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Abstract

Spark plasma sintering (SPS) is a novel technique to fabricate advanced materials.
The chapter 1 describes the origin, mechanism and development of the SPS as well as
its applications in nanomaterials synthesis, diamond synthesis and biomaterials
synthesis especially titanium based biomaterials. There are many mechanisms
suggested to account for the enhanced sintering abilities of the SPS process. The one
that draws the most controversy of these mechanisms involves the presence of
momentary plasma. Additionally, the SPS has a potential to be used as an alternative
method for diamond generation from nanocarbon and graphite, and is also a high
efficient method to produce titanium alloys and foams for biomedical applications.

Chapter 2 concerns the study on the indirect evidences for the presence of plasmas
in SPS. The thermal stabilities of carbon nanotubes, fullerene, graphene and graphite
were investigated under SPS. Results were compared with data from synchrotron
radiation in-situ high temperature X-ray diffraction of these materials. Part of the
nanotubes, fullerene and graphene was transformed into diamond under SPS, but
graphite kept stable. There was no diamond conversion in the in-situ X-ray diffraction
experiments under the same condition. Their phase transition mechanism indicated
the presence of plasmas during the SPS operation. In addition, the SPS experiments
were conducted in vacuum and argon atmosphere with carbon nanotubes based
materials. The phases and microstructures of the prepared samples were analyzed by
Raman spectroscopy, Synchrotron X-ray and scanning electron microscopy. Results
showed that diamond phase can be transformed from carbon nanotubes/FeNi mixtures
at the minimum uniaxial pressure of 9.55 MPa in both vacuum and argon atmospheres
of the SPS. At this pressure, high quality diamond crystals with hexahedron structures
are obtained at 1200 °C in the argon atmosphere. Such a low pressure diamond
formation provides an important indirect evidence for the existence of plasma during
the SPS. The argon atmosphere can enhance the plasma generation and promote the
diamond transition.

Chapter 3 reports the synthesis of diamond from nanocarbon and graphite by SPS.



Multiwalled carbon nanotubes (MWCNTSs) with Fe35Ni powders as solvent catalysts
were used to synthesize diamond by SPS. The MWCNTs/Fe35Ni mixtures were spark
plasma sintered at various conditions. The microstructures and diamond phase were
analyzed by using X-ray diffraction, Raman spectroscopy, scanning electron
microscopy and transmission electron microscopy techniques. Experimental results
show that the diamond crystals can be synthesized from MWCNTs/Fe35Ni by using
the SPS at lower temperature of 1200 °C under pressure of 70 MPa. Well-crystallized
cubic diamonds consisted of mono-crystals and poly-crystals exhibiting particle sizes
ranged (10-40) um. The Fe35Ni catalysts achieved an effective enhancement for
diamond conversion from MWCNTSs during the SPS. A model was also proposed to
describe the diamond growth as a layer-by-layer growth mechanism. In addition,
fullerene C60 is unstable and can be transformed into crystalline diamond by SPS
under a pressure of 50 MPa above temperatures of 1150 °C without any catalysts
being involved. Well-defined diamonds with particle sizes up to 250 um and transition
rate about 30 vol.% are obtained at 1300 °C and no further growth in particle size is
seen beyond this temperature. It is a direct transition process from C60 to diamond
with a structural reconstruction of carbon atoms without intermediate phases being
involved. Additionally, the Ni, MnNi, MnNiFe and AlCuFe quasicrystal powder were
used as the solvent catalysts for the diamond synthesis from graphite by the SPS.
Diamond crystals have been converted from the graphite at the SPS condition of
1300 °C, 50 MPa for 20 min. Diamond nano- and micro-rods (80 nm-2 pm) have been
obtained with the Ni catalysts from the graphite by the SPS. Diamond crystals with
good diamond shapes in the range of (1-3) wm have been converted from the graphite
with the AlCuFe catalyst. The diamond/copper composites are prepared by SPS. This
composite shows the hard diamond phase with hardness of (15.1+1.6) GPa embedded
in the soft copper matrix with hardness of (1.4540.2) GPa with a uniform distribution.

Chapter 4 studies the SPS of titanium alloys for biomedical applications. The
titanium-manganese (TiMn) alloys have been extensively used in aerospace and
hydrogen storage. In this part, the TiMn alloys with various manganese contents
ranging (2-12) wt.% were prepared by using mechanical alloying and SPS techniques.



The microstructures, mechanical properties including hardness, elastic modulus and
ductility, cytotoxicity and cell proliferation properties of the TiMn alloys were
investigated to explore their biomedical applications. The addition of manganese to
the titanium reduced the o to B transformation temperature and was confirmed as a [
stabilizer element. The manganese increased the relative density of the alloy and thus
high density TiMn alloys with a+B structure were prepared by using SPS at 700 °C.
The hardness increased significantly ranging from (2.440.24) GPa of Ti2Mn to
(5.2840.36) GPa of Til2Mn and the elastic modulus as well ranging from
(83.343.0) GPa of Ti2Mn to (12246.0) GPa of Til2Mn, the ductility decreased
ranging from (21.3%2.4)% of Ti2Mn to (11.722.0)% of Til2Mn with increasing
manganese content in the Ti. Concentrations of Mn below 8 wt.% in titanium reveal
negligible effects on the metabolic activity and the cell proliferation of human
osteoblasts. The Mn could be used in lower concentrations as an alloying element for
biomedical titanium. The Ti2Mn, Ti5Mn and Ti8Mn alloys with good mechanical
properties and acceptable cytocompatibility have a potential for use as bone
substitutes and dental implants. Additionally, the Ti6Al4V alloys are prepared by SPS
with a novel integrated nitrogen gas quenching system. Finite element simulations of
heat transfer coefficient and temperature distribution during cooling process of the
Ti6Al4V alloy in the SPS were performed. The mechanical properties and
microstructures of the Ti6Al4V alloy using various cooling rates were investigated.
Simulation results reveal that the gas quenching can increase the heat transfer
coefficient up to (5-7) times higher and magnify the temperature gradient of the
Ti6Al4V alloys. Experimental results show that sinter-hardening of the Ti6Al4V alloy
has been achieved, where the hardness rises from 327 HV1 to 353 HV1 with the
cooling rate ranging from 1.6 °C/s to 6.9 °C/s. The ultimate compressive strength and
the ductility have increased up to 1832 MPa and 34%, respectively. The gas
quenching leads to much more pronounced dimples in fracture surfaces, the
precipitation of intermetallic phases and a morphological change to lamellar a-Ti
phase in metallography. The mechanical properties and microstructures of the
Ti6Al4V alloys have been tailored by the rapid cooling-SPS combining sintering and



gas quenching.

Chapter 5 investigates the SPS of titanium foams for biomedical applications.
Macroporous pure titanium (Ti) foams with porosity of (30-70) % and pore size of
(125-800) um were fabricated by SPS. A mixture of Ti and sodium chloride (NaCl)
powders were spark plasma sintered at 700 °C under pressure of 50 MPa and the NaCl
phase was then dissolved in water. The resulting Ti foams consist of pure a-Ti phase
with interconnected macropores in quadratic cross sections. The plateau stress and
Young’s modulus agree with the Gibson-Ashby models, and coarsely follow a linear
decline with the increase of the pore sizes, and exponential decay with the increase of
the porosity. The macroporous Ti foams with plateau stress (27.2-94.2) MPa and
Young’s modulus (6.2-36.1) GPa have a potential to be used as bone implants.
Additionally, Ti6Al4V foams were fabricated by SPS with post heat treatment using a
blend of Ti6Al4V and NaCl powders. The Ti6Al4V foams fabricated at 700 °C and
50 MPa in SPS cannot get high relative densities. These sintered foams were post heat
treated in a pressureless mode of the SPS at 1100 °C for 5 min. This heat treatment is
very effective to reduce the microporosity and to fully densify the foam walls.
Young’s modulus of the foams was in the range of 33.0 GPa to 9.5 GPa and yield
strength ranged from 110.2 MPa to 43.0 MPa with porosity values from 44.7% to
70.0% obeying the Gibson-Ashby models. The human osteoblast cell line MG-63
validated the cellular acceptance of the foam surfaces. The pressureless SPS provides
a new method for the heat treatment of metallic foams. The Ti6Al4V foams with Cu
spacer were prepared by the SPS. The Cu spacer was removed by HNO3 acid washing
afterwards. The in-situ pore forming method by soaking of the spark plasma sintered
TiMg solids in simulated body fluid was also introduced. In the end, TiO,
nanostructures in anatase/rutile phases were modified on the pore walls of the Ti8Mn
foam uniformly by NaOH solution soaking and heat treatment. This surface modified
TiMn foam exhibited high in vitro bioactivity with a fast apatite-forming ability in the
simulated body fluid. The Ti, Ti6Al4V and TiMn foams processed by SPS have a

potential to be used as ideal bone implants.



In the Chapter 6, conclusions drawn from the entire body of the work and outlook
for the future are given. The thesis was then followed by selected original
publications which contain the experimental data, the substantial results as well as the

detailed discussion of the respective results.
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CHAPTER 1 INTRODUCTION

Chapter 1 Introduction

Sintering is a process to consolidate powders into solids. It has been practiced for
thousands of years in the making of bricks and pottery and in the consolidation of
precious metal jewelries [1]. During the period 1920-1950, sintering began as a
solid-state science came out of the empirical work [2]. Contributions to the
understanding of the basic phenomena of consolidation by mass transport mechanisms
were subsequently made by Frenkel, Kuczynski, Lenel, Coble, Kingery and Berg,
German and Munir, as well as Idem during the period from 1948 to 1976 [3-8]. From
the view point of thermal dynamics, the ability to achieve consolidation without
melting is realized by the thermal activation of mass transport processes driven by
reduction of surface and grain boundary energies. In order to activate the sintering and
attain high density and strength, many sintering methods have been studied and used,
e.g. high temperature sintering, gas-pressure sintering [9], mechanical pressure
sintering (hot pressing) [10], addition of sintering aids [11], minimization Ostwald
Ripening [12] and so on. Significant efforts have been made and continue to be
directed towards other means of activation to achieve high density at lower
temperatures and/or in shorter times [13]. These efforts have strong practical and
economic reasons to increase the sintering efficiency and save energy. Among these is
the recent use of a pulsed DC current to activate sintering. It is referred to spark
plasma sintering.

1.1 Spark plasma sintering (SPS)

Spark plasma sintering (SPS), commonly also defined as pulsed electric current
sintering (PECYS), field assisted sintering (FAST) is a novel pressure assisted pulsed
electric current sintering process utilizing ON-OFF DC pulse energizing. Due to the
repeated application of the ON-OFF DC pulsed voltage and current in powder
materials, the spark discharge point and the Joule heating point (local high
temperature-state) are transferred and dispersed to the overall specimen [14]. The SPS
process is based on the electrical spark discharge phenomenon: a high energetic, low
voltage spark pulse current momentarily generating high localized temperatures, from

1



CHAPTER 1 INTRODUCTION

several to ten thousand degrees between the particles resulting in high thermal and
electrolytic diffusion [14, 15].
1.1.1 The history of the SPS

The history of the technology related to the process in question started in the late
1930s when a sintering process using electrical energizing was introduced in the
United States [16]. The term of ‘spark sintering’ first appeared in a publication by
Lenel in the 1950s [17]. In Japan, a process based on the pulse current applied
sintering method was researched and patented in the 1960s and is known as spark
sintering [18, 19]. But it was not put to wide use due to the lack of application at that
time, and unsolved problems associated with industrial production, equipment cost
and sintering efficiency. The first commercialized SPS (DR. SINTER) was born in
Japan on 1990 from Sumitomo Coal Mining Co. Ltd [20]. Then, FCT (Fine Ceramics
Technologies) GmbH & Co in Germany produced the first SPS unit in Europe in the
year of 2003 [21]. More recently, SPS equipment has been manufactured in the U.S.A.
[22] and China [23].
1.1.2 The SPS process

Figure 1-1(a) shows a schematic diagram of the SPS apparatus [13]. The SPS
process is similar to hot pressing, in that the powders are loaded into a die (typically
graphite) and a uniaxial pressure is applied during the sintering [24]. However,
instead of using external heating source through the normal AC current, a pulsed DC
current passed through the sample and the electrically conducting pressure die.
Therefore, the die acts as a heating source and the sample can be heated from both
outside and inside. Due to the efficient thermal transfer, the mechanical stress applied,
and most possibly the enhanced diffusion rates due to the presence of an DC electric
field, the diffusion-oriented processes progress very rapidly once activated in this
process [12]. Typically, a pulsed DC current is applied with a relatively low voltage
(below 10 V) and a high current (1-20 kA). The current pulse density can be in the
order of (1-10) kA cm™2 Figure 1-1(b) shows the DC pulse forms used in the SPS
[25]. The pulsing pattern is made up of a sequence of pulses with the current,
followed by a duration pause of a current. Pulse spans in a typical SPS apparatus are

2



CHAPTER 1 INTRODUCTION

3.3 ms (DR. SINTER) or 3 ms (FCT) in duration. In the FCT system, the pulsed form
(ton=15 ms, tor =5 ms, n =1, t,= 0) in the bottom of the Figure 1-1(b) and a similar

form (ton=12 ms, torr =2 ms, n =1, t,= 0) are usually used during the sintering.

Pulsed DC

Graphite
Die —

Powder

Graphite
Spacers

(a)
High flexibility from pure DC current to variable pulse forms

ton=2ms t,=1ms n=12
t.=6ms

corr to SCM "12:2"
tu—3ms t.=3ms n=1 .
t.=0ms
l\!]'. II\IRI\l III. R!H'. li!‘t!l'. "\lll\””. |
\ N \ VI AT NT N N\
mWI‘IIIII\ Hillllii'M w ‘a‘m’nW lmwltlwlqllliiihwl WI'I'l'IWi'II’i" W"I'ill\WIlllllli ::;;1;:13 t.=5ms n=1
| ! II. |I| Il'n .rl" | Il'n |’|| '. |’|| ]I" |||ilI | II". I'||I
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TIME / ms

Pulse duration ton=1...2585 ms Number of pulses n=1...255
Pause duration t.,=0...255 ms Additional pause t,=0...255 ms

(b)
Figure 1-1 Schematic diagram of the SPS apparatus [13] (a) and the DC pulse forms
used in the SPS [25] (b).



CHAPTER 1 INTRODUCTION

1.1.3 Mechanisms of the SPS
There are many mechanisms proposed to account for the enhanced sintering
abilities of the SPS process; for example:
() Joule’s heating [26, 27],
(b) Local melting and evaporation especially in metallic systems [28],
(c) Surface activation on particles [29],
(d) Mechanical activation and plastic deformation,
(e) Field assisted diffusion [30,31],
(F) Spark impact pressure [26, 28],
(g9) Plasma cleaning of particle surfaces [27,31],
(h) Plasma sintering
(i) Electron wind force [32].

The mechanisms from (a) to (e) have been relatively well accepted. As mentioned
above, during the SPS processing, the die acts as a heating source and the sample can
be heated from both outside and inside by the DC currents. The joule heating effects
from both external and internal can be greatly enhanced during the SPS. The Joule’s
heating mechanism (a) has been well established. The application of low pressure and
high frequency impulsive current was particularly effective in the first stage of
sintering. It promoted sparks and rapid local heating at particle contact interfaces due
to the high initial contact resistance. It can lead to the local melting and evaporation
especially in metallic systems, as well as the surface activation on particles. The
mechanisms (b) and (c) have been accepted. Under the uniaxial force, the heated
material becomes softer and it exerts plastic deformation during the SPS. The surface,
grain boundary and volume diffusion among particles can be enhanced by the electric
field assisted sintering. Plastic deformation combined with enhanced diffusion result
in the densification of the powder compact to over 99% of its theoretical density. The
mechanism of mechanical activation and plastic deformation (d) and field assisted
diffusion (e) are acceptable. During the experiments, spark plasma sintered bodies
were fully densified usually using a two stage pressure cycle [33]: low pressure to
promote interparticle heating (<10MPa) and relatively high pressure to enhance
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CHAPTER 1 INTRODUCTION

powder densification. The mechanism (i) is much more hypothetical in nature. The
one that draws the most controversy of these mechanisms involves the presence of
momentary plasma. Early on, it was suggested that plasma developed in the
interparticle regions, as raised in the mechanisms of (f) to (h). Some researcher [32]
presented experimental investigations and claimed that plasma is absent in SPS
processing. This problem on the presence or absence of plasmas during SPS needs

further investigations.

1.1.4 Application and research tendency of the SPS
The SPS is a remarkable technique for synthesizing and consolidating a large
variety of both new and traditional materials. The main advantage of the SPS over
more conventional sintering techniques, such as hot pressing or pressureless sintering,
lies in its ability to rapidly sinter traditionally difficult-to-sinter materials to full
density. This time saving translates directly into a cost savings both in terms of
potential product output and in energy saving (power consumption is reduced to 20 to
30% of the hot-press method). The materials those have been prepared by the SPS are
nanophase materials [34], electronic materials (thermoelectric semiconductors, target,
magnetic and dielectric materials, etc.) [35, 36], fine ceramic materials (oxides,
carbides, nitrides, etc.) [37], functionally graded materials (FGM's) (ceramic-metal,
polymer-metal and other materials) [38], biomaterials (titanate or apatite implants,
artificial bones and joints, etc.) [39, 40], hard alloy tool materials (WC/Co, ceramic or
cermet cutting tools) [41,42], mold and die materials (press, plastic and wire drawing
dies, etc.), diamond tool materials (bonded cobalt and bronze segmented and straight
stone grinding and cup wheels, cutting blades, etc.) [43], porous materials (ceramic
and metallic bioreactors, filters, battery cell materials, etc.) [44, 45] and other
sintering applications.
Grasso et al [33] reviewed the number of published patents from 1900 to 2008
applied to functional and structural materials by the SPS. The large number of
industrial applications underlines the wide flexibility of the SPS. There are still

relative few researches in SPS of optical materials, FGM, carbon nanotubes and
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porous materials. Munir et al [46] have consolidated nanometric functional oxides by
SPS using a super high pressure (up to 1.0 GPa). They achieved densities of upward
of 95% and with a grain size as low as 13 nm. With this grain size, the normally
ionically conducting YSZ (for example) become photonically conducting at room
temperature [47]. Morsi et al [48, 49] have modified the SPS to a spark plasma
extrusion process, whereby aluminum samples with extruded geometries have been
prepared. Based on the above analysis, we propose the future tendency of the SPS:
optical material, FGM, porous materials, super-high pressure SPS, complex shape
components with net-shaping, new modification of the SPS process, e.g. spark plasma
extrusion, presureless sintering SPS, especially our researches in this thesis on rapid
cooling SPS combining sintering and gas quenching, and finally the spark plasma

system (sintering, joining, surface treatment and synthesis).

1.2 Nanomaterials: nanocarbons and diamonds

Nanomaterials have been the subject of enormous interests over the past two
decades. Their defining characteristic is that at least one dimension of the material’s
microstructure is in the range of 1-100 nanometers (nm). These materials have the
potential for wide-ranging industrial, biomedical, energy, environment and electronic
applications. Nanomaterials can be metals, ceramics, polymeric materials, or
composite material. The SPS is a suitable technique to prepare bulk nanomaterial
from powders of almost all of the materials. It belongs to a bottom-up method for
preparation of bulk nanomaterials. The fast heating rate and short soaking time can
inhibit the grain growth of the nanocrystalline particles to some extent. There are
many nanostructured ceramics [50, 51], metals [52, 53] and their composites [54, 55]
have been prepared by the SPS successfully. The nanocarbon materials are a group of
very popular nanomaterials with superior physical and chemical properties.
1.2.1 The nanocarbon materials

Diamond and graphite are the traditional forms of crystalline carbon familiar to us.
The nanocarbon materials include fullerene C60, carbon nanotubes (CNTSs), graphene
and nano-diamonds. C60 is a carbon allotrope that consists of 60 carbon atoms,

6



CHAPTER 1 INTRODUCTION

arranged as 12 pentagons and 20 hexagons [56]. The shape is the same as that of a
soccer ball. The discovery of C60 has stimulated a large activity in chemistry. It
opened up the new branch of Fullerene-Chemistry which studies the new families of
molecules that are based on Fullerenes. The 1996 Nobel Prize for Chemistry has been
won by Harold W. Kroto, Robert F. Curl and Richard E. Smalley for their discovery
of C60 in 1985 of a new allotrope of carbon [57].

Carbon nanotubes have attracted the fancy of many scientists worldwide. The small
dimensions, strength and the remarkable physical properties of these structures make
them a very unique material with a whole range of promising applications. Carbon
nanotubes were discovered accidentally by Sumio lijima in 1991 [58], while studying
the surfaces of graphite electrodes used in an electric arc discharge. Carbon nanotubes
with incredible strength and fascinating electronic properties appear to be ready to
overtake fullerenes in the race to the technological marketplace.

Graphene is the name given to a monolayer of carbon atoms tightly packed into a
two-dimensional (2D) honeycomb lattice, and is a basic building block for graphitic
materials of all other dimensionalities [59]. It can be wrapped up into 0D fullerenes,
rolled into 1D nanotubes or stacked into 3D graphite. Recent years have witnessed
many breakthroughs in research on graphene as well as a significant advance in the
mass production of this material. This one-atom-thick fabric of carbon uniquely
combines extreme mechanical strength, exceptionally high electronic and thermal
conductivities, impermeability to gases, as well as many other supreme properties, all
of which make it highly attractive for numerous applications.

Nanoscale diamond particles were first produced by detonation in the USSR in the
1960 s, but they remained essentially unknown to the rest of the world until the end of
the 1980s. Then, beginning in the late 1990s, a number of important breakthroughs
led to wider interest in these particles, which are now known as nanodiamonds [60].
Nanodiamonds have excellent mechanical and optical properties, high surface areas
and tunable surface structures. The nanodiamonds have very broad applications as
well as they are non-toxic, which makes them also well suited to biomedical

applications.
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1.2.2 Diamonds

Diamond is a typical covalent crystal in which carbon atoms are bonded together
very strongly. This structural feature leads to the highest hardness among all materials
and superior thermal conductivity, as well as excellent chemical stability and
transparency. Owing to these outstanding properties, diamond has been employed in a
wide range of uses. Small diamond crystals in micrometers can be used for polish,
wear resistance parts and additives for composites. Large diamond crystals of several
millimeters in size are used for high precision cutting tools, wire-drawing dies, heat
sinks, optical windows, surgical blades, jewelries and so on. In many fields of
scientific research such as space, high pressure and radiation, large diamond crystals
are the essential components of research equipment, and will become more essential
to a wider variety of commercial and scientific purposes in future.

Commercial methods of manufacturing synthetic diamond evolved out of a number
of technical developments of the 1950s. From a scientific perspective, it is interesting
to note that both principal processes by which synthetic diamond is currently
manufactured come from that decade. Diamond particles and diamond films have now
been successfully obtained by many methods including high-pressure and
high-temperature (HPHT) [61], detonation [62], combustion flames [63] and chemical
vapour deposition (CVD) [64], RF plasma [65] and microwave plasma [66] etc.,
where the HPHT method is still the most popular commercial method for the diamond
synthesis.
1.2.2.1 HPHT Method

Since it was first developed by Bundy et al. at GE in 1955 [67], high pressure-high
temperature (HPHT) technology via a temperature gradient process has been widely
used to produce diamond single crystals. Today, the high-pressure-high temperature
(HPHT) diamond synthesis process remains the dominant manufacturing process for
industrial diamond. The pressure and temperature required for the process, generally
around (5-6.5) GPa and (1300-1700) °C, depend on the chemistry of the solvent used
and the desired crystal geometry [68]. The HPHT, a process which mimics the way in
which natural diamonds are formed by geophysical processes deep in the earth, has
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allowed synthetic diamond to become a key material in the cutting and abrasive
business, being widely used in the machine tool industry, oil and gas drilling, mining,
quarrying and construction. The most commonly used machines for producing
diamond have been Belt, cubic, tetrahedral, toroidal or split sphere type machines [68,
69]. The apparatus, as schematically shown in Fig.1-2a, consists of two spherical
halves held together with steel clamps [69]. Pressurized oil is pumped into the cavity
between the inner surface of the spherical chamber and a rubber membrane, which
surrounds eight truncated octet shaped anvils. The latter anvils in turn transfer the
pressure into the tetragonal growth cell via six pyramid shaped WC-Co anvils. As
pictured in Fig. 1-2b, the split sphere apparatus is rather compact and is capable of

maintaining pressure for matter of days by using a small mechanical pump.

(b)

Figure. 1-2 Schematic diagram of split sphere apparatus (a):1-split sphere pressure

chamber, 2-safety clamps, 3-large dies, 4-small dies, 5-core, 6-power inlet, 7-rubber

membrane, 8-oil inlet, 9-cooling water; and photograph of the split sphere apparatus

(b) [69].

1.2.2.2 CVD Method

In contrast, synthesis of diamond by Chemical Vapor Deposition (CVD) uses a low
pressure process. The process relies on decomposing carbon-containing gas molecules,
such as methane, acetylene or carbon dioxide at sub-atmospheric pressure and
depositing diamond as a film on a substrate. The first attempts to grow diamond from
the gas phase were made in Europe as early as 1911 [70]. The starting material was
acetylene in the presence of mercury vapor at 1000 <C. The real advancement of CVD
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diamond has evolved from work carried out from the 1950s onwards by researchers in
the USA, Russia and Japan. The first successful documented attempt to grow diamond
at low pressures was by William G. Eversole of the Union Carbide Corporation (USA)
in 1952, making Eversole the first person to make diamond of any kind [71]. Today
there are three main CVD methods used to create diamond films involving thermal
(for example, hot filament) or plasma (DC, RF or microwave) activation, or use of a
combustion flame (oxyacetylene or plasma torches) [72]. The substrate temperature,
the concentration of plasma species, and the substrate materials determine the
crystallinity of the growing material. The importance of CVD methods is that they do
not require the huge pressures required for HPHT synthesis and can create diamond
that can be tailored for a wide range advanced engineering applications. This
technology opens the possibility of making new shapes, coatings, films and qualities
that can exploit diamond's unique properties in a breath-taking array of industries.
1.2.2.3 Detonation method

Another dynamic method to produce diamond is the detonation of pure and
composite CHNO explosives with a negative oxygen balance. The study of
detonation-synthesized diamond first appeared in 1988 and has drawn tremendous
attention in recent years [73]. Explosives with a negative oxygen balance (for
example a mix of 60 wt% TNT (CgH2(NO2)3CH3) and 40 wit% hexogen (C3HgNgOs)
are detonated in a closed metallic chamber in an atmosphere of N,, CO; and liquid or
solid H,O [60, 74]. After detonation, diamond-containing soot is collected from the
bottom and the walls of the chamber. The inherent extremely nonequilibrium process
of dynamic loading may induce many defects in the diamonds. It is a good method to
prepare nanocrystalline diamond.
1.2.2.4 SPS as new emerging diamond synthesis method

In the year of 2004, during study of the thermal stability of multi-walled carbon
nanotubes (MWCNTSs) under various SPS conditions, Zhang et al first found that
under SPS conditions of 1500 °C at very low pressure (80 MPa) carbon nanotubes
were unstable and transformed into diamonds without any catalysts being involved
[75]. The transformation mechanism involves the breakage of some C—C bonds, the
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formation of carbon nano-onions (multilayer fullerenes), and the nucleation and
growth of the diamond phase within the onion cores [76]. The effect of the high
temperatures and sparking plasmas is similar to the electron or ion beam irradiations
or high pressures. As a result, diamond forms from the intermediate nano-onions
when localized high energy conditions are satisfied. Additionally, the low purity
MWCNTs (60% purity) with a very cheap price also can be used as starting materials
for the direct synthesis of diamond by the SPS technique [77]. It is postulated that the
spark plasmas play a key role to provide most of the energy required in these diamond
transitions. It is seen as an important evidence for the presence of spark plasmas
during the SPS process. These studies indicate that the SPS has a potential to be used
as an alternative method for diamond generation. But it needs further and
systematically investigation to promote the SPS method to be used as a large-scale
synthetic diamond production technique instead of the present hydrostatic HPHT
method.
1.2.2.5 Recent research status of SPS nanocarbon materials

In this field, Schmidt et al [78] have used the spark plasma sintering to prepare
Diamond/MMCs with Co-free Steel/Cu matrix composition, and the results of that
investigation demonstrate that diamond impregnated wire saw beads can be
successfully produced by the SPS. The Al/diamond [79] and Ti/Si/TiC/diamond [80]
composites by the SPS were also reported. Inam et al. [81] reported that multiwall
carbon nanotubes were not preserved for ceramic matrices that require high sintering
temperatures (>1600 °C) and longer processing times (>13 min) in the SPS. Huang et
al [82] investigated the influence of high current on the structure and integration of
carbon nanotubes during the SPS. Observation of the microstructure showed that most
carbon nanotubes burn out or diffuse into alumina grains when composite powders
directly contact the graphite plungers of the sintering die. Laurent et al [83] prepared
bulk samples of double-walled carbon nanotubes. The best SPS conditions are
1100 <€ and 100 MPa. Raman spectroscopy and scanning electron microscopy show
that the nanotubes are undamaged. The density is equal to 1.29 g/cm® and the pores
are all below 6 nm in diameter. The electrical conductivity is equal to 1650 S/cm. The
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transverse fracture strength is equal to 47 MPa. Yang et al [84] found inter-tube
bonding, graphene formation and anisotropic transport properties in spark plasma
sintered multi-wall carbon nanotube arrays. Li et al [85, 86] investigated the transport
properties and super-hydrophobic surface of bulk carbon nanotubes compacted by the
SPS. The physical properties of the carbon nanotubes compacts were also studied.
The carbon nanotubes bulk samples were fabricated by the SPS. The thermal
conductivity of the resulting bulk samples was measured by the conventional
laser-flash method, and the corresponding thermal conductivity was found to be as
low as 4.2 W/m/K at room temperature [87]. In summary, in this field, some
researcher focused on the diamond/metal or diamond/ceramic composites by the SPS,
some researchers focused on the stability and degradation of the CNTs during the SPS,
and some researches paid attention on the physical properties of the bulk carbon
nanotubes compacts by the SPS. In South Africa, one group also started the diamond
synthesis by the SPS with the cooperation of Element Six Company that is a
subsidiary of De Beers and the world’s leading manufacturer and supplier of industrial
Diamond supermaterials. Consequently, it is of great importance for a better in-depth
understanding of their thermal stability under the pulsed direct current conditions of
these nano-carbon materials, especially their possible transition to diamond. The
special physical properties of the nanocarbon compacts processed by the SPS are also

very interesting.

1.3 Metallic biomaterials: Ti alloys and foams
In contrast to the stainless steel 316L and CoCr based alloys, pure Ti and some

Ti-based alloys are nowadays the most attractive metallic biomaterials for orthopedic
implants in load bearing sites as dental and orthopedic implants and heart valves, due
to their excellent mechanical properties, wonderful biocompatibility and good
corrosion resistance. As long-term load-bearing implants in clinic, the incorporation
of porous structures into the Ti and its alloys could lead to a reliable anchoring of host
tissue into the porous structure, and allow mechanical interlocking between bone and

implant
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1.3.1 Ti and its alloys for biomedical applications

Pure Ti was once used as biomaterial, but the disadvantage of the pure Ti as implant
materials is low strength and insufficient hardness. Therefore, the Ti6AI4V alloy is
preferentially in clinical use because of its favourable mechanical properties [88].
However, some studies showed that the vanadium (V) and aluminium (Al) release in
Ti6Al4V alloy could induce Alzheimer’s disease, allergic reaction and neurological
disorders [89]. Therefore, the exploration of high strength new Ti alloys without Al
and V for medical implants has gained great attention in the past years and it is still
ongoing. Al and V free alloys containing non-toxic elements such as iron (Fe) [90],
niobium (Nb) [91], zirconium (Zr) [92], tantalum (Ta) [93], molybdenum (Mo) [94],
nickel (Ni) [95], gold (Au) [96], silicon (Si) [97] or hafnium (Hf) [98] etc. were
investigated and proposed for biomedical applications. Despite its problems, the
Ti6Al4V alloy is currently still the most widely used titanium alloy in clinical
applications.
1.3.2 Manufacture techniques of Ti alloys

The traditional manufacture technique of the Ti alloys is casting. For example,
Vacuum-die casting [99] and the arc-melting vacuum-pressure-type casting [100] are
the commonly used Ti alloy manufacture techniques. Due to high melting point, high
reactive activity at high temperature and contamination susceptibility, the Ti alloys are
difficult to be produced from the liquid state. The production of Ti alloys via a powder
metallurgy (PM) route is attractive due to the ability to produce net-shape components.
The titanium PM technologies are including vacuum sintering, hydrogen sintering
[101], hot pressing [102], hot-isostatic pressing [103], powder injection molding (PIM)
[104]. The additive layer manufacturing techniques include selective laser sintering
[105] and electron beam melting [106] are rapid prototyping technologies as emerging
technologies for Ti manufacture.
1.3.3 SPS of Ti alloys

Because of their stable surface oxide film (TiOy), the Ti alloys are difficult to be
sintered by traditional PM sintering techniques. Thus the SPS has been used to
prepare the Ti alloys. Various TiAl intermetallic [107], nanocrystalline TiAl-X alloys
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[108] and TiAl based composites [108] have been prepared by the SPS for aerospace
and industry applications. In the group of Prof. Kieback in Dresden, the TiSi alloy
was prepared by the SPS where the in-situ formed TisSi; phase used as
dispersion-strengthening ultrafine particles [97]. As well as the Ti-Hexamethyldisilane
(HMDS) mixture aiming to get TiCx dispersoids was prepared by the SPS at 700 °C
for 6 min, and the Ti/1.3HMDS showed the most interesting combination of
mechanical properties for application as implant material [109]. The response of
human bone marrow stromal cells to the Ti/1.3HMDS revealed a good adhesion of
mesenchymal stem cells on Ti/1.3HMDS comparable to that on c.p. Ti or Ti6Al4V,
thus the new material Ti/1.3HMDS represents a promising alternative to the
comparatively c.p. Ti and Ti6Al4V [110]. Recently, the Ti-Ta-Ag has been prepared
by the SPS exhibiting high hardness and proposed as a suitable elastic modulus for
implant material for load-bearing applications [111]. In generally, the SPS is a still a
relative new and promising technique to prepare the Ti alloys at lower temperatures.
1.3.4 Manufacture techniques of Ti foams

The porous structure is preferable for Ti and its alloys used as bone implants.
The various methods can be classified according to the state of the metal is processed
in. This defines four kinds of processes summarised at the following [112], each one
corresponding to one of the states of matter: A. from liquid metal, B. from solid metal
(in powdered form), C. from metal vapour or gaseous metallic compounds, D. from a
metal ion solution. Therefore, the production methods of metallic foams can be
divided mainly into three: liquid state processing (based on A.), solid state processing
(based on B), and coating processing techniques (based on C, D). The liquid state
processing techniques have been successful in fabricating aluminium [113] and zinc
foam [114], but they are unsuitable for foaming Ti and Ti alloys. Reactivity of liquid
Ti with most of the mold materials and requirement of high vacuum during casting are
the limitations appeared in liquid foaming techniques. Solid-state PM foaming
methods are thus more promising options for the Ti foam production [115].

There are mainly two different PM production methods that yield different types
of porosities in Ti. The first one utilizes the inherent pores between powder particles
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loosely packed in a suitable crucible under a protective atmosphere without any
pressing, i.e. loose powder sintering [116]. The second method of forming porous Ti
involves introducing isolated or interconnected bubbles (macro pores), using inert gas
[117] or blowing agents [118] or spacers [119]. These methods involves techniques
based on expansion of pressurized argon gas [117] or sintering of powders mixed with
a gaseous blowing agent (CO,-based) [118] or foaming agent like TiH, [120]. In these
processes the size of the macropores produced by gas expansion or fugitive particles
cannot be controlled sensitively so that the foams manufactured are generally
composed of macropores varying in size. Frequently used spacers are carbamide
powders [121], ammonium hydrogen carbonate [122], polymer granules [123] and
magnesium powders [124], which can be removed usually at low temperature without
excessive contamination of Ti powders. In some cases water soluble spacer particles
[125] such as potassium chloride (KCI), potassium sorbate, sodium chloride (NaCl) or
sodium fluride (NaF) are used as spacers to be replicated utilizing a pattern. It is
possible to manufacture highly porous titanium foams with homogenous pore size and
structure by this method. One possible problem is that the spacer particles have low
dissociation or melting point may result in collapse of compact due to insufficient
sintering of the powders in the cell walls. Many techniques have been applied to
produce Ti foams in recent years. Nevertheless, there are still problems to be solved in
the field of Ti foams for biomedical applications [126]: the difficulty to create
controlled porosity and pore sizes, the insufficient knowledge of porous
structure-property relationships, the requirements of new sintering techniques with
rapid energy transfer and less energy consumption and so on.
1.3.5 SPS of foam materials

Most of SPS researches were performed on dense materials; fewer studies were on
foam materials. The SPS studies on porous Ti alloys were mainly using low
temperature and low pressure to decrease the relative density of samples [127-131].
The samples exhibited pore sizes of some tens of micrometers and a porosity in the
range of 20-45%. As bone foams, high porosity (>50%) and macropore size (>200 um)
are essential requirements for the bone growth and the osteoconduction [132].
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Macroporous nanostructured tricalcium phosphate scaffolds have been successfully
prepared by using SPS with a free pressureless die design [133]. Nevertheless,
macroporous Ti foams by SPS were scarcely reported.

The sodium chloride (NaCl) has been used as spacer material for aluminium [134]
and titanium alloys [135, 136] due to its relative high melting point (801 °C), its low
cost, and the easy dissolution in water, the less corrosive attack of metals and the low
toxicity. The combination of the SPS technique with the NaCl dissolution was tried in
aluminium metals at SPS temperature of 570 °C [137, 138], and the processed porous
aluminium demonstrated high sound absorption property [139]. In fact, Ti has a much
higher melting point (1660.0 °C) than aluminium (660.3 °C). Therefore, it is a great
challenge to prepare Ti foams by using the SPS and NaCl dissolution methods as well

as using other spacers.

1.4 Objectives of the thesis

Due to the still on-going arguments about whether the spark plasmas actually occur
during the SPS process, it needs further investigations on this point. In chapter 2, an
indirect method to validate the presence of plasmas will be proposed and
systematically investigated. The SPS has a potential to be used as an alternative
method for diamond generation. But it needs further investigation to promote the SPS
method to be used as a large-scale synthetic diamond production technique as an
alternative to the present HPHT method. Chapter 3 will focus on the synthesis of
diamond using the SPS technique. The SPS is a relative new technique to fabricate Ti
alloys and foams for biomedical applications. Chapter 4 will aim at the exploration of
new elements within Ti alloys and the modification of traditional Ti6Al4V alloys for
biomedical applications. Chapter 5 will be focused on the development of new
methods to prepare Ti foams for biomedical applications, the deep understanding of
the relationships between the microstructure and properties of the foams. Chapter 6

will give the conclusions.
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Chapter 2 Indirect evidences for the presence of plasmas in SPS

2. 1 Stability and phase transformation of nanocarbon materials under SPS
2.1.1 Introduction

The carbon nanotubes, fullerene (C60), graphene and graphite have broad
applications as structural and functional materials. Therefore, it is of great importance
for a better in-depth understanding of their thermal stability under severe physical
conditions [1-2]. The SPS is an electric field assisted sintering process utilizing
ON-OFF DC pulse energizing and provides as a severe physical condition. There are
still on-going arguments about whether the spark plasmas actually occur during the
SPS process. In this study, an indirect way to validate the existence of the plasmas
during the SPS is proposed. It is in the light of a thermal dynamic analysis of the
phase transformation of nanocarbon materials under the SPS treatments. The thermal
stability and phase transitional behavior of carbon nanotubes, C60, graphene and
graphite were investigated under the SPS (pulsed DC field). The pure MWCNTs, C60,
graphene and graphite powders were processed by using the SPS. Their phase
constitutions were investigated by using synchrotron radiation-high energy X-ray
diffraction, Raman spectroscopy and Scanning electron microscopy. For a comparison
study, these carbon materials were also studied using the in-situ high temperature (AC
field) synchrotron radiation X-ray diffraction. Their phase transition mechanisms
under such novel sintering technique are discussed.
2.1.2 Experimental

The MWCNTSs (10-20 nm) with purity above 95% were obtained from Shenzhen
Nanotech Port, Ltd., China. The C60 powders with purity of 99.5% were obtained
from SES Research, Huston, USA. The graphene powders used in this study are
graphene nanoplatelets (C-750) consisting of short stacks of graphene sheets having a
platelet shape. They were gotten from XG Science, Lansing, USA. Grade C-750
particles have an average thickness of 2 nm and a particle diameter of less than 2 pm,

and average surface areas of 750 m%g. The graphite powders (about 10 pm) with
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purity of 99.0% were purchased from Alfa Aesar, Germany.

These carbon powders were pressed into a graphite die for SPS treatment to form
disk-shaped samples of 20 mm diameter and 5 mm thickness. The SPS experiments
were conducted using a Model HPD-25/1 FCT spark plasma sintering system (FCT
systeme GmbH, Rauenstein, Germany), under an axial pressure of 80 MPa in vacuum
(<6 Pa). A heating rate of 100 K/min was adopted, and the sintering process lasted
typically 20 min. The applied direct current for SPS was about 1000 A, with a pulse
duration of 12 ms and an interval of 2 ms.

The phase identification of the obtained carbon samples was performed using
high-energy X-ray diffraction at beamline BW5 (DESY/HASYLAB Hamburger
Synchrotron Laboratory) with a wavelength of 0.15339 A (80.828 keV). The carbon
samples were also analyzed by a Renishaw-2000 Laser Raman spectroscopy system
with a He—Ne laser excited at 514 nm. The scanning electron microscopy was
performed in a Zeiss Supra 25 at 20 keV. The stability of these carbon samples was
investigated by the in-situ high temperature X-ray diffraction at the MAX80/F2.1
high-pressure beamline of Helmholtz Centre Potsdam at HASYLAB/DESY. The
MAX80 instrument uses a cubic-anvil-type press, which is known to provide better
results for isotropic pressure generation compared to other multiple-anvil
high-pressure devices [3]. The carbon samples were contained in cube cells made of a
mixture of boron and epoxy resin with 4 mm edge length in a non-oxygen atmosphere.
The pure MgO powder was used as a reference material in the cube cells. An in-situ
measurement comprises the room-temperature compression to the desired pressure,
followed by isobaric constant-rate heating. X-ray diffraction patterns were acquired in
energy-dispersive mode (EDX) during continuous specimen heating (up to 1500<C)
under an applied pressure of 80 MPa. The EDX method relies on the use of a
well-collimated and polychromatic (white) incident synchrotron radiation beam. The
XRD patterns were collected each 10 <T during constant heating.

2.1.3 Results

The pure MWCNTs were SPSed at 1500 °C under pressure of 80 MPa for a soaking

time of 20 min. Figure 2-1(a) shows the synchrotron radiation-high energy X-ray
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diffraction patterns of the raw MWCNTs and the spark plasma sintered (SPSed)
MWCNTs. The raw MWNCTs show a main diffraction peak at 3.43 A corresponding
to the CNTs (002) plane spacing, and weak peaks at 2.10 and 1.70 A corresponding to
the CNTs (100) and (004) plane spacing, respectively. After SPS processing, the
MWCNTSs diffraction peaks are still present in the sintered MWCNTSs compacts, but
the peaks of the CNTs (002), (100) and (004) are stronger than those in the raw
MWCNTs. It indicates that the SPS process improved the crystalinity of the
MWCNTSs. Additionally, new peaks were detected in the sample centered at 2.05, 1.23,
1.06 and 1.76 A corresponding to the cubic diamond (ICDD No. 65-537) (111), (220),
(311) and n-diamond (ICDD No. 43-1104) (200) plane spacing, respectively. Figure
2-1(b) shows Raman spectra of the raw MWCNTs and the SPSed MWCNTSs. The
result of the raw MWCNTs show that their D band appeared at 1344 cm™ and G band
appeared at 1569 cm™. After SPS processing, the D peak shifted to 1333 cm™
corresponding to the cubic diamond but there was still a weak peak at 1344 cm™
belonging to the un-reacted MWCNTSs, the G band shifted to 1566 cm™ relating to the
sp? bonded carbon vibrations. The results of the X-ray diffraction and Raman
spectroscopy confirmed the diamond formation in the MWCNTs sample after SPS at

1500 °C, 80 MPa for 20 min.
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Fig. 2-1. Synchrotron radiation diffraction patterns (a) and Raman spectra (b) of the raw

MWCNTSs and the spark plasma sintered MWCNTSs at 1500 °C, 80 MPa for 20 min.
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Figure 2-2 shows the SEM micrographs of the raw MWCNTSs and the spark plasma
sintered MWCNTSs at 1500 °C, 80 MPa for 20 min. The fibrous structures of the raw
MWCNTSs can be observed in the Figure 2-2(a). But the fibrous structures have
disappeared, and some diamond crystals are found in the samples after SPS. Figure
2-2 (b) shows one diamond crystal with particle size of 35 pum around. In the

background of this diamond crystal, no MWCNTSs are found.

EMZUniRo

Fig. 2-2 SEM micrographs of the raw MWCNTSs (a) and the spark plasma sintered MWCNTSs

(b) at 1500 °C, 80 MPa for 20 min.

Figure 2-3(a) shows the synchrotron radiation-high energy X-ray diffraction
patterns of raw C60 and the SPSed C60 at 1500 °C, 80 MPa for 20 min. The raw C60
exhibits diffraction peaks at d spacing of 5.01, 4.28, 4.11, 3.18, 2.9, 2.74 A belonging
to C60 (110), (112), (004), (114), (300), (006) planes (ICDD No. 47-0787),
respectively. The C60 after SPS shows the cubic diamond diffraction peaks at d
spacing of 2.06 and 1.23 A and a broad graphite peak. The C60 diffraction peaks
disappeared indicating the C60 has completely transformed into diamond and graphite
phases after the SPS processing. Figure 2-3(b) shows the Raman spectra of the raw
C60 and the SPSed C60. The raw C60 shows a sharp peak appearing at 1460 cm™,
and two weak, broad peaks centered at 1568 cm™ and 1515 cm™. After SPS
processing, it shows the cubic diamond peak at 1333 cm™ and graphite peak at

1558 cm™, but the C60 peak at 1460 cm™ disappeared. It is consistent with X-ray
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diffraction results that the C60 has completely transformed into diamond and graphite
phases after SPS at 1500 °C under 80 MPa for 20 min.

Figure 2-4 shows the SEM micrographs of the raw C60 and the spark plasma
sintered C60 at 1500 °C, 80 MPa for 20 min. The raw C60 powders are nano-particle
agglomerates and show bundles of C60 in the Figure 2-4(a). Some diamond crystals
with sizes from 2 to 8 pm can be observed in the Figure 2-4(b). The structures of C60

are not noticeable in the background of the diamond crystals.
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Fig. 2-3 Synchrotron radiation diffraction patterns (a) and Raman spectra (b) of the raw C60

and the spark plasma sintered C60 at 1500 °C, 80 MPa for 20 min.
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Fig. 2-4 SEM micrographs of the raw C60 (a) and the spark plasma sintered C60 (b) at

1500 °C, 80 MPa for 20 min.
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Figure 2-5 shows the synchrotron radiation diffraction patterns of the raw
graphene and the SPSed graphene at 1500 °C, 80 MPa for 20 min. The raw graphene
shows diffraction peaks of Graphite-2H (002), (004), (110) and Graphite-3R(101),
(104). After the SPS at the same condition of other carbon materials, it is found that
the intensity of Graphite-2H (002), (004), (110) has been increased and G-3R(113) is
visible. Very weak diamond peaks of cubic diamond (311), (400), (311) haven been
detected. The Raman spectra results present the cubic diamond sp® hybridization
bonds with a featured peak at 1332 cm™ Raman shift (D band). The G band shifted

from 1592 cm-1 to 1563 cm-1 indicating the vibration of sp? bonds.
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Fig. 2-5 Synchrotron radiation diffraction patterns (a) and Raman spectra of the raw graphene

and the spark plasma sintered graphene at 1500 °C, 80 MPa for 20 min (b).

Figure 2-6 shows the SEM images of the raw graphene and SPSed graphene. The
raw powders show many agglomerated particles. The SPSed graphene sample exhibit
some diamond particles with sizes from 1 pm to 5 pm on the matrix of consolidated
graphene. The XRD, Raman and SEM results can confirm that there a small fraction
of low crystallinity diamonds converted from the graphene after the SPS at 1500 °C

and 80 MPa for 20 min
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Fig. 2-6 SEM images of the raw grapheme (a) and the spark plasma sintered graphene (a)

at 1500 °C, 80 MPa for 20 min.

Figure 2-7 (a) shows the synchrotron radiation diffraction patterns of the raw
graphite and the SPSed graphite at 1500 °C, 80 MPa for 20 min. The raw graphite
sample presents Graphite-3R and Graphite-2H diffraction peaks those are centered at
3.348 A [G-3R(003)], 1.674 A [G-3R(006)], 1.228 A [G-3R(110)] (ICDD No.
26-1079), and 2.138 A [G-2H(100)] , 2.039 A [G-2H(101)], 1.16 A [G-2H(112)]
(ICDD No. 41-1487). However, the diamond phase is not found in the graphite
samples after the SPS processing. Only, an increased intensity in the graphite peaks
indicating the improved crystallinity is visible. Figure 2-7(b) shows the Raman
spectra of the raw graphite and the SPSed graphite. The raw graphite shows a sharp
peak at 1579 cm™, and a weak peak at 1350 cm™. After SPS processing, the intensity
of the peak at 1350 cm™ has improved, but there is no diamond peak in the Raman
spectra. The X-ray diffraction and Raman spectroscopy results confirmed that there
is no diamond conversion from pure graphite after SPS at 1500 °C under 80 MPa for
20 min.

Fig. 2-8 shows the SEM micrographs of the raw graphite and the spark plasma
sintered graphite at 1500 °C, 80 MPa for 20 min. The raw graphite shows the typical
layered structure as shown in Figure 2-8(a). After the SPS at the identical condition of
MWCNTSs and C60, there is no presence of diamond in the sample (Figure 2-6b). The
sample shows the similar structure with the raw graphite. The SEM results agree well
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with the XRD and Raman results that there is no diamond conversation from pure

graphite after SPS at 1500 °C under 80 MPa for 20 min.
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Fig. 2-7 Synchrotron radiation diffraction patterns (a) and Raman spectra (b) results of the raw

Graphite and the spark plasma sintered graphite at 1500 °C, 80 MPa for 20 min.
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Fig. 2-8 SEM images of the raw graphite (a) and the spark plasma sintered graphite (b) at
1500 °C, 80 MPa for 20 min.

Figure 2-9 (a) shows the synchrotron radiation-in situ X-ray diffraction patterns of
the pure MWCNTSs at 80 MPa under different temperatures under the in-situ sintering
furnace (AC filed) of the MAX80/F2.1 high-pressure beamline. The combination
peak of MWCNT and graphite has shifted to lower energy values. It indicates the
thermal expansion of the nanotubes and graphite planes with the increase of
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temperature. The boron nitride (BN) peaks are from the container of the powder
sample during the in-situ high temperature X-ray experiments. However, there is no
diamond formation at or below temperature of 1500 °C under 80 MPa. It means that

the MWCNTSs are dynamically stable at this 1500 °C temperature under 80 MPa in a

non-oxygen atmosphere during the AC sintering.
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Figure 2-9 Synchrotron radiation-in situ X-ray diffraction patterns of the pure MWCNTSs (a),

C60 (b) and grapheme (c) at 80 MPa under different temperatures.

Figure 2-9 (b) shows the synchrotron radiation-in situ X-ray diffraction patterns of
the pure C60 at 80 MPa under different temperatures. There is no diamond formation
in the C60 sample. It shows that the C60 is stable below the temperature of 900 °C.
However, the C60 is unstable above that temperature point. The C60 (110) peak
disappeared above temperature of 900 °C and C60 (112) peak disappeared above
temperature of 990 °C. Figure 2-9(c) shows the synchrotron radiation-in situ X-ray
diffraction patterns of the pure graphene at 80 MPa under different temperatures.
There are no phase transformations in the graphene samples up to 1500 °C.
Additionally, it is found that the graphite is very stable in the in-situ high temperature

X-ray experiments at or below 1500 °C under 80 MPa.

2.1.3 Discussions

Synchrotron radiation-high energy X-ray diffraction was used to identify the
diamond phase in the carbon samples after SPS. In order to confirm the diamond

formation, Raman spectroscopy was also used to identify the formation of sp® bonded
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diamonds. By using the high energy X-ray diffraction and Raman spectroscopy, the
cubic diamond phases were identified and confirmed in the SPSed MWCNTs, C60
and graphene samples. The n-diamond was also found in the SPSed MWCNTSs sample.
The n-diamond is a new kind of carbon allotrope, which is a metallic form of carbon
with face-centred cubic structure [4]. It is a metastable and intermediate phase, can
decompose slowly at room temperature, and has been synthesized accidentally by
various processes. It is noted that the n-diamond can also be synthesized by the SPS
process. The standard d spacing of the cubic diamond (111), (220) and (311) planes
are centered at 2.059 A, 1.261 A and 1.075 A (ICDD No. 65-537). The cubic diamond
in the SPSed MWCNTs centered at 2.05, 1.23 and 1.06 A, and in the SPSed C60
appeared at 2.06 and 1.23 A spacing. The diffraction peaks of the synthesized
diamond from MWCNTs and C60 are very close to the standard diamond diffraction
data, but there is a little shift. The diamond peak shifts are due to the existence of
residual stress in the synthesized diamonds from MWCNTs and C60 by using the SPS.
The residual stress of the diamond is because of the stress that remains after the
original cause of the stresses (uniaxial forces, heat gradient) has been removed after
the SPS processing. In this study, uniaxial force of 80 MPa was applied and there
generally existed some temperature gradients during the operation of the SPS.
Therefore, the diamond peaks in the SPSed MWCNTs and C60 have shifted a little.
Combining the results of the Raman spectroscopy, the formation of diamond phases in
these MWCNTs, C60 and graphene samples are confirmed. It is found that there are
no C60 peaks in the X-ray diffraction and Raman results of the SPSed C60 sample,
but there are strong unreacted MWCNTSs peaks in the SPSed MWCNTSs sample, and
there is strong graphene peaks as well as no diamond phases in the SPSed graphite
sample. There exists a high activation barrier from the graphite, graphene, MWCNTSs
and C60 to diamond, the exact height of which is unknown. The results in this study
indicated that the activation barrier between the C60 and diamond is lower than that
of the MWCNTs with diamond, and the barrier between MWCNTSs and diamond is
lower than that of the graphene with diamond. The graphite is the most stable
crystalline modification of carbon among the MWCNTSs, C60, graphene and graphite
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allotropes under the SPS processing.

The SPS is a remarkable technigue to synthesize and consolidate a large variety of
materials. The process typically uses moderate uniaxial pressures usually below 100
MPa in combination with a pulsing on-off DC current during its operation. There are
many mechanisms proposed to account for the enhanced sintering abilities of the SPS
process; for example, field assisted diffusion [5], spark impact pressure [5,6], plasma
cleaning of particle surfaces [7], Joule’s heating [6, 7], local melting and evaporation
especially in metallic systems [6], surface activation on particles [8] and electron
wind force [9]. The one that draws the most controversy of these mechanisms
involves the presence of momentary plasma. In this study, the diamond converted
from the MWCNTSs, C60 and graphene without any catalysts being involved in the
SPS. However, the parallel investigations by using the synchrotron radiation in-situ
high temperature X-ray diffraction show that there is no diamond formation in the
MWCNTSs, C60 and graphene samples in the AC sintering at the same pressure (80
MPa) and temperature (1500 °C). What is the phase transition mechanism from
MWCNTs, C60 and graphene to diamond in the SPS? Such a clear, significant
difference in the products is due to the special sintering principle of SPS. It is a field
activated sintering technique based on an DC electric spark discharge phenomenon,
i.e. a high energy and low voltage spark pulse DC momentarily generates sparking
plasma between particles, which causes localized high temperatures. It is an electric
AC heating in the in-situ high temperature experiments. Without plasma effect, it
would need 8000-10000 °C at pressure of 80 MPa to get diamond from the MWCNTs
and C60, as we calculated. Therefore, super-high pressures (5-10 GPa) are required
for the diamond formation in the hydrostatic HPHT technique. Since the SPS only
needs MPa level pressure, it is believed that the plasma plays the key role for the
diamond transformation from the MWCNTs, C60 and graphene. The high current,
low voltage, momentary pulsed plasma discharge have generated highly localized
Joule’s heating up to a few thousand degrees Celsius between particles in few minutes.
The current density in the SPS is typically on the order of 10> A/lcm? and is highly
concentrated at the inter-granular contact or interface [10]. The momentary pulsed
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plasma provided energy equivalent to thousand degrees to help the nano-carbon
across their activation barriers to the diamond phase. It leads to the transformation of
mainly sp? bonded MWCNTSs, C60 and graphene to sp* bonded diamonds. Despite the
on-going argument about whether the spark plasmas actually occur during the SPS
process, our present study, regarding on the generating diamond under such a low
pressure, suggests that such spark plasmas indeed took place during SPS of these
nano-carbon materials. The plasmas generated very high localized temperatures up to
about 8000-10000 °C and dramatically reduced the pressures required for diamond
formation from the GPa to the MPa level. Eventually, this research provided some
new indirect evidences for the presence of plasmas during the SPS operation. So, we
take plasma into consideration in the thermodynamic analysis. The total energy for the

diamond formation:
Q=AH; +Q, +AH,, (2-1)

where Q is Total Energy, aHy is the Energy due to temperature difference, Q, is the
Energy due to pressure difference, AH y is the Energy due to plasma effect. The

enthalpy of plasma:
H=H+H/ +Hy+H, (2-2)
where H is the Plasma contribution, Hg is the kinetic contribution, Hk is the excitation

contribution, Hp is the dissolution contribution, H, is the electrolytic contribution.

Then,

_R
dS = = (2-3)

AQ(T) ~AQ(T,) = AS(T, ~T) (2-4)
Where T is the temperature, Ty is the starting temperature, AQ is the difference of mol
free energy, AS is the difference of mol entropy. Only when AQ(T)<0, nanocarbons
can be transformed into diamond. So, we can get an equation:

AQ(T )

T>T,+
AS

(2-5)

The effect of the plasmas in the SPS has increased the entropy 4S of the whole SPS
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system resulted a lower sintering temperature T for the diamond formation. As a result,
diamonds were converted from MWCNTSs, C60 and graphene at 1500 °C under very
low pressure of 80 MPa. The SPS is a remarkable technique to synthesize and
consolidate a large variety of materials. In this study, the diamond conversion in the
SPSed MWCNTs and C60 samples without any catalysts being involved has validated
the high localized temperatures between particles due to the presence of momentary
plasmas during SPS of these electrically conductive and high surface area
nano-carbon materials. The plasmas have increased the entropy of the whole SPS
system resulted in milder conditions for the diamond formation.
2.1.5 Summary

The thermal stability of MWCNTs, C60, graphene and graphite has been
investigated under the pulsed DC field in a SPS furnace. Cubic diamond and
n-diamond have been converted from pure MWCNTSs; cubic diamond has been
converted from pure C60 and graphene without catalysts being involved by the SPS at
conditions of 1500 °C, 80 MPa for 20 min. There was no notice of diamond formation
in the case of pure graphite sample processed by SPS at this condition. The graphite is
the most stable crystalline modification of carbon among the MWCNTs, C60,
graphene and graphite allotropes under the SPS. The parallel investigations by using
the synchrotron radiation in-situ high temperature (AC field) X-ray diffraction show
that there is no diamond formation in the MWCNTSs, C60 and graphene samples at the
same pressure (80 MPa) and temperature (1500 °C). Their phase transitional
mechanism from MWCNTs, C60 and graphene to diamond indicated the high
localized temperatures between particles due to the presence of momentary plasmas
during the SPS process. The plasmas have increased the entropy of the SPS system

resulted in milder conditions for the diamond formation.

2.2 Effect of atmosphere on the generation of plasmas in SPS
2.2.1 Introduction

The SPS process typically uses moderate uniaxial pressures below 100 MPa and
commonly in vacuum. As indicated from the plasma spraying technique, gases like H,,
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Ar, O, and so on can be used as plasma generating gases which can enhance the
plasmas generation [11, 12]. In this study, the diamond synthesis from CNTs through
the generation of plasmas during the SPS was investigated by very low pressure and
various atmosphere SPS experiments. The pure multiwalled carbon nanotubes
(MWCNTSs) and MWCNTSs/FeNi mixture powders were degassed in the SPS and then
sintered in vacuum and Ar gas atmospheres at 3 kN (9.55 MPa) which is the minimum
pressure of the Model HP D-5 FCT SPS system. The sintered samples were etched
and analyzed by Synchrotron X-ray diffraction, Raman spectroscopy and scanning
electron microscopy. The effect of the atmosphere on the diamond synthesis and
plasma generation during the SPS is discussed.
2.2.2 Experimental

The MWCNTSs (10-20 nm) with purity above 95% were obtained from Shenzhen
Nanotech Port, Ltd., China. The Fe35Ni powders with 325 meshes were purchased
from Alfa Aesar, Germany, which were prepared by gas atomization method with
99.0% purity. The MWCNTSs were mixed uniformly with Fe35Ni powders at a weight
ratio of 1:1 by ball milling.

The SPS experiments were conducted using a Model HP D-5 FCT spark plasma
sintering system (FCT systeme GmbH, Rauenstein, Germany) installed at the Tycho
Sinter Lab in the University of Rostock. The powders were pressed into a $20 mm
graphite die at 3 kN pressure (9.55 MPa). They were degassed at 450 °C for 10 min in
vacuum and then sintered in vacuum (1-3 Pa) and argon gas (20 hPa), respectively. A
heating rate of 100 K/min was adopted, and the sintering process lasted typically 20
min. The final temperatures were selected to be 1500 °C for pure MWCNTs and 1200
°C for MWCNTSs/FeNi mixtures based on our previous researches. The applied direct
current for SPS was 1000-1500 A with pulse duration of 12 ms and an interval of 2 ms.
The final samples are disk-shaped samples of 20 mm diameter and 5 mm thickness.
The sintered MWCNTs and MWCNTs/FeNi samples were etched in a boiling solution
of concentrated H,SO,4 (90 vol.%) and HNO3 (10 vol.%) for 2 h. The etched samples
were washed using deionized water repeatedly and dried in an oven. The phase

identification of the etched carbon samples was performed by a high-energy X-ray
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diffraction at Beamline BW5 (DESY/HASYLAB Hamburger Synchrotron Laboratory)
with a wavelength of 0.123984 A (100.0 keV) and by a Renishaw-2000 Laser Raman
spectroscopy system with a He-Ne laser excited at 514 nm. The samples were also
analyzed using scanning electron microscope (SEM, Zeiss Supra 25, Germany) at 20
keV.
2.2.3 Results

Figure 2-10 (a) shows the synchrotron radiation-high energy X-ray diffraction
patterns of the MWCNTs powder and the SPSed MWCNTSs at 1500 °C under 9.55
MPa in vacuum and Ar gas atmospheres. The MWCNTs powder shows diffraction
peaks at 3.43, 2.10, 1.70 and 1.22 (#0.01) A corresponding to the CNTs (002), (100),
(004) and (110) plane spacing, respectively. After SPS processing, all the diffraction
peaks of the CNTs are much sharper than before. However, no diamond peaks were

found in the X-ray diffraction patterns.
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Figure 2-10 Synchrotron radiation-high energy X-ray diffraction patterns (a) and Raman
spectra (b) and of the raw MWCNTSs and the spark plasma sintered MWCNTSs/FeNi at 1200

oC and 9.55 MPa in Vacuum and Ar gas atmospheres.

Figure 2-10 (b) shows the Raman spectra of the MWCNTs powder and SPSed
samples. The raw CNTs show D band at 1344 cm™ and G band at 1569 cm™ Raman
shift. After SPS, the G bands shifted to the same Raman shift of 1560 cm™ and the D
bands shifted to 1332 cm™ Raman shift indicating the diamond sp* hybrid. The XRD
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results did not show the diamond peak so that only the Raman spectra results cannot
confirm the diamond formation. The Raman spectra results only indicate that there are
some sp® carbon hybrids in the samples after the SPS. The peak area ratio of the D
and G bands of the SPSed samples was calculated. The sample sintered in the Ar gas
shows higher D/G ratio (0.77) than the vacuum sintered one (0.56). This indicates that

there is a higher fraction of sp* carbon hybrids in the Ar gas sintered sample.
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Fig. 2-11 SEM micrographs of the spark plasma sintered MWCNTSs at 1500 °C and 9.55 MPa

in Vacuum (a, b) and Ar gas atmospheres (c, d) with various magnifications.

Figure 2-11 (a, b) shows the SEM micrographs of the MWCNTSs samples SPSed at
1500 °C under 9.55 MPa in vacuum. At lower magnification, some particles can be
seen on the surface of the sample (Figure 2-11 a). With a higher magnification, it is
found that these particles are in a transition stage to diamond (Figure 2-11b). Figure
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2-11(c, d) shows the SEM micrographs of the MWCNTSs samples SPSed at 1500 °C
under 9.55 MPa in Ar gas. There are much more particles on the surface of the sample.
A high magnification micrograph shows that they are in the transition stage too. The
SEM results are in accordance with the synchrotron X-ray diffraction and Raman
results showing that the SPS processing of pure MWCNTSs in Ar gas increased the
fraction of sp® carbon hybrids, without forming crystalline diamonds in the samples.
Figure 2-12 (a) shows the synchrotron radiation-high energy X-ray diffraction
patterns of the raw MWCNTSs and the SPSed MWCNTs/FeNi at 1200 °C under 9.55
MPa in vacuum and Ar gas. The MWCNTSs powder shows a main diffraction peak at
3.43 (20.01) A corresponding to the CNTs (002) plane spacing, and weak peaks at
2.10 and 1.70 (20.01) A corresponding to the CNTs (100) and (004) plane spacing,
respectively. After SPS processing of the MWCNTSs/NiFe, new peaks were detected in
the etched sample and centered at 2.06, 1.25 (20.01)A corresponding to the cubic
diamond (ICDD No. 65-537) (111) and (220). The diamond peaks in the Ar gas
sintered sample with HWHM (Full Width at Half Maximum) value of 0.046 A are
shaper than that in vacuum with HWHM value of 0.090 A.  Figure 12 (b) shows the
Raman spectra of the MWCNTs/FeNi samples SPSed at 1200 °C under 9.55 MPa in
vacuum and Ar gas. Both of them show the cubic diamond peak at 1332 cm™ Raman
shift. The vacuum SPSed sample shows very weak diamond peak (D/G=0.12);
however, the Ar gas SPSed sample exhibits a strong diamond peak (D/G=0.94). Both
of the G bands center at the same Raman shift of 1558 cm™ after SPS. But these G
bands are much sharper in the vacuum SPSed sample with HWHM value of 19.1 cm™
than that in the Ar gas with HWHM value of 42.0 cm™ indicating the higher fraction
of MWCNTSs. The results of the synchrotron X-ray diffraction and Raman spectra
confirmed the cubic diamond formation in the MWCNTs/FeNi samples after SPS at
1200 °C and 9.55 MPa for 20 min in both vacuum and Ar atmospheres. The Ar gas
enhanced the diamond transition in the SPS.
Figure 2-13 (a, b) shows the SEM micrographs of the MWCNTs/FeNi samples
SPSed at 1200 °C and 9.55 MPa in vacuum. There are only a few poor quality

diamond crystals created in the vacuum atmosphere of the SPS (Figure 2-13a). A

41



Intensity

CHAPTER 2 INDIRCT EVIDENCES FOR THE PRESENCE OF PLASMAS IN SPS

cubic diamond crystal with an incomplete shape in the reacted MWCNTs matrix is
shown in Figure 2-13(b). Figure 13(c-e) shows the SEM micrographs of the
MWCNTs/FeNi samples SPSed at 1200 °C and 9.55 MPa in Ar gas. Some flower-like
structured carbons are observable in the sample (Figure 2-13c). This indicates that
sparking plasmas may have happened and generated such carbon flowers. It is
exciting that some high quality diamond crystals with hexahedron structures are found
in the sample (Figure 2-13d). A high magnification SEM micrograph of perfect
diamond crystals is shown in Figure 2-13(e). The results indicated that the Ar gas

atmosphere in the SPS promoted the diamond formation.
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Figure 2-12 Synchrotron radiation-high energy X-ray diffraction patterns (a) and Raman
spectra (b) and of the raw MWCNTSs and the spark plasma sintered MWCNTSs/FeNi at

1200 °C and 9.55 MPa in Vacuum and Ar gas atmospheres.

Figure 2-14 (a, b) shows the current and voltage during SPS of the pure MWCNTSs
and MWCNTSs/FeNi in vaccum and Ar gas atmospheres. It is interesting to find that
the current and voltage values in Ar atmosphere are all higher than those in vacuum at
the same temperatures using the same raw materials of MWCNTs and
MWCNTSs/FeNi, respectively. The Ar gas has high electrical resistance as well as it
can adsorb some heats during the SPS. The MWCNTSs have large surface areas and
are sintered at the minimum pressure of the SPS. Some amounts of Ar gas can enter
into and be adsorbed by the nanotubes. The resistance of the sample has been

increased. Therefore, the SPS in Ar gas need much higher current and voltages.
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13

Figure 2-13 SEM micrographs of the spark plasma sintered MWCNTs/FeNi at 1200 °C and

9.55 MPa in Vacuum (a, b) and Ar gas atmospheres (c-e) with various magnifications.
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Figure 2-14 Current and voltage values during SPS of the pure MWCNTSs (a) and

MWCNTs/FeNi (b) in Vacuum and Ar gas atmospheres.
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2.2.3 Discussions

In this study, the SPS pressure is very low (9.55 MPa), so that the pressure effect
is negligible for the diamond conversion. In both vacuum and Ar gas atmospheres,
some fractions of sp* carbon hydrides have been obtained from the raw MWCNTs and
crystalline cubic diamond crystals have been generated from the MWCNTSs/FeNi by
the SPS at such a low pressure. Where is the energy coming from for the transition of
MWCNTSs to diamond? The effect of the plasmas in the SPS has increased the entropy
of the whole SPS system resulted a lower sintering temperature for the diamond
formation, as raised in the above part. As a result, diamonds were converted from
MWCNTs with FeNi catalysts under very low pressure of 9.55 MPa. Based on the
above thermal dynamic analysis, it is indicated that the plasma generated during the
SPS operation plays the key role and provides most of the energy which is needed for
the diamond formation. The momentary pulsed plasma provided energy equivalent to
several thousands degree to help the MWCNTSs across their activation barriers to form
the diamond phase with the assistances from solvent catalyst-FeNi. It leads to the
transformation of mainly sp®> bonded MWCNTs to sp* bonded diamonds. Thus, this
study provided another important evidence for the existence of plasma during the SPS
at such low pressure diamond formation.

The Ar gas-SPS processed MWCNTSs samples have higher fractions of sp® carbon
hydrides than those treated in vacuum. The Ar gas atmosphere-SPS processed
MWCNTSs/NiFe samples have carbon flowers and perfect, high quality diamond
crystals with hexahedron structures; however, only few incomplete shaped diamonds
are found in the vacuum processed sample. Such an obvious difference indicates that
the Ar gas atmosphere in the SPS operation enhanced the plasma generation and
promoted the diamond transition. In present study, the MWCNTSs samples were firstly
degassed in vacuum at 450 °C for 10 min, and were sintered at the minimum pressure
(3 kN) of FCT D-5 SPS system. Because of these special treatments, some amounts of
Ar gas will be adsorbed at gas pressure of 20 hPa during the SPS. The values of the
voltage and current with function of temperature during SPS are plotted. The results
present that the current and voltage are much higher in Ar atmosphere of the SPS
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using the same temperature program and starting materials. The higher current and
voltage in the Ar atmosphere of the SPS generated larger sparking plasmas, thus
created more diamonds. It means that the Ar gas atmosphere should be selected when
the enhancement of the plasma effect is needed in the SPS operation.

A plasma is an electrically conductive gas containing charged particles. The
plasma generated for plasma spraying technique usually incorporates one or a mixture
of the following gases: Ar, He, N2, H;, and Air [12, 13, 14]. Ar is probably the most
favored primary plasma gas and is usually used with a secondary plasma gas (H,, He
and Ny) to increase its energy [14]. It is the easiest gas to form plasma and tends to be
less aggressive towards electrode and nozzle hardware. Most plasmas are started up
using pure Ar. The results in this study show that the Ar gas has a similar effect as in
the plasma spraying process. The atoms of the Ar gas are excited to high energy levels
during the SPS operation, the atoms become ionized producing a plasma containing
electrically charged particles-ions and electrons. Monatomic molecule of Ar plus

energy gives 1 Ar ion and 1 electron [15]:

Ar+E< Ar' +e” (2-6)
The reverse process provides most of the energy for heating without a dramatic drop in
temperature. The momentary generated plasmas can produce temperatures around
7,000 to 20,000 K. Therefore, the generated plasma during Ar gas-SPS supplies a high
amount of energy, by which promoted the fraction of sp* hydride carbon in the
MWCNTs and the diamond conversion from the MWCNTs/NiFe at a very low
pressure of 9.55 MPa.
2.2.5 Summary
Some fractions of sp* hydride carbon in the transition stage to diamond are
obtained from the pure MWCNTSs by SPS at 1500 °C and 9.55 MPa in vacuum and Ar
atmosphere. Crystalline cubic diamond crystals are generated from the
MWCNTs/FeNi by SPS at 1200 °C and 9.55 MPa in vacuum and Ar atmosphere.
Carbon flowers and high quality diamond crystals with hexahedron structures are

produced only in the Ar atmosphere. Such low pressure diamond formation in both
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vacuum and Ar gas atmospheres provides an important indirect evidence for the
existence of plasma during the SPS. The Ar atmospheres lead to higher currents and
voltages during SPS. It is assumed to promote the plasma generation and sizes. The
plasmas momentary generated from ionized gas produced temperatures up to

thousands of degree and thus promote the diamond transition.
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Chapter 3 Synthesis of diamond from nanocarbon and graphite by SPS

3. 1 Synthesis of diamond from carbon nanotubes with solvent catalysts by SPS
3.1.1 Introduction

Diamond particles and diamond films have now been successfully obtained by
many methods. The HPHT synthesis of diamond from graphite, fullerenes, and carbon
nanotubes (CNTs) has been studied [1-3]; generally, pressures above 5.0 GPa and
high temperature above 1300 °C are needed. Additionally, incorporation of solvent
catalysts such as Ni, Co, Fe, other transition metals and their alloys is a crucial point
for aid of the diamond synthesis in the HPHT method. The results in second chapter
indicated that the SPS has a potential to be used as an alternative method for diamond
generation. But it needs further investigation to promote the SPS method for using as
a large-scale synthetic diamond technique. In the HPHT method, the involved solvent
catalysts could decrease the energy barrier and affect the rate of a kinetics reaction for
diamond nucleation and contribute to the formation of diamond from graphite [4,5].
Besides being able to reduce the transforming temperature and pressure from graphite
to diamond, they can also affect the quality and crystal form of the diamond. It is
indicated that the solvent catalysts may have the same effects to promote diamond
growth from MWCNTs in the SPS method. Currently preferred metal catalyst
materials are Fe-Ni alloys, such as Fe-35Ni, Fe-31Ni-5Co, Fe-30Ni, and other INVAR
alloys, where Fe-35Ni being the most preferred and more readily available [6]. In
order to increase the diamond transitional rate, the Fe35Ni alloy powders were chosen
as catalysts for diamond synthesis from MWCNTs by the SPS method in this study.
The MWCNTs/Fe35Ni mixtures were spark plasma sintered at various conditions.
The microstructures and phases in the obtained carbon samples were analyzed by
using Raman spectroscopy (Raman), X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscope (TEM) techniques. The
growth model of the diamond crystals from the MWCNTSs in the SPS process was
proposed.

3.1.2 Experimental
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The MWCNTSs were obtained from Shenzhen Nanotech Port, Ltd., China, which
were produced by catalytic chemical vapour deposition (CCVD) in which CH, was
converted into CNTs at 1000 °C in the presence of Ni and La catalysts. The purity of
the pristine MWCNTSs was claimed above 95% by the producer. It presented less than
5% impurities of amorphous carbon and catalysts. The Fe35Ni powders with 325
meshes were purchased from Alfa Aesar. They were prepared by gas atomization
method with 99% purity.

The MWCNTSs were mixed with Fe35Ni powders at a weight ratio of 1:1 by ball
milling, and pressed into a graphite die for SPS treatment to form disk-shaped
samples. The SPS experiments were conducted at temperatures of 1100-1500 °C for
soaking time of 20 min under an axial pressure of 70 MPa in a vacuum (<6 Pa). A
heating rate of 100 K/min was adopted, and the sintering process lasted typically 20
min. The applied direct current for SPS was about 1000 A with a pulse duration of 12
ms and an interval of 2 ms. The resulting disk-shaped samples with diameter of 20
mm and thickness of 6 mm were fabricated. The sintered MWCNTSs/Fe35Ni samples
were analyzed by a Renishaw-2000 Laser Raman spectroscopy system. A He—Ne
laser excited at 512 nm was used with a power density of 4.7 mW and a spot diameter
of 5 um. Additionally, the sintered MWCNTs/Fe35Ni samples were etched in a
boiling solution of concentrated H,SO,4 (90 vol.%) and HNO3 (10 vol.%) for 2 h. The
etched samples were washed using deionized water repeatedly, and dried in an oven.
Further identification was performed with an X-ray diffraction (XRD, Bruker D8,
Germany) with a CuKa radiation (0.154178 nm). Scanning electron microscopy
(SEM, Zeiss Supra 25, Germany) and transmission electron microscopy (TEM,
Zeiss-Libral20, Germany) operating at 120 keV were employed to characterize the
starting materials and the products following the SPS treatment.

3.1.3 Effect of catalysts on the diamond formation from CNTs

The typical morphologies of the MWCNTSs starting materials are shown in Figure
3-1(a) and (b). They are found to exhibit an external and internal diameter of ca. 40
nm and 20 nm, respectively (Figure 3-1a). No other forms of carbon and metal
catalysts were identified during the TEM observations. The SEM micrograph shows
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that the MWCNTSs appear entangled and agglomerated together (Figure 3-1b). The
SEM micrograph of the FeNi catalyst powders is shown in Figure 3-1(c). The gas
atomized powders present average particle sizes about 40 um. After ball milling with

the MWCNTS, the FeNi powders are mixed well with the nanotubes as shown in

Figure 3-1(d).

Figure 3-1 TEM (a) and SEM (b) micrographs of the starting MWCNTSs, as well as SEM

micrographs of the Fe35Ni powder catalysts (c) and MWCNTSs/Fe35Ni powder mixtures (d).

The MWCNTs/FeNi samples were sintered in the SPS furnace at various
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temperatures under 70 MPa for 20 min. All the obtained samples were etched in
boiling acid to remove the FeNi catalysts and the un-reacted MWCNTSs. Figure 3-2
shows the X-ray diffraction patterns of the starting MWCNTS, Fe35Ni catalyst, and
the spark plasma sintered MWCNTs/Fe35Ni samples at (1100-1500) °C after etching.
The starting MWCNTSs show the (002) plane at 20 of 25.86 degree without Ni and La
catalysts peaks. The Fe35Ni catalysts show diffraction peaks at 26 of 43.60 degree
and 50.79 degree. After etching of the obtained MWCNTSs/Fe35Ni samples, no
obvious Fe35Ni diffraction peaks were detected in the (1100-1500) °C sintered
samples. It indicated that the FeNi catalysts have been completely removed from the
carbon samples by the boiling acid treatment. The peak at 26 of 42.90 degree in the
raw CNTs has shifted to 43.37 degree in the 1100 °C sintered sample. It is noted that
this sample is in the transitional stage from CNTSs to diamond. It is identified that the
cubic diamond peak at 20 of 43.95 degree with d-spacing of 0.26 nm is present in the
samples of (1200-1500) °C. There is still a broad CNTs (002) peak indicating that
there are some un-reacted and un-removed CNTs in the samples. Additionally,
haxonite (Fe,Ni),3Cs peaks are found in the XRD results of (1200-1500) °C sintered
samples. With temperature increment from 1200 to 1500 °C, the haxonite peaks
become stronger and stronger. It is due to the reaction between the FeNi catalysts and

the MWCNTSs at high temperatures.
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Figure 3-2 X-ray diffraction patterns of the starting MWCNTSs, Fe35Ni catalyst, and the spark

plasma sintered MWCNTs/Fe35Ni samples at (1100-1500) °C after etching.
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Figure 3-3 shows the Raman spectra of the starting MWCNTSs and the spark plasma
sintered MWCNTs/Fe35Ni samples at (1100-1500) °C after etching. The D band of
the starting MWCNTs appeared at 1290 cm™. After spark plasma sintered at 1100 °C,
the MWCNTSs peak was still presented in the spectrum, but it appeared as a new small
peak centered at 1300 cm™. In the spectra of the (1200-1500) °C sintered samples,
each of them exhibit a sharp and intense line with a frequency shift of 1332 cm™,
which is the characteristic Raman shift of the cubic diamond. However, the MWCNTS
peak (1290 cm™) still existed but became broader in the Raman spectra, which
indicated the un-reacted nanotubes haven’t been completely removed but their
structures have been destroyed by the boiling-acid treatment. The D band shifted from
the starting 1290 cm™ to 1332 cm™ indicating the cubic diamond formation above the

temperatures of 1200 °C.
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Figure 3-3 Raman spectra of the starting MWCNTSs and the spark plasma sintered

MWCNTs/Fe35Ni samples at (1100-1500) °C after etching.

The G band is due to the E;y mode of graphite band (G band) relating to the sp?
bonded carbon vibrations in a 2-dimensional graphitic hexagonal lattice. The G bands
appeared at 1606 cm™ in the starting MWCNTSs and 1100 °C sample, has shifted to
1584 cm™ around in the samples of (1200-1500) °C, which implied the formation of
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graphite phase besides the diamond formation from the carbon nanotubes above the
SPS temperature of 1200 °C. The Raman results indicated that diamonds have been
converted from the MWCNTs/Fe35Ni in the temperature range of (1200-1500) °C.
The XRD and Raman results confirmed the diamond formation in the (1200-1500) °C

sintered samples.

Figure 3-4 SEM micrographs of the spark plasma sintered MWCNTs/Fe35Ni samples at 1100

°C (a), 1200 °C (b-d) after etching, exhibiting the growing process of diamond.

The SEM micrographs of the spark plasma sintered MWCNTSs/FeNi samples at
1100 °C and 1200 °C after etching are shown in Figure 3-4. Compared with the
starting CNTs (Figure 3-1b), the MWCNTSs in the 1100 °C sample are almost melted
and adhered together, but the tubular structure of the CNTs are noticeable in the
growing diamond (Figure 3-4a). After sintering at 1200 °C, diamond crystals with
sizes of (10-40) um are observed in the samples (Figure 3-4b). These diamond
crystals are in the shape of hexahedron. Some flake-like carbons are noticed in the
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sample, as indicated by circles. The higher magnification SEM micrograph showed
that the diamond crystals without residual CNTs left on their surface (Figure 3-4c).
The high magnification micrograph in Figure 3-4 (d) indicated the layer-by-layer

texture on the diamond crystals.
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Figure 3-5 SEM micrographs of the spark plasma sintered MWCNTSs/Fe35Ni at 1300 °C (a),

1400 °C (b), 1500 °C (c, d) after etching, showing the diamond crystals and flakes.

Figure 3-5 shows the SEM micrographs of the spark plasma sintered
MWCNTs/FeNi samples from 1300 °C to 1500 °C after etching. The particle sizes of
the diamond crystals did not increase with the increasing sintering temperatures
(Figure 3-5a-c). A 1500 °C synthesized diamond with crystal size of about 20 um also
showed clear layer-by-layer textures (Figure 3-5c¢). On the matrix of this diamond
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crystal, there are many flake-like carbons as shown in Figure 3-5(d). Such flake-like
carbons were found in all these samples from 1300 °C to 1500 °C. The carbon flakes
in these higher temperature sintered samples are similar to those in the 1200 °C
sintered one. These flakes also showed layer-by-layer microstructures. The SEM

observations agree well with the XRD and Raman results.

Cubic l

Diamond (222X311)(111) (220)(400)

Figure 3-6 TEM micrographs with selected area diffraction patterns (SADP) of the 1200 °C
spark plasma sintered MWCNTs/Fe35Ni sample after etching, showing the monocrystalline

diamond (a, b) and polycrystalline diamond (c, d).
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Figure 3-6 show the TEM micrographs and selected area diffraction patterns of
the spark plasma sintered MWCNTs/Fe35Ni sample at 1200 °C after etching. There
are some mono-crystal and poly-crystal diamonds in the samples (Figure 3-6 a-d).
The monocrystalline diamond also shows the layer-by-layer structure (Figure 3-6a),
which is consistent with the results of the SEM. The selected area diffraction pattern
of the crystal in the bottom of the Figure 3-6 (a) confirmed the diamond is
mono-crystalline along [110] direction (Figure 3-6b). The poly-crystal diamond is in
size of tens of micrometers (Figure 3-6¢). The selected area diffraction pattern with
diffraction rings were calculated and confirmed that the diamonds are cubic
poly-crystals (Figure 3-6d). The Raman, XRD, SEM, and TEM identification results
have confirmed the diamond formation in MWCNTs with Fe35Ni as catalysts at a
lower temperature of 1200 °C.

The Raman, XRD, SEM and TEM results confirmed that monocrystalline and
polycrystalline diamonds were synthesized in the MWCNTs/Fe35Ni sample after SPS
at temperatures above 1200 °C. The SEM results showed better diamond crystal
shapes in the 1200 °C sintered samples. The TEM with selected area diffraction
patterns showed the existence of diamond mono-crystals and poly-crystals in the
1200 °C sintered samples. Higher temperatures (1300-1500 °C) did not lead to larger
diamond crystals as seen in the SEM images. The temperature 1200 °C is the optimal
SPS temperature for the MWCNTs/Fe35Ni samples. This temperature 1200 °C for the
diamond synthesis is much lower than that of the MWCNTSs without catalyst (1500 °C)
in our previous research [7]. It indicates that the FeNi catalysts are effective to
enhance the diamond conversion from MWCNTSs in the SPS technique. The melting
point of Fe35Ni alloy is about 1460 °C as measured in its phase diagram. During the
SPS processing, the melting point of this Fe35Ni powder has been decreased due to
the pulsed current induced powder activation, and the applied pressures. There is
usually some temperature difference between the mold surface and the actual
temperature in the SPS sample. The temperature measurement design in the FCT
spark plasma sintering system allowed a very accurate temperature control since the
temperature difference between the centre of the sample and the controlling pyrometer
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was always below 5 °C [8]. The catalysts of Fe35Ni alloy powders were melted at
SPS temperature of 1200 °C, which was noticed during the SPS of the
MWCNTs/Fe35Ni sample. It reduced the SPS temperature to 1200 °C and the
pressure to 70 MPa for the diamond synthesis as well as increased the diamond
transition rate using the MWCNTSs as carbon sources. In general, milder conditions
were realized for the diamond synthesis by using the Fe35Ni catalysts in this study. In
the HPHT method, the carbon-carbon diagram for the diamond synthesis is crucial [9].
In this SPS method, there will be a new carbon-carbon diagram for the diamond
synthesis, which can predict the optimal temperature, pressure regions for the

diamond synthesis in this SPS method.

SPS
Pressure direction

Diamond Layer

Diamond Layer

Diamond Layer

Diamond Layer

SPS
Pressure direction

Figure 3-7 Schematic illustration of the growth model of diamond crystals from MWCNTSs in

SPS.

The layer-by-layer structure of diamond crystals are found in the SEM and TEM
micrographs. Our previous research revealed the initial diamond growth mechanism
from MWCNTs to diamond in SPS without catalysts, that is from CNTs to
intermediate phase carbon onions, and finally to diamond [10]. The diamond crystals
in the samples without FeNi catalysts are also shown the similar layer-by-layer
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structures. Many flake-carbons with layers structures were found in the samples of
(1200-1500) °C. These indicate that the diamonds were grown up from these carbon
flakes. Based on the above analysis, a model for the growth of diamond crystals
during the SPS is proposed in Figure 3-7. The direction of pressure during the SPS is
in uniaxial directions, but not in six directions as the HPHT six-anvil press. Therefore,
the diamonds are easier to grow in the direction without pressures. As a result, the
MWCNTSs are grown to layered diamond flakes vertically to the direction of pressure.
Finally, several diamond flakes are reacted together and formed a three-dimensional
diamond crystal. In a word, the growth mechanism of diamond from MWCNTSs is a
layer-by-layer growth model in the SPS method. This model is available for the
MWCNTs to diamond with and without catalysts. This mechanism will be
constructive and helpful for the large diamond crystals synthesis by using the SPS
technique.
3.1.3 Effects of the CNTs diameters on the diamond sizes by the SPS

The kinetic mechanism for the phase transformation of carbon nanotube to diamond
is proposed that the CNTs transformed to carbon nano-onions, and the nucleation and
growth of the diamond phase within the onion cores [10]. A model for the diamond

nucleation at the internal surface of carbon onion is established, as shown in Fig.3-8.

Fig. 3-8 Model for diamond () nucleation at the internal surface of carbon onion («).

Based on this model, the energy need for the nucleation of diamond at the internal

surface of carbon onion can be formulized based on theory of thermal dynamics:

AG =AG, +AGg +AG, (3-1)
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Where AG — Difference of Free energy for the nucleation of diamond;
AG,— Difference of Volume Free energy for the nucleation of diamond;
AGs— Difference of Surface Free energy for the nucleation of diamond;
AGg— Difference of Elastic strain energy for the nucleation of diamond.

In the equation of (3-1), each type of energy difference can be formulized:

Nucleation energy of diamond from carbon onion AG,

-

P DRSS PR RN (3-5)
The above equation shows the reduction of R leads to the decrease of AG. The value
of R is the inner radius of CNTSs. It means that reducing the diameter of CNTs could
decrease the energy for the diamond nucleation AG. The lower AG leads to higher
transition rate and larger particle size of diamond. This will be validated by the
following experiments.

The MWCNTSs with diameters from 10-100 nm were mixed with Fe35Ni catalyst at
a weight ratio of 1:1 by ball milling, and pressed into a graphite die for SPS treatment
to form disk-shaped samples. The raw materials those used in this experiment is
shown in Table 1 with internal diameters of (10-20) nm, (20-40) nm, (40-60) nm and
(60-100) nm. The SPSed samples after etching were subjected to the SEM analysis.
Figure 3-9 shows the SEM micrographs of the diamond crystals obtained from
different MWCNTS. It really shows various diamond sizes. The (10-20) nm MWCNTSs
generated (15-30) um diamond crystals. The (20-40) nm MWCNTSs generated (10-20)
um diamond. The (40-60) nm MWCNTSs produced (7-10) um diamonds, and the
(60-100) nm MWCNTs formed (4-10) um diamonds. The results are summarized in

Table 2. Smaller diameters MWCNTSs could produce larger diamond particles.
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Table 1 The raw materials those used in this experiments.

Main range of
(10-20) nm  (20-40) nm  (40-60) nm (60-100) nm

diameter of
MWCNTs
Length (5-15) pm  (5-15) pm (5-15) pm (5-15) pm
Purity >95% >95% >95% >95%
Ash <0.2 wt% <0.2 wt% <0.2 wt% <0.2 wt%
Specific surface (40-300) (40-300) (40-300) (40-300)
area m?/g m?/g m?/g m?/g
Amorphous carbon <3% <3% <3% <3%

EMZUniRo

Fig.3-9. SEM micrographs of the SPSed MWCNT/FeNi samples with various internal
nanotube diameters of (10-20) nm (a), (20-40) nm (b), (40-60) nm (c) and (60-100) nm (d)

showing the different diamond sizes.
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Table 2 The diamond particle size from various MWCNTS.

Main range of
diameter of (10-20) nm  (20-40) nm  (40-60) nm (60-100) nm
MWCNTs

Diamond particle
(15-30) um  (10-20) pm (7-15) um (4-10) um
size

The experiments validated the theoretical assumption. Herein, the MWCNTSs have
been transformed to diamond under SPS conditions in presence of a FeNi catalyst at
pressures of 50MPa and temperatures of 1200<C. The diamond particle size depends
on the diameter of the MWCNTs. The MWCNTs with diameters (60-100) nm
produced diamond particle (4-10) um, while in the sample of MWCNTs with
diameters (10-20) nm generated diamond particle sizes (15-30) um.

3.1.4 Summary

Fe35Ni solvent catalyst has been involved to synthesize diamond from MWCNTSs
by using the SPS technique. Cubic diamond crystals were synthesized from the
MWCNTs/Fe35Ni mixtures at lower SPS temperature of 1200 °C under pressure of
70 MPa. In the sample, well-crystallized diamond mono-crystals and poly-crystals
consisted particle sizes of (10-40) um. The Fe35Ni catalysts achieved an effective
reduction of the SPS temperature to 1200 °C and the SPS pressure to 70 MPa for the
diamond synthesis, as well as an increment of diamond transition rate from MWCNTSs
in the SPS. A model was also proposed to describe the diamond growth as a
layer-by-layer growth mechanism. The diamond particle size depends on the diameter

of the MWCNTSs.

3.2. Synthesis of diamond from fullerene C60 by SPS
Due to its unique physical and chemical properties, fullerene C60 is a promising
candidate substance for many novel applications in industry. Therefore, it is very

important to deeply understand the stability and phase transformation behavior under
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extreme physical conditions. Duclos et al [11] reported that the C60 molecules are
extremely stable at room temperature, withstanding hydrostatic pressure of up to
about 20 GPa. It is transformed irreversibly into a new hard carbon phase above
hydrostatic pressure of 27 GPa [12, 13]. Under non-hydrostatic high pressures
(2035GPa), the C60 is unstable to collapse into a diamond phase at room temperature
[14]. At high temperatures above 1500 <C, C60 crystals are transformed into diamond
in a pressure range of 9-15 GPa [15]. Nanocrystalline cubic diamond with crystallite
sizes of 5-12 nm could be synthesized from fullerene C60 at 20 GPa and 2000 °C
using a multi-anvil apparatus [16]. Microcrystalline diamonds up to 6 um were
produced from fullerenes C60-C150 using a shock-wave synthesis under pressures
ranged 24-40 GPa [17]. In general, it needs solely superhigh pressure or high pressure
(in several GPa) and high temperature for the phase transition of C60 to diamond.
Since the C60 has a higher sp* hybridization fraction than that of carbon

nanotubes, it makes the transformation of C60 into diamond easier. Therefore, it is
postulated that the C60 may be able to increase the diamond size and transition rate in
the SPS diamond synthetic method. In this study, the diamond growth from C60 was
studied under the pulsed electric field of the SPS system to increase the size and
transition rate of diamond. The spark plasma sintered carbon samples were analyzed
by using micro-Raman spectroscopy, Synchrotron X-ray, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) techniques. Its phase
transformation mechanism is also discussed.
3.2.1 Experimental

The fullerene C60 was purchased from SES research, Houston, USA. The purity of
the pristine C60 was claimed by the producer to be about 99.5%. The pure C60
powders were pressed into a graphite die for SPS treatment to form disk-shaped
samples. The SPS experiments were conducted using a Model of HP-D5 FCT spark
plasma sintering system installed at the Tycho Sinter Lab in the University of Rostock,
under an axial pressure of (50-80) MPa at temperatures of (1100-1500) °C in vacuum
(<6 Pa). A heating rate of 100 K/min was used, and the sintering process lasted
typically 20 minutes. The applied direct current for SPS was about 1000 A with a
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pulse duration of 12 ms and an interval of 2 ms leading to disk-shaped samples with a
diameter of 20 mm and a thickness of 5 mm.

The sintered samples were etched in a solution of concentrated H,SO4 (90 vol.%)
and HNOg3 (10 vol.%) at room temperature for 12 h. The etched samples were washed
using de-ionized water repeatedly, and dried in an oven. The identification was
performed with a Renishaw-2000 Laser Raman spectroscopy system with a He—Ne
laser excited at 514 nm with a power density of 4.7 mW and a spot diameter of about
5 um. Further identification was performed with a high-energy X-ray diffraction at
beamline BW5 (DESY/HASYLAB Hamburger Synchrotron Laboratory) with a
wavelength of 0.123984 A (100.0 keV). Scanning electron microscope (SEM, Zeiss
Supra 25, Germany) and transmission electron microscope (TEM, Zeiss-Libral20,
Germany) operating at 120 keV, were employed to characterize the starting materials
and the products following the SPS treatment.

3.2.2 Results and discussions

Figure 3-10 (a) shows the TEM micrograph of the fullerene C60 powder with
particle sizes from 40 nm to 100 nm. There are some agglomerates in the particles.
The inserted selected area diffraction pattern on a spectific C60 particle indicates that
the C60 is a single crystal along [110] direction. Figure 1(b) shows the SEM
micrograph of the C60 powder. The particle agglomerates are from nanometer to 4
micrometers.

Figure 3-11(a) shows the Raman spectra of the raw C60 and the spark plasma
sintered (SPSed) C60 samples after etching. The raw C60 shows a sharp peak
appeared at 1460 cm™ and two weak broad peaks centered at 1568 cm™and 1413 cm™.
Previous study [12] demonstrated that SPS processing of C60 with a pressure of
80 MPa and a temperature of 1500 °C is leading to the formation of diamond. Hereby,
the SPS pressure was reduced to 50 MPa. As expected, the cubic diamond peaks can
also be detected at 1333 cm™ in the Raman spectra taken for the samples SPS
processed in the temperature range from 1150 °C to 1500 °C. However, the diamond
band of the samples sintered at 1150 °C is very broad having the lowest height. Its
graphite band at 1568 cm™ is at the same value as that of the raw C60. It indicates that
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there is only a small fraction of diamond in this 1150 °C SPSed sample. With an
increase in temperature to 1200 °C, 1300 °C and 1500 °C, the diamond band at
1333 cm™ gets sharper and sharper, as well as the graphite band is shifted to a higher
value of 1576 cm™. The result of the 1300 °C SPSed C60 shows a Raman spectrum
similar to the 1500 °C SPSed sample. The main peak in the pure C60 spectrum at
1460 cm™ disappears in all the spectra of the samples processed in the temperature
range (1150-1500) °C. This indicates that the C60 is completely transformed into

diamond and graphite phases after SPS at above temperatures of 1150 °C.

Figure 3-10 TEM micrograph with inserted selected area diffraction pattern (a) and SEM

micrograph of the raw fullerene C60 powder (b).

Figure 3-11(b) shows the synchrotron radiation-high energy X-ray diffraction
patterns of the raw C60 and the SPSed C60 samples after etching. In the 1150 °C
sintered C60 sample, very weak diamond peaks at d spacing of 2.06 A and 1.26 A are
noticeable. The C60 after SPS at temperatures above 1200 °C show shaper cubic
diamond diffraction peaks at d spacing of 2.06 A and 1.26 A and broad graphite peaks.
The peaks of graphite are very broad indicating its amorphous structure. Amorphous
graphite is the least graphitic of the graphite types where none of the common crystal
faces are visible. The C60 diffraction peaks disappeared indicating the C60 has
completely transformed into diamond and amorphous graphite phases after the SPS
processing at temperatures from 1150 °C to 1500 °C. The Raman and Synchrotron
X-ray results confirmed the diamond formation in the C60 samples. However, the
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FWHMs of the diamond peaks in the Raman spectra and Synchrotron X-ray

diffraction patterns are all broad. Such broad peaks are known to be a sign of fine

diamond crystallites. It is calculated from the peak-area ratio in the Raman results that

the fractions of the sp* hybridized carbon in the final products are about 50 vol.% in

the samples of (1200-1500) °C. As calculated from the peak-area ratio in the

Synchrotron X-ray results, the fractions of the diamond in the final products are about

30 vol.% in the samples processed at 1300 °C and 1500 °C. Combining both of them,

the transition rate of diamond from C60 is at least 30 vol.% in the SPSed samples at

1300 °C and 1500 °C.
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Figure 3-11 Raman spectra (a) and synchrotron radiation-high energy X-ray diffraction

patterns (b) of the raw C60 and the spark plasma sintered C60 at different temperatures under

pressure of 50 MPa.

Figure 3-12 shows the SEM micrographs of the SPSed C60 samples after etching.

In the 1150 °C SPSed sample, it is found few small diamond particles, as marked by

circles (Figure 3a). Some diamond crystals with hexagonal, tetragonal or triangular

shapes are found in Figure 3-12(b) of the 1200 °C SPSed sample. The particle sizes of

the diamond crystals are from tens of micrometers up to 200 um, as marked by circles.

The diamond crystals with perfect hexahedron shapes are clearly observed in the

1300 °C sintered sample (Figure 3-12 c). The diamond sizes range from 100 um to

250 um, and they are larger than those of the sample sintered at 1200 °C. Some fine

diamond crystals are noticeable on one big diamond crystal. The micrographs of the
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1500 °C sintered C60 sample show that the big diamond crystals are almost melted
(Figure 3-12 d). There are many fine diamond crystals below 4 um on the big crystals
(Figure 3-12 e). It is obvious that the diamond crystal sizes do not increase with the
increase in temperature. A processing temperature of 1300 °C is the best for the phase
transformation of C60 directly to diamond, according to this study. The particle size
of the diamond crystals made from C60 is up to 250 um. It is a very large size for

such conversion without any catalyst being involved in the process.

o}

Figure 3-12 SEM micrographs of spark plasma sintered C60 samples at 1150 °C (a), 1200 °C

(b), 1300 °C (c) and 1500 °C (d, e) after etching, showing the growth of diamond crystals.

The TEM micrograph of the 1200 °C spark plasma sintered C60 sample is shown
in Figure 3-13. Figure 3-13 (a) shows a big diamond crystal with some pure C60
particles. The particle size of the C60 in this SPSed sample lies in the range of
(40-100) nm. It is identically to that of the pure C60. The C60 particles are present
with the diamond crystal together. This indicates that the diamond is directly
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transformed from these C60 particles. The selected area diffraction pattern with
diffraction rings were calculated and confirmed that the diamonds are cubic
polycrystals (Figure 3-13b). It is noted that there are two sets of diffraction patterns
indicating the presence of two cubic polycrystals in the selected area. No formation of
an intermediate phase was observed for the C60 transformation into diamond in the
TEM micrograph. The transformation from C60 to diamond seems to be a direct
carbon transformation process with structural reconstruction without the production of

any intermediate phase.

® (111Y220 -
(31220, (111" ™

Figure 3-13 TEM micrograph of a diamond crystal formed in the 1200 <C spark plasma
sintered C60 sample (a) with the selected area diffraction pattern (b), exhibiting the

polycrystalline diamonds.

The Raman, Synchrotron X-ray, SEM, and TEM identifications have confirmed
the diamond formation in the C60 by the SPS at milder conditions. The diamond
particle size and transition rate both increased using the C60 as carbon source for
diamond synthesis. The experimental results validated the hypothesis in the
introduction. Due to the high price of the C60, conversion of C60 to diamond by SPS
has more theoretical impact than practical application for the growth of diamond. For
its practical use, this study suggests that the C60 may be able to be used as a doping
catalyst to promote the diamond transitions. Vul et al [18] have studied the effects of
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fullerene on the high-pressure high temperature synthesis of diamond from graphite
and found that the fullerenes increased the percentage graphite to diamond conversion
by a factor of 1.8 and allowed the pressure and temperature of the synthesis to be
decreased. Therefore, the application of C60 as one type of catalyst or doping catalyst
for diamond synthesis in the SPS or other techniques has some practical prospects.
The theoretical impact of the conversion of C60 into diamond by the SPS at such
milder condition is very constructive. The carbon atoms in C60 are sp® hybridized
with a high fraction of sp® hybridized structure due to angular strain. It is a bit
difficult to transform the planar sp® structure to the diamond sp® network. Our
previous results confirmed that the graphite with pure sp® structure cannot be
converted to diamond in the SPS. The C60 can be considered as a folded graphite
sheet with the predominant hybridization sp* in the pentagons. This makes the
transformation of C60 into diamond easier. A dense assembly of C60 spheroids, where
48 out of 60 carbon atoms have quasi-tetrahedral coordination, is sterically fairly
close to that of the diamond [11, 14]. It implies that a small rearrangement of the
atoms of C60 can result in the change of its structure. However, it still needs solely
superhigh pressure or high pressure and high temperatures for the phase transition
from C60 to diamond [11-16]. In the pulsed electric field of the SPS, the DC currents
were passed through the graphite die and the C60 sample. The pulsed electric field in
the SPS utilizes high currents up to thousands of Ampere and low voltages up to 10
\olt eventually generating spark plasmas provides most of the energy for the diamond
formation under such low temperatures and low pressure. Our previous research has
validated the presence of plasmas during SPS of these conductive and high surface
area nanocarbon materials. Finally, the C60 gets unstable under such pulsed electric
field and can be transformed into diamond at temperature as low as 1150 °C. In a
word, the mechanism for the conversion of C60 to diamond owns to the special
structure of the C60 and the unique SPS technique.
3.2.3 Summary

Fullerene C60 is unstable and can be transformed into crystalline diamond by spark
plasma sintering under a pressure of 50 MPa above temperatures of 1150 °C without
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any catalysts being involved. Well-defined diamonds with particle sizes up to 250 um
and transition rate about 30 vol.% are obtained at 1300 °C and no further growth in
particle size is seen beyond this temperature. The mechanism analysis indicates that
the high sp* hybrid fraction in the C60 and the generated plasmas in the pulsed
electric field lead to the transformation to diamond. It is a direct transition process
from C60 to diamond with a structural reconstruction of carbon atoms without

intermediate phases being involved.
3.3 Synthesis of diamond from graphite with catalysts
3.3.1 Diamond from graphite with various catalysts

Graphite has been used as the main carbon source for the diamond synthesis in the
HPHT technique. In this study, the Ni, MnNi, MnNiFe and AlCuFe quasicrystal
powders were tested as the catalysts for the diamond synthesis from the graphite by
the SPS technique. Each catalyst was weighted and mixed with the graphite powder in
the mass ratio of 4:6. The mixture powders were mixed homogeneously by high
energy ball milling for 5 hours. Then, the mixtures were subjected to the SPS machine.
The samples were sintered at SPS temperatures of (1200-1500) °C and under
pressures of (10-80) MPa. The results show that diamond crystals can be converted
from graphite at the SPS temperature of 1300 °C for soaking time of 20 min under the
pressure of 50 MPa.

Figure 3-14 shows the SEM micrographs of the spark plasma sintered graphite
samples at 1300 °C for 20 min under 50 MPa with Ni, AlICuFe quasicrystal, MnNi,
and MnNiFe powder catalysts after etching. It is interesting that we got diamond
nano- and micro-rods with the Ni catalysts from the graphite (Figure 3-14a) by the
SPS. The diameter of the diamond rods are from 80 nm to 2 pm. It is noted that the
SPS also can be used as a new method to synthesize of diamond nano- and micro-rods.
The AICuFe quasicrystal was introduced as the catalyst for the graphite to diamond in
the SPS. It is noticed that the diamond crystals with good diamond shapes from 1 um

to 3 um were converted from the graphite with the AlCuFe catalyst. It indicates that
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the AICuFe quasicrystal powder also can be used as catalyst for the conversion from
graphite to diamond in the SPS. With MnNi catalysts, some short rod like diamond
crystals are found in the sample (Figure 3-14c). However, in the sample of

graphite/MnNiFe, there are no good diamond crystals visible (Figure 3-14d).

Figure 3-14. SEM micrographs of the spark plasma sintered graphite samples at 1300 °C,
50 MPa with Ni (a), AICuFe quasicrystal (b), MnNi (c), and MnNiFe powder catalysts (d)

exhibiting the different diamonds

Additionally, the diamond phase was identified by the X-ray diffraction. Figure
3-15 shows the synchrotron radiation-high energy X-ray diffraction patterns of the
spark plasma sintered graphite samples at 1300 °C, 50 MPa with Ni, AICuFe
quasicrystal , MnNi, and MnNiFe powder catalysts after etching. The Graphite/Ni
sample show strong cubic diamond peaks at d-spacing of 2.06 A, 1.26 A and 1.07 A.
The Graphite/AICuFe samples show the strong diamond peaks at d-spacing of 2.06 A
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and 1.26 A. The Graphite/MnNi and Graphite/MnNiFe samples showed weak
diamond peaks at d-spacing of 2.06 A, 1.26 A and 1.07 A. The XRD results agree
well with the SEM results that good crystalline diamonds have been successfully

synthesized from the graphite with catalysts of Ni and AlCuFe.
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MnNi ® Cubic diamond

Graphite/MnNiFe
Graphite
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MnNi @/ |MnNi Graphite
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Figure 3-15 Synchrotron radiation-high energy X-ray diffraction patterns of the spark plasma
sintered graphite samples at 1300 °C, 50 MPa with Ni (a), AICuFe quasicrystal (b), MnNi (c),

and MnNiFe powder catalysts (d).

3.3.2 Diamond/copper composites

The parameters for the diamond synthesis from graphite/quasicrystals mixtures are
modified. Larger diamond crystals up to 30 um are prepared at 1300 °C and 80 MPa
for 30 min soaking time. After purification with strong acid treatments, the diamond
particles were mixed with copper powder and then sintered by the SPS in vacuum at
720 °C and 50 MPa for 5 min soaking time. The SEM image of the surface of the
copper-3.0 wt.% diamond composites is shown in Figure 3-16. The diamond crystals
are embedded and dispersed in the soft copper matrix. The nanoindentor result of the
copper/diamond composite shows the hardness of diamond is (15.1#1.6) GPa,
Young's modulus is (92.144.8) GPa, and the matrix Cu hardness is (1.4540.2) GPa
and Young's modulus is (32.843.8) GPa. The diamond/copper composites have a
possibility to be used as wear resistance parts and high thermal conductivity required
components.

70



CHAPTER 3 SYNTHESIS OF DIAMOND FROM NANOCARBON AND GRAPHITE BY SPS

24 128

0] o Hardness
112
A Young’s Modulus
16+ b
. 96
[e]
12 =
g 180
(]
3
g 8
£
= {64
Al
e} o o e} o oo Jag
04
A iy
ad L2 a4 oa 2 132
Fay
EMZUniRo A . 8 16
128 256 384 512 640

Maximum Load, mN

Figure 3-16 SEM image of the surface of the Diamond/Cu composite (a) and the

nanoindentation results of the diamond and copper matrix (b).

3.3.4 Summary

Diamond crystals have been converted from graphite at the SPS condition of
1300 °C, 50 MPa for 20 min. Diamond nano- and micro-rods (80 nm-2 pum) have been
obtained with the Ni catalysts from the graphite by the SPS. Diamond crystals with
good diamond shapes from 1 um to 3 um have been converted from the graphite with
the AICuFe catalyst. The diamond/copper composites are prepared by SPS. The
composite shows the hard diamond phase with hardness of (15.1+1.6) GPa embedded

in the soft copper matrix with hardness of (1.4540.2) GPa with a uniform distribution.
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Chapter 4 SPS of titanium alloys for biomedical applications

4. 1 Preparation and properties of TiMn Alloys for biomedical applications
4.1.1 Introduction

The exploration of high strength new Ti alloys without Al and V for medical
implants has gained great attentions in the past years and is still ongoing.
Manganese (Mn) is one of the essential trace elements in human body. The Mn is
beneficial to the normal skeletal growth and development, and is important for
enzymes in the body like the superoxide dismutase therefore involved in the
elimination of radicals [1, 2]. Thus the Mn element should have less toxicity than the
Al and V. The Mn was doped in magnesium alloy to improve its corrosion resistance
and mechanical properties for biomedical applications [3]. The Mn was incorporated
to tri-calcium phosphate bioceramics which resulted in a sufficient cell compatibility
[4]. The preliminary results in our group showed that the Mn incorporation into the Ti
alloys could enhance the cell adhesion properties [5].

The Ti8Mn alloys have been used in aerospace field and the TiMn, Laves phase has
been used for hydrogen storage already [6, 7]. Nevertheless, few studies were on the
exploration of TiMn alloys for biomedical applications. The TiMn alloys were
generally fabricated by traditional casting or powder metallurgy techniques. Due to
high melting point, high reactive activity at high temperature and contamination
susceptibility, the Ti alloys are difficult to be produced from the liquid state. The
production of Ti alloys via a powder metallurgy (PM) route is attractive due to the
ability to produce net-shape components. Because of their stable surface oxide film
(TiOy), the Ti alloys are difficult to be sintered by traditional PM sintering techniques.
Thus, the spark plasma sintering (SPS), a pulsed electric current field assisted
sintering technique has been used to prepare the Ti alloys. In this study, the Mn
element was incorporated into the Ti and TiMn alloys with 2, 5, 8, 12 wt. % Mn
amounts were prepared by MA and SPS techniques. The preparation process,

microstructures, mechanical properties, cytotoxicity and cell proliferation properties
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of the TiMn alloys were investigated for exploration of their biomedical applications.
Pure Ti, Mn metals and Ti6Al4V alloys were also fabricated at the same conditions
for a comparison.
2.1.2 Experimental

The raw Ti and Mn powders were prepared by gas atomization method with 99.0%
purities (Fluka Co., Germany). TiMn alloys were designed by varying the amount of
Mn in the Ti with 2, 5, 8 and 12 (wt.%) compositions on the base of the binary phase
diagram of TiMn alloys in Figure 4-1 showing the phases of the Ti-2, 5, 8, 12 (wt.%)
Mn alloys. With Mn below 12 wt.%, the phase composition of the TiMn alloy is
Ti2Mn2 phase. After weighting, each component of the designed composition was
mechanical alloyed with a high energy planetary ball milling machine (Retsch
PM400, Germany). Chromium hardened steel vials and balls were used as grinding
media, with ball to powder ratio of 15:1. Wet-milling in hexane was performed for
different hours at 250 rpm. Hexane was used as process control agent to prevent

oxidation and excessive contamination from the grinding media.
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Figure 4-1 Binary phase diagram of TiMn alloy showing the phases of the Ti-2, 5, 8, 12 wt.%

Mn alloys.
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The sintering was accomplished using a Model HPD-25/1 FCT spark plasma
sintering system (FCT systeme GmbH, Rauenstein, Germany) at a temperature of
(500-800) °C for various times. The powders were loaded into graphite die to sinter
disc-shaped pellets (20 mm diameter, thickness (5-6) mm). The SPS experiments were
conducted in vacuum (<6 Pa) under uniaxial pressure 50 MPa. The heating rate was
maintained at 100 °C/min.

X-ray diffraction (XRD, Bruker D8, Germany) was used to characterize the phase
composition of the powders and sintered alloys. The phase transformation of the
alloys was performed with a differential scanning calorimetry (DSC, Netzsch Pegasus
404C, Germany). Scanning electron microscopy (SEM, Zeiss Supra 25, Germany)
was employed to analyze the microstructures of the powders and sintered alloys. The
densities of the sintered alloys were determined by the Archimedes method using
water immersion. Hardness and elastic modulus were measured by Universal CETR
Nano+Micro tester with a model UNMT-1 multi-specimen test system. The
measurements were measured with micro-head at various forces up to 5 N. 15 indents
were done on one sample for an average value. The ductility of the TiMn alloys under
compressive load was performed on an Instron 5566 testing machine at room
temperature with a compression speed of 0.5 mm/min.

Before cell cultivation TiMn alloys were sterilized in 70 % ethanol for 15 min. The
human osteoblastic cells MG-63 (osteosarcoma cell line, ATCC, LGC Promochem)
were cultivated on TiMn alloys in 12-well plates (Greiner Bio-One, Germany) in
Dulbecco’s modified Eagle medium (DMEM, Invitrogen, USA) with 10 % fetal calf
serum (FCS, PAA, Austria), 4500 mg/l glucose (high glucose), GlutaMAX, pyruvate,
1% gentamicin (Ratiopharm, Germany), 0.02 % plasmocin (Invivogen, USA) at 37<C
and in a 5 % CO, atmosphere. The tissue culture polystyrene (TCPS) was used as an
additional control.

The inhibitory influence of the TiMn alloys was studied by measuring osteoblast
MG-63 cell’s metabolism. The CellTiter 96® Aqueous One Solution Cell
Proliferation Assay (Promega) was used. The principle of the test is an enzymatic
cleavage of the methyltetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-5 -(3-carboxy
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-methoxyphenyl)) (MTS) by active cells into violet Formosan product. The amount of
Formosan product is directly proportional to the number of living cells. 100 i of the
MTS solution were added to each well and incubated for 2 h at 37<C and in a 5 %
CO, atmosphere. The spectrophotometric absorption was analyzed in a 96-well plate
by an ELISA reader (Anthos 2010, Anthos Labtec Instruments) at 490 nm.

For flow cytometry, cells were suspended using 0.05 % trypsin/0.02 % EDTA
solution (5 min at 37<C). Then, cells were washed in phosphate buffered saline (PBS),
fixed with 70 % ethanol over night at -20 <C, and intensively washed again. After
treatment with 1 % RNase (Sigma, Germany) for 20 min at 37 <C, the DNA of the
cells was labelled with propidium iodide (50 g/ml, Sigma, Germany) over night at
4 <. Cells were measured in a FACSCalibur™ flow cytometer (BD Biosciences)
equipped with a 488 nm argon-ion laser and a Macintosh Power PC (G4). In general,
25,000 events were acquired using CellQuest Pro 4.0.1. Percentage of proliferating
cells was then calculated in percent using ModFIT version 3.0 (BD Biosciences).

Statistical analysis was performed with SPSS 14.0 for Windows (SPSS Inc.,
Chicago, IL). The differences between the concentrations were evaluated using
Students t-test for independent samples because variables present normal distribution
(Kolmogorov-Smirnov test). Data were expressed as mean and standard error of the
mean. A probability value of p<0.05 was considered as significant.

4.1.3 Results

The TiMn alloy powders with 2, 5, 8 and 12 (wt.%) Mn compositions were mixed
and mechanical alloyed for various hours in a high energy ball milling machine.
Figure 4-2 shows the XRD patterns of the pure Ti, Mn powders, and TiMn alloy
powders after 60 hours mechanical alloying. Pure Ti and Mn peaks completely
disappeared and TiMn phases were formed after 60 hours mechanical alloying. The
pure Ti powders are a-Ti phase (ICDD No. 65-3362) with hexagonal structure and the
pure Mn powders are a-Mn phase (ICDD No. 32-0637) with cubic structure. The
synthetic TiMn powders are a-TiMn phase (ICDD No. 07-0132) with tetragonal
structure. There are no obvious changes in the phase compositions with increasing of
Mn amount up to 12 wt% in Ti.
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Figure 4-2 XRD patterns of the Ti, Mn powders, and TiMn alloy powders prepared by

mechanical alloying showing the formation of a-TiMn phases.

Figure 4-3 shows the SEM micrograph and EDX of the Ti8Mn powders prepared
by mechanical alloying. The powders are agglomerates with mean particle sizes of
(4-5) pm in diameter with a narrow size distribution (Figure 4-3 a). The EDX spectra
show that the Ti, Mn peaks belong to the TiMn powder, the C and O peaks are from
adsorption of air, and the small Fe peak is the contamination from the steel balls and

vials during the mechanical alloying.

Figure 4-3 SEM micrograph (a) and EDX (b) of the Ti8Mn powder prepared by mechanical
alloying showing the morphology and composition of the powder.
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The phase transformation behaviors of the TiMn alloy powders were analyzed by
using differential scanning calorimetry. Figure 4-4 shows the transformation
temperatures of the TiMn alloys in comparison with the pure Ti. In the case of pure
Ti, the transformation temperature from o to B phase occurs at about 840 °C. The
transformation temperature in Ti2Mn is 735 °C while that of in Ti5Mn alloys is
700 °C. The transformation temperatures are 665 °C and 660 °C in Ti8Mn and
Til2Mn alloys, respectively. As the amount of Mn increased, the transformation
temperature decreased to a relative lower temperature. The addition of Mn in Ti has

depressed their transformation temperature from a to f§ phase.
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Figure 4-4 Phase transformation behaviours of the TiMn alloys measured by DSC showing

the decrease of o to  transformation temperature with increase of Mn amounts in Ti.

After characterization, the alloy powders were subjected to the SPS furnace.
Figure 4-5 shows the relative density of spark plasma sintered Ti at different
temperatures and TiMn alloys with various Mn amounts. With temperature increase
from 550 °C to 800 °C, the relative density of the Ti metal increased from 68% to 99%
(Figure 5a). The relative density of TiMn alloys increased as the Mn contents

increased at 650 °C and 700 °C, respectively (Figure 4-5b). The Ti8Mn alloys showed
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99% relative density at 700 °C for 5 min. The SPS decreased the sintering temperature

of Ti and TiMn alloys. The Mn addition increased the relative density of Ti metal

during SPS.
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Figure 4-5 Relative density of spark plasma sintered Ti at different temperatures (a) and TiMn
alloys with various Mn amounts (b) showing the variation of Ti relative density with the SPS

temperature and the enhancement of relative density with increase of Mn amounts in Ti.

Figure 4-6 shows XRD patterns of the spark plasma sintered Ti, Mn metals and
TiMn alloys. The Ti and Mn still retain o-Ti and a-Mn phases because of the lower
sintering temperature in SPS (700 °C). However, all the TiMn alloys are mostly
B-TiMn phase (ICDD No. 11-0514) with cubic structure. There is still a small amount
of a-TiMn phase in the alloy; therefore, the TiMn alloy is a a+p phase alloy. The
synthesized alloy has o+ microstructures which is similar to that of Ti6Al4V alloy.
In Figure 4-7, the SEM micrographs of the fracture surfaces of the spark plasma
sintered Ti8Mn and Ti12Mn alloys are demonstrated. There are few micropores on the
fracture surface of the TiMn alloys. The grain size of the Ti8Mn alloys is about 500
nm in ultrafine microstructure and the fracture mode of the alloy is primary
intergranular cracking (Figure 4-7a). There are some large size grains in the Til2Mn

alloy which may due to the sintering of powder agglomerates (Figure 4-7b).
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Figure 4-6 XRD patterns of the spark plasma sintered Ti, Mn and TiMn alloys showing the

TiMn alloys are o+f phase alloy.

Figure 4-7 SEM micrographs of the fracture surfaces of Ti8Mn (a, b) and Til2Mn (c, d)

alloys prepared by SPS showing the superfine microstructures (Bar 1 jum, magnification 10

kx, 20 kx).
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Figure 4-8 shows the mechanical properties of the TiMn alloys. The 3D image
indicates the depth and dimension of the indent by the microindentation technique
(Figure 4-8a). The depth of the indent is 20 um around; the dimension is about 110
um in width and length. The hardness results show that the hardness value tended to
rise with increasing Mn contents (Figure 4-8b). The hardness values of all TiMn
alloys are significantly higher than that of pure Ti. The pure Ti shows a hardness of
(1.6020.20) GPa; Ti2Mn, (2.4040.25), Ti5Mn, (3.6520.30); Ti8Mn, (4.9840.32);
Til2Mn, (5.2840.36) GPa. The hardness of Til2Mn alloy is comparable to that of the
pure Mn (5.4440.34) GPa. From statistical analysis, the hardness values of the TiMn
alloys are significantly higher than that of pure Ti. The elastic modulus results show
that they are also increased as shown in Figure 3-8(c). The pure Ti is (105.246.0) GPa,
Ti2Mn (83.343.0) GPa, Ti5Mn (95.045.0) GPa, Ti8Mn (106+4.0) GPa, and Til2Mn
(12236.0) GPa, Mn (68.7244.3) GPa. The increment magnitude of the elastic modulus
is lower than that of the hardness. The ductility results of the TiMn alloys are shown
in Figure 3-8 (d). The pure Ti exhibits (25.0#2.0)% ductility, Ti2ZMn (21.342.4)%,
Ti5Mn (18.242.2)%, Ti8Mn (15.041.3)% and Til2Mn (11.742.0)%. The ductility
decreased with increase of Mn amounts in Ti. The mechanical properties of the
Ti6Al4V alloy were also measured with the same methods. It shows hardness:
(4.340.3) GPa, elastic modulus: (12244.0) GPa, and ductility: (14.0%1.5)% which are
almost identical to the reported values ?*. The Ti2Mn, Ti5Mn and Ti8Mn alloy possess
lower elastic modulus and higher ductility than those of the Ti6Al4V alloy.

Figure 4-9 represent the cytotoxicity and cell proliferation properties of the TiMn
alloys. The tissue culture polystyrene (TCPS) was used as a control material. The
MG-63 osteoblast cell viability (%) of the pure Ti and TiMn alloys by MTS assay is
shown in Figure 9(a). The cytotoxicity increases with increasing amount of the Mn
contents in the Ti alloy. Cell's viability on pure Mn and Til2Mn was about 50 % and
72 %, respectively (p<0.05). However, cells on the Ti5Mn and Ti8Mn alloys were
also influenced concerning viability without statistical difference (p>0.05), but it
reached comparative high values (89%, 86%, respectively) comparable with that of
pure Ti (93%).
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Figure 4-8 3D (a) image of an indent obtained after microindentation test on the TiMn alloys,
hardness (b) and elastic modulus (c) of the Ti, Mn and TiMn alloys by the microindentation,
as well as ductility (d) of the TiMn alloys showing the increase of hardness and elastic

modulus but decrease of ductility with increase of Mn amounts in Ti.

The proliferation of MG-63 osteoblasts on the TiMn alloys using flow cytometric
cell proliferation analysis is demonstrated in Figure 4-9 (b). The percentage of cells
on the pure Ti and TiMn alloys decrease in contrast to the TCPS control (53.67 %).
Proliferating cells on TiMn alloys (Ti2Mn 41.17%, Ti5SMn 40.50%, Ti8Mn 41.57%
and Til2Mn 39.99%) are decreased compared with that of pure Ti (48.93%), but are
not significant with p>0.05 and all acceptable for biomedical applications. However,
the percentage of proliferating cells grown on pure Mn is significantly reduced to
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35.87 % (p<0.05). The student t-test, that is an established statistical method, shows
that the proliferation of MG-63 osteoblast cells on TiMn alloys is not remarkably
inhibited, and only Mn is significantly decreased (p<0.05). The decrease in pure Mn is
about 27% from the Ti value. It is indicated that only very high amount of Mn inhibits
cell proliferation. Combining the cytotoxicity and cell proliferation results, it can say
that the amount of Mn below 8 wt.% has a negligible effect on the cytotoxicity and
cell proliferation of all Ti alloys tested.
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Figure 4-9 Cytotoxicity (a) and cell proliferation (b) of MG-63 osteoblasts on the Ti and TiMn

alloys showing the comparable cell viability of Ti2Mn, Ti5SMn and Ti8Mn alloys with that of

pure Ti, and the proliferation of osteoblasts was not inhibited on TiMn alloys but only

significantly on pure Mn. Mean 4SD, n=5, Student t-test * p<0.05.

4.1.3 Discussions

The TiMn alloy powders were prepared by MA for 60 hours. The MA is a high
energy ball milling process which involved repeated welding, fracturing, rewelding
operations leading to microstructure refinement and alloy formation. MA also has the
advantage of not involving melting; allowing alloying of elements with significantly
different melting points, and it is a process scaleable to commercial sizes [8]. Many Ti
based alloy powders have been produced by MA method. The melting point of Ti is
1668 °C and that of Mn is 1246 °C. o-TiMn alloy powders were prepared at a solid
state by MA with 422 °C difference of melting points. The contamination during MA
is a main problem of this technique. In this study, hexane was used as control agent to
prevent oxidation and excessive contamination of the TiMn powders from the
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grinding balls and vial. Therefore, only a small Fe contamination peak is detected in
the EDX spectra of the TiMn powder (Figure 4-3Db).

High density Ti metal was prepared by using SPS at 750 °C for 5 min, and high
density TiMn alloys were fabricated at 700 °C for 5 min (Figure 4-5). By using the
traditional sintering techniques, high temperatures of (1100-1300) °C were required to
get a high density Ti and its alloy [9]. The SPS has decreased the sintering
temperature of Ti and TiMn alloys. The Mn has increased the relative density of Ti
alloy, which is due to the lower B transformation temperatures in TiMn alloys. The
low sintering temperature is ascribed to the ionization of particles by local sparks
during SPS. A pulsed current generated plasmas in SPS that lead to a surface
activation of the powder particles, which melted the titanium oxide films and formed
neck junctions among powder particles at a lower temperature [10,11]. A
simultaneous pressure impact causes a plastic flow of the powders, which enables the
creation of the dense Ti alloys with ultrafine microstructures at high heating rates,
lower temperature and short soaking time. Because of the high reactivity of Ti metal
above 1000 °C, the sintering of Ti avoiding chemical reaction between Ti and die is
difficult to be performed. The low sintering temperature used in the SPS allows the
use of graphite dies in this study.

The V, Mo, Nb, Fe, Cr, etc are all B stablizers and additions of these elements
depress the B transitional temperature. The results in Figure 4-4 show that the Mn has
decreased the transformation temperature from the o to the [ phase. The effect of
manganese on the a to B transition temperature is significant. With only 2wt.% Mn
addition in the Ti, the transition temperature reduced from 840 °C to 735 °C. It
decreased ranging from 735 °C (Ti2Mn) to 660 °C (Ti12Mn) with increase of Mn
amount in Ti. It is confirmed that the Mn is a j stablizing addition element for Ti
metal. Additionally, the Mn could increase the hardness and elastic modulus of the Ti
alloy (Figure 4-8b, c). The TiMn alloys provide higher hardness and elastic modulus
than those of the pure Ti. The Ti5Mn and Ti8Mn alloys possess comparable hardness
but lower elastic modulus comparing with Ti6AI4V alloy. The increment of the
hardness and elastic modulus of TiMn alloys is ascribed to the formation a+p TiMn
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phases which are intermetallic phases with excellent mechanical properties. The
Ti6Al4V alloy was chosen for orthopedic implant for several reasons. Excellent
ductility is one of the most important reasons for its wide use in biomedical industry.
The ductility of Ti6Al4V alloy is measured to be 14% at room temperature. The
ductility of the TiMn alloy decreased from 21.3% (Ti2Mn) to 11.7% (Til2Mn) with
increase of Mn amount (Figure 8d). However, the Ti2Mn (21.3%), Ti5Mn (18.2%),
Ti8Mn (15.0%) alloys have higher ductility than that of the Ti6Al4V. Compared with
the Ti6AI4V, the Ti2Mn alloy presents lower hardness (2.4 GPa), but better elastic
modulus (83.3 GPa) and ductility (21.3%), the Ti5Mn alloy exhibits comparable
hardness (3.65 GPa) but better elastic modulus (95.0 GPa) and ductility (18.2%), the
Ti8Mn alloy shows better hardness (4.98 GPa) and elastic modulus (106 GPa) with a
comparable ductility (15.0%). The Ti2Mn, Ti5Mn and Ti8Mn alloy could be used as
biomedical implants in light of their mechanical properties.

Some commercial Ti alloys also contain Mn as an alloying component. The Mn
was doped in magnesium alloy with 1.2 wt. % and found the Mn has no toxicity and
can improve the corrosion resistance and mechanical properties of Mg [3]. The Mn
was doped to tri-calcium phosphate bioceramics and showed good cell compatibility
[4]. Recently, Fe-35Mn alloy was prepared and showed higher strength and ductility,
degradable properties, which make it suitable for biodegradable stent applications
[12]. The values concerning cytotoxicity and cell proliferation of the TiMn alloys
demonstrate a dependency on the Mn concentration. A lower Mn concentration
(<8 wt.%) in Ti has a low effect on the cytotoxicity and cell proliferation properties
(p>0.05). In general, the Ti2Mn, Ti5Mn and Ti8Mn were comparable in viability and
cell proliferation properties with pure Ti. The Ti6Al4V alloy was firstly used in
aerospace industry, and then applied in biomedical field as bone and dental implants.
Until now, the Ti8Mn alloy as one of the typical o+ Ti alloys has been extensively
used in aerospace industry because of its excellent mechanical properties [13]. Our
research here suggest that the application of the Ti8Mn alloy could be extended to
biomedical field. As well as the Ti2Mn and Ti5Mn alloys, they exhibit higher
ductility and lower elastic modulus than those of Ti6Al4V. The lower elastic modulus
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of metals for joint prosthesis could decrease the stress-shielding effect in
bone-implant coupling [14]. The Ti2Mn, Ti5Mn and Ti8Mn alloys all exhibit
acceptable cytotoxicity and cell proliferation of the human osteoblasts. Consequently,
the Ti2Mn, Ti5Mn and Ti8Mn alloys all have a potential for the use in the biomedical
field as new bone substitutes and dental implants.
2.1.5 Summary

The a+p type TiMn alloys with high relative density and ultrafine microstructures
were prepared by using mechanical alloying for 60 hours and spark plasma sintering
at 700 °C for 5 min. The Mn reduced the a to B transformation temperature of Ti and
was confirmed as a P stabilizer element. The hardness increased significantly ranging
from 2.4 GPa (Ti2Mn) to 5.28 GPa (Ti12Mn), the elastic modulus as well ranging
from 83.3 GPa (Ti2Mn) to 122 GPa (Til2Mn) and the ductility decreased ranging
from 21.3% (Ti2Mn) to 11.7% (Ti12Mn) with increasing manganese content in the Ti.
Concentrations of Mn below 8 wt.% in titanium reveal negligible effects on the
metabolic activity and the cell proliferation of human osteoblasts. Therefore, the Mn

could be used in lower concentrations as an alloying element for biomedical titanium.

4.2 Modification of Ti6Al4V alloys by rapid cooling SPS
4.2.1 Introduction

Titanium alloys such as Ti6Al4V offer high strength-to-weight ratio, high
toughness, super-corrosion resistance, and bio-compatibility are increasingly used in
aerospace and biomedical fields [15,16]. The Ti6Al4V alloys have long been a main
medical titanium alloy and are the favourable implant materials for uncemented knee
and hip arthroplasties [17]. Additionally, the Ti6Al4V alloys are also preferred for
intramedullary rods, spinal clamps, self-drilling bone screws and other implants [18].
One of the main problems of this alloy in biomedical applications is the insufficient
ductility which lead to the difficulty in their contouring as required for pelvic and
mandibular plates [19].

Sinter hardening has become a process of high importance in powder metallurgy
(PM) in the past years because of the time- and cost- effective manufacturing which it
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permits [20]. It is a hardening method applicable only for PM parts in which the parts
are sintered and quenched directly after the sintering step saving energy and costs
connected to conventional hardening where the parts have to be reheated to hardening
temperature [21,22]. Furthermore, sinter hardening is performed by gas quenching
instead of oil quenching being beneficial in terms of dimensional stability and
cleanliness of the specimen. Due to poor thermal transfer characteristics (lower
cooling rate) of gases under normal conditions, they have to be optimized by proper
adjustment of gas pressure and flow speed. In principle, gas quenching can be
performed in two ways [23, 24], namely: at low or atmosphere pressure with high gas
velocity or at high pressure with limited gas velocities. In the present work, the o+f
Ti6Al4V alloy was prepared by the SPS technique integrated with a novel gas
quenching system. The heat transfer coefficient and temperature distribution of the
Ti6AIl4V alloy during quenching was numerical simulated by a finite element method.
The effects of the cooling rate on the mechanical properties and microstructure of the

Ti6Al4V alloy were investigated.

2.2.2 Experimental

The Ti6Al4V powder with a particle size about 20 microns is obtained from TLS
Technik GmbH & Co, Germany. The element contents have aluminum 5.9%,
vanadium 3.9%, carbon 0.01%, oxygen 0.12%, iron 0.19%, nitrogen 0.01% and
hydrogen 0.004% (wt.%).

The SPS experiments were conducted using a Model HP D-125 FCT spark plasma
sintering system (FCT systeme GmbH, Rauenstein, Germany) installed at the Tycho
Sinter Lab in the University of Rostock. Fig. 4-1(a, b) shows the schematic diagram
and image of the gas quenching system in the SPS. In the system, six nozzles in one
group and eight groups up to 48 nozzles arranged rotational symmetric around the
sintered component. The gas is distributed evenly on all nozzles. The gas nozzle field
is positioned inside the SPS chamber and quenches the sintered component together
with the graphite tool directly after sintering without any movement of the

component. The core temperature is measured by a central pyrometer with a focus
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point at the bottom of the central borehole of the graphite up-punch (Label 6). The
Ti6AI4V powders were firstly pressed into a @40 mm graphite die, and sintered at
850 °C and 50 MPa in vacuum. A heating rate of 100 K/min was adopted, and the
sintering process lasted typically 6 min. The applied direct current for SPS was
1000-2000 A with pulse duration of 10 ms and an interval of 5 ms. During the
cooling, the SPS furnace was flooded with argon gas to 40 mbar at rate of 10 I/min
keeping the sintering temperature. Additionally, it was quenched from 850 °C with
room temperature nitrogen gas at very high flowing rate of 8000 I/min out of the
nozzles. Afterwards the nitrogen gas was released out the chamber to an internal gas
pressure of 1-2 mbar. The various cooling rates are achieved by changing the
thickness of the graphite dies. Finally, the sample dimensions are 40 mm in diameter

and 10-12 mm in height.

The heat transfer coefficients are of interest for the characterization of the nozzle
field's cooling effect. These were determined by means of cooling curve measurement
and inverse thermal simulation by finite element software MSC.MARC 2010.1.0. In
the quenching experiments, the temperature of four sites of the system is measured
with pyrometer and thermal couples. As shown in Fig. 4-10 (a), the center of the
sample (A) is measured by the pyrometer; the surface of the sample (B) is by the
thermal couple T, the temperature in the middle of the graphite form (C) is by T, the
temperature of the lower graphite cone is by Ts. The numerical simulations used a
rotation-symmetric finite-element-model considering the axial symmetry. Fig. 4-11
shows the rotation-symmetric FE-Model and boundary conditions for thermal
simulation of the Ti6Al4V sample and graphite die. The discretization of the model
has 1100 elements and 1176 nodes. The red part is the Ti alloy (radius dimension), the
blue part below the sample is the graphite stamp and right of the sample is the
graphite form. The length of the bars of gas nozzle field is 110 mm and larger than the
sample dimension (40 mm). The bottom surfaces of graphite die and stamp were also
supplied with quenching gas. The thermal properties of graphite form and stamps are

chosen according to the information from the manufacturer (Density:1.8 g/cm?®,
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Thermal conductivity: 80 W/m<C, Coefficient of thermal expansion: 6.0x10°/<C).
The thermal properties of the Ti6AI4V sample are from a handbook [25]. A constant
heat-flow from the stamps into the sintering machine of 35 W was assumed for all
simulations based on the SPS running raw data. An initial value for the heat transfer
coefficient was based on the results of former quenching tests in external gas nozzle
fields [26]. This coefficient was adjusted iteratively until the calculated cooling curves

corresponded to the measured ones.
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Figure 4-10. Schematic diagram (a) of the apparatus for spark plasma sintering with gas
guenching system (1, gas nozzles; 2, gas tube; 3, graphite cone; 4, graphite punch; 5, graphite
form; 6, Pyrometer hole for temperature measurement of the sample center A; T, To,and T,
Thermal couples for temperature measurement of the sample surface B, graphite form C, and
graphite cone, respectively), and image (b) of SPS vacuum chamber (1, machine stamp,

2,sample block, 3,gas nozzle field, 4, thermocouples).

After SPS, the density of the sintered alloys was determined by the Archimedes
method using water immersion. Then, the samples were machined into small
cylinders with 8 mm in diameter and (10-12) mm in height. Cross sections were

polished and part of them etched by Weck's reagent (2 g ammonium acid, 100 ml
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distilled water, 50 ml alcohol) for 20 seconds and subjected to optical microscopy to
observe metallographic morphologies. The hardness of the polished samples was
measured with a SHIMADAZU Micro Hardness tester HMV at HV1 (9.81 N). Their
compressive strength and ductility was performed according to standard DIN 50106
on an Instron 8502 testing machine at room temperature with a compression speed of
0.5 mm/min. The sample surfaces have been prepared according to standard DIN
50106, top and bottom parallel grinded, circumference polished. In the compressive
tests, five samples for one group were tested to get statistic results. The fracture
surface of the compressed samples was analyzed using scanning electron microscope
(SEM, Zeiss Supra 25, Germany) at 20 keV. The phase analysis of the Ti alloys was
performed using synchrotron radiation high energy X-ray diffraction at Beamline

P02.2 (DESY/ PETRA III) with a wavelength of 0.29118 A (42.58 keV).
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Figure 4-11. Rotation-symmetric FE-Model and boundary conditions for thermal simulation

of the Ti6Al4V sample and graphite die: (red) sample, (blue) graphite die.

4.2.3 Results

Various cooling rates are achieved by changing the thickness of the graphite forms.
Fig. 4-12 shows the temperature-time cooling curve of the spark plasma sintered
Ti6Al4V alloys with various cooling rates. Below 400 °C, the pyrometer cannot
measure the temperature of the sample. From the cooling curves, the average cooling
rates of samples 1.6 K/s, 4.8 K/s, 5.6 K/s and 6.9 K/s with an uncertainty of 0.1 K/s
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were derived. The cooling rate 1.6 K/s was achieved with a 20 mm thick graphite die
with a natural cooling, 4.8 K/s with the 20 mm die with gas quenching, and 5.6 K/s
with the 10 mm die, also with gas quenching. The rate of 6.9 K/s was achieved in two
steps. Hereby, the powder sample was firstly sintered in the SPS at 500 °C for 5 min
at 50 MPa in die to get a 70-80% relative density, and then heated to a sintering
temperature of 850 °C to get full density without die and directly gas quenched to the

specimen, later on. Finally, various cooling rates are achieved by this way.
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Figure 4-12. The cooling curves of the Ti6Al4V alloy as a function of time: (Solid lines)
Pyrometer temperature values with various quenching rates and (Dash lines) thermal couple

values (T1, T2, T3) in gas quenching with 20 mm thick die.

The dash lines show the temperature values by thermal couples during gas
quenching with 20 mm die. At the sintering temperature, the temperature of the
graphite form (T,) is lower than that of the sample surface (T;) and the T; is lower
than the temperature in the center of the samples by the pyrometer. The temperature
gradient existed during the sintering process as well as in the cooling process. The gas
quenching started from outside surface of the graphite form. The temperature of the

graphite cone (T5) is reduced from 450 °C to about 200 °C at 300 s of gas quenching.
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But the T, and T, have decreased to below 80 °C already at 300 s. It indicates that the
gas quenching is only effective to cool the graphite form and sample in the gas nozzle
fields.

Fig. 4-13 shows the numerically determined heat transfer coefficients of gas
quenching and natural cooling of the Ti6AI4V samples. The heat transfer coefficients
reduced with the decreasing temperatures for the samples processed with natural
cooling (20 mm thick die) and gas quenching with (20 mm thick die) and without dies.
From 800 °C to 400 °C, the coefficient values are higher than those below 400 °C. It
indicates that the heat transfer and dissipation are faster at higher temperatures above
400 °C. The natural cooling sample exhibits heat transfer coefficient of 80 W/(m?K) at
800 °C and gradually reduced to 50 W/(m?K) at room temperature. The gas quenched
sample with die shows heat transfer coefficient of about 400 W/(m?K) at 800 °C and
dropped to about 300 W/(m?K) at room temperature. The quenching without die
presents heat transfer coefficient of about 810 W/(m?K) at 800 °C and 400 W/(m*K)
at room temperature. The quenching intensity without die is about 2 times higher than

that with die.

800 7N~ without graphite die

gas quenching

200 ~ "”""néltura'l'&001in§"""”"'§ """ wit;h’grapﬁhite*di?e """""
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Figure 4-13 The determined heat transfer coefficients of natural cooling (1.6 °C/s) and gas

quenching of the Ti6Al4V alloys with 20 mm thick die (4.8 °C/s) and without die (6.9 °C/s).

92



CHAPTER 4 SPS OF TITANIUM ALLOYS FOR BIOMEDICAL APPLICATIONS

However, the gas quenching with die is also effective to increase the heat transfer
coefficients up to (5-7) times higher than the natural cooling. The heat transfer
coefficient is defined as the ratio of heat lost due to the flow to the product of area and
temperature difference. Higher heat transfer coefficients can cool the sample faster.
Hence, the Ti alloys can be cooled rapidly with the gas quenching due to the higher
heat transfer coefficients. The sintering and quenching heat-treatment have been
completed by one step SPS process without a separate heat treatment operation.

Fig. 4-14 shows the simulation results of the temperature distribution in the
Ti6Al4V sample and graphite die at 60 s of cooling time. The wall thickness of the
graphite form used for the simulation is 20 mm. The position A is the center and B is
the surface of the sample, B to D is the graphite form. The top of the Fig. contains the
temperature distribution in case of a natural cooling of the Ti6Al4V inside the
graphite form. At 60 s of cooling time, the center of the sample is 704 °C, the surface
of the sample is 692 °C, and the outside surface of the graphite form is 682 °C. In
natural cooling, the temperature gradient of the sample at 60 s is 12 °C and the
graphite form is 10 °C. By a comparison, the center of the sample after gas quenching
for 60 s is 502 °C, the surface of the sample is 458 °C, and the outside surface of the
graphite form is 432 °C. In the gas quenching, the temperature dropped very fast, the
temperature gradient of the sample is 44 °C and the graphite form is 26 °C.
Therefore, a lower temperature level and a higher temperature gradient are observed
in the simulation results. The temperature distribution reflects the different thermal
behavior of the Ti6Al4V and the graphite. The heat of the Ti alloy is transferred
considerably through the outside surface of the graphite form being cooled by gas
nozzle field. Large proportions of heat in the Ti alloy have been dissipated by the gas
quenching. It was cooled from outside surface to the center of the sample. The
temperature gradients of the Ti alloy and the graphite form have been increased by the

gas quenching using high velocity nitrogen, but the gradients are not large.
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Figure 4-14. Temperature distribution in the Ti6Al4V alloys and graphite die at 60 s of
cooling time: (up) natural cooling, (bottom) gas quenching.
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Figure 4-15 Hardness (HV1) of the Ti6Al4V alloys with various cooling rate.

Fig. 4-15 shows the hardness (HV1) of the sinter-hardened Ti6Al4V alloy with
various cooling rates. All the Ti6AI4V alloys with various cooling rates have similar
relative densities above 99.0%. The naturally cooled samples with the cooling rate of
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1.6 K/s have hardness of 32748. The gas quenched samples show hardness of 33747,
34244 and 35324 for cooling rate of 4.8, 5.6 and 6.9 K/s, respectively. The hardness
increases with higher cooling rate. Thus, sinter hardening of the Ti6Al4V alloys has
been realized by the SPS with gas quenching.

Fig. 4-16 (a) shows the compressive stress-train curves of the Ti6AI4V alloys with
various cooling rates. The stress-strain curves show the elastic deformation, plastic
deformation and fracture stages. The insert image shows one of the fractured Ti6Al4V
specimens. It is found that the fracture takes places at an angle of about 45 degree to
the direction of the compressive load. The compressive yield strengths for all the
samples are around 1100 MPa, which is higher than the reported values [8] (about
902 MPa). But the ultimate compressive strength has increased with higher cooling

rate, as well as the compressive strains.

1900

—m— Ultimate compressive strength

1800 J —e— Ductility /

1700 4
1600 4
15004 %/

1400

6.9 °Cls

.6/°Cls
4.8°Cls

Ultimate compressive strength (MPa)

Ductility (%)

T
N
®

—— T 1300 +————————— T

0 5 10 15 20 25 30 35 40 1 2 3 4 5 6 7

Strain (%) Cooling rate (°C/second)
(@ (b)

Figure 4-16 Compressive stress-train curves with inserted image of fractured sample (a), and
ultimate compressive strength and ductility of the Ti6AI4V alloys (b) with various cooling

rates.

Fig. 4-16 (b) shows the effects of cooling rate on the ultimate compressive
strength and ductility of the Ti6Al4V alloys. The ultimate compressive strength goes
up with the increase of the cooling rate. The samples of natural cooling rate 1.6 K/s
show the ultimate compressive strength of (1578480) MPa. At a cooling rate of 4.8
K/s, it reaches to (1723463) MPa. At 5.6 K/s cooling rate, it is increased to
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(1775470) MPa and at 6.9 K/s, it rises to (1832443) MPa. The rapid cooling has
increased the ultimate compressive strength of the Ti6Al4V alloy. The ductility
increased with higher cooling rate. The samples with natural cooling rate 1.6 K/s
show a ductility of (26%2) %. At a cooling rate of 4.8 K/s, it reaches to (2842)%, at
5.6 K/s to (3042)%, and at 6.9 K/s to (34.043)%. The ductility measured in this study
is under compressive stress. The rapid cooling in the SPS has enhanced the ductility
of the Ti6AI4V alloy.

Fig. 4-17 shows the SEM micrographs of the fracture surface of the Ti6AlI4V
alloys after SPS with various cooling rates. The samples all present a ductile fracture
mode with a large amount of plastic deformation undergoing transgranular fracture
with typical dimples. However, the fracture surfaces present more and more dimples
with increase of the cooling rate (Fig. 4-17a-d). In Fig. 4-17 (d), the sample with
cooling rate of 6.9 k/s has much more pronounced dimples and shows more ductile
than the sample with cooling rate of 1.6 K/s in Fig. 4-17 (a). It indicates that the
sample becomes more ductile after the rapid cooling in the SPS. The SEM fracture
surfaces are consistent with the mechanical results.

Fig. 4-18 demonstrates the synchrotron radiation high energy X-ray diffraction of
the Ti6AI4V alloys with various cooling rates. The raw Ti6Al4V powder and natural
cooling sample in Fig. 4-18 (a, b) showed both of a and B-Ti phases and weak
diffractions in o-Ti (112) and (201) lattice planes. The gas quenched Ti6Al4V alloys
exhibit shaper crystalline diffraction peaks corresponding to Ti-rich phases with B-Ti
phase, as wells as new broad peak of intermetallic phase of Al,Ti (ICDD No. 42-1136)
appeared in Fig. 4-18(b-d). The impurity peaks are invisible in the high energy XRD
patterns since the synchrotron radiation can penetrate the thick samples. The gas
quenching in the SPS resulted in the formation of nanocrystalline intermetallic phase

of Al,Ti in the alloys.
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Figure 4-17. SEM micrographs of the fracture surfaces of the Ti6Al4V alloys with

various cooling rates: (a) 1.6 °C/s, (b) 4.8 °C/s, (c) 5.6 °C/s, (d) 6.9 °C/s.

Fig. 4-19 provides the metallographic morphology of the Ti6Al4V alloys with
various cooling rates. In the etched metallographic images, the B-Ti phase (bcc) appears
in white color and a-Ti phase (hcp) in dark color. The samples all show both phases in
the microstructures. The microstructures form during sintering at 850 <C and

subsequent cooling with different rates.
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Figure 4-18. Synchrotron radiation high energy X-ray diffraction pattern of the Ti6AI4V raw

powder (a) and sintered alloys with various cooling rates: 1.6 °C/s, 4.8 °C/s, 5.6 °C/s and 6.9

°Cls.

Figure 4-19. Metallographic micrographs of the surfaces of the Ti6Al4V alloys with various

cooling rates: (a) 1.6 °C/s, (b) 4.8 °C/s, (c) 5.6 °C/s, (d) 6.9 °C/s. (Scar bar 20 pm).
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At sintering temperature of 850 °C, the microstructure consists of a lower amount of
a and a higher amount of . During cooling B partially transforms to a. After cooling the
microstructure consists of former a, retained f and newly formed a. The cooling rate
mainly influences on the morphology of the newly formed o. The naturally cooled
sample with 1.6 K/s cooling rate shows a relative homogeneous globular o+p
microstructure (Fig. 4-19a). The rapidly cooled sample shows a different
microstructure with a morphological change to lamellar a phase (Fig. 4-19b). As the
cooling rate increases, the 5.6 °C/s cooled sample in Fig. 4-19(c) has even more
lamellar o phase. In Fig. 4-19(d), a phase is getting much more lamellar. In general, gas
quenching in the SPS resulted in a morphological change to lamellar a-Ti phase.
4.2.3 Discussions

The results of numerical simulation of the temperature distribution inside of the
graphite die indicate that the temperature gradient is larger in the gas quenching
Ti6Al4V than in the natural cooling one. The temperature gradient existed during SPS
of various samples: ceramics, metals and composites [27-29]. The amount of
gradients depends on thermal conductivity of the materials, dimensions and heating
rate. Usually, larger diameter samples have higher temperature gradient and higher
heating rates result in higher gradient [30-31]. The investigations in this study show
that the cooling rate also can influence the temperature gradient of the sample. Higher
cooling rates lead to larger temperature gradients. However, the temperature gradient
of the sample is not large (44 °C). Such amount of gradient cannot result in obvious
differences in mechanical properties and microstructures of the Ti6Al4V alloy. The
heat transfer coefficient is defined as the ratio of heat lost due to the flow to the
product of area and temperature difference. Higher heat transfer coefficients can cool
the sample faster. The gas quenching is effective to increase the heat transfer
coefficients up to 5-7 times higher than the natural cooling. Therefore, the Ti6AlI4V
alloy can be quenched through the outside surface of the graphite form being cooled
by gas nozzle field of nitrogen gas. The sintering and quenching heat-treatment have
been completed by one step SPS process without a separate heat treatment operation.
The cooling rates have been tailored by changing the thickness of the graphite die in
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this study. Besides variation of cooling rate by die wall thickness, further variation of
cooling rate will become possible by adjusting gas flow rate and gas nozzle field
geometry in the future.

The hardness, ultimate compressive strength and ductility of the Ti6AI4V alloys
have been increased due to the gas quenching. Sinter hardening is applicable for the
Ti6Al4V alloy in which the samples are spark plasma sintered and gas quenched
directly after the sintering. It saved energy and costs when compared with the
conventional hardening in which the parts must be reheated to the hardening
temperature. The gas quenching induced the precipitation of intermetallic phase of
Al;Ti, and a morphological change to lamellar a-Ti phase. The SPS is a nonequilibrium
sintering process. The Ti6Al4V powders were sintered in the SPS, and then directly
quenched from the sintering temperature. Due to the higher cooling rates, the soluble All,
V elements in Ti had not enough time to diffuse, and then precipitated as a second
phase in the Ti6AI4V alloy. Potez et al reported that the Al,Ti precipitation has an
important hardening effect [32]. It can be seen from Fig. 4-18 that the peak of Al,Ti is
broad indicating their nanocrystalline structure. The precipitated nanocrystalline Al,Ti
can play a role of hardening and dispersion reinforcing of the Ti6AI4V alloys.
Therefore, the hardness and ultimate compressive strength of the Ti6AI4V alloy are
increased. The alloys were sintered and gas quenched from 850 °C by the SPS which is
between the o and B transus line (in o+f field), and below the martensitic
transformation (Ms) line in the phase diagram. Quenching from the o+ phase field
can produce microstructure consisted of primary a phase, retained p-Ti, new a-Ti
formed during quenching and intermetallic precipitates. With increasing cooling rate,
the newly formed a-Ti becomes more lamellar. The morphological change to lamellar
structured a-Ti phase can lead to the increase in ductility of the Ti6Al4V alloy [33].

The use of industrial gases for quenching of high value parts offered significant
environmental and performance advantages over liquid quenching (water, oil, etc.).
Gas quenched parts are clean thus eliminating the need for post-cleaning operations.
Due to poor thermal transfer characteristics (lower cooling rate) of gases under
normal conditions, they have to be optimized by proper adjustment of gas pressure
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and flow speed. Gas quenching can be performed in two methods, namely: at low
atmosphere pressure with high gas velocity or at high pressure with limited gas
velocities. In this study, we used the first technique in the SPS that at low or
atmosphere pressure with high gas velocity. The flowing rate of the nitrogen gas from
nozzles is 8000 I/min. The pressure of gas is only slightly above normal atmosphere
pressure. The thermo-physical properties of the gas are also an important issue. Based
on availability, and thermo-physical properties, hydrogen would appear to be good
choice as a quench agent [34]. However, because of the explosive risks associated
with hydrogen, it is seldom used as a quench gas in commercial heat treating. Helium
is almost as fast as hydrogen, not explosive, but significant more expensive. Nitrogen
is the most popular choice, primarily because it is readily available and inexpensive.
Argon is used in some special applications but does not quench as effectively as
nitrogen and is considerably more expensive. In this study, the SPS vacuum furnace
was flooded with argon gas to 40 mbar with keeping the sintering temperature of 850
°C, and then quenched with nitrogen gas at high velocity. The achieved heat transfer
coefficients of about 400 W/m=K are much higher than that of the natural cooling of
80 W/mK (Fig. 3). However, it is still lower than that in comparable external gas
nozzle fields of about 1000 W/m3& with flowing rate of 8000 I/min [26]. This is
mainly due to the relation between sample/die geometry and nozzle field geometry,
which still can be improved in the next step research.

Manipulating the morphology of the two phases in Ti6Al4V yielded excellent
combinations of hardness, strength and ductility. The Ti6Al4V alloys have been used
in medical applications for several decades already. As mentioned, one of the main
problems of this alloy in biomedical applications is its insufficient ductility. This
investigation indicates that the traditional Ti6Al4V alloy can be modified by SPS with
gas quenching leading to various mechanical properties and microstructures. The high
ductility of the Ti6Al4V achieved by SPS with gas quenching leads to the easy
fabrication of complex shape and plates for the medical applications. Thanks to
controlling the cooling rates, microstructures of the Ti6Al4V can be designed to
obtain the desired mechanical properties. It can be expected that the Ti6Al4V alloys
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would be used widely as bone substitutes and dental implants. The rapid cooling-SPS
combining sintering and gas quenching provides a novel method to tailor the
mechanical properties and microstructure of the Ti6Al4V alloys. This processing
approach could be applied to a wide range of metallic materials and metal matrix
composites for biomedical applications, where the parts can be rapidly sintered and
rapidly quenched directly after the sintering step saving energy and costs.
4.2.5 Summary

The Ti6Al4V alloys were prepared by the spark plasma sintering equipped with a
novel nitrogen gas quenching system. Cooling curve measurement and inverse
thermal Finite element simulation reveal that the gas quenching can increase the heat
transfer coefficient up to 5-7 times higher and magnify the temperature gradient of the
Ti6Al4V. The cooling rate ranged from 1.6 °C/s to 6.9 °C/s was achieved by changing
the thickness of the graphite dies. Sinter-hardening of the Ti6Al4V alloy has been
achieved, where the hardness rises from 327 HV1 to 353 HV1. The gas quenching has
increased the ultimate compressive strength and ductility of the Ti6AI4V alloy from
1578 MPa to 1832 MPa and from 26% to 34%, respectively. The rapid cooling leads
to much more pronounced dimples in fracture surfaces, the precipitation of
intermetallic phase (Al,Ti), and a morphological change to lamellar a-Ti phase in
metallography. The high ductile Ti6AlI4V alloys could be used widely as bone
substitutes and dental implants. The rapid cooling-SPS combining sintering and gas
quenching provides a novel method to tailor the mechanical properties and

microstructures of the Ti6AI4V alloys.
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Chapter 5 SPS of titanium foams for biomedical applications

5. 1 SPS of macroporous pure titanium foams
5.1.1 Introduction

Porous titanium (Ti) and its alloys were widely used in the biomedical field due to
their outstanding mechanical properties, low density, chemical resistance and
biocompatibility. As a kind of long-term load-bearing implant, the porous structures
of Ti and its alloy could lead to a reliable anchoring of metal implants into host tissue,
and allow mechanical interlocking between bone and implant [1]. The SPS studies on
porous Ti alloys were mainly using low temperature and low pressure to decrease the
relative density of samples [2-6]. The samples exhibited pore sizes of some tens of
micrometers and a porosity in the range of 20-45%. Nevertheless, macroporous Ti
foams with higher porosity (>50%) and larger macropore size (>200 um) by SPS
were scarcely reported. In fact, Ti has a much higher melting point (1660.0 °C) than
aluminium (660.3 °C). Therefore, it is a great challenge to fabricate Ti foams by using
the SPS and NaCl spacer methods. The objective of this study is to develop
macroporous Ti foams with controlled architectures using the SPS in combination
with the NaCl spacer methods. The major parameters involved in the preparation
process were studied. The microstructures of the prepared foams were analyzed by
using 3D X-ray microcomputed tomography (micro-CT) and scanning electron
microscopy (SEM) techniques. The relationship between the mechanical properties
and the porous architectures were analyzed and discussed.
5.1.2 Experimental

The precursor Ti powders were prepared by gas atomization method with 99.5%
purities (Alfa Aesar, Germany). The space holder material consisted NaCl crystalline
powders with 99.0% purity (Alfa Aesar, Germany) sieved in the range of 100 um to
1000 pm.

The Ti powders and NaCl powders were homogenously mixed in different weight
ratios in a blender. The mixtures were loaded into graphite die to sinter disc-shaped
pellets (20 mm diameter, thickness about 7 mm). The SPS experiments were
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performed using a FCT spark plasma sintering system (FCT systeme GmbH,
Rauenstein, Germany) at temperatures of (600-800) °C lasting for various time. The
applied direct current for SPS was about (1000-2000) A (voltage < 5 V) with a pulse
duration of 12 ms and an interval of 2 ms. The SPS experiments were conducted in
vacuum (<6 Pa) under an uniaxial pressure of 30-50 MPa. The heating rate was
maintained at 100 °C/min. The SPSed samples were then suspended in circulating hot
water (80 °C) to dissolve the NaCl space holder for 12 hours. The leached Ti forms
were cleaned in an ultrasonic water bath for 15 min, rinsed with ethanol and furnace
dried at 120 °C for 10 hours.

X-ray diffraction (XRD, Bruker D8, Germany) was used to characterize the phase
composition of the powders and sintered foams with CuKa radiation (0.154178 nm).
The pore structure of the titanium foam was examined by using X-ray microcomputed
tomography (Micro-CT, GE, USA). The specimens were mounted on a rotary stage
and scanned in their entirety, being rotated by 360° in 1400 equiangular steps (4 pics
per 1°). The detector size is 2284 pixel in x and y and 2304 pixel in z direction. The
voxel size of the images is 10.2 um in all three axes. The macroporous structures and
the microstructures of the obtained Ti foams were analyzed by using a scanning
electron microscopy (SEM, Zeiss Supra 25, Germany) equipped with EDX.

The porosities and densities of the sintered porous Ti samples were determined by
the Archimedes principal method, i.e. the porosity was calculated from the dry weight
of the specimen in ambient air, the wet weight of the specimen in ambient air after
boiling water impregnation, and the wet weight of the specimen under water after
boiling water impregnation. The mechanical behaviour of the porous Ti foams was
investigated by uniaxial compression experiments at room temperature. The plateau
stress measurements were carried out on a universal testing machine Zwick Roell
Z050, equipped with a 50 kN load cell at 0.5mm/min. The strain was measured with a
strain gauge. The Young’s modulus was calculated by dividing the plateau stress by
the plateau strain.

5.1.3 Results
Figure 5-1 shows the SEM micrograph and XRD pattern of the starting titanium
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powders. The titanium powders have irregular morphologies and particle sizes of
(10-30) um (Figure 5-1 a). The XRD result shows that the precursor titanium powders

are in the a-Ti phase with hexagonal structure (Figure 5-1 b).
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Figure 5-1 SEM micrograph (a) and XRD pattern (b) of the precursor titanium powders.

Figure 5-2 shows the schematic illustration of the pore forming process by using
the SPS and NaCl dissolution methods. The Ti and NaCl powders were sieved to the
required particle size, firstly (Figure 5-2a). Then, the Ti and NaCl powders with
different weight ratios were mixed thoroughly (Figure 5-2b). Additionally, the
Ti/NaCl mixtures were subjected to spark plasma sintering at various parameters
(Figure 5-2c). The spark plasma sintered samples were suspended in circulating hot
water (80 °C) for as long as 12 hours (Figure 5-2d). After cleaning and drying, the
porous Ti foams were obtained finally (Figure 5-2e).

The influence of the weight ratio and particle size of NaCl on the porosity and
pore size of Ti foam samples is shown in Table 5-1. The pore sizes of the sintered
foams were measured from the SEM images. It shows mean pore sizes about 125 um
in the foams with a NaCl spacing material in the range of 88-149 um, mean pore size
about 250 um with NaCl of (224-297) um, 400 um with NaCl of (388-500) um sizes,
800 um with NaCl of (784-1000) um sizes. After porosity characterization by the
Archimedes method, it is noticed that more NaCl particles were needed to obtain the
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same porosity in the large pore sized foams. To achieve a porosity of 55% in the 125
um foams, the weight ratio of Ti:NaCl is 1:1.28. However, the weight ratio of Ti:NaCl
is 1:1.75 in the 800 um foams for the same porosity. It may be due to the decreased
specific surface area in the large sized NaCl particles as spacer materials. It also
noticed that more NaCl particles were needed to get high porosity in the equal sized
foams. The weight ratio of Ti:NaCl is 1:0.72 to get a porosity of 30% in the 250 um

sized Ti foams, in contrast to 1:1.64 for porosity of 70% at the same pore size.

Ti powders
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Figure 5-2 Schematic illustration of the pore forming process by using the SPS and NaCl
dissolution: sieving of the Ti and NaCl powders (a), mixing of the Ti and NaCl powders (b),

processing by the SPS (c), dissolution of the NaCl in water (d), obtaining of the Ti foams (e).

The Ti/NaCl mixtures were spark plasma sintered at temperatures of (550-800) °C

under a pressure of (30-50) MPa. The SPSed sample at 750°C was failed because of
the melting of NaCl particulates resulting in an explanation of the mixture and
breakage of the graphite die. The parameters were adjusted, and the Ti foams were
prepared by the SPS at conditions of 730 °C for 8 min under 30 MPa. However, the
XRD result in Figure 5-3 shows that there are some rutile TiO, phases (ICDD No.
21-1276) and few TiCl, phase (ICDD No.10-0315) in the 730 °C sintered foams. The
presences of TiO, and TiCl, are due to the reaction of the Ti with oxygen and

dissociated CI"in NaCl by the sparks of SPS. High purity Ti foams were prepared at
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700 °C for 8 min under 50 MPa.
Table 5-1 The influence of the weight ratio and particle size of NaCl on the porosity and pore

size of the Ti foams.

. . Weight ratio . .
.Ti powder  NaCl particles (Ti: NaCl) Porosity of foam  Mean pore size
(10-30) um (88-149) um 1:1.28 ~55% ~125 um

1:0.72 ~30% ~250 pm

1:0.93 ~45% ~250 pm
(10-30) um  (224-297) um

1:1.32 ~55% ~250 pm

1:1.64 ~70% ~250 pm
(10-30) um  (388-500) pum 1:1.46 ~55% ~400 um
(10-30) um  (784-1000) pm 1:1.75 ~55% ~800 pum

The XRD results in Figure 5-3 show that the Ti remains are in the a-Ti phase
structure without any impurities when the SPS process temperatures are below 700 °C.
There is usually some temperature difference between the mold surface and the actual
temperature in the SPS sample. The temperature difference in the FCT spark plasma
sintering system is about 50 °C as investigated by the FCT Company. The sintering
temperature of 700 °C plus the temperature difference 50 °C was still lower than the
melting point of NaCl (801 °C). Thus, high purity Ti foams can be prepared at the SPS
temperature of 700 °C. It took about 40 min to prepare one sample including heating,
soaking and cooling time. Compared with hot pressing and traditional vacuum
sintering, SPS is capable of sintering at lower temperature within shorter periods. The
SPS was originally designed to prepare nanostructured bulk inorganic materials
utilizing its merits of fast heating and lower sintering temperatures. There were a
number of attempts to synthesize porous Ti metals by using SPS in recent years [2-6].

From the present study, it can be stated that the SPS technique is effective for the
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fabrication of porous Ti too. Due to directly applied on-off DC pulse voltage and
current, the sintering rate is greatly increased. The SPS is a rapid energy transfer and

less energy consumption technique to prepare Ti foams.
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Figure 5-3 XRD patterns of the raw Ti powder and Ti foams processed by SPS at 550, 600,

650, 700 and 730 °C.

The 3D reconstruction by topographical methods is the most realistic way to get
space information about the internal structure of the foams in a non-destructive way.
The Micro-CT three-dimensional reconstructions of the spark plasma sintered
titanium foams with 55% porosity and 250 um pore size are shown in Figure 5-4. The
3D reconstruction image with isometric view is shown in Figure 5-4 (a). It shows the
uniform pore distribution and interconnected 3D porous structures with a high
porosity. The Micro-CT 2D top view and side views of the Ti foam sample are shown
in Figure 5-4(b-d). It shows that the macropore shapes are in quadratic cross sections,
uniform distribution of pore sizes in 250 um around, and high interconnectivity with
cell wall average thickness about 20 um. The 3-D surface, cell wall thickness and
connectivity were examined by the micro-CT in a non-destructive way.

The SEM micrographs of the Ti foams with the same porosity of 55% but
different pore sizes of 125 um, 250 um, 400 um, and 800 pwm is shown Figure 5-5. All
the foams from (125 to 800) um exhibit highly interconnected porous structures and
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uniform pore distributions. It is found that the pores have irregular quadratic cross

sections. They are similar to those of the initial NaCl particles of cuboid shapes.

(@)

Figure 5-4 Micro-CT three-dimensional 3D reconstructions of the Ti foam (250 um of pore
size, 55% of porosity) with an isometric view (a), 2D top view (b), left side view (c), and

right side view (d). Scale spacing, 500 pm.

Figure 5-6 shows the SEM micrographs of the porous Ti foams with the same pore
size of 250 um but different porosity of 30 %, 45%, 55% and 70%. The thickness of
the pore walls of the foams decreases with the increase in porosity. The thickness of
the pore walls in the 30% porosity foams is about 100 um, decreasing to 50 um in
45% porosity foams, and to 20 um in 55%, finally ending at 10 um in 70% porosity
foams. The interconnectivity was also enhanced with the increase in porosity. The
30% and 45% porosity foams show poor interconnectivity because of the lower
porosity (Figure 5-6a, b). But the 55% and 70% higher porosity samples showed good
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interconnectivity (Figure 5-6¢, d). The macropores are in quadrate cross sections in all
the Ti foams with different porosities. The 3D Micro-CT and SEM microstructures
show that the pore size and porosity can be well controlled by the SPS process and the

NaCl spacer materials with uniform internal structure.

}— 300 pm —

SO —— 3@ ym —i| EMZUniRo 3 ——300 pm —

Figure 5-5 SEM micrographs of the Ti foams with the same porosity of 55% but different

pore sizes of 125 (a), 250 (b), 400 (c) and 800 um (d). Scale bars, 300 um.

Figure 5-7 shows the SEM microstructures of the polished cross-section, pore edge
and pore wall of the Ti foams, and EDX analysis on the pore matrix. Few micropores
ranged (1-2) wm were detected in the the SEM micrograph of the polished
cross-section of the Ti foam. It is indicated that the Ti foams have been densified after
spark plasma sintering at 700 °C for 8 min under 50 MPa. The typical pore edge and
wall of the Ti foams are shown in Figure 5-7 (b, ¢). The grain sizes of the Ti foams
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still range from about (10 to 30) um which indicates the absence of rapid grain growth
thanks to the rapid heating rate during the SPS process. There are some micropores
smaller than 10 um on the pore walls. The micropores could allow body fluid
circulation whereas the macropores may provide a scaffold for bone-cell colonization.
The surfaces of the pore walls of the macropores of the porous Ti are relatively rough.
The EDX analysis shows that the matrix of the pore wall contains only Ti elements
without O element (Figure 5-7d). It is accordingly to the XRD results in Figure 3 that
high purity Ti foams were prepared by SPS at 700 °C.

Figure 5-6 SEM micrographs of the Ti foams with the same pore size of 250 um but different

porosities of 30 % (a), 45% (b), 55% (c) and 70% (d). Scale bars, 300 pm.
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—20im==]

Figure 5-7 SEM micrographs of the microstructure of the polished cross-section (a), pore
edge (b) and pore wall (c) of the Ti foams, and EDX analysis on the pore matrix (d). Scale

bars, 30 um in (a), 20 um in (b, ¢).

Figure 5-8 shows the effect of pore size and porosity on the plateau stress and Young’s
modulus of the porous Ti foams. The measured plateau stress and Young’s modulus of
the Ti foams were compared with the theoretical values that calculated form
Gibson-Ashby model. According to the Gibson-Ashby model, the relationship

between the relative plateau stress and relative density is given by [7]:

o,/0. =Clo/p, )" @)
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where oy is the plateau stress of the foams, oys is the yield stress of the dense material;
C is a constant 0.3 from the data of cellular metals and polymers. The density of the
pure Ti is 4.5 g/ cm®with yield stress of 692 MPa [8, 8]. The density of the Ti foam
with 55% porosity and 250 um pore size is 1.69 g/cm®. Substituting these values in
Equation 1, the theoretical value was calculated to be 47.78 MPa, which is
comparable to the measured plateau stress (45.143.0) MPa. According to the
Gibson-Ashby model, the relationship between the relative Young’s modules and

relative density is given by [7]:

E/E, = Alp/p.) 2
where E is the Young’s modulus of the foams, Es is the Young’s modulus of the dense
materials, A is a constant of 1 including data of metals, rigid polymers, elasomers and
glasses. The Young’s modulus of the pure Ti is 105 GPa according to the Equation 2
[8, 9]. The measured Young’s modulus of the above Ti foams with 55% porosity is
(13.46+1.4) GPa. Substituting the values into Equation 2, it is calculated that the
theoretical value is 14.81 GPa which is also comparable to the measured one. All the
Ti foams prepared by the SPS were measured and calculated. As seen from the Figure,
it can be deduced that all the experimental data agrees with the Gibson-Ashby model
(1) and (2) in the present study. The relationship between the pore sizes and the
mechanical properties of the Ti foams is shown in Figure 5-8 (a, b). The plateau stress
decreased from (49.743.8) MPa to (27.243.0) MPa with the pore size increase (Figure
5-8a). The Young’s modulus reduced from (18.342.0) GPa to (8.9+1.5) GPa with the
pore size increase (Figure 5-8b). It coarsely obeys a linear decay with the pore size
increase. The effect of the porosity on the mechanical properties of the Ti foams is
shown in Figure 5-8 (c, d). The plateau stress decreased from (94.245.9) MPa to
(28.843.3) MPa, and the Young’s modulus decreased from (36.143.5) GPa to
(6.2#1.8) GPa with porosity increase. It generally obeys the rule of exponential

decline with the porosity increase.
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Figure 5-8 The effects of pore sizes (a, b) and porosities (c, d) on the plateau stress and

Young’s modulus of the Ti foams.

The plateau stress and Young’s modulus coarsely obey linear declines with the
pore size increase and exponential decay with the porosity increase. Liu et al found
that the plateau stress of the porous hydroxylapatite ceramics decreases linearly with
increasing macropore size for a given total porosity [10]. In this study, we found that
the plateau stress and Young’s modulus coarsely obey linear declines with the pore
size increase. Rice RW [11] has proposed a function on the relationship of porosity

with strength of porous solids,

o =0o,exp(-cp) (3)
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where oy IS zero-porosity strength, o is the strength at pore volume fraction p, and the
constant c is related directly to the pore characteristics such as pore shape and size. In
this study, we used the same NaCl spacer material; therefore, oo and ¢ can be
considered as constant. According to the above function, the strength (o) should
decrease exponentially as the pore volume fraction (p) increases. Our results in Fig. 8
(c, d) are well in accordance with the above function.
5.1.3 Discussions

It is reported that powder sintered pure Ti foams with porosity of (55-75)% showed
plateau stress and Young’s modulus are in the range of (10-35) MPa and (3-6.4) GPa
[12]. Plateau stresss of (30-65) MPa and Young’s modulus of (1.2-2.8) GPa were
reported for commercial titanium foams with (70-80) % porosity produced by a solid
sacrificial template [13]. In this study, the 250 um pore sized Ti foams with 55%
porosity shows plateau stress of (45.143.0) MPa and Young’s modulus of
(13.461.4) GPa. The same pore sized Ti foams with 70% porosity exhibit plateau
strength of (28.843.3) MPa and Young’s modulus of (6.15%1.5) GPa. The results are
comparable to the above reported values. The Ti powders used in this study are coarse
particles in the range of (10-30) um. The sintering activity and density could be
enhanced by ball milling of the raw Ti powders. It is believed that pure Ti foams with
higher mechanical properties can be prepared by using the ball milling, SPS and NaCl
dissolution methods. Additionally, the phase structure in these Ti foams is the low
temperature a-Ti phase but not the high temperature B-Ti phase because of the lower
SPS temperature of 700 °C. The B-Ti phase has a cubic body centred crystalline
structure, while the a-Ti phase has a hexagonal crystalline structure which provides
B-alloys with an improved notched fatigue resistance and a superior resistance to wear
and abrasion [14]. The doping of  phase stabilized elements in Ti, for example Fe, V,
Ta, Nb, Mn, Mo, Ni, Cr, Cu, etc could decrease the phase transformation temperature
from o to B phase to below 700 °C. It can be predicted that B-Ti alloy foams with
much higher mechanical properties could be produced by using the SPS and NaCl
dissolution methods.

Implants sometimes are used to substitute bone defects in tumour or spine surgery.
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Porous Ti foam with its osteoconductive properties is an ideal alternative bone graft.
The porous structure with pore sizes of (200-500) um of the Ti foams may be able to
permit bone cell penetration and tissue integration. The plateau stress of the human
vertebral bone (load-bearing site) ranges from (24 to 43) MPa, and femoral cancellous
bone (load-bearing site) is in the range of (48-80) MPa [15]. The average Young’s
modulus of compact bone of human ranges (7-30) GPa [15]. The plateau stress of the
presented Ti foams in the range of (27.2-94.2) MPa is comparable to that of the
cancellous bone which is enough for biomedical applications. For biomedical
applications, the main problem of Ti and Ti alloys in clinical view is their high
Young’s modulus. Stress shielding is known to lead to bone resumption and eventual
loosening of the implant [16]. The dense Ti generally showed much higher Young’s
modulus of (70-120) GPa than that of human bone. Thus, the porous structures were
incorporated in the Ti and Ti alloys. In this study, the porous Ti foams show lower
Young’s modulus values (6.2-36.1) GPa than that of dense ones which are comparable
to those of natural compact bone (7-30) GPa. The macroporous Ti foams with plateau
stress (27.2-94.2) MPa and Young’s modulus (6.2-36.1) GPa have a potential to be
used as bone implants. The low Young’s modulus of titanium foams is desirable to
reduce the amount of stress shielding of the bone into which the foam is implanted.
Combing the good biocompatibility of the pure Ti and the high interconnected porous
structure, the Ti foams achieved by the SPS and NaCl dissolution methods with
mechanical properties comparable to those of human bone makes these materials to be
ideal bone implant foams.
2.1.5 Summary

Macroporous pure titanium foams with porosities of (30-70)% and pore sizes of
(125-800) um were prepared by using SPS and NaCl dissolution methods for bone
implant applications. The Ti foams prepared by SPS at 700 °C for 8 min under 50
MPa showed pure o-Ti phase structure. The Ti foams consist of interconnected
macropores with quadrate cross sections. The plateau stress and Young’s modulus
agree with the Gibson-Ashby models, and coarsely obey linear declines with the pore
size increase and exponential decays with the increase of porosity. The Ti foams
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processed by SPS and NaCl dissolution methods show mechanical properties
comparable to those of human bone making these materials to ideal bone implant
foams.

5.2 Ti6Al4V foams prepared by spark plasma sintering with post heat treatment
5.2.1 Introduction

Ti6Al4V alloys have interesting mechanical properties, as well as inherent
biocompatibility and corrosion resistance due to its native oxide layer. As indicated in
above research, open-celled pure titanium foams were fabricated by vacuum hot
pressing of a blend of Ti and NaCl powders followed by NaCl removal in water.
However, the Ti6Al4V/NaCl mixture is difficult to be densified by the hot pressing
due to the higher creep resistance of this alloy at 790 °C [17]. Promising approach to
produce Ti alloys is SPS process. The SPS can easily sinter Ti and Ti alloy powders
applying pressure and high pulsed DC currents. Thus the local surfaces of the
particles melt, allowing junctions to be formed between particles in contact. The
present work focuses on the preparation of Ti6Al4V foams by the SPS with post heat
treatment using NaCl space holder. The microstructures of the fabricated foams are
investigated by scanning electron microscopy, X-ray micro-CT, X-ray diffraction.
Their Young’s moduli and yield strengths are examined by compression tests. The
human osteoblast cell line MG-63 was used to evaluate the cellular acceptance of the
foam surfaces.

5.3.2 Experimental procedures

As a basis of the powder mixtures, the Ti6Al4V powder with particle sizes of
(5-35) um and a chemical purity of 99.0% (TLS Technik GmbH & Co, Germany) was
blended with 99.0% pure NaCl powders of sizes of the grains between 125 um and
250 um with poly (vinyl alcohol) as a binder.

The SPS experiments were performed using the SPS system installed at the Tycho
Sinter Lab in the University of Rostock. All blends were SPS treated under vacuum in
cylindrical graphite dies. After heating the samples with a rate of 100°C/min up to
700°C, a pressure of 50 MPa was applied for 8 minutes to get disc-shaped pellets (20
mm diameter, thickness (5-7) mm). Porous Ti6Al4V foams were obtained through
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dissolution of the NaCl phase in renewed deionized water for 72 hours at room
temperature. The alloy foams were cleaned in an ultrasonic water bath for 30 minutes
and furnace dried at 120°C for 12 hours. By changing the weight ratio of NaCl, a
series of samples with different porosities were obtained. In addition, a SPS post heat
treatment was used to increase the density and strength of the foams. It was carried
out by a pressureless mode of the SPS. The set-up of the pressureless SPS is shown in
Figure 5-9. A small gap d greater than or equal to 0 mm was designed to avoid

damaging the porous materials. The foams after the NaCl being removed were spark

plasma sintered at 1100 °C for 5 minutes in this pressureless mode.
4
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Figure 5-9 Schematic diagram of the graphite die set-up for the pressureless mode of the SPS
(1. graphite form, 2. graphite bottom punch, 3. graphite up punch, 4. Pyrometer measurement

hole, 5. sample, d. gap > 0 mm).

The density of the samples was measured by the Archimedes method in water. The
mass of the samples was measured on a balance. The sample was attached to a thread
and fully immersed in a small beaker with water, without touching the bottom of the
beaker. The weight of the sample in water was measured, whereby the loss of weight
of a sample when suspended in water is equal to the mass of fluid displaced, from
which its volume and hence density can be calculated. The microstructures of the
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porous Ti6Al4V were analyzed by using a scanning electron microscope (Zeiss Supra
25, Germany). The pore structure of the sample was analyzed with an X-ray micro-CT
(GE, USA). The specimens were mounted on a rotary stage and scanned over the
whole volume, being rotated by 360° in 1400 equiangular steps (4 pics per 1°). The
detector size is 2284 pixel in x and y and 2304 pixel in z direction. The voxel size of
the images is 10.2 um in all three axes. The phase composition was analyzed using
high energy synchrotron radiation (42.58 keV) at Beamline P02.2 (Petra 111/ Desy).
Mechanical tests were conducted by uniaxial compression experiments at room
temperature. The standard specimens were 20 mm in diameter and height. The stress
measurements were carried out on a universal testing machine Instron 8520, equipped
with a 250 kN load cell at 0.5 mm/min. The strain was measured with the travel
distance of the testing machine. The compressive yield strength was determined from
the stress-strain curve according to the 0.2% offset method [18].

The human osteoblast-like cell line MG-63 (ATCC, CRL-1427, LGC Promochem,
Wesel, Germany) was used for the evaluation of the cellular acceptance of the
surfaces [19]. In general, the cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal calf serum (FCS, PAA), and 1% gentamicin
(Ratiopharm GmbH, Ulm, Germany) at 37<C in a humidified atmosphere with 5%
CO;. For cell analyses, 1x10° cells were grown on the porous Ti6Al4V plates for 24
hours, fixed with 4% glutaraldehyde (1 h), dehydrated through a graded series of
acetone, dried in a critical point dryer (K 850, EMITECH, Taunusstein, Germany) and
sputtered with a coater (SCD 004, BAL-TEC, Balzers, Lichtenstein). The samples
were investigated with a SEM DSM 960A (Zeiss, Germany).

5.2.3 Results

The Ti6Al4V powders have spherical morphologies and size distributions of
(5-35) um. The cuboidal sodium chloride powders have round angles and a size
distribution of (125-250) um. In the preparation process, the size of the metal powder
should be smaller than the average powder size of the space holder. By choosing the
size, shape and quantity of the space holder material, the mechanical properties of the
metal foams can be adjusted.
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Table 5-2 shows a summary of the Ti6Al4V foam parameters after spark plasma
sintering. Different weight ratios of NaCl powders were mixed with the Ti6AI4V
powders to get various porosities. After the foams were SPSed at 700°C, they show
porosities of 47.6%, 57.6%, 63.9% and 72.5% (%1.0)%, respectively. When they were
post heat treated at 1100°C, they display porosities of 44.7%, 54.4%, 60.7% and
70.0% (#1.0)%. The densities of the foams have been increased 5.5%, 7.5%, 8.9%

and 9.1% at above specific porosities after the heat treatments.

Table 1 Summary of parameters of the Ti6Al4V foams after spark plasma sintering.

3 g TiAl4V 3 g TicAl4V 3 g TicAl4V 3 g TicAl4V

Parameters /1.02g NaCl /1.6 g NaCl /2.2 g NaCl /3.4 g NaCl

Density after SPS at

32 ] 22
700 °C (g/em®) 2.32 1.88 1.60 1.22

Density after heat
freatment at 1100 245 2.02 1.74 1.33
°C(g/em’)

Porosity after SPS at

98]
5]

57.6 3 25
700 °C (%) 47.6 7.6 63.9 725
Porosity after SPS at :

’ 5
1100 °C (%) 44.7 4.4 60.7 70.0
Relative density after 524 424 36.1 275

SPS at 700 °C (%)
Relative density after
heat treatment at 553 45.6 393 30.0
1100 °C (%)

Increments in density 5.5 % 7.5% 8.9% 9.1%

Density of dense TiGAI4V 4.43 g/em’

Detailed microstructural views of the Ti6AlI4V foam with 70.0% porosity are
shown in Figure 5-10. Figure 5-10a and b display the foams fabricated at 700°C and
50 MPa. They show the porous structure and pore walls, revealing relatively
uniformly shaped macropores having rough surfaces, with many micropores (<10 um)
and the shapes and the sizes of the original alloy powders being visible. This indicates
that the Ti6AI4V/NaCl mixture is difficult to be densified and, as expected, the
diffusion at 700°C was not sufficient to smooth the micropores due to the very high

melting point of Ti6Al4V. Figure5-10c, d display the Ti6Al4V foams post heat
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treated at 1100°C at a pressureless mode. After the heat treatment, the junctions
between the Ti6AlI4V powder grains are formed with only few micropores left. As
seen in Figure 5-10d, most of the micropores disappeared due to the heat treatment.
This indicates that the pressureless heat treatment contributes to reduce the
microporosity of the foams, since no pressure was applied and only diffusion
dominated the SPS process. Thus, Ti6Al4V foams with higher density of the walls
have been fabricated by the SPS at 700°C and the post heat treatment at 1100°C.
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Figure 5-10 SEM images of the porous structures and pore walls of the Ti6Al4V foams with
70% porosity of the spark plasma sintered at 700°C, 50 MPa (a, b), and SPS post heat

treatment at 1100°C (c, d).

The outer shape of the Ti6AI4V foam with 54.4% porosity fabricated by the SPS
with post heat treatment is shown in Figure 5-11a. Figure 5-11b, c, d display the
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micro-CT 3D reconstructions of the foam. The 3D cropped isometric view of cross
sections in the Ti6Al4V foam shows the relative uniform pore distribution and
interconnected 3D porous structures. The Micro-CT 2D top view and side views show
that the macropore shapes are in square cross sections with a relative uniform
distribution of pore sizes of (210 +=40) um with an average cell wall thickness of

(22.1 +5) um.

(@) (b)

(d)

Figure 5-11 Micro-CT three-dimensional 3D reconstructions of the Ti6Al4V foam (54.4% of
porosity) with outer shape of the alloy foam (a), an isometric view (b), 2D top view (c), left

side view (d) ( scare bar 200 pm).

Figure 5-12 shows the SEM micrographs of the porous Ti6Al4V foams with
different porosities of 44.7%, 54.4%, 60.7% and 70.0% (*1.0)% fabricated by the SPS

with post heat treatment. The macrostructure of the foam is composed of
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homogeneously dispersed porous cavities and continuously connected Ti6AI4V struts.
It shows mean pores with a size of 150 um to 250 um achieved with a NaCl spacing
material in the range of 125 um to 260 um. The thickness of the pore walls decrease
with increasing porosity. The higher porosity samples show good interconnectivity.
The primary pores replicate the size and shape of the angular NaCl particles with
rounded corners. Thus, pore shapes can be controlled by using NaCl powders with
various shapes. Finally, interconnected pores are visible either as black pores or as
necks between adjacent pores in cross sections. These interconnected pores usually
ranged (20-150) um in sizes, indicating that osteoblasts may be able to penetrate into

the porous structure.
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Figure 5-12 SEM images of the Ti6AI4V foams prepared by SPS with post heat treatment
with different porosities of (a) 44.7%, (b) 54.4%, (c) 60.7%, (d) 70.0% (+1.0)%.
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Figure 5-13 demonstrates the synchrotron radiation high energy X-ray diffraction
of Ti6Al4V foams produced by SPS. The diffraction pattern confirms the a-Ti phase
in the Ti6Al4V powder. The a-Ti phase is still present in the Ti6AlI4V foams after the
SPS process at 700°C. In addition to the crystalline diffraction peaks of the o-Ti phase,
peak of B-Ti (110) phase are visible. After the post heat treatment by the SPS at
1100°C, it shows that the intensity of the a-Ti (002) peaks is weaker and the peak of
B-Ti (110) phase is stronger than those in the 700°C sintered sample. Additionally,
B-Ti (211) plane was detected in the 1100°C sintered sample. However, there are no
impurity peaks visible in the XRD patterns. The X-ray diffraction obtained from the
porous Ti6AIl4V in Figure 5-13 proved that the space holder NaCl phase was removed
completely. The post heat treatment has increased the ratio of the B-Ti phase in the

microstructures.

o-Ti (101) 2=0.029118 nm

Ti6AI4V SPS post heat treated at 1100 °C

o-Ti (103)/
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Figure 5-13 Synchrotron Radiation high energy X-ray diffraction patterns of the Ti6Al4V

powder and spark plasma sintered Ti6AI4V foams.

For the evaluation of the mechanical properties of the porous samples, compression
tests were performed. Figure 5-14a shows the Young’s modulus and compressive
yield strength as a function of relative density for the Ti6Al4V foams and the

predicted theoretical values. The Young’s modulus of the porous metals is compared
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with a prediction according to the Gibson and Ashby model. The estimated Young’s
moduli ranging from 34.11GPa to 9.84GPa obey exponential decays with the increase
of porosity, and the actual measured Young’s moduli of the foams are comparable
with the calculated Young’s modulus based on the density of the Ti6Al4V foam.
Besides the Young’s modulus, the strength is an important property of orthopedic
implants, in particular in load bearing applications. According to the Gibson-Ashby
model, the yield strength of Ti6Al4V foams and predicted theoretical values for open
porous material are given in Figure 5-14b. It can be seen that the measured values for
porous Ti6AIl4V are slightly higher than the analytical predictions by Gibson and
Ashby for open structures, also much higher than the compressive strength of
cancellous bone (10-50MPa). The experimental values are all comparable with the

calculated data obeying the Gibson and Ashby model.
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Figure 5-14 Young’s modulus (a) and yield strength (b) of the Ti6AI4V foams and

theoretically predicted values.

Figure 5-15 shows the SEM images of the Ti6Al4V foams (44.7%porosity)
after the compressive tests. The macropores have been compressed to a crushed shape.
However, there were no bulk cracks been oberserved. By this way, it can adsorbe a
large amount of energy. The strength of the foams depends on the thickness of the
struts. The 44.7%porosity foam has the largest yield strength and Young’s modulus
(Figure 16) due to the the thickest struts in this group of the prepared samples.
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Figure 5-15 SEM images of the Ti6Al4V foams (44.7%porosity) after the compressive tests

showing the crushed shape pores of different places (a) and (b).
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Figure 5-16 SEM of human bone-like MG-63 cells on porous Ti6Al4V foams (a) 54.4%, (b)

60.7% The cells display a well spread morphology and moreover the cells extend various

filopodia to the adjacent grains (arrow).

Human osteoblast like cells (MG-63) were cultured on the porous Ti6Al4V samples.
Figure 5-16 shows the SEM images of human bone-like MG-63 cells on porous
Ti6Al4V foams with 44.7%, 54.4%, 60.7%, and 70.0 % (%1.0)%. After 24 hours they
exhibit a well spread morphology and excellent bonding to the surface. The cells form
filopodia to reach the adjacent grains of the Ti6AIl4V structure. The cells grow inside
the pores to a large extend implying a good integration when implanted into the bone.
For a better interconnectivity, higher porosity Ti6Al4V foams (above 60%) are
recommended for the biomedical applications. This cell tests display that the pore
sizes and porous surface of the Ti6Al4V foams fabricated by the SPS are suitable for
the osteoblasts in-growth.
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5.2.4 Discussion

In this study, the Ti6Al4V foams were fabricated by using SPS at 700 °C with
controlled porosity followed by dissolution of NaCl phase and post heat treatment at
1100°C. The NaCl has a melting point of 801 "C. In the actual experiments, the
temperatures of 650 "C, 700 "C, 720 ‘C, 750 'C have been tested in the first step of
SPS. At 720 °C, a little NaCl melted and reacted with Ti resulted in some impurities
formation. At 750 °C, most of NaCl spacer melted and the expansion of the sample
destroyed the graphite die. The sintering temperature was determined as 700 °C finally.
A relative higher pressure of 50 MPa allows the use of pressure to enhance the
densification of the Ti6Al4V/NaCl mixture. The higher pressures from 60 to 80 MPa
have been tested. At these pressures, the graphite dies were easy to break due to the
thermal expansion of the Ti6Al4V/NaCl mixture during sintering. In the end, the
parameters of 700°C and 50 MPa were selected. Previous investigations showed that
high-density pure Ti foams can be fabricated with NaCl as space holder by the SPS at
700 °C and 50 MPa. However, the Ti6Al4V/NaCl mixture cannot be densified at the
same condition. It indicates that this Ti6AlI4V/NaCl mixture is difficult to be
consolidated either in the hot pressing [17] or in the SPS. The Ti6Al4V foams were
post heat treated by the pressureless SPS method at 1100°C for 5 minutes. The
alpha-beta transus temperature of the Ti6AI4V alloy is about 1000 “C. In the second
run, several temperatures (1050 "C, 1100 'C, 1150 'C and 1200 °C) over the transus
temperature were tested. The results indicated that at 1050 "C it cannot densify the
foam walls well. At 1150 ‘C and 1200 ‘C, the samples were overheated with melting
of grain boundaries. Hence, the 1100 °C as the optimal heat treatment temperature was
confirmed. The densities of the foams have been increased as shown in Table 1. The
relative density values can give the information of macroporosity and microporosity
in the foams. The macroporosity determined by the fraction of NaCl spacer after the
SPS at 700°C and dissolution in water. The post heat treatment by pressureless SPS at
1100°C will contribute to reduce the microporosity of the foams. As the schematic
diagram of the graphite die set-up for the pressureless SPS in Figure 1 indicated, the
gap d is greater than or equal to 0 mm between the top punch and the sample. When
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the gap is zero, the current can pass through the sample at the beginning of sintering.
After densification and shrinkage of the sample, it became into an open circuit again.
When the gap is greater than zero, it is an open circuit. The current can only pass
through the graphite punch and outer form, but not the sample. The sample was
heated by the temperature field of the graphite die. There was no pressure being
applied; therefore, the surface diffusion, volume diffusion and grain boundary
diffusion dominated the densification process in the pressureless SPS. These
diffusions mainly play roles of reducing the microporosities in the foams. This
pressureless SPS is similar to a conventional pressureless sintering. The only
difference between them is the efficiency where the pressureless SPS is much faster
with a faster heating rate and a shorter soaking time. This post heat treatment by the
pressureless SPS is similar to the technique of hot isostatic pressing (HIP) used to
reduce the microporosity of metals and to increase the density of many ceramic
materials, thus improving the material's mechanical properties. The post heat
treatment by the pressureless SPS can be done in vacuum and argon gas up to 40 hPa.
The results in this study indicate that this pressureless SPS method can be used for
post heat treatment of Ti6AlI4V foams, and possibly for all the metallic foams, dense
metals and ceramics.

Because of the passive oxide film that formed at room temperature, the Ti alloys
has very good corrosion resistance. The oxide films on the powder surfaces would
probably have some effects on the sintering temperatures; however, it is not
noticeable during the SPS process. In another side, the biological properties of a Ti
implant depend on its surface oxide film [20]. The TiO, has good cell
biocompatibility and it is already used as a coating on many Ti alloys [21]. In this
study, there are no bad effects been observed for the oxide films interaction with the
MG-63 cells. Consequently, this method using SPS by dissolution of NaCl spacer and
post heat treatment provides a foamed structure with a close to homogenous pore
structure, high levels of porosity and improved mechanical properties. The
mechanical properties of the metal foam can be adjusted by choosing the size, shape
and quantity of the space holder material used. The highly porous nature of the alloys
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combining improved mechanical properties with osteoconductivity makes these
materials ideal for bone scaffolds. The future highlights will be net-shape processing
of foams with complex forms by the SPS method. Prospectively, this kind of Ti6AI4V
foams is potential to alleviate the problem of mechanical mismatch between the bones
and the Ti alloy implants and may provide a new candidate as a long-term bone
substitute for biomedical applications.
5.2.5. Summary

Ti6AIl4V foams were fabricated by the SPS with post heat treatment using a blend
of Ti6Al4V and sodium chloride powders. The Ti6Al4V foams fabricated at 700°C
and 50 MPa in SPS cannot achieve high relative densities. The sintered foams were
post heat treated in a pressureless mode of the SPS at 1100°C for 5 minutes. This heat
treatment is very effective to reduce microporosity and to densify the foam walls.
Young’s moduli of the foams were in the range of (33.0 £3.2) GPa to (9.5 £1.0) GPa
and the yield strengths ranged from (110.2 +8.0) MPa to (43.0 =2.8) MPa with
porosity values from 44.7% to 70.0% (%1.0)% obeying the Gibson-Ashby models.
The human osteoblast cell line MG-63 validated the cellular acceptance of the foam
surfaces. This pressureless SPS method can be used for post heat treatment of

Ti6Al4V foams, and possibly for all the metallic foams and dense solids.

5.3 Other methods for preparation of titanium foams by SPS and surface
modification

5.3.1 Other methods for preparation of Ti foams by SPS

Besides NaCl particles as spacer material, some other ways to fabricate Ti foams by
the SPS were also tried and studied. Fig.5-17 shows the SEM images of the Ti6Al4V
foams prepared by SPS using Cu spacer. The Ti6Al4V powders and Cu powders were
mixed and sintered by SPS at 800 °C and 50 MPa for 5 min soaking time. Then the
Cu spacers were removed by high concentration HNO3 acid washing. Finally, they
were washed in deionized water to get a neutral PH value. The porous foams were

obtained. The porous structures at various magnifications show that the pores are
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interconnected with pore sizes from 10 to 200 micrometers. The pore walls show that
there are many TiO, nanostructures formed on the surfaces. Its formation is due to the
strong acid oxidation. The TiO; nanostructures could increase the bioactivity and cell

adhesion property of the Ti6Al4V foams.

Figure 5-17 SEM images of the Ti6Al4V foams prepared by the PECS using Cu spacer: (a, b)
porous structure at various magnifications and (c, d) pore walls shows the TiO,

nanostructures.

Another method to prepare the Ti foams is the simulated body fluid soaking of the
sintered TiMg solids. It is an in-situ pore formation method. The TiMg solids were
prepared by ball milling of Ti and Mg powders and SPS at 600 °C and 50 MPa for 5
min. Figure 5-18(a) shows the XRD diffraction results of the TiMg solids with 10-40
wt% faction of Mg. It exhibits pure Ti and Mg phases, no intermetallic phases.
Afterwards, they were immersed in the simulated body fluid for several weeks. Figure
5-18(b) exhibits the surface of the Ti-40 wt%Mg solids before the body fluid soaking.

Figure 5-18(c) shows the in-situ formed macropores after 4 weeks soaking in the
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simulated body fluid. The pore sizes are about 500-700 um in dimension. The pore
wall in Figure 5-18(d) shows the microstructures after body fluid soaking and some
hints of corrosions can be found. The dense TiMg solids can load higher forces than
the porous Ti foams. After they were implanted in vivo, the Mg composition in the
TiMg solids will be degraded by body fluid immersion to form porous foams with
time going. The bone tissue would grow into the foams simultaneously with the pore
forming progress. The key issue of this method is how to match the growth rate of the
bone tissue. It can be realized by tailoring the fraction of Mg in the Ti alloy and the

alloying elements in the Mg phase (e.g. Zr, Ag etc.).
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Figure 5-18 XRD results of the SPS prepared TiMg system (a) and SEM images the surface
of the Ti40Mg sample (b), in-situ formed macropores in the simulated body fluid (c) and pore

wall structure (d).

5.3.2 Surface modification
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Our previous research indicated that TiMn alloys with superior mechanical
properties and acceptable cytocompatibility could be used as bone implants. In this
part, porous TiMn foams were prepared by using the spark plasma sintering technique
and the surface was subsequently modified with TiO, nanostructures. The in vitro
bioactivity of the TiO, modified Ti8Mn foams was investigated in a simulated body

fluid.

The TiMn foams were prepared with NaCl spacer by the SPS and then surface
modified by immersing in a NaOH solution at 60 °C for several hours. The foams
were washed and heat treated at 600 °C. The surface modified TiMn foams were
suspended in polystyrene bottles containing simulated body fluid solution at 37.0 <C
in a shaking bath. At certain times, the samples were taken out, rinsed with deionized
water, and dried in an oven. X-ray diffraction (XRD, Bruker D8, Germany) was used
to characterize the phase composition of the sintered foams. Scanning electron
microscopy (SEM, Zeiss Supra 25, Germany) equipped with EDX was employed to

analyze the microstructures of the sintered foams.
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Figure 5-19 SEM micrograph of the TiMn foam (a) and X-ray diffraction pattern of the TiMn

foam showing the phase compositions (b).

The SEM micrograph of the TiMn foams prepared by spark plasma sintering at a
temperature of 700 °C under 50MPa is shown in Fig. 5-19 (a). This TiMn foam shows
a measured porosity of 65%, and pore sizes of about 300 um with interconnected pore

distributions. The X-ray diffraction pattern in Fig. 5-19 (b) shows that the TiMn foam
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consists mainly of B-TiMn phase in cubic structure. There is still a small amount of an
a-TiMn phase in the foam. This shows that the synthesized TiMn alloy foam has o+p

microstructures similar to those of the standard Ti6AI4V alloys.
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Figure 5-20 SEM micrographs of the surface modified TiMn foam with TiO, anatase/rutile
nanostructures showing the uniform oriented nanofibers (a,b) and immersed in simulated

body fluid for 3 days with EDX indicating the apatite formation (c-e).
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The SEM micrographs of a TiMn foam sample with through TiO, nanostructures
modified surface are shown in Fig. 5-20. The oriented nanofibers structures cover all
the pore walls of the TiMn foams with a uniform distribution (Fig. 5-20a, b). X-ray
diffraction confirmed the TiO, nanostructures as anatase/rutile phases [22]. After only
3 days soaking in the simulated body fluid, the SEM micrographs exhibited that some
particles were covered on the nanofibers of the foams (Fig. 5-20c, d). The EDX
identification in Fig.5-20(e) confirmed that these particles are bone-like apatite
(hydroxyapatite) with elements of Ca, P, O, Mg, Na, K and C. The deposition of the
apatite on the pore walls is a biomineralization process. It is indicated that the
nano-TiO, surface modified Ti8Mn foams have a high in vitro bioactivity, which can
lead to a high bone-bonding ability of these foams in vivo.

5.3.3 Summary

The Ti6Al4V foams with Cu spacer were prepared by the SPS. The pore walls were
modified with TiO, nanostructures. The in-situ pore forming method by soaking of
the TiMg solids in the simulated body fluid was also introduced. Ti8Mn foams with
porosity of 65% and pore size of 300 wm were prepared by using the spark plasma
sintering technique. Ti8Mn foams with porosity of 65% and pore size of 300 pm were
prepared by using the SPS technique. The TiMn foam showed o+ microstructures.
TiO, nanostructures in anatase/rutile phases were created on the pore walls of the
TiMn foams. The surface modified TiMn foams exhibited high in vitro bioactivity

with apatite formation in the simulated body fluid after 3 days soaking.
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Chapter 6 Conclusions and outlook

The indirect evidences for the presence of plasmas in SPS were revealed. The
thermal stability of MWCNTSs, C60, graphene and graphite has been investigated
under the pulsed DC field in a SPS furnace. Cubic diamonds have been converted
from pure MWCNTS, pure C60 and and graphene without catalysts being involved by
the SPS at conditions of 1500 °C, 80 MPa for 20 min. There was no notice of
diamond formation in the case of pure graphite sample processed by SPS at this
condition. The graphite is the most stable crystalline modification of carbon among
the MWCNTSs, C60, graphene and graphite allotropes under the SPS. The parallel
investigations by using the synchrotron radiation in situ high temperature (AC field)
X-ray diffraction show that there is no diamond formation in the MWCNTSs, C60 and
graphene samples at the same pressure (80 MPa) and temperature (1500 °C). Their
phase transitional mechanism from MWCNTSs, C60, graphene to diamond indicated
the high localized temperatures between particles due to the presence of momentary
plasmas during the SPS process. In addition, the SPS experiments are conducted in
vacuum and argon atmosphere with carbon nanotubes based materials. Some fractions
of sp® hydride carbon in the transition stage to diamond are obtained from the pure
MWCNTs by SPS at 1500 °C and 9.55 MPa in vacuum and Ar atmosphere.
Crystalline cubic diamond crystals are generated from the MWCNTs/FeNi by SPS at
1200 °C and 9.55MPa in vacuum and Ar atmosphere. Flower-like structured carbon
and high quality diamond crystals with hexahedron structures are produced only in the
Ar atmosphere. Such low pressure diamond formation in both vacuum and Ar gas
atmospheres provides an important indirect evidence for the existence of plasma
during the SPS. The Ar atmospheres lead to higher currents and voltages during SPS.
It is assumed to promote the plasma generation and sizes. The plasmas momentary
generated from ionized gas produced temperatures up to thousands of degree and thus
promote the diamond transition.

The synthesis of diamond from nanocarbon and graphite by SPS was investigated.
MWCNTSs with Fe35Ni powders as solvent catalysts were used to synthesize diamond
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by SPS. Cubic diamond crystals were synthesized from the MWCNTSs/Fe35Ni
mixtures at lower SPS temperature of 1200 <C under the pressure of 70 MPa. In the
sample, well-crystallized diamond mono-crystals and poly-crystals consisted particle
sizes ranged (10-40) um. The Fe35Ni catalysts achieved an effective reduction of the
SPS temperature to 1200 <C and the SPS pressure to 70 MPa for the diamond
synthesis, as well as an increment in diamond transitional rate from MWCNTSs in the
SPS. A model was also proposed to describe the diamond growth and revealed as a
layer-by-layer growth mechanism. Fullerene C60 can be transformed into crystalline
diamond by SPS under a pressure of 50 MPa above temperatures of 1150 <C without
any catalysts being involved. Well-defined diamonds with particle sizes up to 250 mm
and transition rate about 30 vol% are obtained at 1300 <C and no further growth in
particle size is seen beyond this temperature. The mechanism analysis indicates that
the high sp® hybrid fraction in the C60 and the generated plasmas in the pulsed
electric field lead to its transformation to diamond. It is a direct transition process
from C60 to diamond with a structural reconstruction of carbon atoms without
intermediate phases being involved. Additionally, the Ni, MnNi, MnNiFe and AICuFe
quasicrystal powders were used as the catalysts for the diamond synthesis from
graphite by the SPS. Diamond crystals have been converted from the graphite at the
SPS condition of 1300 °C, 50 MPa for 20 min. Diamond nano- and micro-rods
(80 nm-2 um) have been obtained with the Ni catalysts from the graphite by the SPS.
Diamond crystals with good diamond shapes in the range of (1-3) um have been
converted from the graphite with the AICuFe catalyst. The diamond/copper
composites are prepared by SPS. The composite shows the hard diamond phase with
Hardness of (15.1+1.6) GPa embedded in the soft copper matrix with Hardness of
(1.4520.2) GPa with a uniform distribution. .

SPS of titanium alloys for biomedical applications was studied. The o+f type
TiMn alloys with high relative density and ultrafine microstructures were prepared by
using mechanical alloying for 60 hours and spark plasma sintering at 700 °C for 5 min.
The Mn reduced the a to B transformation temperature of Ti and was confirmed as a 3
stabilizer element. The hardness increased significantly ranging from 2.4 GPa (Ti2Mn)
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to 5.28 GPa (Til2Mn), the elastic modulus ranging from 83.3 GPa (Ti2Mn) to 122
GPa (Til2Mn) and the ductility decreased ranging from 21.3% (Ti2Mn) to 11.7%
(Ti12Mn) with increasing manganese content in the Ti. Concentrations of Mn below
8 wt.% in titanium reveal negligible effects on the metabolic activity and the cell
proliferation of human osteoblasts. Therefore, the Mn could be used in lower
concentrations as an alloying element for biomedical titanium. The Ti2Mn, Ti5Mn
and Ti8Mn alloys all have a potential for use as new bone substitutes and dental
implants. Additionally, the SPS has been modified and integrated with a novel
nitrogen gas quenching system. The Ti6Al4V alloy is used as a model material for the
study of this modified SPS. Finite element simulation results reveal that the gas
quenching can increase the heat transfer coefficient up to (5-7) times higher and
magnify the temperature gradient of the sample. Experimental results show that
sinter-hardening of the Ti6AIl4V alloy has been achieved, where the hardness rises
from 327 HV1 to 353 HV1 with the cooling rate ranging from 1.6 °C/s to 6.9 °C/s.
The ultimate compressive strength and the ductility have increased up to 1832 MPa
and 34%, respectively. The gas quenching leads to much more pronounced dimples in
fracture surfaces, the precipitation of intermetallic phase and a morphological change
to lamellar a-Ti phase in metallography. The rapid cooling-SPS combining sintering
and gas quenching provides a novel method to tailor the mechanical properties and
microstructures of the Ti6Al4V alloys. The Ti6Al4V alloys could be used widely as
bone substitutes and dental implants.

SPS of titanium foams for biomedical applications was investigated. Macroporous
pure titanium (Ti) foams with porosity of (30-70) % and pore size of (125-800) um
were fabricated by SPS for bone implant applications. A mixture of Ti and sodium
chloride (NaCl) powders were spark plasma sintered at 700 °C under pressure of
50 MPa and the NaCl phase was then dissolved in water. The resulting Ti foams
consist of pure a-Ti phase with interconnected macropores in quadratic cross sections.
The plateau stress and Young’s modulus agree with the Gibson-Ashby models, and
coarsely follow a linear decline with the increase of the pore sizes, and exponential
decay with the increase of the porosity. The macroporous Ti foams with plateau stress
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(27.2-94.2) MPa and Young’s modulus (6.2-36.1) GPa have a potential to be used as
bone implants. In addition, Ti6AlI4V foams were fabricated by SPS with post heat
treatment using a blend of Ti6Al4V and NaCl powders. The Ti6Al4V foams
fabricated at 700 °C and 50 MPa in SPS cannot get high relative densities. These
sintered foams were post heat treated in a pressureless mode of the SPS at 1100 °C for
5 min. This heat treatment is very effective to reduce the microporosity and to fully
densify the foam walls. Young’s modulus of the foams was in the range of 33.0 GPa
to 9.5 GPa and vyield strength ranged from 110.2 MPa to 43.0 MPa with porosity
values from 44.7% to 70.0% obeying the Gibson-Ashby models. The human
osteoblast cell line MG-63 validated the cellular acceptance of the foam surfaces. The
pressureless SPS provides a new method for the heat treatment of metallic foams. The
Ti6Al4V foams with Cu spacer were prepared by the SPS with a strong acid etching
afterwards. The pore walls were modified with TiO;, nanostructures. The in-situ pore
forming method by soaking of the TiMg solids in the simulated body fluid was also
introduced. Finally, the Ti8Mn foams with porosity of 65% and pore size of 300 um
were prepared by using the SPS. TiO; nanostructures in anatase/rutile phases were
modified on the pore walls of the Ti8Mn foam uniformly by NaOH solution soaking
and heat treatment. This surface modified TiMn foam exhibited high in vitro
bioactivity with a fast apatite-forming ability in the simulated body fluid. The Ti,
Ti6Al4V and TiMn foams processed by SPS have a potential to be used as ideal bone
implants.

What makes the SPS so interesting for the diamond synthesis is the fact that only
relatively low pressures of (9-80) MPa are needed. The SPS possesses a wide range of
sintering temperatures from a few hundreds up to 2000 ‘C, controllable heating rates
which can be set to several hundred degrees per minute for extremely rapid
processing, as well as the capacity to process large samples up to 100 mm in diameter
and 20 mm thick. As we know, the HPHT technique only can prepare very small
samples in order to achieve the several GPa level high pressures. Therefore, the SPS
is a highly efficient and energy saving technique for diamond synthesis. The
investigations in this thesis indicate that the SPS, a pulsed electric field processing
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technique, has great potential to be used as an alternative and novel method for
high-efficiency diamond generation. The diamond generation at such low pressures
also provided some indirect evidences for the presence of plasmas during the SPS
operation. However, it still needs further investigations to promote the SPS method to
be used as a large-scale synthetic diamond production technique. The future
highlights will be the development of diamond purification methods to get high purity
diamond crystals from the SPSed carbon compacts and the synthesis of millimetre
sized diamond crystals and achieving much higher diamond transition rates by using
the SPS technique. The functional properties including electrical, thermal, optical,
magnetic properties etc. of the SPSed diamond particles and the SPSed carbon
samples with in-situ formed diamonds need to be investigated. The in-situ synthesis
of diamond/ceramics or diamond/metals composites from CNTs/ceramics or
CNTs/metals by the SPS is also a very interesting subject for future researches.

As load bearing and long term hard tissue repair materials, Ti and its alloys are the
most outstanding metallic materials nowadays. The modification (processing and/or
surface) of the clinic used Ti alloys, and the exploration of new Ti alloy systems for
biomedical applications are still the tasks for the future. The sinter hardening by the
SPS, in which the parts are sintered and quenched directly after the sintering step, has
a perspective future in the powder metallurgy industry due to energy saving and
cleanness. For the Ti foams, the development of processing techniques to create
controlled porosity, pore sizes and interconnectivity is still required. The relationship
between the relative density and mechanical properties of the Ti foams can be
predicted well with the Gibson-Ashby model. However, the relationships between the
porosity-functional properties (thermal, flow, transport, absorption and so on) are not
well modelled yet. The effects of pore architecture, pore size, pore interconnectivity,
inter-connective pore size on the mechanical and functional properties of Ti foams are
still not clear, and need more investigations. The post heat treatment of materials in
the pressureless SPS possibly should be suitable for all the porous materials and dense
solids. The in-situ pore forming method represents the tendency of the future in the
field of cellular solids. The future highlights will be the preparation of nanostructured
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Ti alloys and composites, the processing of Ti alloy foams with complex shapes by
using the SPS technique. The application of the SPS in preparation of the biomedical

Ti alloys and foams has perspective future.
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The thermal stabilities of carbon nanotubes, fullerene and graphite were investigated under spark plasma
sintering (SPS). Results were compared with data from synchrotron radiation in situ high temperature
X-ray diffraction of these materials. Part of the nanotubes and fullerene transformed into diamond under
SPS, but graphite kept stable. There was no diamond conversion in the in situ X-ray diffraction experi-

ments under the same condition. Their phase transitional mechanism indicated the presence of plasmas

during the SPS operation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The carbon nanotubes, fullerene (C60) and graphite have broad
applications as structural and functional materials. Therefore, it is
of great importance for a better in-depth understanding of their
thermal stability under severe physical conditions [1,2]. Spark
plasma sintering (SPS), also defined as field assisted sintering tech-
nique (FAST) or pulsed electric current sintering (PECS), is an elec-
tric field assisted sintering process utilizing ON-OFF DC pulse
energizing [3]. During its treatment, pulsed DC current directly
passes through the graphite die, as well as the powder compact,
in case of conductive samples [4]. During study of the thermal sta-
bility of multi-walled carbon nanotubes (MWCNTSs) under various
SPS conditions, it was found that under SPS conditions of 1500 °C
at very low pressure carbon nanotubes were unstable and trans-
formed to diamonds without any catalysts being involved [5-7].
Recently, Inam et al. [8] reported that multiwall carbon nanotubes
were not preserved for ceramic matrices that require high sintering
temperatures (>1600 °C) and longer processing times (>13 min) in
the SPS. We proposed that the spark plasmas may play a key role to
provide most of the energy required in this diamond transition
[5,6]. It indicates that the SPS has a potential to be used as an alter-
native method for diamond generation, and it also provides an
indirect way to validate the existence of the plasmas during the
SPS. However, at this point it needs further investigations due to
the still on-going arguments about whether the spark plasmas
actually occur during the SPS process [9,10]. In this study, we used
an indirect way to prove the presence of plasmas during the SPS.

* Corresponding author. Fax: +49 381 4986862.
E-mail address: faming.zhang@uni-rostock.de (F. Zhang).

0009-2614/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2011.05.013

The thermal stability and phase transitional behavior of carbon
nanotubes, C60 and graphite were investigated under the SPS
(pulsed DC field). The pure MWCNTSs, C60 and graphite powders
were processed by using the SPS. Their phase constitutions were
investigated by using synchrotron radiation-high energy X-ray dif-
fraction and Raman spectroscopy. For a comparison study, these
carbon materials were also studied using the in situ high temper-
ature (AC field) synchrotron radiation X-ray diffraction. Their
phase transitional mechanisms under such novel sintering tech-
nique were discussed.

2. Experimental

The MWCNTSs (10-20 nm) with purity above 95% were obtained
from Shenzhen Nanotech Port, Ltd., China. The C60 powders with
purity of 99.5% were obtained from SES Research, Huston, USA.
The graphite powders with purity of 99.0% were purchased from
Alfa Aesar, Germany.

These carbon powders were pressed into a graphite die for SPS
treatment to form disk-shaped samples of 20 mm diameter and
5 mm thickness. The SPS experiments were conducted using a
Model HPD-25/1 FCT spark plasma sintering system (FCT systeme
GmbH, Rauenstein, Germany), under an axial pressure of 80 MPa in
vacuum (<6 Pa). A heating rate of 100 K/min was adopted, and the
sintering process lasted typically 20 min. The applied direct cur-
rent for SPS was about 1000 A, with a pulse duration of 12 ms
and an interval of 2 ms.

The phase identification of the obtained carbon samples was
performed using high-energy X-ray diffraction at beamline BW5
(DESY/HASYLAB Hamburger Synchrotron Laboratory) with a wave-
length of 0.15339 A (80.828 keV). The carbon samples were also



110

F. Zhang et al./ Chemical Physics Letters 510 (2011) 109-114

a 800075 -0 15339 A =
=0. ngstrom, E=80.828 keV
1 gstrom, = CNTs(002)
7000 — =
_ = 3
6000 = & ~ &
12 T QR =&
500012 S - 9
g 2= 5 3
§ 400042 2 §
- 10 (&} =
< lo @ D. CNTS(1 00)
5 3 z
300043 CNTs(004|) Raw MWCNTs
2000
1000
i SPSed at 1500 °C, 80 MPa,20 min
0 T T T T T T T
1.0 15 2.0 25 3.0 35 4.0
d spacing (Angstroms)
b
1200 4 G band
D band 1566
Cubic Diamond
1000
800
>
2
@ 600
=
400 SPSed at 1500 °C, 80 MPa, 20 min
200
Raw MWCNTs

T T
1100 1200

T
1000

900

T T T T
1300 1400 1500 1600 1700

Raman shift (cm™)

Figure 1. Synchrotron radiation-high energy X-ray diffraction patterns (a) and Raman spectra (b) of the raw MWCNTs and the spark plasma sintered MWCNTs at 1500 °C,

80 MPa for 20 min.

analyzed by a Renishaw-2000 Laser Raman spectroscopy system
with a He-Ne laser excited at 514 nm. The stability of these carbon
samples was investigated by the in situ high temperature X-ray
diffraction at the MAX80/F2.1 high-pressure beamline of Helm-
holtz Centre Potsdam at HASYLAB/DESY. The MAX80 instrument
uses a cubic-anvil-type press, which is known to provide better
results for isotropic pressure generation compared to other multi-
ple-anvil high-pressure devices [11]. The carbon samples were
contained in cube cells made of a mixture of boron and epoxy resin
with 4 mm edge length in a non-oxygen atmosphere. The pure
MgO powder was used as a reference material in the cube cells.
An in situ measurement comprises the room-temperature com-
pression to the desired pressure, followed by isobaric constant-rate
heating. X-ray diffraction patterns were acquired in energy-disper-
sive mode (EDX) during continuous specimen heating (up to
1500 °C) under an applied pressure of 80 MPa. The EDX method re-

lies on the use of a well-collimated and polychromatic (white) inci-
dent synchrotron radiation beam. The XRD patterns were collected
each 10 °C during constant heating.

3. Results and discussion

The pure MWCNTs were SPSed at 1500 °C under pressure of
80 MPa for holding time of 20 min. Figure 1a shows the synchro-
tron radiation-high energy X-ray diffraction patterns of the raw
MWCNTs and the spark plasma sintered (SPSed) MWCNTSs. The
raw MWNCTs show a main diffraction peak at 3.43 A correspond-
ing to the CNTs (0 0 2) plane spacing, and weak peaks at 2.10 and
1.70 A corresponding to the CNTs (1 0 0) and (0 0 4) plane spacing,
respectively. After SPS processing, the MWCNTSs diffraction peaks
are still presented in the sintered MWCNTs compacts, but the
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Figure 2. Synchrotron radiation-high energy X-ray diffraction patterns (a) and Raman spectra (b) of the raw C60 and the spark plasma sintered C60 at 1500 °C, 80 MPa for

20 min.

peaks of the CNTs (00 2), (1 0 0) and (0 0 4) are stronger than those
in the raw MWCNTs. It indicates that the SPS process improved the
crystallinity of the MWCNTSs, which is consistent with the results of
Yang et al. [12]. Additionally, new peaks were detected in the sam-
ple centered at 2.05, 1.23, 1.06 and 1.76 A corresponding to the cu-
bic diamond (ICDD No. 65-537) (111), (220), (311) and n-
diamond (ICDD No. 43-1104) (2 00) plane spacing, respectively.
Figure 1b shows Raman spectra of the raw MWCNTSs and the SPSed
MWCNTs. The result of the raw MWCNTs show that their D band
appeared at 1344 cm~! and G band appeared at 1569 cm™!. After
SPS processing, the D peak shifted to 1333 cm™! corresponding to
the cubic diamond but there was still a weak peak at 1344 cm™!
belonging to the un-reacted MWCNTs, the G band shifted to
1566 cm™! relating to the sp? bonded carbon vibrations. The re-
sults of the X-ray diffraction and Raman spectroscopy confirmed

the diamond formation in the MWCNTs sample after SPS at
1500 °C, 80 MPa for 20 min.

Figure 2a shows the synchrotron radiation-high energy X-ray
diffraction patterns of raw C60 and the SPSed C60 at 1500 °C,
80 MPa for 20 min. The raw C60 exhibits diffraction peaks at d
spacing of 5.01, 4.28, 4.11, 3.18, 2.9, 2.74 A belonging to C60
(110),(112),(004),(114),(300),(006) planes (ICDD No. 47-
0787), respectively. The C60 after SPS shows the cubic diamond
diffraction peaks at d spacing of 2.06 and 1.23 A and a broad graph-
ite peak. The C60 diffraction peaks disappeared indicating the C60
has completely transformed into diamond and graphite phases
after the SPS processing. Figure 2b shows the Raman spectra of
the raw C60 and the SPSed C60. The raw C60 shows a sharp peak
appeared at 1460 cm™!, and two weak, broad peaks centered at
1568 and 1515 cm™". After SPS processing, it shows the cubic dia-
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80 MPa for 20 min.

mond peak at 1333 cm™! and graphite peak at 1558 cm™!, but the
C60 peak at 1460 cm™~! disappeared. It is consistent with X-ray dif-
fraction results that the C60 has completely transformed into dia-
mond and graphite phases after SPS at 1500 °C under 80 MPa for
20 min.

Figure 3a shows the synchrotron radiation diffraction patterns
of the raw graphite and the SPSed graphite at 1500 °C, 80 MPa
for 20 min. The raw graphite sample presents Graphite-3R and
Graphite-2H diffraction peaks those are centered at 3.348 A [G-
3R(003)], 1.674 A [G-3R(0 0 6)], 1.228 A [G-3R(1 1 0)] (ICDD No.
26-1079), and 2.138 A [G-2H(1 00)], 2.039 A [G-2H(101)], 1.16 A
[G-2H(1 1 2)] (ICDD No. 41-1487). However, it didn't find the dia-
mond phase in the graphite samples after the SPS processing. It
only shows an increased intensity in the graphite peaks indicating
the improved crystallinity. Figure 3b shows the Raman spectra of
the raw graphite and the SPSed graphite. The raw graphite shows
a sharp peak at 1579 cm™'!, and a weak peak at 1350 cm™'. After

SPS processing, the intensity of the peak at 1350 cm~! has im-
proved, but there is no diamond peak in the Raman spectra. The
X-ray diffraction and Raman spectroscopy results confirmed that
there is no diamond conversion from pure graphite after SPS at
1500 °C under 80 MPa for 20 min.

Figure 4a shows the synchrotron radiation-in situ X-ray diffrac-
tion patterns of the pure MWCNTSs at 80 MPa under different tem-
peratures. The combining peak of MWCNT and graphite has shifted
to lower energy values. It indicates the thermal expansion of the
nanotubes and graphite planes with the increase of temperature.
The boron nitride (BN) peaks are from the container of the powder
sample during the in situ high temperature X-ray experiments.
However, there is no diamond formation at or below temperature
of 1500 °C under 80 MPa. It means that the MWCNTs are dynami-
cally stable at this 1500 °C temperature under 80 MPa in a non-
oxygen atmosphere during the AC sintering. Figure 4b shows the
synchrotron radiation-in situ X-ray diffraction patterns of the pure
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Figure 4. Synchrotron radiation-in situ X-ray diffraction patterns of the pure MWCNTs (a) and C60 (b) at 80 MPa under different temperatures.

C60 at 80 MPa under different temperatures. There is no diamond
formation in the C60 sample. It shows that the C60 is stable below
temperature of 900 °C. However, the C60 is unstable above that
temperature point. The C60 (1 1 0) peak disappeared above tem-
perature of 900 °C and C60 (1 1 2) peak disappeared above temper-
ature of 990 °C. It is found that the graphite is very stable in the
in situ high temperature X-ray experiments at or below tempera-
ture of 1500 °C under 80 MPa.

Synchrotron radiation-high energy X-ray diffraction [13] was
used to identify the diamond phase in the carbon samples after
SPS. In order to confirm the diamond formation, Raman spectros-

copy was also used to identify the formation of sp> bonded dia-
monds. By using the high energy X-ray diffraction and Raman
spectroscopy, the cubic diamond phases were identified and con-
firmed in the SPSed MWCNTs and C60 samples. The n-diamond
was also found in the SPSed MWCNTs sample. The n-diamond is
a new kind of carbon allotrope, which was a metallic form of car-
bon with face-centred cubic structure [14]. It is a metastable and
intermediate phase, can decompose slowly at room temperature,
and has been synthesized accidentally by various processes [15].
This is noted that the n-diamond can also be synthesized by the
SPS process. The standard d spacing of the cubic diamond (11 1),
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(220) and (31 1) planes are centered at 2.059, 1.261 and 1.075 A
(ICDD No. 65-537). The cubic diamond in the SPSed MWCNTSs cen-
tered at 2.05, 1.23 and 1.06 A, and in the SPSed C60 appeared at
2.06 and 1.23 A spacing. The diffraction peaks of the synthesized
diamond from MWCNTs and C60 are very close to the standard
diamond diffraction data, but there is a little shift. The diamond
peak shifts are due to the existence of residual stress in the synthe-
sized diamonds from MWCNTs and C60 by using the SPS. The
residual stress of the diamond is because of the stress that remains
after the original cause of the stresses (uniaxial forces, heat gradi-
ent) has been removed after the SPS processing. In this study, uni-
axial force of 80 MPa was applied and there generally existed some
temperature gradients during the operation of the SPS. Therefore,
the diamond peaks in the SPSed MWCNTs and C60 have shifted a
little. Combining the results of the Raman spectroscopy, the forma-
tion of diamond phases in these MWCNTs and C60 samples is con-
firmed. It is found that there are no C60 peaks in the X-ray
diffraction and Raman results of the SPSed C60 sample, but there
are strong unreacted MWCNTSs peaks in the SPSed MWCNTs sam-
ple, and there are no diamond phases in the SPSed graphite sample.
There exists a high activation barrier from the graphite, MWCNTs
and C60 to diamond, the exact height of which is unknown. The re-
sults in this study indicated that the activation barrier between the
C60 and diamond is lower than that of the MWCNTs with diamond,
and this barrier between MWCNTSs and diamond is lower than that
of the graphite with diamond. The graphite is the most stable crys-
talline modification of carbon among the MWCNTSs, C60 and graph-
ite allotropes under the SPS processing.

The SPS is a remarkable technique to synthesize and consolidate
a large variety of materials. The process typically uses moderate
uniaxial pressures usually below 100 MPa in combination with a
pulsing ON-OFF DC current during its operation. There are many
mechanisms proposed to account for the enhanced sintering abili-
ties of the SPS process; for example, field assisted diffusion [15],
spark impact pressure [15,16], plasma cleaning of particle surfaces
[17], Joule’s heating [16,17], local melting and evaporation espe-
cially in metallic systems [16], surface activation on particles
[18] and electron wind force [19]. The one that draws the most
controversy of these mechanisms involves the presence of momen-
tary plasma. In this study, the diamond converted from the
MWCNTs and C60 without any catalysts being involved in the
SPS. However, the parallel investigations by using the synchrotron
radiation in situ high temperature X-ray diffraction show that
there is no diamond formation in the MWCNTs and C60 samples
in the AC sintering at the same pressure (80 MPa) and temperature
(1500 °C). What is their phase transitional mechanism from
MWCNTSs and C60 to diamond in the SPS? Such a clear, significant
difference in the products is due to the special sintering principle
of SPS. It is a field activated sintering technique based on an DC
electric spark discharge phenomenon, i.e. a high energy and low
voltage spark pulse DC momentarily generates sparking plasma
between particles, which causes localized high temperatures. It is
an electric AC heating in the in situ high temperature experiments.
Without plasma effect, it would need 8000-10,000 °C at pressure
of 80 MPa to get diamond from the MWCNTSs and C60, as we calcu-
lated. Therefore, super-high pressure (5-10 GPa) are required for
the diamond formation in the hydrostatic HPHT technique. Since
the SPS only needs MPa level pressure, it is believed that the plas-
ma plays the key role for the diamond transformation from the
MWCNTs and C60. The high current, low voltage, momentary
pulsed plasma discharge have generated highly localized Joule’s
heating up to a few thousand degrees Celsius between particles
in few minutes. The current density in the SPS is typically on the
order of 102 A/cm? and is highly concentrated at the inter-granular
contact or interface [12]. The momentary pulsed plasma provided
energy equivalent to thousand degrees to help the nano-carbon

across their activation barriers to the diamond phase. It leads to
the transformation of mainly sp?> bonded MWCNTs and C60 to
sp> bonded diamonds. Despite the on-going argument about
whether the spark plasmas actually occur during the SPS process,
our present study, regarding on the generating diamond under
such a low pressure, suggests that such spark plasmas indeed took
place during SPS of these nano-carbon materials with excellent
electrical conductivities and high surface areas. The plasmas gener-
ated very high localized temperatures up to about 8000-10,000 °C
and dramatically reduced the pressures required for diamond for-
mation from the GPa to the MPa level. Eventually, this research
provided some new indirect evidences for the presence of plasmas
during the SPS operation.

4. Conclusions

The thermal stability of MWCNTSs, C60 and graphite has been
investigated under the pulsed DC field in a SPS furnace. Cubic dia-
mond and n-diamond have been converted from pure MWCNTSs,
cubic diamond has been converted from pure C60 without cata-
lysts being involved by the SPS at conditions of 1500 °C, 80 MPa
for 20 min. There was no notice of diamond formation in the case
of pure graphite sample processed by SPS at this condition. The
graphite is the most stable crystalline modification of carbon
among the MWCNTs, C60 and graphite allotropes under the
SPS. The parallel investigations by using the synchrotron radiation
in situ high temperature (AC field) X-ray diffraction show that
there is no diamond formation in the MWCNTs and C60 samples
at the same pressure (80 MPa) and temperature (1500 °C). Their
phase transitional mechanism from MWCNTs and C60 to dia-
mond indicated the high localized temperatures between parti-
cles due to the presence of momentary plasmas during the SPS
process.
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Spark plasma sintering (SPS) of carbon nanotubes based
materials to diamond was conducted at a very low pressure in
vacuum and argon atmospheres. The phases and micro-
structures of the sintered samples were analyzed by Synchro-
tron X-ray, Raman spectroscopy, and scanning electron
microscopy. Diamond phases are created from carbon nano-
tubes/FeNi mixtures at pressure of 9.55 MPa in vacuum and
argon atmospheres during SPS. At this pressure, carbon flowers,
and perfect diamond crystals are obtained at 1200 °C only in the
argon atmosphere. The consequences provide an indirect
evidence for the existence of plasma during SPS. The argon
atmosphere promotes the plasma generation and thus enhances
the diamond transition.

1 Introduction Spark plasma sintering (SPS), also
defined as field assisted sintering technique (FAST) or
pulsed electric current sintering (PECS), is an electric
field assisted sintering process utilizing ON-OFF DC
pulse energizing. The SPS is a remarkable technique to
synthesize and consolidate a large variety of materials.
There are many mechanisms proposed to account for
the enhanced sintering abilities of the SPS process; for
example, Joule’s heating [1, 2], local melting, and
evaporation especially in metallic systems [1], surface
activation on particles [3], electron wind force [4], field
assisted diffusion [5], spark impact pressure [1, 5], and
plasma cleaning of particle surfaces [2]. The one that
draws the most controversy of these mechanisms involves
the presence of momentary plasma. There are on-going
arguments about whether the spark plasmas actually occur
during the SPS process [6-8].
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Diamonds are obtained from carbon nanotubes/FeNi at 1200 °C
and 9.55 MPa in argon atmosphere of SPS.
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In our previous research [9], we have provided an
indirect way to validate the existence of the plasmas during
the SPS. It is in the light of a thermal dynamic analysis of the
phase transformation of nanocarbon materials. It was found
that the diamond forms from pure carbon nanotubes (CNTs)
and fullerenes C60 at 1500 °C and 80 MPa [8, 9]. The thermal
dynamic analysis suggests that the spark plasmas provide
most of the energy required in such diamond formation [10].
The SPS process typically uses moderate uniaxial pressures
below 100 MPa and commonly in vacuum. As indicated
from the plasma spraying technique, gases like H,, Ar, O,,
and so on can be used as plasma generating gases which can
enhance the plasmas generation [11, 12]. In this study, the
diamond synthesis from CNTs through the generation of
plasmas during the SPS was investigated by very low
pressure and various atmosphere SPS experiments. The pure
multiwalled carbon nanotubes (MWCNTs) and MWCNTs/

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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FeNi mixture powders were degassed in the SPS and then
sintered in vacuum and Ar gas atmospheres at 3 kN
(9.55MPa) which is the minimum pressure of the Model
HP D-5 FCT SPS system. The sintered samples were etched
and analyzed by Synchrotron X-ray diffraction, Raman
spectroscopy, and scanning electron microscopy. The effect
of the atmosphere on the diamond synthesis and plasma
generation during the SPS is discussed.

2 Experimental The MWCNTs (10-20nm) with
purity above 95% were obtained from Shenzhen Nanotech
Port, Ltd., China. The Fe35Ni powders with 325 meshes
were purchased from Alfa Aesar, Germany, which were
prepared by gas atomization method with 99.0% purity. The
MWCNTs were mixed uniformly with Fe35Ni powders at a
weight ratio of 1:1 by ball milling.

The SPS experiments were conducted using a Model HP
D-5 FCT SPS system (FCT systeme GmbH, Rauenstein,
Germany) installed at the Tycho Sinter Lab in the University
of Rostock. The powders were pressed into a $20mm
graphite die at 3kN pressure (9.55MPa). They were
degassed at 450 °C for 10 min in vacuum and then sintered
in vacuum (1-3 Pa) and argon gas (20 hPa), respectively. A
heating rate of 100 Kmin~' was adopted, and the sintering
process lasted typically 20 min. The final temperatures were
selected to be 1500 °C for pure MWCNTSs and 1200 °C for
MWCNTs/FeNi mixtures based on our previous researches
[9, 13]. The applied direct current for SPS was 1000-1500 A
with pulse duration of 12 ms and an interval of 2 ms. The final
samples are disk-shaped samples of 20 mm diameter and
Smm thickness. The sintered MWCNTs and MWCNTSs/
FeNi samples were etched in a boiling solution of
concentrated H,SO,4 (90 vol.%) and HNO5s (10 vol.%) for
2 h. The etched samples were washed using deionized water
repeatedly and dried in an oven. The phase identification of
the etched carbon samples was performed by a high-energy
X-ray diffraction at Beamline BW5 (DESY/HASYLAB
Hamburger Synchrotron Laboratory) with a wavelength of
0.123984 A (100.0keV) and by a Renishaw-2000 Laser
Raman spectroscopy system with a He—Ne laser excited at
514nm. The samples were also analyzed using scanning
electron microscope (SEM, Zeiss Supra 25, Germany) at
20keV.

3 Results and discussion Figure la shows the
synchrotron radiation-high energy X-ray diffraction patterns
of the MWCNTs powder and the SPSed MWCNTs at
1500 °C under 9.55 MPa in vacuum and Ar gas atmospheres.
The MWCNTSs powder shows diffraction peaks at 3.43,2.10,
1.70, and 1.22 (£0.01) A corresponding to the CNTs (002),
(100), (004), and (110) plane spacing, respectively. After
SPS processing, all the diffraction peaks of the CNTs are
much sharper than before. However, no diamond peaks were
found in the X-ray diffraction patterns. Figure 1b shows the
Raman spectra of the MWCNTs powder and SPSed samples.
The raw CNTs show D band at 1344 cm ™" and G band at
1569 cm ™!, After SPS, the G bands shifted to the same value

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a)
10000 + CNTSs (002)
Raw MWCNTs
8000 -]
2
2 6000 »
< £ CNTg (100) SPSed at 1500 °C
> | and 9.55 MPa in
{ vacuum
4000 4
SPSed at 1500 °C
and 9.55 MPa in Ar
2000
T T T
1 2 3 4 5
D spacing (Angstroms)
b) 2500
G band
D band 1560
Cubic diamond
2000
> 1500
‘@
C
2
S SPSed at 1500 °C

10004 and 9.55 MPa in Ar

SPSed at 1500 °C
and 9.55 MPai

500

Raw MWCNTs

0

T T T T T T T
900 1000 1100 1200 1300 1400 1500 1600 1700

Raman shift (cm™)

Figure 1 (online colorat: www.pss-a.com) Synchrotron radiation-
high energy X-ray diffraction patterns (a) and Raman spectra (b) of
the raw MWCNTSs and the spark plasma sintered MWCNTSs at
1500 °C and 9.55 MPa in vacuum and Ar gas atmospheres.

of 1560cm™' and the D bands shifted to 1332cm™
indicating the diamond sp> hybrid. The XRD results did
not show the diamond peak so that only the Raman spectra
results cannot confirm the diamond formation. The Raman
spectra results only indicate that there are some sp> carbon
hybrids in the samples after the SPS. The peak area ratio of
the D and G bands of the SPSed samples was calculated. The
sample sintered in the Ar gas shows higher D/G ratio (0.77)
than the vacuum sintered one (0.56). This indicates that there
is a higher fraction of sp® carbon hybrids in the Ar gas
sintered sample.

Figure 2a and b shows the SEM micrographs of the
MWCNTs samples SPSed at 1500 °C under 9.55 MPa in
vacuum. At lower magnification, some particles can be seen
on the surface of the sample (Fig. 2a). With a higher
magnification, it is found that these particles are in a
transition stage to diamond (Fig. 2b). Figure 2¢ and d shows
the SEM micrographs of the MWCNTSs samples SPSed at
1500 °C under 9.55MPa in Ar gas. There are much more
particles on the surface of the sample. A high magnification

Www.pss-a.com
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Figure 2 SEM micrographs of the spark plasma sintered MWCNTs at 1500 °C and 9.55 MPa in vacuum (a,b) and Ar gas atmospheres (c,d)

with various magnifications.

micrograph shows that they are in the transition stage too.
The SEM results are in accordance with the synchrotron
X-ray diffraction and Raman results showing that the SPS
processing of pure MWCNTs in Ar gas increased the fraction
of sp® carbon hybrids, without forming crystalline diamonds
in the samples.

Figure 3a shows the synchrotron radiation-high energy
X-ray diffraction patterns of the raw MWCNTSs and the
SPSed MWCNTs/FeNi at 1200°C under 9.55MPa in
vacuum and Ar gas. The MWCNTSs powder shows a main
diffraction peak at 3.43 (£0. 01)A corresponding to the
CNTs (002) plane spacing, and weak peaks at 2.10 and 1.70
(£0.01) A corresponding to the CNTs (100) and (004) plane
spacing, respectively. After SPS processing of the
MWCNTs/NiFe, new peaks were detected in the etched
sample and centered at 2.06, 1.25 (£0.01) A corresponding
to the cubic diamond (ICDD No. 65-537) (111) and (220).
The diamond peaks in the Ar gas sintered sample with

WWwWWw.pss-a.com

HWHM (full width at half maximum) value of 0.046 A are
shaper than that in vacuum with HWHM value of 0.090 A.
Figure 3b shows the Raman spectra of the MWCNTs/FeNi
samples SPSed at 1200 °C under 9.55 MPa in vacuum and
Ar gas. Both of them show the cubic diamond peak at
1332cm ™", The vacuum SPSed sample shows very weak
diamond peak (D/G =0.12); however, the Ar gas SPSed
sample exhibits a strong diamond peak (D/G = 0.94). Both of
the G bands center at the same value of 1558 cm ™" after SPS.
But these G bands are much sharper in the vacuum SPSed
sample with HWHM value of 19.1 cm™' than that in the Ar
gas with HWHM value of 42.0cm ™" indicating the higher
fraction of MWCNTs. The results of the synchrotron X-ray
diffraction and Raman spectra confirmed the cubic diamond
formation in the MWCNTs/FeNi samples after SPS at
1200 °C and 9.55MPa for 20 min in both vacuum and Ar
atmospheres. The Ar gas enhanced the diamond transition in
the SPS.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 (online colorat: www.pss-a.com) Synchrotron radiation-
high energy X-ray diffraction patterns (a) and Raman spectra (b) of
the raw MWCNTs and the spark plasma sintered MWCNTSs/FeNi
at 1200 °C and 9.55 MPa in vacuum and Ar gas atmospheres.

Figure 4a and b shows the SEM micrographs of the
MWCNTs/FeNi samples SPSed at 1200 °C and 9.55 MPa in
vacuum. There are only a few poor quality diamond crystals
created in the vacuum atmosphere of the SPS (Fig. 4a). A
cubic diamond crystal with an incomplete shape in the
reacted MWCNTs matrix is shown in Fig. 4b. Figure 4c—f
shows the SEM micrographs of the MWCNTs/FeNi samples
SPSed at 1200 °C and 9.55 MPa in Ar gas. Some flower-like
structured carbons are observable in the sample (Fig. 4c and
d). This indicates that sparking plasmas may have happened
and generated such carbon flowers. It is exciting that some
high quality diamond crystals with hexahedron structures are
found in the sample (Fig. 4e). A high magnification SEM
micrograph of perfect diamond crystals is shown in Fig. 4f.
The SEM results are in agreement with the synchrotron
X-ray diffraction and Raman results that the Ar gas
atmosphere in the SPS promoted the diamond formation.

Figure Sa and b shows the current and voltage during SPS
of the pure MWCNTs and MWCNTs/FeNi in vacuum and Ar
gas atmospheres. It is interesting to find that the current and
voltage values in Ar atmosphere are all higher than those in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

vacuum at the same temperatures using the same raw
materials of MWCNTs and MWCNTs/FeNi, respectively.
The Ar gas has high electrical resistance as well as it can
adsorb some heats during the SPS. The MWCNTs have large
surface areas and are sintered at the minimum pressure of the
SPS. Some amounts of Ar gas can enter into and be adsorbed
by the nanotubes. The resistance of the sample has been
increased. Therefore, the SPS in Ar gas needs much higher
current and voltages.

In this study, the SPS pressure is very low (9.55 MPa), so
that the pressure effect is negligible for the diamond
conversion. In both vacuum and Ar gas atmospheres, some
fractions of sp carbon hydrides have been obtained from the
raw MWCNTs and crystalline cubic diamond crystals have
been generated from the MWCNTs/FeNi by the SPS at such
a low pressure. Where is the energy coming from for the
transition of MWCNTSs to diamond? The total energy for the
diamond formation can be formulated [10]:

Q = AHt + Qp + AHy, (D

where Q is the total energy, AHt is the energy due to
temperature difference, Qp is the energy due to pressure
difference, and AHy, is the energy due to plasma effect. The
enthalpy of plasma is

H = Hg + Hx + Hp + Hi, (2)

where H is the plasma contribution, Hg is the kinetic
contribution, Hk is the excitation contribution, Hp, is the
dissolution contribution, and Hj is the electrolytic contri-
bution. Then,

_ 80
ds = T (3)
AQ(T) — AQ(Ty) = AS(Ty — T), @

where 7 is the temperature, Ty is the starting temperature,
AQ is the difference of mol free energy, and AS is the
difference of mol entropy. Only when AQ(7) < 0 MWCNTs
can be transformed into diamond. So, we can get the
equation:

AQ(To)

T>Ty+—-—.

AS ©)

The effect of plasma in the SPS has increased the entropy
AS of the whole SPS system resulting in a lower sintering
temperature 7' for the diamond formation. As a result,
diamonds were converted from MWCNTs with FeNi
catalysts under very low pressure of 9.55MPa. Based on
the above thermal dynamic analysis, it is indicated that the
plasma generated during the SPS operation plays the key
role and provides most of the energy which is needed for the
diamond formation. The momentary pulsed plasma provided
energy equivalent to several thousands degree to help the
MWCNTs across their activation barriers to form the
diamond phase with the assistances from solvent catalyst-

Www.pss-a.com
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Figure 4 SEM micrographs of the spark plasma sintered MWCNTs/FeNi at 1200 °C and 9.55 MPain vacuum (a,b) and Ar gas atmospheres

(c—f) with various magnifications.

FeNi. It leads to the transformation of mainly sp? bonded
MWCNTs to sp> bonded diamonds. Thus, this study
provided another important evidence for the existence of
plasma during the SPS at such low pressure diamond
formation.

The Ar gas-SPS processed MWCNTs samples have
higher fractions of sp® carbon hydrides than those treated in
vacuum. The Ar gas atmosphere-SPS processed MWCNTs/
NiFe samples have carbon flowers and perfect, high quality
diamond crystals with hexahedron structures; however, only
few incomplete shaped diamonds are found in the vacuum
processed sample. Such an obvious difference indicates that
the Ar gas atmosphere in the SPS operation enhanced the
plasma generation and promoted the diamond transition. In
present study, the MWCNTSs samples were firstly degassed
in vacuum at 450 °C for 10 min, and were sintered at the
minimum pressure (3 kN) of FCT D-5 SPS system. Because
of these special treatments, some amounts of Ar gas will

WWwWWw.pss-a.com

be adsorbed at gas pressure of 20hPa during the SPS.
The values of the voltage and current with function of
temperature during SPS are plotted (Fig. 5). The results
present that the current and voltage are much higher in Ar
atmosphere of the SPS using the same temperature program
and starting materials. The higher current and voltage in the
Ar atmosphere of the SPS generated larger sparking plasmas,
thus created more diamonds. It means that the Ar gas
atmosphere should be selected when the enhancement of the
plasma effect is needed in the SPS operation.

A plasma is an electrically conductive gas containing
charged particles. The plasma generated for plasma spraying
technique usually incorporates one or a mixture of the
following gases: Ar, He, N,, H,, and Air [12, 14, 15]. Ar is
probably the most favored primary plasma gas and is usually
used with a secondary plasma gas (H,, He, and N,) to
increase its energy [15]. It is the easiest gas to form plasma
and tends to be less aggressive toward electrode and nozzle

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online color at: www.pss-a.com) Current and voltage
values during SPS of the pure MWCNTs (a) and MWCNTSs/FeNi
(b) in vacuum and Ar gas atmospheres.

hardware. Most plasmas are started up using pure Ar. The
results in this study show that the Ar gas has a similar effect
asin the plasma spraying process. The atoms of the Ar gas are
excited to high energy levels during the SPS operation, the
atoms become ionized producing a plasma containing
electrically charged particles — ions and electrons. Mona-
tomic molecule of Ar plus energy gives one free atom of Ar:

Ar+E< Ar" +e 6)

The reverse process provides most of the energy for
heating without a dramatic drop in temperature. The
momentary generated plasmas can produce temperatures
around 7000-20000 K. Therefore, the generated plasma
during Ar gas-SPS supplies a high amount of energy, by
which promoted the fraction of sp® hydride carbon in the
MWCNTs and the diamond conversion from the MWCNTs/
NiFe at a very low pressure of 9.55 MPa.

In summary, some fractions of sp> hydride carbon in the
transition stage to diamond are obtained from the pure

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MWCNTs by SPS at 1500 °C and 9.55 MPa in vacuum and
Ar atmosphere. Crystalline cubic diamond crystals are
generated from the MWCNTSs/FeNi by SPS at 1200 °C and
9.55 MPain vacuum and Ar atmosphere. Carbon flowers and
high quality diamond crystals with hexahedron structures
are produced only in the Ar atmosphere. Such low pressure
diamond formation in both vacuum and Ar gas atmospheres
provides an important indirect evidence for the existence of
plasma during the SPS. The Ar atmospheres lead to higher
currents and voltages during SPS. It is assumed to promote
the plasma generation and sizes. The plasmas momentary
generated from ionized gas produced temperatures up
to thousands of degree and thus promote the diamond
transition.
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mechanism.

Spark plasma sintering (SPS) was used to synthesize diamond from multiwalled carbon nanotubes
(MWCNTs) with Fe35Ni powders as solvent catalysts. The MWCNTSs/Fe35Ni mixtures were spark plasma
sintered at various conditions. The microstructures and diamond phase were analyzed by using X-ray
diffraction, Raman spectroscopy, scanning electron microscopy, and transmission electron microscope
techniques. Experimental results showed that the diamond crystals can be synthesized from MWCNTSs/Fe35Ni
by using the SPS at lower temperature of 1200 °C under very low pressure of 70 MPa. Well-crystallized cubic
diamonds consisted of mono-crystals and poly-crystals exhibiting particle sizes ranged from 10 to 40 um. The
Fe35Ni catalysts achieved an effective enhancement for diamond conversion from MWCNTs during the SPS. A
model was also proposed to describe the diamond growth and revealed as a layer-by-layer growth

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Diamond particles and diamond films have now been successfully
obtained by many methods including high-pressure and high-
temperature (HPHT) [1], detonation [2], combustion flames [3] and
chemical vapour deposition (CVD) with RF plasma [4] or microwave
plasma [5] etc., where the HPHT method is still the most popular
commercial method for the diamond synthesis. The HPHT synthesis of
diamond from graphite, fullerenes, and carbon nanotubes (CNTs) has
been studied [6-8]; generally, pressures above 5.0 GPa and high
temperature above 1300 °C are needed. Additionally, incorporation of
solvent catalysts such as Ni, Co, Fe, other transition metals and their
alloys is a crucial point for aid of the diamond synthesis in the HPHT
method.

Spark plasma sintering (SPS), also defined as field assisted
sintering technique (FAST) or pulsed electric current sintering
(PECS), is an electric field assisted sintering process utilizing ON-
OFF DC pulse energizing [9]. During the SPS treatment, pulsed DC
current directly passes through the graphite die, as well as the powder
compact, in case of conductive samples. When studying the thermal
stability of multi-walled carbon nanotubes (MWCNTs) under the SPS,
it was found that under SPS conditions of 1500 °C at pressure of
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80 MPa CNTs are unstable and transform to diamonds without any
catalysts being involved [10-12]. It is proposed that the spark plasmas
play a key role to provide most of the energy required in this diamond
transition. These studies indicate that the SPS has a potential to be
used as an alternative method for diamond generation. But it needs
further investigation to promote the SPS method to be used as a large-
scale synthetic diamond production technique instead of the present
hydrostatic HPHT method.

In the HPHT method, the involved solvent catalysts could decrease
the energy barrier and affect the rate of a kinetics reaction for
diamond nucleation and contribute to the formation of diamond from
graphite [13,14]. Besides being able to reduce the transforming
temperature and pressure from graphite to diamond, they can also
affect the quality and crystal form of the diamond. It is indicated that
the solvent catalysts may have the same effects to promote diamond
growth from MWCNTSs in the SPS method. Currently preferred metal
catalyst materials are Fe-Ni alloys, such as Fe-35Ni, Fe-31Ni-5Co, Fe-
30Ni, and other INVAR alloys, where Fe-35Ni being the most preferred
and more readily available [15]. In order to increase the diamond
transitional rate, the Fe35Ni alloy powders were chosen as catalysts
for diamond synthesis from MWCNTSs by the SPS method in this study.
The MWCNTSs/Fe35Ni mixtures were spark plasma sintered at various
conditions. The microstructures and phases in the obtained carbon
samples were analyzed by using X-ray diffraction (XRD), Raman
spectroscopy (Raman), scanning electron microscopy (SEM), and
transmission electron microscope (TEM) techniques. The growth
model of the diamond crystals from the MWCNTSs in the SPS process
was proposed.
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Fig. 1. TEM (a) and SEM (b) micrographs of the starting MWCNTSs, as well as SEM micrographs of the Fe35Ni powder catalysts (c) and MWCNTs/Fe35Ni powder mixtures (d).

2. Materials and methods

The MWCNTs were obtained from Shenzhen Nanotech Port, Ltd., D band G band

China, which were produced by catalytic chemical vapour deposition
(CCVD) in which CH4 was converted into CNTs at 1000 °C in the
presence of Ni and La catalysts. The purity of the pristine MWCNTs
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Fig. 2. X-ray diffraction patterns of the starting MWCNTs, Fe35Ni catalyst, and the spark Fig. 3. Raman spectra of the starting MWCNTs and the spark plasma sintered MWCNTs/
plasma sintered MWCNTs/Fe35Ni samples at 1100-1500 °C after etching. Fe35Ni samples at 1100-1500 °C after etching.
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was claimed above 95% by the producer where presented less than 5%
impurities of amorphous carbon and catalysts. The Fe35Ni powders
with 325 meshes were purchased from Alfa Aesar, Germany, which
were prepared by gas atomization method with 99% purity.

The MWCNTSs were mixed with Fe35Ni powders at a weight ratio
of 1:1 by ball milling, and pressed into a graphite die for SPS treatment
to form disk-shaped samples. The SPS experiments were conducted
using a Model HPD-25/1 FCT spark plasma sintering system (FCT
systeme GmbH, Rauenstein, Germany) at temperatures of 1100-
1500 °C for holding time of 20 min under an axial pressure of 70 MPa
in a vacuum (<6 Pa). A heating rate of 100 K/min was adopted, and
the sintering process lasted typically 20 min. The applied direct
current for SPS was about 1000 A, with a pulse duration of 12 ms and
an interval of 2 ms. The resulting disk-shaped samples with diameter
of 20 mm and thickness of 6 mm were fabricated. The sintered
MWCNTs/Fe35Ni samples were etched in a boiling solution of
concentrated H,SO4 (90vol.%) and HNOs; (10vol.%) for 2 h. The
etched samples were washed using deionized water repeatedly, and
dried in an oven. Further identification was performed with an X-ray
diffraction (XRD, Bruker D8, Germany) with a CuK radiation
(0.154178 nm). The etched samples were analyzed by a Bruker
Fourier Transform (FT-) Raman Spectrometer uses a Bruker RAM II
Raman module coupled to the VERTEX 70 optical path. The
instrument comes with a Nd:YAG laser source with 1064 nm
excitation wavelength and a maximum power output of 1500 mW.
Scanning electron microscope (SEM, Zeiss Supra 25, Germany) and

transmission electron microscope (TEM, Zeiss-Libra1l20, Germany)
operating at 120 keV were employed to characterize the starting
materials and the products following the SPS treatment.

3. Results

The typical morphologies of the MWCNTSs starting materials are
shown in Fig. 1(a) and (b). They are found to exhibit an external and
internal diameter of ca. 40 nm and 20 nm, respectively (Fig. 1a). No
other forms of carbon and metal catalysts were identified during the
TEM observations. The SEM micrograph shows that the MWCNTs
appear entangled and agglomerated together (Fig. 1b). The SEM
micrograph of the FeNi catalyst powders is shown in Fig. 1(c). The gas
atomized powders present average particle sizes about 40 pm. After
ball milling with the MWCNTs, the FeNi powders are mixed well with
the nanotubes as shown in Fig. 1(d).

The MWCNTs/FeNi samples were sintered in the SPS furnace at
various temperatures under 70 MPa for 20 min. All the obtained
samples were etched in boiling acid to remove the FeNi catalysts and
the un-reacted MWCNTSs. Fig. 2 shows the X-ray diffraction patterns of
the starting MWCNTSs, Fe35Ni catalyst, and the spark plasma sintered
MWCNTs/Fe35Ni samples at 1100-1500 °C after etching. The starting
MWCNTs show the (002) plane at 26 of 25.86° without Ni and La
catalysts peaks. The Fe35Ni catalysts show diffraction peaks at 26 of
43.60 and 50.79°. After etching of the obtained MWCNTSs/Fe35Ni
samples, no obvious Fe35Ni diffraction peaks were detected in the

EMZUniRo

Fig. 4. SEM micrographs of the spark plasma sintered MWCNTs/Fe35Ni samples at 1100 °C (a), 1200 °C (b-d) after etching, exhibiting the growing process of diamonds.
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1100-1500 °C sintered samples. It indicated that the FeNi catalysts
have been completely removed from the carbon samples by the
boiling acid treatment. The peak at 26 of 42.90° in the raw CNTs has
shifted to 43.37° in the 1100 °C sintered sample. It is noted that this
sample is in the transitional stage from CNTs to diamond. It is
identified that the cubic diamond peak at 26 of 43.95° with d-spacing
of 0.26 nm is present in the samples of 1200-1500 °C. There is still a
broad CNTs (002) peak indicating that there are some un-reacted and
un-removed CNTs in the samples. Additionally, haxonite (Fe,Ni),3Cg
peaks are found in the XRD results of 1200-1500 °C sintered samples.
With temperature increment from 1200 to 1500 °C, the haxonite
peaks become stronger and stronger. It is due to the reaction between
the FeNi catalysts and the MWCNTs at high temperatures.

Fig. 3 shows the Raman spectra of the starting MWCNTSs and the spark
plasma sintered MWCNTSs/Fe35Ni samples at 1100-1500 °C after etching.
The D band of the starting MWCNTSs appeared at 1290 cm . After spark
plasma sintered at 1100 °C, the MWCNTSs peak was still presented in the
spectrum, but it appeared a new small peak centered at 1300 cm ™. In the
spectra of the 1200-1500 °C sintered samples, each of them exhibit a
sharp and intense line with a frequency shift of 1332 cm ™!, which is the
characteristic Raman shift of the cubic diamond. However, the MWCNTs
peak (1290 cm ™) still existed but became broader in the Raman spectra,
which indicated the un-reacted nanotubes haven't been completely
removed but their structures have been destroyed by the boiling-acid
treatment. The D band shifted from the starting 1290 cm ™~ to 1332 cm ™!
indicating the cubic diamond formation above the temperatures of

EMZUniRo

EMZUniRo

1200 °C. The G band is due to the E»; mode of graphite band (G band)
relating to the sp? bonded carbon vibrations in a 2-dimensional graphitic
hexagonal lattice. The G bands appeared at 1606 cm™" in the starting
MWCNTs and 1100 °C sample, has shifted to 1584 cm ™! around in the
samples of 1200-1500 °C, which implied the formation of graphite phase
besides the diamond formation from the carbon nanotubes above the SPS
temperature of 1200 °C. The Raman results indicated that diamonds have
been converted from the MWCNTs/Fe35Ni in the temperature range of
1200-1500 °C. The XRD and Raman results confirmed the diamond
formation in the 1200-1500 °C sintered samples.

The SEM micrographs of the spark plasma sintered MWCNTs/FeNi
samples at 1100 °C and 1200 °C after etching are shown in Fig. 4.
Compared with the starting CNTs (Fig. 1b), the MWCNTs in the
1100 °C sample were almost melted and adhered together, but the
tubular structure of the CNTs was noticeable in the growing diamond
(Fig. 4a). After sintering at 1200 °C, diamond crystals with sizes of 10-
40 um are observed in the samples (Fig. 4b). These diamond crystals
are in shape of hexahedron. Some flake-like carbons are noticed in the
sample, as indicated by circles. The higher magnification SEM
micrograph shows that the diamond crystals without residual CNTs
left on their surface (Fig. 4c). The high magnification micrograph in
Fig. 4(d) indicated the layer-by-layer texture on the diamond crystals.

Fig. 5 shows the SEM micrographs of the spark plasma sintered
MWCNTs/FeNi samples from 1300 °C to 1500 °C after etching. The
particle size of the diamond crystals did not increase with the
increasing sintering temperatures (Fig. 5a-c). A 1500 °C synthesized

|

Fig. 5. SEM micrographs of the spark plasma sintered MWCNTs/Fe35Ni at 1300 °C (a), 1400 °C (b), 1500 °C (c, d) after etching, showing the diamond crystals and flakes.
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diamond with crystal size about 20 um also showed clear layer-by-
layer textures (Fig. 5¢). On the matrix of this diamond crystal, there
are many flake-like carbons as shown in Fig. 5(d). Such flake-like
carbons were found in all these samples from 1300 to 1500 °C. The
carbon flakes in these higher temperature sintered samples are
similar to those in the 1200 °C sintered one. These flakes also showed
layer-by-layer microstructures. The SEM observations agree well with
the XRD and Raman results.

Fig. 6 shows the TEM micrographs and selected area diffraction
patterns of the spark plasma sintered MWCNTs/Fe35Ni sample at
1200 °C after etching. There are some mono-crystal and poly-crystal
diamonds in the samples (Fig. 6a-d). The monocrystalline diamond also
shows the layer-by-layer structures (Fig. 6a), which is consistent with
the results of the SEM. The selected area diffraction pattern of the crystal
in the bottom of the Fig. 5 (a) confirmed that the diamond is mono-
crystal along [110] direction (Fig. 6b). The poly-crystal diamond is in size
of tens of micrometers (Fig. 6¢). The selected area diffraction pattern
with diffraction rings were calculated and confirmed that the diamonds
are cubic poly-crystals (Fig. 6d). The XRD, Raman, SEM, and TEM
identification results have confirmed the diamond formation in
MWCNTs with Fe35Ni as catalysts at a lower temperature of 1200 °C.

4. Discussions

The XRD, Raman, SEM and TEM results in Figs. 2-6 confirmed that
monocrystalline and polycrystalline diamonds were synthesized in the

SPS
Pressuredirection

SPS
Pressuredirection

Fig. 7. Schematic illustration of the growth model of diamond crystals from MWCNTs in
SPS.

MW(CNTs/Fe35Ni sample after SPS at temperatures above 1200 °C. The
SEM results showed better diamond crystal shapes in the 1200 °C
sintered samples. The TEM with selected area diffraction patterns
showed the existence of diamond mono-crystals and poly-crystals in

Cubic l

Diamond (222)(311) (111) (220) (400)

Fig. 6. TEM micrographs with selected area diffraction patterns of the 1200 °C spark plasma sintered MWCNTSs/Fe35Ni sample after etching, showing the monocrystalline diamond

(a, b) and polycrystalline diamond (c, d).
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the 1200 °C sintered samples. Higher temperatures (1300-1500 °C) did
not lead to larger diamond crystals as seen in the SEM images. The
1200 °C is the optimal diamond synthesizing temperature for the
MWCNTs/Fe35Ni samples. This temperature 1200 °C for the diamond
synthesis is much lower than that of the MWCNTs without catalyst
(1500 °C) in our previous research [10]. It indicates that the FeNi
catalysts are effective to enhance the diamond conversion from
MWCNTs in the SPS technique. The melting point of Fe35Ni alloy is
about 1460 °C as measured in its phase diagram. During the SPS
processing, the melting point of this Fe35Ni powder has been decreased
due to the pulsed current induced powder activation, and the applied
pressures. There is usually some temperature difference between the
mold surface and the actual temperature in the SPS sample. The
temperature measurement design in the FCT spark plasma sintering
system allowed a very accurate temperature control since the
temperature difference between the centre of the sample and the
controlling pyrometer was always below 5 °C [16]. The catalysts of
Fe35Ni alloy powders were melted at SPS temperature of 1200 °C,
which was noticed during the SPS of the MWCNTs/Fe35Ni samples; so
that, it reduced the SPS temperature to 1200 °C and the pressure to
70 MPa for the diamond synthesis as well as increased the diamond
transitional rate using the MWCNTSs as carbon sources. In general, milder
conditions were realized for the diamond synthesis by using the Fe35Ni
catalysts in this study. In the HPHT method, the carbon-carbon diagram
for the diamond synthesis is crucial [17]. In this SPS method, there will
be a new carbon-carbon diagram for the diamond synthesis, which can
predict the optimal temperature-pressure region.

The layer-by-layer structure of diamond crystals were found in the
SEM and TEM micrographs. Our previous research revealed the initial
diamond growth mechanism from MWCNTs to diamond in SPS
without catalysts, that is from CNTs to intermediate phase carbon
onions, and finally to diamond [11]. The diamond crystals in the
samples without FeNi catalysts were also shown the similar layer-by-
layer structures. Many flake-carbons with layered structures were
found in the samples of 1200-1500 °C. This indicates that the
diamond crystals were grown up from these carbon flakes. Based
upon the above analysis, a model for the growth of diamond crystals
during the SPS is proposed in Fig. 7. The direction of pressure during
the SPS is along two axial, but not in six directions as in HPHT six-anvil
press. Therefore, the diamonds were easier to grow in the directions
without pressures. As a result, the MWCNTs were grown to layered
diamond flakes perpendicular to the direction of pressure. Finally,
several diamond flakes have reacted together and formed a three-
dimensional diamond crystal. In a word, the growth mechanism of
diamond from MWCNTs is a layer-by-layer model in the SPS method.
This growth model is available for the MWCNTSs to diamond with and
without catalysts. This mechanism will be constructive and helpful for
the large diamond crystals synthesis by using the SPS technique.

5. Conclusions

Fe35Ni solvent catalyst has been involved to synthesize diamond
from MWCNTs by using the SPS technique. Cubic diamond crystals
were synthesized from the MWCNTs/Fe35Ni mixtures at lower SPS
temperature of 1200 °C under the pressure of 70 MPa. In the sample,
well-crystallized diamond mono-crystals and poly-crystals consisted
particle sizes ranged 10-40 um. The Fe35Ni catalysts achieved an
effective reduction of the SPS temperature to 1200 °C and the SPS
pressure to 70 MPa for the diamond synthesis, as well as an increment
in diamond transitional rate from MWCNTs in the SPS. A model was
also proposed to describe the diamond growth and revealed as a
layer-by-layer growth mechanism.
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The growth of diamond from fullerene C60 was studied by spark plasma sintering (SPS). The phases and
microstructures were analyzed by Raman spectroscopy, Synchrotron X-ray, scanning electron micro-
scopy and transmission electron microscopy. Experimental results show that C60 becomes unstable
and can be directly transformed into diamond by SPS under a pressure of 50 MPa at temperatures above
1150 °C, without any catalyst being involved. Polycrystalline diamond crystals with sizes up to 250 pm
and transition rate about 30 vol% are obtained at SPS temperature of 1300 °C. The mechanism indicates
that the high fraction of sp> hybrids in the fullerene C60 and the generated plasmas in the SPS lead to its
transformation into diamond at such low temperatures and pressures. The transformation from C60 to
diamond is a direct transition process with a structural reconstruction of carbon atoms without

B1. Diamond
B1. Fullerenes

intermediate phases being involved.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to its unique physical and chemical properties, fullerene
C60 is a promising candidate substance for many novel applica-
tions in industry. Therefore, it is very important to deeply under-
stand the stability and phase transformation behavior under
extreme physical conditions. Duclos et al. [1] reported that the
C60 molecules are extremely stable at room temperature, with-
standing hydrostatic pressure of up to about 20 GPa. It is trans-
formed irreversibly into a new hard carbon phase above
hydrostatic pressure of 27 GPa [2,3]. Under non-hydrostatic high
pressures (20 +5 GPa), the C60 is unstable to collapse into a
diamond phase at room temperature [4]. At high temperatures
above 1500 °C, C60 crystals are transformed into diamond in a
pressure range of 9-15 GPa [5]. Nanocrystalline cubic diamond
with crystallite sizes of 5-12 nm could be synthesized from
fullerene C60 at 20 GPa and 2000 °C using a multi-anvil appara-
tus [6]. Microcrystalline diamonds up to 6 um were produced
from fullerenes C60 to C150 using a shock-wave synthesis under
pressures ranged 24-40 GPa [7]. In general, it needs solely super-
high pressure or high pressure (in several GPa) and high tem-
perature for the phase transition of C60 to diamond.

The spark plasma sintering (SPS) is a field assisted sintering
technique utilizing ON-OFF DC pulses to generate a pulsed
electric field, which provides an extreme physical condition. The

* Corresponding author. Tel.: +49 381 4986864; fax: +49 381 4986862.
E-mail address: faming.zhang@uni-rostock.de (F. Zhang).

0022-0248/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jcrysgro.2011.12.005

SPS has very broad applications for the preparation of conven-
tional and new materials. However, it is a relatively new techni-
que for the synthesis of diamonds. Our researches have shown
that carbon nanotubes are unstable and can be converted into
diamond without [8-10] or with metallic catalysts [11] under the
pulsed electric field of the SPS. Our recent work has shown that
C60 can be converted into diamond under the same SPS condi-
tions as carbon nanotubes are converted to diamond (1500 °C,
80 MPa) [12]. Since the C60 has a higher sp> hybridization
fraction than that of carbon nanotubes, it makes the transforma-
tion of C60 into diamond easier. Therefore, it is postulated that
the C60 may be able to increase the diamond size and transition
rate in the SPS diamond synthetic method. In this study, the
diamond growth from C60 was studied under the pulsed electric
field of the SPS system to increase the size and transition rate of
diamond. The spark plasma sintered carbon samples were ana-
lyzed using micro-Raman spectroscopy, Synchrotron X-ray, scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) techniques. Its phase transformation mechan-
ism is also discussed.

2. Materials and methods

The fullerene C60 was purchased from SES research, Houston,
USA. The purity of the pristine C60 was claimed by the producer
to be about 99.5%. The pure C60 powders were pressed into a
graphite die for SPS treatment to form disc-shaped samples. The
SPS experiments were conducted using a Model of HP-D5 FCT
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spark plasma sintering system (FCT systeme GmbH, Rauenstein,
Germany) installed at the Tycho Sinter Lab in the University of
Rostock, under an axial pressure of 50-80 MPa at temperatures of
1100-1500 °C in vacuum ( <6 Pa). A heating rate of 100 K/min
was used, and the sintering process lasted typically 20 min. The
applied direct current for SPS was about 1000 A with a pulse
duration of 12 ms and an interval of 2 ms leading to disc-shaped
samples with a diameter of 20 mm and a thickness of 5 mm.

The sintered samples were etched in a solution of concen-
trated H,SO4 (90 vol%) and HNOs (10 vol%) at room temperature
for 12 h. The etched samples were washed using de-ionized water
repeatedly, and dried in an oven. The identification was per-
formed with a Renishaw-2000 Laser Raman spectroscopy system
with a He-Ne laser excited at 514 nm with a power density of
4.7 mW and a spot diameter of about 5 um. Further identification
was performed with a high-energy X-ray diffraction at beamline
BWS5 (DESY/HASYLAB Hamburger Synchrotron Laboratory) with a
wavelength of 0.123984 A (100.0 keV). Scanning electron micro-
scope (SEM, Zeiss Supra 25, Germany) and transmission electron
microscope (TEM, Zeiss-Libra120, Germany) operating at 120 keV,
were employed to characterize the starting materials and the
products following the SPS treatment.

3. Results and discussion

Fig. 1(a) shows the TEM micrograph of the fullerene C60
powder with particle sizes from 40 to 100 nm. There are some
agglomerates in the particles. The inserted selected area diffrac-
tion pattern on a specific C60 particle indicates that the C60 is a
single crystal along the [110] direction. Fig. 1(b) shows the SEM
micrograph of the C60 powder. The particle agglomerates are
from nanometer to 4 pm.

Fig. 2(a) shows the Raman spectra of the raw C60 and the
spark plasma sintered (SPSed) C60 samples after etching. The raw
C60 shows a sharp peak that appeared at 1460 cm~' and two
weak broad peaks centered at 1568 and 1413 cm ™. Previous
study [12] demonstrated that SPS processing of C60 with a
pressure of 80 MPa and a temperature of 1500 °C is leading to
the formation of diamond. Hereby, the SPS pressure was reduced
to 50 MPa. As expected, the cubic diamond peaks can also be
detected at 1333 cm~! in the Raman spectra taken for the
samples SPS processed in the temperature range from 1150 to
1500 °C. However, the diamond band of the samples sintered at
1150 °C is very broad having the lowest height. Its graphite band
at 1568 cm~! is at the same value as that of the raw C60. It
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Fig. 1. TEM micrograph with inserted selected area diffraction pattern (a) and SEM micrograph of the raw fullerene C60 powder (b).

indicates that there is only a small fraction of diamond in this
1150 °C SPSed sample. With an increase in temperature to 1200,
1300 and 1500 °C, the diamond band at 1333 cm~! gets sharper
and sharper, as well as the graphite band is shifted to a higher
value of 1576 cm ™. The result of the 1300 °C SPSed C60 shows a
Raman spectrum similar to the 1500 °C SPSed sample. The main
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peak in the pure C60 spectrum at 1460 cm~' disappears in all
the spectra of the samples processed in the temperature range
1150-1500 °C. This indicates that the C60 is completely trans-
formed into diamond and graphite phases after SPS at above
temperatures of 1150 °C. Fig. 2(b) shows the synchrotron radia-
tion-high energy X-ray diffraction patterns of the raw C60 and the
SPSed C60 samples after etching. In the 1150 °C sintered C60
sample, very weak diamond peaks at d spacing of 2.06 and 1.26 A
are found. The C60 after SPS at temperatures above 1200 °C show
more shaped cubic diamond diffraction peaks at d spacing of 2.06
and 1.26 A and broad graphite peaks. The synchrotron radiation is
generated by the acceleration of ultrarelativistic charged particles
and it can penetrate all the SPSed C60 pellets. The peaks of
graphite are very broad indicating its amorphous structure.
Amorphous graphite is the least graphitic of the graphite types
where none of the common crystal faces are visible. The C60
diffraction peaks disappeared indicating the C60 has completely
transformed into diamond and amorphous graphite phases after
the SPS processing at temperatures from 1150 to 1500 °C. The
Raman and Synchrotron X-ray results confirmed the diamond
formation in the C60 samples. However, the FWHMs of the
diamond peaks in the Raman spectra and Synchrotron X-ray
diffraction patterns are all broad. Such broad peaks are known
to be a sign of fine diamond crystallites or highly detective nature
of the crystals. It is calculated from the peak-area ratio in
the Raman results that the fractions of the sp> hybridized carbon
in the final products are about 50vol% in the samples of
1200-1500 °C. As calculated from the peak-area ratio in the
Synchrotron X-ray results, the fractions of the diamond in the

EMZUniRo

final products are about 30 vol% in the samples processed at 1300
and 1500 °C. Combining both of them, the transition rate of
diamond from C60 is at least 30 vol% in the SPSed samples at
1300 and 1500 °C.

Fig. 3 shows the SEM micrographs of the SPSed C60 samples
after etching. In the 1150 °C SPSed sample, it noticed few small
diamond particles, as marked by circles (Fig. 3a). Some diamond
crystals with hexagonal, tetragonal or triangular shapes are found
in Fig. 3(b) of the 1200 °C SPSed sample. The particle sizes of the
diamond crystals are from tens of micrometers up to 200 pm, as
marked by circles. The diamond crystals with perfect hexahedron
shapes are clearly observed in the 1300 °C sintered sample
(Fig. 3c). The diamond sizes range from 100 to 250 pm, and they
are larger than those of the sample sintered at 1200 °C. Some fine
diamond crystals are noticeable on one big diamond crystal. The
micrographs of the 1500 °C sintered C60 sample show that the big
diamond crystals are almost melted (Fig. 3d). There are many fine
diamond crystals below 4 pm on the big crystals (Fig. 3e). It is
obvious that the diamond crystal sizes do not increase with the
increase in temperature. A processing temperature of 1300 °C is
the best for the phase transformation of C60 directly to diamond,
according to this study. The particle size of the diamond crystals
made from C60 is up to 250 pum. It is a very large size for such
conversion without any catalyst being involved in the process.

The TEM micrograph of the 1200 °C spark plasma sintered C60
sample is shown in Fig. 4. Fig. 4(a) shows a big diamond crystal
with some pure C60 particles. The particle size of the C60 in this
SPSed sample lies in the range of 40-100 nm. It is identical to that
of the pure C60 (Fig. 1a). The C60 particles are present with

Fig. 3. SEM micrographs of spark plasma sintered C60 samples at 1150 °C (a), 1200 °C (b), 1300 °C (c) and 1500 °C (d, e) after etching, showing the growth of diamond

crystals.
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Fig. 4. TEM micrograph of a diamond crystal formed in the 1200 °C spark plasma sintered C60 sample (a) with the selected area diffraction pattern (b), exhibiting the

polycrystalline diamonds.

the diamond crystal together. This indicates that the diamond is
directly transformed from these C60 particles. The selected area
diffraction pattern was diffraction rings were calculated and this
confirmed that the diamonds are cubic polycrystals (Fig. 4b). It is
noted that there are two sets of diffraction patterns indicating the
presence of two cubic polycrystals in the selected area (Fig. 4b).
No formation of an intermediate phase was observed for the C60
transformation into diamond in the TEM micrograph. The trans-
formation from C60 to diamond seems to be a direct carbon
transformation process with structural reconstruction without
the production of any intermediate phase.

The Raman, Synchrotron X-ray, SEM and TEM identifications
have confirmed the diamond formation in the C60 by the SPS at
milder conditions. The diamond particle size and transition rate
both increased using the C60 as carbon source for diamond
synthesis. The experimental results validated the hypothesis in
the introduction. Due to the high price of the C60, conversion of
C60 to diamond by SPS has more theoretical impact than its
practical applications for the growth of diamond. For its practical
use, this study suggests that the C60 may be able to be used as a
doping catalyst to promote the diamond transitions. Vul et al. [13]
have studied the effects of fullerene on the high-pressure high
temperature synthesis of diamond from graphite and found that
the fullerenes increased the percentage of graphite to diamond
conversion by a factor of 1.8 and allowed the pressure and
temperature of the synthesis to be decreased. Therefore, the
application of C60 as one type of catalyst or doping catalyst for
diamond synthesis in the SPS or other techniques has some
practical prospects. The theoretical impact of the conversion of
C60 into diamond by the SPS at such milder condition is very
constructive. The carbon atoms in C60 are sp? hybridized with a
high fraction of sp® hybridized structure due to an angular strain.
It is a bit difficult to transform the planar sp? structure to the
diamond sp>® network. Our previous results confirmed that the
graphite with pure sp? structure cannot be converted to diamond
in the SPS [12]. The C60 can be considered as a folded graphite
sheet with the predominant sp> hybridization in the pentagons.
This makes the transformation of C60 into diamond easier.
A dense assembly of C60 spheroids, where 48 out of 60 carbon
atoms have quasi-tetrahedral coordination, is sterically fairly
close to that of the diamond [1,4]. It implies that a small
rearrangement of the atoms of C60 can result in the change of
its structure. However, it still needs solely superhigh pressure or
high pressure and high temperatures for the phase transition
from C60 to diamond [1-6]. In the pulsed electric field of the SPS,
the DC currents were passed through the graphite die and the C60

sample. The pulsed electric field in the SPS utilizes high currents
up to thousands of ampere and low voltages up to 10 V eventually
generating spark plasmas provides most of the energy for the
diamond formation under such low temperatures and low pres-
sure. Our previous research has proved the presence of plasmas
during SPS of these conductive and high surface area nanocarbon
materials [12]. Finally, the C60 gets unstable under such pulsed
electric field and can be transformed into diamond at tempera-
tures as low as 1150 °C. In other words, the mechanism for the
conversion of C60 to diamond owns to the special structure of the
C60 and the unique SPS technique.

4. Conclusions

Fullerene C60 is unstable and can be transformed into crystal-
line diamond by spark plasma sintering under a pressure of
50 MPa above temperatures of 1150 °C without any catalysts
being involved. Well-defined diamonds with particle sizes up to
250 pm and transition rate about 30 vol% are obtained at 1300 °C
and no further growth in particle size is seen beyond this
temperature. The mechanism analysis indicates that the high
sp> hybrid fraction in the C60 and the generated plasmas in the
pulsed electric field lead to its transformation to diamond. It is a
direct transition process from C60 to diamond with a structural
reconstruction of carbon atoms without intermediate phases
being involved.
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Abstract: The titanium-manganese (TiMn) alloys have been
extensively used in aerospace and hydrogen storage. In this
study, the TiMn alloys with various manganese contents
ranging from 2 to 12 wt % were prepared by using mechani-
cal alloying and spark plasma sintering (SPS) techniques.
The microstructures, mechanical properties including hard-
ness, elastic modulus and ductility, cytotoxicity and cell pro-
liferation properties of the TiMn alloys were investigated to
explore their biomedical applications. The addition of manga-
nese to the titanium reduced the o to B transformation tem-
perature and was confirmed as a [ stabilizer element. The
manganese increased the relative density of the alloy and
thus high density TiMn alloys with o+ structure were pre-
pared by using SPS at 700°C. The hardness increased signifi-
cantly ranging from 2.4 GPa (Ti2Mn) to 5.28 GPa (Ti12Mn)

and the elastic modulus ranging from 83.3 GPa (Ti2Mn) to
122 GPa (Ti12Mn), the ductility decreased ranging from
21.3% (Ti2Mn) to 11.7% (Ti12Mn) with increasing manganese
content in the Ti. Concentrations of Mn below 8 wt % in tita-
nium reveal negligible effects on the metabolic activity and
the cell proliferation of human osteoblasts. The Mn could be
used in lower concentrations as an alloying element for bio-
medical titanium. The Ti2Mn, Ti5Mn, and Ti8Mn alloys with
supervisor mechanical properties and acceptable cytocompat-
ibility have a potential for use as bone substitutes and dental
implants. © 2010 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater 94B: 406-413, 2010.

Key Words: titanium alloys, spark plasma sintering, mechani-
cal properties, cytocompatibility, biomedical applications

INTRODUCTION

Titanium (Ti) and its alloys are widely used as biomaterials
especially for orthopedic implants in load bearing sites as
dental and orthopedic implants and heart valves, because of
their high mechanical properties, corrosion resistance, and
biocompatibility.! Pure Ti was once used as biomaterial, but
the disadvantage for the use of pure Ti as implant materials
is its low strength and insufficient hardness.? Therefore, the
Ti6Al4V alloy is preferentially in clinical use because of its
favorable mechanical properties. However, some studies
showed that the vanadium (V) and aluminum (Al) release in
the Ti6Al4V alloy could induce Alzheimer’s disease, allergic
reaction, and neurological disorders.® Therefore, the explo-
ration of high strength new Ti alloys without Al and V for
medical implants has gained great attentions in the past
years and is still ongoing.

Vanadium and aluminum free alloys containing nontoxic
elements such as iron (Fe),* niobium (Nb),> zirconium (Zr),°
tantalum (Ta),’ molybdenum (Mo),® nickel (Ni)’ gold
(Au),*° silicon (Si),'* and so forth were investigated. We try
to explore some new element for the biomedical Ti alloy.
Manganese (Mn) is one of the essential trace elements in

Correspondence to: F. Zhang; e-mail: faming.zhang@uni-rostock.de
Contract grant sponsor: DFG (Welisa); contract grant number: GRK1505/1

406

human body. The Mn is beneficial to the normal skeletal
growth and development'? and is important for enzymes in
the body like the superoxide dismutase therefore involved
in the elimination of radicals.'* Thus the Mn element should
have less toxicity than the Al and V. The Mn was doped in
magnesium alloy to improve its corrosion resistance and
mechanical properties for biomedical applications.’* The Mn
was incorporated to tricalcium phosphate bioceramics,
which resulted in a sufficient cell compatibility.!® The pre-
liminary results in our group showed that the Mn incorpo-
ration into the Ti alloys could enhance the cell adhesion
properties.'®

The Ti8Mn alloys have been used in aerospace field and
the TiMn, Laves phase has been used already for hydrogen
storage.!”'® Nevertheless, few studies were on the explora-
tion of TiMn alloys for biomedical applications. The TiMn
alloys were generally fabricated by traditional casting or
powder metallurgy techniques. Because of high melting
point, high reactive activity at high temperature, and con-
tamination susceptibility, the Ti alloys are difficult to be
produced from the liquid state. The production of Ti alloys
via a powder metallurgy (PM) route is attractive because of

© 2010 WILEY PERIODICALS, INC.
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the ability to produce net-shape components. Because of
their stable surface oxide film (TiO;), the Ti alloys are diffi-
cult to be sintered by traditional PM sintering techniques.'®
Thus, the spark plasma sintering (SPS)—a pulsed electric
current field assisted sintering technique—has been used to
prepare the Ti alloys. In our previous study, Ti8BMn and
Ti12Mn alloys were prepared by mechanical alloying (MA)
and SPS techniques and preliminarily investigated.?° In this
study, the Mn element was incorporated into the Ti, and
TiMn alloys with 2, 5, 8, 12 wt % Mn amounts were pre-
pared by MA and SPS techniques. The preparation process,
microstructures, mechanical properties, cytotoxicity, and cell
proliferation properties of the TiMn alloys were investigated
for exploration of their biomedical applications. Pure Ti, Mn
metals, and Ti6Al4V alloys were also fabricated at the same
conditions for a comparison.

MATERIALS AND METHODS

The raw Ti and Mn powders were prepared by gas atomiza-
tion method with 99.0% purities (Fluka, Germany). TiMn
alloys were designed by varying the amount of Mn in the Ti
with 2, 5, 8, and 12 (wt %) compositions on the base of the
binary phase diagram of TiMn alloys in Figure 1 showing
the phases of the Ti-2, 5, 8, 12 wt % Mn alloys. With Mn
below 12 wt %, the phase composition of the TiMn alloy is
Ti2Mn2 phase. After weighting, each component of the
designed composition was mechanical alloyed with a high
energy planetary ball milling machine (Retsch PM400,
Germany). Chromium hardened steel vials and balls were
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used as grinding media, with ball to powder ratio of 15:1.
Wet-milling in hexane was performed for different hours at
250 rpm. Hexane was used as process control agent to pre-
vent oxidation and excessive contamination from the grind-
ing media.

The sintering was accomplished using a Model HPD-25/
1 FCT SPS system (FCT systeme GmbH, Rauenstein, Ger-
many) at a temperature of 500-800°C for various times.
The powders were loaded into graphite die to sinter disk-
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FIGURE 2. XRD patterns of the Ti, Mn powders, and TiMn alloy pow-
ders prepared by MA showing the formation of a-TiMn phases. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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FIGURE 3. SEM micrograph (a) and EDX (b) of the Ti8Mn powder prepared by MA showing the morphology and composition of the powder.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

shaped pellets (20 mm diameter, thickness 5-6 mm). The
SPS experiments were conducted in vacuum (<6 Pa) under
uniaxial pressure 50 MPa. The heating rate was maintained
at 100°C/min.

X-ray diffraction (XRD, Bruker D8, Germany) was used to
characterize the phase composition of the powders and sin-
tered alloys. The phase transformation of the alloys was per-
formed with a differential scanning calorimetry (DSC, Netzsch
Pegasus 404C, Germany). Scanning electron microscopy (SEM,
Zeiss Supra 25, Germany) was employed to analyze the micro-
structures of the powders and sintered alloys. The densities of
the sintered alloys were determined by the Archimedes
method using water immersion. Hardness and elastic modulus
were measured by Universal CETR Nano+Micro tester with a
model UNMT-1 multispecimen test system. The measurements
were measured with microhead at various forces up to 5N. 15
indents were done on one sample for an average value. The
ductility of the TiMn alloys under compressive load was per-
formed on an Instron 5566 testing machine at room tempera-
ture with a compression speed of 0.5 mm/min.

Before cell cultivation TiMn alloys were sterilized in 70%
ethanol for 15 min. The human osteoblastic cells MG-63 (osteo-
sarcoma cell line, ATCC, LGC Promochem) were cultivated on
TiMn alloys in 12-well plates (Greiner Bio-One, Germany) in
Dulbecco’s modified Eagle medium (DMEM, Invitrogen, USA)
with 10% fetal calf serum (FCS, PAA, Austria), 4500 mg/L
glucose (high glucose), GlutaMAX, pyruvate, 1% gentamicin
(Ratiopharm, Germany), 0.02% plasmocin (Invivogen, USA) at
37°C and in a 5% CO, atmosphere. The tissue culture polysty-
rene (TCPS) was used as an additional control.

The inhibitory influence of the TiMn alloys was studied by
measuring osteoblast MG-63 cell's metabolism. The CellTiter
96® Aqueous One Solution Cell Proliferation Assay (Promega)
was used. The principle of the test is an enzymatic cleavage of
the methyltetrazolium salt (3-(4,5-dimethylthiazol-2-yl1)-5-(3-
carboxy -methoxyphenyl)) (MTS) by active cells into violet For-
mosan product. The amount of Formosan product is directly
proportional to the number of living cells. 100 pL of the MTS so-
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lution were added to each well and incubated for 2 h at 37°C
and in a 5% CO, atmosphere. The spectrophotometric absorp-
tion was analyzed in a 96-well plate by an ELISA reader (Anthos
2010, Anthos Labtec Instruments) at 490 nm.

For flow cytometry, cells were suspended using 0.05%
trypsin/0.02% EDTA solution (5 min at 37°C). Then, cells
were washed in phosphate buffered saline (PBS), fixed with
70% ethanol over night at —20°C, and intensively washed
again. After treatment with 1% RNase (Sigma, Germany) for
20 min at 37°C, the DNA of the cells was labeled with pro-
pidium iodide (50 pg/mL, Sigma, Germany) over night at
4°C. Cells were measured in a FACSCalibur™ flow cytome-
ter (BD Biosciences) equipped with a 488 nm argon-ion
laser and a Macintosh Power PC (G4). In general, 25,000
events were acquired using CellQuest Pro 4.0.1. Percentage
of proliferating cells was then calculated in percent using
ModFIT version 3.0 (BD Biosciences).
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FIGURE 4. Phase transformation behaviors of the TiMn alloys meas-
ured by DSC showing the decrease of o to B transformation tempera-
ture with increase of Mn amounts in Ti. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.
com.]
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Statistical analysis was performed with SPSS 14.0 for
Windows (SPSS Inc., Chicago, IL). The differences between
the concentrations were evaluated using Students t-test for
independent samples because variables present normal dis-
tribution (Kolmogorov-Smirnov test). Data were expressed
as mean and standard error of the mean. A probability value
of p < 0.05 was considered as significant.

RESULTS

The TiMn alloy powders with 2, 5, 8, and 12 wt % Mn com-
positions were mixed and mechanical alloyed for various
hours in a high energy ball milling machine. Figure 2 shows
the XRD patterns of the pure Ti, Mn powders, and TiMn
alloy powders after 60 h MA. Pure Ti and Mn peaks com-
pletely disappeared and TiMn phases were formed after 60
h MA. The pure Ti powders are o-Ti phase (PDF# 65-3362)
with hexagonal structure and the pure Mn powders are o-
Mn phase (PDF# 32-0637) with cubic structure. The syn-
thetic TiMn powders are o-TiMn phase (PDF# 07-0132)
with tetragonal structure. There are no obvious changes in
the phase compositions with increasing of Mn amount up to
12 wt % in Ti, which corresponds to the binary phase dia-
gram of the TiMn alloy (Figure 1).

Figure 3 shows the SEM micrograph and EDX of the
Ti8Mn powders prepared by MA. The powders are agglom-
erates with mean particle sizes of 4-5 pm in diameter with
a narrow size distribution [Figure 3(a)]. The EDX spectra
shows that the Ti, Mn peaks belong to the TiMn powder,
the C, and the O peaks are from adsorption of air, and the
small Fe peak is the contamination from the steel balls and
vials during the MA.

The phase transformation behaviors of the TiMn alloy
powders were analyzed by using differential scanning calo-
rimetry. Figure 4 shows the transformation temperatures of
the TiMn alloys in comparison with the pure Ti. In the case
of pure Ti, the transformation temperature from o to B
phase occurs at about 840°C. The transformation tempera-

ture in Ti2Mn is 735°C, whereas that of in Ti5Mn alloys is
700°C. The transformation temperatures are 665°C and
660°C in Ti8BMn and Til2Mn alloys, respectively. As the
amount of Mn increased, the transformation temperature
decreased to a relative lower temperature. The addition of
Mn in Ti has depressed their transformation temperature
from o to B phase.

After characterization, the alloy powders were subjected
to the SPS furnace. Figure 5 shows the relative density of
spark plasma sintered Ti at different temperatures and
TiMn alloys with various Mn amounts. With temperature
increase from 550-800°C, the relative density of the Ti
metal increased from 68% to 99% [Figure 5(a)]. The rela-
tive density of TiMn alloys increased as the Mn contents
increased at 650 and 700°C, respectively [Figure 5(b)]. The
Ti8Mn alloys showed 99% relative density at 700°C for 5
min. The SPS decreased the sintering temperature of Ti and
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FIGURE 6. XRD patterns of the spark plasma sintered Ti, Mn, and
TiMn alloys showing the TiMn alloys are o+ phase alloy. [Color fig-
ure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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FIGURE 7. SEM micrographs of the fracture surfaces of Ti8Mn (a, b) and Ti12Mn (c, d) alloys prepared by SPS showing the superfine micro-

structures (Bar 1 um, magnification 10 kx, 20 kx).

TiMn alloys. The Mn addition increased the relative density
of Ti metal during SPS.

Figure 6 shows XRD patterns of the spark plasma sin-
tered Ti, Mn metals, and TiMn alloys. The Ti and Mn still
retain o-Ti and o-Mn phases because of the lower sintering
temperature in SPS (700°C). However, all the TiMn alloys
are mostly B-TiMn phase (PDF# 11-0514) with cubic struc-
ture. There is still a small amount of o-TiMn phase in the
alloy; therefore, the TiMn alloy is a o+ phase alloy. The
synthesized alloy has o+f microstructures, which is similar
to that of Ti6Al4V alloy. In Figure 7 the SEM micrographs of
the fracture surfaces of the spark plasma sintered Ti8Mn
and Til2Mn alloys are demonstrated. There are few micro-
pores on the fracture surface of the TiMn alloys. The grain
size of the Ti8Mn alloys is about 500 nm in ultrafine micro-
structure and the fracture mode of the alloy is primary
intergranular cracking [Figure 7(a)]. There are some large
size grains in the Til2Mn alloy, which may because of the
sintering of powder agglomerates [Figure 7(b)].

Figure 8 shows the mechanical properties of the TiMn
alloys. The 3D image indicates the depth and dimension of
the indent by the microindentation technique [Figure 8(a)].
The depth of the indent is 20 um around; the dimension is
about 110 pm in width and length. The hardness results
show that the hardness value tended to rise with increasing
Mn contents [Figure 8(b)]. The hardness values of all TiMn
alloys are significantly higher than that of pure Ti. The pure
Ti shows a hardness of 1.60 GPa; Ti2Mn, 2.40 Ti5Mn, 3.65;
Ti8Mn, 4.98; Til2Mn, 5.28 GPa. The hardness of Til2Mn
alloy is comparable with that of the pure Mn (5.44 GPa).
From statistical analysis, the hardness values of the TiMn
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alloys are significantly higher than that of pure Ti. The elas-
tic modulus results show that, it is also increased as shown
in Figure 8(c). The pure Ti is 69.2 GPa, Ti2Mn 83.3 GPa,
Ti5Mn 95.0 GPa, Ti8Mn 106 GPa, and Til2Mn 122 GPa, Mn
68.72 GPa. The increment magnitude of the elastic modulus
is lower than that of the hardness. The ductility results of
the TiMn alloys are shown in Figure 8(d). The pure Ti
exhibits 25.0% ductility, Ti2Mn 21.3%, Ti5Mn 18.2%, Ti8Mn
15.0%, and Til2Mn 11.7%. The ductility decreased with
increase of Mn amounts in Ti. The mechanical properties of
the Ti6Al4V alloy were also measured with the same meth-
ods. It shows hardness: 4.3 GPa, elastic modulus: 122 GPa,
and ductility: 14.0%, which are almost identical to the
reported values.”! The Ti2Mn, Ti5Mn, and Ti8Mn alloy pos-
sess lower elastic modulus and higher ductility than those
of the Ti6Al4V alloy.

Figure 9 represent the cytotoxicity and cell proliferation
properties of the TiMn alloys. The TCPS was used as a con-
trol material. The MG-63 osteoblast cell viability (%) of the
pure Ti and TiMn alloys by MTS assay is shown in Figure
9(a). The cytotoxicity increases with increasing amount of
the Mn contents in the Ti alloy. Cell’s viability on pure Mn
and Til2Mn was about 50% and 72%, respectively (p <
0.05). However, cells on the Ti5Mn and Ti8Mn alloys were
also influenced concerning viability without statistical differ-
ence (p > 0.05), but it reached comparative high values
(89%, 86%, respectively) comparable with that of pure Ti
(93%). The proliferation of MG-63 osteoblasts on the TiMn
alloys using flow cytometric cell proliferation analysis is
demonstrated in Figure 9(b). The percentage of cells on the
pure Ti and TiMn alloys decrease in contrast to the TCPS

TiMn ALLOYS FOR BIOMEDICAL APPLICATIONS
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control (53.67%). Proliferating cells on TiMn alloys (TiZMn ceptable for biomedical applications. However, the percent-
41.17%, Ti5Mn 40.50%, Ti8Mn 41.57%, and Til2Mn age of proliferating cells grown on pure Mn is significantly
39.99%) are decreased compared with that of pure Ti reduced to 35.87% (p < 0.05). The student’s t-test that
(48.93%), but are not significant with p > 0.05 and all ac- is an established statistical method shows that the
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FIGURE 9. Cytotoxicity (a) and cell proliferation (b) of MG-63 osteoblasts on the Ti and TiMn alloys showing the comparable cell viability of
Ti2Mn, Ti5Mn, and Ti8Mn alloys with that of pure Ti, and the proliferation of osteoblasts was not inhibited on TiMn alloys but only significantly
on pure Mn. Mean = SD, n = 5, Student’s t-test * p < 0.05. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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proliferation of MG-63 osteoblast cells on TiMn alloys is not
remarkably inhibited, and only Mn is significantly decreased
(p < 0.05). The decrease in pure Mn is about 27% from the
Ti value. It is indicated that only very high amount of Mn
inhibits cell proliferation. Combining the cytotoxicity and
cell proliferation results, it can say that the amount of Mn
below 8 wt % has a negligible effect on the cytotoxicity and
cell proliferation of all Ti alloys tested.

DISCUSSION

The TiMn alloy powders were prepared by MA for 60 h.
The MA is a high energy ball milling process, which
involved repeated welding, fracturing, and rewelding opera-
tions, leading to microstructure refinement and alloy forma-
tion. MA also has the advantage of not involving melting,
allowing alloying of elements with significantly different
melting points, and it is a process scaleable to commercial
sizes.?? Many Ti based alloy powders have been produced
by MA method. The melting point of Ti is 1668°C and that
of Mn is 1246°C. o-TiMn alloy powders were prepared at a
solid state by MA with 422°C difference of melting points.
The contamination during MA is a main problem of this
technique. In this study, hexane was used as control agent
to prevent oxidation and excessive contamination of the
TiMn powders from the grinding balls and vial. Therefore,
only a small Fe contamination peak is detected in the EDX
spectra of the TiMn powder [Figure 3(b)].

High density Ti metal was prepared by using SPS at
750°C for 5 min, and high density TiMn alloys were fabri-
cated at 700°C for 5 min (Figure 5). By using the traditional
sintering techniques, high temperatures of 1100-1300°C were
required to get a high density Ti and its alloy.?* The SPS has
decreased the sintering temperature of Ti and TiMn alloys.
The Mn has increased the relative density of Ti alloy, which is
because of the lower P transformation temperatures in TiMn
alloys. The low sintering temperature is ascribed to the ioni-
zation of particles by local sparks during SPS. A pulsed cur-
rent generated plasmas in SPS that lead to a surface activa-
tion of the powder particles, melted the titanium oxide films,
and formed neck junctions among powder particles at a lower
temperature.'™° A simultaneous pressure impact cause a
plastic flow of the powders, which enables the creation of the
dense Ti alloys with ultrafine microstructures at high heating
rates, lower temperature, and short holding time. Because of
the high reactivity of Ti metal above 1000°C, the sintering of
Ti avoiding chemical reaction between Ti and die is difficult
to be performed. The low sintering temperature used in the
SPS allows the use of graphite dies in this study.

The V, Mo, Nb, Fe, Cr, and so fortth are all B stablizers
and additions of these elements depress the [ transitional
temperature. The results in Figure 4 show that, the Mn has
decreased the transformation temperature from the o to B
phase. The effect of manganese on the o to B transition tem-
perature is significant. With only 2 wt % Mn addition in the
Ti, the transition temperature reduced from 840 to 735°C.
It decreased ranging from 735 (Ti2Mn) to 660°C (Ti12Mn)
with increase of Mn amount in Ti. It is confirmed that the
Mn is a B stablizing addition element for Ti metal. Addition-
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ally, the Mn could increase the hardness and elastic modu-
lus of the Ti alloy [Figure 8(b,c)]. The TiMn alloys provide
higher hardness and elastic modulus than those of the pure
Ti. The Ti5Mn and Ti8Mn alloys possess comparable hard-
ness but lower elastic modulus comparing with Ti6Al4V
alloy. The increment of the hardness and elastic modulus of
TiMn alloys is ascribed to the formation o+ TiMn phases,
which are intermetallic phases with excellent mechanical
properties. The Ti6Al4V alloy was chosen for orthopedic
implant for several reasons. Excellent ductility is one of the
most important reasons for its wide use in biomedical
industry. The ductility of Ti6Al4V alloy is measured to be
14% at room temperature. The ductility of the TiMn alloy
decreased from 21.3% (Ti2Mn) to 11.7% (Til2Mn) with
increase of Mn amount [Figure 8(d)]. However, the Ti2Mn
(21.3%), TiSMn (18.2%), and Ti8Mn (15.0%) alloys have
higher ductility than that of the Ti6Al4V. Compared with the
Ti6Al4V, the Ti2Mn alloy presents lower hardness (2.4 GPa),
but better elastic modulus (83.3 GPa) and ductility (21.3%),
the Ti5Mn alloy exhibits comparable hardness (3.65 GPa)
but better elastic modulus (95.0 GPa) and ductility (18.2%),
the Ti8Mn alloy shows better hardness (4.98 GPa) and elas-
tic modulus (106 GPa) with a comparable ductility (15.0%).
The Ti2Mn, Ti5Mn, and Ti8Mn alloy could be used as bio-
medical implants in light of their mechanical properties.

Some commercial Ti alloys also contain Mn as an alloying
component. The Mn has been doped in magnesium alloy with
1.2 wt % and found the Mn has no toxicity and can improve the
corrosion resistance and mechanical properties of Mg.'* The
Mn was doped to tricalcium phosphate bioceramics and
showed good cell compatibility.*® Recently, Fe-35Mn alloy was
prepared and showed higher strength and ductility, degradable
properties, which make it suitable for biodegradable stent
applications.?® The values concerning cytotoxicity and cell pro-
liferation of the TiMn alloys demonstrate a dependency on the
Mn concentration. A lower Mn contents (<8 wt %) in Ti has a
low effect on the cytotoxicity and cell proliferation properties
(p > 0.05). In general, the Ti2Mn, Ti5Mn, and Ti8Mn were com-
parable in viability and cell proliferation properties with pure
Ti. The Ti6Al4V alloy was first used in aerospace industry, and
then applied in biomedical field as bone and dental implants.
Until now, the Ti8Mn alloy as one of the typical o+ Ti alloys
has been extensively used in aerospace industry because of its
excellent mechanical properties.?* Our research here suggest
that the application of the Ti8Mn alloy could be extended to
biomedical field. As well as the Ti2ZMn and Ti5Mn alloys, they
exhibit higher ductility and lower elastic modulus than those of
Ti6Al4V. The lower elastic modulus of metals for joint prosthe-
sis could decrease the stress-shielding effect in bone-implant
coupling?>?® The Ti2Mn, Ti5Mn, and Ti8Mn alloys all exhibit
acceptable cytotoxicity and cell proliferation of the human
osteoblasts. Consequently, the Ti2Mn, Ti5Mn, and Ti8Mn alloys
all have a potential for the use in the biomedical field as new
bone substitutes and dental implants.

CONCLUSIONS

The o+ type TiMn alloys with high relative density and
ultrafine microstructures were prepared by using MA for 60
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h and SPS at 700°C for 5 min. The Mn reduced the o to
transformation temperature of Ti and was confirmed as a 8
stabilizer element. The hardness increased significantly
ranging from 2.4 GPa (Ti2Mn) to 5.28 GPa (Til12Mn), the
elastic modulus as well ranging from 83.3 GPa (Ti2Mn) to
122 GPa (Ti12Mn) and the ductility decreased ranging from
21.3% (Ti2Mn) to 11.7% (Ti12Mn) with increasing manga-
nese content in the Ti. Concentrations of Mn below 8 wt %
in titanium reveal negligible effects on the metabolic activity
and the cell proliferation of human osteoblasts. Therefore,
the Mn could be used in lower concentrations as an alloying
element for biomedical titanium. The Ti2Mn, Ti5Mn, and
Ti8Mn alloys all have a potential for use as new bone sub-
stitutes and dental implants.
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Spark plasma sintering (SPS) is a remarkable technique for consolidating a large variety of advanced
materials with rapid heating rates. However, adjusting the cooling rates has so far faced limitations. This
communication discusses the potentials of SPS integrated with a novel gas quenching system that can
allow metallic materials to be sintered and rapidly quenched directly after the sintering step, saving
energy and costs. Results on numerical simulations of rapid cooling-SPS and the mechanical properties
and microstructures of Ti6Al4V alloy are discussed; exhibiting the feasibility of this rapid cooling SPS
technique and the major implications for the field of SPS and metallic powder consolidation.

Introduction

Spark plasma sintering (SPS), commonly also defined as field
assisted sintering (FAST) or pulsed electric current sintering
(PECS) is a novel pressure assisted PECS process utilizing ON-
OFF DC pulse energizing. With the repeated application of an
ON-OFF DC pulse voltage and current in powdered materials,
the spark discharge point and the Joule heating point (local high
temperature-state) are transferred and dispersed over the overall
specimen [1,2]. The main advantage of SPS over more conven-
tional sintering techniques lies in its ability to rapidly sinter
traditionally difficult-to-sinter materials to full density [3]. Dur-
ing SPS treatment, powders contained in a die can be processed
for diverse new and traditional bulk material applications, for
example, nanostructured materials [4,5], functional graded
materials [6], hard alloys [7], titanium alloys [8], bioceramics
[9], porous materials [10], diamonds etc. [11]. Some modifica-
tions to the SPS technique have been applied in recent years.
Anselmi-Tamburini et al. [12] modified the SPS die materials and
set-up to create high pressures of up to 1 GPa, by which fully
stabilized zirconia and ceria ceramics with grain sizes approach-
ing 10 nm could be obtained. Morsi et al. [13] modified SPS to a
spark plasma extrusion process, whereby aluminum samples
with extruded geometries could be prepared. SPS has very high
heating rates of up to 1000°C/min, but its cooling rates are very
slow with natural cooling or argon gas flooding. To date, the

*Corresponding author:. Zhang, F. (faming.zhang@uni-rostock.de)

adjustment of cooling rates during SPS and the effects on the
microstructures and properties of materials has been scarcely
reported in the literature.

Sinter hardening is a hardening method used for powder
metallurgy (PM) in which the parts are sintered and quenched
directly after the sintering step, saving energy and costs con-
nected to conventional hardening where the parts have to be
reheated to hardening temperature [14-16]. Furthermore, sinter
hardening is performed by gas quenching instead of oil quench-
ing, creating benefits in terms of the dimensional stability and
cleanliness of the specimen. Because of the poor thermal transfer
characteristics (lower cooling rate) of gases under normal con-
ditions, the gases must be optimized by proper adjustment of gas
pressure and flow speed. In principle, gas quenching can be
performed in two ways [17-20], namely: at low or atmosphere
pressure with a high gas velocity; or at high pressure with limited
gas velocities. In this short communication, the SPS technique
was modified and integrated with a novel gas quenching system.
The SPS vacuum was broken and flooded with argon gas and then
quenched with high-velocity nitrogen gas. An a +p Ti6Al4V
alloy was used as a model material. The heat transfer coefficient
of the Ti6Al4V alloy during quenching was numerically simu-
lated, and the effects of the cooling rate on the mechanical
properties and microstructures of the alloy were investigated.
The results prove the feasibility of the rapid cooling-SPS process
and open the door for the processing of numerous other metallic
powder-based material systems.

192 1369-7021/06/$ - see front matter © 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mattod.2013.05.005
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Methods and materials
Ti6Al4V powder with particle sizes of about 20 pm was obtained
from TLS Technik GmbH & Co., Germany. The SPS experiments
were conducted using a Model HP D-125 FCT SPS system (FCT
System GmbH, Rauenstein, Germany) installed at the University
of Rostock. Fig. 1(a), (b) shows the schematic diagram and image of
the gas quenching system in the SPS. The system is rotationally
symmetric, with six nozzles in one group and eight groups
arranged around the sintered component. The gas is distributed
evenly from all nozzles. The gas nozzle field is positioned inside
the SPS chamber and quenches the sintered component together
with the graphite tool directly after sintering without any move-
ment of the component. The core temperature is measured by a
central pyrometer with a focus point at the bottom of the central
borehole of the graphite punch (labeled f). The Ti6Al4V powders
were first pressed into an ¢§40 mm graphite die, and sintered at
850°C and 50 MPa under vacuum. A heating rate of 100°C/min
was applied, and the sintering process typically lasted 6 min. The
applied direct current for the SPS process was 1000 A-2000 A with
a pulse duration of 10 ms and an interval of 5 ms. During the
cooling, the SPS furnace was flooded with argon gas to 4 kPa at rate
of 10 l/min, maintaining the sintering temperature. It was then
quenched from 850°C with room temperature nitrogen gas at a
very high flow rate of 8000 1/min from the nozzles. Afterwards the
nitrogen gas was released from the chamber to an internal gas
pressure of 100 Pa-200 Pa. The various cooling rates were achieved
by changing the thickness of the graphite dies. The sample dimen-
sions measured 40 mm in diameter and 10 mm-12 mm in height.
The heat transfer coefficients are of interest for the character-
ization of the nozzle field’s cooling effect. These are determined by
means of cooling curve measurement and inverse thermal simula-
tion by finite element (FE) software MSC.MARC 2010.1.0, and
enable the thermophysical properties of the surrounding graphite
die to be considered. In the calculation, the boundary conditions
(and the heat transfer coefficients) of the FE-model are varied until
the simulated and experimental temperature curves coincide. In

(a)

e -

b

b

FIGURE 1

the quenching experiments, the temperatures at four sites of the
system are measured via pyrometer and thermocouples. As shown
in Fig. 1(a), the center of the sample (A) is measured by the
pyrometer; the surface of the sample (B) is measured by thermo-
couple T, the temperature in the middle of the graphite form (C)
is measured by T, and the temperature of the lower graphite cone
is measured by T3. The numerical simulations used a rotation-
symmetric finite-element-model considering the axial symmetry.
After SPS the density of the sintered alloys was determined by the
Archimedes method using water immersion. Then, the samples
were machined into small cylinders measuring 8 mm in diameter
and 10-12 mm in height. The hardness of the polished samples
was measured with a SHIMADAZU Micro Hardness tester HMV at
HV1. Their compressive strength and ductility were measured
according to standard DIN 50106 on an Instron 8502 testing
machine at room temperature with a compression speed of
0.5 mm/min. In the compressive tests, five samples for one group
were tested to generate statistic results. The phase analysis of the Ti
alloys was performed using diffraction experiments with high
energy synchrotron radiation at Beamline P02.2 (DESY/PETRA)
with a wavelength of 0.29118 A (42.58 keV). The fracture surfaces
of the compressed samples were analyzed using scanning electron
microscopy (SEM, Zeiss Supra25) at 20 keV. The alloys were
polished and etched by Weck’s reagent for 20 s and subjected to
optical microscopy to observe metallographic morphologies.

Results

Various cooling rates can be achieved by changing the thickness
of the graphite forms. Fig. 2(a) shows the temperature-time
cooling curves of the spark plasma sintered Ti6Al4V alloys with
various cooling rates. Below 400°C, the pyrometer cannot mea-
sure the temperature of the sample. From the cooling curves, the
average cooling rates of 1.6°C/s, 4.8°C/s, 5.6°C/s and 6.9°C/s
with an uncertainty of 0.1°C/s were derived by taking the cool-
ing time from 850°C to 400°C into account. The cooling rate
of 1.6°C/s was achieved with a 20 mm thick graphite die with

(b)

Schematic diagram (a) of the apparatus for spark plasma sintering with gas quenching system (a, gas nozzles; b, gas tube; c, graphite cone; d, graphite
punch; e, graphite form; f, pyrometer hole for temperature measurement of the sample center A; T;, T, and T3, thermocouples for temperature
measurement of the sample surface B, graphite form C, and graphite cone, respectively), and image (b) of SPS vacuum chamber (1, machine stamp, 2,

sample block, 3, gas nozzle field, 4, thermocouples).
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FIGURE 2

The cooling curves of the Ti6Al4V alloy as a function of time (a): (solid
lines) pyrometer temperature values with various quenching rates and
(dash lines) thermal couple values (T;, T, T3) in gas quenching with 20 mm
thick die, and (b) the determined heat transfer coefficients of natural
cooling (1.6°C/s) and gas quenching of the Ti6Al4V alloys with a 20 mm
thick die (4.8°C/s) and without die (6.9°C/s).

natural cooling, 4.8°C/s with a 20 mm die with gas quenching,
and 5.6°C/s with a 10 mm die, also with gas quenching. The rate
of 6.9°C/s was achieved in two steps: the powder sample was first
sintered at 500°C for 5 min at 50 MPa in the die to get a 70-80%
relative density, and then heated to a sintering temperature of
850°C to full densify it without the die, and the specimen was
later directly gas quenched. Various cooling rates may be
achieved in this way. The dashed lines show the temperature
values from thermocouples during gas quenching with a 20 mm
die. At the sintering temperature, the temperature of the gra-
phite form (T3) is lower than that of the sample surface (T,) and
T is lower than the temperature in the center of the samples, as
measured by the pyrometer. The temperature gradient exists
during the sintering process as well as during the cooling pro-
cess. The gas quenching starts from the outer surface of the
graphite form: the temperature of the graphite cone (T3) is
reduced from 450°C to about 200°C after 300 s of gas quenching,
but T, and T, decrease to below 80°C in this time. This indicates
that gas quenching is only effective in cooling the graphite form
and sample in the gas nozzle fields.

Hardness (HV1) (a) and compressive stress—strain curves (b) of the Ti6Al4V
alloys at various cooling rates, exhibiting the improved hardness, ultimate
compressive stress and ductility. Insert: image of a fractured specimen.

In addition to varying the cooling rate through the wall thick-
ness of the dies, further variation of the cooling rate is possible by
adjusting the gas flow rate and gas nozzle field geometry. Fig. 2(b)
shows the numerically determined heat transfer coefficients of
natural cooling and gas quenching of the Ti6Al4V samples. The
heat transfer coefficients are reduced with decreasing temperatures
for the samples processed with natural cooling (20 mm thick die)
and gas quenching with (20 mm thick die) and without dies. From
800°C to 400°C, the coefficient values are higher than those below
400°C. This indicates that heat transfer and dissipation are faster at
higher temperatures, above 400°C. The natural cooling sample
exhibited a heat transfer coefficient of 80 W/(m?K) at 800°C
which is gradually reduced to 50 W/(m? K) at room temperature.
The gas quenched sample with a die exhibited a heat transfer
coefficient of about 400 W/(m? K) at 800°C and dropped to about
300 W/(m?K) at room temperature. Quenching without a die
results in a heat transfer coefficient of about 810 W/(m?K) at
800°C and 400 W/(m?K) at room temperature. The quenching
intensity without a die is about two times higher than that with a
die. However, the gas quenching with a die is also effective to
increase the heat transfer coefficients up to five to seven times
higher than natural cooling. The heat transfer coefficient is
defined as the heat flux divided by the temperature difference.
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The value of the heat transfer coefficient is proportional to that of
the quenching intensity which can be described by the heat flux
density on its surface. With higher heat transfer coefficients it can
cool the sample faster, hence, the Ti alloys can be cooled rapidly
with gas quenching due to the higher heat transfer coefficients.
The sintering and quenching heat-treatment have been completed
by one step SPS process without a separate heat treatment opera-
tion.

Fig. 3(a) shows the hardness (HV1) of the Ti6Al4V alloy with
various cooling rates. All the Ti6Al14V alloys with various cooling
rates have similar relative densities of above 99.0%. The naturally
cooled samples with a cooling rate of 1.6°C/s have a hardness of
327 + 8. The gas quenched samples exhibit a hardness of 337 + 7,
342 + 4 and 353 £ 4 for cooling rates of 4.8, 5.6 and 6.9°C/s,
respectively. The hardness increases with a higher cooling rate,
thus, sinter hardening of the Ti6Al4V alloys has been realized by
SPS with gas quenching. Fig. 3(b) shows the compressive stress—
strain curves of the Ti6Al4V alloys with various cooling rates. The
stress—strain curves show the elastic deformation, plastic deforma-
tion and fracture stages. The insert image shows one of the
fractured Ti6Al4V specimens. It is found that the fracture takes

places at an angle of about 45° to the direction of the compressive
load. The compressive yield strengths for all the samples are
around 1100 MPa, which is higher than the reported values
[21,22] (of about 902 MPa). But the ultimate compressive strength
has increased with a higher cooling rate, as well as the compressive
strains (ductility). Statistically, the samples with natural cooling
rate of 1.6°C/s show the ultimate compressive strength of
1578 MPa + 80 MPa and ductility of (26 &+ 2)%. At a cooling rate
of 4.8°C/s, they reach to (1723 + 63) MPa and (28 + 2)%, respec-
tively. At a 5.6°C/s cooling rate, the strength is increased to
(1775 £ 70) MPa and (30 + 2)%; at 6.9°C/s this is raised to
(1832 + 43) MPa and (34.0 + 3)%. The rapid cooling has increased
the ultimate compressive strength and the ductility of the Ti6Al4V
alloys.

Fig. 4(a) shows high energy X-ray diffraction patterns of the
Ti6Al4V alloys. The raw Ti6Al4V powder shows the «-Ti phase. The
naturally cooled sample show both the o and B-Ti phases and weak
diffraction peaks from the «-Ti (11 2) and (2 0 1) lattice planes.
The gas quenched Ti6Al4V alloys exhibit sharper diffraction peaks
corresponding to Ti-rich phases with a B-Ti phase, as wells as new
broad peaks probably from intermetallic phase of Al,Ti (ICDD No.

(a)

-Ti (101)

a-Ti (100)

o-Ti(102)

Al,Ti (002) B-Ti (200)

2=0.029118 nm
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FIGURE 4

Synchrotron radiation high energy X-ray diffraction pattern (a), SEM micrographs of the fracture surfaces (b) and metallographic micrographs of the surfaces

(c) of the Ti6Al4V alloys at various cooling rates of 1.6°C/s, 4.8°C/s, 6.9°C/s.
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TABLE 1

Mechanical properties and phases of the Ti6Al4V alloys prepared by rapid cooling SPS at various cooling rates.

Cooling rate (°C/s) Hardness (HV 1.0)

Ultimate compressive stress (MPa)

Ductility (%) Phase compositions

1.6 327 £8 1578 £+ 80 26+ 2 a-Ti and B-Ti

4.8 3377 1723 £ 63 28 +2 a-Ti, B-Ti, Al,Ti
5.6 342 £ 4 1775 £ 70 30+2 o-Ti, B-Ti, Al,Ti
6.9 353 +4 1832 £ 43 34+3 a-Ti, B-Ti, Al,Ti

42-1136). The gas quenchingin the SPS resulted in the formation
of nanocrystalline intermetallic phase of Al,Ti in the alloys.
Fig. 4(b) shows SEM micrographs of the fracture surface of the
processed Ti6Al4V alloys. The samples all present a ductile
fracture mode with a large amount of plastic deformation under-
going transgranular fracture with typical dimples. However, the
fracture surfaces present more and more dimples with an
increase of the cooling rate, indicating the sample becomes
much more ductile after the rapid cooling in the SPS. Fig. 4(c)
provides the metallographic morphology of the Ti6Al4V alloys
with various cooling rates. In the etched metallographic images,
the B-Ti phase (bcc) appears in white and the «-Ti phase (hcp)
darker. The samples all show both phases in the microstructures.
The naturally cooled sample with 1.6°C/s cooling rate shows a
relative homogeneous globular o+ 3 microstructure. The
rapidly cooled sample shows a different microstructure with a
lamellar o phase. As the cooling rate increases, the 6.9°C/s
cooled sample has even more lamellar a phase. In general, gas
quenching in the SPS results in a morphological change to the
lamellar o-Ti phase.

Discussion

The hardness, ultimate compressive strength and ductility of the
Ti6Al4V alloys have been increased due to the gas quenching.
Sinter hardening is applicable for the Ti6Al4V alloy in which the
samples are spark plasma sintered and gas quenched directly after
the sintering. It saves energy and costs when compared with
conventional hardening, in which the parts must be reheated
to the hardening temperature. The microstructure analysis
revealed that the rapid cooling led to the precipitation of inter-
metallic phase (Al,Ti), more pronounced dimples in fracture
surfaces, and a morphological change to lamellar «-Ti phase.
Table 1 summarizes the mechanical properties and phases of
the Ti6Al4V alloys prepared by rapid cooling SPS at various cool-
ing rates. The hardness, ultimate compressive strength and duc-
tility of the Ti6Al4V alloys were increased corresponding to the
phase variations.

SPS is a nonequilibrium sintering process. Because of the higher
cooling rates, the soluble Al, V elements in Ti have not enough
time to diffuse, and then precipitate as second phases in the
Ti6Al4V alloy. The precipitated nanocrystalline Al,Ti can harden
and dispersion reinforce the Ti6Al4V alloys, and therefore, the
mechanical properties of the Ti6Al4V alloy are increased. Quench-
ing from the a + B phase field can produce a microstructure that
consists of a primary a phase, retained B-Ti, new «-Ti formed
during quenching and intermetallic precipitates. With increasing
cooling rates, the newly formed «-Ti becomes more lamellar. The

lamellar structured o-Ti phase can lead to an increase in ductility of
the Ti6Al4V alloy [23].

Using industrial gases for quenching of high value parts offers
significant environmental and performance advantages over
liquid quenching (water, oil, etc.). Gas quenched parts are clean,
thus eliminating the need for post-cleaning operations. Because of
the poor thermal transfer characteristics (lower cooling rate) of
gases under normal conditions, they have to be optimized by
proper adjustment of the gas pressure and flow speed. Gas quench-
ing can be performed at low pressure with a high gas velocity or at
high pressure with limited gas velocities [17-20]. In this study, we
used the first method in the SPS, at low or atmospheric pressure
with a high gas velocity. The flow rate of the nitrogen gas from the
nozzles was 8000 1/min, and the pressure of gas was only slightly
above normal atmospheric pressure. The thermo-physical proper-
ties of the gas are also an important issue. On the basis of avail-
ability, and the thermo-physical properties, hydrogen would
appear to be good a choice as a quenching agent [24]; however,
because of the explosive risks associated with hydrogen it is seldom
used as a quench gas in commercial heat treating. Helium is almost
as fast as hydrogen, not explosive, but significantly more expen-
sive [25]. Nitrogen is the most popular choice, primarily because it
is readily available and inexpensive [26], although argon is used in
some special applications, but it does not quench as effectively as
nitrogen and is considerably more expensive [27].

Summary

Ti6Al4V alloys have been used in medical applications for several
decades, but one of the main problems of this alloy in biomedical
applications is its insufficient ductility [28]. This investigation
indicates that the traditional Ti6Al4V alloy can be modified by
rapid cooling SPS leading to various mechanical changes. The high
ductile Ti6Al4V alloy achieved through rapid cooling SPS offers
unprecedented opportunities for the easy manufacturing of com-
plex shapes and plates for biomedical and new engineering appli-
cations. Rapid cooling SPS combining sintering and gas quenching
provides a novel method to tailor the mechanical properties of the
Ti6Al4V alloys. It must be pointed out that this rapid cooling SPS is
mainly suitable for metallic materials including metals, alloys and
metal matrix composites. In general, ceramic materials will prob-
ably crack after quenching due to their poor thermal shock resis-
tance. It is a subject of an ongoing investigation.

SPS integrated with gas quenching has been discussed for the
first time for the successful modification of Ti6Al4V alloys. Cool-
ing curve measurements and inverse thermal FE simulations reveal
that the gas quenching can increase the heat transfer coefficient up
to five to seven times. The cooling rates ranging from 1.6°C/s to
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6.9°C/s were achieved by changing the thickness of the graphite
dies. Sinter-hardening of the Ti6Al4V alloy has been achieved,
where the hardness rises from 327 to 353 HV1. The gas quenching
has increased the ultimate compressive strength and ductility of
the Ti6Al4V alloy from 1578 MPa to 1832 MPa and from 26% to
34%, respectively. The microstructure analysis revealed that the
rapid cooling led to the precipitation of nanocrystalline interme-
tallic phase (Al,Ti), more pronounced dimples in fracture surfaces
and a morphological change to lamellar o-Ti phase.

Rapid cooling SPS can be applied to a wide range of metals,
alloys and metal matrix composites, where the parts can be rapidly
sintered and rapidly quenched directly after the sintering step,
saving energy and cost. Future work will involve adjusting gas flow
rate and gas nozzle field geometry, and examine the effects of
cooling rates on keeping grain sizes of nanocrystalline metallic
materials.
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Cool It, Quick: Rapid Cooling Leads to Stronger Alloys Share This:

Researchers reveal a new technique to produce high strength metallic alloys, at a lower cost using less energy

Oxford, July 10, 2013

A team of researchers from the University of Rostock in Germany has developed a new way to rapidly produce high strength metallic alloys, at a
lower cost using less energy than before. It's expected that this breakthrough will profoundly change how we produce components used in a
diverse range of applications; including transport and medical devices.

The research , which appears in the latest issue of the open access journal Materials Today, reports on the first Spark Plasma Sintering (SPS)
system with an integrated gas quenching mechanism, capable of alternating the phase compositions and retaining the smallest grain features
inside a structured metallic alloy.

SPS is a technique used to fuse fine powders into a dense solid material, by placing powder into a mold (or die) and simultaneously applying
pulses of electric current and mechanical pressure to it. By varying SPS cooling rates, it is possible to control the phase and grain sizes in a
material, and so, to tune its mechanical properties. In their study, the team of researchers led by Dr. Eberhard Burkel, a Professor of Physics of
New Materials, demonstrated that rapidly cooling a material directly after SPS fabrication can produce a material with enhanced hardness, strength
and ductility.

The new rapid cooling SPS system is based on a commercially available design, modified to include a series of gas inlet nozzles. After sintering,
most SPS systems are left to cool naturally, or are flooded with argon gas. The system blasts nitrogen gas into the chamber at high speeds, rapidly
cooling the material.

To demonstrate the utility of the system, Grade 5 Titanium (Ti-6Al-4V) — known as the "workhorse" of the titanium industry — was produced at
different cooling rates. The most-rapidly cooled alloy was found to be up to 12% harder than the naturally-cooled alloy, and with an improved
ductility up to 34+3%. Ti-6Al-4V is the most common titanium alloy in use worldwide, with applications in the aerospace, biomedical and marine
industries.

In their article the researchers explain, "This high-ductile alloy offers unprecedented opportunities for the easy manufacturing of complex shapes for
biomedical and new engineering applications."

First author of the study, Dr. Faming Zhang, said "The system will play a major role in the production of novel materials, from metals, alloys, metal
matrix composites to micro- and nanostructured semiconductors."

#t#

Notes for Editors

This article is "The potential of rapid cooling spark plasma sintering for metallic materials" by Faming Zhang, Michael Reich, Olaf Kessler and
Eberhard Burkel. It appears in Materials Today, Volume 16, Issue 5, Page 192-197 (2013) published by Elsevier. Full text of the article is freely
available from here . Journalists wishing to interview the authors may contact Dr. Stewart Bland at +44 1865 84 3124 or s.bland@elsevier.com

About Materials Today

Materials Today is the Gateway to Materials Science and home of the Open Access Journal of the same name. The journal publishes
peer-refereed review and research articles that assess the latest findings and examine the future challenges, as well as comment and opinion
pieces from leading scientists discussing issues at the forefront of materials science. Visit http://www.materialstoday.com  for access. Materials
Today also publishes news, interviews, educational webinars, jobs and events; and provides free access to a range of specially selected articles
from Elsevier's materials science journals. For more information on all aspects of Materials Today, including the editorial calendar and advertising
options, contact the editor, Dr. Stewart Bland at s.bland@elsevier.com. Follow @MaterialsToday on Twitter; and on Facebook:
http://www.facebook.com/elsevier.materials

About Open Access Publishing at Elsevier

Elsevier has been providing open access publishing options since 2005. Today, researchers can choose to publish in over 1,500 hybrid journals as
well as 39 full open access journals and these numbers will continue to grow rapidly. All of Elsevier's open access publications have been peer
reviewed, ensuring that the broader community not only reads the latest research but that it is factual, original and of the highest quality and ethical
standards. For more information about Elsevier's open access program, visit www.elsevier.com/openaccess

About Elsevier

Elsevier is a world-leading provider of scientific, technical and medical information products and services. The company works in partnership with
the global science and health communities to publish more than 2,000 journals, including The Lancet and Cell , and close to 20,000 book titles,
including major reference works from Mosby and Saunders. Elsevier’s online solutions include ScienceDirect , Scopus , Reaxys, ClinicalKey
and Mosby’s Suite , which enhance the productivity of science and health professionals, and the SciVal suite  and MEDai’s Pinpoint Review
which help research and health care institutions deliver better outcomes more cost-effectively.

A global business headquartered in Amsterdam, Elsevier employs 7,000 people worldwide. The company is part of Reed Elsevier Group plc, a
world leading provider of professional information solutions. The group employs more than 30,000 people, including more than 15,000 in North
America. Reed Elsevier Group plc is owned equally by two parent companies, Reed Elsevier PLC and Reed Elsevier NV. Their shares are traded
on the London, Amsterdam and New York Stock Exchanges using the following ticker symbols: London: REL; Amsterdam: REN; New York: RUK
and ENL.

Media contact
Stewart Bland
Elsevier

+44 1865 84 3124
s.bland@elsevier.com



Our website uses cookies. Cookies enable us to provide the best experience possible and help us understand how customers use our website.
Our site won't work without them. By continuing to use our website you accept our use of cookies. Find out more about cookies

materialstoday

You are here: Home / News / Cool it, quick
News

Cool it, quick
10 July 2013

Rapid cooling leads to stronger alloys

Read the full research article  here.

A team of researchers from the University of Rostock in Germany has
developed a new way to rapidly produce high strength metallic alloys, at a
lower cost using less energy than before. It's expected that this
breakthrough will profoundly change how we produce components used in
a diverse range of applications; including transport and medical devices.

The research, which appears in the latest issue of Materials Today,
reports on the first Spark Plasma Sintering (SPS) system with an
integrated gas quenching mechanism, capable of alternating the phase
compositions and retaining the smallest grain features inside a structured
metallic alloy.

SPS is a technique used to fuse fine powders into a dense solid material,
by placing powder into a mold (or die) and simultaneously applying pulses
of electric current and mechanical pressure to it. By varying SPS cooling
rates, it is possible to control the phase and grain sizes in a material, and
S0, to tune its mechanical properties. In their study, the team of
researchers led by Dr. Eberhard Burkel, a Professor of Physics of New
Materials, demonstrated that rapidly cooling a material directly after SPS
fabrication can produce a material with enhanced hardness, strength and
ductility.

The new rapid cooling SPS system is based on a commercially available
design, modified to include a series of gas inlet nozzles. After sintering,
most SPS systems are left to cool naturally, or are flooded with argon gas.
The system blasts nitrogen gas into the chamber at high speeds, rapidly
cooling the material.

To demonstrate the utility of the system, Grade 5 Titanium (Ti-6Al-4V) —
known as the "workhorse" of the titanium industry — was produced at
different cooling rates. The most-rapidly cooled alloy was found to be up
to 12% harder than the naturally-cooled alloy, and with an improved
ductility up to 34+3%. Ti-6Al-4V is the most common titanium alloy in use
worldwide, with applications in the aerospace, biomedical and marine
industries.
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Model motor nerve system

Researchers from the University of Central
Florida (UCF) [Rumsey et al.,
doi:10.1016/j.biomaterials.2009.03.023] report
on the first lab-grown motor nerves that are
insulated and organized just like they are in the
human body.

The secrets of antibody armour revealed

A team led by University College London (UCL)
has used a combination of X-rays and neutron
scattering to determine the structure of secretory
immunoglobin A (SIgA), the most prevalent
antibody in the immune system.

In their article the researchers explain, "This high-ductile alloy offers unprecedented opportunities for the easy manufacturing of

complex shapes for biomedical and new engineering applications."

First author of the study, Dr. Faming Zhang, said "The system will play a major role in the production of novel materials, from
metals, alloys, metal matrix composites to micro- and nanostructured semiconductors."

Read the full research article  here.
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Spark Plasma Sintering, Microstructures, and Mechanical
Properties of Macroporous Titanium Foams**

By Faming Zhang®, Eileen Otterstein and Eberhard Burkel

Macroporous pure titanium (Ti) foams with porosity of 30-70% and pore size of 125-800 wm were
fabricated by using spark plasma sintering (SPS) and NaCl dissolution methods. A mixture of Ti and
sodium chloride (NaCl) powders were spark plasma sintered in a temperature range from 550 to 800 °C
and the NaCl phase was then dissolved in water. High purity Ti foams were obtained at the SPS
temperature of 700 °C for holding time of 8 min under pressure of 50 MPa. The resulting Ti foams
consist of pure a-Ti phase with interconnected macropores in square cross sections. The plateau stress
and Young's modulus agree with the Gibson—Ashby models, and coarsely follow of linear decline with
the increase of the pore sizes, and exponential decay with the increase of the porosity. The macroporous
Ti foams with plateau stress 27.2-94.2 MPa and Young's modulus 6.2-36.1 GPa may have a potential

to be used as bone implants.

Porous materials with interconnected porosity have wide-
spread applications in many fields of engineering.!"! Bulk
porous metallic materials (honeycomb, foam, and hollow
spheres) are known for their interesting combinations of the
advantages of a metal (strong, hard, tough, electrically, and
thermally conductive, etc.) with the functional properties of
porous structures (lightweight with adjustable properties by
selecting the density.[zl Because of this, porous metals are
interesting for a number of engineering applications such
as structural panels, energy absorption devices, acoustic
damping panels, compact heat exchangers, and biomedical
implants etc.”®! Porous titanium (Ti) and its alloy were widely
used in the biomedical field due to their outstanding
mechanical properties, low density, chemical resistance,
and biocompatibility. As a kind of long-term load-bearing
implant, the porous structures of Ti and its alloy could lead to
a reliable anchoring of host tissue into the porous structure,
and allow mechanical interlocking between bone and
implant."*!
could ensure a good transfer of mechanical forces. Therefore, a

The ingrowths of bone into the porous structure

[*] Dr. F. Zhang, E. Otterstein, Prof. Dr. E. Burkel
Institute of Physics, University of Rostock, August Bebel Str. 55,
D-18055 Rostock, Germany
E-mail: faming.zhang@uni-rostock.de

[**] This research was supported by the DFG-Deutschen For-
schungsgemeinschaft (German Research Foundation) with
grant no. GRK1505/1 (Welisa). The authors acknowledge the
FCT systeme GmbH for the support in SPS experiments, and
Prof. R. Balder in the Department of orthopedic of University
Rostock for his support in mechanical testing.

porous structure is preferable for the Ti and its alloys using as
bone scaffolds.

However, porous Ti and its alloys are difficult to be
produced from the liquid state, due to the high melting
point, the high reactivity at high temperature above 1000 °C
and the contamination susceptibility. Thus, fabrication
processes for porous Ti has to date focused on the powder
metallurgy (PM) route and avoided the liquid route.”” Many
techniques have been applied to produce porous Ti and its
alloy implants in recent years.[é_m] Nevertheless, there are still
problems to be solved in the field of porous Ti for biomedical
applications!": the difficulty to create controlled porosity and
pore sizes, the insufficient knowledge of porous structure—
property relationships, the requirements of new sintering
techniques with rapid energy transfer, and less energy
consumption and so on.

Spark plasma sintering (SPS) as one of the field assisted
sintering techniques, is a relative new sintering technique for
PM and ceramics. SPS is a high efficient and energy saving
powder consolidation and sintering technology capable of
processing conductive and non-conductive materials.!™!
However, most of SPS researches were performed on dense
materials; fewer studies were on porous materials.!"® The SPS
studies on porous Ti alloys were mainly using low
temperature and low pressure to decrease the relative density
of samples."*"*! The samples exhibited pore sizes of some
tens of micrometers and a porosity in the range of 20-45%. As
bone foams, high porosity (>50%) and macropore size
(>200 wm) are essential requirements for the bone growth
and the osteoconduction.’”*?!! Macroporous nanostructured
tricalcium phosphate scaffolds have been successfully
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1211 Never-

prepared by using SPS with a special die design.
theless, macroporous Ti foams by SPS were scarcely reported.

The spacer method was developed to fabricate porous
metals and ceramics since 1960s. The method can control the
pore characteristics by adjusting of the mixing ratio and the
particle size of spacer.”?! The sodium chloride (NaCl) has
been used as spacer material for aluminum®' and Ti
alloys[24’25] due to its relative high melting point (801°C),
its low cost, and the easy dissolution in water, the less
corrosive attack of metals and the low toxicity. The
combination of the SPS technique with the NaCl dissolution
were tried in aluminum metals at SPS temperature of
570°C,1%*?”! and the processed porous aluminum demon-
strated high sound absorption property.'”! In fact, Ti has a
much higher melting point (1660.0°C) than aluminum
(660.3°C). Therefore, it is a great challenge to fabricate Ti
foams by using the SPS and NaCl dissolution methods.

The objective of this study is to develop macroporous Ti
foams with controlled architectures using the SPS in
combination with the NaCl dissolution methods. The major
parameters involved in the preparation process were studied.
The microstructures of the prepared foams were analyzed by
using 3D X-ray microcomputed tomography (micro-CT) and
scanning electron microscopy (SEM) techniques. The relation-
ship between the mechanical properties and the porous
architectures were analyzed and discussed.

Experimental

Raw materials

The precursor Ti powders were prepared by hydride—
dehydride method with 99.5% purities in 325 meshes (Alfa
Aesar, Germany). The space holder material consisted NaCl
crystalline powders with 99.0% purity (Alfa Aesar) sieved in
the range of 100-1000 pm.

Pore forming method

The Ti powders and NaCl powders were homogenously
mixed in different weight ratios in a blender with paraffin wax
as a binder. The mixtures were loaded into graphite die with
graphite paper between the punches and die to sinter
disc-shaped pellets (20mm diameter, thickness 6-7mm).
The SPS experiments were performed using a Model
HPD-25/1 FCT SPS system (FCT systeme GmbH, Rauenstein,
Germany) at temperatures of 550-800 °C lasting for various
time. During the experiments, the temperature is measured by
a central pyrometer with a focus point at the bottom of the
central borehole of the graphite set-up, 2.88mm from the
bottom of the upper punch and 5.125 mm from the center of a
4.25 mm thick sample inside the die®”!. The temperature of the
die is measured by a second two-color pyrometer, focused on
the outer die wall surface at the same height as the center of
the compact. The applied direct current for SPS was about
1000-2000 A (voltage < 5V) with a pulse duration of 12 ms and
an interval of 2ms. The SPS experiments were conducted in
vacuum (<6 Pa) under an uniaxial pressure of 30-50 MPa. The

heating rate was maintained at 100°C min*. The SPSed
samples were then suspended in circulating hot water (80 °C)
to dissolve the NaCl space holder for 12h. The leached Ti
forms were cleaned in an ultrasonic water bath for 15min,
rinsed with ethanol and furnace dried at 120 °C for 10 h.

Microstructures analysis

X-ray diffraction (XRD, Bruker D8, Germany) was used to
characterize the phase composition of the powders and
sintered foams with Cu Ka radiation (0.154178 nm). The pore
structure of the Ti foam was examined by using X-ray
micro-CT (GE, USA). The specimens were mounted on a
rotary stage and scanned in their entirety, being rotated by
360° in 1400 equiangular steps (4 pics per 1°). The detector size
is 2284 pixel in x and y and 2304 pixel in z direction. The voxel
size of the images is 10.2pm in all three axes. The
macroporous structures and the microstructures of the
obtained Ti foams were analyzed by using a SEM(Zeiss
Supra 25, Germany) equipped with EDX. The contents of
oxygen and carbon in the Ti foams were evaluated by inert gas
fusion techniques using a LECO TCH-600 analyzer.

Properties measurements

The porosities and densities of the sintered porous Ti
samples were determined by the Archimedes principal
method, i.e. the porosity was calculated from the dry weight
of the specimen in ambient air, the wet weight of the
specimen in ambient air after boiling water impregnation,
and the wet weight of the specimen under water after
boiling water impregnation. The mechanical behavior of the
porous Ti foams was investigated by uniaxial compression
experiments at room temperature. The plateau stress
measurements were carried out on a universal testing
machine Zwick Roell Z050, equipped with a 50 kN load
cell at 0.5mm min~'. The strain was measured with a strain
gauge. The Young’s modulus was calculated by dividing the
plateau stress by the plateau strain.

Results and Discussions

Pore Forming Process

Figure 1 shows the SEM micrographs of the starting Ti and
NaCl powders. The Ti powders have irregular morphologies
and size distribution of 10-30 pm (Fig. 1a). These NaCl
powders have cuboid shapes with round angles and size
distribution of 150-300 wm, which is according to the sieved
size of 100-50 mesh [Fig. 1(b)].

Figure 2 shows the schematic illustration of the pore
forming process by using the SPS and NaCl dissolution
methods. The Ti and NaCl powders were sieved to the
required particle size, firstly [Fig. 2(a)]l. Then, the Ti and
NaCl powders with different weight ratios were mixed
thoroughly [Fig. 2(b)]. Additionally, the Ti/NaCl mixtures
were subjected to SPS at various parameters [Fig. 2(c)].
The spark plasma sintered samples were suspended in
circulating hot water (80°C) for as long as 12 h [Fig. 2(d)].
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Fig. 1. SEM micrographs of the starting Ti (a) and NaCl (b) powders.

After cleaning and drying, the porous Ti foams were
obtained finally [Fig. 2(e)].

The influence of the weight ratio and particle size of NaCl
on the porosity and pore size of Ti foams with corresponding
SPS parameters is shown in Table 1. The pore sizes of the
sintered foams were measured from the SEM images. It shows
mean pore sizes about 125um in the foams with a NaCl
spacing material in the range of 88-149 um, mean pore size
about 250 pm with NaCl of 224-297 pm, 400 um with NaCl of
388-500 wm sizes, 800 pm with NaCl of 784-1000 pm sizes.
After porosity characterization by the Archimedes method, it
is noticed that more NaCl particles were needed to obtain the
same porosity in the large pore sized foams. To achieve a
porosity of 55% in the 125 pm foams, the weight ratio of Ti/
NaCl is about 1:1.28. However, the weight ratio of Ti/NaCl is
about 1:1.75 in the 800 wm foams for the same porosity. It
might be due to the decreased specific surface area in the large
sized NaCl particles as spacer materials.

The Ti/NaCl mixtures (Ti/NaCl=1:1.32) were spark
plasma sintered at temperatures of 550-800°C under a
pressure of 30-50 MPa. The exact SPS parameters are shown

in Table 1. The SPSed samples at 750 and 800 °C were failed
because of the melting of NaCl particulates resulting in an
explanation of the mixture and breakage of the graphite die.
The parameters were adjusted, and the Ti foams were
prepared by the SPS at conditions of 730 °C for 8 min under
30 MPa. However, the XRD result in Figure 3 shows that there
are some rutile TiO, phases (PDF#21-1276) and few TiCl,
phase (PDF#10-0315) in the 730°C sintered foams. The
presences of TiO, and TiCl, are due to the reaction of the
Ti with oxygen and dissociated Cl™ in NaCl. It is likely that
the temperature at the necks of the Ti particles exceeds 730 °C
due to the high local contact resistance. Hence NaCl is able
to melt causing contamination of the sample. High purity Ti
foams were prepared at 700 °C for 8 min under 50 MPa. The
starting Ti powders are in the o-Ti phase with hexagonal
structure. The Ti foams remain in the o-Ti phase structure
without any impurities when the SPS process temperatures
are below 700°C. There is usually some temperature
difference between the mold surface and the actual tempera-
ture in the SPS sample. The temperature measurement design
in the FCT SPS system allowed a very accurate temperature

control since the temperature difference between the

center of the sample and the controlling pyrometer

Ti powders was always below 5°C.%% The radial temperature
000 Mixing SPS processing  Dissolution of NaCl Ti foam gradient in the electrical conductive samples is about
000 79°C around.” The Ti powders are electrical
%000 50 conductive materials. The sintering temperature of
+ - 0..50. o —» - —- g 700°C plus the temperature difference 5°C and
; nlo
NaCl particles ne temperature gradient 79 °C was still lower than the
.'. melting point of NaCl (801 °C). Thus, high purity Ti
.'.'.'. foams can be prepared at the SPS temperature of
700 °C.
C) (b) (c) (d) (e)
Microstructures

Fig. 2. Schematic illustration of the pore forming process by using the SPS and NaCl dissolution:
sieving of the Ti and NaCl powders (a), mixing of the Ti and NaCl powders (b), processing by the

SPS (c), dissolution of the NaCl in water (d), obtaining of the Ti foams (e).

The 3D reconstruction by topographical methods
is the most realistic way to get space information
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Table 1. The influence of the weight ratio and particle size of NaCl on the porosity and pore size of the Ti foams with corresponding SPS parameters.

Ti powder NaCl powder Weight ratio Porosity Pore size SPS parameters
(Ti: NaCl) (Temperature, dwell time)
10-30 pm 88-149 pm (170-100 mesh) 1:1.28 ~55% ~125 um 700 °C, 8 min
10-30 pm 149-297 pm (100-50 mesh) 1:0.72 ~30% ~250 pm 700°C, 8 min
1:0.93 ~45% ~250 pm 700 °C, 8 min
1:1.32 ~55% ~250 pm 550 °C, 8 min
600°C, 8 min
650 °C, 8 min
700 °C, 8 min
730°C, 8 min
750 °C, 5 min
800 °C, 3 min
1:1.64 ~70% ~250 pm 700 °C, 8 min
10-30 pm 354-500 pm (45-35 mesh) 1:1.46 ~55% ~400 pm 700 °C, 8 min
10-30 pm 707-1000 pm (25-18 mesh) L7 ~55% ~800 pm 700°C, 8 min

about the internal structure of the foams in a non-destructive
way. The micro-CT 3D reconstructions of the spark plasma
sintered Ti foams with 55% porosity and 250 wm pore size are
shown in Figure 4. The 3D cropped isometric view of cross
sections in the Ti foam shows the uniform pore distribution
and interconnected 3D porous structures with a high
porosity [Fig. 4(a)]. The micro-CT 2D top view and side
views show that the macropore shapes are in square cross
sections, uniform distribution of pore sizes and high
interconnectivity [Fig. 4(b-d)]. The 3D surface, cell wall
thickness, connectivity were examined by the micro-CT in
a non-destructive way. The 3D cropped internal surface
exhibits highly porous structures and interconnectivity
with pore size of 243 £+ 50 pm and cell wall average thickness
20.4 pm.

The SEM micrographs of the Ti foams with the same
porosity of 55% but different pore sizes of 125, 250, 400,
and 800 pm is shown Figure 5. All the foams from 125 to
800 pm exhibit highly interconnected porous structures
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g |
tg ‘\ =
€8 & g
A g
X 3 o
o -Ti (100) 9]
> vy %‘W‘/\ \ /I | «-Ti (002) ’T\a-Ti (110)
-t% WWWW " ‘ k‘*""‘%«hw/\\wm r m
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Fig. 3. XRD patterns of the raw Ti powder and Ti foams processed by SPS at 550, 600,
650, 700, and 730 °C.

and uniform pore distribution. It is found that the pores
have irregular quadrate cross sections. They are similar to
those of the initial NaCl particles of cuboid shapes in
Figure 1(b).

Figure 6 shows the SEM micrographs of the porous
Ti foams with the same pore size of 250 um but different
porosity of 30, 45, 55 and 70%. The thickness of the
pore walls in the 30% porosity foams is about 100 um,
decreasing to 50 pm in 45% porosity foams, and to 20 pm
in 55%, finally ending at 10 um in 70% porosity foams.
The interconnectivity was also enhanced with the
increase in porosity. The 30 and 45% porosity foams
show poor interconnectivity because of the lower porosity
[Fig. 6(a and b)]. But the 55 and 70% higher porosity
samples showed good interconnectivity [Fig. 6(c and d)].
The macropores are in square cross sections in all the
Ti foams with different porosities.

Figure 7 shows the SEM microstructures of the
polished cross-section, pore edge, and pore wall of the
Ti foams, and EDX analysis on the pore matrix. Few
micropores ranged 1-2um were detected in the SEM
micrograph of the polished cross-section of the Ti foam
[Fig. 7(a)l. It is indicated that the Ti foams have been
densified after SPS at 700°C for 8min under 50MPa.
When polishing porous metals, the pores have to be
filled with resin. This prevents release of particles,
which cause the rough finish seen in the Figure 7(a).
Furthermore it prevents the smaller pores from being
filled with debris. The typical pore edge and wall of
the Ti foams are shown in Figure 7(b and c). The grain
sizes of the Ti foams still range about 10-30 pm without
rapid grain growth due to the rapid sintering of SPS.
There are some micropores smaller than 10 um on the
pore walls. The micropores could allow body fluid
circulation whereas the macropores may provide a
scaffold for bone—cell colonization. The surfaces of the
pore walls of the macropores of the porous Ti are
relatively rough. The EDX analysis shows that the
matrix of the pore wall contains only Ti elements
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Fig. 4. Micro-CT 3D reconstructions of the Ti foam (250 wm of pore size, 55% of porosity) exhibiting the isometric view of cross sections with a sample navigation (top-right corner)

(a), 2D top view (b), left side view (c), and right side view (d).

without O element [Fig. 7(d)]. The chemical analysis
by inert gas fusion technique shows that the final
C contents in these SPSed Ti foams are 0.08 £0.02 wt%,
and O contents are 0.29+0.04 wt%. It is between the
Grade 2 (C: 0.10 wt%, O: 0.25 wt%) and Grade 3
(C: 0.10 wt%, O: 0.35 wt%) Ti. They are accordingly to
the XRD results in Figure 3 that high purity Ti foams were
prepared by SPS at 700 °C.

Mechanical Properties

Figure 8 shows the effect of pore size and porosity on
the plateau stress and Young’s modulus of the porous
Ti foams. The measured plateau stress and Young's
modulus of the Ti foams were compared with the
theoretical values that calculated form Gibson-Ashby
model. According to the Gibson—Ashby model, the relation-
ship between the relative plateau stress and relative density
is given by™'!

. P 3/2
a0 Po

where o is the plateau stress of the foams, oy the yield stress
of the dense material; C the constant 0.3 from the data of
cellular metals and polymers, p is the density of the foams, pg
is the density of the dense material. The density of the pure Ti

is 4.5 g cm > with yield stress of 692 MPa.”*"*? The density of
the Ti foam with 55% porosity and 250 pm pore size is
l.69gcm73. Substituting these values in Equation (1), the
theoretical value was calculated to be 47.78 MPa, which is
comparable to the measured plateau stress 45.1+3.0 MPa.
According to the Gibson-Ashby model, the relationship
between the relative Young’s modules and relative density is

given bym]:

E ,o)z
——AlLZ 2
Eo (Po @

where E is the Young’s modulus of the foams, E, the Young's
modulus of the dense materials, A the constant of one
including data of metals, rigid polymers, elasomers, and
glasses. The Young’s modulus of the pure Ti is 105GPa
according to the Equation (2).°!??' The measured Young's
modulus of the above Ti foams with 55% porosity is
13.46 1.4 GPa. Substituting the values into Equation (2),
it is calculated that the theoretical value is 14.81 GPa
which is also comparable to the measured one. All the Ti
foams prepared by the SPS were measured and calculated.
As seen from the Figure 8, it can be deduced that all
the experimental data agrees with the Gibson-Ashby model
(1) and (2) in the present study. The relationship between
the pore sizes and the mechanical properties of the
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Fig. 5. SEM micrographs of the Ti foam surfaces with the same porosity of 55% but different pore sizes of 125 (a), 250 (b), 400 (c), and 800 wm (d).

Ti foams is shown in Figure 8(a and b). The plateau
stress decreased from 49.7+3.8 to 27.2+3.0MPa with
the pore size increase [Fig. 8(a)l. The Young's modulus
reduced from 18.3 £2.0 to 8.9 +1.5GPa with the pore size
increase [Fig. 8(b)]. It coarsely obeys a linear decay with
the pore size increase. The effect of the porosity on
the mechanical properties of the Ti foams is shown in
Figure 8(c and d). The plateau stress decreased from
942+59 to 28.8+3.3MPa, and the Young's modulus
decreased from 36.1+£3.5 to 6.2+1.8GPa with porosity
increase. It generally obeys the rule of exponential decline
with the porosity increase.

The plateau stress and Young’s modulus coarsely obey
linear declines with the pore size increase and exponential
decay with the porosity increase. Liu®* found that the
plateau stress of the porous hydroxylapatite ceramics
decreases linearly with increasing macropore size for a
given total porosity. In this study, we found the plateau
stress and Young’'s modulus coarsely obey linear declines

with the pore size increase [Fig. 8(a and b)]. Rice RW!**
has proposed a function on the relationship of porosity
with strength of porous solids,

o = opexp(—cp) 3)

where oy is zero-porosity strength, o the strength at pore
volume fraction p, and the constant c is related directly to the
pore characteristics such as pore shape and size. In this study,
we used the same Ti powder and NaCl spacer material;
therefore, oy and ¢ can be considered as constant. According
to the above function, the strength (o) should decrease
exponentially as the pore volume fraction (p) increases. Our
results in Figure 8(c and d) are well in accordance with the
above function.

It is reported that powder sintered pure Ti foams with
porosity of 55-75% showed plateau stress and Young's
modulus are in the range of 10-35MPa and 3-6.4 GPa.l*"
Plateau stresses of 30-65MPa and Young's modulus of
1.2-2.8GPa were reported for commercial Ti foams
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Fig. 6. SEM micrographs of the Ti foam surfaces with the same pore size of 250 wm but different porosities of 30% (a), 45% (b), 55% (c), and 70% (d).

with 70-80% porosity produced by a solid sacrificial
template.® Ti foams prepared by slip casting of particle
stabilized emulsions showed yielding strengths of 141 +5.7
and 121 4+5.4MPa for samples with a porosity of 56.1 and
65.2%.571 In this study, the 250 wm pore sized Ti foams with
55% porosity shows plateau stress of 45.1 +3.0MPa and
Young’s modulus of 13.46 +1.4 GPa. The same pore sized
Ti foams with 70% porosity exhibit plateau strength of
28.84+3.3MPa and Young's modulus of 6.15+1.5GPa.
The results are comparable to the reported values of the
samples that prepared by powder sintered and solid
sacrificial template foams, but lower than those of the slip
casting of particle stabilized emulsions. The Ti powders
used in this study are coarse particles in the range of
10-30 um. The sintering activity and density could be
enhanced by ball milling of the raw Ti powders. It is
believed that pure Ti foams with higher mechanical
properties can be prepared by using the ball milling, SPS,
and NaCl dissolution methods. Additionally, the phase

structure in these Ti foams is the low temperature a-Ti phase
but not the high temperature B-Ti phase because of the
lower SPS temperature of 700°C. The B-Ti phase has a
cubic body centered crystalline structure, while the o-Ti
phase has a hexagonal crystalline structure which provides
B-alloys with an improved notched fatigue resistance and
a superior resistance to wear and abrasion.”®® The doping
of B phase stabilized elements in Ti, for example Fe, V, Ta,
Nb, Mn, Mo, Ni, Cr, Cu, etc. could decrease the phase
transformation temperature from « to B phase to below
700 °C.*" Tt can be predicted that B-Ti alloy foams with
much higher mechanical properties could be produced by
using the SPS and NaCl dissolution methods.

Implants sometimes were used to substitute bone defects in
tumor or spine surgery. Porous Ti foam with its osteocon-
ductive properties is an ideal alternative bone graft. The
porous structure with pore sizes of 200-500 pwm of the Ti foams
may be able to permit bone cell penetration and tissue
integration. The plateau stress of the human vertebral bone
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Tmpuiee

Fig. 7. SEM micrographs of the microstructure of the polished cross-section (a), pore edge (b), and pore wall (c) of the Ti foams, and EDX analysis on the pore matrix (d).

(load-bearing site) ranges from 24 to 43 MPa, and femoral
cancellous bone (load-bearing site) is in the range of
48-80MPa.*”! The average Young’s modulus of compact
bone of human ranges 7-30 GPa.""! The plateau stress of the
presented Ti foams in the range of 27.2-942MPa is
comparable to that of the cancellous bone which is enough
for biomedical applications. For biomedical applications, the
main problem of Ti and Ti alloys in clinical view is their high
Young’s modulus. Stress shielding is known to lead to bone
resumption and eventual loosening of the implant.*!! The
dense Ti generally showed much higher Young’s modulus
(70-120GPa) than that of human bone. Thus, the porous
structures were incorporated in the Ti and Ti alloys. In
this study, the porous Ti foams show lower Young’s modulus
values (6.2-36.1GPa) than that of dense ones which are
comparable to those of natural compact bone (7-30 GPa). The
macroporous Ti foams with plateau stress 27.2-94.2 MPa and
Young’'s modulus 6.2-36.1 GPa have a potential to be used as
bone implants. The low Young’s modulus of Ti foams is

desirable to reduce the amount of stress shielding of the
bone into which the foam is implanted. Combing the good
biocompatibility of the pure Ti and the high interconnected
porous structure, the Ti foams achieved by the SPS and NaCl
dissolution methods with mechanical properties comparable
to those of human bone makes these materials to be ideal bone
implant foams.

In summary, macroporous pure Ti foams with porosities of
30-70% and pore sizes of 125-800 um were prepared by using
SPS and NaCl dissolution methods for bone implant
applications. The Ti foams prepared by SPS at 700°C for
8 min under 50 MPa showed pure o-Ti phase structure. The Ti
foams consist of interconnected macropores with square cross
sections. The plateau stress and Young’s modulus agree with
the Gibson-Ashby models, and coarsely obey linear declines
with the pore size increase and exponential decays with the
increase of porosity. The Ti foams processed by SPS and NaCl
dissolution methods showed mechanical properties within
those of human bone range.
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TigAl4V foams were fabricated by the spark plasma sintering (SPS) with post-heat treatment using a
blend of TigAl,V and sodium chloride powders. The microstructure and properties of the foams were
investigated by scanning electron microscopy, X-ray micro-CT, Synchrotron X-ray, compression test
and cell experiments. Results showed that the TigAl;V foams fabricated at 700 °C and 50 MPa in the SPS
cannot get high relative densities. These sintered foams were post-heat treated in a pressureless mode
of the SPS at 1100 °C for 5 min. This heat treatment is very effective to reduce the microporosity and to
densify the foam walls. Young’s modulus of the foams was in the range of 33.0-9.5 GPa and yield
strength ranged from 110.2 MPa to 43.0 MPa with porosity values from 44.7% to 70.0% obeying the
Gibson-Ashby models. The human osteoblast cell line MG-63 validated the cellular acceptance of the
foam surfaces. The pressureless SPS provides a new method for the heat treatment of metallic foams.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The TigAl4V alloys were introduced in 1954 by adding 4%
vanadium to titanium to stabilize its o phase and 6% aluminum to
stabilize its B phase. TigAl,V alloys have interesting mechanical
properties, as well as inherent biocompatibility and corrosion
resistance due to its native oxide layer [1,2]. However, the mis-
matches of Young’s moduli of the human bones and the implants
lead to stress shielding effects responsible for bone resorption and
eventual loosening of implants. Porous structures are expected to
provide a better interaction with the bones. This is partly due to
increased bone growth through the porous surface into the implant
material and increased body fluid transport through three-
dimensional interconnected array of pores, leading to improved
implant fixation [3]. In addition, a lower Young’s moduli of porous
metals than those of dense metals are expected to reduce the extent
of stress shielding and, hence, to prolong implant’s life-time [3,4].

However, the fabrication of porous Ti alloy with standard
techniques is difficult due to the high melting point and the
extreme chemical affinity to atmospheric gases like oxygen,
hydrogen, and nitrogen, especially at elevated temperatures.
Currently, the fabrication of porous Ti alloy is mainly focused on
powder metallurgy approaches [5-11]. The use of space holder
materials allows a simple and accurate control of pore fraction,
shape and connectivity in titanium alloys. Sodium chloride (NaCl)
is a suitable space holder material because of its high solubility in

* Corresponding author. Tel.: +49 381 4986864; fax: +49 381 4986862.
E-mail address: faming.zhang@uni-rostock.de (F. Zhang).

0921-5093/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.msea.2012.12.026

water (359 g/L at room temperature), its complete inertness to
titanium alloy, and its low toxicity [12]. This method provides
foam structures close to homogenous pore structures and high
levels of porosities (60-80%). Open-celled pure titanium foams
were fabricated by vacuum hot pressing of a blend of Ti and NaCl
powders followed by NaCl removal in water [13]. However, the
TigAl4V/NaCl mixture is difficult to be densified by the hot
pressing due to higher creep resistance of this alloy at 790 °C
[13]. Promising approach to produce Ti alloys is the spark plasma
sintering (SPS) process [14-16]. The SPS can easily sinter Ti and Ti
alloy powders applying pressure and high pulsed DC currents.
Thus the local surfaces of the particles melt, allowing junctions to be
formed between particles in contact. Recently a combination of the
SPS technique with a NaCl space holder was used in porous pure Ti
to fabricate macroporous Ti foams with controlled architectures
[15]. This indicated that the SPS may be able to fabricate TigAl,V
foams from TigAl,V/NaCl powder mixture. The present work focuses
on the preparation of TigAl,V foams by the SPS with post-heat
treatment using NaCl space holder. The microstructures of the
fabricated foams are investigated by scanning electron microscopy,
X-ray micro-CT, X-ray diffraction. Their Young’s moduli and yield
strengths are examined by compression tests. The human osteoblast
cell line MG-63 was used to evaluate the cellular acceptance of the
foam surfaces.

2. Experimental procedures

As a basis of the powder mixtures, TigAl;V powder with
particle sizes of 5-35um and chemical purity of 99.0% (TLS
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Technik GmbH & Co, Germany) was blended with 99.0% pure NaCl
powders of grain sizes between 125 um and 250 pm with poly
(vinyl alcohol) as a binder.

The SPS experiments were performed using the SPS system
(FCT system GmbH, Rauenstein, Germany) installed at the Tycho
Sinter Lab in the University of Rostock. All blends were SPS
treated under vacuum in cylindrical graphite dies. After heating
the samples with a rate of 100 °C/min up to 700 °C, a pressure of
50 MPa was applied for 8 min to get disc-shaped pellets (20 mm
diameter, thickness 5-7 mm). Porous TigAl,V foams were
obtained through dissolution of the NaCl phase in renewed
deionized water for 72 h at room temperature. The alloy foams

RN R
- -

-
SR

Fig. 1. Schematic diagram of the graphite die set-up for the pressureless mode
of the SPS (1. graphite form, 2. graphite bottom punch, 3. graphite up punch,
4. Pyrometer measurement hole, 5. sample, d. gap > 0 mm).

were cleaned in an ultrasonic water bath for 30 min and furnace
dried at 120 °C for 12 h. By changing the weight ratio of NaCl, a
series of samples with different porosities were obtained. In
addition, a SPS post-heat treatment was used to increase the
density and strength of the foams. It was carried out by a
pressureless mode of the SPS [17,18]. The setup of the pressure-
less SPS is shown in Fig. 1. A small gap d greater than or equal to
0 mm was designed to avoid damage to the porous materials.
After removing NaCl the foams were spark plasma sintered at
1100 °C for 5 min in this pressureless mode.

The density of the samples was measured by the Archimedes
method in water. The mass of the samples was measured on a
balance. The sample was attached to a thread and fully immersed in
a small beaker with water, without touching the bottom of
the beaker. The weight of the sample in water was measured,
whereby the loss of weight of the sample when suspended in water
is equal to the mass of fluid displaced, from which its volume and
hence density can be calculated. The microstructures of the porous
TigAl,V were analyzed by using a scanning electron microscope
(Zeiss Supra 25, Germany). The pore structure of the sample was
analyzed with an X-ray micro-CT (GE, USA). The specimens were
mounted on a rotary stage and scanned over the whole volume,
being rotated by 360° in 1400 equiangular steps
(4 pics per 1°). The detector size is 2284 pixel in x and y and 2304
pixel in the z direction. The voxel size of the images is 10.2 pm in all
three axes. The phase composition was analyzed using high energy
synchrotron radiation (42.58 keV) at Beamline P02.2 (Petra III/
Desy). Mechanical tests were conducted by uniaxial compression
experiments at room temperature. The standard specimens were
20 mm in diameter and height. The stress measurements were
carried out on a universal testing machine Instron 8520, equipped
with a 250 kN load cell at 0.5 mm/min. The strain was measured
with the travel distance of the testing machine. The compressive
yield strength was determined from the stress-strain curve accord-
ing to the 0.2% offset method [19].

The human osteoblast-like cell line MG-63 (ATCC, CRL-1427, LGC
Promochem, Wesel, Germany) was used for the evaluation of the
cellular acceptance of the surfaces [20]. In general, the cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal calf serum (FCS, PAA), and 1% gentamicin (Ratiopharm GmbH,
Ulm, Germany) at 37 °C in a humidified atmosphere with 5% CO,.
For cell analyses, 1 x 10° cells were grown on the porous TigAl,V
plates for 24 h, fixed with 4% glutaraldehyde (1 h), dehydrated
through a graded series of acetone, dried in a critical point dryer
(K 850, EMITECH, Taunusstein, Germany) and sputtered with a

Fig. 2. SEM images of the raw TigAl,V (a) and NaCl powders (b).
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coater (SCD 004, BAL-TEC, Balzers, Lichtenstein). The samples were
investigated with a SEM DSM 960A (Zeiss, Germany).

3. Results

The TigAl,V and NaCl powders are shown in Fig. 2. The TigAl,V
powders have spherical morphologies and size distributions of
5-35 um. The cuboidal sodium chloride powders have round
angles and size distribution of 125-250 pm. In the preparation
process, the size of the metal powder should be smaller than the
average powder size of the space holder. By choosing the size,

Table 1
Summary of parameters of TigAl,V foams after spark plasma sintering.

Y. Quan et al. / Materials Science & Engineering A 565 (2013) 118-125

shape and quantity of the space holder material, the mechanical
properties of the metal foams can be adjusted.

Table 1 shows a summary of the TigAl,V foam parameters after
spark plasma sintering. Different weight ratios of NaCl powders were
mixed with the TigAl,V powders to get various porosities. After the
foams were SPSed at 700 °C, they show porosities of 47.6%, 57.6%,
63.9% and 72.5% ( + 1.0)%, respectively. When they were post-heat
treated at 1100 °C, they display porosities of 44.7%, 54.4%, 60.7% and
70.0% ( + 1.0)%. The densities of the foams have been increased 5.5%,
7.5%, 8.9% and 9.1% at above specific porosities after the heat
treatments. Detailed microstructural views of the TigAl,V foam with
70.0% porosity are shown in Fig. 3. Fig. 3a and b displays the foams

Parameters 3 g TigAl,V [1.02 g NaCl 3 g TigAl4V /1.6 g NaCl 3 g TigAl,V /2.2 g NaCl 3 g TigAlLV /3.4 g NaCl
Density after SPS at 700 °C (g/cm?) 2.32 1.887 1.607 1.22

Density after heat treatment at 1100 °C (g/cm?) 2.45 2.02 1.74 1.33

Porosity after SPS at 700 °C (%) 47.6 57.6 63.9 72.5

Porosity after SPS at 1100 °C (%) 44.7 544 60.7 70.0

Relative density after SPS at 700 °C (%) 52.4 42.4 36.1 275

Relative density after heat treatment at 1100 °C (%) 55.3 45.6 39.3 30.0

Increments in density (%) 5.5 7.5 89 9.1

Density of dense TigAl4V 4.43 g/cm>.

EMZUniRo

ERZUniRo’

Fig. 3. SEM images of the porous structures and pore walls of the TigAl,V foams with 70% porosity of the spark plasma sintered at 700 °C, 50 MPa (a,b), and SPS post-heat

treatment at 1100 °C (c,d).
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fabricated at 700 °C and 50 MPa. They show the porous structure and
pore walls, revealing relatively uniformly shaped macropores having
rough surfaces, with many micropores ( < 10 um) and the shapes and
sizes of the original alloy powders being visible. This indicates that
the TigAl4V/NaCl mixture is difficult to be densified and, as expected,
the diffusion at 700 °C was not sufficient to smooth the micropores
due to very high melting point of TigAl4V. Fig. 3¢ and d displays
TigAl4V foams post-heat treatment at 1100 °C at a pressureless mode.
After the heat treatment, the junctions between TigAl,V powder
grains are formed with only few micropores left. As seen in Fig. 3d,
most of the micropores disappeared due to the heat treatment. This
indicates that the pressureless heat treatment contributes to reduce
the microporosity of the foams, since no pressure was applied and
only diffusion dominated the SPS process. Thus, TigAl,V foams with
higher density of the walls have been fabricated by the SPS at 700 °C
and the post-heat treatment at 1100 °C.

The outer shape of the TigAl,V foam with 54.4% porosity
fabricated by the SPS with post-heat treatment is shown in
Fig. 4a. Fig. 4b-d displays the micro-CT 3D reconstructions of
the foam. The 3D cropped isometric view of cross sections in
TigAl4V foam shows the relative uniform pore distribution and
interconnected 3D porous structures. The Micro-CT 2D top view
and side view show that the macropore shapes are in square
cross sections with a relative uniform distribution of pore sizes
of 210+40 um and with an average cell wall thickness of
22.1 £5 um.

Fig. 5 shows the SEM micrographs of the porous TigAl,V foams
with different porosities of 44.7%, 54.4%, 60.7% and 70.0% ( + 1.0)%
fabricated by the SPS with post-heat treatment. The macrostruc-
ture of the foam is composed of homogeneously dispersed porous

cavities and continuously connected TigAl,V struts. It shows mean
pores with a size of 150-250 um achieved with a NaCl spacing
material in the range of 125-260 pm. The thickness of the pore
walls decreases with increasing porosity. The higher porosity
samples show good interconnectivity. The primary pores replicate
the size and shape of the angular NaCl particles with rounded
corners. Thus, pore shapes can be controlled by using NaCl
powders with various shapes. Finally, interconnected pores are
visible either as black pores or as necks between adjacent pores in
cross sections. These interconnected pores are usually in the
range of 20-150 um in size, indicating that osteoblasts may be
able to penetrate into the porous structure.

Fig. 6 demonstrates the synchrotron radiation high energy
X-ray diffraction of TigAl;V foams produced by the SPS. The
diffraction pattern confirms the o-Ti phase in the TigAl4V powder.
The o-Ti phase is still present in TigAl,V foams after the SPS
process at 700 °C. In addition to the crystalline diffraction peaks
of the a-Ti phase, peaks of intermetallic phase AlsTiggVo, (ICDD
no. 43-1154) are visible. After the post-heat treatment by the SPS
at 1100 °C, it shows that the intensity of the o-Ti (002) peaks is
weaker and the peak of AlsTig gV phase is stronger than those in
the 700 °C sintered sample. Additionally, B-Ti (211) plane was
detected in the 1100 °C sintered sample. However, there are no
impurity peaks visible in the XRD patterns. The X-ray diffraction
obtained from the porous TigAl,V in Fig. 6 proved that the space
holder NaCl phase was removed completely. The post-heat treat-
ment has increased the ratio of the B-Ti phase and intermetallic
phase Al;TipgVg in the microstructures.

For the evaluation of the mechanical properties of the
porous samples, compression tests were performed. Fig. 7a

(b)

(d)

Fig. 4. Micro-CT three-dimensional 3D reconstructions of the TigAl4V foam (54.4% of porosity) with outer shape of the alloy foam (a), an isometric view (b), 2D top view (c),

and left side view (d) (scare bar 200 pm).
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Fig. 5. SEM images of the TigAl,V foams prepared by SPS with post-heat treatment with different porosities of (a) 44.7%, (b) 54.4%, (c) 60.7%, and (d) 70.0% ( + 1.0)%.

shows Young’s modulus and compressive yield strength as a
function of relative density for TigAl,V foams and the predicted
theoretical values. Young’s modulus of the porous metals is
compared with a prediction according to the Gibson and Ashby
model [21]:

E P 2
iy ol N 1
Eo (Po) @

where E and E, are Young's modulus of foam and bulk
materials with densities p and p, respectively, using
Eo=117 GPa and p,=4.43 g/cm> for TigAl4V [22]. The propor-
tionality constant C has to be considered as 1 for titanium
alloys [21]. The estimated Young's moduli ranging from
34.11 GPa to 9.84 GPa obey exponential decays with the
increase of porosity, and the actual measured Young’s moduli
of the foams that are comparable with the calculated Young’s
modulus based on the density of the TigAl4V foam. Besides
Young’s modulus, the strength is an important property of
orthopedic implants, particularly in load bearing applications.
According to the Gibson-Ashby model, the relationship
between the yield strength and relative density is given by [21]

o P\"

2 _cl£ 2
0o (Po) @
where gy and pg are the yield strength and the density of the
solid material ¢ and p of the foam, respectively. The experi-
mental data indicate that Cis around 0.3 and the strength of the

foam is proportional to the strength of the solid (n=3/2) [23].
The density of dense solid TigAl,V is 4.43 g/cm® with yield
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Fig. 6. Synchrotron radiation high energy X-ray diffraction patterns of the TigAl,V
powder and spark plasma sintered TigAl,V foams.

strength 902 MPa [24,25]. The yield strength of TigAl;V foams
and predicted theoretical values for open porous material are
given in Fig. 6b. It can be seen that the measured values for
porous TigAl4V are slightly higher than the analytical predictions
by Gibson-Ashby model for open structures, and also much higher
than the compressive strength of cancellous bone (10-50 MPa).
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Fig. 7. Young’s modulus (a) and yield strength (b) of the TisAl;V foams and
theoretically predicted values.

The experimental values are all comparable with the calculated
data obeying the Gibson and Ashby model.

Human osteoblast like cells (MG-63) were cultured on the
porous TigAl4V samples. Fig. 8 shows the SEM images of human
bone-like MG-63 cells on porous TigAl,V foams with 44.7%, 54.4%,
60.7%, and 70.0% ( + 1.0)%. After 24 h they exhibit a well spread
morphology and excellent bonding to the surface. The cells form
filopodia reach the adjacent grains of the TigAl4V structure. The
cells grow inside the pores to a large extend implying a good
integration when implanted into the bone. For a better inter-
connectivity, higher porosity TigAl,V foams (above 60%) are
recommended for the biomedical applications. This cell tests
display that the pore sizes and porous surface of the TigAl,V
foams fabricated by the SPS are suitable for the osteoblasts
in-growth.

4. Discussion

In this study, the TigAl4V foams were fabricated by using SPS at
700 °C with controlled porosity followed by dissolution of NaCl
phase and post-heat treatment at 1100 °C. The NaCl has a melting
point of 801 °C. In the actual experiments, the temperatures of
650 °C, 700 °C, 720 °C, and 750 °C have been tested in the first
step of SPS. At 720 °C, a little NaCl melted and reacted with Ti

resulted in some impurities formation. At 750 °C, most of the NaCl
spacer melted and the expansion of the sample destroyed the
graphite die. The sintering temperature was determined as 700 °C
finally. A relatively high pressure of 50 MPa allows the use of
pressure to enhance the densification of the TigAl,V/NaCl mixture.
The higher pressures from 60 to 80 MPa have been tested. At
these pressures, the graphite dies were easy to break due to the
thermal expansion of TigAl;V/NaCl mixture during sintering. In
the end, the parameters of 700 °C and 50 MPa were selected.
Previous investigations showed that high-density pure Ti foams
can be fabricated with NaCl as space holder by the SPS at 700 °C
and 50 MPa [15]. However, the TigAl,V/NaCl mixture cannot be
densified at the same condition. It indicates that this TigAl4V/NaCl
mixture is difficult to be consolidated either in the hot pressing
[13] or in the SPS. The TigAl,V foams were post-heat treated by
the pressureless SPS method at 1100 °C for 5 min. The alpha-beta
transus temperature of the TigAl4V alloy is about 1000 °C. In the
second run, several temperatures (1050 °C, 1100 °C, 1150 °C and
1200 °C) over the transus temperature were tested. The results
indicated that at 1050 °C it cannot densify the foam walls well. At
1150 °C and 1200 °C, the samples were overheated with melting
of grain boundaries. Hence, 1100 °C was confirmed as the optimal
heat treatment temperature. The densities of the foams have been
increased as shown in Table 1. The relative density values can give
the information of macroporosity and microporosity in the foams.
The macroporosity was determined by the fraction of NaCl spacer
after the SPS at 700 °C and dissolution in water. The post-heat
treatment by pressureless SPS at 1100 °C will contribute in redu-
cing the microporosity of the foams. As the schematic diagram of
the graphite die setup for the pressureless SPS in Fig. 1 indicated,
the gap d is greater than or equal to 0 mm between the top punch
and the sample. When the gap is zero, the current can pass through
the sample at the beginning of sintering. After densification and
shrinkage of the sample, it became into a break circuit again. When
the gap is greater than zero, it is a break circuit. The current can
only pass through the graphite punch and outer form, but not
the sample. The sample was heated by the temperature field of
the graphite die. There was no pressure being applied, therefore
the surface diffusion, volume diffusion and grain boundary diffu-
sion dominated the densification process in the pressureless SPS.
These diffusions mainly play roles of reducing the microporosities
in the foams. This pressureless SPS is similar to a conventional
pressureless sintering. The only difference between them is the
efficiency where the pressureless SPS is much faster with a faster
heating rate and a shorter holding time. This post-heat treatment
by the pressureless SPS is similar to the technique of hot isostatic
pressing (HIP) used to reduce the microporosity of metals and to
increase the density of many ceramic materials, thereby improving
the material’'s mechanical properties. The post-heat treatment by
the pressureless SPS can be done in vacuum and argon gas up to
40 hPa. The results in this study indicate that this pressureless SPS
method can be used for post-heat treatment of TigAl,V foams, and
possibly for all the metallic foams, dense metals and ceramics.
Because of the passive oxide film that was formed at room
temperature, Ti alloys has very good corrosion resistance. The
oxide films on the powder surfaces would probably have some
effects on the sintering temperatures; however, it is not notice-
able during the SPS process. In another side, the biological
properties of a Ti implant depend on its surface oxide film [26].
TiO, has good cell biocompatibility and it is already used as a
coating on many Ti alloys [27]. In this study, there are no bad
effects observed for the oxide films interaction with the MG-63
cells. Consequently, this method using SPS by dissolution of NaCl
spacer and post heat treatment provides a foamed structure with
a close homogenous pore structure, high levels of porosity and
improved mechanical properties. The mechanical properties of
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Fig. 8. SEM of human bone-like MG-63 cells on porous TigAl4V foams (a) 44.7%, (b) 54.4%, (c) 60.7%, and (d) 70.0%( + 1.0)%. The cells display a well spread morphology and

moreover the cells extend various filopodia to the adjacent grains (arrow).

the metal foam can be adjusted by choosing the size, shape and
quantity of the space holder material used. The highly porous
nature of the alloys combining improved mechanical properties
with osteoconductivity makes these materials ideal for bone
scaffolds. The future highlights will be net-shape processing of
foams with complex forms by the SPS method. Prospectively, this
kind of TigAl4V foams has potential to alleviate the problem of
mechanical mismatch between the bones and the Ti alloy
implants and may provide a new candidate as a long-term bone
substitute for biomedical applications.

5. Conclusions

TigAl,V foams were fabricated by the SPS with post-heat
treatment using a blend of TigAl,V and sodium chloride powders.
TigAl4V foams fabricated at 700 °C and 50 MPa in SPS cannot
achieve high relative densities. The sintered foams were post heat
treated in a pressureless mode of the SPS at 1100 °C for 5 min.
This heat treatment is very effective in reducing microporosity
and to densify the foam walls. Young’s moduli of the foams
were in the range from 33.0 +3.2 GPa to 9.5 + 1.0 GPa and the
yield strengths ranged from 110.2 + 8.0 MPa to 43.0 + 2.8 MPa
with porosity values from 44.7% to 70.0% (+1.0)% obeying
the Gibson-Ashby models. The human osteoblast cell line
MG-63 validated the cellular acceptance of the foam surfaces.
This pressureless SPS method can be used for post-heat treatment

of TigAl4V foams, and possibly for all the metallic foams and
dense solids.
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