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ABSTRACT

RNEDIoQICa LropStty such as shear viscosity and Hlow curve for metaliic igud systers nas
peen evalualed Fure Al purs In Sn based solaer alloy and vanous campcs:‘rlom of ALY
?’»\/Df‘«;‘ Hgechs inary alloys were the metaiic systams included in this study  The aff=or of

20Z73 -t % Sradantion o vanous compositions of AlShypoeutechic binary all avs was 2o
mﬂudec mn s study For the ALS alicys the viscosity and flow curve were evauated o
~funchon of melt superheut temperarure Stcompostion and shear rate expsrience by
tre nquid, A rotational theometer was developed with a high temperature
enviionmental furnace for this study  Three types of measurament geomelry ware
evaluated: cone and piate Din Coaxial and Diouble Concentric “vinder (D 2CH T
DCC gum\@’m/ has peen proposed as the most practical geometry for liquid melai
viscosity maasurement in rotationd rheometer, Anuly*icol solutan to evaluate visCosity
with the rotational rh wometm squipped with D C measurement gecometry has pean
proosaed. Furier, the cofical mmaximum ullowablp anguiar velocity for reliabie viscouty
evaluahonr has alss been proposed for this system. It nas heen concluded tnal Comtraw
to popular belef tquid metal systems are non-Newtonian and snear thinring fuids The
effect of 51 on the viscasity of ALS hypoeutectis alloys have besn quantified us 7
function of snear rate and mell sucerheal temperatures. Further it has been conciuder
that St addition to Al-SEalloys significantly alters the viscosity and tre melt at low meait
supetheat termperatures
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EXECUTIVE SUMMARY

Aluminum (Al] is the second most widely usea mefal other than lron with increasing
usage each year in the form of various Al based alloys [1]. Among Al alloys. Al-Si
hypoeutectic clloys are most extensively used for casting components in Automoftive
and Aerospace industry The widespread application can be attributed to factors such
as high strength to weight ratio, excellent castabillity and good performance properties.
Canadais one of the key global players in Alindustry. It had a market share of 15% of
world exports in pure Al ingotsin 1999, However the proportion of imported finished and
semi finished goods is very high Al cast alloy products account for almost 25 % of the
global Al products used in automotive industry. This leads to an increasing industrial
demand for.

e Development of newer alloys with better mechanical and performance
properties.

¢ New orimproved casting process to increase the efficiency, productivity and
reduce the wastage.

.

MUSHY ZONE

(a) (b)

Figure 1. Commercial application of Al-Si binary alloys  {a) typical casting components
and (b) schematic of the typical microstructure in these castings during
solidification showing the solid on the left and the liquid on the nght of the box
with the two phase mushy zone in between.

Figure 1{a) shows some typical cast components of Al-Si hypoeutectic alloys. During
solidification of pure metals such as Al, the liquid transforms into solid at one constant
temperature known as the melting point. However a binary or a multi-component alioy
transforms from liquid to solid over a range over a range of temperature during which the
solid and the liquid co-exist in a semi-sclid state. Figure 1{b) shows a schematic of a
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typical microstructure during solidification of a binary hypoesutectic alioy. The semi-solid
region during solidification is known as the mushy zone. The mushy zone is bounded by
the solid and the liquid and the heat is exfracted from the Iiquid through the mushy zone
and subseqguently the solid phase.

Figure 2(a} shows the complete phase diagram for Al-Si binary alioy system. The eutectic
reaction where in the liquid phase solidifies into a two phase solid alloy at an invariant
point in temperature {578 °C) and Si mass fraction (0.125]) is shown in Figure 2{a) and 2(b)
The eutectic reaction for Al-Si binary alloy system is given by Equation (1)

Ll.(]Lll'd 378 Cand 0 123 mass fraction St N CY(A[) + Sl- "

The alioys with Si content less than eutectic composition are termed hypoeutectic and
the alloys with St content greater than eutectic composition are termed hypereutectic.
Most commercial Al-Si alloys fall In the hypoeutectic region. Figure 2{b) shows the
magnified phase diagram of the hypoeutectic alloy region. Sihas a maximum solubility
(0.015 mass fraction Si) in solid Al at 578 °C [eutectic temperature) and the alloy of Al

with soluble Siis referred to as the primary U_(Al).
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Figure 2. ARSI binary alloy phase diagram. (a) the complete phase diagram for 0 to |
mass fraction Si and (b) magnified region showing the hypoeutectic alloy
pbetween 0 and 0.125 mass fraction Si.

Let us consider the solidification of a typical Al-7mass® Si alloy. When the cooling liguid
intersects the liquidus ine (Figure 2(b)). the primary «(Al) phase evolves during start of
sohdification. As the liquid solidifies in the two phase mushy zone beftween the liquidus
and eutectic lines [Figure 2[b)) the volume fraction of the primary cluminum phase
increases with decreasing temperature; and at any specific temperature in the mushy
zone, the liquid just ahead of the primary «(Al} phase will have a composition given by
the liquidus line at that temperature and the composition of the solid «[Al) phase
evolving is given by the sclidus ine (Figure 2(b)) af that temperature. At the end of
solidification of the mushy zone (temperature at eutectic line) the composition of the last
liguid just ahead of the solidifying primary Al phase is given by the eutectic composition

~
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and the composificn of the last soliditying pnase s given by the intersection of solicus
and eutechic lines. Hence, during solidification of any hypoeutectic Al-Si alloy the mushy
zone will have liquid compositicns ranging from the eutectic compositior at the interface
of the mushy zone with the complete soid to the composition of the alloy at the
intersection of the mushy zone with the complete liquid phase. Rigure 3 shows a typicadl
schematic of the microstructure of Al-Si hypoeutectic binary alloy.

Liquid
SQ;Q’@ Q
Concantration E
Gradiert < Pustiy
c lone
L
)
Solid

Figure 3: Typiccl schematic of the microstructure developed during solidification of Al-Si
hypoeutectic binary alloy.

In Figure 3 the 51 compositional gradient is shown from the solid to the liquid region
between any two cendntes. The Si content near the solid phase is of eutectic
composition and that near the liquid phase is the composition of the alloy solidifying s
well known that volumetric shrinkage occurs during solidifying of the liquid to the primary
w(Al) dendnte  The liquid in the inter-dendritic region fills this shrinkage to avoid cavities
{defects) in the cast component. It is critical to fully understand the flow behavior of the
inter-dendritic liquid to predict the evolution of the microstructure of the mushy zone
during solidification and the evolution of defects such as porosity and shrinkage cavities
Simulation of microstructure and defect formation in these alloys will greatly enhance our
predictability of casting component properties and performance

The flow of liquid in the mushy zone is generated from various scurces such as
sofidification shnnkcge and buoyancy caused by thermal gradients and solute
concentfration gracients in the interdendritic liquid {2]. Viscosity 1s one of the crtical
parameters thar guantify liquid flow behaviour.

Research has been ongoing to evaluate viscosity of Al and Al-Si alloys for the past sixty
years [3]. However, there is a 400 % spread in the reported values of viscosity for these
alloys [3]. The main reason for the spread is that most expenments were carried out inan
Cscillation Vessel Viscometer (OVV) which inherently assumss that the Al-Si iguid sample
has Newtonian flow behaviour. Newtonian fluids have a constant viscosity irrespective of
the shear rate experienced by the liquid [4] However, this assumption has not been

('S
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verfied or validated. Only few technigues such as rotational rheometry can evaluate
viscosity for one specific shear rate expernenced by the hquid. There have been recernit
fundamental smulation carried out using Non-Equilibrium Molecular Dynamics (NEMD)
which have shown that liguid metal systems may exhibit non-Newtonian and shear
thinning behaviour [5.6]. Shankar et al [7] have shown by experiments that Al- 12 5 wi%
St alloy may exhibit a non-Newtonian and shear thinning flow behaviour as well.

The aim of this project is to evaluate the rheological and atomistic characteristics of the
Al-Si hypoeutectic dlloys. The project has been initiated in two phases camed out in
tandem: one to evaluate the rheoclogical pcroperties via rotationat rheometry and the
second fo carry out atomistic characterization of the structure of liquid Al-Si
hypoeutectic alloys by diffraction experiments with neutron and high energy x-ray
[synchrotron) beams. The present thesis forms a part of the first phase of the project
where in the viscosity values of these alloys were evaluated.

The following presents the abjectives of this study:

» Design and develop a high temperature rotational rheometer equipped with an
environmental furnace capable of reaching temperatures of over 1100 K.

s Develop measurement geometry to contain the sheared liquid such that the
shear rate experienced by the liquid at a specific angular velocity s uniform
throughout the liquid.

o Evaluate the viscosities of pure Al and Al-Si hypoeutectic alloys.

» Evaluate the effect of Sr addition of around 0.02 wi% to Al-Si hypoeutectic alloys.

In the first phase of the project an AR2000" rotational rneometer with an environment
chamber was commissioned. A furnace capable of reaching 1100 K was designed and
installed in the environment chamber. The chamber was purged with ultra high purity (<
2 ppm oxygen) Ar gas at 5 litre/min to minimize oxidation of the liguid metal

Three measurement geometry systems to contam the sheared liguid metal were
considered: the cone and plate, DIN Coaxial Cylinder and Double Concentric Cylinder
{DCC). Several of these geometries were machined from various metals and ceramics
to ascertain the chemical reactivity with molten Al alloys. The cone and plate geometry
is theoretically the most suitable to carry out experiments as the shear rate in the liquid at
a specific angular velocity is uniform throughout. However, this geomeftry caused
spillage of metal due te the absence of any wall to protect the retating liquid [3] Only
about ten percent of the experiments carried out with the cone and plate geometry
were successful. The DCC geometry machined with the Cotronics 02' machinable
ceramic proved to be the most practical Subsequently, viscosity experiments in this
project were camed out with the DCC geometry. Details of the geometry selection and
design are presented in subsequent chapters of this thesis.

The rheometer was evaluated for sensitivity of measurements and repeatability by using
a standard Cannon S2000: liguid Further, viscosities of Pure Al pure Zn and a low melfing

Advanced Rheometer, TA Instruments. MNew Castle, DE, USA http //www tamstruments com
Cotronics Corporation, Brooklyn, MY, USA http'//www cotronics.com.

Cannon $2000 15 a certified viscosity fluid developed and marketed by Cannon instrument
Company State College PA, USA hitp //www.cannoninstrument com

1
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Sn pased solder allcy were evaluated to verify the repeatability of the rheometer
Subsequently, Al-Si alloys of vancus hypoeutectic compositions were prepared and cast
into hollow cylinder; for viscosity evaluation. The experiment materials and procedures
along with the results and discussion are presented in subsequent chapters of this thasis,

This study s part of a collaborative project among Ltight Metal Casting Ressarch Center
(LMCRC) at the McMaster University, General Motors of Canada and National Science

and Engineering Research Council (NSERC) of Canada

This thesis is presented as a consolidation cf four publications that were written as a part
of this project

Avuthor's Contribution to Publications

The following are the contributions by the author of this thesis to all the four publications
Included

= Review prior-art,

* Design and assemble rotational rheometer,

= Design. develop and manufaciure measurement geometries

» Prepare and cast alloys; and subsequently prepare samples for rheomietry
= Carry cut rotational rhneometry experiments.

» Review and consolidate rheometry data.

= Analyze results.

* Write discussions.

* Prepare publication manuscripts.

The details of each publication are given below:
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PUBLICATION A

of liquid metals.
« Liquid Al-Si eutectic alloy seem 1o exhibit non-Newtonian and shear

thinning behaviour.

Title: ' How to measure viscosity of liguid aluminum ALLOYS? |
Authors: | Mohammad Minhajuddin Maliks. Guillaume Lambotte” Mohammed 3 |
Hameds, Patrice Chartrand** and Sumanth Shankar? ;

| Publication: | 2nd International Sympaosium Edited by Paul N. Crepeau. Murat Tiryakioglu \
i L and John Campbell TMS (The Minerals. Metals & Materials Society), 2007 |
Objectives: | inhroduce rotational rheometer as viable technique to evaluate viscosity
of liquid Al alloys. ‘

Details: o Comparad Experimental efforfs o evaluate viscosity of Al alloys }
Conclusion: | « Oscilating Vassel Viscometer (OVV) is unsuitable to evaluate viscosity |

PUBLICATION B

Title: Rotational Rheometry of Liquid Metal Systems: Measurement Geometry
Selection and Flow Curve Analysis.
Authors: Mohammad Minhajuddin Maliks. Manickaraj Jeyakumars Mohammed S
Hameds, Michael J Walker:., Sumanth Shankars
Publication: | Shape CastingJournal of Non-Newtonian Fluid Mechanics, (Submission in
September 2008)
Objectives: »  Optlimize the measurement geometry design.
*«  Evaluate flow behaviour and viscosity of liquid Al, Zn and Sn solder
alloy.
Details: ¢ Three measurement geometnes were evaluated
e Cone and Plate
e DIN Coaxial Cylinder
» Double Concentric Cylinder (DCC|
e Flow curves and viscosities of liquid Al, Zn and Sn solder alloy were
evaluated.
Conclusion: | = DCCis most practical measurement geometry.

»  Liquid Al, Zn and Sn solder alloy exhibit non-Newtonian and shear
thinning behaviour

Centre for Sohdification & Thermai Processing {CSTP). McMaster University Hamilton, ON

Canada L?H 2E8
Centre for Research in Computatonal Thermochemistry Department of Chemical Engineenng

. Ecole Polytechnique, Montreal, QC Canada H3C 3A7.
" General Motors Michigan, USA
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PUBLICATION C
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. Title: Rheology of liquid Al and Al-Si Hypoeutectic alloys o
| Authors: Mohammad Minhajuddin Maliki, Manickargj Jeyakumary, Mohammed §
f Hameds, Michael J Walker':, Sumanth Shankars |
| Publication: Material Science Engineering. (Submission in September 2008) 7_j
j Objectives: i «  Evaluate viscosity of Al and Al-Si hypoeutectic alloy as a function of ?
| é shear rate and meit temperature. .
| Details: [ »  Viscosity of Hypoeutectic AI-St alloys were evaluated for 3wt 7wi%,

) | 10wWi% and eutectic [12.5w1% )Si composition at four individual meit !
‘ superheat temperatures using the DCC measurement geometry.

! = Shearrates between 0.16 and 467 5! were used in tnhe sfudy

' Conclusion: | = Liguid Al-Si eutectic alloys exhibit non-Newtonian and shear thinning

behaviour.

Al-7 wi% Sishow the least viscosity at all shear rates and temperatures
among the alloys investigated.

Viscosity of each alloy decreases with temperature for all shear rates
and agreed with Andrade's equation.

PUBLICATION D

Title:

Effect of Sr Addition on the rheology of Liquid Al-Si Hypoeutectic Alloys ]

Authors:

Mohammad Minhajuddin Maliks, Manickarg) Jeyakumars, Mchammed S
Harneds$, Michael J Walker ., Sumanth Shankars

| Publication:

Scipta Materialia, (Submission in September 2008)

Objectives:

Evaluate the effect of Sr addition on Al-Si hypoeutectic alloys.

Details:

Rotational rheometry with DCC geometry was used to evaluate
effect of 0.02 wi% Sr of viscosity of Al-Si alloys with 7 wt% 10 wt% and
2.5 wit% (eutectic) Si content at four individual melt superheat
temperatures.

Shear rates between 0.16 and 467 s-1 were used in the study.

Conclusion:

Sr addifion to Al-Si dlloys increased the melt viscosity significantly af
low melt superheat temperatures.

Sr addition does not affect viscosity of pure Al

Al-7wit% Si alioy showed the highest viscosity and the highest change
in viscosity after Sr addition to the melt.
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HOW TO MEASURE VISCOSITY OF LIQUID ALUMINUM ALLOYS?
NMohammad Minhajuddin Malik'. Guillaume Lambotte® . Mohammed S Hamed'. Patrice
Chartrand”. Sumanth Shankar’.

'Centre for Solidification & Thermal Processing (CSTP). McMaster University. Hamilton. ON.
Canada L 9H 2ES8.

- Centre for Research i Computauonal Thermochemistry, Department of Chemical Engineering.
Ecole Polyvtechnique. Montréal. QC. Canada H3C 3A7.

Keywords. Viscosity. Rheometer, Aluminum. and Al-Si alloy
Abstract

Viscosity of liquid Al and Al-Si alloys are critical to better understand the soliditication and
porosity formation in the mushy zone towards the end of solidification of the alloy. In this
paper. viscosity data from the literature tor Al and Al-Si alloys are presented along with the
drawbacks ol the most prevalent technique used to evaluate viscosity — the oscillating vessel
viscometer. Experimental techniques using an alternative rotational theometer equipped with a
cone and plate measuring geometry are presented along with results of flow characterization of
molten Zn and Al-Si allovs.  The results show that molten Zn exhibits Newtonian flow
characteristics and molten Al-Si eutectic alloy exhibits a non-Newtonian behavior at various melt
superheats and low shear rate regimes

U
o]
J

Introduction

Al-Si allovs are the most widely used alloys in the automotive and aerospace casting industry. [t
is critical to ftully understand the tlow characteristics of these alloys since the rheological
properties of the liquid influences the tilling of the mold cavity and feeding the mushy zone
during solidification. Understanding the rheological properties of Al-Si alloys will help develop
robust predictive models simulate the evolution of microstructure, porosity formation and hot
tearing tendencies in the mushy zone during the final stages of alloy solidification. One of the
key rheological properties of liquid metals is apparent viscosity.

Figure 1 presents a comprehensive graph tabulating most of the available date tor the viscosity of
pure Al. It is evident in Figure 1 that there is a 400%0 spread in the data available in the literature
today [1]. Figure 2 presents similar tabulation of viscosity data for various compositions of Al-
St alloys. Figure 2 shows a 100%0 spread in the data from literature [1]. Over ninety percent of
the data shown in Figures 1 and 2 were obtained using the oscillating vessel viscometer.
Although the data was acquired by critically controlled experiments, there is a large spread in the
reported values of melt wviscosity.  This may not be fully attributed to differences in the
mathematical formulation and experimental errors.  'he shear rate experienced by liquid metal in
the oscillating vessel viscometer is not uniform both in spatial and temporal regimes.  However.
the viscosity is measured over a runge of shear rates and reported as one value for the liquid
metal over the entire spatial and temporal regimes for the experiments. This reported value of
melt viscosity 1s meaningful it and only if the liquid exhibits Newtonian tlow behavior. In other

9



words. the reported values of viscosity in Figures 1 and 2 [2] are valid only if the viscosity is
independent of the shear rate experienced by the molten metal. However. if the liquid metal
exhibits non-Newtonian behavior, a singular value of viscosity for an entire shear rate regime is
not accurate. Therefore. we believe that the spread in reported viscosity values shown in Figures
I and 2 may be due to an innate flaw in

oscillating vessel viscometer may not

the assumption that liquid Al and Al-ST %7 7 remper e o ason ot A t560 3 152 £
allovs  exhibit  Newtonian  flow 7=~ ;‘j W ‘
behavior. Further, there is no =i~ %
experimental evidence in the literature w5t ¢ Saeans
to justify an assumption of Newtonian oy, ;¢ T
or non-Newtonian flow behavior of Al %, | SRR
and Al-Sialloys Hence. the use of the 8 | &
= Lo

lend itself to accurate evaluation of ™7 Bsa. d ;
> iscosities - p— >tals 13- : bb& ; M g
md.t Viscosities c?t lxqgld metals 2 o «‘igu‘:ﬁm: w el o]
exhibiting non-Newtonian flovw  scext 50 5 Fe® L * -
characteristics. "pen | ‘ . . 1 ‘
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[nthis  paper. we will present  Figyre 1: Reported viscosity data of pure liquid
experimental evidence to show that.  jjuminum at various temperatures [2]
contrary to popular beliet, pure Al and
Al-Si allovs exhibit non-Newtonian : , , T
flow behavior.  Further. an alternate T
experimental  scheme  using  a ‘ A LN

It

: :

rheometer fitted with a cone and plate .., RISV

measurement  geometry  will  be — | oy el :

presented to evaluate, more accurately. é s '“n‘}fﬁ% :
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non-Newtonian flow characteristics. g : i
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Prevalent  viscosity  measurement o
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alloys include the capillary method.
oscillating vessel method. rotational  Figure 2: Viscosity data of liquid AI-Si alloys |2]
method. oscillating plate method. and

acoustic method. The oscillating vessel viscometer is the most popular among these techniques
accounting for over 90° of the reported data for Al alloys shown in Figures 1 and 2. 1]

[n the oscillating vessel viscometer the fluid sample in the crucible or vessel i1s set in oscillatory

motion about a vertical axis by applying a set torque pulse. The torque will create an oscillatory

motion of the vessel. which will eventually damp out. primarily by frictional energyv absorption

and viscous dissipation within the liquid.  The viscosity of the liquid is then calculated by

solving the governing second order differential equation of motion shown in Equation (1) as
I3

¢
presented by Wang et al [3].



): Bir)) =0 (1

Where 7, is the moment of inertia of the empty vessel or crucible. ¢, 1s the angular frequency.

prriis the angular displacement. A\, is the damping parameter and t is dimensionless time.

[t 1s the most preferred method for viscosity measurement of liquid metals due to the ease and
accuracy in measuring the time period and decrement of oscillations. In addition. the geometry
of the evlindrical crucible used 1s in range of 30 mm to 123 mm in height and 4 mm to 30 mm

in internal diameter. which also leads to a relatively stable temperature profile throughout the
sample [1][4].

Despite simplicity ot construction. the mathematical equations used to describe the oscillatory
movement of the crucible are complex and presently there is no reliable mathematical procedure
avatlable for solving them [3]. One of the major reasons for the spread in viscosity could be
differences in mathematical models used to relate the experimental parameters to viscosity. The
major mathematical models are Knappwost's Equation [6]. Shvidovskii’s Equation [7]. Roscoe’s
Equation [8] and the Kestin & Newell model [9]. Among these mathematical models for the
oscillating vessel viscometer. according to lida et al [4]. the Roscoe Equation provides the most
accurate values of wviscosity.  However, the
absolute  Roscoe  cquation  nceds  turther
modification by means ct correction factor to ~
account for the end effects caused by the
curvature of the liquid metal at the free surface

[+

Shear Rate

One of the main assumptions in using the
oscillation vessel viscometer and developing the
mathematical models is that the liquid metal
exhibits Newtonian flow behavior.  Figure 3
shows a  wpical schematic  graphical
representation of variation of shear rate of the
liquid metal as a tunction of time and position
within the oscillating vessel. Figure 3 (a) shows
that the shear rate periodically decreases over the
entire time of experiment due to the viscous
damping of the liquid. Figure 3 (b) shows that
shear rate continuously ncreases from the centre ¢
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of the oscillating vessel to the wall of the vessel.
Hence. the shear rate of the liquid in the
oscillating vessel 1s not a constant at any instant in
time or position in space. To present a singular
value of viscosity for such an experimental set up
will entail the assumption that viscosity of the

Il

Figure 3:

PoIRDY m i

(b)

Schematic graphical

representation of the variation of shear
rate in an oscillation vessel viscometer.
(a) Temporal variation and (b) Spatial

variation.



liquid metal is independent of the shear rate (Newtonian flow behavior). Hence. to accurately
evaluate viscosities of liquid metal showing non-Newtonian dependence on shear rate an
alternate experiment technique will have to be adopted. A suitable technique is the rotational
rheometer apparatus equipped with cone and plate measurement geometry.

Rotational Rheometer

The basic principle is to apply a known rotational torque to a tixed volume of liquid metal and
measure the angular veloeity attained by the liquid volume  The value of angular velocity is then
converted to shear rate experienced by the liquid volume by a simple mathematical evaluation.
The shear stress distribution in the known volume of liquid metal s evaluated from the rotational
torque applied in the experiment. A graphical plot between the shear stress and the shear rate
termed as the “flow curve’ is obtained as output from the rotational rheometer experiments |10]
The slope of the tlow curve represents the “apparent viscosity”™ of the liquid metal sample. The
term “apparent viscosity’ was used instead of “viscosity " because of the dependence of viscosity
on the shear rate. The flow curve for liquids exhibiting Newtonian flow behavior is a straight
line with slope (apparent viscosity) independent of shear rate. However, the flow curve for
liquids exhibiting non-Newtonian flow behavior is not a straight line and the slope (apparent
viscosity) varies as a function of shear rate.
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shear rate. » respectively. (Equations (2 to (31 show the mathematical formulations for a cone
and plate measuring geometry.

R -
==kt (2)
3
W Xr )
y=———=— (For small &) (3)
rxtan® 0
Newtonian Huids > € = ‘4y (-h)
g7
Non-Newtonian Huids > = A Y (3)

The slope of the plot between rand y (flow curve) represents the apparent viscosity of the hquid
metal. For Newtonian fluids, 4 in Equation (4) is the apparent viscosity and for non-Newtonian
fluids . (") in Equation (3) represents the apparent viscosity. Table [ and Equation (3) show
that the cone and plate measuring geometry is unique when compared to the other two
geometries in that the value of shear rate. » is constant across the volume of the liquid metal. Tt
is only dependant on the angular veloeity and the angle of the cone. [n the cone and plate
geometry. sheur rate 1s constant in both the spatial and temporal regimes of the experiment.

The cone and plate measuring geometry in a rotational rheometer is considered as the ideal
measuring geometry for evaluating flow behavior of liquid metals and alloys [12][13]. Apart
from the advantages of evaluating the entire flow characteristics of the liquid metal. the
mathematics in a rotational rheometer with cone and plate geometry is simpler than that in an
oscillating vessel viscometer and presents an exact analyvtical solution for of the governing
equations.

Table I: Measuring geometries and respective governing equations for rotational
rheometer. ¥ is the shear rate experienced by the fluid sample, & is the cone angle, ) is
the velocity with which the cone is rotated, R is the radius of the cone, /" is the torque and,
T is the shear stress.

Measuring Geometry Governing Equation
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Experiments and Results

Shankar ¢t al [14] carried out experiments to evaluate the flow curves of pure Zn and Al-
12.5wt?51 alloy using a rotational rheometer equipped with cone and plate. The alloy was made
from 99.999% purity raw materials by melting and casting. The aim of this work was to evaluate

the flow characteristics of the interdendritic
stages

eutectic  liquid at  the final
solidification of the mushy zone.

The time dependency of the flow behavior of
near eutectic composition Al-Si alloys was
characterized by measuring the shear stress
produced at a given shear rate as a function of
shear time and calculating the corresponding
torque. Figure 7 shows that shear stress at
constant shear rate was constant during the
experiment which verifies that the measurement

sample remained 100 %6 liguid.

Figure 8 shows the tlow cures and apparent

viscosity data for 99.99°%, purity zinc.
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8(a) shows that the relationship between shear stress and shear rate at constant superheat is

linear. thus demonstrating Newtonian behavior.
In Figure 8 (b). the plot for apparent viscosity
versus temperature (evaluated by Equation (4))

agreed with published values. Figure 8(b).
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Figure 9 shows measured data and power-law fits of flow curves and apparent viscosity data
(evaluated using Fguation (3)) for Al-12.5 wt®y St alloys measured with a rotational rheometer
cquipped with cone and plate. thus demonstrating, contrary to popular beliet, that molten Al-
12.3%1%, St exhibits non-Newtonian flow behavior, Figure 9 also shows that Al-Si eutectic alloy
Is a shear thinning liquid.

Figures 8 and 9 illustrate the difference in experimental results for Newtonian and non-
Newtonian fluids, It is to be noted that the measured data shown in Figures 8 and 9 are in the
low shear rate regimes characteristic of the interdendritic regions of the mushy zone during the
final stages ot solidification.

Fundamental physies suggests that i a binary alloy exhibits non-Newtonian tlow behavior then
one of the pure components should also behave similarly  In Figure 10, it is evident that
99.999%, pure Al liquid metal exhibits a non-Newtonian behavior at a given melt superheat in the
low shear rate regimes [13]. Moreover. in Figure 10. pure Al shows a shear thinning behavior in
appuarent viscosity as a function of shear rate and also shows a hysterisis in the ramp up and ramp
down stages of shear rate cycle.

Summary
The following can be summarized trom this publication.

o V\iscosity data for molten metals and alloys using the oscillation vessel viscometer is
valid if and only if the liquid has been proven to be a Newtonian fluid, unlike in the case
for Al and Al-Si alloys.

e Pure Al and Al-Si alloys are non-Newtonian tluids with shear thinning behavior. Hence.
only experiments which measure siscosities as a function of shear rates will present
accurate data for viscosities ot these alloys.

e Rotational rheometer with a cone and plate geometry has been shown to be reliable
equipment to measure viscosity of molten metals (both Newtonian and non-Newtonian)
because the measurement technique does not assume a fluid behavior.

._.
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Figure 8: Results from rotational rhecometer experiments with cone and plate for 99.99 %
purity molten Zn. (a) Flow curves and (b) Apparent viscosity as a function of temperature
[16,17,18].
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ABSTRACT

in the present study rotatonal measurement technique was used to evaluate viscosities of liquid
metals and metallic clloys Three types of measurement geometies in a high femperaturs
rotational theemeter were evaluated: cone and plate, Din Coaxial and Double Concentrnc
Cylinder (DCC) The DCC geometry proved o be the most effective. An analytical selution has
been presented to evaluate the shear viscosity as a function of shear rate for DCC geometry
The flow curves and shear viscosities of pure Al pure In and SnyssAgs sCun». solder alloy has
been evaluated as a funct on of shear rate and melt superheat temperature. It is proposed that
liquid metal systems are nron-Newtonian and shear thinning in flow behavior.

INTRODUCTION

Viscosity of liquid metal system is one of the key transport properties affecting sclidihcahon
processes such as weldirg and casting. Further. understanding viscosity and rheological
properties will enable a more n-depth understanding of the structure of liquid metal systems{t].
Current understanding of the viscosity of liquid metal systems is insufficient to understand their
atomic structure. Prior art[2, 3 4, 5] reveals that that Oscillating Vessel Viscometer {OVV) is the
most extensively used appcratus 1o obtain liguid metal viscosity data. The underlying assumption
in using an OVV is that llquid metal systems behave as Newtonian fluids. The definiion of
Newtonian fluids. suggests that viscosity of such fluids is independent of shear rate and shear
history. The fundamental assumption that liquid metal systems behave as Newionian fluids(1]
has not been verified or validated. Hence, there is a lack of understanding for the rheological
behavior (flow behavicr} of liquid metal systems.

The shear rate experienced by liquid metal in an OVV is not uniform: both in the spatial and
temporal regimes. However the viscosity measured over the range of shear rates is reported as
one value for the liquid mefal systems[2, 3 4, 5]. This reported vaive of melt viscostty s
meaningful if and only If the liquid exhibits a Newtonian flow behavior. Lately. if has been
reportfed that cerfain metal systems may not behave as Newtonian fluids{7.3,9}. Hence there is
an urgent necessity to re-evaluate our undarstanding of the viscosity of hiquid mefal systems  This
may be achieved only by a thorough understanding of the rheological properties of such
systems.  Rheological evaluation by rotational rheometer is a viable technique to evaluate
viscosities of liquid metal syvstems. However net all measunng geometnes that contain and
shear the sample liguid in a retafional rheometer are viable, Only measuring geometnes that
present a nearly uniform shear rate (in both spatial and temporal regimes) in the hiquid that is
contained and sheared is viable fo evaluate rheology. With a suitable measuring geometry
viscosity can be evaluated for specific shear rates and shear history. Such evaluations are not
possible n an OVV. There are three viable geometries to evaluate viscosity and flow behavior of
liquid metal systems in a rotational rheometer. cone/plate, DIN co-axial cylinder and Double
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Concentric Cylinder (DCC). In this publication, these three measunng geometnes have been
crtically analyzed and it has been proposed that the Double Concentric Cylinder (DCC)
geometry is the most practical option to measure rheoclogical properties of liquid metal systems,
especially for low viscosity liquids. Experiment results for rheclogical properties for water $2000
standard liquid, pure In, pure Al and solder alloy (Sn-Ag-Cu) systems using the DCC measuring
geometry are presented in this publication.

BACKGRQUND

There are many experimental methods avalable for viscosity measurements, however, for igud
metal systems we are limited by the high melting temperature chemical reacthvity. oxidation
characteristics and low viscosity values. The most prevalent techniques for measuring liquid
metal viscosity are Capillary, Rotational. Acoustic, Oscillating Vessel and Oscillating-plate
Methods. lida et al[l] have explained the details of each of these various methods The
Oscillation and Rotational methods are elaborated in this section

Oscilluting Vessel Viscometer (OV'1)

Figure 1 (a) represents the schematic of the OVV [7]. In the OVV a preset torque pulse is applied
to the fluid sample in the container shown in Figure 1 [a). The liquid then experiences a
continuously dampening oscillatory mofion about a vertical axis The viscosity of the liquid is then
evaluated by solving the goveming second order differential eauation of motion {10] given as

Equation (1).

l'd s
(I o, {i{@@ F2A ﬁg-@ul ALY A1) =0 0
ar /

T

in Equation (1), Ihis the moment of inerha of the emply vessel or crucible, oy is the angular
frequency, gl d is the angular displacement Avis the damping parameter and 1 is dimensionless
time.

Despite simphcity of construction, the mathematical equalions used 1o describe the oscillatory
movement of the crucible are complex and presently there is no reliable mathematical
procedure available for solving them[1] Some of the popular mathematical modeis are the
Knappwost Equation[11]. Shvidovskii Equation{l] Roscoe Equation[12] , and Kestin & Newell
model[2]. Among these malhematical models, a modified version of the Roscoe Equation
provides the most accuraie values of viscosity for Newtonian fluids [1]  Maodifications to the
Roscoe equation involve a correction factor fo account for the end effects caused by the
curvature of the iquid metal at the free surface

The graphical schematics of the variafion of shear rate experience by the continuously
dampening oscillating liguid in an OVV are shown in Figure 1 {b) and {c) wherein, the shear rates
are non-uniferm in both the spatial and temporal tegimes respectively. If the measuring liquid
exhibits a Newtcnian flow behavior, then these variations in the shear rates are acceptable and
will not haven any influence on the viscosity value of the liquid. However, when the measuring

'Cannon $2000 1s a certified viscosity fluid developed and marketed by Cannon Instrument Company,
State College. PA, USA http //iwww cannoninstrument com
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hquid is non-Newtonian, the shear rate variations in the OVV will affect the evaluation of the
viscosity values, since viscosity varies as a function of applied shear rate in the liquid
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Figure 1. Schematic of a typical (a) Osciliating Vessel Viscometer (CVV) (b) the spatial vanation
of shear rate, and {c) the temporal variation in shear rate

The OVV technique is not a suitable technique to evaluate whether the liquid s Newtonian or
not Hence, using the OVV rechnique inherently assumes the measuring liguid to be Newtonian
We have shown [7] in our recent publication that the measured values of viscosity of hquid Al by
various researchers during the second half of the 20" century exhibits a 400% variation in the
evaluated viscosity data and all the data were measured by the OVV techmigue  Simuar
variations have been reportzd for iquid Fe. In and Cu as well [3.4,5]. One of the main reasons
for this variation 1s that it has besn a prevalently accepted assumption s that hguid metals are
Newtonian in nature[1]. Thic assumption had not been experimentally verfied Confrary to this
popular assumption, recent atomishc simulations of shear viscosity of liquid metals and alloys

~
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under vanous shear rates have shown that liquid metals may not be Newtonian in nature [9]
Further, a few recent experiments on shear viscosity of liquid metals have also shown that these
systems are not Newtonian fluids. Hence, OVV technique is not suitable to measure viscosities of
iquid metals  The rotational technique is more suited for measuring liquid metal viscostties
because the technigue makes no assumptions about the nature of the fluids and evaluates the
viscosity as a function of shear rate experienced by fhe liguid.

Rotational Rheometer

The pnnciple of rotational rheometer involves filling a measurement container geometry with the
Iguid sample of pre-determined volume exposing it to specific angular velocity for given
lengths of fime and measuring the resultant torgue. A specific torque can also be appled to
the liguid and the resultant angular velocity measured. The applied angular velocity or torque
can be constant or function of time depending upon the rheometer and the experiment The
shear stress t, and the shear rate, y are evaluated from the measured torque, T and the
measured angular velocity, o, respectively It must be ensured that the applied angular velocity
or toraque should only result in a laminar and stable flow of the measured liquid Depending on
the measurement geometry, there are specific mathematical expressions to evaluate the shear
stress and shear rate from the measured torque and angular velocity respectively The shear
viscosity of the liquid is evaluated as the ratio between the shear stress and the shear rate. In the
case of liquid metals and alloys, where in the assumption of Newtonian behaviour is not valid,
the ideal geometry for any rheological study is one which imparts constant shear rate o the test
liquid. There are three geomeltries. which approximately lend themselves to the constant shear
rate critena with various levels of accuracy, repeatability ease of measurement and shear rate
regmes: the cone and plate, DIN coaxial cylinder and the Double Concentric Cylinder The
specific details and the mathematical expressions for the three geometries are presented in the
following sections.

Cone and Plate Measurement Geometry

Theoretically, the cone and plate is the ideal measurement geometry for rotational rheometry
wherein a constant shear rate in the liguid 1s desired: Figure 2 shows o schematic of a typical
cone and plate measurement geometry. In Figure 2. R 1s the radius of the base of the cone, z is
the fruncaticn of the cone tip. 0is the cone angle The cone tip truncation should be about 50
to 100 um and the cone angle should be less than 4°[15]. The mathematical expressions to
evaluate the shear stress and shear rate from torque and angular velocity, respectively, are
presented in Equation (2).
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Figure 2: Cross-section of Cone and Plate measurement geome'ry. The liquid is contained
between the rotor and stator
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Where v is the shear rate expenenced oy the fluid sample, 6 is the core angle o is the

velocity with which the cone s rotated R is the radius of the cone, Tis the forque and t s the
shear stress. Shear viscosity is evaluated as the ratio of shear stress over shear rate at a parficular
value of shear rate. Althcugh the cone and plate is the most accurate method to evaluate
viscosity, there are two major prachcal issues in carrying out reliable experiments with this
geometry  Fustly, manufacturing a cone which is chemically inert to the sheared hguid metal
precise in the measurad cone angle and precise in the tip fruncation is quite tedious  Further
accurafe measurements of the cone dimensions are not easily possible [13]  Secondly. loading
and contanment of a liguid metal sample in the cone and plate geometry is also prachically
tedious. Lquids exhibiting a low viscosity vaiue further exacerbate this problem  In experiments
carmed out with the cone and plate measuring geometry, the success rate in obfaining <
reliable sample loading and containment with the cone and plate geometry 15 about t&n
percent  Even affer a suczessful loading of the sample. the experiments will be imited to only
low shear rate regimes

DIN Coaxial Cylinder Measurement Geometry

The disaavantages in the cone and plate geometry were margnally overcome by the DIN
Coaxial Cylinder design. ~igure 3 shows the typical cross-section of the DIN Coaxial Cylinder
measurement geometry. In figure 3, the problems of containment and loading in the cone and
plate geometry were overcome by creahng an outer vertical wall on the plate to form a cup
(annular region).. This method is particularly suited for low viscosity liquids measured at low shear
rate regimes. Experments showed that the sample spillage was considerably aileviateda but not
eliminated. Expernments with vanous cone angles (2° to 4°) of the rotor showed that there was
always a persistent centnfugal force on the liguid sample in contact with the cone surface thus
eventually pushing the liguid out of the geometry to cause spillage. The main consfrant of this
measurement gecmetry is that the spillage was unpredictable and that expenments could not
be canied out for extended pericds of ime due to eventual spillage of sample,

< Rator

i L - stator

—y X -

Figure 3: Cross-section of DIN Coaxial Cylinder measurement geometry The hquid is contamead
between the rofor and stator,
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fo obtain a nearly constant value of shear rate through out the liguid sample during
measurament at a particular angular velocity of the rotfor, the dimensions (R~R.) and zm Figure 3
should be minimal. Varsani et al [8] carried out experiment with the DIN Coaxial Cylinder
geometry to a2valuate viscosifies of liquid metals as a function of shear rates. The measurement
geometry used by this group in reference to Figure 3 were that height H was 32 mm, (R2-R 1} was
I mm and the cone angle was 3°. The results indicate that the viscosity values had a large
scatter for shear rates less than 400 /s and the scatter was significantly reduced for shear rates
between 400 and 2400 /. One of the critical conditicns for a reliable measurement of viscosity
in a rotational rheometer is that the sample liguid undergoes a laminar and stable flow (simple
shear) during the experiments. Taylor vortices criteria [14] presents a evaluation of the critical
angutar velocity for specific measurement geometry and fluid viscosity over which vortices will
develop in the sheared liquid sample thus rendering the viscosity measurements unreliable.
Equation 3 presents the Taylor vortices criteria [14].

>41.3 (3]

((’)Rx )(R: - Rl) (1 _ﬂ)
[ u Vo

\( /7J

In Equation 3. o is the angular velocity of the sheared liquid, u is the shear viscosity, p is the
density of the fluid R is the rofor radius, and (R2-R.) 1s the annular gap as shown i Figure 3. The
guantifies (wRi} and {u/p) represent the peripheral velocity at the rotor/liquid interface and the
kinemafic viscesity of the sheared liquid, respectively. The evaluated values of viscosity for Al
and In by Varsani ef al [8] are about 2 mPa.s and 3.8 mPa s, respectively For the measurement
geomety considered by them [3], the critical value over which vortices will develop in the shear
liquidis 175 /s and 125 /s for Al and Zn respectively. Varsani et al [8] only considered shear rates
between 400 and 2600 /s in evaluating viscosities of the liquid metals. This shear rate regime will
present vortices in the sheared