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Abstract

The processing and characterization of thin film metallic glasses (TFMGs) and bulk

metallic glass foams (BMGFs), prepared by the dealloying corrosion process, have been

studied. The TFMGs were fabricated by the co-sputtering with the ZresCuzsTigo (Wt%) alloy

target and the pure Ta target. For BMG, there are two kinds of amorphous metallic powders

adopted, namely, Zrs3CusoNigAlg, and TisoCussPd14Zr10. The Zr- and Ti-based powders were

sintered at the temperature that Zr- and Ti-based powders overlap their supercooled regions.

To fabricate the porous structure, these materials were selectively dissolved using

electrochemical treatments in 0.1 M HNO; solution. The glassy nature and the pore

morphology of the corroded materials were confirmed by X-ray diffraction and scanning

electron microscopy. In the current study, the pore size is about 10-30 um and the porosity

volume faction is about 43%. By using different combinations of the powders size and

volume fraction, the resulting pore size and porosity fraction can be upgraded to 200-500 um

and 60-80%, respectively.

Keywords: metallic glass, dealloying, electrochemiscal, co-sputtering, porous

Xi



Chapter 1 Introduction

1-1 Amorphousalloysor metallic glasses

Amorphous aloys, or termed as metallic glasses, have been developed for very long
time, exhibiting unique characteristics, such as good corrosion resistance, high strength and
larger elastic energy storage [1]. The reason in causing these characteristics is the random or
disordered atomic structure. In contrast to crystaline aloys, which have a highly ordered or
long range ordered arrangement of atoms, amorphous alloys are non-crystaline. The atomic
structure of amorphous alloys and crystalline materials are shown in Figure 1-1 [2]. The lack
of crystalline structure means no crystal defects, such as grain boundaries and dislocations.
Due to no crystal defect, amorphous aloys can exhibit special thermal, soft-magnetic and

chemical properties.

Amorphous alloys can be applied as biomedical materials, like scalpel and others. Some
researches indicated that amorphous aloys have great biocompatibility and mechanical
properties. There is a survey [3] indicating that there are about one million surgery cases of
the organic replacement per year, and the demand is rising constantly. The applications of

amorphous aloys (or metallic glasses) on bio-implant is worthy of further research and



development.

There are many methods to fabricate amorphous alloys, such as vacuum sputtering [4],

solid-state reaction [5], chemical vapor deposition or liquid quenching, as described bel ow.

Vacuum sputtering has the highest cooling rate about 10'°~10" K/s. Therefore, it can be
used to fabricate amorphous thin film. Vacuum sputtering can be alone via direct current (DC)

sputtering and radio frequency (RF) sputtering by the difference of the power source.

Chemical vapor deposition is a common method to prepare inorganic amorphous thin
films, and iswidely applied in integrated circuit process. In this process, the wafer (substrate)
is exposed to one or more volatile precursors, which react and/or decompose on the surface of
substrate to produce the desired deposit. Frequently, volatile by-products are also produced,

which are removed by gas flow through the reaction chamber.

Solid-state reaction is meant to make the fined-grained material by severe plastic
deformation. As the grain size is refined to a certain level less than 2 nm, the materia will
turn into amorphous aloy. This method can be applied at room temperature, but cannot be

used to fabricate big bulk amorphous materials.



Presently, liquid quenching is the most general process applied in fabricating amorphous
aloys. It includes splat quenching, planar flow casting, roller quenching, spray forming, and
so on. Liquid quenching can produce amorphous powders, fails, ribbons, bulk rods, and

plates.

1-2 Evolution of thin film metallic glasses (TFM GSs)

There are many methods to fabricate amorphous alloys, and most of them can form the
large size of bulk metallic glasses. Bulk metallic glasses (BMG) are difficult to act as fine
engineering materials because of their near-zero tensile ductility [6]. Owing to the high
strength and hardness, amorphous aloys are also widely used as coating materials, as thin
film metallic glasses (TFMGs). Until now, many techniques such as thermal evaporation and

magnetron sputtering have been developed to prepare TFM Gs.

The potential processes for fabricate of TFMGs were published since early 1980s.
Schwarz and Johnson [1] first fabricated the La-Au TFMG by the solid-state reaction in 1983.
They found the broad hump by X-ray diffraction (XRD) with Cu-K,, radiation, symbolizing

the formation of amorphous structure. In 1986, Cotts et al. [2] successfully fabricated the



Ni-Zr multilayer thin films by sputtering, and observed the amorphization of crystaline

metallic thin film by differential scanning caorimetry (DSC). Chen et a. [3] rapidly

fabricated the amorphous Al-Fe, Bi-Fe and Bi-Ti alloys via co-sputtering in 1988. The thin

film was deposited on the NaCl substrate cooled by liquid nitrogen. In late 1980s, Inoue’'s

group [4] in Tohoku University of Japan developed many new multi-component bulk metallic

glass systems with ower cooling rates such as the Mg-, Ln-, Zr-, Fe-, Pd-, Cu-, Ti- and

Ni-based systems. Amorphous aloys started to be popularly noted and studied due to the

overcome of the critical problem in fabrication.

In 1996, Dudonis et al. [5] produced the amorphous Zr-Cu TFMGs by co-sputtering.

They first discussed the structure by change deposition factors, such as the working pressure

and the substrate temperature. Besides sputtering, TFMGs can be fabricated by other

deposition processes, such as pulse laser deposition. Comparing the sputter deposition and

pulse laser deposition, the major difference is the kinetic energy of the incident atoms. The

greater Kinetic energy of the incident atoms would cause the formation of the metastable

amorphous phase.

In near 2000, the Akira’'s group [6, 7] a Precision and Intelligence Laboratory devel oped

the Zr-Cu-Al and Pd-Cu-S ternary TFMGs, by aloy sputtering, for Micro Electro



Mechanica Systems (MEMS) applications. The benefit of aloy sputtering is that the

deviation of composition between target and as-deposited films can be neglected. Moreover,

because of a large super-cooled region, excellent three-dimension forming ability, good

corrosion resistance and mechanical properties, the Zr- and Pd-based TFMGs are appropriate

choices for the conical spring linear micro-actuator in MEMS. This report opened the TFMGs

application in the MEMS industry.

Annealing-induced full amorphization in multi-component monolayer thin films was

reported by Chu et a. [8] in 2004. The Zr-Al-Cu-Ni crystalline thin film was annealed under

argon atmosphere at the heating rate of 40 K/min and the holding time of 60 s at the

temperatures range from 550 to 950 K. The crystalline phase transferred to the metastable

amorphous phase is due to the atomic inter-diffusion. Compared with direct fabrication

methods of TFMGs, this method can save much energy and cost because it does not need to

maintain the very low temperature of the substrate. Thus, the post-treatment methods are

potential to fabricate TFM Gs with the convenience and low cost.

In 2005, Inoue's group [9] fabricated the nano-device by the nano-scale pattering

technique. The Zr-Al-Cu-Ni TFMGs were deposited by magnetron sputtering. The

nano-pattern on the Zr-based TFM Gs was produced by the focus ion beam (FIB) technology.



This nano-pattering technology may be applied to fabrication of nano-mold and high-density

memories.

The evolution and improvement of TFMGs fabrication have been investigated by many

researchers since 1960s. Severa important characteristics of TFMGs, such as the electric

resistance [10], hardness [11], fracture phenomena [12], reliability [13] and mechanical

properties [6, 14], were studied. In 2005, Zhang et al. [15] reported the deformation behavior

of free-standing Pd-based TFMGs. Upon bending, the as-deposited films revealed ductility

due to the existence of shear bands. After annealing, the TFMGs become brittle because of

the absence of shear bands.

Although bulk metallic glasses (BMGs) have been widely studied and used, little is

known about applications of amorphous thin films for MEMS. Compared with conventional

MEMS materials, TFMGs have the some advantages: (1) TFMGs are soft and show viscous

flow in the supercooled liquid region, which makes them easy to be formed into a 3D shape.

(2) In consequence of their mechanical isotropy, structural homogeneity, and absence of

crystalline defects ,grain boundaries, segregation, etc., TFMGs are assumed to have no size

effect; (3) TFMGs are a kind of amorphous alloys in which their physical properties can be

adjusted by changing their compositions and contents as well as by precipitation of



nano-scaled particles.

1-3 Characteristics of Ta and its biomedical application

Tantalum is a gray, heavy, and very hard metal. And it is amost completely immune to
chemical attack at temperatures below 423 K, and is attacked only by hydrofluoric acid, the
acidic solutions containing fluoride ion, and free sulfur trioxide. Tantalum has a high melting
point of 3290 K (boiling point of 5731 K), and is exceeded only by tungsten, rhenium and
osmium. Tantalum is used to make a variety of alloys with desirable properties such as high

melting point, high strength, and good ductility.

Tantalum (Ta) exists in two crystalline phases, alpha (o) and beta (B). The a-phase is
relatively ductile and soft, it has body-centered cubic structure. The B-phase is hard and
brittle, its crystal symmetry is tetragonal and electrical resistivity is relatively high. The
B-phase is metastable and could convert to the alpha phase upon heating to 1023-1048 K.
Bulk tantalum is almost entirely a-phase, and the -phase usually exists as thin films prepared
by magnetron sputtering, chemical vapor deposition or electrochemical deposition from an

eutectic molten salt solution.



Ta-based alloys have been recently used in bioimplant, and have given remarkably effect.
The metal tantalum has been the focus in orthopedics because of the stable biological
character, good compatibility and typical structural nature. Experiments show that when the
phagocytes contacted tantalum dust for 1 hour, they still stay aive and show no cell
degeneration. This indicates that tantalum has non-cytotoxicity and no toxic effects on the

human body.

As mentioned above, the special characteristics of tantalum provide great potential to
apply to orthopaedic trauma. It can be made as wires thinner than a human hair filament, and
then the filament can be used as surgical sutures. Tantalum wires have good corrosion
resistance, excellent biocompatibility, and are non-toxic to humans. There is no need to

conduct re-operation to remove and the implant can be kept in the body for whole lifetime.

1-4 Sputter process

1-4-1 Introduction to sputtering

The sputter deposition is a physical fabrication process of thin films, utilizing the ion

bombardment and momentum transfer. The energetic particles impact the surface or



near-surface atoms of atarget with enough energy which can break bonds and dislodge atoms
by the bias between the anode and cathode. During this process, the collison between
incident particles and atoms of a target can be viewed as elastic collision because the loss of
momentum transfer is nearly zero. Sputtering occurs whenever any particle strikes a surface
with enough energy to dislodge an atom from surface. The sputter yield Y isjust the ratio of
the number of emitted particles per incident particle [22]: Y = (number of emitter particles/

number of incident particles).

Sputtering can occur for virtually all incident species, including atoms, ions, electrons,
photons, and neutrons as well as molecules and molecule ions. Generally speaking, the
plasma includes inert gasions, such as Ar*, Kr*, or small molecule ions such as N**, 0%, etc.
Sputter yield is independent on the particle charge but is dependent on the physical

momentum transfer and kinetic energy from the incident particles to surface atoms.

When energetic particles bombard on the target, many reactions occur between the
ionized gas particles and target atoms near the surface, as shown in Figure 1-2 [23]. Most of
the transferred energy (>95 %) appear as heat in the surface region and near-surface region.
Some of the bombarding particles are reflected as high energy neutrals and some are

implanted into the surface. When an atomic sized energetic particle impinges on a surface,



the particle bombardment effects can be classed as:
(1) Prompt effects (<10 s) — lattice collisions, physical sputtering, reflection from the
surface.
(2) Cooling effects (>10** sto 10™° s) — thermal spikes along collision cascades.
(3) Delayed effects (>10° s to years) — diffusion, strain-induced diffusion and
segregation.

(4) Persistent effects — gas incorporation compressive stress due to recoil implantation.

Incident particles, aso called as plasma, are produced by glow discharge. In the
ultra-high vacuum chamber, dilute gas such as argon is introduced into the chamber. Gas
molecules can be ionized when the bias between cathode and anode is large enough. At this
moment, argon atoms are divided into Ar” ions and electrons. Electrons produced at the initial
of glow discharge are called primary electrons. However, plasma cannot exist stably due to
the unstable primary electron source. Actualy, the stable plasma is maintained by stable
secondary electrons source which are produced near the target surface by the collison

between the ions and target atoms.

At the beginning of the discharge, the primary electrons from the cathode are accel erated
by the electric field near the cathode to the anode. These energetic electrons collide with the

10



gas molecules and generate positive ions before travelling to the anode. The positive ions

bombard the cathode surface and result in the generation of secondary electrons from the

cathode surface. The secondary electrons increase the ionization of the gas molecules and

generate a self-sustained discharge [24]. The advantages for sputtering deposition are

(1)

)

©)

(4)

©)

(6)

Excellent film uniformity, particularly over large areas,

Easy control of surface smoothness and uniform of films

Deposition of films with nearly bulk-like properties, which are predictable and

stable,

The sputtering deposition is essentially a kinetic process involving momentum

exchange rather than a chemical and/or thermal process. Therefore, virtualy any

material can be introduced into a gas discharge or sputtered from solid.

Good adhesion of films.

Sputtering allows for the deposition of the films having the same composition as

the target source.

1-4-2 Sputtering systems

According to types of power supply, the sputtering systems can be divided into four

types. (1) direct current (DC) diode sputtering system, (2) radio frequency (RF) diode
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sputtering system, (3) magnetron sputtering, and (4) reactive sputtering.

The DC diode sputtering system is the simplest type of sputtering. Figure 1-3 [25] shows

a pair of planar electrodes in a vacuum chamber. One electrode is a cold cathode, and the

other is an anode. Glow discharge can occur with enough bias voltage. The top plasma-facing

surface of the cathode is covered with a target material and the reverse side is water-cool ed.

The substrates are placed on the anode. After the glow discharge starts, Ar ions in the glow

discharge are accelerated at the cathode, falling and bombarding the target and resulting in

the deposition of the film on the substrates. Near the cathode is a dark space or sheath in

which may collect large amounts of primary and secondary electrons. The RF diode

sputtering system is very similar to the DC sputtering system, but is different from power

supply, as shown in Figure 1-4 [25]. The DC system is suitable for conductor targets, such as

Fe, Cu, Zr, Ni, and Mg.

By substitution of an insulator target for a metal target in a DC diode sputtering system,

the sputtering glow discharge cannot be sustained due to the build-up of a surface charge of

positive ions on the front side of the insulator target. To solve this problem, the RF power

supply is substituted for the DC power supply. For a small part of the RF cycle, the cathode

and anode are electrically reversed. This can eliminate the build-up charge on an insulating
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surface by providing equal number of ions, electrons, and so on. The RF power supply is

operated at high frequency from about 60 MHz to 80 MHz. However, the most common

frequency is 13.56 MHz and its multiples [22].

A second key advantage of the RF diode system is that the oscillation of field in the

plasma (at the driving frequency) could result in additional electron motion with the plasma.

This has been described in several ways, but the most interesting point is an analogy to the

electron “surfing” on the electric field waves in the plasma. The end result of this enhanced

electron movement is that the probability of an ionizing collision is increased for a given

secondary electron, and this leads to an increase in the plasma density compared to DC diode.

The density increase results in higher ion currents and a faster sputtering rate.

Although the DC and RF sputter deposition processes are convenient, high reliability

and continuous process, a slow deposition rate and charging are still the major disadvantages

of these processes. In 1935, Penning’'s study [24] first revealed the low pressure sputtering

under a transverse magnetic field which was added on a DC glow discharge tube. A

magnetron uses a static magnetic field configured at the cathode location, as shown in Figure

1-5[25]. The magnetic field is located parallel to the cathode surface, as shown in Figure 1-6

[22]. Secondary electrons emitted from the cathode due to ion bombardment are constrained
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by this magnetic field to move in a direction perpendicular to both the electric field (normal
to the surface) and the magnetic field. Figure 1-7 [22] shows an E x B drift, which is based
on the Hall Effect. This drift causes electrons to move parallel to the cathode surface in a

direction 90 degree away from the magnetic field.

Based on these issues mentioned, an additional magnetic field added can prolong the
electron retaining time in the plasma and improve the probability of collisions. This enhances
the efficiency of the simple diode sputtering, and also makes diode sputtering configuration

operating under higher currents and pressures.

In reactive sputtering, thin films of compounds are deposited on substrates by the
sputtering deposition from metallic targets which react with reactive gas such as oxygen,
nitrogen with inert gas (invariably Ar). The types of compounds synthesized by reactive
sputtering are oxides, nitrides, carbides, sulfides, and are briefly listed below [26]:

(1) Oxides (oxygen) —Al,0g3, In,03, SNO,, SIO,, and TapOs,

(2) Nitrides (nitrogen, ammonia) — TaN, TiN, AIN, and SizNa,

(3) Carbides (methane, acetylene, propane) — TiC, WC, and SIC,

(4) Sulfides (H2S) — CdS, CusS, and ZnS,

(5) Oxycarbides and oxynitrides of Ti, Ta, Al, and Si.
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1-5 Development of Ta- and Zr-rich TFM Gswith immiscible tantalum

Due to the well-developed sputtering techniques, binary and ternary TFMGs can be
fabricated conveniently. The composition of available TFMGs can be also adjusted by
additional targets via co-sputtering processes. According to the uniquely mechanical and
medical properties as mentioned above, tantalum was chosen for the applicable additive in
the Zr-based TFMGs recently. However, it was difficult to avoid the precipitation of the
immiscible elements during the synthesis of Zr-based TFMGs and tantalum. To overcome
this restriction, one conception was applied for these materials. From 2005 to 2007, Ma [27],
Park et al. [28], and Liu et al. [29] addressed that an over-saturated amount of the immiscible
element could be added to into the amorphous-alloy matrix during the deposition processes.
Then, to compare with the liquid-quenching process for amorphous alloy with bulk or ribbon
type, the solubility of immiscible element and glass forming composition range by the

deposition processing were improved to show better enhancement [27-29].

In 2010, a series of Zr-Cu-Ti TFMGs with high solubility of immiscible tantalum were
successfully fabricated via the co-sputtering processes by Chou et al. [30]. In these TFMGs,
the content of tantalum can reach ~75% without precipitation. As shown in Figures 1-8(a)-(f),
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these plane-view TEM bright-field images represent the uniform contract in the Zr-Cu-Ti-Ta

TFMGs with the Ta content from ~12 to ~75 at%. No obvious nanocrystalline particles can

be detected in these specimens. These results imply that the as-deposited Zr-Cu-Ti TFMG

composed of the Zr-Cu-Ti amorphous solid solution with supersaturated immiscible Ta.

When the addition of immiscible Ta is greater than 75 at%, nanocrystalline Ta starts to

dominate the microstructure, as shown in Figures 1-8(g) and (h). In 2011, Chou et a. [31]

further examined the microstructure of the Zr-Cu-Ti TFMGs with Ta content from 13 to 74

at%, as show in Figures 1-9(a)-(f), respectively. In the figures, the white contrast is caused by

the presence of excessive Tawhich has a higher Z number. The contrast becomes blurry when

Ta is over 45at% and completely disappears at about 74 at%, shown in Figure 1-9(f). The

structures of Zr-Cu-Ti-Ta films become nanocrystalline when Ta > 82%, including Ta82,

Ta92, and pure Ta.

Moreover, the nanomechanical properties of Zr-Cu-Ti-Ta TFMGs were analyzed and

performed by using a nanoindentation system [30]. The elastic moduli of the ZrssCus; Tiz4 and

B-Ta films were measured for the comparison; the values are 103 and 221 GPa, respectively.

If the solubility of immiscible Ta is zero, meaning immiscible Ta would precipitate

completely in the Zr-Cu-Ti TFMGs forming a composite, the resulting elastic modulus and

hardness can be estimated via rule of mixture, either the Voigt or the Reuss model as the
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upper or lower bound [32]. These calculated data can be compared with the experimentally

nanoindentation results and plotted in Figures 1-10(a) and (b). In the Figure 1-10(a), it shows

the variation of €astic modulus as a function of Ta content, in which the data can be divided

into region | (ZrCuTi-rich TFEMGs), region Il (Tarich TFMGs), and region IlI

(nanocrystalline B-Ta). It is obvious that the elastic moduli of specimens increase with Ta

content increasing from 50 to 75 at% in the region Il. A transition point from region | to |1 at

Ta content of 50 at% implies that a drastic variation in atomic packing start to affect the

Zr-Cu-Ti-Ta TFEMGs structure [30]. Furthermore, the variation of hardness to Ta content also

performs a similar trend, as shown in Figure 1-10(b). With increasing Ta content, the

measured hardness increases. For the maximum hardness in regions | and Il of such TFMGs,

the enhancement of hardness is about 100% with respect to the hardness without the addition

of immiscible Ta. The hardness levels of the ZrCuTi-rich and Ta-rich TFMGs reach ~7 and

~10 GPa, respectively. As Tais precipitated out in region |11, the hardness increases rapidly to

alevel ~20 GPa. In Figures 1-10(a) and (b), the experimental results are in poor agreement

with the calculated boundary values for the region Il. The key is considered to be the

formation of Ta-Ta bonding. Ta serves as the mgor element in the amorphous structure,

indicating the self type of Ta-Ta bonds would form with a high population. Thus a higher

elastic modulus in region Il would be achieved [30]. Consequently, in the Tarich

Zr-Cu-Ti-Ta TFMGs (with the Ta content of 50 to 75 at%), the mechanical properties can be

17



predominated by tantalum because of its superior properties and uniform distribution.

1-6 Metallic glass powders

1-6-1 Metallic glass powdersfabrication

These BMGs powders can be fabricated by suction and injection casting. When the
ingots were melted homogeneously by arc melting, the melt was immediately sucked into a
water-cooled copper mold that has internal cylindrical-shaped cavities to fabricate the Zr- and
Pd-based alloy rods under a purified argon atmosphere. The various copper molds with the
cylindrical-shaped cavities inside could be replaced to prepare the cylindrica alloy rods with

various sample sizes in diameter.

The injection casting can fabricate the master bulk metallic glass rods of
Mg-Cu-Gd-Ag. First, the Mg-Cu-Gd-Ag master alloys fabricated by arc casting are taken
appropriate amount and placed in a quartz tube, and the quartz tube needs to be sprayed a thin
layer of boron nitride to avoid the interaction between aloy and quartz tube at high
temperatures. The quartz tube is placed in an induction furnace controlled by the high
frequency system, and the argon atmosphere is added to 1 atm in order to suppress the
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generation of magnesium vapor. Similar to the arc melting process, the gas pouring and

flushing step is performed several times to ensure the high vacuum before injection casting.

The BMGs of Zr-Cu-Ni-Al and Mg-Cu-Gd-Ag can be fabricated by above processes.

And then milling these BMGs can gain the BMGs powders for this study.

1-6-2 Glasstransition and crystallization temperatures

When the glasses are heated over glass transition temperature (Tg), they changed into

the supercooled liquid state. The supercooled liquid crystallizes when the temperature

exceeds crystalization temperature (Ty), and a metallic glass becomes a solid of the crystal

phase. The phase transition at Ty is reversible and that at Ty isirreversible.

1-7 Corrosion

1-7-1 Introduction

Corrosion can be defined as the phenomenon of material degradation caused by

chemical erosion which is reacted with external environment. Naturally the metallic minerals
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are stable compounds, and most of the stable compounds are of the form of oxidation state.
Therefore, as long as the conditions are sufficient in external environment, the metal will be

transformed into the initial state (oxidation state), and thisis the corrosion reaction.

Corrosion is an electrochemical reaction and it can be classified into eight categories [33]

asshowsin Figure 1-11.

(1) Uniform corrosion: Metallic surface generates alayer of uniform corrosion, meaning
that the entire surface of the metal is doing the electrochemical reaction at the same
time.

(2) Galvanic corrosion: Thisis also known as heterogeneous metal corrosion. When two
different metals contact, the metal whose activity is larger would accelerate the
corrosion reaction.

(3) Crevice corrosion: This means that the local electrochemical corrosion occurred in
the gap and the stagnant solution which has covered on the surface. Because the
dissolved oxygen in the aperture is more rarefied than the external, this area acts as
the formation of anode, and the externa oxygen-rich area is the cathode. The
different concentration of oxygen in internal and external aperture forms oxygen
concentration cell, and it results in the corrosion.
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(4) Pitting corrosion: This only occurs in a metal material which has the passive film,

and it is a partia erosion of the metal surface. The pitting corrosion can easily occur

in the place which has impurities on the surface, non-uniform structure, and the

uneven composition.

(5) Intergranular corrosion: The grain boundary has a strong chemical activity, so it may

be more prone to corrosion at the position. When the alloy composition or impurities

in the grain boundary separates, the grain boundary would generate potential

difference and proceed corrosion reaction in the metal contact phase which has more

negative potential. This corrosion would take place aong the grain interfaces,

causing the crack-like corrosion reaction.

(6) Selective corrosion: A particular metal is within a solid metal aloy because of the

priority remove in this corrosion process. Usualy the ingredients with active

chemical characteristics would be extracted first.

(7) Erosion leaching: The corrosive fluid and the metal surface relative motion can

cause the accelerated rate of metal corrosion. The feature is that the metal surface

will have a groove hole and the direction is the same as the corrosive fluid flow

direction.

(8) Stress corrosion: When the stress and corrosion exist at the same time, the metal will

be gradualy broken earlier before it reaches the breaking point. Stress corrosion
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cracking (SCC) of metals is the breakdown of the metal surface that combines
tensile stress and corrosive environment effects. During the SCC reaction, the
material usually shows minor erosion, but the local crack spreads very quickly aong

the cross-sectional areain the metal. And the last causes serious damage.

1-7-2 Thecorrosion behavior of Zr and Ta

The corrosion behavior of Zr and Ta has been investigated by many companies. As show
in Figure 1-11, this diagram [34] indicates the relationship between temperature and acid
(H2S0,) concentration. If one needs to do a selective corrosion between Ta and Zr, the 80

wt% H,S0, at 323 K could be afeasible way to try.

1-8 Dealloying

Dedloying is a corrosion process that can dissolve most electrochemically active part in
an aloy system. This technique is widely used to fabricate crystalline material for nanoscale
porosities as shown in Figure 1-12 [35]. There are some important parameters of dealloying
process. the alloy composition, the electrode, and the electrochemical potential [36].
Furthermore, the initiation sites of the dealloying process are located on the defects, such as
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grain boundaries and segregations. Recently, because of the investigation of two-phase

amorphous alloys, the dealloying technique is possible for the metallic glasses. Additionally,

it is aways difficult to determine which phase is dissolved under dealloying process.

Fortunately, the above difficulty can be overcome and clearly explained by Jayarg et al. [36].

In their case, the XRD data showed that Y xTizsAl24C0y aloy exists two amorphous humps

(Figure 1-13 [37]), they are Y-rich and Ti- rich phase, respectively. Hence, the 7 mm wide

and 40 um thick alloys of Y56A|24C020, Ti56A|24C020 and Yoni36A|24C020 ae Selectlvely

dealloyed by chemical and electrochemical treatment in a 0.1 M HNO; solution [36]. In

Figure 1-14 [36], I-V curve showed that the Y-rich phase is more active in dissolution

behavior than the Ti-rich phase. Moreover, the little difference of Ec between TisgAl24Co20

and Y xTissAl24Coy indicates that the Y-rich phase of the two-phase amorphous alloy can be

stripped out from the alloy without affecting the Ti-rich phase. Furthermore, the dealloying

process can be regarded as a galvanic corrosion and Y sgAl24C020 iS more active in dissolution

behavior than TisgAl24C0z0. Hence, this suggests that the Y-rich phase would act as an anode

while the Ti-rich phase would act as a cathode leading to a galvanic corrosion [ 36].

The ribbon specimens subjected to dealloying process were examined using a high

resol ution scanning electron microscope (SEM) with an energy dispersive X-ray spectrometer

(EDS) and a transmission electron microscope (TEM). From the SEM image of porous
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amorphous aloys formed by chemical and electrochemical dealloying, the nanosacle

porosities are observed, as shown in Figures 1-15 (a) ~ (d) [36]. The EDS anaysis showed

that compositions of porous amorphous aloys are YsaTisg2Ali52C002 and

Y 42TisgsAl112C021. These results clearly demonstrated that the porous morphology, as

shown in Figure 1-15 [36] resulted from the dealloying of the Y-rich amorphous phase,

containing high concentrations of Y and Al. TEM images of the Y 2 TizsAl24Coy aloy before

and after dealloying are shown in Figures 1-16 (a) and (c) [36], respectively. According to the

difference of TEM contrast and electron diffraction pattern (EDP), they clearly demonstrates

that the Y-rich phase has been selectively dissolved, leaving the Ti-rich phase.

The dealloying technique is a good way to fabricate nanoporous metalic glasses.

However, the electrochemistry 1-V curve must be used to determine the proper pH condition

for dealloying process and distinguish which phase is easy to dissolve.

1-9 Motivation

Metals are the oldest materials for biomedical implant and metallic aloys remain the

good choice for applications involving hard tissue replacement. Porous BMGs has been

studied as a kind of biomedical implant materials. It combines the advantages of metallic
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foams and metallic glasses. Metallic foam materials exhibit properties like high compressive

plastic strain and high energy absorption capacity, whereas metallic glasses have distinctive

characteristics like high strength, wear resistance, and low processing temperature.

Pore forming techniques have been used for metalic glasses in liquid state and

super-cooled liquid state as tools for foaming with the aid of some pore-formers like

gas-generating flux additives, soluble place holders, and hollow carbon spheres. Since these

external phases used for the foaming process would interact with the base alloy melting and

reducing the glass forming ability, these techniques are limited to high glass forming groups

like Pd-based and Zr-based aloys. Amorphous powders are easier to fabricate than bulk

because of its high cooling rate in process. If there are different kinds of amorphous powders

combining together and keeping in the metallic glasses form, the dealloying method can be

applied to etch more active powders and fabricate metallic glass foams without the limit of

high glass forming.

Until now, most of the bio-implant material is using the pure Ti or Ti-6Al-4V. The tissue

in-growth properties of tantalum is better than titanium [38], so using the sputtering process

to fabricate Ta-rich TFMGs on bio-implant material and etch the surface to make it rough or

even porous can be of great beneficial in biomedical implant.
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To sum up, in this study the dealloying corrosion method will be adopted to fabricate

bulk metallic glass foams (BM GFs) with sizable porosity as well as the Ta-rich TFMGs with

rough or even porous surface for bio-implant bone-nail materials.
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Chapter 2 Experimental Procedures

In this study, the characterization after the dealloying corrosion processes of TFMGs and
BMGs will be discussed. The flow chart of experimental procedures is shown in Figure 2-1.
In this chart, tough TFMGs are fabricated via sputtering processes, and the BMGs fabrication
are using thermomechanical analyzer (TMA) to give the bulk high temperature and pressure
as sintering two different kind of amorphous powders. Doing the selective corrosion, in
TFMGs, it should have phase separated and one of the separation phases is more active. In
the BMGs, the more active amorphous metal is introduced as the glue in sintering. By this
way, the selective corrosion might cause a porous or a rough-surface structure in TFMGs and

BMGs.

2-1 Materials

For TFMGs, the Zr, Cu, Ti, and Ta metallic targets used in this study were purchased
from Well Being Enterprise Co., Ltd, Taipel, Taiwan. The purity levels of the Zr, Cu, Ti, and
Ta targets are 99.9%, 99.999%, 99.99%, and 99.9%, respectively. To simplify the deposition
variation, the Zr-Cu-Ti aloy target, where the composition is ZresCupsTig in weight
percentage (Wt%), is used in multi-component co-sputtering. The purity of the Zr-Cu-Ti aloy
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target is 99.9%. The pure Ti sheet which provided from Well-Being Enterprise Company with

thesize as 0.5 x 5 x 10 mm is used as the thin film substrate.

For fabricating BMGFs, there are three kinds of amorphous metallic powders and the
compositions of each powder are MgssCuzssGd11AQy 5, Zrs3CusoNigAlg, and TiCussPdiaZr10.
These powders are fabricated by the group of Professor J. S. C. Jang in National Central

University. All of these three kinds of powders are measured about 30-50 um.

2-2 Sample preparation

2-2-1 Film preparation

The Zr-Cu-Ti amorphous films can be fabricated using the co-sputtering deposition
process with zirconium, copper, and titanium targets. A rotary pump was used to achieve
mediate vacuum, and a cryo-pump was used to achieve a base pressure less than 1 x 10° torr.
The base pressure maintains below 5 x 107 torr. There was a load-lock chamber, for quick
and convenient exchanging of substrates without venting the main chamber. After achieving
the base pressure, Ar was introduced into the chamber, and targets were pre-sputtered by
inserting a movable shutter for five minutes. The films were fabricated by the co-sputtering
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with the ZresCupsTigo (Wt%) alloy target and the pure Ta target, which were both set on the
DC cathodes. The purity of ZrgsCugsTip and Ta target is 99.9% and 99.95%, respectively.
Before processing, the base pressure of the chamber is at 5 x 107 torr or greater. The
Zr-Cu-Ti-Ta films were fabricated at a fixed power of 300 W for the Zr-Cu-Ti cathode and
power of 300 W for the Ta cathode. The thickness of all as-deposited Zr-Cu-Ti-Ta aloy thin

filmslies within 2~3 um.

2-2-2  Sintering

The TMA was applied in the sintering process. The MgsgCuygsGdiiAgzs and
Zrs3CugNigAlg amorphous powders were sintered at the supercooled liquid region of
M0ssCupssGdiiAgzs and the temperature between the liquid temperature (T,) of
MgssCus sGth1Agx 5 and the Ty of ZrssCusoNigAlsg, respectively. The process was carried out
from room temperature to sintering temperature at a heating rate of 10°C/min and holding at
sintering temperature for 50 minutes. Furthermore, in order to enhance the combination of the

powders, aload about 5 N was applied during sintering process.

The other instruments are Instron University Testing Machine 5582 (Figure 2-2) and

high temperature furnace. Instron 5582 offered high pressure to combine these metal powders,
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and the high temperature furnace (Figure 2-3) could control the temperature during the
pressing process. There are two combinations of powders such as MgsgCuzgsGd11Age s mixed
in Zrs3CuzNigAlg powders and ZrszCusoNigAlg mixed in TigCusePdi4Zro powders. The
sintering temperature for the MgssCuussGdi1Agzs mixed in Zrs3CusNigAlg powders is 150°C,
and sintering temperature for the TizCussPd14Zr10 powders mixed in Zrs3CuzoNigAlg powders
is 410°C. Both cases adopted the sintering time of 10 min, in avoiding the possible
crystalization effect. Also, after sintering pressing for 10 min, the powder materials did not

seem to undergo any flowing or deformation.

2-3  Property measurements and analyses

2-3-1 X-ray diffraction (XRD)

The nature of the thin film fabricated by the magnetic sputtering deposition is examined

by X-ray diffraction (XRD). The SIEMENS D5000 X-ray diffractometer with

CuK,, radiation (A = 1.5406 ,&), operated at 40 kV and 30 mA, and equipped with 0.02 mm

graphite monochrometer, is utilized.

2-3-2 Differential scanning calorimetry (DSC)
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By using differential scanning temperature as shown in Figure 2-4 (power compensation,
Figure 2-5), the glasses forming ability parameters such as Tg, Tx, T, and T, can be detected.
In this study, the thermal behavior of the MgsgCuyg sGd11Ag> 5 and Zrs3CuszgNigAlg amorphous
powders was measured under the constant heating rate of 0.33°C/s and the heating range from
50-327°C for the Mg based MG powders, from 50-727°C for the Zr and Ti based MG
powders, by using the Perkin Elmer Pyris differential scanning calorimeter. Therefore, Tg, Ty,
Tmand T, of Zr, Mg and Ti powders were quantified, and these parameters could provide the

basis for the sintering process.

2-3-3 Optical microscopy (OM)

The optical microscopy is used to examine the basic morphology of the samples at lower

magnifications. There are eyepiece with 10X and objective lens with 2X, 10X, 20X and 50X.

The roughness and amount of scratches were surveyed. The dirt and oxide could also be

founded by OM and weeded out before the further analysis.

2-3-4 Scanning electron microscopy (SEM) and ener gy dispersive spectrometry (EDS)
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The microstructure of the surface of the samples was observed by the JEOL JSM 6400

SEM. The morphology of the BMGs was observed by secondary electron image (SEI), and

the distribution of the powders in BMGs could be perceived by backscatter electron image

(BEI). The composition of these powders after doing the heat treatment was examined by

energy dispersive X-ray spectrometry (EDS).

2-3-5 Compression testing

Room temperature compression test were performed on the cylindrical glassy rods by a

Instron 5582 universal testing machine. According to the stress-strain curve, the compressive

strength, observed elastic modulus and plastic strain can be determined. Before starting

compression testing, the specimen was cut from the cylindrical glassy rod with the high-

to-diameter ratio (h/d) of ~2, providing a normal aspect ratio of 2:1, as recommended by

ASTM E9-89a (2000) for testing high strength materials. To accurately measure the change

of sample displacement during deformation, the Instron 5582 universal testing machine was

assembled with the Instron 2601 Linear Variable Differentia Transformer (LVDT)

displacement transducer.

In the preparation of test samples, the samples were first sliced from the as-cast
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cylindrical rods using a Buehler diamond cutter. The two ends and cylindrical surfaces of cut
samples were ground by silicon carbide abrasive papers with water and polished completely.
A custom sample jig was used to carefully grind and polish the top and bottom cross-section
surfaces not only to ensure parallelism between two ends of cut sample, but also to confirm
that the two ends are exactly perpendicular to the longitudinal axis of sample. The perfect
geometry of sample should be ideally perpendicular alignment between the compression
surface and cylindrical axis. If the test sample is ground and polished by hand, it is likely to
produce a slight misalignment between the compression surfaces and cylindrical axis, for
example, some samples produced by this way showed tilts of ~1° or slightly more, which isa
geometrical. Each sample was carefully centered on the loading axis to ensure the uniaxial
loading. The applied strain can be calculated according to the crosshead displacement after
correction for machine compliance. Multiple compression tests were performed for

confirming the reliability of mechanical properties.

2-3-6 Electrochemical analysis

The electrochemical behavior of the amorphous Zr-, Ti- and Mg-based alloys are studied
by potentiodynamic polarization and linear sweep voltammetry measurements which are
conducted by CHI 614D (Figure 2-6) electrochemical work station in a three electrodes cell
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(Figure 2-7). The counter and reference electrode are platinum wire and Ag/AgCl, and

specimens are used as a working electrode. Before potentiodynamic polarization

measurements, the specimens are allowed to stabilize in HNO;z until the open-circuit potential

(OCP) changed by no more than 0.4 mV/5 min. The potential chemical reactions between the

MGs and acid solution are characterized using a linear sweep voltammetry with the scanning

potential from O V to 3 V with a scan rate 0.01 V/s. In addition, the anodic polarization scan

is started from -0.5 V to 0.5 V with a scan rate 0.5 mV/s. The corrosion current density (Icorr),

corrosion potential (Ecor) and corrosion rate can be determined by the Tafel extrapolation

method from the anodic polarization curves.

2-3-7 Porosity measur ement

Porosity is a static property — it can be measured in the absence of flow.

V, -V
Vb

. Vp m
Porogty === , (2.1)
Vb
where ¢ = porosity, V, = pore volume, V,, = matrix volume, and Vy, = bulk volume of

reservoir sample = Vy, + Vp. The porosity of the sintered specimens after the etching or

dealloying process can be measured by the Archimedes method.

Wsat—Wgq
v, = YoaWary (2.2)
Pfluid
Wary—Wsub
v, = Wary~Wsup (2.3)
Pfluid



vV, = Wsat=Wsub (2.4)
Pfluid
By inserting equations (2.2), (2.3) and (2.4) into equation (2.1):
_ Wsat_Wdry (25)

?= Wsat_wsub’
In equations (2.2)-(2.5), W, isweight of the sample with fluid in its pores, Wy, isweight

of the sample, and W;,;, isweight of the samplein fluid.
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Chapter 3 Resultsand Discussion

3-1 Sample preparation

3-1-1 Thin film metallic glasses (TFM Gs)

Zr-Cu-Ti-Ta thin film metalic glasses (TFMGs) can be fabricated by co-sputtering.
Considering the limit of the sputtering instrument and the simplification of the fabrication
process, it is easier to control the composition via the co-deposition of Zr-Cu-Ti and Ta
cathodes. The Zr-Cu-Ti TFMGs with various amounts of tantalum addition were fabricated
by this procedure. The Zr-Cu-Ti-Ta TFMGs were processed at the constant value (300 W) of
the Zr-Cu-Ti and Ta cathodes. In this condition, the composition of thin film is
Tas;Zr3Cui2Tig. The Ta content in the ZrCuTi-rich film would increase with increasing Ta

cathode power, as shown in Figure 3-1 [31].

3-1-2 Bulk metallic glass foams (BM GFs)

As show in Table 3-1, the basic thermal properties of the resulting ribbons were

obtained by DSC. These data can be used as the basis of subsequent sintering process to bind
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the powders.

The DSC scan results for the three MG powders, the Zrs3CusoNigAlg, TigCuszsPd14Zr10,
and MgssCuzs5Gd11A g 5 powders are presented in Figures 3-2 (@) to (¢) [42-44], and list in
Table 3-1 for the Ty, Ty, and ATg. Note that Tg for the three MG powders are 425, 147, and

396°C, respectively.

To prepare the Zr- and Mg-based BMGFs, the MgssCuzssGdi1Ag, s powders, used as
spacer, were mixed with the Zrs3CusoNigAlg powders. These two powders were blended in
acetone to insure sound mixture. Then, the mixture was pressed as slugs at a pressure of 10
MPa by Press Ingot Device instrument. The structure shown in Figure 3-3 is the OM picture

before sintering heat treatment. It can be observed that this slug has aloose structure.

For the sintering heat treatment, the temperature was firstly selected to be 180°C which
is about 30°C above the T4 temperature of the Mg-based BMG powders. The pressure was set
to be about 5 N by TMA to test whether the viscous Mg based metallic glassy powders can be
combined or glued as filling the pores between the Zr-based powders. The structure after
sintering at 180°C was found to be poorly bound. The OM picture shown in Figure 3-4
indicates that the Mg- and Zr-based powders in this structure were closely packed, but the Zr
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powders mostly kept separated, as indicated for the region of the Mg- and Zr-based BMGs in
Figure 3-4. If this structure is subjected to corrosion experiment, it should be collapsed. Thus,
the sintering temperature was raised to 395°C, over the T, temperature of the Mg-based
BMG powders and approaching the Ty temperature of the Zr-based BMG powders. The
purpose of raising the sintering temperature is to force the Zr-based BMG powders to be
bonded together and closely. After sintering at this temperature, the Zr-based powders can

now be combined together and show the porous structure, as exhibited in Figure 3-5.

Since that the sintering heat treatment above conducted in TMA could not offer enough
pressures to well combine these powders, another method using the Instron universal testing
machine 5582 equipped with a high temperature furnace was then adopted. By this new
method, the pressure can be adjusted depending on the cross-sectional area of the sintering
holder. Instron 5582 can only provide a maximum load of 10,000 N on our holder with a
diameter of 6 mm, and therefore 350 MPa was the limit of this pressing system. The
three-zone high temperature furnace can control the sintering temperature in highly accurate
degrees. The Zr- and Mg-based powders were then sintered at 350 MPa and 150°C, about the

T4 of Mg based MG powders, and the combination was found to be quite satisfactory.

Another BMGF combination is the Zrs3CusNigAlg and Ti-based powders, sintering at
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410°C with the compression pressure of 350 MPa. The T4 and Ty temperatures are 425 and
500°C for the Zr based MG powders and 396 and 447°C for the Ti based MG powders. The
Zr-based MG powders overlap their supercooled region with the Ti-based MG powders from
425 to 447°C. But the pressure might reduce the T4 dlightly, and the materials could start

flowing at 410°C.

3-2 Electrochemical tests

The Zr-, Ti- and Mg-based BMGFs are selectively dedloyed by electrochemical
treatments in 0.1 M HNOs (pH = 1) solution. For the electrochemical treatment, the Zr-, Ti-
and Mg-based BMGFs are immersed in the 0.1 M HNO; solution. The process of dealloying
is carried out in a corrosion cell with the glassy alloy as working electrode, and platinum and
Ag/AgCl as counter and reference electrodes, respectively. In order to make certain of the
electrochemically dealloying reaction on the entire specimen, a potential above the dealloying
threshold, or the critical potentia (Ec), was applied for a predetermined period time about 5
hours. The E; for various aloy systems, as mentioned above, can be determined by the
method of the anodic polarization. The anodic polarization curve can clearly demonstrate the

distinct chemical behavior of the alloys.
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For the ZrssCugNigAlg ribbon, which was immersed in 0.1 M HNOs, the critical
potential E.in anodic polarization curve is about 2.17 V (Figure 3-6), the corrosion current,
lcorr, 15 3.35 X 10°° A/em? and the corrosion potential, Eqyr, is-0.45 V, as shown in Figure 3-7.
In Figures 3-8 and 3-9, the TipCussPd14Zr10 powders, when immersed in 0.1 M HNO;s, E¢ is
about 2.30 V, the lor is 1.85 x 10° A/ecm?® and the Eco is -0.27 V. Because the BMGFs are
combined together by two kinds of powders, they can be treated as a two-phase amorphous
aloy. The values of ¢ and Eqor demonstrate that the Zrs3CusoNigAlg phase is more reactive
than the TisCussPd14Zr1p phase, and the value of E; that TisCussPdiaZrio need a higher
voltage than Zrs3CusNigAlg to make the chemical reaction to occur. This difference in the
dissolution potentials of the alloys indicates that within a potential range from 2.17 V to 2.30
V, the Zrs3CusgNigAlg phase of the two-phase amorphous alloy can be removed from the alloy
without affecting the TisoCuszsPd14Zr10 @amorphous phase. In order to increase the reaction rate
of the Zrs3CusoNigAlg phase to the greatest extent, the potential was chosen to supply an Ec of
2.3V that is already about the threshold E. of the TisCussPd14Zr10 amorphous phase. Figure
3-10 shows the variation of current density after the corrosion reaction, a roughness surface
can be observed. This result demonstrated that the selective corrosion has happened, and the

more details of surface morphology are shown by SEM observationsin Sec. 3.4.
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3-3 XRD analysis

The as-deposited Tas;Zr23Cus2Tigthin film on glass substrate presents a broad diffraction
hump characteristic of amorphous nature without distinct crystalline peaks, as shown in
Figure 3-11. The amorphous signal consists of a hump located at the diffraction angle range

of 32° to 45°.

Figures 3-12 and 3-13 show the XRD patterns of the Zr- and Ti-based MG powders, the
former has diffused peak position at 36.9° and the latter at 41°. Figure 3-14 shows the XRD
pattern of the mixed powders after sintering at 410°C for 10 min of the Zr- and Ti-based MG
powders, consisting of a broad diffraction peak characteristic of amorphous structure with no
crystalline phases. The broad diffuse hump located at the diffraction angles of about 35° to
45°, and the peak position at 40°. Thereis only one diffused peak because of the overlapping

of the amorphous XRD humps of the Zr- and Ti-based MG powders.

The sintered specimens were further immersed in solution for dealloying. The resulting
etched rod that combined by the Zr- and Ti-based still shown amorphous diffuse peak and the
peak position is about 41°, as shown in Figure 3-15. This means that the etching dealloying
process did corrode the Zr-based MG powders, remaining the sintered Ti-based MG powders.
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3-4 SEM SEI and BEI observations

3-4-1 Thin film metallic glasses (TFM Gs)

The Ec of Tas7Zr3CuyzTig thin film metallic glass is about 2.7 V in 0.1 M H>SO4ag),
obtained by electrochemical test. Thus, the reaction is carried out at 3.0 V in 0.1 M H>SO4(ag).
Observation of the surface morphology is conducted by SEM to see whether it occurs
nano-porous or not. The SEM images, shows in Figures 3-16 and 3-17, are the etched surface
of the amorphous Tas7Zr23Cus2Tig TEMG. The thin film without etching at a magnification of
5000X, as shown in Figure 3-16, presents a smooth surface. Figure 3-17 shows the
Tas7Zr3CuyoTig etched thin film observed at two magnifications of 1000X and 5000X.
Porous structure cannot be seen, but lots of small etched voids on the thin film surface. It
seems that there is no obvious phase separation as the paper mentioned, the perfect

nano-porous structure cannot be obtained.

3-4-2 Bulk metallic glass foams (BM GFs)

The sintered powder samples (without etching or dealloying) were firstly examined by
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SEM/EDS at alow magnification. The well-bound Zr- and Ti-based MG powder specimens,

as shown in Figure 3-18.

The distribution and the composition of powders were examined under the BEI mode, as

one example shown in Figure 3-19. In the BEI image, the brighter domains, gray domains,

and darker domains can be observed. The few dark domains are the pores and the

surrounding regions are still intact, indicating that the structure is well combined and bound.

At the 300X magnification, the EDS examinations identify the compositions in the brighter

domains and the gray domains, as shown in Figures 3-20 and 3-21, respectively. These

results disclose that the compositions of the brighter domains are the Zrgz gNiss2CuisAls MG

powders (the atomic number Z for Zr is 40, imposing higher Z-contrast), and the gray

domains are the TiCussPd14Zr0 amorphous powders (the atomic number Z for Ti is 22,

resulting in lower Z-contrast).

After the etching dealloying process, immersed in the 0.1 M HNOs solution with 2.3 V

for 5 hours, it remains only the sintered Ti based powders, with lots of pores on the surface

that can be observed in the SEI and BEI micrographs. Figure 3-22 show the representative

Zr- and Ti-based sintered specimens after the etching or dealloying process in HNOs for 5

hours. It is apparent that there are many pores in various sizes. The typical pore size is about
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10 ~ 30 um.

The typical BEI image of the sintered and etched specimens is shown in Figure 3-23.
The EDS examinations on these powders reveal that the powders are all Ti based MG
powders. Figures 3-24 to 3-27, shows the SEM/BEI and EDS results taken from different
positions with a magnification of 300X, and they showed the dominant phase is the
TigCusePd14Zri0 MG powders. But there are few places still with higher Zr contents,

reflecting the minor retained Zr MG powders.

3-5 Theporosity measurement

The weight of W, W4, and Wy, Were measured by electronic balance. The value of
Wy 15 0.025 g, of Wy, i1s 0.022 g, and of Wy, is 0.018 g. Based on Equations (2.1) — (2.5),

the porosity can be calculated to be ¢ = 0.43, or the porosity is 43%.

3-6 Simulated body-fluid and electrochemical biocompatibility tests

In order to compare the bio-compatibility of some representative metallic glassy

materials by simple in vitro tests, simulation body-fluid immersion is used to test the
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corrosion resistance of some self-made metallic glasses, namely, M gssCu2sGdio, Mge7CugsY g,
Zrs1Cui75NipAl7 5S4 and FeoB2oSie. The biocompatibility of the current TisoCussPdiaZr1o
BMGF has not been finished, but will be explored in the next stage. A novel electrochemical
test by measuring the cyclic voltammetry response of the metallic glasses in the smulation
body-fluid is developed. With this approach, analyzing the electrochemical response of the

metallic glassesin body can be achieved in a short time.

The cyclic voltammetry testing results are shown in Figure 3-28. A standard pure Ti
screw was also measured as the standard for this test. The result illustrates that the standard
pure Ti remains no redox peak and the charge current induced by pure Ti is also small, while
the FeoB20Siip metallic glass exhibits strong redox reaction from 0 V to 1 V. Alternatively,
the Zr-based metallic glassy alloy obviously has much lower current response. However, in
comparison with the standard pure Ti, the current response of the Zr-based MG is till dlightly
higher at high potential levels. The inset in Figure 3-28 shows an enlarged CV curve for the
Zr-based MG. Through comparison with the CV response curves obtained individually from
pure elements of Zr, Cu, Ni, Al and Si, the redox hump, shown in the insert of Figure 3-28 for
ZrgCur75NipAl7 5S4, between -0.4 V and 0 V is expected to be caused by the very minor
oxidation of Al or Cu in the Hank’s solution. The Zr-based metallic glassy alloy shows the
best potentia for the further biocompatibility research in the human body. The
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biocompatibility of the current TisCussPd14Zr10 BMGF will be explored in the next stage.
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Chapter 4 Conclusion

(1) There are two main reasons that the selective corrosion reaction of the Tas;Zr3Cus,Tig
TFMGs does not occur. First, it does not show the obvious phase separation. The second
one is the close chemica property of the a-phase and B-phase Tantalum. Once the
corrosion reaction occurs, the entire Tas7Zr3CuixTis TFMG samples are etched
simultaneously. No nano-scaled porous structure can be prepared by the dealloying

process.

(2) A two-phase sintered specimen, combining two kinds of amorphous MG powders with
different chemical activities, has been fabricated. The electrochemical test can present the
corrosion condition for each phase easily. The corrosion current (Icor) and corrosion
potential (Ecor) Of the amorphous MG powders or sintered mixed specimens can be

determined by the electrochemical test.

(3) From observation of SEM SEI and BEI micrographs, the Zrs3CuszNigAlg MG powders
show more corrosion reactive than the TigCussPdiaZrio MG powders. The current
dealloying process provides an easy way in preparing a porous network structure of
metallic glasses without requiring a high glass forming ability.
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(4) The current pore size in the porous structure of the TizCuzsPd14Zr10 BMGFsis about 10 ~

30 um, and the porosity volume ratio of about 43%. For bio-implant applications, the

pore size needs to be further increased to 200-500 um. This can be achieved by using

much larger Ti and Zr based starting MG powders. Meanwhile, the porosity ratio should

be further increased to 60-80%. This can also be achieved by using more Zr based MG

powders, so that a great volume can be corroded away, reaching a much higher porosity

ratio.

(5) The biocompatibility of various metalic glasses under in-vitro tests shows that the

ZrsCui7sNipAl75Si, metallic glass exhibits the best corrosion resistance and none

short-term cytotoxicity. Although there is a small electrochemical response in the

simulation body-fluid of Hank’s solution, this metallic glass still shows its potential for

biomedical application. The biocompatibility of the current TisoCussPd14Zr10 BMGF will

be explored in the next stage.
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Table 3-1 Summary of thermal properties for the Zr-Cu-Ni-Al and Mg-Cu-Gd-Ag BMG

powders obtained from DSC.

BMG powders | T4(°C) | Tx(°C) | AT« (°C)

Zrs3CuzN [ oA | 8 425 500 75

M 965C UxsG d 10 147 207 60

Ti 40CU36Pd 1421 10 396 447 51
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Figure1-8 Bright-field TEM images of (@) ZrsCuxrTissTags, (b) ZraCuxsTisnTas, (C)
Zr31CussTisoTaus, (d) ZrsCusoTigTaer, (€) ZrigCusTizTaes, (f) ZriaCurTisTaya,
(@) ZrioCusTisTagy, and (h) ZrsCusTisTag, (with inserted selected area

diffraction patterns) [30].
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Figure1-9 HAADF images of (a) Tal3, (b) Ta24, (c) Ta44, (d) Tas7, (e) Tab8, and (f)

Tar4. All samples exhibit two-phase structures except Ta74 which is a single

phase[31].
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Figure1-11 The varioustypes of corrosion behaviors for metallic materials [33].
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Figure1-12 Thesulfuric acid iso corrosion curves[34].

Figure1-13  Scanning electron micrographs of nanoporous gold made by selective
dissolution of silver from Ag-Au aloys immersed in nitric acid under free
corrosionconditions. (a) Cross-section of dealloyed AuzAges thin fillm. (b)

Plan view of dealloyed AuxsAgr4[35].
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Figure1-14 XRD patterns obtained from melting spinning: (a)

TissAl24C020, and (C) Y 25TizgAl24Coy0 alloys [37].
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Figure1-15 (a) Anodic polarization behaviors for the YssAl4Cos,

1.0 1.5 2.0 2.5

Y 56A124C020, (D)

TiseAl24C020

monolithic amorphous alloys and Y xTizsAl24C0z0 two phase amorphous aloy

in 0.1 M HNO;3 (pH = 1) solution. (b) Tafel slope analysis of the polarization

curvesin Figure 1(a) [36].



Figure 1-16

SEM images showing the formation of porous morphology of Y 20TizsAl24C0z0
two-phase amorphous aloy. (a)—c) Chemically dealloyed Y 5oTizsAl24Coz0
aloy in 0.1 M HNO3 solution for 24 h: (a) low magnification demonstrating
pore formation; (b) magnified image showing three-dimensionally connected
open type pores; (c) crosssection of the dealloyed ribbon specimen. (d)
Electrochemically dealloyed Y ,TizsAl24Coz aloy in 0.1IM HNOS solution

with an applied voltage of 1.9 V for 30 min [36].
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Figure1-17 (a) TEM image of YoTizsAl4Coz two-phase amorphous aloy before
dealloying process and (b) corresponding EDP;, (¢) TEM image
Y 20Ti3sAl24C020 two-phase amorphous alloy after dealloying process and (d)

corresponding EDP [36].
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Figure2-1  Theflow chart of the experimental proceduresin this study.
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Figure2-2  The picture of the Universal Testing Machine Instron 5582.
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Figure2-3  The picture of three-zone high temperature furnace attached to the Universal

Testing Machine Instron 5582.
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Figure2-4  The picture of Perkin Diamond Pyris DSC.
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Figure2-5 The schematic diagram of power compensation DSC.
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Figure2-6  The picture of CHI614D electrochemical work station.
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Figure2-7  Schematic diagram of electrochemical workstation in athree electrodes cell.
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Figure 3-1
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The variation of thin film compositions of the ZrCuTi-TaTFMGs as a

function of two DC gun powers.
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Figure3-2  (a) DSC plots of (Zrs3CusoNigA g)100-xSix amorphous alloys. (b) DSC curves

of the TisoCussPd14Zr10 bulk metallic glass and its crystalline alloys. (¢) DSC

trace of as-cast MgssCu,s5Gd11AQ2 5 aloy.
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The OM image of the cold pressed MgssCuazs sGd11A gz s and Zrs3CusgNigAlg

Figure 3-3

powders without heat treatment.
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Figure3-4  The OM image of the pressed MgssCuzssGd11Ag25 and ZrszCusoNigAlg

powders after heat treatment in TMA at 180°C.

Figure3-5 The OM image of the pressed MgssCuzss5Gd11AQ2s and Zrs3CuzpNigAlg

powders after heat treatment in TMA at 395°C.
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Figure3-6  Theanodic polarization of Zrs3CusoNigAlg ribbon for the determination of E..
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Figure3-7  Thetafel slope of Zrs3CusoNigAlg ribbons for the determination of | and
Ecorr-
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Figure3-8  Theanodic polarization of MgssCu2ssGdh1AQ s powders for the determination
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Figure3-9 Thetafel slope of MgssCuassGdi1Agy s ribbons for the determination of 1o

and Ecorr.
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Figure3-10 Thei-t curve of sintered Zrs3CusoNigAlg and TisCussPd14Zr10 MG powder

sampleat 2.3 V.
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Figure 3-11

Figure 3-12
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The XRD pattern of Tas;Zr3Cui,Tig thin film.
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The XRD pattern of TiCussPd14Zr10 amorphous powders.
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Figure3-13 The XRD pattern of Zrs3CusoNigAlg amorphous powders.
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Figure3-14 The XRD pattern of the mixed powders after sintering at 410°C for 10 min of

the Zr- and Ti-based MG powders
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imens that had been immersed in solution



NSYSU 100kV  X5,000 14m WD 112mm

Figure3-16 SEM micrpgraph showing the surface morphology of TaszZr23Cui,Tig thin

film, without etching, at 5000X.
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NSYSU X5,000 1em  WD11.2mm

Figure3-17 Surface morphology of Tas7Zr3CussTig thin film, etching in 0.1 M H2SOx4(ag)

with 3V, at 1000X and 5000X.



(b)

SEI 10.0kV X300 10 # m_ WD 7.4mm
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NSYSU 100kY X500 10¢m WD 11.2mm

NSYSU 100kY X500 10¢m WD 11.2mm

Figure3-18 Surface morphology of the mixed powders after sintering at 410°C for 10 min

of the Zr- and Ti-based MG powders at different SEM magnification.
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COMPO 150kv X300 10;’tm_ WD 14.1mm

Figure3-19 The BEI image of the mixed powders after sintering at 410°C for 10 min of the

Zr- and Ti-based MG powders.
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Element | Weight%  Atomic%
Al K 254 7.37
Ni L 3.64 4.86
CulL 19.13 23.60
ZrL 74.69 64.18

Full Scale 95 cts Cursor: 0,000 ket| Totals 100.00

8
Spectrum 1

! BUm Electran Image 1

Figure3-20 The EDS result of the bright zone in the BEI image.
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Ti K
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PdL

Full Scale 95 cte Cursor; 0,000 kew| Totals

Weight%

43.15
20.58
12.11
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Electron Image 1

Figure 3-21 The EDS result of the dark zone in the BEI image.
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NSYSU X150 m WD 12.5mm
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NSYSU 100kY X500 10¢4m WD 12.5mm

Figure3-22 Surface morphology of the Zr- and Ti-based sintered specimens after the

etching or dealloying processin HNOs for 5 hours at different SEM

magnification..
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NSYSU 100KV X500 104m WD 125mm

Figure3-23 The BEI image of the Zr- and Ti-based sintered specimens after the etching or

dealloying processin HNO; for 5 hours.
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Element | Weight%  Atomic%

' Electran Image 1

Figure3-24 The EDSresult of the Zr- and Ti-based sintered specimens after the etching or

dealloying process.
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Element | Weight%  Atomic%
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Figure3-25 The EDSresult of the Zr- and Ti-based sintered specimens after the etching or

dealloying process.
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Element | Weight%  Atomic%

TiK 37.04 49.62
CulL 26.24 26.51
ZrL 17.21 12.11
Pd L 19.51 11.77

Totals 100.00

Full Scale 95 otz Cursor: 0,000 ke

Gm ' Electron Image 1

Figure3-26 The EDS result of the Zr- and Ti-based sintered specimens after the etching or

dealloying process.
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Figure3-27 The EDS result of the Zr- and Ti-based sintered specimens after the etching or

dealloying process.
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Figure3-28 The comparison of cyclic voltammograms for various MGs and pure Ti in
Hank's solution. In the inset shows the cyclic voltammograms of

Zr61Cu175Ni10Al75Si4 only.
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