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Abstract

Bulk Metallic Glass (BMG) possesses a variety of extraordinary properties
including ultra high elastic limit and strength and has been applied in diverse fields such
as industriall coatings, sporting goods, medical devices, defense and aerospace sectors.
The cross-section thickness of a few millimeters for cast BMG alloy components limits
their application to manufacturing structural components. However, continuing global
efforts are underway to increase the critical part size cast with BMG alloys.

There are two phases to this project. Phase 1 investigates the feasibility of using
suitable BMG alloys to manufacture a pivot assembly in an Airborne Gravity
Gradiometer (AGG) via net shape manufacturing techniques. Success of Phase 1 will
enable a quantum leap in the capabilities of the present day AGG devices to successfully
and accurately scope the vast untapped mineral and petroleum resources globally.
Requirements of high tolerances in the pivot assembly with very specific material
properties and a net shape manufacturing route coupled with the lack of any database for
BMG alloys were the inherent challenges. Suitable BMG alloys have been identified for
this purpose and continued efforts are underway to manufacture the pivot assembly.

Phase 2 of this project lays the foundation for a much needed tool to predict the
Glass forming Ability of BMG alloys. This will enable to scientifically develop novel
BMG alloys to suite specific application in lieu of the current ad-hoc development trends.
A viable thermal model to understand the relationship between growth rate of solid phase
and melt undercooling during uni-directional solidification coupled with a solidification
model based on competitive growth principles have been developed. Novel experiment

program and setup have been developed to verify these models.
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Chapter 1 Introduction

1.1 Work in Thesis
There are five chapters in this thesis document.

Chapter 1. Introduction to Metallic Glasses and their unique properties.

Chapter 2. Work carried out for Gedex Corporation, Ontario, Canada on Bulk Metallic
Glass (BMG) material selection and net shape manufacturing for Air Borne
Gravity Gradiometer (AGG) application.

Chapter 3. Development of theoretical model to predict the Glass Forming Ability
(GFA) of BMG.

Chapter 4. Setup of experiments to quantify relationship between heat flux, cooling rate
and GFA of BMG in uni-directional solidification.

Chapter 5. Summary of work in this project.

1.2 Metallic Glass and Property Characteristics

Metallic glasses or amorphous metals are primarily composed of metallic
elements. Some amount of metalloid elements may also be included though it may lead
to brittleness and not a complete metallic glass system [1]. The primary distinguishing
feature of metallic glasses is that they lack the long atomic periodicity predominantly

observed in the more common crystalline materials. The lack of crystallinity results in
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superior mechanical and performance properties such as high tensile strength and high
elastic strain, unique performance properties in electrical, magnetic and corrosion aspects.
Moreover, the amorphous nature of the material results in negligible shrinkage during
solidification thus eliminating defects arising from the same. In addition, the surface
finish and the dimensional consistency (manufactured tolerance limits) are superior to
crystalline materials.

Theoretically, all metallic materials can form metallic glass when subjected to a
high cooling rate during transformation from a gas or liquid state by preventing
crystallization {2]. During solidification, from the liquid state, metallic glasses maintain
liquid state well past the crystalline solidification temperature as predicted by
conventional phase diagrams and reaches a temperature (high under-cooling) called the
glass transition temperature, Ty, wherein, the liquid transforms to a solid structure with a
short range periodicity (nanometer scale) and hence, have no discemnable grain
boundaries (crystallinity). In conventional polycrystalline materials, grain boundaries are
where defects initiate from fracture and corrosion and subsequently results in the failure
of the component. The lack of discernable grain boundaries in metallic glasses results in
superior mechanical and performance properties such as strength, hardness, toughness,
elasticity, corrosion and wear resistance. Figure 1.1 [3] shows as graph wherein many
popular conventional materials are plotted with respect to their strength and elastic limits.
It can be seen that metallic glass systems can posses a high strength of the magnitude of 2
GPa while maintaining their elastic limit at about 2 %, which is unattainable in any other

conventional material.
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Figure 1.1 Strength vs elastic limit plot for various conventional materials.

1.3 Fundamentals
1.3.1 Glass transition

When a material is quenched from gas or liquid state (phases) at a high cooling
rate, the crystallization process may be bypassed and an amorphous solid forms by
undergoing glass transition at a temperature called the glass transition temperature, T,.
At temperature range between liquidus temperature T and T,, the material behaves like a
supercooled liquid with a structure akin to a liquid. At T, extensive properties such as
entropy (S), enthalpy (H) and volume show an abrupt change in their rate of decrease and
their rate of decrease above and below the Ty is different from each other. This variation
in properties is utilized in identifying T,. Concomitance with this glass transition is an
abrupt change in the intensive variables such as heat capacity, coefficient of thermal
expansion and compressibility, which suggests that glass transition might be a second-
order phase transition. It is found that the temperature, T, of a particular material is
dependant on its thermal history during solidification. A higher cooling rate with result
in a lower value of T, The reason is that the structural relaxation of the glass is a kinetic
process and hence, at higher cooling rates, liquid configuration can be retained to a lower

temperature before glass transition occurs. Viscosity of the liquid and supercooled liquid
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continuously increases as the material is cooled to lower temperatures. Another
frequently used identification marker for Tg, is that Tg is the temperature at which the
liquid attains a viscosity of 10'? Pa s which is characteristic of solids. No firm rules for
predicting T, and no ready prescriptions with which to calculate T, for a given glassy

material 1s available in the literature,

1.3.2 Glass formation

Liquid and solid are in equilibrium at melting temperature, Tr,. At temperatures
below Tp, the liquid wither transforms to a crystalline solid or suppressed into a state of
supercooled (undercooled) liquid. This process depends on the crystallization kinetics of
the liquid. If crystallization is prevented, liquid becomes more viscous with decreasing
temperature and ultimately form a glass when temperature reaches T,, which is achieved
by rapid extraction of heat. Thermodynamically, undercooled liquid is at a metastable
state since at any temperature below Ty, the free energy of the solid is less than that of
the liquid. Therefore, transition from liquid to solid is a spontaneous process and the rate
of transformation can be instantaneous or very slow resulting in a long transformation
time. In liquids with a slow transformation kinetics, a rapid extraction of heat from the
solidifying system will undercool the melt and result in a morphologically refined
solidified structure. In extreme cases, if the rate of transformation is slow enough and the
heat extraction fact enough such that the solidified structure forms grain boundaries in the
scale of a few angstroms or nanometers, the crystallinity of the resultant solid will not be
discernable by any conventional instrumentation. Such solid are termed amorphous
mateﬁals or metallic glasses. Hence, an investigation of the glass formation ability (GFA)
of a particular metallic glass system will be akin to evaluating the kinetics of

crystallization, especially in the early stages of crystal nucleation and growth.

1.4 Bulk Metallic Glasses and Current Applications
In earlier years, fabrication techniques such as thermal evaporation, sputtering,

glow-discharge decomposition, chemical vapor deposition, melt quenching, chill block
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casting and free jet spinning had been used to manufacture metallic glasses with the part
thickness usually in the range of a few micrometers. The size limitation precluded a wide
spread application of such materials, especially as structural materials. However, in
recent years, metallic alloy systems have been identified wherein; the rate of
crystallization is so slow that cooling rates of the order of a few tens or hundreds of
Kelvin per minute result in an amorphous solid. These systems are termed Bulk Metallic
Glass (BMG) due to their ability to form amorphous solids with dimensions ranging in
the tens of millimeter scale. In general, alloy systems forming BMG solids have deep
eutectic regions in their phase diagrams and the elemental compositions lie around these
deep eutectic regions. Typically, amorphous solids obtained by solidifying with cooling
rates less than 500 K/min are termed BMG. These low cooling rates makes BMG
systems applicable in manufacturing bulk components with a near net shape process
while retaining the unique properties of amorphous materials. Appendix A and B of this
report presents a comprehensive list of the current BMG systems available globally along
with their mechanical and casting properties, respectively.

The first BMG developed was a ternary Pd—Cu-Si alloy prepared by Chen in
1974 '4]. Later, Pd-Ni-P alloys with thickness of up to 10mm were developed by David
Turnbull et al in the early 1980s[5,6]. Since then, innumerable alloy systems such as Zr-
based [7] (Zr—Cu-Ni, Zr-Cu-Ni-Al), Mg-based [8] (Mg-Y-Cu, Mg-Y-Ni), La-based [9]
(La—Al-Ni and La-Al-Cu), Au-based[10], Cu-based[11,12,13,14] etc., have been
developed by different near net shape fabrication techniques. Among them, Vitl
(Zr4) 2Ti38Cu125Ni1gBes s) [15,16] has the largest critical size exceeding 10 cm. Some of
these materials have been successfully applied in various commercial applications such
as die materials (PdCuNiP), sporting equipment (ZrTiCuNiBe and ZrTiNiCu) and
electrode materials (PdCuSiP). Further development of BMG systems will witness

extensive applications in the medical, defense, automotive and aerospace sectors.
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Chapter 2 Bulk Metallic Glass (BMG) Material Selection and Net Shape
Manufacturing for Air Borne Gravity Gradiometer (AGG) Application

In this chapter, the following topics will be discussed in detail:
e Background on Airborne Gravity Gradiometer (AGG).
e Selection criteria of BMG for AGG application.
e Manufacturing of BMG alloy sample and Net shape manufacturing of the AGG pivot

sample.

2.1 Background

GEDEX Corporation is currently developing a superior AGG for use in the
mineral and petroleum exploration industry. This device is to be used to map out the
anomalies in the earth’s gravitational field that can be related to the anomalies in the
subsurface density arising from a variation in localized geological formations. For
example, a 3D map of the subsurface density could be used to indicate the location of
kimberlite pipes and hydrocarbon deposits. An AGG working as a sensor with a high-

12 would provide the

resolution gravity gradient (tensor) to a level up to 1 Eotvos/Hz
necessary spatial resolution to resolve such features. An AGG is significantly more cost
effective compared to time consuming land based devices that are commonly used to

measure subsurface density.
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2.1.1 Airborne gravity gradiometer utilizing orthogonal quadrupole responder
design

One possible design of the airborne gravity gradiometer is known as the
Orthogonal Quadrupole Responder (OQR) as shown in Figure. 2.1 [1]. The simplistic
principle of this device involves the rotation of two beams, each incorporating a pivot,
about a common axis. The two orthogonal beams rotate either in the same directions due
to rotations of the housing caused by aircraft motion or in opposite directions due to the
gravity gradient produced by the mass anomaly. As the differential rotation is caused by
properties of the gravity gradient tensor, the sensor can then distinguish between base
rotations and gravity gradients. To eliminate the rotational response of the beams, the
center of rotation about the supporting pivots should be right at the center of mass of the
beams. Thus the OQR is inherently insensitive to both rotational and linear accelerations
of the support [2]. An integral part of this system is the GeoMIM - an isolation platform
that will provide the sensor with an ultra-quiet platform in an aircraft environment, even

in moderate turbulence.

Bars will "scissor” only to
gravity gradients and in
principle respond in
common to housing rotation
and translation Iif perfectly
matched.

\ Rotation of 3x10 "

radian produces linear
displacement of
x=1x10" meters

For a1 EO signal --which Is what we
angular deflection Is have to measure

8= 3x10™" radian

Bars move in
opposite
direction in
response to
gravity gradient

Density Anomaly

Figure 2.1 Airborne Gravity Gradiometer (AGG) based on Orthogonal Quadrupole
Responder (OQR) Design.
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The advantage of the OQR design compared to other AGGs in the industry is best
illustrated in Figure 2.2 [3]. Figure 2.2(a) shows a simulation of the detection of a
kimberlite pipe, shown in the top right corner, if there was zero measurement noise. The
current industry detection capability is shown in Figure 2.2(b). GEDEX’s OQR design,

2 . .
"2 resolution, can more clearly define

which has the potential of achieving 1 Eotvos/Hz
the location of the kimberlite pipe compared to the industry standard as shown in Figure
2.2(e).

Currently, the beams and pivots in the OQR are made of niobium, which becomes
a superconductor at cryogenic temperatures below 4K and exhibits perfect diamagnetic
properties. Figure 2.3 [4] shows a superconducting accelerometer in its simplest form.
The displacement of the proof mass relative to the sensing coil is caused by the
accelerated movement of the platform and leads to induction modulation in the circuit
part. Thus, a time-varying current is generated and the Superconducting quantum

interference device (SQUID) converts the induced current into an output voltage signal.

6000m ‘..# 6000m Gl ,‘ |
5000 5000 —{° ? ‘i
4000 4000 +
3000 -f 3000
2000 2000 H
1000 1000 — g e ]
0 —4& 0 =¥ v T :&‘3 ;’
0 2000 4000  6000m 0 2000 4000 6000m 0 2000 4000 6000m
Simulated K!mbeﬂita Industry Capability . GEDEX's Capability‘ 5
No Noise Noise = 10 EotvosHz Noise = 1 EotvosHz
(a) (b) ()

Figure 2.2 Comparison of various AGG capabilities. (a) Simulation with zero detection

noise, (b) Present industry standard and (c) GEDEX’s OQR design.

The advantage of the newly proposed AGG in this project is its ability to
effectively function at ambient temperature. This achievement will provide economic
advantages and simpler operating procedures by eliminating the use of the sophisticated

cryogenic chamber containing liquid helium. However, challenges lie in designing and
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manufacturing materials for the pivot to meet the ambient temperature operating

requirements and in providing the necessary resolution in linear transduction.

WEAK SUPERCONDUCTING SENSING QUANTIZED SQUID
SPRING PRCOF MASS COIL MAGNETIC ANMPLIFIER
FLUX
8
X
\ 777 N
\ /}, 74 + —-«-q) %
% %///f // i Y
*“ AT / 7
:\: Dx
N
ACCELERATION== DISPLACEMENT ~«INDUCTANCE ——CURRENT VOLTAGE
MODULATION RESPONSE OUTPUT

Figure 2.3 Principle of a superconducting accelerometer.

2.1.2 Improving spatial resolution of OQR design

The design of the OQR has been successfully prototyped, but changes are
required to achieve the target spatial resolution of 1 Eotvos/Hz"* during surveying. The
maximum achievable spatial resolution depends on the signal to noise ratio of the

recorded data. The signal to noise(S/N) ratio takes the following form [5]:

esig G.\‘y QI

9 2 k B TwB w ZU-n

RMS @y
Where, 0, is the rotational displacement arising from the local gravity gradient Gy, Q is
quality-factor, kg is Boltzman’s constant, and 7 is the temperature of the dipole. Here T’
is the ambient temperature. / is second moment of inertia about its sensitive axis, which is
restrained by a rotational stiffness of k,. Once the value of w, is chosen, the S/N ratid can
only vary with the second moment of inertia, / of the dipole and increasing / will increase
the S/N ratio.
The noise value is governed by how effectively the aircraft accelerations are
isolated from the gravity gradiometer, and by how well it is compensated during data
processing. Noise also increases as hysteresis in the material increases. Hysteresis is

related to loss coefficient which is a property of the material. The. signal value is

10
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dependent on how much the pivot can deflect elastically while still having a high
Young’s modulus value. Up to this point, the pivot materials used have been either
titanium or niobium metal. Selecting a pivot material that has a higher maximum elastic
deflection value than and a Young’s modulus that is close to niobium and titanium would
increase the signal/noise ratio and consequently improve the spatial resolution of the
OQR. As discussed in chapter 1, bulk metallic glass is a promising pivot material
because of high elastic limit and strength. In the following sections, selection of suitable

bulk metallic glasses will be discussed in detail.

2.2 Selection of Bulk Metallic Glasses
2.2.1 Definition of critical properties of pivot in an airborne gravity gradiometer

Table 2.1 contains a list of the critical properties for the design of a pivot, the
property values desired and a relative importance scale for each property. The Young’s
modulus corresponds to the stiffness of a material. The stiffness must be high in order
for the pivot and beam system to have a low natural frequency and to maintain geometric
stability of the pivot while the AGG is in operation. A low natural frequency is desired
because the signal to noise ratio of the measurements increases as the natural frequency
of the pivot and beam in the sensing mode decreases.

The elastic limit and the ultimate tensile strength (UTS) must be high because the
pivot undergoes high stresses and strains due to its small size (thickness of 130um). The
maximum elastic deflection may be the most important property. The higher it is, the
higher the allowable deflection of the pivot without mechanical hysteresis, the better the
signal to noise ratio of the gravity field measurements.

The loss coefficient, or internal friction, relates to the hysteresis characteristics of
a material. When the gradiometer is in operation, the pivot must return as close as
possible to the starting point, i.e. origin, when a gravity field is not being detected. This
1s necessary in order to maintain a high signal to noise ratio in the measurements and to
prevent drift of the gradiometer. Hysteresis effects in a material make it impossible for a

material to return to its exact starting point when a load is applied and then removed. The

11
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lower the loss coefficient, the lower the hysteresis in a material, and the closer the pivot

returns to the origin when no gravity field is being detected.

Table 2.1 Critical material properties of pivot used in the AGG

Material Property Value of Property Importance
0-10
Scale)

Maximum Elastic Deflection >1.2 10

(%)

Near Net Shape Castability, bonding, EDM and ion beam 10

Manufacturability milling, niobium plating. Essential that

we develop a solution.

Magnetic Susceptibility Low 9

Yield Strength (MPa) > 1150 8

UTS (MPa) > 1175 8

Young’s Modulus (GPa) > 125 7

Loss Coefficient / Internal < 9.0E-09 7

Friction (Q")

Creep Low 7

Fatigue Limit (MPa) >75 5

Linear Coefficient of ~ 2.0E-07 3

Thermal Expansion

(m/m/°C)

Electrical Conductivity High -

The linear coefficient of thermal expansion (LCTE) value of the pivot should be
as similar as possible to the niobium value. This is necessary because the beam that is
attached to the pivot is made out of niobium. If the values do not match closely, high

thermal stresses and strains can be introduced in the pivot when the OQR is cooled to

12
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cryogenic temperatures necessary for displacement measurements using the SQUID
transducers. High thermal stresses and strains can introduce significant measurement
errors.

For most applications, creep of high melting point metals is not a factor when the
temperature of operation is room temperature or below. In the case of the AGG,
extremely precise measurements in the nanometer range are required and creep cannot be
ignored. Creep of the pivot can introduce drift measurement errors. Although drift can
be zeroed periodically, it is desirable for the creep to be as small as possible in order to
maximize the amount of time the gradiometer can be used prior to recalibration. The
fatigue limit should be as high as possible so that the pivot can operate for as long a time
as possible without fracturing and needing replacement.

The magnetic susceptibility of the pivot is a very important factor for the
successful operation of the gradiometer. If the pivot is magnetic, this can cause
interference with the gravity field measurements and may cause errors. For this reason,
the pivot material must be non-magnetic, which corresponds to it having a low magnetic
susceptibility value. In order for the SQUID transducers in the gradiometer to operate
properly, electric current must easily travel through the beam and pivot. This requires
that the pivot material have a high enough electrical conductivity value.

It is also of critical importance to evaluate the manufacturability of the material
being considered for the pivot. The material must be cast to a specific size and shape,
may require additional processing such as EDM and ion beam milling to obtain final
dimensional tolerances, and may also need to be bonded to a niobium part. It must be
possible to do any/all of these processes without degrading the core pivot material
properties.

Materials that show favorable values for these critical material properties, and can
be manufactured without property degradation, may be good candidates to be used as a

pivot in the AGG.

13
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2.2.2 Comparison of critical material properties of titanium, niobium and BMGs
Bulk metallic glasses rate very favorably with regards to many of the material
properties that are needed for the pivot in an airborne gravity gradiometer. Table 2.2
compares the values for some of these material properties for niobium, titanium and bulk
metallic glass. Titanium was also added to the list in Table 2.2 because a few AGG
devices currently in application use Ti instead of Nb. The BMG property values shown

in Table 2.2 where obtained from literature.

Table 2.2 Comparison of material properties of Niobium, Titanium and BMGs

Material Property Tiat77K Nbat20 K BMGsat RT
Young’s Modulus (GPa) 115 125 146
Yield strength (MPa) 637 1150 2420
UTS (MPa) 810 1175 2500
Maximum Elastic Deflection (%) 0.55 1.2 2.0
Loss Coefficient / Internal Friction QN 1E-06 9E-09 2E-04
Linear Coefficient of Thermal Expansion 3.2E-06 2.0E-07 8.0E-06
(m/m/°C)
Fatigue Limit (MPa) 54atRT  75atRT 1100

The Young’s modulii of some BMGs are somewhat higher than that of titanium
or niobium. The elastic limit, UTS and maximum elastic deflection of some BMGs can
be over two times greater than that of titanium or niobium. The increased strength and
maximum elastic deflection capabilities of BMGs are two of the key reasons why they
may be a superior choice for use as the pivot material. Figure 2.4 [6] contains a diagram
that plots the elastic limit of various types of materials versus Young’s modulus. The
o,/E contour corresponds to the maximum elastic deflection of the material. One can see
that BMGs, which are indicated by the filled in circles, have mechanical properties that

are superior to conventional metals.

14
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Preliminary data obtained from journal sources show that BMGs at room
temperature may have loss coefficients higher than that of cryogenic high purity titanium
and niobium. This may not be a favorable property of BMG for AGG pivot application,
but more study needs to be done to verify the accuracy of the data. Figure 2.5 [6]
contains a diagram that plots the resilience of various types of materials versus loss
coefficient. The BMGs are indicated in the diagram by the circles that are filled in.
When comparing with conventional metallic alloys, it can be seen that BMGs have loss
coefficients that are at least one order of magnitude lower. This implies that BMGs have
lower hysteresis effects, which means a pivot made out of a BMG, would spring back

closer to the origin when no gravity field is detected.
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Figure 2.4 Elastic limit plotted against Young’s modulus for various BMGs [6].
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Figure 2.5 Resilience plotted against loss coefficient for various BMGs [6].

The LCTE of BMGs appears to be at least one to two orders of magnitude greater
than that of niobium. It is important to point out that the coefficient values were taken at
different temperatures. It is believed that the LCTE of BMGs could drop between one to
two orders of magnitude if measured at 20 K, which would match more favorably with
the coefficient values of niobium. Fatigue limit data for BMGs are preliminary, but can
be significantly better than that of titanium and niobium.

Bulk metallic glasses generally have sufficient electrical conductivities to be used
in the pivot application and can be designed with numerous metals that have very low
magnetic susceptibilities. Unfortunately, few journal studies have investigated cree.p of
BMGs at room temperature or below. At this time, the creep of BMGs cannot be

compared with the creep properties of titanium or niobium.

2.2.3 Bulk metallic glass material properties database
Over the last 15 years, numerous bulk metallic glasses have been manufactured.

Unfortunately, property data is contained in numerous journal articles and is not readily
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available in one universal database. Hence, a database of bulk metallic glass material
properties has been developed. The database compiles nonmagnetic BMGs and their
material properties crucial to this application. As of now, data from 172 journal and
conference articles have been obtained in hardcopy format and are referenced in the
database. A total of 30 distinct BMG systems have been identified (see Table 2.3) and a
total of 250 distinct alloys with properties have been added. The entire database and the
list of references from where the data was extracted are included in Appendix A. Bulk
metallic glasses systems literature review based on castability are given in Appendix B.
Many other distinct alloys have been developed, but the required material property data
could not be found and were not added to the database.

At this time, the process of searching and adding BMGs to the database has been
completed. It is believed that the vast majority of data that is available to the public has
been analyzed.

Table 2.3 Bulk Metallic Glass systems in database.
Mg-LN-(Ni, Cu, Zn) Cu-(Zr, Hf, Nb)-Ti
Mg-LN-(Ni, Cu, Zn)-(Ag, Pd) Cu-(Zr, Hf, Nb)-Ti-Ta

Ln-Al-TM Cu-(Zr, Hf)-Ti-(Y, Be)
Ln-Y-Al-TM Cu-(Zr, Hf, Nb)-Ti-TM

Ti-(Zr, Hf)-TM Cu-(Zr, Hf)-(Al, Ga)
Ti-Zr-TM-Be Cu-(Zr, Hf)-Ti-(Ag, Au, Pd, Pt)
Ti-Zr-TM-AI-Si-B Cu-(Zr, Hf)-Ti-Al-(Ag, Au, Pd, Pt)
Ti-Ni-Cu-Sn Cu-(Zr, Hf)

Ti-Ni-Cu-Sn-Be Au-Cu-Si-(Ag, Pd)

Zr-Al-TM Pt-TM-P

Zr-(Ti, Nb)-TM-Be Pd-TM-P

Zr-Al-(Ti, Nb)-TM-Be Pd-Cu-Si

Zr-(Ti, Nb, Pd)-Al-TM Pd-Cu-Si-P

(Hf, Zr)-Ti-(Al, Ga)-TM

Ca-Mg-(Ni, Cu, Zn)

(Y, Sc)-Al-TM

Ca-Al-Mg-(Ni, Cu, Zn)

17



Master’s Thesis - Yuelu Li  McMaster - Mechanical Engineering

2.2.4 Criteria for selecting BMGs for further study

The initial criteria for narrowing down the list of BMGs in the database are
outlined in Table 2.4. The minimum Young’s modulus, UTS and maximum elastic
deflection values were set to 100 GPa, 2000 MPa and 2.0 % respectively. With these
criteria, the La and Mg-based systems are not suitable for the present application because
their tensile strengths are below 1000MPa and the elastic modulus is less than 70 GPa.
Also the required properties of non-ferromagnetism and diamagnetism eliminate the Fe-,
Ni-, Co-, Nd-, Pr-based alloys. The LCTE had to be within an order of magnitude of the
niobium value. At this time, the criterion for loss coefficient is being discussed and yet to
be determined.

The systems that contain BMGs that satisfy this initial criteria are: Zr-Al-TM,
(Hf, Zr)-Ti-(Al, Ga)-TM, Cu-(Zr, Hf, Nb)-Ti-TM and Cu-(Zr, Hf, Nb)-Ti-Ta. The room
temperature properties of specific BMGs from all four of these systems are shown in
Table 2.5. Property values of niobium at 20 K are also included for comparison. It can
be seen that the strength and maximum elastic deflection values of BMGs are

significantly higher than that for niobium, while the Young’s Modulus values are similar.

Table 2.4 Criteria for BMG used for the AGG Pivot application.

Material Property Property Criteria

Young’s Modulus (GPa) > 100

UTS (MPa) > 2000

Maximum Elastic Deflection (%) >2.0

Linear Coefficient of Thermal Expansion Within order of magnitude of Nb
(m/m/°C) value

Loss Coefficient / Internal Friction (Q) To Be Determined

18
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Table 2.5 Bulk Metallic Glasses satisfying initial criteria for AGG application.

Material Nb at

ZrssCoxsAlyy  HfsCuyNipAlyy CugTigZrNig  (CugeZrg3Tigq)esTa,
Property 20K

Young’s
Modulus 125 114 118 109 123
(GPa)

UTS
(MPa)

1175 2200 2420 2186 2250

Maximum

Elastic
1.2 2.1 2.1 2.1 2.1
Deflection

(%)

The LCTE of Zr-, Cu- and Hf-based BMG systems and pure Ti and Nb are shown
in Table 2.6. Since the thermal expansion data for the BMGs in Figure 11 is not
available, alloys having similar compositions are referenced to estimate LCTE for the
desired alloys. The LCTE of Zr-, Cu-, and Hf-based BMG alloys and pure Nb are
comparable at room temperature and they all can be potentially used as materials for the
AGG application.

Further filtering of these alloy systems will have to be carried out based on their
castability to successfully make the final component. Based on castability of the alloys
discussed in Appendix B, Zr-and Cu-based BMG alloys are better choices for candidate
materials due to the rapid oxidation characteristics of Ti - based alloys, which will

impede successful melt preparation and casting.
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Table 2.6 LCTE of Niobium, Ti and a few potential BMG alloys for the AGG application.

Material LCTE (nm/C)

25°C -196 °C -253°C
Pure Nb 7.10E-06 4E-06 2.0E-07
Pure Ti 8.60E-06 3.2E-06 -
CussZr3oTioPds 1.1E-05 - -
CussZrsTioNis 1.3E-05 - -
Zr Based BMG alloys 8.0E-06 — 1.5E-05 - -
Hf50Cuy4Al oNigZr;GasTi; 9.0E-06 - -

It is expected that these criteria will be continually modified until the exact design
requirements of the pivot are determined. This will lead to an increase or decrease of
BMG systems that can be considered for the pivot application.

Finally, Cu4sZry3Al;Agy and Vitreloy 1: Ziryy ;Besz sTig38Cu2 sNijg o were selected
as trial materials for AGG pivot application considering their comparable properties
shown in Table 2.7.

Figure 2.6 shows a flow chart of the selection process, identification and testing
of the ideal BMG trial material for the AGG pivot application. In Figure 2.6, the

CugsZrg3Al;Agy alloy is as an example.
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Table 2.7 Properties of trial materials: Cus3Zrg3Al;Agr and Vitreloy 1(Vitl).

Vitreloy 1(Vitl):
Material Property Zr4 5 Ti38CusNigoBens CugzZraAl,Agy
Density(g/cm’) 6.11[9] 7.56
Young's Modulus (GPa) 96 [9] 103[43]
Yield Strength (MPa) 1900 [9] 1850[43]
Ultimate Tensile Strength (MPa) 1900 [9] 1850{43]
- Poisson's ratio (and/or shear
modulus) 0.36[9] 0.35
Elastic Limit (%) 2[9] 1.8{43]
critical size in diameter (mm) 100 8[43]
Linear Coefficient Of Thermal
Expansion (m/m/°C) 9.26E-06 N/A
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2.2.3 Databases

v y

2.2.3 BMG alloy properties 2.2.3 BMG alloy castability
Appendix A Appendix C

.

2.2.1 Properties required for AGG

A 4
2.2.4 Selection of suitable BMGs

v

2.3 Manufacturing of AGG Pivot

v v

2.3.2 Preparation of CuysZrs3Al;Agy alloy 2.3.3 Investigation of suitable
3 manufacturing processes

2.3.2.2 Vacuum sealed 2.3.2.1 Vacuum arc melting
quartz tube casting ‘ 1
. 2.3.4 Casting of 2.3.5 Super plastic
2.3.2.3 Melt spinning l l AGG pivot sample forming (SPF)

2.3.2.4 X-ray diffraction results 2.3.2.5 DSC results

Figure 2.6 Selection criteria, identification and testing of suitable BMG materials for AGG pivot application.
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2.3 Manufacturing of AGG Pivot with a Suitable BMG
2.3.1 Pivot geometry of AGG gradiometer

The proposed AGG gradiometer web with the pivot is shown in Figure 2.7. The
piece consists of two small rectangular blocks of 20mmx5mmx4.34mm each connected

by a centrally placed flexure of 0.13mm thickness through the entire length.

| g

20,00 I

ISOMETRIC

10,00 RO.66

-5, 0 -1

Figure 2.7 Drawing of AGG gradiometer pivot.

2.3.2 BMG material for AGG pivot

In this section I will consider the preparation of the Cu43Zr43A17Ag7 BMG alloy
as an example. The other material used to make the same web piece was Vitl
(Zrs1 2Ti1138Cu 2 5Ni00Beas). The alloy and sample preparation techniques for both
these BMG candidates are identical except that the amorphous Cu based alloy was
obtained by melt spinning technique and amorphous the Vit 1 was obtained by vacuum

suction casting method.
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2.3.2.1 Vacuum arc melting (VAM)

The ingot of the Cu4sZrszAl;Agy alloy was obtained by arc melting mixture of
ultrasonically-cleansed elemental metals in high purity argon atmosphere. The melting
process was repeated for five times to guarantee chemical homogeneity in the final alloy
sample. The elemental metals Cu, Zr, Al and Ag with purity of 99.9%, 99.95% (metal
basis excluding Hf and Hf nominal 3%), 99.9999% and 99.9%, respectively were used as
raw materials. The arc melting furnace chamber was evacuated to 200 millitorr then
backfilled with high purity argon (HP +) to a pressure of 0.5 atmosphere. The ingot mass
after vacuum arc melting was 45.6682 g with mass loss of 0.0057 g. Figure 2.8 shows

the as-cast ingot.

Figure 2.8 Ingot of Cuy3Zrs3Al;Agy alloy.
The composition of the alloy was tested by Inductively Coupled Plasma-Mass
Spectrom etry (ICP) chemical analysis. The oxygen and nitrogen content were examined
by LECO TC-136 Nitrogen/Oxygen determinator. The difference between the nominal

and actual composition is shown in Table 2.8.

Table 2.8 Chemical composition of Cuy3Zrs3Al;A g7 alloy tested by ICP

Weight
Zr Cu Al Ag Oxygen  Nitrogen
(%)
Nominal 51.62 35.96 2.49 9.94 - -
Actual 51.64 36.50 2.40 9.46 0110 01121

24



Master’s Thesis - Yuelu i  McMaster - Mechanical Engineering

2.3.2.2 Vacuum sealed quartz tube casting

2.8955g of the ingot was obtained by cutting and remelting in VAM chamber.
The small piece of CuysZryzAl;Agy alloy was then vacuum sealed within a quartz tube
with inner diameter (ID) of 4mm, outer diameter (OD) of 6mm at a pressure of 2x107
torr. The quartz tube was put into a resistance furnace and heated to 920°C for about 30
min. Subsequently, the quartz tube was taken from the furnace and quenched in water at
room temperature. Figure 2.9 shows the quenched Cus3Zrs3Al;Ag; sample piece with
length of 35mm. The sample was cut along the cross section by ISOMET 11-1180 low
speed diamond saw cooled with kerosene, which guaranteed minimal heating of the
sample during cutting. The sample was polished and etched using 0.5% HF solution.
The microstructure shown in Figure 2.10 indicates that there is no difference of the
microstructure in the center and on the edge of alloy rod. The alloy layer adjacent to the

quartz tube shows crystallized microstructure, which indicates negligible amorphous

layer of CuysZrgzAl;Agy was formed by this method with alloy diameter of 4mm.

(a) (b)
Figure 2.10 Optical microscopy (OM) of Cuy3Zr43Al;Ag7 alloy: (a) Center and (b) Edge.
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2.3.2.3 Melt spinning of Cuy3ZrsAl;Ag;

The amorphous ribbon with thickness of 30um and width of Imm was obtained
by melt spinning the ingot under an over-pressure of 2.5atm Argon onto a copper wheel
rotating at a speed about 35 m/s. Figure 2.11 shows the pieces of amorphous ribbons.
Small chips with size below 0.210mm and 0.105mm were prepared by mechanically

breaking ribbon using mortar/pestle.

Wﬂ}'ﬂ?iﬁﬁ”jf{ﬂlnir|43l’nu'|l.‘2.'t ¢ g‘”{:‘ifﬂ“g‘
Figure 2.11 Melt spun ribbon of Cus3Zrs3Al;Ag7.

2.3.2.4 X-ray diffraction results of as melt spun and ground ribbons

X-ray diffraction (XRD; Nicolet 12, Cu Ka radiation) were performed to examine
if the melt spun ribbon and ground ribbon pieces were amorphous. The results are
showed in Figure 2.12 and Figure 2.13. The broad peak in the diffraction pattern in
Figure 2.12 indicates the formation of an amorphous single phase, while sharp peaks in
Figure 2.13 represent crystallized phases. The melt spun ribbons were amorphous but
ground ribbon pieces were not, which shows that mechanical force produced by grinding

induced crystallization process.
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Figure 2.12 X-ray diffraction pattern of the melt-spun Cuy3Zry3Al;Ag; alloy ribbons.
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Figure 2.13 X-ray diffraction pattern of melt-spun Cuy43Zrs3Al;Ag; alloy ribbons which
were subsequently ground mechanically for size reduction to less than

0.105mm.
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2.3.2.5 Differential Scanning Calorimetry (DSC) results of Cug3Zrs;Al,Ag,

The thermal properties associated with the glass transition and crystallization for
the melt-spun CussZrg3Al;Ag; alloy were determined by TA Instrument DSC 910
differential scanning calorimeter at constant heating rates of 1, 5, 10, 20, 50,100K/s
respectively in the temperature range of 293 to 900 K as shown in Figure 2.14. Three
typical DSC curves were obtained from three separate DSC runs for each of the six
selected heating rates. The summarized data is shown in Table 2.9, where T, T, and T,
represent  glass transition temperature, crystallization onset temperature and
crystallization peak temperature, respectively. All the three observed temperatures

increased with the heating rate.
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Figure 2.14 Typical DSC curves of Cu4sZrg3Al;Ag; melt spun ribbons obtained at
different heating rates to show the glass transition and crystallization
behavior. (a) to (e) shows the heating rates of 1, 5, 10 20. 50 and 100 K/min,

respectively.

Table 2.9 Average” transformation temperatures in DSC experiments as a function of

heating rate for CuysZrs3Al;Ag;. melt spun ribbons.

Heating Rate  Glass transition Crystallization onset  Crystallization peak
(K/min) temperature T, temperature Ty (K) temperature T, (K)
(K)

1 691 739 741

5 708 756 759

10 715 764 767

20 721 772 776

50 728 785 790

100 734 791 798

* Average data for three DSC experiments at each heating rate shown in the table.
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2.3.3 Net shape manufacturing of AGG pivot with BMG
2.3.3.1 Casting

Currently, for commercial applications, die casting is used as a viable net-shape
manufacturing technique. Due to the metastable nature of most amorphous structures,
BMGs must be solidified rapidly to avoid crystallization. To achieve this, the liquid mass
has to be thin and remain in complete thermal contact with an efficient heat sink, i.e., a
highly conducting material, like copper. Injection casting is a common and convenient
rapid solidification processing to obtain metallic glasses in bulk form and examine their
critical thickness. Figure 2.15 is a schematic of the injection casting process devised to
obtain a near net shape part of the micro-flexure pivot test piece using a BMG alloy. A
quartz tube with an inner diameter of 0.8 mm is placed on top of the water cooled copper
mold. The quartz tube contains solid chips of the BMG alloy. One end of the quartz tube
is secured into the copper mold by a high temperature ceramic putty seal. The other end
of the tube is sealed with a ceramic plug with two holes on top for Ar gas purging and gas
venting. A vent is also machined into the copper mold. The mold is machined to the
final component dimensions. The quartz tube is heated by an induction furnace to melt
the solid BMG alloys in an argon atmosphere. The outlet hole of the quartz tube between
the tube and the copper mold is in the order of 1 mm and surface tension forces of the
melt will prevent it from entering the mold. Once the liquid metal reaches the required
superheat for casting, the vent on top of the quartz tube is shut off enabling a pressure
buildup in the quartz tube due to the Ar gas purge. The pressure buildup will enable the
molten metal to be injected into the cavity of the copper mold. The vent in the mold will
ensure that the gas in the mold is purged out ahead of the molten metal interface. Due to
the extraordinary thermal conductivity of copper, the liquid alloy can solidify with a high
enough cooling rate to form a BMG alloy component. If the desired alloy requires a
higher cooling rate, the copper mold can be water chilled.

The common defects for injection casting are trapped air bubbles, fine scale
porosity and non-fill. Solidification time has a parabolic relationship with thickness of

casting. Hence, solidification of the 0.13mm thickness connector (refer to Figure 2.7) in
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the center of the pivot can be more than one thousand times faster than the rectangular
block with thickness of Smm. It is possible that the thin section (0.13 mm) of the pivot
will solidify prematurely and prevent further flow of liquid to attain a sound casting.

For Vitl(Zr4; 2Ti138Cu;25NijgoBerss), because the critical cooling rate is as low
as 1K/s, it is possible to achieve a cast piece with complete amorphous structure by
melting the alloy in a metal die within a vacuum sealed quartz tube and subsequently

quenching the quartz tube with the mould in agitated water.

Vent

Ceramic package

Ar inlet

s

Induction furnace—=4

G ]

Mold cavity

Figure 2.15 Schematic of injection casting technique.
2.3.3.2 Superplastic forming (SPF)

Another way to obtain complicated geometry of bulk metallic glass is by

Superplastic Forming (SPF) [7]. SPF is a net-shape processing method that decouples
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rapid cooling and forming of the BMG components. Figure 2.16 [8] is a schematic time-
temperature-transformation (TTT) diagram that shows the processing methods of both die
casting and SPF. During die casting, the solidification takes place simultaneously with
high rates of heat extraction from the mould in order to avoid the crystallization nose.
This makes casting of complex parts with thin sections and large aspect ratios a
challenging undertaking. Only a very careful balance of process parameters such as
casting temperature, mould temperature, pressure and mold design result in good quality
cast parts. In SPF, the amorphous BMG is reheated into the super cooled liquid region
where the available processing window is much larger than in die casting, resulting in a
better control of the process and a defect free component. In the super cooled liquid
region, the BMG exists as a highly viscous liquid and increases its fluidity with
increasing temperature. The viscosity of the BMG can vary between 102 Pa s at the
glass transition temperature, Tg, down to 10° Pa s at the crystallization temperature, Ty [8].
In this temperature range, molten BMG alloys can undergo substantial plastic strain
under an applied pressure. Crystallization kinetics for various BMG alloys results in
processing times of the order of a few minutes to many hours which enables
manufacturing of accurate net-shape components with complicated geometries. This
process does not require fast cooling to avoid crystallization during cooling. Currently,
components of ZrysTi;;CugNijpBeys (LM1b), Vitl [8], Vitd [9] (ZrsesTig2Cuz5NijgBears)
and Pts7 5Cuy47Ni53P22.5 [10] with micro features have been manufactured via SPF.

SPF can be applied as alternative forming method of the AGG web pivot if
casting is not successful, especially for the expected difficulty with central micropart of
pivot test piece. Important processing parameters such as pressure, temperature and time
must be carefully balanced to guarantee that theundercooled liquid would fully fill mold

cavity as well as avoid crystallization.

32



Master’s Thesis - Yuelu Li  McMaster - Mechanical Engineering

Crystalline

Figure 2.16 A schematic TTT diagram showing the processing methods. (1) Die casting
and (2) Superplastic casting [8].

2.3.4 Casting of AGG pivot sample

As shown in section 2.3.2, Cug3Zrs3Al;Agy alloy is not amenable to be used in die
casting process to obtain a completely amorphous cast component. Therefore, Vitl will
be used to cast the pivot component using die casting process. Because of high content
of Zr and Ti (56 at % altogether) which are sensitive to oxidation, casting of the AGG
pivot must be carried out in an inert atmosphere. In this section, selection of mold and
coating materials, mold design and fabrication, casting procedure, result and proposed

improvement for future work will be discussed in detail.

2.3.4.1 Selection of mold and coating materials for casting

Basic requirements of mold material properties are as following:

a. No reaction with alloy;

b. Continuous service temperature is greater than 800°C, which is supposed to be
quenching temperature of Vitl;

c. Coefficient of thermal expansion (CTE) of mold material is same or greater
than that of Vitl, which is 10.1 x10°°C "

When liquid Vitl is quenched to solid state, and if the coefficient of thermal

expansion of mold material is smaller than that for Vitl, the shrinkage of Vitl during
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solidification will be higher than that for the mold. Hence, cast piece will be stuck within
the mold in the center micro flexure part of the mold as shown in Figure 2.17. In figure
2.17, the bold lines denote the areas that withstand compression stress (indicated by
arrows) from the mold. Therefore, the CTE for Vitl should be higher than that for the

mold.

Mold

Cast piece

%

A [
vy VIR

Figure 2.17 Compression stress (indicated by arrows) applied on cast piece if coefficient

of mold material is less than that of mold material.

Candidates for mold materials and their respective properties are summarized in
Table 2.10. Cotronics 902 is machinable alumina silicate with continuous service
temperature to 1150°C and flexural strength of 96.53MPa after firing[11]. H-BN is a
synthetic material with a structure similar to that of graphite, which is not wetted by most
molten metals. In the hot pressed state, h-BN is readily machinable using conventional
metal cutting techniques. Grade 304 is the standard austenitic "18/8" stainless steel, the
most versatile and widely used material. Only stainless steel 304 possesses higher CTE
than that of Vitl alloy but it requires coating to prevent chemical bonding with Vitl.
Though CTE of cotronics 902 and hexagonal boron nitride (h-BN) are less than that of

Vitl, they are also selected and tested as mold material in this section for possible use in
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the future. To avoid reaction of the mold surface with Vitl alloy, a thin layer of coating
of white silk aerosol boron nitride (BN) and grey BN lubricoat were applied on the mold.
Except BN mold, all the other materials were prepared in two pieces. One is BN coated
and the other without a coating.

To ascertain the reaction between the various selected mold surfaces as shown in
Table 2.10 with Cus3Zrs3Al;Ag; alloy, the alloy power with size less than 0.210mm was
used. The results from these tests can be extrapolated to understand the reaction between
these mold surfaces and Vitl as well since the primary reactive elements are Cu and Zr in
both cases. The candidate mold materials were prepared in cylinder shape with outer
diameter (OD) 1/2”xLength (L) 1/2”. A hole with 3/8” diameter and 3/8” deep was
drilled for holding the molten Cuy3Zrs3Al;Agy alloy powder as shown in Figure 2.18.

Table 2.10 Continuous service temperature and coefficient of thermal expansion at room

temperature of candidate mold materials for die casting application.

Material Hexagonal -BN  Cotronics 902  Stainless steel

[12] 304 [13]
Coefficient of thermal 1(Parallel to press  3.24 (RT) 17.3 (RT)
expansion (CTE) x10°°C™"  direction)

4 (Perpendicular

to press direction)

RT-1000°C
Continuous service >1800 1150 925
temperature (°C) (In inert

atmosphere)
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& %“%’*

Figure 2.18 Candidate mold material for die casting BMG. From left to right: BN mold,
ceramic 902(fired), white silk aerosol BN coated ceramic 902, grey BN

lubricoat coated stainless steel and white silk aerosol BN coated stainless steel.

Cug3ZryzAl;Agy powder was put into the various mold cavities and the molds were
stacked up in a quartz tube with ID of 14 mm and OD of 16mm as shown in Figure 2.19.
A small piece of pure zirconium foil (99.9+ %) with thickness of 0.lmm was also put
into the quartz tube to act as a oxygen getter. The quartz tube was evacuated to less than
107 torr, then backfilled with helium at 0.5 atm. It was expected that the Zr-gettered
helium atmosphere, the oxygen effect would be minimal. Subsequent to isothermal
holding at 920°C for two hour, the quartz tube was quenched in water. The quenched
inner surface of quartz tube and all the molds became grey and had a smooth finish. This
was due to the evaporation of binding system contained in the grey BN lubricoat at
higher temperature that trasports some BN and deposit on all inner surface of the quartz

tube when quenched. The Zirconium foil became dark and brittle as a result of oxidation.
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1
%

Figure 2.19 Experimental mold materials stacked inside the Zr-gettered He rich quartz
tube. The coating used was a combination of white silk BN and grey BN
lubricoat. Top to bottom: BN, Cotronics 902, white silk aerosol BN coated
Cotronics 902, aerosol (white) BN coated stainless steel 304, grey BN lubricoat

coated stainless steel 304.

Two more experiments were carried out with coating the molds with white silk
BN layer and aerosol Alumina layer, respectively. In both these cases the problem
associated with the grey BN lubricoat were eliminated. However, all aerosol coatings
have organic and inorganic binders in them which interfered with the controlled
atmospheres inside the quartz tube and resulted in an unsatisfactory surface finish on the
BMG alloy sample due to surface reaction mechanisms.

Quenched Cuy3Zrs3Al;Ag; alloy samples were separated from the BN and
Cotronics 902 mold with or without coating while samples stuck in stainless steel mold
formed a strong bond with the mold surface and were unable to extract. Analysis of the
cross section of the alloy sample fused with the steel mold revealed extensive reaction

between the two.

2.3.4.2 Mold design and machining
A mold design consisting of six mold parts was assembled to form a cavity with
the required dimensions of the AGG pivot piece as described in section 2.3.1. The

exploded view of assembled mold is shown in Figure 2.20 and the individual mold
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components shown in Figure 2.21. As shown in Figure 2.20 the mould consists of three
pairs of identical parts. Considering the gap volume among small solid pieces, mold
length was enlarged from 20mm to 25mm, 25% more volume to guarantee required mass
can be crammed into the mold cavity. Screws and dowel pins were used to fix the mold
parts together. The good alignment of the assembled mold and the two radii distance of
0.13mm depend on the fit of dowel pins with mold part 1 and 2, as shown in Figure 2.20.
Due to the small size of the mold and its complexity in components, the mold was

designed with tight tolerances.

Socket cap Screws, 4 pcs

ANy \ Part 2, 2 pcs

> Part 1, 2 pcs

Part 3, 2 pcs

N Socket cap Screws, 4 pcs
Dowel Pin, 4 pcs

Figure 2.20 Exploded view of assembled mold used for die casting BMG.
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Figure 2.21 Components of the mold shown in Figure 2.20.
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A piece of paper with thickness about 0.10mm is inserted into the assembled mold
cavity to check the validity of the 0.13mm gap shown in Figure 2.20 as part 1. Figure2.22
shows the machined stainless mold parts. Assembled mold picture is shown in Figure2.23.

Dowels pins were inserted into the open holes shown in Figure 2.23.

Figure 2.23 Assembled stainless steel mold for die casting BMG.

To fully prevent mold from reaction with casting alloy, electron beam-physical
vapor deposition (EB-PVD) method was used to obtain compact and uniform pure
alumina coating on all the mold internal surfaces. The coating was perfectly coherent
with the mold material. Two sets of molds: one with a sandblasted surface, the other
polished with a Dremel rotary tool with buffing wheel using high gloss polishing paste
were coated with alumina in the same chamber resulting in a coating thickness of 2um

which was verified by DEKTAK surface profile measuring system with precision of 0.1

pm.
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2.3.4.3 Casting of Vitl alloy
2.3.4.3.1 Inert sealing process

Mold parts, screws, dowel pins and Vitl sample were cleansed in an ultrasonic
bath of acetone and then in ethanol. The calculated mass of Vitl [14] alloy required to
fill the mold cavity was determined to be 6.65g. Crystallized Vitl rod in diameter of
10mm was crushed into small pieces with maximum size less than 4mm. Only 3.48¢g of
Vitl pieces could be inserted into the assembled mold cavity, 52.3% of total required
mass, which shows estimated 25% more volume for Vitl piece gap is still too low.
Based on current result, the volume for holding required mass has to be at least 2.39
times of final solidified piece. The assembled mold was positioned within the quartz tube
as shown in Figure 2.24 to achieve required test piece shape. Fired alumina silicate solid
pieces and Inswool ceramic fiber blanket with operating temperature to 1300°C were
used to guarantee that the mold was held upright as shown in Figure2.25 (b).
Considering liquid Vitl may leak from the assembled mold gap at higher temperature,
Respond 940HT, fast cure alumina adhesive was used to seal the gap on the bottom of
assembled mold, which can withstand 1525°C [11]. The top small gap is left for
degassing. 99.9 % zirconium pieces were sealed within the quartz tube to act as oxygen

getters.

20,00 1 :)C 1

2

135.00

Figure 2.24 Schematic top view of mold within quartz tube.

41


http:Figure2.25

Master’s Thesis - Yuelu Li  McMaster - Mechanical Engineering

The size of quartz tube for holding casting mold is ID: 35mm, OD: 38mm, length:
280mm. Another quartz rod with 6mm in diameter and length of 560mm was adhered to
the quartz tube for easier quenching operation as shown in Figure 2.25 (a). To achieve
total amorphous structure, slowest cooling rate within Vitl alloy must be greater than its
critical cooling rate, 1K/s. Helium was selected for inert atmosphere within the quartz
tube to achieve a higher cooling rate. The quartz tube was evacuated to <4x10” mbar
and backfilled with HP plus helium with purity of 9.998% to 0.27atm. The He pressure
at 800°C would be about 1 atm.

(a) (b)
Figure 2.25 Assembled mold with Vitl solid pieces inside sealed quartz tube.
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2.3.4.3.2 Casting of the AGG pivot

Sealed quartz tube was heated into a furnace with cylindrical hearth. Two
aluminum silicate parts were made as lids on the top of furnace to hold quartz tube
vertically and for easier quenching operation as shown in Figure 2.26. Inswool ceramic
fiber blanket was covered on furnace surface for better insulation. The quartz tube was
slowly heated to 800°C at a heating rate of 50°C/hr, 80°C higher than its liquidus
temperature at 720°C [15]. The quartz tube system was held at 800°C for 4 hours to
ensure Vitl alloy pieces were heated at this temperature. K type thermocouple with
stainless steel sheath in diameter of 1.62 mm was bound with quartz tube to check
furnace temperature. Before quenching the quartz tube in water, it was hit downward to
the hearth bottom by hand several times in order to force the liquid alloy to enter 0.13mm

gap in the mold center.

Figure 2.26 Quartz tube containing the metal mold is held inside an electric furnace.
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The result shows that the quartz tube was not broken after quenching. Zirconium
pieces and dowel pins are shining which shows the oxygen level is very low within the
quartz tube. The as-quenched mold with Vitl part is shown in Figure2.27 after removing

the top and bottom cap.

(a) (b)
Figure 2.27 As-quenched mold with Vitl part in it. (a) Top view and (b) Bottom view.

There is a thin layer of Vitl formed on the mold bottom and alloy pieces retain
solid shape on the mold top but adhere to each other, which shows liquid alloy pieces
don’t easily combine into a whole piece. The compression stress applied on liquid Vitl
pieces because of pressure head is greater on the mold bottom than on the top. Figure
2.27 (b) also shows liquid can successfully enter the 0.13mm gap which indicates it is
possible to cast the AGG pivot piece by this method. To obtain a sound casting of the
pivot piece, higher pressures need to be applied to within the mold cavity to ensure

complete coalescence of the molten alloy pieces.
2.3.4.4 Summary
1. Stainless steel 304 was selected as mold material. Uniform and compact pure

alumina coating was successfully obtained on stainless steel mold by EB-PVD

method.

44


http:Figure2.27

Master’s Thesis - YueluLi McMaster - Mechanical Engineering

2. Six mold parts were designed with assembled mold cavity of required size.
Stainless steel 304 mold parts were obtained by milling process. Dowel pins and
screws were used to assemble the mold parts together with the required cavity
geometry.

3. Qhenching of liquid Vitl alloy within stainless steel mold sealed in inert
atmosphere shows more pressure is required to press the liquid Vitl pieces
together to form a whole part. Quenching temperature and Vitl mass can be
increased to achieve this. Mold cavity volume should be enlarged to 2.39 times of

required volume of final cast part to hold required mass.

2.3.5 Superplastic forming (Hot pressing) of BMG
2.3.5.1 Hot pressing of Cu43Zr4;Al;Ag; amorphous ribbons
2.3.5.1.1 Hot pressing conditions

A detailed description of the SPF process is presented in section 2.3.3.2. Due to
the metastable nature of metallic glass, thermal stability has to be investigated in the
undercooled temperature range to find processing temperature and time to avoid phase
transition, which affects the glass forming ability of superplastic forming by degradation
of the viscous flow properties as well as mechanical properties. As the forming
temperature is increased, the viscosity of the BMG alloy is decreased and aids the
forming process. Also, the glass should not crystallize during processing which demands
limited processing time. Parameters for hot pressing of CussZrs3Al;Ag; amorphous
ribbons are found by DSC to meet the above SPF requirements.

Glass transition temperature Tg and crystallization onset temperature Ty vary with
heating rate. The heating rate of hot press used for SPF is 10K/min, the temperature range
for hot pressing was from Ty of 715K to Ty of 764K as shown in Table 2.9 in 2.3.2.5.
The isothermal holding times for each processing temperature was determined from DSC
experiments carried out on a TA Instrument DSC 910 equipment. Three test
temperatures, 738K, 750K and 756K were selected. The DSC curves are shown in

Figure 2.28. Time taken before crystallization is from the isothermal starting time to
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crystallization onset time, which is the maximum time period that undercooled
Cug3Zrg3Al;Agy liquid pieces can retain amorphous structure without crystallization. The
evaluated maximum undercooling time at isothermal temperatures of 738K, 750K and
756K were 9 min, 2.5 min and 1 min, respectively. 738K was chosen as hot pressing
temperature for optimum operation conditions. As there is no available data on
relationship between shear stress and shear rate for undercooled Cuy3Zry3Al;Ag7 alloy, a

hot pressing stress of 100MPa was chosen for the experiments.
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Figure 2.28 DSC curves for CussZrssAl;Ag; alloy heated at constant heating rate of
10K/min and maintained at different isothermal temperatures: (a) 738K, (b)
750K and (c) 756K.

2.3.5.1.2 Selection of mold materials for hot pressing

The required mold material properties for hot pressing require a flexural strength
of at least 100MPa at temperature range of 673-773K and greater coefficient of thermal
expansion than the hot pressed alloy. The material h-BN is highly anisotropic in its
mechanical properties due to the plate-like hexagonal crystals and their orientation during
the hot press consolidation. The flexural strength is much lower than 100MPa parallel to
pressing direction [16] which confines its use for hot pressing mold. Cotronics 902 and
stainless steel 304 were selected as hot pressing mold materials. At the initial stage, hot
pressing parameters were to be decided before the fabrication of web and hysteresis test
pieces in complex shape. The molds were machined in cylinder as shown in Figure2.29.

Dimensions of the two sets of mold and plungers are shown in Table 2.11.
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Figure 2.29 Hot pressing molds. Left: stainless steel and right: fired ceramic 902.

Table 2.11 Dimensions of molds and plungers for hot pressing

Material Plunger 1 Plunger 2 Mold
Cotronics 902 O8.0mmx4mm O8.0mmx6mm ID: ®8.3mm
OD ?25.4mm

Height: 10mm

Stainless steel 304  ©9.22mmx5.03mm  @9.19mmx8.32mm ID: ©9.48mm
OD: ¢38.16mm
Height: 13.13mm

Though Cotronics 902 has high compression strength of 262MPa, the flexural
strength is only 96.53 MPa [17]. To test the maximum strength of cotronics 902 mold
and plungers under same force condition, one set of the mold is pressed at room
temperature on a small hydraulic pressing machine with the smaller plunger at bottom
and the longer 6ne on top. The top cotronics 902 plunger was broken when 500 pounds
(2224.11N) load was applied at room temperature, equating pressure of 44.27MPa on it,
which shows it can not be used for mold material at higher pressures. The tensile
strength of stainless steel 304 can reach 137.2MPa [18] at temperature of 755K and the
compression strength is higher than this value. So stainless steel 304 was chosen as mold
material. White silk boron nitride was used as a barrier to prevent undercooled liquid

from sticking to stainless steel molds and plungers.
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2.3.5.1.3 Hot pressing of Cuy3Zrs3Al;Ag; amorphous ribbons

As shown in section 2.3.2.2, amorphous Cuy3Zrs3Al7Ag7 alloy cannot be obtained
in bulk form. So melt spun amorphous ribbons will be used for hot pressing. There are
methods on consolidation of amorphous metal powders into bulk form by explosive
compaction [19, 20], dynamic compaction [21], high static pressure compaction [22],
solid-state reaction [23] and extrusion [24] and rolling [25].

Hot pressing of CuysZrs3Al;Agz; amorphous ribbons was carried out using 50-ton
hot press within evacuated chamber backfilled with argon. CuysZrs3Al;Ag; melt spun
amorphous ribbons of 30pmxImmx4mm in size were given an ethanol ultrasonic wash
prior to stacking into mold cavity. Heated from room temperature with heating rate of
10K/min, amorphous ribbons were kept at 738K for 3 minutes before 100MPa pressure
was applied for 3min uniaxially onto the stainless steel plunger. The load was then
removed and the furnace was shut off. When the mold was opened afterwards at room
temperature, the alloy still remined as ribbons separate from each other as shown in
Figure 2.30, which indicates the amorphous ribbons cannot be consolidated into bulk
form as expected with the above test condition. The viscosity value of undercooled
liquid metallic glasses at elevated temperature above Tg is found to be around 108 Pa s to
10° Pa's [2]. The large surface area/volume ratio of ribbons also requires much larger
compression stress to enhance particle deformation and bonding simultaneously.

To obtain a bulk amorphous alloy of high uniform density, powder size, mold

design and hot press processing parameters have to be optimized in the future.
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Figure 2.30 Cu43Zr4;Al7Ag7 alloy ribbons after hot pressing operation.

Considering that the temperature shown on the furnace read out may not represent
the actual temperature of ribbons, a through hole with 2mm in diameter for K type
thermocouple was obtained by electrical discharge machining (EDM) along the radial
direction and on the top part of the stainless steel mold. The thermocouple tip was kept
within the hole by adhering it with the mold using ceramic putty to avoid blocking the
movement of the plunger. Temperature shown by the thermocouple gave the actual
temperature of amorphous alloy powder within the mold cavity.

Because of the breakdown of the 50-ton hot press at McMaster University, further
experiments could not be carried out. The stress limit of graphite pressing head also
impedes further experiments. In the following section, previous SPF work on bulk

amorphous Vitl and Vit4 will be discussed.

2.3.5.2 SPF of Vitl and Vit4

As candidate AGG pivot materials, Zr-Ti-Cu-Ni-Be glasses have good resistance
against crystallization in the supercooled liquid state [26,27] and have excellent glass
forming abilities. Previous study shows Vitl rod can be forged into fully amorphous

micropart at 673K with applied stress of 254MPa for 200s with no protection of inert
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gases [28]. It was reported that Vit4 alloy is more stable than Vitl because of lower Zr
and Be levels in Vit 4 [29, 30]. Amorphous phase of Vit4 can remain sufficiently stable
for 5h and 3h, respectively at 643K and 653K under small loads with newtonian flow
behavior. Strain of 5 was attained at 653K with pressure of SMPa resulting in microparts
of less than 100 pm dimensions with excellent precision [31]. Since, Vit4 has much
lower flowing stress than Vitl, the requirements for related facilities, such as mold
material, maximum compression stress of press, etc. are much lower and easily attainable
with the hot press at McMaster University. So Vit4 is a better candidate material than

Vitl for net shape manufacturing of AGG pivot part by SPF.

2.3.5.3 Summary

1. Experiments of DSC on Cus3Zrs3Al;Ag; alloy amorphous ribbons show that
maximum undercooling time at isothermal temperatures of 738K, 750K and 756K
are 9 min, 2.5 min and 1 min, respectively with constant heating rate of 10K/min.

2. Cuyg3Zrg3Al;Ag; melt spun amorphous ribbons can not be consolidated with
uniaxial compression stress of 100MPa at 738K for 3 minutes.

3. Vitl and Vit4 alloy rod will be used for superplastic forming of AGG pivot piece.
Vit4 is a better candidate material than Vitl for SPF because of more thermal
stability, lower flowing stress and much broader processing window in the low

viscous state.
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Chapter 3 Theoretical Model for Predicting Glass Forming Ability of
Metallic Glasses

3.1 Glass Forming Ability (GFA)

Glass Forming Ability (GFA) is defined as the ability for a given alloy to form an
amorphous component when cooled from liquid state, which is indicated by the critical
size or critical cooling rate of metallic glasses. Critical size is the maximum value for a
given alloy to achieve total amorphous structure which can be ascertained by x-ray or
high-resolution transmission electron microscope (HTEM). It follows that alloys
exceeding critical size must include some amount of detectable crystalline phases.
Different metallic glasses have quite different critical size, which ranges from
micrometers to centimeters as shown in Appendix B. Since critical size of metallic
glasses can only be obtained by experiments and this value depends on specific
experimental parameters, comparison of GFA of different materials by this value is not
accurate and can only be used as a reference under the same experimental method.
Another indicator of GFA is critical cooling rate, which is the minimum cooling rate
within the whole alloy piece to guarantee the full glassy phase. There are experiments on
Zr-Ti-Cu-Ni-Be [1,2,3] and Pd-Cu-Ni-P alloy [4,5] which gave the critical cooling rates.
One method is measuring the continuous cooling curve by casting the molten alloy into a

wedge-shape copper mold. The absence of the recalescence in the entire solidification
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process indicates no crystalline phase forms at corresponding position. Although this
method gave the instant critical cooling rate at specific position, the heat transfer
condition was not specified. Another method is cooling the molten alloy at constant
cooling rates by using differential thermal analyzer. If no exothermic peak is observed,
the resulting structure is amorphous. The obtained value by this method is actually an
average one for the whole sample (normally in mg weight level) in the absence of flux
medium under no control over the heat flow direction. As phase formation during the
solidification process is directly related to how heat is extracted, it is essential to consider
how amorphous structure can be achieved under uni-directional solidification and thus
the underlying mechanism can possibly be disclosed.

Obviously, the larger the critical size and lower the critical cooling rate, the
higher GFA. In 1995, X.H. Lin and W. L. Johnson [6] proposed a simple equation
estimating the critical cooling rate by relating it to critical size which is known through
experiment. Despite a convenient method, inherently it is an average cooling rate from
melting temperature Ty, to glass transition temperature T, rather than instant critical

cooling rate.

3.1.1 Summary of popular parameters used to indicate the GFA of a BMG
Various GFA indicators have been proposed and listed as following.

¢ Reduced glass transition temperature T;;=T,/T. This parameter describes the kinetic
ability to avoid crystallization during cooling and predicts that alloys forming deep
eutectic reactions are preferable for glass formation upon cooling a liquid. Generally
alloys having higher Tyg exhibit better GFA [7]. Where T, is glass transition
temperature and T is liquidus temperature.

e Supercooled liquid region AT, = T, - T, predicts the stability of glassy phase, where
Tx is the onset crystallization temperature. This parameter is often used as a
parameter that describes the superplastic formability of BMGs.

o v parameter= T,/( T) + T,) [8]. It predicts stability of liquid and kinetic ability to

resist crystallization, which is obtained by simple additive assumption of
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devitrification tendency of a glass and suppression of crystallization during

solidification.

o AT'=[T"™-T]) T"™, predicts the stability of liquid phase [9]. Where T"*=

D n, *T,. n, is mole fraction and 7, is the melting point of constituent i.

e o parameter [10]= A T x P’. Where P’= X '(VB Y )l + Xc I(VC —Va )l

X, +Xc| Vv, | X,+X.| Vv, |

It predicts the stability of liquid and atomic size configuration and can only be used

for ternary alloy system. Xi represents concentration of solution i. Vi represents
atomic volume of solution i.

Although the above empirical GFA indicators present some guidelines for alloy
design, they do not show a consistent trend [11,12] and related value of parameters T, Ty,
and Ty can only be obtained after the alloy is developed. Development of new BMGs
with precise composition still largely depends on repeated adjustment of alloy
compositions [13,14,15]. Also, as discussed above, quantitative relationship between
GFA and heat transfer conditions failed to be derived so far, which is most important in

practical manufacturing process.

3.1.2 Review of prior art - Identifying the best GFA alloys by competitive growth
principle approach

Ma et al [16] proposed a strategy for pinpointing the best glass-forming alloys,
which applies competitive-growth principle [17] and treats glass as a competing phase

during solidification. The criterion of achieving amorphous structure is that glass

transition temperature, Tg should be higher than the growth tip temperature, Tf of all the

possible crystalline phases at the same growth rate, V. For example, lets consider the
simplest system such as a binary alloy. Let the possible crystalline phases be a, B and the
eutectic phases. The solid growth tip temperature of these phases is a function of
temperature gradient G, growth rate V, diffusion coefficient D of solute in the liquid.

Neglecting the effects of G at high V, Ma et al [16] developed the composition range
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possessing the best GFA which explained the phenomenon that the optimum GFA are
often at an off-eutectic composition in binary alloy systems such as Al-Ge, Ca-Mg, Ca-Al
and Ca-Zn. Reflected from phase diagrams, the glass-forming region is enclosed by
composite-forming regions. Thus, by examining the structure transition of composite-
forming regions, the optimum composition region can be ascertained for a given alloy.
Though the equations for pinpointing the best glass-forming alloys were given, the
authors still use it as a rule qualitatively rather than quantitatively. Furthermore, the
applied expression of tip temperature relating to growth rate actually is at quasi-steady
state, while for actual fast solidification process, the crystalline phases grow under un-

steady state conditions.

3.2 Objective of the Present Model

The objective is to develop a predictive model to ascertain a relationship among
alloy composition, critical size and heat transfer parameters under uni-directional heat
conduction conditions through competitive growth principle, which will provide exact
solutions for the critical size of the cast component using BMG alloy attainable under
feasible casting conditions presently available. The instant critical cooling rate indicating
GFA of a particular alloy can also be derived. It will vastly reduce the time spent on the
design of the component and materials used for the component. Before presenting the
model development, related fundamental concepts will be explained in subsequent

sections.

3.3 Development of Theoretical Model to Predict GFA
3.3.1 Competitive growth principle
3.3.1.1 Concepts

Tammann and Botschwar [17] observed differences in growth rate among the
various crystalline phases as a function of temperature and found that those phase with
the highest growth rate, V for a given undercooling AT, developed and the other phases

were suppressed. This criterion is analogous to stating that the observed structures have a
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minimum extent of undercooling for a given growth rate. It is a very similar principle to

that of bifurcation theory in mathematical physics, but has not been rigorously justified.

3.3.1.2 Applications

This theory is applied to calculate the coupled zone, which is defined as the range
of conditions (generally composition and undercooling values) that produces a wholly
eutectic structure, i.e. without primary crystals not taking into account the planar-cellular
eutectic transition [18]. Figure3.1 [19] shows the darked area is coupled zone in a phase
diagram of binary alloy, which can be skewed (a) or symmetric (b). The coupled zone
(V-C diagram) and growth rate relationship of various competing phases, primary phases
a, B and eutectic phase are shown in Figure3.2 [19].

The half width of symmetric zone(eutectic range) AC = Cg — C_ is found by
equating dendrite tip temperature Tp to eutectic tip temperature T, where Cg is the

eutectic composition and C_ is the average alloy composition.

1
Dendrite undercooling ATp =T, - Tp = QVB + BV ? (3.1
1
Eutectic undercooling ATg=Tg-Ti= AV? (3.2)

Where T, is the alloy liquidus temperature, Tg is the eutectic equilibrium temperature, G
is the temperature gradient and V is the growth rate, A and B are constants. Subtractinig

Equation 3.2 from 3.1, we get,

1
Ti-Tg= %D—+(B—A)V2 (3.3)

58



Master’s Thesis - Yuelu Li  McMaster - Mechanical Engineering
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a - dendrites + eutectic
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eutectic—]
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a - dendrites - dendrites
+ eutectic + eutectic

eutectic

|

C—»
Composition
Figure 3.1 Two type of coupled zone in a binary eutectic reaction: (a) Skewed zone (b)
Symmetric zone [19].

And since T, - Tg = m(C _ - Cg), where m is the liquidus slope of one phase. Replacing

the left side in Equation 3.3, we get,

1
AC=CE—Ca=-~I—[%Q+(B—A)V2} (3.4)

m

Equation (3.1) and (3.2) are derived under quasi-steady state directional solidification

conditions. The derivation of these equations will be presented in following sections.
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Figure 3.2 Coupled zone (V-C diagram) and growth rate relationship of various

competing phases

3.3.2 Strategy of developing the model

As discussed in chapter 1, glass formation is actually a kinetic process of avoiding
crystallization when liquid alloy is cooled from T; to T,. For a binary alloy, the possible
alloy composition to form amorphous structure is close to eutectic composition, where
primary and eutectic phases can possibly form as shown in calculating eutectic
composition range (coupled zone) in section 3.3.1.2.

In the case of an amorphous alloy, when we apply the competitive growth
principle, we consider that the amorphous phase is also one of the competing phases in
growth. For example, in a binary alloy system, the possible amorphous phase competes
to grow along with the three possible crystalline phase regions: primary a, primary 3 and
eutectic region. The suppression of all crystalline phases during solidification and the
growth of exclusive amorphous phase occur when the growth velocity of the solid-liquid
interface is greater than or equal to the critical growth velocity of the amorphous phase,
Vg for a given undercooling, AT for the liquid.

The criterion for achieving amorphous structure is as follows:
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For the same interface undercooling AT =T|-Ty, i.e. same interface temperature Ty,
growth rate of glassy phase V, is greater than growth rate of all possible crystalline
phases, V }x i

X

Vg 2V; (3.5)

where Vf = thl , V,ﬁ or V (;u (tip growth rate of o,  and eutectic phase, respectively).

A flow chart defining the steps involed in predicting formation of BMG is shown in

Figure 3.3.

X
Once the relationships between tip temperature and V, G, D are found, as T; is

related with C ,\ by m, composition range for best GFA can be derived.
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Figure 3.3 Process flow for predicting GFA of BMG
Let’s consider the simplest one direction heat conduction in plate (Cartesian
coordinates) for a binary alloy, two cases will be discussed during solidification process.

Initially, the binary liquid at liquidus temperature, T; occupies a volume that is infinite in
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positive y direction. Heat is extracted uni-directionally along negative y direction from

the semi-infinite volume at y=0. The planes perpendicular to y direction are all well

insulated, as shown in Figure 3.4.
The boundary conditions are:

a7 (0,1)
-k
0

=h(T(0,t)-T,) (heat balance at y =0)

OT (o0,1) _

0
dy

Where T, represents constant temperature of substrate at y=0.

Initial condition is:

T(y,0)=T;

N
or g \ ar
ox ox

Liquid alloy
g \ A
/1 _

Tiy, 0)=TI Y
g {y.0) N
/
/1 N y=0

|
\j, q

Figure 3.4 Uni-directional heat conduction.

Two cases are considered here under the same heat transfer conditions.

(3.6)

3.7

(3.8)

Case 1: Assuming no crystalline phases can be formed above T, the glassy phase is thus

obtained as shown in Figure3.5 (a). The equations to illustrate this process are presented

In section 3.4.3.

Case 2: Assuming crystalline phases can be formed above Tg, the solidified phases are

obtained as shown in Figure3.5 (b). The local growth conditions are calculated for both

eutectic and primary phases a and B, respectively. The equations to illustrate this process

are presented in section 3.4.4.
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Figure 3.5 Uni-directional heat conduction from liquid bottom. (a) Solid is glassy phase;

(b) Solid is crystalline phase.

3.3.3 Developing tip temperature T, -growth rate V, relationship for solidified
amorphous structure

During the cooling process from the liquidus temperature T, no phase
transformation occurs and the liquid is continuously undercooled till amorphous solid is
finally formed at T,, where exothermic heat flow shown in DSC curve is caused by
change of physical parameters such as heat capacity etc. rather than latent heat of fusion.

Assume liquid is isotropic and homogeneous, the governing equation is:
9pC,T) 3,

ot dy

3.9)

whereg, = ~k%—§— .p,C ,and k are functions of temperature.

Boundary conditions and initial condition are the same as equations (3.6), (3.7) and (3.8).
Temperature T'(y,t) can be derived though equations (3.6) to (3.9).
Growth rate of glassy phase can be derived as

v = oT (y,t)/ ot

9Tl 10
‘ aT(y,t)/ale'Tg (3.10)
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3.3.4 Developing undercooling-growth rate relationship of crystalline phases (single

phase & eutectic, equations)

Since % =10* (o is the thermal diffusivity and D is mass diffusivity), rate of heat

transfer is much larger than the rate of mass transfer. The crystallization process is mass

transfer controlled.

3.3.4.1 Quasi-steady state directional solidification of primary phases a and §
M. H. Burden and J. D. Hunt proposed approximate analytical solutions for non-

isothermal dendrites which grow under an imposed temperature gradient [20].

2
The governing equation is —l—gg = J ? (3.11)
D dt oy’
By coordinating transformation, V is the growth rate of primary phases.
y’=y-Vt, where x’ is the distance to the tip of crystalline phases.
Using coordinates moving with the dendrite tip, as
dc _acay acor
ot dy' ot dr ot
and £91:1 and éc-:—v,
ot or
Combining above equations with Eq. (3.10)
2
g.g_:—va_(;_.*._aE: d (: (3.12)
ot dy' Jrt ay'
At quasi-steady state, 8_6” =0
ot
Thus governing equation (3.12) takes the form
2
d €+v§£=0 (3.13)
dy'” dy'

Where D is the liquid diffusion coefficient.
Boundary conditions are:

(1) The continuity of matter equation at the interface leads to
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dcC
(__J :*_V_C[ (1-k) (3.14)

'), D,
Where c;is the composition at the tip and c;» ¢o, liquid concentration at infinity,

ey » . Cs*
equilibrium partition ratio k = C
L

(2) ImC=C, (3.15)

Undercooling AT = ATp + AT s + ATk

Where AT = T, -Tj total undercooling, Tj is the interface temperature.

ATp =m(Cyp —C; ), undercooling due to the local concentration in the liquid at Liquid/solid
interface.

AT 5 =0 (R;'+R, ™), undercooling due to the Gibbs-Thompson effect acting at curved
interfaces.

AT is kinetic undercooling and small enough to be neglected comparing to ATp and
ATs.

Final form of AT is as following:

aT= 6D _mVR (1-k)C. .20 (3.16)
Vv R
Where ar; =G = de, = miig
dy dy dy

R is the radius of curvature, m is liquidus slope. C is the composition averaged across the
interface, G is the temperature gradient.
Differentiating eq.(3.15) with respect to R at constant V gives the minimum of

AT( Minimum undercooling condition is assumed)

GD 3 1 1
AT =T, ~-T, 2—‘—/—-+22[—mV(1—k)C09]2/D2 3.17)

Where 6 is Gibbs-Thompson coefficient.
Thus, analytical equation of tip temperature T; relating to growth rate V and temperature

gradient G is derived under quasi-steady state. The growth rate of primary phases a and B,
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V! and Vfg, when tip temperature is T; under quasi-steady state can be found from

following equation

3 1 1
T, -T, :%?+22[—mvl(1—k)coe]2/1)2 (3.18)

Where V' represents the growth rate of primary phases o or B when tip temperature is T.

3.3.4.2 Unsteady-state directional solidification of primary phases a and
Using coordinates moving with the tip,
The governing equation is
9°C Ly 9¢ _oc

V=" 3.19
dy' dy' 9d7 G.19)

Same as equation (3.11) using coordinates moving with the dendrite tip.
Boundary conditions are as follows:

(1) Considering continuity of mass at the liquid/solid interface,

dC(0,1) Vv

—2),=——C (1-k 3.20
( % ) I D, ,(d=k) (3.20)
(2) C(eo, 1) =Co (3.21)
Initial condition: C(y’,0) =Cy (3.22)

If curvature effects and kinetic undercooling are ignored, then
AT = T]-T[ = ATD =m (Co—C]) (323)
Interface temperature Tyinvolving V, G, m, D, k can be derived from equations (3.19) to

(3.23) by numerical method. Growth rate of primary phases o and B, V/, and V;, when

tip temperature is Ty under un-steady state can be found by equating Ty with T,.

3.3.4.3 Quasi-steady state directional solidification of lamellar eutectic phase
For quasi-steady state growth with the coordinate system moving with velocity V
in the y direction, K.A. Jackson & J.D. Hunt proposed the analytical solution [21]

The diffusion equation is,

67



Master’s Thesis - Yuelu Li  McMaster - Mechanical Engineering

2°C V aC
4+ ———=
dy* D dy

0 (3.24)

Which is the governing equation.
Boundary conditions are

(1) C=Cg 4+C o at y=oo (3.25)
(2) %S— =0 at x=0 and x= S, +Sp (3.26)

C is the difference between the eutectic composition and actual composition far from
the interface.

Conservation of mass at the interface leads to

aC (1-k%)C(x,0)

—) g =—————= 0=<x<Sa 3.27
( % ) =0 D (3.27)
C(x,0) is the composition at the interface

aC (1-k*)C(x,0)

—), =" Sa<x<Sa+S 3.28
( % ) =0 5 B (3.28)
AT = AT, + AT,= m[Cg — C(X)] + a/1(x) (3.29)

Where m is the slope of the liquidus and C(x) is the composition of the interface at x.
“a” is a constant given by the Gibbs-Thompson relationship and r(x) is the local
curvature of the interface.

The final form of relationship between undercooling AT and growth rate V is

2
AT amalQ@t=K (3:30)

€

Where K, is a constant as m, a" and Q" are constants, which can be found from

experiments. So growth rate of eutectic phase is

I _(Tl _Tg)z
e

e

(3.31)

3.3.4.4 Unsteady state directional solidification of lamellar eutectic phase

The diffusion equation is
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2
9°C + VaoC aC (3.32)

which is the governing equation.
The same boundary conditions and conservation of matter at the interface as quasi-steady
state are applied here as shown in equations (3.25) to (3.28),

Initial condition is

C(y,0) =Cg +C oo (3.33)
Undercooling
AT = AT = m[Cg - C(x)] (3.34)

Interface temperature can be found by equations (3.24) to (3.28), (3.33) and (3.34) by

numerical method. The growth rate of eutectic phase under unsteady state can be found

by equating Ty to T,

3.3.5 Apply competitive growth principle and find the instant critical cooling rate
and critical size
Equating V, to the maximum V,, Vi, V_, and with the equation T(y,t)= T,

ewd

derived from section 3.4.3, the critical size of metallic glass formation y_can be derived.
Time taken to get metallic glass ¢_can also be found. The corresponding critical cooling

© dT(y,t)

rate C= 3 o=y = 18 for metallic glass formation which indicates the GFA.
t - A c

3.5 Summary

1. The relationships between growth rate and tip temperature of glassy phase and
crystalline phases were developed under uni-directional heat conduction
conditions. For crystalline phases, both quasi-steady state and unsteady state are
considered.

2. GFA indicators for metallic glasses - critical cooling rate and critical size could be

obtained by applying competitive growth principle to the developed growth rate —
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tip temperature relationship. Glassy phase will be achieved if growth rate of
glassy phase is the maximum one among all possible phases a, B, eutectic and

glassy phase when tip temperature of them are at glass transition temperature T,.
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Chapter 4 Critical Heat Flux and Instant Critical Cooling Rate of Bulk

Metallic Glass under Uni-Directional Heat Conduction Conditions

4.1 Introduction

Most of the critical cooling rates of BMGs reported in literature only reflect an
average value for a bulk sample with little or no control over the heat flow direction as
discussed in chapter 3. Further, past researchers do not explicitly quantify the critical
relationships among heat flux, cooling rate and thickness of amorphous layer. In this
chapter, a uni-directional solidification setup will be presented to find instant critical
cooling rates and critical heat flux of BMGs. The effect of various heat transfer
conditions upon the thickness of the amorphous layer can be quantified. Microstructure
characterization and X-ray diffraction will be used to evaluate the amorphous and

crystalline layers.

4.2 Experiment Setup

The one-dimensional (1-D) heat conduction experiment setup is schematically
illustrated in Figure 4.1. A cylindrical ceramic crucible is packed with solid alloy pieces
at room temperature and surrounded by induction coil which functions as a medium to
transfer energy from a high-frequency generator to electrical conductors within it. Argon

is introduced from the mold top to minimize alloy oxidation. The aluminum cooling
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block with flowing water in it on the crucible bottom is used to quickly extract heat when
the liquid alloy attains the expected temperature, which is detected by thermocouples at
different sites along the depth direction in the cylindrical cavity. 1-D heat conduction is
achieved by having good insulation on the mold top and circumferential side and fast
cooling on the mold bottom. By adjusting speed of flowing water, various heat transfer
conditions can be achieved and therefore different thickness of amorphous layers can be
obtained. The critical heat flux and critical instant cooling rate as a function of
solidification time can be experimentally evaluated by analyzing temperature change
during cooling process recorded by data logger combining with resulted amorphous and

crystallization layers ascertained by diffraction techniques.

Valve

Alloy ? o Ceramic mold
éuﬂ O— induction coil

® O,
—~ Thermocouples
S ©
® =HAE Data logger
To data <K <
logger Q
Water inlet —> ~—> Water outlet
N Aluminum cooling block

Figure 4.1 Schematic of instant critical cooling rate setup under 1-D heat condition.
4.2.1 Crucible and thermocouples

Aluminum alloy will be used to examine the above experiment setup because it is

much cheaper than metallic glasses. The crucible design is shown in Figure 4.2.
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Cotronics 902, i.e. machinable alumina silicate was used as crucible material for
continuous service temperature of 1150 °C" which can avoid reaction with liquid alloy at
high temperature. Cotronics rod with OD of 25.4mm was machined into ID of 11mm
and height of 69mm cylinder with Imm thickness solid base on the crucible bottom.
20mm height of solid cotronics 902 lid was sealed on the top of the cylindrical mold to
minimize heat loss from mold top. To minimize the alloy oxidation, two-whole ceramic
tube in OD of 0.166 in” was adhered to the lid to introduce HP+ grade high purity argon
(99.998%) into crucible cavity and vent of 0.065” diameter for gas outlet. Eight K type
thermocouples of 1.62mm diameter each with 304 stainless steel sheaths were introduced
along radial direction to the center of mold cavity. The thermocouples were separated
from each other by specific distances. Thermocouples towards the bottom of the cavity
were closer to each other as compared to the ones away from the bottom of the cavity. A
schematic of the setup is shown in Figure 4.2. 11.56g Al-7.45wt%Si alloy plates in
diameter of 10.5Smm and different thicknesses were put between thermocouples in the
mold cavity resulting in a total estimated liquid height about 50mm. Welded tip of the

two thermocouple wires with 0.254mm in diameter is about 0.3mm.

*http://www.cotronics.com/vo/cotr/pdf/902.pdf
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Figure 4.2 Thermocouple positions within mold cavity.

4.2.2 Aluminum cooling block

Figure 4.3 shows drawing of aluminum cooling block which includes two parts:
plate ‘b’ and block ‘a’. To guarantee uniform heat transfer condition on the mold bottom
surface, a 2mm thick rectangular cavity in size of 30mmx83mm was machined on top
part of block ‘a’. Cooling water (cold) was introduced into this cavity at a steady state
steady flow condition. A control valve located at the exit of the aluminum block adjusted
the flow velocity of the cooling water. 6.35mm thickness aluminum plate was fixed onto
block ‘a’ and the gap between them was sealed by silicon sealant to avoid water leakage.
Top surface is brought into a tight contact with the bottom surface of heated ceramic
crucible once liquid alloy reaches the expected temperature. Three blind holes with 1.62
mm in diameter was drilled in plate ‘a’ to record temperature changes within the cooling
block along the axis of the cylindrical mold and normal to the direction of heat extraction

from the mold cavity during solidification process.
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Figure 4.3 Drawing of aluminum cooling block consisting of two parts: (a) block with

cavity for cooling water flow and (b) top plate to seal the cooling channel.
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Figure 4.4 shows the ceramic mold with thermocouple setup and coil for the
experiment. Figure 4.5 shows the machined aluminum cooling block with hose attached

on it.

Figure 4.5 Aluminum cooling block used for uni-directional heat extraction.

4.3 Exploratory Experiments on Al-7.45 wt%Si Alloy
4.3.1 Equipments and experiment procedure

Figure 4.6 shows the experimental setup to achieve uni-direction solidificati;)n in
the ceramic crucible. The data logger used was National Instrument SCXI 1100. TA
instruments’ Dwyer LPM Air flow regulator was used to regulate the Ar gas flow.
Induction heating generator was 20kW LEPEL T-20-3-DF3-TL with frequency range of
200 — 450 kHz. Four turns cylindrical work coil with inner diameter of 80mm and height
of 50mm was made of copper tubing with OD of 1/4” and wall thickness of 0.03”.

The experiment procedure was as follows:
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1. After assembling all equipments shown in Figure 4.6, argon pressure was set at 3
psi with a volume flow rate of 2.5 I/min for 10 min before heating the crucible.
City water flow was maintained at 20 L/min. The top surface of the cooling block
was initially 20mm away from the bottom of induction coil. Data logger and
computer temperature was always switched on during the whole experiment to

record temperature values at 0.01 s intervals.

o

To prevent electrical interference from affecting the temperature value, induction
furnace is switched off when checking the molten alloy temperature.

3. When the molten temperature reached 800 °C, argon flow was switched off and
the aluminum cooling block was lifted up to obtain a firm contact with the base of
the ceramic crucible. The temperatures from all thermocouples were continuously

recorded and monitored.

Flow meter Data Logger Mot and
Induction coil
Induction furnace
&
4 =
Computer :

S
Thermocouples with Lab jack and Water valve and
extension lines cooling block hose

Figure 4.6 Assembled equipments for uni-directional solidification.
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4.3.2 Results and discussion

Experiments on Al-7.45 wt%Si alloy showed that with the present setup of the
crucible dimensions and the induction coil dimension, the alloy temperature could not
exceed 120 °C after one hour of heating. The reason is that the coupling between alloy
and induction coil was not sufficient to impart the energy required to the alloy for melting.
A new induction coil with inner diameter of 30mm and height of 50mm was made of
copper tubing with an OD of 1/4” and a wall thickness of 0.03”. But again the maximum
alloy temperature reached was around 200°C after one hour of heating which shows the
coupling is still not sufficient enough to melt the aluminum alloy. As the induction
heating pérameters are fixed and could not be adjusted, both the size of work coil and
crucible had to be redesigned to achieve better coupling.

Since the heating of the work-piece is a function of the intensity of the induced
current and the current is a function of the intensity of the electro-magnetic field, the flux
density at the surface of the work decreases proportionally to the square of the coupling.
Therefore the application of the above two solutions can increase the induced current
within work piece by having stronger magnetic field on the work piece surface. But
decreasing coupling distance increases heat loss along radial direction. Hence, coupling
has to be optimized to balance melting of alloy and obtain uni-directional heat conduction

from the crucible bottom.

Figure 4.7 Mold dimension and thermocouple positions within mold cavity.
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An induction coil with an OD of 1/8” and a coil turn distance of 6mm, uni-
directional solidification experimental result of Al-7.45 wt%Si alloy was obtained by
using new mold dimension and thermal couple positions as shown in Figure 4.7. When
cooling block touched the mold bottom surface, data logger was switched on immediately
to record temperature data of the liquid Al alloy. Temperature-time curves at different
thermocouple positions were shown in Figure 4.8. Solidification began at about 610 °C
and ended at 560 °C. Data from the thermocouple embedded in the Al cooling block at a
depth of 1.8 mm from the top is also shown in Figure 4.8. Temperature gradient curves
of the liquid alloy prior to solidification are shown in Figure 4.9. With the increase of
solidification time and distance away from the mold bottom, temperature gradient
deceases. In Fi gure 4.9, it can be observed an optimum height of at least 60 mm of the
liquid metal is required to achieve a zero heat flux condition at infinity as stated in
boundary condition in Equation 3.7. Hence it is recommended that the liquid height be
increased to about 70 mm in subsequent experiments with the setup shown in Figure 4.7.
This will ensure the validity of the boundary condition shown in our theoretical model in
Chapter 3 (refer to Equation 3.7). Hence, the results of the exploratory experiment with
Al-7.45 wt%Si alloy shows that the governing equation and the boundary conditions
proposed in the theoretical model in section 3.3.2 are valid. Uni-directional experiments
with the set-up shown in Figure 4.7 with a molten alloy height of at least 70 mm can be

used to verify the theoretical model for BMG alloys.
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4.4 Summary

1.

A one-dimensional solidification setup was presented in this chapter to find
critical relationships among heat flux, cooling rate and thickness of amorphous
layer of BMGs.

Experiment on Al-7.45%Si alloy shows slow induction heating of the alloy
caused by poor coupling of work coil and work piece. A new work coil with
more turns and decreasing the coupling distance between work coil and work
piece to increase intensity of the induced current on the work-piece would solve
this problem.

Results of the exploratory experiments show that the proposed experimental setup
shown in Figure 4.7 can be used to achieve uni-directional solidification
conditions to validate the theoretical model with the assumed boundary conditions

shown in section 3.3.2 of Chapter 3.
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Chapter S Summary and Future Work

There were two phases to this thesis work.

Phase 1. Investigate the feasibility of net shape manufacturing of the pivot assembly for
Airborne Gravity Gradiometer (AGG) with Bulk Metallic Glass (BMG) alloy.

Phase 2. Understanding Glass Forming Ability (GFA) of BMG alloys to enable
prediction of critical thickness of cast part under given heat transfer conditions
during solidification.

GEDEX Corporation, Mississauga, ON, Canada is presently developing an
advanced AGG device to enable superior detection capabilities in mineral and petroleum
exploration by achieving a resolution of 1 Eo/Hz"* in detection. Further, GEDEX
Corporation aims to develop the AGG device to function at ambient temperatures in lieu
of the current devices which function at cryogenic temperatures of 4 K. In this project,
two BMG alloy databases were developed, one based on properties (Appendix A) and the
other castability (Appendix B). Subsequent to a thorough understanding of the
mechniasm of AGG, critical property requirements for the AGG pivot assembly were
outlined. Suitable BMG alloys were identified to manufacture the pivot assembly by net
shape manufacturing techniques and two alloys were identified as being most suitable for
this purpose: Cuy3ZrgAl;Agz and Vitl (Zryy2TijssCuss sNijgoBesss). Two manufacturing
routes for the pivot assembly with the two alloys were developed: Die Casting and Super

Plastic Forming (SPF). Although, our attempts to manufacture the pivot assembly were
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not entirely successful due to lack of advanced facilities at McMaster University,

comprehensive and viable manufacturing procedures were drafted, established and
verified.

Presently, the development of BMG materials and determination of the critical
cooling rate and part size is not a scientific method based of strong fundamental
understanding, but rather, an ad-hoc empirical estimate of suitable alloy compositions
based on experience in the area of research. The primary reason is the lack of a clear
understanding of the Glass Forming Ability (GFA) of BMG materials. Phase 2 of this
project presented the current level of understanding of GFA of BMG, developed a
theoretical model to enable a fair prediction of the GFA of BMG alloys and developed
experiment techniques and procedures to verify theoretical model for binary BMG alloys.
In the theoretical model a relationship between growth rate of the solid-liquid interface
during solidification and the extent of melt undercooling under uni-direction
solidification conditions were presented. Competitive growth principle was applied to
ascertain the critical size and critical cooling rate of binary alloys under given heat
transfer conditions. The solution for the model will be evaluate by numerical techniques
in the future with parameter input from the experiments and literature. A viable uni-
directional solidification experimental setup to understand and control the heat transfer
conditions during uni-directional solidification of BMG alloys was designed and
developed. Owing to the lack of any such prior art, preliminary exploratory experiments
were carried out to identify and optimize the critical experiment parameters. A detailed
procedural lay out of the experiment setup and technique has been presented in this thesis.
The future outcome of these experiments will quantify relationship among heat flux,
cooling rate and thickness of amorphous layer during solidification. Real time
temperature data coupled with evaluation of heat flux via solutions to inverse heat
conduction problems, and microstructure and X-Ray diffraction analysis of the solidified
part will be carried out to achieve this goal. The experiments and the model will enable
better prediction capabilities of GFA of BMG alloys.

In summary, this thesis has laid a strong foundation to introduce long-term

research initiatives on Bulk Metallic Glass systems at the Centre for Solidification and
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Thermal Processing (CSTP) at McMaster University. Detailed procedures to develop

novel techniques to manufacture BMG alloys have been developed. Carrying out the
proposed experimental plan and verifying the theoretical model will enable a quantum

leap in our understanding of the GFA of BMG alloys.
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Appendices

Appendix A: Bulk Metallic Glass Properties Database. (Collaborated with Paul Borges and Dr. Steve Thorpe)

Material Young's Modulus  Elastic Limit ~ UTS Maximum Loss Coefficient = LCTE Fatigue
(GPa) (MPa) (MPa) Elastic Q"M (m/m/°C) (MPa)
Deflection
(%)

Niobium at RT 125 [1,2,3] 550 [4] 585 [4] 0.55 2.00E-07 [15] 7.10E-06 75 [7]
Niobium at -196 °C 125 [12] 772 [12] 862 [12] 0.77 7.00E-07 [15] 4.00E-06

[13]
Niobium at -253 °C 125 [12] 1150 12} 1175[12] 1.15 9.00E-09 [15] 2.00E-07

[13]
Titanium at RT 115 586 662 0.51 4.00E-05 [15] 8.60E-06 54
Titanium at -196 °C 115[16] 637 [17] 810 [17] 0.55 2.90E-07 [15] 3.20E-06

[19]
Mg Based BMGs
MgssNipYs 40.3 [24] 640 [24] 640 [24] 1.6 [24]
MggoNiisYs 46.4 [24] 830 [24] 830 [24] 1.8 [24]
MggsY;0Cus 44.1 [24] 800 [24] 800 [24] 1.8 [24]
MgsoCe1oNijo 49.5 [24] 750 [24] 750 [24] 1.5 [24]
MgsoY10Cuyo 46 [27] 820 [27] 820 [27] 1.8 [27]
Mgso sNijasYs 44 [31] 610 [31] 610 [31] 1.4 [31]
Mg7sNiysY g 61 [31] 850 [31] 850 [31] 1.4 [31]
MgssCuioYs 41 [31] 740 [31] 740 [31] 1.8 [31]
MgesCuzoY 19Zns 74 [111] 881 [74] 881[74] 1.6][111]
Mgz Ni,Cey 53.9[75] 585 [75] 1.5 [75]
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MggsCuysGdig 56 [82] 834 [82] 834 [82] 1.5 [82]

Mg45Cur0Gd;oNis 59 [82] 850 [82] 904 [82] 1.5 [82]

MgsCusEryo 44 742[83] 742[83] 1.7 [83]

MgssCuzoY s 32 [84] 565 [84] 565 [84] 1.8

MgesCuysY o 69 [111] 823 [111] 823[111] 1.4[111]

Mg84Ni1245Y3_5 1.00E-03 [132]
MggsNij3 Yy 5.00E-04 [149]
MgsiNin Y5 7.50E-04 [149]
MgesNizpNdys

Mg7sNi10Gd;oCus 54 800[170] 874[170] 1.55[170]

Mg79Cu;5Gd;oNis 55 820 [170] 854 [170] 1.55[170]

Mg70Cur0Gdjo 55[170] 810[170] 810[170] 1.45

Mg75Cu;5Gdyo 54 [170] 730 [170] 730 [170] 1.35

Mg65CU15Y10Ag10 861 [1 12]

MggsCuys Yi10AgsPds 59 [81] 770 770 [81] 1.3 [81] 7.50E-04 [129]
M&ﬁCqurmAg]o 39 814 [83] 814 [83] 2.1 [83]

MgesY 10Ni7.5Cuy.5Zns 49 [165] 851 {165] 851 [165] 1.8 [165]

Ag5

MgesCu5GdipAgsPds 61 765 [110] 817 [110] 1.25[110]
MgssCuisAgioGdgY» 72 [112] 864 956 [112] 1.2 [112]

MgesCuz9GdigAgs 50 850 [169] 909 [169] 1.7 [169]

MgesCuisGdigAgio 54 935[169] 935[169] 1.7[169]

Ln Based BMGs

LassAlysNiyg 33.8 [30] 515 [30] 515 [30] 1.5 [30] 4.00E-03 [123]
LasgAl;oNizg 41.3 [30] 715 [30] 715 [30] 1.7 [30]

LasoAlssNis 41.1 [30] 715 [30] 715 [30] 1.7 [30]

LaysAlssNigg 46.3 [30] 720 [30] 720 [30] 1.6 [30]

LassAlysNijg 52.3 [30] 795 [30] 795 [30] 1.5 [30]

87



Master’s Thesis - Yuelu

McMaster - Mechanical Engineering

LassAlzsCuyg 42.7 [28] 880 [28] 880 [28] 2.1 [28]
LasgAl30Cugg 37.7 [28] 750 [28] 750 [28] 2 [28]
LassAlysCugg 31.9 28] 600 [28] 600 [28] 1.9 [28]
LasgAl>sCups 29 [28] 535 [28] 535 (28] 1.8 [28]
LassAl;sCugNisCos 47.5 [87] 2.00E-03 [129]
LagrAl14(Cu, Ni)yy 30.5 549 [88] 549 [88] 1.8 [88]
LassAlasNioCuig

Ys56A14C020

NdsoFespAlig

NdyoFezAlig

NdgoCuzoN110Al 0

NdgoFez0Al10Cu;0

NdsoAl;sNieCuyolFes

Nd61Cu15A111NigC05

Prgo FesoAljg

PI‘55FC3QA112CU3

PI‘mCUzoNimA]m 37.2 [167]

PrgoCu;6Al;oNioFes

Nd(,()FCzoCOmAho 54.1 [167]

LaggAl14CuoNijg 35.7[167]

CC70A]10CU10Ni10 30.3 [167]

CegsAl1oNi1oCuioNbs

Y36A1245¢20C020

Y36Al24S¢20C010Nijo

Dys6Al24Co013Y oFe; 64.2 [167]

Gd36A124C020Y20 62.2 [167]

Ti Based BMGs

Ti50CuagNisZr;g 62.5 [26] 1660 [26] 1660 [26] 2.6 [26]
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TisoZr2oNizCuyg 77.4 [26] 1497 [26] 1497 [26] 2 [26]
TigoNizpZrioCug 58.3 [26] 1360 [26] 1360 [26] 2.5 [26]
TisoCugpZryg 59.7 [26] 1483 [26] 1483 [26] 2.6 [26]
TigoZrisN115Cujp 78 [40] 1480 [40] 1480 [40] 1.9
Tiz0Zr20Hf2NizgCuzg 104 [102] 1768 1920 1.7 [102]
[102]
Ti45CuysZrsNis 110 [171] 1850 [171] 1926 1.7 [171]
[171]
Ti50CU4oZI'5Ni5 2020
[171]
Ti42,5CU42_5ZI'10Ni5 2115
[171]
TisoNizsCugs 93 [108] 1800 [108] 1800 1.9 2.00E-03 [148]
[108]
TisoCupsNinSns 98 [108] 2050 [108] 2050 2.1
[108]
Tis0Cu2sNizeSns 102 [108] 2050 [108] 2050 2
[108]
Tis0Cup3NizSn; 105 [108] 2200 [108] 2200 2.1
[108]
Ti50Ni24Cuz0Sn3SixB; 110 [80] 2100 [80]
TiesBe1sCugNig 2100 [106]
TigoBe 3CugNigZrs 2090 [106]
Ti55B6182r10C119Ni8 2070 [106]
TisoBe;sZr;sCugNig 2043 [106]
TissCuysNijsBesZrsSn 128 2300 [79] 2480 [79] 1.8 [79]
3
Ti49Z1r25Be13CugNig 94 1700 [79] 1810 [79] 1.8 [79]
TigpZr0Be16CugNiy 96 [92] 1893 [92] 1921 [92] 2 [92]
Tis3Ni;3Cu;5Al7Zr3S13 90 1800 [107] 1950 2 [107]
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B, [107]
Tis3Nig5Cu;sAl7ZrsS 81 2200 [107] 2200 2.7 [107]
13Boss [107]
TisqCu,sNijsBe;Sn; 106 1900 [79] 2170 [79] 1.8 [79]
Zr Based BMGs
ZrgoCuigAl pNigCos 97 [29] 1390 [29] 1510 [29] 1.4 [29] 3.40E-05
[151]
Zr55A1,0C020Cus 92 [32] 1960 [32] 1960 [32] 2.1[32]
ZrgsCuysAlyoNigg 80 [33] 1570 [53] 1570 [53] 2 [53] 2.00E-02 [128] 3.67E-05
[138]
Zr7oNixAl;g 61 [35] 1335 [35] 1335 [35] 2.1 [35]
Zrg5NizsAlyg 64.5 [35] 1520 [35] 1520 [35] 2.4 [35]
ZrsNixAl;s 70.5 [35] 1640 [35] 1640 [35] 2.3 [35]
ZrgoNixsAlys 72.6 [35] 1715 [35] 1715 [35] 2.4 [35] 1.00E-02 [128]
ZreoAlyNiyg 78.2 [35] 1720 [35] 1720 [35] 2.2 [35]
Zr155CuzpAl oNis 81 [41] 1700 [57] 1700 [57] 2.3 [36] 1.00E-03 [129] 1.13E-05 1100
[136] [153]
ZrsoCuyAl oNigp 84 [36] 1790 [36] 1790 [36] 2.2 [36] 2.98E-05
[138]
Zr55C025Al5 114 [38] 2050 [37] 2200 [38] 2.1[38]
ZrsoCugpAljg 105 [45] 2000 [45] 2000 [45] 1.9 752
[145]
ZresCuy7 sNijgAly s 92 [58] 1570 [46] 1528 [46] 1.9 2.50E-04 [161] 9.00E-06
[58]
ZI’65C1127_5A17,5 93 [58] 8.00E-04
[58]
ZI60A115CU15Ni7_5C02, 91 [58] 1.00E-05
5 [58]
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ZI‘57.5CUZQA112‘5Ni10 1600 [59] 1600 [59]

ZrssCuyoAl;sNigg 90 [60] 1850 [59] 1850 [59] 2.1

ZI‘5444CU25,6A112F68 1690 [77]

ZrssCusAlj Feg 76 1710 [77] 2.25[77]

ZI'61,6C1118_4A112F68 1560 [77]

Zrg37Cuy7.15Nig gAl7 35 91.5 [90] 1600 [90] 1764 [90] 1.7

W,

Zrs39Cuz94Alg sNig g 92.2 [90] 1800 [90] 1980 [90] 2

W,

(Zrs5sCuspAl oNis)og sS 87 [51] 1830 [51] 1830[51] 2 [51]

115

Zrg9.sCuypNij Al s 0.001 [124]

ZI‘50CU3()A110Ni10 865
[145]

ZI‘48CU45A17

ZI'66Ni26A18

Vitreloy 1: 96 (9] 1900 [9] 1900 [9] 1.98 1.00E-03 [147] 9.26E-06 703

Zr412BenysTiz8Cuinss [142] [146]

Nijgo

Liquidmetal Alloy II 79 [34] 1450 [34] 1450 [34] 2 [34]

[34]

Zrs3Be;yCuoNbgFeg 95.7 [89] 1600 [89] 1600 [89] 1.7

Zrys.75Bear sNijoTis 25 1.00E-03 [130]

Cuys

Zr44BeysTi 1 CuygNigg

ZrsgCupAlioNioT1s 85 [36] 1850 [36] 1850 [36] 2.2 [36]

ZrgoCusoPd oAl o 80 [42] 1750 [42] 2.2 [42]

Zr53CUQoA112Ni1()Ti5 89 [42] 1820 [42] 2.2 [42]

ZresPd oNijpAl7 5Cus s 85 [86] 1640 [86] 1640 [86] 2 [86]

Z155C025Al20«Nby (X 98 [44] 1960 2100 [44] 2 [44]
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=0,2.5and 5 at. %)

ZresPdi75NipAly s 86.1 [46] 1594 {46] 1698 [46] 1.9
Zr57Cuz0Al1oNigTis 68 [47] 1700 [47] 1700 [47] 2.5
Zr57Cu;s.4Nij2 6AL N 84.7 1200 1200 1.4 3.00E-05
bs (Vit 106) [139]
Zrs75Cuy7 9Nig6Al10 88.6 [52] 1760 [50] 1760 [50] 2 2.50E-04 [125] 1.20E-05 907
Tis (Vit 105) [133] [144]
ZreoCuysAlioNijoTis 100 [54] 1752 [54) 1752 [54] 1.8
Zrs54 sCuppAl oNigTis 5 110 [56] 1765 [56] 1766 [56] 1.7 [56]
Zrs7.5CupAloNijeTia, 1750 [59] 1750 [59]
5
Zr55CU2()A112.5Ni10Ti2, 1750 [59] 1750 [59]
5
ZI‘52_5C1120A115N110Ti24 92 [60] 1800 [59] 1800 [59] 2
5
Zrs75CupoNijoAly sTis 79 [60] 1550 [59] 1550 [59] 2
ZrssCupoAljoNioTis 86 [60] 1600 [59] 1600 [59] 1.9
ZI’55CU20Ni10Ti7.5A17,5 1600 [59] 1600 [59]
ZI‘52,5CU20A110Ni10Ti7_ 85 [60] 1630 [59] 1630 [59] 1.9
5
ZI‘50CU20A112,5N.110Ti7‘ 1800 [59] 1800 [59]
S
ZrsgCuys Al;2Nbs 1550 [76] 1550 [76]
ZrsoCu;sPdjpAloFes 81 [86] 1701 1750 [86] 2.1 [86]
Zr3Cu4Al1oNi 1 oNbs3 97 1949 [91] 1867 [91] 2 [91]
ZI'65CU12‘5Ni10A17_5Pd5 2.00E-04 [126]
ZreoCupeAlioNigTiy 1.10E-05
[133]
Zrs9CupoAloNigTi; 78 [165] 1610 [165] 1710 2.1 790
[165] [155]
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ZrssCuysNijpAlr sAg 84 [61] 1650 [61] 1650 [61] 1.95 [61]

5

ZrsoCu;gAligNigTas 85 1700 [164] 1700 [66] 2[164]

ZI'52_5CU15B€]2.5A]10N 80 1750 [53] 1750 [53] 2.2 [53]

i1o

Zr37Beng25Ti12,5Cu11‘2 119 [49] 1820 [49] 1820 [49] 1.5

sAljoNig

ZreoCuqAljpAug 53 {86] 1740 [86] 1740 [86] 33

Zr35Cuy7.90Hf75N1146 93 [98] 1900 [98] 1960 [98] 2

AlyoTis

ZrssCuys 102 [116] 1750 [116] 1880 1.7
[116]

Cu Based BMGs

Cuy7Ti3471r | Nig 109 [62] 2102 [62] 2186 [62] 2.1[62] 2.00E-03 [160]

Cuy7Ti334r11NigFe; 102 [62] 2008 [62] 2088 [62] 2.4 [62]

CussZrsoTi;0Cos 130 [71] 2200 [71] 2310([71] 1.8 [71]

CusgZry;T1;3Nig 105 2100 [78] 2100 [78] 2[78]

(CugeZrg3Tig 1 )e7.5Fes. 115 [104] 1820 [104] 2030 1.5[104]

5 [104]

(CUO,6ZI‘0.3Ti0,1)96C04 107 [104] 1640 [104] 1920 1.7 [104]
[104]

(Cug¢Zro3Tig.1)94Nig 115 [104] 1600 [104] 1960 1.2[104]
[104]

Cuy;Ti33Zr; NigSiy 118.6 [66] 1900 [66] 2087 [66] 1.8 [66]

Cuy;Ti33N15Zr7Nb,Siy 116.7 [66] 2000 [66] 2170 [66] 1.9 [66]

(Cu0.62r0,3Ti0‘1)93Nb4 109 [105] 1900 [105] 2043 1.7

Nis [105]

(CugeZro3Tig1)e1 Nbs 116 [105] 1900 [105] 2035 1.6
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Nig [105]
(CUO‘6ZI'0A3Ti0,|)90Ni5 117 [105] 1900 [105] 2032 1.6
Nbs [105]
Cu42,5Ti41.5Ni7‘5Hf52r 103 [93] 2040 [93] 2
2,591
CU55ZI'3()Ti 10Ni5 1.30E-05
[162]
CU45Ti42‘5ZI‘7_5Ni5 2068
[171]
CussZrsgTi;0Pds 118 [63] 2200 [63] 2270 [63] 1.9
CugpZr3gTijo 124 [99] 1780 [68] 2000 [68] 1.6
Cu60Ti25ZI'15 1720 [65]
CugpZrzoTi20 110 [101] 1745 [101] 2000 1.6
[101]
CugoZryTi;g 115 [67] 1460 [65]
CUG()ZI'25Ti15 1670 [65]
CugoHf>sTi5 134 [99] 1920 [68] 2130 [68] 1.6
CugoZr20Hf19T110 122 [69] 1780 [99] 1990 [69] 1.4 [69]
CugoHf;sTi15Zr10 127 [99] 1910 [99] 2030 [99] 1.5
CugoHf30Ti10 119 [72] 1995 [72] 2120 [72] 1.7
(CugHfo.25Tig.15)96ND 130 [73] 2405 [73]
4
(Cug ¢Hfp.25T10.15)92Nb 126 [73] 2305 [73]
8
(CugZrp3Tip.1)9oNb; 118 [103] 1800 [103] 2235  1.8[103]
[103]
(Cug6Zrp 3Tip 1)9sNb2 120 [103] 1800 [103] 2250  1.9[103]
[103]
(CupeZro3Tip.1)97Nb3 120 [103] 1900 [103] 2100  1.9[103]
[103]
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(Cug6ZrgsT1g1)99Ta; 119 [103] 1925 [103] 2250 2 [103]
[103]

(CUQ_ﬁzrogTio_l)ggTaz 123 [103] 2025 [103] 2250 2.1 [103]
[103]

(Cug6Zrp3Tig1)97Tas 123 [103] 2000 [103] 2100 2.1 [103]
[103]

Cus Tiz7Zr2 1.00E-03 [160]

CusoZrsz5Tivs 88 [166] 1700 [166] 1798 1.9
[166]

CuspTig0Zri0 86 [166] 1700 [166] 1810 2
[166]

CU5on42‘5Al7.5 128 [94] 2370 [94]

Cus, sHfypAl; 5 125 [94] 2345 [94]

CusoHf4sAls 121 [94] 2260 [94]

Cuso(Zro.7sHfg 25)45Als 107 [113] 2000 [113] 2000 1.8
[113]

Cusg(Zro.sHfp 5)a5Als 115 [113] 2000 [113] 2025 1.7
[113]

Cusy(Zrg 25Hfp 75)4sAls 120 [113] 2100 [113] 2175 1.8
[113]

CuspZrssAls 102 [113] 1885 [39] 1885 1.8
[113]

Cus;y 57142 5Gas 105 [115] 1900 [115] 1940 1.8
[115]

CussZrsGas 109 [115] 1950 [115] 2025 1.8
[115]

Cusy 5Zr40Gaz s 111 [115] 2100 [115] 2130 1.9
[115]

Cus7.5Zrs0Gaz s 105 [115] 1800 [115] 1910 1.7
[115]
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CussZryAls 115 [39] 2150 [117] 2210 [39] 1.9
CU52.5ZI'4245A15 111 [1 17] 2115
[117]
CussHfyoAls 122 {117] 2275 [117] 2275 1.9
[117]
(CugeZrg3Tip1)9sY2 115 [69] 2000 [69] 2030 [69] 1.7 [69]
CusyZry7Be;oTio 146 [100] 2180 [100] 2500 [70] 1.5 [70]
(CugZrosTio.1)e2.5Bes 145 [100] 2090 [100] 2380 1.4
5 [100]
CugsZrse 92.3 [95] 2000 [95] 2000 [95] 2.2
CugeHf34 108 [97] 2100 [97] 2100 [97] 1.8 [97]
CugoZrao 107 [116] 1920 [116] 1920 1.8 1.00E-03 [131]
[116]
CugoHf4o 120 [116] 2100 [116] 2245 1.8
[116]
CussHfys 121 [116] 2200 [116] 2260 1.8
[116]
Cu 645713535
CU5()ZI'30Ti10Pd10 125 [63] 2160 [63]
CussZrigTi10Ags 112 [64] 2070 [64] 2100 [64] 1.8 [64]
CussZrsgTijpAus 127 [64] 2230 [64] 2230 [64] 1.7 [64]
CuysHfssAlsAgs 119 [96] 2200 [96]
CuysHfssAlsAus 125 [114] 2300 [114] 2330 1.8
[114]
CuysHfssAlsPds 124 [114] 2250 [114] 2310 1.8
[114]
CuysHfssAlsPts 124 [114] 2315[114] 2315 1.9
[114]
CussZr3oTioPds 118 [63] 2100 [63] 2270 [63] 1.8 3.40E-05
[140]
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CuysZrszAl;Agy 103 1850 [173] 1850 1.8 [173]
[173]
CU55Hf25Ti 1 5Pd5 1.20E-05
[162]
CusoHf35Ti10Ags 124 [168] 1990 [168] 2180 1.6
[168]
Hf Based BMGs
Hf35Cuy7.9Zr175Ni46 99 [98] 1975 [98] 2035 [98] 2
AljoTis
Hf6.2572126.25Cu17.9Ni; 95 [98] 1935 (98] 2000 [98] 2
4.6Al10Tis
Hf50Cu30NijeAli 118 [122] 2420 2420 2.1[122]
[122]
Hf50CU24A11()NigZI'3G 2.70E-05
asTis {139]
Pd Based BMGs
Pd4; 5Cu3gP2oNi7 s 102 [121] 1710 [121] 1710 2 [118]
[121]
Pd79S110CugPs 821[119] 1475 [119] 1575 1.8
{119]
Pd4oNi4oP20 103 [158] 1400 {120] 1400 14 1.30E-05
[120] [141]
Pd4oCuspP2oNijg 106 [121] 1640 [120] 1640 1.5 3.00E-04 [129] 1.70E-05 410
[120] [150] {163]
Pd;sCusgPooPt;s 83 [120] 1410 [120] 1410 1.7
[120]
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Pd375CusoP20Nij2 5 108 [121] 1734 [121] 1734 1.6
[121]
PdsqCuygP2oNijg 104 [121] 1550 [121] 1610 1.5 4 40E-05
[121] [137]
PdssCuygP2oNiis 108 [121] 1600 [121] 1630 1.5
[121]
Pd4oCuseNizgP20 110 [121] 1700 [121] 1736 1.5
[121]
Pd43CU27P20Ni1() 1.30E-05
[152]
Pd+-S1,7Cug 93 1440 [172] 1570 1.5
Ca Based BMGs
Cas7CupaMg)o 38 [109] 54511091 545 [109] 1.4
Ca-(33-35%)Al
Case sAlsMg 0Cus
Case sAlssMgioAgs
CagoMgosNi;s
CagsZnyMg;s
Au Based BMGs
AU46CU2QSi20Ag5
Aus;Cuyg 55116 5Pds 3
AuyggCusys9S51163A85 5P
da3

Auz73Ge; 385154

Pt Based BMGs
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PtsoCunoPo
Pts7.5P2 5Cuy47Nis 3
Pty 5Cu;7P21Nig s
PtgoP2:,Cu16C0n
Sc Based BMGs
SC36A124C020Y20 85.2 [167]
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Appendix B: Bulk Metallic Glass Systems Literature Review Based on Castability

Appendix B lists the results of a thorough literature review on the globally available BMG alloy systems based on the
castability issues such as critical size of casting, critical cooling rate during solidification, casting techniques and performance
properties of the cast part. This is an on-going task in this project and Table B does not present an exhaustive list of BMG alloys.

Critical
2 Hvoro tSl:?:kness“ Criucl Property
Major System Material (MPa) E (GPa) (3 )or cooling characteristics & Fabrication Method
B rate(K/s)  Applications
(9), (mm)
Induction melting on a water cooled
silver boat under a Ti-gettered argon
atmosphere, further processed by
casting into copper molds under an
High mechanical inert gas atmosphere and by melting
strength, high of several ingots together in sealed
3 e : . fracture toughness silica tubes followed by water
il Zr-ALT3 —Nie- ZrgaTingCuiy NigBes s 1900 20 6 100 1-10 and corrosion quenching'"’
based  — BhfLu(pe) (Wi {1l (H:-2.26) resistance. Sporting  Ti(99.99%),Zx(99.9%),Cu(99.999%)
goods , Ni(99.99%), and Be(99.99%) in an
materials inductive levitation melting device
under a Ti-gettered Ar atmosphere,
and by quenching
the molten droplet on a water-cooled
Cu mol d""”
Zrys75 Tig 25Cu7 sNijg 6Beay s
(Vitd) [2] &30)
Ve
(LM1b) [2] A

Zrsy sTisCuy7.9Nig6Al1g
(Vit105) [2]

C
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Arc melting a mixture of constituent
elements in Ti-gettered argon

Zr4gNbgCu;,FegBesy [3] 1600 95.7 8 atmosphere. The ingot was remelted
in a vacuum-sealed quartz tube and
quenched in water

Zr5;NbsCus 4Nijp6Al g [4]

Zrs;7TisAlgCuyoNig [4]

ZrgsAly sNijoCuyqs [5] 1570,1.9 92 315 LCTE:9.00E-06

ZrgoAlgNioCuyg [4] 1790,2.2 84 ¢17[6] LCTE:2.98E-05

ZrssAljoNisCusg [4] ¢3

Zr4gCuysAl; [4] ¢8

ZrgeAlgNiyg [4]

Zrs5AlyCoys [7] ¢2.5 Arc melting the mixtures of pure Zr,
Al, Co, and Cu metals in an argon
atmosphere. From the alloy ingots.

Zr55AlyC0,0Cus [7] ¢S5 Rod samples with diameters of 1—
Smm and length of 50mm were
prepared by copper-mold casting.

1(10),0.15 Induction melting a mixture of pure
Pd-Ni-P Pd4oNiggPaq [8] ¢ 10 with B,0O; Ni and Cu metals and pre-alloyed
flux Pd-P ingots in an argon atmosphere.

Pd43Ni;¢Cuy7Pyg [9] @5 The amorphous alloys were prepared

Pd- E x by coiper mold casting arlld water
) ; 1 owit IR, quenching/ Boron oxide fluxing
bases Ra-Lubip Pd.4CusoNi oPao [9] 1640 106 575 B0 s aenals method to purify the melt and keep it
very clean to inhibit heterogeneous
nucleation
Pd-Cu-Si Pd;;CueSiy7 [10] 1570 93 ¢1-3 100(10%) g‘]tg‘r‘(;ggi;amal Suction-casting
LassAlpsNiy [11,12] 545,109 33.8 @3, 05
LassAl,sCuy[11,12] 600,1.9 31.9 3
bL;‘SC 5 (LNalpéoTé\ﬁ) LassAlsNijCupo[11] 29 l 200 Water-cooled Cu molds casting
LassAlysNisCuyoCos [11] s
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Arc melting pure Cu, Ni, Al, Nb

Ce- Ce-AL-Ni-Cu ) Softest in elastic with industrial pure Ce in a Ti-
based [13] CegsAligNiioCuyoNbs [14] ¢S5 moduli in known gettered argon atmosphere, the alloy
BMGs ingots were remelted and suck cast
into a Cu mold
Y365¢20Al,4C040 [15] 020 Alloy ingots with the nominal
Y16S¢20Al4C01oNijg [15] ¢20 compositions were made by alloying
high-purity elements in an arc
furnace under a flowing argon
atmosphere. The glassy ingot
Y-based samples were then sealed in quartz
Y56Al,4C0y0 [15] ¢l.5 tubes under a vacuum and melted in
an annealing furnace, then quenched
in water or simple injection casting
of the alloy melt into thin-walled
bass tubes
Ca-(33-35%)Al [16] o1 High purity elements with nominal
Casg sAlyg sMg oCus [16] ¢3 compositions were alloyed using an
induction furnace under a flowing
argon atmosphere. The ingots were
EAd-My-Cu Casg sAlyg sMgpAgs [16] o3 then cast into different size cylinder-
Ca- shaped cavities inside a water-cooled
copper block.
baged CawMoNis< [17 13 High-purity elements were alloyed in
agoMezsNis; [17] it a boron nitride BN d-coated graphite
Ca-Mg-Ni crgcible i.n a dy_narnic Ar atmosphere
CagsMgyZnino [17] 015 using an induction furnace. The
liquid alloy was poured into a copper
mold in air atmosphere.
Mg65CU25Gd10 [l l] 834,15 56 (p8
800(823), - : : ;
M- Mg-Cu-Ln MggsCupsYo[11,18,19] 1 4 69 &7 High pressure die casting
based MgsNiNds[11] ¢3.5
Mg-Al-Cu-Ni ”
[11] 5 10 200
Ti- Ti-Ni-Cu-Sn Ti59Ni;5Cu,5SnsZis [20] 2000 100 ¢ 6 200 Arc melting pure Ti, Ni, Cu, Sn, Zr
based [24] TisoNiagCuyB;Si,Sn; [21] 2100 110 ol metals in an argon atmosphere; bulk
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Ti50Ni115Cu32Sn3 [22] ol amorphous alloys were prepared by
T 1900,2170 ejection casting into copper molds.
T150N1 15CU25SH3BC7 [22] 1.8% (p2
Ti45Cu25Ni|5Sr13Be7Zr5 [22] (PS
Ti-Zr-Ni-Cu Tis0ZrysNigCugBe g [22] @8
AuyeAgsCuySing 51 jewelry, dental, Arc-melter, copper mold quenching
e Au-Cu-Si [23] Aus,Pd; 3Cuy9 551 145 Hv 350 02 medical,' ‘:md good processib‘il.ity, for bqth cias%ing
based Al e 00 O aSis (1167MPa 55 elect.ron.l(. a.nd_thermoplasu.c processing in a :
= ) applications similar manner like thermo plastics
Au-Si-Ge AU77‘gSi8.4G€13.3
i o 1 Ac melti 7r(99.98%) and C
¢ melting pure Zr(99.98%) and Cu
i Cu 6452135 5 [24][25] :22(?(2)072000 92.3 92 (99.99%) toI;ether under argon
atmosphere, suction casting into
CuyeZrss [25] 114(7)0’1700 83 1.1% plastic strain copper mould
Cu-Zr =
Arc melting pure metals in a purified
2 argon atmosphere. Cylindrical
CugeZr3Tizn [26,27] 02 Sendhbuatitly & Cu60Ti202:20 samples of 2 mm
glassy state [28] ’ )
diameter were prepared by a copper
mould casting method
CugpZryTiio
CuyeZrs;Al; [25] @3 Arc melting mixtures of
Cu-Zr-Al-Y CuyeZrysAl; Y, [25] 98 ultrasonically-cleansed elemental
CuyeZrpAl; Y5 [25] 010 metals having a purity of 99.5 at.%
or higher in a Ti-gettered high purity
Argon atmosphere. Each ingot was
remelted at least three times aimed at
obtaining chemical homogeneity.
CusZinALY 1o [25] od Re-melted under high vacuum in a

quartz tube using an induction-
heating coil, and then injected
through a small nozzle into a copper
mold using high purity argon at a
pressure of 1-2 atm.
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Arc melting high purity Cu(99.9 %),
Zr(99.9 %), Al(99.9 %) and Ag(99.9
%) under an Ar atmosphere. Bulk
amorphous samples were also
Cuy3Zry3Al,Ag; [29] ¢8 prepared using the copper mold

casting under Ar atmosphere.
Appropriate amount of each alloy
was re-melted and then sucked by
vacuum pump into copper molds.

CugoHrso [30] 1 Arc melting mixtures of
ultrasonically cleansed 99.999 at. Pct
Cu and 99.9 at. pct Hf pieces on a
water-cooled copper plate under a
Ti-gettered high-purity argon
atmosphere. Each ingot was flipped
Cu-Hf and remelted at least 3 times in the
CugeHpa [30] 2 arc melter in order to obtain
chemical homogeneity. Then, the
ingots were cast into 2- and 0.5-mm-
thick strips (or 2-mm-diameter rods
for mechanical tests) by the copper
mold casting method'*"".

Arc-melting pure elements in a Ti-
gettered argon atmosphere/ induction
melting of pure components on a
2102, water-cooled silver or copper boat
2186, under a Ti-gettered argon
Cu-Zr-Ni-Ti Cuy7Ti34ZrNig [31,32] 2.1%(com 109 04 250 Sport equipment atmosphere. The alloy ingots were
pression) then remelted under vacuum in a
quartz tube using an rf induction coil
and then injected into a copper mold
under pure argon at about latm
pressure.

Cu54Zr27T igBe 10

CugoZryHf o Tip -

Nd- Nd- NdgoFespAl o [33,34] ¢ 12 High coercivity, hard  Suction casting into a copper mold
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based (Cu,Ni,Fe,Co)- Nd oFe oAl [33,34] magnetism
Al

Ingots of alloy were prepared by
melting 99.9 at% pure Nd, Cu, Ni
and Al in an arc-melting furnace

. under argon atmosphere. As-cast rod
NdgoCuzoNiroAlo [35] 3 samples with 3 andp5mm diameters
and 80mm length were produced by
suction of the melt into a copper
mould.

NdgoAl;oCueFey

NdgoAl;sNioCuyoFes [36] o4 Copper mold casting
NdﬁlAl]]NigCOSCU]S

Ingots were prepared by arc melting
from elemental Nd, Fe, Al and Co
with a purity of 99.9% in a titanium-

NdgoAl oFesCoro [37] o3 hard magnetism gettgred_ argon aFmosphere.
Cylindrical specimens were prepared
from the ingots by die casting into a
copper mold under argon
atmosphere.

Ingots were prepared by melting the
elemental constituents in an electron
beam furnace under a vacuum of

Nds7FexBsCosAli [36] e <10”Pa. Cylinders were prepared by
remelting the master alloy in a quartz
tube and ejecting the melt into a
copper mold under Ar atmosphere.

Pr- Pr- Prgo FespAljg [38] o3 Hard magnetism
based (Cu,Ni,Fe,Co)- PrssAlj,FesygCu; [38] .
Al - Arc melting with pure Pr, Cu, Ni,
and Al in a Ti-gettered argon
: Paramagnetic atmosphere. The ingots were
N : g
PreoCuzoNiioAlo [38] > properties remelted and suck-cast into a Cu

mold under argon atmosphere to get
a cylindrical rod

116



Master’s Thesis - Yuelu Li ~ McMaster - Mechanical Engineering

Diagmagnetism
(distinct glass Arc melting of pure Pr, Al, Ni, Cu,
PreoAl gNioCu;sFey [39] 05 transition, different and Fe and sucked into a Cu mold
from other rare- under argon atmosphere
earth-based BMGs)
Fe-(Al,Ga)- Fe;AlsGa,P;CeBy4 [40] o
(P,C,B,Si) Fe;,AlsGa,PoCsB4Si[41][42] o
Fe-(Co,Ni)- = Soft ferromagnetism
(Zr,Nb,Ta,Mo,W FC6|CO7ZI'8MO5W2B 15[6] Hv 1360 06 Common mode Copper-mold Cas[ing
2;? choke coils
€1x
Fe- Cox)0.75B0.2S10.05) 22(5)8— 190-210 5
based?) _9slNbs [24]
Arc melting the high purity
constituents in a titanium gettered
Feq CoZes Mos Ni,WByss (= argon atmosphere. Cylindric_al
0 to 4 at%) [43] 02 samples were prepargd by d.n:
casting the remelted ingots into a
copper mould under argon
atmosphere.
Ni- arc melting furnace on a water
osiind Ni-Nb Nisg sNbyg s [44] 62 cooled copper crucible under Ar
atmosphere.
Nisg sNbs3 65149 3100 83 Arc-melting a mixture of the
Nisg 35Nb34 455162 3800 83 elements having a purity of 99.7
at.% or better in a Ti gettered, high-
purity argon atmosphere. Remelted
Ni-Nb-Sn [63] unFier highg/acgum;n a.quartgltubg
. s using an induction-heating coil an
RigghibasbasBs 3500 03 then injected through a et
copper mold using high-purity argon
at a pressure of 2 atm for injecting
the molten alloys.
Ni-Nb-Cr-Mo-P-
B [45] 2700 el
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Ni-Ti-Zr-(Si,Sn)

[45] e
Ni-Nb-Ti-Zr-Co- :
Cu [45] ¢

NiysTiyZrysAlig
NiggCugTi)6Zry3Al49
Ni40Cu5Ti17Zr23Al 10
NiggCusTi;6,57r8 5Al19

arc melting mixtures of
ultrasonically cleansed elemental
metals having a purity of 99.5 at.%
or higher. The arc melting was
performed in a Ti-gettered high
purity Argon atmosphere. Each ingot
was re-melted in the arc melter for at
least three times aimed at obtaining
chemical homogeneity. The alloyed
Niszg gCus.97T1;5.92Z127.86Al9.95S1 5 5 ingots were then re-melted under
high vacuum in a quartz tube using
an induction-heating coil and then
injected through a small nozzle into
a copper mold using high purity
argon at a pressure of 1-2 atm.

01 B (W8] 1)

Ni-Ti-Zr-Al [46]

o4 Alloys were prepared by inductively
12(in melting the elements in quartz tubes.
PtgoCuzPs ¢
tooCUnP copper Subsequently, the alloy was exposed
: mold) to a fluxing treatment. B,O; was
Eatl-se d F;;(]:U’Nl’CO_P Hv: 402 added to the alloy and heated to
Pts75Cuy47Nis53P2s s (1340MPa ¢lo6 about 1200 K for 20 min. Samples
) are water quenched in various
Pty sCupsNig 5Py, Hv: 392 ¢20 diameter quartz tubes of a wall
PtgoCu;4C0,P5 Hv: 402 @16 thickness of 1 mm.
Co- :
Based (Coo.705F€0.045510.10B0.15)96Nb4 [48]

* For estimation of tensile strength: o= 10Hv/3
**Critical sizes are gotten by copper mold casting if not specified.
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