U
cp Tigrade 3 450 380 18 30 103.4 U
cp Tigrade 4 550 485 15 25 104.1 U
Ti-6-Al-4V ELI (mill 860965 795875 10-15 2547 101-:110 U+ b
annealed)
Ti-6-Al-4V (annealed) 895930 825869 6-10 20-25 110114 U+ b
Ti-6AI-7Nb 900-1050 880950 8.1-15 2545 114 U+b
Ti-5Al-2.5Fe 1020 895 15 35 112 U+b
Ti-5Al-1.5B 9251080 820930 1517 36-45 110 U+ b
Ti-15Sr4Nb-2Ta
0.2Pd
(Annealed) 860 790 21 64 89
(Aged) 1109 1020 10 39 103
Ti-15Zr-4Nb-4Ta U+b
0.2Pd
(Annealed) 715 693 28 67 94
(Aged) 919 806 18 72 99
Ti-13Nb-13Zr (aged) 9731037 836908 10-16 27-53 79-84 b
TMZF (Ti-12Mo-6Zr- 10601100 1001060 1822 64-73 74-85 b
2Fe) (annealed)
Ti-15Mo (annealed) 874 544 21 82 78 b
Tiadyne 1610 (aged) 851 736 10 81 b
Ti-15Mo-5Zr-3Al b
(ST) 852 838 25 48 80
(aged) 10601100 10001060 1822 64-73
21RX (annealed) (Fi 979999 945987 16-18 60 83 b
15Mo-2.8Nb-0.2Si)
Ti-35.3Nb5.1Ta 596.7 547.1 19 68 55 b
7.1Zr
Ti-29Nb-13Ta4.6Zr 911 864 13.2 80 b
(aged)

Fig. 18 Figures showing geometrically modifida-6Al-4V ELI (extralow interstitial)
implants. Geometrical model (left) and cylinggeped implants with parallel beams

(right).
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The Ti6AI-4V alloy is anU+b alloy with the alpha hexagal close packed structure

and beta bodgentered cubic in the migstructure at room temperaturey. 19 [58]. It is
usually manufactred in two variantg the standard F6AI-4V and the Ti6AIl-4V ELI

(extralow interstitial), which is a highegpurity alloy with lower specified limits on Fe, C
and O. An overvievof the chemical composition of this alloy as well as pure (cp) titanium

is shown inTab. 3.

Tab.3: Chemical composition of various gradespftitanium and F6AI-4V alloys

[59], [60], [61], [62].

Titanium N C H Fe @) Al \Y, Ti
cp Tigrade | 0.03 0.10 0.015 0.02 0.18 - - balance
cp Tigrade Il 0.03 0.10 0.015 0.03 0.25 - - balance
cp Ti grade i 0.03 0.10 0.015 0.03 0.35 - - balance
cp Ti grade IV 0.03 0.10 0.015 0.05 0.40 - - balance
Ti-6Al-4V 0.05 0.08 0.015 0.30 0.20 5.506.75 3.504.50 balance
Ti-6Al-4V ELI 0.05 0.08 0.012 0.10 0.13 5.506.50 3.504.50 balance
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Fig. 19: SEM image othemicrostructure o Ti-6Al-4Vsampleanneal ed at
two hourg[58].
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4.3 Biocompatibility

For the right functionality and riskee usability in the human body, dental imp$an
have to be biocompatible. Thateans that every element used in the final allogtnine
corrosion resistant, tige compatible, vital and elas{g3]. Titanium itself, being the most
abundant element in the titanium alloy, meets the requirenoéticompatibility to an

excellent extenf64], [65].

Recently effort has been made to produce alloys free of V and Al as toxicity of V and
potentialneurological disorder impact of Al has been repofé, [66], [67], [68], [69].
Whil e Al and V ar e c owhiohaare curentiyseggald stamdardlic b a | |
implant dentistryattention has been directed towafdalloys, which commonly use Mo,
Zr, Nb and Ta as alloying elemenif&p. 2). This trend also corresponds with osteogenesis
T it has been reported, that the amount of new bone formation after a few weeks is the greatest
for niobium, then for tantalum and titaniufig. 20 @) [70]. Moreover, the results provided
by H. Matsuno et al[70] prove that during the-4 week period, the newly formed bone
tissue was smoothly attached to the metal implant. During thew2ek period, the

percentage of bone in contact with the implant has also rapidly iedi@ag. 20 b).
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Fig. 20: Two graphs showing th@ocompatibilityof different alloying elements in regard
to new bone formation and beimaplant contactVertical lines show standard deviations.
*Significant difference (p<0.09)0].

28



Mech. and numanalyses of titanium trabecular structures of dental implants formed by 3D printhng Bc.Lubog Ffehounek, 20

A series of in vivo test§63] provides information on the shoend longterm
biocompatibility of individual materials. According to the reported results, the bonding
abilities of tantalum are slightly inferior to those of titanium, with niobium being again the
best material. The biocompatibility of niobium can becdégd as excellent. The results for
titanium and tantalum are also very good, making these three metals very suitable for
biomedical applications. It should be noted that the experiments were also made for other
alloying elements, prong that aluminum isinsuitable for use asestabilizing element due
to itslimited ability to support cell growth (faronventionaimplantsi,it is still successfully
usedin the form of theU + Bi-6Al-4V alloy, originally designed for aerospace structures
[66]). Zirconium stands as a potentially good biocompatible element, but it has poor
corrosion resistance. Mtabilizinly grepertiesy onhtitisiumyv e r y
alloys, hut it was found that it is moderately toxic, making its use as a biomaterial
questionableAnother observable factor considering biocompatibility is cell volume. It has
been reportefb3] that aluminum, implant steel 316 L and molybdenum exhibit a reduction
in cell volume of the specimen, compared tetignium, which has been set as 100% for
the sake of comparison. Cell volume of the cells on tantalum and zincasiniot affected,
while come cells on niobium show a small increase in volume. Other types of cells do not
show any difference in volume or diameter ontitgnium or niobium. Reduction in cell
volume can be considered to the result of a cytotoxic efé¢ caused by reduction of the

cytoplasmatic part of the c4b3].

Commonly used biomedical titanium alloys have (in general) these mechanical
properties tensilestrength of 50aL000 MPaelongation of 120 % modulus 0fL00-120
GPa forU + fitanium alloysand55-85 GPafor b-type lowmodulus titaniumalloys [51].
lowYoungo6s modul us i s a weéedesiabedadntrodadgeglant al pr

material that has similar properties as its predecessor, the organic tissue.

Producing biocompatible alloys suitable for dental implants is also a question of
choosingthe best alloying elements. While elements like Zr, Nb, Mo and Ta possess very
good mechanical properties and biocompatibility, they are also very expensive and have,
compared to titanium, very high melting poij&l]. With the need for biocompatible
implants growing greater and greater due to an increased number of traffic ad@idents
and increasing age of population, the question of sustainable implant production is at hand.
While alloys including not o x i c , expensive el ememhase capaktk

(such as Nb, Ta, Zr or Mo) represent the superior matdrial also desirable to develop
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other, new alloys, including more common, abundant mgta]s Expensive metals can be
substituted with Mn, Fe, Si and Sn, bueth ar e ¢ ommo n | -gtabiizinge d o n |
el ements and do not p o s-phass,so atldast sombadditiortof t o

t h estalflizing elements is requir¢dl] and such alloys are the subject of further studies.

The standard) + Blloys contain Al, V or Ni, but they are not to be considered
poisonous or strictly heakttamaging as their dangerous potential rather lies ig-tem
implantation effect471]. These alloys have excellent mechanical properties, very good
corrosion resistance and exhibit no immediate biocompatibility issuesjection in the
living tissue environment. Despite the fact they have been used for extensive periods of time,
Co-Cr based and T6AI-4V alloys are considered not ideal for letggm implantation
because they contain higlytotoxic elements like V, Nor Co. Nickel is even considered an
allergic carcinogen that shows one of the worst results in metal allergdid 3séduminum
is known to be an elementinwoe d i n neur ol ogi cal di seases,
and metabolidonediseasd74]. While alloys with these elements are still one of the best
materials inthe field of prosthetics and implant dentistry, it is presumed that future
development will be shifted towardsalloys with even more biocompatible elements like
Nb, Ta, Mn or M 71].

One of the most basic biocompatible aspects of Ti alloys is their low modulus, as
describedn Fig. 15 (varying roughly fromb0 GPa to 10 GPa), which is far lower thahat
of 316 L implant steel (around 210 GPa) and Co alloys (ar@gdfdsPa), preventing bone
resorption and implant looseniffsR]. Since the interaction of the implant amgnan body
occurs on the surface of the implant, surfaeatment and roughness of the implant is

considered to be critical when evaluating biocotitgay [75].

4.4 Surface treatment and osseointegration

One of the main deciding factors of a successful osseointegration of the implant is the
guality of its suface. The geometry of the implant and its surface treatment play an important
role during the bonding process in the early stages of osseointegi@joDirecly after
implantation, the bone in the pémplant area starts to interact with the implant. Generally,
there can be 2 responses after implantation. The first response mean$ thiduoeganism
of the host creates a fibrous soft tissue capsule atefrénplant area. This capsule does

not provide a good mechanical fixation and eventually leads to clinical failure of the implant.
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The second response means osseointegratidinect bonemplant contact without any
disrupting interconnecting soft tisslager.

There are severédctors that decide whethesseointegration will be successiuior
the sake of brevity, only the most important ones will béregbed. Generally, the most
important parameters which are usually modified are surfacédmesg, gometry of the
implant and chemical composition of the surface. The main indication for using an implant
with modified surface is usually pobone condition of the patie[6]. Reports have shown
that titanium implants with roughened surfaces exhibit better bonding with newly formed

bone tissue than implants with standard, machined suifacg$78].

Surface rougness has been proven to play an important role in the bonding process
[79], [80], [81]. The greater the surface area of the implant, the greater the interlocking
between the implant surface and bdnéone ongrowth. However, there is a potential
downside to having a very fine mieroughness. As the surface area loé implant
magnifies, so does the potential risk of ionic lea&3$ Therefore, a moderate roughness
of 1-10e nis recommended for maximizing the interlocking between the new bone material
and implant surfacg’ 8], [81].

Fig. 21: Manufactured functional titanium implant stems coated with porous titanium by
means of plasma sprayingonical stem with oblique beams (leftylindrical stem with
obliqgue beams (middle) amylindrical stem with parallel beams (righithages obtained
from the 2015TA03010886project report submitted by CTU Prague, Faculty of Civil
Engineering.

The most common methodd$ roughening the implargurface are titanium plasma
spraying(Fig. 21), blasting with ceramic particles, aedtiching and anodization. Some of
the variousurfacegeometry modifications am@so presented iRig. 22
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