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The influence of shear rate and temperature on thesigcand fragility of the
Zra1 2Th3.8C2 NiroBer s (Vitl) metallic glass forming liquid is measured in the
liquid and undercooled liquid state between 907 and 1300 K. @hdts show a
complex rheological behavior of Vitl. The viscosity\atl is about three orders of
magnitude higher than simple metallic liquids with strohgas thinning behavior
upon first heating from the amorphous state above dbellis temperature. The shear
thinning behavior decreases with increasing temperature anditlescally strong
liquid transforms to a more fragile liquid with no sheate dependence of viscosity.

The Newtonian temperatureNewonian) for Vitl is measured as 1225 K. Upon cooling



this liquid the strong liquid behavior is only re-establishdemvthe melt is deeply
undercooled below the liquidus temperature. This givestoiske “hysteresis effect”
in the viscosity of Vitl as a function of temperaturbe difference in viscosity and
the shear thinning behavior is also seen depending on tlz state of the material
(amorphous or crystalline). The shear thinning and strongafmildr transition is
attributed to the destruction of medium range order (MR@he liquid state whereas
the reformation of order in the supercooled region is mmokle complex. Secondly,
the effect of ordering and shear rate on the crysstitin kinetics of undercooled
Zra1 2Th3.8C2 Niro Berr s metallic-glass-forming melts is investigated. The study
guantitatively shows the shift of the TTT diagram oflVib shorter crystallization
times with increasing shear rates. The classical numteatnd growth theory is
applied by incorporating the change in various factors suefsessity, driving force
for crystallization and entropy change as a functbshear rate. It is found that the
change in crystallization kinetics can not be explhigaantitatively by the classical
nucleation and growth theory. The order present in tke immensely influences the
crystallization and the material with higher order taljzes sooner than the material
with smaller order. The ordered clusters are formeceifet higher shear rates and
hence the material crystallizes sooner at highearstees making the TTT diagram
shift to the left.

Finally, the viscosities of two bulk metallic glass rrfong liquids
Zr57Cus Nir2 6Al1oNbs (Vit106) and PgkNiioCu7Poo are measured and compared
with the viscosity of Vitl. The main goal of this studgsmo investigate whether high

viscosity and shear thinning behavior is just associated Witthor the other BMG



forming liquids also show such behavior. It is shown #llathese glass formers show
higher viscosities than monoatomic metallic liquids aswtprisingly the non-
Newtonian shear thinning behavior. Vitl exhibits the highesbsgity with the largest
drop in viscosity on shearing from 0.1 t 250 & at the temperatures aboveg,.T
Vitl06 shows lower viscosities than Vitl, however, a rgggy non-Newtonian
behavior on shearing from 0.1 0 143 § at the temperatures between 1130 K and
1305 K is seen. Surprisingly, this non-Newtonian behaviapgisars at higher shear
rates where the viscosity stays constant. The msttosity of the P@NiioCu,7P2o
shows a lower viscosity and much smaller shear thinningui@hthan the Zr-based
alloys. The viscosity data of Vit106 andgNdi;oCu,7P» indicate a possibility to reach
a steady state viscosity if high enough shear ratespgrieed to the melt of Vitl at the
temperatures between 1075 K and 1225 K. In all the threesatloig non-Newtonian
behavior gets weaker with increasing temperature and theriatagtarts to behave
like a Newtonian liquid. This behavior is attributed to phesence of MRO and short
range order (SRO) in the melt of these alloys. TheOfiResent in the melt can be
reduced by shearing and more effectively destroyed to SRGOndwgasing the

temperature which leads to a Newtonian liquid with smaikgosity.
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1. INTRODUCTION

Over the past two decades, bulk metallic glasses haveethas interesting
engineering materials due to their perfectly elastic belnaa high strength to
weight ratio, as well as a low coefficient of fiant, and a higher corrosion resistance
than their crystalline counterparts [1-3]. Metallic ggaformation from the liquid

state was first reported by Duwez and co-workers in 1960 [éhwhey processed

thin ribbons of AuSi at extremely fast cooling rate 18P-100 Ki/s to suppress
crystallization. Extensive research conducted during teetpa decades has led to
the development of several new families of multicongu glass forming alloys
based on Lanthanum, Magnesium, Zirconium, Palladiwan, Platinum, Copper
and Nickel [5-10]. Many of these alloys exhibit excellefasg forming ability
(GFA) and can be processed in bulk amorphous form (setttickness >1mm) [11].
These metallic glasses are known as Bulk Metallias&ds (BMGs) and show a
higher thermal stability to crystallization than genventional metallic glasses [12].
Although some of the bulk metallic glasses are usedddous applications, there is
still a need to devote considerable efforts to unrdeetass forming ability of these
materials which could further help in the alloy develepmand easy processing.
The glass forming ability (GFA) of a BMG is governed sgveral thermodynamic
and kinetic factors. Viscosity is one such factor wheftects the kinetic slowdown,

when a liquid is supercooled below its melting point. €fane, it is very important



2
to investigate the viscosity of BMGs in order to comgietunderstand the GFA.

Although viscosity near the glass transition tempeeghas been reported for several

alloys [13, 14], only limited data are available above lipeidus temperature. In
addition, the knowledge of high temperature viscosity sigaificant engineering
importance for processing techniques like injection moldemgd composite

infiltration.

The first viscosity study on a BMG above the liquidesnperature was
conducted by Johnson and co-workers ony iz dCulhio NizoBeros (Vitl).
Contrary to the monatomic and binary simple metalbitls which exhibit low
viscosities of about ID Pa-s [15] at the melting point, the viscosity of
Zra1.2Ti13.8C2 NiroBerrs (Vitl) was found to be about 3 orders of magnitude
higher than that of a simple liquid. This study assumédaawell model for the
kinetics that predicts extremely small relaxationesnon the order of 1§ s at
liquidus temperature (d). Due to this high mobility and small relaxation timte, i
was assumed that the system would reach equilibripndlyaand that there would
be no shear rate dependence of the viscosity ab@vé.adter in 2004, the viscosity
of Vitl was revisited by Busch and co workers and surprigiagbronounced shear
rate dependence of the viscosity for temperatures abevé{lil6] was observed.
The results of this study suggested that there is an afdemagnitude drop in

viscosity for a two order of magnitude increase in shiese indicating a non-



3
Newtonian shear thinning behavior. The research that ided here seeks to
further understand the viscosity behavior and crystallimatiothe BMG forming
liquids. It will be shown that especially the kinetics/il is even far more complex

than previously anticipated.

This manuscript comprises of three parts, the first Ipastintroduction with
initial work, and last two parts have two publicationspbtopublished in scientific
journals, which demonstrates the non Newtonian  viscosityf
Zrg12T113.8CU12 NitoBers s Zrs7Cuis ANia2 6Al10Nbs and PdsNioCu7P20 bulk metallic
glass forming liquids and the ordering and shear rate iddagestallization of the
undercooled Zn >Ti138Cu2 NijoBerr s metallic glass forming melt. The first part
gives the introduction and describes the initial workdrected on “the influence of
shear rate and temperature on the viscosity of thg Ugs Cuio NiioBeos
metallic glass forming liquid”. This section demonstsatbat the viscosity of
initially amorphous Vitl is more than 3 orders of magnithdgher than the simple
metallic liquids and shows a shear thinning behavior abevédghidus temperature.
This shear thinning behavior decreases with increasing tempegatd disappears at
the temperatures above 1225 K. It is also shown thahitied state of the sample
(amorphous or crystalline) substantially effect the as#ty due to the presence of
different order in the melt. In the first publicatiom¢end part), “ordering and shear

rate induced crystallization of undercooleds14fii3sCuio NijgBer s metallic-



4
glass-forming melts”, effect of shearing on the cmligition kinetics of the
Zra1.2Ti138C2 NiroBeprs is reported. The time temperature transformation
diagram of Zi12Ti13d&Cu NiroBer s has been measured as a function of shear
rate. It demonstrates the occurrence of ordering andatlization events as a
function of shear rate, isothermal annealing time amgbéeature in the undercooled
liquid. It is found that the TTT diagram shifts to shotimes with increasing shear
rates. It is shown that the classical nucleationgmoavth model can not completely
explain the shift in this TTT diagram. Finally, the setqublication (third part)
“‘non Newtonian viscosity of the ZrsTii3dCh gNiipBer s Zrs7Cuis ANii2 Al 10Nbs

and Pd3NiioCw7/Po bulk metallic glass forming liquids” compares the +on
Newtonian viscosity of two additional BMGs with the rigswn Vitl. The viscosity,
fragility and the amount of shear thinning occurring ieseh melts are measured and

discussed.



2. LITERATURE REVIEW AND BACKGROUND - BULK

METALLIC GLASSES

2.1 History and Development of Bulk Metallic Glasses

The first major breakthrough in metallic glass formati@me in 1960 when
Duwez and co workers discovered that liquidsgSipo could be turned into an
amorphous solid by direct quenching from the melt with@licg rate of 16 K/sec
[4]. At that time, one of the well known factors regd for the glass formation was
very high cooling rate [17]. The cooling rate required toid\crystallization and
form a metallic glass is termed as the critical capliate, R The thickness of the

metallic glass is inversely proportional to the squact of R..

ta

1
= (1)
VR

Conventional metallic glasses required cooling ratesl@ 100 K/s to
suppress crystallization and form a glass [18]. The higicad cooling rates limited

the dimension of the samples to thin sheets or ribdoater, Cohen and Turnbull
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suggested that the formation of amorphougoBiy is related to the deep eutectic in
the AuSi alloy system near the 25 at. % Si coupled rapid solidification rate [19].
In 1984, the first bulk metallic glass was reported by Drah et al by quenching
ternary Pd-Ni-P alloy. Heterogeneous nucleation sitethe surface were dissolved,
by repeated melting in a boron oxide flux. As a resultsgf@rmation at cooling
rates below 10 K/s and glassy ingots with sizes up to 10inmdiameter were
obtained [20]. Today bulk metallic glass (BMG) is definadhe community as a

metallic glass sample with its smallest dimensiondpainieast 1 mm thick.

In 1993, Peker and Johnson discovered an exceptionally goodayiassg
system; Zr-Ti-Cu-Ni-Be. In particular ZroTiiz€CuizNiioBers which s
commercially known as VitreloyY, exhibits a critical cooling rate of 1K/s and can
be cast up to several centimeters in diameter [8]. Aoy has a combination of
excellent mechanical properties and processability andergfore used widely in
several applications ranging from sporting goods to defeggsipment. However,
the presence of toxic beryllium in this alloy limits @ise. Johnson and co-workers
further enlarged the Zr-based alloy family by developampther group of easily
processible BMG system Zr-Ti(Nb)-Cu-Ni-Al alloys; s£eTisCui7.dNi14.6Al10 and
Zrs7Cus Ni12 6Al10Nbs [21]. Even though their critical cooling rate is highban
Vitreloyl™, they still have good mechanical properties and do nattato

beryllium.



2.1.1 Processing of Metallic Glasses

Although metallic glasses are thermodynamically ntatds, there are many
processing routes, in which they can be processed. Weusa gases (vapor
deposition), liquids, or even crystals (solid state gmaation) as the starting
material. Some of the methods that use liquid alloya agarting materials are the

following.

The first amorphous metal was prepared by gun quenching [4fhisn
process, the molten sample is held in a non-reactualde with a small hole at the
bottom and small droplets are driven out of the hole biaack wave. The droplets
then impinge onto a highly conductive metal substrate asdopper, spread out and
form a film. Although this method provides the highest empliate of about 0
10PK/sec, the irregularity of the foil thickness makes gample to be a mixture of
amorphous and crystalline structure. The average thiclofe® film formed by

this method ranges from 5 to28.

Another method to obtain foils of thickness rangingnir20 to 50um is the

hammer-anvil method [22]. In this process, two metalistoms are propelled
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towards each other at high speed and a molten dropogfialiquenched to a foil

between the two metallic pistons. This process also ge\high cooling rates.

A major advancement in processing came with the developaidwin roll
technique. This technique was potentially the first contisuprocess to produce
metallic glasses. The thin ribbons of metallic glassesobtained when a molten
metal is fed into the nip of two rapidly rotating wkeddowever in this process, it is
difficult to keep the liquid from either solidifying tocaey (before the minimum
separation between the wheels occurs) resulting hwolked strips, or solidifying

too late (i.e. leaving the nip partially liquid).

To date, the most accepted continuous processing technigueakihg
metallic glass ribbons is melt spinning. In this technigg&r@am of molten metal is
directed at a rapidly rotating copper wheel. This propessides high cooling rates
and the ribbons with the thickness ranging between 20 andr6an be produced

[23].

The most widely used technique to process (the novel) betklic glasses
both in industry and research is casting. This is aivelgtsimple technique, in
which the molten material is poured into the mold wittlegsired pattern. It is only

used for processing bulk metallic glasses due to theelimitooling rates. This
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technique has been widely employed at the university d#oes [24] and in the

industry such as Liquid Metal Technologies for the masdymtion of parts.

2.2 Metallic Glass and the Glass Transition

A crystalline solid exhibits a long-range order where tioena are arranged
in a pattern that repeats periodically in three dinmarssio a large or infinite extent.
In contrast, metallic glass refers to a vitreousromhous alloy which lacks a long
ranging periodicity of atoms and only short or mediumgea order exists, which
means that the atoms arrange themselves into small gwdhupk are not repeated
consistently throughout the bulk of the sample. Thigl kof structure is normally
called a glass or a “frozen liquid”. Like all other aploous solids it exhibits a glass

transition.

When a liquid is cooled below its melting point, eitheystallization takes
place or the liquid becomes an undercooled or intercladrga supercooled liquid.
The path taken by the liquid depends on the cooling FFatea slow cooling rate, the
atoms have enough time to arrange themselves and farystalline solid. But for a
cooling rate faster than a certain critical valug,dRystallization is avoided to obtain
a supercooled liquid. This supercooled liquid is charactetized higher viscosity,

which means a higher resistance to flow, than thedigbove the melting point. As
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the supercooled liquid is cooled further, its viscosity iases and the atoms move
so slowly that they finally freeze and form a gladslike the crystallization of a
liquid, the glass formation is a continuous process amirecover a range of

temperatures.

The glass transition can be observed by monitoring ¢ttheme of the liquid

as a function of temperature as shown in Fig. 1

o
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T T

g m

temperature T

Figure 1: Specific volume as a function of temperature fogaid, which can form
either glass or crystal. Formation of glass or telydepends on the cooling rate. At
the smaller cooling rates, the material follows ¢)-and form crystal whereas at
faster cooling rates (-) path is followed and glass foionaakes place. In the figure
Ty and Tn designate glass transition temperature and melting emnpe
respectively [25].
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During crystallization there is an abrupt change in m&uat the melting

point, T, whereas the glass formation is characterized byaagehin the slope at a
temperature called the glass-transition temperatuge Bé&tween [ and Ty, the
material is in a metastable state with respect toctlystallization. This region is
termed as the supercooled liquid region. Below this regioie the metallic glass,
which is in a nonequilibrium state. The thermodynamicaldeis such as volume,
entropy and enthalpy all exhibit a change in slopegal fiis implies that at Jthere

should be a discontinuity in the derivative variablehaag[25]:

Heat capacity, (& (0H/0T)p) and

Thermal expansivity of=0InV/oT).

Although several attempts have been made to understanth$isetr@nsition,

no theory has yet been able to completely describgldiss transition.

2.3 Glass Forming Ability in Multicomponent Alloys

BMGs are dense liquids with very high viscosity and sendliee volumes
than other metallic systems [26]. The compositionsBMGs are selected in

proximity of deep eutectic. Chen and Turnlprbposed that the destabilization of
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crystalline structure near the eutectic composition debes the stability and the
ease of glass formation [27].

Size mismatch between the components is anothear fiwt influences the
glass forming ability. In a multicomponent glass formingsteyn, species with
different atomic sizes are alloyed together. The esponding crystalline alloy
suffers with the increase in chemical disorder duda¢olacal atomic strains arising
from the atomic mismatch as well as the differeincealence electron configuration.
Also, the probability of forming a new crystal structamed a chance of acquiring
long range ordered structure progressively decreasetheinmulti component

systems.

Another factor predicted by Turnbull [28) improving the glass-forming
ability is the reduced glass transition temperatuig, Which is the ratio of the glass
transition temperaturegfo the melting temperature,Tof an alloy. High values of
T,y are associated with the good glass forming ability. Tiesins that asglgets
closer to T, the homogeneous nucleation of crystals in the undesdolduid

become sluggish on the laboratory time scale andadligation is suppressed.

Inoue later proposed three empirical rules governinggtize glass forming
ability of the bulk metallic glass [29];

» Considerable size mismatch (12% or more in 3 main compgnen
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e Multicomponent systems with three or more than tlw@aponents which
reduces the free volume and increases viscosity

* Negative heat of mixing among the three main constitelements

2.4 Thermodynamics and Kinetics of Metallic Glasses

BMGs have a unigue combination of superior mechanical propertiéhe
domain of high-strength metals and processability liketjgls which makes them
interesting engineering materials. The kinetics andntbdynamics of metallic
glasses have been subject to studies for a long timeev#w, due to the low thermal
stability of metallic glass forming liquids only data @dae the glass transition or in
the equilibrium melt could be obtained. The developr¢B&MGs allow us to study
the thermophysical properties such as heat capacity,sitigceurface tension, and
emissivity of metallic melts in the supercooled liquegiion. This is because of their
high thermal stability to crystallization and a laggercooled liquid region above

the glass transition temperature than the conventroatallic glasses [30].

There are several theoretical approaches to descriltkethmodynamics and
kinetics of supercooled liquids. The thermodynamics epeesented by the change

of specific heat capacity, entropy, enthalpy and Gild®es energy upon undercooling
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and the kinetics can be investigated by the measuring thesitis above the

liquidus temperature and in the supercooled liquid region.

2.4.1 Thermodynamics of Metallic Glasses

Bulk metallic glass formers allow us to investigate thermodynamic
functions of supercooled metallic liquids on a broadeetand temperature scale.
The thermodynamic functions of the supercooled liquith wespect to the crystal
can be determined in a Differential Scanning Calorim&&Q) and in a Differential
Thermal Analyzer (DTA). This is done by measuring thathef fusion, heat of
crystallization and specific heat capacity data ofdieercooled liquid and crystal

[30-33].

The phase transformations that occur upon heating therialdead to the
absorption or release of energy. This energy careberded as a heat flow as a
function of temperature in DSC and DTA. Figure 2 depiotspghase transitions that
occurred during the heating of material in a DTA. Théiahiendothermic peak
corresponding to the glass transitio, provides a qualitative proof for amorphous
state of the sample. Upon further heating, crystaitinaoccurs exothermally at the
crystallization temperaturexTThe amount of heat released during crystallization is

known as the heat of crystallizationHx . When the sample is heated further an



15
endothermic peak showing the melting of the sample easekn in this figure.
The onset of melting is shown by eutectic temperatweamd the end is depicted
by Tiq. By integrating the area under these endothermictgvéime enthalpy of
fusion, AHs, can be calculated [31]. The entropy of fusia®&, can be calculated

from AH; by using [34] :

AS, = 2),

whereAH; is the enthalpy of fusion,fis the melting temperature.
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Figure 2 Differential Scanning Calorimeter (DSC) thermogram of
Zr41 2Ti13.8CuU2 NireBers 5 (Vitl) from 500 to 1150 K using the scan heating rate of
10 K/min [31]. The onset of the glass transition, cry=iatlion temperature, eutectic
melting point and liquidus temperatures are depicted py,TL, Tew and Tig
respectively.

The specific heat capacities at constant pressyref the glassy, crystalline
and supercooled liquid state are also measured in DSC katigig temperatures.
Specific heat at constant pressurg,iscthe amount of heat required to raise the
temperature of the substance by one degree Kelvin atacbqstessure and is given

by [25],
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Cp:[a_QJ :T[EJ (3)’
ot ), \aT ),

where, dQ is the heat absorbed by a unit mass of mldtemaise the temperature by
dT and dS is the entropy change. Figure 3 depicts the heatityacurves for a

glass, the corresponding liquid and the crystallinelsad a function of temperature

for Vitl [31].



18

60+ y
] S undercooled
< 50'_ "R liquid |
X 4 _
-
o
'}
(-P -
o
S~~~
lﬁ -
N
o~ ]
10 . . y
4 Zr41.2TI 13.8cu12.4\“10.08e22.5
0 : . , :

500 600 700 800 900 1000
temperature (K)

Figure 3: Heat capacity curves of thesZpTi138Cui2 fNijoBers s (Vitl) glass, the
corresponding liquid and crystallineid@ls a function of temperature [31].
The sudden increase in the heat capacity of thesglpon heating is the
thermal manifestation of the glass transition. Tnetynamically, the glass
transition, T, is defined as the point of inflection of the mpiheat capacity. The
specific heat of the crystal and liquid,x¢ and @i can be represented by the

following equations:

G = 3R+aT+bT (4),



19

and
Gt = 3R+CT+dT (5),
where R is the universal gas constant, a, b, cdaack the fitting parameters. For
Vitl the fitting parameters are reported as; a 859 x 10°, b = 2.321 x 16, ¢ =

7.560 x 10 and d = 8.167 x £an the appropriate units [31].

The entropy difference)\S™, between the liquid and crystal as a function of

temperature can be calculated by integrating teeip heat using [9]

as(m = a8, (1,) - [ 22D

dT’ (6),

where AS; is the entropy of fusion, T is the temperatured Ay, = Gl - Goxti-
Similar to entropy, variation of enthalpgH"™ , with temperature is calculated with

the knowledge of specific heat

Tliq

AH'™(T) = AH( (T,,) = [AC,(T")dT" (7).
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By knowing the enthalpy, entropy of fusion and $pecific heat capacity

difference between supercooled liquid and crysilli mixture, Ac, the
thermodynamic functions are calculated by integgpic, as discussed above. This

results in the Gibbs free energy difference betwsgrercooled liquid and crystal,

T¢ , , T ACI—X '
DG (T)=AH ~AS, T ~ [Acy™(T')dT +Tj"T—.(r)dT (8),
T T

where AH¢ and AS are the enthalpy and entropy of fusion, respegiivat the
temperature T This gives us an approximation of the thermodynainving force
for crystallization. Figure 4 shows a plot of thék& free energy difference for
some of the metallic glass forming systems as atiium of undercooling [26]. The
temperatures are normalized to the melting tempexaif the respective alloy. The

alloys plotted have the different critical coolirajes.
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Figure 4. The Gibbs free energy difference between cryatal supercooled liquid
for different various glass forming liquids. Vitlittvthe smallest cooling rate shows
the smallest free energy difference [26].

It can be seen in the plot that the best glassdommith the lowest critical

cooling rate of 1K/s (Vitreloyl) has smaller Gibiose energy differences than the

other glass formers whereas the binarg¥iss with the critical cooling rate of about

10" K/s has the highest Gibbs free energy differefides is consistent in all the

glass formers shown in the Fig. 4 and the glassdomwith smaller critical cooling

rate has a smaller driving force for crystallizatid@ herefore in order to understand

the glass forming ability of the alloys, it is aepequisite to understand the

thermodynamic conditions for good glass formatienweell as its relation to the

kinetics in the supercooled liquids.
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2.4.2 Kinetics and Viscosity of Metallic Glasses

Along with thermodynamics it is also essential tadg kinetics in the
proximity of glass transition region and above ligeidus temperature in order to
understand the glass forming ability of BMGs. Innie of kinetics, the glass
transition temperature can be understood as thpetature at which the viscosity
(n) of the undercooled liquid reaches abouf?Ha-s [35]. At such high viscosities,
atomic motions are retarded and the relaxation tforeatomic rearrangement

becomes comparable to or greater than the expeaihiene scale.

Viscosity reflects the kinetic slowdown, when aulid)is supercooled below
its melting point. Contrary to the monatomic andaby simple metallic liquids
which exhibit low viscosities of about $@Pa-s [36] at the melting point, BMGs are
expected to possess much higher viscosities. Famgbe, the viscosity of Vitl is
more than 3 orders of magnitude higher than that simple liquid. If we assume
that the diffusivity is given by the Stokes Einsteguation as DT/n, it is apparent
that the crystallization kinetics is substantiatigtarded in an alloy with high
viscosity. Therefore it has been argued that inl Viigh viscosity is a major
contributing factor to the high glass forming apijlibecause high viscosity implies a

slow nucleation and growth kinetics in the supeleddiquid region.
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2.4.2.1 Angell Plot

Glass formation has been studied in a large vaoittyaterials. An empirical
concept to describe the sensitivity of the visgos@ temperature changes for
different materials in the supercooled liquid stai@s developed by Angell [37].
Figure 5 shows an Angell plot which describes temperature dependence of

viscosity for various materials.

10" F 5
3 A+
strong =" @3
E -7 + 7
10 E sio. .*~ -
’(;)\ E 27 3
3 a7 i+ 3
S E Vs & E
E r E
~— 3 3 > E
2] <
(@]
Q
R
S

;r. Zr41.2Ti13.SCU12 5Ni10.OBe22‘5 ﬁ]uerteal . .+'O_terpheny| :E
10" F Lt E

:- A .

:_ - ° ° . I E

o fragile E
10° F : : , :

0.2 0.4 0.6 0.8 1.0
TIT
g

Figure 5: Equilibrium viscosity as a function of temperauor the supercooled
liquid of Zrss 5Ti13dNi1gCui2 Bex 5(Vitl) in an Arrhenius plot [7].
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The temperature dependence of viscosity can dgtérstantially among

different materials. For example, the viscositySiDp, which is an open random

network glass, can be described well with an Aridrettaw [25]. Other substances
such as materials with van der Waals bonds aredasstibed by a Vogel-Fulcher-
Tammann (VFT) relation with a VFT-temperature velyse to the glass transition.

The VFT- equation is given as,

where,no is a constant of about 4:1@a-s, D* is the fragility parameter angli§ the
VFT temperature, where the barriers with respecfldv would go to infinity.
“Strong” liquids, like SiQ, have high melt viscosities and a D* of about 100
whereas the other extreme are "fragile" liquids ghew a VFT temperature close to
the glass transition temperature, as well as loWw wigcosities and a Dof less than
10. Conventional metallic glasses were consideragilé liquids with D* less than
10 and it was not possible to perform viscosity sne@aments in the vicinity of glass
transition due to their poor stability against tajlization. The development of
BMG forming liquids made it possible to measure \tseosity by three point beam
bending [38], parallel plate rheometry [39-41] asllvas rotating cup viscosimetry

[15, 42].
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Early viscosity measurements oyt iiz §Clho NiroBez s (Vitl) showed
that Vitl exhibits a “strong” as opposed to “fragiliquid behavior, in contrast to
what was previously assumed for metallic liquids][1t was proposed that this high
viscosity has an important influence on the cryigation kinetics and glass forming
ability of multicomponent glass forming alloys, bese it implies smaller
diffusivities than in very fluid liquids. The vissity data obtained in this work are
also analyzed on the Angel plot and fragility pagters for various alloys are

obtained by fitting viscosity as a function of teengture using VFT relation.

2.4.2.2 Adam-Gibbs Entropy Model for Viscous Flow

The Adam-Gibbs Entropy Model for viscous flow reltthe amount of
configurational entropy present in the liquid with viscosity. The model states that

the viscosityy , can be expressed as

n= ﬂoeXF{(T—;)J (10),
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[43] whereno = 4 x 10° Pas [44] is a constant pre-exponential factor, Chis t
effective free enthalpy barrier for viscous flommdaS is the configurational entropy

of the system.

2.5 Crystallization of Supercooled Metallic Liquids and Gasses

2.5.1 TTT Diagram

In order to study crystallization kinetics, the ¢éitemperature-transformation
(TTT) diagrams from the supercooled liquid into thgstalline state are studied. In a
TTT diagram, the temperature is plotted on theicertaxis and the time on the
horizontal axis on a logarithmic scale. A TTT demgr is obtained through
isothermal experiments at various temperatures, thedtime required by the
material to crystallize at each isothermal tempeeais plotted. Various curves, such
as the onset (1%), intermediate (~50%) and end Y98f& of crystallization, are
represented by such TTT diagrams. As describeddtion 2.2, a glass is formed by
avoiding crystallization of the material below fitelting point. Although the driving
force for crystallization increases as the matesiadooled more and more below its
melting point, the diffusivity of the components the alloy decreases with
decreasing temperature. The decreasing kinetictudesl diffusivity) below the
liquidus temperature and the increasing drivingcdorfor crystallization are

antagonistic and result in the characteristic “Gage to the TTT diagram. As the
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material is cooled below its liquidus temperature time taken for initiation of
crystallization decreases. The increase in therdyiforce for crystallization controls
the crystallization process. This trend continukshe nose of the TTT diagram is
reached. The nose corresponds to the minimum aneduiine required to begin
crystallization at any undercooling. Below the nggegish kinetics of the system
takes over and governs the crystallization onsée @Trystallization proceeds in
different manner in various alloys. Figure 6 sh@w§TT diagram of (not sheared)
Vitl, where the isothermal onset of crystallizatitas been determined in the entire

supercooled liquid for a metallic liquid.
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Figure 6: TTT Diagram for ZisTi13dCui2NigoBerrs showing the liquidus
temperature, glass transition temperature, supetedoliquid region, and the
crystalline nose [26]. The samples have not beearsd during the experiment. The
solid line and dashed line show the fits obtaingdising R« o 1m and R« o exp(—

Qerlk-T) [26].

The TTT diagram is analyzed by applying classicatleation and growth
models and taking the measured thermodynamic ari&iquantities into account.
The results can then be compared with the expetathgrdetermined number of

nucleation and growth events provided by the micooture analyses.

According to the classical nucleation theory [4G],4the time for the

crystallization, &, is given by
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35( 1/4
t =| — 11 ,
X [ﬂ[l$ mSJ (11)

where x is a small volume fraction to crystallizgjs the steady state nucleation rate
and u is the growth velocity. The steady state @at@n rate, s, can be described

by,

_AG*
| = AlD, [&x 12),

where Qg is the effective diffusivity, A is a fitting paraeter,kg is a Boltzmann’s
constant andAG* is the activation energy barrier for nucleatiddes can be

calculated from the Stokes-Einstein equation giwgn

ke T

= 3rmra (13),

where T is the temperatung,is the viscosity, and a is average atomic distambe

viscosityn as a function of temperature is taken from theegrpental data.

The nucleation barriekG* is given as
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*

_16w®

14),
3[AG? (14)

whereg is the interfacial energy amtlG is the driving force for crystallization and
is approximated as the Gibbs free energy differenG8*, of the supercooled liquid
with respect to the crystalline mixturdG is experimentally calculated from

enthalpy, entropy and specific heat data by usnggmethod explained in section
2.4.10 is used as a fitting parameter to model the erparial data. Similarly, the

growth velocity, u, can be calculated by

u= f Dq [1—ex;{— Vi DXGB (15),
I kg (O

wherel is the average atomic diametey,is the atomic volumekg is the Boltzmann

constantf is the fraction of sites at the liquid-crystalarface,T is the temperature
and4G is the same Gibbs free energy difference betweellicilnel and crystalline

phase stated above.

In the first paper of the manuscript presented in thikkwee determined the
change in TTT diagram at various shear rates. The ealoentioned classical
nucleation model was used in order to analyze the shiff il diagram as a function

of shear rate.
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2.6 Viscosity Measurement of Bulk Metallic Glasses

2.6.1 Below the Liquidus Temperature

The viscosity of some BMGs near the glass transitemperature has been
reported by investigating the deformation of amorphous bdantke three point
beam bending method. The three point beam bending coonsistsbeam that is
supported at the ends by sharp edges. The beam is deflectedomiktant force (M
in kg) applied in the center of the beam. From the défleatate (v in m/s) the

viscosity is determined by the equation

(16),

3
n=- gL [M +'0AL:|

241 v 16

where g is the gravitational constant in nlsis the cross-section moment of inertia
in m*, p is the density of glass in kg#mA is the cross-section and L is the support
span. In case of bulk metallic glasses, viscositiewdsmt 10 and 16* Pa-s have
been previously obtained by this method. Waniuk et al obtéimeediscosity of Vitl
in the supper cooled region by using three point beam bendingodneThey

reported a decrease from*i®a-s at 600 K to 10Pa-s at 700 K and upon primary
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crystallization the viscosity increased by 1.5 orders afjmitude indicating a
decrease in the atomic mobility [48]. Similar studiesehalso been conducted on

some other kinds of BMGs [38, 39].

2.6.2 Above the Liquidus Temperature

Little is known about the viscosities of BMGs aboviee tliquidus
temperature. Previous theories determined that a medg#item in the liquid state
has a low viscosity on the order of 1®ass . The first viscosity study in BMGs
above the liquidus temperature was conducted by Johnson wawdkeos on Vitl.
They assumed a Maxwell model relationship that predidiemely small relaxation
times on the order of 18 s at Tiq- Due to this high mobility and small relaxation
time, it was therefore assumed that the system waaldh equilibrium rapidly and
that there would be no shear rate dependence of the ityset®ve Ty These
experiments were performed by using a Couette Concentricdgyland were done
over shear rate and temperature range of 30-30énd 927-1173 K respectively.
Experimental procedures included constant temperature sheaqperiments from
high to low temperatures. A constant clockwise and wilockwise rotation was

applied in order to obtain an average torque signal
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The next viscosity study of Vitl above the melting pauats performed

between 2001 to 2004 by Tyler Shaw and Christopher Way at ©OrS8gate
University (OSU) [42, 49, 50]. Similar equipment Couette @mtiic Cylinder
viscometer as previous study was designed and built at [@&W9] with a wider
range of shear rates and temperature. Shear rates ¥bmto 1¢ s' and
temperatures from 1090-1172 K, respectively were applied. dnstbhdy the
experiments were performed at constant temperaturesarable shear rates and
surprisingly showed a strong shear thinning behavior as showig. 7, which is

rather surprising for a metallic system.
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Figure 7. Viscosity as a function of shear rate at varimmperatures between 1071
K and 1156 K for Vitl. The data shown where collected byemy@haw and
Christopher Way [49, 50]. A strong shear thinning effedecéfd in a pronounced
decrease in viscosity with increasing shear rate caede

This shear thinning behavior was attributed to the presehchort and
medium range order, which remains after melting andbeatiestroyed by shearing.
Due to the presence of shear thinning behavior in the n&fear rate correction
factor has been applied on the torque vs. rotationatispet@ to obtain the corrected
shear rates. Further experiments indicated that thengtaneasurement temperature

and processing time may affect the viscosity. The visgaseasurements were



35
performed in the shear cell made machined from graphited@tadls are given in
the next section. Therefore, the investigation ofl litteraction with graphite was
also performed. Optical microscopy of the sectioned stedlr after testing showed
a distinct separation between the melt and graphiect®h Microprobe Analysis
(EMPA) of these sectioned shear cells confirmed noctibte diffusion of the melt

deep into the graphite.

However following were the two major concerns in shadies done at OSU until
2004

1. The results were not repeatable even within the saperienents.

2. The measurements at the temperatures above 1175K coulé petformed
because the material started to form bubbles and camaf the shear cell.
This is due to the presence of hydrogen in Vitl which difust the alloy
during manufacturing. When this alloy is re-melted, hydrod#éfuses out
and forms bubbles which made the measurements imposgibhegteer

temperatures.
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2.7 Purpose of this Work

The role of the viscosity as one of the most imparactors to determine the
glass forming ability of supercooled liquids has beenudised in the previous
sections. Particularly, there have been very fewepth studies on the viscosity of
supercooled liquids above the liquidus temperature. Therdfosaesearch attempts
to better understand the viscosity of bulk metallic gfasming alloys especially at
high temperatures around the melting point. There are theae reasons to study
the viscosity. Firstly, the viscosity of the mateahbve the liquidus temperature and
in the supercooled liquid region plays a vital role in @alyaucleation and growth.
As discussed earlier, the atomic mobility in the ligstidte is inversely proportional
to the viscosity and the higher the atomic mobilitythe faster is the crystallization
kinetics. Secondly, the viscosity of the amorphousenit can be related to the
thermodynamic functions by means of the entropy modelviecous flow. This
model states that an increase in viscosity is dirdoiked to the configurational
entropy [eq.10]. Lastly, the study of the viscosity of ggphous metals is important
from the processing standpoint. For processing in the ligtate, such as during
injection molding, viscosity becomes a critical paraméie determining the energy

necessary for complete mold filling. Knowing the vistgsive can predict the
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processing parameters in terms of: fluid flow behauione, melt temperature,

mold temperature, pressure and other transport properties.
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3. EXPERIMENTAL METHODS AND INITIAL WORK

3.1 Materials Preparation

In this study the viscosity of three different alloysamely
Zrg12Ti13.Ca NizoBeros  (Vitl), Zrs:Cuis Nij2 6Al1oNbs  (Vit106) and
PdisNi1oC7P2o Over a large temperature range above their respectjuiduis
temperatures have been investigated. Following is the miage®chnique used for

these alloys.

Zr 41.2T113.6CU12 Nio.Bexo 5 (Vitl)

Three different kinds of Vitl samples were investigatethis study; (I) as
cast amorphous pellets of 4£gTi13.8Ch2 NirpBew s (Vitl) obtained from Liquid
Metal Technologies, Lake Forest, CA (Il) dehydrogenatedrphous Vitl samples;
these samples were processed from the pellets ofbtedmoen Liquid Metal
Technologies. The as received samples were dehydrogenateglting them under
a high vacuum of I&Pa in a water cooled copper boat. The samples were lipeenc

to attain an amorphous state in a Buhler MAM Arc mel(df) dehydrogenated
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crystalline Vitl; these samples were dehydrogenated apdnecin a similar way
as Il but were allowed to crystallize in the water ledocopper boat itself. The
dehydrogenation was necessary in samples (1) andt@lprevent hydrogen from
emerging from the molten sample during the subsequent iisoosasurement and
adversely affecting the viscosity measurements. Ther@mas and crystalline

nature of all the samples was confirmed in DSC.

Zr 57CU15_4Ni12_eA| 10Nb5 (V|t106) and Pd13Ni10CU27P20

Amorphous master alloys of Vitl06 with the nominal conipos of
Zrs7Cus Ni12.6Al10Nbs, were prepared by mixing the elements of high purity rangin
from 99.9 % to 99.995% in a Buhler MAM Arc melter. All takements were cut in
an uncontaminated environment and were ultrasonicallynetean the bath of
acetone followed by ethanol. This was done in ordernvtadathe presence of any
particle which could cause the heterogeneous nucleationila8y, amorphous

pieces of PgNioCu7P20 were prepared.

3.1.1 Differential Scanning Calorimetry

Prior to viscosity measurements, Differential Scanningpi@aetry (DSC)

was performed on all the samples by using a Perkin BRygs 1 DSC. This was
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done in order to investigate the amorphous or crystafitaée of the sample.
Samples ranging from 20 to 50 mg were ultrasonically cttame bath of acetone
followed by ethanol. Temperature scans were then doB8 Kfmin from 323 K to

853 K in 99.999% pure argon flowing during testing.

3.1.2 Differential Thermal Analysis

The Differential Thermal Analysis (DTA) analysis waminly performed to
measure the liquidus temperature of all the alloys.miéasured i values of all the
alloys were compared to the literature values. DTA pasormed using a Perkin
Elmer Diamond TG/DTA. Vitl, Vitl06 and R4Ni;oCw7P20 Samples ranging from
20 to 30 mg were cleaned using acetone and ethanol andldbed g graphite pans
for testing. Scan rates of 60 K/s from 373 to 1500 K undeflolv of 99.999% pure

nitrogen were used.

3.2 Viscosity Measurements

3.2.1 Measurement Equipment

The viscosity measurements are performed in a custord bugh-

temperature couette rheometer designed by Tyler Shaw [#@].d€sign and the
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details of the equipment can be found in Tyler Shawésith This rheometer
consists of a concentric cylinder shear cell that aaimted vertically inside a high-

vacuum induction furnace as shown schematically in Fig. 8.

Induction
Power

Supply

Motion
Control

Argon

99.999% DAQ

Board

Vacuum
Pump

Figure 8: Schematic of high-temperature high-vacuum viscometem(irgler Shaw
[49)).

The material is kept in the outer cylindrical cup wherasitinductively
melted. The outer cylinder is attached to a torque seasdrthe temperature is
measured with a thermocouple mounted inside the cylindér afathe outer
cylinder. The inner cylinder is connected to a stepper motbisansed to shear the
material. Once the material is melted in the outdindgr, the inner cylinder is
lowered into the outer cylinder and the gap between titerand inner cylinder

contains the melt. By rotating the inner cylinder the @esiear rate), in rads’ is
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imposed on the molten alloys. This results in a shedd fn the liquids which
generates a torque on the outer cylinder [49, 50]. This tosgreal, M, in Nm
through the molten test sample is recorded with a tosgumsor. Details of the
equipment and procedures are described elsewhere [49, BOjn&hviscosityp, in

Pas is calculated using

(&)
n=— (17),
Y
whereo is the shear stress given by
M
- 18),
°T 2R (18)

where M is the torque; is the radius of the inner cylinder in meters, ang the

immersion length in meters wherepsjs the shear rate calculated by using:

7= (19).

whereQ is the angular velocity in radtsr is the radius of the inner cylinder in

meters, andyris the inner radius of the outer cylinder in mster
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Previous studies showed that the viscosity of \hels a shear thinning
behavior with increasing shear rate. Therefore @elm®2ar velocity profile in the
testing material between the inner cylinder andaimer cylinder is generated which
makes the material closest to the inner cylinddsesheared faster than the material
near the outer cylinder. Therefore a shear rateecton factor is applied and the

corrected shear rate is given by

210

Y= W) (20),

whereQ is the angular velocity, n is the fitted parametéich is obtained by fitting
power law relationship to the plot of torque, M,Nam with respect to the rotational

velocity, Q, inrad-8. A power law relationship given by:
M=alQ" (22).

The details of the method used for shear rate ciiwrecan be found in Tyler Shaw

and Christopher Way's thesis [49, 50].
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3.3 Initial Work

Due to the difficulties described in section 2.6t first effort was made to
achieve the repeatability between the viscositysmesaments of Vitl and to measure
its viscosity at the temperatures above 1156 Kréfbee the experimental methods
used prior to this work were thoroughly investiga{d9, 50]. The known factors
affecting viscosity were the shear rate and tentpegaThe refinement of variables
such as time, temperature and shear rate showedthtaviscosity of Vitl is
immensely affected by the maximum experimental enafure and the amount of
shearing experienced by the material. Since, tbeiqus viscosity studies did not
systematically investigate the effect of tempemtihistory on the viscosity, a
standard measurement procedure is developed. Avisee@pproach in which the
material is sheared from 5 g0 300 & (uncorrected shear rate) at every 25 K
increment in temperature from 1075 K to 1300 K ®wnfollowed. At each
measurement, it is made sure that the material esteld not to the higher
temperature. By using this procedure repeatablesumements within the error bars
are now achieved. The details could be found inisBipher Way doctoral thesis

[50].
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In order to obtain the measurements at high tery@sdehydrogenation
of Vitl was performed as explained in section Jhe samples were quenched to
obtain the amorphous state. In addition to the dedgenated amorphous Vitl
samples, dehydrogenated fully micro-crystallized1\damples, with an estimated
average microstructure length scale of b9[51], were also prepared by cooling the

melt slower than the critical cooling rate of 1 K/s

Viscosity measurements above and below the liquieloperature, i, were
performed. For the measurements abowg, The above mentioned standard
measurement procedure was used. The shear ratetommrfactor as described in
section 3.2.1 was applied to the experimental déttained at each investigated
temperature which resulted in corrected shear rém® 6 to 350 S. For
undercooling measurements beloyy, Tthe alloy was heated in the shear cell to an
initial temperature above;J and then sheared in a clockwise direction at atemi
shear rate. At this point the shear cell was coateah average cooling rate of 2 K/s
until the generated torque signal, M, reached 95%h® maximum measurement
capabilities of the torque sensor. The shear cateection for the undercooling
experiment was obtained by performing several wading experiments using
uncorrected shear rates from 5 to 20Ehis resulted in corrected shear rates from 7

to 34 §.
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The uncertainty in viscosity was determined by waking the statistical
standard deviation of the collected data afteeriitig instrumental noise using a
running average method. Propagation of error thHiozajculations was determined

by applying the Kline-McClintock method [52].

Experiments above Tiiq:

The results of the experiments conducted aboweoh dehydrogenated
initially amorphous and remelted Vitl are showrFig. 9. The maximum measured
viscosity of Vitl is 35.1 + 5.4 Pa-s at 1075 K atoarected shear rate of 8.sThis
viscosity decreases by an order of magnitude t& 8.6 Pa-s by increasing the shear
rate to 350 . By further increasing the temperature from 18351225 K the
viscosity decreases an additional two orders ofniage to 0.05 + 0.01 Pa:-s. Also,

at the temperature above 1225 K, no shear thinpedgvior is observed.
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Figure 9: Isothermal viscosity vs. shear rate upon hedtmg 1075 K to 1300 K in
25 K increments. It shows the high viscosity ahdas rate dependence abovg T
for this alloy. With increasing temperature bothtbese behaviors reduce and
become constant above 1225 K.

To investigate a possible influence of thermaldrigtthe same sample used
in the previous experiment was cooled back to H0&nd held isothermally for one
hour. At that point the exact temperature and sahgar profile that is described
above were repeated. This experimental run isaahe second temperature scan.
Figure 10 shows the comparison of the first (depidiy red filled symbols) and the

second (depicted by blue open symbols) temperattars. The second temperature

shows that the material stay Newtonian with thdnégy measured viscosity of 0.26 +
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0.19 Pa-s at 1075 K, which is about two orders afmiude lower than the
viscosity obtained at 1075 K in the first temperatiscan. With increasing
temperature the viscosity of the sample continoeseinain shear rate independent
and the viscosity decreases to 0.05 £ 0.02 Paishwhin agreement with the lowest
viscosity attained from the first temperature sddms indicates that once the sample
is exposed to high temperature, the viscosity du@sincrease upon cooling to

temperature aboveifto the values attained during the first tempeeataan.
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Figure 10: Comparison of the isothermal viscosity vs. sheate ron initially
amorphous material shown for two different tempsetscans. The solid red
symbols represent first temperature scan in whineh wiscosity upon heating the
initially amorphous alloy from 1075 to 1275 K. Atig point the sample was cooled
to 1075 K and held isothermally for one hour. Am® temperature scan from 1075
K to 1300 K, indicated by the open blue symbolss tyeen performed.

Another set of experiments were performed on dejgeinated initially
micro-crystalline Vitl with an average microstruetdength scale of Om. The
same standard measurement procedure of isothernswsity measurements was

performed to investigate the viscosity of theseamabove . Figure 11 shows
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the comparison of the results for the initially aptmus Vitl from Fig. 9 and the
data obtained from investigation of dehydrogenatédally micro-crystalline Vitl.
Upon initially heating both samples to 1075 K thescesity of the initially
amorphous is 25.0 + 3.6 Pa-s at 12vehile the initially micro-crystalline Vitl
sample has a viscosity of 1.9 + 0.3 Pa-s at theesslmar rate. With increasing
temperature this large difference in viscosity lestw the micro-crystalline and
amorphous samples decreases and at the tempeo&tLi&5 K, viscosity of both
samples becomes equal within the error. Upon dartieating, the viscosities
continue to be the same and eventually shows Neavtdmehavior above 1225 K

with a viscosity of 0.05 + 0.01 Pa-s.



51

3
10 T wTE 1075K]
2[ A o 1175K
w 10 initiallyinfr!phous Vitl ¢ o 1275 K_
- i Ny ]
$ 10t " :
— Finitially crystalline Vit1 ol [ .
b o[ e QI;IE‘I(‘;
o - ST L AA
® 101l NN
IS 3
N IS i o

shear rate [s]

Figure 11: Comparison of the isothermal viscosity vs. shede between initially
amorphous (solid red symbols) and initially micrgstalline (open symbols) Vitl.
At 1075 K there is a large difference between tiseosities of two samples, which
decreases with increasing temperature. At 1178&,viscosities of both samples
become the same and continue to be same with gingeemperature.

Evaluation of Newtonian behavior as a function of temperature for initially

amor phous and remelted Vit1:

Evaluation of Newtonian behavior as a function mdreasing temperature

was done by using the power law which is given38}
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n=Ap" (22),

wheren is the viscosity andy is the shear rate, respectively. The shear thinnin
exponent, n, is determined by fitting the aboveatign to the viscosity vs. shear rate
data presented in Fig. 9 and Fig. 10. If this vatukess than one, then the material
exhibits a non-Newtonian shear thinning behavioemghs for n = 1, the viscosity
has no shear rate dependence and Newtonian bels\eghibited. Results of this
analysis are shown in Fig. 12. Upon heating thigaily amorphous Vitl, the shear
thinning exponent, shown bw), is 0.4 at 1075 K and increases to 1.0 above 1225
K, indicating increasing Newtonian behavior withcri@asing temperature. This
indicates a thermal transition from a highly ordete a less ordered state. The shear
thinning exponent, depicted by)( obtained by fitting power law to Fig. 10 (from
the second temperature scan), when the materiateddsd back to 1075 K, holding
isothermal for one hour and reheating to 1300 kwshthat the viscosity remains

non shear rate dependant over the entire testquetatare range.
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Figure 12: Non-Newtonian behavior vs. temperature of irigiamorphous Vitl for

a first @) and a seconde{ temperature scans. After first melting from théially
amorphous state, the alloy exhibits a pronounceshrshhinning behavior that
weakens with increasing temperature. Above 1226&dfet is no longer a shear rate
dependence of the viscosity. After cooling backl®¥5 K and holding isothermal
for one hour, the material is still Newtonian otleg investigated temperature range.

Experiments below Tiig:

Two different undercooling experiments were perfedmin the first run the
sample was cooled from 1125 K and the sample watddrom 1225 K in the

second run. The measurement procedure for the cowlerg experiments is
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explained earlier in this section and the resuksshown in Fig. 13. The initial
measured viscosity by cooling from 1125k (s 9 Pa-s which increases to 230 Pa-s
upon cooling to 938 K. In another run shown by, the sample was heated to 1225
K and then cooled. The viscosity of this sampéystfar below the sample that was
only heated to 1125 K. At 1045 K the viscositytlod sample cooled from 1225 K is
0.42 Pa-s which is over two orders of magnitudesfatvan the viscosity measured at
1045 K when cooled from 1125 K. In fact, by hegtthe sample to 1225 K the
initial viscosity was too low to be measured actelyausing a constant shear rate of
5 s*. Data between 1045 K and 1225 K has been repladgddata that was
collected using isothermal viscosity measurementiaially amorphous Vitl A)
heated above 1225 K that was shown earlier in Flg. Upon cooling below i the

viscosity continues to increase until measurementations are reached at 907 K.
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Figure 13: Viscosity vs. temperature during undercooling exkpent with an
average cooling rate of 2 K:ausing a constant clockwise shear rate. When the
material is cooled from 1125 Ko, the viscosity stays about two orders of
magnitude higher than when cooled from 1225 &. (Data shown by A) is
represented by isotheral viscosity measurements.

The results of Vitl shown in Fig. 9-11 indicatetthat only the temperature
and shear rates but also the initial sample’s ¢mmdiin terms of structure
(amorphous or crystalline) affects the viscosityod heating, the amorphous

material retains its ordered state and show higitogity whereas the initially
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crystalline material is in a less ordered state tmaiefore has lower viscosity.
Similar viscosity behavior with respect to tempearat and shear rate has been
observed in polymeric based systems and is addrethse to the interaction of
highly ordered structures. Therefore, the high osttly states are now called as

ordered and low viscosity states as disorderedsstet depicted in Fig. 13.

This suggests that the initially amorphous and fEdematerial at 1075 K
stays in an ordered state with high viscosity whierehows a non-Newtonian
behavior and with increasing temperature this orgderdestroyed and a non-
Newtonian behavior weakens. At the temperaturevealdi®@25 K non-Newtonian
behavior disappears. It is also seen that no reagdeccurs upon cooling back to
1075 K and the sample remains in a disordered stateonfirmed by second

temperature scan.

Figure 14 shows the viscosity of initially amorpkaand remelted Vitl as a
function of inverse temperature from both the isotill and continuous cooling
experiments on an Angell plot [37]. To comparedhé& of Vitl, also shown are the
viscosity data of Si@(strong liquid) and o-terphenyl (fragile liquid)pon initial
heating, the viscosity1) is on the order of f(Pa:s at an average corrected shear rate
of 8 s*. This viscosity decreases continuously with insimg temperature showing a

transition from a high viscosity (strong) to a lagcosity (fragile) state which is
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completed at 1225 K. The drop in viscosity is aldewt orders of magnitude, and
thus much larger than the regular temperature depexe for a liquid with a
constant fragility parameter. Once the low visgpaibove 1225 K has been reached
it stays low even if the sample is cooled down@@5LK. This is represented by the
second set of isothermal datg {n the temperature range between 1075 and 1225 K.
These data were collected using a shear rate o§'160e to the low accuracy of the
viscosity measurement at lower shear rates. Indhge, it is reasonable to use a
higher shear rate to represent the viscosity atlcshear rates because of the non-
shear rate dependence of the viscosity that has dbemvn earlier in Fig. 10 and Fig.
13. This indicates a transition from a high to & lascosity or from an ordered to a
disordered state. In the continuous cooling expeninf) from 1225 K below Tj,
the viscosity measured at a shear rate of 10Oinsreases until measurement
limitations, given by the maximum allowable torqatehe torque sensor, are reached
at 907 K. At this point the viscosity is the saagethe initially amorphous sample.
This increase in viscosity can not be regardechédrystallization of the sample.
Although we could not follow the torque signal up@umther undercooling, the
temperature signal was monitored as shown in Fig. Figure 15 shows the
viscosity and temperature signal during undercgoéimperiment. The recalescence,
which indicates the occurrence of crystallizatioigs detected at 840 K, which is

approximately 60 K below the temperature at whiehihcrease of the viscosity was
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observed. The location of the recalescence ondhgpdrature axis is in good

agreement with the results by Kim et al. [54].
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Figure 14: Angell plot showing the combined isothermal, (A) and viscosity
measurements obtained while cooling at 2*Krem 1125 K () and 1225 K ¢).
This shows the temperature hysteresis effect seehe viscosity of Vitl. Also
shown are the data of Si@nd o-terphenyl.«) represents data collected at a shear
rate of 10 € while (A) represents the viscosity collected at 1&@gon cooling from
1300 K. This is done because the sensitivity eftdrque sensor does not allow for
accurate data at low shear rates.
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Figure 15: Viscosity @) and temperature (-) signal with respect to reedrtime
upon cooling below . The onset of recalescence associated with cliyatain
occurs over 60 K below the temperature at whichinlceeasing viscosity trips the
torque sensor.

Hence, these observations can be summarized astexrdsis curve (Fig. 14)
in which “upon heating from the ordered (strongatet the material makes a
transition from the ordered (strong) state to thagife (disordered) one (red

symbols). This transition is complete at 1225K amgon cooling from the



60
temperatures> 1225K (blue symbols) the material starts to reorate the
supercooled liquid region and an ordered stateashed which is quantified by the

high viscosity”.

The fragility of Vitl for different ordered statés determined by fitting the
Vogel-Fulcher-Tammann (VFT) relation, which is désed in section 2.4.2.1. The

VFT equation [37] is given by

D'T
=n.e 0 23),
n="n, Xp[T_TJ (23)

o]

wheren, = 4 x 10° Pa:s [55] is a constant pre-exponential factoris@he fragility

parameter, and .lis the temperature at which the barrier to visctoe would

become infinite. By fitting equation 23 to the dé&daordered state shown in Fig. 14
gives the D* = 26.5 and is the upper bound fragpiarameters. Fitting the viscosity
of the disordered state gives a lower bound:=[12 of the fragility. Figure 16 shows
the viscosity of the two different states of Vitthoae Ti; combined with the data
obtained from three point beam bending viscosifyeexnents of Vitl performed at

an approximate shear rate of’1§' close to the glass transition [56, 5X).(
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Figure 16: Expanded Angell plot of combined isothermal) (and viscosity
measurements obtained at a constant clockwise shawhile cooling at 2 K
from both 1125 K ¢) and 1225 Kd). VFT fitting has been performed and shows
the strong (---) and fragile (---) boundaries falV The viscosity hysteresis shows
the transition between these two boundaries waheet to temperature. Also shown
is TMA low viscosity measurementd)( obtained from three point beam bending
experiments with an estimated shear rate 6f49 This viscosity data matches the
predicted strong VFT fits thus indicating a simitardered state both below and
above Tg.

The results presented in this section show thaptbrounced shear rate and
temperature effects of the viscosity in Vitl must due to retained order that is

present above the liquidus temperature. The nontdiean behavior weakens with
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increasing temperature and at the temperatureseab®®5 K, material behaves
like a Newtonian liquid. The structure of metallgystems has been recently
investigated by D. Miracle [59] and E. Ma [60] tmderstand the structure of
metallic systems. Their models suggest icosaheshiatt range ordered clusters
(SRO) that form the building blocks for medium rangrder (MRO) in
multicomponent systems. These (SRO) consist oérdral atom of one species
surrounded by several atoms of the other specide (MRO) is then formed by
placing this icosahedral (SRO) clusters on eith&C& lattice, in case of Miracle
model, or icosahedral lattice in case of Ma modlké viscosity studies conducted in
this work also indicate the presence of pronourmeldr present in the melt. This
order can be reduced by shearing and more efféctilestroyed by increasing the

temperature leading to a much more fragile liquid.

The viscosity measurements on initially micro-cajlgte Vitl show much
lower viscosities, which indicate that the mediumd ahort range order is not present
or at least significantly reduced, compared toitfigally amorphous samples. The
repeatability between the experiments is also &eldi@and the details could be found

in Christopher Way's doctoral thesis [49].

In the next sections, the viscosity of other bulletatlic glass forming

systems have been investigated to find if sheamthg behavior is seen in other
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alloys. The effect of shear rate and ordering @ndtystallization of Vitl has also

been investigated.
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Abstract

The ordering and shear rate induced crystallizatiai undercooled
Zr41.2T113.8C2 Niro Ber s (Vitl) metallic-glass-forming melts has been reépdr
We experimentally determined the time temperattaesformation (TTT) diagrams
of Zry1 2Ti13.8Cui2 Nito.Beos which describes the occurrence of the reordeaimt)
crystallization events as a function of shear r&ethermal annealing time and
temperature in the undercooled liquid. In our stwdymeasure the viscosity as well
as the recalescence during crystallization at uar&ghear rates ranging from 1bte
150 ¢ in order to develop these diagrams by using tigh-temperature couette
rheometer. With increasing shear rate the TTT diagshifts to the left indicating
the deterioration of glass forming ability of thibog It is quantified that the shear
rate induced crystallization can not be explaingdhe classical nucleation theory. It
is also shown that the amount of order preserthémtelt immensely influences the
crystallization kinetics. We have put forward amprgach which suggests that apart
from viscosity the polymorphic transition from tekort range ordered (SRO) state
to the medium range ordered (MRO) state in the mnigigers crystallization. The
formation of MRO is faster at higher shear rated #me crystallization occurs
sooner.

Keywords: bulk metallic glass, ordering, sheantimng, short range order, viscosity
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Over the last few decades bulk metallic glasses GBMhave gained much
attention due to their interesting mechanical prigge lower solidification
shrinkage, forming in a viscous state and higharosimn resistance than their
crystalline counterparts [1-3]. The first major dkthrough in metallic glass
formation came in 1960 when Klement, Willens andM@n processed amorphous
AugeSio by rapid quenching the melt with the cooling ratebout 16K/sec [4, 5].
These conventional metallic glasses are usuallggssed in the form of thin ribbons
or foils by melt spinning or splat quenching witktremely fast cooling rates but

also at high shear rates.

In the recent years a number of alloy systems wtéchbe processed in bulk
amorphous form (thickness >1mm), known as bulk hne@lass (BMG), have been
developed. These alloys can be processed at mualesmooling rates by copper
mold casting. In contrast to rapid solidificatioetiods, only little shear is involved
during processing of bulk metallic glass. Many d¢ast such as the number of
components, composition of each element and theadrcooling rate of an alloy
system to produce BMG, have been extensively siudieorder to understand the

glass forming ability (GFA) of a metallic glass [3]
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However only recently, the fact got attention thath shear rates applied
during quenching the alloy from the molten statghhipromote crystallization and
hence make it more difficult to obtain a metalliags. Some alloys, such as@uso
[6], which were conventionally processed in thin capmous ribbons by melt
spinning at high shear rates have been revisitédeitast few years. It was believed
that no bulk amorphous alloy can be processed wZrChinary alloy [7]. However,
in recent years, several binary CuZr alloys hawnlsiccessfully cast in amorphous
form with the critical thickness between 0.5 ancthd in a copper mold casting at
negligible shear rates [8]. These results raiseqgtnestion if a high shear rate is
detrimental to the glass forming ability of the allkt glass formers and can even

overcompensate the positive effect of rapid quergduring fast shearing.

A first systematic qualitative study on the effeot shear rate on
crystallization in BMG is reported recently by Jsbn and co-workers [9] The
solidification study on the AWGAgssP®h ClhsosShes BMG-forming alloy
experimentally showed the processing of fully arhois rods of at least 5 mm in
diameter using a conventional copper mold injectioethod, whereas amorphous
samples could not be obtained when the alloy wasgssed by splat quenching
under a high cooling rate and a high shear rateirresults reveal that the large
strain rate during splat cooling induces crystatian and the effect of shearing on

the crystallization becomes less pronounced withemsing processing temperature
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[9]. In their work, they suggested to consider @&ashrate dependent critical
cooling rate in order to completely characterize flass forming ability of the
material. Therefore, it is significantly importanb quantify the shear rate
dependence of crystallization in glass forming ydlan order to verify if the shear
rate (flow rate) of the melt is another importamrgmeter that determines glass

forming ability and that has been overlooked so far

In this letter, we present the experimentally deieed time temperature
transformation (TTT) diagrams of ArTi134Cu2 Nijo.dBerns which describes the
occurrence of the reordering and crystallizatioergs as a function of shear rate,
isothermal annealing time and temperature in tlteergooled liquid. In our study we
measure the viscosity as well as the recalescemadegdcrystallization at various

shear rates in order to develop these diagrams.

Pellets of Zxi5Ti13dCu2 NijoBers (Vitl) were obtained from Liquid
Metal Technologies and dehydrogenated by meltiegntiinder a high vacuum of
10°® Pa. The samples were quenched to attain an amesplstate. The
dehydrogenation was necessary to prevent hydragemdémerging from the molten
sample during the subsequent viscosity measurearahtadversely affecting the

viscosity measurements.
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The viscosity measurements were performed in atagiperature couette
rheometer. This rheometer consists of a conceeyliocder graphite shear cell that is
mounted vertically inside a high-vacuum inductiamfce. The material was kept in
the outer cylindrical cup where it was melted bguative heating. The outer
cylinder is attached to a torque sensor and thedeature was measured with a
thermocouple mounted inside the cylinder wall. Triveer cylinder was lowered into
the outer cylinder and the gap between the outdrimmer cylinder contained the
melt. Under continuous rotation of the inner cyindhe molten material was
sheared and the torque on the outer cylinder wasrgted via the shear field in the
melt [10]. This torque signal, M, in N-m throughetimolten test sample was
subsequently recorded with a torque sensor. Dethilse equipment and procedures

are described elsewhere [10-12].

Viscosity measurements were performed both abowk eiow liquidus
temperature (if;) by using the following procedure. For experimeai®ve Tq, the
shear cell was heated to a constant temperatud® K and the material was
sheared in a clockwise and counter clockwise domdh order to obtain an average
torque signal. A shear scan from 5 to 38@was then performed at 25 K increments
from 1075 K to 1300 K. Two different undercoolingeasurements belowglwere
performed. (1) For continuous cooling experimehg alloy was heated in the shear

cell to an initial temperature aboveqTand then sheared at a clockwise constant
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shear rate. At that point the temperature of tieas cell was decreased using an
average cooling rate of 2 K/s. The sample was thetercooled until the viscosity
increased to a value where the generated torquealsigeached 95% of the
maximum measurement capabilities of the torquecseMisthat point the experiment
was terminated and the sample reheated againTdlijetermine the TTT diagram,
the material was cooled below thg &nd held isothermal at the desired temperature.
The material was then sheared at a constant rotgieed until the generated torque
signal, (again) reached 95% of the maximum measemepapabilities of the torque
sensor due to the increase of the viscosity wittetilt should be noted that it has
been shown earlier that heterogeneous surfaceatiacieat graphite containers does

not affect structural changes and crystallizatibthe Vitl melts [13, 14].

We have found a strong non-Newtonian shear thinmilgavior and high
melt viscosity in Vitl which we have reported earlj12]. The study shows that the
non-Newtonian behavior decreases with increasingpéeatures and at the
temperatures above 1225 K, the material behaveslidewtonian liquid. The study
suggests that this high melt viscosity and non Newn behavior is due to the
presence of pronounced order in the strong liqhiitd which is preserved upon
first heating above . Here we do not explicitly show the shear thigneffect
itself but show the temperature dependence of tiseosity that exhibits a

pronounced hysteresis effect.
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Figure 1 shows the results obtained from the isathe viscosity
measurements above,Tand continuous cooling measurements belgyplotted on
an Angell plot [15]. The figure exhibits four diffnt sets of viscosity data at the
shear rates of 10'sand 100 4. The samples were first heated to 1125 K and then
the initial viscosity was measured during continsi@ooling of sample below;d.
The data obtained is shown by hollow squames The data shown byej, is
obtained from isothermal measurements with a staarof 10 § from 1125 K to
1250 K in 25 K increments. In another run, showndy the sample was heated to
1250 K and then the viscosity was measured durioigtimuously cooling the
material below Jy. The viscosity from 1250 to 1045 K could not beaswed
accurately at a shear rate of 10due to the limitations of our torque sensor.
Therefore, the data between 1045 and 1250 K showip was measured by
isothermal viscosity measurements at 16 cooling the sample from 1250 K to

1075 K.
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Figure 1: Angell plot showing the isothermab,(A) viscosity data and
viscosity measurements obtained upon continuouingoat 2 K-§' from 1125 K ()
and 1250 K ¢). (e) represents data collected at a shear rate of'1While (A)
represents the viscosity collected at 18@ipon cooling from 1300 K. This is done
because the sensitivity of the torque sensor doesllow for accurate data at low
shear rates. The viscosity hysteresis can be ggen heating and cooling. Upon
heating the material makes a transition from angtrbquid to a weak liquid)
where as upon cooling a reverse transition fromgiteao strong in the supercooled
liquid region can be seerm), The plot also shows the viscosity of Si(3trong
liquid) and o-terphenyl (fragile liquid) plotted asfunction of inverse temperature
normalized by the glass transition

The substantial decrease in viscosity with increasemperaturee) shown
in Fig.1, indicates a transition from a strong thigscosity) to a more fragile (low

viscosity) liquid, which we refer to as a transiti'om an medium range ordered

(MRO) to a short range ordered state (SRO) in #reainder of this letter. It is
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important to note that the strong liquid exhibit®mounced shear thinning with
shear thinning exponents as low as 0.4, whereafab#e liquid behaves virtually
Newtonian (n~1) (see ref [12] for details). By hegtthe sample from 1075 K to
1250 K it undergoes a transition from a strong higghly viscous to a more fragile

liquid with a lower viscosity.

Recently structural considerations on the amorphco#id state of
multicomponent metallic systems have been addrdss&d Miracle [16] and E. Ma
[17]. Models have been developed that accountofoler in amorphous solids
through icosahedral SRO clusters that form thedmgl blocks for MRO in
multicomponent systems. These SRO clusters copn$ist central atom of one
species surrounded by several atoms of the otlesiesp The MRO is then formed
by placing this icosahedral SRO clusters on eith&CC lattice [16] or icosahedral
lattice [17]. Both models are relatively simpledanis likely that there is a much
larger variety of icosahedral SRO clusters thantwies been assumed in these

studies.

The observed strong to fragile transition in oundst is likely due to
breakdown of a MRO similar to that discussed byaedle and Ma, with only SRO
prevailing in the fragile liquid. The initial MR@Ilusters are preserved upon first

heating and can be reduced in size by shearingvané effectively destroyed by
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increasing the temperature leading to a much magilé liquid. Once the low
viscosity at 1250 K has been reached it stays ibtthe sample is cooled down to
1075 K which is shown by the isothermally measudsda () (Fig. 1). By
continuing to cool below ;f the viscosity ¢) increases until measurement
limitations, given by the maximum allowable torqatehe torque sensor, are reached
at 907 K. At this point the viscosity is comparatethe viscosity measured upon
cooling from 1125 Kif). This increase of the viscosity must be due &rdordering
of the liquid into a strong MRO liquid, and not digecrystallization as is shown in
Fig.2. In this plot the measured viscosity as vesllithe temperature are monitored
simultaneously during undercooling. Even though thscosity could only be
measured as low as 907 K, the temperature sigreieanitored further down. The
recalescence, which indicates the crystallizativas detected at 840 K, which is
more than 60 K below the temperature where thee@s® of the viscosity due to
MRO was observed. The results shown Fig. 2 indicateng structural changes
occurring in the melt of Vitl upon cooling and timeaterial reorders in the
undercooled liquid region, undergoing a transitilom a fragile to a strong liquid.
Such transitions from fragile to strong liquids éaween observed in Ab; — Y03

[18, 19] and other network forming systems sucBiisa, Si and even water.
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Figure 2: Viscosity @) and temperature (-) during undercooling experinee
shown. The maximum measured viscosity related taiman torque output is
observed at 907 K whereas the recalescence assbcwith the onset of
crystallization occurs more than 60 K below 907 K.

It should be noted that the observed behavior it ¥an not be attributed to
the phenomenon of phase separation which has beently revisited by Hono and
coworkers [20], using three dimensional atom prob@nsmission electron
microscopy and small angle X-ray scattering. Thayehconvincingly shown that as

prepared Vitl is chemically homogeneous and noegbaparation occurs prior to

crystallization. Since the alloy stays chemicditynmogenous, it is therefore most
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likely that the observed fragile-strong transitisnn deed a polyamorphism as it
was found in network glass formers. Polyamorphisms been discussed e.g. by
Angell [19] over the last decade. Angell has repdbuch transition in ADs — Y>03
and water as a polymorphic transformation in whieb glass phases of identical

composition are formed by quenching.

It is interesting to note in Fig. 1 that the Vitbgsesses different melt
viscosity at the same temperature depending onnthal temperature to which it
was heated above theqTFor example when the material is heated to 1256t
the fragile state and subsequently cooled, the Eahgs the viscosity of 0.289 Paes
at 1054 K, whereas the sample heated to 1125 Ksahdequently cooled, has a
viscosity of 28.97 at 1054 K. Such a substantiffedince in the viscosity of two
orders of magnitude suggests a different crystibn behavior in Vitl depending
on the initial overheating temperature aboyg From a purely kinetic point of view
one would, in fact, expect that the fragile Vitl wieb crystallize easier than the
strong alloy, since the viscosity is inversely mdjnal to the diffusion constant,
which kinetically governs both nucleation and grovaf crystals. However, the

opposite is the case.

In order to investigate the effect of initial staté the sample (fragile or

strong) on the crystallization, two samples wereled from two different
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temperatures. The results are presented in Fithesample cooled from 1125 K,
at which the material has a high viscosity, cryted at 881 K in 132 s, whereas the
sample cooled from 1250 K, with much lower viscpsiain be undercooled almost
40K lower to 845 K where it starts to crystalliziea 210 s. This shows that the
structural differences between the two melts moffence the crystallization much
more than the overall kinetics given by the visgodt has been realized as early as
1994 that one has to heat the Vitl sample to mugheh temperatures thaniqTin
order to obtain a good glass forming ability [2At.that time, it was believed that
the presence of oxide or other particles causekatimn and the sample was to be
heated much higher thamyTto dissolve these particles into the liquid s@lotduring
processing in order to obtain the glassy samplesvener, the observed change of
the viscosity of two orders of magnitude in ourdstwan not be due to crystalline
particles in the melt even in a substantial amadrseveral percent. With Einstein’s
equation [22] for the flow of mixtureges=n(1+2.%), in which,nes, is the viscosity
of the mixture ) is the viscosity of the liquid medium afds the volume fraction of
the particles, one estimates with a volume fractib@.1 (10%) particles an increase
in viscosity of less than 30%. Our findings canyooé due to substantial change in
the structure of the melt as a whole. Apparentlg,liigh MRO present in a melt acts
as a precursor for the nucleation of long rangermdl crystals and hence the sample
in which the MRO has not been destroyed, crystadliezarlier. Therefore, for the

following isothermal undercooling measurements,iagerial was first heated to the
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Thewtonian (>1250 K) and subsequently undercooled to therelksisothermal

temperature.
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Figure 3: Continuous cooling data shown for two differenpées cooled from
1125 K and 1250 K. The data reported by Schroeralds also shown. The
recalescence at different time and temperaturenaasured. Inset in the figure
shows the isothermal measurements from 930 K tokOirOthe increments of 10 K

at the shear rates of 10, 50 and 180 Fhe initial increase in viscosity shows the
onset of reordering and maximum viscosity reachwticates the crystallization

event.

Figure 3 inset shows isothermal viscosity measuntietween 930 and 970
K in 10 K increments at the shear rate of 20 Ehe viscosity stays constant for a
certain period of time at each isotherm and tharisto increase at a faster rate. This
increase is viscosity is similar to the increassented in Fig.1 and we believe that

the material is reordering prior to crystallizatiorherefore, the initial increase in
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viscosity depicts the onset of reordering. Simdgperiments at the shear rates of
50 and 150 § were performed. The different times for the onsketeordering at

different shear rates and temperatures are tadulatable I.

Table I: Table showing the viscosity at various temperaaed shear rates. Time
for onset of ordering are also depicted.

viscosity(Pass ) time (s)

Temp | [10hz] [50hz] [150hz] [10hz] [50hz] [150hz]
930 12.13 10.80 9.13 21.7 8 4.83
940 9.62 8.43 8.29 32.63 14.29 7.05
950 8.59 7.42 6.32 92.39 44.97 33.92
960 5.69 5.21 4.36 273.79 81.6 69.5

Figure 4 summarizes all the measured times footiset of reordering and
crystallization at various isothermal temperataes TTT diagram. The onset times
for crystallization for a shear rate of OHz haverbéaken from Masuhr et al [14].
The are compared with the onset of the increasasobsity for 10, 50, and 150 Hz
in the viscometer. Only the upper portion of typit@” shape of the TTT curve is
shown in the figure since it was not possible toRass s the nose of the TTT

diagram with the viscometer setup. At the lowesthermal temperature of 930 K,
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the onset of viscosity increase at the shear ratH)$' is observed at 22.48 s,
which we attribute to the onset of reordering & ftagile liquid to the strong liquid,
whereas shearing at 50 and 15 shortens the onset time to 7.6 s and 4.5 s,
respectively. Similarly, a pronounced shear ratpeddence of reordering and

crystallization at other isothermal temperaturesaao be noticed in the figure.
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Figure 4: Time—temperature-transformation as a functiondifierent shear rates
reflecting the onset of reordering and crystall@atA strong impact of shear rate on
the reordering and crystallization are observed.
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At this point we need to analyze if nucleation gndwth of crystal might
be affected by the shearing process. The TTT diadoa crystallization under zero
shear has been successfully analyzed previously ys#hg classical nucleation
theory as, e.g. described by Uhlman [23]. Theofithe TTT diagram is added in Fig
5, According to the classical nucleation theorg time for the crystallizationy,tis

given by

30k 1/4
t = — 1’
X [ﬂDSSmSJ S

where x is a small volume fraction to crystallizgjs the steady state nucleation rate

and u is the growth velocity. The steady stateeat@n rate, st can be described

by,
SS :l: A Deff eXp (—AG*/kBT) (2),

where Q¢ is the effective diffusivity, A is a constang ks a Boltzmann’s constant

andAG* is the activation energy barrier for nucleation,
61616°/(3AG?) 3),

whereas the growth velocity, u, is given by
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U = De/l- (1—exp (wAG/kg-T) (4),

where kg is the Boltzmann constant, T is the temperatuk/&a is the Gibbs free
energy difference between the liquid and crystalpiase (driving force), which can

be described as
Ts - T¢ ACIp—X(-I-)
DG, (T) =AH  ~AS, [T - [ Ac,(T)dT +TITdT (5),
T T

whereAcy(T) is the specific heat capacity difference betwaadercooled liquid and
crystalline mixture andAH., and AS, the enthalpy and entropy of fusion,
respectively. These latter three quantities havenb@reviously determined
calorimetrically in ref. [24] and were used in rgif4] for the modelling of the TTT

diagram.

It thus has to be evaluated, if the shearing gesceffectively alters the
diffusivity and the driving force to account foretltobserved change in the TTT
diagram. In ref.[14] B¢ was assumed to be inversely proportional to theodity,n.

In that case, according to eq. 1-4,istdirectly proportional to thg. This suggests
that shear thinning which is associated with a ekes® in viscosity could account for

a shorter time for solidification by crystallizatio However, the melt that we
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investigate in the undercooling experiment is tiagife modification of Vitl, that
shows no shear thinning above the liquidus temperaand only a weak thinning
effect upon undercooling. Table | shows the vidgoand the time measured at the
onset of reordering for different shear rates atislothermal temperatures from 930
to 960 K. In this temperature range, a decreasastosity between 15-25% with
changing shear rate is measured before the vigcogitease due to ordering is
observed, whereas the time for the onset of remgles shortened by about half
orders of magnitude. Therefore, the small decr@asescosity can not explain the

substantial shortening of the time for ordering.

We therefore investigate the other factors that Iccoinfluence the
crystallization kinetics under shear. It can benseem eq.(1) to eq.(4) that the other
factor which influences crystallization time is thetivation energy barrier (G*)
which depends on the interfacial energy &nd the Gibbs free energy difference
between the liquid and crystallindG). AG depends on the entropy chang&y,
enthalpy changeAH) and the temperature. The entropy chaidg®) @s a function of

viscosity can be described by the Adam Gibbs egtropdel [25],

C

S, =—F—— (6),
T 0n(7/1,)
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whereno = 4 X 10° Pas [26] is a pre-exponential factor, % the
configurational entropy of the system and C represan effective free enthalpy
barrier for cooperative rearrangement. Sinahanges by 15-25% depending on the
shear rate as shown in table I, we estimated d shrehge iPAS. Such small change

in AS will not make a large changeA to account for a large change.in t

Another factor that could change the activationrgndarrier for nucleation,
G*, is the amount of work introduced into the systiey shearing. The effect of work
done on the system under different flow conditidmss been investigated in
polypropylene by Kriegl et al [27, 28]. The workpdipd to the unit volume of

sample under flow can be calculated by the follgrequation [27]

w=p /T ™,

where y is the shear rate and t is the time for shearifige amount of work
introduced due to shearing is calculated by eq.. (#)om all the shear rates, the
maximum amount of work introduced in the systenapproximately equal to 9
J/mol. This small work introduced into the melto® small to make a considerable
change in enthalpy. Therefore the effect of shgaon the driving force is not

enough and can be neglected.
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At this point the effect of order in Vitl needs be addressed. As
discussed earlier the pronounced shear rate angetatare effects of the viscosity
must be due to the retained MRO that is presenteabg [12]. This MRO can be
destroyed to SRO upon heating and reestablishedlemply undercooling the
material below the |f; as described earlier in Fig. 2. Therefore it @smable to
assume that upon shearing the Vitl during isotheme&asurements, the material
first forms preferred MRO structures and then aliges. These MRO structures act
as precursor for the nucleation and trigger thestatfjzation. Upon shearing the
material, the structural changes occur faster aateped MRO is formed sooner at
higher shear rate. This makes the TTT diagram ifotshthe left at the higher shear

rates.

In this letter we reported the ordering and shate induced crystallization of
undercooled  Zp oTi13CzNitoBers metallic-glass-forming melts.  We
guantitavely showed the shift in the TTT diagram\atfL at different shear rates.
When the material was sheared at higher shear itabedered and subsequently
crystallized much sooner than the one sheared @llesnshear rates. The shift in the
tx can not be completely described with classicaleaton theory by takingy and
G* into consideration. We have put forward a qaaiMe approach which suggests

that apart from viscosity the polymorphic transitivpom the SRO state to the MRO
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state in the melt induces crystallization. TheseOM&tusters are formed faster at

higher shear rates and the material crystallizeseso
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under Grant No. DMR-0205940.
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Abstract

The viscosity of the ZiTii3CuNizgBers Zrs;:Cuis NiizsAligNbs and
PdisNi1oCl7P20 has been measured above the liquidus temperatuaefumction of
temperature and shear rate in a high temperatwetteorheometer. All these glass
formers show both much higher viscosities than matmmic metallic liquids and
non-Newtonian shear thinning behaviors:4f 13 €Cui2 NiigBers 5 exhibits a strong
shear thinning behavior on shearing from 8.1 3008 at the temperatures above
the liquidus temperature. This non-Newtonian bedragets weaker with increasing
temperature and the material starts to behavealidewtonian liquid at temperatures
above 1225 K. ZrCus Nii26Al1o0Nbs shows a strong non-Newtonian behavior on
shearing from 0.15to 143 § at the temperatures between 1130 K and 1330 K. Thi
non-Newtonian behavior disappears at higher sheas where the viscosity stays
constant. The melt viscosity of the Pd alloy mvédo than the Zr-based alloys. The
non-Newtonian behavior of the alloys is characeatiby fitting a power law to the
viscosity data as a function of shear rate. Botlhaged alloys show a stronger shear
rate dependence of the viscosity than the Pd alMbich is characterized by a

significant difference in the shear thinning expane

Keywords: bulk metallic glass, ordering, sheantimg, short range order, viscosity
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Metallic glasses are amorphous materials with ajuenicombination of
interesting mechanical properties, higher corrosesistance in the domain of high-
strength metals and processability like plastic8][1Metallic glass formation from
the liquid state was first reported by Duwez et.i@l1960 by rapid quenching of
AugeSio melt with the cooling rate of about ®lsec [4] . Since then, many glass-
forming alloys with smaller critical cooling rateve been discovered [5-8]. Several
attempts have been made to understand the glassgpability (GFA) of the alloys
by both thermodynamic and kinetic principles [2,1®]. Among many factors,
viscosity has been understood as one of the mgstrtant factors influencing the
GFA of the alloys [11]. Viscosity reflects the kiieslowdown, when a liquid is
supercooled below its melting point. If we assuira the diffusivity, D is inversely
proportional to the viscosity (Dlh), it is apparent that the crystallization kinetics
is substantially retarded in a material posseskigh viscosity. Although viscosity
near the glass transition temperature has beenteebfor several alloys [12, 13],

only limited data is available above the liquidesperature.

Contrary to the monatomic and binary simple metdiljuids, which exhibit
low viscosities of about T Pa-s [14] at the melting point , bulk metallic sgla
forming liquids (BMGs, thickness > 1 mm) are exgelcto possess much higher

viscosities, for example the viscosity ofsZiTi13€Cui2 Nito Bexzs (Vitl) is more
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than 3 orders of magnitude higher than that ofrapka liquid. The previous
studies estimated small relaxation times and highme& mobility above the liquidus
temperature (i) and in the supercooled liquid region. It wagéfere assumed that
the atomic mobility and viscosity would be constavith respect to shear [15].
However, our most recent studies on the viscosftywwibl above the liquidus
temperature showed a very high melt viscosity amgrgsingly a non Newtonian
behavior [16, 17, 18]. It was found that the no@altbnian behavior decreases with
increasing temperatures and at the temperatureg dl#95 K, the material behaves
like a Newtonian liquid. It was suggested that thigh melt viscosity and non
Newtonian behavior is due to the presence of proced order in the strong liquid
of Vitl which is preserved upon first heating abdvg It was also shown that the
initial state of the sample (amorphous or crysta)lisubstantially effect the viscosity

due to the presence of different order in the melt.

In this paper, we compare the viscosity 0f14Fii3¢Cunz NiigBero s (Vitl),
with the viscosity of the two alloys, & CuisNizdAlioNbs (Vitl06) and
PdisNi1oCl7P2o Over a large temperature range above their raspetitjuidus
temperatures. It will be shown by using Couette cgoitric Cylinder viscosity
measurements that there exists a shear rate demendéthe viscosity in all these

alloys that strongly affects the fragility of thkogs.
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Pellets of Zgi5Ti138Cu2 Nijo Bexs (Vitl) were obtained from Liquid
Metal Technologies and dehydrogenated by meltiegntiunder a high vacuum of
10°® Pa. The samples are quenched to attain an amaplstate. The
dehydrogenation is necessary to prevent hydrogem merging from the molten
sample during the subsequent viscosity measureamnahtadversely affecting the
viscosity measurements. Amorphous master alloys/itf06 with the nominal
composition of Z&zCus Nii2 6Al1oNbs, are prepared by mixing the elements of high
purity ranging from 99.9 % to 99.995% in a BuhleAM Arc melter. Amorphous
pieces of PgNiioCu,7P20 are prepared by melting the elements in quartzswinder
boron oxide flux. The glass transition temperatufgg and liquidus temperature
(Tiq) of all the alloys are measured in differentiarsging calorimeter (DSC) and

differential thermal analyzer (DTA) and verifiedtivithe literature data [ 19, 20, 21].

The viscosity measurements are performed in a tagiperature couette
rheometer, which consists of a concentric cylindeear cell that is mounted
vertically inside a high-vacuum induction furnadéne material is kept in the outer
cylindrical cup where it is melted by inductive hieg. The outer cylinder is attached
to a torque sensor and the temperature is measutkeda thermocouple mounted
inside the cylinder wall. The inner cylinder is lexed into the outer cylinder and the
gap between the outer and inner cylinder contdiesnelt. By rotating the inner

cylinder the desired shear rate is imposed on tbkem alloys. The resulting shear
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field in the liquids generates a torque on the owtdinder [16]. This torque
signal, M, in Nem through the molten test sampleeisorded with a torque sensor.
Details of the equipment and procedures are destelsewhere [16-18]. In the case
of Vitl and Vitl06 the shear cells are manufactufiean graphite whereas for
PdiaNi1oCw7P2 the shear cells are made of molybdenum (Mo). Bafie materials
are used for shear cells in order to minimize deaetion of melt with the shear cells.
In the case of Zr based alloys (Vitl and Vit106has been shown that a thin ZrC
layer forms at the interface between container imedt which acts as an effective
diffusion barrier [18, 22]. The compatibility of Mas a crucible material for
PdiaNi1oCl7Po is tested by processing 2di;0Cw7P,0 and block of Mo in quartz
tube at 1173 K for 20 min. Subsequent chemicalysrglising EDX reveal that Mo

does not get dissolved in the alloy.

Due to the non Newtonian shear thinning behaviothe materials a non
linear shear profile develops in the melt betwdendoncentric walls of the cylinder.
Material that is closest to the inner cylinder isrenrapidly sheared in comparison to
the material near the wall of the outer cup. Theeefa shear rate correction factor
[23, 24] is applied. The appropriate procedure xplaned elsewhere [18]. The
actual shear rate deviates from the uncorrectedrstse between 0 and 60 %

depending on the magnitude of the shear thinnifegef
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For Vitl it has been shown in previous studies thatinitial state of the
alloy, i.e. whether it is amorphous or crystallim&uences the viscosity when the
alloy is melted [18]. Therefore in all the experimewe start with completely glassy
samples which we melt in the viscometer and oningare data of alloys that have
been amorphous before processing. The liquidus @satyres of Vitl, Vit106 and
PdisNi1oCl7P20 are measured as 1026K, 1115K and 815K respectifelyall the
alloys, the viscosity measurements are obtainedirgjaapproximately 45-60 K

above their respective liquidus temperature.

Each sample is sheared first in a clockwise and #hecounter clockwise
direction in order to obtain an average torquedaighe (uncorrected) shear rate is
then increased from 5 to 300 svhile obtaining an average torque signal at each
shear rate. At this point the shear cell tempeeatsi increased by 25 K and the
sample is held isothermally and again sheared ustiegr rates from 5 to 300.s
This method is continued until 1275 K for Vitl, T83for Vit106 and 1025 K for
PdisNi1oCl7P2 are reached. Another set of experimental run ifopaed only on
Vitl in which the material is cooled back to 1075aKd the same shear profile at
same temperatures from 1075 K to 1275 K is applide shear rate correction
factor is applied to all the viscosity data obtdirs¢ each isothermal temperature for

all the three alloys.
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Figure 1 shows the viscosity data (open symbolgpined from the

experiment on initially amorphous and remelted \4tteared from 5 to 300 s-1 at
the temperatures from 1075 K to 1250 K. The maxinm@asured viscosity of Vitl
which is 35.1 + 5.4 Pa-s at 1075 K at a corrediedusrate of is 6 sdecreases by an
order of magnitude to 3.6 + 0.5 Pa-s by sheariegrtielt at 350§ By further
increasing the temperature from 1075 to 1225 Kvibeosity decreases an additional
two orders of magnitude to 0.05 £ 0.01 Pa:s. AHR25 K no measurable decrease
in viscosity with increasing temperature is obsdrivelicating a Newtonian behavior
and a transformation into a fragile liquid [18].s&l shown are the viscosity data
(solid symbols) obtained by cooling the sample baxk 075 K and repeating the
experimental routine up to 1250 K. The materiaystdewtonian and fragile. It only

transforms back into the strong liquid, when itsgg¢eply undercooled [18].
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Figure 1: Viscosity as a function of shear rate at isotlai@mperatures from 1075
K to 1275 K in 25 K increments for initially amorphs and remelted Vitl (hollow
symbols). The high viscosity and shear rate depwm®@bove ik for this alloy
decreases with increasing temperature. Solid sysnsbbw the viscosity data
obtained by cooling the sample to 1075 and rehgatnl275 by 25 K increments.
The difference between the first and second temyperascans show a strong
temperature dependence of the viscosity.

The results of the viscosity measurements obtalnedhearing the melt of
initially amorphous Vit106 between 1155 K and 133@&re shown in Fig. 2. The

maximum measured viscosity of Vit106 is 0.5 + OF2s at 1155 K at a corrected

shear rate of 22.05*s At the same temperature, this viscosity decretsés15 +
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0.06 Pa:s at a shear rate of 143asd at further higher rates reaches a steady
state value. On further increasing the shear ratel85 K, the viscosity does not
decrease significantly and at the shear rate of265the viscosity is measured as
0.149 £ 0.034 Pa-s. This indicates that at a fibeedperature, the melt of Vit106
shows a shear thinning behavior up to a certairarsihate and upon further
increasing the shear rate there is no measurablegehn viscosity. At this point the
viscosity becomes constant and Newtonian behaworobserved. By further
increasing the temperature from 1155 K to 133(hk,dame behavior is observed up
to 1280 K. In this whole temperature range a ttarsifrom non Newtonian
behavior at low shear rates to Newtonian behavidrigh shear rates is observed.
Above 1280 K, only the viscosities at high sheaesaan be measured due to the
sensitivity of our torque sensor. At 1330 K, a Nemi&n viscosity of approximately

0.029 £ 0.011 Pa-s is observed.



103

10" 5 ; s
] o 1155K ]
° 1180K ]
1205K ]
v 1230K |
) * 1255K
T 10°4 <4 1280K
o, § > 1305K |
N ] o 1330K ]
d—
N
o
3
-1
2 1075 :
107 P
1 3
10 10 10

shear rate [s™']

Figure 2: Isothermal viscosity vs. shear rate upon hedtmg 1155 K to 1335 K in
25 K increments for initially amorphous and remek4t106. It shows strong shear
rate dependence above, Tor this alloy. At the shear rate of above 148, she
viscosity approximately reaches a constant valug aon Newtonian behavior
disappears. The non Newtonian behavior disappeanpletely at the temperatures
equal to and above 1305 K.

For the PgkNi;(Cup7P, alloy the viscosity has been measured betweerk875
and 1000 K. The results are shown in Fig. 3 asretion of shear rate. The
maximum measured viscosity of JAdi1oCup7P20 which is 0.17 + 0.03 Pa:s at 875 K
at a corrected shear rate of is 1%Bdgcreases only by 33 % to 0.116 + 0.02 Pa-s on

shearing the melt at 136".sOn further increasing the shear rate the visgakies

not change significantly and a Newtonian behaviolbserved. This behavior in
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PdiaNi1oCl7P2o is similar to Vit1l06 but the rate of decrease @icosity with
respect to shear rate is much faster in Vitl06 tharthe Pd alloy. At the
temperatures above 975 K, no measurable decreasxasity with increasing shear

rate and temperature is observed indicating a Naandbehavior.

875K 1
e 900K -
925K
v 950K |
1000K ]

T

viscosity [Pas]

shear rate [s™]

Figure 3: Isothermal viscosity vs. shear rate upon hedtimg 875 K to 1100 K in
25 K increments for initially amorphous and remeledisNiioCu7P20. This alloy
shows relatively smaller shear rate dependenceealigun comparison to Vitl and
Vit106. Similar behavior like Vit106 in which thaseosity reaches a constant value
and non Newtonian behavior disappears can be seen.

The shear rate dependence of the viscosity careserided using the power

law [24]
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n=AG" (1),

wheren and y represent viscosity and shear rate, respectiv&lye shear thinning
exponent, n, is determined by fitting equation th® viscosity as a function of shear
rate data depicted in Fig. 1, Fig. 2 and Fig. 3tferthree alloys. If this value is less
than one, then the liquid exhibits a decreasesnosity with increasing shear rate or
non-Newtonian shear thinning behavior. When n thé viscosity has no shear rate
dependence and exhibits Newtonian behavior. Siheeviscosity of Vit106 and
PdiaNi1oC7P20 show a Newtonian behavior at higher shear ratehave applied

the power law up to the temperature, at which newtdnian behavior is observed.

The results of this analysis are shown in figurés,44(b) and 4(c). Figure
4(a) shows that upon heating Vitl abowvg, The shear thinning exponent is 0.4 at
1075 K and increases to 1.0 above 1225 K), (evealing increasing Newtonian
behavior with increasing temperature. This indisadethermal transition from an
ordered to less ordered state. Figure 4(b) showsshear thinning exponent of
Vit106 as a function of temperature. A small sh&éaning exponent of 0.2 at 1155
K which increases to 1.0 above 1305 K) can be seen. This indicates that the
viscosity of Vit106 depicts an even stronger slikaming behavior than Vit1 within

a temperature range of about 200K above thefdr both alloys, respectively. A
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similar trend as Vit106 is observed ingdi;oCw7P20 as shown in Fig. 4(c).
However P@NiioClw7/P20 show much larger shear thinning exponent of 0.83
indicating a weak shear thinning behavior. Moreotes behavior is prevalent in
much smaller temperature range from 875 K to 95h# above 975 K the material

behaves like a Newtonian liquid and the viscositgot shear rate dependent.
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Figure 4a (top): Shear thinning exponent n vs. temperatdrmitially amorphous
and remelted Vitl obtained by fitting the power ltavthe data shown in Fig. 1.
After melting the alloy exhibits a pronounced sh#anning dependence of the
viscosity which vanishes above 1225 Kigure 4b (middle): Shear thinning
exponent, n, vs. temperature of initially amorphand remelted Vit106 obtained by
fitting the power law to the data shown in Fig.A2.each isotherm, the power law
was applied to the range to which the shear raperddence of viscosity is seen.
After melting the alloy exhibits much stronger ghehinning behavior which
vanishes above 1305 Krigure 4c (bottom): A much larger shear thinning
exponent, vs. temperature of initially amorphoud seamelted P@Ni;oCux7P2. The
larger value to n indicates much smaller shear defgendence. At the temperature
above 975 K the material becomes completely Newtoni

Figure 5 shows the shear rate dependence of tbesitig for the three alloys

at a temperature that is about 50 K higher thanlithedus temperature of the
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respective alloy. Plotted are the fits to the ekpental data extracted from
Figs1-3. All the alloys show shear thinning buttdifferent extent. Vitl in its strong
modification has the highest viscosity with drastibange in viscosity with
increasing shear rates. This trend is followed 106 and then R@Ni;¢Cup7P2p,
which shows the smallest change in viscosity wittreasing shear rates. Another
interesting point to note is that at each tempeeatihe non-Newtonian behavior of
Vit106 and PgsNi;oCu7P2o disappears at higher shear rates where the \igstays
constant. It was earlier shown in Fig. 2 that angtgon from non Newtonian to
Newtonian behavior also occurs at higher shearsrateVitl06. However both
transitions are of different kinds, (1) the tramsitfrom non Newtonian to Newtonian
liquid behavior due to shear rate indicates a smsiallctural changes because a
similar behavior is again seen at next higher teatpee until 1285 K whereas (Il) a
transition to Newtonian liquid due to temperaturdicate larger structural changes
occurring in the melt. This is because as the diguecomes Newtonian, it stays
Newtonian at higher temperatures and cooling do¢sestores the non Newtonian

behavior. This temperature for Vit106 is 1305 K.
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Figure 5: Isothermal viscosity vs. shear rate of all thee¢halloys upon heating
above the Ty. Vitl strong shows the higher viscosity than VélGnd
PdsaNi10Cl7P20

Similar viscosity behaviors with respect to tempera and shear rate have
been observed in polymer based systems and arargyirdue to the interaction of
highly ordered structures. Recently, the structaaaisiderations in the amorphous
solid state of metallic systems have gained mutdnén. Two such studies have

been reported by D. Miracle [25] and E. Ma [26] dhdy have developed models

which describe the order present in multicompom@mbrphous metals. Both models
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suggest that they are composed of icosahedral sdragé ordered (SRO) clusters
that form the building blocks for medium range ar@@RO) in multicomponent
systems. These icosahederal short range ordderdusonsist of a central atom of
one species surrounded by several atoms of the effeezies. The MRO is then
formed by placing this icosahedral SRO on eith&C& lattice [25] or icosahedral
lattice [26]. It is clear from our results that eopounced order must exist in the
investigated BMGs which is responsible for high thwedcosities and shear thinning
behavior. The smaller viscosity of Vit1l06 and ,fd;:Cw7/P and a smaller
decrease indicate less pronounced order in the asetbmpared to Vitl. Moreover
the shear rate dependence of viscosity disappe#ne ahear rates higher than 143 s
! and 136 $ respectively. Since Vitl is much stronger liquidhi the other two
BMGs we can expect a similar transition in Vitl aatmuch larger shear rates as
indicated by arrows in Fig. 1. It is also interegtto note from Fig.1 to Fig.3 that the
amount of decrease in viscosity with increasingashiates is different for different
alloys. In case of Vitl the viscosity decreasesbyrder of magnitude at a smaller
rate and a drop of only 70 and 30 % is observeliih06 and PagsNi;oCup7P2o
respectively. This indicates that Vitl has the bihorder present aboveiqT
followed by Vit106 and P@Ni;oCu7/P2o although in all the three alloys we see that
the non Newtonian behavior completely vanishes ighdn temperatures. This
Newtonian temperature gduoniay is different for three alloys depending on thgig

and GFA. Therefore it is likely that this MRO prasé the melt can be reduced by
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shearing and more effectively destroyed to SROnlayeasing the temperature.
This transition from MRO to SRO leads to a Newtarliguid with smaller viscosity

(fragile).

An empirical concept to describe the sensitivity thle viscosity to
temperature changes for different materials is ldgesl by Angell [27]. Angell plot
(or fragility plot) shows the viscosity change afuaction of inverse temperature
for different materials. Figure 6 shows the fragiplot for the alloys investigated
in this work. The high temperature viscosity dabdamed in this study above the
Tiq of initially amorphous and remelted Vit106][and PdaNiioClx7P2o [0] are
plotted as a function of inverse temperature. Tigh temperature viscosity data for
Vit106 [o] and PdsNiioCu7P2o [0] as shown in the plot were taken at 22 s-1 and 53
s-1 respectively. However the data above 1280 &ase of Vit106 and 1000 K in
case of PgNii(Cu7Po0 were taken at higher shear rates (> 1%td 143 3) due
to the sensitivity associated with our torque sen3tis substitution is viable
because it has been seen in this study that thare shear rate dependence of the
viscosity at those elevated temperatures. Alsavahare the viscosities of Vit106
and PdsNioCu7P2o close to the glass transition temperaturg) (fieasured by
using three point beam bending method. Figure @udes the viscosity of SiO

which is a strong glass former, showing Arrheniamperature dependence of
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viscosity. The fragility of materials is determinbg fitting the Vogel-Fulcher-

Tammann (VFT) equation [28] given by

N =no-exp [D To/(T-To)], (),

where n,= 4 x 10° Pa-s [29] is a constant pre-exponential factorjsithe

fragility parameter, andlis the temperature, at which the barrier to visctow
would go to infinity. The low temperature viscggutoint used for fitting is fixed at
the glass transition temperature at’®a-s. The fragility of initially amorphous and
remelted Vitl (strong) and fragile Vitl has beereviwusly published by the
authors and is also shown in the figure. Thereiorihis work we determined the
fragility parameter of Vitl06 and BR#Ni;cCu7P20 and compared it with that of
Vitl. The scope of this paper is limited to inijgamorphous and remelted samples

only. The D* and § obtained for these alloys are tabulated in table |
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Table I: The fragilities of three different bulk metallidags formers are obtained
by fitting the viscosity data as a function of inse temperature using VFT equation

2].

BMG Ty T Mo D* | To
Initially amorphous Vitl 620 1026| 4.00E-05| 26.5| 360
Initially amorphous Vit106 682 1115| 4.00E-05| 10.4| 538

Initially amorphous P@Ni;(Cuw7/Po | 584| 815| 4.00E-05] 7.7| 484

We can see in the table that the D* is maximumvibt followed by Vit106 with
D* value of 10.4 and ReNi;¢«Cu7P,o with D* of 7.7. Clearly these values indicate that
stronger glass former possess higher D* valuestladhigh viscosity. At the temperature
50 K above the |f; Vitl has the viscosity of about 2 orders of magpt higher than
Vitl06 whereas the viscosity of Vitl06 is aboutfhailder of magnitude higher than

PdiaNi10Cu7P2o.
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Figure 6: Fragility plot of viscosity of Vitl06of and PdsNiicCu7P2o(0). The
viscosities of Si@ and o-terphenyl.A) shows a strong and a weak behavior. The
data was fitted by VFT relations as indicated by $blid lines and the results are

tabulated in table I.

In summary, we showed the viscosity data ofi Ari138Cui2 NicBer s
(Vltl), Zr57CU15_4Ni12_eA|10Nb5 (Vlt106) and PﬁbNi]_oCUz?on BMG forming |IQU|dS
above the liquidus temperature as a function operature and shear rate. All these
glass formers show higher viscosities than monotometallic liquids and the non-

Newtonian shear thinning behavior. Vitl exhibitdasgest drop in viscosity on
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shearing from 0.15to 2508 at the temperatures abovg, TVit106 shows lower
viscosities than Vitl, however, a strong non-Newanrbehavior on shearing from
0.1 §' to 143 & at the temperatures between 1130 K and 1330 Keén.s
Surprisingly, this non-Newtonian behavior disappesdrhigher shear rates where the
viscosity stays constant. We believe that if welaygh enough shear rates to the
melt of Vitl at each isotherm, a constant viscosiyld be achieved. The melt
viscosity of the PgNi;oCl7/P2o shows a lower viscosity and much smaller shear
thinning behavior than the Zr-based alloys. In thié three alloys, this non-
Newtonian behavior gets weaker with increasing taire and the material starts
to behave like a Newtonian liquid. This behaviorat¢ributed to the presence of
MRO and SRO in the melt of these alloys. The MR®spnt in the melt can be
reduced by shearing and more effectively destroyged5RO by increasing the

temperature which leads to a Newtonian liquid \sitialler viscosity.

This work was supported by DARPA (Grant No. DAAD-Q98-1-0525). Some of
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6. SUMMARY AND CONCLUSIONS

Following is the summary of the work presentechis tlissertation

() The influence of shear rate and temperaturéhernviscosity and fragility
of the Zuy 2Ti13.4Cu2 Niro Berrs metallic glass forming liquid is shown in the firs
part. The results show a complex rheological beiranf Vitl. The viscosity of Vitl
is very high with strong shear thinning behaviorompfirst heating from the
amorphous state. The shear thinning behavior deeseaith increasing temperature
and this kinetically strong liquid transforms tavere fragile liquid with no shear
rate dependence of viscosity. The Newtonian tentpera(Tnewtonia for Vitl is
measured as 1225 K. Upon cooling this liquid thersg liquid behavior is only re-
established when the melt is deeply undercooledwbéhe liquidus temperature.
This gives rise to the “hysteresis effect” in thiscesity of Vitl as a function of
temperature. The difference in viscosity and theashhinning behavior is also seen
depending on the initial state of the material (gghous or crystalline). The shear
thinning and strong to fragile transition is atiribd to the destruction of medium
range order in the liquid state whereas the refaomaof order in the supercooled

region is much more complex.
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The recent work by Hono and coworkers [1, 2] shdvas$ as prepared glassy
Vitl is chemically homogeneous and no phase saparabccurs prior to
crystallization indicating that fragile-strong teiiion can not be due to phase
separation. It is therefore most likely that theserved fragile-strong transition is a
polyamorphism in which the fragile liquid polymoighlly transforms into a strong
liquid. Polyamorphism has been observed ipQAl Y203 [3] and other network
forming systems such as Silica, Si and even wdter [n glass forming alloys the
possibility of phase separation into two stronguilitg or the precipitation of the
strong liquid from the fragile liquid has to be addto the general picture. This is

done in the following.
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Figure 1. Schematic quasibinary Gibbs free energy diagramaf fragile strong
transition below the critical temperature. At centration G polyamorphism
occurs, where as at,@he fragile liquid decomposes into two strong ilituwith
different medium range orders.

Figure 1 depicts schematically quasibinary Gible® fenergy curves for a
fragile-strong transition below the critical temaere of 900 K. This is one
scenario, in which the fragile liquid has a higkebbs free energy and entropy than
the strong states. The fragile liquid may exhgibrt range order (SRO) but no
medium range order. It is further assumed, that twedium range ordered states,
MRO1 and MROZ2, exist at two different compositionghis creates a miscibility

gap between the two MRO states. If the high teatpee fragile liquid has a

composition within the miscibility gap ¢ the fragile liquid will decompose into
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the two strong MRO liquids. There will, in factxig an invariant eutectic-like
point, in which the fragile liquid is in equilibnm with both strong liquids. Figure 2a
shows a binary cut through the metastable fragriteng phase diagram, which would

result from the Gibbs free energy curves drawnign E.
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Figure 2. a) Schematic binary cut through the metastablgile-strong liquid phase
diagram that would result from the Gibbs free epergrves drawn in Fig. 1 with
two medium range ordered states. b) Schematicrybioat through metastable
fragile-strong phase diagram with only one straqgidl. There is a large region in
which the fragile liquid decomposes into a strond a fragile liquid. The arrows in
both figures indicate where polyamorphism is pdssib
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If there is no phase separation present, as wemassn Vitl, our

concentration is consistent with the concentra@iem Fig. 1 or Fig. 2. The fragile
liquid transforms polymorphically into the strongydid. This is strictly only
possible at the two congruent points marked byesrnn Fig 2a. If there is only one
medium range ordered strong liquid e.g. only MR@IFig. 1 the phase diagram
would look like Fig 2b. There is a large compasitirange, in which the strong
liquid precipitates out of the fragile liquid e.at the composition £ Only at the

composition G is a polyamorphism possible.

(1D In the second part, the ordering and shear naduced crystallization of
undercooled Zg 5Ti13.¢8Cuiz Niio.Be s metallic-glass-forming melts is investigated.
The study quantitatively shows the shift of the Tdiagram of Vitl to shorter
crystallization times with increasing shear rafiése classical nucleation and growth
theory is applied by incorporating the change inows factors such as viscosity,
driving force for crystallization and entropy changs a function of shear rate. It is
found that the change in crystallization kineties ®ot be explained quantitatively
by the classical nucleation and growth theory. Tdrder present in the melt
immensely influences the crystallization and thetemal with higher order
crystallizes sooner than the material with smatlester. The ordered clusters are
formed faster at higher shear rates and hence #terial crystallizes sooner at

higher shear rates making the TTT diagram shifhéoleft.
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() In the third part, the viscosities of two kumetallic glass forming
liquids Zrs7Cuis NiizAl1oNbs (Vitl06) and PgNioCu7P are measured and
compared with the viscosity of Vitl. The main goélhis study was to investigate
whether high viscosity and shear thinning behaiigust associated with Vitl or the
other BMG forming liquids also show such behavibrs shown that all these glass
formers show both higher viscosities than monoatometallic liquids and non-
Newtonian shear thinning behavior.

Vitl exhibits the highest viscosity with the largedrop in viscosity on
shearing from 0.15to 250 & at the temperatures abovg, TVit106 shows lower
viscosities than Vitl, however, a stronger non-Newgn behavior on shearing from
0.1 §' to 143 & at the temperatures between 1130 K and 1305 Keén.s
Surprisingly, this non-Newtonian behavior disappesdrhigher shear rates where the
viscosity stays constant. The viscosity data o1® and PgNi;oCu7P2 apparently
indicate that if high enough shear rates are apliethe melt of Vitl a similar
steady state viscosity state could be found ateh®eratures between 1075 K and
1225 K. The melt viscosity of the BNi;oCu:7P20 shows a lower viscosity and much
smaller shear thinning behavior than the Zr-badlegsa In all the three alloys, this
non-Newtonian behavior gets weaker with increasergperature and the material
starts to behave like a Newtonian liquid. This Nemé&n temperature is found to be

1225K for Vitl, 1330 K for Vit106 and 1000 K for BNi;(Cu,7P>o. This behavior is
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attributed to the presence of MRO and SRO in thé& ofethese alloys. The
MRO present in the melt can be reduced by sheamgmore effectively destroyed
to SRO by increasing the temperature which leads tNewtonian liquid with

smaller viscosity.
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