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The viscosity of Zr412Ti138Cu125Ni100Be225 (Viti) has been measured above the liquidus

temperature, Tijq = 1026 K, using a high vacuum high temperature rapid annealing

furnace equipped with a Couette Concentric Cylinder Rheometer. Steady state

measurements have been taken over a temperature range of 1075-1300 K and a shear rate

range of 100102 It has previously been discovered that there exists a pronounced

decrease in viscosity with increasing shear rate which is contrary to the general belief that

metallic systems above the liquidus temperature should show Newtonian behavior due to

high atomic mobility. This suggests that there is short or medium range order present in

the liquid state that can be destroyed by shearing. This current study has discovered that

this shear rate dependence of the viscosity of Viti decreases with increasing temperature

and approaches the Newtonian behavior and viscosities of simple monatomic or binary

liquid alloys at 1225 K. Once this state is reached the viscosity will remain Newtonian in

the liquid state and no order is reformed until the sample is cooled into the supercooled

region. This indicates a strong temperature history dependence of the viscosity. It has

also been discovered that initially crystalline Viti has an order of magnitude lower

viscosity than initially amorphous Viii at 1075 K after melting. This difference

decreases with increasing temperature until similar viscosities are obtained at 1175 K.

The Vogel-Fulcher-Tammann relationship shows decreasing fragility of Viti with

increasing shear rate and increasing temperature. It was also seen that temperature has a
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larger and more permanent effect on the fragility than shear rate. The development and

results of converting viscosity data to configurational entropy using the Adam-Gibbs

entropy model for viscous flow are discussed. This shows that the configurational

entropy present after melting is on the order of the entropy of fusion.
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1. Introduction

1.1 States of Matter

Early in humanity's scientific history the states of matter were broken down into four

main categories: earth, water, wind, and fire. Current material science has renamed these

states to the more commonly known: solid, liquid, gas, and plasma. In general these

states of matter are defined by what pressure and temperatures are experienced. This

general relationship is graphically depicted in fig. 1. Given infinite time the state in

which matter exists will remain stable until one of these variables is changed.

a)

C/)

C/)

a)

0

Liquid
Solid

Critical Point

Triple
I

Point

Gas

T T
(17 b

Temperature

Figure 1: General pressure temperature diagram showing the melting point, Tm, and
boiling point, Tb, for a constant pressure with increasing temperature. The triple point is
defined as the temperature and pressure at which solid, liquid, and gas all exist at the
same time. The critical point is defined as the temperature and pressure at which the
liquid and gas are indistinguishable from each other.
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Over the 19tIi and 20th centuries the solid states of metallic systems have been studied and

the role that microstructure plays in its solid state properties have been examined. Up

until 1960 it was thought that all metallic systems micro structures are made of atoms that

appear in a repeating pattern as depicted in fig. 2A.

F',

Figure 2: A) 2-D hard sphere model of a single component crystalline structure. B) 2-D
hard sphere model of a five component amorphous structure.

This "long range" order coupled with defects allowed structured paths for atomic

mobility that greatly weaken the structure. The early 1960's [24] saw the discovery of

amorphous structures that were so disordered on the atomic scale that there were no paths

for long range atomic mobility and the resulting material properties were greatly

enhanced. This lack of long range order is depicted in fig. 2B. This amorphous state of

solid matter is metastable and given infinite time the atoms will diffuse and eventually

form a crystalline structure. This time component for atomic flow can be characterized

by the Deborah number, De, [1] which relates the time it takes for atomic mobility in the

solid state, t, with the experimental time scale, T.

De=j4 (1)

If De is less than or equal to one, then the atoms will move and the material will appear to

flow. If De is greater than one, then the material will appear solid. The atomic mobility

of metallic amorphous solids at room temperature is so much smaller than the

experimental time scale that it can effectively be considered a stable solid structure.



3

1.2 Obtaining a Metallic Amorphous State

The most common way to obtain amorphous structures in metallic systems is to rapidly

cool a metallic melt from the liquid state to a solid state. This rapid cooling or quenching

does not allow enough time for the atoms to move into a crystalline long range structure

and the liquid short range structure is preserved. The critical cooling rate, R, is defined

as the minimum cooling rate necessary to form an amorphous structure and is depicted by

the cooling path R1 in fig. 3 with a Time Temperature Transformation (TTT) diagram.

ci)

4-'

U)

E
ci)

F

Im

T
g

Liquid

Glass

Time [s]

Figure 3: TTT diagram depicting two different cooling rates R1 and R2. If the material is
cooled along R1, then an amorphous or glassy structure will be formed. If the material is
cooled along R2 then it will run into the TTT curve, marked A, and a crystalline structure
will be formed. The critical cooling rate can be reduced by engineering a material that
will crystallize at longer times. This shifts the nose of the TTT curve to the right
indicated by curve B. In this case cooling at R2 would also result in the formation of an
amorphous structure.

Cooling along R1 will avoid the nose of the TTT diagram and result in the formation of

an amorphous or glassy structure. Cooling along R2 results in running into the TTT

curve, marked A, and a crystalline structure will be formed. The critical cooling rate, R,



can be reduced by engineering materials that have slower crystallization kinetics. This

shifts the nose of the TTT curve to the right indicated by curve B. In this case cooling at

R2 would then result in the formation of an amorphous structure.

The shape of this onset of crystallization curve is governed by atomic mobility or

diffusion and by the number of available sites for nucleation to occur. At a temperature

closer to the melting point, the atomic mobility is very high due to thermal excitation, but

there are very few nucleation sites of sufficient size for growth to occur. At room

temperature there are numerous nucleation sites, but the atomic diffusion is too slow for

growth to occur. Crystallization is most efficient when the temperature is at a point that

optimizes the atomic mobility and number of nuclei sufficient for growth. This

corresponds to the characteristic nose of the TTT diagram.

The atomic mobility of the liquid upon cooling can be reduced by alloying multiple

elements that have a large atomic size mismatch [25]. This effectively decreases the

atomic mobility by filling in the empty space between the atoms making it more difficult

to obtain diffusion lengths necessary for the formation of long range order. This decrease

in atomic mobility can also be interpreted as an increase in the viscosity of the liquid

melt. This shifts the nose of the TTT diagram to the right reducing the critical cooling

rate and making it easier to obtain an amorphous structure.

1.3 Bulk Metallic Glasses

The critical casting thickness, t for a completely amorphous solid is proportional to the

critical cooling rate, R, by the following relationship.

crit

Simple monatomic and binary alloys have viscosities on the order of i0 Pas [2] and

require critical cooling rates on the order of 106 Ks1 in order to create an amorphous

structure. This results in casting thicknesses that are only a few atoms thick and have

very limited applications. By engineering a material with a high melt viscosity it is
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possible to shift the nose of the TTT diagram to the right therefore decreasing R and

increasing t. Currently one of the best glass forming alloy is the

Zr412Ti138Cu125Ni10Be225 alloy, more commonly known as Vitriloy 1TM developed in

the early 1990's by Peker and Johnson [24]. This alloy has a recorded viscosity of 2.3

Pas at 1010 K [3] and a R of 1 Ks' [4] This results in bulk amorphous samples, or

Bulk Metallic Glasses (BMG), with casting thicknesses of 20 mm. This larger sample

size allowed for further experimental investigation of the material properties as well as

commercial and industrial uses.

1.4 Purpose of Study

The properties in the liquid state of a metallic system play a large role in the ability of

that system to form an amorphous structure. It is hypothesized that the atomic mobility

in the liquid state is inversely proportional to the viscosity. The lower the viscosity, the

greater the atomic mobility and the faster the cooling rate will need to be in order to

avoid crystallization. Conversely the higher the viscosity, the slower the atomic mobility

and the slower the cooling rate needed to form an amorphous alloy. This study will

probe the variables that affect the viscosity of Vitriloy 1TM (Viti) in the liquid state using

Couette Concentric Cylinder viscosity measurements.



ro

2. Literature Review

2.1 TTT Diagram and Microstructure

The TTT diagram onset of crystallization for Vit 1 has been experimentally determined

through isothermal temperature scans from the liquid state [5]. In addition the resulting

micro structure length scales of these temperature treatments were also investigated in this

study and are seen in fig. 4.

1 (XX

g'900

800

700

600
10 100 1000

Time (s)

5x i0m
x103m

4xlO m

FIp

.5x10 m
x 10m

$x lOim
6x 104m
.3x 104m

1.0000

Figure 4: Results from [5] that show a TTT diagram for Viti depicting the onset of
crystallization given an isothermal heat treatment. The resultant microstructure length
scale due to this heat treatment is shown on the right.

An apparent change in developed length scales of the formed crystal depending on the

cooling rate was discovered in this study. Material that hit the upper portion of the onset

of crystallization developed needle like micro-crystalline structure with length scales on

the order of 1 .5x103 m. If Viti was cooled fast enough to avoid the nose of the TTT

diagram and held isothermally above 600 K, then a nano-crystalline structure is formed
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on the scale of 1 .3x108 m. It has also been discovered that there is a pronounced

asymmetry in the crystallization behavior of Viti upon heating from the amorphous state

[6]. This is shown in fig. 5 below.

F;'

rs:11]

/
. cüc cooling rate

I

/

critical heating rate S

10 100

time (s)

Figure 5: Results obtained from [6] showing a pronounced asymmetry in the onset of
crystallization for Viti TTT diagram. The nose of the TTT diagram upon heating from
an amorphous state (.) is shown to be shifted to the left by two orders of magnitude
resulting in critical heating rates of 200 Ks' in order to avoid the onset of crystallization.
However, the nose of the TTT diagram upon cooling () remains the same as previously
shown and results in a critical cooling rate of 1 Ks' in order to avoid the onset of
crystallization.

It was seen that critical heating rates to avoid the nose of the TTT diagram were on the

order of 200 Ks' [6] which is roughly two orders of magnitude faster than is required

upon cooling from the liquid state. The study concluded that there is a decomposition of

the amorphous state upon heating that result in the formation of two very fine amorphous

phases that are homogenously dispersed throughout the material. One of these

amorphous phases has a high atomic mobility and will crystallize first resulting in an

amorphous matrix with homogenously dispersed nano-crystals. Upon further heating



secondary crystallization will occur at the amorphous / crystalline interface. This is

followed by the crystallization of the remaining amorphous phase resulting in a

completely crystalline material. Upon cooling from the liquid state there is more than

adequate atomic mobility, but there are not enough nucleation sites available for growth

to occur resulting in a slower critical cooling rate.

2.2 Thermodynamics

The thermodynamic characteristics of Vit 1 have been investigated with Differential

Scanning Calorimetry (DSC) [7] at several heating rates however the results of 10 Klmin

are shown here. The phase transformations that occur upon heating this material result in

the release or gain of energy. This energy is recorded as heat flow and plotted as a

function of temperature as depicted in fig. 6.
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Figure 6: Results obtained from [7] showing a Differential Scanning Calorimeter
measurement of Vitl from 500 to 1150 K using a scan rate of 10 Klmin. The onset of the
glass transition, Tg = 612 K, crystallization, Ti = 680 K, and eutectic melting
temperature, Teut = 937, are shown. Viti is completely molten at Tiiq 1026 K.



The glass transition is an endothermic reaction that occurs when atoms begin to move

from their initial amorphous state. In Viti this occurs at 612 K using a heating rate of 10

Kmin'. The atoms will continue to move until the diffusion length necessary for

crystallization is reached. The atomic mobility in this supercooled region is facilitated by

increasing temperature until crystallization occurs. The onset of crystallization is 680 K

and occurs in at least three exothermic events [7]. At this point the completely

crystallized sample is heated until the onset of melting occurs at 937 K which is indicated

by an endothermic reaction [7]. The sample appears to have three melting peaks and is

completely melted at 1026 K [7,8]. Integrating the area under the curves gives the

enthalpy of crystallization, AH,1, of 5.5 kJg-atom' and an enthalpy of fusion, of

8.2 kJg-atom' [7]. When an initially crystalline sample of Viti is heated, there is no

glass transition or crystallization event because there is no initial amorphous structure as

seen in fig. 7 [8]. It is interesting to note that there is only one endothermic reaction upon

melting with the same enthalpy of fusion as the initially amorphous sample [8].
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Figure 7: Results from [8] showing a DSC scan of Viti at 20 Klmin from 650 K to 1125
K from an initially amorphous state. It was then cooled slowly such that crystallization
occurred. The sample was then rescanned using the same conditions as before.
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The specific heat capacities, c, of the amorphous and crystalline states of Viti were also

measured using DSC experimentation and are plotted in fig. 8 [7].
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Figure 8: Specific heat data of Viti obtained from DSC from [7]. (0) shows the specific
heat of Vit 1 in the supercooled liquid region, (A) shows the specific heat of amorphous
Viti, and (o) shows the specific heat of crystalline Vitl.

Note that the supercooled liquid and crystalline samples have increasing cp,Iiq with

increasing temperature up until the glass transition. There is a step increase in c at the

glass transition temperature which then decreases with increasing temperature. The

specific heat of the crystal and liquid, Cpxtl and cp,Ijq respectively, are represented by the

following equations:

=3R+aT+bT2 (3)

and

cp1jq = 3R + fET +yT2 (4),

with parameters R = 8.3 14, a = -9.653 x iO, b = 2.321 x iO, 3 = 7.560 x i0, and

y = 8.167 x 106 in the appropriate units [7]. The specific heat of the liquid has also been

measured as a constant 41 Jg-atom'K' from 1045 to 1205 K [8].
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Using this specific heat data it is now possible to plot the configurational entropy

difference, Sc, between the liquid and crystal as a function of temperature by integrating

the specific heat using:

Tiq

Ac
S=AS_J--dT' (5),

TT
[9] where AS is the entropy of fusion, T is the temperature, and Ac = Cp,ljq The

entropy of fusion, AS, is found by using:

AG=AH-TAS (6),

with Gibbs free energy, AG, equal to zero at the melting point. The entropy of fusion is

then calculated as 8.2 Jg-atom'K' by dividing the enthalpy of fusion, by the

liquidus temperature, Tiiq = 1026 K [8]. The results of this are shown in fig. 9.
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Figure 9: Results from [7] showing the configurational entropy of the super cooled liquid
and crystalline states of Viti.
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From this plot it can be seen that there is a decrease in the entropy difference between the

liquid and crystal with decreasing temperature due to decreasing thermal excitation. The

Kauzmann paradox states that the entropy of the liquid can not be less than the crystal

[26]. This concept is used to define the Kauzmann temperature, TK, for Viti which is

graphically depicted in fig. 9 as the point when the entropy difference is equal to zero at

560 K [7].

2.3 Field Ion Microscopy Microstructure Investigation

Viti has been shown to decompose due to a miscibility gap that starts below 800 K into

areas that are Zr rich Be depleted and Zr depleted Be rich with length scales on the order

of 10 nm. The composition of Cu, Ni, and Ti remain constant. It is further shown that

the Zr rich areas will crystallize first and result in Zr rich crystals in an amorphous Be

matrix. [10] These Zr nano-crystals will aid further crystallization by acting as

nucleation sites.

2.4 Viscosity

2.4.1 Below the Liquidus Temperature

The viscosity characteristics of Viti were determined by investigating the structural

relaxation of amorphous beams under three point beam loading experiments due to a

constant applied force [11]. The temperature relationship of the viscosity was determined

and is shown in fig. 10. It was estimated from the geometry used that the experimental

shear rate was 1x105 From this study it was seen that the viscosity in the super

cooled region decreased from iO'3 Pas at 600 K to i07 Pas at 700 K. This is shown in

fig. 10. Upon primary crystallization the viscosity increased by 1.5 orders of magnitude

indicating a decrease in the atomic mobility.
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Figure 10: Three point beam bending viscosity of Viti plotted vs. temperature showing a
decrease in the viscosity with an increase in the temperature. This data was obtained
from [11].

2.4.2 Above the Liquidus Temperature

Previous studies have determined that a metallic system in the liquid state has a viscosity

on the order of iO Pas [2]. It was therefore assumed that all metallic melts would not

have a shear rate dependence of the viscosity because the kinetics in the liquid state

would be so fast that any substantial short range or medium order would be homogenized

instantly upon melting. The first viscosity studies on Viti were done by Andreas Masuhr

at Cal Tech in the mid-90's [3] and used this hypothesis. These experiments were done

using a Couette Concentric Cylinder and were done over shear rate and temperature

range of 30-300 s1 and 927-1173 K respectively. Experimental procedures included

constant temperature shearing experiments from high to low temperatures. A constant

clockwise and counter clockwise rotation was applied resulting in the torque signal

shown in fig. 11.
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Figure 11: Results from [3] showing the torque signal due to viscosity measurements of
Viti given a rotational input. The torque signal reduces with increasing temperature
indicating a drop in viscosity with increasing temperature. The vertical axis has been
shifted so the individual torque signals can be distinguished.

From this study it was seen that the lowest viscosity of Viti was 2.3 Pas at 1010 K which

is three orders of magnitude higher than pure liquid metallic systems. It was also seen

that the viscosity decreased with increasing temperature.

The next viscosity study of Viti above the melting point was done by Tyler Shaw and

Chris Way at Oregon State University from 2001 to 2003 using Couette Concentric

Cylinder viscosity measurements [16]. The same geometry as the previous study was

used. Shear rate and temperature ranged from 1 0-102 s and 1090-1172 K respectively.

This study used constant temperature variable shear rates and discovered an order of

magnitude decrease in the viscosity with a two order of magnitude increase in the shear

rate as seen in fig. 12.
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Figure 12: Viscosity vs. shear rate of Viti obtained from raw data collected by Tyler
Shaw and Chris Way. There is a pronounced decrease in viscosity with increasing
temperature and shear rate.

This shear thinning behavior was attributed to the existence of short to medium range

order that remains after melting that can be destroyed by shearing. This study also saw a

history dependence of the viscosity, but was unable to attain repeatability of the viscosity

measurements even in the same experiment. This history dependence is demonstrated in

fig. 13.
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Figure 13: Viscosity test on Viti where the sample was first heated to 1145 K and then
sheared from 2-250 s_i (.). Three more viscosity tests were performed at lower
temperatures and then the sample was heated back to 1145 K and again sheared the same
as before (o). The viscosity was not able to be repeated indicating some sort of history
dependence of the melt.



2.5 Angell Plot and Vogel-Fulcher-Tammann Parameters

The Angel! plot was developed in order to compare the glass forming ability of different

materials that could not otherwise be compared. This is done by plotting the viscosity of

the material with respect to the inverse temperature normalized by the glass transition

temperature. An example of this can be seen in fig. 14.
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Figure 14: Angell plot showing the viscosity of Si02, Viti, and o-terphenyl plotted as a
function of inverse temperature normalized by the glass transition. These results were
obtained from [11]. The more curvature in this plot the more difficult it is to form an
amorphous structure.

The more curvature in this plot indicates a material that is more fragile and it is more

difficult to form an amorphous structure. This curvature can be characterized by the

Vogel-Fulcher-Tammann (VFT) equation given by:

11= i0exp[D . T0/(T-T0 )II (7),

[12] where r = 4 x iO PaSs [13] is a constant pre-exponential factor, D is the fragility

parameter, and T0 is the temperature at which the barrier to viscous flow becomes
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infinite. For Viti these fitted values are D = 18.5 and T0 = 412 K [14]. By comparing

this to other values on the Angel! plot it can be seen that Viti is one of the better glass

forming metallic alloys.

2.6 Adam-Gibbs Entropy Model for Viscous Flow

The Adam-Gibbs Entropy Model for viscous flow relates the amount of configurational

entropy that exists in the liquid state to the viscosity and is given by:

ii = 0exp[C/(T Se)] (9),

[15] where r = 4 x iO PaSs [13] is the same constant pre-exponential factor as the VFT

fit, C is the effective free enthalpy barrier for viscous flow, and S is the configurational

entropy of the system. This model is not capable of being fit to data in the Angel! plot in

its current form due to the limitations in the equations fitting parameters. A previous

study [9] replaced S with the functional form of the entropy calculated from the

integrated specific heat difference of the liquid and crystal. This allowed the Adam-

Gibbs model to be fitted to the viscosity data plotted in the Angell plot which resulted in

the fitted values of C = 203 kJg-atom' and Sliq = 15.8 Jg-atom'K1. Using these values

and equation 9, the viscosity data could be converted to entropy which is shown in fig.

15. From this plot it is seen that the thermodynamics of the liquid are not in agreement

with the viscosity data that was converted to entropy using the Adam-Gibbs model.

There has also not been a relation developed between the VFT and Adam-Gibbs models

despite the similarities in their equation format.
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Figure 15: Results obtained from [9] showing entropy converted from viscosity data
done by A. Masuhr. Symbols denote viscosity data at (o) low and (a) high temperatures
that were converted to entropy using the Adam-Gibbs entropy model for viscous flow.
The solid line represents the thermodynamic entropy using the fitted parameter Sliq 15.8
JOg-atom' K' as a starting point. The dotted line represents the thermodynamic entropy
calculated using 8.38 JOg-atom' K' obtained from DSC measurements as a starting point.
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3. Experimental Methods

3.1 Material Preparation

Tested samples of Vit 1 fall into one of three main categories. These include initially

amorphous as cast pellets obtained from Liquid Metal Technologies that contained trace

amounts of hydrogen, dehydrogenated initially crystalline Viti, and dehydrogenated

initially amorphous Viti.

Bulk samples of amorphous Vitl pellets were obtained from Liquid Metal Technologies.

The samples were ultrasonically cleaned in acetone and ethanol and processed in an

induction heated copper boat in order to remove hydrogen that was present due to the

alloying process. This process included heating the material to temperatures well above

the liquidus temperature, Tiiq 1026 K [8], for approximately 15 minutes under a high

vacuum on the order of 1 0 mbar. At this point the samples were cooled at a rate which

allowed for crystallization to occur. Without this process, high temperature viscosity

measurements could not be done as the hydrogen would come out of the melt solution at

elevated temperatures causing erroneous or dangerous conditions for experimentation.

Dehydrogenated amorphous Vitl is obtained by cutting the dehydrogenated crystalline

Vitl from the previous step into samples ranging from 2 3 grams. These smaller pieces

were then cleaned as before and processed individually in an arc-melter under a titanium

gettered argon atmosphere at a pressure of 1 bar. Under this process the sample is heated

to well above the melting point using a high energy arc. After the sample is melted, it is

rapidly quenched by a water cooled copper plate such that an amorphous structure is

attained. Both crystalline and amorphous states were confirmed using Differential

Scanning Calarimetery (DSC) temperature scans.

3.2 Visual Inspection of Graphite Interface

Tested samples of crystalline and amorphous dehydrogenated Viti in graphite shear cells

were sectioned using a Buehler Isomet 1000 precision diamond saw such that a visual
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inspection could be performed. Digital images were obtained using a 4 mega pixel

Canon Powershot S400. This was performed to preliminarily examine the interaction

between the melt and graphite shear cell interface.

3.3 Optical Microscopy

Optical Microscopy of viscosity tested hydrogenated amorphous Viti was done to further

determine the interaction between the melt and graphite shear cell. This was done by

sectioning the graphite shear cell after viscosity measurements were done using a

diamond saw. These sections were then mounted in phynolic resin, polished using

standard procedures, and then etched for zirconium. Images were obtained of the melt

and graphite interfaces using a Leica DMRM optical microscope at various

magnifications equipped with a digital camera. Scale bars at various magnifications were

added using Photoshop 7.0.

3.4 Microprobe

Chemical analysis of as cast hydrogenated Viti pellets that had under gone rheological

experiments were performed using microprobe analysis. This was done to further

investigate the interaction between the melt and the graphite shear cell. The beryllium

composition in the experimentally tested samples was determined using laser ablation

using the composition in an unprocessed homogenized pellet as a standard. Samples of

amorphous as cast pellet and two tested rheological experiments with testing times of 1.5

and 5 hours were analyzed. The minimum spot size for statistical chemical analysis was

5 m. Multiple linear traverses were done over the length of the melt and across the

graphite shear cell melt interface. The step size used for these traverses were 100 m.

The excitation voltage used was 15 keV.

3.5 Differential Scanning Calarimetery

Differential Scanning Calarimetery (DSC) was done using a Pyris 1 DSC. This was done

to evaluate the amorphous or crystalline state of the tested material before testing.
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Sample masses of 20-30 mg were ultrasonically cleaned in acetone and ethanol and

placed in aluminum pans. Temperature scans were then done at 20 Kmin' from 50 to

580 C with 99.999% pure argon flowing during testing.

3.6 Differential Thermal Analysis

High temperature Differential Thermal Analysis (DTA) was done using a Diamond

TG/DTA. As cast hydrogenated as well as prepared amorphous and crystalline samples

ranging from 20-30 mg were cleaned using acetone and ethanol and then placed in

graphite pans for testing. Scan rates of 60 Kmin' were done from 375 to 1575 K under

99.999% pure nitrogen. The machine was calibrated for both heat flow and temperature

using the melting point of six pure metals over a temperature range of 453-1723 K. This

was done to investigate any thermodynamic signals in the liquid state. It should be noted

that the DTA was not able to accurately measure the heat flow even after applying

multiple calibration curves. Despite this, the temperature scale is calibrated correctly and

the onsets of transitions could accurately be measured.

3.7 Viscosity Measurements

3.7.1 Equipment Description

High temperature viscosity measurements were done using a custom built High Vacuum

Rapid Annealing Furnace (HVRAF) equipped with a Couette Concentric Cylinder

graphite shear cell. This equipment was designed and built by Tyler Shaw [16] and is

depicted in the following figures.
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Figure 16: High Vacuum Rapid Annealing Furnace (HVRAF) equipped with a Couette
Concentric Cylinder graphite shear cell. A 15 kW Induction Furnace and Chiller, B
Pfeiffer high vacuum turbo cube, C 99.999% pure argon tanks, D Data acquisition
and control, E Vacuum chamber.

Heat is inductively supplied by a 15 kW induction furnace, labeled as A in fig. 16, to the

graphite shear cell. The vacuum chamber, E, is pumped down using a Pfeiffer vacuum

pump, B, and can be backfilled with high purity Argon, C. The entire measurement and

control process is done using a NI 6052-E DAQ board and Lab VIEW 6.0 which is

housed in an electronics cart, D.
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Figure 17: Vacuum chamber of HVRAF. F Stepper motor, G Rotational vacuum
feed through, H Shear Cell / Induction coil, I Location of torque sensor inside vacuum
chamber, J Type-K thermocouple vacuum feed through, K Torque sensor electric
vacuum feed through, L Pfeiffer digital vacuum gage, M Argon inlet.

The HVRAF vacuum chamber was constructed so viscosity measurements could be done

in an oxygen free environment. An Argon atmosphere is established by backfilling

through a high vacuum valve, M. At the top of the vacuum chamber is a Ferro fluidic

rotational vacuum feed through, G, which allows rotational input from a stepper motor, F,

to the shear cell, H. The generated torque is measured using a torque sensor, I, whose

analog signal is transmitted through an electronic vacuum feed through, K. A type-K

thermocouple vacuum feed through, J, is also used to transmit the analog signal out of the



vacuum camber. These signals are recorded using the data acquisition and control

equipment located on the electronic cart.

Figure 18: The high purity graphite shear cell used for the viscosity investigation of Viti.
N Bob, 0 Cup, P Titanium adaptors, Q Type-K thermocouple, R Quartz tube,
S Stainless steal clamps.

The graphite shear cell was machined from high purity Poco graphite and consists of two

parts as seen in fig. 18. The upper portion known as a bob, N, is a solid cylindrical mass

that has a diameter of 0.875". The lower portion consists of a cup, 0, with an inner

diameter of 1". Custom made titanium adaptors, P, are used to physically attach the bob

and cup to the HVRAF and will also react with any remaining oxygen that may be in the

vacuum chamber during testing. These adaptors are securely attached to the HVRAF

using stainless steel clamps, S. Temperature is measured with a type-K thermocouple, Q.

The entire setup is held under vacuum with the aid of a quartz tube, R.
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3.7.2 Experimental Preparation and Setup

Prior to testing, an ultrasonically cleaned graphite shear cell is placed into the HVRAF as

seen in the previous section and the vacuum chamber is pumped down to 1 0 mbar. At

this point the shear cell is inductively heated to about 1400 K to burn off any remaining

contaminants from the shear cell or the inside of the vacuum chamber. Once the shear

cell is cooled, cleaned Viti with a mass of 31.9±0.01 gm is place in the cup. The vacuum

is then re-established and the system is allowed to pump down for at least 24 hours until

the vacuum is again on the order of 1 0 mbar. The chamber is then backfihled with

99.999% pure argon to a pressure of 10°mbar and then inductively heated to 1053 K at

which point Viti is molten. Upon heating the argon atmosphere is further purified of

oxygen by the titanium adaptors that are used to physically attach the graphite shear cell

to the HVRAF. At this point the bob is lowered into the melted sample with an

immersion length of 1.25". Viscosity measurements are taken by applying a computer

controlled rotation, , to the bob using the stepper motor. This action transmits a torque,

M, through the molten sample in the shear cell which is measured using a torque sensor.

After the test is completed, the bob is removed from the melt and the sample is cooled

back to room temperature. Further details of the construction and geometric constrains of

this equipment can be found in Tyler Shaw's Thesis [16].

3.7.3 Viscosity Testing

Three different types of viscosity measurements were done using the experimental setup

describe in the previous section in order to investigate the viscosity of Vit 1 above the

liquidus temperature. The first method involved heating the sample to an initial

temperature of 1075 K and applying a rotation to the bob. A generic depiction of this

rotation is shown in fig. 19.
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Figure 19: Scaled rotational input (.) in a clockwise then counter clockwise rotation.
The resultant torque applied due to this rotation and the viscosity of the sample is
depicted by (.).

The bob is initially ramped to a clockwise rotation of 0.314 rads1 and held constant for 2

seconds. At this point the bob is decelerated back to zero rotation and held constant for

an additional 2 seconds. The bob is then rotated in a counter clockwise rotation of 0.314

rads' and held constant for 2 seconds at which point the bob is decelerated back to zero.

The torque for a given rotation is measured by taking the difference between the initial

zero torque signal and the torque while the rotation is taking place. This difference is

averaged between the clockwise and counterclockwise rotations. At this point the

rotational profile is then repeated with the next highest rotation of 0.628 rads' and so on

until the last rotational profile of 37.7 rads' is complete. The shear cell temperature is

then increased by 25 K and the same rotational pattern as before is applied. This process

continues until the sample reaches 1300 K at which point the sample is cooled back to

1075 K and allowed to rest isothermally for one hour. This is then followed by repeating



the same temperature and rotational profiles. The bob is then removed from the cup and

the test is completed. This complete test was performed twice on the dehydrogenated

amorphous Viti and once on the dehydrogenated crystalline Viti. The first temperature

scan from 1075 to 1300 K was done on the hydrogenated as cast sample and one

dehydrogenated crystalline samples.

The second method for investigating the viscosity involves heating the sample to 1125 K

and then applying a rotation in a clockwise direction at 0.763 rads1 for about 10 seconds

at which point the rotation is decelerated back to zero and held for 30 seconds. This is

done to establish a zero torque value. At this point a rotation at 0.763 rads' in a

clockwise direction is applied and the shear cell is radiativly cooled at approximately 2

Ks1. This continues until the torque signal reaches within 0.5 % of the operational limit

of the torque sensor and then the rotation is stopped. The torque signal is measured by

taking the difference between the zero rotation torque signal and the rotating torque

signal. The sample is then reheated and the bob is removed from the cup ending the test.

This type of test was also done with a starting temperature of 1225 K.

The third method involved heating the sample to 1125 K and then shearing at 31.4 rads1

in a clockwise direction for approximately 10 seconds. The rotation was then decelerated

back to zero and allowed to rest for 30 seconds to establish a zero torque signal. A

clockwise rotation of 31.4 rads1 was then applied and held for 1 hour while holding the

temperature constant at 1125 K. At this point the bob was removed and the test was

concluded.

3.7.4 Calculating Viscosity

From previous studies [16] it has been seen that the viscosity of Vit 1 has a shear thinning

behavior with increasing shear rate. This behavior gives rise to a non-linear velocity

profile in the testing material between the bob and the cup. Material that is closest to the

bob will be rapidly sheared while material near the cup is not being sheared at all.

Krieger and Maron [17] discovered that shear thinning materials require an outer bob to
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inner cup radius ratio of 0.97 or more in order for shear thinning materials to be

accurately measured. If this geometry is not experimentally possible, then a shear rate

correction factor must be applied that takes into account the non-linear velocity profile

due to the shear thinning behavior. The current geometry used in this viscosity study

gives a ratio of 0.875. This method assumes a power law shaped velocity profile between

the bob and the cup. To apply this correction factor the torque, M, in Nm is plotted with

respect to the rotational velocity, , in rads'. A power law relationship given by:

M=a (9),

where a and n are fitting parameters is fit to this data. The corrected shear rate, j', is then

calculated using:

2
3/ (10),

n(1b n)

where is the angular velocity, n is the fitted parameter from equation 9, and b is the

ratio of the bob to cup radius. The shear stress, , is calculated using:

M
(11),

22t.r2 L
where M is the torque, r is the radius of the bob in meters, and L is the immersion length

in meters. The final viscosity, ii, in Pas is then calculated using:

11= (12),
1

where i and ' are defined above in equations 10 and 11. The error propagation due to

geometric tolerances, noise in the torque signal, and errors associated with the immersion

length are discussed in appendix sections 8.3 and 8.5. The effects of the shear rate

correction factor with respect to the fitted parameter n are also discussed in appendix

section 8.6.

This method for calculating the shear rate cannot be done when the rotation of the bob is

held constant for a viscosity test because the value of n can not be determined. For these

tests the shear rate, ', is calculated using:
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2r.
2 2

(13),
r0 -

where is the angular velocity in rads', r1 is the radius of the bob in meters, and r0 is the

inner radius of the cup in meters. The shear stress and viscosity are calculated the same

as shown in equations 3 and 4. A comparison of these two methods of calculating the

shear rate is discussed in the appendix 8.6.



32

4. Results

4.1 Visual Inspection

The interface between the cup and the bob were visually investigated for dehydrogenated

crystalline and dehydrogenated amorphous Viti samples by sectioning the graphite shear

cell and are shown in the following figure.

itially
I out at
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The left shear cell in fig. 20 depicts the graphite melt interface for dehydrogenated

initially crystalline Vit 1. This shows that the sample material wetted the graphite and

there is no apparent loss of material due to absorption into the graphite. The shear cell in

fig. 20B depicts the graphite melt interface for dehydrogenated initially crystalline Vit 1

in which the shear cell was burned out at approximately 1500 K for one hour prior to

testing. When the sample was melted a large amount of the melt diffused into the

graphite to a depth of almost 0.1". This penetration is outlined in fig. 20B. This loss of

material to the graphite is seen by comparing the depth of the material at the bottom of

the center shear cell to the left shear cell shown in fig. 20A and fig. 20B. The right shear

cell in fig. 20C depicts a dehydrogenated initially amorphous shearing test. There is no

apparent diffusion of the melt into the graphite. A bubble was formed upon removing the

bob from the melt which resulted in the ring that is seen about halfway up the cup wall.

4.2 Optical Microscopy

The interface between the cup and the bob were investigated for as cast hydrogenated

Viti pellets and are shown in fig. 21.

Figure 21: Vit 1 graphite shear cell interface in corner of cup using as cast hydrogenated
pellets from Liquid Metal TechnologyTM for 1.5 hour (left) and 5 hour (right)
experimental times.
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Both images accurately represent the interaction of Vit 1 with the graphite shear cell over

the entire sectioned surface. From this figure it can be seen that the liquid alloy in both

tests crystallized upon cooling. Dark areas indicate high concentrations of zirconium due

to the type of etchant used. There is no apparent absorption of the material into the

graphite. The dark interface line between the melt and the graphite is a gap that was

formed when the sample shrunk during crystallization. The 1.5 hour test shows a crack

running from the corner of the graphite through the crystallized Vit 1 indicating

tremendous strains encountered upon crystallization.

4.3 Microprobe

The following chemical analysis of the components in Vit 1 was done on the same

samples that were investigated in the previous optical microscopy section. These results

are seen in fig. 22. Also shown in this analysis is the composition vs. location across the

graphite / melt interface. From these results it can be seen that the nominal composition

of the melt alloy does not change due to interactions with the graphite shear cell. The

composition profile across the graphite / melt interface shows a distinct separation. The

absence of data between -175 and -200 im in fig. 23 indicates a gap that formed between

the melt and the graphite after crystallization occurred. The apparent carbon in the melt

is due to the microprobes inability to discriminate between C and Cu. The apparent Be

content in the graphite is due to measurement errors associated with the laser ablation.
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Figure 22: Compositional microprobe results of Viti both before and after testing for 1.5

and 5 hours in contact with graphite shear cell. It can be seen that the composition in the
melt does not change from the nominal composition with in the error bars for testing up
to 5 hours.
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Figure 23: Composition vs. location across the graphite (right) / crystallized melt (left)
interface. The absence of data between -175 and -200 tm indicates a gap that formed
between the melt and the graphite after crystallization occurred. The apparent carbon in
the melt is due the microprobes inability to discriminate between C and Cu. The apparent
Be content in the graphite is due to errors associated with laser oblation.
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4.4 Differential Scanning Calarimetery

DSC scans of dehydrogenated amorphous, hydrogenated amorphous as cast pellets, and

dehydrogenated crystalline Viti were performed in order to determine the amorphous or

crystalline state of the material prior to testing. These results are seen in Figure 24 and

Table 1.
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Figure 24: The crystalline and glassy state for the hydrogenated amorphous as cast,
dehydrogenated amorphous, and dehydrogenated crystalline Viti are seen.

The glass transition and crystallization events in both amorphous samples occur at the

same temperatures. The crystallization peak areas are slightly different as the first peak

of the as cast is smaller than the prepared sample. The second peak of the "as cast" Viti

is also larger than the amorphous sample without hydrogen. The prepared crystalline

sample without hydrogen undergoes no phase transformations in this temperature range.

The onset of the glass transition and crystallization are shown in Table 1.



Table 1: The onset of the glass transition and crystallization for the dehydrogenated
crystalline, hydrogenated amorphous as cast, and dehydrogenated amorphous sample
tested in the DSC.

Tg onset [K] [xtl onset [K]

-H Crystalline x x

+H As Cast 630 738

-H Amorphous 632 739

4.5 Differential Thermal Analysis

DTA analysis was performed on dehydrogenated amorphous and dehydrogenated

crystalline samples. These results are seen in fig. 25 and table 2.
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Figure 25: DTA scans of three dehydrogenated amorphous samples, a dehydrogenated
crystalline sample, and graphite baseline.
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The glass transition, crystallization and melting peaks are seen for the initially amorphous

samples while only the melting peak is seen for the initially crystallized sample. The

shape of the crystallization and melting peaks for all amorphous samples show only one

peak which differs from the same samples when tested using the DSC and from previous

research [1]. The graphite pan baseline shows no reactions over the experimental

temperature range indicating that the shown signals are due to reactions in the sample

material. A second order type transformation is seen at temperatures above the liquidus

temperature of 1026 K. This transition temperature is arbitrarily labeled T and is shown

in fig. 26. The onset for Tg, Tmeit, and T is shown in table 2.
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Figure 26: Transitions seen in dehydrogenated initially amorphous and initially
crystalline Viti samples above the liquidus temperature. Ti, T2, and T3 show three
separate tests that were done on dehydrogenated initially amorphous Viti



Table 2: Onset of the glass transition, crystallization, and melting for the dehydrogenated
amorphous and dehydrogenated crystalline samples.

-H Amorphous Tg onset [K] [xtl onset [K] Tmelt onset [K] Tc [K]

Ti 626 750 927 1228

T2 627 749 927 1227

T3 625 749 926 i225

-H Xtal Tg onset [K] frxtl onset [K] Tmelt onset [K] Tc [K]

Ti x x 930 1167
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4.6 Viscosity

The viscosity vs. shear rate measurements for the hydrogenated as cast, dehydrogenated

amorphous, and dehydrogenated crystalline Viti are shown in the following figures.

4.6.1 Hydrogenated Amorphous As Cast Viti
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Figure 27: Viscosity vs. shear rate plotted for the hydrogenated as cast Vit 11t
temperature scan.

The initial viscosity of hydrogenated as cast Viti is 21 PaSs at 1075 K and reduces by an

order of magnitude with a two order of magnitude increase in the shear rate. There is a

pronounced decrease in the viscosity with increasing temperature. At 1200 K the

measured viscosity no longer decreases significantly with increasing temperature.
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4.6.3 Dehydrogenated Initially Amorphous 1st and 2' Temperature Scans
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Figure 28: Viscosity vs. shear rate dependence of dehydrogenated initially amorphous
Viti during the 1st temperature scan from 1075 to 1300 K.

Figure 28 shows that the maximum viscosity at 1075 K is 35 Pas and decreases by an

order of magnitude with a two order of magnitude increase in the shear rate. There is a

pronounced decrease in the viscosity with increasing temperature until 1225 K. At this

point there is no significant decrease in the measured viscosity with increasing

temperature. The lack of data present at low viscosities and shear rates is due to

experimental limitations of the testing equipment.
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Figure 29: Viscosity vs. shear rate of dehydrogenated initially amorphous Viti 2nd

temperature scan. Measurements were taken after the 1st temperature scan from 1075 to

1300 K, reducing the temperature back to 1075 K, and holding isothermally for 1 hour.

Figure 29 shows that the maximum viscosity is 0.3 PaSs at 1075 K and remains constant

with increasing shear rate. The viscosity decreases with increasing temperature until

1225 K. The lack of data present at low viscosities and shear rates is due to experimental

limitations of the testing equipment at low shear rates and low viscosities.



4.6.2 Dehydrogenated Initially Crystalline 1st and 2nd Temperature Scans
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Figure 30: Viscosity vs. shear rate plotted for the dehydrogenated initially crystalline
Viti for the 1st temperature scan going from 1075 to 1300 K.

The initial viscosity of the dehydrogenated initially crystalline is 2 PaSs at 1075 K and

reduces by half an order of magnitude with a two order of magnitude increase in the shear

rate. There is a decrease in the viscosity with increasing temperature. At 1250 K the

viscosity no longer decreases significantly with increasing temperature. The viscosity of

Viti at elevated temperatures was so low at lower shear rates that no discernable torque

signal could be measured. This is why there are fewer data points at higher temperature.
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Figure 31: Viscosity vs. shear rate of dehydrogenated initially crystalline Viti 2'
temperature scan. Measurements were taken after the 1st temperature scan from 1075 to
1300 K, reducing the temperature back to 1075 K, and holding isothermally for 1 hour.
Error bars have been calculated but are not shown here for clarity.

The maximum viscosity at 1075 K is 1 Pas and shows a very slight decrease in viscosity

with increasing shear rate. This shear rate dependence of the viscosity disappears at

1175 K. The lack of data presented is due to experimental limitations of the testing

equipment and the very low viscosity of the tested material.



4.6.4 Cooling Effects on Viscosity at Constant Shear Rate

The viscosity as a function of applying a constant rotation to the bob and then radiativly

cooling the sample is depicted in fig. 32.
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Figure 32: Angell plot of viscosity as a function of temperature by cooling from 1125 K
(.)and 1225 (.) for hydrogenated as cast pellets while shearing at a constant 5 s_i. The
average cooling rate was 2 Ks'.

The viscosity of the sample that was heated to 1125 K shows at least an order of

magnitude higher viscosity upon cooling than the viscosity of the sample that was heated

to 1225 K. Measurements were stopped when the limits of the equipment were reached.

This cut off point for the sample that was started at 1225 K occurred 50 K lower than the

sample that was only heated to 1125K. Measurements were removed from the black line

due to excess noise in the signal.
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4.6.5 Constant Shearing Time Effects on Viscosity at Constant Temperature

The effects of shearing on the viscosity of hydrogenated as cast amorphous pellets was

investigated and is now reported in the following plot.
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Figure 33: The viscosity vs. shearing time at 205 s is shown for hydrogenated as cast
amorphous pellets. There is a drop from 0.42 to 0.32 PaSs over this one hour time period
of steady state shearing.

From this figure it can be seen that the viscosity decreases slightly from 0.42 Pas and

asymptotically approaches 0.32 Pas after being sheared for one hour. This indicates that

the effects of shearing time play little role in the viscosity of the material when compared

to temperature effects.



5. Discussion

5.1 Viti Interaction with Graphite Shear Cell

The interaction of Viti with the graphite shear cell is of great importance. If there is any

sort of reaction or the melt is absorbed into the graphite, then the experimental results of

this viscosity study would be highly suspect. To this end tested shear cells were

sectioned after testing so that visual and chemical analysis could be done. From these

results it can be seen that there is no loss of the melt into the graphite at elevated testing

temperatures and that the composition of the melt does not change after 5 hours of

testing. In addition the composition profile across the melt I graphite interface shows no

absorption of the material into the graphite except for the apparent absorption of Be

which was due to the method by which the chemical analysis was done. Carbon analysis

in the melt was indeterminate due to difficulties in differentiating the Cu La and C Ku

characteristic X-rays. The only real loss of material into the graphite was seen in the

dehydrogenated initially crystalline sample. This is attributed to the shear cell being

made porous by excessive burnout and by the decreased viscosity exhibited by the

dehydrogenated initially crystalline sample.

A study of the interaction of Vit 1 with graphite was performed recently [18] and shows

the formation of a ZrC interface between graphite and molten Viti with a maximum

thickness of 0.5 .tm after 20 minutes at 1200 K. It is assumed that this layer is formed

when the liquid melt comes into contact with the graphite. During this time the graphite

can diffuse into the melt and react with the Zr forming a crystalline ZrC layer at the

interface. The formation of this layer will cause a decrease of Zr in the melt

composition. By taking into account the volume of ZrC that would be formed using the

current shear cell geometry, the compositional change of the alloy was calculated as a

function of ZrC layer thickness. With a ZrC layer thickness of 0.5 jtm, the calculated Zr

composition drops 0.03 at% indicating no discernable change due to forming this layer.



The next thing to consider is the ability of this ZrC layer to grow under the experimental

conditions that exist when viscosity measurements are taken. Under these conditions the

system will be held at a maximum temperature 1300 K for 9 hours. Since the atomic

radius of carbon is much smaller than Zirconium it is assumed that it's diffusion through

the developed ZrC layer is responsible for growth of this layer. The diffusion of carbon

through ZrC was determined [19] using:

-1 13O0'D*1.32x102exp
RT J

[cm2/sec] (1),

where D* is the diffusion coefficient, R is the gas constant 1.987 calmoF'K' , and T is

temperature in K. Using this equation the diffusion coefficient was calculated to be

1.2256x10'7 cm2/s. The diffusion length through ZrC, x, was calculated using:

x = JD . t [cm] (2),

where t is the time at temperature. By plugging in the experimental conditions the carbon

will defuse 6.3x1 0 pm which is much smaller than the initially formed ZrC layer formed

upon initial contact between the melt and the graphite. It is therefore assumed that the

layer thickness will not continue to grow under the testing conditions used for viscosity

measurements and there will be no further depletion of Zr. In addition the atomic radius

of all the elements in Viti is larger than the atomic radius of carbon. It is assumed that

the ZrC layer forms a barrier and prevents further diffusion or interaction of the melt with

the graphite.

It is also possible for a TiC layer to form upon contact with the graphite shear cell. This

layer has a very low carbon diffusion coefficient under the testing conditions used [27]

and will not deplete the alloy of titanium.

The main points of this investigation are that a ZrC layer is formed between molten Vit 1

and the graphite shear cell. This ZrC layer acts as a diffusion barrier and prevents further

interaction between the melt and the graphite. The formation of this layer does not

change the nominal composition of the molten tested material.
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5.2 Test Procedure Development

The previous viscosity study [16] showed the difficulties in obtaining repeatability

between tests. The main variables that were determined to have a large effect on the

viscosity were shear rate and temperature. The viscosity would decrease with increasing

temperature and increasing shear rate. Further refinements of these variables have been

performed allowing for repeatability of the experiments. It has been seen that the

viscosity is dependent upon the maximum experimental temperature and the amount of

shearing experienced. The previous viscosity study did not systematically investigate

the temperature history dependence on the viscosity therefore making it difficult to obtain

repeatability.

5.2.1 Viscosity vs. Maximum Experimental Temperature

The viscosity vs. temperature of two tests have been performed in which the samples

were heated to an initial starting temperature and then radiativly cooled at an average

cooling rate of 2 Ks1 while being sheared at 5The data collection was stopped when

the viscosity was too high to measure. It has been experimentally seen in fig. 34 that the

viscosity is an order of magnitude higher with a starting temperature of 1125 K than with

a starting temperature of 1225 K.
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Figure 34: Angel! plot of viscosity as a function of temperature for two separate tests on
hydrogenated as cast amorphous Viti cooling from 1125 K (.) and 1225 (.) with an
average cooling rate of 2 Ks1 while shearing at a constant 5 s1.

It further shows that upon cooling from 1225 K that this order is only slightly reformed

above the liquidus temperature and the majority of the order is re-established by further

undercooling below Tiiq. This indicates a thermal destruction of order by going to 1225

K that is not reformed upon cooling.

It should be noted that the sample that was heated to 1125 K crystallized at higher

temperatures than the sample that was heated to 1225 K. A metallic system requires both

nucleation sites of sufficient size and adequate atomic mobility for growth to occur. It is

thought that there remain a small number of oxide particles due to the initial alloying

process that remain after melting that can act as nucleation sites upon cooling. By
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heating the sample to 1225 K these oxide particles are thermally destroyed, therefore

removing nucleation sites and causing crystallization to occur at lower temperatures. If

the sample is only heated to 1125 K, then these nucleation sites are not thermally

destroyed. Their presence can then overcome the sluggish atomic mobility associated

with the higher viscosities causing crystallization at a higher temperature. It should be

noted that there are not enough oxide particles that remain after melting that can account

for the seen shear thinning behavior.

From this investigation it was concluded that the maximum temperature of the

experiment would decrease the viscosity of any measurements that would occur at a

lower temperature above the liquidus temperature of 1026 K.

5.2.2 Viscosity vs. Shearing Time

In this section the sample was sheared continuously for one hour using a shear rate of 205

at a temperature of 1125 K. This shearing resulted in an exponential decrease in the

viscosity of the melt from 0.42 to 0.32 Pas over 3600 seconds of shearing. It was

concluded that the apparent decrease in the viscosity due to shearing is much smaller than

the effect of increasing temperature. This indicates that shearing is not as effective at

destroying order as increasing the temperature.

5.2.3 Final Test Procedure

The final procedure used for testing was developed taking into account the effects seen

by the previous investigation [16] and from the previous two sections. It was seen that

the maximum temperature a sample experiences reduces the viscosity of any

measurements done at a lower temperature above Tiiq. It was also seen that shearing for

long periods of time causes a slight decrease in the viscosity, but this plays a much

smaller effect on the viscosity than temperature. The following test procedure was

developed which takes into effect these two variables. The sample would always be

heated to the testing temperature. Viscosity measurements are taken from low to high

shear rates using steady state measurements discussed in the experimental section and
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will take no more than 20 minutes. After the shearing is completed the sample's

temperature is increased by 25 K for the next viscosity measurement. By increasing the

temperature by 25 K it is assumed that the small amount of order that was destroyed by

shearing is less than and not additive to the order that is destroyed by increasing the

temperature.

5.3 Viscosity vs. Shear Rate

5.3.1 Repeatability

Viscosity measurements were done on two dehydrogenated crystalline and two

dehydrogenated amorphous Viti samples using the developed testing procedure in the

previous section. The comparison between these results can be seen in the following

figures. In both cases there is a decrease in the viscosity both with increasing

temperature and increasing shear rate which is the same as seen in previous studies. It

can also be seen that within the error bars associated with the measurements that

repeatability has been obtained. From fig. 35 it can be seen that the solid symbols have a

slightly lower viscosity than the open symbols. This was due to a slip that occurred

between the Titanium adaptors and the HVRAF. This slip reduced the amount of

transmitted torque causing slightly lower viscosities. The viscosities were identical when

there was no slip. The excessive error at high temperatures and low viscosities is

attributed to the instrumental noise associated with using a stepper motor and the inherent

instrumental noise associated with the torque sensor.
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Figure 35: Repeatability experiments of dehydrogenated amorphous Viti 1st temperature
scan. The filled in symbols show the viscosity measurements from one test. The open
symbols show viscosity measurements from a completely separate test. Error bars that
are not shown indicate that the resultant value is less than zero which is impossible to plot
on a log scale.
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Figure 36: Repeatability experiments of dehydrogenated crystalline Vitl 1st temperature
scan. The filled in symbols show the viscosity measurements from one test. The open
symbols show viscosity measurements from a completely separate test. Error bars that
are not shown indicate that the resultant value is less than zero which is impossible to plot
on a log scale.

These results show that the developed experimental procedure and equipment used has

resulted in repeatable measurements. It also shows areas where the viscosity

measurement can be improved. These include replacing the stepper motor with a servo-

motor to reduce noise input due to rotational vibration as well as redesigning the shear

cell so that the instrumental noise associated with the torque sensor at lower viscosities

can be reduced. The shear cell redesign will be discussed in a later section.
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5.3.2 Hydrogen Effects on the Viscosity

Using the experimental method developed in section 5.2, the viscosity of dehydrogenated

amorphous and hydrogenated amorphous as cast pellets from Liquid Metal

TechnologiesTM was performed. The hydrogenated sample shows a consistently lower

viscosity than the test in which the sample was dehydrogenated. It was noticed during

testing bubbles started to develop and separate out of the melt between 1175 and 1225 K.

This apparent dissolution of bubbles out of the molten sample during viscosity

measurements would transmit less torque through the molten sample and give a lower

viscosity value as seen in fig. 37. From this it can be seen that the hydrogenated sample

has a consistently lower viscosity at and below 1150 K than the dehydrogenated sample.

At 1275 K the hydrogenated sample has a higher viscosity than the dehydrogenated

sample.
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Figure 37: Hydrogenated as cast amorphous Viti from Liquid Metal Technologies and
dehydrogenated amorphous Viti sample viscosity comparison for 1st temperature scan.
The filled symbols represent the hydrogenated as cast test. The open symbols represent
the dehydrogenated amorphous samples. From this it can be seen that the hydrogenated
sample has a consistently lower viscosity than the dehydrogenated sample.

5.3.3 Ciystalline vs. Amorphous

The initially crystalline and amorphous state of the sample was found to play a large role

in the viscosity between from 1075-1175 K. This comparison is seen in fig. 38. At 1075

the viscosity of the initially amorphous melt has an order of magnitude higher viscosity

than the same alloy that was melted from a crystalline state. With increasing temperature

the viscosity difference between these two tests decreases until they have the same

viscosity at 1175 K. The viscosity then remains the same within the experimental error

of the equipment as the temperature increases to 1275K.
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Figure 38: Comparison of dehydrogenated initially crystalline (solid symbols) and
dehydrogenated amorphous (open symbols) prepared samples during the 1st temperature
scan.

This drastic viscosity difference between the dehydrogenated initially amorphous and

dehydrogenated initially crystalline Vit 1 is thought to be due to the microstructure of the

samples before melting. It has been shown that the critical heating rate to avoid

crystallization for Viti is on the order of 200 Ks' [6]. The heating rate used for this

experimentation was 30 Kmin' which indicates that the initially amorphous sample was

crystallized before melting. It has also been discovered that crystallizing Viti from the

amorphous state at this heating rate will result in crystals with an average length scale of

38 nm [5] (see page 6). This indicates that there is very little atomic mobility of the

atoms during crystallization from the amorphous state which could preserve the

amorphous short range ordered structure. When this nano-crystalline structure is melted,

the amorphous short range order is then preserved. This retained short range order is then



responsible for the high viscosities that have been experimentally observed above the

liquidus temperature.

When the dehydrogenated crystalline Viti sample was made, it was cooled from well

above the liquidus temperature at a rate which allowed it to crystallize upon cooling. The

study which relates the crystalline length scale to the cooling rate [5] shows a length scale

on the order of 1x103 m (see page 6). This microstructure is five orders of magnitude

larger than if the sample was heated from an amorphous state. This shows that no short

range order has been formed upon cooling. When this microstructure is melted there is

still no short range order which leads to the lower viscosities that have been

experimentally observed above the liquidus temperature.

A further indication that crystalline Viti has a much lower viscosity was seen upon visual

inspection of the sectioned shear cell seen in fig. 20 on page 32. This graphite shear cell

was burned out at high temperatures for one hour. This process deposited graphite on the

inside of the vacuum chamber making the shear cell porous. When the crystalline sample

was heated to the liquid state and the bob was lowered into the molten material, the low

viscosity melt soaked into the porous graphite causing the apparent loss of the material.

This problem never occurred for amorphous Viti testing or for crystalline Vitl when the

graphite shear cell was burned out at 1300 K.

5.3.4 High Temperature

The previous tests that have been discussed were performed by heating the sample from

1075 to 1300 K by an increment of 25 K. This section will compare the results obtained

after cooling both the dehydrogenated amorphous and dehydrogenated crystalline

samples back to 1075 K and holding them at that temperature for one hour. After this

isothermal resting time, the same temperature and shear rates were repeated so any

difference in the viscosity could be compared. This comparison is seen in fig. 39 and

fig. 40.
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Figure 39: Dehydrogenated initially amorphous Viti viscosity vs. shear rate 1st and 2nd

temperature scans. The open symbols indicate the 1t temperature scan from 1075 to
1300 K. The solid symbols show the resultant viscosity for the 2nd temperature scan after
the sample was cooled back to 1075 K and held isothermally for one hour.

It can be seen from fig. 39 that the dehydrogenated amorphous test's second temperature

scan has a much lower viscosity than the initial temperature scan. This difference

decreases with increasing temperature until they have the same viscosity at 1200 K

within the experimental error. There is still a decrease in viscosity with increasing

temperature for the second temperature scan however it is not as pronounced as the first.

This indicates that there was minimal or no re-established order above the liquidus

temperature for Vit 1 during the one hour resting time. This same conclusion has been

stated in section 5.2.1. There also no longer appears to be a shear rate dependence of the

viscosity further indicating that no order was re-established.
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Figure 40: Dehydrogenated initially crystalline Viti viscosity vs. shear rate Vt and 2nd

temperature scans. The open symbols indicate the Vt temperature scan from 1075 to
1300 K. The solid symbols show the resultant viscosity of the 2' temperature scan after
the sample was cooled back to 1075 K and held there for one hour.

It can be seen from fig. 40 that the dehydrogenated crystalline test has about the same

viscosity for both the first and second temperature scan indicating that a similar order is

present for both conditions.

By comparing the viscosity obtained from the initially amorphous and initially crystalline

experiments during the second temperature scan it can be seen that the viscosities are the

same within the experimental error. This is shown in fig. 41. This indicates that going to

higher temperatures removes any indication of order from both the initially crystallized

and initially amorphous Vitl and results in the same unordered structure above the

liquidus temperature.
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Figure 41: Viscosities of dehydrogenated initially amorphous (solid symbols) and
initially amorphous (open symbols) during the 2' temperature scan.

5.3.5 Newtonian and Non-Newtonian Behavior

The shear rate dependence of viscosity for rheological fluids can be determined using the

power law model [5],

1= A (14),

where ii and > represent viscosity and shear rate respectively. The shear thinning

exponent, n, can be determined by fitting equation 14 to the viscosity vs. shear rate data

discussed in the previous section. If this value is less than one, then the fluid exhibits

reducing viscosity with increasing shear rate or non-Newtonian shear thinning behavior.

When n = 1, the viscosity has no shear rate dependence and exhibits Newtonian behavior.

The results of this analysis are shown in the following figures for dehydrogenated

initially amorphous and dehydrogenated initially crystalline measurements.
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Figure 42: Shear thinning exponent vs. temperature for two separate dehydrogenated
initially amorphous Viti tests. The solid symbols show the shear thinning exponent for
two separate dehydrogenated initially amorphous Viti upon the first temperature scan
and show repeatability. The open symbols represent the shear thinning exponent for
dehydrogenated initially amorphous Viti during the second temperature scan after being
held isothermally at 1075 K for one hour. The circular symbols show measurements
from one test.

The dehydrogenated initially amorphous Viti has a shear thinning exponent of 0.4 for

1075 K and which increases to 1.0 at 1225 K indicating decreasing non-Newtonian

behavior with increasing temperature. This is attributed to the thermal destruction of

order which reduces the order that can be destroyed by shearing. The apparent spread at

higher temperatures between the two tests is due to the limited amount of viscosity data

at these temperatures. This order is not reformed upon cooling even after being held for

one hour at 1075 K. This same conclusion has been reached from sections 5.2.1 and



5.3.4. More measurements at higher temperatures need to be performed to further

determine the shear thinning characteristics of Vit 1.

It should be noted that high temperature thermal DTA analysis showed an exothermic

event with an onset temperature of 1228 K which could be due to a second order phase

transformation attributed to the destruction of this short range order.
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Figure 43: Shear thinning exponent vs. temperature for two dehydrogenated initially
crystalline viscosity 1St temperature scan tests. There is an apparent increase in the non-
Newtonian behavior with increasing temperature until between 1150 and 1175 K. Above
this temperature there is a decrease in the non-Newtonian behavior until it becomes
Newtonian between 1250 and 1300 K. The apparent spread at higher temperatures
between the two tests is due to the limited amount of data due to the low viscosity at
these temperatures. The second temperature scan shear thinning exponents were unable
to be determined accurately due to the low viscosity of the material.



The results depicted above between 1075 and 1175 K are not fully understood. This

shows an increase in the non-Newtonian behavior indicating a formation of order with

increasing temperature. This could mean that thermal energy is overcoming an activation

energy which results in the formation of a more stable liquid with more order. It should

however be noted that the viscosity of this test is continually decreasing with increasing

temperature indicating that this formation of order is not enough to cause a corresponding

increase in the viscosity. Above 1175 K this order that is formed is then thermally

destroyed. It is interesting to note that upon thermal investigation using DTA analysis,

there was an apparent second order event with an onset temperature of 1167 K (see fig.

26 on page 39). This falls within the range where the non-Newtonian behavior starts to

decrease with increasing temperature.

A comparison of the second temperature scans between the dehydrogenated amorphous

and crystalline tests showed a tendency toward Newtonian behavior over the entire

temperature range however the data spread was excessive due to experimental noise.

5.3.6 Viscosity vs. Shear Rate Summary

In this section a new experimental procedure was developed that enabled repeatable

viscosity measurements to be obtained from 1075 K to 1300K. It has been found that

dehydrogenated initially amorphous Vitl has an order of magnitude higher viscosity at

1075 K than dehydrogenated initially crystalline Viti. This difference decreases with

increasing temperature until similar viscosities are obtained at and above 1175 K. The

only experimental difference between these two samples is the relative length scales of

the microstructure prior to melting. According to a previous study [5], dehydrogenated

initially amorphous samples will crystallize upon heating and form a nano-crystalline

microstructure. It is thought that this nano-crystallization preserves the amorphous

structure and leads to higher viscosities above Tijq. The dehydrogenated initially

crystalline Viti forms a micron length crystalline structure upon cooling from the liquid



state. This is thought to lead to lower viscosities because the micron-crystalline material

never formed an amorphous structure.

This investigation has also shown that dehydrogenated initially amorphous Viti has a

temperature history dependence on the viscosity. The viscosity decreases with increasing

temperature. Once the material is heated to temperatures above 1225 K the viscosity

remains low even when cooled to temperatures above Tiiq = 1026 K. It is thought that

this behavior is due to the thermal destruction of order in the liquid state that can not be

reformed above Tiiq. This temperature effect reduces the viscosity more than increasing

shear rate. It has also been shown that this temperature history dependence is not as

pronounced for dehydrogenated initially crystalline Vit 1.

In addition it has been experimentally seen that both the dehydrogenated initially

amorphous and dehydrogenated initially crystalline Viti will obtain the same viscosities

after experiencing high temperatures above 1225 K. This is thought to be due to the

complete thermal destruction of any order in the liquid state for both systems which

effectively erases the initial material state history.

From this analysis it is also seen that dehydrogenated initially amorphous Viti shows

decreasing non-Newtonian behavior with increasing temperature until Newtonian

behavior is attained at 1225 K. This Newtonian behavior is retained even after cooling to

temperatures above Tijq. It is thought that this behavior is due to the thermal destruction

of order in the liquid state that can not be reformed above Tiiq. Initially crystalline Viti

shows an increase in non-Newtonian behavior with increasing temperature between 1075

K and 1175 K. Above 1175 K the non-Newtonian behavior decreases with increasing

temperature until Newtonian behavior is attained at 1275 K. This behavior is not

completely understood and further investigation should be conducted in this temperature

range.



5.4 Viscosity vs. Temperature

The viscosity vs. shear rate data was converted to viscosity vs. temperature by recording

viscosity and temperature at constant shear rates. Actual experimental data was not

always available at the chosen isoshears due to the application of the shear rate correction

factor. As a result a linear interpolation was used to obtain the viscosity and error in the

viscosity using the closest data points to the chosen isoshear. These isoshear results are

depicted using Angel! plots shown in the following figures where the horizontal axis is

determined by dividing the glass transition temperature, Tg = 612 K [1], by temperature.

5.4.1 Dehydrogenated Initially Amorphous Viti
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Figure 44: Angel! plot of dehydrogenated initially amorphous Viti during 1st

temperature scan from 1075 K to 1300 K at various shear rates. Error bars have been left
out for clarity.



It appears that a majority of the viscosity is reduced by an order of magnitude after

shearing at 100 s_i and that increasing the shear rate higher than this plays very little

effect in reducing the viscosity. The viscosities converge between 0.49 and 0.5 which

corresponds to 1250 and 1225 K respectively. At higher shear rates and temperatures the

viscosity flattens out indicating that all the order in the system has been destroyed.
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Figure 45: AngeIl plot of dehydrogenated initially amorphous Viti during 2nd

temperature scan after experiencing the first temperature scan from 1075 to 1300 K
shown in the previous figure and being held at 1075 K for one hour.

It should be noted that there is not much data present at lower shear rates and higher

temperatures due to the experimental limitations of the equipment. Data was removed

due to uneven wetting that caused the torque signal to become unsteady. From this plot it

appears that the viscosity does not drastically change with increasing shear rate although

data at lower shear rates was unable to be obtained due to the low viscosities. The data



that is present indicates that all the order in the liquid state has been destroyed by the high

temperatures experienced during the first temperature scan. There is also a continual

decrease in the viscosity with increasing temperature until 0.5 or 1224 K. At this point

the measured viscosity remains constant with increasing temperature.
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Figure 46: Angell plot for dehydrogenated initially amorphous Viti for the first (.) and
second (a) temperature scans using a shear rate of 200 s1.

The first temperature scan shows much more temperature dependence on the viscosity

than the second temperature scan. This indicates that most of the order was destroyed by

going to 1225 K. At 0.5 or 1224 K, both viscosities are relatively constant within the

calculated uncertainties. The uncertainty shown in the viscosity increases at lower

viscosities due to the instrumental noise associated with measuring small torque signals.
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5.4.2 Dehydrogenated Initially Crystalline Viti
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Figure 47: Angel! plot of dehydrogenated initially crystalline Viti during the first
temperature scan from 1075 to 1300 K.

From this figure it can be seen that most of the order in the system is broken up using a

shear rate of 100 s resulting in a decrease in the viscosity of half an order of magnitude.

There is an apparent constant viscosity at lower temperatures that eventually decreases

with increasing temperature. At higher temperatures it appears that the viscosity again

becomes constant indicating that no more order is present. Missing data at lower shear

rates and higher temperatures is due to the experimental limitations of the machine.
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Figure 48: Angel! plot of dehydrogenated initially crystalline Vt 1 during the 2nd

temperature scan after the first temperature scan from 1075 to 1300 K and being held at
1075 Kfor one hour.

The apparent viscosity appears to decrease slightly with increasing shear rate until

100 s. At this point increasing the shear rate does not decrease the viscosity

significantly. There is a constant decrease in viscosity with increasing temperature until

0.5 or 1224 K. At this point the viscosity appears to be constant with increasing

temperature.
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Figure 49: Angell plot for dehydrogenated initially crystalline Viti showing the viscosity
for the first (.) and second (o) temperature scans using a shear rate of 200

The first temperature scan shows a slightly higher viscosity than the second until they are

equal at 0.5 or 1225 K. At this point the viscosity of the first temperature scan becomes

lower than the second although their viscosities are within the calculated error bars.

The results from this analysis show that dehydrogenated initially crystalline Viti does not

have a strong temperature history dependence. The first and second temperature scans

show similar viscosities and temperature dependence.
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5.4.3 Amorphous vs. Crystalline

Comparing the amorphous vs. crystalline states for the first temperature scan shows an

order of magnitude higher viscosity in the amorphous state than the crystalline state. As

the temperature increases the viscosity of the amorphous state decreases faster than the

crystalline until they are eventually equal at 1175 K. This is shown in fig. 50. As the

shear rate is increased, the difference between the two states of Vit 1 deceases. It is

interesting to note that the viscosity of the initially crystalline sample remains constant

between 1075 K and 1125 K even with increasing temperature.
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Figure 50: Angell plot comparing dehydrogenated initially amorphous (a) and initially
crystalline (.) first temperature scans from 1075 to 1300 K. It can be seen that the
amorphous test has a much higher viscosity and temperature dependences than the
crystalline. The viscosities appear to be equal at 0.52 or 1175 K.
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5.4.4 Vogel-Fulcher-Tammann Fitting

5.4.4.1 Fragility of Initially Amorphous Viti with Increasing Shear Rate

The Vogel-Fulcher-Tammann (VFT) equation was fit to the viscosity measurements from

the first and second temperature scans of the dehydrogenated initially amorphous samples

see in fig. 44 and fig. 45. Low temperature TMA viscosity data shown in fig. 10 was

used to aid in this fitting. For fits of the first temperature scan, only the first three

viscosities at 1075, 1100, and 1125 K were used. This is because it is assumed that in

this temperature range the same short range order is present as in the low temperature

TMA viscosity study. For the second temperature scan the data point at Tg / T = 1 and

Viscosity = lx 1012 PaSs was used for the low temperature data. This was done because it

is assumed that the viscosity of all glassy materials must pass through this point. This

analysis yielded the fragility parameter D and the temperature at which the barrier to flow

goes to infinity, T0, as a function of shear rate. The results of this are seen in the

following two figures.
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Figure 51: Fragility, D, of dehydrogenated initially amorphous Viti as a function of
shear rate. (.) shows D during the first temperature scan while (o) shows D during the
second temperature scan.
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Figure 52: T0 of dehydrogenated initially amorphous Viti as a function of shear rate. (.)
shows the T0 during the first temperature scan while (o) shows the T0 during the second
temperature scan.

From this analysis it is shown that the dehydrogenated initially amorphous state of Vit 1

has a fragility parameter D of 26.5 which exponentially decreases and asymptotically

approaches 18.5. The value of T0 goes from an initial value of 360 K and exponentially

increases and asymptotically approaches 407 K. These trends indicate that the glass

forming ability of initially amorphous Viii decreases with increasing shear rate. This

coincides with the idea that the lower the viscosity the more difficult it is to form an

amorphous structure. Upon taking initially amorphous Viti to high temperatures at or

above 1225 K the fragility, D, has a value of 12 and T0 has a value of 465 K which

indicates that the glass forming ability has been further reduced by going to higher



77

temperatures. Because these values remain constant with increasing shear rate it can be

deduced that this is the lowest D and T0 that Viti can attain given the experimental

conditions performed in the study. It is interesting to note that the previous documented

values of Viti are D = 18.5 and T0 412.5 K [14]. These values are in close agreement

to the fragility and T0 shown in fig. 51 and fig. 52 at shear rates over 200 s_i during the

first temperature scan.

5.4.4.2 Fragility of Initially Amorphous Viti with Increasing Temperature

It has been seen that the viscosity decreases with increasing temperature indicating that

the material would become a poorer glass former. It is therefore interesting to consider

how the fragility parameters D and T0 change with increasing temperature at constant

shear rates for the initially amorphous Vitl. Figure 53 and fig. 54 shows the fragility

parameters D and T0 as a function of increasing temperature at a constant shear rate of

100 s_i for dehydrogenated initially amorphous Viti. This shows that the materials

fragility parameters are almost constant at low temperatures but then change rapidly and

approach more fragile constant values at 1225 K. This effect of increasing the

temperature plays a much larger role in decreasing the glass forming ability of Vit 1 than

increasing the shear rate. For these VFT fits the data point at Tg / T = 1 and Viscosity =

lxlO'2 Pas was used for the low temperature data.

It should be noted that 1225 K is the same temperature that was determined from the

shear thinning behavior and was defined as the point at which all order in the system is

destroyed and can no longer be reformed above the liquidus temperature. This same

effect is seen in the fragility parameters D and T0. The material becomes more fragile

with increasing temperature and remains fragile even when cooling to temperatures

above Tiiq.
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5.4.4.3 Fragility of Initially Crystalline Viti with Increasing Shear Rate

The fragility parameters D and T0 of dehydrogenated initially crystalline Viti was

determined by fitting the VFT to collected viscosity data shown in fig. 47. These values

are shown in fig. 55 and fig. 56 on the following pages. The dehydrogenated initially

crystalline Viti also shows an exponentially decreasing D starting at 17 which

asymptotically approaches 14.2. It also shows an exponentially increasing T0 starting at

422 K which asymptotically approaches 446 K. These values indicate a reduced glass

forming ability when compared to the initially amorphous state of Viti. Upon taking the

initially crystalline Viti to high temperatures the values of D and T0 are further reduced.

It is interesting to note that above a shear rate of 100 s_I for the second temperature scan
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that the fragility of both the initially crystalline and initially amorphous are the same and

remain constant with increasing shear rate. This shows that the same fragile state of Vit 1

can be attained by going to elevated temperatures. For these VFT fits the data point at Tg

/ T = 1 and Viscosity = 1x1012 PaSs was used for the low temperature data.
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Figure 55: Fragility Parameter, D, of dehydrogenated initially crystalline Viti with
increasing shear rate for the (5) first and (o) second temperature scans.
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Figure 56: Fragility Parameter, T0, of dehydrogenated initially crystalline Viti with
increasing shear rate for the (.) first and (o) second temperature scans.

5.4.4.4 Fragility of Initially Crystalline Viti with Increasing Temperature

The temperature effects of the fragility parameters D and T0 from the viscosity

measurements of the dehydrogenated initially crystalline Vitl from fig. 47 and fig. 48

were calculated using the VFT equation. The low temperature data point Tg / T = 1 and

Viscosity = lxlO'2 PaSs was used to aid in obtaining these parameters. These results are

seen in fig. 57 and fig. 58 on the following pages. This shows that the initially crystalline

Viti becomes a better glass former by increasing the temperature from 1075 K to 1100 K

during the first temperature scan. If better glass forming ability coincides with the

formation of order in the liquid state, then this similar effect of ordering with increasing



temperature was seen in section 5.4. More measurements over this temperature range

should be performed to better quantify this effect. At this point the fragility starts to

decrease with increasing temperature and then asymptotically approaches a constant

value. Upon cooling to temperatures above 1026 K, this disordered state is preserved and

does not change again with increasing temperature. It should be noted that the fragility

parameters D and T0 for the second temperature scan were averaged over the temperature

range of 1075 to 1175 K.
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Figure 57: Fragility Parameter, D, of dehydrogenated initially crystalline Viti with
increasing temperature for the (.) first and (a) second temperature scans.
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Figure 58: Fragility Parameter, T0, of dehydrogenated initially crystalline Viti with
increasing temperature for the (.) first and (a) second temperature scans.

5.4.5 Angell Plot Viscosity Hysteresis

It has been seen that the viscosity of initially amorphous Viti is drastically reduced upon

going to higher temperatures and will remain low until cooling into the supercooled

liquid region. By combining several viscosity measurements together a hysteresis effect

of the viscosity can be seen. The path that the viscosity takes is shown by the arrows in

fig. 59. Initially upon melting the viscosity is high due to the existence of short range

order and decreases gradually with increasing temperature. At 1100 K the viscosity starts

to decrease rapidly with increasing temperature indicating thermal destruction of the



short range order. At 1225 K all the order has been thermally destroyed and upon

cooling the viscosity remains low and does not start to increase dramatically until cooled

into the supercooled region. It should be noted that this data is a combination of several

viscosity measurements at different shear rates. In general the high viscosity data was

measured at a low shear rate while the low viscosity was measured with a high shear rate.
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Figure 59: Viscosity hysteresis in the initially amorphous Vitl above the liquidus
temperature by heating to 1225 K and then cooling down to lower temperatures.

5.4.6 Angell Plot Comparison of Viti with Other Materials

The measurements of the initially amorphous Vit 1 hysteresis viscosity discussed in the

previous section have been plotted in an Angel! plot and compared with other materials



with different glass forming abilities. This is shown in fig. 60. As discussed earlier in

the theoretical background, the more curvature the data shows on this plot indicates a

lower glass forming ability or fragile behavior. It can be seen that pure metals and 0-

terphenyl are very fragile glass formers while Si02 is a very strong glass former. The

data from this current study falls in between a strong and fragile glass former and above

the glass forming ability of pure metals. It also shows that the glass forming ability of

Viti will transform from a strong to a fragile liquid over the temperature range of 1100 K

to 1225 K and will remain fragile until cooled below the liquidus temperature.
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Figure 60: Angell plot of the viscosity of initially amorphous Viti compared to Si02,
pure metals, and o-terphenyl. The solid symbols are from various measurements from
this current viscosity study. (0) indicates the viscosity of Viti obtained from TMA
experiments.



5.4.7 Viscosity vs. Temperature Summary

The results from this analysis show that there is a strong decrease in the viscosity with

increasing temperature between 1100K and 1225 K during the first temperature scan.

This is thought to be caused by thermal destruction of order. At 1225 K this temperature

dependence decreases and the measured viscosities become constant. This constant

viscosity may be due to experimental limitations of the testing equipment. Upon cooling

the viscosity remains low until the sample is cooled into the supercooled region. This

increase in viscosity is attributed to the reformation of order in the liquid state prior to

crystallization.

The results of investigating the fragility of dehydrogenated initially amorphous Vit 1 have

shown that the glass forming ability decreases with increasing shear rate and

asymptotically approaches VFT fitting parameters of D = 18.5 and T0 = 407. By

decreasing shear rate the material becomes stronger and a better glass former. It is also

shown that increasing temperature transitions initially amorphous Vit 1 from a strong to a

much more fragile liquid with VFT parameters D = 12 and T0 = 465 K. This new fragile

material no longer shows temperature or shear rate dependence of the VFT fitting

parameters.

The result of investigating the fragility of dehydrogenated initially crystalline Viti has

shown that it is a much more fragile material than dehydrogenated initially amorphous

Viti. Dehydrogenated initially crystalline Vitl also shows decreasing fragility with

increasing shear rate and asymptotically approaches VFT fitted parameters of D = 14.2

and T0 = 422 K. The fragility of initially crystalline Viti becomes stronger with

increasing temperature and then transitions to a fragile material with increasing

temperature above 1100 K. It then remains fragile above Tijq with respect to temperature.

Further analysis should be conducted between 1075 K and 1150 K to better understand

this behavior with increasing temperature.



The temperature hysteresis effect on the viscosity for dehydrogenated initially amorphous

Viti has been constructed. Initially upon melting the viscosity is high due to the

existence of order and decreases gradually with increasing temperature. At 1100 K the

viscosity starts to decrease rapidly with increasing temperature indicating thermal

destruction of order. At 1225 K all the order has been thermally destroyed and upon

cooling the viscosity remains low. Upon cooling into the supercooled region the

viscosity starts to increase due to the reformation of order.

5.5 Entropy

5.5.1 Model

Adam and Gibbs [15] developed a model to describe the viscosity in both liquid and

supercooled liquids that is given by,

11 = 0exp[C/(T Se)] (15),

where 1k, = 4 x 1 0 Pas [13] is a pre-exponential factor, S is the configurational entropy

of the system and C represents an effective free enthalpy barrier for cooperative

rearrangement. The temperature dependence of S can be approximated by the difference

between the total entropies of the liquid and crystal, iNS, assuming that the vibrational

components of the entropy are comparable for the liquid and the crystal [9]. ES can be

directly calculated by integrating the measured specific heat capacity difference Lc =

Cp,liq Cp,xtl between the liquid, cp,liq, and the crystalline mixture, S is then given by

Tiq

dli" (16),S Sctiq
I T'

which is equal to S except for an additive constant Sc,ijq, which represents the

configurational entropy at the melting point.

The second order polynomial relations,

c1,1 =3R+aT+bT2 (17)

and
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Cpjjq =3R+f3T+yT2. (18),

were used to describe the heat capacities of the crystal and liquid respectively with

parameters R 8.314, a = -9.653 x i0, b = 2.321 x i0, (3 7.560 x i0, and y = 8.167

x 1 6 in the appropriate units [10].

Fitting equation 15 with the functional form of S to a three point beam bending viscosity

study with an estimated shear rate of i0 s1 [11] yields constants C = 330,690 JOg-atom'

and Sc,liq = 20.57 JK' g-atom'. Using these values and solving the Adam Gibbs entropy

model for S gives,

C

TLn(i/i0)
(19),

which relates viscosity and temperature to the configurational entropy of the system with

respect to an estimated shear rate of 1 0 s.

Results from this analysis are shown in fig. 61, which shows the Sc values calculated

from the specific heat capacity difference between the supercooled liquid and the crystal,

indicated by the open squares, and represent the estimated 5c at zero shear rate. This is

compared to viscosity data collected from three point beam bending [11] and Couette

viscosity measurements on initially amorphous dehydrogenated Viti that have been

converted to Sc using equation 19.
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Figure 61: Entropy plot of dehydrogenated initially amorphous Viti compared to
thermodynamic estimated zero shear rate S (o) and a previous Couette viscosity study
(A) done at 300 s_I [3]. The TMA viscosity data () lines up perfectly with the
thermodynamically calculated S. At the liquidus temperature of 1026 K, the amount of
retained order is on the order of the entropy of fusion = 8.16 Jg-atomK1.

From this figure it can be seen that the estimated thermodynamic zero shear rate

calculation matches up with the TMA viscosity study data that has been converted using

equation 19. At the liquidus temperature, Tiiq = 1026 K, the amount of retained order

which can be destroyed by shearing is at least 8.16 Jg-atom' K' which is on the order of

the entropy of fusion 8.38 Jg-atom'K'. This is seen by looking at the difference

between the Thermodynamic S and the previous viscosity study [3] that was done using

a shear rate of 300 at the liquidus temperature.



By decreasing the shear rate used to measure the viscosity, the entropy reduces closer to

the estimated zero shear rate thermodynamic S. This indicates that there is a substantial

amount of order that can be destroyed by shearing.

The difference between the previous [3] and present study's calculated entropy is due to

the method in which the data was collected. In the present study, the viscosity was

measured from low to high temperatures. In the previous study the sample was heated to

1175 K and then cooled to lower temperatures. This elevated temperature thermally

destroyed the order in the liquid state which did not recover upon cooling. There is

however some recovery, but the resultant order is no where near the state that was seen

by initially heating from lower temperatures.

5.5.2 Comparison to Andreas Masuhr Entropy Study

By comparing the calculated entropy in this study to the study that was previously done

by Andreas Masuhr [9] it can be seen that there are several discrepancies. For instance

Masubr calculated that Siiq=lS.S Jg-atom'K' and C = 203,000 JOg-atom'. In this

present study these values were higher and calculated to be Sc,iiq 20.5 J g-atom'K'

and C = 330,690 JOg-atom'. From equation 19 it can be seen that the value C has a large

effect on what entropy the viscosity measurements will be converted to. It is therefore

important to find the differences between these two studies and how those differences

will affect the fitted parameters Sijq and C. Upon investigation these discrepancies are

due to what viscosity measurements were used to fit the Adam-Gibbs model as well as

how Ac between the liquid and crystal was obtained.

5.5.2.1 The Effects of Shear Rate on Adam-Gibbs Fitting

When the study done by Masuhr was performed it was assumed that the viscosity of Viti

would be independent of what shear rate was used to obtain the measurement. To this

end the viscosity data obtained during TMA three point beam bending measurements at

low temperatures at an estimate shear rate of 1 0 s' were used in conjunction with

Couette Concentric Cylinder viscosity measurements at 300 at high temperature. It
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has been seen in the present study that the viscosity of Viti decreases dramatically with

increasing shear rate. Therefore the Adam-Gibbs model can not be used to accurately fit

both the high and low temperature data because the measured shear rates are seven orders

of magnitude apart. The only way to fit both the high and low temperature data is to

manually increase the curvature of the Adam-Gibbs fit by reducing both Siiq and C. The

results of this are shown in fig. 62. The solid line denotes the Adam-Gibbs fit for only

the low temperature low shear rate TMA data and results in fitted parameters Siiq = 20.5 J

g-atom'K' and C 330,690 Jg-atom1. By forcing the Adam-Gibbs model to describe

both data sets at high and low temperatures the fitted parameters Siiq = 14 JOg-atom' K1

and C = 178,779 JOg-atom'. This curve is represented by the dashed line in fig. 62 and

does not fully represent all the viscosity measurements used in the fit.

Because Masuhr's previous study on converting viscosity to configurational entropy did

not take into consideration the effects of shear rate and the temperature hysteresis his

fitted parameters of Sijq and C were between 25 and 33 percent lower. This explains the

main difference between the entropy plots shown in fig. 15 on page 20 and fig. 61 on

page 89.
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Figure 62: Angell plot showing two separate Adam-Gibbs model fits. (.) represents
viscosity measurements obtained from TMA three point beam bending under an
estimated shear rate of 1 y5 (a) represents Couette Concentric Cylinder viscosity
measurements obtained at 300 s. The solid line represents a fit of the Adam-Gibbs
model to only the TMA three point beam bending measurements. The dashed line
represents the fit of the Adam-Gibbs model to both the Couette concentric cylinder and
TMA measurements.

5.5.2.2 Comparison of the Specific Heat Difference

The second difference between these two studies is how the specific heat difference

between the liquid and crystal, ACp,iiqxti, was obtained. In this present study the second

order polynomials shown in section 5.6.1 on page 87 were fit to experimentally

determined c measurements. The specific heat difference was then calculated as
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ACp,iiqxti = Cp,liq In the study done by Masuhr, the specific heat of the liquid and

crystal were described using:

= 3R + aT + bT2 (20)

and

cpjq = + + 'yT3 (21)

with parameters R = 8.3 14, a = -8.021 x i0, b = 2.076 x i0, 3 = 2.940 x 106, andy =

3.934 x i09 in the appropriate units [9]. By fitting the Adam-Gibbs model with the

functional form of the configurational entropy defined using Masuhr's c fits to only the

low temperature TMA data yields Siiq = 22.2 Jg-atom'K1 and C = 350,889 JOg-atom'.

Using the cp fits from this present study yields Siiq 20.5 Jg-atom'K' and C = 330,690

JOg-atom'. This shows that the previous study overestimates Siiq and C when compared

the most recently calculated value.

5.5.2.3 Sensitivity of Fitted Parameters 5liq and C

It can be seen from equation 19 that the fitted parameter C has a large effect on what

configurational entropy the measured viscosity will be converted to. To investigate this

effect the Adam-Gibbs model was fit to the low temperature TMA viscosity

measurements. The range of values for Sijq and C were obtained that could accurately

describe this measured TMA viscosity using the Adam-Gibbs model. From this the

nominal value of C was determined to be 330,698 ± 35,600 Jg-atom'. The nominal

value of Siiq was determined to be 20.56 ± 1.5 Jg-atom'K'. The error associated with C

results in a 10.7 % total uncertainty when converting viscosity data to entropy. This is

shown in fig. 63. In order to improve this uncertainty it would be necessary to obtain

viscosity measurements at elevated temperatures at very low shear rates. This is

currently unachievable using the current equipment setup.
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Figure 63: Entropy plot of dehydrogenated initially amorphous Viti with calculated error
bars compared to thermodynamic estimated zero shear rate S (o) and a previous Couette
viscosity study (A) done at 300 s [3]. It can be seen that as the shear rate is reduced, the
entropy decreases closer to the estimated zero shear rate entropy. The error in the
calculated Sc is due to the error in the fitted parameter C.

5.5.3 Configurational Entropy and the Entropy of Fusion

The documented value of Sijq for Viti is 8.38 Jg-atom'K' [14], which is less than half

the value obtained by fitting equation 19 to the three point beam bending viscosity study

[11]. This smaller value can be attained by integrating the specific heat capacity

difference between the liquid and crystal from the Kauzmann temperature, TK = 560 K

[7] to Tiiq = 1026 K. It has been suggested that it is possible for the supercooled liquid to

reach a lower configurational entropy than the crystal [22], therefore allowing the lower
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integrating limit for the specific heat capacity difference to be closer to T0. T0 is defined

as the temperature at which the energy barrier for viscous flow becomes infinite [14]. If

it is assumed that this temperature also coincides with the point when S goes to zero,

then the lower integration limit is calculated to be 413.3 K. This is graphically depicted

in fig. 61 as the temperature where the calculated thermodynamic entropy difference is

zero. This is in close agreement with the documented Vogel-Fulcher-Tammann (VET) fit

of the same three point beam bending viscosity study [11] which gives T0 = 412.5 K [14].

This effectively relates the Adam-Gibbs entropy model to the VFT kinetic fragility model

through the integrated specific heat difference of the liquid and crystal.

5.5.4 Temperature Hysteresis Effects on Entropy

Combining tests that were done at similar shear rates and thermal histories allows the

entropy to be plotted from room temperature up to 1225 K and back down to room

temperature for dehydrogenated initially amorphous Viti. This entropy path is depicted

by the arrows in fig. 64. As the sample is heated the entropy remains constant and

follows the crystalline line denoted by () until it runs into the super cooled liquid line

denoted by (). At this point the entropy follows the super cooled liquid line until the

atomic mobility is sufficient for crystallization to occur which is denoted by the drop in

entropy back to the crystalline line at 650 K. The entropy then remains constant until it

melts which causes a step increase in the entropy of 8.38 Jg-atom'K' back to the

entropy of the liquid. At this point the sample is sheared which further increases the

entropy by 2.5 Jg-atom'.K'. By increasing the temperature to 1225 K the entropy

further increases by 5.5 J.gatom*K'. At this point the sample is cooled back down

however the entropy does not decrease until below Tiiq = 1026 K. Below this temperature

the entropy decreases until it crystallizes at 897 K and goes back to the crystalline

entropy line. The entropy drop at this point is 13 Jg-atom'K'. Upon crystallizing the

entropy remains constant and follows the crystallization line down to room temperature.
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Figure 64: Entropy path of initially amorphous Viti upon heating from room
temperature to 1225 K and then cooling back to room temperature. The solid arrows
represent the entropy path that occurs upon heating. The dashed arrows represent the
entropy that occurs upon cooling.

5.5.5 Entropy Summary

The Adam-Gibbs model for viscous flow has been used to convert viscosity data into

configurational entropy. From this analysis it is seen that there is a shear rate dependence

of the configurational entropy. Increasing shear rate shows an increase in configurational

entropy indicating mechanical destruction of order. Increasing the temperature also

shows an increase the configurational entropy that is attributed to thermal destruction of

order in the liquid state. This temperature effect plays a much stronger role than shear



rate on increasing the configurational entropy. This analysis has also shown that a

substantial amount of order is present after melting that is on the order of the entropy of

fusion, S = 8.16 Jg-atom'K1.

5.6 Improving Viscosity Measurement

Through out this investigation it has been shown that there are limitations to the current

experimental setup for measuring the viscosity. These are manifested by large

experimental error bars and the lack of data at low viscosity and low shear rates. These

problems are primarily due to the shear cell geometry and the use of a stepper motor to

apply rotation to the bob. The stepper motor has a resonance especially between 50 and

100 s_I that is transmitted to the bob. At lower temperatures when the viscosity is high,

this resonance is transmitted to the torque sensor causing excessive noise during viscosity

measurements. As the viscosity is decreased, the resonance is not transmitted as

efficiently and the error associated with this noise is reduced. This is depicted in fig. 65.
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Figure 65: Viscosity vs. shear rate showing the reduction in error with decreasing
viscosity prior to filtering the raw data. These results were obtained from one test where
the temperature was increased from 1075 to 1175 K.

Stepper motors are controlled by designating a position. This requires rotation through a

series of discrete steps. Using this method there is an inherent roughness to the rotation

that can vary with rotational speed. This noise is then transmitted to the shear cell and

affects the overall viscosity measurement error. By replacing the supplied rotation with a

servo motor the rotation can be smoother and therefore reduce the error in the viscosity

measurement. Servo motors work on the principle of controlling the rotational velocity

therefore removing the necessity of having discrete steps and inherent noise in the

rotation.

The secondary limitation of the viscosity measurement is the current shear cell design.

This design only generates a small amount of torque especially as the testing medium



goes to lower viscosities. A viscosity of 1.4 Pas under a rotation of 26 s resulted in a

torque value of 0.15 oz-in. This translates to only using the lower 1.5 % of the torque

sensors operational range. In this range there is inherent sensor noise that causes

excessive error. This is also seen in fig. 65 by looking at the error bars at lower shear

rates. As the viscosity decreases the error increases.

There are two ways to address this problem. The first is to use a more sensitive torque

sensor however this method proves to be costly as there are currently no torque sensors in

development that can measure such a small torque value accurately. The second method

is to redesign the shear cell so that more torque is generated therefore reducing the

inherent sensor noise and increasing the accuracy of the measurement.

The current shear cell design is depicted in fig. 66 A below. The torque measured is

generated in the small gap between the bob and cup wall. The large gap between the

bottom of the bob and cup is large enough that torque is not transmitted although further

discussion of this effect can be found in appendix section 8.5. One way to increase the

torque signal is to reduce the gap size between the bob and cup walls however doing this

would cause great difficulties setting up the experiment. During a viscosity measurement

the cup and bob could come into physical contact introducing noise and creating error.

Another way to increase the torque signal would be to increase the area in which the

torque is transmitted. This would involve increasing the radius of the cup and bob while

keeping the gap size constant. Unfortunately, calculations have shown that the resultant

bob and cup would have to be prohibitively large and require large amounts of testing

material. The final method for increasing the torque is to redesign the shear cell so that

the bottom of the bob can be used in addition to the sides to transmit torque to the cup.

This can be done by putting a conical end on the bob as depicted in fig. 66 B. The bob is

then placed close to the cup bottom such that the tip of the cone would rest at the bottom

of the cup. The tip of the cone can be removed to avoid contact between the bob and the

cup. The angle of the cone would need to be between 0 and 4 degrees and generate shear

stresses at the bottom of the bob equal to that generated along the sides of the bob. This
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can be done by using Newtonian standards to fine tune the geometry. This design would

not only increase the torque signal, but would require less material for testing.

Rotation to -_
Bob

4- Torque
from Cup 'II!

Figure 66: Current shear cell design (A) and proposed shear cell design (B) for
increasing the torque signal generated during viscosity measurements. The grey areas
depict the portions of the shear cell where material is measured.

Using the geometry in depicted in fig. 66 B the shear rate, ', would be calculated using:

2r.I
Y= 2 2

(20),
r0-r 0

i 0

where r1 is the radius of the bob, r0 is the radius of the cup, is the rotational velocity in

radians per second, and O is the shallow angle between the bottom of the cup and the

bottom of the bob. This angle must be less than 4 degrees due to small angle assumptions

in the calculations. The shear stress, , is then calculated by:

M 3M
+ (21),

2itr2L 2iri3

where M is the measured torque in Nm,
r1 is the radius of the bob, and L is the

immersion length of the bob in the tested fluid in meters. Viscosity, , is then calculated:
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(22),
-y

where and ' are defined in equations 20 and 21. It should be stated that at high shear

rates using this geometry may cause secondary flow to occur at the bottom of the bob.

This would lead to a false indication of increasing viscosity. It would be recommended

to calculate the Reynolds number to determine the laminar flow region and to avoid the

development of turbulent flow.

The application for correcting the shear rate by determining the slope of the torque vs.

rotational velocity curve as developed by Krieger and Maron [17] can not be applied in

this case. It is recommended that a shear thinning standard such as NBS 1490 or SRM

2490 from the National Institute of Standards and Testing (NIST) be used to verify the

viscosity and shear rate of the redesigned shear cell.
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5.7 Proposed Model for Viti in the Liquid State

Throughout this viscosity study it has been concluded that there exists a substantial

amount of structure or order above the liquidus temperature of 1026 K that is responsible

for high melt viscosities and non-Newtonian behavior. At the present time the structure

of bulk metallic glass forming liquids is not completely understood and is currently being

debated in the materials science community. The following structural models are

speculations and were developed to help explain the material behavior during this

viscosity study.

It is currently thought that pure metal in the liquid state will form tetragonal shaped

clusters consisting of four atoms because it is the most stable and efficient packing

density in a single component liquid state. Four of these tetragonal shaped clusters can

combine to form an icosahedral cluster that consists of a central atom surrounded by

twelve atoms. short ranged ordered cluster can be up to 1

is shown in fig. 67.

Figure 67: Icosahedral topological short ranged order cluster consisting of a central atom
surrounded by twelve atoms.
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In a multi-component system such as Vit 1, there is not only the stability of packing the

atoms into the smallest volume, but there is also a chemical interaction or heat of mixing

between the elements. Icosahedral clusters will still form but will be constructed of more

than one atomic species. This chemical short range order can be constructed of a central

atom of one atomic species surrounded by several atoms of a different atomic species as

shown in fig. 68. This chemical short range ordered cluster can also be made of more

than two atomic species. This results in hundreds of different chemical short range

ordered clusters that can exist in the liquid state.

Figure 68: Simplified two atom representation of proposed chemical short range ordered
cluster.

It has recently been proposed in 2004 by D. Miracle [281 that these chemical short range

ordered clusters will combine into a face centered cubic (FCC) superlattice as shown in

fig. 69. Each solid sphere in this figure represents a single chemical short range ordered

cluster.

Figure 69: FCC superlattice constructed of chemical short range ordered clusters. Each
solid sphere represents a single icosahedral chemical short range ordered cluster.
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To simplify this model we will only look at a 2-D representation of the (100) plane of a

three component system that was originally constructed by D. Miracle [28] and is shown

in fig. 70. The icosahedral chemical short range ordered clusters are highlighted by the

dashed lines. The overall size of this structure is on the order of a few nanometers.

Figure 70: 2-D representation of the (100) plane of a three component amorphous
structural order developed by D. Miracle [28]. The dashed circles show the location of
icosahedral chemical short range ordered clusters.

In this viscosity study it is further assumed that this structural model can act as a building

block for larger medium ranged ordered structures that are then responsible for the

viscosity behaviors seen in this study above the liquidus temperature. The effects of

shear rate and temperature on this model will now be discussed in the following sections.

5.7.1 Initially Amorphous

It has been stated previously that initially amorphous Viti will crystallize on a nano-

length scale. It is assumed that this crystallization process preserves the amorphous

structure consisting of chemical short range ordered structures and medium range ordered

structures constructed from the FCC superlattice shown in fig. 70.

5.7.1.1 Shear Rate Effects

This and previous viscosity studies [14] have shown that there exists a non-Newtonian

shear thinning behavior in the liquid state that has been attributed to mechanical

destruction of order. By applying the physical model discussed earlier in this section, it
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is hypothesized that the shear thinning behavior is due to the destruction of medium range

order. When shearing is applied to this structure, the medium range order will interact

with each other and break down into chemical short range ordered clusters as seen in fig.

71. When shearing is stopped, the chemical short range ordered clusters can then reform

into medium range order.

Figure 71: Mechanical destruction of medium range order into chemical short range
ordered clusters.

5.7.1.2 Temperature Effects

This viscosity study has shown that there is a dramatic effect of temperature on the

viscosity. It has been seen that the viscosity decreases with increasing temperature and

that upon cooling from 1225 K the viscosity does not recover. By applying the physical

model it is possible to hypothesize why this effect was observed. As the temperature is

increased the medium range order is thermally broken up into chemical short range order

as shown in fig. 72 causing a decrease in the viscosity.
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Figure 72: Thermal destruction of medium range order into chemical short range ordered
clusters.

By continuing to increase the temperature it is hypothesized that the chemical short range

order can be thermally destroyed into individual atomic species as shown in fig. 73

causing a further decrease in the viscosity.

Figure 73: Thermal destruction of chemical short range order into individual atomic
species.

Upon cooling to temperatures above Tijq = 1026 K, medium range order can not be re-

established because all the short range order has been destroyed. Once the temperature



107

has been cooled below Tiiq, nucleation and growth kinetics take over and chemical short

range order is re-reformed. Once this has occurred it is possible for the medium range

order to be re-established resulting in increasing viscosities and shear thinning behavior.

5.7.2 Improved Glass Forming Ability

Improving the glass forming ability of Vit 1 requires that either the number of nucleation

sites or the kinetics of the system must be reduced. This forces the nose of the TTT

diagram to higher time scales thus reducing the critical cooling rate. It has been thought

that oxide particles are formed in Viti during the initial alloying process and can act as

nucleation sites upon cooling from the liquid state. These particles are able to overcome

the sluggish kinetics and high viscosities that have been seen in this present study. By

going to elevated temperatures it is possible to destroy the oxide particles, however doing

so increases the atomic mobility as seen by the low viscosities measured in this study. It

is therefore thought that the as cast Vitl should be heated to temperatures above 1300 K

prior to casting to remove any possible nucleation sites. This material should then be

rapidly quenched into small ingots such that an amorphous state is attained. Upon

reheating the sample to 1100 K the sample is molten, but the viscosity is still very high

due to the retention of the short and medium range order from the amorphous state. Due

to this sluggish kinetics it would be then possible to shift the nose of the TTT diagram to

the right and reduce the critical cooling rate. This would make it possible to make larger

fully amorphous casts beyond the current 20 mm limit.

5.7.3 Initially Crystalline Viti

It has been stated previously that Vitl will form micron-length scaled crystals if

crystallization occurs upon cooling from the liquid state. This causes the formation of

large compositional gradients in the resultant solid. This initial structure does not allow

the formation of the chemcial short range order as discussed in the initially amorphous

case as the required atoms needed to form this order are separated by the compositional



gradients. When this material is melted, it occurs in one endothermic peak as seen in

previous DSC studies. This indicates that a completely different microstructure is present

upon melting. From this viscosity study this indicates that a much different order is

present. It should be noted that this viscosity is still several orders of magnitude higher

than liquid monatomic and binary alloys. As the temperature is increased, the viscosity

decreases due to thermal vibration. When the temperature is increased to above 1225 K,

then the structure of the initially amorphous and initially crystalline material is the same,

as indicated fig. 41. This increased atomic mobility will result in enhanced

crystallization upon cooling and will make it harder for the material to form an

amorphous structure.



109

6. Conclusion

Measurements of dehydrogenated crystalline, dehydrogenated amorphous, and

hydrogenated as cast Vit 1 pellets have been performed in order to better understand the

viscosity above the liquidus temperature. It has been discovered that the viscosity

behavior of this alloy is incredibly complex and is dependent on temperature history,

shear rate, and the initial solid state. Repeatability in measurements has been obtained

through further investigation of these effects.

It has been shown that there is an order of magnitude lower viscosity in the initially

crystalline Vitl at 1075 K when compared to the initially amorphous Viti. This

difference decreases with increasing temperature until they exhibit the same viscosity at

1075 K. This is be attributed to the preservation of the amorphous short range order by

the nano-crystalline microstructure that is formed by crystallizing amorphous Viti from

the amorphous state. When this microstructure melts, the amorphous short range

preserved and leads to higher viscosities and non-Newtonian behavior in the liquid state.

When Viti is crystallized from the liquid state, no short range order is formed and the

viscosity and non-Newtonian behavior will be reduced.

It has also been shown through non-Newtonian behavior and VFT analysis that any

retained order after melting is permanently destroyed by going to 1225 K. This order is

not reformed until Vitl is cooled into the supercooled region below 1026 K. This leads

to a hysteresis effect in the viscosity upon cooling.

The shear rate was also determined from both viscosity measurements and VFT analysis

to play a smaller role in the destruction of order when compared to increasing the

temperature. The effects of hydrogen in the sample have been determined to lower the

viscosity of Vit 1 and also cause difficulties in attaining measurements at temperatures

above 1175 K. This is thought to be caused by the hydrogen coming out of the melt

liquid melt and reducing the viscosity.
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A method for converting viscosity data into entropy using the Adam-Gibbs entropy

model for viscous flow has been developed. This shows that the amount of retained order

after melting is at least on the order of the entropy of fusion. During this process it was

found that at 413.3 K the entropy difference between the liquid and the crystal is zero

which corresponds to the documented value of T0 = 412.5 K from VFT fitting. This

temperature is defined as the temperature at which the viscosity goes to infinity. It is not

unreasonable to assume that the point at which the entropy difference goes to zero should

correspond to the temperature at which the barrier to viscous flow becomes infinite. This

effectively connects the thermodynamic and kinetic fragility through the integrated

specific heat difference between the liquid and crystal. Application of this relationship

should be applied to other alloys to validate this connection.

A model has been proposed by taking into account the experimental results obtained by

DSC, DTA, and viscosity measurements. This model relies on the existence of short

range order that can form into clusters of medium range order thus giving elevated

viscosity and shear thinning behavior. Further studies that include structure

characterization should be performed.

This study has further advanced the understanding of the kinetics in the liquid state of

Viti. Further modification to the experimental setup should be applied so that viscosity

measurements can be taken at lower shear rates and higher temperatures. These

modifications should also reduce the inherent noise of the viscosity equipment and allow

for dynamic measurements. Understanding the viscosity behavior in the liquid state will

allow for further advancement in Bulk Metallic Glass formation and industrial

manufacturing.
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8. Appendix
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8.1 Torque Calibration
The Lebow 2127-10 torque sensor was calibrated by applying known torques in both a

clockwise and counter clockwise direction. Weights that were measured using a NIST

traceable Seagate scale were placed on a moment arm to supply the steady state torque

signal. The resultant calibration curve converts the mV output of the sensor into torque

with units of Nm. The calibration curve, fig. 74, and the resulting calibration equation

used, equation 23, in this study are shown below.

0.01
z

0.00

D -0.01
0
I -0.02

-0.03

ISIIZ!

-6 -4 -2 0 2 4 6

Torque [my]

Figure 74: Calibration curve for the Lebow 2 127-10 torque sensor showing the
individual data points (.) used and the calibration curve (-).

Torque [Nm] = 7.31393E-03(Torque [mV]) - 8.48469E-06 (22)
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8.2 Viscosity Standards

8.2.1 Newtonian
Brookfield Newtonian viscosity standards ranging from 0.0099 to 102.4 Pas were used

to verify the torque calibration and viscosity calculation method used. This was also

done to show the effective range that this experimental setup could perform. From the

following plots it was determined that the machine could not detect viscosities lower than

0.1 Pas while shearing less than 40 s1. The following figures show the measured

viscosity from five NIST traceable standards as compared to the actual value.
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Measured Viscosity
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I
I

2 4 6 8 10 12 14 16 18 20

Shear Rate [s1]

Figure 75: Brooksfield Viscosity 102.4 Pas Standard including error bars. Viscosity
measurements were not done for high shear rates due experimental limitations.
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Figure 76: Brooksfield Viscosity 11.88 Pas Standard including error bars. Viscosity
measurements were not done for higher shear rates due experimental limitations.
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Figure 77: Brooksfield Viscosity 0.96 Pas Standard including error bars. Viscosity
measurements were not done for higher shear rates due experimental limitations.
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Figure 78: Brooksfield Viscosity 0.099 Pas Standard including error bars. Viscosity
measurements were not done for higher shear rates due experimental limitations.
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Figure 79: Brooksfield Viscosity 0.0099 Pas Standard including error bars. Excess
noise is due to torque values within the torque sensors sensitivity error.

8.2.2 Shear Thinning

NBS 1490 calibration fluid obtained from Dr. Skip Rochefort was used to determine the

capabilities of the current shear cell geometry to measure a shear thinning fluid. Once the

sample was measured, both the non-shear rate and shear rate correction methods for

calculating the viscosity were applied. These were then compared to the documented

standard viscosity at different shear rate and can be seen in fig. 80. It can be seen that the

current shear cell geometry can accurately measure this fluid at shear rates of 24 and

higher. However at lower shear rates both measured data sets show a lower viscosity

than the nominal value. At a shear rate of 8 s_i the measured value is 30% lower than the

documented values and increases to almost 100% at 5 s* It was seen at even lower shear

rates that the current geometry could not measure the viscosity at all. The shear rate



correction factor improved the accuracy of the measurement and was applied to all

viscosity vs. shear rate data collected in this study.
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Figure 80: Comparison of the documented viscosity ofNBS 1490 shear thinning
standard with measured values using the current shear cell geometry. () represents the
non-shear rate corrected data and (o) represents the same data after applying the shear
rate correction factor.
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8.2.3 Temperature Calibration
High temperature calibration was done between 660 and 1084 K using the solidification

points of high purity Al, Ag, and Cu from Alfa Aesar. A type-K thermocouple obtained

from OMEGA was placed into a burned out graphite shear cell. Prepared material for the

calibration was placed into the cup such that the volume was 5.4 cm3. The cup was then

heated to above the melting point of the material and then slowly cooled. The point at

which the material solidified was detected by a discontinuity in the temperature vs. time

data. This process was repeated 10 times to gain an accurate representation of the

temperature. These values were averaged together for each calibration material and the

following calibration curve depicted in fig. 81 was generated. Using equation 24, the

measured temperature was converted to the calibrated temperature.

1100
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Figure 81: Temperature calibration data (u) for high purity aluminum, silver, and copper.

Calibrated Temperature [C] = 1.02088 Measured Temperature [C] - 4.87795 (23)



122

8.3 Error Analysis
The error propagation of the viscosity measurements was done using the Kline-

McClintock [23] method. The following calculations describe the propagation of error of

the measured torque signal, non-shear rate corrected viscosity, shear rate corrected

viscosity, and the Adam-Gibbs Model that was used to calculated the configurational

entropy.

8.3.1 Measured Torque Signal

The torque signal was measured by applying a clockwise and counter clockwise rotation

using the same rotational velocity to the bob resulting in the positive and negative torque

signal depicted in fig. 82.

0.003

0.002

ri 0.001

0.000
a)

0 -

0F
-0.002

-0.003

0 2 4 6 8 10 12 14

Time [s]

Figure 82: Typical torque signal resulting from measuring a single shear rate. The bob is
first rotated in a counter clockwise direction and held constant. The rotation is then
stopped, held constant, rotated in a clockwise direction, held constant, and then stopped.
All periods of constant torque signal are 2 seconds.
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The torque means, A, B, C, D, and standard deviations, 0A, C0B, 0c, 0D, for the constant

torque sections marked in fig. 77 where then obtained. The average torque, M, was then

obtained using:

(B-A)+(D-c)
M= (24)

2

The uncertainty in M is then calculated using:

MJ°X +
(x+Y)2

(25),

where X, Y, ax, and ay are defined respectively as:

X=B-A (26)

Y=D-C (27)

(28)

=x+(B_A)2

Y =
/WD)C (29)(DC)2



8.3.2 Non-Shear Rate Corrected Viscosity

The non-shear rate corrected viscosity, ,, was calculated using the following equation

and Table 3.

(r2 r2)M
77=

4,rLr02i2
(30)
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Table 3: Variables and their associated errors for calculating the non-shear rate corrected
viscosity.

Variable Symbol Error

Inside Radius of Cup r0 = 0.0127 m (Oro = 1.27 E -5 m

OutsideRadiusofBob r1=0.011125m 01-i= 1.11125E-5m

Torque M = Previous Section (0m = Previous Section

Immersion Length L = 0.03 175 m 0)L 1.25 E-3 m

Rotational Velocity Q rad/s = 0

The rotational velocity has no feedback and is assumed to have no error. Using the

values defined above the error propagation associated with calculating the viscosity is

determined to be:

(Oq

77A
+WB

(AB)2
(31),

where A, B, A, and (0B are defined as:

A (r).M
4rLr02i'2

(32)

(r).MB ' (33)
4rLr2,2c

I 2 2 2&
2

WA =AjiMJ +1-'l +1-c) (34)
L)
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2 2 2o
2

COB B +1 -i-') (35)
L)
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8.3.3 Shear Rate Corrected Viscosity
The shear rate corrected viscosity, i, was calculated using the following equation and the

data shown in Table 4.

/ 2/\
M n . (\i c")

77=
4,rLi21

(36)

Table 4: Variables and their associated errors for calculating the shear rate corrected
viscosity.

Variable Symbol Error

Inside Radius of Cup r0 = 0.0127 m 0r0 = 1.27 E -5 m

OutsideRadiusofBob r1=0.011125m aj= 1.11125E-5m

Torque M = Previous Section Um = Previous Section

Immersion Length L = 0.03 175 m 0L 1.25 E-3 m

Rotational Velocity radls = 0

Bob to Cup Ratio c 0.875 w= 1.237 E-3

Power Law Exponent n = From Origin 7 = From Origin 7

The variable n is determined by fitting a power law, M = A . T1, to the torque vs.

rotational velocity data obtained during experimentation. This fit was done using Origin

7 which resulted in the nominal value of n as well as the confidence intervals for this

fitted parameter.

Using the values defined above the error propagation associated with calculating the

viscosity is determined to be:

-
77A

+OB

(AB)2
(37),

where A, B, WA, and 0B are defined as:
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Mn
(38)

4rLr12

3/

B=2Mb (39)
4irLi2

2 2

(2Wr2 "2W \2
+--I (40)WA

iJ n)

2 2 (2W
2 1(2/)w

2

WBB\IHH
+- -i----- -i-

"
(41)

M} L) C
)
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8.4.4 Entropy Adam-Gibbs Model

The viscosity data can be converted to entropy, S, by rewriting Adam-Gibbs entropy

model for viscous flow [15] and is expressed as:

S= (42)

T.lni
170

Table 5: Variables and their associated errors for calculating the configurational entropy
using the Adam-Gibbs model for viscous flow.

Variable Symbol Error

Activation Energy for
C = 3300691 J g-atom' o = 35,600 J g-atom'

cooperative rearrangement

Temperature T = Mean = Standard Deviation

Viscosity = Previous Section = Previous Section

Viscosity at Infinite
i0=4E-5Pas a0=OPas

Temperature

The temperature average and standard deviation were used during this calculation as well

as the viscosity values and error as discussed in the previous section. The activation

energy, C, and its associated error were determined by fitting Adam-Gibbs entropy model

with the functional form of the configurational entropy, Sc, to a viscosity study with an

estimated shear rate of 1E-5 s1. This fit is seen in fig. 83. The variable is a theoretical

number [13] and has no documented error.
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Figure 83: Angell plot of the viscosity of Viti [3] with an estimate shear rate of
1x105 s1. The fitted line depicts the Adam-Gibbs entropy model for viscous flow fit
using the functional form of the configurational entropy.

Using the values defined above in Table 5 the error propagation associated with

calculating the viscosity is determined to be:

= I--U)I+ CU)
( as

2 2

(as
2

) 8T TJ +U)cJ (43)
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8.5 End Effects of Shear Cell
It has been stated earlier that the current shear cell design only takes into effect the torque

that is transmitted from the side of the bob to the wall of the cup. A gap of 0.125 inches

is held between the bottom of the cup and bob which could lead to excess torque

transmission which has not been accounted for with the current viscosity calculations.

This would result in higher calculated viscosities and would therefore give erroneous

results.

To investigate this effect a Newtonian fluid with a viscosity of 102.4 PaSs was used.

Various volumes were placed within the shear cell and viscosity measurements were

made at different rotational velocities. By plotting the nominal immersion length as a

function of torque, a linear relationship could be determined and is seen in fig. 84. The

intercept of this line denotes the effective immersion length at a constant rotational

velocity taking into account the amount torque that is transmitted from the bottom of the

cup and bob. A plot was then constructed which related the effective length to the

rotational velocity and is shown in fig. 85. This showed that by taking into account the

end effects of the shear cell would increase the effective length of immersion from 1.25

to 1.32 inches with increasing shear rate. This increase in immersion length causes a 2%

increase in the measured viscosity using this Newtonian fluid when the viscosity is 102.4

PaSs. As the viscosity of the material decreases, the end effects of the bob will reduce and

become negligible.
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Figure 84: Nominal measured immersion length plotted vs. the transmitted toque for a
constant rotational velocity. The intercept of this line denotes the effective immersion
length taking into account the end effects of the bob.
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Figure 85: The determined effective length plotted vs. the rotational velocity of the bob.
The immersion length increases with increasing rotational velocity. This increase in the
immersion length causes a 2% increase in the measured viscosity. This effect decreases
with decreasing viscosity.
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8.6 Corrected and Non-Corrected Viscosity Effects
Throughout this viscosity investigation a shear rate correction factor has been applied to

take into account the non linear velocity profile between the bob and the cup using the

inner to outer shear cell ratio, b, of 0.875. This correction factor assumes a power law

type velocity profile where a large majority of the sheared material is in close proximity

to the bob. This material is being over sheared which needs to be taken into

consideration. To apply this correction factor the torque, M, in Nm is plotted with

respect to the rotational velocity, , in rads'. A power law relationship given by:

M=a' (44),

is fit to this data where a and n are fitting parameters. The fitted parameter n is the slope

of the torque vs. rotational velocity on a log-log plot. By plotting the ratio of the

corrected shear rate divided by the non-corrected shear as a function of the fitted

parameter n, the effects of the current shear cell geometry on the shear rate can be seen.

This is shown in fig. 86.
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Figure 86: Ratio of the corrected / non-corrected shear rate vs. power law exponent n.

This shows the shear rate correction factor will increase the shear rate 6.67% using the

current shear cell geometry for values of n greater than 0. As n decreases the error

associated with the shear rate increases. Currently the values of n for this study are

around 0.5 which results in a corrected shear rate that is 20% higher than the non-

corrected shear rate. If n ever becomes negative then the corrected shear rate is much

lower than the non-corrected which leads to an erroneous inflation of the calculated

viscosity. By comparing the viscosity using the corrected and non-corrected shear rate, it

can be seen that the corrected data shifts the viscosity to higher shear rates while

maintaining the same slope. This is seen in fig. 87.
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Figure 87: Comparison of the calculated viscosity using both the corrected and non-
corrected shear rates. The application of the shear rate shifts the viscosity data to higher
shear rates while maintaining the same viscosity vs. shear rate slope.




