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0. Introduction

At an early age we are taught the difference between phases of matter. We

are told that the phases of matter can be segregated into three categories,

each with different physical behaviors and properties. These categories are

distinguished by their response to an applied stress. If the applied stress is

resisted very acutely, and all of the applied energy is recovered the material

is said to be a solid. On the other end of the spectrum, if the applied stress is

modestly resisted, and all of the applied energy is dissipated, the material is

said to be a gas. The differing degree of moderate is what distinguishes

between a liquid and a gas. If the resistance force is very small the material

is said to be a gas, while if the resistance force is greater the material is said

to be fluid. Said more succinctly a solid resists deformation while a fluid

(liquid or gas) does not resist deformation.

Another way to look at the states of material is to look at the force between a

pair of atoms as a function of their interatomic spacing. The forces acting on

the two atoms are an attractive force, FA, and a repulsive force, FR. The

repulsive force is dominant at small separation distances, while the attractive

force is dominant at larger atomic distances. These forces are dependent on

the specific species and the bond type of molecules under consideration. The

net force acting on the atom pair is the sum of the attractive force and the

repulsive force. The forces acting on the atoms give rise to a net potential

energy with an equilibrium position r0, and a corresponding bonding energy



E0. A schematic representation of forces and potential energies acting on a

pair of atoms is shown in Figure 0-1. From Figure 0lit can be seen that

the equilibrium spacing r0 of the two atoms occurs where the energy is at a

minimum.

+ Attractive force FA

=

w
0

0
U-

/ Interatomic r
Oi forc

etforceFN

I (a)

+

Repulsive energy ER
0.

= In teratom ic se pa rat ion
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tI
-

4 Attractive energy EA

(b

Figure 0-1: Force and Potential energy of a pair of atoms as a function of distance.
Figure from 1

it is important to note that the bottom curve depicting the energy is only the

potential energy. For completeness one also needs to consider the kinetic

energy, in this case as the temperature of the atoms is increased the
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vibration of the atoms will increase giving rise to increased kinetic energy

and reduced potential energy. The addition of thermal energy will increase

the atomic spacing, r0, and reduce the reduce the bonding energy, E0. This

can be seen schematically in Figure 0-2.

jo
E

E
o0_

C 113

Interatomic distance
r1 r2

r3
4r5

-- iii
I IY

diii /
Iv

V

r0

0

5 11

Interatomic distance

ii\JJ
(a) (bi

Figure 0-2: Increased interatomic distance with increased thermal energy. Figure
from 1

From Figure 0-2 it can be seen that at low temperatures, where there is

little kinetic energy, there is a large energy associated with moving the atom

pair to a nonequilibrium position. In other words, if there is an external force

applied to the atom pair, the atoms will move to a new position. However,

once the external force is removed the original equilibrium spacing r0 will be

regained. This phenomenon is associated with the modulus of elasticity of a

solid. If additional atoms are considered they will tend to form an ordered

lattice system or crystal.
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Consider the situation when sufficient thermal energy is added to the

system to make the equilibrium spacing very large. In this situation the

binding energy is very small (far to the fight in Figure 0-1 and Figure O-2

where E and F approach zero) and there is practically no interaction

between the atoms. In this situation they behave as a gas. In the case of a

gas if additional atoms are considered no structure will from due to the lack

of interactions and low binding energy. In the gas phase because the

repulsive force is small the molecules are easily compressed.

At moderate amounts of thermal energy there is still sufficient interaction

between the atoms and a modest binding energy. This is the situation when

the atoms are in a liquid phase. In the liquid phase the atomic spacing is

relatively small on the order of the spacing in the solid state 2 yet the atoms

do not tend to form organized structures as in the solid phase. Due to the

small atomic spacing the repulsive force is dominant as the spacing is

reduced, resulting in a phase that is not easily compressed. However, in a

conglomeration of molecules in the liquid phase the binding energy between

atoms is not sufficient to resist an externally applied force and the material

flows.

The distinction between solid gas is clear. However the distinction between

solid liquid and liquid gas is not so distinct Many of the physical

properties of liquids and solids are similar such as density and the average



5
interatomic distance. For liquids and gasses again similarities exist for

example high diffusivities and the inability to support a shear stress.

Due to the inability for liquids and gasses to support a shear stress flow

behavior is observed. Flow is the irrecoverable transport of matter from in the

presence of a shear stress. The resistance for flow is associated with the

rheological properties, or the deformation properties of the material. Because

of the inability to resist a shear stress for both a liquid and a gas the two

phases are lumped together and called a fluid or a liquid. Inherently, the

rheological behavior of a liquid (liquid or gas phase) is associated with an

elevated temperature where the binding energy is low. In fact the distinction

between liquid and solid becomes blurred when one considers the creep

behavior of solids. Metals, which are traditionally considered solids with

crystalline structure, are capable of deforming or flowing under load at

elevated temperatures and long periods of time. This deformation of the

metal creep relaxation associated with flow. The ability for an elastic material

like metal to behave in this manner blurs the distinction between liquids and

solids.

It turns out that simple descriptions of the three phases of matter are much

more complex than described in the previous few paragraphs. In fact in order

to attempt to distinguish between solid (elastic) and liquid (viscous) behavior

one must consider the length of time associated with the flow phenomenon.
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Previously, it was stated that flow behaviors in metals were observed at

high temperatures and long periods of time. If one was to observe on the

order of minutes or hours a piece of metal at elevated temperature under

tension it would appear not to change, however if one returned months or

years later measurable differenced could be observed. This though

experiment is quantified by a relationship called the Deborah45. The Deborah

number is given as:

D (0.1)

Where the characteristic time of the material isr , and T is the characteristic

time of the deformation process4. The characteristic time scale for the

material is time necessary for the material to relax into equilibrium. The

characteristic time of the deformation process T can also be thought of as

the experimental time scale i.e. the length of time an experiment is

performed, or more appropriately observed.

If the characteristic time scale r for the material is small, and experimental

time scale Tis long the resulting Deborah number will be small. The lower

the Deborah number the faster the apparent relaxation, and the material

appears to act as a freely flowing fluid; such as pouring room temperature

water into a glass. Conversely, if r for the material is large, and experimental

time scale Tis short Deborah number will also be large, indicating that no

flow event will be observed. The greater the Deborah number the more solid

like the material appears; this is analogous to the flow of glaciers or
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mountains, in our life time we might not observe their movement but they

are flowing.

0.1. Crystalline Solid vs Amorphous Solid

The distinctions between the solid and liquid states have obviously become

more difficult to define than previously thought. Typically solids are

considered to have a crystalline structure. A perfect crystal is composed of

atoms or molecules which are arranged in a three dimensional periodic

pattern, extending to infinity. It is likely (in fact highly probable) that the

arrangement of these atoms at some portion of the crystal is interrupted and

the periodicity of the pattern is brokenthis localized break in the periodicity

called a defect6. In the extreme that the material contains no periodicity in

any dimension the material is considered to be perfectly amorphous.

Amorphous substances are those which do not exhibit order in the manner

which the atoms are arrangedi.e. the orientation and the position of the

atoms is random. A schematic representation a perfect crystal (left) and an

amorphous material (right) can be seen in Figure 0-3. This figure shows the

periodicity of the pure crystal and the randomness of the amorphous

material.



Figure O-3: Two dimmensional schematic hard sphere diagram showing atomic
arrangement for a crystal (left) and an amorphous solid (right). Note the short range
order presnet in the amorphous solid denored by the white dased lines.

Analogous to a defect in the perfect crystal, an amorphous material is

certainly capable of having some order, typically local order called short

range order as seen in Figure 0-3. That is, when looking at an atom or

molecule, if its' close neighbors (on the order of several atoms away) have

periodic type structure or order, but lack order at long distances (on the order

of 100-1000 atoms away) the system is said to have short range order. In

liquids, the distances between atoms or molecules is on the order of the

atomic length scale, that is, the distances are on the order of 10b0 [m]

While gasses are amorphous, the distances between the atoms are much

greater than in the liquid phase, as can be seen by the orders of magnitude

difference between the densities of the gases and liquids.
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Figure O-4: (a) Schematic equilibrium temperature pressure phase diagram. (b)
Schematic temperature volume phase diagram showing the equilibrium solid as the
crystal phase and the metastable glass. The under supercooled liquid region and the
glass transition temperature 7 are also shown.
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For a single component system the phase is determined by the pressure

and the temperature. A schematic equilibrium phase diagram of the pressure

and temperature can be seen in Figure O-4a. Consider observing this single

component system at atmospheric pressure (horizontal dashed line in Figure

0-4(a)) and high temperature and begin cooling. If one were to slowly cool

and measure the volume as a function of the temperature one would observe

a decrease in volume with temperature, an equilibrium phase diagram of

volume versus temperature can be seen in Figure 0-4b. As seen in Figure

O-4b, at the temperatures corresponding to the boiling temperature 7 and

the melting temperature Tm distinct discontinuities are observed for the

equilibrium phases. These discontinuities are manifested from the gas

condensing to a liquid at I, and the liquid crystallizing to a solid at Tm

Additionally, from Figure O-4b it can be easily seen that the length (or

volume) scale for the liquid and solid states are comparable, while the length

scale (or volume) for the gas is comparatively orders of magnitude greater.

When cooling from the liquid state at sufficiently high cooling rates,

supercooling has been observed 8 Supercooling is cooling the matter below

Tm without crystallization occurring. Nevertheless a supercooled liquid is

thermodynamically unstable, as alluded to in the equilibrium nature of the

phase diagrams seen in Figure 0-4. If a material is cooled faster than the

critical cooling rate to a temperature far below Tm crystallization will be
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avoided, and an amorphous structure will result. When rapidly cooling

above the critical cooling rate i a, a change in the slope of the volume

versus temperature profile occurs. The temperature at which this change in

the slope occurs is called the glass transition temperature, denoted as Tg

The change in slope the glass transition temperature Tg can be seen

schematically Figure 0-4b. At the glass transition temperature the super

cooled liquid configurationally freezes into a glasswithout the characteristic

discontinuity in the change in volume associated with crystallization.

On cooling with sufficient rate a material is configurationally frozen into the

solid state at Tg This configurationally frozen solid state is a solid with an

amorphous structure as seen in Figure 0-3. It is important to note that the

terms amorphous solid, vitrified solid, and glass are synonymous, however

the term glass is typically reserved for an amorphous solid which has been

prepared by cooling from the melt Practically all materials are capable of

forming a glass if cooled fast enough and far enough o This transformation

from a liquid to a glass has been explained using thermodynamic and kinetic

arguments.

0.2. Thermodynamic Argument for the Glass Transition
The basis for the thermodynamic argument for the glass transition is the

observation of a dramatic step in the constant pressure heat capacity C of
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an amorphous material near the glass transition temperature Tg This

phenomenon can be seen schematically in Figure 0-5. Observation of the

step in the heat capacity for the bulk metallic glass forming alloy Zr41.2 Ti13.8

Cu12.5 Ni10.o Be22.5 [at %J (otherwise known by the trade name Vitreloy I or Vit

1) can be seen in Figure 0-6. The data shown in Figure 0-6 was collected

using a Differential Scanning Calorimeter (DSC)11.

E

.4o
C.)

Cu
a-

20

II

Temperature

Tm

Figure 0-5: Schematic diagram of the heat capacity of both an undercooled liquid
and a crystal as a function of temperature. The step in the heat capacity at the glass
transition is clearly seen signifying the glass transition temperature at 7. Figure
from Johnson 12
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crystal
20

41.2Th3.8Cui2.5Mi0.022.5
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Figure O-6: Measured Heat capacity for Vitreloy I of the undercooled liquid (open
circles and filled diamonds), amorphous solid çopen triangles), and the crystallized
phase (open squares). Figure from Busch, et. al.

If one were to perform a DSC scan on an amorphous solid sample by heating

the sample at a prescribed heating rate from far below Tg to far above Tm

schematically, the resulting heat flow (q) with temperature would appear as

in Figure 0-7. It can be seen that at Tg there is an endothermic heat flow

event where heat energy is absorbed. It is this thermodynamic event that

characterizes the thermodynamic argument of the glass transition. Following

the glass transition, an exothermic event (heat energy released) at T

occurs, signaling crystallization of the material. For completeness, the DSC

scan shown in Figure 0-7 depicts an endothermic event at Tm signifying

melting.
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Figure 0-7: Typical DSC heat flow measurement for Vitreloy 1. From this figure the
heat of fusion and the heat of crystallization can be seen as indicated by the shaded
regions. Note the heating rate is equal to 0.1667 [KIsJ. Figure from Busch, et .al.11

From the DSC data one can readily calculate the thermodynamic properties

of the material as a function of temperature13'14. The thermodynamic

properties as a function of temperature have been calculated for several bulk

metallic glass forming alloys including, Vitreloy 111, Cu47TiZr11Ni8,

Zr52.5Cu17gNi14.6Al10Ti5, Zr57Cu15.4Ni126A110Nb515, and Mg65Cu25Y1013

0.3. Kinetic Argument for the Glass Transition
The kinetic argument for the glass transition is based on the viscous and

diffusion properties of the amorphous material. The effects of the kinetics

have been alluded to by mentioning that there is a critical cooling rate
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(inverse of time) which must be achieved in order to form a glass. If the

critical cooling rate is not achieved, the material will relax into the

thermodynamically stable crystalline state.

As cooling occurs the motions due to thermal vibration of the molecules

become less and the distance between the molecules decreases. With the

decrease in molecular motion and distance, the time associated with the

molecule to relax into its equilibrium position is increased. This time for

relaxation is given by the Maxwell relaxation time:

11
Drelax G,

(0.2)

where Drelax is the structural relaxation time, G, is the instantaneous elastic

shear modulus, and i is the dynamic viscosity. This equation is related to

the exponential relaxation time which is derived in Section 1.1. Also, the

structural relaxation time as given in Equation (0.2) can be approximated by

separating the vibrational component and the structural component, namely:

re1ax b +itruct (0.3)

Combining Equations (0.2) and (0.3):

- G (r,,b + + (0.4)

It is noted that the vibrational component is a function of temperature and

can be written as:

=i0(T) (0.5)
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Because the structural relaxation is executed through diffusive motions it

can be said that:

;tmct oc (0.6)

where D is the self diffusion coefficient. Combining Equations (0.4), (0.5),

and (0.6) we get the following relationship:

b(T)

D
(0.7)

Where b(T) is general function with respect to temperature and is

determined by microscopic theory as outlined in Geszti 16 Noting that the

diffusion coefficient is given by the Stokes-Einstein equation:

D= kT

6rai7
(0.8)

where k is Boltzmann's constant, T is the temperature in absolute units, and

a is the atomic spacing. Combining Equations (0.7) and (0.8) we get the

following:

b (T) * 6,rai/

(0.9)
kT

Simplifying using:

b (T) * 6ra
B(T)= (0.10)

kT

Equation (0.9) becomes:

,7=170(T)+B(T)*77 (0.11)

Solving for the viscosity:
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i7(T)

111B(T) (0.12)

As outlined in Gestzi, with decreasing temperature the relationship for B(T)

increases16. If at some finite temperature, 7, the value for B(1)=1 the

viscosity as given in Equation (0.12) will approach infinity. In a temperature in

the vicinity of 7, viscosity is approximated as:

i(7) A
B(I(TI)T-7 (0.13)

From Equation (0.13) it can be seen that on cooling, as the temperature T

approaches 7 the viscosity increases rapidly, and at T = 7 the viscosity

becomes infinite.

This mathematically rigorous explanation for the kinetic view of the glass

transition shows the feedback mechanism where the decrease in

temperature follows with a pronounced increase in viscosity6'914. At

temperatures near Tg the molecules, in essence, get trapped into a localized

cage of relatively well defined positions, where viscous flow becomes nearly

impossible in experimental time scales. This corresponds to the empirical

observation that there are dramatic changes in the viscosity and diffusion

near Tg 17 Further discussions regarding the dynamic explanation for the

glass transition are discussed elsewhere, including recent ideas regarding

Mode Coupling Theory (MCT) and energy landscapes18
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For completeness on the discussion of the dynamic theory for the glass,

the time for relaxation to occur needs to be considered. Typical times for the

structural relaxation are described by Equation (0.2). For illustrative purposes

it is instructive to look at the times associated with structural relaxation. For a

physical example the relaxation times for Vitreloy I were measured by

Masuhr, et. al.19, and the approximate relaxation times and corresponding

temperatures can be seen in Table 0i.

Table 0-1: Representative structural relaxation times for Vit I at different
temperatures. Note that the change in relaxation times near the glass transition
temperature span over 10 orders of magnitude.

Temperature19

[K]

Corresponding

Relaxation Time [s]

Liquidus Temperature 1026 108

Glass Transition Temperature + 50 [K] -675 -10°

Glass Transition Temperature -625 -iO3

Glass Transition Temperature 50 [K] -575 -1

Near the liquidus temperature, the relaxation times are so fast that

measurement is difficult. Additionally, due to the elevated temperatures, few

techniques are available. However, recent measurements of atomic jump

rates (which correspond to localized relaxations, with units of [us]) in Vitreloy

I have been reported and match remarkably well"7. Near the glass transition

temperature, the relaxation times are easily accessible and are on the order

of seconds to minutes. Often, the observation of relaxation in the
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supercooled liquid region is measured by looking at such properties as

crystallization (kinetic) or heat flow (thermodynamic). In this regime, the time

scales associated with relaxation are within the observable time limits of the

experiment. At the glass transition temperature, the relaxation time is on the

order of days and is easily measurable within a reasonable time period. As

noted in Table 0-1, at only 50 [K] below the glass transition temperature,

the time scale for structural relaxation is on the order of several years. At this

temperature, the time associated with relaxation is well beyond the limits of

the experimental time scale. With times associated with relaxation on the

order of years, and experimental times on the order of minutes to days, the

resulting Deborah number will be large, indicating no flow event will be

observed. If structural relaxation is beyond our observable limits, the material

will remain in the metastable state for extended periods of time, and if held at

temperatures far below Tg the material will remain glassy indefinitely.

As stated by Torquato20: the underlying physics of the glass transition is not

well understood, and much research by the condensed matter physics

community is being performed. It is still not well understood, and actively

debated20'21, whether the glass transition is a thermodynamic or a kinetic

phase transformation. Because the metastable nature of a glass is

associated with the thermodynamic driving forces (static) and the relaxation

behavior is associated with the movement of atoms (dynamic), it seems

logical that both arguments are valid. One can say that the thermodynamic
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arguments tell how the system will relax into equilibrium and the kinetic

arguments tell how fast and when the system will reach equilibrium.

0.4. Transformations and Cooling Rates
The typical method for forming an amorphous solid is by rapid cooling from

the liquid state. Previous discussion has explained that if the material is

cooled rapidly, the amorphous structure will be maintained and an

amorphous solid will be formed. However if the critical cooling rate is not

attained, then crystallization will occur. The critical cooling rate is determined

by measuring the times for crystallization to occur at different temperatures.

The resulting data can be plotted, giving the Time-Temperature-

Transformation (TTT) diagram. A schematic UT diagram can be seen in

Figure 0-8. Typically a ITT diagram is determined by measuring the time to

crystallization isothermally; however, other techniques are available where

the time to crystallization is measured using constant heating or cooling

rates.



- - - - Crystal ization

10-6 10-i 102 0 102 10

-' Elapsed Time (s) -.----.*

21

Figure 0-8: Schematic Time Temperature Transformation (TTT) diagram. As the
onset of crystallization is moved to the right from curve a to b to c the time to
crystallization increases, and the corresponding critical cooling rate decreases.
Figure from Johnson22

As seen in Figure O-8 typical TTT diagrams have a characteristic parabolic

type shape for the onset of crystallization. For example in Figure 0-8 the

parabolic shaped curve labeled a represents the transition from an under

cooled liquid (left of the line) and crystalline solid (right of the line). Upon

cooling if this line is crossed a transformation to a crystalline solid will occur.

However, if this line is not crossed and a temperature far below Tg is

achieved, the material will maintain its amorphous structure and become a

glass.
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The critical cooling rate is the minimum time rate of change in temperature

necessary to avoid transformation into a crystal. The basis of the critical

cooling rate is essential to the formation of a glass. In Figure 0-8 the critical

cooling rate for curve a is depicted as the line RQ. If r < the cooling

profile will cross the parabolic curve for the TTT diagram and crystallization

will occur. However, if r > and the temperature is reduced far below

without crossing the parabolic curve, a glass will be formed.

One can consider that if the "nose" of the TTT diagram is moved to the right it

will take more time for crystallization to occur, reducing the critical cooling

rate for the material and thereby making it easier to suppress crystallization

and easier to form a glass. For pure metals (which are poor glass formers)

the "nose" of the TTT diagram is far to the left with an estimated on the

order of 1010 to 1012 [K/s], while good glass formers such as silicate glasses

have critical cooling rates on the order of 102 to i0 [K/s]6. In general, the

farther the "nose" of the transformation curve is to the right, the better the

glass former. In the case of Vit 1 the tip of the "nose" appears on the order of

seconds as seen in Figure 0-9.
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0.5. Concept of Fragility
Another measure of the "quality" of a glass former is based on the metrics

developed by Angell25. Angell recognized that when looking at the viscosities

of materials over a broad range of temperatures, the strong glass formers

appear to have a near-Arrhenius type behavior, while fragile glass formers

are very non-Arrhenius. Arrhenius behavior is seen as straight line on log-log

plot with temperature plotted on the x-axis. From here on, the term 'strong

glass former' is used to indicate a glass that is easily forms a glass (such as
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a silicate glass), and a 'fragile glass former' is defined as one which is

difficult to form into a glass (such as o-terphenyl).

Angell recognized that in order to compare the glass forming ability of

different materials scaling is necessary. According to Angell, the viscosities

of different materials can be compaired on the same plot by scaling the

temperature to the glass transition temperature. This allows materials with

significantly different melting temperatures and glass transition temperatures

to be compared on the same plot. A classical example of an Angell plot can

be seen in Figure 0-10. Plots produced using this technique are now

commonly called "Angell Plots".

It has been empirically shown that the viscous behavior seen in Figure 0-10

can be closely approximated by the VogelFulcherTammann (VFT)

equation. The VFT equation is given as:

(0.14)

however usually the functional form of the VFT equation is given as:

(DT
17=17oexPT) (0.15)

Where i is the high temperature limit for the viscosity, D* is a fitting

parameter called the "Fragility" parameter, and 7 is the temperature at

which the viscosity goes to infinity. The stronger the glass former the higher
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the fragility parameter D, which can be seen that as -+ the more

Arrhenius the behavior becomes.
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Figure 0-10: Angel! plot showing the strong and fragile behavior of different
materials. The Arrhenius plot is scaled to I. On this plot strong glass formers are
those which exhibit near Arrhenius behavior such as Si02, while fragile glass formers
are very non Arrhenius and show large curvature on this plot, such as o-terphenyl.
(inset) Plot of C,, as a function of temperature for various materials scaled to . This

shows the distinct jump in C,, at the glass transition temperature, a large jump also
indicates fragile glass former, while a small jump indicates strong glass former. Note:
I (poise] = 0.1 (Pa*s]. Figure from Angell25
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When looking at an Angell plot as shown in Figure 0-10 it can be seen

that at infinite temperature the viscosity approaches i0 [Pats], this is the

theoretical high temperature limit of viscosity where the viscosity is assumed

to be constant for all materials (as discussed later in this manuscript in

reference to Eyrings model for viscosity in Section 2.1.1 below). From this

infinite temperature approximation, the viscosity increases to a value of 1012

[Pa*s] at Tg This value for the viscosity, 10'2 [Pa si, has been chosen from

the observation that for many materials the viscosity is nearly constant at the

glass transition temperature25. The viscosity at the glass transition

temperature is associated with the cooperative rearrangement of many

molecules18. From the viscosity behavior at T = oo and T = Tg much

information can be gleaned about the glass-forming ability by plotting the

intermediate viscosities on figures like those seen in Figure 0-10.

For many materials the reduced glass transition temperature is one of the

key indicators of the glass forming ability12'15'26. The reduced glass transition

temperature is given as:

TT ---- (0.16)

It should be noted that in this manuscript the notation for Tm is used

synonymously with the melting temperature of a pure material and the

liquidus temperature of and alloy unless otherwise noted. By looking at
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Equation (0.16) if holding Tg constant and allowing Tm to vary, the

following relationships are revealed:

and

= const

(0.17)
as

= const

(0.18)
as

If we use Equations (0.17) and (0.18) in conjunction with the Angell plot, as

shown in Figure 0lO, one can see that as the temperature difference

between Tm and Tg is reduced the location of Tm in the Angel) curve is

moved to the right. This corresponds to viscosity becoming very large near

I and creating a slow down in the crystallization kinetics22, hindering the

growth of potential crystals. Additionally, one can think that as the difference

between I and is small, then the amount of time spent in the

undercooled liquid region will also be small, making it easier to form a glass.

Having a Tm value close to Tg illustrates that the material will most likely be a

strong glass former. In fact, it has been shown that for glass formers with a

high 7g the critical cooling rate is low15. For Vitreloy I the reduced glass

transition temperature is approximately 0.6, with a critical cooling rate of

about I [K's]. Looking at an Angell plot of containing the viscosity data for

Vitreloy I, as seen in Figure 0-11, it can be seen that the viscosity near Tm
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(Tm = 1026 [K], 11g =0.6) is approximately 10 [Pa*s], which is four orders of

magnitude higher than for a pure metal at the melting temperature (for Al the

viscosity at J, 933 [KJ is approximately 1.25*1 0 [Pa*s]27).

Though not realistic to physically change either or Tm arbitrarily, this

thought exercise does show the effect of the reduced glass transition

temperature on the glass forming ability.
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Figure 0-11: Angell plot showing the viscous behavior for Vitrelo I as function of
the reduced glass transition temperature. Figure from Waniuk et al.
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0.6. Metallic Glasses

In recent years, new glass forming materials have come into the limelight of

materials research. These materials are Bulk Metallic Glass (BMG) forming

alloys. These BMG forming alloys have promising engineering application;

however the underlying physics of their glass formation is still not well

understood.

Prior to the late 1950's it was believed that forming an amorphous solid

composed of only metallic elements was impossible. However Duwez in

1959 at Caltech was able to make amorphous ribbons by rapidly cooling

Au80Si20 [At%]. These metallic glasses made by Duwez were cooled with

cooling rates of approximately 106 [K/sI by splat quenching29. Splat

quenching is a process where a molten drop of metal is quickly quenched

between two cryogenically cooled copper blocks. This method is one of the

first developed to obtain very high cooling rates when cooling molten

metals26.

Due to the high critical cooling rates of Au80Si20, only samples of limited

thickness (i.e. 10 50 [pm]) where possible26. Because materials have finite

heat conduction, the maximum thickness ç is inversely proportional the

square of the critical cooling rate. The maximum thickness is given as:

1

coc (0.19)
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This relationship shows that a decrease in the critical cooling rate will

result in an increase in the maximum thickness. In order to get an order of

magnitude improvement in thickness, two orders of magnitude improvement

in the critical cooling rate are necessary. Remembering the TIT diagram

shown in Figure 0-8, increasing the cooling rate is analogous to moving the

nose of the onset of crystallization to the right (i.e. moving the curve labeled

"a" to the position of the curve labeled "b).

If the onset of crystallization can be suppressed, and i reduced, samples

of larger size can be produced. For example, pure metals have a critical

cooling rate on the order of 1010 to 1012 [KIs], while soda lime glasses have

on the order of 10.1 to 102 [K/s]. These cooling rates correlate to material

thicknesses on the order of i0 [m] for pure metals, and 10 Em] for soda lime

glasses.

Since the initial studies by Duwez and others, the critical cooling rate has

been reduced at rapid pace by the discovery of better metallic glass forming

alloys. The corresponding increase in the sample size has also been quite

dramatic, as seen in Figure 0-12.
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Figure 0-12: Approximate casting thickness ( 2'ç) for various metallic glasses
and the dates they were reported. Figure from Löffler3° and Telford31

If metallic glasses are to be used as an engineering material, the critical

casting thickness cannot exceed any of the dimensions of the desired part. If

the part is fabricated using traditional casting methods, this would mean that

the early metallic glass parts would be limited to a maximum thickness on the

order of a fraction of a millimeter. With this size limitation, few structural

engineering applications are suitable for these materials.

In the early late 1980's and early 1990's, researchers such as A. Inoue from

Tohoku University in Japan and W. L. Johnson from the California Institute of

Technology were able to find metallic glass forming alloys which could be
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formed in "bulk" ingots with maximum material thicknesses on the order of

centimeters3032. The material Johnson discovered has a critical casting

thickness on the order of several centimeters, with a composition of

Zr412Ti138Cu125Ni100Be225 [at %]. This composition is very near the eutectic

composition, which greatly decreases the difference between Tg and Tm

making the material a much better glass former35, as previously discussed in

Section 0.5 above. Additionally, the presence of multiple components with

large differences in the atomic radii also hampers crystallization, and

increases the glass forming ability of the material.

In the search of better glass forming alloys, increasing the frustration (or

difficulty) for crystallization is the key to good glass formers. With increasing

frustration comes better glass forming ability and increasing critical casting

thicknesses. As the maximum thickness increases so does the usability as a

structural material. As the degree of frustration increases so will the fragility

parameter (Di) in the VFT equation, indicating a stronger glass forming

alloy. As the strength of the glass former increases, the more Arrhenius the

viscosity behavior becomes, and the better the material is as a glass former.

0.7. Importance of the Rheological Properties of
Multicomponent Bulk Metallic Glass Forming Alloys

In the previous sections, the ability for a material to form a glass has been

described. It should be clear that the underlying physics of the glass

formation is still not yet well understood. However, information about the
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atomic interactions (i.e. diffusion, bonding, phase separation) can be

gleaned by looking at the rheological properties. From the preceding

discussions about the thermodynamics and kinetics of the glass transition

and the forthcoming discussions it should and will be clear there is a definite

connection between the viscosity and the physics behind the formation of

bulk metallic glass forming alloys.

The rheological behavior gives insight to such kinetic properties as diffusion

and nucleation rate. Measuring the diffusion in pure liquid metals is extremely

difficult due to the high atomic mobility of the atoms and the lack of specific

radio isotopes3. However with detailed knowledge of the rheological behavior

of the pure liquid the diffusive properties can be determined. In the case of a

multicomponent alloy the characteristic diffusion can be determined from the

measured viscosity. In addition to the diffusive properties, the nucleation rate

can be evaluated. The steady state nucleation rate is directly proportional to

the viscosity. Knowledge of the nucleation rate gives insight in to the

crystallization behavior3638

Though the underlying physics of the condensed matter is very important in

understanding how to make materials with desired results, the rheological

properties also help to define how the materials will be formed. With

increasing engineering applications for BMG forming alloys the manner in

which the materials will be processed395° and the manner in which the
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materials will be used12'22'31 51 52 will become increasingly important, both of

which will be highly dependent on the rheological behaviors of the materials.

1. Background: Rheology
Rheology is the study of deformation and flow of matter. Most people are

familiar with the concept of ideal solids and liquids; solids materials are ones

which when deformed return to the original shape; while liquid materials are

unable to resist a shear stress. The Hookean model is often used to

represent a solid with a purely elastic response, while a Newtonian fluid is

commonly used as a model for viscous flow of liquids

1.1. Rheology: Deformation and Flow
If one considers the response of a Hookean solid to a normal force the, as

shown in Figure 1-1, the mathematical representation is given as:

= Es (1.1)

In Equation (1.1) the stress o is equal to the strain e by the constant of

proportionality E, the modulus of elasticity. The force F is being applied

across the entire area A resulting in a constant stress c. The final length L

of the solid under load is the sum of the original length L0 plus a change in

length A. For this model the Poisson contractions of the material are ignored

for simplicity, however they are depicted in Figure 1-1 as seen in the

change in area 4 to A while under load.
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Figure 1I: Schematic representation of a Hookean solid deforming by a small
amount A from and externally applied load F normal to the surface

The application of a force parallel to the surface A results in shear of the

Hookean solid. A schematic representation of loading a Hookean solid in

shear can be seen in Figure 1-2. The mathematical representation of the

parallel loading case is analogous to the normal loading case and is given as

follows:

r=Gy (1.2)

In Equation (1.2) the shear stress r is equal to the shear strain y by the

constant of proportionality G, the shear modulus. The force F is being

applied across the entire area A resulting in a constant shear stress r. The
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angle y is the shear strain. It is assumed that the deformations A and y in

Figure 1-1 and Figure 1-2 respectively are small.

F

A

F

IE

Figure 1-2: Schematic representation of a Hookean solid deforming by a small
amount s from and externally applied load F parallel to the surface

Conversely to the Hookean model which acutely resists permanent

deformation, an ideal liquid is unable to sustain a strain. Often an ideal liquid

is modeled as a Newtonian fluid. A schematic representation of a Newtonian

fluid undergoing laminar flow contained between moving plates can be seen

in Figure 1-3
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Figure 1-3: Schematic representation of a Newtonian liquid being sheared between
two flat plates. (a) Velocity profile of the sheared fluid between the two plates as a
function of the distance. (b) Shear rate profile of the sheared fluid between the two
plates as a function of the distance

The velocity profile v(l) across the gap of the two plates is shown in Figure

1-3(a). Assuming a Newtonian fluid, this velocity profile is linear and the

velocity profile is given as:

v(l)=v*W (1.3)

Where V is the relative velocity between the two plates, I is the distance

from the bottom plate, and h is the distance between the two plates. For the

situation shown in Figure 1-3(a) the shear y is equal to:

V*t
(1.4)

h

For small angles tan(y) = y resulting in:

V*t
(1.5)

The shear rate, as shown in Figure 1-3(b), is simply the time rate of change

in the shear, namely:



(1.6)
dt dt h ) h

Equation (1.6) shows that for a Newtonian fluid the shear rate is simply the

ratio of the relative velocity to the distance between the two plates. In this

situation the shear rate is constant across the gap of the two plates. Later in

Section 1.3.5 the velocity profile and shear rate profile of Non-Newtonian

fluids are discussed.

The stress o acting on area A of the top plate in Figure 1-3 is proportional

to the strain rate y, where the constant of proportionality is the viscosity i of

the fluid. The equality is written as follows:

(1.7)

If both an elastic shear stress, Equation (1.2), and a viscous stress, Equation

(1 .7), are present in series the total strain is equal to sum of the strain rates

and is given as follows:

This can be written as:

(1.8)

77
(1.9)Gi G

It is often incorrectly assumed that when observing the deformation behavior

of matter that the elastic component and the viscous component are

independently present. However, Equation (1.9) shows that the stress acting
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on a body is composed of both elastic and viscous effects, this model is

commonly known as the Maxwell model This model is analogous to a

series connection of a spring and a dashpot when modeling dynamic

systems.

For completeness it is necessary to state that the Maxwell model is

appropriate for understanding the overall behavior of how rheological

systems, but are not typically observed. Usually several different

combinations of elastic and viscous components are combined in parallel

and/or series for a more complete model45. This methodology of combining

simple combinations of elastic and viscous elements assumes the underlying

principle of linear viscoelasticity, or specifically superposition of elements 56

If a constant strain rate of is applied at t =0 the solution to Equation (1.9)

becomes

alternatively:

It
7O[1_eXPI (1.10)

G)j

(1.11)
re1ax)]

where the characteristic time of the exponential is given as Tre/ As

discussed in Section 0.3 above it is this Maxwell relaxation time which



characterizes the relaxation behavior for the material. Plots of Equation

(1.11) can be seen in Figure 1-4.



a-

Cs

a-

C

dy/dtl[s1J Note: 1 in IPa*sl. G in IPa)

time Is]
(a)

dy/dtl[s1] Note: i in [Pas], Gin [Pa]

time [s]
(b)

41

Figure 1-4: Schematic representation of stress as a function of time for constant
shear rate applied at t = 0. (a) Shear modulus is held constant while the viscosity is
varied by 4 orders of magnitude. (b) Shear modulus is varied by 4 orders of
magnitude while the viscosity is held constant.
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From Figure 1-4 some interesting behaviors can be identified about the

nature of Equation (1.11). As the viscous component i is increased, as in

Figure 1-4(a), the stress exhibits a linearly increasing behavior. This is

behavior is expected given the relaxation time T,ei With a constant shear

modulus as the viscosity i is increased the relaxation time increases. For

short periods of observation materials with high values of viscosity appear to

behave as a Hookean solid. In other words to observe flow behavior long

periods of time are necessary. In this situation Equation (1.2) for a Hookean

solid becomes:

r=Gy=GJydr=iiyJdr=3yt (1.12)

As the elastic component of the stress G is increased, as in Figure 1-4(b),

the response becomes more step like with the application of the constant

shear rate. This is characteristic of the response to a purely viscous material.

It can be seen from Figure 1-4 that the presence of an elastic component

tends to retard the response of the system; i.e. the relaxation time increases

with increasing shear modulus G, again the relation to the Deborah number

is made (As G increases both reiax and De increase).

It is important to note that this manuscript focuses on the material property of

steady shear viscosity; however the viscous flow of matter is only part of the

complete picture. From the simple Equation (1.11) and the schematic plots of

Figure 1-4 it can be seen that the elastic portion of the response is equally
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important. As discussed later in this manuscript the times of observation

for the steady shear viscosity are long, so a steady state flow situation has

been achieved. This distinction is necessary to assure that future

measurements of high temperature molten alloys take this in consideration

when attempting to study and characterize the flow behavior.

Liquid Liquid-Solid

ij

EED

-
Non-Newtonian

Non-Linear Linear
Elastic Elastic

Figure 1-5: A small selection of the applicable models used in rheology divided by
the type of response expected. Figure modeled after57

As mentioned previously, the rheometric properties can be broken up into

two main categories: liquid like, and solid like. However, these two categories

cross over and form a region where you might observe both a liquid like and

a solid like response or viscoelastic response. A map of a selection of some
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of the relevant models used in the study of rheology is presented in Figure

1-5. The behavior of the material under investigation (i.e. liquid like, liquid-

solid like, or solid like given in Figure 1-5)is determined by the Deborah

number of Equation (0.1). If your time scale for observation is much greater

than the Deborah number, then you would expect to observe a liquid like

response; while if your observation or measurement time is much shorter,

you would expect to observe a solid type response. This indicates that the

material properties and the measurement method determine the type or

types of responses observed.

1.2. Rheometric Methods
For the measurement of rheometric properties there are many methods and

geometries available. The main categories of measuring the rheological

properties are as follows: extensional flow, pressure driven flow, drag flow,

and wave propagation techniques. A small selection of the possible

rheological measurement methods is presented. Evaluations as to the

rheological properties of bulk metallic glass forming alloys are briefly

described.

1.2.1. Extensional Techniques
Extension measurements are performed by placing the sample in tension.

Often the strain, and strain rate, is controlled and the resulting force is

measured. This technique is can be applied to both microscopic and

macroscopic samples. Additionally, small diameter fibers can be tested with

large aspect ratios. In these types of extensional measurements it is often
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assumed that the cross sectional area remains constant throughout the

test and are termed uni-axial stretching55. Uni-axial stretching is a common

technique for measuring materials with high elastic modulus such as metals.

Commercial machines for these types of measurements are available from

Thermo Hakke58, lnstron59, and Bohlin60. However, recently materials with

relatively low consistency with viscoelastic response have been measured.

The measurement method employs optical techniques where the material

under test is measured as a function of time using video recording equipment

and laser micrometers61. Additional types of extensional measurements

include spinning and converging flow.

1.2.1.1. Spinning Flow
The spinning extensional flow method is based on drawing the material

under investigation around a roller or drum. Using the spinning technique

upon reaching steady state conditions the force across the area of the spun

material is constant resulting in stress that increases as the cross section

decreases55.

1.2.1.2. Converging Flow
Converging flow is where the material under investigation is passed through

an orifice of known dimensions under pressure; the strain rate is calculated

based on the velocity of the emerging material. Converging flow is

predominantly used where with materials with moderate consistency; this

method is also called extrusion flow. Additionally, extrusion flow is capable of



measuring materials of viscoelastic nature, and is often used in the plastics

industry.

There is some confusion in literature about the classification of converging

flow technique. Some sources rank this type of flow measurement as an

extensional type flow as in Whorlow55. However, other sources indicate that

the technique should be classified as a pressure driven technique as in

Macosko62. The classification confusion comes from which reference frame

one chooses to observe. While the applied pressure is necessary for flow,

the deformation behavior of the material flowing into the orifice is extensional

in nature.

1.2.2. Pressure Techniques

1.2.2.1. Capillary

The capillary technique is performed using a tube with known dimensions,

and measuring the pressure gradient and the flow rate through the tube. For

fluid flow of a Newtonian fluid in a tube the viscosity can be calculated by

measuring the volume flow rate, this relationship was developed by

Poiseuille4. This technique is probably the most widely used of all

measurement techniques, and is usually performed on liquids with relatively

low consistency. When using this technique great care must be taken if

measuring a fluid which is non-Newtonian in nature. Although expressions

exist for calculation of liquids which exhibit power-law or Bingham type

responses care must be taken to assure proper characterization63.

Additionally, because viscosity is inherently a thermodynamic function of
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pressure and temperature, care must be used to assure the pressure

required for flow and the shear heating due to flow are minimized as not to

affect the results. Commercially available devices utilizing the capillary

technique are available form Cannon Instruments for handheld models or

from Thermo Haake for floor standing research grade machines. Examples

of these devices can be seen in figure Figure 1-6.

(a) (b)

Figure 1-6: (a) Handheld capillary viscometer available form cannon instruments.
Model shown is used for measuring asphaltTM. (b) High pressure capillary rheometer
available from Thermo Haake65

This method has been used in single component molten metals with

relatively good success3. Materials for the tube used are silicate glass or

quartz, this limits the maximum temperature to approximately 1500 [K]. At
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these elevated temperatures in contact with foreign materials (glass or

quartz) the purity of the molten metal under investigation is of concern.

1.2.2.2. Parallel Plate

The parallel plate configuration consists of a sample of material placed

between the upper and lower plates, as seen in Figure 1-7. The distance

between the plates is measured as a function of time with a constant applied

force66. Typically the parallel plate measurement technique is used only on

Newtonian liquids with low shear rates; however the measurement of non-

Newtonian liquids is possible with additional measurements of differing

applied forces63. Additionally, materials with relatively high consistency are

measured using the parallel plate method67. This type of measurement is

often performed in commercial instruments such as a Thermo Mechanical

Analyzer (TMA) available from TA Instruments or Perkin Elmer.
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Figure 1-7: Configuration of the parallel plate test assembly. Figure from68

1.2.3. Shear or Drag Techniques

1.2.3.1. Beam Bending
The beam bending method consists of placing a load on a beam of known

geometry and measuring the displacement as a function of time. The loading

configuration is usually a performed using three or four point bending, see

Figure 1-8 for configuration of a three point apparatus. The flexural

response of the perfectly elastic case is typically studied in introductory texts

on elasticity; however time dependent flow behavior can also be studied. The

beam bending method is a transient method for measuring the shear flow

rheological behavior. Viscoelastic measurements can also be measured
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using a machine capable of applying a variable output and measuring the

phase relationship to the response. These measurements are typically done

in a with relatively high viscous and elastic components which vary with

temperature69. Measurements made with this technique are commonly

performed on plastics and glasses using commercial instruments available

from Perkin Elmer and TA Instruments. Static beam bending measurements

(i.e. transient response) have been performed on several silicate based

glasses7073.

Figure 1-8: Example three point beam bending apparatus. Figure from72

1.2.3.2. FaIling/Rolling Ball
The falling or rolling ball technique utilizes a sphere and a tube of known

dimensions, the tube is filled with the material under investigation and the

ball is released and the time for the ball to fall a prescribed distance is

measures. If the measurement is performed in with a vertical orientation the

measurement is considered to be a falling ball, where the ball does not
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contact the tube. However, if the tube is tilted away from vertical the ball

will remain in contact with the tube; rolling along the side of the tube for the

duration of the test. The sphere is allowed to fall under the force of gravity

while contained within the tube filled with the material. The velocity of the

sphere is proportional to the viscosity of the material. For the falling ball

measurement the mathematical representation is given by the Stokes' law

relationship63. This method is exclusively used with Newtonian liquids of

relatively low consistency. A schematic representation of a falling ball

viscometer can be seen in Figure 1-9, while a schematic representation a

rolling ball viscometer can be seen in Figure 1-10.

Figure 1-9: Falling ball viscometer. Figure from63. The viscosity is measured by
accurately noting the amount of time for ball B to pass between marks Ml and M2.
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Figure 1-10: Rolling ball viscometer. Figure from63. The steel ball B rolls along the
measurement barrel A in the presence of the fluid under investigation. The time to
traverse the length of barrel is measured by an external controller from release at the
top of the barrel to contact with contact assembly H.

The fluid flow associated with the falling and rolling ball methods are

inherently complex and disagreement in the analysis exists even for

Newtonian fluids62. Despite the complications of the complex flow few

methods are available for measuring bulk viscosities at high pressures. Due

to the enclosed nature of the tube, falling and rolling ball methods are

suitable for high pressure measurements55, the apparatus shown in Figure

1-10 is capable of measuring viscosities at temperatures 180 [C] and

pressures up to 90 [MPa].

1.2.3.3. Rising Bubble

The rising bubble viscometer is a similar configuration to the falling/rolling

ball viscometer; however the rising bubble method measures the time
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necessary for a bubble to traverse a measured distance. Due to the

simplicity and ease of use the rising bubble viscometer is widely used in

industry, however a rigorous mathematical relationship has not been

developed to describe the motion of the bubble in the liquid4. Because of the

complexity of the flow these viscometers are typically used as comparison

viscometers for judging approximate values of low consistency Newtonian

liquids63.

1.2.3.4. Oscillating Probe

The submerged oscillating probe is an inherently dynamic measurement

where a force is applied to the probe and the phase response is measured.

From the phase response the storage modulus and the loss modulus can be

calculated66. This implies that measurements of non-Newtonian materials are

possible with using this method. On a macroscopic scale the probe for this

method can be sliding plates63'74 , or if rheological properties of materials of

<10 [tL] are necessary an optical based micro sliding plate configuration can

be used73. The sliding plate consists of placing a thin layer of the material to

be measured between a fixed stationary plate and the shearing plate, a

schematic of this type of instrument can be seen in Figure 1-11. Some of

the alternate probe configurations are the shear sandwich55'62, sliding coaxial

cylinders62'75, oscillating needle76, and the oscillating blade or plate75'76.

Schematic representations for the probes for the shear sandwich, sliding

coaxial cylinders, and oscillating needle can be seen in Figure 1-12. While
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a more detailed schematic of the oscillating blade or plate measurement

can be seen in Figure 1-13.
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Figure 1-11: Schematic of sliding plate rheometer. Figure from63
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Figure 1-12: Probe types for oscillating probe techniques. (a) Shear sandwich from62.
(b) Sliding coaxial cylinders from62. (C) Vibrating needle from7
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Figure 1-13: Schematic representation of the oscillating plate or blade rheometer.
Figure from lida3

The oscillating plate rheometer has been successful in measuring the

viscous properties of high temperature molten metals3, including single

component liquids and multi component alloys both above the liquidus

temperature and within the two phase field.

I .2.3.5. Rotational

Probably the most recognized technique for measuring rheometric properties

of materials is the rotational viscometer. There are several geometries, or

types of shear cells, utilizing the rotational method, the most common

including the coaxial cylinder, rotating disk, and cone and plate rheometers.
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Schematic diagrams of the geometries for these measurement techniques

can be seen in Figure 1-14. Of these three geometries the most attention in

literature, and in this manuscript, is the coaxial cylinder as seen in Figure 1

14(a); however before discussing this technique the other methods will be

briefly mentioned.

(a) (b) (c)

Figure 1-14: Schematic representations of different types of shear cells utilizing
rotational input for measuring rheological properties. (a) Concentric cylinder. (b)
Rotating disk. (c) Cone and plate. (Figure modeled after55)

1.2.3.5.1. Rotating Disk

The rotating disk has a very similar geometry to the parallel plate mentioned

previously in Section 1.2.2.2. The technique consists of placing a sample

material between a fixed plate and a rotating plate as seen in Figure 1

14(b). As depicted in this figure the lower plate remains stationary while the

upper plate rotates at some predetermined rotational velocity. The resulting

torque from deformed sample can be measured at either plate. The

magnitude of the torque is proportional to the rheological properties of the
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liquid as well as the distance between the plates and the plate geometries.

From the geometry, measured torque, and input rotational velocity the

rheological properties can be calculated This measurement has been

successfully implemented for measuring materials with moderate consistency

in systems such as food products polymers ', and gels One underlying

consideration for using this method is that the flow between the disks is not

homogeneous 62, however corrections can be made that are similar to the

corrections for the wide gap concentric cylinder rheometer that is discussed

later in this manuscript.

1.2.3.5.2. Cone and Plate

The geometry and the operation of the cone and plate rheometer is very

similar to the rotating disk rheometer. However instead of having two flat

plates one of the plates is in the shape of a cone with an angle of low

altitude, a schematic of the geometry can be seen in Figure 1-14(c). For the

cone and plate operation usually the bottom portion is flat and remains fixed,

while the upper cone rotates. In this configuration the torque is usually

measured on upper cone rotating at a pre described rotational velocity. Both

the rotating plate and the cone and plate measurements are useful in

measuring the normal stresses differences in viscoelastic materials55'77'78

The normal stress difference (N1 N2) is determined by measuring the thrust

load applied onto the shafts by the deforming material.
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The benefit to the cone and plate rheometer over the rotating disk

rheometer is that the stain rate is independent of the position between the

gap55. This aids measurements where time dependent behavior is studied;

namely the entire sample has been homogenously sheared i.e. has the same

shear history. Many of the commercially available rotating disk and the cone

and plate devices are capable of measuring the input shear strain and the

resultant loads, both torque and normal force, as a function of time indicating

the ability for dynamic measurements. The benefit in a dynamic

measurement lies in being capable of measuring both the elastic and viscous

components simultaneously. Additionally, if the material under investigation

is within the linear viscoelastic region of the response, complex waveforms of

the input shear can be applied speeding measurement time for large

numbers of data points76'77'79

1.2.3.5.3. Coaxial Cylinder

The coaxial cylinder method for measuring the rheological properties of

materials consists again of two components of circular cross section whose

axes of symmetry are aligned coaxially. The two components consist of an

inner and outer cylinder, the inner cylinder is commonly called the 'bob',

while the outer cylinder is commonly called the 'cup'. The material to be

measured is placed within the cup and the bob is lowered into the material to

a predefined distance. Once positioning is complete one of the cylinders is

rotated at a predetermined rotational velocity, and the resulting torque is

measured. The concentric cylinder method can be broken into two sub
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categories utilizing the same geometry, these categories are based on the

historical nature of the measurement method80. The two categories are

differentiated by the investigator who first implemented the technique. The

first category or technique is Couette rheometer, and the other being the

Searle rheometer. The distinction being between which cylinder is rotated,

the inner or the outer. If the outer cylinder is rotated it is called a Couette

measurement, and if the inner cylinder is rotated it is called a Searle

measurement. Later in this manuscript, Section 1.3, discussion will be made

to the subtleties between these distinctions. Additionally in this section, a

mathematical derivation for determining the rheological properties based on

measured values is discussed. Though valid and conceivable rotating both

cylinders and noting the relative rotational velocity and resultant torques is

not a typical measurement completed and no literature reporting this

measurement method has been found. However, as discussed later the

mathematics often considers this scenario for obtaining mathematical

formula which encompasses all possible scenarios including the Couette,

and Searle methods.

Despite the additional geometric complications of the shear cell (additional

material, extra machining, cleaning, etc) in comparison to the other rotational

methods the concentric cylinder method is widely used for a relatively broad

range of material consistencies as well as shear rates. Low viscosity fluids

such as dilute polymers, water, and alcohols are commonly measured using
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the coaxial technique. High viscosity fluids such as silicone oils, glycerin,

concrete, and asphalt products are equally valid materials to be measured

using either the Couette or Searle geometries for a coaxial cylinder

rheometer.

There are two typical methods of controlling rheometers; controlled shear or

controlled stress. The controlled shear rheometer is where the control

variable is the applied shear. For this the requisite shear is applied and the

resultant torque is measured. Analogously, one can consider controlling the

shear rate, where the time rate of change of the shear is the control variable.

In a controlled shear rotational rheometer the preferred control variable is the

shear rate. The controlled stress rheometer is operated by implementing a

closed loop control algorithm with the applied stress as the control variable.

This method is implemented using a control algorithm where the measured

torque is used to calculate the applied shear stress, and making rapid

adjustments to the applied shear. Using this method the applied shear stress

seen by the material can be modified.

The controlled stress rheometer has seen much advancement in the recent

years due to the improvement of microprocessor technology and high speed

computation techniques79. The improvements in the controlled stress

rheometers have been aimed at looking for changes in material properties

that are difficult to detect using other methods, such as yield stress in fluid-
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like materials. The presence of yield stress is an indicator that tells

additional information about the structure of the material, even in apparently

ideal liquids4.

1.2.4. Wave Propagation Techniques
Another method for measuring the rheological properties of materials

involves energetic waves. One of the attractive features of using wave

propagation techniques is the relatively broad range of frequencies (i.e.

shear rates) which can be employed. It should be noted here that the many

of the previous dynamic measurements mentioned are actually wave

propagation methods driven at low frequencies. Additionally, like other

dynamic measurements (ex oscillating probe, rotational, beam bending, etc)

wave propagation methods are capable of measuring the both the elastic and

viscous behavior of materials simultaneously.

The distinction between previously mentioned dynamic measurements and

wave propagation lies in the critical length where inertial effects of the

medium can be ignored. At high frequencies the inertial effects of the

propagating wave must be accounted for, thus the distinction between the

two regimes. In shear the inertial effects can be ignored if the critical length I

of the measurement is small when compared to the driving frequency v, the

complex shear modulus of rigidity G', and the density p81. The



mathematical relationship for determining the critical length 1 is given as

follows:
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(GvY
(1.13)

Likewise in extension, the critical length I is calculated as follows:

l<< (1.14)

where E' is the complex extensional modulus of rigidity. If Equation (1.13) or

(1.14) are satisfied the inertia of the medium can be ignored, as with the low

frequency dynamic measurements described elsewhere in this manuscript.

This critical length is a measure of the ratio of the sample size to the wave

length of the input wave form. As a rough approximation the frequency where

the inertia of the medium becomes important is in the range of 100 to 102

[Hz]81. However, the actual transition point depends on the measurement

method and material properties.

The methods previously described elsewhere in this manuscript for dynamic

measurement (rotational, etc.) have an upper limit for reliable measurement

in the range with a sinusoidal input of 10° to 10 2 [Hz]. This limiting frequency

is due to the inherent inertia of the mechanical system. Because the inertias

of the medium and the instrument become important in the frequency range

of 100 10 2 [Hz] it is commonly considered the transition frequency between

traditional dynamic techniques and wave propagation techniques. It is
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important to note for clarity that the input frequency for a dynamic

measurement and the shear rate are not the same though they have the

same units [Hzi or [1/si.

In wave propagation methods great care is taken to only excite only one of

the modes of the medium at a time. Exciting multiple modes can cause

extraneous results and make extracting data difficult55. The two typical

excitation modes are transverse or shear waves and longitudinal or

compression waves shown in Figure 1-15. Other modes such Raleigh

waves are possible, though less used for rheological measurements.
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Figure 1-15: Types of wave modes in materials. (top) Shear or transverse wave,
(middle) Compression or longitudinal wave, (bottom) Rayleigh Wave

Wave propagation methods have been proven to be useful in a very broad

range material of consistencies and frequencies. Measurements have been

performed on materials from Newtonian fluids82 to solids55. Additionally

measurements using this technique have been performed at frequencies

from the audio to tens of Gigahertz.



There are several methods for measuring the rheological behavior of

materials using wave propagation techniques; a brief description of some of

the more common methods follows. The methods outlined are specifically

oriented at materials with relatively low consistency or show liquid like

behavior.

If a continuous sinusoidal input is introduced into a semi infinite medium, the

wavelength and the degree of attenuation can be measured. In liquids often

these measurements are performed using optical techniques such as

birefringence in the audio spectrum and light scattering in the microwave

spectrum

Another method utilizes resonance, or standing waves, of the medium. The

resonance method in liquid like media consists of applying a continuous

sinusoidal input and moving the input device, typically a piezoelectric

element, and measuring the resultant impedance. At distances equal to one

half the wave length, resonance peaks will be observed. From the resonance

peak and distance data, rheological properties can be determined

Probably the most utilized wave propagation method is the pulse reflection

method. Typically a wave train of short duration and known frequency is input

into the material under investigation with one or more interfaces of differing
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type (i.e. liquid-solid, liquid-air, solid-solid, etc.). The time of flight and the

degree of attenuation are measured as reflection between the differing

interfaces occurs. Like in many wave propagation methods the degree of

attenuation is related to the viscous damping, while the time of flight is

related to the elastic properties.

One of the increasingly important features of the wave propagation method is

the ability measure material properties at high frequencies. At these high

frequencies the length of the shearing becomes smaller and smaller. This is

particularly important in materials which show localized order. If large

amplitude shearing methods are used this order might be destroyed or

changed giving incorrect results about the microscopic flow behavior.

1.3. Theoretical Development for Rotational Rheometer

1.3.1. Mathematical Derivation for Rotational Type Rheometer
As previously mentioned the rotational rheometer is one of the most broadly

used methods for measuring the flow behavior of materials. This is in a large

part due to the longevity of the method which was originally developed in

1888 by Couette4'83. The flow between two rotating cylinders appropriately

called Couette flow after the original founder of the method. However an

underlying assumption is made that the flow can be modeled as the flow

between two infinite flat plates. A schematic of a Couette shear cell can be

seen in Figure 1-16.



Figure 1-16: Schematic diagram of a Searle type Couette shear cell with a Newtonian
fluid as the test medium. In this figure the input rotational frequency is denoted as w,

the measured torque as T, and the shear rate at the inner cylinder is denotes as y.

Couette flow is the flow generated by two axially located coaxial cylinders

with inner and outer radii of and R(,, respectively, rotating at a relative

rotational velocity of Q. The length of the sheared medium is L. Typically

one of the cylinders remains stationary while the other rotates at the

rotational velocity I (sometimes given as w). As previously mentioned if the

inner cylinder (or 'bob') remains stationary and the outer cylinder (or 'cup')
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rotates the configuration is known as the common Couette design, while if

the bob rotates and the cup remains stationary the configuration is known as

the Searle design, this configuration is seen in Figure 1-16.

The couple M per unit length is created by a fluid undergoing shearing with

a shear stress o across an area A, for the coaxial cylinder the is given as:

M=O*A=i*22rr2 (1.15)

Where M is the torque, o is the shear stress measured at a radius of r.

When the torque is measured at the outer cylinder the shear stress is given

M0=
2.irR2L

(1.16)

If the gap between the cylinders is very small the curvature of the cylinders

can be neglected. Neglecting this curvature is equivalent to the shearing of

two flat plates. In this case the shear rate is given as in Equation (1.6).

Recalling Equation (1.6)

(1.17)
dt dt h ) h

Assuming no slip of a Newtonian fluid the velocity of the fluid is given as:

V=cr (1.18)

Using the geometry and relative rotational velocity of the cylinders the
velocity is given as:

v=cR,
and

(1.19)
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h=R0R1 (1.20)

The resulting shear rate is given as:

7R0R1 (1.21)

If the material contained in the annulus between the two cylinders is

Newtonian the viscosity i is given by Equation (1.7). Combining Equations

(1.7), (1.16), and (1.21). we get the following for the viscosity:

M
o 2,rR2LM(R0-R)

(1.22)
R0c1

2,rLR03

R0-R1

Equation (1.22) is the typical solution for a Searle type coaxial cylinder

viscometer with the torque measured at the outer cylinder. In this solution it

has been assumed that the material contained in the gap is Newtonian in

nature and the gap is very small and no slip steady state flow has been

achieved. Additionally, it is assumed that steady, laminar, and isothermal

flow has been achieved. The limitations of these assumptions are

investigated in the following sections.

1.3.2. Instabilities
The requirement for laminar flow, or flow of circular stream lines, is

necessary due to the method of defining the viscosity. In order to determine

the viscosity we impart a rotational motion of the cylinders and assume a
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particular velocity profile across the annulus of the fluid, therefore it is

necessary to have laminar flow. As the rotational velocity of the cylinders is

increased above a critical instabilities occur. These instabilities are called

Taylor vortices or Taylor instabilities55'6263'83.

Taylor instabilities are due to the inertia of the sheared medium, as the

rotational velocity increases the inertia of the fast moving liquid near the bob

is forced outward, however the cup wall resists this force and the liquid is

forced to re-circulate. If using the Couette geometry where the outer cylinder

rotates Taylor instabilities do not occur due to added stability53. For the

Searte configuration Taylor vortices have been observed for the following

relationship55 (or similar relationships53'83):

Re>4l.3) (1.23)

Where Re is the Reynolds number given as:

cR1(R() R1)
Re= (1.24)

V

where v is the kinematic viscosity given as:

v=u?-
p

(1.25)

with density p. From Equations (1.23) and (1.24) if the gap dimension h is

reduced, or the kinematic viscosity is increased, the usable shear rate range
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will increase. In other words, when measuring the viscous properties of a

material if the Reynolds number can be decreased the usable rotational

velocity and shear rate can be increased without forming Taylor instabilities.

If it assumed that the viscosity for Vitreloy 1 is equal to I [Pa s] with a molten

density of 5.75 [g/cm3I using the geometry reported here the rotational

frequency necessary to cause instabilities is approximately 1200 [1/sI.

In practice, when visually observing Taylor vortices, the system and test

apparatus are quite complicated. However, when measuring the viscosity of

liquids the observation of Taylor vortices is evident as an apparent increase

in viscosity. This increase in apparent viscosity is due to the additional

energy associated with the flow of the Taylor vortices over streamline flow4.

In practice, one should be consider Taylor vortices if the viscosity is less than

10 [mPs s]. Because this is approximately three orders of magnitude smaller

than the viscosity in Vitreloy 1, again neglecting the possibility of Taylor

vortices in the molten alloy flow seems reasonable.

133. Shear Heating
Due to the inherent method of measuring the viscosity by shearing the liquid,

a temperature rise will occur. This temperature rise is due to viscous heating.

The energy required to shear the liquid will be dissipated into the shear cell in

the form of heat62'75. This additional heat will increase the temperature of the

material resulting in a departure from isothermal flow. For flow contained in a

narrow gap viscometer the rise in temperature for a given time is given as80:
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where C is the mean specific heat of the material. In the case of Vitreloy I

the approximate specific heat is 40 [JIg-atom K] with a viscosity on the

order of I [Pa s], and a density of 6 [g/cm3]M, results in a conservative

approximation for the rate of change in temperature on the order of 1.5 [K/s]

for the highest shear rates.

It can be seen that due to the frictional heat the heat caused by flow is an

important consideration. Typically the temperature dependence on viscosity

is of exponential behavior, so a small change in temperature will lead to a

large change in viscosity so assuring isothermal flow is key. There are two

differing ideas concerning the most appropriate method for measuring the

rheological properties where shear heating is of concern. The first method

considers the situation where a steady state temperature profile has been

achieved and the heat losses equal the heat gained by shear heating63. The

second method, measures the rheological properties before the temperature

of the material has a chance to increase. This method assumes that the flow

has become fully developed78. For the measurements performed on Vitreloy

1, reported in this manuscript, the second method was employed to reduce

the length of time the material was maintained at elevated temperatures. This

is due to the reactivity of the constituents of the Vitreloy at high temperatures.
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It should be noted that with shear thinning fluids such as those reported

here the viscous heating effects are reduced but not eliminated.

1.3.4. End Effects
Within the shear cell not all the fluid is being sheared by all side of the bob. In

Equation (1.22) only the contribution of the sides of the shear cell are

considered in the viscosity equation, and the bottom contact area is

neglected. The additional shearing surface will be seen as an additional

torque M'. This additional torque will not change as a function of length of

the shearing surface L for a given rotational velocity . This additional

torque will be seen as a perceived additional length of the shearing surface

L'. One method for determining for the end effect due to L'for a Newtonian

fluid is to make several measurements over a range of rotational velocities

and a range of submerged lengths L, and plot the results. A schematic of

this type of plot can be seen in Figure 1-17. From these plots the additional

length L' can be determined62'63. Using a modified length of L+L' for the

immersion depth can be used for a more accurate measurement for the

viscosity.
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Figure 1-17: Experimentally determining end effect value L' by plotting the torque to
rotational velocity ratio versus depth of bob immersion. Figure after55'

The method outlined above for the experimental determination for the

corrected immersion length for the shearing surface has been successfully

implemented for Newtonian fluids, but for time or shear rate dependent fluids

this method is unacceptable55. Others have developed analytical methods for

correcting for the additional torque present. For example if it assumed that

the bottom of the concentric cylinder is similar to a rotating disk apparatus.

Using these additional geometry reasonable solutions have been obtained

and the results are comparable to experimental results62'63

An alternative to determining complicated analytical solutions some have

attempted to reduce end effects with the application of creative experimental

designs. One obvious experimental solution is to make the amount cylindrical

surface area very large compared to the surface area of the submerged end.
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Though strait forward this method has its limitations such as size, material

quantity, and alignment. Other methods, such as trapping an air bubble

under the bob, addition of guard disks or rings, and double concentric

cylinder have been implemented with success. These methods do not

usually eliminate the end effects; however, they have proven to reduce their

significance63.

1.3.5. Wide Gap
One of the assumptions made in Equation (1.22) is that of a very small gap

between the cylinders. This assumption is made to ease the solution

necessary for accounting for the curvilinear nature of the geometry.

Fabrication and alignment of a rheometer with a very narrow gap is

expensive and difficult, making the implementation of this assumption

impractical fro many situations. If the ratio of the radius of the bob to the ratio

of the cup is given as:

(1.27)

For a Newtonian fluid the small gap assumption, Equation (1.22), is

appropriate for a gap ratio b equal to 0.97 If it is assumed that the cup has

a radius of 25.40 [mml and a gap ratio b of 0.97, the corresponding cone

radius is 24.63 [mm]; a gap distance of .77 [mm]. With these dimensions a

cone of any length would be difficult to properly align and materials with

suspended particles of measurable size could not be measured effectively63.
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Figure 1-18: Flow streamlines between that gap of a rotational rheometer for
different flow behaviors, and their respective velocity profUes noted with the prime
designator. Geometry of the shear cell for this figure has an inner cylinder of radius
Rh and outer cylinder of radius R and rotational frequency of the inner cylinder
in the direction as indicated (a) At rest (b) Netwonian (c) Plastic (d)
Pseudoplastic/Shear thinning (e) Dilatant Figure from Van Wazer63

To alleviate these problems often gap ratios are decreased to allow for a

larger gap between the cylinders. This however has the drawback that the

flow across the gap can no longer be assumed to be linear. The calculations

necessary for resolving this approximation are non trivial4. The problem

arises in that the velocity profile for the fluid is unknown across the gap, thus

a solution to the velocity profile (or shear rate profile) must be assumed55

Typically this assumption is made based on prior experience with the

material under investigation. Frequently it is assumed that the material

behaves like a Newtonian fluid, power law fluid, or other known flow

characteristic. Schematically streamlines for different material characteristics

can be seen in Figure 1-18. In particular cases knowing (or assuming) the

flow behavior of the material the shear rate profile across the gap can be

determined analytically. One such analytical solution for the corrected shear



rate of a material which behaves with a power law relationship with a

radius ratio in the range of .5 <b < 1 is as follows4'62'8588:

2Q
IR, 3/

(1.28)

n(l_b )

where n is the correction exponent. The correction exponent n is an

experimentally determined quantity which is determined by plotting the

measured torque M versus the rotational velocity on a double logarithmic

scale. It has been reported that the correction factor for Vitreloy I (above the

liquidus temperature) is approximately 0.48489

Once the correction factor is determined, the corrected viscosity can be

determined using the corrected shear rate of Equation (1.28). The corrected

viscosity is given as:

M 3/

2,rR0L
Mn(1_bn)

(1.29)'ic =
4rR02L

YR, 3/
n(1_b )

When using a coaxial rheometer great care must be taken to assure that the

appropriate equation for the shear rate is used, especially if the materials

under investigation are non-Newtonian. If it assumed that the correct

relationship for the shear rate is given in Equation (1.28) as a power law fluid,

the error associated with using the narrow gap assumption is given as

follows:
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YActual lAproximate *100 (1 .30)%Error =

YActual

The error for different values of the correction exponent n are plotted as a

function of the gap ratio b, and can be seen in Figure 1-19 that the error

associated with using the narrow gap approximation for the shear rate,

Equation (1.21), increases dramatically with decreasing correction exponent.

Said more succinctly, for materials which are shear thinning (1 <n <0) the

corrected shear rate Equation (1.29) must be used.

0
w
c
Q)()
ci)

0

b, Radius Ratio (bR/R0)

Figure 1-19: Percent error associated with using the small gap approximation for the
shear rate as a function of the gap ratio b. Several values for the correction exponent
n are shown. The percent error is calculated using Equation (1.30), for a material
which behaves with a power law relationship.
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2. Background: Rheological Behavior of Materials
In order to understand the reasoning for studying the rheological properties

of bulk metallic glass forming alloys a brief summary of the theories

pertaining to the viscous properties of both simple liquids and glasses are

discussed in the following sections.

2.1. Theories of Viscosity

The previous sections have focused on methods for measuring the

rheological properties of various types of materials. A major portion of the

discussion has focused on the viscous properties. The following sections are

focused on developing the theory necessary for studying the flow properties

of bulk metallic glasses.

2.1.1. Viscous Flow: Eyring Model

The of the most widely accepted model for simple liquids is the model

presented by Eyring 90 In this model it is assumed that the movement of

molecules is a statistical thermally activated process. The model consists of

layers of molecules with a spacing between layers a. In equilibrium the

potential energy barrier necessary for a molecule to move to the next

available position is e. It should be noted that for the description given her

ethe distances between available molecule positions, layer spacing, and

equilibrium positions are assumed to be equal, and all represented as a.

Schematically this is shown in Figure 2-1. Additionally, this model assumes

that an open location, or void, on the same layer is available for the incoming

molecule represented as the dotted line in the figure.
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Figure 2-1: Schematic representation of layers of liquid atoms with an average
atomic spacing a in the presence of an applied force F . The dotted circle represents
an available jump site location.

With no externally applied load the number of atoms making a jump into an

unoccupied position per unit time is given as:

dN kT ( e'=expl -- I (2.1)
dt h kT)

Where k is Boltzmann's constant, T is the temperature in [K], and h is

Planck's Constant. The prefactor of the exponential represents the rate at

which the molecule attempts to overcome the energy barrier.

In the presence of an applied force F the height potential energy barrier is

altered. Because the potential barrier is altered the number of atoms jumping

will be preferential in the direction of the force. As seen in figure Figure 2-2

an asymmetry in the potential energy curve appears in the presence of F.

The amount that the potential energy barrier is reduced in the direction of the

force is _F?,4, and in the direction opposite the force the potential energy

barrier is increased by +Fa,4, as seen in Figure 1-1. The resulting number
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of molecules making the jump over the potential barrier in the direction of

the force is given as:

kT
kfo&d=_exPL_ kT

J

(2.2)

and the number of molecules making the jump in the direction opposite the

applied force is given as:

Fa

2

kTkbk=exp
kT

J

(2.3)

F

Fa

2

Figure 2-2: Schematic depiction of the energy barrier necessary for flow
(symmetrical curve "solid line") and energy barrier necessary for flow in the presence
of F (asymmetrical curve "dashed line"). Figure 90

Each time a molecule makes the jump, either forward or backward, the

molecule is moving through a distance a with a net jump frequency of
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kfOd kback The resulting relative velocity of the plane of molecules is

then given as:

v = (kfo,...ard kback )a (2.4)

kT e_Fa/ kT e+Fa/J
(2.5)vLhexP1 kT J_--exPj

kT

kT ( e( (Fa' ( Fai"v=expl ii expi -expi I a (2.6)
h 1 kT) 2kT) ' 2kT))

Using the identity

exp () exp ()sinh()= (2.7)
2

kT (___''2sinhI±..-i'a (2.8)v=--exp
kTjt 2kT)J

For ordinary flow the force F required on the atomic level is in the order of

magnitude of 1021 [N] 90 Noting that the atomic spacing a is on the order of

10-10 Em] the resulting product Fa is on the order of 1031 [J], while the

product 2kT is on the order of 1023 [J]. Knowing magnitude of these

products the following relationship can be stated:

Fa << 2kT (2.9)

Remembering small angle approximations for hyperbolic functions,

specifically: for small U sinh 0 0 the expression for the velocity can be

given as:

kT I e"( Fav=expI
1

2*_ Ia (2.10)
h 1 kT) 2kT)
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Remembering that the shear rate as given by Equation (1.6) we get the

following relationship:

kT ( e"('Fa")

V v kT Fa I e
(2.11)

a
=exP---)

The shear stress acting on the molecule is given as the force distributed over

the area of the shear plane on the molecular level, namely:

F
=
a

(2.12)

Remembering the definition for viscosity given in Equation (1.7) the

relationship for the viscosity is given as:

Simplifying:

F
a

Fa I
(2.13)

I -exP_J

h 1ei=-3-expII (2.14)
a kT)

Noting that a3 is the approximate atomic volume occupied by the liquid

molecule, which can also be given as:

a3 = Vm (2.15)

Where Vm is the mean volume per molecule. Typically Vm is assumed to

remain constant over a large range of temperatures go Therefore the term

,% is considered a constant with a value on the order of 1O [Pa SI.
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Commonly in literature on bulk metallic glass forming alloys this constant is

denoted as:

774*b04 [Pas] (2.16)
Vm

Combining Equations (2.14), (2.15), and (2.16) we get the following

relationship for the viscosity of simple liquids:

77=710exPJ (2.17)

This shows that the viscosity is a thermally activated process with a

Arrhenius relationship. However, as discussed in Section 0.5 above, the valid

range in temperatures for which Equation (2.17) applies to simple liquids is

relatively limited as compared to more complex liquids. Some of the viscous

measurements for simple liquids will be discussed later in 2.2 below.

In looking at Equation (2.17) one can see that as the temperature

approaches infinity the viscosity of a simple liquid will reach the value of i.

This assumes that no phase change occurs. Additionally, in the high

temperature limit of the viscosity all simple fluids will approach the value of

ij. This approximation is valid in noting that the atomic volume of for all

elements is within one order of magnitude (i.e. For the extreme cases the

atomic volume of Be is: Vm = 4.85 [cm3], while the atomic volume of Cs is: Vm

= 70.94 [cm3] 91)
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2.1.2. Viscous Flow: Free Volume Model
Eyrings model has been shown to be a reliable estimation for the viscosity for

many simple liquids above the liquidus temperature. As stated elsewhere

simple liquids are usually fragile glass formers. These liquids have a small

supercooled liquid region and tend not to form as amorphous solids. Using

the Angell plot seen in Figure 0-10 as a guide, it can be seen that at high

temperatures (T4'<.O.4) the viscosity is fairly linear indicating the

applicability of Eyrings model. However, as the temperature is reduced it can

be seen that curvature in the viscosity appears, signifying that the application

of Eyrings model does not cover the entire temperature span.

As seen in the Eyring model there is a supposition that in order for a shear

induced jump a free neighboring position must be available on the shear

plane. However, in most amorphous materials the size of the free

neighboring position is partially filled; hindering the migration of particles.

Due to viscosity being thermally activated process, and the random

oscillations of the atoms, there is a probability that a free position of critical

volume will become available of adequate size for site hopping to occur.

However the volume fluctuations for V are a random process. Formally the

theory is presented as a hard sphere model where the total volume is the

sum of the volume occupied by the atoms or spheres (J) and the

unoccupied or free volume (Vf) between the spheres, also given as:
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(2.18)

In regards to viscosity, if the free volume model is considered the necessity

for a volume of critical size to be present in order for hopping to occur is has

the empirical relationship:

(byi7=i70exp(__2
Vf

(2.19)

Equation (2.19) is known as the Doolittle equation, which has foundations as

an empirical relationship6'14'92. If a linear relationship for thermal expansion is

assumed the free volume of the liquid Vf is given as:

Vf =Va(T-7) (2.20)

Where V is the total volume of the glass, a is the difference in thermal

expansion coefficients between the liquid and the glass states, T is the

absolute temperature, and 1 is the temperature in absolute units at which

viscous flow is no longer possible. If the Equation (2.20) is input to the

Doolittle equation we get the following:

oexp[

b
(2.21)

Using the following simplification:

The viscosity then becomes:

D'=
by0

(2.22)
J'gLX

17=lloexPLJ (2.23)
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Which is the VFT relationship with D' as the fragility parameter. The

similarity to Geszti16 is made (as discussed in Section 0.3 above) in

connection to this free volume model for flow, where at some finite

temperature 7 the viscosity goes to infinity and viscous flow is no longer

possible.

An more recent alternative approach which addresses the presence of liquid-

like and solid-like cells is that of Grest and Cohen92. This model supposes

that there are liquid and solid like clusters distributed in the material. Where it

is considered that the is the volume of the cluster is given as V. If the

volume of the cluster is larger than a critical value V the cluster is said to be

liquid like, and if the volume of the cluster is less than the critical volume the

cluster is said to be solid like. Specifically:

V > V -* Liquid Like Cell
(2.24)V <V Solid Like Cell

Additionally an exchange of free volume occurs only between neighboring

liquid like cells.

The free volume for the percolation model is given as92:

11
V (2.25)' 2[

This percolation free volume equation an improvement over the previous

linear approximation as it incorporates the fact that as T 0 the free volume



also goes to zero, which the linear approximation does not predict.

Additionally, it has been pointed out that at high temperatures, as T -+ 00, the

free volume given in Equation (2.25) is proportional to (TT0). This

corresponds to a VFT relationship in viscosity at high temperatures.

2.1.3. Viscous Flow: Entropy Model
The previously mentioned models for viscosity consider the ability for an

atom to relax based of the volume the cell containing the atom. The

connection between the associated relaxation time with the thermodynamics

for the molecular kinetic theory was originally presented by Adam and

Gibbs93. The work of Adam and Gibbs uses statistical mechanical arguments

to quantify relaxation behavior, for viscosity this is given as:

(c
17=u)oexP__J (2.26)

where i is calculated as before, C is the effective free enthalpy barrier

associated with cooperative rearrangements, T is the temperature in

absolute units, and S, is the configurational entropy25'9395

The viscosity as given in Equation (2.26) represents the cooperative

relaxation of groups of atoms for a flow event to occur. As the temperature

decreases the so does the configurational entropy of the system. The

decrease in both temperature and configurational entropy, Equation (2.26)

predicts an increase in viscosity, and likewise relaxation time.



If the vibrational entropies of the between the liquid and the crystal are

neglected the approximate configurational entropy is given by the difference

entropies between the liquid and the solid, namely:

S = S
liquid

Scry..jtai (2.27)

For complex systems the entropies of both the liquid and the solid are

calculated base on the heat capacity C measured for each phase. The

relationship for the configurational entropy as a function of temperature and

specific heat capacity is given as:

AC1T
Sc(T)=ScTT + f

" 1dT (2.28)
T T

and noting that is the entropy of fusion and is the difference in

heat capacity given as:

(T) (T)c;" (T) (2.29)

It has been shown that if the heat change in heat capacity is inversely

proportional to temperature i.e. AC (r) oc the VFT relationship for the

viscosity given in (2.26) is realized95. However this relationship for the heat

capacity and the resulting viscosity underestimates the viscosity, and a VFT

relationship on the foundation of the Adam and Gibbs model from Equation

(2.26) is not adequate.
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To remedy this pitfall the following relationships for the heat capacity at

temperatures well above the Debye temperature have been developed11'13'15:

C1'(T)=3R+aT+bT2 (230)

C(T)=3R+cT+dT2 (2.31)

However it has been pointed out that these relationships shown in Equations

(2.30) and (2.31) do not account for a =0 at a finite temperature95. For a

0 results in a high temperature viscosity not equal to To

account fro this the following relationships for the heat capacity data have

been developed

crystal

C (T)=3R+aT+bT2 (2.32)

liquid crystal

C (T)=c +flT2+yT3 (2.33)

These relationships heat capacity, like the relationships in Equation (2.30)

and (2.31), have show to fit the measured data well, yet yield a finite high

temperature limit for the viscosity.

2.2. Rheological Behavior of Common Materials
The following is intended to give a perspective on the field of rheology. This

section it is not intended to be a complete survey of the field of rheology,

rather to give reference to different types of rheological behavior and some of

the available literature. Much of the data provided here is intended to be



92
compared to the findings for the BMG forming alloys described in this

manuscript.

2.2.1. Simple Liquids
Simple liquids are those which show predominately Newtonian response

over a wide range of shear rates. These are single exclusively single phase

fluids, however not necessarily single component. Typically these fluids are

modeled using Eyring model. The viscous behavior for these materials is

almost strictly limited to above the melting temperature as measurements in

the supercooled liquid are nearly impossible if not impossible due to their

fragilities. In comparison to amorphous materials these fluids typically have

very high critical cooling rates as indicated by their viscosities. Examp'es of

these types of fluids are water, light oils, alcohols, and pure metals to name a

few.

Simple liquids typically have high fluidity (inverse of viscosity) and are

measured using any number of the techniques described above. However

the predominant method described in literature for low temperature fluids is

the capillary technique. For molten metals however this technique is inferior

due to the large contact surface area between the melt and the walls of the

capillary. For molten metals other techniques have been successfully

implemented such as the oscillating crucible which in recent years has been

frequently used3'9698.
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2.2.2. Complex Liquids
The rheological behaviors of most materials of technological importance do

not behave as simple liquids; rather they show some type of non-Newtonian

behavior. Many of these materials are encountered in our everyday lives.

Such materials showing interesting rheological behaviors are many food

products, and polymers. Additionally, materials which are often considered

homogeneous are actually multi phase materials in suspension. For two

phases systems a solid suspended in liquid is called a dispersion, while a

liquid suspended in an immiscible liquid is called an emulsion. A typical

example of dispersion is a paint, while the typical example of an emulsion is

oil in water.

Many food products exhibit interesting rheological behaviors such as shear

thinning, viscoelasticity, and thixotropy. The behaviors are attributed to many

food products being made of combinations of materials which have different

flow responses. One such example of a food product which exhibits shear

tinning is the food additive xanthan gum, the shear response can be seen in

Figure 2-3. This response is typical for shear thinning materials and is fit

well to the Cross equation given as:

711700= (2.34)
o_

where i is the called the upper Newtonian region and i is called the lower

Newtonian region and are respectively the viscosities at infinite and zero
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shear rates. In complex rheological systems the observation of the upper

and lower Newtonian regions is common and associated with the destruction

of order. If the reformation of the broken structure is rapid the material will a

exhibit pseudoplastic or shear thinning response, however if structure

reformation is slow the material will tend to exhibit thixotropic behavior67

(f)JQ'
0
\,00

? 1O'
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,Q1
j3

Shear rate, /1

Figure 2-3: Typical shear thinning behavior for Xanthan gum. This solid line
represents a best fit line to the data using the Cross equation with values as follows:
i70=15 [Pa s] ,q=5 [mPa s], K10 [SI, and m0.80 Figure from Barnes4

Much of the theoretical and technological developments have been made in

the field of polymers. This is largely due to the need to characterize and

quantify the flow properties of the material for implementation. There are

volumes of data covering polymers of different molecular weights, chemical

compositions, and additives. Many of the "textbook" examples used to

describe particular rheological behaviors are taken from polymers455'78
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Polymers exhibit nearly the entire spectrum of rheological behaviors; form

purely Newtonian fluids to purely elastic solids.

Often time's materials such as polymers and other materials which exhibit

viscoelastic properties are measured using dynamic measurements. Most of

the measurements described in this manuscript are concerned with the

steady state response to deformation and flow. These measurements are

adequate for determining such properties as steady shear viscosity; however

this is only part of the picture. Dynamic measurements apply a time varying

input signal. The response to this input is measured as a function of time. If

the material is responding in a linear the response can be deconvolved into

the viscous component and the elastic component of the response. Linear,

as used here, is the linear combination of elements or superposition (as used

in the controls systems or signals and systems communities) not the

mathematical relationship for a line. If the response is linear the in phase

response to the input is proportional to the elastic component, as seen by the

stress-strain relationship for an elastic solid, while the out of phase

component is proportional to the viscous component as seen by the stress-

strain rate relationship for a viscous liquid. Further discussion of this topic is

outside the scope of the current research, however interested readers are

referred to Menard as an introduction to the subject69.



Common methods for dynamic measurement include three-point beam

bending, shear sandwich, parallel plate, cantilever beam, fiber elongation,

oscillating probe, and concentric cylinder55'72'99. As can be expected various

responses for dynamic tests are expected. The dynamic response of butter,

which is an emulsion of water in oil (>80% volume fraction milk fat) is shown

in Figure 2-4. The shear thinning behavior for a concentrated emulsion of

oil in water can be seen in Figure 2-5. Additionally, in Figure 2-6 the

dynamic response of the emulsion shown in Figure 2-5 can be seen for

various volume fractions. An example of the dynamic response of a typical

polymer can be seen in Figure 2-7.
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Figure 2-4: Dynamic oscillatory response for butter showing the storage modulus
and the dynamic viscosity as a function of shear rate. Behavior shows shear thinning
of the butter which is an emulsion. Figure from Steffe57.
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storage modulus for all volume fractions. Figure from Lee et al. 100
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Figure 2-7: Oscillatory response for silicone polymer otherwise known as the trade
name "silly putty". This data shows the transition form a liquid like material at low
shear rates to a solid like material at high shear rate. The transition occurs at
approximately 2 [rad/s], as can be seen by the intersection of the dynamic viscosity
and the storage modulus curves. Figure from Steffe57.

Due to the dramatic shear thinning seen in two phase liquid-solid materials

great care assuring measurements are performed above the liquidus

temperature are necessary. Other metallic systems, both pure metals and

alloys, within the two phase liquid-solid region show pronounced shear

thinning behavior and has been well documented101107. An example of this

shear thinning behavior can be seen in Figure 2-8. It is important to note

that a semisolid metal alloy is one type of dispersion, or solid and liquid. This

rheological response of the semi solid metals and semisolid alloys is

consistent with other two-phase systems (i.e. liquid-liquid and liquid-solid).



Much of the rheological data collected for the semisolid alloys was

measured using custom or partially custom concentric cylinder similar to the

machines described elsewhere in this manuscript.
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Figure 2-8: Viscosity of semisolid alloy (aluminum alloy A366) measured with a solid
volume fraction of 0.33. Note there is nearly three orders of magnitude reduction in
the viscosity indicating a high degree of shear thinning additionally thixotropic effects
can be seen at low shear rates. Figure from Brabazon1 6

2.3. Previous Rheological Measurements of Metallic Glasses

2.3.1. Below Liquidus Temperature
Because much of the current theory on glass formation is based on the

viscous properties of the material it seems appropriate that there has been

significant characterization of many types of materials across a broad

temperature range. For the metallic glass formers there has been extensive
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research into measuring the rheological properties of the materials below

the liquidus temperature. In fact, until advent of bulk metallic glass formers

the concentration of the viscous properties for metal glass formers was

concentrated below the glass transition temperature. Due to the extended

time to crystallization for the bulk formers measurements are now possible

within the supercooled liquid region.

As this manuscript focuses on the rheological properties above the liquidus

temperature a thorough review of the measurements and the techniques will

be made in the next section. However, for completeness a brief review of a

handful of the rheological measurements performed on metallic glass

formers is presented in Table 2-1 on the following page.



Table 2-1: Sample of rheological measurements performed on various metallic glasses
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1 1968 10A8l0Al2 277-333 297 Tension Static Au77Ge136Si94 Chen108

2 2000
1 0A31 0A1 I 0A71 0"1 2 443-503 653 Tension Static Zr65AI10N110Cu,5

lnoue109l0"-3-l0"-1 10"7-10"13 593-713 473 La55A120Ni25
3 1998 10A810t15 403-433 400 Three Pt. Beam Static Mg65Cu25Y10 Busch13
4 2000 10t710A14 Three Pt. Beam Static Cu47Ti34Zr11Ni8 Glade11°

5 1998
10It510A9

660-760 681 Parallel Plate Static Zr4675Ti825Cu75Ni10Be275 Busch11110A710A14 Three Pt. Beam
6 1998 10tt710A14 618-653 633 Three Pt. Beam Static Zr4,2Ti138Cu125Ni10Be225 Waniuk28
7 1995 10I\610A10 680-760 681 Parallel Plate Static Zr4675Ti825Cu75Ni10Be275 Bakke112
8 1998 10A610A11 537-580 568 Parallel Plate Static Pd40Ni40P20 Wilde'13
9 1995 10A610tt10

680-760 680 Parallel Plate Static Zr46.75Ti825Cu75Ni10Be275 Bakke'1410A910A13 Three Pt. Beam

102004 10A510t%9 576-660 576 Parallel Plate Static Pd43Ni-,0Cu27P20 Fan"510A1110Ft15 556-576 576 Three Pt. Beam
111999 10tt310A2 10A810A11 10I710A10460480 485 Tension Dynamic Pt60Ni15P25 Perera
121999 1 0A31 0'3 I 0A81 OA1 11 0"9-1 OAI 0565-590 580 Tension Dynamic Pd48Ni32P20 Perera"710A310A2 10A810I11 10A710I10460480 485 Pt60Ni15P25
13 2000 1 0A31 0A3 10A810t12 I 0A810A1 1 6 10-635 633 Tension Dynamic Zr42.1Ti129Cu11 .5Ni10.2Be23.3 Perera1'8
14 2003 10A41 0A3 10'i 0-1 0Al2 617-646 648 Compression Dynamic Zr41 .2Ti13.8Cu12.5Ni,0Be22.5 Wang'19
152003 10A110A2 10A310M g*loA3.o 583-603 578 Cantilever Dynamic Pd40Ni,0Cu30P20 Lee'2°
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2.3.2. Above Liquidus Temperature

Despite the relatively ample rheometric data below the liquidus temperature

the amount above the liquidus temperature is rather scarce. The difficulties

associated with high temperatures and purity of the melt makes

measurements difficult. Due to high atomic mobility impurities will quickly

change the chemical composition if the melt and can affect the measurement

technique as well by reacting with the capillary itself.

Due to the relative fluidity the viscosity of the early metallic glass formers

were measured using capillary techniques121 (reff Tsang). The capillary

technique is particularly suited for measuring materials with low viscosities,

however in order to assure laminar flow long (70-80 [mm]) small diameter

(0.15-0.2 [mm]) tubes are necessary3. Due to the large contact area between

the molten liquid and the capillary tube accurate and repeatable

measurements are difficult with molten metals3'121. Despite the difficulties

associated with using the capillary method for measuring metallic glasses it

has been employed for measuring Pd40Ni40P20121. Additionally the method

has been employed with reasonable success for the bulk metallic glass

former Vitreloy

Due to the relatively high viscosity for BMG formers and highly reactive

constituents at high temperatures the capillary method is not perfectly suited

for viscosity measurements of these materials. There have been a handful of
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techniques implemented successfully for measuring these high viscosity

metallic glasses; the techniques implemented include two variations on the

concentric cylinder, and three techniques based on drop oscillation..

The rotational techniques employed for measuring the viscosities include the

oscillating crucible and Couette (Searle). The oscillating crucible is measures

the logarithmic decay of a periodic oscillation. The decay is related to the

damping of the oscillatory motion, and thus the viscosity of the fluid.

Measurements of Fe68.5Si13.5B9Cu1Nb3C5 have been implemented using the

oscillating crucible method122. The six viscosity measurements were

performed in the range of 1373-1623 [K]. Using the Couette geometry the

viscous properties of Vitreloy 1 were characterized a Couette

viscometer36'123

In order to completely eliminate any interfacial contact between the molten

alloy and another surface several levitation methods have been

implemented. The levitation methods employed include electromagnetic,

electrostatic, and gas film. Each of these techniques perturbs a stable drop of

molten alloy, measurements of the drop shape are made as a function of

time. From the deformation behavior of the drop the viscous properties can

be calculated. For relatively fluid materials the damping of one of the

fundamental frequencies for the drop can be measured and the viscous

properties measured. For highly viscous materials the transient response of a
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drop relaxation can be measured from which the viscous properties can be

determined. Using these techniques the viscosities for Pd78Cu6Si16124 and

Cu47TiZr11Ni811° were measured in microgravity using electromagnetic

levitation, Zr76Ni24125 were demonstrated using electrostatic levitation, and

Pd40Ni10Cu30P20126 was measured using gas film levitation.

Though the levitation methods are beneficial at eliminating the source of

contamination due to the interlace the range in possible shear rates is

limited. All of the oscillating drop techniques are limited in the range of shear

rates by the sample geometry and relaxation behavior. Of all of the

measurement techniques currently implemented for the molten alloy only the

capillary method and the Couette method are capable of applying varying

shear rates. For investigation of the shear thinning behavior for highly

viscous fluids at high temperatures the Couette method seams a logical

choice.

3. Machine Design

3.1. Overview
A high vacuum high temperature rheometer was designed, fabricated, and

tested for the study of viscous properties bulk metallic glass forming alloys.

As designed this rheometer has been tested and calibrated for the following

specifications: maximum temperature -1525 [K], minimum absolute pressure

<106 [mbar], minimum and maximum rotational frequency of 9.424*103 and

3.769*101 [radians/s] respectively, minimum and maximum steady shear rate
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viscosities of 9.6*10-3 and 1.188*102 [pa*s] respectively. A schematic

diagram of the viscometer can be viewed in Figure 3-1. The specific details

of the machine are as follows.

Induction II I

MotionPower ControlSupply

rm _____Argon L_..
iemperatur DAQ PCBoardVacuum
TorquePump

Figure 3-1: Schematic diagram of High Temperature High Vacuum Viscometer

3.2. Inert Environment

The most restricting requirement for the design of the viscometer is the test

atmosphere. At the high temperatures associated with the liquidus

temperature, bulk metallic glass forming alloys are highly susceptible to

oxidation. Previous researchers have shown that the glass forming ability of

an alloy significantly decreases with increasing oxygen content127

Additionally, foreign particles could act as a potential nucleation sites for
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crystallization. Both oxidation and premature crystallization will significantly

reduce the glass forming ability of the melt changing the rheometric

properties.

There are three steps used to ensure an appropriate test atmosphere: high

vacuum environment, back filling with high purity Argon, and material

gettering. Each of these methods for assuring proper test environment are

described in the following sections. Additionally, later in this manuscript

details regarding the cleanliness of the crucible and the crucible will be

discussed in Sections 3.6 and 4.2 below.

3.2.1. Vacuum Environment
The test setup consists of one a cylindrical chamber of approximately 40 [II

which contains the torque sensor and other mechanical and electrical

connections. This chamber has several ports for electrical connections to

ambient air, connection for the high purity argon, connection to the vacuum

pump, and connection to the test chamber by way of a quartz tube. The test

chamber contains the shear cell and the rotational connections to the

ambient air. The KF-40 flange style for high the vacuum components and

fittings was chosen for all components. Although this flange style has a

higher leak rate over other flange types (such as Con-Flat) it is easer to use

and more flexible for future changes and upgrades. Many of the components

used to build this portion of the test apparatus are off the shelf components

available from companies such as MDC, or LDS Vacuum Products, or Varian
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Vacuum Products. The quartz was acquired from Technical Glass Products,

and is manufactured by GE Quartz. This quartz was chosen for its strength at

high temperatures as well as its high Infra Red transmittance128. The

additional IR transmittance aids in cooling the sample and assembly at high

temperatures.

Connected at the top of the quartz tube is a two degree of freedom linear

manipulator. This manipulator allows the investigator to close the test system

using one of the degrees of freedom, while the second degree of freedom is

used to move the shear cell into position once the operating temperature is

achieved. A virtual rendering of the two degree of freedom linear manipulator

can be seen in Figure 3-2.

The two circular handles are used for manipulating each of the degrees of

freedom. The top handle moves the stepper motor, rotational feedthrough,

and the bellows. The bob is connected to the shaft of the rotational

feedthrough on the vacuum side if the chamber, in turn the rotational

feedthrough is connected to the stepper motor at atmosphere. To close the

system for operation the test chamber is closed using the bottom handle.

Once operating temperature is achieved the top handle is used to position

the shear cell into operating position. A digital readout by Mitutoyo (Model

700-113) is used to measure the position.
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To facilitate the movement of the second degree of freedom while under high

vacuum, a highly flexible bellows was acquired from Standard Bellows

Company, this allowed for a maximum lineal travel of 12 [in]129. Connecting

the bellows to ambient air is a ferrofluid rotational feedthrough acquired from

Ferrotec Corporation. This rotational feedthrough allowed us to place the

motor and the control hardware outside of the clean vacuum environment.

The rotational feedthrough acquired is capable of a maximum rotational

speed of 10000 [rev/mm] and ultimate pressure of <i0 [mbar]129.
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[mbar]. These vacuum pumps were paired with a digital controller with a

display. This configuration is sold from Pfeiffer Vacuum as a Turbo Cube

TSU 521130.

3.2.2. Argon Backfilling
In order to assure that a minimum of contaminates and oxygen is present in

the vicinity of the molten metal the use of high purity argon is used.

Specifically ultra high purity grade 5.0 pure (99.999%) argon was used as a

back filling gas. The residual percentage of oxygen and water is each < 1

[ppmJ13'. By repeatedly displacing the ambient air, which contains

approximately 20% oxygen, with high purity argon the residual oxygen

contained in test atmosphere is reduced. By minimizing the amount of

oxygen, the chance of oxidization is significantly reduced, especially at

temperatures where atomic mobility is high.

An initial vacuum is pulled on the entire chamber by means of the roughing

pump to an absolute pressure of approximately 2 [mbarj. Then the chamber

is closed to the vacuum and filled using high purity argon to a relative

pressure of approximately 350 [mbar]. Then the charge of argon present in

the system is purged by again pumping via the roughing pump to an absolute

pressure of approximately 2 [mbarj. This process is typically repeated 3-4

times, followed by immediately pumping the entire system to high vacuum of

an absolute pressure < 10 [mbar].
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3.2.3. Gettering
In order to further reduce the amount of oxygen present the use of gettering

was implemented. All of the components in the immediate vicinity of the

shear cell were fabricated out of high purity, 99.99%, titanium available form

Alpha Asar132. At high temperatures the rate of titanium oxidation is

dramatically increased. Upon oxidation the titanium oxide that forms is very

stable both chemically and mechanically. Some of components fabricated

from the high purity titanium are the shear cell fixtures seen in Figure 3-5,

these components were chosen for the high temperatures achieved during

operation, and the proximity to the molten alloy. The titanium components

are replaced at regular intervals to ensure adequate gettering functionality.

3.3. Induction Heating

The heat input for the viscometer is provided by a radio frequency induction

power supply. This power supply is capable of 15 kW maximum output at

200 [kHz]. The radio frequency induction power supply used is a model LSS-

15 manufactured by Lepel133. The operating principle of the induction power

supply is similar to a transformer in electronics. The power supply is

connected to a coil (the primary coil in a transformer) and an alternating

current is applied. This coil has a total of seven turns with a diameter of

approximately 7.5 [cm] and an overall length of 10 [cm] and is made from

malleable copper tubing. As the current alternates in the coil a corresponding

alternating magnetic field is produced. The highest flux density of the

magnetic field is at the axial center of the coil. If an electrically conductive
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material is placed within the coil an induced electric field forms. In turn this

induced electric field induces a current within the material. This is similar to

the secondary coil in a transformer. From this induced current, the material is

heated by 12R resistive heating. In our experimental setup the coil was

placed coaxially with the quartz tube containing the shear cell. Using the

induction power supply, the copper coil allows for heating the sample to very

high temperatures without sacrificing the integrity of the sample environment.

The size of the induction power supply was chosen for maximum flexibility for

both current and future experiments. For the rheometric measurements

reported here approximately 10% of the maximum output for the machine

was used to heat the sample and shear cell. Currently other uses for the

induction power supply include alloy preparation and material processing.

Bulk metallic glass forming alloys are prepared by melting in a copper boat

heated by the induction furnace, material processing is performed using a

custom designed injection molting machine4849. The output of the machine

has shown to be appropriate for all current uses and should prove to be

acceptable for future investigations.

In order to keep the induction power supply and copper coil cool forced water

was necessary. An F-Series industrial chiller was acquired from Affinity

Industries. The chiller was sized to in conjunction with the induction power

supply, the chiller has a maximum cooling capacity of 13 [kW]1. The chiller
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is designed to keep the process cooling water at a temperature between 70

80 [F] by use of a PID controller. If the temperature goes beyond this range

an alarm is sounded and the operator can safely shut the equipment down

before irreversible damage from overheating occurs.

3.4. Physical Design

All of the vacuum components, the two degree of freedom linear manipulator,

and the cylindrical chamber were attached to rigid structure made of welded

structural steel beams. The cylindrical chamber was connected to the rigid

structure by means of a gimbal. This gimbal is capable of being manipulated

with four degrees of freedom (2 linear, 2 rotational). The gimbal allows for

accurate positioning of the shear cell. Due to the small gap between the cup

and cone accurately positioning of the shear cell is critical to assure accurate

measurements. The entire structure was rigidly attached to both the floor and

the wall using 3/8 [in] concrete anchors, this insured rigidity of the apparatus

and preservation of alignment. The entire system including vacuum chamber,

induction power supply, vacuum pump, and mounting column can be seen in

Figure 3-3.
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Figure 3-3: Complete high temperature high vacuum rheometer. On the left most
portion of the photograph the induction furnace and chiller can be seen. Attached to
the induction cylinder is the heating coil surrounding the shear cell. Just atop the
exposed copper heating coil, the inner cylinder of the shear cell can be seen. Below
the shear cell is the main vacuum chamber containing the torque transducer and
many of the vacuum components. The chamber is attached to the main column via
the gimbal. Higher on the column is the two degree of freedom linear manipulator
housing the bellows, rotational feedthrough, and stepper motor. in the lower right
corner of the photograph is the turbo molecular vacuum pump. The gas cylinder
behind the turbo pump is the high purity argon used for back filling.



115

3.5. Instrumentation/DA Q
An off the shelf personal computer was used for the data acquisition and

control. To facilitate the data acquisition and control two boards were added

to the PCI buss of the computerone board a high speed multi function data

acquisition card, while the other is a two axis high speed stepper motor

controller. Additionally, to facilitate data acquisition and control custom

designed software was created and loaded onto the computerthis software

was coded using LabView.

3.5.1. Instrumentation Hardware

3.5.1.1. DAQ Board
The multi function data acquisition card used is manufactured by National

Instruments model 6052-E. This card resides on the PCI buss and has 8

digital lines configurable for input or output, 2 analog outputs, and 16 analog

inputs. Additionally, the 6052-E is capable of 333 [kSIs] with 16 bit analog to

digital conversion135. Connected to the data acquisition board are two module

based backplanes. One of the backplanes is based on the Solid State Relay

(SSR) modules available from Grayhill, Inc. The SSR backplane is for

connecting the digital input and output signals. The other backplane is based

on the 5B modules available from Analog Devices. The 5B backplane is for

connecting the analog input and output signals.

3.5. 1. 1. 1. Digital I/O
The SSR modules provide isolation for the digital signals between the

computer and the control environment. Additionally, the SSR modules are
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capable of both sensing and controlling AC and DC voltages that would be

too high for the 6052-E. Connected to the SSR backplane are the digital

inputs and outputs necessary for controlling the induction power supply.

3.5.1.1.2. Analog I/O
Connected to the 5B backplane are modules for controlling the power output

to the induction power supply as well as several inputs for temperature,

voltage, and strain gage measurement. The 5B input modules have a low

pass filter for signal conditioning, while the output modules provides an

isolated signal output135

The temperature measurement was conducted using the 5B-37-K-02 module

from Analog devices. This module contains a low pass filter for signal

conditioning, cold junction compensation, and amplification for a type K

thermocouple. The output of the module is 0-5 [V}. With a custom designed

software using LabView and Matlab linearization is performed based on the

transfer function of the module136"37. Ungrounded type K thermocouples with

lnconel sheathing used were acquired (Omega Engineering, model SCAIN-

020U-34-SHX138). The thermocouples used were calibrated at several

operating points as described in Section 3.8.2.

The torque measurement was conducted using full bridge strain gage

module (5B-38-05) form Analog Devices. This module provides a low pass

filter for signal conditioning in addition a constant excitation voltage of 10 [V]
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is provided139. The torque sensor used for signal generation is a Lebow

Products, model 2127-10. This torque sensor has a rated capacity of 10

[oz*inj or 7.06*102 [N*mJ. The torque sensor used is temperature

compensated to assure thermal effects are minimized when using strain

gage measurement. The full bridge strain gage module conditions and

amplifies the signal to and output of -5 [V] to 5EV]139. The torque sensor was

calibrated across the entire operational range as described in 3.8.1 below.

3.5.1.2. Motion Control

The input speed control of the rheometer was composed of three hardware

components: high speed stepper motor controller, stepper motor amplifier,

and the stepper motor itself. A stepper motor based system was chosen for

its low cost, ease of control, and ease of implementation. Though stepper

motors have inherently low torques at high rotational frequencies the

magnitude of the applied torque from the sheared liquid is also small.

The high speed stepper motor controller is from National Instruments model,

PCI-7314. This motion controller is capable of producing trapezoidal motion

profiles with a maximum step frequency of 750*103 [steps/s] on four

independent axis140. The PCI-7314 is connected to a stepper motor amplifier

which increases the voltage and current appropriate for driving the stepper

motor. The stepper motor amplifier used is also available from National

Instruments as the MID-7602. This stepper motor amplifier is capable of



driving a bipolar stepper motor at 24[V] DC from 0.2 to I .4[A] peak current

per phase with a maximum microstepping factor of 256 times141

The final component in the stepper motor system is the stepper motor itself

this was acquired form Oriental Motor (model PK264-01 B). The motor

chosen has a useful of a no load speed of approximately 37.68 [radians/s]

and a maximum torque of 55[oz*in] or 3.88*IO[N*m1l42. From experimental

observation, it was determined that the operational range for the stepper

motor was approximately 300 to 12000 [steps/sI this output step frequency

correlates to an approximate rotational frequency of .9424 37.69 [rad/s]. At

high step rates (> -13000 [steps/si) the rotating motor cannot keep up with

the rotating electric field of the motor, and the motor slips. This characteristic

drop in the torque curve is typical and is an inherent liability to the using the

stepper motor. At low rotational frequencies (< -250 [steps/si) the modulation

of the stepper motor is not fast enough for the inertia of the system to be

ignored (i.e. the presence of the rapid starting and stopping of the stepper

motor can be seen when measuring the viscosity). To facilitate additional

dynamic range a high quality 100:1 planetary gearhead was used for low

shear rate experiments. This gear reducer is available from Danaher Motion

(formally Micron) as model number NT23-100 with a maximum backlash of

13 [arc mm] 143
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3.5.1.3. Mobile Data Acquisition and Control Station

As designed the data acquisition and control system was created for

maximum flexibility, future upgradeability, and robustness. In order to

facilitate these design requirements the entire system was placed with in a

mobile unit acquired from Middle Atlantic Products, Inc., and connections to

the test apparatus were made via various panel mount connections. The

entire mobile data acquisition system including the front panel disconnects

can be seen in Figure 3-4. The mobile unit acquired, model number PTRK-

14, is a 19 [in] rack mount cart with 14 spaces available capable of holding

over 500 [lbs}1. Having the entire system in a contained mobile unit with

modular wiring made it possible to quickly move the entire set up from one

experiment to another with out having to disconnect the sensitive electronic

components.



120

Figure 3-4: Mobile data acquisition system designed and built for measurement and
control for the high temperature high vacuum rheometer.

3.6. Shear Cell

It was decided not to heat the metallic alloy directly using the RF induction

furnacerather heat the shear cell containing the metallic alloy. This posed

some additional constraints on the selection of an appropriate material for the

shear cell. The shear cell material must encompass the following:

. Electrically conductive for coupling with the induction furnace.
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Relatively poor electrical conductivity for good resistive heating.

. Good thermal conductivity to minimize temperature gradients across

the shear cell.

. Good mechanical strength and stability at high temperatures.

High purity to assure the integrity of the composition as the diffusion

rates at high temperatures increase and diffusion of trace

contaminates into the melt can change to composition.

. Poor affinity with the material to be measured to assure consistent

melt properties (i.e. so the composition of the material under

investigation will not change over the duration of the experiment).

. Good wetting between the shear cell and the material under

investigation

Due to the requirements listed above high purity carbon was chosen as a

material for the shear cell. The carbon chosen is type DPF-1 avaliable

commercially from Graphite, Inc. The DFP-1 has an electrical conductivity of

1500 [p0cm], thermal conductivity of 95 ['IVImK], an average particle size of

<4 [pm], and is better then 99.99997% pure145. Previous experiments have

shown that keeping molten Vitreloy I in contact at elevated temperatures for

extended periods of time does not appreciably change the composition of the

melt41'146. Additionally, it was found that the addition of small amounts of C in

the melt actually increases the glass forming ability, however with the
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additional C the room temperature mechanical properties are adversely

affected147

Once the raw carbon was acquired the shear cell consisting of two

components, the cup and the cone, were fabricated to tolerances of better

than ±.0005 [in] (0.0127 [mm]) for all critical dimensions. A photograph of a

typical shear cell for measuring the high temperature rheometric properties of

bulk metallic glass forming alloys can be seen in Figure 3-5. The diameters

of the cup and cone are 28.57 [mm] and 22.22 [mm] respectively.

Prior to performing a test the crucibles are heated to approximately 1475 K

for a minimum of one hour under high vacuum. This process helps to ensure

a high purity environment for the molten alloy . As described elsewhere in

this manuscript, all of the physical connections to the shear cell are

fabricated from titanium. When the titanium and carbon are heated any

residual oxygen is reacted with the titanium to form titanium oxide, and the

carbon to form carbon dioxide. The titanium oxide traps or getters the

oxygen, while the carbon dioxide is removed from the test atmosphere via

the vacuum pump. The selection of these materials assures an oxygen free

atmosphere for the molten alloy.

If materials to be tested are reactive with carbon a protective sleeve could be

used to act as diffusion barrier between the melt and the alloy. Possible
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sleeve materials are boron nitride or aluminum oxide. Additionally, the entire

shear cell could be manufactured from a very high melting temperature metal

such as tantalum or tungsten; however this technique would be cost

prohibitive.
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Figure 3-5: Photograph of shear cell, a) Titanium shear cell fixtures. b) Carbon inner
cylinder or bob. c) Carbon outer cylinder or cup. d) Stainless steel fixing pin.

3.7. Program Design
A custom made data acquisition and control program was created to facilitate

the collection and processing of rheometric data. The program was
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developed using the graphical programming language LabView available

from National Instruments, Inc. In order to increase the dynamic throughput

of data, two programs were developed; one program for rapidly acquiring

data and one program for post processing the acquired data.

The need to create two programs stems from the overhead associated with

acquiring motion data from the motion control card, and measurement data

from the DAQ card. These two particular cards are not capable of

synchronization using an additional buss architecture such as National

Instruments RTSI buss, so hardware triggering between the cards cannot be

performed to increase data collection performance. The DAQ card is well

suited for rapid collection of data; however the motion control card stores the

current motion settings in a register which must be read at each iteration of

the software. In order to calculate a correlated shear rate and shear stress

these values must be measured simultaneously. This implies that hardware

triggering between the two cards is not possible and must be handled in

software significantly reducing the dynamic rage of the data acquisition.

The main control program saves the data directly to the hard drive with an

approximate sampling frequency of 250 [samples/s]. Once the data is

collected the operator can post-process the data to interrogate the needed

rheological information.
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3.8. Calibration

Due to the inherently high temperatures of melting metal alloys and the

relatively small torques produced with in the rheometer, calibration is

necessary for evaluating the machine performance as well as proper

measurement reporting strategies.

The rheometer has been calibrated for torque, temperature, and viscosity.

Each of these calibration procedures are outlined in the following sections. It

is important to have quantitative values for the inherent errors associated

with the calibration and the calibration procedures before moving on to

uncertainty analysis in Section 3.9.

3.8.1. Torque
The torque calibration procedure is performed by placing accurate weights at

on a lever of known distance. A high precision mass balance made by

Sartorius was used to determine the actual weight; this balance has a range

of 0-bOg and measures to the milligram with an 4 digit output, the scale was

last calibrated in 1999 but it is assumed that the device has stayed within

calibration limits (this has shown to be an accurate assumption due to

observation with using several different sets of precision masses). The error

of the mass balance is quoted to be ±.1 [mg]. The lever arm used for the

torque calibration was manufactured in house using 6061 aluminum; the

fulcrums of the lever were made with press fit high accuracy dowel pins. The

lever arm distance is 3.000 ±.0005 [in]. Once fabricated and assembled the
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entire assembly was balanced and adjusted as necessary. The components

used for the torque calibration can be seen prior to assembly in Figure 3-6.

At the heart of the rheometer is the reaction torque sensor labeled (c) in this

figure.

Figure 3-6: Components used for torque sensor calibration, a) Cable for connection
to DAQ board, b) Machinists 900 angle plate, c) Lebow 2127-10 torque sensor, d) Lever
arm, e) Weights of known value

The calibration was performed by first removing the torque sensor from the

rheometer and securely clamping the sensor onto a machinist's 900 angle

plate so the rotational axis of the torque sensor is horizontal. The entire

assembly was then placed on a solid work surface and the lever arm was

securely attached to the torque sensor. The lever arm was adjusted to
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horizontal using a small bubble level. The torque sensor was then plugged

into the data acquisition system for a minimum period of six hours, this time

allows the temperature of the torque sensor to reach equilibrium due to the

inherent temperature rise due to the 12R resistive heating from the strain

gauges. This heating behavior can be seen as the change in voltage during

in the first few hours of measured response to a constant torque as seen in

Figure 3-7. This data was collected by turning the power to the torque

sensor on at t =0 with a constant torque applied. The resistive heating can

be seen in Figure 3-7 as the initial asymptotic response.
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Figure 3-7: Measured torque sensor drift over a period of approximately 1.5 days.
Much of the drift can be associated with temperature variations and mechanical noise.
The mechanical noise is apparent in the sharp increase in voltage at approximately 16
hours, this time correlates to 5:00 pm when the building air conditioning system turns
off in the room next door.

The calibration data was collected by placing the weights on the lever

described above and noting the mass placed on the lever and the resultant

voltage. This method was repeated for several masses with both positive and

negative applied torques. A corresponding plot of the applied torque to the

output voltage was created, a linear curve was fit to this plot. Both the

acquired data and linear curve fit can be seen can be seen in Figure 3-8.
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Calibration Curve for Lebow 10 [ozln] Torque Sensor

y = 7.36E-03x + 4.04E-04
Voltage rmV] R2 = 1 .00E+00

.0

Figure 3-8: Calibration curve for the 10 [oz in] Lebow torque sensor used for the
rheological measurements reported in this manuscript. Note: the equation for the best
fit linear line is reported in the right hand portion of this figure.

Recently the torque sensor was recalibrated using the methods described

above. The results of performing the two calibrations are summarized in

Table 3-1. In comparison of the two calibrations one can see that a

significant change has not occurred, signifying no permanent damage to the

sensor, and only slight differences in the calibration curves.

Table 3-1: Linear torque sensor calibration equations. Where M is the calculated
torque and x is the measured voltage in [my]

Calibration Calibration Equation Calibration Date

I M=7.36*103*x+ 4.04*101 [Nm] June25, 2003

2 M=7.33*103*x+2.09*10 [Nm] April 19, 2004
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In looking at figure Figure 3-7 it can be seen that there is a relatively

significant amount of drift in the measured voltage with time. The drift of the

torque sensor was estimated to be 50 [p V/day]. There was concern that this

fluctuation would decrease the repeatability of the measurements, so

additional calibrations were performed over extended periods. The torque

sensor calibration was repeated 9 times over a period of 36 [hr]. The

maximum zero shift of the sensor was observed to be 5.04*104 [mV} over

the 36 hours, while the shift associated with an applied mass of 51.86 [g] (±

3.88*102 [N*ml) was noted to be approximately 2 [liv] over the length of the

test. These slight drifts are possibly attributed to a change in ambient

temperatures or fluctuations in building vibrations caused by HVAC

equipment (as noted and seen in Figure 3-7). Seen in Figure 3-9. is a

compilation of a series of calibration tests which were performed over a 36

[hr] time period. This was done to check the sensitivity of the calibration

curve with time and the zero drift repeatability for a simulated test scenario.

Figure 3-9 shows excellent agreement to the calibration curve as noted by

the best fit linear line depicted in the corner of the figure.
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Average Torque Calibration Curve for Repeated Load Cycles:
9 Test Points over a duration of 36 [hr]

-4.00 -2.00 0.00 2.00 4.00 6.00

Measured Voltage Cmvi Y = 735EO3x + 8.14 E07

= 1 OQE+OO

Figure 3-9: Combination of many torque sensor calibrations performed over an
extended period of time. Note x-error bars shown, and the equation for the best fit
liner line is shown in the lower right hand corner of the figure.

3.8.2. Temperature
The temperature calibration was performed in two different regimes: room

temperature and high temperature. The room temperature calibrations were

performed using a highly accurate resistive thermal device (RTD), while the

high temperature calibrations were performed using the freezing

temperatures of high purity metals. The room temperature calibrations were

performed to facilitate the viscosity calibrations which must be performed at

25 [C]148. The viscosity standards used are silicone fluids. The viscosities of

the standards are highly temperature dependent so accurate temperature

measurement near the operating point for the viscosity calibration standards

is necessary. Additional information regarding the viscosity calibration
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standards will be discussed later in this manuscript. The high temperature

calibrations were performed to insure accurate reporting of the temperatures

associated with the molten alloys. Prior to performing both the high

temperature and room temperature calibrations additional steps were needed

to ensure accurate measurements.

3.8.2.1. Temperature: Measured Voltage to Temperature
Due to the slight incompatibilities between the temperature measurement

hardware and the programming software custom lookup tables were

necessary. The slight incompatibilities were a result of using the Analog

Devices 5B-37-K-02 module type K thermocouple module. The 5B based

modules are very robust, however this particular module has a non-linear

relationship between the measured temperature and the voltage. The 5B-37-

K-02 module measures the Seebeck voltage across the thermocouple and

performs cold junction compensation by means of a laser trimmed RTD. The

5B-37-K-02 module then performs signal conditioning using a low pass filter,

then outputs a 0-5 [VI output to the DAQ board. The mathematical

relationship for the voltage output of the 5B-37 is given as:

'5B37O' -v '*c' (3.1)
- Seebeck Zero / U

where eek is the measured Seebeck voltage given in [mV] at the module,

VZero and G are constants given by Analog Devices for the specific type of

module used (i.e. Type K in our situation). with units of [my] and

[V/mV]136'137'139. For the 5B-37-K-02 module the transfer function is given as:
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"B-37-K-O2 "Seebeck +3.553)*O.086688 [V] (3.2)

For a type K thermocouple the useable temperature span is from -200

1372 [C]. In addition to Equation (3.2), the mathematical relationship for the

temperature as a function of the measured Seebeck voltage as follows149:

Tmeureci = C0 + CjCk + C2Ck + C3J'ebeCk + C4beCk +...

(3.3)
Seebeck + 6 Seebeck + 7 Seebeck + 8 Seebeck + C9 Seebeck

The coefficients for this equation are given in Table 3-2.

Table 3-2: Coefficients for a type K thermocouple for determining the temperature
based on the measured Seebeck voltage (in liv). The usable range for these
coefficients are also shown and the associated error. Table from Omega
Engineering149.

Temperature -200 0 500
Range. to to tooc 500°C 1,372°C

Voltage -5891 0 20,644
Range. to

0 V
to

20,644 iV
to

54,886 tV
c0 0.0000000.... 0.000000.... -1.318058x 102

= 2.517 3462 x 10-2 2.508 355 x i0- 4.830 222 x 10-2
c2= -1.1662878x10 7.860106x10-8 -1.646031x106
c3= -1.0833638 x 10-s -2.503 131 x 10-10 5.464 731 x 10-11
c4= -8.977 354 Ox 10-13 8.315 270 x 10-14 -9.650 715 x 10-16

c= -3.7342377 x 10-16 -1.228 034 x 10-17 8.802 193 x 10-21

c6= -8.663264 3x 10-20 9.804036x 10-22 -3.110810x 10-26

c7 -1.0450598x 10-23 -4.413030x 10-26

c8= -5.1920577 x 10-28 1.057 734 x i0-°
cc -1.052 755 X 10

Error 0.04°C 0.04°C 0.06°C
Range: to to to

-0.02°C -0.05°c -0.05°C

Combining Equations (3.2), (3.3), and the coefficients in Table 3-2 one can

calculate the temperature at the thermocouple junction based on the

measured voltage VB37K2 as measured by the DAQ board, the resulting

conversion curve can be seen in Figure 3-10.
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Conversion Curve for Type-K thermocopuple using Analog Devices 5B37 Signal conditioning unit
1400
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E
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- Conversion Curve
ITS-1990 Standard Curve
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Measured Voltage [Vi, (VDAQ)

Figure 3lO: Conversion curve used for determining the temperature of a type K
thermocouple using 5B-37-K-02 temperature module for Analog Devices. Shown in
green is are the look up table points used in measurement and automation explorer,
while the blue line is the accepted standard defining the international temperature
scale of 1990 (ITS-90).

One method for determining the temperature based on the measured

VB37K2 is to programmatically calculate the temperature for each data point

from within the control software. Due to the piecewise nature of the

temperature calculation and the high order polynomial, the computational

overhead this places on the computer is significant and dramatically

decreases the dynamic range for the acquisition program.
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An alternative to this is to implement the calculations at a higher software

level on the computer. Typically this method is implemented from within

Measurement and Automation eXplorer (MAX) available from National

Instruments. MAX is particularly suited for performing simple calculations

such as linear or low order polynomials. However, the added overhead of the

high order polynomials still decreased throughput of the system.

To remedy the low dynamic range associated with performing a complicated

high order polynomial calculation for each data point, a lookup table was

created and stored in software for rapid conversion. This technique is not

new, however due to the range of the thermocouple (-200 1374 [C]) in

order to have adequate resolution and accuracy the number of table entries

necessary added extra burden on the system. Relying on the inherent linear

interpolation of the table lookup method in MAX the number of data points

was minimized to approximately 1100 with a total memory allocation of

approximately 9.3 [kbytes]. In order to assure the lookup table would not

affect the accuracy, the temperature difference between the lookup table and

the accepted standard was calculated (i.e. Tble 7TS9o). The resultant error

as a function of the measured voltage at the DAQ board can be seen in

Figure 3-11.
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Figure 3-11: Inherent error associated with using a table lookup as compared to the
actual international temperature scale of 1990. The spike in the center is associated
with the piecewise nature of the ITS-90 scale and occurs at 500 [C] with a temperature
difference of 0.0151 [C]. From this curve it can be seen that for most measurements
the reported error associated with the look up table is less than 0.001 [C], however it
is assumed that this is the global error associated with using the lookup table.

3.8.2.2. Temperature Calibration: Room Temperature
The room temperature calibrations were performed using a circulation water

bath with independent temperature control, and a high accuracy Resistive

Thermal Device (RTD). The RTD and the readout used are available from

Omega Engineering (part #s CAL-3 and HH42) and has calibration records

traceable to National Institute of Standards and Technology (NIST). The RTD

used was calibrated by Omega Engineering (Omega certificate of calibration

# R031727) on Aug 28, 2003. The water bath used was model Waterbath-
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7320 made by Hart Scientific. The room temperature calibration data was

performed from 19.5 [C] 29.5 [C].

Figure 3-12: Water circulation bath used for the room temperature calibration. This
water bath has a dedicated temperature controller, the thermocouple under test and
the high accuracy RTD are placed inside the water in close proximity. The
temperature of the water bath was varied over several degrees and the resultant
temperatures of the thermocouple under test and RDT were noted.
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Figure 3-13: High accuracy RTD available from Omega Engineering used for the
calibration of the thermocouple near room temperature.

3.8.23. Temperature Calibration: High Temperature
The high temperature calibrations were performed using the freezing

temperatures of pure metals. Three high temperature thermometric fixed

points were used for the high temperature calibration. The three fixed points

used were the melting temperatures of Al, Ag, and Cu.

The high temperature calibration was performed using 99.99 99.999% pure

elements of Al, Ag, and Cu. The sample of metal was loaded into the shear

cell and placed into a modified shear cell inside the rheometer and high

vacuum was applied <i05 [mbar]. The temperature was increased to just

above the liquidus temperature for the metal. The melting temperatures are

933.47 [K], 1234.93 [K], and 1357.77 [K] for Al, Ag, and Cu respectively.

Once the entire sample was molten slow cooling was performed <1 [K/mm].

At this slow cooling rate a slight under cooling is possible; upon
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crystallization one witnesses a slight increase in temperature due to the

released heat of fusion. This process was repeated several times for each

element (i.e. Al, Ag, Cu). One such freeze melt cycle can be seen in Figure

3-14, note the significant change in slope at the melting temperature. On

this plot the actual and the measure melting temperatures are shown for

comparison. The melting points for these elements (Al, Ag, and Cu) actually

define part of the International Temperature Scale of 1990 (ITS-90)15°

Additionally, the specified method and apparatus for the determining ITS-90

scale is similar to the setup (combination of carbon crucibles and high

vacuum) used for the high temperature calibration for the current

measurements151'152
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Figure 3-14: Example curve from measuring the melting and freezing point of pure
Al. The red line represents the measured melting temperature this was determined
from the change in slope on cooling and heating.

Using both the room temperature and high temperature calibration data a

master calibration curve was made, this curve can be seen in Figure 3-15.

As noted on this figure, the maxim error in the temperature measurements is

approximated to be ±0.5 [C], and this occurring at the high temperatures. The

error associated with the low temperature calibration is much less than that

reported. However, since most of the temperature reporting will be at

elevated temperatures, the error associated with the high temperature

calibration will be used. If the high temperature calibrations were performed

in exact accordance to the standard the expected error in temperature is on

the order of ±0.003 [C] is expected151'152. The most likely causes of error is
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operator error and failure to adhere exactly to the prescribed standard

(material purity, test apparatus, cooling rate too high, etc). However

differences in the standardized calibration apparatus and purity of calibration

samples could also result in additional error151'152.
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Figure 3-15: Master calibration curve showing the liner equation for the relationship
of the measured temperature and the actual temperature. Note the error bars are
shown with a maxim error of approximately ±0.5 [C] (occurring at the high
temperatures).

3.8.3. Viscosity Calibration
Viscosity calibrations were performed by placing fluids of known viscosity into

the shear cell and measuring the torque at different rotational frequencies.

For all calibrations performed great care was taken to insure Newtonian

behavior of the standard over the range of input frequencies. The calibration
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shear cell was fabricated with from the same material (POCO DFP-1) and

geometry as the shear cells used for molten alloy metal data collection. This

is necessary to insure that no artifacts of the geometry or the material are

propagated to a final result.

To calibrate the torque sensor and the viscometer samples of known

viscosity were acquired. Initially research grade glycerol was used followed

by silicone based fluids. Following is a discussion of the viscosity calibrations

performed.

3.8.3.1. Glycerol

Initially viscosity calibrations were attempted using laboratory grade glycerol

(C3H5(OH)3). For a simple fluid glycerol has a relatively high viscosity. A pure

solution of glycerol at 25 [C} has a viscosity of approximately 1 [Pa*s]'153. This

value for viscosity is on the order of what one would expect for a molten bulk

metallic glass near the liquidus temperature3689'123, making it good candidate

for calibration.

The glycerol used for the calibration was manufactured by Mallinckrodt;

several measurements were performed using this material. A volume of

glycerol was measured using a pipette and placed into the shear cell, follwed

by repeated shearing. However, there seemed to be no correlation between

the measured viscosity and the viscosity reported in literature. It was
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observed that as additional tests were performed the viscosity would reduce

in magnitude.

It was determined that glycerol is hydrophilic in nature and absorbs moisture

from the ambient air. Further research showed that the viscosity of glycerol is

a function of both temperature and concentration. The resultant equation for

the viscosity of glycerol is153:

2.700*103 0.90
log10 i7 = 1.9367 * i0 +--0.043C (3.4)

T T2

Where i is the viscosity with units of [centipoise], T is the absolute

temperature with units of [K], and C is the weight percent of water contained

in the solution. Solving for the viscosity as a function of the temperature and

the composition of watera more usable form is as follows:

= 4.4594 + _O.99012*C* _1

(3.5)i

exp[

6217.0 2,0723*106

T T2 J 1000

Where again T is the absolute temperature with units of [K], and C is the

weight percent of water contained in the solution, however i is now the

viscosity with units of [Pa*s], the 1/1000 term is the conversion between

[centipoise] and [Pa*s]. Due to the hydrophilic nature of glycerol it was

determined that using glycerol as a calibration standard was not appropriate.

As the charge of glycerol remains in contact with ambient air the

concentration of water increases due to moisture in the air, thus increasing

the uncertainty in the standard.
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3.8.3.2. NIST Traceable Silicone standards
The silicone based samples were acquired from Brookfield Engineering.

Each of theses samples were made form a silicone solution with varying

amounts of silicone. The higher the silicone content the higher the viscosity.

The samples acquired have viscosities of: 9.6*103, 9.9*102, 9.6*101,

1.188*101, and 1.024*1 02 [pa*sl and are accurate to with in 1% of the stated

viscosity148. All of the acquired samples come with a certificate of traceability

and NIST traceable. The calibration point for the silicone viscosity standards

is 25 [C] hence the low temperature calibration points. Prior to receiving the

planetary gear reducer, described elsewhere, viscosity calibrations with the

silicone standards were performed. The data from these calibrations can be

seen in Figure 3-16.
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Figure 3-16: Measured viscosity of the NIST traceable silicone viscosity standards.
Shown in the figure is the viscosity as a function of the shear rate. Note that as
expected these curves exhibit Newtonian behavior (straight horizontal line). At the
higher viscosities the maximum torque of the torques sensor was reached at
relatively low shear rates, while at low viscosities the maximum shear rate of
approximately 300 [us] correlates to the maximum rotational frequency of the stepper
motors. Additionally shear heating effects in the high viscosity samples can be seen
in the apparent negative slope.

3.9. Uncertainty analysis
The uncertainty associated with measurements can be broken into three

categories1; data acquisition error, calibration error, and data reduction

error. Evaluations of the uncertainty in the values reported in this manuscript

are discussed in the following sections.

3.9.1. Torque
In order to accurately measure the rheometric properties of materials using

the Couette technique the torque applied to the shear cell must be accurately

measured. Shown in Figure 3-17 is the flow of possible errors associated
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with measuring and reporting the measured torque. These errors are also

categorized and quantified in Table 3-3.

Torque

Data Acaulsition Error

Measured
Vottage

Torque

___LJ
Calibration

-5-5N
4

I Calibration
Curve

-10 10 (ozrn]

Sensor Drift I

Zero Drift
DAQ Board
Signal Cond.

Calibration Error
Mass
Length
Method

Reduction Error
Calibration Curve
Correlation Coeff.

Figure 3-17: Errors associated with torque measurement.
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Table 3-3: Error classification and sources for torque measurement

Types / Sources Typical Value or Range of Associated Error

of Error Values Error Name

Calibration

Errors

Length 76.20 [mm] ±0.0127 [mm] e

Mass 1 110 [g] ±0.0001 [g] em

Data Reduction

Errors

Calibration rNml
M = 7.36*1 0

I

* x [mV]...
R21 .0000 e

CC7.

[mVJ
Curve Error0

...+4.04*104 [Nm]

Measurement

Errors

Sensor Drift (see above) ±50 [p V/day]

Zero Drift (see above) ±2 [pV]

(typ.)

5B-38-05 (Output -5 5 [VI) ±250 [pV] e5B38

DAQ Board (Input -5-5 [V]) ±876 [pV] eDAQ

The technique used to create the calibration curve consisted of applying

masses on known value to the end of a lever. This applied torque was
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calculated and the resultant voltage measured. The applied torque is given

as:

T=m*l*g (3.6)

where m is the applied mass, 1 is the length of the and g is the acceleration

due to gravity (9.81 [mIs2]). For the calibrations reported here the applied

mass ranged from 1-110 [g] on a lever with a fixed length of 76.20 [mm].

Given the errors associated with the applied mass and length of the lever

given in Table 3-3 the uncertainty in the applied torque is given as:

=4j11sr

J2

ST
2

e1 (3.7)
Sm )

Dividing by the nominal value for the torque gives the uncertainty ratio:

u
j(gm*ei)2+(gl*e)2 j(m*ei)2+(l*em)2

(3.8)
T mig ml

Inputting the values from Table 3-3 using different values for m we get the

following:

m =1 [g]:

[g]*1.27*105 [m])2+(0.0762 [m]*1 [mg])
=1.0138*10-3

T 0.0762 [m]*1 [g]

m=10 [g]:

!J(io [g]*1.27*105 [rn])2 +(O.0762 [m]*1 [mg]) (3.9)
=1. 9437*10

T 0.0762 [m]*10 [g]

m=100 [g]:

j(ioo [g]*1.27 * i05 [rn])2 +(0.0762 [m]*1 [mg])
=1. 6697*10

T 0.0762 [m]*100 [g]
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It can be seen that the uncertainty in the applied torque is on the order of

0.02%. Because the operating point changes, i.e. a different mass is applied,

the uncertainty is a function of the applied mass however it can be seen that

the uncertainty approaches a limit near 0.016% for large applied masses. A

conservative value for the uncertainty in the torque value was chosen to be

0.1%. This value would allow for some additional uncertainty due to the

operator, and the relatively low torques associated with measuring

viscosities.

The measurement errors are those associated with the actual process of

taking the measurements including those listed in Table 3-3. It is important

to note that there are scaling functions applied to the data which need to be

resolved before continuing. For example when looking at the torque signal

the computer is actually measuring a voltage between of -5 5 [V], however

an automatic scaling factor is applied within the computer to convert this to

what the signal conditioning module is measuring. Specifically the signal

being measured by the 5B-38-05 Analog Devices full bridge strain gage

module is a -10 10 [my] signal. This signal is then amplified 500 times

(from within the module) to an output signal of -5 5 [VI. Therefore all of the

errors need to be associated with the same reference. Choosing the input to

the 5B-38-05 module as the common reference the errors associated with

the -5 5 [VI signal the errors of the signal conditioning module and the DAQ
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board (i.e. esc and eDAQ) need to be reflected to the -10 10 [mV] signal

basis. Explicitly:

and

±250 [jV]
e 5B-38 500

= ±0.5 [pV] (3.10)

±876 [
eDAQ [pV] (3.11)

Assuming the worst case scenario where all of the uncertainties are additive

the total uncertainty in the torque measurement is given as:

eme eSD + eZD + e5 38+ eDAQ -4.772 [uV] (3.12)

Using the calibration curve fit data found in Table 3I and converting from

units of [my] to [V], and in addition assuming that the calibration equation is

perfect (i.e. eccrq =0, this is a valid assumption given that the R2 is very

close to one) the uncertainty in the torque due to the measurement

uncertainties is given as follows using the.

aT = 7.36*106 ri4.7710 [v] = 3.51*10h1 [Nm] (3.13)meas
ax Lvi

aTwhere and em have both been converted to M. Given that the full-
ax

scale range of the torque sensor is ± 7.06*102 [N ml the error in torque

associated with the electrical measurement given in Equation (3.13) can be

neglected.

39.2. Temperature
Inherently the temperature is of key concern to the measuring the rheological

properties of materials. Due to the high dependence of the rheological
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properties on temperature knowing precisely the temperature is essential.

Furthermore due to the viscosity calibrations having to be measured at 25 [C]

and the actual measurements being performed at temperatures in excess of

1000 [C] accurately calibrating the thermocouple over this large temperature

span is essential.

In order to accurately measure the rheometric properties of materials using

the Couette technique temperature of the shear cell must be accurately

measured. Shown in Figure 3-18 is the flow of possible errors associated

with measuring and reporting the measured temperature. These errors are

also categorized and quantified in Table 3-4.
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Temperature

Measured Measurement Error

Voltage Thermal Gradients
_________ DAQ Board

Calculated
Seebeck
Voltage

I
Calculation Error

:
-5.891-54886(uVI ITS-1990 error

I Calculated Interpolation Error
CD Temperature

I(ITS-1990)
I- ----------

2OO- 1372 (CI

fl
Temperature Calibration Error

Calibration__Li

Inherent
Method

-200-- 1372 [CJ

Figure 3-18: Errors associated with temperature measurement
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Table 3-4: Error classification and sources for temperature measurement

Types / Sources of

Error

Typical Value or

Range of Values

Associated Error Error

Name

Calibration Errors

User ±0.5[K] e

ITS-90 ±0.003[K] e190

Data Reduction Errors

Calibration Curve R2 = 1

Error 0

ecc

Lookup Table ±0.001 [K] eLT

Measurement Errors

T/C Error 2.5 [K] e1

Temp Gradients ±2 [K] eTG

5B-37-02 Module (Output 0 5 [V]) ±250 [IJV] e537

DAQ Board (In put 0 5 [V]) ±876 [pV] eDAQ

In looking at Table 3-4 is can be immediately be determined that several of

the errors can be ignored. For arguments similar to those made for the

torque measurement we can ignore the errors associated with the calibration

curve because again R2 I (not indicated elsewhere). Additionally, the

error due to the signal conditioning module e5B37 and the DAQ board eDAQ
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are again negligible. The remaining terms are however not necessarily

insignificant and we get the following total uncertainty in temperature

2
UT0IaI =(eu +eJTS_90)+(eLT) +(eric +eTG) (3.14)

Inserting the values for the associated errors:

UT0Ia1 =
j(0.5+o.003)2 +(0.001)2 +(1.5+2.5)2 4.03 [K] (3.15)

At first appearance this value for the uncertainty in temperature seems high

at 4 [K]. However, it should be noted that this is the uncertainty in

temperature over a range of over 1000 [K] or a temperature uncertainty of

approximately 0.4% near the typical high temperature operating range.

3.9.3. Viscosity
Steady shear viscosity being the main measurement of interest throughout

this entire manuscript, the importance of the viscosity uncertainty is pivotal.

The uncertainty will be evaluated for both: Newtonian and power law fluids.

Given in Table 3-5 are the errors associated with the variables given in

Equation (1.22) for the viscosity of Newtonian fluid. For a power law fluid the

equation for the viscosity is given in Equation (1.29) with the associated

errors given in Table 3-6.

3.9.3.1. Viscosity Uncertainty Analysis: Newtonian Fluid
Recalling from Equation (1.22) for the Newtonian Viscosity is given as:

M(R0R1)

7N
2,rLW?3

(3.16)
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Table 3-5: Uncertainty analysis for measurement of a Newtonian fluid given in
Equation (1.22). Note that the nominal values were inserted into the sensitivity and
multiplied by the associated error to determine the uncertainty.

Uncertainty
Variable Nominal Value Error Sensitivity

[Pa*sJ

M variable R0R,
0.88293-

[N m] 0_7.06*102
0.1%

2,rLAR3

2.54*102 1.27*10-5 3R1)

2,rLR4[m]

R,
2.22*102 1.27*10-5 M-______ 3.5317

[ml 2,rLW?3

L
349*102 1.27*10 R,) _32107j

2.irL2R3[m]

variable M(R0R1)
[rad/s] 94*103_37*1O1

0.00
2,r1X2R3

0

The total uncertainty in the viscosity is then given as:

M
= jj(o.88293)2 + (2.2073)2 + (_3.5317)2 +(_3.21o7)2 (3.17)

=5.3323!i (3.18)

In terms of a ratio of the uncertainty in viscosity to the measured viscosity the

enables us to cancel the M/ term and report the uncertainty in terms of a

percentage of the total. Namely:
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M j(0.88293)2 + (2.2073)2 +(-3.53 17)2 + (_3.2107)2

(3.19)
17N M(R0-R1)

2rLR3

5.3323

-6.0310 0.6% (3.20)
'iN 882.93i

This is the measurement uncertainty due to the measurement in addition

there is the inherent error associated with the calibration fluid. As stated by

the manufacturer for the calibration fluids used have a traceable uncertainty

of 1 %148 The resulting error including the calibrations error becomes:

iQL=j(6.O3*1O_3)+(.O1) =1.11*10-3=1.1% (3.21)
'iN

It can be seen that the total uncertainty associated with measuring a

Newtonian fluid is in the neighborhood of I %.

3.9.3.2. Viscosity Uncertainty Analysis: Power Law Fluid
Recalling from Equation (1.29) for the viscosity of a power law fluid is given

as:

Mn(1_b)
'1=

4,rR02L)
(3.22)
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Table 3-6: Uncertainty analysis for measurement of a power law fluid given in
Equation (1.29). Note that the nominal values were inserted into the sensitivity and
multiplied by the associated error to determine the uncertainty

Uncertainty
Variable Nominal Value Error Sensitivity

[Pa SI

2

M variable
0.1%

(R1

1.2354
[N m] 0__7.06*102

4,rRL

R0
2 2

[mJ 2.22*102 1.27*105
(R

fl+flhR' 4.69O5i
M' o)

2,rRL

R.
2.54*102 1.27*10.5

2

M[LJ
R 6.7726

Em]
o

2,rR1RL

2

349*102 I .2710
Mn[

_l+L_LJ

J

R0 4.4925
[ml

4,rRL2Q

Variable 2

94*103 -o.00
(RIMn[_i+I_LI

R0)
J

0
[radls]

37*101 4,rRLQ2
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Table 3-6 (Continued): Uncertainty analysis for measurement of a power law fluid
given in Equation(1 .29). Note that the nominal values were inserted into the sensitivity
and multiplied by the associated error to determine the uncertainty

Variable Nominal Value Error Sensitivity
Uncertainty

[Pa SI

2

R''iJ[nn[
R0)

05
n 0.151 1O1.59

See Text ROJ R0)]

M
4n7tRL

The total uncertainty in the viscosity of a power law fluid is then given as:

UTOI = ij(1 .2354)2 +(4.6905)2 +(_6.7726)2 +(_4.4925)2 +(lol (323)

=102.03 (3.24)

In terms of a ratio of the uncertainty in viscosity to the measured viscosity the

enables us to cancel the M/Q term and report the uncertainty in terms of a

percentage of the total. Namely:

i 1(1354) +(4.6905)2 + (_6.7726)2 + (_4.4925)2 + (101.59)2

I (3.25)
7N Mn(1_b

4,rR02L

102.03

=8.25*102 8% (3.26)
'1P 1235.4i
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This is the measurement uncertainty due to the measurement in addition

there is the inherent error associated with the calibration fluid. As stated by

the manufacturer for the calibration fluids used have a traceable uncertainty

of 1 %148 The resulting error including the calibrations error becomes:

-= I25*10_2)+(.01) =8.31*10_2 = 8.3% (3.27)
7N

It can be seen that the total uncertainty associated with measuring a power

law fluid is in the neighborhood of 8.3%. However, from Table 3-6 it can be

seen that a majority of the uncertainty is associated with the correction

exponent n. With the findings reported here regarding the thixotropic

behavior of the melt (see Section 5) the value of n is no longer a constant. In

fact the numerical value becomes a function of the shearing time. To

determine the dependence on time is out of the scope of the experiments

reported here, however fro future experiments the time dependent nature for

the correction factor should be considered and additional uncertainty analysis

performed. If uncertainty associated with the correction exponent can be

reduced the overall uncertainty in the measurement will be reduced

drastically as can be seen in a comparison of the sensitivities shown in Table

3-6.

4. Materials and Methods

4.1. Materials

Vitreloy 1, the primary material under rheological investigation for the current

research has a composition of Zr41.2Ti13.8Cu100Ni125Be22.5 [at%]. This alloy
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was developed at the California Institute for Technology by W. L. Johnson

and A. Peker in the early 1990's32. This material has shown to have good

glass forming ability and capable of forming bulk amorphous samples.

Many of the material properties for Vitreloy I have been characterized for

application as a structural material. The material properties of Vitreloy 1

make it technologically viable for commercialization as seen by the use in

personal electronics, sporting goods, and medical devices31

The Vitreloy 1 used in these findings was generously provided by Liquidmetal

Technologies of Lake Forest, California. The material provided was created

using propriety techniques with constituent elements ranging in purity

99.99% to 99.9999% pure155. The samples provided by Liquidmetal

Technologies for these experiments were received in six lots, the shape and

size of the samples varied between lots.

Representative samples from each material tested is preserved in as

received or as cast from; and stored in a secure location at Oregon State

University. The samples were preserved in the event that additional

metallurgical tests are needed in the future.

4.2. Methods
The test procedure for measuring the rheological properties of the molten

amorphous alloys is as follows:

L
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1. Determine the appropriate dimensions of the shear cell and create

engineering drawings including tolerance specifications.

. Inner cylinder diameter 0.875", outer cylinder diameter 1.000",

and contact length 1.375"

2. Determine and acquire material shear cell material

. Pure carbon, DFP-1, was used available from Poco

Graphite156

3. Send shear cell material and drawings to vendor for fabrication.

Special instructions for fabrication included the use of no

lubricants, remove traces of lubricants and oils from machining

equipment, and the use of gloves in handling. This to insure

minimal contamination of the shear cells.

4. Determine the density of the material under investigation.

. For Vitreloy 1 literature values for the specific volume was

usedTM, for materials with undocumented densities, estimate

density using displacement techniques and atomistic

approximations.

5. Measure the appropriate mass necessary for the experiment.

Using the material density and shear cell geometry calculate

mass necessary to completely fill the shear cell.

. Note the necessary contact length of the liquid on the inner

cylinder, this is the distance the inner cylinder will need to be

moved for proper operation.
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6. Ultrasonically clean the measured sample by submerging in ethanol

bath.

. Clean the sample in ethanol three times, replacing the ethanol

each time.

7. Remove residual loose carbon remaining from fabrication of shear

cell.

Using clean dry compressed air remove any remaining carbon

particulate matter form the surface of the shear cell.

8. Ultrasonically clean the shear cell and vacuum components in ethanol

bath.

. Clean the shear cell and vacuum components in ethanol three

times, replacing the ethanol each time.

9. Load only shear cell into test chamber and evacuate to high vacuum

. Insure proper vacuum has been reached for a minimum of I

[h r]

10. Bake out shear cell at elevated temperature.

. Heat shear cell a minimum of 1200 [C] for a minimum of I [hr],

this allows trace impurities diffuse out of the carbon

. Before cooling insure that vacuum has reached steady state of

approximately i05 [mbar].

11. Load sample into shear cell and evacuate the test chamber.

Pump to high vacuum for a minimum of one day of

approximately [mbar].
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12. Check for proper alignment of the shear cell.

13. Check to make sure all electrical connections are made and testing

equipment is switched on.

14. Heat the shear cell and sample to a minimum of 100 [C] above the

liquidus temperature.

15. Back fill test chamber with high purity (99.999%) Ar to predefined

pressure.

16.Move the inner cylinder of shear cell into the desired operating

position.

Using the digital scale move the shear the pre defined distance

(contact length) necessary for the experiment.

17. Continue to the predetermined testing temperature.

18. Begin the shearing sequence.

19.Repeat steps 17 and 18 for all temperatures and shear sequences

desired.

20. Upon completion of the testing sequence insure that the temperature

is in excess of 100 [C] above the liquidus temperature.

21.Move inner cylinder of shear cell out of operating position, making

sure no connections between the inner and outer cylinders are

present.

22. Cool the sample and shear cell to room temperature.

23. Remove the sample and shear cell from test apparatus. Label and

store in the sample and shear cell in a safe location.
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The total time from start to finish for an experiment is approximately 3 days.

Much of this time was spent waiting for the vacuum chamber to reach proper

vacuum. The total time the sample was at elevated temperature is on the

order of 0.5 5 [hr].

5. Results and Discussion

5.1. Initial Observations: Shear Thinning
Using the high temperature high vacuum rheometer described elsewhere in

this manuscript several measurements of the steady shear viscosity of

Vitreloy 1 were performed. This data can be seen in Figure 5-1. It is

important to note that the data presented in Figure 5-1 assumes that the

viscosity of the fluid is Newtonian, and the effect of the gap distance is

negligible, for further discussion see Section 1.3.5 regarding the errors

associated with this assumption. The most evident feature of this data is the

decreasing viscosity with increasing shear rate; or shear thinning. Recalling

from Section 1.1 if the viscosity of the fluid under investigation diverges from

Newtonian flow the velocity profile across the gap becomes nonlinear and

the simple equation for Newtonian flow given in (1.22) cannot be used.
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Figure 5-1: Initial observations of shear thinning behavior measured for Vitreloy 1.
The shear thinning has the characteristic of decreasing viscosity with increasing
shear rate signifies the. The viscosity and the shear rate depicted here are based on
the assumption of a very narrow gap with a Newtonian fluid. Due to the non
Newtonian nature of the fluid and the gap ratio being <0.97 this assumption does not
hold, and corrections must be made to both the shear rate and the viscosity.

As discussed in Section 1.3.5 above progress can be made by plotting the

measured torque M and the rotational frequency on a double logarithmic

scale. If the fluid has a power law relationship with constant values the data

plotted on a double logarithmic scale will appear as a straight line. The slope

of this line can be determined, and a corrected shear rate and viscosity

calculated.
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Figure 5-2: Example data set exhibiting the shear thinning behavior in Vitreloy 1. The
viscosity shown here was calculated using the Newtonian approximation for a narrow
gap type shear cell.

Figure 5-2 contains a single data set from the Figure 5-1. The shear

thinning behavior is evident by the observation of the decreasing viscosity

with increasing shear rate. To determine the correction exponent for this

particular data set the measured torque has been plotted as a function of the

rotational frequency, as seen in Figure 5-3. From this plot it can be seen

that a best fit line with a power law relationship fits the data well. The

equation for the best fit line is given as:

y=a*x (5.1)
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As indicated in Figure 5-3 the fitting parameters a and n for the data set

are 3.19*10 and 0.59 respectively. Because this data is plotted on a double

logarithmic scale the slope of the line is equal to the exponent n in Equation

(5.1).

E
z

0
I-

I 0

1

Raw Data Set:SS_Test5_Run4.dat

1 L
10-1

7
/

10° 101

Q, Rotational Velocity [radians/s]
1

Figure 5-3: Measured torque as a function of the input rotational frequency. Note
that a best fit line with a power law relationship has been superimposed on the data.

With the power law correction exponent and shear cell geometry the

corrected shear rate and corrected viscosity can be calculated using

Equation (1.29) as outlined in 1.3.4. The corrected viscosity for the data

shown in Figure 5-2 and Figure 5-3 can be seen in Figure 5-4. This
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figure shows shear thinning behavior for both the corrected and uncorrected

viscosity.

I O
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Narrow Gap Viscosity for 1=11 15[K]
Corrected Viscosity

101 102

dyldt, Shear Rate [ifs]
1

Figure 5-4:Plot of the corrected and the uncorrected viscosity, theses curves are
plotted against their respective corrected and uncorrected shear rates.

This procedure for determining the shear thinning exponent was repeated for

each of the data sets shown in Figure 5-1. The mean correction exponent

for all of this data was calculated to be 0.483 with a standard deviation of

0.151. From the correction exponent data the corrected shear rate and

corrected viscosity was calculated for each data set. The resultant

relationship for the corrected viscosity versus the corrected shear rate can be

seen in Figure 5-5
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Figure 5-5: Compilation of the corrected viscosity data shown in Figure 5-1 for high
shear rates with a shear thinning exponent of approximately -0.51.

In general a power law fluid is described with the following relationship:

0
lip =

I3

(5.2)

Where ,8 is the shear thinning exponent, and again c is the measured

shear stress, additionally the shear thinning exponent is simply given as:

/3= ni (5.3)

The resulting shear thinning exponent /3 for the data shown above has been

calculated to be -0.516, again with a standard deviation of 0.151.
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5.2. Further Investigations: Shear Thinning
Upon looking at Figure 5-5 one can see that at the lowest shear rates and

highest temperatures there appears to be a bend in the viscosity curve. It

appears that as the shear rate is reduced the viscosity tends towards a

constant value. This curve or 'knee' has been well documented for may fluids

with various material properties4'55'63'67. In many materials this bend is the

transition from Newtonian to a shear thinning fluid. This region at low shear

rates where the behavior of the fluid is Newtonian is referred to as the low

shear viscosity limit and denoted as i. Several empirical models for the

transition from i to the shear thinning behavior have been derived including

the Cross and Carreau models4'62. From the viscosity data thus far there is

not enough data to make any definite correlations between observation and

empirical model. In order to employ one of the many models, a reduction in

the shear rate is necessary to observe more of the plateau region of i.

In order to increase the low shear range of the rheometer a high accuracy

100:1 gear reducer was used. Using this gear reducer additional data was

collected, and the appropriate corrections were performed as outlined above.

All of the data collected for Vitreloy 1 can be seen in Figure 5-6, this

includes the data shown in Figure 5-5. As can be seen in Figure 5-6 the

addition of the reducer did not aid with reaching plateau region for i.



106

(04
cUl0
0
>

3
10

0
C)
U)

10

a)
.1-i

C)

1 01

10.2

Compilation of Corrected Viscosity Data

102 10-' 100 101 102

dTldt, Corrected Shear Rate [us]

172
+ iiq
o 1,151K)

1171 IKI

o 11641K)
o 11171K)
V 1111 (K)
* 1122 (K)
+ 1166(6)
o 1146(K)

1135(61
o 1125(6)

1115(K)

V 1646(K)
* 1136 (K)

+ 1126 (61
o iiis (K)

1146(K)

o 1166(6)
O 1676(K)
V 1665 (K)
* 1655 (K)

1062(K)

1112(5)

1122 (K)

1123 (K)

1122 (K)

1122161
1122(6)

+ 1122 (K)

o 1122 (61
1123 (KI

o 1123 (K)

O 1122 1K)
V 1162 (K)
* 1162 (K)
+ 1162 (K)
O 1172 (K)

1172 (K)

o 1162(K)
0 1452(K)

iO3

Figure 5-6: Compilation of corrected viscosity data for Vitreloy I across a range of
six orders in magnitude in (corrected) shear rate.

The data shown in Figure 5-6 represents a span in temperature from 1090

[K] to 1172 [K], with a range in viscosities of over six orders of magnitude in

viscosity and shear rate, with an approximate shear rate exponent of -0.7679

with a standard deviation of approximately 0.31. Due the high temperatures

and fast atomic mobility this shear thinning behavior is unexpected for a

metallic liquid.

Previously it was stated that there was a possibility of seeing the zero shear

viscosity i by reducing the shear rate of the system. It is evident in Figure

5-6 that at the lowest shear rates the measured viscosity has not reached a
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plateau. However in looking at Figure 5-6 where the shear rate has been

extended to lower shear rates, it appears that conversely to previous

thoughts that at the shear thinning behavior starts to level off at the highest

shear rates. It is well documented that many shear thinning materials with

appear to become Newtonian at high shear rates, this plateau is commonly

called the high shear viscosity and denoted as

To access if the shear thinning behavior of Vitreloy I is an isolated incident

other bulk metallic glass forming alloys were investigated. Two proprietary

materials; one titanium based alloy and the other iron based were measured.

Both materials exhibited similar shear thinning behavior to Vitreloy 1. The

titanium based alloy was acquired form Liquidmetal Technologies with the

trade name of LM010155, while the iron based alloy was acquired from

researchers from the University of Virginia, Department of Physics. The

results for the corrected viscosity data for the Liquidmetal LMOIO bulk

metallic glass can be seen in Figure 5-7. Again shear thinning and

decreasing viscosity with increasing temperature are observed.
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Figure 5-7: Corrected viscosity data for the bulk metallic glass forming alloy LMOIO.
The shear thinning exponent was determined to be -0.491 with a standard deviation of
0.057.

Due to the very high liquidus temperature for the iron based glass, limited

sample material, and difficulties measuring; only a few data points were

possible. The liquidus temperature of the iron based alloy is approximately

1250 [C]157, which is approaching the upper temperature limits for the

rheometer. Because the maximum temperature of the rheometer is close to

the liquidus temperature of the melt the measured viscosity was very high.

While performing the measurements the limits of the torque sensor were

exceeded and the built in safety features of the control program terminated
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the test. In light of these complications a handful of data points were

collected and these few points again showed shear thinning.

Looking at the data from all of the tests performed for all of the materials it is

evident that the data follows the general trend of decreasing viscosity with

increasing temperature. This is an expected behavior for all materials;

however the trend is not explicit for all tests at equal temperatures. If one

looks carefully at the data one can see that measurements performed at

equal temperatures have different viscous behaviors. This can be most easily

seen in Figure 5-8.

Figure 5-8 is the same plot shown in Figure 5-5, for clarity two data sets at

equal temperatures with different viscous behavior have been highlighted.

The two highlighted curves shown in Figure 5-8 are form a series of runs

(or data sets) where the same shear profile was applied to the sample at

different temperatures. These highlighted curves represent the viscous

response of the sample measured at equal temperatures of 1146 [K],

separated by approximately I [hr]. The data represented by the pink triangle

was the first in a series of 6 runs while the blue cross represents the fifth.

This time dependent behavior is indicative of time dependent rheology or

thixotropy.
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Figure 5-8: Corrected viscosity data shown in Figure 5-5 for high shear rates
shown here to demonstrate the change in viscosity with timethixotropy. The
highlighted tests are for the same sample (Test 5 Run 1: pink triangle, and Test 5 Run
5: blue cross) with the same shearing sequence, measured approximately 60 [mm]
apart.

There are several possibilities to describe the thixotropic behavior observed.

The most probable causes for this time dependent behavior are: a change in

melt composition and change in structure from within the melt. Each of these

possibilities is discussed in terms of the data collected.

5.2.1. Shear Thinning: Compositional Effects
It is likely that changing the composition of the melt would change the

apparent viscosity. As previously mentioned BMG forming alloys are typically

materials with eutectic composition; if the composition of the melt changes so
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will the viscosity. If one of the constituent elements is consumed the

composition will move in the direction of a pure material. It has been stated

previously that the viscosity of Vitreloy 1 is on the order of 101 - 102 [Pa sJ

while pure metals is on the order of i- [Pa ]3 Therefore, by changing the

composition of the melt toward a pure metal could substantially reduce the

viscosity.

Recently there have been several studies focused on the interaction between

BMG forming alloys and other materials. Some of the studies have been

systematic in nature146'147 investigating interfaces and compositional effects,

while others have focused fabrication of composites and the interface

between the BMG host material416. Some of the bulk metallic used for these

studies include Vitreloy 1, Zr57Nb5Al10Cu154Ni12.6 (Vitreloy 106), and

Zr52 5Cu179Ni146AI10Ti5 (Vitreloy 105). All of these materials are rich in

zirconium. In these studies the interface between the BMG and some of the

following materials were investigated: tungsten fibers, high carbon steel

wires, tungsten powder, carbon fibers, and carbon nanotubes to name a few.

It was found in all of the metallic glasses that a reaction with carbon occurs.

Typically the reactions take place between carbon and titanium and carbon

and zirconium forming thermally and mechanically stable carbides at the

interface between the metallic melt and the carbon.
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At first appearance it looks as though the carbon from the shear cell is

reacting with the zirconium and the titanium in the melt changing the

composition. However, it has been found that a thin carbide layer will form on

the surface of the shear cell. This carbide interface layer that forms is on the

order of 10 [pm], and can be seen in Figure 5-9. This layer acts as a

diffusion barrier between the melt and the pure carbon, inhibiting further

compositional change of the melt. Previous measurements have shown that

carbon is a suitable crucible material as seen by the increase the glass

forming ability and strength of Vitreloy 1 with small additions of carbon as

well as using carbon for other high temperature applications 36123,147

To determine if compositional changes are occurring while measuring the

rheometric properties electron microprobe measurements were performed.

Samples were cut from the cooled shear cell and imbedded for analysis, and

sent to the Electron Microprobe Lab in the department of Geosciences at

Oregon State University for analysis. The results from these measurements

showed little change in the nominal composition. Due to machine limitations

and operator error only qualitative analysis can be made. However in

addition to the microprobe date the results of Schrores et al. shows little

compositional change when the molten alloy is in direct contact with carbon

for periods of time on the order of tens of minutes146. The rheometric

measurements reported here typically measurement durations on the order
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of hundreds of minutes. Despite the unlikelihood of changing the composition

of melt, further compositional measurements are necessary for confirmation.



(b)

Figure 5-9: Optical Micrograph of interface between crystallized Vitreloy I and the
pure carbon shear cell. The microstructure of the crystallized sample can be clearly
seen in the bottom portion of the two micrographs. The carbide layer can be clearly
see as the dark band that traverses the images, above the carbide layer pure carbon,
below the carbide layer crystallized Vitreloy 1(a) Sample maintained at 1098 [K] for a
period of 1.5 [hr]. (b) Sample maintained at 1123 [K] for a period of 5 [hr]. Both images
were taken of the vertical wall near the bottom of the outer cylinder.
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Using optical microscopy the interface layer between the molten alloy and

the carbon crucible has been measured. The measurements were performed

on samples with different temperature histories. The micrographs for these

measurements can be seen in Figure 5-9. The interface layer can be seen

as the dark layer separating the bulk metallic glass (which has crystallized

upon cooling) and the carbon crucible. This thickness of the carbide layer is

indicated by the dimension d both micrographs.

One sample, as seen in Figure 5-9(a), was heated to 1098 [K] for

approximately 1.5 [hr], resulting in a carbide interface layer on the order of 10

[pm]. A second sample, as seen in Figure 5-9(b), was heated to 1123 [K]

for approximately 5 [hr], again with an interface layer near 10 [pm] thick. For

both samples the thickness of the interface layer is approximately equal,

indicating that the thickness of the carbide layer does not change with time. If

the thickness of the interface layer does not change the composition of the

melt is not being depleted of the carbide forming elements (i.e. Zr and Ti).

This shows that the interface layer is a successful diffusion barrier and the

composition of the melt does not change dramatically over the length of a

test.

Another possible source of compositional change is the possibility of

evaporation. It is possible that evaporation of the constituent elements of the

melt could change the composition. However no visible plating on cold
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surfaces of the vacuum system was observed indicating no appreciable

evaporation. Additionally, at elevated temperatures (- 1200 [C]) the vacuum

remained on the order of 10 [mbar] for the duration of the tests, again

indicating little or no evaporation.

Another effect compositional changes could induce is changing moving from

a single phase liquid region of the phase diagram to a two phase liquid-solid

region. Metals in the two phase liquid-solid region of the phase diagram are

called semisolids. An additional solid phase would dramatically change the

rheological properties of the system. The rheological properties of semisolid

metals typically exhibit both shear thinning and thixotropic behaviors, as

discussed elsewhere in Section 2.2.

Considering that bulk metallic glass formers typically have compositions of

deep eutectics, a small change in composition could dramatically effect the

phase or phases present. If the nominal composition of the eutectic melt is

sufficiently changed it is possible that a solid precipitate can form.

If the density of the precipitated phase is substantially different from the

density of the melt, segregation of the precipitates would occur. Using optical

microscopy several images were taken from different areas of the shear cell

(i.e. top, bottom, sides, etc.) These images showed consistent microstructure

throughout the shear cell, and no visual observations of high concentrations
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of particulate were made. The images shown in Figure 5-9 are

representative of those take form other portions of the shear cell. Due to the

high melt viscosity it would be expected that these precipitates would remain

in suspension for extended periods of time, even with different densities of

the solid and liquid phases.

Examination of the optical micrographs shown in Figure 5-9 it can be seen

in the microstructure is fairly consistent. The homogeneous microstructure of

the melt indicates that precipitation is not occurring and the molten alloy is

remaining completely liquid. If precipitation of a solid phase occurred

globules within the crystallized Vitreloy I would be observed in the

micrographs. From looking at the micrographs in Figure 5-9 is can be seen

that there is little or no precipitate solid has formed. If the solid phase is

present in the melt, the mass fraction of the crystallites in the melt would be

small.

If the volume fraction of the crystallites formed is small than the viscosity of

the melt can be approximated by Einstein's equation for dilute solutions4

given as:

/7=17(1+2.5Ø) (0.4)

where i) is the viscosity of the suspending medium or liquid and 0 is the

volume fraction of the precipitated phase. Equation (0.4) assumes that there

is no interaction between the particles during flow. However from the
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micrograph analysis the volume fraction 0 of precipitated particles is small

and this assumption is valid158. Assuming that the volume fraction of

crystallites formed is on the order of 0.01 or 1% this would result in an

increase in viscosity on the order of 2.5 %.

Assuming that the viscosity of the melt remains constant the addition of a

small amount of crystallites does not account for the apparent decrease in

viscosity with increasing time. Rather an increase in viscosity would be

predicted from Equation (0.4) with an increase in volume fraction of solid

precipitate. As seen in Figure 5-5 and Figure 5-6 the viscosity tends to

decrease with time, rather than increase with time, as the crystallite formation

argument would predict.

This argument also holds for the possibility of particulates of the interface

layer becoming dislodged and becoming incorporated into the melt. There

does not seem to be carbide particles distributed within the melt as seen by

observation of the optical micrographs. However additional chemical analysis

should be performed in various regions of the shear cell to confirm these

observations.

5.2.2. Shear Thinning: Structure Effects
In recent years there have been many advances in understanding the

deformation and flow behavior of rheologicalally complex systems particularly

in colloidal systems15963. Many of the advances have come in systems
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containing two phases of matter such as liquid/solid and liquid/liquid

solutions. Other combinations of phases are possible; however presence a

predominately liquid phase will be the focus of the discussions presented

here.

When liquid is the continuous phase in a two phase solution, the solution is

typically called a suspension. Suspensions can be divided into two sub

categories. If the suspended phase is deformable, as is a liquid, the solution

is typically called an emulsion, while if the suspended phase is non-

deformable, as is a solid, the solution is typically called a sol or suspension.

For completeness a summary of the common names for two phase solutions

can be seen in Table 5-1, for these discussions the focus will be on

emulsions and suspensions.
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Table 5I: Common names of different two phase solutions based on continuous
and dispersed phases present. Table after Butt et al.1M

Continuous Phase

Gas Liquid Solid

Porous solid or
na Foam

0 Foam
ci)
U)

-c

Aerosol Emulsion Solid Emulsion
ci)

ci)
J

0.
CI) oor

E Aerosol Solid Suspension
Suspension

All of the measurements reported in this manuscript have been performed

above the liquidus temperature as measured by high temperature differential

scanning calorimetry123 and differential thermal analysis165. Therefore limiting

the discussions to a continuous liquid phase is justified.

Below the liquidus temperature there has been significant research into the

phase separation and ordering in the solid solution region for many metallic

glass systems'674. In this region diffusion is slow and viscosity is high so

major structural bulk rearrangements are unlikely to be observed169

However few investigations have been performed on molten alloys above the

liquidus temperature. Those measurements performed on complex metallic

alloys show structural and chemical ordering with atomic length scales175'176
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Measurements have been performed on pure elements and simple binary

alloys, and again have shown the presence of structure on the atomic scale,

though shorter range ordering than the more complex systems98'177"78. For

example, recent measurements on pure indium have shown the presence of

order in the form of clusters. It is claimed that there is a thermally induced

change in the cluster structure. This structural change in the cluster produces

a change in the steady shear viscosity98. The changes in viscosity reported

by are slight; however they do confirm the presence of small clusters in the

molten alloy, and the structural effect on viscosity. It has been shown in more

complex systems that these clusters typically form as icosahedra175

The presence of structure above the liquidus temperature has tremendous

ramifications pertaining to the rheology of the molten alloy. Structure, or the

destruction of structure, is the backbone for the current theory for shear

thinning67'179'180. It is argued that shear thinning is the destruction of structure

from within the liquid. Common systems which exhibit shear thinning are

yoghurt, ketchup, toothpaste, paints, and many polymers.

In terms of suspensions one can consider that clusters of suspended

particles will interact with one another upon shearing. In the case of a solid

particle suspension with a moderate volume fraction of suspended solid the

particles will tend to form ordered structures. The particles form ordered

structures to reduce the energy of the system. If left still the suspended
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particles will tend to attract one another to form a more energetically

favorable configurationi.e. the configurational entropy of the system will

tend to seek a minimum. Considering only the configurational energy

(chemical and electrical energies neglected) the most energetically favorable

configuration is for the particles to be in close proximity to one another,

however as the separation distance between the particles becomes large (as

discussed in the opening pages of this manuscript) the interaction forces

become weak, therefore clumps or clusters of suspended particles are

formed.

As the suspension is sheared these clusters interact with one another. If the

stress is sufficient some of the suspended particles will be broken from the

cluster. Given sufficient time the particle will rejoin a cluster to again minimize

the energy of the system. If the constant shearing is maintained eventually

the cluster size will be reduced, reaching equilibrium size. At this equilibrium

size the cluster will neither grow nor decrease. Under this equilibrium

condition the number of particles joining the cluster is equal to the number

removed due to shearing. As the cluster size is reduced so is the force or

equivalently the stress necessary to deform the cluster. With reduced cluster

size comes an increased number of clusters. As the number of clusters

increases so does the frequency of interaction. It is this non linear reduction

in stress with increasing frequency that is the current theory behind the

destruction of structure and the observation of shear thinning.
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In terms of an emulsion the suspended phase is deformable which brings the

addition of surface energies between the two immiscible liquids. For

emulsions one also must consider that the mechanisms for destroying the

clusters are also different. Clusters in the presence of shear will again

interact, however as the interaction frequency and associated stress is

increased the cluster can be eroded in two manners. First, droplets will be

dislodged from the cluster as before, and secondly clusters will tend to

deform and elongate in the presence of shear. If the elongation of the cluster

reaches a critical level rupture of the cluster will occur and smaller droplets

will form181. If the immiscibility of the liquids is moderate the droplets will

coalesce and again form larger clusters by Oswald ripening, however if the

immiscibility of the liquids is dramatic the droplets may stay in suspension

indefinitely.

In both suspensions and emulsions the rate difference between destruction

and reformation of the cluster determine if a hysteresis effect is observed. If

the rate at which the cluster is reformed is fast, no hysteresis is observed.

Yet, if the reformation rate is slow there is an observed change in viscosity

with changing shear rate, thus a hysteresis observed. The observation of

varying viscosity with time is called thixotropy, and is observed frequently for

complex rheological systems.
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It seems highly probable that the observations of both shear thinning and

thixotropic effects are caused by the destruction of order form within the melt.

To investigate the structural effect on the viscosity a series of data was

collected isothermally. This data was collected with different shear

sequences and differing rest intervals between shearing sequences. This

data can be seen in Figure 5I 0. It should be noted that this data set is

composed of a series of runs or shearing sequences. Theses shearing

sequences are treated as individual runs. For each run the correction factor

was calculated and the corrected viscosity was determined, this corrected

viscosity is also shown in Figure 5-6.
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Figure 5-10: Isothermal corrected viscosity data for test 8 runs 1-10. Looking at runs
1-6 where the shear rate remains low there is fairly good correlation to the data. Run
seven consists of shearing the alloy at a high rate breaking the structure within the
melt. Upon returning to the low shear rates in runs 8-10 the viscosity departs from the
previous trend.

All of the shearing sequences were performed at low shear rates (with the

100:1 gear reducer attached), with the exception of run number 7. Prior to

run 7 the gear reducer was removed, and the liquid was sheared with the

same shear profile, only 100 times faster. After the completion of run 7 the

gear reducer was promptly removed and run 8 commenced. In order to show

the difference in shear rates between subsequent runs as seen in Error!

Reference source not found. the numerical value for the shear rates
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reported for run 7 were reduced by a factor of 10. The maximum shear rate

achieved during run number 7 was 31.41 [radians/s].
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Figure 5-11: Rotational frequency as a function of time for a series of tests
performed isothermally at 1122 [K], superimposed on this plot is the correction
exponent (or equivalently shear thinning exponent) as calculated for the run. It can be
seen that a reduction in the numerical value for the shear thinning exponent is evident
with time while at low rotational frequencies (shear rates). This is until Run #7 where
the fluid is sheared at a high rotational frequency. Upon returning to low shear rates
correction exponent returns to the low numerical values with a trend similar to before.
This behavior is consistent with thixotropic behavior associated with structure within
the molten alloy. Note: the rotational frequency for run 7 was reduced by a factor of 10
to show the low frequency profile. The actual maximum frequency achieved for this
test was 31.41 [radians/s].

As seen in Error! Reference source not found. for runs 1- 6, at the low

shear rates the correction exponent is decreasing. Upon shearing at high

rates, run 7, the correction exponent dramatically increases, indicating

destruction of structure within the melt. Returning to low shear rates, for runs
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7-10, the particles are mobile and are able to again form large clusters,

indicating thixotropy in the melt.

Another way to look at the thixotropic behavior is to look at the correction

exponent n. The correction exponent changes with time and shear applied

shear rate. To investigate the effect of time and shear rate a plot of the

measured torque versus the rotational frequency has been made for each of

the runs in test 8. This plot can be seen in Figure 5-12. For clarity this figure

has been created using the best fit lines for the measured data. The slopes

of these lines are the correction exponent n for that run.
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Figure 5-12: Plot of the best fit lines of the measured torque versus the applied
rotational frequency. It can be seen that with low shear rates the measured torque
actually decreases with increasing shear rate, as can be seen in runs 1-6. When the
gear reducer is attached in run 7 and the fluid is sheared at a high rate the developing
structure is broken. Upon returning to low shear rates the measured torque is
reduced due to the lack of structure within the melt, as can be seen in runs 8-10

For runs 1- 6 it can be seen that the slope of the torque versus rotational

frequency is decreasing in numerical value with increasing time. When the

applied shear rate is increased 100 fold, as in run 7, the correction exponent

jumps to a value of approximately 0.5. This value for the correction exponent

is consistent with the other high shear correction exponents as discussed in

Figure 5-5. Upon returning to low shear rates for tests 8-10 the correction

exponent again begins to decrease in value.
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This behavior is indicative of a reversible process occurring within the melt,

presumably from the destruction of structure within the melt. The exact

nature of the structure or the flow behavior is unknown; however the dramatic

shear thinning and thixotropy seem consistent with a suspension with high

volume fractions of suspended media18°

If the melt were left for extended periods it is likely that the suspended media

would form large clusters. As the size of these clusters increase the clusters

will begin to touch. If the number of clusters is sufficient a continuous network

of clusters will form. In rheology this continuous network is called a flocc and

the process of floccs forming is called flocculation. Shown in Figure 5-13 is

a schematic of a flocculated system, or a continuous network.
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Figure 5-13: Schematic of a flocculated suspension of particles in a container.
Clusters of suspend particles have began to impede on one another and begin to
touch. Note that a continuous path of suspended particles exists between any wall of
the container.

Due to the interactions between clusters of a flocculated system the flow is

not purely viscous, rather there are elastic deformations of the clusters

occurring giving rise to an elastic response. For fluids with high

concentrations of suspended media it is common to look at the transient

response of the deformation behavior.

Looking closer at a single measurement from within the low shear range the

viscoelastic response can be seen. This viscoelastic response can be

attributed again to the destruction and deformation of the structure from

within the melt. This low shear rate viscoelastic response can be seen in
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Figure 5-14. The typical response at high shear rates where no viscoelastic

type response is observed can be seen in Figure 5-15
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Figure 5-14: Measured torque response as a function of time sowing stress
relaxation. This can be attributed to having additional structure from within the melt.
Note that the measured torque does not follow the applied shear rate as would be
expected form a purely viscous fluid.
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Figure 5-15: Typical torque response as measured with a high shear rate. Note that
the measured torque follows closely as the applied shear rate is both increased and
decreased.

Applied shear rate shown in Figure 5-14 is very similar to what is called a

startup experiment. A startup experiment consists of applying a step input in

shear rate to the material. The shear stress response to this step input is a

function of both the elastic and viscous components. As discussed elsewhere

in this manuscript the time response for this system has a Maxwell time

constant proportional to the viscous and elastic components.
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Figure 5-16: Shear stress response to different types of applied shear rate profiles.
The left profile for the shear rate is a step input where while the right depicts a ramp
in shear rate. If highly elastic fluids undergo the shear rate profiles depicted here the
response to the shear stress can be much more complicated due to the added
elasticity. Figure from Barnes et al.

One would expect the response to be a shown in Figure 5-16 if the system

has low concentrations of suspended particles. As stated by Barnes the

behavior of highly elastic solutions are much more complicated due to stress

growth and decay for the inherent viscoelasticity4. This implies that bulk

metallic glass melts contain high concentrations suspensions. The

interactions of theses clusters with one another gives rise to the observed

viscoelastic effects, and the breakup of the clusters is responsible for the

observed shear thinning. The rate at which the suspended particles reform

the cluster is slow giving rise to the observed thixotropic behavior.

It should be noted that it was previously believed that the rheological

behavior of the molten BMG forming alloys would behave as Newtonian

fluids. At the temperatures associated with molten bulk metallic glass forming
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alloys the mobility of the atoms is high in pure metals, however it seems that

there is a significant amount of structure within the molten liquid. To observe

this behavior with over such a large range in shear rates and viscosity range

seems consistent with observations in other colloidal and emulsion systems.

6. Conclusion
A high temperature rheometer capable of measuring the molten metals has

been designed and implemented. As built, this rheometer has been

calibrated in both temperature and viscosity with relative temperature range

of approximately 1100 [C] and steady shear viscosities in the range of 102 to

iü [Pa s]. The usable rotational frequency for the rheometer ranges from

approximately 10 3_101 [rad.s}. This machine has proven to be successful

at measuring the steady shear viscosity for several bulk metallic glass

forming materials.

The steady shear viscosity of Vitreloy 1 has been measured between 1090

and 1172 [K]. This steady shear viscosity shows strong shear thinning. Due

to the geometry of the shear cell and the non-Newtonian behavior the

corrections to the shear rate and the viscosity have been performed. The

observed shear thinning correlates well to a power-law type fluid. At high

shear rates the power law exponent for Vitreloy I is approximately -0.5. The

corrected viscosities and shear rates span I 0 to I [Pa s] and I 0 and I ü

[1 Is] respectively.
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Steady shear viscosity measurements are also reported for a titanium and

iron based bulk metallic glasses are. These materials again show dramatic

shear thinning for the temperatures measured. This indicates that the

observed behavior is not an isolated incident for Vitreloy 1, but is possibly a

characteristic for bulk metallic glasses above the liquidus temperature.

From the measured data there are inconsistency between isothermal

viscosities for the same samples with different time and shear histories.

These inconsistencies indicate that there is a time dependency to the viscous

response. Said differently, the materials exhibit a thixotropic response to

shear.

Theories regarding the observed shear thinning and thixotropic behaviors are

discussed. The two most probable causes are change in chemical

composition and destruction of structure from within the melt. Studies into the

change in chemical composition have been reported. These studies indicate

that the chemical composition of the melt does not change over the length of

the test. However, these studies are not complete and need further attention.

It has been proposed that the bulk metallic glasses above the liquidus

temperature exhibit structure from within the melt. As the material is sheared

this structure is destroyed, resulting in a viscosity which is not a simple ratio

of the shear stress to the strain rate. This non-Newtonian behavior is
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indicative of materials which exhibit structure. Additionally, the time

dependent thixotropic response is explained by the sluggishness of the

structure to reform. Further investigations of the thixotropic nature for the

materials are needed.

Due to the high temperature nature of molten metals observations of both

shear thinning and thixotropy are unexpected. A typical relaxation time for a

molten metal is on the order of 1012 [s]. Though Vitreloy 1 exhibits

approximately 3 to 4 orders of magnitude higher viscosity it was previously

thought that the relaxation time is on the order of 108 [s]. The observation of

both shear thinning and thixotropic behaviors indicate of much longer

relaxation times.

Additionally, at low shear rates viscoelasticity has been observed, which too

is attributed to structure within the melt. It is believed that the observation of

the dramatic shear thinning, thixotropy, and viscoelasticity those high

concentrations colloidal clusters are present within the melt. Similar

observations have been made in both suspensions (solid suspended in

liquid) and emulsions (liquid suspended in liquid). The exact nature of the

structure or clusters is unknown.

Rheologically, the steady shear viscosity is only a small sliver of the rheology

spectrum. Assuming the presence of colloidal clusters within the melt much
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information can be gained by measuring the phase response to the applied

shear and the measured shear stress. From additional measurements it is

possible to understand the both the viscous response and the elastic

response of the material. Additionally, measurement of the normal stress

differences gives incite to the elastic properties of the material under

nonlinear flow conditions.

Scientifically, it is undetermined as to the nature of the flow of the bulk

metallic glass forming liquids; however these findings indicate very

interesting behavior. Much of the current theory for glass formation is

dependent upon the viscous behavior for the material. Both the free volume

model of Grest and Cohen and the entropy model of Adam and Gibbs hinge

upon the viscous flow behavior to develop metrics to explain glass formation.

The shear thinning leads to a higher free volume and higher entropy, but how

this effects glass formation and the underlying theory is yet to be told.



204

7. Bibliography
1. Callister, W. D. Materials science and engineering : an introduction

(John Wiley & Sons, New York, NY, 2003).
2. Reed-Hill, R. E. & Abbaschian, R. Physical Metallurgy Principles

(PWS-Kent Pub., Boston, 1992).
3. lida, T. & Guthrie, R. I. L. The physical properties of liquid metals

(Oxford University Press, New York, 1988).
4. Barnes, H. A., Hutton, J. K. & Walters, K. An Introduction to Rheology

(ed. Walters, K.) (Elsevier Science, Amsterdam, 1989).
5. Reiner, M. A Classification of Rheological Properties. Journal of

Scientific Instruments 22, 127-129 (1945).
6. Elliott, S. R. Physics of Amorphous Materials (Wiley, New York, 1990).
7. Cullity, B. D. & Stock, S. R. Elements of X-ray Diffraction (Prentice

Hall, Upper Saddle River, NJ, 2001).
8. Haasen, P. Physical metallurgy (Cambridge University Press,

Cambridge; New York, 1996).
9. Zallen, R. The Physics of Amorphous Solids (Wiley, New York, 1983).
10. Turnbull, D. Under What Conditions Can a Glass Be Formed.

Contemporary Physics 10, 473-& (1969).
11. Busch, R., Kim, Y. J. & Johnson, W. L. Thermodynamics and Kinetics

of the Undercooled Liquid and the Glass-Transition of the
Zr41 2Ti13.8Cu125Ni10.0Be22.5 Alloy. Journal of Applied Physics 77, 4039-
4043 (1995).

12. Johnson, W. L. Metallic Glasses. Metals Handbook, 10th Edition:
Properties and Selection 2, 804-821 (1990).

13. Busch, R., Liu, W. & Johnson, W. L. Thermodynamics and kinetics of
the Mg65Cu25Y10 bulk metallic glass forming liquid. Journal of Applied
Physics 83, 4134-4141 (1998).

14. Debenedetti, P. G. Metastable Liquids: Concepts and Principles
(Princeton University Press, Princeton, N.J., 1996).

15. Glade, S. C. et al. Thermodynamics of Cu47TiZr11Ni8,
Zr525Cu17.gNi146Al10Ti5 and Zr57Cu15.4Ni126AI10Nb5 bulk metallic glass
forming alloys. Journal of Applied Physics 87, 7242-7248 (2000).

16. Geszti, T. Pre-Vitrification by Viscosity Feedback. Journal of Physics
C-Solid State Physics 16, 5805-5814 (1983).

17. Tang, X. P., Geyer, U., Busch, R., Johnson, W. L. & Wu, Y. Diffusion
mechanisms in metallic supercooled liquids and g'asses. Nature 402,
160-1 62 (1999).

18. Debenedetti, P. G. & Stillinger, F. H. Supercooled liquids and the
glass transition. Nature 410, 259-267 (2001).

19. Masuhr, A., Waniuk, T. A., Busch, R. & Johnson, W. L. Time scales
for viscous flow, atomic transport, and crystallization in the liquid and
supercooled liquid states of Zr41 2Ti138Cu125Ni100Be225. Physical
Review Letters 82, 2290-2293 (1999).



205
20. Torquato, S. Glass transition - Hard knock for thermodynamics.

Nature 405, 521-i- (2000).
21. Santen, L. & Krauth, W. Absence of thermodynamic phase transition

in a model glass former. Nature 405, 550-551 (2000).
22. Johnson, W. L. Bulk Glass-Forming Metallic Alloys: Science and

Technology. Material Research Society Bulletin 24, 42-56 (1999).
23. Busch, R. The thermophysical properties of bulk metallic glass-

forming liquids. Jom-Journal of the Minerals Metals & Materials
Society 52, 39-42 (2000).

24. Kim, Y. J., Busch, R., Johnson, W. L., Rulison, A. J. & Rhim, W. K.
Experimental determination of a time-temperature-transformation
diagram of the undercooled Zr41.2Ti13.8Cu125Ni10.0Be22.5 alloy using the
containerless electrostatic levitation processing technique. Applied
Physics Letters 68, 1057-1 059 (1996).

25. Angell, C. A. Formation of Glasses from Liquids and Biopolymers.
Science 267, 1924-1 935 (1995).

26. Greer, A. L. Metallic Glasses. Science 267, 1947-1953 (1995).
27. Beer, S. Z. Liquid Metals: Chemistry and Physics (M. Dekker, New

York,, 1972).
28. Waniuk, T. A., Busch, R., Masuhr, A. & Johnson, W. L. Equilibrium

viscosity of the Zr41 2Ti1 3.8Cu12.5Ni10Be22.5 bulk metallic glass-forming
liquid and viscous flow during relaxation, phase separation, and
primary crystallization. Acta Materialia 46, 5229-5236 (1998).

29. Chen, H. S. Metallic Glasses. Chinese Journal of Physics 28, 407-425
(1990).

30. Loffler, J. F. Bulk metallic glasses. Intermetallics 11, 529-540 (2003).
31. Telford, M. The case for bulk metallic glass. Materials Today 7, 36-43

(2004).
32. Peker, A. & Johnson, W. L. A Highly Processable Metallic-Glass

Zr41 .2Ti1 3.8Cu1 25Ni1 0oBe22.5. Applied Physics Letters 63, 2342-2344
(1993).

33. Zhang, T., lnoue, A., Chen, S. & Masumoto, T. Amorphous (Zr-
Y)60al15ni25 Alloys with 2 Supercooled Liquid Regions. Materials
Transactions Jim 33, 143-145 (1992).

34. Zhang, T., lnoue, A. & Masumoto, T. Amorphous Zr-Al-Tm (Tm = Co,
Ni, Cu) Alloys with Significant Supercooled Liquid Region of over 100-
K. Materials Transactions Jim 32, 1005-1010 (1991).

35. Chaudhari, P. & Turnbull, D. Structure and Properties of Metallic
Glasses. Science 199, 11-21 (1978).

36. Masuhr, A. in Material Science, PhD 104 (California Institute of
Technology, Pasadena, 1999).

37. Schroers, J., Johnson, W. L. & Busch, R. Repeated crystallization in
undercooled Zr41T114Cu12Ni10Be23 liquids. Applied Physics Letters 76,
2343-2345 (2000).



206
38. Schroers, J., Wu, Y., Busch, R. & Johnson, W. L. Transition from

nucleation controlled to growth controlled crystallization in
Pd43Ni10Cu27P20 melts. Acta Materialia 49, 2773-2781 (2001).

39. Loffler, J. F., Peker, A., Bossuyt, S. & Johnson, W. L. Processing of
metallic glass-forming liquids under ultra-high gravity. Materials
Science and Engineering a-Structural Materials Properties
Microstructure and Processing 375-77, 34 1-345 (2004).

40. Schroers, J., Veazey, C. & Johnson, W. L. Amorphous metallic foam.
Applied Physics Letters 82, 370-372 (2003).

41. Kim, C. P., Busch, R., Masuhr, A., Choi-Yim, H. & Johnson, W. L.
Processing of carbon-fiber-reinforced
Zr41 .2Til 3.8Cul 2.5Nil 0.0Be22.5 bulk metallic glass composites.
Applied Physics Letters 79, 1456-1458 (2001).

42. Bian, Z., Wang, R., Wang, W., Zhang, T. & lnoue, A. Carbon-
nanotube-reinforced Zr-based bulk metallic glass composites and their
properties. Advanced Functional Materials 14 (2004).

43. Dandliker, R. B., Conner, R. D. & Johnson, W. L. Melt infiltration
casting of bulk metallic-glass matrix composites. Journal of Materials
Research 13, 2896-290 1 (1998).

44. Choi-Yim, H., Busch, R., Koster, U. & Johnson, W. L. Synthesis and
characterization of particulate reinforced Zr57Nb5Al 1 OCu I 5.4Ni 12.6
bulk metallic glass composites. Acta Materialia 47, 2455-2462 (1999).

45. Choi-Yim, H., Schroers, J. & Johnson, W. L. Microstructures and
mechanical properties of tungsten wire/particle reinforced
Zr57Nb5All OCu 15 .4Nil 2.6 metallic glass matrix composites. Applied
Physics Letters 80, 1906-1 908 (2002).

46. Brothers, A. H. & Dunand, D. C. Syntactic bulk metallic glass foam.
Applied Physics Letters 84, 1108-1110 (2004).

47. Swiston, A. J., Weihs, T. P., Knio, 0. M. & Huffnagel, T. C. Metallic
Glass Fluid Flow During Welding Using SeIf-Propogating Reactive
Multilayer Foils. Material Research Society Symposium Proceedings
806, MM2.3.1-MM2.3.6 (2004).

48. McCracken, I. & Busch, R. Molding of Fine Surface Features Into Bulk
Metallic Glass. Material Research Society Symposium Proceedings
806, MM8.17.1-MM8.17.6 (2004).

49. McCracken, I. A. in Material Science, MS 49 (Oregon State University,
Corvallis, 2003).

50. Kundig, A. A., Cucinelli, M., Uggowitzer, P. J. & Dommann, A.
Preparation of high aspect ratio surface microstructures out of a Zr-
based bulk metallic glass. Microelectronic Engineering 67-8, 405-409
(2003).

51. McNally, J. Glassy Metal Harder, Stronger, and Better---The Material
of the Future. Discover 25, 46-5 1 (2004).



207
52. Johnson, W. L. Bulk amorphous metal - An emerging engineering

material. Jom-Journa! of the Minerals Metals & Materials Society 54,
40-43 (2002).

53. White, F. M. Fluid mechanics (McGraw-Hill, New York, 1994).
54. Harris, J. Rheology and non-Newtonian flow (Longman, London ; New

York, 1977).
55. Whorlow, R. W. Rheological techniques (E. Horwood, New York,

1992).
56. Ferry, J. Viscoelastic properties of polymers (Wiley, New York, 1980).
57. Steffe, J. F. Rheological methods in food process engineering

(Freeman Press, East Lansing, MI, 1996).
58. Thermo Haake. CaBER I Quantifying the extensional properties of

fluids: Data Sheet. (2004).
59. Instron. (Instron, 2004).
60. Bohlin Instruments Inc. Bohlin Direct Tension System: Data Sheet.

(2004).
61. Cambridge Polymer Group Inc. Filament Breakup Rheometry--

Application Note: # 007. (2004).
62. Macosko, C. W. Rheology : principles, measurements, and

applications (VCH, New York, 1994).
63. Van Wazer, J. R. Viscosity and flow measurement; a Iaboratoty

handbook of rheology (lnterscience Publishers, New York,, 1963).
64. Cannon Instruments. Cannon Instruments: Catalog. (2004).
65. Thermo Haake. HAAKE RheoCap S, High-pressure single bore

capillary rheometer: Data Sheet. (2004).
66. Eirich, F. R. Rheology: Theory and Applications Volume III (Academic

Press, New York,, 1960).
67. Green, H. Industrial Rheology and Rheological Structures (J. Wiley,

New York,, 1949).
68. Rheometrics Inc. (1991).
69. Menard, K. P. Dynamic Mechanical Analysis : A Practical Introduction

(CRC Press, Boca Raton, Fla., 1999).
70. Hagy, H. E. Experimental Evaluation of Beam-Bending Method of

Determining Glass Viscosities in the Range 108 - 1015 Poises. Journal
of the American Ceramic Society 46, 93-97 (1963).

71. Sridharan, S. & M.Tomozawa. Effect of Various oxide additives on
sintering of Ba-O-5i02 system ceramics. Journal of Material Science
27, 6747-6754 (1992).

72. TA Instruments Inc. Dynamic Mechanical Analysis Tools: Catalog.
(2004).

73. Clasen, C., Gearing, B., Anand, L. & Mckinley, G. H. 2 (MIT
Department of Mechanical Engineering, Cambridge, 2003).

74. Kolitawong, C. & Giacomin, A. J. Dynamic response ofa shear stress
transducer in the sliding plate rheometer. Journal of Non-Newtonian
Fluid Mechanics 102, 71-96 (2002).



75. Collyer, A. A. & Clegg, D. W. Rheological Measurement (Elsevier
Applied Science, New York, 1988).

76. Collyer, A. A. Techniques in rheological measurement (Chapman &
Hall, London, 1993).

77. Chhabra, R. P. & Richardson, J. F. Non-Newtonian Flow in the
Process Industries : Fundamentals and Engineering Applications
(Butterworth-Heinemann, Oxford ; Boston, MA, 1999).

78. Walters, K. Rheomet,y (Wiley, London, 1975).
79. Barnes, H. A. & Bell, D. Controlled-Stress Rotational Rheometry: An

Historical Review. Korea-Australia Rheology Journal 15, 187-196
(2003).

80. Schramn, G. A Practical Approach to Rheology and Rheometry
(Gebrueder HAAKE GmbH, Karlsruhe, Germany, 1994).

81. Eirich, F. R. Rheology: Theoiy and Applications Volume II (Academic
Press, New York,, 1958).

82. Shekarriz, A. & Sheen, D. M. Slurry Pipe Flow Measurements Using
Tomographic Ultrasonic Velocimetry and Densitometry. Proceedings
of FEDSM '98, 1998 ASME Fluids Engineering Division Summer
Meeting FEDSM98-5076, 1-8 (1998).

83. Taylor, G. I. Stability of a Viscous Liquid Contained Between Two
Rotating Cylinders. Philosophical Transactions of the Royal Society of
London. Series A 223, 289-343 (1923).

84. Ohsaka, K. et al. Specific Volumes of the Zr41.2Ti138Cu125Ni100Be22,5
Alloy in the Liquid, Glass, and Crystalline States. Applied Physics
Letters 70, 726-728 (1997).

85. Yang, T. M. T. & Krieger, I. M. Comparison of Methods for Calculating
Shear Rates in Coaxial Viscometers. Journal of Rheology 22, 413-421
(1978).

86. Krieger, I. M. & Maron, S. H. Direct Determination of the Flow Curves
of Non-Newtonian Fluids .3. Standardized Treatment of Viscometric
Data. Journal of Applied Physics 25, 72-75 (1954).

87. Krieger, I. M. & Maron, S. H. Direct Determination of the Flow Curves
of Non-Newtonian Fluids. Journal of Applied Physics 23, 147-149
(1952).

88. Krieger, I. M. & Elrod, H. Direct Determination of the Flow Curves of
Non-Newtonian Fluids .2. Shearing Rate in the Concentric Cylinder
Viscometer. Journal of Applied Physics 24, 134-139 (1953).

89. Shaw, T., Way, C. & Busch, R. Shear Thinning of the Bulk Metallic
Glass Forming Alloy Zr412Ti138Cu125Ni100Be22.5 Close to the Liquidus
Temperature. Materials Research Society Symposium Proceedings
806, MM3.10.1-MM3.10.6 (2004).

90. Glasstone, S., Laidler, K. J. & Eyring, H. The theoiy of rate processes;
the kinetics of chemical reactions, viscosity, diffusion and
electrochemical phenomena (McGraw-Hill Book Company inc., New
York; London,, 1941).



209
91. WebElements. (2004).
92. Grest, G. S. & Choen, M. H. Liquids, Glasses, and the Glass

Transition: A Free-Volume Approach. Advances In Chemical Physics
48, 455-525 (1981).

93. Adam, G. & Gibbs, J. H. On Temperature Dependence of Cooperative
Relaxation Properties in Glass-Forming Liquids. Journal of Chemical
Physics 43, 1 39-& (1965).

94. Angell, C. A. Entropy and fragility in supercooling liquids. Journal of
Research of the National institute of Standards and Technology 102,
171-185 (1997).

95. Masuhr, A., Busch, R. & Johnson, W. L. Thermodynamics and kinetics
of the Zr41 .2T11 3.8Cul 0.ONil 2.5Be22.5 bulk metallic glass forming
liquid: glass formation from a strong. Journal of Non-Crjstalline Solids
252, 566-571 (1999).

96. Brooks, R. F. et al. Measurement of viscosities of metals and alloys
with an oscillating viscometer. High Temperatures-High Pressures 33,
73-82 (2001).

97. Banerjee, P. & Overfelt, R. A. Viscosity measurements of industrial
alloys using the oscillating cup technique. International Journal of
Thermophysics 20, 1791-1800 (1999).

98. Cheng, S. J., Bian, X. F., Zhang, J. X., Qin, X. B. & Wang, Z. H.
Correlation of viscosity and structural changes of indium melt.
Materials Letters 57, 4191-41 95 (2003).

99. PerkinElmer Life and Analytical Sciences Inc. Mechanical Analysis:
Catalog. (2004).

100. Lee, H. M., Lee, J. W. & Park, 0. 0. Rheology and dynamics of water-
in-oil emulsions under steady and dynamic shear flow. Journal of
Colloid and Interface Science 185, 297-305 (1997).

101. Moon, H. K., Cornie, J. A. & Flemings, M. C. Rheological Behavior of
Sic Particulate (AI-6.5wt-Percent-Si) Composite Slurries at
Temperatures above the Liquidus and within the Liquid + Solid Region
of the Matrix. Materials Science and Engineering a-Structural
Materials Properties Microstructure and Processing 144, 253-265
(1991).

102. Turng, L. S. & Wang, K. K. Rheological Behavior and Modeling of
Semisolid Sn-i 5-Percent Pb Alloy. Journal of Materials Science 26,
2173-2183 (1991).

103. Kattamis, T. Z. & Piccone, T. J. Rheology of Semisolid AI-4.5-Percent
Cu-i .5-Percent Mg Alloy. Materials Science and Engineering a-
Structural Materials Properties Microstructure and Processing 131,
265-272 (1991).

104. Joly, P. A. & Mehrabian, R. Rheology of a Partially Solid Alloy. Journal
of Materials Science 11, 1393-1418 (1976).



210
105. Spencer, D. B., Flemings, M. C. & Mehrabia.R. Rheological Behavior

of Sn-I 5 Pct Pb in Crystallization Range. Metallurgical Transactions 3,
I 925-& (1972).

106. Brabazon, D., Browne, D. J. & Carr, A. J. Experimental investigation of
the transient and steady state rheological behaviour of Al-Si alloys in
the mushy state. Materials Science and Engineering a-Structural
Materials Properties Microstructure and Processing 356, 69-80 (2003).

107. Koke, J. & Modigell, M. Flow behaviour of semi-solid metal alloys.
Journal of Non-Newtonian Fluid Mechanics 112, 141-160 (2003).

108. Chen, H. S. & Turnbull, D. Evidence of a Glass-Liquid Transition in a
Gold-Germanium-Silicon Alloy. Journal ofChemical Physics 48, 2560-
& (1968).

109. lnoue, A. Stabilization of metallic supercooled liquid and bulk
amorphous alloys. Acta Materialia 48, 279-306 (2000).

110. Glade, S. C. & Johnson, W. L. Viscous flow of the Cu47Ti34Zrl 1 Ni8
glass forming alloy. Journal ofApplied Physics 87, 7249-7251 (2000).

111. Busch, R., Bakke, E. & Johnson, W. L. Viscosity of the supercooled
liquid and relaxation at the glass transition of the
Zr46.75Ti8.25Cu7.5NilOBe27.5 bulk metallic glass forming alloy. Acta
Materialia 46, 4725-4732 (1998).

112. Bakke, E., Busch, R. & Johnson, W. L. The Viscosity of the
Zr46.75t18.25cu7.5nilObe27.5 Bulk Metallic-Glass Forming Alloy in the
Supercooled Liquid. Applied Physics Letters 67, 3260-3262 (1995).

113. Wilde, G., GorIer, G. P., Jeropoulos, K., Wilinecker, R. & Fecht, H. J.
in MechanicallyAlloyed, Metastable and Nanocrystalline Materials,
Part 2541-546 (1998).

114. Bakke, E., Busch, R. & Johnson, W. L. Viscosity measurements of the
Zr46.75Ti8.25Cu7.5NilOBe27.5 bulk metallic glass forming alloy using
parallel plate rheometry and beam-bending. Metastable, Mechanically
Alloyed and Nanociystalline Materials, Pts I and 2225, 95-100
(1996).

115. Fan, G. J., Fecht, H. J. & Lavernia, E. J. Viscous flow of the
Pd43NI1OCu27P2O bulk metallic glass-forming liquid. Applied Physics
Letters 84, 487-489 (2004).

116. Perera, D. N. & Tsai, A. P. Dynamic tensile measurements for
Pt6ONi15P25 below the calorimetric glass transition temperature.
Journal of Physics-Condensed Matter 11, 3029-3042 (1999).

117. Perera, D. N. & Tsai, A. P. Comparing the dynamic tensile response of
supercooled Pd48Ni32P20 and Pt6ONi15P25. Journal of Physics D-
Applied Physics 32, 2933-2941 (1999).

118. Perera, D. N. & Tsai, A. P. Thermal and viscoelastic properties of a
strong bulk metallic glass former. Journal of Physics D-Applied
Physics 33, 1937-1946 (2000).

119. Wang, Q., Blandin, J. J., Suery, M. & Pelletier, J. M. High
Temperature Deformation in the Amorphous or Partially Crystallized



211
Zr41 .2Ti13.8Cu 12.5Ni1 oBe22.5 Bulk Metallic Glass. Material Research
Society Symposium Proceedings 754, CC9.4. I -CC9.4.6 (2003).

120. Lee, M. L., Li, Y., Feng, Y. P. & Carter, W. C. Frequency-dependent
complex modulus at the glass transition in Pd4ON1IOCu3OP2O bulk
amorphous alloys. Physical Review B 67 (2003).

121. Tsang, K. H., Lee, S. K. & Kui, H. W. Viscosity of Molten
Pd4Oni4Op2O. JournalofApplied Physics 70, 4837-4841 (1991).

122. Cheng-Dong, L., Xue-Lei, T., Xi-Chen, C. & llinsky, A., G. in Chinese
physics letters 395-397 (2003).

123. Masuhr, A., Busch, R. & Johnson, W. L. Rheometry and crystallization
of bulk metallic glass forming alloys at high temperatures. Materials
Science Forum 269-272, 779-784 (1998).

124. Egry, I., Lohofer, G., Seyhan, I., Schneider, S. & Feuerbacher, B.
Viscosity of Eutectic Pd78Cu6Si16 Measured by the Oscillating Drop
Technique in Microgravity. Applied Physics Letters 73, 462-463
(1998).

125. Rhim, W. K., Ohsaka, K., Paradis, P. F. & Spjut, R. E. Noncontact
technique for measuring surface tension and viscosity of molten
materials using high temperature electrostatic levitation. Review of
Scientific Instruments 70, 2796-2801 (1999).

126. Haumesser, P. H., Bancillon, J., Daniel, M., Perez, M. & Garandet, J.
P. High-temperature contactiess viscosity measurements by the gas-
film levitation technique: Application to oxide and metallic glasses.
Review of Scientific Instruments 73, 3275-3285 (2002).

127. Lin, X. H., Johnson, W. L. & Rhim, W. K. Effect of Oxygen Impurity on
Crystallization of an Undercooled Bulk Blass Forming Zr-Ti-Cu-Ni-Al
Alloy. Materials Transactions JIM 38, 473-477 (1997).

128. Technical Glass Products Inc. Private Communication. Painesville
Township, OH (2003).

129. Ferrotec. Ferrofludic Vacuum Rotary Feedthroughs: Catalog. (2003).
130. Pfeiffer Vacuum Technology AG. TurboCube TSH 521: Data Sheet.

(2004).
131. Airgas Speciality Gases. Pure Gasses, Ar: Data Sheet. (2004).
132. Alfa Aesar. Organics, lnorganics, Metals, and Materials: Catalog.

(2004).
133. Lepel Corporation. LSS-15 Manual.
134. Lydall Industrial Thermal Solutions Inc. F-Series Water-Cooled Chiller:

Data Sheet. (2004).
135. National Instruments. Full-Featured Multifunction DAQ: Catalog.

(2004).
136. Analog Devices. 5B37 Transfer Function Calculating the Output

Voltage of a 5B37 Signal Conditioner, Application Note AN-531.
(2004).

137. National Instruments. Using Transfer Functions with 5B37 Products:
Technical Note 038. (2004).



212
138. Omega Engineering. High Temperature Quick Disconnect

Thermocouples: Catalog. (2004).
139. Analog Devices. 5B37 Modules: Catalog. (2004).
140. National Instruments. 7324/7314 Hardware User Manual. (2000).
141. National Instruments. MID-7604/7602 Power Drive User Guide.

(2001).
142. Oriental Motor. PK Series: Catalog. (2004).
143. Micron. True Planitary Gear Heads: Catalog. (2004).
144. Middle Atlantic Products Inc. PTRK Series Portable Racks: Catalog.

(2004).
145. POCO Graphite Inc. Semiconductor Grade Carbon: Data Sheet.

(2004).
146. Schroers, J., Samwer, K., Szuecs, F. & Johnson, W. L.

Characterization of the interface between the bulk glass forming alloy
Zr4lTil4Cul2NilOBe23 with pure metals and ceramics. Journal of
Materials Research 15, 1617-1 621 (2000).

147. Wang, W. H. & Bai, H. Y. Role of small atoms in the formation and
properties of Zr-Ti-Cu-Ni-Be bulk amorphous alloys. Journal of Applied
Physics 84, 5961-5968 (1998).

148. Brookfield Engineering. Viscosity Standard Fluids: Catalog. (2004).
149. Omega Engineering. ITS-90 Thermocouple Direct and Inverse

Polynomials: Data Sheet. (2004).
150. Preston-Thomas, H. The International Temperature Scale of 1990

(ITS-90). Metrologia 27, 3-10 (1990).
151. Mangum, B. W. & Furukawa, G. T. Guidelines fo Realizing the

International Temperature Scale of 1990 (ITS-90) (National Institute of
Standards and Technology, Gaithersberg, MD, 1992).

152. Furukawa, G., Riddle, J., Bigge, W. & Pfeiffer, E. Application of Some
Metal SRM's as Thermometric Fixed Points (National Bureau of
Standards, Washnigton, DC, 1982).

153. Miner, C. S. & Dalton, N. N. Glycero/ (Reinhold Pub. Corp., New
York,, 1953).

154. Figliola, R. S. & Beasley, D. E. Theory and Design for Mechanical
Measurements (Wiley, New York, 1995).

155. Peker, A. Private Communication. Liquid Metal Technologies, Lake
Forest, CA (2003).

156. Sheppard, R. G., Mathes, D. M. & Bray, D. J. Properties and
Characteristics of Graphite for the Semiconductor Industry. Poco
Graphire Inc. (2001).

157. Poon, J. Private Communication. University of Virginia, Department of
Physics, Charlottesville, VA.

158. Liu, S. & Masliyah, J. H. Rheology of Suspensions. ACS Advances in
Chemistry #251 251, 107-1 76 (1996).

159. Weitz, D. A. & Russel, W. B. New Devlopments in Colloid Science.
Material Research Society Bulletin 29, 82-83 (2004).



213
160. van Blaaderen, A. Colloids Under External Control. Material Research

Society Bulletin 29, 85-90 (2004).
161. Manoharan, V. N. & Pine, D. J. Building Materials by Packing

Spheres. Material Research Society Bulletin 29, 91-95 (2004).
162. Poon, W. C. K. Colloidal Glasses. Material Research Society Bulletin

29, 96-99 (2004).
163. Wagner, N. J. & Bender, J. W. The Role of Nanoscale Forces in

Dispursion Rheology. Material Research Society Bulletin 29, 100-106
(2004).

164. Butt, H.-J., Graf, K. & Kappl, M. Physics and chemistry of interfaces
(John Wiley, Chichester, 2003).

165. Mukherjee, S., Schroers, J., Zhou, Z., Johnson, W. L. & Rhim, W. K.
Viscosity and Specific Volume of Bulk Metallic Glass-Forming Alloys
and Their Correlation With Glass Forming Ability. Acta Materialia 52,
3689-3695 (2004).

166. Busch, R., Gartner, F., Borchers, C., Haasen, P. & Bormann, R.
Microstructure Development During Rapid Solidification of Highly
Supersaturated Cu-Co Alloys. Acta Metallurgica 43, 3467-3475
(1995).

167. Schroers, J., Busch, R., Masuhr, A. & Johnson, W. L. Continuous
refinement of the microstructure during crystallization of supercooled
Zr41 Til 4Cul 2Nil 0Be23 melts. Applied Physics Letters 74, 2806-2808
(1999).

168. Schneider, S., Thiyagarajan, P. & Johnson, W. L. Formation of
nanocrystals based on decomposition in the amorphous
Zr41 .2Tii3.8Cui2.5NiiOBe22.5 alloy. Applied Physics Letters 68,
493-495 (1996).

169. Wang, W., Wei, Q. & Friedrich, S. Microstructure, decomposition, and
crystallization in Zr41Ti14Cu12.5Ni10Be22.5 bulk metallic glass. Physical
review. B, Condensed matter 57, 8211-8217 (1998).

170. Wang, W. H. et al. Microstructure studies of Zr41Ti14Cu125Ni10Be225
bulk amorphous alloy by electron diffraction intensity analysis. Applied
Physics Letters 71, 1053-1055 (1997).

171. Busch, R., Schneider, S., Peker, A. & Johnson, W. L. Decomposition
and Primary Crystallization in Undercooled Zr41.2Ti13.8 Cu12.5Ni10.0Be22.5
Melts. Applied physics letters 67, 1544-1546 (1995).

172. Sterne, P. A. et al. Short Range Chemical Ordering in Bulk Metallic
Glasses. Material Research Society Symposium Proceedings 644,
LI .3.1-Li .3.6 (2001).

173. Wang, X. et al. In situ synchrotron study of phase transformation
behaviors in bulk metallic glass by simultaneous diffraction and small
angle scattering. Physical Review Letters 91, art.no.-265501 (2003).

174. Chen, G. L., Hui, X. D., Fan, S. W., Kou, H. C. & Yao, K. F. Concept of
chemical short range order domain and the glass forming ability in
multicomponent liquid. !ntermetallics 10, 1221-1232 (2002).



214
175. Holland-Moritz, D., Schenk, T., Simonet, V. & Bellisent, R. Topological

and Chemical Short-Range Order in Undercooled and Stable Melts of
A113(Co,Fe)4 Alloys. Material Research Society Proceedings 806,
MM4.5.1/LL6.5.1-MM4.5.12/LL6.5.12 (2004).

176. Mattern, N. et al. Structural behavior of Zr52Ti5Cu18N1I5AI1O bulk
metallic glass at high temperatures. Applied Physics Letters 80, 4525-
4527 (2002).

177. Xue, X. Y., Bian, X. F., Geng, H. X. & Qin, X. B. Structural evolution of
medium range and short-range order with temperature in Cu-25 wt.%
Sn. Materials Science and Engineering a-Structural Materials
Properties Microstructure and Processing 363, 134-139 (2003).

178. Wang, L., Bian, X. F. & Liu, J. T. Discontinuous structural phase
transition of liquid metal and alloys (1). Physics Letters A 326, 429-
435 (2004).

179. Blair, S. Elementaiy rheology (Academic P., London, New York,,
1969).

180. Barnes, H. A. Thixotropy A review. Journal ofNon-Newtonian Fluid
Mechanics 70, 1-33 (1997).

181. Mason, T. G. New fundamental concepts in emulsion rheology.
Current Opinion in Colloid & Interface Science 4, 231-238 (1999).




