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Titanium and Titanium-based alloys are generally preferred in the medical and
dentistry fields compared to conventional alloys due to their enhanced mechanical
properties and biocompatibility.

Ti-based alloys were utilized with the addition of

elements like Al, V, Cr, and Ni. However, it was reported that these elements have adverse
effects on the utilization of these particular alloys, such as toxicity and genotoxicity which
ultimately lead to lower biocompatibility. In addition, the osseointegration of such newly
developed implant materials is one of the main goals of biomaterials research for dental
and orthopedic applications to obtain enhanced interaction with cells.
This dissertation focuses on developing nanostructured Ti and Nb-based alloys with nontoxic elements and enhanced mechanical properties for biomedical applications by
mechanical alloying and spark plasma sintering.
Different compositions were synthesized by ball milling and then characterized using
XRD, TEM, and SEM. Afterwards, selected milled powders were sintered using spark
plasma sintering. Microstructural evaluation and mechanical characterization were carried
out for the sintered samples to investigate the effect of spark plasma sintering parameters
on the microstructure and mechanical properties of the sintered alloys using XRD, FESEM, TEM, micro hardness, and nanoindentation measurements.
xv

The results for the binary Nb-Zr system showed that a nanostructured Nb-Zr alloy with
an average grain size of between 100-300 nm was successfully synthesized for the first
time using the MA-SPS techniques. A maximum hardness and relative density of 584 HV
and 97.9% were achieved respectively. The results also showed that the increased energy
of the system due to MA led to the formation of solid-solutions at earlier time, then
amorphous phase with further milling, which mechanically crystallized to an FCC phase
on continued milling. In addition, an amorphous phase at Zr contents lower than 40% was
achieved for the first time.
The results of ternary Ti-Nb-Zr system showed that nanostructured Ti20Nb13Zr at%
near-β alloy with non-toxic elements and enhanced mechanical properties were
successfully fabricated for the first time using the MA-SPS techniques. The results showed
that at SPS temperature of 1200 °C, a nearly full density structure was obtained. The
microstructure of the obtained alloy consist of a β-Ti (bcc) matrix which surround a α-Ti
(hcp) region. The obtained alloy was chemically homogenized with a micro hardness value,
HV of 657. The obtained nanostructured alloy having an average grain size of the dispersed
α phase of 70 -140 nm. The nanostructured alloy increases the adhesion of osteoblast which
will lead to enhanced interaction with cells compared to their coarse-grained counterparts.
The developed nanostructured Ti–20Nb–13Zr at% alloy is a potential candidate for
biomedical applications such as implant material for dental and orthopedic applications.
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يفضلللل يتاناومنوس ائلللفو ال جا يتلطوى يتبفا انا يمئلللةوب لسوامك اوتقلللفو و يتاسسنبيك ائتو اقلللفا

لللو

لللل

يتلناومنانك يتطنبة ايتاويجق يتحنوى .تم يئلللللاسبيس ئلللللفو و يتاناومنوس لا ي لللللوجك نةوملللللا لدل يمتلومنوس ايتفومو يوس
ايتاااس ايتةنال  ,الا ئتو جوب هذه يتعةومللا ت و تورنا ئللسفا يعنق يمئللافو ة لا هذه يتقللفو و لدل يتقلللنك ايتقلللنك
يتوايرنك ايتاا تؤ ى يتا فض يتاويجق يتحنوى  .اوم لللللللوجا يتا ئتو جوب يممبلوى يتعولا تسلوي يتلبواة بيدو
تالمقللطك ها اي بة لا يمهبيا يتا نقللنك جا ياحوم يتلوي يتبفنك تابفنسو يتعووس ايمئللةوب تسح للوى نسا تفونل
لعزز لا يتساليو.
تاكز هذه يتائلللوتك نسا تبويا ئلللفو و يتاناومنوس ايتةنوانوس ئي يتفةنك يتةومولاايك لا نةوملللا ونا ئلللولك اتالنز
اس و ص لناومنانك لحقةك تسابفنسو يتبفنك يتحنويك اوئاسبيس نلسنك يتاقواو يتلناومناا ايتاسفنب اشاياة يتفالزلو .
تم ت ةنا لاكفو لساسفك اوئاسبيس نلسنك يتاقواو يتلناومناا رم تم نلل تومنف اوئاسبيس نو يمشعك يتقنةنك
ايتلط ا يمتااااما يتلوئللللل ايتلةاسل  .اعب ئتو تم نلل تسفنب تسقللللفو و اوئللللاسبيس شللللاياة يتفالزلو  .تم نلل جحص
تسفةنك يتلط ايك ايتسويص يتلناومنانك تسعنةو يتلسفبة تبايئلللللك تورنا لا ناي نلسنك يتاسفنب اوتشلللللاياة يتا ااو نك نسا
يتفةنك يتلط ايك ايتس و ص يتلناومنانك اوئاسبيس نو يمشعك يتقنةك ا يتلط ا يمتااااما يتلوئل ايتلةاسل السنوس
جناا تس ال ة اقنوئو يتعاللك يتةومولاايك.
يظ ا

ماو ج ئفناك يتةنوانوس زاكومنوس مطوح ت ةنا ئفناك يتةنوانوس زاكومنوس ئي انةنك مومولاايك الاوئط

طم فنفو يااياح لا  100يتا  300مومولناا تسلاة يماتا اوئاسبيس نلسنو يتاقواو يتلناومناا ايتاسفنب اشاياة
يتفالزلو يتا ااو نك.مال ة جنااز تسعنةك  584اكدوجك مقفنك تسبا اةحو  . % 97.9ي ا حت يتةاو ج ييضو يب زيو ة
xvii

يتبوقك تةووس يتةنوانوس زاكومنوس اوئاسبيس نلسنك يتاقواو يتلناومناا يةاج نةل تاويا لحسوى ئي ا ا نوا ونا لافسوا
ايتذى يافسوا لناومنانو يتا نوا لالاكز يتوجل لا يمئالايا جا نلسنك يتاقواو يتلناومناا .يتبوا يت نا لافسوا تم
يتح وى نسنل اعب اقت يقل جا نلسنك يتاقواو يتلناومناا لسوامك اوتبوا لالاكز يتوجل .اوم وجك يتا ئتو تم
يتح وى نسا نوا ونا لافسوا ماى لاة نةب تاكنز لةسفض تسزاكومنوس.
يظ ا يتةاو ج تقفناك يتاناومنوس منوانوس زاكومنوس ت ةنا ئفناك ئي اةنك مومولاايك لا نةوما ونا ئولك اةطوح
اااويا لط اى اناو لا يتفو ا

و ص لناومنانك لحقةك تسلاة يماتا اوئاسبلو نلسنو يتاقواو يتلناومناا

ايتاسفنب اشاياة يتفالزلو يتا ااو نك .يا حت يتةاو ج يتح وى نسا اةنك اادوجك  %100تسايفو اوئاسبيس يتاسفنب
اوتشاياة يتا ااو نك نةب اجك اياة  1200اجك لئويك  .يتااكنا يتلط اى تسقفناك يااوب لا ل فوجك لا اناو
تناومنوس ايتاا تحنط ااناومنوس يتفو .كلو يب يتااكنا يتلط اى تسقفناك لاطومس كنلنو نو ئا مال ة جنااز  .657يتقفناك
يتةومولاايك ئي

طم فنفو تسبوا يتفو يتلوزع يااياح انا  70ا 140مومولناا ايتاا تعافا اينبة تاعزيز ازيو ة

يتا وق يتعووس ( يتساليو يتاا تاوب ل فوجك يتعووس) اتؤ ى يتا تعزيز يتافونل لا يتساليو .يتقفناك ييتا تم تبوياهو
ئي يتفةنك يتةومولاايك لساا ك تسابفنسو يتبفنك يتحنويك كةقنج جا تبفنسو يتعووس ايمئةوب.

xviii

CHAPTER 1

Introduction and Objectives

1.1 Motivation
The motivation of this thesis work is to develop nanostructured Ti and Nb-based alloys
with non-toxic elements and enhanced mechanical properties for biomedical applications.
The motivation for developing new alloys in the nanostructured form is to enhance the
performance of surgical implants as the nanostructured alloys shows enhanced mechanical
properties and better biocompatibility in comparison with coarse-grained structure. The
nanostructured materials are considered to be the future generation orthopedic biomaterials
as they possess higher surface energy and larger surface area than their coarse grained
counterparts which lead to enhance interaction with cells.
This effort of developing nanostructured materials by MA and SPS will introduce a new
technological route for the development of these alloys for utilization in the medical and
dentistry industries as biomedical implants.

1.2 Introduction
Metallic materials have a variety of applications in the medical field. Specifically, they
are used for internal support and biological tissue replacements such as joint replacement,
dental roots, orthopedic fixation and stents [1]. The major metals and alloys that are being
utilized for biomedical applications are: stainless steels, Co-based alloys, and Ti alloys [2].
1

However, Ti and Ti-based alloys have dominated over other alloys’ systems in the medical
and dentistry fields due to their improved biocompatibility. [3]
Many Ti-base alloys were developed with the addition of multiple constituents in order
to evaluate their individual contribution and arrive at an optimum composition that
possesses high biocompatibility. Different metals like vanadium, nickel, chromium, and
aluminum were added via different processing routes and some advanced Ti alloys were
introduced, like Ti-6Al-4V. However, it was observed that vanadium and aluminum have
a probable toxicity, and can cause mutagenic cytology in addition to triggering allergic
reactions [4, 5]. Other constituents like nickel were found to cause a lower bio
compatibility [6], and Cr has a major concern due to its genotoxicity [3]. Therefore, the
selection of the right alloy composition in addition to finding the best processing method
has been a concern in the biomedical/biomaterials field.
The elements considered in this thesis Ti, Zr, and Nb meet the criteria for biomaterials in
terms of biocompatibility, resistance to corrosion, mechanical considerations and ionic
cytotoxicity[3] . When there is a wide range of melting temperatures between the alloy
constituents the utilization of conventional casting techniques in the synthesis of Ti-based
alloys does not seem to be an optimal option due to plausible absence of homogeneity.
Therefore, mechanical alloying (MA) a completely solid state technique, can be considered
as a promising technique to combat limitations faced by casting techniques [7]. It has the
advantage to produce homogenous alloys compared to other techniques, especially when
the alloying elements have a higher melting temperature such as Nb[3]. In addition powder
metallurgy (PM) is considered to be an effective way in reducing the higher machining
cost of Ti alloys.
2

Nevertheless, the production of net-shape parts of MA samples needs to go through the
challenge of consolidation as the product of MA is always in the powder form. The
situation becomes even more challenging when the produced alloys from MA are having
nanostructures since the heat associated with conventional consolidation techniques can
induce undesirable grain growth. In recent years, many non-conventional sintering
methods, such as spark plasma sintering, emerged and proved to be beneficial in
minimizing undesirable phase transformations and grain growth [8].
It was reported that nanophase materials are considered to be the future generation
orthopaedic biomaterials [9], possess unique surfaces and exceptional mechanical
properties, and better biocompatibility compared to coarse grain structure [10].
Nanocrystalline alloy possess higher surface energy and larger surface area than coarse
grained which ones to enable enhanced interaction with cells which lead to better
proliferation and cell attachment on the nanocrystalline alloy [9].

1.3 Objectives
The main objective of this work is to develop nanostructured Ti and Nb-based alloys with
non-toxic elements for biomedical applications by powder metallurgy: MA and SPS for
both binary Nb-Zr and ternary TiNbZr (TNZ) systems.
The specific objectives to achieve in the overall aim of the current work, were as follows:
1

Solid-state synthesize of Nb-Zr and TNZ alloys by mechanical alloying (MA).

2

Study the phase evolution, and microstructural investigation for the MA alloys using
XRD, TEM, and SEM.

3

3

Develop and synthesize

nanostructured Nb-Zr and TNZ alloys using spark plasma

sintering for biomedical applications.
4

Investigate the effect of SPS parameters on the microstructure and mechanical
properties of the sintered alloys using XRD, FE-SEM, TEM, micro hardness, and
nanoindentation measurements.

1.4 Thesis Overview
In this dissertation, chapter 2 briefly presents an introduction about nanomaterials, MA,
and SPS, as well as literature review about the research on Nb-Zr, and TNZ alloys. Chapter
3 describes in details the raw materials and experimental techniques used to conduct the
research work. Chapter 4 presents all the results and discussions for both Nb-Zr, and TNZ
alloy system and comparison of the results with the related observation from literature.
Finally, chapter 5, summarize the final conclusions from the research work, the
contributions of the dissertation to the original knowledge, and the future directions to
pursue. The publications are listed in appendix A
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CHAPTER 2

Literature Review

2.1 Biomaterials
A biomaterial is a material used in a medical device or an implant intended to interact with
different biological systems. Biomaterials should have some characteristics such as being
hard, flexible, inert for reactions with any tissue of the human body, non-toxic, and nonbiodegradable. In addition to biocompatibility of biomaterials, the mechanical properties
that are of interest in the different biomaterials’ applications are: stiffness, strength,
toughness, hardness, fatigue, fracture strength, and wear resistance.

2.1.1 Requirements of Biomaterials (Implant)
All biomaterials are required to satisfy various criteria, such as adequate strength, high
resistance to corrosion, bio adhesion, and biocompatibility, high wear resistance and low
friction [11]. The main requirements of biomaterial are given below.
Mechanical properties: the material should have a low modulus of elasticity combined
with high strength to prolong the service period of the implant and prevent loosening,
thereby preventing the need for revision surgery. Additionally, stress shielding can be
prevented by matching the modulus of elasticity of biomaterials to that of the bone [12,
13].
Biocompatibility: “Biocompatibility refers to the ability of a material to perform with an
appropriate host response in a specific situation” [14] . The developed material should be
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compatible with living systems and not cause any bodily harm, which includes all of the
negative effects a material can have on the components of a biological system (bone,
extracellular - and intracellular tissues and ionic composition of plasma) [15,16].
High wear resistance: the material should have a high wear resistance and exhibit a low
friction coefficient when sliding against body tissues. The higher the friction coefficient
value or the lower the wear resistance can cause the implant to loosen [15, 16]. Moreover,
the wear debris generated can cause inflammation that is destructive to the bone supporting
the implant.
High corrosion resistance: an implant that is made of a biomaterial with a lower corrosion
resistance can release metal ions into the body, which in turn produce toxic reactions [17].
Osseointegration: Osseointegration was first defined as “a direct structural and functional
connection between ordered, living bone and the surface of a load-carrying implant”
(Branemark, 1983). The roughness, chemistry, and topography of the surface play a major
role in good osseointegration [18]. Implant loosening results from the non-integration of
the implant surface into the adjacent bone [19].
Nontoxic The material should be neither geno toxic (which can alter the DNA of the
genome) nor cytotoxic (causes damage to individual cells).
Long fatigue life the material should exhibit a high resistance to failure by fatigue to
prevent implant failure and stress shielding from fatigue fracture. The failure of implants
by fatigue has been reported for hip prostheses [20].
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2.2 Metallic Alloys for Biomaterials
The materials that are used to build biomedical devices (orthopedic, dental, bone cements,
etc.) can be classified into metallic materials, ceramics, polymers, and composites. Metallic
materials within these four categories are widely used because of it possesses high strength,
toughness, and good biocompatibility. For decades, metals have been used extensively in
a variety of applications in the medical field. Specifically, metals are used for internal
support and biological tissue replacements, such as joint replacements, dental roots,
orthopedic fixation and stents [1]. The high reliability of metallic biomaterials, in terms of
their mechanical performance, has resulted in their use, “mainly for the fabrication of
medical devices for the replacement of hard tissue such as artiﬁcial hip joints, bone plates,
and dental implants” [2]. The metals and alloys that are primarily used in biomedical
applications are stainless steels, Co alloys, and Ti alloys [2, 21]. A brief description of each
material is given below.

2.2.1 Stainless Steels
The austenitic stainless steel SUS 316L is reported to be used in the biomedical field.
However, the Ni present in this alloy causes allergic reactions [2]. Moreover, pitting,
crevice, and stress corrosion has been reported for implants fabricated from SUS 316L [6].
To prevent Ni allergic reactions, an austenitic stainless steel with high nitrogen content has
been developed. Therefore, the new research trend is to develop Ni-free stainless steels.

2.2.2 Co Alloys
The resistance of Co alloys to the wear was reported to be higher than that of both Ti alloys
and stainless steel alloys [6]. In artificial hip joints, the head of the joint is subjected to
wear. Thus, hip joints have been fabricated from Co alloys, such as Co-Cr-Mo alloys,
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which exhibit high strength and ductility. According to [2], dispersing carbides in Co alloys
leads to increase in the resistance to wear of these alloys [2]. However, the Ni content in
wrought Co-Cr alloys causes allergic reactions [6].

2.2.3 Ti Based Alloys
The high biocompatibility of Ti and Ti alloys has resulted in their preferential use over
other alloy systems in the medical and dentistry fields [4, 5, 22]. The primary
characteristics of Ti alloys that have resulted in their being one of the main choices in the
biomedical field include good mechanical properties, excellent corrosion resistance
because of a TiO2 solid oxide layer, good biocompatibility, a relatively low Young’s
modulus, light weight, and non-magnetic behavior. The aforementioned characteristics
make Ti and Ti alloys the preferred choice for implantation. Some of the important
applications for Ti-based alloys are shown in Figure 1 .
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Figure 1 Selected applications for Ti-based alloys:
a) Artificial hip joint[23], b) Bone plate [23], c) Denture [23] , and d) Dental Implants [24]

2.3 Research on Ti Based Alloys
The development of Ti alloy with the addition of different constituents like vanadium,
nickel, chromium, and aluminum was reported in the literature [3]. However, for the
utilization of these alloys in the biomedical field, characterization usually goes beyond
mechanical evaluation to include biocompatibility, toxic effect, and corrosion resistance.
Table 1 Summarizes characteristics for selected elements that are used in different alloys’
systems. While the V and Al (available in the widely used Ti-6Al-4V alloys) are not
susceptible to corrosion they have a probable toxicity [4] and can cause mutagenic cytology
and allergic reaction [5]. Moreover, from Table 1, it is clear that Ni shows a lower
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biocompaitability while Cr have concern to its genotoxicity [3]. Therefore, the selection of
the right chemical composition of the developed alloy for biomedical applications is a
major concern and subsequently has been an active area of research. This is in addition to
choosing the right processing route in order to optimize different properties of the
developed alloys.
According to Table 1, it appears that Ti, Zr, and Nb meet the criteria for biomaterials
in terms of biocompatibility, resistance to corrosion, mechanical considerations, and ionic
cytotoxicity [3]. The addition of niobium (Nb) to Ti allows these alloys to act as βstabilizers and possess improved mechanical properties and also improved wear resistance,
while the addition of Zr helps in obtaining the solid-solution required for hardness [4].
Therefore, additions of Zr and Nb seem to be a promising direction for the development of
Ti-based alloys for biomedical applications.
Table 1 Characteristics of different elements [3]

Element Biocompatability Genotoxic Cytotoxic Prone to corrosion
Ti

Yes

No

Moderate

No

V

No

Yes

High

No

Cr

No

Yes

High

No

Ni

No

Yes

High

Yes

Nb

Yes

No

Low

No

Zr

Yes

No

Low

No

Al

No

Yes

Low

No

Co

No

Yes

High

Yes

Fe

No

Yes

Moderate

Yes
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The computed liquidus and solidus projections of TNZ ternary system [25] are shown in
Figure 2. It is clear from the phase diagram that the liquidus and solidus temperatures
increase with increasing Nb content. The liquidus and solidus isotherms are between 2750
K and 2128 K.
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a

b

Figure 2 TNZ: a) computed liquidus projection, b) computed solidus projection [25]
(Temperatures are in kelvins)
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There has been some reported work in the literature towards the development of Ti-based
alloys using arc melting and casting techniques [4, 26-34]. Nevertheless, when there is a
broad range of melting temperatures between alloy constituents the utilization of
conventional casting techniques in the synthesis of Ti-based alloys does not seem to be a
good option due to plausible absence of homogeneity. Therefore, mechanical alloying
(MA) can be considered as a promising technique to combat limitations faced by casting
techniques. MA has been used successfully in the development of nanostructured materials
and the synthesis of immiscible systems [7]. It was also utilized heavily in the augmentation
of second phases in commonly used alloys’ systems and introduced an improvement in
mechanical and physical properties. This technique was reported to be simple, versatile,
and economically viable and can be scaled up to produce large quantities [7]. Moreover,
MA proved to be a viable choice for the production of nanomaterials and nanocomposites
from systems that are difficult to alloy using conventional processing routes [7]. The PM
is considered to be an effective way in reducing the higher machining cost of Ti alloys.
In the present work, MA has advantages to produce a homogenous alloys compared to
other techniques, especially when the alloying element has a higher melting temperature
such as Nb [18]. Also, the use of MA will enhance the chances of synthesizing
nanostructured Ti-based alloys with improved mechanical properties. Nevertheless, the
production of net-shape parts of MA samples needs to go through the challenge of
consolidation as the product of MA is always in the powder form. The situation becomes
even more challenging when the produced alloys from MA are having nanostructures since
the heat associated with conventional consolidation techniques can induce undesirable
grain growth.
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Nowadays, there are multiple consolidation techniques that can be used in the coalescence
of processed powders and they vary fundamentally in the way they supply energy. The
introduction of non-conventional techniques has prompted the retention of nano and other
metastable phases in the final products. This has subsequently opened new venues for the
utilization of MA in the production of advanced materials that are ready to be used in very
challenging circumstances. SPS is considered as non-conventional and new sintering
technique and classified as rapid consolidation technique [34, 35]. With careful
optimization of the sintering parameters, these techniques can be used to develop new
materials with finer grain sizes compared to other conventional techniques [34]. Some
published work considered the utilization of SPS for consolidation of Ti-based alloys of
biomedical applications like: Ti–35Nb–7Zr–5Ta [34], Ti-Mn [36], Ti-Al-V [37], Ti-NiMo [38], Ti40Zr10Cu36Pd14 [39], TiNi [40], and Ti-Nb-Zr-CPP composites [41]. They have
all concluded that the samples consolidated by SPS have higher microhardness values
compared to alloys prepared by conventional consolidation techniques.
SPS has already been used by several researchers in synthesizing Ti alloys. XU Li-Juan et
al [42] used MA and SPS to produce a fine grained Ti43Al9V alloy. Cristina et al [43]
successfully obtained Ti alloy by SPS from hydride (TiH2) powders. Nicula et al [44] used
SPS to produce a fully dense cp Ti, (Ti–Al–V) and porous structure for (Ti–Al–V–Cr, Ti–
Mn–V–Cr–Al) alloys. Recently, Ming Wen, et al [45] developed Ti–Nb–Ag alloy using
both conventional vacuum sintering and SPS, and found that fracture strength obtained by
SPS is three times than obtained by conventional sintering. The Nb content was reported
to improve corrosion resistance in binary Nb-Zr alloy [46], and to increase the wear
resistance of the Ti-Nb-Ta-Zr alloy [47].
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However, to my knowledge, no work was reported in the literature for the
consolidation of powder processed Ti-Nb-Zr system using SPS technique. It has to be
mentioned, though, that the development and characterization of nanostructured Ti-based
alloys for biomedical applications are in exploratory level. More research is required to
enhance their mechanical properties, their applicability and subsequently open new areas
for their utilization. One of the possible strategic directions in the future of the biomaterials
industry is in the development of nanostructured Ti-based alloys [18]. Moreover, it has
been reported that nanophase materials do possess unique surfaces and exceptional
mechanical properties similar to those of the human bones; hence they are considered to
be the future generation orthopaedic biomaterials [18].
Using SPS consolidation to get a nanostructured alloy will be promising and lead to
enhanced mechanical properties, biocompatibility and interaction with cells.

2.4 Research on Nb-Zr Alloys
The alloying behavior between different metals is related to the thermodynamic
parameters. The heat of mixing (ΔHmix) between elements predominantly determines the
alloying behavior; the more negative ΔHmix, the easier it is for the elements to alloy together
[48]. It is possible to produce majority of the alloys of engineering importance only
because of the negative heat of mixing between them. However, there are also several
pairs of elements which display a positive heat of mixing and therefore it is not possible to
produce alloys from them and derive benefits for industrial exploitation. It has been
possible in some cases to achieve mixing, though to a limited extent, by processing these
materials under non-equilibrium conditions.
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Materials processing under conditions of non-equilibrium processing has become
important in recent years to achieve properties in materials that have not been possible
under equilibrium conditions [49]. In fact, it is well-established that materials processed
under non-equilibrium conditions usually display much better and vastly improved
mechanical, physical, and chemical behavior. For example, they are very hard and strong,
exhibit superior magnetic properties, and in many cases, these materials also show
improved corrosion resistance, with the caveat that such alloys usually contain elements
such as Cr, Mo, and P [50]. Further, it has been possible to achieve increased levels of
supersaturation of solute elements, formation of non-equilibrium crystalline intermetallic
phases, and in extreme cases, even amorphous phases [51, 52].
Nb and Zr are desirable elements for use in biological systems and biomedical
applications thanks to their biocompatibility, resistance to corrosion, mechanical integrity
and ionic cytotoxicity [53, 54]. Nb–Zr alloys showed also applications in space nuclear
power systems[55] . However, Nb–Zr alloys show a positive heat of mixing that has a
magnitude that ranges from 16 to 17 kJmol-1 [55–56]. As indicated in the phase diagram
shown in Figure 3 [57], the Nb-Zr system is phase separating at room temperature and
atmospheric pressure.
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Figure 3 Phase diagram of Niobium–Zirconium system [57]

Thus, conventional processing might not be suitable for these alloys and the use of nonequilibrium processing techniques for the development of the underlying microstructures
gained considerable attention in recent years [58]. MA is one of the non-equilibrium
processing that is capable of synthesizing alloys with improved properties, despite its
simplicity. In this technique, phase diagram restrictions do not apply, and non-equilibrium
phases are achieved. To date, only little attention was given to the use of MA to produce
alloys made up of immiscible Zr and Nb.
MA and rapid solidification processing as nonequilibrium processing techniques aided in
synthesizing a supersaturated solid solution from immiscible system alloys [59].
Compared to rapid solidification, MA has an edge in that it is possible to produce
metastable phases more easily.
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Amorphous alloys have an interesting combination of physical, chemical, mechanical
and magnetic properties [58, 60]. These phases have been produced in several alloy
systems by non-equilibrium processing methods for example: rapid solidification
processing of liquid alloys involving solidification rates of as high as 106 K/s, [61] vapor
deposition, where the quenching rates can be even higher, typically 1012 K/s, [62]
mechanical alloying, [63,64]ion beam mixing[65] and others. [48]. Majority of these
metastable alloys have been produced by liquid quenching or vapor quenching methods in
alloy systems that show a negative heat of mixing, since, only under this condition, the
constituent elements mix thoroughly in the liquid or vapor phases. But, when the heat of
mixing is positive, constituent elements cluster together and no alloying occurs.
Consequently, there have not been any reports of amorphous phase formation in immiscible
alloy systems. However, alloys produced by severe plastic deformation methods such as
MA and ion beam mixing (IBM) (which involves large displacements of atomic positions
due to irradiation) do not follow phase diagram restrictions and consequently the type of
metastable phases produced are significantly different from those produced by liquid
quenching or vapor quenching methods, and include the amorphous phases in some of
these alloy systems.
MA has been reported to result in the formation of either solid solutions in Ge-Al [66], ,
and Fe-Cu [67] systems or supersaturated solid solutions between elemental pairs
exhibiting positive heat of mixing in Cu-V [68] , Fe-Mg [69], Pb-Al [70,71], Ni-Ag [72],
and Fe-Pb [69] systems. Additionally, fully amorphous phases were obtained using MA in
elemental pairs such as W-Cu [73], Cu-V [74], and Cu-Ta [75, 76], which are considered
as immiscible systems. In other studies, partial amorphization was achieved in some
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systems such as Cu-Ta [77]. Amorphization was obtained in several Nb-Zr containing
alloys, such as Ni-Nb-Zr, Cu-Nb-Zr, Ti-Nb-Zr, Fe-Ti-Nb-Zr, and Nb-Zr-Al-Ni-Cu, upon
subjecting their powder mixes to MA [78-82]. However, only a few reports claim to have
achieved alloying between Nb and Zr elemental powders. Miyazaki et al. [57] investigated
the structure developed in the Nb-Zr system using High Pressure Torsion (HPT) and
reported that, after 100 rotations of HPT, a supersaturated solid solution was formed while
after 2 rotations, a β-Zr phase had appeared. Aurelio et al. [83] studied the effect of an
isothermal treatment on the structural properties and stability of metastable phases formed
by quenching Nb-Zr alloys. They performed an analysis of both phase reactions and
composition changes upon aging and found that the Nb content of the β phase in the aged
condition was higher than that of β phase in the quenched (or untransformed BCC)
condition. Also in the alloy subjected to the longest aging treatments, the β phase coexisted
with α.
Due to its nature, MA is perhaps the most suitable processing technique to produce
metastable phases in the Nb-Zr system, since this technique was reported to produce glassy
and metastable crystalline phases in several alloy systems [84-86]. Loureiro et al. [87]
investigated the microstructures developed in the binary Niobium–Zirconium binary
system and the hydrogenation behavior after MA of Zr-5%Nb alloy. It was reported that
addition of Nb induced partial allotropic transformation of the Zr structure from α-Zr to ωZr. Nevertheless, the aforementioned work was only focused on one composition with low
Nb content and did not explore the changes due to variable Nb concentrations.
Wang et al. [56] investigated the alloying behavior in the Nb-Zr system using ion
beam mixing (IBM) and suggested that an amorphous phase is possible to be produced in
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the range of 8-88 at. % Zr in the binary Nb-Zr system. Moreover, by including sufficient
interfacial free energy, the GFE of the Zr–Nb multilayered films could be elevated to a
higher level and two metastable crystalline phases of FCC structure with different lattice
parameters were obtained [55,56].
Nb–Zr alloys show the presence of metastable phases such as omega [83]. Jin et al [55]
showed that an amorphous phase could be produced in ion-irradiated multilayer thin films
corresponding to the composition of Nb–40 at.% Zr. Most recently, Suryanarayana and
Liu [88] showed that there were indications of the formation of an amorphous phase in MA
Nb–10 and 20 at. % Zr powder mixtures. An observation which was not confirmed in their
work.
Multiple studies have considered the use of SPS to produce Nb-based alloys in different
systems, for example Nb-Al, Nb-Al-W, Nb-Al-Mo and Nb-Al-N [89]. Although fully
dense alloys were achieved in the Nb-Al system, inhomogeneous microstructures have
been obtained in the Nb-Al-W and Nb-Al-Mo systems due to insufficient sintering time,
which highlights the need for careful tuning of the SPS process [89]. Moreover, SPS has
been used to produce Nb-Si-Cr and Nb-Si-B alloys and the resultant microstructure,
oxidation behavior, mechanical and physical properties have been studied [90-91]. SPS has
been also used to produce Nb-Si alloys with a densification exceeding 99.5% [92]. In other
work [93], Nb/Nb5Si3 composites were successfully prepared using the SPS, with the
resulting alloys almost fully dense and with high compressive ductility in addition to high
strength. High-density (approximately 97.7%) NbB2 was obtained in yet another study
[94] by SPS from elemental powders of Nb and B sintered at 1900°C for a holding time of
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15 minutes. In a recent study [95], zirconium micron-alloyed tungsten with a relative
density of 97% was prepared using SPS.
Both niobium and zirconium are highly passivating metals [96, 97] and it was proven that
the amount of released metallic ions from Nb-Zr alloy into physiological media is small
(<0.3 mgL-1) [98]. In particular, the addition of Zr was found to result in a high
biocompatibility and high resistance to corrosion because of the formation of a stable oxide
surface layer. However, little work was done to unravel the possible utilization of Nb-Zr
alloys as biomedical implants and to adequately assess their properties. Some of the few
literature include the work of Zhou et al [52] in which they developed Zr–xNb alloys, where
x= (2.5, 16 and 22) wt. % using vacuum arc-melting method. They studied the effect of
Niobium addition on the corrosion properties of the developed alloys. Their results showed
that the corrosion resistance of the alloy increased by increasing the Nb content. In another
study, Rubitschek et al [99] examined the corrosion resistance of ultrafine-grained (UFG)
Nb-2Zr wt.% alloy processed using multipass equal channel angular processing (ECAP) in
(SBF) . They showed that the ultra-fine grain (UFG) alloy possessed appreciable corrosion
resistance.
Therefore, it will be instructive to investigate whether complete alloying can occur in the
Zr-Nb system by mechanical alloying, and also whether the processing technique has any
effect on the type of phase(s) produced. In addition to study the possibility of extending
the formation of amorphous phase in the Nb-Zr immiscible system at lower Zr
concentrations. Additionally MA and SPS were used for the first time to synthesize a bulk
nanophase Nb-Zr alloy. We envision that this new approach will pave the way for the
development of Nb-Zr alloys for biomedical applications.
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2.5 Mechanical Alloying
A number of non-equilibrium processing techniques have been developed during the last
fifty years. These include rapid solidification processing of liquid metals at solidification
rates of about a million degrees per second, and MA, a completely solid-state powder
processing technique. Mechanical alloying involves repeated cold welding, fracturing, and
rewelding of powder particles in a high-energy ball mill [7]. Both these techniques are
capable of producing different types of metastable phases such as supersaturated solid
solutions, crystalline and quasicrystalline intermediate phases and also amorphous phases.
In cases where alloying cannot occur in the liquid state, rapid solidification processing
technique is not useful to synthesize any alloys from immiscible metals. MA technique
does not have to follow the phase diagrams and therefore, this technique will prove bettersuited to synthesize novel metastable phases. Furthermore, the mechanical alloying
technique is simple, versatile, and can be easily scaled-up. MA was reported to produce
several advanced alloys and compounds as concluded in Figure 4 which is difficult to
produce by conventionally casting or melting process [100].
To obtain a homogenous material synthesized by the MA process, the process parameters
should be optimized. The properties of blended powders such as particle size distribution,
amorphization, and the final stoichiometry depends on the process parameters. So that
understanding these parameters will help to control the process parameters to obtain
desired properties. A summary of these parameters is shown in the Figure 5.
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Figure 4 Applications of Mechanical alloying [100]
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Figure 5 Main factors for mechanical alloying process [100]

Figure 6 Ball motion inside a planetary ball mill [101]
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The planetary ball mill manufactured by Fritsch GmbH in Germany was used in this work.
Sample containers used in this mill are attached to a support disk and rotated around a
central axis, the sample container itself also rotates about its own axis, in the opposite
direction to the support disk. This combined action causes the centrifugal forces of the vials
and support disk to act in alternating like and opposite directions. This causes the grinding
media to run down the inside of the vial, causing a friction/grinding effect on the powders,
and then when the media reach inboard location in the spinning vials, the centrifugal forces
align and the media are propelled into the opposite wall, causing an impact effect on the
powders [101]. This process is most easily visualized in Figure 6.

2.6 Spark Plasma Sintering
Historically, Humans have used the process of sintering for thousands of years. For
example the ancient Egyptians were reported to sinter ceramics and metals by 3000 BC
[102]. SPS also known as Field Assisted Sintering (FAST), Pulsed Electric Current
Sintering (PECS) and Plasma Assisted Sintering (PAS), is a sintering technique where both
external pressure and an electric field are applied simultaneously while avoiding grain
growth during sintering at medium to high temperatures. The spark plasma process has
many advantages over similar sintering techniques such as hot press (HP) sintering, hot
isostatic pressing (HIP) or atmospheric furnaces [103-105].
One of the greatest challenges faced in powder metallurgy is identifying an
appropriate sintering technique that can retain the developed microstructure while
preventing or minimizing undesirable grain growth. Conventional sintering techniques
usually lead to undesirable grain growth, reduced densification and loss of mechanical
strength due to the long sintering time and high temperature required [106]. Among the
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sintering processes that have been developed thus far, SPS is proving to be effective in
yielding fully dense metallic materials at relatively low temperatures and in very short
sintering times [107,108]. Such conditions are capable of preventing/reducing grain growth
and minimizing the formation of undesired secondary phases that degrade the properties.
Moreover, the use of SPS is straightforward and does not require pre-compaction of the
starting powder. With careful optimization of the sintering parameters, these techniques
can be used to develop new materials with finer grain sizes compared to other conventional
techniques [35].
Figure 7 show the Schematic of SPS process, the SPS machine consists mainly of vacuum
chamber, top and bottom electrodes, DC pulse generator, units of pressure and temperature
measurements.
The main four stages of SPS process are shown in Figure 8. Initially, the chamber is
evacuated to create a vacuum, the second stage, is to apply the pre specified axial pressure,
then apply the preprogramed thermal cycle in the third stage, and the cooling cycle in the
last stage. In the SPS process, powders were loaded into a required graphite die and punch
die. A thin graphite foil was used between powders and die to facilitate the sample ejection
after sintering and to reduce the friction between the die walls and powders. The SPS
experiments were conducted under vacuum. SPS parameters were programed: sintering
pressure, sintering temperature, the heating rate, holding time, and cooling time. A
thermocouple inserted in the die was used to measure the temperature.
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Figure 7 Schematic of the SPS apparatus [109]

Figure 8 Stages of SPS Process [8]

27

Zhaohui et al. [110] proposed the mechanism of sintering in SPS: 1) activation and refining
of the powder, 2) formation and growth of the sintering neck, 3) rapid densification and 4)
plastic deformation densification. The activation and refining of the powder and the
formation of the sintering neck stages are promoted by the spark discharge between
particles as shown in Figure 9. The application of pressure and current, in addition to the
high localized temperatures generated through resistance pulse heating improve heating
rates and reduce sintering time and temperature leading to the consolidation of
nanopowders without excessive grain growth [8].

Figure 9 DC-pulse current flow through the particles [8]
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CHAPTER 3

Experimental Techniques and Research Methodology

3.1 Experimental Procedure
3.1.1 Starting Materials
Elemental powders of Ti,Nb, and Zr (-325 mesh and 99.8 % metal base) provided by
Alfa Aesar ,USA were used in this research. Material characterization of as received
powder has been done using XRD and SEM, to assess the internal strain, the crystalline
size, morphology, and particle size of these raw powders.

3.1.2 Synthesis of Alloys Using MA Process
NbZr and TNZ alloys have been synthesized using mechanical alloying technique. The
powder mixtures were prepared in an atomic percentage to give the nominal compositions
shown in Table 2. The mixture was weighed and loaded in tungsten carbide vials with
tungsten carbide balls to give a BPR of 10:1 and 30:1 for selected compositions. The
powders were MA under argon atmosphere in a planetary ball mill (Fritsch Pulverisett 5)
with a rotational speed of 300 rpm. The PCA was not used to avoid contamination of the
blended powders. The milling process were periodically paused half an hour every one
hour to avoid excess heat in the vials. Moreover, the machine was stopped at regular
intervals to remove the accumulated powders on the vial walls. At periodical interval, a
small amount of the powder was taken out for characterization.
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Table 2 Compositions of alloys studied

Alloy

Nominal compositions at %

Nb-xZr

95Nb–5Zr

X= (5, 10, 15, 20, 40,
45, and 50 at %)

90Nb–10Zr
85Nb–15Zr
80Nb–20Zr
60Nb–40Zr
55Nb–45Zr
50Nb–50Zr

Ti-Nb-Zr

Ti20Nb13Zr

3.1.3 Consolidation of Alloys
The mechanically alloyed powders were compacted using the non-conventional techniques
of Spark Plasma Sintering (SPS). The SPS machine (FCT system-model HP D5, Germany
has been used. MA powders were loaded into 20 mm graphite die and punch die. A thin
graphite foil was used between powders and die to facilitate the sample ejection after
sintering and to reduce the friction between the die walls and powders. The SPS
experiments were conducted under vacuum. The samples were sintered at a pressure of 50
MPa. A thermocouple inserted into the die was used to measure the temperature. After
SPS, the sample was grounded and polished to remove the surface contamination from
carbon. The SPS process parameters were varied as shown in Table 3.
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Table 3 Parameters used in SPS

SPS parameters

60Nb–40Zr at % alloy

Ti20Nb13Zr at %alloy

Temperature (°C)

1300,1400,1500

800,900,1000,1100,1200

Holding Time (min)

10,15,25

10

Heating Rate ( ºC/min)

50,100

100

Pressure (MPa)

50

50

Atmosphere

Inert Argon

Inert Argon

Sample dimensions
(mm)

20*4

20*4

(diameter * height)

(diameter * height)

3.2 Characterization of the MA Powders and Consolidated Samples
3.2.1 Sample Preparation
The milled powder samples were gold coated to enhance the conductivity and the
resolution of obtained images for SEM and FE-SEM. The SPS samples were coarse
grounded to remove the surface contamination from carbon then grinded till Grit 600, and
then the samples were polished using monocrystalline diamond suspension ( provided by
Buehler) from 6 ϻm till 250 nm , ended by fine polishing using alumina suspension with
50 nm. After polishing, the TNZ samples, were etched with 10% HF solution and NZ
samples were etched using 10% HF,40% HNO3,and 50% H2O for 5 seconds .

3.2.2 X-Ray Diffraction (XRD)
At periodic intervals, samples of powders have been taken out to monitor the phase
evolution by XRD. From the XRD patterns it will be possible to determine the nature of
phases formed, and the lattice parameters of the phase(s).By following the variation of

31

crystallite size and lattice parameter as a function of milling time, we will be able to
correlate the phase evolution to the processing parameters.
Both of the as received , milled powder at different intervals as well as SPS samples were
characterized by XRD (AXS D8 Bruker machine, Germany )using Cu Kα radiation (λ =
1.542 Aº) and scanning speed of 1 degree/minute. The Scherer relation and WilliamsonHall formula was used to estimate the crystallite and internal strain:
β cos ϴ = ƞ Sin ϴ+ 0.9ƛ/D [7]

(3.1)

Where β is the full width at half maximum of XRD peaks, ϴ is the diffraction angle, ƞ is
the internal strain, ƛ is the wavelength of X-ray beam and D is the mean crystallite size.
The XRD results of both as-received and milled powders were used for calculating the
percentage of amorphization using the EVA software available with the X-ray
diffractometer. First, remove the background that represents air scatter, incoherent scatter.
Then, the remaining is from crystalline and amorphous contribution only. The Percent
crystallinity was calculated from the equation (3.2), finally the percent of amorphous phase
is the complement of the percentage of the crystallinity.

𝑋𝑐𝑟 =

𝐼𝑐 ×100
𝐼𝑐 +𝐼𝑎

[111]

(3.2)

3.2.3 Scanning Electron Microscopy (SEM)
The SEM (JEOL JDX 3530 LV, Japan) and FE-SEM, (Tescan Lyra-3) combined with EDX
were used to observe the morphology, grain size refinement of the milled powders,
microstructures, and chemical compositions of SPS samples. In addition, the chemical
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compositions of alloys was examined by EDS (Oxford Inc., UK) and mapping attached to
the SEM.

3.2.4 Transmission Electron Microscopy (TEM)
The microstructures were also observed on TEM: Tecnai G Series operated at 200 keV)
and JEOL (200 KeV) to reveal the details of the obtained phases. A bright-field (BF) image
is obtained by allowing only the transmitted beam to pass the objective aperture. A
diffraction pattern is formed on the back-focal plane of the objective lens when an electron
beam passes through a crystalline specimen in a TEM. The diffraction pattern represents a
reciprocal lattice plane with reciprocal lattice points. Electron diffraction (SAD) could be
used to generate images of diffraction contrast and for crystal structure analysis.
BF images were used reveal the different phases and to measure the average grain size. In
addition the indexing of the SADP have been done to identify the different phases formed:
The amorphous phase, crystal structure and the lattice parameter of the crystalline phase.

3.2.5 Phase Transformations of Milled Powders
Phase transformations of milled powders have been evaluated using DSC. The thermal
analyzer STA 449F3-Jupiter was used. Alumina crucible at a heating rate of 10 K/min
under Ar atmosphere, and the temperature was varied in the range from ambient till 1200
ºC. DSC provides an important tool to investigate the thermal stability of synthesized
alloys, structure and phase transformations.

3.2.6 Density Measurements
The density determination kit (METTLER TOLEDO) was used to measure the density of
sintered samples based on Archimedes’ principle. The polished sample was weighed in the
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air and then in distilled water, then the formula (3.3) has been used to calculate the density
of SPS sample. The reported value, was the average of three measurements.
𝐴

𝜌 = 𝐴−𝐵 (ρ0 − ρ𝐿) + ρ𝐿 [112]

(3.3)

Where, A is the weight of the sample in air, B is the weight of the sample in water, ρ0 is
the density of the water, and ρL is the density of air (0.0012 g/cm3).

3.2.7 Mechanical Characterization
The nanoindenter tester and microhardness tester have been used to assess the mechanical
properties of consolidated samples.

3.2.7.1 Microhardness
Microhardness test has been done to assess the mechanical properties of samples. A
hardness tester (Buehler, USA) with 2000 g, and 500g load and 10 s dwell time was used
to measure the Vickers microhardness of the consolidated samples after grinding and
polishing. The reported value was the average of ten measurements along the cross section
of the sample.

3.2.7.2 Nanoindentation
Nanoindentation has been conducted to measure/ assess the mechanical properties of SPS
samples. The nanoindenter tester (CSM Instruments SA in Switzerland) was used at room
temperature. The indenter tip used was a diamond four sided pyramid Vickers indenter.
The maximum load used of 100 mN, loading and unloading rate of 100mN/min, and pause
time of 5 sec was used. The tip has a Poisson ratio of 0.07 and young’s modulus of 1140
GPa. Samples were polished to a surface like mirror with 3 µm, 1µm, and 250 nm
monocrystalline diamond suspension ended with 50 nm Alumina. An array of 3*3, 80 µm
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apart was used. The mechanical properties were obtained using the model developed by
Oliver WC, Pharr [113].
1

1−𝜗 2

(E) 𝑟 = (

𝐸

)𝐼 + (

1−𝜗2
𝐸

)𝑆

[113]

(3.4)

Where Er is the measured value (reduced modulus). The Poisson ratio was assumed to be
0.428 for β-Ti [114], ~0.324 for α-Ti [115–117], and the average value has been used for
the average mechanical properties of the tested material.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization of as Received Powders
XRD pattern of raw powders Ti, Nb and Zr is presented Figure 10 All the expected peaks
from pure Ti, Nb, and Zr are clearly presented in the patterns. The Williamson-Hall formula
was used to estimate the crystallite size and internal strain. The crystallite size of Ti,Nb
and Zr are 51.4 nm,55.512 nm, 57.825 nm while the strain of them are 0.0016,0.0019,
0.0028 respectively. Figure 11 shows the morphology of as received powders, the shape of
particles shown in the SEM images of Ti, Nb, and Zr are irregular.

Figure 10 XRD patterns of as received powders
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a

b

c

Figure 11 SEM micrograph of as received powders: (a) Ti, (b) Nb, and (c) Zr
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4.2 Binary Nb-Zr System
NbZr alloy with different compositions, Nb-xZr, x= (5, 10, 15, 20, 40, 45, and 50 at %) has
been MA using the ball mill machine. The ball mill processing parameters; milling time,
and BPR have been varied to study their effect on the phase evolution. After conducting
the detailed study of the phase evolution during the MA, Nb–40 at. % Zr milled powder
was consolidated using SPS process. The SPS processing parameters; temperature, holding
time, and heating rate has been varied to study its effect on the resulting structure,
microstructure, densification, and mechanical properties.

4.2.1 Phase Evolution Studies (1)
For the MA NZ powders, XRD, and TEM were used to study the phase evolution, and
determine the crystal structure of the phases Figure 12 shows the XRD patterns of the Nb–
40 at. % Zr milled powder. The as-mixture powder shows the presence of elemental Nb
and Zr only and no other phase is present. On milling the powder, the intensities of the
diffraction peaks of both the metals decreased and their widths increased due to a reduction
in crystallite size and introduction of lattice strain [7, 64]. However, on continued milling
of the powder blend to about 10 h, the diffraction peaks were replaced by a broad diffuse
halo, corresponding to the (110) peak of Nb, suggesting that an amorphous phase had
partially formed. The fraction of the amorphous phase increased with milling time
reaching a maximum of about 60 vol.% on milling the powder for 10 to 20h. However, on
continued milling to 70 h, a crystalline phase had formed, suggesting that the amorphous
phase had crystallized due to milling,
(1) Published: N. Al-Aqeeli, C. Suryanarayana, and M. A. Hussein, “Formation of an amorphous phase and its
crystallization in the immiscible Nb–Zr system by mechanical alloying,” J. Appl. Phys., vol. 114, no. 15, p.
153512, 2013.
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a phenomenon that has been termed mechanical crystallization [86,118]. A similar trend
was noted on milling the powder blends of the compositions (55 Nb-45Zr, and 50Nb-50Zr
at. %) as shown in Figure 13 and in Figure 14.

Figure 12 XRD patterns of the as received and milled Nb–40 at.% Zr powder: While the starting
(unmilled powder) showed only the diffraction peaks from both Nb and Zr, the milled powder showed
a decrease in peak intensity and an increase in peak width due to reduction in crystallite size and
introduction of lattice strain. An amorphous phase started to form on milling the powder for about 10
h, and its volume fraction increased with increasing milling time. On milling the powder for 50–70 h,
a crystalline fcc phase had formed.
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Figure 13 XRD patterns of the as received and milled Nb–45 at.% Zr powder

Figure 14 XRD patterns of the as received and milled Nb–50 at.% Zr powder
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Figure 15 and Figure 16 show TEM micrographs and SADP of the Nb–40 at.% Zr powder
blends milled for 10 and 70 h. Some regions in the powder milled for10 h clearly showed
the presence of an amorphous phase. This is confirmed from the high-resolution TEM
micrograph that shows the salt-and-pepper like the contrast (Figure 15 -a) and the presence
of a broad diffuse halo in the diffraction pattern (Figure 15 b). This observation clearly
confirms that it has been possible to produce an amorphous phase in this immiscible NbZr system. But, the electron micrograph of the powder milled for 70 h clearly shows the
presence of lattice fringes suggesting that a crystalline phase is present at this stage (Figure
16 a) and the diffraction pattern (Figure 16 b) clearly confirms the presence of a crystalline
phase. From the position of the rings, this crystalline phase has been indexed to have an
FCC structure with a = 0.44 nm. The formation of a crystalline phase on continued milling
after the formation of the amorphous phase clearly suggests this could be due to mechanical
crystallization [118].
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Figure 15 TEM images of the Nb-40 at. % Zr powder milled for 10 h: a) BF and b) SADP. The
micrograph (a) shows the presence of the amorphous phase, confirmed by the diffraction pattern
showing a halo (b)
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(111)
(200)
(220)

Figure 16 TEM images of the Nb-40 at. % Zr powder milled for 70 h: a) BF and b) SAD .the
micrograph (a) shows the presence of the fcc crystalline phase, confirmed from the diffraction
pattern (b).
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4.2.2 The Quantification of Amorphous Phase
Since the samples contained a mixture of the crystalline and amorphous phases, the fraction
of crystallinity in the samples was calculated according to the method suggested by Soltys
et al. [119] and Majdanac et al. [120] and explained previously in 3.2.2 section.
Figure 17 presents the percentage amorphization as a function of milling time in the
three samples. The percentage of amorphization in the milled powder increased with
milling time. The percentage amorphization exhibited a maximum value at a milling time
of 15-20 h, and it decreased with further milling when mechanical crystallization had
occurred. Simultaneously, the percentage amorphization had increased with an increase in
the Nb content. This can be rationalized on the basis that Nb has a higher melting
temperature than Zr and therefore the time required for amorphization increased with
increasing Nb content.
It may, however, be mentioned in this context that these values are likely to indicate
only the trends and that too much importance should not be attached to the quantitative
values.
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Figure 17 Variation in percentage of amorphization for the different Zr-Nb powders with the milling
time

4.2.3 Crystallization of the Amorphous Phase
It was also mentioned that a crystalline phase had formed on continued milling after the
amorphous phase had formed. There have been several reports of similar
observations[118].The crystalline phase could be a metastable or equilibrium phase formed
as a result of decomposition of the amorphous phase or it could be a contaminant phase.
The technique of MA could always introduce contamination into the milled powder due to
wear and tear of the grinding medium, use of a PCA, or atmospheric contamination.
Chemical analysis of the milled powder showed that the carbon and nitrogen contents were
zero on milling the powders for 10h, however the powder milled for 70 h showed the
presence of about 1.1 wt. % W. The presence of W in the milled powder can be attributed
to the use of very hard WC vial and balls, which show much less wear and tear than
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stainless steel balls, which are much softer than those of WC. Also, IBM of multilayer thin
films will not have contamination during processing. Since these films subjected to IBM
also showed the presence of two metastable crystalline phases, both having the FCC crystal
structure [55], we can conclude that the amorphous phase had crystallized to form a
metastable crystalline phase. Further, in the IBM case, the lattice parameter of the Nb-rich
Nb-19 at. % Zr FCC phase was reported to be 0.435 nm, while that of the Zr-rich Zr-32 at.
% Nb FCC phase was 0.440 nm. In our alloy with Nb-40 at. % Zr, the lattice parameter
was 0.44 nm, very close to the value reported earlier in IBM alloys. Thus, it is safe to infer
that this FCC phase is not a contaminant phase, but that which has formed as a result of
crystallization of the amorphous phase. The reasons for the formation of the crystalline
phase on continued milling of the amorphous phase have been detailed earlier [118]. The
lowered free energy of the system consisting of a mixture of amorphous and crystalline
phases, in comparison to an amorphous phase has been shown to be the reason for the
crystallization of the amorphous phase.

4.2.4 Comparison with Related Observations
An exhaustive review of the literature on the formation of metastable phases, including
amorphous phases, in immiscible systems has been presented by Ma [121]. It was noted
that amorphization was possible even in alloy systems that exhibited positive heat of
mixing. These systems include Ag-Cu [122], Cu-Nb, [123], Cu-Ta, [77,124] among other
immiscible systems. In all these alloy systems, an amorphous phase is produced through
mechanically-driven solid–state amorphization methods, e.g., cold rolling or cold drawing
of multilayer thin films. An important point to be noted is that, in all these systems,
amorphization has been only partial and that a homogenous amorphous phase was never
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obtained. Such as, the amorphous phase is observed only at the Cu/Nb interfaces in the
Cu-Nb system [123] and in localized regions in the Ag-Cu system [122]. In majority of the
cases, formation of the amorphous phase was confirmed only through XRD experiments.
It is possible that these are only “X-ray” amorphous and additional experiments such as
TEM and calorimetric measurements could help in determining whether these phases are
truly amorphous. This is because the broad peaks in XRD patterns could result from (i)
extremely fine crystalline grain structures or (ii) very fine crystals distributed uniformly
inside an amorphous matrix. But, in the present investigation, we were able to confirm the
presence of the amorphous phase through both XRD and TEM methods and therefore this
lends more credibility to the reported result.
The formation of amorphous phases in immiscible alloy systems has been reported to occur
through methods such as IBM, MA or cold rolling of multilayer films, but not through
rapid solidification processing methods. In severe plastic deformation methods, a very
large number of new surfaces and interfaces are created. This excess interfacial energy
provides the driving force for amorphization, because it promotes the free energy of the
system containing the crystalline phases (solid solutions or intermetallics) to above that of
the hypothetical amorphous phase.
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4.2.5 Extending the Composition Range for an Amorphous Phase in the
Nb-Zr system (2)
According to [125], theoretically the formation of an amorphous phase in this system
should be limited to Zr values exceeding 37.4%. To investigate the possibility of extending
the composition range for the formation of an amorphous phase in the Nb-Zr system to
lower Zr concentrations, powder blends containing 5, 10, 15 and 20 at.% Zr were milled.
Figure 18 and Figure 19 show the XRD patterns at different milling intervals for Nb80Zr20
and Nb95Zr5. It was observed that broadening of the diffraction peaks occurred after 10 h
of milling, related to the reduction in crystallite size and increase in lattice strain. As the
milling time increased the intensity of the peak corresponding to (110)Nb is decreased and
shifted to a lower angle indicating lattice expansion and formation of a solid solution. This
shift appeared as early as 10 h of milling in Nb95Zr5, while it occurred at 20 h in Nb80Zr20.
It was also noted that in all the powder blends, the FCC phase had formed with increased
milling time up to 70 h. However, the lattice parameters of the new FCC phase were
0.435439 nm, 0.435169 nm, 0.433484 nm, and 0.431644 nm for the nominal compositions
of Nb80Zr20, Nb85Zr15, Nb90Zr10, and Nb95Zr5, respectively. It appears from these results
that no pronounced amorphous phase formation was achieved at these milling conditions,
suggesting that the current milling conditions were not intense enough to destabilize the
crystalline phase and allow the formation of an amorphous phase. This is despite the fact
that severe plastic deformation, in general, facilitates the formation of an amorphous phase
due to the introduction of fresh interfaces, which raise the free energy of the system.
(2) Published :N. Al-Aqeeli, M.A. Hussein, C. Suryanarayana, Phase evolution during high energy ball
milling of immiscible Nb–Zr alloys, Advanced Powder Technology, 26 (2015) 385–391
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In this case, however, it appears that the increase in free energy of the crystalline
phase was not sufficient to exceed that of the hypothetical amorphous phase; thus only
solid solutions were formed.
To investigate if higher milling intensities, through increased BPR, could facilitate
the formation of the amorphous phase, two powder blends, namely Nb80Zr20, and Nb95Zr5
were milled at a BPR of 30:1. Figure 20 and Figure 21show the X-ray diffraction patterns
of the powders milled for up to 20 h. The results show that in addition to reduced intensity
and broadening of the peaks, Nb(Zr) solid solution appeared, at times shorter than when
milled at a BPR of 10:1. This can be attributed to the higher energy imparted to the milled
powders. Moreover, the shift in (110)Nb peak towards a lower angle in Nb80Zr20 appeared
as early as 1 h of milling, which is relatively short. Other studies [72, 126] have reported
similar early shifts in different systems which support such possibilities. The more
interesting observation, however, is related to the partial formation of an amorphous phase
in both the compositions at a milling time of 5-10 h. Similar to the powders milled at a
lower BPR, the metastable FCC phase was formed in both compositions at longer milling
times, with the caveat that the FCC phase had formed at an earlier time due to higher energy
imparted to the powders. Upon reaching the metastable FCC phase, the milling
experiments were stopped for higher BPR at 20 h. Such results indicate that adjusting the
milling conditions is vital in pushing the system towards higher instability and subsequent
amorphization. As for the indications of amorphization in the work of Suryanarayana and
Liu [88], it was possibly due to the fact that their experiments were carried out using a
SPEX 8000 mill, which is considered as the highest intensity commercial mill available.
However, the occurrence of an amorphous phase was still minimal at these lower Zr
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concentrations and further milling enabled the formation of the FCC phase. Confirmation
of the amorphous phase formation in these compositions was obtained through TEM
investigations.

Figure 18 XRD patterns of Nb80Zr20 powders MA at a BPR of 10:1

Figure 19 XRD patterns of Nb95Zr5 powders MA at a BPR of 10:1
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Figure 20 XRD patterns of Nb80Zr20 powders MA at a BPR of 30:1

Figure 21 XRD patterns of Nb95Zr5 powders milled at a BPR of 30:1
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To confirm the XRD results regarding the formation of an amorphous phase, we
have also conducted direct TEM studies. Figure 22 shows the TEM images and SADP of
the Nb80Zr20 and Nb95Zr5 powder milled for 10 h BPR 30:1, respectively. Figure 22(a)
shows that there exist sharp diffraction rings indicative of the presence of a crystalline
phase in the Nb80Zr20, nevertheless, the sharpness of these rings seemed somewhat less
compared to that from the Nb95Zr5 powder milled for 10 h (Figure 22(b)). This can also be
confirmed by TEM images in which the salt-and-pepper like contrast was observed in some
areas of the TEM micrographs of the Nb80Zr20 powders milled for 10 h. However, the
strong crystallinity of the sample Nb95Zr5 milled for 10 h was evident by the observed
lattice fringes in the image and the absence of any indications of an amorphous phase. This
suggests the coexistence of amorphous and crystalline phases in the Nb80Zr20 powders
milled for 10 h. These results support the XRD observations. The stability of this
amorphous phase appears to be minimal since further milling caused crystallization of the
amorphous phase. However, it appears that obtaining a higher proportion and more stable
amorphous phase is not easily attained at lower Zr concentrations, even with far-from
equilibrium processing methods in the Nb-Zr system; except for Ion beam mixing (IBM).
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Figure 22 TEM BF micrographs and SADP of Powders MA for 10 h at a BPR of 30:1 (a) Nb80Zr20
(b) Nb95Zr5powders milled for 10 h,

4.2.6 Lattice Parameters
Figure 23 presents the variation of lattice parameter with the milling time and BPR
for the Nb(Zr) solid solution. An interesting observation is the shortened milling time for
achieving the same lattice parameter value at a higher BPR. For example, the lattice
parameter that was achieved at 70 h milling at a BPR of 10:1 was realized at 20 h when the
BPR was increased to 30:1. As the solute atoms of Zr dissolve in the lattice of Nb forming
Nb(Zr) solid solution, they are expected to increase the lattice parameter of Nb since Zr
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has a larger atomic radius of 0.158 nm compared to the atomic radius of 0.146 nm for Nb.
Since the lattice parameter is the same in both cases, this suggests that the maximum solid
solubility of Zr in Nb would be similar in both compositions. These results show the
difficulty in forming a higher fraction of amorphous phase at lower Zr concentrations and
the stability of Nb(Zr) solid solution, which is different than what was suggested by Wang
et al. [56].
The Vegard’s law was used to estimate the Zr solute content in the resulting solid solutions
assuming the model of an ideal solid solution. Figure 24 shows the variation of lattice
parameter versus composition of the powders MA for different time periods. For the
purpose of comparison, the linear interpolation between the lattice parameters of Nb and
Zr are included. The lattice constant of the Nb pure metal is 0.33717 nm and that of a
hypothetical BCC–Zr phase is 0.3648 nm (calculated by using the atomic diameter of the
HCP Zr crystal). As is clear from the figure, the alloys obey the Vegard’s law with a visible
deviation that could be related to the heat of mixing between the two elements.
Generally, amorphous phases were reported to form easily in the middle of the phase
diagram [56, 59], i.e., when the composition of the alloy is near equiatomic. Therefore, it
is not very surprising that amorphous phases have formed in this alloy system also at high
Zr contents, even when milled at a BPR of 10:1.
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Figure 23 Lattice parameter of Nb(Zr) solid solution as a function of milling time for the MA
Nb80Zr20

Figure 24 Variation of lattice parameter of Nb solid solution phase as a function of the milled powder
blends MA for different times at BPR 10:1.
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A number of different criteria have been proposed to explain the occurrence of
amorphous phases in alloy systems. Of all these, the most important criterion appears to be
that the constituent elements should have a reasonable size difference, i.e. atomic radius
and lattice parameters. Egami and Waseda [125] had shown that when alloying occurs,
introduction of solute atoms into the lattice of the solvent cause accumulation of strain and
that this strain increases with the increasing solute content. When this strain reaches a
critical value, the crystalline lattice becomes unstable and formation of an amorphous phase
takes place. The minimum solute content required for the amorphous phase formation
could be calculated from the relation:
𝑟

3

[(𝑟𝐵 ) − 1] × 𝐶𝐵𝑚𝑖𝑛 = 0.1
𝐴

[125]

(4.1)

Where rB and rA represent the radius of the B (solute) and A (solvent) atoms and
𝐶𝐵𝑚𝑖𝑛 is the minimum solute content required to form the amorphous phase. Substituting
the appropriate values for rA and rB, the minimum solute content (Zr) required for the
formation of the amorphous phase works out to be 37.4 at.%. Thus, it is not surprising that
we have obtained the amorphous phase in the Nb-Zr system in the composition range of
40 to 50 at.% Zr. But, it is interesting to show in this work the possibility of adjusting the
severity of milling conditions to be able to realize the formation of the amorphous phase at
lower Zr contents. Even though several other criteria have been proposed to explain the
amorphous phase formation in rapidly solidified and mechanically alloyed conditions
[127], these do not appear to be applicable to the Nb-Zr system because they exhibit the
positive heat of mixing.
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4.2.7 Morphology and Microstructures of the Milled Powders
Figure 25 and Figure 26 show SEM micrographs of Nb95Zr5 powders after selected
times of milling at a BPR of 10:1 and 30:1, respectively. For the powders milled at a BPR
of 10:1, coarse powders were gradually refined with milling time until 50 h, while at 70 h
agglomeration started to occur which may be due to the domination of repeated cold
welding over fracturing of the powder particles. This is possible because extremely fine
particles, even though they are hard, behave in a ductile manner [126]. On the other hand,
when powders with the same composition were milled at a BPR of 30:1 more irregular
shape and agglomerations appeared as early as 5 h. However, as milling progressed to 10
and 20 h, a finer microstructure was obtained. This further highlights the fact that BPR has
a significant effect on the morphology of the powder particles and also possibly on the
structure of the phases formed.
As for the effect of milling on homogenizing the resulting alloys, Figure 27shows
the compositional mapping of Nb95Zr5 at 5 h of milling. A homogenous solid solution
Nb(Zr) was observed, which is confirmed by the uniform distribution of the two constituent
elements throughout the powders.
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Figure 25 SEM images of Nb95Zr5, BPR 10:1 MA for (a) 10 h, (b) 50 h, and (c) 70 h.
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Figure 26 SEM images of Nb95Zr5, BPR 30:1 MA for (a) 5 h, (b) 10 h, and (c) 20 h.
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Figure 27 the compositional mapping of Nb95Zr5 at 5 h of milling, and BPR 30:1

4.2.8 Synthesis of Nb60Zr40Alloy (3)
4.2.8.1 Preparation of Nb60Zr40Alloy by MA
MA has been used to synthesize Nb60Zr40 alloy from as received elemental Nb, and Zr
powders. The details of XRD and TEM explained in the previous section and depicted in
Figure 12, and Figure 15. And will be summarized in the following section.
Figure 28 presents the XRD patterns of the MA Nb–40 at. % Zr powder. The as-mixed
powder shows the presence of Nb and Zr only and no other phase is present. On milling
the powder, the intensities of the diffraction peaks of both the metals decreased and their
widths increased due to a reduction in crystallite size and the introduction of lattice strain
[7, 64]. However, on continued milling of the powder blend to about 10 h, the diffraction
peaks were replaced by a broad diffuse halo, corresponding to the (110) peak of Nb,
suggesting that an amorphous phase had partially formed. Typical SEM micrographs of
milled Nb60Zr40 powders are shown in Figure 29 .
(3) Submitted: M.A. Hussein, C. Suryanarayana, A. Madhan Kumar, N. Al-Aqeeli, Effect of Sintering
Parameters on Microstructure, Mechanical properties and Electrochemical Behavior of Nb-Zr Alloy
for Biomedical Applications, submitted to journal of Materials & Design.
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Compared to the as-received morphology, after milling, the average particle size was
reduced and the shape of the powder particles looks spherical and more uniform. However,
due to the excessive cold welding and agglomeration of smaller particles, some large
agglomerates were observed.
DSC measurements have been done for Nb40Zr milled powder for 10 hr under Ar
fluxing atmosphere (20 ml/min). The thermal cycles consist of heating at 10 K/min up
to 1200°C and free cooling in order to determine structural changes in the materials.
Figure 30 shows exothermic peaks between (400°C-700°C). The possible reason for an
exothermic peak on DSC curves to be a considerable number of random boundaries
were observed to transform to order boundaries by atomic relaxation and/or diffusion
under the influence of heat, accompanied by the release of the excess energies [128]. An
exothermic peak related to recrystallization and subsequent grain growth, can be
seen from DSC curves, this process decreases the free energy of the system by
decreasing the volume fraction of total grain boundaries and causes enthalpy release.
The metastable phases often show exothermic peaks in the DSC due to it’s possess higher
energy than the equilibrium phases. May be there are another transformations occur at
higher temperatures which over the limitation of the available DSC machine.
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Figure 28 XRD patterns of Nb40Zr: a) as received mixture) milled powder for 10 hr

a

b

Figure 29 SEM micrographs of Nb40Zr:a) as received mixture) and b)milled powder for 10 hr

Figure 30 DSC results of Nb40Zr milled powder for 10 hr shows exothermic peak
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4.2.9 Characterization of the SPS Samples
After conducting a detailed study of the phase evolution during the MA, the Nb–40 at. %
Zr milled powder were consolidated using SPS process at different parameters. Table 4
summarizes the SPS conditions and its coding to be easy to refer to it.
After SPS, the samples have been characterized to study the effect of SPS parameters on
the obtained phases, microstructure, densification, and mechanical properties. The phases
of SPS samples were studied using XRD, and TEM. SEM was used to characterize the
microstructures. The microstructures were also observed on TEM. Nanoindentation, and
hardness tester (Buehler, USA) were used to measure the mechanical properties of the
consolidated samples after polishing. The density determination kit was used to measure
the density of sintered samples.
Table 4 parameters of SPS

Code Temperature Holding time Heating rate Pressure
(°C)

(minutes)

(°C /min)

(MPa)

S1

1300

10

100

50

S2

1300

15

100

50

S3

1300

25

100

50

S4

1400

10

100

50

S5

1500

10

100

50

S6

1300

10

50

50

4.2.9.1 Structure and Phase Analysis
XRD patterns for the sintered samples under a variety of sintering conditions are shown in
Figure 31. Under all the as-sintered conditions, typical diffraction peaks of Nb, Nb(Zr)BCC
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solid solution ,and the Nb(Zr) FCC phase were observed. The formation of the FCC phase
was achieved after prolonged milling (for approximately 70 h) of Nb60Zr40 powder and was
attributed to the mechanical energy imparted by the milling process as there was no
consolidation involved. However, after SPS, the observed formation of the FCC phase is
attributed to the substantial heating applied during SPS within a very short period of time.
This effect can be explained by the equivalence between the mechanical energy and heating
of the alloy to high temperature, as reported previously [7]. This result of FCC metastable
phase formation is in agreement with T L Wang et al and O.Jin,et.al [55,56] they obtained
two metastable FCC phases in NbZr immiscible system by IBM.
Olivier et al [129] reported that SPS could be used in the sintering of non-equilibrium
materials in their metastable state due to the exposure to high temperature and pressure in
a short period of time. The resulting non-equilibrium phase combinations are primarily due
to the high cooling rates associated with SPS [130]. For instance, non-equilibrium
composites of cubic boron nitride-based composites were successfully obtained by SPS
[131]. The similar observation was reported by [132], after SPS of CoCrFeNiMnAl MA
alloy, the XRD showed the presence of both BCC and FCC phase together in the
consolidated samples. The unexpected phenomenon may be associated with the critical
conditions of the non-equilibrium process of rapid sintering in SPS, and the large pulsed
electric current of SPS [132].
The XRD patterns clearly show that the increase in SPS temperature from 1300°C in Figure
31 f, does not yield a major transformation in the resultant phases. The only change
observed is in the relative intensity of the peaks, which is triggered by the increase in
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temperature. The same argument also holds for the effect of increasing the holding time
from 10 to 25 minutes, which led to a minute change in the relative intensities of the peaks.
Additionally, as shown in Figure 32, the Nb(110) peak is shifted towards a lower angle due
to the dissolution of Zr atoms in the Nb matrix and the formation of a Nb(Zr)BCC solid
solution. By increasing the sintering time and temperature and decreasing the heating rate,
the peak shift becomes more pronounced, indicating the further dissolution of Zr in the Nb
matrix and the formation of a Nb(Zr)BCC solid solution.
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Figure 31 XRD patterns of Nb-Zr alloy under different conditions. a) As-received, (b-f) Milled for 10
hours, subjected to SPS post-milling under different conditions: (b) S1,( c) S2, (d) S3, (e) S4,( f) S5,
and (h) S6.

Figure 32 Shifting of the (110) Nb peak under different SPS conditions.
(A)As-received, (B) S1, (C) S3, (D) S5, and (E) S6.
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4.2.9.2 Microstructure Analysis of Sintered Specimens
The phase morphology of the resultant alloys presented in Figure 33, and Figure 34. They
show the SEM micrographs under both SE and BSEmodes for an SPS sample sintered at
different conditions without etching. Two main phases with clear contrast (white and gray
phases) were observed in all the sintered alloys. Based on the XRD and BSE results, it
appears that the brighter region are pure Nb, Nb(Zr)BCC solid solution an d gray phase
may be Nb(Zr), FCC phase . There exist a fair distribution between the alloy’s constituents
and there seem to be some micro-pores that are distributed into the structure. The presence
of pores within the resultant microstructure could be of great value when these materials
are used to produce implants because tissue is able to grow to fit these pores [133]. It’s
clear from the BSE image at different temperatures that the dissolution of Nb increases by
increasing the SPS temperature from 1300 °C to 1500 °C.
High resolution FESEM (SE and BS) was performed without etching for selected samples
shown in Figure 35 and Figure 36 at higher magnification to reveal the details of
microstructure features: the BS-FESEM show the uniform distribution of the different
phases: brighter regions are pure Nb, and Nb(Zr), BCC solid solution., the gray phase may
be the FCC phase.
For more details about the feature of the microstructure, TEM studies were conducted and
covered in the following section. It helps to study the nanostructure feature of the
developed alloy which couldn’t clearly be obtained by SEM.
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Figure 33 SE and BSE images of Nb-Zr alloy SPS at a) S1, (b) S4, and C) S5
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Figure 34 SE images of Nb-Zr alloy SPS at a) S2, (b) S3, and C) S6
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Figure 35 FESEM images: a) SE,b) BSE of Nb-Zr alloy SPS at h7

NbZr(BCC)

NbZr(FCC)
Nb

Figure 36 FESEM images: a) SE,b) BSE of Nb-Zr alloy SPS at h2
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4.2.9.3 TEM Studies
Figure 37 shows the TEM results of the SPS sample at a temperature of 1300°C,
holding time 10 minutes, and heating rate of 50°C min-1. It is clear from these figures that
the microstructure is not uniform and shows heterogeneous characteristics. According to
the EDS analyses, the bright regions are pure Nb, and Nb-rich solid solution Nb(Zr), BCC
(white contrast), and other regions, which contain alloyed Nb Zr, (FCC) (grey contrast).
The figure also shows the presence of equiaxed grains having an average size of 100-300
nm, which highlights the benefits of using SPS in sintering these powders and the ability
to retain the developed nanostructure. In fact the presence of the nanophase alloys was
reported to be promising for the use as orthopedic implants due to enhancement of
osteoblast adhesion on nano-grained metals compared to coarse-grained metals [10].
Nanograins have been reported also to improve cell-material interaction, which leads to
enhanced cell attachment on the nanocrystalline alloy [9], in addition to better
compatibility compared to the coarse-grained structure [134].
Additionally, Figure 37 b, shows the presence of stacking fault like defects in the
crystal structure, which is attributed to the difference in crystal structures between the
alloy’s constituents, i.e. Zr is HCP while Nb is BCC. The high-resolution image in Figure
37 c shows Moiré fringes in which the superimposed grains are showing a slight difference
in orientation. SAED in Figure 37 d shows ring patterns recorded from relatively smallsized grains (commonly referred to as powder patterns). These spotty rings are observed,
as there are not enough grains to give a continuous ring pattern. This clearly suggests that
grain sizes are small enough to get a single crystal spot diffraction pattern. The indexing
of this pattern confirm the coexistence of BCC and FCC phase.
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a

b

NbZr(BCC)
Nb

NbZr(FCC)

c

d

Figure 37 TEM results of the SPS sample at 1300°C, holding time 10minutes, and heating rate of 50
°C min-1: a) TEM image showing equiaxed grains, b) TEM micrograph showing stacking fault
defects, c) the presence of Moiré fringes, and d) SAED Patterns
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The consolidated samples were evaluated through density, and Vickers hardness
measurements. Figure 38 shows the Vickers hardness and density measurements of the
SPS Nb-Zr alloy as a function of the sintering holding time; for samples sintered at 1300°C
at a heating rate of 100°C min-1. It seems that hardness decreases with the increase in
holding time, with a maximum hardness value of 564 HV achieved at a 10-minutes holding
time. This behavior is expected as the increase in holding time will lead to higher growth
of the grains and ultimately lower hardness values. However, densification has increased
upon increasing the holding time from 10 to 15 minutes, which can be related to the
increased flux of heat that is associated with the increase in holding time. Nevertheless, as
the holding time is increasing from 15 to 25 minutes the densification is slightly dropping.
As the readings are given with error bars it can be concluded that the densification didn’t
change as the holding time was increased from 15 to 25 minutes. Both readings seem to be
within the errors limitations and, thus, no change in densification can be concluded. It
appears that increasing the holding time beyond 15 minutes is not needed as not much
densification is achieved and the hardness seem to be decreasing as a result of having
higher holding times.
To explore the effect of SPS temperature on the density and hardness of the SPS
prepared alloys, we measured the hardness and density of three samples sintered at a
heating rate of 100 °C min-1 for a holding time of 10 minutes Figure 39. The trend exhibited
by the measurements indicates that the densification is marginally increased when the SPS
temperature is raised to 1500°C. However, if we consider the marginal errors in the
densification measurements, it appears that temperature has no pronounced effect upon
densification. In contrast, the increase in sintering temperature considerably increases
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hardness. This may be due to a decrease in the number of pores in the resultant sample
during heating and the improved contact between the powder particles. The same trend of
increasing the hardness with the SPS temperature was reported in literature for different
materials; Al6061 and Al2124 alloys [135]
The increase in holding time from 10 to 15 min increases densification; which
leads to an increase in grain size and results in a decrease in hardness [136]. According to
Hall-Petch relationship, the yield strength is dependent on the grain size and for Vickers
indentation, the yield strength (σys) related to hardness (Hv) as Hv /σys≈3. Therefore, any
increase in grain size of SPS samples can result in a decrease in hardness [135]. In general,
the increase in sintering temperature leads to reduction of pores and an increase in grain
size, which has a positive effect to increase hardness. These two effects could explain the
negligible effect of temperature on the hardness as shown in Figure 39.
To study the influence of the heating rate in densification and hardness, a sample sintered
at 1300°C for a holding time of 10 minutes was subjected to two altered heating rates of
50 and 100°C/min Figure 40. Sintering at the lower heating rate (50°C min-1) yields an
alloy with a larger densification (97.9%) and hardness (568 Hv). It appears that changing
the sintering heating rate has a more pronounced effect on hardness than on density.
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Figure 38 Hardness and densification versus holding time of the specimens SPS at 1300°C

for 100°C min-

Figure 39 Hardness and densification as a function of SPS temperature; Sintering performed

at 100°C min-1 for 10 minutes.
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Figure 40 Hardness and densification at different sintering heating rates for specimens

sintered at 1300°C for 10 minutes
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4.2.9.4 Nanoindentation
Figure 41 shows the load displacement curve (P–h) nanoindentation curves for Nb40Zr
alloy SPS at S5 conditions. The nanoindentation has been done at maximum load of 100
mN and loading and unloading rates of 100 mN/min and holding time of 5 sec. The values
of hardness, Young’s modulus and the extracted parameters related the resistance of the
material to wear and implant lifetime are summarized in Table 5. The Nb40Zr alloy is
harder than The Ti–6Al–4V alloy due to the nanostructured phases which possess higher
mechanical properties compared to coarse structure. Moreover, Table 5 compares the ratios
of H/Er and H3/Er2, these parameters were reported to be related to the implant lifetime and
wear resistance [137]. The developed Nb40Zr alloy possess higher value for H/Er , H3/Er2
parameters compared to

Ti–6Al–4VAlloy which indicate that the developed

nanostructured Nb40Zr alloy possess higher wear resistance and longer lifetime.
The microhardness value for Nb40Zr alloy SPS at S5 (HV2=5.72 GPa) and S6 (HV2=5.6
GPa) at different from (H=13.09 GPa) and (H=10.51GPa) respectively, measured at 100
mN from NI, this due to ISE (indentation size effect) [138].which was reported to be due
to several factors such as: surface effect [139], the friction between sample and indenter
[140], or the gradient in the strain hardening [141,142]. In addition to, the developed
Nb40Zr alloy possess lower Young modulus compared to CoCr (Cast) (240 GPa) and AISI
316L alloys (210 GPa) [18,143].
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Figure 41 (P–h) nanoindentation curves for Nb40Zr alloy SPS at S5

Table 5 Summary of developed Nb40Zr properties ( in italics) extracted from the nanoindentation
curves in comparison with Ti–6Al–4V

Sample

H(GPa)

Er(GPa)

H/Er

H3/Er2(GPa)

Test load,
mN

Nb40Zr alloy SPS

13.09

212.1

0.0647

0.0549

100

10.51

207.8

0.05

0.0274

100

5.0

121

0.041

0.009

250

at S5 condition
Nb40Zr alloy SPS
at S6 condition
Ti–6Al–4V [137]
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4.3 Ternary TiNbZr System
MA has been used to synthesize a Ti–20Nb–13Zr alloy from as received elemental Ti,Nb,
and Zr powders, and then SPS has been used to consolidate the MA alloy powders at
different temperatures. XRD, FE-SEM/EDX, TEM, and DSC has been used to characterize
the synthesized alloy. After SPS, XRD, FE-SEM/EDX, TEM, densimeter, HV, and
nanoindentation to study the influence of SPS temperature on the obtained phases,
microstructure, densification, and mechanical properties.

4.3.1 Synthesis of Ti–20Nb–13Zr Alloy by MA
Figure 42 shows XRD patterns of as received powders and Ti–20Nb–13Zr after MA for
10 hours. All the expected peaks for as received powders are present. However, after 10
hours milling, the diffraction intensity of the peaks decreased and peak width increased
due to accumulation of mechanical strain and reduction in the crystallite size [144]. The
XRD pattern after10 hours milling shows a mixture of β-Ti phase, and a partial amorphous
phase as evidenced by the diffraction peaks replaced by a broad diffuse halo at (110) peak
of Nb and another peak at (211) peak of Nb. The dissolution of Nb and Zr into Ti and
formation of partial amorphous phase may be due to evolving of crystal defects during
mechanical alloying. The formation of partially amorphous phase was also reported in the
same MA conditions in Nb-Zr binary system.
To confirm the results obtained from XRD, a TEM study has been conducted. Figure 43
shows TEM micrographs: BF image and SADP of the Ti20Nb13Zr powders milled for 10
hr.

Some regions in the powder milled for10 h clearly showed the presence of an

amorphous phase. This is confirmed from the high-resolution TEM micrograph that shows
the salt-and-pepper like contrast (Figure 43a) and the presence of a broad diffuse halo in
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the diffraction pattern (Figure 43b). The existence of sharp diffraction rings is indicative
of the presence of a crystalline phase (Figure 43c).This suggests the co-existence of
amorphous and crystalline phases in the Ti20Nb13Zr powders milled for 10 h and confirms
the XRD observations.

Figure 42 XRD patterns of as received powders and MA Ti20Nb13Zr for 10 hr
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a

b

c

(110)
(200)
(211)

Figure 43 TEM: BF and SADP of Ti20Nb13Zr powders milled for 10 hr. The micrograph (a) shows
the presence of the amorphous phase, confirmed by the diffraction pattern showing a halo (b) the
micrograph (a) shows the presence of the BCC crystalline phase, confirmed from the diffraction
pattern (c)
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Figure 44 shows the morphology of Ti20Nb13Zr mixture before and after MA. It can
be seen that the raw powder mixture before MA has different shapes of irregular and
elongated with the average particle size of 23 µm for Ti and Nb and 31 µm for Zr. The
morphology of Ti20Nb13Zr powders after MA is shown Figure 44b. Compared to as
received morphology, the average particle size reduced and the shape of powders particles
was spherical and more uniform compared to the irregular shape existed in as received
powders. Some large particles were appeared due to the agglomeration of small particles
and excessive cold welding.
In addition an elemental mapping were done to reveal the distribution of element of
the MA powders. Figure 45 shows the homogenous distribution of Ti,Nb, and Zr in the
whole area, confirming an effective MA of elemental powders at 10 hr of milling. The MA
has been stopped at this time as the target phase and homogenous distribution of the
alloying elements has been obtained to avoid the contamination from balls and vials.
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a

b

c

Figure 44 SEM micrographs of (a) as received powders (b) SE of MA Ti20Nb13Zr for 10 hr
(c) BS of MA Ti20Nb13Zr for 10 hr

a

b

c

d

Figure 45 EDX mapping of the element distribution of MA Ti20Nb13Zr for 10 hr : (a) scanned area ,
(b) Ti, (c)Nb, (d)Zr
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DSC measurements have been done for Ti20Nb13Zr milled powder for 10 hr under Ar
fluxing atmosphere (20 ml/min). The thermal cycles consist of heating at 10 K/min up
to 1200°C and free cooling, in order to determine structure changes in the materials
during the process. As a comparison, pure Ti sample was also analyzed at the same
condition. Figure 46 shows exothermic peaks between (450°C-1000°C). the possible
reason for an exothermic peak on DSC curves, It is considered to be the release of
energy of lattice defects and grain boundaries of high density, Also, a considerable
number of random boundaries were observed to transform to order boundaries by
atomic relaxation and/or diffusion under the influence of heat, accompanied by release
of the excess energies [128]. This process decreases the free energy of the system by
decreasing the volume fraction of total grain boundaries and causes enthalpy release.
The metastable phases often show exothermic peaks in the DSC due to it’s possess higher
energy than the equilibrium phases. Figure 46 show the DSC curves. The analysis shows
that that α to ß transformation starts with TNZ alloy at (636 °C) lower than that of pure Ti
( 964°C ) this indicate that amount of α-phase in TNZ alloy is lower than of Ti. Moreover,
another transformation could be seen at 1100C, which may be due to transformation of ἃ
into β phase.
]
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Figure 46 DSC results of Pure Ti, and Ti20Nb13Zr milled powder

4.3.2 Characterization of the SPS Samples
4.3.2.1 Structure and Phase Analysis
The phases of SPS samples were studied using XRD. Figure 47 shows XRD patterns of
SPS Ti–20Nb–13Zr alloy at different sintering temperatures. The samples sintered at 800
°C, 900 °C, and 1000 °C revealed peaks form β, α, and ἃ. The peak intensity of β phase is
higher than that of α phase indicating that the percentage of β phase is higher than that of
the α phase. The intensity of the ἃ (martensitic metastable phase) peak is very low
suggesting that it is present only in minor amounts, by increasing SPS temperature its
amount decrease and more amount of equilibrium phases (β and α ) are formed. These
results matched with the results obtained from FE-SEM. The results from both BS-FESEM
and XRD suggested that dissolution of Nb continued till 1000 °C. The increasing intensity
of the β - phase peaks with increasing SPS temperature clearly confirmed that the amount
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of the β phase increased due to dissolution of Nb. Above a sintering temperature of 1000
°C, all the Nb has probably completely dissolved as inferred from the microstructural
analysis.

Figure 47 XRD patterns of SPS Ti–20Nb–13Zr alloy at different sintering temperatures. Note that
the amount of the -phase increased with increasing SPS temperature.

4.3.2.2 Microstructure Analysis of Sintered Specimens
Figure 49 and Figure 49 show FE-SEM and BS-FE-SEM images of Ti–20Nb–13Zr alloy
after SPS at different temperatures. As obvious from the microstructure, the samples
sintered at 800°C and 900 °C, Figure 49 (a, and b), the densification is incomplete. From
the BS- FE-SEM, the brighter particles existed in the samples sintered at 800 °C to 1000
°C, are for Nb. These Nb particles are dissolute in both β and α regions with increasing
sintering temperature, it seems that Nb particles completely dissolved in the samples
sintered above 1000 °C which matched with the results obtained from [145]. The
dissolution of Nb continues with increasing sintering temperature, which increases with
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increasing the volume fraction of both β and α phases [145]. At 1000 °C, the Nb still
continued undissolved and the equiaxed microstructural of α uniformly distributed in βmatrix is clearly appearing. The microstructural features for the samples sintered in the
range 1100-1200 °C is β-Ti (BCC) matrix which surround the α-Ti (hcp) region, the Nb
completely dissolved and the alloy is chemically homogenized. It can be inferred from the
BS- FE-SEM that the dark phase was α, and the bright phase was β.
The feature of the microstructure obtained by SPS is different from obtained by
conventional sintering method. The microstructure of Ti13Nb13Zr sintered by
conventional sintering shows a fine plate- like α phase plus β structure with α on grain
boundary [140]. The equiaxed structure in Ti-based alloys was reported to possess a better
combination of low modulus and higher strength compared to lamellar or acicular structure
[146].

The EDX results from 6 different locations in the Ti-20Nb-13Zr (at.%) sample sintered at
1200 °C reveal that the average composition of the  phase was Ti-25.26%Nb-13.37%Zr
(at.%). whereas the α phase contained Ti-18.53%Nb-13.84%Zr (a.%) . The EDX results
clearly confirm that the higher Nb content in the β-phase (25.26 at.%) preferentially
stabilizes this phase. Zr is reported to stabilize both the α and β phases in titanium alloys,
and accordingly, the Zr content was almost the same (13.4 – 13.8 at.%) in both the α and
β-phases. Figure 51 show an EDX elemental mapping of Ti–20Nb–13Zr after SPS, it reveal
the homogenous distribution of Ti,Nb, and Zr in the whole alloy in the.
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b

c

Figure 48 FE-SEM images of Ti–20Nb–13Zr alloy after SPS at: (a) 800°C; (b) 900°C; (c) 1000°C. The
figure on the left hand side shows the back scattered image while the one on the right hand side
shows the secondary electron image.
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a

b

Figure 49 FE-SEM images of Ti–20Nb–13Zr alloy after SPS at: (a) 1100°C; (b) 1200°C. The figure
on the left hand side shows the back scattered image while the one on the right hand side shows the
secondary electron image.
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Figure 50 EDS of Ti–20Nb–13Zr alloy sintered at 1200 °C

Table 6 EDS of Ti–20Nb–13Zr alloy sintered at 1200 °C (in atomic %)

Spectrum

Ti

Spectrum 1

59.87 13.63 26.50

Spectrum 2

66.58 13.72 19.70

Spectrum 3

60.84 13.70 25.45

Spectrum 4

68.66 13.97 17.37

Spectrum 5

60.89 13.06 26.05

Spectrum 6

63.84 13.10 23.07

Mean

63.45 13.53 23.02

Std. deviation

3.56

Max.

68.66 13.97 26.50

Min.

59.87 13.06 17.37

90

Zr

0.37

Nb

3.75

a

b

c

d

Figure 51 Mapping of of sample sintered at 1000 °C (a) scanned area, (b) Ti, (c) Nb, (d) Zr

To reveal the possibility of any effect of etchant on the obtained structure, SEM, and FESEM has been done for Ti–20Nb–13Zr alloy after SPS at 1200°C without etching shown
in Figure 52 a, and b. The results show the same features of β-Ti (BCC) matrix which
surround a α-Ti (hcp) region.
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α(hcp)

β(BCC)

β
Figure 52 Micrograph of Ti–20Nb–13Zr alloy after SPS at 1200°C:a)FESEM, b)SEM the results
show the β-Ti (BCC) matrix which surround a α-Ti (hcp) region

92

4.3.2.3 TEM Studies
Figure 53 shows the TEM BF image of Ti–20Nb–13Zr alloy sintered at 1200 °C. The
structure is β Ti (BCC) matrix surrounding the (hcp) region. The average grain size of the
dispersed α phase is between 70 and140 nm. It has been reported that nanophase materials
do possess unique surfaces and exceptional mechanical properties similar to those of the
human bones; hence they are considered to be the future generation orthopaedic
biomaterials [9]. Nanocrystalline alloys possess higher surface energy and larger surface
area than coarse grains to lead to enhancement interaction with cells which lead to enhance
proliferation and cell attachment on the nanocrystalline alloy [9,18] Also, it was reported
that the surface of metallic materials which possess low micron to nanophase topography
enhanced and increased the adhesion of osteoblast [147]. Moreover the nanostructure alloy
has better compatibility compared to coarse grain structure [134].
In the nano grained materials the number of atoms on the surface is very high and hence
possess large surface energy. The Bioactive surface of nano grained materials promote
greater amount of protein adsorptions stimulate new bone formation than conventional
structure as shown in Figure 54. Moreover, the dimensional similarity to bone/cartilage
tissue, nanomaterials also exhibit unique surface properties (such as surface topography,
surface chemistry, surface wettability and surface energy)[148].These advantages of
nanocrystalline alloy suggested the developed nanostructure Ti–20Nb–13Zr alloy for
biomedical applications as in implant material in dental and orthopedic applications.
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Figure 53 TEM bright field image of Ti–20Nb–13Zr alloy sintered at 1200 °C.

Figure 54 The biomimetic advantages of nanomaterials. [148]
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4.3.2.4 Densification Studies
To study the influence of SPS temperature on the densification behavior of nanocrystalline
Ti20Nb13Zr alloy, the samples were sintered at a heating rate of 100 °C /min and 10
minutes holding time while the SPS temperature was varied. It is clear from Figure 55 that
the densification percentage increases with increasing of SPS temperature due to the
decrement of the original pores existed in the specimen. The rate of pore elimination
increased by increasing SPS temperature, which lead to increase in the densification. The
samples show densification about 96.7 % of theoretical density at 800 °C which increased
with sintering temperature till 99.5% at 1200 °C SPS temperature.
In comparison with literature, a Ti–35Nb– 7Zr–5Ta alloy was consolidated by
conventional sintering and the full densification was obtained at the sintering temperature
of 1700 °C [149]. Also, Ti–13Nb–13Zr alloy was developed by conventional sintering and
the densification between 93 and 97%, was obtained after sintering at 1,400°C [145].
Compared to the results obtained by SPS, by using the spark plasma sintering, a near fully
densification could be obtained at a lower temperature of titanium alloy. The reason of
obtaining a good density in SPS at relatively lower temperatures due to ionisation of
particle by local spark during spark plasma sintering, which causes melting of the titanium
oxide films and formation of neck junctions between particles of powders at lower
temperature [150]. In addition the plasma generated during the SPS process, enhance the
properties of sintered powders due to acceleration of interdiffusion of atoms [35,151].
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Figure 55 the densification of Ti–20Nb–13Zr alloy at different temperatures
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4.3.2.5 Mechanical Properties
4.3.2.5.1 Vickers’Microhardness
Figure 56 shows the effect of SPS temperature on Vickers’ microhardness. HV increased
with SPS temperature and the trend follow the same trend as densification due to the
elimination of pores in the resultant sample during heating and the improved contact
between the powder particles.[152, 153]. The HV increased from 619 at 800 °C to 658 at
1200 °C. The HV value slightly increased from 1100 °C to 1200 °C due to homogeneity in
the microstructure. However, the HV for 900 °C sample was so high, (This deviation may
be related to the different features of the microstructure obtained at 900 °C)This variation
appeared also in the error bar as this specimen show the highest standard error of 24.4
among all the samples.
HV and phase composition of nanocrystalline Ti20Nb13Zr alloy investigated in this study
and for developed alloys for biomedical application from literature are summarized in
Table 7. The mention compositions are in weight percentage except what else mentions.
The hardness values for samples sintered by SPS are higher than those obtained by
conventional sintering methods. The increase in the hardness of nanocrystalline materials
is related to the effect of its higher dislocation density and smaller grain size [154]. In
addition as shown Table 7, SPS promotes the formation of β phase compared to α’ phase
obtained by conventional sintering technique of TiNb13Zr13, TiNb13, and TiAl6V4 [5].
The Ti20Nb13Zr alloy is harder than The Ti13Nb13Zr alloy as well as Ti–6Al–4VAlloy,
due to the increased Nb content, which was reported to enhance the wear resistance of Ti
based alloy [47].
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Figure 56 Vickers hardness of Ti–20Nb–13Zr alloy after SPS at different temperatures
Table 7 Comparisons of HV and phases of alloy studied (in italics) and other reported Ti based
materials

Alloy Composition ,ref

Consolidation Technique

Phases

HV

Test load
(gram)

TiNb13Zr13[5]

Conventional Sintering

TiNb13[5]

α’

290

α’

340

TiAl6V4 [5]

200

500

TiNb13Zr13 [145]

Conventional Sintering

α+ β

300

200

Ti43Al9V (molar ratio)
[42]

SPS

γ-TiAl +

592

500

Ti–35Nb–7Zr–5Ta
[155]

SPS

α+ β

531668

500

nanocrystalline
Ti20Nb13Zr at% alloy
developed in this study

SPS

α+ β

658

500

α2 Ti3Al+B2

SPS at 1200 °C
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4.3.2.5.2 Nanoindentation
Figure 57 shows the load displacement curve (P–h) for Ti20Nb13Zr at% alloy SPS at 1200
°C. The values of hardness, Young’s modulus and the extracted parameters related the
resistance of the material to wear and implant lifetime are summarized in Table 8. For
comparison purpose SPS has been done for Ti13Nb13Zr at.% alloy at 1200°C.As shown
in the table The Ti20Nb13Zr at.% alloy is harder than The Ti13Nb13Zr at.% alloy as
well as Ti–6Al–4VAlloy, due to the increased Nb content, which was reported to enhance
the wear resistance of Ti based alloy [47] in addition to the nanostructured phases which
possess higher mechanical properties compared to coarse structure. The Ti20Nb13Zr at.%
alloy SPS at 1200 °C showed slightly less hardness compared to SPS at 1100 °C due to
decreased in amount of α phase at 1200°C.
The implant wear resistance and lifetime were reported to evaluated by the ratios of H/Er
and H3/Er2[137]. As shown from Table 8, the developed alloy, Ti20Nb13Zr at.% alloy
showed higher values compared to Ti13Nb13Zr at.% as well as Ti–6Al–4VAlloy. Which
indicate that the developed nanostructured Ti20Nb13Zr alloy possesses higher wear
resistance and longer lifetime compared to Ti13Nb13Zr and Ti–6Al–4VAlloys. In addition
the developed Ti13Nb13Zr and Ti20Nb13Zr

alloys possess lower Young modulus

compared to CoCr (Cast) and AISI 316L alloys. The hardness value from nanoindentation
for Ti20Nb13Zr alloy SPS at 1100 °C measured at 100 mN (HV=11.8 GPa) is different
from measured at 250 mN (H=12.1GPa), this due to ISE (indentation size effect)
[138].which was reported to be due to several factors: surface effect [139], the friction
between sample and indenter [140], or the gradient in the strain hardening [141,142].
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Figure 57 (P–h) nanoindentation curves for Ti20Nb13Zr alloy SPS at 1200 °C
Table 8 Summary of TNZ studied alloy (in italics) properties extracted from the nanoindentation in
comparison with other reported metallic biomaterials

H3/Er2

Load,

(GPa)

(mN)

0.0858

0.0873

100

166

0.0736

0.066

250

150.23

148.45

0.072

0.0585

100

±0.913

±2.57

±2.2

±0.0048

±0.0127

Ti13Nb13Zr

8.148

113.59

108.26

0.070

0.0425

SPS at 1200 °C

±2.019

±20.73

±18.12

±0.0059

±0.015

Ti–6Al–4V [137]

5.0

121

116.16

0.041

0.009

± 0.1

±3

±2.58

±0.001

± 0.001

Sample

H

Er

ES

(GPa)

(GPa)

(GPa)

11.846

138

134.7

SPS at 1100 °C

12.191

165.5

Ti20Nb13Zr

10.93

SPS at 1200 °C

Ti20Nb13Zr

H/Er

SPS at 1100 °C
Ti20Nb13Zr

100

250

CoCr (Cast) [136]

240

Not reported

AISI 316L [136]

210

Not reported
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CHAPTER 5

Conclusions and Recommendations

5.1 Conclusions
This work was carried out mainly to develop nanostructured Ti and Nb-based alloys with
non-toxic elements for biomedical applications by MA and SPS.
The major findings obtained in this work can be summarized as follows:
1- An amorphous phase was synthesized in mechanically alloyed Nb-Zr alloys that

has a positive heat of mixing between the constituent elements, in addition MA
resulted in increased solid solubility limits of Nb-Zr system.
2- The formation of an amorphous phase at Zr contents lower than 40% was achieved
for the first time in this work.
3- The increased energy of the system due to MA led to the formation of solidsolutions, amorphous phase, which mechanically crystallized to an FCC phase on
continued milling
4- A nanostructured Nb-Zr alloy was successfully synthesized for the first time using
the MA-SPS technique with an average grain size of between 100-300 nm,
maximum hardness and relative density of 584 HV and 97.9%, respectively.
5- Nanostructured Ti20Nb13Zr at% near-β alloy with non-toxic elements and
enhanced mechanical properties was successfully fabricated for the first time by
spark plasma sintering (SPS).
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6- A nearly full density structure was obtained at the SPS temperature of 1200 °C. The
microstructure of the obtained alloy consist of a β-Ti (BCC) matrix which surround
a α-Ti (hcp) region, and the obtained alloy was chemically homogenized with micro
hardness value, HV of 657.
7- The obtained nanostructured Ti20Nb13Zr at% near-β alloy having an average grain
size of the dispersed α phase between 70 -140 nm. The nanostructured alloy
increases the adhesion of osteoblast which will lead to enhanced interaction with
cells.
8- The developed nanostructured Ti20Nb13Zr at% alloy possesses higher wear
resistance and longer lifetime compared to Ti13Nb13Zr at% and Ti–6Al–4VAlloys
9- The developed nanostructure Ti–20Nb–13Zr at% alloy is a potential candidate for
biomedical applications such as implant material in dental and orthopedic
applications.

5.2 Contributions to Original Knowledge
The important contributions of this work to original knowledge can be summarized
below:
1. It was the first attempt the nanostructured Ti–20Nb–13Zr at% alloy was fabricated
using spark plasma sintering.
2. The spark plasma sintering process has been used for the first time to consolidate the
Nb-Zr alloy.
3. The formation of an amorphous phase at Zr contents lower than 40% has been achieved
for the first time by using MA.

102

4. The formation of an amorphous phase and increased solid solubility limits of Nb-Zr
were achieved for wide range of compositions.

5.3 Future Directions
The developed nanostructure Ti–20Nb–13Zr alloy in this research is a potential candidate
for biomedical applications such as implant material for dental and orthopedic applications.
In light of this research, some future research directions can be recommended and are listed
as follows:
1. Study the biocompatibility of the developed alloys.
2. Carry on surface modification and Coating to enhance the characteristic of the
developed alloy.
3. Clinical assessment of the developed alloy to be ready for the market use.
4. Carry further mechanical characterization before considering modulus of elasticity
values.
5.

Use a gloves box to avoid the contamination from the environment.
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