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Enhancing the Structural and Mechanical Properties of Ti-Zr Alloy through Boron Doping
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Highlights: ABSTRACT:

« Boron promotes TiB
intermetallic phase
formation in Til5Zr-
B alloys.

 Increasing boron
content enhances
hardness in Ti-Zr-B
alloys.

» Small amounts of
boron improve
tensile and yield
strength, but
excessive amounts
decrease strength

This study aims to improve the structural strength of the commonly used Ti-15Zr alloy in dental
applications by investigating the effects of low boron additions. Ti-15Zr alloys containing 1-4%
boron have been produced by vacuum arc melting. The phase ratios in the microstructure of the
produced alloys vary according to the boron content. With increasing boron content, the ratio of
TiB compound in the phase structure increases. The hardness of Ti-Zr-B alloys exhibited a
notable increase in correlation with rising boron content. Measured hardness values of 36.31,
39.50, 44.14, and 53.40 displayed a clear upward trend with higher boron percentages. The
tensile strength of the Ti-Zr-B alloys exhibits a trend of initially increasing with boron content,
reaching its highest value of 888 MPa at 1% boron. The yield strength follows a similar with
tensile strengh, with an initial rise from 449 MPa at 0% boron to a peak of 562 MPa at 1% boron
content. Beyond this point, the yield strength slightly decreases to 469 MPa at 2% boron but
sharply drops to 186 MPa at 4% boron content. As boron content increases in the Ti-Zr-B alloys,
the percentage elongation, indicating the material's plastic deformation capacity before fracture,
consistently decreases from 17.03% at 0% boron to 0.70% at 4% boron content.
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INTRODUCTION

Continuous research has been conducted on implantation since its first modern production in 1960.
As a result of the constantly evolving implant technology, individuals can achieve a healthy life with a
success rate of 96-98% through simple surgical interventions. Over the past fifty years, the
biocompatibility and osseointegration (compatibility with living bone tissue) durations of dental implant
materials such as Ti alloys and CoCr alloys have become current research topics. The presence of the
Cr* ion resulting from the dissolution of the Cr element in CoCr alloys has placed chromium in the list
of toxic elements today due to the various diseases it causes in human health. Cr** ion has been reported
to be toxic and carcinogenic (lung cancer) even if ingested with food (Achmad et al., 2017; Gev et al.,
2019; Jiang et al., 2019).

Among the many dental implant materials developed to date, Ti-based alloys have become one of
the most popular dental implant materials in terms of both biocompatibility and osseointegration
duration, thanks to their superior biocompatibility and shorter osseointegration periods (Ferlic et al.,
2020). In the research conducted to date, pure commercial titanium (cpTi) has been found to be suitable
for use as an implant material due to its high specific density, corrosion resistance, biocompatibility, and
low cost (Kaczmarek et al., 2016). However, the inadequate mechanical properties such as hardness,
wear resistance, and strength, in addition to the mentioned characteristics, limit the use of titanium metal
(Zhu et al., 2003). In implant applications, the most significant feature that comes to mind is
biocompatibility rather than mechanical, chemical, or physical properties (Demirci et al., 2015).
However, the alloy to be used as an implant must not cause toxicological or allergic reactions in human
health. In this regard, the most suitable titanium alloy, Ti-6Al-4V alloy, is the most commonly used
dental implant material in the implant industry due to its better physical and mechanical properties
compared to pure titanium. However, research has raised concerns that the release of Al and V ions
during the use of the Ti-6Al-4V alloy may cause health problems in the long term (Ho et al., 2008; Ho
et al., 2009). In line with these concerns, a study reported that these ions could lead to neurological
problems such as Alzheimer's disease and various deformations in tissues (Correa et al., 2014). Based
on the findings obtained from these studies, new-generation dental implant materials, known as B-phase
alloys, have emerged by using elements with higher biocompatibility such as Nb, Zr, and Mo instead of
Al and V, which can cause various diseases in the body (Medvedev et al., 2016). Recently, research has
been conducted on binary alloy systems such as Ti-Zr, Ti-Mo, Ti-Hf, and Ti-Ta as alternative materials
for dental implants and prostheses. Commercialization of Ti-based alloys using high-melting elements
such as Ta (Melting point, 2996 °C), Hf (Melting point, 2225 °C), and Mo (Melting point, 2615 °C) has
not been possible due to technical challenges and limited biological compatibility.

The main reason for the use and commercialization of TiZr alloys as implant materials is the
unlimited solubility of the two elements in each other, according to the Ti-Zr binary phase diagram. This
allows for solid solution strengthening of these alloys. Therefore, the low mechanical properties of Ti
can be improved through solid solution strengthening by adding Zr to its structure. The presence of a
single B(Ti,Zr) phase at high temperatures and an o(T1,Zr) phase at low temperatures distinguishes this
alloy from others. Due to this characteristic, there is no specific critical ratio for the alloy formed by
adding Zr to the Ti structure. Different studies have investigated the effects of adding zirconium to the
alloy on its overall mechanical and antibacterial properties to determine the suitable Zr ratio.

In a study by Kobayashi et al., Ti-Zr binary systems with different ratios were examined in terms
of mechanical properties, and the highest hardness was found in the composition of 50% Ti-50% Zr,
while the highest tensile strength was obtained in the composition of 75% Ti-25% Zr (Kobayashi et al.,
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1995). According to the study conducted by Ho et al. on Ti-Zr binary systems, Ti-10Zr, T-20Zr, Ti-
30Zr, and T-40Zr alloys were produced by arc melting, and their structural properties, mechanical
properties, and wear resistance were investigated. The investigations showed that hardness and flexural
strength increased with increasing Zr content. The hardness of pure Ti was 186 Hvo.1, while it was
determined as 266 HVO0.1 for Ti-10Zr and 350 Hvo 1 for Ti-40Zr. Flexural strengths also exhibited similar
trends with an increase in Zr content. However, flexural and elastic moduli were higher than that of pure
Ti but decreased with increasing Zr content, and the highest flexural modulus was achieved in Ti-10Zr.
The high elastic modulus of Ti-10Zr indicates good workability. Similarly, its wear resistance was better
compared to other alloys (Ho et al., 2008). These properties of the Ti-10Zr alloy demonstrate the
desirable characteristics expected from an ideal implant material.

In a different study, Ti-15Zr alloy was compared with Ti-grade4 in terms of microstructure and
mechanical properties. It was found that Ti-15Zr alloy had a smaller grain size and higher tensile strength
compared to Ti-grade4. Additionally, the fatigue limit of Ti-15Zr alloy was 30% higher. Based on this
study, Ti-15Zr alloy was suggested as a promising candidate for dental implant materials (Correa et al.,
2014). The addition of boron to titanium and zirconium alloys has been investigated in many studies,
where boride precipitates such as Ti-B (Zhu et al., 2003; Tamirisakandala et al., 2005; Louzguina-
Luzgina et al., 2009;) and Zr-B (Chui, 2018; Xia et al., 2015) have been formed. In these studies, it has
been found that the addition of boron in small amounts enhances the mechanical properties. Due to the
much smaller atomic radius of boron (85 pm) compared to titanium (140 pm) and zirconium (155 pm),
it can enter the interstitial sites within the HCP crystal structure (approximately 26% void fraction) and
improve the mechanical properties (Correa et al., 2018; Pan et al., 2019). According to the the Ti-B
phase diagram, it can be observed that Ti-B alloys containing trace amounts of boron form a-Ti and TiB
(intermetallic) phases at low temperatures (T<884°C), while B-Ti and TiB phases form at high
temperatures (884<T<1540). A similar situation is observed in the Zr-B binary phase diagram, where
the addition of boron in low proportions (up to 4 wt.%) will result in the formation of intermetallic
phases (TiB and ZrBy) along with (a-Ti, Zr). Furthermore, it has been found in the conducted studies
that the addition of boron in different proportions alters the morphology of the phases formed in the
microstructure of titanium and zirconium alloys.

In the scope of the research, it is proposed to address these disadvantages of titanium by improving
its mechanical properties, enhancing biocompatibility, and shortening the osseointegration period
through the addition of 15% by weight of Zr and varying amounts of the B element (0-4%) to Ti metal.
Despite the investigation of the effects of boron on the properties of metal materials such as Ti and Zr
in many publications based on binary (Ti-B/Zr-B) alloys and the improvement of dental properties, the
contribution of the B element in the Ti-15Zr alloy, which has superior dental implant properties, has not
been investigated. Therefore, below, the reasons for selecting the Ti-Zr alloy in line with the research's
objectives and subsequently why boron is chosen to be added to the binary system and how it affects the
properties are explained. To investigate the structural and mechanical effects of low percentages (1, 2,
and 4%) of boron addition on the Ti-15Zr alloy, commonly used in dental applications, and explore the
potential for creating a structurally stronger alloy for dental applications. To achieve this objective, Ti-
15Zr-xB alloys were produced using the vacuum arc melting method, which enables high-temperature
processing. The mechanical properties and structural characteristics of the produced alloys were
thoroughly examined, taking into account the specific requirements of dental applications.
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MATERIALS AND METHODS

In order to prepare the relevant alloys, high-purity titanium (Ti), zirconium (Zr), and boron (B)
metals were obtained in rod and ingot forms from domestic and international companies. Using the
respective pure elements, the primary alloy of the project, Til5Zr binary alloy, was first prepared,
followed by the preparation of Til5Zr-xB ternary alloys. For the prepared binary alloy, the metals were
melted and alloyed in a vacuum arc melting device. Each alloy was melted five times, alternating
between upright and inverted positions. After the five melting cycles, Til5Zr, Til5Zr-1B, Ti15Zr-2B,
and Ti15Zr-4B alloys were prepared in six different compositions. The elemental ratios for these alloys
are given in Table 1.

Table 1. Chemical composition of Til5Zr-xB ternary alloys

Ti () Zr (9) B (9) Ti (Wt.%) Zr (wt.2%) B (wt.%)
Til5Zr 9.60 1.69 0.00 85.03 14.97 0.00
Til5Zr-1B 9.49 1.69 0.12 83.98 14.96 1.06
Til5Zr-2B 9.37 1.69 0.23 83.03 14.97 2.00
Til5Zr-4B 9.15 1.69 0.45 81.03 14.97 4.00

The alloying processes of the prepared elements were carried out using a vacuum arc melting
device operated with a non-consumable electrode (tungsten). The external appearance of the vacuum arc
melting device, along with the supporting equipment and control mechanism, as well as a technical
drawing, are presented in Figure 1. It was determined that the metallic elements in ingot form did not
undergo any contamination resulting from the crucible during the melting process. The copper crucible
used for melting was water-cooled and showed no signs of deterioration, deformation, or adhesion during
the melting process. Furthermore, thanks to the PLC software, the temperature of the water cooling the
copper crucible can be continuously monitored from the control screen of the arc melting device.

Figure 1. Vacuum arc melting experimental setup a) Photograph image, b) schematic picture (1: Sleeve, 2: Power unit, 3: Vacuum
pump, 4: Control panel, 5: Control unit, 6: Bellows, 7: Electrode movement wheel, 8: Lighting window, 9: Observation window, 10:
Tray, 11: Water inlet control circuit, 12: Water outlet control circuit, 13: Supporting apparatus, 14: Stabilizing hinge, 15: Arc control

pedal)

The effect of boron on the phase formations of the alloys produced by the arc melting method was
determined by x-ray diffractometry technique (XRD). In addition, hardness and tensile tests were applied
to determine the effects of boron Ti-15Zr alloy on hardness, yield, tensile stress and elongation. Before
proceeding to these analyses, 4 different alloys produced by arc melting were divided into pieces by wire
erosion method. The oxide layer formed on the surface due to the cooling liquid used during wire erosion
cutting was removed by grinding. XRD analyzes were performed with a PANalytical brand Xpert
Powder® model device at room temperature using Cu Ka radiation (A = 1.5406 A)at a scanning speed of
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0.013 degrees/minute between 20-80°. After X-ray analysis, Rockwell hardness analysis was applied to
all alloys using 150 kgf. Hardness measurements were repeated from 5 different points on the surface of
each sample and the hardness value was determined according to the average of the measurements.
Innovatest mark Nemesis 9000 series universal hardness measurement system was used to measure the
hardness values.In order to apply tensile tests to the produced alloys, the samples were cut with wire
erosion in the dimensions of 1.51x2.6x10 mm (thickness, width, length) and their surfaces were ground.
Tensile tests were performed with an Instron 3382 model tensile tester at a deformation rate of 5x10*
mm/s. Three samples were prepared for the tensile tests and the average yield, tensile strength and
elongation were determined.

RESULTS AND DISCUSSION

Solidification of Ti-Zr alloys prepared through arc melting method was followed by phase
identification using X-ray diffraction (XRD) analysis. The XRD patterns of the obtained alloys are
presented in Figure 2. In the boron-free Til5Zr alloy, diffraction peaks corresponding to the Ti-Zr binary
alloy phase were observed. Titanium and zirconium metals have similar chemical and physical
properties, allowing them to dissolve in each other in any proportion (as per Hume-Rothery rules).
Therefore, Ti-Zr alloys form a single phase regardless of the alloy composition. By introducing boron
(B) in different amounts to the Ti15Zr alloy, the formation of the TiB intermetallic phase was observed.
No peaks corresponding to other intermetallic phases such as TiB2 and ZrB were detected (Kuroda, et
al. 1998). This is because under the given conditions, TiB is the most stable phase among the possible
boride phases. The presence of TiB intermetallic phase in the Ti1l5Zr-B alloys can be attributed to the
reaction between boron and the alloying elements during solidification. Boron atoms substitute for
titanium or zirconium atoms in the crystal lattice, leading to the formation of TiB. The intensity and
position of the TiB peaks varied with the boron content, indicating a change in the volume fraction and
lattice parameters of the TiB phase. The formation of TiB intermetallic phase can have significant effects
on the properties of Ti-Zr alloys. TiB is known for its high hardness, excellent wear resistance, and
thermal stability. The presence of TiB can improve the mechanical properties of Ti-Zr alloys, such as
hardness, strength, and wear resistance. Furthermore, TiB has a beneficial effect on the microstructure
of the alloys, refining the grain size and promoting a more homogeneous distribution of phases. The
XRD analysis provides valuable information about the phase composition and crystallographic
characteristics of the Ti-Zr-B alloys. It confirms the formation of a single Ti-Zr phase in the boron-free
alloy and the subsequent formation of TiB intermetallic phase with the addition of boron. The presence
of TiB phase opens up possibilities for tailoring the mechanical and structural properties of Ti-Zr alloys
for various applications, including aerospace, biomedical, and automotive industries. In conclusion, the
XRD analysis of the Ti-Zr-B alloys revealed the formation of the Ti-Zr phase in the boron-free alloy and
the formation of TiB intermetallic phase with the addition of boron (Grandin et al., 2012). The findings
highlight the potential for improving the properties of Ti-Zr alloys by controlling the boron content and
the resulting phase composition. Further investigations can focus on characterizing the mechanical,
thermal, and corrosion properties of these alloys to assess their suitability for specific applications
(Uluisik, et al., 2018).
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Figure 2. XRD plots of the Ti-15Zr-xB (x=0, 1, 2 and 4) alloys

The hardness of Ti-Zr-B alloys can be influenced by the formation of the TiB intermetallic
compound. In order to evaluate the hardness variations with respect to the TiB phase content, the
hardness values at different boron (B) percentages were measured as 36.31, 39.50, 44.14 and 53.40,
respectively. The hardness of the alloys show a clear trend of increasing hardness with an increase in the
boron content. This can be attributed to the presence of the TiB intermetallic phase, which is known for
its high hardness. As the boron content increases, the volume fraction of TiB phase in the alloy also
increases, leading to a greater contribution of the hard TiB phase to the overall hardness of the material.
The observed increase in hardness can be explained by the strengthening mechanisms associated with
the TiB phase. The presence of a second phase, such as TiB, can hinder the movement of dislocations,
thereby impeding plastic deformation and increasing the material's resistance to indentation.
Additionally, the high hardness of the TiB phase itself contributes to the overall hardness of the alloy.
The relationship between boron content and hardness can be understood by considering the atomic size
and crystal structure of the TiB phase. Boron has a smaller atomic radius compared to titanium and
zirconium, which allows it to occupy interstitial sites within the crystal lattice of the alloy. This leads to
the formation of the TiB phase, which has a different crystal structure and distinct mechanical properties
compared to the Ti-Zr matrix. The presence of the TiB phase contributes to the strengthening of the
alloy, resulting in higher hardness values. The observed increase in hardness with increasing boron
content suggests that the TiB phase plays a significant role in determining the mechanical properties of
Ti-Zr-B alloys. By controlling the boron content, it is possible to tailor the hardness and mechanical
properties of the alloys to meet specific application requirements (Sopchenski et al., 2018; Pereira, et
al., 2011). Higher boron contents result in a higher volume fraction of TiB phase and, consequently,
increased hardness. It is important to note that hardness is just one aspect of the overall mechanical

behavior of materials. Other mechanical properties, such as tensile strength, ductility, and fracture
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toughness, should also be considered for a comprehensive assessment of the alloy's performance. Further
studies can focus on investigating these properties to gain a more comprehensive understanding of the
relationship between boron content, TiB phase formation, and mechanical behavior in Ti-Zr-B alloys.
In conclusion, the hardness values of the Ti-Zr-B alloys increase with increasing boron content due to
the formation of the TiB intermetallic phase. The presence of the TiB phase, known for its high hardness,
contributes to the overall hardness of the alloy. This relationship between boron content and hardness
provides opportunities for tailoring the mechanical properties of Ti-Zr-B alloys for specific applications
that require enhanced hardness and wear resistance (Xue, et al., 2013).
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Figure 3. Effect of B addition to Ti-15Zr alloy on hardness

From the tensile test results, several observations can be made regarding the tensile properties of
the Ti-Zr-B alloys as the boron content varies. The tensile strength, which represents the maximum stress
the material can withstand before failure, shows a slight increase from 772 MPa to 888 MPa as the boron
content increases from 0% to 2%. However, there is a significant drop to 231 MPa at 4% boron content.
This indicates that the addition of a small amount of boron can enhance the tensile strength, but an
excessive increase in boron content can lead to a decrease in strength. The yield strength, which signifies
the stress at which plastic deformation begins, exhibits a similar trend as the tensile strength. It increases
from 449 MPa to 562 MPa with the addition of 1% boron and then slightly decreases to 469 MPa at 2%
boron content. However, the yield strength drops significantly to 186 MPa at 4% boron content.
Elongation refers to the ability of a material to deform plastically before fracture. The data shows that
the elongation decreases with increasing boron content. At 0% boron, the alloy exhibits an elongation
of 17.03%, which decreases to 7.51% and 8.54% at 1% and 2% boron content, respectively. The lowest
elongation value of 0.70% is observed at 4% boron content. The observed trends in the tensile properties
can be explained by the influence of boron on the microstructure and mechanical behavior of the Ti-Zr-
B alloys. The addition of boron can alter the grain structure, precipitate phases, and influence the
deformation mechanisms within the alloy.

In the case of low boron content (1-2%), the presence of the TiB intermetallic phase, known for
its high hardness, can contribute to the enhancement of strength and yield strength. The intermetallic
phase acts as a strengthening agent, impeding dislocation motion and leading to an increase in the
strength of the material (Zhang, et al. 2018). However, at higher boron content (4%), the formation of
excessive boride phases may result in decreased strength and ductility due to their brittle nature. The
decrease in elongation with increasing boron content can be attributed to the formation of brittle phases
or the suppression of ductile deformation mechanisms. The presence of intermetallic phases, such as
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TiB, can hinder plastic deformation and reduce the material's ability to elongate before fracture. It is
important to note that the tensile properties are influenced not only by the boron content but also by
other factors such as alloy composition, processing conditions, and microstructure. Further
investigations can focus on optimizing the boron content and alloy composition to achieve a balance
between strength and ductility for specific application requirements. Medvedev et al. (Medvedev, et al.
2016) found the mechanical properties of Til5Zr alloy produced by selective laser melting (SLM)
method to be yield strength of 784+34 MPa, the ultimate strength of 987+35 MPa and elongation of
6.0+0.7%. When this study is compared with our study, almost similar mechanical properties were found
without any optimizing process, such as homogenization, heat treatment etc.  Xia et al. found the yield
strength (c0.2), the ultimate strength (cb) and the elongation-to-failure (ef) values for Ti-25Zr-1B as-
cast alloy to be 754.67 MPa, 924.80 MPa and 3.69%, respectively (Xia, et al. 2018).

In summary, the tensile test data shows that the addition of a small amount of boron (1-2%) can
enhance the tensile strength and yield strength of Ti-Zr-B alloys, while excessive boron content (4%)
leads to a decrease in strength. However, the elongation is negatively affected by increasing boron
content, resulting in reduced ductility. The observed trends highlight the complex relationship between
boron content, microstructure, and mechanical properties in Ti-Zr-B alloys.

800 900

® 70f TiA6zZr ) = "° Ti-15Zr-1B e
a ol i o 700 P
= soot Y/l £ 00 z
2 I /4 B so0 s
B 400t 4 2 /
2 t / @ a00 g
z 2004- / ﬁ 300 rd
2 200} 2 20 /
= Iy 2 2
8 100t 7/ 2 100
ﬁ ot/ g 0 74
100 Attt -100 — :
-1 0 1 2 3 4 g 0 8 9 10 11 12 13 14 15 16 17 18 =3 o 1 2 3 4 5 6 7
Tensile strain (%) Tensile strain (%)

200 = — 300

s00f Ti-15Zr-28 g = | Ti-15Zr-4B

700

500

o
Y
400
200 /’/ £
100 i
V74

100 -100 +—+ ———— e
-1 0 1 2 3 4 5 6 7 8 5} -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.89

Tensile stress (MPa)
N
N
\
Tensile stress (MPa)

Tensile strain (%) Tensile strain (%)

Figure 4. Variation of stress-strain curves according to boron ratio in Ti-15Zr alloy

CONCLUSION

The Ti15Zr-xB (x=0, 1, 2, and 4) alloys produced through vacuum arc melting method have shown
promising results in terms of their structural and mechanical properties. The changes in the structural
and mechanical properties of the alloys produced are briefly summarized below.

* The addition of boron resulted in the formation of the TiB intermetallic phase in the Til5Zr-B
alloys. No peaks corresponding to other intermetallic phases such as TiB2 and ZrB were detected.

* The hardness of Ti-Zr-B alloys increases significantly as the boron content increases. The
measured hardness values of 36.31, 39.50, 44.14, and 53.40 demonstrate a clear trend of increasing
hardness with higher boron percentages.

* Tensile strength and vyield strength generally increase with the addition of a small amount of
boron (1-2%), indicating that boron can enhance the strength of the alloys. However, excessive boron
content (4%) leads to a significant decrease in strength.

« Elongation decreases as the boron content increases, indicating a decrease in ductility. Higher
boron content restricts plastic deformation, resulting in reduced elongation before fracture..
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