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Abstract

Titanium and its alloys are widely used as biomaterials in hard tissue replacements due to their unique physiological
environment responses and chemical and mechanical properties, such as corrosion resistance, fatigue resistance, and
ductility. Other metals used as biomaterials have elastic modulus with values ten times higher than human bone,
which can cause failure when there are impacts. Several studies report hip prosthesis failures due to fatigue. This
article aims to carry out studies on the mechanical properties and fatigue resistance in an environment that simulates
those of the joints of the human body, using hip prostheses manufactured with Ti 6Al 4V alloy with hydroxyapatite
coating. Samples were taken from the neck region for microstructural characterization to identify grain size,
inclusions, microhardness, tensile test, scanning electron microscopy, energy dispersion spectroscopy, X-ray
fluorescence,e, and X-ray diffraction also performed. After applying more than 10,000,000 cycles with compressive
forces ranging from -0.3 kN to -3.0 kN, no cracks were found and it was observed that the part suffered only elastic
deformations.

Keywords: Hip prosthesis; ASTM F136; Fatigue Tests.

Resumo

O titanio e suas ligas sdo amplamente utilizados como biomateriais em substituices de tecidos duros devido a sua
resposta Unica em contato com o ambiente fisiol6gico e as suas propriedades quimicas e mecéanicas, como resisténcia
a corrosdo, resisténcia a fadiga e ductilidade. Outros metais utilizados como biomateriais possuem modulo de
elasticidade com valores dez vezes maiores que 0 0sso humano, o que pode causar falhas quando ha impactos. Varios
estudos relatam falhas de proteses de quadril devido a fadiga. Este artigo tem como objetivo realizar estudos sobre as
propriedades mecanica e resisténcia a fadiga em um ambiente que simule as articulagbes do corpo humano, utilizando
préteses de quadril fabricadas com liga Ti 6Al 4V com revestimento de hidroxiapatita. As amostras foram retiradas da
regido do pescogo para caracterizacdo microestrutural para identificacdo do tamanho de gréo, inclusdes, microdureza,
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ensaio de tracdo, microscopia eletrénica de varredura, espectroscopia de dispersdo de energia, fluorescéncia de raios
X e difracdo de raios X. Apds a aplicacdo de mais de 10.000.000 ciclos com forcas de compressdo variando de -0,3
kN a -3,0 kN, ndo foram encontradas trincas e observou-se que a amostras sofreram apenas deformacdes elasticas.
Palavras-chave: Prétese de quadril; ASTM F136; Ensaio de Fadiga.

Resumen

El titanio y sus aleaciones se utilizan ampliamente como biomateriales en reemplazos de tejidos duros debido a sus
respuestas ambientales fisiologicas Unicas y sus propiedades quimicas y mecanicas, como la resistencia a la corrosion,
la resistencia a la fatiga y la ductilidad. Otros metales utilizados como biomateriales tienen médulos elésticos con
valores diez veces superiores al hueso humano, lo que puede causar fallas cuando hay impactos. Varios estudios
reportan fallas de protesis de cadera debido a la fatiga. Este articulo tiene como objetivo realizar estudios sobre las
propiedades mecanicas y la resistencia a la fatiga en un ambiente que simula las articulaciones del cuerpo humano,
utilizando prétesis de cadera fabricadas con aleacién Ti 6Al 4V con recubrimiento de hidroxiapatita. Se tomaron
muestras de la regidn del cuello para caracterizacién microestructural para identificar tamafio de grano, inclusiones,
microdureza, prueba de traccion, microscopia electrdnica de barrido, espectroscopia de dispersion de energia,
fluorescencia de rayos X, y también se realizé difraccién de rayos X. Después de aplicar mas de 10.000.000 de ciclos
con fuerzas de compresion en el rango de -0,3 kN a -3,0 kN, no se encontraron grietas y se observo que la pieza solo
sufria deformaciones eldsticas.

Palabras clave: Prétesis de cadera; ASTM F136; Pruebas de fatiga.

1. Introduction

For centuries, efforts have focused on developing components to effectively repair or replace damaged parts of human
tissue. Catheters, stents, plates, pins, lenses, prostheses, and countless other implanted devices enabled survival and restored
the functionality of biological systems, improving quality of life (Antonelli, 2011). The development of new metal alloys for
application in biomaterials and advanced surgical techniques have improved the quality of life of millions of people who had
dysfunctions where these metals replaced members of the human body (Souza,2022).

The main causes of failure of an orthopedic metallic biomaterial, such as those used in hip prostheses, are commonly
related to the failure to meet the properties necessary for its good performance, which include resistance to fatigue, which can
fail the Prosthesis, and even strains (Wang,2013). Cyclic changes are caused by the movement of the human gait, which can
result in fracture due to fatigue, or lead to implant loosening (Nassab, 2010).

Fatigue fractures occur due to the actions of stress concentrating agents in certain geometric locations (Chen, 2015).
The site that suffers the greatest tension applied to the stem is the neck region of the hip prosthesis, where approximately 200
to 350 MPa is applied (Liu, 2019). The fatigue limit of implantable alloys depends on factors such as the manufacturing
process, surface conditions, microstructure, and stress application conditions, which are related to the movements of
individuals (Silva Junior, 2021).

Titanium alloys have been used as implant materials because of their desirable characteristics, such as low density
(compared to stainless steel), high corrosion resistance, biocompatibility, and excellent mechanical properties. Titanium and its
alloys stand out among the main metallic alloys used in implants, mainly Ti-6Al-4V, because of its high strength-to-weight
ratio, mechanical properties at high temperatures, and high corrosion resistance. Approx. 50% of the titanium alloys produced
in the world are Ti-6Al-4V (Rocha, 2018).

Commercially pure titanium consists, at room temperature, of a single-phase, with a hexagonal close-packed (HC)
crystal structure, called the a-phase. Titanium exhibits an allotropic transformation upon reaching 882 °C (critical
temperature). At temperatures above the critical temperature, commercially pure titanium consists of a single phase, with a
body-centered cubic (BCC) structure, called the  phase (Couto,2006). The addition of alloying elements can stabilize the o or
B phases, so titanium alloys can present, at room temperature, a single o structure, a single {3 structure, or a mixture of these
two phases (o0 + B alloys). Aluminum is an a-stabilizer, and vanadium is a -phase stabilizer, which is why Ti-6Al-4V is
classified as an o+ alloy (Kirchner, 2015).
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The addition of aluminum and vanadium to the titanium alloy also causes a change in fatigue strength, yield strength,
hardness, microstructure, fracture pattern, and elongation, but the modulus of elasticity is almost unchanged compared to
titanium pure (Costa,2009). The Ti-6Al-4V alloy has twice the value of tensile strength compared to pure titanium,
maintaining the low density that provides a reduction in the weight of the prosthesis, thus increasing the comfort of the user,
for having a prosthesis of smaller size (Brandla, 2011).

Hydroxyapatite (HA) has been widely studied in recent decades due to its physicochemical properties suitable for
bone tissue repair, which constitute from 30% to 70% of the mass of bones and teeth, favoring osteoconductivity, enabling the
bone growth in the places where it is found, it has bioactivity not producing immunological or inflammatory reactions, in
addition to facilitating the proliferation of bone cells, being therefore suitable for orthopedic and dental implants
(Sidane,2015).

Bone formation in implants is significantly greater over coated implants than in uncoated titanium implants (Rafi,
2013). Although walking is an unconscious and almost automatic movement, it is highly complex, as it requires the perfect
harmony of the body internally, opposing the external forces that are in constant action on the segments and joints
(Souza,2022).

The interest in studying internal forces and movements is linked to the relationship between internal forces developed
in the body and the development of injuries in the musculoskeletal system (Bahrm, 2005). From the directions and magnitudes
of the static and cyclic forces that occur in the joints, it is possible to assess the possibilities of injuries during the performance
of different movements and positions (Cantergi,2011). Gait alteration is a frequent problem with aging. During gait, the efforts
acting on the joints can vary from zero to seven times the body weight (Paul,1976). It is estimated that the peak contact stress
at the hip can reach 20 MPa during stair climbing (Hodge,1986).

Orthopedic implants are subjected to static and/or dynamic efforts, most of the time of relevant magnitudes, so it is
necessary to verify the durability and what are the possible failures that can happen in hip, knee, and shoulder prostheses,
through the performance of the fatigue test meeting the new requirements of ANVISA (National Health Surveillance Agency),

which changed the minimum number of cycles from 5,000,000 to 10,000,000 to be supported without failure by hip prostheses.

2. Methodology
For the realization of this article, specimens of Ti-6Al-4V alloy were used, three taken from a cylindrical bar with the
dimensions of 15 x 150 mm2, from which hip prostheses are manufactured and three of hip prostheses with coating, from

which other specimens were taken for analysis. The samples were subjected to several tests shown in the flowchart in Figure 1.
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Figure 1: Sample embedded a) cylindrical sample and b) sample is taken from the neck of the prosthesis.
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Figure 2 shows two samples being a) taken from a billet of the Ti6AI4V alloy that was received as raw material for
the production of prostheses and b) a sample from the neck region of the prosthesis after the fatigue testing of metallographic
preparation using conventional techniques such as embedding, sanding, polishing and chemical etching following the
instructions of the ASTM E3 standard.

Figure 2: Embedded sample a) cylindrical sample and b) sample taken is taken the neck of the prosthesis.

Source: Authors.

In the observation of the samples, an optical microscope Olympus BX60M was used coupled with an iman age

scanning and analysis system. In addition, a Jeol scanning electron microscope, model JSM-6010LA, coupled to a chemical
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analysis system using energy dispersion-EDS spectroscopy was used. In the Vickers (HV) microhardness test, a Buehler 1600
microhardness tester with a diamond indenter was used with an application of 500 gf.

The inclusion content was determined according to the ABNT NBR NM 88:1996 standard, following method 1
presented in the standard. For each image observed, inclusions from levels 1 to 5 were recorded, for each fine or coarse series
and, in the end, the average of the highest density values recorded in the sample was calculated. With the average of these
values, at the end of the analysis of the specimen, the content of inclusions, for each series, of the analyzed material was
indicated. X-ray diffraction tests were performed in a Malvern PanAlytical Empyrean equipment, and a generator tube with Cu
anode, with a voltage of 45 kV and 40 mA, with a 20 variation from 10° to 110°, the step of 0.02° and with a step time of 3s.
For the determination of the chemical elements present in the sample, a semiquantitative analysis was carried out, by the
analytical technique of X-ray fluorescence (FRX) by energy dispersion, the method used for analysis was the direct one, the
Ti6Al4V sample was positioned in a sample holder micro X-cell-SPEX, performed on a Shimadzu EDK-720 equipment. For
the fatigue test, support was developed for positioning the prosthesis at the angle required by the test standard (put the standard

number), as shown in Figure 3.

Figure 3: Prosthesis positioned through the support.
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Support
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Source: Authors.

For the fatigue test, a device for positioning the prosthesis was built. Complying with the ABNT NBR I1SO 7206-4
standard indicates the correct load application point, which may imply an error in the analysis of the performance of the
prostheses in case of application at another point. Figure 4a shows the device built as a template and which positions the
prosthesis so that its point of application is as indicated by the standard, where the values of angles a equal to 10° and B equal

to 9°, that is, there is a guarantee that the forces were applied correctly.
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Source: Authors.

For test bodies (CT) that are 200 mm long, it is necessary to place 80 mm of the prosthesis embedded in cement, the
alpha angle will be 10° and the beta angle will be 9°. After positioning the prosthesis in the cement and resting for 24 hours to
obtain maximum strength, the fatigue test was performed on an Instron 8801 machine, with the parameters adjusted for a
compressive load, with a frequency of 15 Hz with a load of maximum -0.3 kN and minimum -3.0 kN, the fatigue test followed
the ABNT NBR 7206-4 standard, Figure 4b. The tensile test was carried out in EMIC equipment, model DL20000, following
the ABNT NBR ISO 6892-1:2013 standard — Metallic materials - Tensile Test. The samples were subjected to tensile force
until the material rupture to determine mechanical properties (elongation, deformation, and tensile strength, among other
parameters).

3. Results and Discussion
Figure 5 shows a micrograph of the Ti6Al4V alloy of the cylindrical sample. It is possible to observe the presence of
the o phase and the B phase. It is possible to notice a homogeneity in the structure, the desired characteristic in orthopedic

implants as its results, resulting in animal properties in service, such as fatigue resistance.
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Figure 5: Microstructure of the titanium alloy Ti-6Al-4V of the cylindrical sample at 1000x magnification.

Source: Authors.

The microstructure of the sample taken from the neck region of the prosthesis is shown in Figure 6, it is observed
that the grains of the alpha phase had an increase in size after the fatigue test, caused by the deformation suffered by the

prosthesis.

Figure 6: Microstructure of the titanium alloy Ti-6Al-4V of the prosthesis at 1000x magnification.

Source: Authors.

The grain size was calculated using the ImageJ software and the Heyn intercept method, shown in Figure 7, in the
result obtained with ImageJ, the average grain diameter was 4.94 nm and the average grain area was 31, 16 um?, in the Heyn
intercept method, the value of 4.88 nm in mean grain diameter. In this way the two results obtained correspond to ABNT (TG)
grain size number 12, thus corresponding to ABNT NBR 11568:2016 grain size number 5 or finer.

C 132pum
I = = =4,88n
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Figure 7: Microstructure used in the Heyn intercept method.

132 um

Source: Authors.

The results of Vickers microhardness can be seen in Table 1, the values obtained showed no deviation considered,
showing homogeneity of the structure of the titanium alloy. Based on the literature [14], the estimated value for the Vickers

microhardness of the Ti-6Al-4V alloy is 349 HV, in the test performed the values found were as follows:

Table 1: Vickers Microhardness result.

Indentations | HVjsq0
1 3621
2 3585
3 3428
4 3428
5 3421
& 3442
7 343,5
8 333.8
e 3489
10 3650
Average 348,37
Standard 10,12
deviation

Amplitude | 31.2

Source: Authors.
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The analysis of the samples’ inclusions content revealed the presence of inclusions of type A and B, respectively
sulfides and aluminates, and only inclusions of type C and D, called silicates and globular oxides, respectively, in type C
inclusions were not detected. severity 1 was not reached, and in type D severity 1.5 was not reached, both in the fine series and
in the coarse series. Another point that can be analyzed in Figure 8 is the presence of OS (silicate-type oxides) and globular
oxides (GO). The observation by meausingal microscopy of the Ti-6Al-4V alloy revealed the presence of a small amount
number of spots, identified as inclusions and porosities, but which could not be differentiated at this magnification, the

analyzed images can be seen in Figure 8.

Figure 8: Determination of inclusions content: a) 100x magnification, b) 500x magnification.

Source: Authors.

In Figures 9 and 10, the presence of two phases o (compact hexagonal) and B (body-centered cubic) can be noted in

the micrograph. Thus, it can be affirmed that this alloy is a+f, and the B phase is homogeneously distributed in the o matrix.

Figure 9: Microstructure of the cylindrical sample with 1000x magnification — SEM — Secondary electrons.

CA0003 A SD65 x15k S0um

Source: Authors.
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Figure 10: Microstructure of the cylindrical sample with 3000x magnification — SEM — Secondary electrons.

Source: Authors.

Figure 11 shows the presence of a substructure inside the grains composed of lamellar phases o and f. This
substructure is formed by lamellae of the o phase inside originally B grains. The p phase is predominant in the subgrain
contours. It is also possible to notice the formation of a lamellar microstructure, in extremely final shapes, resembling needles,

characteristic of the alpha phase.

Figure 11: Microstructure of samples after fatigue test with 1500x magnification. — SEM — Secondary electrons.

A SD5.3 x1.5k 50 um
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Source: Authors.
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The change in the microstructure is due to the mechanical work caused by the fatigue test. This change in the
microstructure will also occur during the use of the user since, in a normal walk, a force of 7.6 times the user's weight can be
applied (Nassab,2010).

In order the presence of o and B phases in the samples, analyzes were performed with X-Ray Diffraction (XRD).
Figure 12 shows the diffractogram obtained in the XRD analysis of the cylindrical sample and of the prosthesis tested, where
the points of greatest mechanical stress were selected, compared with the JCPDS database, using the Crystallographica-Search

Match program.

Figure 12: X-ray Diffraction of Ti-6Al-4V sample.
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Source: Authors.

Based on the XRD results, it was possible to notice a difficulty in identifying the  phase in titanium alloys when the
o phase is also present. This occurs because the most intense reflection plane of phase B (110) has a position coincident with a
reflection plane of phase o (002) so that the result is masked. As the percentage of B phase in the Ti-6Al-4V alloy is relatively
low and the other non-coincident reflections are of low intensity, it is practically impossible to ensure the presence of the 3
phase only.

For a more complete analysis of the phases and elements present, energy dispersive spectroscopy (EDS) was

performed ed, as shown in Figure 13, which showed the presence of nitrogen, vanadium, iron, and aluminum.
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Figure 13: Energy Dispersive Spectrum (EDS) of the cylindrical sample.
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Source: Authors.

Figure 14 shows the diffractograms of the sample taken from the prosthesis, titanium peaks, and the presence of
aluminum, carbon, and oxygen. In this way, the possibility of any type of contaminant in the samples is excluded.

Figure 14: Energy Dispersive Spectrum (EDS) of the neck of the prosthesis.

Source: Authors.

Because the dispersion energy of titanium and vanadium are close, it was not possible to obtain an exact result of the

presence of vanadium in the sample. Material has the presence of titanium, aluminum, vanadium, and iron, as can be seen in
Table 2.
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Table 2: X-ray fluorescence result.
Maximum Composition (%) p'p | Sample Values (%)
Oxygen 0,20 0
Carbon 0.10 0
Iron 0,20 0.203
Aluminum | 5,5-6.75 53
Vanadium | 3,5-4.5 4.1

Source: Authors.

In the fatigue test with a frequency of 15Hz, the prostheses were subjected to cycles with loads between -0.3KN and

-3.0 kN, showing no deformity, fracture, or oxidation, the test lasted 8 days and presented similar results in the three trials. The

prosthesis was subjected to a visual inspection to check for non-conformities and possible cracks after the fatigue test to which

it was submitted. In Figure 15a it is possible to verify the deformation of the prosthesis in the cycle to which it was submitted,

according to the sampling of 1 million cycles. The deformation of the prosthesis remained at 0.3 mm steadily, as shown in

Figure 15b.

Figure 15: Behavior of the prosthesis at the beginning and end of the fatigue test.
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The tensile test was evaluated following the standards of ABNT NBR 1SO 6892-1:2013. The standard establishes
897 MPa as the minimum value of the tensile strength limit. In Figure 16, it is possible to verify the stress versus deformation

graphs of the specimens, three tensile specimens of the Ti-6Al-4V alloy were tested.
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Figure 16: Stress x Deformation Chart: a) specimen 1, b) specimen 2 and c) specimen 3
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Source: Authors.

The results provided by the tensile test equipment for the specimens are presented in Table 3. The results presented
meet the minimum indicators of the ASTM F138 standard, thus the mechanical behavior presented is within the values
expected by the literature.

Table 3: Tensile test result.

Body of | Specimen area | Flow Limit | Tensile Strength
Test (mm) (MPa) Limite (WPa)

1 28.274 920 956,82

2 28274 935 969.16

3 28274 1266.1 1266,10
Average 28274 104036 106402

Source: Authors.
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According to data obtained in the tensile test, it was possible to notice that the specimens presented adequate
mechanical strength results. Following the ASTM F136 standard, where a yield strength of 828 MPa is recommended, and the
yield strength stress is the recommended parameter for use in projects, the results obtained show that the specimens studied are

within the minimum required for use in implants.

4. Conclusion

The inclusions are within the standards required by the ABTN NBR NM 88:1996 standard, the grain size obtained
was 4.94 nm by the Image J software and the Heyn method 4.88 nm, which corresponds to ABNT (TG) n°12 which complies
with the ABNT 11568:2016 standard, which meets the manufacturing standards for surgical implants. The chemical
composition obtained by EDS and FRX, shows the contents of the elements present within the regulations. Microscopy shows
the balanced presence of the alpha and beta phases before and after the deformations suffered by the tested prostheses. In the
X-Ray diffraction patterns in the sample peaks were perceptible, evidencing the identification of the o and B phases, being able
to affirm that the Ti-6Al-4V alloy is an o+f mixture, and B is distributed homogeneously in the o matrix, finding the
components the vanadium carbonates. The fatigue test of the prosthesis provided evidence that the component withstood more
than 10,000,000 without failures or cracks, it appears that the prostheses suffered only elastic deformation. The mechanical
properties obtained in the tensile test exceed the minimum values required by the standard, the tensile strength limit found

1064 MPa being within the minimum required for use in implants. The Vickers microhardness found was 348.37 HV0.500.
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