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ABSTRACT 

f\'-'S ()r'-.J~)I.::r:y' ouch ',)3 she.)r VISCOSity ond flow curve fe), rneklliic liquid syster rlS hu" 
t,S'I-:-rI eV~]i"-loi;:~,,:j rL:re AI pur-=: ZI-I Sr-', 005<::''] solael oll':)y :JI1':J vurlC,us CJnlpc;s!tiom c,f A,I '~: 

h,:: r:)II'IIJry' ;]110'15 ,vele thr:: Instollir:: Sjotc:-rns Inl::lucJed In thiS study Hie ,:;ff~::,::t of 
1,1023 'fit a; Sr IJcLlItiur\ te: VUriOUS ,:::onlposihc;ns ,')f ,A,!':~I hypl)r::utectic blnmy Oli:}v', W':1) '=JI>~I 

Irh::iudec in t[-II:' sluely I~ur the AI:), ollcy') the vIscosity and flow curve weir:: e'/o;'.JoL::::rJ (T, 

rJ flJn,.::tlon of (neil s,;oerr:eut tr.::n~peroTue SI cornposliion and shr::or rote e~pefit~rV::0 t)'f 

tr·e illlulCL 1\ rOir,]t;or;ol rheometer wos .:Jr::vei')ped with (] nl~jl, temper',1ture 
e~:{ill)nrnentol f,,)rn'Y::e for thiS study Three type) ')f rneoc;uren,ent gec,rneiry W(:elt'-; 
evoiu(.lft::<l: CGile ~,n,j Ie Dill COClxia l unci Dr)ublt" Concentflc r~vi!nder IC}I,~C) 1~',6 

DeC ge(xnetrv hos oe'3n pr::,pose:::J os thF:: most proctlcol ge~)rnetr,/ fcY liqulrj rneloi 
'/iseosit';! rneosulemenl in r0tnti<'::lnol rheorner'C:r, Anolyticol solutl\,jt'l to evoiuate v:C;CCi:,lt'l 
'<'lith the ro1oll0110 1 rfie0meter equlpptc:d with DeC rneosurernent geometry hI]:' Obe:n 
PI()~ly;ecj F'.JfTI~I<:::r, trie crltieallfJax,imurn oliolNoblFO' ')nguiar velocity fer relior.Jie v'ISCl:~lj>, 

e'lol')oIIOr, has ()Ic,,) t~,een prop,-)sed for this system, It nos been concluded trl,) I contrOI'y 
to popular oellc:t liqUid nlr::toi systems are non-Newtonion all'] sn8ar tf'innlnr;:J lil'I':1S TrlF:: 

effe'::::t of SI ')I" trie vi~ec,ity c'f ,A,I-Si r'l'y'poeutectl': alloys have been quolitified os J 

function of ~ne(jr r']ie Clnd mel! -;uGerr,eol temperatures, Futrier it h'-ls been ccncilyjeCl 
tt-1al SI oddition k:: f\I-SI alloys significantly ~)iters the vi,cosi+y' and tr-e melt at I,)w n'ei! 
sLPerhefJt tpn;peratures 
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EXECUTIVE SUMMARY 

.~lu/l1inum (AI) is the second most widely usea metal other than Iron with increasing 
usage each ye'=lr in Hie form of vmious AI based alloys [1). Among AI alloys AI-Si 
hypoeutectlc alloy; are most extensively used for casting components in Automotl'le 
and Aerospace industry The widespread application can be attributed to factors such 
as high strength to weight ratio, excellent castability and good p;::;rformance properties. 
Canada is one of the key global players in AI industry. It hod a market sh'=lre of 15"6 of 
world exports in pure AI ingots in 1999. However the proportion of imported finished end 
semi finished good( is very high AI cast alloy products account for almost 25 0-;, of the 
global AI products used in automotive Industry. This leads to on increasing industriel 
demand for. 

• Develor:;ment of newer alloys With better mechanical and performance 
properties. 

• New or irnproved casting process to increase the efficiency, producti'/lty ancj 
reduce the wastage. 

(0) (b) 
Figure 1: Commerciol application of AI-Si binary alloys (0) 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 right of the box 
with the two phose mushy zone in between. 

Figure 1 (0) shows some typical cast components of AI-Si hypoeutectic alloys. DUring 
solidification of pure metals such as AI, the liquid transforms into solid at one constant 
temperature known os the melting point. However a binary or a mUlti-component alloy 
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-solid state. Figure 1 (bl shows a schematiC of Cl 
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typical microstructure dunng solidification of a binary hypo.:?utectic alloy, The semi-sOlid 
region dunng solidification is known as the mushy zone, The mushy zone is bounded by 
the solid and the liquid and the heat is extracted from the liquid through the mushy zone 
orod subsequently the solid phase, 

Figure 2(a) shows the complete phase diagram for AI-Si binary alloy system, The eutectic 
reaction where In the liquid phase solidifies Into a two phase solid alloy at an Invariant 
point in temperature (578 DC) and Si mass traction (0,125) is shown in Figure 2(a) and 2(b) 
The eutectic reaction for AI-5i binary alloy system is given by Equation (1) 

L iq u id --)----' S_u_C_Cl_n_d_U_l_2_5 _m_Cl_ss_f_ra_c_tlL_'n_S_-I_~) a ( A!) + Sf 
(I) 

fhe alloys with Si content less than eutectic composition are termed hypoeutectlc and 
the alloys wit,1--) 51 content greater than eutectic composition are termed hypereutectic, 
Most commercial AI-Si alloys fall In the hypoeutectic region, Figure 2(b) shows the 
mognifled phase diagram of the hypoeutectic alloy region, Si has a maximum solubility 
(0,015 mass fraction 5i) in solid AI at 578 DC (eutectic temperature) and the alloy of AI 

with soluble Si is referred to as the pnmary u.(AI), 

r, _____ ~~_~ __ ~~ _________ ~ ____ ~ ____ ~" 

, ; 

I '53 ' 

I) 01 01 G3 0& 0:1 0," 07 os Q<t 1 11 11 13 1~ 1S 

(a) (b) 
Figure 2: AI-5i binary alloy phase diagram, (a) the complete phase diagram for ° to I 

mass fraclion 5i and (b) magnified region showing the hypoeutectic alloy 
between ° and 0,125 mass fraction 51. 

Let us consider the solidification of a typical AI-7masso.; Si alloy, When the cooling liqUid 

intersects the liqUidus line (Figure 2(b)), the primary a(AI) phase evolves during start of 
solidification, As the liquid solidifies in the two phase mushy zone between the liquidus 
and eutectic lines (Figure 2(b)) the volume fraction of the primary aluminum phase 
increases With decreasing temperature: and at any specific temperature In the mushy 

lone, the liquid just ahead of the primary a(AI) phase will have a composition given by 

the liquidus line at that temperature and the composition of the solid (1,( AI) phase 
evolVing is given by the solidus line (Figure 2(b)) at that temperature, At the end of 
solidification of the mushy zone (temperature at eutectic line) the composition of the last 
liqUid just ahead of the solidifying primary AI phase is given by the eutectic composition 
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and the composltlcn of the last solidifying pnase IS given by Hie intersection of solicJus 
and eutectic lines. Hence, during solidification of any hypoeutectic AI-Si alloy the mushy 
zone Will have liqUid compositions ranging from the eutectic compositior at the Interface 
of the mushy zone with the complete sOlid to the composition of the alloy at the 
Intersection of the niushy zone with the complete liquid phase. Figure 3 shows a tYPical 
schematic of thE: microstructure of AI-SI hypoeutectic binary alloy. 

Solute 
Concen tratiotl 

Gradiert 

Uquid 

Mushy 
lone 

Solid 

Figure 3: TYPlccl sC:iematic of the microstructure developed during solidification of AI-S! 
hypoeutectlc 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 It IS 

well known that volumetric shrinkage occurs during solidifying of the liqUid to the pm'nary 
u(AI) dendnte The liquid in the inter-dendritic region fills thiS shnnkage to avoid cavltl,:;s 
(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 cavltiE:s 
Simulation of micros tructure and defect formation in these oIloys will greatly enhanCE: our 
predictability of casting component properties and perforn1ance 

The flow of liquid In the mushy zone is generated from various sources such as 
solidification shnnkcge and buoyancy caused by thermo! gradients and solute 
concentration grac ients in the interdendritic liquid [2], ViSCOSity IS one of the cntical 
parameters tho; quantify liquid flow behaviour. 

Research has been ongoing to evaluate viscosity of AI and AI-Si alloys for the past SI,\I'y 
years [3J. However, there is a 400':0 spread in the reported values of Viscosity for these 
alloys [3], The main reason for the spread is that most expennients were carried out In an 
Oscillation Vessel Viscometer (OVV) which inherently assumes ihat the AI-Si liquid sample 
has Newtonian floVv behaviour. Newtonian fluids have a constant vIscosity irrespective of 
the shear rate experienced by the liquid [4] However, this assumption has not been 
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verrfled or validated. Only few techniques such as rotational rheometry can evaluate 
'/iscosity for one specific shear rate experienced bv the liquid There have been recent 
fundamental simulation carried out uSing Non-Equilibrium Molecular Dynamics (NEMD) 
which have shown that liquid metal systems may exhibit non-Newton Ion and shear 
thinning behaviour [5.6]. Shankar et 01 [7] have shown by experiments that AI - 125 wta;; 
51 alloy may exhibit a non-Newtonion and shear thinning flow behaviour as wei!. 

The aim of thiS prOJect is to evo!uate the rheological ond atomistic charocteristics of tile 
AI-5i hypoeutectic olloys. The project hus been initioted in two phases carned out in 
tondem: one to evoluate the rheologicol properties vio rototionol rheometry ond the 
second to carry out otomistic charocterizotlon of the structure of liquid AI-Si 
hypoeutectic ollovs by diffroction experiments with ne'Jtron ond high energy x-roy 
(synchrotron) beams, The present thesis forms 0 part of the first phase of the project 
where In the viscosity volues of these olloys were evaluotecL 

The following presents the objectives ot this study: 

• Design ond develop 0 high temperoture rototionol rheometer equipped with on 
environmentol furnace copoble of reoching temperotures of over 1100 K. 

• Develop meusurement geometry to contoin the sheared liquid such thot the 
shear rote experienced by the liquid at 0 specific ongular velocity IS unifolm 
throughout the liquid. 

• Evoluate the viscosities of pure AI and /\I-Si hypoeutectic alloys. 
• Evaluate the effect of Sr addition of around 0,02 wt~ to AI-51 hypoeutectic allovs 

III the first phase of the project on i\R2000' rotationol rheometer with on environment 
chamber was commiSSioned. A furnace copable of reaching 1100 K was designed and 
installed in the enVIronment chomber. The chamber was purged with ultro high purity « 

2 ppm oxygen) Ar gas at 5 litre/min to minimize oxidotion of the liquid metal 

Three measurement geometry systems to contoln the sheared liqUid metol were 
considered: the cone and plote, DI~~ Coaxiol Cylinder and Double Concentric Cylinder 
(DCC). Several of these geometries were mochined from various metols and ceramics 
to ClScertain the chemical reactivity with molten AI olloys. The cone and plote geometry 
IS theoretically the most SUitable to carry out experiments as the shear rate In the liquid at 
a speCific ongulor velocity is uniform throughout. However, this geometry co used 
spillage of metal due to the absence of any woll to protect the rotating liquid [3] Only 
obout ten percent of the experiments carried out with the cone ond plate geometry 
were successful. The DCC geometry mochined with the Cotronics 902: machinable 
ceromic proved to be the most proctical Subsequently viscosity experiments in this 
project were carned out with the DCC geometry. Detolis of the geometry selection ond 
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' liquid Further. viscosities of Pure AI. pure Zn and a low melting 

Advanced Rheorrieter. T A Instruments ~·Je'v\ Castle. DE, USA http //WVVW +alnstruments com 
Cotronlcs Corporation. Brooklyn ~JY. USA http'//www cotronlcs.com. 
Cannon S2000 IS a certified viSCOSity flUid developed and marketed by Cannon Instrument 
Compan'( State College PA, US,A http /iwww.cannonlnstrurnent com 
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Sn o'Jseci ,oider ;:]110), were evaluated to verify the repeatabilny of the I-heometer 
Subsequently. AI-Si olloys of varlGUS hypoeutectic compositions W8r8 pl'epared onci cost 
Int) hollow cylinder; for viscosity evaluation. The experiment rnoteriols and procedures 
along with th8 results and discussion are presented in subs8quent chapters of this t[-;<:::)I; 

This study IS part ot u collaborotlve project among Light Metal Costing Pes80rch Center 
[LMCRC) at the McMoster University. General Motors of Canada ond i'Ja~ional SClenu" 
and Engineerin~j Research Council [~4SERC) of Canada 

Hlis Hlesls is presented os a consolidation of four publications tr.al were written os a part 
of this project 

Author's Contribution to Publications 

The follOWing ore the contributions by the author of this theSIS to 011 th8 tour oubllcatloriS 
Included 

• Review prior-art. 
• Design and assemble rotational rheometer. 
• Design. develop and manufoclure meosurement geometries 
• Prepare and cost alloys: and subsequently prepare samples for rheoilletrv 
• Carry out rotallonol rheometry experiments. 
• Review ond consoliciate rheometry dota . 
• Analyze results. 
• Write dlscus;ions . 
• Prepare publication manuscripts. 

The details of each publication are given below' 
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PUBLICATION A 

lTitJe: How to memure viscosity of liquid aluminum ALLOYS? ---1 
I Authors: Mohammad J'v1lnhaJuddin Malik~ Guillaume Lambotte", Mohammed S 

_~___ i Hamed§, Patrice Chartrand'~ and Sumanth Shankar3 ----i 
i Publication: i: 2nd International Symposium Edited by Paul r--~. Crepeau 1\1urat Tiryakioglu ! 

l---------~J and John Campbell TMS (The Minerals. Metals & Materials Society). 2007 __ J 
i Objectives: ! Introduce rotational rheometer os viable technique to evaluate viscosity , 
~ I of liquid AI all_Ql'l.. ________ ~ __ 

l_Details~ ___ l. co~~ored Experimental efforts to evaluate viscosity of AI alloys ____ _ 

I Conclusion: I· Oscillating Vessel Viscometer (OVV) is unsuitable to evaluate viscosity 
! I of liquid metals. 

I

• Liquid AI-Si eutectic alloy seem to exhibit non-Newtonian and shear 
, thinning behaviour. 

PUBLICATION B 

Irltle: Rotational Rheometry of Liquid Metal Systems: Memurement Ge'Jllletry 
I Selection and Flow Curve AnalyLs:.:.:is:..:.. ____________ ~ 
~-
: Authors: Mohammad Minhajuddin Malik~. Manickaraj Jeyakumar§ Mohammed S 
I I Hamed~, Michael J Walker:" Sumanth Shankar§ J 

Publication: -TShape CastingJoumal of Non-r--Jewtonian FlUid MechaniCS, (Submission in ! 

I S8 tember 2008 I 
jObjectives: Optimize the measurement geometry desig;-. --------------1 
I

lL I Evaluate flow behaviour and viscosity of liquid AI. Zn and Sn solder i 
, alloy. _______ ~ 

i Details' I. Three measurement geometries were evaluated ! 

II

I . I: gl~n~~~~;I~:~nder 
I

I • Double Concentric Cylinder (DCC) 
,. Flow curves and viscosities of liquid AI, Zn and Sn solder alloy were 

evaluated. 
I Conclusion: r Dee is most practical measurement geometry. 
I · Liquid AI, Zn and Sn solder alloy exhibit non-Newtonian and shear 
: ________ L thinning behaviour _________________________ 1 

i-of" 

Centre fer Solidification & Ther'1lai Pr0cessing (CSTP), McMaster Unlversitv Hamilton, or~ 
Canada L?H 2E8 
Centre for Research If", Computational Thermochemistry Department of Chemical Engineering 
Ecole Poly technique Montreal, QC Canada H3C 3A7. 

General Motors Michigan, USA 
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PUBLICATION C 

~-----~ 

Title: ____ I Rheology of liquid AI and AI-Si Hypoeutectic alloys ~~ __ 
I Authors: II Mohammad Minhajuddin Malik\ Manlckaraj Jeyakuman, Mohammed S 
, Horned'l, Michael J Walker" Sumanth Shankar'l 
lP~biicOtiOn~ Material Science Engineering, (Submission in-'--S=e-p-t-e-m-b-er 2008) ~----j 
: Objectives: i· I::valuate viscosity of AI and AI-Si hypoeutectic alloy os a function ot ! 

I ,~;hear rate and melt temperature. 
'~-~-~-T 

: Details: I. Viscosity of Hypoeutectic AI-SI alloys were evaluated for 3wta;" 7wtO
; 

! 

i Conclusion: I. 

I I 
I I • 
I i 
I I 

I ! • , , 
____ ~ __ L 

PUBLICATION D 

10wt% and eutectic (12.Swt% )SI composition ai four Individual mE:'lt 
:,uperheat temperatures uSing the Dee measLJrerl',E;nt geometry. 
Shear rates between 0.16 and 467 S' were used in tne stu<tL ____ ~---J 
Ijquid NSi eutectic alloys exhibit non-Newtonian and shear thinning 
behaviour. 
1~1-7 wt% Si show the least Viscosity at all shear rates and temperatures 
among the alloys investigated. 
'/iscosity of each alloy decreases with temperature for all shear rotes 
iJnd agreed with Andrade's equation. 

iTitte-: ---=-1-Effect of Sr Addition on the rheology of Liquid AI-5; Hyp~)eutectic Alloys -=l 
I Authors: -r Mohammad Minhajuddin Mallks, ManickaraJ Jeyakumar~, Mohammed 5 
I ~Hamedfj, Michael J Walker" Sumanth Shankar§ 
[pubiicatlOrl: +-Scipta Materialia, (Submission in September 2008) 
I Objec;live~ __ l· [valuate the effect of Sr addition on AI-Sthypoeutectic alloys, 

I 

Details: I· Rotational rheometry with Dee geometry was used to evaluate I 
II effect of 0,02 wt% Sr of viscosity of AI-Si alloys with 7 wt%, 10 wt% and II 

I : 2,5 wt% (eutectic) Si content at four individual melt superheat 
I I temperatures. 
b----L :;hear rates between 0.16 and 467 5-1 were used In the study. ~ 

I Conclusion: I· Sr addition to AI-Si alloys increased the melt viscosltv significantly at 
I low melt superheat temperatures. 

I I· ~;r addition does not affect viSCOSity of pure AI 
1 I ,~1-7wt% Si alloy showed the highest viscosity and till:; highest change 
L 1_~_IC1. viscosi!'Lafter Sr addition to the melt, 

7 
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HO\V TO l\IEASlJRE VISCOSITY OF LIQUID ALUlVllNUIYl ALLOYS,? 
[\!olummad MinhajuJdin Malikl. Guillaume Lambotte2 
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Key \\ords. Viscllsit), Rheometer. Aluminum. and AI-Si allo) 

Abstract 

Viscusit) of liquid Al and Al-Si alk)ys are critical to better understand the solidification and 
porl)~ity formation ill the mu:;hy Lone to\\arc!s the end of soliditication of the allo). In this 
paper. \ iscosil:V data from the literature for AI and AI-Si alloys are presented along \\ ith the 
dra\\'backs ot' th\..' most pr~\'aknt technique used to e\ aluate \ iscosity - the oscillating \ essel 
\ iscometer. Experim~ntal techniques using an alternative rotational rheometer equipped \\ ith a 
cnne and plate mea:-;uring Seomdry an: presented along \\ith results of tlO\\ characterization of 
molten Zn and AI-Si allJ) s. The results shcm that molten Zn exhibits l\e\\tonian tlo\\ 
characteristics and molten ~l-Si eutectic Jlloy exhibits a non-[\;e\\ tonian behc1'lior Jt \Jriuus melt 
superheats and 10\\ shear rate regimes 

Introduction 

.\I-Si alia) s are the most \\ idel) llsed allo) s in the automoti \e and aero:-;pace casting industr). It 
is critical to full) understand the tlo\\ characteristics of these allo) s since the rheological 
properties of the liquid influences the tilling of the mold cmity and feeding the mush) zone 
during solidification. l fnderstanding the rheological properties of AI-Si allo) s \vill help Je\elop 
robust predictive models ~;imLllale the e\'olution of microstructure. porosity tl.rmation and hot 
tearing tendencies in the mushy zone during the tinal stages of alloy solidificalion. One ()f the 
kc) rheological properties of liquid metals is apparent viscosity. 

Figure 1 pre:-;ents a comprehensive graph tabubting most of the anilable date for the \iscllsity of 
pure Al. It is evident ill Figure 1 that there is a -+()O~ ° spread in the data a\'aibble in the literature 
todJ)' [1]. Figure:2 presents similar tabulation of \ iscosity dJta for \ anous compositions of AI­
Si alloys. Figure:2 shc)\\s a 100°0 spread in the data from literature [1]. On'r ninety percent of 
the daLl ShO\\1l in Figurt's 1 and :2 \vere obtained using the oscillating vessel \ iscometer. 
Although the data \\as acquired hy criticJlly controlled experiments. then: is a brge spread in the 
repurted \ alues of melt '.iscl)sit). This ma:v not be full) attributed to differences in the 
mathematical formulation and experimental errors. rhe shear rate experienced b) liquid metal in 
the oscillating \essel \'isco'11eter is not unifclrm both in spatial and temporal n~·gil1les. filme\ er. 
the \iscosity is measured o\er a range of she::!r rates and reported as one \altle for the liquid 
metal O\'er the entire spati.11 and temporal regimes for the experiments. This reported \ al LIe 0 r 
melt \ iscosit) IS meaningflll if Jnd only if the liquid exhibits Ne\\tonian tlO\\ beha\ inr. In other 
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\\urd~, the reported values of \ iscosit) in figures I and 2 [2] are \alid onl) if the \iscosit) is 
independent of the shear rate experienced hy the molten metal. However. if the liquid metal 
e."\hibits nnn-Ne\\ tonian hehm ior, a singular \ alue of \ iscosity for an entire shear rate regime is 
not accurate. I herefore, \\T believe that the spread in reported viscl)sit) \ alues Shl)\\ n in Figures 
I and 2 may be due to an innate t1aw in 
the assumption that liquid Al and AI-Sl 
alloys e."\hibit Ne\\1onian 110\\ 
hehavi(lr. Furthec there IS no 
e."\perimental e\idence in the literature 
toju'iti(\ a.n assumption of Ne\\ionian 
or non-Newtonian 11cm beha\ior of Al 
and :-\I-Si alloys Hence. the llse of the 
nSL'illating ,'essel \ iscomder may not 
lend itself to accurate evaluatilln of 
mdt yiscosities of liquid metals 
c."\hibiting non-Newtonian 110\\ 
characteristics. 

[n this paper. we \\ i II present 
experimental eyidence to sho\\ that. 
contrary to popular belief: pure Al and 
AI-Si alloys exhibit non-Ne\\tonian 
tlO\\ beha\ior, Further, an alternate 
e."\perimental sc heme using a 
rheometer tltted \\ ith a cone and plate 
measurement geometry \\ ill be 
presented to evaluate, more accurately, 
viscosities of molten metals e."\hibiting 
non-I\e\\tonian tlO\\ characteristics. 

Viscosity of Molten Metal 

Pre\ alent \ iscosi t) measurement 
techniques rllr molten metals and 
~lilo) s include the capillar) method. 
oscillating \ essel method. rotational 
method. oscillating plate method, and 

~ 
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Figure 1: Reported viscosit} data of pure liquid 
aluminum at various temperatures [2/ 
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Figure 2: Viscosit}, data of liquid AI-Si aHoy;; 12] 

acuustic method. The oscillating' essel \iscometer is the most pupular among these techniques 
accounting for mer l)()O 0 of the reported data fur Al allo) s sho\\ n in Figures I and 2. llJ 

[n the oscillating \essel viscometer the tluid sample in the cruci hie l)r \ essel is set in oscillator) 
motion aboLlt a \ertical a."\is by appl) ing a set torque pulse, The torque \\ ill create an oscillatur) 
I11l1tion of the vesseL \\hich \\ ill e\ entually damp out. primaril) by frictioml energy ahsorptllm 
and \ iSCOllS dissipation \\ithin the liquid. ~Ihe \'iscosity of the liquid is then calculated by 
S(ll\ ing the gowrning second order differential equJtion of motion Shll\\I1 in Equation (I) as 
presented by Wang et al [3]. 
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(I) 

Where /'1 is the moment 01' inertia of the empty \ esse! or crucible. (')\1 is the angubr frequenc), 

jJ( rJ is the angular displacement. ~\II is the damping parameter and r is dimensionless time. 

It is the nwst prd'erred mdhod t~)[ \iscosit) measurement of liquid metals due tll the ease and 
accurac) in measuring the time period and decrement of oscillations. In addition. the genmetr) 
of the cylindrical crucible used is in wnge of 50 ml11 to 1.25 111m in height and l~ mm to 50 mm 
ill intern~t1 diameter. \\ hic:1 ;.11so leads to a relati\d) stable temperature profile throughout the 
sample r llf ~ 1-

Despite simplicity of construction, the mathematical equations used to describe the oscillat()ry 
movement of the crucihle are complex and presently there is no reliable mathematical procedure 
a\ aibble for sulving them [5 j. One of the major reason:; for the spread in \iscosit) could be 
difkrences in mathematical models llsed to rdate the experimental parameters to \ iscosit). I he 
m:ljor mathematical model s are I(napp\\ ost" s Equation r 6], Shvidovskii' s Eq uation [7]. Roscoe' s 
Equation [R I and the h.estin & Ne\\ ell model [9]. Among these mathematical models telr The 
oscillating \Csscl viscometer. according to Iida et al [4]. the Roscoe Equation provides the most 
accurate \ alues of \ isellsity. Ho\\ever. the 
ahsolute Roscoe l'qu<Jtion needs further 
nwdification hy means cf correction factor to 
account for the end effects caused hy the 
cun ature of the liquid metal at the free surface 

r 4l· 

One uf the main assumptions in using the 
oscillation vessel viscometer and de\ eloping the 
mathematical models is that the liquid metal 
exhibits Ne\\tonian tlow heha\ ior. Figure 3 
sh()\\s a typical schematic graphical 
representation of variation of shear rate of the 
liquid metal as a function of time and position 
within the oscillating \ess.:!. Figure 3 (a) shows 
that the shear rate periodicall) decreases owr the 
entire time of experiment due to the \iscous 
damping of the liquid. Figure 3 (b) shows that 
shear rate continuousl) inl:reases from the centre 
of the oscillating vessel to the \\~dl of the \esse!. 
Hence, the shear rate .Jf the liquid in the 
oscillating \ esse! is not a constant at any instant in 
time or position in space. To present a singular 
\alue ui' \'iscosit) for such an experimental set up 
\\ ill entail the assumption that viscosity of the 
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Figure 3: Schematic g,'aphical 
representation of the variation of shear 
rate in an oscillation vessel viscometer. 
(a) Temporal variation and (b) Spatial 
, ariation. 



liquid metal is independent of the shear rate (Newtonian tlo\\ heha\ ior). Hence, to accurately 
e\ aluate \ iscosities Dr liquid metal sho\\ ing non-Ne\\tunian dependence on shear rate all 
altt:rnate e\.pcriment technique \\ ill haw to be adopted. A suitable kchnique is the rotational 
rheometer apparatus equipped \\ itb cone and plate measurement geometry. 

Rotational Rheometer 

The hasic principle is to apply a knu\\n rotational torque te) a ti",cd \ulume of liquid metal and 
measure the angular velocity attained by the liquid volume The ntlue of angular velocity is then 
converted to shear rate e'(perienced by the liquid ndume b) a simple mathematical e\aluatic)Il. 
The shear stress distribution in the known \'olume of liquid metal is evaluated from the rotational 
torque applied in the experiment. A graphical plot between the shear stress and the shear rate 
termed as the' flo\\ cur\ e' is obtained as output from the rutational rheometer experiments [ 10 J 
The slore uf the t1()\\ cline represents the 'apparent \ iscosity' of the liquid metal sample, The 
term 'apparent viscosity' \\as llsed instead of 'viscosity' because of the dependence of \ iscosit) 
on the shear rate, The Llcm curvc for liquids e"'hibiting ]\;c\\ tonian now behavior is a straight 
linc with slnpe (apparent viscosity) independent of shear rate. Ho\', ever. the flo\\' curw f(ll" 

liquid~ exhibiting non-Ne\\ionian flo\\ behavior is not a straight line and the slope (apparent 
\iscosity) \ aries as a function of shear rate. 

Figure 4 cC'mpares 
schematic~ of an l)scillating 
\ iscomder ::md a rotational 
rheometer equipped \\ ith 
cone and platt? measurement 
geometry r J 11. Table 1 lists 
gOyernlng 
equations 

mathematical 
felr this 

measurement geometry and 
for t\\O others, the cone and 
plate, and the cup and bob, 

A predetermined \l)iume of 
metal is subjeckd to shear 
bet\\ een the measurement 
components of the n,tational 
\'iscometer. Shear can he 
held constant or \aried \\ ith 
time depending OIl rheometer 
and desired experimental 
conditions, This shear causes 
a laminar flo\\ in the liquid 
sample [12 J. The measured 
torque, T and the measured 

angular \ e1oeity, (Ii are then 
com erted tL) shear stress, rand 

r, rl"U'\.\\{ 
"'" <;"1-" n 1_,) 
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Figure -k Schematics of (a) Oscillating vessel 
viscometer [11] and (b) Rotational rheometer equipped 
"ith a cone and plate measurement geometry, 
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"hear rate.,I. rl'~pecti\ely. (Equ:ltions (2) tn ()I shcl\\ the mathematical formuLltions for a cont' 
and plarc me:l:-,uring geull1l'try. 

CDxr (!) 
y=---~--..:::: -

r x tan8 8 
(For small (l) 

Nt'\\tUl1i<'lI1t1uid:,,~ T = .Ay 
A II 

Nnn-Ne\\ tonian tluids ~ r = ; r 
( -l ) 

(5 ) 

rbe slope 0 f the plot bet \\ een r ami I (tlcl\\ Cll[\e) repre:"ents the apparent viscosi 1) 0 f thc IIq uiJ 
meui. Fur Ne\\ tunian tluids. A in Equatioll (-l) is the apparent \ iscosit) and for n(ln-~e\\1onian 
t1uids (.1 ) in Equation (5) represents the apparent \ iscosity. Table I and E:p.l<ltion (3) shu\\ 

that the cune and plate measuring geometry is unique \\ hen compared to the other t\\11 
geometries in that the \c11ul' of shear rate. ;V is constant across the \ olume of the liquid metal. It 
is anI) dependant on the anguL:ir velocity and the angle of the cone. [n the cone <.md plate 
geometry. shear rate is '':01btant 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 t()[ e'.al uati ng tlo\\ heha\-i or 0 f liq uid metll sand alloy s r 12][ 13]. Apart 
rrom the advantages or t:yaluating the entire flo\\ characteristics of the liquid metal. the 
mathematics in a rotational rheometer \\ith cone and plate geometry is simpler than that in an 
oscillating \ essel \ iSCI)!11eter and presents an exact analytical solution for of the gcn ernlllg 
equations. 

Table I: Measuring geometries and respective governing equations for rotational 
rheometer. y i., the ;;hear rate experienced by the fluid sample, () is the cone angle, (,) is 

the velocity \\ ith which the cone is rotated, R is the radius of the cone, T is the torque and, 
T is the shear stress. 

~ ______ ~leasutiI1~ Geometry Governing Equation 
---

12 

~~ R 
I~~ 

(0) ;< r (0) 
(' == --- ---- -
; r x tanO 8 

For small e 

COile aJl(~ Plate Setup 
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c') x r 
I -

h 

________ ~ ___ Para"el Plate Setup ___________________________________ _ 

I 
Cup alld Bob Setup 

For annular gap 
(I) x R 

IV = ----
{f 

T = 27rR ~/{~H 

For bottom gap 
(u x r r=---

b 
R-l 

T = ~-I-'~ 
2h -------------------------

Experiments and Results 

Shanbr et al [I -1-] carried out experiments to evaluate the nO\\ cun es of pure 111 and AI~ 
I ~.5\\11)·oSi alloy using J rotational rheometer equipped \\ith cone and plate. The :1110) \\as mack 
from 99.9()CI°·o purit) raw materials by melting and casting, The aim ofthi:o, \\ork \\as to eyaluate 
the nO\\' characteristics of the interdendritic 
eutectic Equid at the final stages of 
solidi fication of the mushy zone, 

The time dependency of the t1C)\\ behavior of 
near eutectic composition .-\l-Si allo) s \\ as 
characterized by measuring the shear stress 
produced at a gi\ en shear rate as a tlll1ction of 
shear time and calculating the corresponding 
torque, Figure 7 shO\\s that shear stress at 
constant shear rate \\as constant during the 
experiment \\ hich verifies that the measurement 
"ample remallled 1 00 ~ f) liquid. 

Figure 8 sho\\ s the tlow cures and apparent 
\'iscosity data for 99.99°·u purity zinc, Figure 

20 

• Test I 

60 80 100 120 

Shear time (sec) 

8( a) sho\\ s that the rdationship bet\\ een shear stress and shear rate at constant superheat i:-, 
linear. thus demonstrating !\Ie\\ tonian beha\-ior. 
In Figure 8 (b). the plot for apparent \ iscosit) 
\'erSllS temperature (eva] uated by Equation (-1-)) 
agreed \\ith published vahles. Figure 8(bl. 

1-1-

Figure 7: Relationship between shear 
stress and shear time for the Al-
12.5\\ t{~ISi alloy tested at y = 0.5 S-1 and 
598°C. 



rigurc' CJ 'ihn\\ s mea~ured data and pm\ a-la\\ tib of nU\\ cunes and apparent \ i~cosity daLl 
le\alu~lted using Fqu:ltion (5)) fur :\1-12.5 ';\t"o Si alloys measured \-\ith a rotatiOlul rheometer 
cLjuipped \.\ith cone and plate. rhus denwnstrating, contrary to popular belief, that molten AI-
12.5\\ to IJ Si ~;;hihits n()I1-~k\\ hlnian tlCl\\ beh-l\·iur. Figure 9 also shows that .\I-Si eutcctic LIlll) 
is -l shear thinning liquid. 

Figures ~ and 9 illustra1e the difference in e;;perimental results fur NC\\10nian and 11()11-

Ne\\t(lnian tluiJ~. 11 is tn be noted that the measured data sho\\n ill Figures g and l) arc ill thl' 
10\\ shear rate regimes charaLleristic of the interdendritic regiuns of the 11lllsh) zone during the 
tinal st-lges of solidification. 

rundamc'l1tal physics ..;uggcsL:, that if a binary allu) e\.hibits non-Ne\\tonian tlu\\. beha\ lor thell 
one of the pure compOlltnb should alsll beha\ e similarl) In Figure 10. it is e\icknl that 
9l).99l)O (J pure AI liquid mdal exhibits CI nOI1-Ne\\tonian beha\ ior at a given melt superheat in th~ 
1(\\\ shear rClte regimes [lSI. t\lnre(1\\~r. in Figure 10. pure Al shows a shear thinmng beha\ ior in 
apparent \iscosit) as a function uf shear rate and also sho\\ sa hysterisis in tht, ramp up and ramp 
dm\ n stages of shear rate cycle. 

Summary 

I he folhm ing can be summarized from this puhlication. 

• Viscusity datI Cor molten metals and allo) s llsing the oscillation vessel viscometer is 
\ alid if and only if the liquid hus heen proven to be CI Ne\\ toniClI1 tluid, unlike in the case 
for ,\1 and AI-Si alkl\s. 

• Pure .\1 ancl AI-Si allo)s are n()n-~e\\tunian tluids \\ith sheur thinning beha\ iur. f-Ienee, 
on I) experiments \\ hich meclsure \. iscosities as a function of shear rClte..; \\ill present 
accLlwte data tl)r visc(lsilies of these CIllo) s. 

• Rutational rhcomet.:r \\ ith a COlle and plate geometry has been shu\\ n to be reliable 
c'quipment tn measure viscosity of molten metClls (hc)th Ne\\tonian and l1un-:-;e\\tollian) 
hecause the measurement technique does not assume a fluid heha\·ior. 
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ABSTRAC1 

In the pre~er:t study rotatlollol measurement technique was used to evaluate viscosities of liquid 
metals al1d rnetallic elloy, niree types of measurement geometlies in a high temperaturs 
rotational rheometer werE evaluated: cone Clnd plate, Din COClX/ClI Clnd Double Concentric 
Cj'linder (DCC) The DCC rJeometry proved to be the most effective. An analytical solutron 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 AI, pure Zn and Snl) dAg3 ~sCu'J'~ solder alloy hos 
been evaluated os a f1unct on of shear rate and melt superheat temperature. It IS proposed that 
liquid metal systems are rOIl-r"-iewtonlan and shear thinning in flow behavior, 

INTRODUCTION 

VISCOSity of liquid metal system is one of the key transport properties affecting solidification 
processes such as weldw g and casting. Further. understanding viscosity and rheologlcol 
properties will enable a more In-depth understanding of the structure of liquid metal s'ysterns[I]. 
Current understanding of tle viSCOSity of liquid metal systems is Insufficient to understond their 
atomic structure. Prior arl[2, 3 4, 5] reveals that that Oscillating Vessel Viscometer (OVV) IS the 
most extensively used oppcratus to obtain liquid metal viscosity data. The underlying assumption 
in using an OVV is til.at liqUid metal systems behave as Newtonian flUids. The definition of 
~jewtoniu/1 fluids' suggests that Viscosity of such fluids is independent of shear rate and shear 
history. The fundalYlentai ClSsumption that liquid metal systems behave as I\.ewtonian fluldS[ 1 J 

hos not been verified or validated. Hence, there is a lack of understanding for the rheological 
behavior (flow behavior) of liquid metal systems. 

The shear rate experienceeJ by liquid metal in an OVV is not uniform: both In the spotial and 
temporal regimes. However ihe viscosity measured over the range of shear rates is reported as 
one value for the liqUid metal systems [2, 3 4, 5], This reported vaiue of melt VISCOSI ty IS 
meaningful if an.j only If the liquid exhibits a Newtonian flow behaVior. Lately. It has been 
reported that certain rnetal systems may not behove as Newtonian fluids[7.8,O]. Hence there IS 
an urgent necessity to re-ev:lluate our understanding of the viscosity of liqUid metal systems ThiS 
may be achieved only by a thorough understanding of the rheologi~al properties of such 
systems. Rfleological evaluation by rotational rheometer is a viable technique to evaluate 
viscosities of liquid metal systems. However net all measuring geometries that contOln and 
shear the sample liqUid in el retational rheometer are viable. Only measuring geometries that 
present a nearly uniform sh·':;ar rate (in both spatial and temporal regill1.es) in the liqUid thal is 
contained and sheared is Viable to evaluate rheology. With a suitable measuring geometry 
viSCOSity can be evaluated for specifiC shear rates and shear history. Such evaluations are not 
possible In an OVV. There are three viable geometries to evaluate Viscosity and flow behaVior of 
liquid meta! systems in (] rotation a! rlleometer: cone/plate, DI~j co-moal cylinder and Double 
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Concentric Cylinder (DCC)" In this publication, these three measuring geometries have been 
critically analyzed and it has been proposed that the Double Concentric Cylinder (DCC) 
geometry is the most practical option to measure rheological properties of liquid metal systems 
especially f:::lr low viscosity liquids. Experiment results for rheological properties for water S2000 
standard liquid. pure Zn. pure AI and solder alloy (Sn-Ag-Cu) systerY1S using the DCC measuring 
geometry are presented In this publication. 

BACKGROUND 

T'rere are many experimental methods available for viscosity measurements, however. for liqUid 
metal systerns we are limited by the high melting temperature chemical reactivity OXidation 
characteristics and low viscosity values. Tile most prevalent techniques for measuring liquid 
metal viscosity are Capillary. Rotational. Acoustic' Oscillating Vessel and OSCillating-plate 
Methods. lido et 01[1] rlave explained the details of each of these various methods The 
Oscillation and Rotational methods are elaborated in this section 

Oscillating' 'csse! J 'iscol/lcter (0 r 'J) 

Figure 1 (0) 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 (0). The liquid then experiences a 
continuously dampening oscillatory motion about a vertical aXIs The viSCOSity of the liquid is then 
evaluated by solving the governing second order differential eauation of motion [10] given as 
Equation (1 ). 

I d'j3(r) dj3(r) '1 
(I (u i -~- + 2L"l --- + (1 + ~ )-j3(r) = 0 

" "1 dr' "d r " / 
(1 ) 

In Equation (1), to is the moment of inertia of the empty vessel or crucible, ('lu is the angular 
frequency, (II rJ is the angular displacement -".u IS the damping parameter and 1 is dimenSionless 
lime. 

Despite simplicity of construction. the mathematical equations used to describe the oscillatory 
movement of tile crucible are complex and presently there is no reliable mathematical 
procedure available for solving theni[l] Some of the popular mathematical models are the 
Knappwost Equation [11] Shvidovskii Equation[ 1] Roscoe Equation[ 12] , and Kestin & Newell 
model[2]. Among these mathematical models, a modified 'Iersion of the Roscoe Equation 
plovides the most accurate values of viscosity for Newtonian flUids [1] Modifications to the 
Roscoe equation Involve a correction factor to account for the end effects caused by the 
curvature of the liquid metal at the free surface 

The graphical schematiCs of Hie variation of shear rate experience by the continuously 
dampening oscillating liqUid in an OVV ore shown in Figure 1 (b) and (c) wherein. the shear rates 
are r,on-unifcrm in both the spatial and temporai regimes respectively, If the measuring liquid 
exhibits a Newtonian flow behavior, then these variations in the shear rates ore acceptable and 
Will not hoven any influence on the viscosity value of the liquid. However, when tile measuring 

iCannon S2000 IS a certified vIscosity flUid developed and marketed by Cannon Instrument Company, 
State College. PA, USA http //www cannonlnstrument com 
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liquid is non-Newtonia:l, 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 iiquld 
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Figure 1: Schematic of a typical (a) Oscillating Vessel Viscometer (eVV) (b) the spatial vcmation 
of shear rate, and (c) the temporal variation in shear rate 

The OV\; technique is not Cl suitable technique to evaluate whether the liquid IS ~jewton!an or 
not Hence, using the OVV :echnique Inherently assumes the measuring I,iquid to be Newtonian 
We have shown [7] in our re:::ent publication that the measured values of Viscosity of liquid AI by 
various researchers dunng tYle second half of the 20 11 century exhibits a 400a; variation in the 
evaluated viscosity data and all the data were measured by the OV\; technique Sirr1l!ar 
variations have been report:::d fOI liqUid Fe, Zn and Cu as well [3.4,5J, One of the iliain remons 
for this variation IS that it hm been a prevalently accepted msumption IS that liqUid metals are 
~jewtonian in nature[l], Thi~ assumption had not been experimentolly verified Contr':Jry' to thiS 
popular assumption recent atomistiC Simulations of shear viscosity of liqUid metals and alleys 
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under various 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 
liquid metals rhe rotational technique is more suited for measuring liquid metal viscosities 
because the techniq'Je mak.es no assumptions about the nature of the fluids and evaluates the 
Viscosity os 0 function of shear rate experienced by the liqUid. 

Rotational Rheometer 

n',e pflnClple of rotational rheometer involves filling a measurement container geometry with the 
liquid sample of pre-determined volume exposing it to specific angular velocity for given 
lengths of time and measuring the resultant torque, A speCific torque can also be applied to 
the liquid and the resultant angular velocity measured, The opplied angular velocity or torque 
can be constant or function of time depending upon the rheometer and the experiment Hie 
shear stress T. Gfld the shear rate, y are evaluated from the measured torque. T and the 
measured angular velocity, ('1, respeciively It must be ensured that the applied angular velocity 
or torque should only result in a lamlflar and stable flow of the measured liquid Depending on 
the measurement geometry, there are specific mathematical expressions to evaluote 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 :::md alloys where in the assumption of Newtonian behaviour is flot valid. 
the Ideal geometry for any rheological study is one which imparts constant shear rate to the test 
liqUid, There are three geometries, which approximately lend themselves to the constant shear 
rate criteno with various levels of accuracy, repeatability ease of measurement and shear rate 
regimes' 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 liqUid IS desired: Figure 2 shows a schematic of a typical 
cone and plate measurement geometry. In Figure 2, R IS the radius of the base of the cone, z is 
the truncation of the cone tip. 0 is the cone angle The cone tip truncation should be about 50 
to 1 00 ~lm 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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Wt,"?rs "( is the shear rate experienced oy the fluid sample, A is the core angle l'l is the 

v"?locity wltn whlcil the cone IS rotated P is H-,e rcldius of the cone, T is the tc:rque and T IS trle 
srlear stress, Shear '/isccsity is evaluated os the rotlo of shear stress over Shear rate at a part,Cl.Jlo( 
value of shear rate, ,A.lthcugh the cone and plate is the most accurate method to evaluate 
viSCOSity, there ore two major practical issues In carrying out reliable experiments With thiS 
geometry Firstly, manufacturing a cone which IS chemically inert to the sheared liquid metal 
preCise In the measured CDne angle and precise In the tip truncation is qUlt,~ tediOUS Furthe 
accurate measurements of the cone dinienslons are nol easily pOSSible [13] Secondly, loading 
and containment of (1 liqL id metal sample in the cone and plate geometry is also prClctlcally 
tedious, Liquids e/[libiting :J 10"" Vlsc)sity value further exacerbate this problEm In experiments 
carned out with the cone and plate measuring geometry, the success rute in obtaining Cl 
reliable sornple loading and containment with the cone and plate geometry IS about ten 
p,c::rcent Even ofler a suc:::essful loading of the sample the experiments Will be limited to onl'( 
low shear rate regimes 

DIN Coaxial Cylinder Measurement Geometry 

The disadvantages in the cone and plate geometry were marginally ovel-come by til"? DIf~ 

Coaxial Cylinder deSign, =igure 3 shows the typical cross-section of the DI~l Coaxial Cylinder 
measurernent geometry, In Figure 3, the problems of containment and loading In the cone ond 
plate geometry were overcome by creating 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, E/perrments showed trial the sample spillage was considerably alleViated but not 
eliminated. Experiments ""ith vanous cone angles (2° to 4") of the rotor showed that there was 
alwa,(s a persistent centrifugal force on the liquid sample In contact ""ith the cone surface thus 
eventually pushing the liqud out of the geon1etry to cause spillage, The main constraint of thiS 
measurement geometry is that the spillage was unpredictable and that experrments could not 
be carried out for extended periods of lime due to eventual spillage of sample, 

Figure 3: Cross-section of DI~~ CoaXial Cylinder measurement geometry The liqUid IS contained 
between the rot:)r and stator, 
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fa obtain a nearly constant value of shear rate through out the liquid sample during 
measurement at a particular angular velocity of the rotor, the dimensiOns (R,.-R.) and Z In Figure 3 
should be minimal, Vorsanl et al [8J carried out experiment with the DIN CoaXial Cylinder 
geonv:::trl to evaluate viscosities 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 nm" (R2-R I) was 
1 mm and the CClne angle was 3", The results indicate that the visccsity values had a large 
scatter for shear rates Ipss than 400 Is and the scatter was significantly reduced for shear rates 
between 400 and 2400 I~, One of the critical conditions for a reliable measurement of viscosity 
in a rotational rheometer is that the sample liquid undergoes a laminar and stable flow (simple 
shear) during the experiments, Taylor vortices criteria [14J presents a evaluation of the critical 
angular velocity for specific measuremen t geometry and fluid viscosity over which vortices will 
develop In the sheared liqUid sample thus rendering Hle viscosity measurements unreliable, 
Equation 3 presents the Taylor vortices criteria [14J, 

(3) 

In Equation 3, l'l is the angular velocity of the sheared liqUid, ~l is the shear viscosity, p is the 
density of the fluid R is the rotor radius, and (R:o-R I) IS the annular gop as shown In Figure 3, The 
quantities (ll)RI) and (~t/p) represent the peripheral velocity at the rotor/liquid interface and the 
kinematic viscosity of the sheared liquid. respectively. The evaluated values of viscosity for AI 
and Zn by Varsani et al [8] are about 2 mPa.s and 3.8 mPa s, respectively For the measurement 
geometlY considered by them [8], the critical value over which vortices will develop in the shear 
liqUid is 175 /s and 125 /s for AI and Zn respectively. Varsani et al [8J 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 liquid thus rendering the evaluated viscosity values unreliable 
This is evident by the increase in viscosity with increasing shear rates between 700 and 2100 /s [8] 
due to loss of flow energy in vortices in the sheared liquid, Hence, the measurement regime in 
the Din Coaxial Cylinder geometry is constrained by the dimenSIOns and the liquid properties, 
Specific geometries have to be designed for specific measurement regimes and liquid types 
ThiS IS another disadvantage over the cone and plate measurement geometry due to the 
existence of an annular region, 

Double Concentric Cylinder (DCC) Measurement Geometry 

The DCC measurement geometry overcame many of the problems faced in the cone and 
plate and the DIN Coaxial Cylinder geometries. Figure 4 shows a typical cross-section of the 
DCC measurement geometry, The liquid sample IS sheared in the two annular regions between 
the rotor and the stator In Figure 4. Among the three measurement geometries discussed in this 
work', the DCC geometry can measure both high and low viscosity liquids at a broader shear 
rate regime spanning from very low shear rates to relatlvelv high values. The dimensions of the 
geometry In Figure 6 are designed based on the physical properties of the sheared liquid, the 
desired shear rate regime and the desired level of accuracy in the consistency of the shear rate 
distribution in the sheared liquid. One of the deSign crrterla for the DCC geOl'netry IS that the 
ratio of the radii bounding the two annular regions should be neorly constant, Thus in Figure 4, 
tile value (RjRl) and (Ri/R~) should nearly be constant and thiS constant is termed 0 Further. as 
o tends to unity, the shear rate distribution in the two annular regions will be nearly constant. 
TYPically, values of 0 ranging between 0.85 and 0.98 are used and this depends on the deSired 
experiment conditions and liquid sample properties, 
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H 

Figure 4: Cross-section of Double Concentric Cylinder (DCC) measurement georlletry useeJ irl 

the present eXpEriment study P = 14 5 mm, R; = 16,5 mm, R" = 18 mm, R~ = 20 ,5 n1m, 
H = 15 mm Clnd z = 0.30 mm 

There are three equations to evaluate shear rates from the geometry dimensions in Figure 4 and 
the angular velocity experi·:;nced by the sheared liqUid These three eauatlons presented as 
Equations 4 to 6 are merely approximations by three groups of researchers, respectively. Barnes 
et 01 [15] presented equation 4, Robert L. Powell [16] presented Equation 5 and Dontula et al 
[17] presented Equation 6. 

{l- ;i) 
(4) 

(5) 

. 2(·) 

(I ~ (1_ If) (6) 

However, on analytical exocl solution could be derived for the DCC measurement geometry 
ThiS solution IS presented in the subsequent section. 

AnoiyjJcal Solution to Evaluate Shear Rate In Dee 

Figure 4 is a schematic of the DCC measurement geometry With th9 two annular regions 
containing the sheared liquid. Consider one of the annular regions With Inner rotor rodius Rand 
outer stator radius R" The '/eloCity V I in the annular region IS defined by Equotlon (7) 

r
" \ 

. (fj !-( cl I =-_. ~-rj) I 

" ( ')' I-p- \ ,. ) 
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in E:(~uatlon (7) r IS the radius vanable of the annular region The shear rate'{l: IS defined os th"", 

']roc:ilent at velocity, V 4 and is given by Eauation (8), 

('C',) l/:r, 
y = r -~-'--' + - -~- (3) 

a r rf) 
"/' 

Sillce ~ = O. the shear rate is simplified In Equation (9), 
?tl 

, =}' (9) 

The magnitude of shear rate is obtained by further simplification of Equation (9) and presented 
In Equation (10) 

, 2ruR c 

v=---'.-l I , , 

r (1·-,0 
(10) 

l' 2(1) J ! 2wl/ 'J 
In Equatiorl (10) the shear rate varies between ---,- ot r = R" ond l'---'- at r ;::: Rc Hie 

(1 -II" ) ,(1 - jl- L 
spread in shear rate in the annular region is 21'), Hence to Obtain minimum variation in shear 
rate between the inner and outer annular radii the value of (I) for +he given shear rate should be 
minimum. As given by Equation (10), os ~L tends to unity the value of ") required for a given 
shear rate IS minimum. The overage shear rate in the annular region IS evaluated by Equation 
(11 ). 

Ii 

f-,'" dr 
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The magnitude of the shear stress, T In the annular region is given by Equation (12). 

(R2 + k)T , ,) 

f=------' 
J,;rHRc R,: 

(12) 

In Equotlon (12) T IS the torque meosured at the rotor-liquid interface and H IS the height of the 
sheared liquid The shear viscosity IS given 05 the ratio ot shear stress over shear rate In the 
cmnular region The overage shear viscosity IS given by Equation (13) 

(13) 

For the DeC measurement geometry shown In Figure 4, the shear stress experienced at the 
rotor-liquid interface is given by Equation (14), The shear Viscosity for the DeC geometry is given 
by Equation (15) 

26 



(14) 

(15) 

MATERIAL APPARATUS AND PROCEDURE 

In this section the materials, apparatus and procedure used for evaluating the viscosity of liquid 
metal systems with DCC measuring geometry in a rota tional rheometer is presented . 

Materials 

The rheometer and the measurement geometry were veri fied for repeatability and accuracy 
using a standard viscosity calibration liquid: S2000. Three liquid metal systems were used in 
evaluation of viscosity : pure AI, pure Zn and Sn95.sAg3.2sCuo.92 solder alloy. The pure AI was 99.99 
% pure and the Zn was 99 .999% pure. The liquid metal was melt and cast as hollow cylinders. 
The wall thickness of the cylinders was similar to the dimension of the annular gaps in DCC 
measurement geometry shown in Figure 4. 

Apparatus 

An AR-20002- rheometer was used to evaluate the flow properties of the liquids. Figure 5 shows a 
schematic of the instrument fitted with cone and p late measurement geometry. An 
environmentally sealed furnace chamber (maximum temperature = 800 °C) was outfitted on the 
rheometer and ultra high purity Ar gas « 2ppm oxygen) was continuously purged in the furnace 
chamber at a flow rate of about 5 I/min . The rheometer lends itself to fitting the cone/plate, DIN 
Coaxial Cylinder and Double Concentric Cylinder measurement geometries . The rheometer has 
a torque measurement resolution of 0.1 nN.m with a maximum measurable torque of 200 mN .m . 
The displacement measurement resolution is 25 nrad with a maximum measurable angular 
velocity of 300 rad/s . 

The DCC measurement geometry was p recision machined from the Cotronics 9023 machinable 
ceramic rods of 50 mm diameter. This material can withstand a maximum operating 
temperature of 1100 °C and is chemically inert to most liquid metals . The dimensions of the DCC 
geometry (refer to Figure 4) were: R ,= 14.5 mm, R2= 16.5 mm, R3= 18 mm, R4=20.5 mm and H= 15 
mm. 

2 Advanced Rheometer, TA Instruments, New Castle, DE, USA. http//www.tainstruments .com. 
3 Cotronics Corporation , Brooklyn , NY, USA. http //www.cotronics .com . 
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Figure 5: Schematic of the rotatioral rheometer (.-\R2000) outfitted with a cone and plate 
measurement geometry 

Procedure 

The two annular regions of the DCC geometry (shown in Figure 4) are loaded with the solid 
hollow metal cylinders of required height. The metal is melt under Ar gas flow. The liquid metal 
temperature IS stabilized at the desired measurement temperature and the rotor is lowered into 
the molten metal to create a gap of 0.3 mm at the bottom between the rotor and the stator 
surfaces. The rotor is then controlled to rotate at a specific angular velocity, c'l while the torque 
experience by the rotor is continuously measured and recorded. The measured values of T and 
(') were used to evaluate the shear viscosity by Equation (15). A new solid sample was loaded 
for each measurement temperature. The temperature of the metal was continuously monitored 
with a K-type thermocouple attached to the bottom of the stator It was evaluated that the 
variation In temperature between any two locations inside the furnace chamber is less than 1°C 
Table I presents the experiment parameters such as temperatures and applierl angular velocities 
for the various liquid systems used 

Table I: Experiment Parameters for rheomet of the Ii uid sLS:..:..te~m.c::.s,,-. __ ---, 
I 
I I Angular 

i Material 

f- Cannon S200Cl 
Pure AI 
Pure Zn 

Sn"s 3Ag j .'3CU(, Q; 

solder allol' 

I Solidification I Experiment Velocity 

LTem~erature ~ __ J_~emper~tur~~_ (rad.s. l ) 

I N/ A I 323 0.0 I to 5 
I 933 ! 940,948,960 and 973 om to 12.85 J 

693 -~ 773 and 823 =+= 1 to 25 ~ 

I 5 to 15 J 493 523 and 573 
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RESULTS AND DISCUSSIONS 

Results and Discussion will be carried out on the following topics: 

• Taylor Vortex Criteria 
• Calibration of Rheometer 
• Flow Curves for Liquid Metal Systems 
• Viscosity of AI , Zn and Solder Al loy 

Toy/or Vortex Criteria 

Equation (3) presents the mathematical inequality commonly referred to as the Taylor Vortex 
Criteria [14] . For a given annular gap, liquid density, liquid viscosity and applied angular 
velocity, vortices will be developed in the sheared liquid if the inequality in Equation (3) is 
satisfied . To ensure reliable viscosity evaluation in rotational rheometry, the inequality in 
Equation (3) should not be satisfied. Figure 6 presents a graph showing critical angular velocity 
for a specific viscosity value in various systems used in this study. For reliable viscosity 
measurements in each of these liquid systems, the graph between angular velocity and 
measured viscosity should lie beneath the critical angular velocity domain of the respective 
liquid systems. Table II shows the material property used in Equation (3) for the various systems. 
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Figure 6: Representation of Taylor Vortex Criteria for three liquid metal systems . The sol id lines is 
the p lot of the critical angular velocity as a function of shear rate above which 
vortices will form in the respective sheared liquids during rotational rheometry with the 
DCC geometry shown in Figure 4. The data points are the actual experiments carried 
out in this study showing that Taylor vortices may not form in the sheared liquids during 
the experiments. 
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The liouid viscosity and density 'Jf the standard calibration liquid (Connon S2000) are 0.7658 Po s 
and 860 kg.m '. respectively The critical angulor velocity above wfllch Tayler vortice:, will 
develop in the sheared liquid is about 2134 rods:. The applied angular v91ccity tor calibration 
was between 0.01 and 25 rod. s I thus ensuring no vortices forrDation in the sheared liquid. Figure 
6 shows that for all the liquid metal systems evaluated, the applied angular velocities are we!1 
Within the Taylor Vortex criteria thus ensuring that no vortices form in the sheared liqUid metai 

Verification of Rheometer 

Figure 7 shows the flow curves (Shear Stress vs. Shear Rate) obtained for the Connon 52000 
standard liquid at 50°C using the DCC geornetry Three experiments were carried out at vallous 
times and Figure 7 shows that the flow curves obtained are repeatable and match the standard 
flow curve for the liquid. The measured VljCOSity calculated from the slope of the experiment 
flow curve In Figure 7 was 0.7927 Pa.s and the viscosity of the standard liquid IS 0.7658 Pa.s. This is 
on acceptable deviation of 351 C;;. This deviation maybe due to the VISCOUS heating of the 
liquid caused by shear. This explains the increase in the observed deviation with increasing 
shear rate in Figure 7. 
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Figure 7: Flow Curv9 (sileOI' stress versus shear rote) for Connon 52000 standard liqUid showing 
r9peatability and accuracy of the rheometer. 

Flow Curves of Liquid Metal Systems 

Prior to evaluating the flow curves of the systems the time dependency curve (shear stress vs. 
tie) at a particular angular velOCity and temperature will have to be analyzed. Figure 8 shows a 
tYPical time dependency CL!rve for AI Zn and Sn""Ag: .'oCu),~ solder alloy. Figure 8 shows that 
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the variation of shear stress is minimal with time thus ensuring that the sheared liquid is devoid of 
any discernable solid particles or solidified phases. 
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Figure 8: Time dependency Curve (shear stress versus time) for liquid metal systems at specific 
melt temperature and shear rate . 

Figure 9 shows the flow curve (shear stress vs. shear rate) for pure AI, pure Zn and 
Sn958Ag32sCuo92 solder alloy. It can be observed that in Figure 9 there is a region at the low 
shear rate regime for all these systems, wherein the shear stress decreases with increasing shear 
rate . This is a unique behavior observed in metallic systems has been recently reported recently 
by others as well [8,18]. The shear stress initially decreases with increasing shear rate and 
subsequently reverses its trend and continues to increase with increasing shear rates . This is not 
typically observed in non-metallic systems. A hypothesis to explain this phenomenon is 
presented herein. The nature of atom arrangements and bonds in metallic systems are unique 
unlike the molecular nature of non-metallic systems. Metal systems are typically mono-atomic in 
nature and there are no valid models describing the behavior of atoms in liquids metal systems 
[1]. There are specific short-range orders existing in liquid metal systems . When liquid metals are 
sheared with an applied stress, there is a resistance to flow by the macro-scale layers of liquid 
and added to this is the resistance presented by the micro-scale atomic bond energies in the 
short-range order. The short-range atomic bonds which tend to deform plastically under shear 
present the latter resistance. To achieve a specific angular velocity in the liquid the sum of both 
these resistance will be recorded as the torque required. The resistance from the bond energy 
will reduce with increasing values of required angular velocity and the resistance from the 
sheared macro-scale layers of the liquid will increase steadily and proportionally. Hence, at low 
shear rate regime, the shear stress required to maintain an angular velocity decreases with 
increase in desired angular velocity. This trend is continuous until the resistance from the bond 
energies in short range order is overcome and the dominant resistance will only be the one from 
the layers of sheared liquid. If a shear stress is applied to metallic solid , the resistance from the 
bond energies in the long-range atomic order is so high and dominant that the resistance from 
the macro-scale layers of the solid will be overshadowed and hence an immeasurable and 
unattainable high level of torque would be required to maintain any kind of angular velocity . 
Upon continuously increasing the shear stress, a metallic solid will deform elastically initially, 
followed by plastic deformation and a stage is finally reached where in the solid will tend to flow 
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for 0 very short duration (necking) [19] before the solid continuum is broken and the applied 
stlear stress disappears. Eastgate et 01 [20] have shown in amorphous solids that the 
pheromenological constants in the constitutive law that explains the plastic flow In solids during 
neckings is akin to bulk and shear viscosities in liquids. They also state that the rate of flow of 
solids durrng necking increases with increasing strain rates. The behavior of liquid metals In low 
shear rate reginle is akin to the phenomenon of 'necking' in deformed solids wherein the srlear 
stress deueases with !ncreClSing strain rate for a very short duration in time. In Figure 9, it can be 
noticed that the point of inflection where in the applied shear stress reverses its trend and 
continu8c to increase with increasing shear rate occurs at lower shear rate values for liquids 
eyhibitlng lower viscosity values. This is congruent with the proposed hypothesis because for 
liquids witrl higher viscosities the atomic bond energies in the short-ror',ge order will be higher 
due and this will enhance the resistance to flow in the atomic scale and higher applied shear 
stress IS needed to overcome this micro-scale resistance fr'Jm the atoms, 
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Figure 9: F!ow Curves (shear stress versus shear rate) for liquid metal systems at various melt 
temperatures. 

Viscosity of AI, In and Solder Alloy 

Figure 10 shows the viscosity as a function of shear rate for the liqUid metallic systems in this 
study. Figures 10 (a), (b) and (c) are the viscosity curves for AI, Zn and Sn7ssA~11~8CU)".' solder 
a!loy for various experiment temperatures, 

Figure 10 shows thaI the liquid metal systems evaluated in thiS study are all NOll-Newtonian fluids 
where in the shear viSCOSity varied with applied shear rate. Further, all the liquid metals are shear 
thinning in behavior where In the shear viSCOSity decreases with increasing shear rate In Figure 
10, It can also be observed thot the viscosity at any given shear rate is lower for lower 
temperatures of melt superheat. 
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Figure 10: Viscosity curves of liquid metal systems os a function of shear rate at various melt 

temperatures. (0) pure AI, (b) pure Zn and (c) Sn95.8Ag328Cuo92 solder alloy. 

Figure 11 shows the variation of shear viscosity of liquid AI with experiment temperature. In 
congruence with popular belief, the variation of viscosity with temperature in Figure 1 1 follow s 
the Andarde I s equation [1] os presented in Equation (16) . 

JL=A . e'Yr (16) 

In Equation (16) , A and B are constants, and T is the temperature. In Figure 1 1, the curve fit of 
the data points by Andrade 's equation is also shown . Table III shows the values of A and B for 
each shear rate shown in Figure 1 1 . 
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Figure 11: Viscosity at various shear rates as a function of melt temperature for liquid pure AI. 
Also shown is the curve fit to the data pOints for each shear rate with Andrade's 
equation shown in Equation (16) 

Table III: 

I 2.27 x 10-14 

!351xlO l '\ 
I 
~ 

0.9833 
0.9704 

The hypothesis presented in the previous section can be used to explain the non-Newtonian 
behavior of liquid metals. The added resistance from the micro-scale atomic bond energies Iri 
the short-range order wil! continuously decrease with increosing shear rate but will not 
disappear. Although the resistance from the macro-scale layers of liquid could increose 
proportionally with Increasing shear rate. the overall resistance to flow (measured as shear stress) 
will not vary proportionally with increasing shear rate. Hence. shear viscosily which is a ratio of 
applied shear stress and measured shear rate will continuously decrease with increoslng shear 
rates shOWing a shear thinning behaVior for all metal systems. Moreover the rate of decreose in 
shear viscosity with increasing shear rate vostly vanes among metallic systems. For systems 
exhibiting a strong resistance from the atomic level trle rate of decrease in viSCOSity will be 
slower than for systems exhibiting a weak resistance in ttle atomic level. An example of the 
former is Al and latter is the Sn,c oAg:. ~0CU: ".: solder alloy. as shown in Figurps 10 (a) and 10 Ic) 
respectively 
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Figure 12: Viscosity as u function ot shear rate for various liquid metal systems obtol[led by Non­

Equilibrium Moiscular Dynamics srr-nulation. (a) pure Fe [20]. (b) pure CIJ [Q] (e) 
Cu .. Au I [9] o[ld (d) Cu Au. [9], 

Desgranges et 01 [21] showed with ~Jon-equillbrlum Molecular Dynamics (~JEMD) simulation 
studies that liquid Fe exhitits a non-~Jewtonian and shear thinning flow behovlor. Figure 12 (a) 
shows the shear thinning behavior of liquid Fe by NEMD ot three temperotures. QI et 01 [9], In a 
similor NEMD simulation study to evoluote the shear viscosity for the binory Au-Cu ond p'Jre Cu 
liquid olloy systems hove shown t lot both pure Cu and O[lY alloy of Au-Cu liquid system olso has 
a nort-i'Jewtonlon sheor trlnnlng behovlor, Figures 12 (b) (c) and (d) shows graph of pure Cu 
and Au-Cu olloy), Figure 13 (a) I~) 0 groph trom one of the posters developE,d by Paroline et ell 
[18] showing that pure AI E'xhlbits a shear thinning behavior ot 973 K When the groph In Figure 13 
(oj -Nas converted te a fl::J\/Y curve. as snown in Figure 13 (b). It was eVldenr that the u11que 
behavior of the flow curve in the low shear rate regime where in the applied shear srress 
decreases wltn i[lcre\Jsing shear rote is valid a[ld reproduCible. This CO[l be ascertOlned by 
comparing Figure 13 [b) and Figue 9, 
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curve, 

CONCLUSION 

The siJnificant conclusions from this study can be summarized as below: 

• The results of this study Indicate that liqUid metal systems are non-Newtonian fluids which 
exhibit a shear thinning behaviour This understanding has been clearly SUbstantiated by 
the current study coupled With a few recent researches from around the world 
[89.18,21], 

• The flow curve for liquid metals have repeatedly shown a unique behaViour in the low 
shear rate regime where in the applied shear stress decreases with increasing shear rate 
A plausible hypothesis has been presented in this study to explain this unique 
phenomenon, The point of inflection where In the applied shear stress begins to 
continuously increase with shear rate moves to higher shear rates for liquid metals With 
higher viscosity values, 

• Rotational rheometry is the one of the few techniques that will yield reliable data for 
viscosity of liquid metals and alloys as a function of shear rate Techniques where in the 
shear rate is uniform in the sheared liquid for a particular value of applied shear stress 
can be used to evaluate viscosities of liqUid metal systems, The Oscillation Vessel 
Viscometer (OVV) is unsuitable for this purpose, 

• In evaluating viscosity of liquid metal systems the Double Concentric Cylinder (DCC) 
measurement geometry shall prove to be one of the most effective in that it IS less 
complicated to manufacture and utilize, and Yields results with tolerable deViations and 
errors, ;\n analytical solution has been presented in thiS study to evaluate the shear 
viscosity in DCC measurement geometry 
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ABSTRACT 

ViSCOSity of the liquid mEdals and alloys is one of the key tranoport properties offe::: ting 
solidification and quality of a costiflg. In the present work viscosity of liquid AI and AI-SI alleys IS 
eval l JClted os function \.)r shear rate, temperat'Jre and shear history for rheological 
dnracterizoTlon of the alloys in liquid phose. USing Double concentric cylhder meosurln';J 
geometry Ifl the rolCltlonClI 'heorneter tne flow behavior was observed to be r,on-i'~ewtonian for 
liquid AI and AI-SI alloy systems. 

INTRODUCTION 

Alumlnun I-Silicon hypoeutectlc alloys are extensi/ely used In the autolllOtlve and aerospace 
industry [1\. Their wide spread application can be attributed to their property of better strellgth 
to weight roilo and abllib to be recycled with high recovery rate [2]. Understundlrlg the 
rheological properties (flow behaVior) of these alloys in the liquid state is erikal to predict H,e 
product quality and perfor,lance of tne cost components. The important rheological property 
that affects Ihe solidification characteristics of these alloys is the viSCOSity at various superheats 
of the melt dUring solidification. Further, the AI-Si hypoeutectic alloys solidify through a semi-solid 
mustlY zone where in botr- the primary aluminum phose and the liquid coexist until complete 
solidification of the alloy. Underskmding Viscosity os a function of SI content and melt superheat 
temperatur·e. will enable t·) precict and model the behavior of the liquid flowing around the 
solid AI phme in the semi-solid reQime during solidification. 

In recent years much research hos been devoted to the under'standing cmd control of Hie 
microstructure of the solidi;ied cost part to enhance mechanical and performance properties. 
Evolution of the soliditied 'tructure during solidification of Ihese alloys influer1ces the fluid flow 
during the final stages of soiidificotion and hence controls the effici8ncy of liquid metal feeding 
In the serni-solid mLJsr-.y ZO'le [1] Feeding efficiency in turn affects the formation of shrinkage 
porosity and chemical segrc::gation in cost parts. Understanding how the iiCluid metal feeds the 
interdendntic regions In the final stages of solidification is key to the prediction and control of the 
structure of the cost part 

In Hiis study, tile Viscosity of pure /'\1 and AI-SI riypoeuteclic alloys hos been evaluated by 
1\)taTlonal rheometry. The measurement geometry wos selected to ensure ·hat the sheor rate 
experienced bv the sl'eored liauld metal dl!rlng rotation IS nearly uniform 

BACKGROUND 

Significant research has b,e;en corned out to experimentally deterniine viscosity of AI arid AiSI 
alloys during the past 60 years [~.5 6.7J However, there is about 400 ~ spread in the rep'Jrted 
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vollies of viSCOSity for liquid AI and AI-Si alloy:; [4.8]. Figures I (0) and I (bj presents the viscosity 
data reported for AI and AI-Si alloys during the past 60 years respectively. All the data sets 
shown in Figures I (0) and 1 (b) except one In Figure I (0) was obtained using the Oscillating 
I/essel Viscometer (0 1/1/). ;,\Iihough past researchers shown In F-igure 1 have used vcyious 
diffsrc;nt rrathematical formulations In addition to the possible experimental errors In evaluating 
viscosity by OVV. the large variation in reported values may not be fully attributed to these 
factors [4.8] The shear rate experienced by liquid metal In the OVV is not uniform both in spatial 
and temporal regimes Figure 2(0) shows a schematic of on Ol/V device With the typical spatial 
and lemporol voriation in Figures 2(b) and 2(c:). In on OVV device. the cylindrical container with 
the liquid metal IS given a twist (torque) and the time required to completely dampen the 
oscill<Jtions of the cylinder is correlated to the viscosity of the liquid. The viscosity is measured 
over 0 r'::mge of shear rates and reported as one value over the entire spatial and temporal 
regwnes for the experiments. fhis reported value of melt viscosity is meaningful If and only If the 
liquid exhibits a Newtonian flow behavior where in the shear viSCOSity of the liquid does not vary 
with the shear rate experienced [9]. r-..JonNewtonlan fluids are those In whicn the viSCOSity vories 
with the sheor rate experienced by the liquid. There are two types of non-Newtonian fluids 
shear thinning behavior is characterized by decrease in shear viscosdy With increasing shear 
rates and shear thickening behavior is characterized by increase in shear Viscosity with 
increosing shear rates. The inherent assumption in using on OVV IS that liquid metal systems are 
r-..Jewtonian. However. lately it hos been reported that metal system may not be Newtonian 
fluids. 

Malik ei 01 [8] and Paoline et 01 [10j have recently shown that liquid AI exhibits a non-Newtonian 
and shear thinning flow behavior. Varsani et 01 [11 J also suggested that all the liqUid metals are 
non-!'-Jewtonian but exhibits a shear thickening behavior. The Equilibrium Molecular Dynamics 
(EMDI and !'-Jon equilibrium molecular dynarnlc (NEMD) simulation of viscosity of Iron by 
Desgranges et al [12] shows non-Newtonian and shear thinning flow behavior Oi et al [13] 
carried out ~~EMD simulations to claim that liquid Cu and Cu-Au liquid metal alloy system exhibit 
a non-Newtonian and shear thinning behavior. Figure 3 presents typical examples of liquid 
metal systems exhibiting non-Newtonian and shear thinning behavior. 

AI-Si 0110Y5 being commercially important alld subjected to various research studies on the 
solidification behavior of the alloy has been chosen for this study to charocterize the rheology by 
experimentation. Rotational Rheometry is a popular technique that can be used for such a 
characterization. In rotational rheometry. there are no assumptions regarding the Newtonian or 
non-r-.Jewtonian flow behavior of the liquid. A Measurement geomet-y selected in this study has 
been designed to carry out experiments witli AI and AI·Si alloys where in the sliear rate 
experienr..':e by the liquid metal IS nearly uniform. 

In rototional rheometry the liquid is contained betweerl a rotor arid 0 stotor Tt-Ie rotor is made to 
rotate at a fixed angular velocity ('j ond the torque T necessary to maintain the angular velocity 
is measured The measured T and <'l are thefl converted to applied shear stress and shear rate 
expenenced by the liquid respectively Figure 4(a) shows a photograph of the ,AR2000' 
rotational rheometer outfitted with the Double Concentric Cylirder (DCC) measurement 
geometry used in this study Figure 4(bl shows a schematic of the DCC measurement geometry 
with Hie dimenSion vanables. 

Advanced Rheometer, TA Instruments, New Castle, DE, USA. http Ilwww talnstruments com 
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Figure 2: Schematic of a typical (a) OSCillating Vessel Viscometer (OVV). (0) the spatial variation 
of shear rate and (c) the temporal variation In shear rate. 
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Figure 4: Rotational Rheometry Experiment setup (a) Photograpll of tile AP2000 rheometer (bJ 

Cross-section of Double Concentric Cylinder (DCC) measurement geometry used In the 
present experiment study. Rl = 14.5 mm, R2 = 16.5 rmn, R3 = 18 mm, R4 = 20.5 mm. H = 

15 mm and z = 0.30 mm. 

In Figure 4(0) the torque head applied a torque to rnointain a ~pecific angular velocity in the 
liquid contained in the DCC geometry Equations (1 J and (2) present the evaluation of shear 
stress. r and shear rate, Y , respectively. 

(1 + ,B') 
(1 ) 

(2) 

The sllear viscosity, ~Ln"Jr is the ratio between the applied shear stress and the shear rate and is 
presented in Equation (3). 

( TJ Ll - ~ 
j II, ,/,-

OJ· 
(3) 

R R-
In Equations (1) to (3), fJ = _I = -". The design of the DCC geometry (Figure 4(b)) srould be 

Rc Rj 

such that the radius ratios in the inner and outer annular regions containing the liquid should be 
constant. Further, as r tends to unity the shear rate experienced by the sheared liquid is uniform 
throu;;Jhout. In this study the value of ~ is 0878 and this results in a variation of less than 100;; In 
the sl,ear rate between the rotor and the stator shown in Figure 4(b). Equations (1) to (3) were 
denvt::d for the DeC geometry and presented in one of our recent publications [14] 
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MATERIALS AND PROCEDURE 

Figure 5 shows a typical phose diClgram of AI-S! hypoeutectic binary system. Also shown W: Figure 
:; are trle temperatures and SI composition of the alloys used In this study (shown In Table I) rne 
aim was to include alioys eicomr)assing the range of Si content between 0 wta; and 12.5 wtO; 

l()lJ -----,-------,--- -~~-----_--___,--------~---~. 
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Figure 5: AllOy phase diag'om for AISI system showing the eutectic composition at about 125 
wt";, SI. The spots in the figure represent the Si level and meit temperatures at which the 
experiments were carried out as shown In Table I. 

Materials 

The alloys used in thiS study are presented in Table I. The chemical composition of the all,::"ys Vvas 
verified by Inductively Coupled Plasma (Ie~'») spectloscoPY. The alloys were all mode from high 
purity materials and cast into hollow cylinders to fit the annular regions of ti,e DCC measurement 
geolT'Ietry shown in Figure ,.l(b). The Dee measurement geometry' was precis,on machined from 
the Cotronics 902; machin:Jbie ceramic rods of 50 mm diameter. Tnis material can withstand a 
maximum operating ternperature of 1100 0C and is chemically inert to most liquid metals. 

Table I: Alloy compositions, melt superheat temperatures and shear rates LSed in the 5tu,_d,-,)'-./~_ 

i Nome 
! 

Si 
(wt%) 

Fe 
(wt%) 

Others 
(wt%) 

Liquidus 
Temperature (K) 

Experiment 
Temperatures (K) 

AI 0 0 093 0.Ql5 933 
AI-3Si 3.60 0.087 0020 928 ,._------' ~-=-='-'-,~~~~~ 

AI-7SI 7.29 0063 0.014 __ 883 
AI-IOSi 5.68 0.0740018 868 

[Eutectic _J,~.2~~ 0.065_ 0015 853 

Procedure 

973,960 948,940 
973.960,943,933 
973.948,913.888 

. __ --.:...9...:....73=,..:.,948 883,873 
973,948.878.858 

Angular 
Velocity 
Jr9d.SI ) 

o to 60 

Shear 
Rate (Si) I 

o I 6 t'J 46 7 

Thermal onal'y'sis WClS carn3d out on the alloy samples at a slO\\/ coollr,g rate to evaluate tllelr 
respective liquidus temperatures Figure 6 shows the graphical results c·f the thern'lal aflalysls cf 
the alloys Table I shows ti,e liquidus temperature for each alloy alon<;J With the melt 
temperature and the sheer rates at which the experiments Vvere carried out. Each of the 1I00!0'v\ 
cylinder cost alloy sample vvos sectioned to the required length and loaded into the stator of 
ti,e Dee geometry (Figure 4), The rotor and the stator were heated inside on enVIronment 
~---.--,---

t Cotronlcs Corporation Brooklyn. NY, USA http //www cotronlcs com 
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fUrr10ce under constant purge of ultra high punty Ar «2 ppm oxygen) gas at 5 I/min. At the 
re(1lJi red melt temperature (monitored by a K-type thermocouple) the rotor was inserted Into the 
melt and the height of the rotor from the base of the stator was maintained at 0.3 mrr. A new 
alloy sumple was loaded for each experiment melt tern perature The melt was then subjected 
t.::, a rnmp·down shear rate from 467 s' to 0.16 s· The residence time in each shear rate was 5 s. 
fhe r'leasure torque data wos obtained between 2 cmd 5 s at eClch shear rate. Between 0 Clnd 
2 ) the applied torque stabilized to maintain a constant angular '1elocrty (Shear rate). nilS IS 
shown in the subseouent section (Figure 7). About 25 data pOints were rece,rded between 2 
and :5 s C)f experiment at every shear relte. The measured Torque was used to eVuluate the shear 
stress using Equation (1). The melt temperutures for eacrl alloy was so chosen to include the 
ternperature 01 5 K melt superheat from liqUidus temperature and 973 K. fhe temperature 
dlstnbution In the sheared liquid was observed to be less thCln 1 K. The torque measuremer+ 
resolution for trle rheometer was 0 1 nf'Lm and the utlgular displacement resolulion Y'ias 25 mod. 
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Figure 6: Thermal data dUring solidification of the alloys presented In Table I. 

RESULTS AND DISCUSSIONS 

The results and discussion are presented for the following tOPICS: 

• Taylor Vortex Formation Crrteria 
• fime Dependency Curve (Shear Stress versus Time) 
• Viscosity of AI and AI-Si alloys 

Toy/or Vortex Criteria 

ExperiMents In rotational rheometry of liquid should ensure that the sheared liquid undergoes a 
lamrnar and steady flow behavior Without the formation of vortices In the liquid 
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(4) 

In Equation 4 (', is the anuular velocity of thE: sheared liquid p is the srieal viscosity p IS the 
dellslty of the fluid R is the rotor radius, and (R-RIJ IS the annular gop as shown In Figure 2(bl 
The quantities (11)R ) and (f1/~,) represent the peripheral velocity at the rotor/liquid interface and 
the kinematic vIscosity of the sheared liquid respectively. The critical angular velocity IS obtain 
when Equation (4) IS on equality, 

Figure 7 shows the value 0 critlcui angular velocity of eutectic alloys below which experinients 
ShOUld be carried out with ,he DeC geometry In this study (Figure 2(b)) Eutectic alloys will ha'ie 
the least denSity' amOllg the alloys studied and hence have the least cntlcal angular velOCity 
Figure 7 also shows that the tYPical experiment data pOints for all the alloys lie well below their 
respective Taylor vortex Criteria thus vouching for the reliability In the measured viscosity volues 
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Figure 7: Representation at Taylol Vortex criteria for AI alloy system. The solid line is the plot of 
critical angular velocity for Eutectic as a function of shear rate above which the 
vortices will form in the sheared liquid 

The Inequality presented Ir Equa"ion (4) is known as the Taylor vortex Criteria. If the inequality IS 
satisfied, vortices will forn, in the sheared liqUid. To obtain reliable results In rotational rheometry 
the inequality in Equation (4) should not be satisfied. 

Varsani et 01 [11 J have rec ently carned out rotational rheometry experiments on pure ,AI. They 
r,ave shown non-Newtonlcn shear thickening behaVior for the metal between shear rates of 40G 
and 2600 s!. However, the Taylor vortex criteria (Equation (4)) for the measurement geometry 
used by them and pro penes of pure AI dictates that vortices will form If the shear rate In their 
experiments el(ceed a value of 175 s' Above the critical shear rate, the vortices Will absorb the 
energy of the sheared liqUid aneJ hence more energy IS reqUired to over come the vortices to 
maintain a constant shear rate, This translates to measurement of higher torque values by the 
Instrument thus reporting a higher viscosity and shear thickening behavior. Hence controlling the 
shear rate regime used In the eXPE:rlment with the Taylor vortex Cf'ltena shown In Equation (4) IS 
critical. 
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Time Dependency Curves 

Time dependency curves represent the graph of applied shear stress versus time for a constant 
angular velocity (shear rate) applied to the liquid Figure 8 shows tYPical time dependency 
curVE: for various alloys at a melt temperature '.:>f 973 K and a meal' rate of 467 s ' 
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Figure 8: Time dependency curve (Shear stress versus time) for liquid AI-Si alloy system at specific 
melt temperature and shear rate 

The time dependency curve shows thot the shear stress does not vary with time at the constant 
temperature and shear rate, Trle time dependency curve obtained for the other temperatures 
and shear rates were similar to that shown in Figure 8, The constant time dependency for the 
alloys shows that the alloy system IS completely liquid and devoid of any solid particles such as 
s,olidified phases or extraneous impurities. 

Viscosity of AI and AI-Si aJ/oys 

The viscosity of the alloys was evaluated using Equation (3) Figures 9(0) to 9(e) shows the 
variation of viscosity with shear rate at various temperatures for eoch of the alloys in Table I. All 
the alloys in Figure 9 show non-Newtonian and shem thinning behavior. In ac,::ordance to our 
understanding, In Figures 9(0) to 9(e), the viscosity decreases with increasing temperature for all 
the alloy compositions. The rate of decrease of viSCOSity with shear rate is decreases with 
increasing shear rates, 
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Figure 9: VISCOSity ':::urve of the AI-51 alloy system os a function of shear rate for four melt 
superheat terliperature:;. The curves show that AI-51 alloys are non-Newtonlon and 
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Figure 10: Cornparison of viscosity versus shear rate tor the various alloys. (0) 5 K melt superheat 
temperature and (b) 973K melt temperature 

In Figures 101b) it can be observed that the viscosity of AI-7Si is lowest among the hypoeutectlc 
AI-Slolloys AI-7Si is one of the most commonly used alloys for scmd and permanent mold casting 
processes. The AI-Si 356 and 357 alloy families typically have around 7 wt~ Si content. These 
alloys are more prevalently used to cast high integrrty structural components compared to other 
AI-Si hypoeutectic alloys compositions. 
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Figure 11: Viscosity as a function of SI content for three different shear rates (a) 5K melt 
superheat temperature and (b) 973K 

Figures 11 (a) and 11 (b) show the variation of viscosity with Si content for the alloys at various 
shear rates for 5 K melt superheat temperature and 973 K melt tenlperature respectively Figure 
11 (a) demonstrates that the lowest viscosity is shown by AI-7SI. Figure 11 (b) shows a similar trend 
In varratlon of viscosity as in Figure 11 (a) Further. experiments will have to be carried out to 
better resolve the viSCOSity data with respect to SI content between AI-3Si and AI-JOSI. Manso dI 
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Saba tinG r 15 i has also shovm that the cosjlng fluidity of Ai ond AI-SI hypoeutectic 0110y5 have a 
lmlqJ8 beliovior where Cl minima n the flUidity vOlue IS reached between 3 wt~ and 7 wtO~ SI 
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Figures 12(0) to 12(e) show the variation of viscosity with temperature for four specific shear rates 
8uc.h for all the alloys The data points in Figure 12 are the experiment results and the solid lines 
represent trle curve fit with Andrade's equation [16] which is presented In Equation (5) 

Ii 

/('1.11' = A . e [ (5) 

In Equotlon (5), A and B are constants. and T is the temperature Table II presents the values of A. 
and B for the curve fits shown if' Figures 12(0) te 12(e). A.s expected the VISCOSity decreases With 
Increasing temperature. 

Tabl II V I e a ues 0 cons on S In n ra e :qua Ion s t . Add E r h own In ~gua Ion . E t' (5) 

Material Shear Rate A B R2 

389 262E-ll 22224 189 099149 

AI 155 2.27E-14 30143.921 0.98329 

78 351E-14 30638.792 0.97044 

389 3.87E-09 17028839 09581 

AI-3wt%Si 155 108E-08 17137.129 0.96407 

78 7.82E-I0 20549581 0.95382 

389 3.32E-06 9695.650 099975 

AI-7wt%SI 155 111E-05 9709.911 0.99006 

78 2.76E-06 12033.003 0.96281 

389 9.10E-05 6796.850 0.91204 

AI-I0wt%SI 155 7.00E-04 5996.627 0.95945 

78 0.02579 3398.403 0.84121 

389 4.30E-04 5195.038 9.64E-Ol 

Eutectic 155 2.89E-04 6424690 9 55E-Ol 

78 3.89E-03 4761866 0.95186 

CONCLUSION 

The results from thiS study can be summarized as follows: 
• Pure AI and AI-Si hypoeutectic alloys exhibit a non-Newtonian and shear thinning 

behavior. 
• AI- 7wt'6 Si shows the least viSCOSity among the alloys in the study. 
• ViSCOSity for all the alloys decreases with increasing temperature and the trend in 

decrease follows the Andrade's equation [16J. 
• In future. solidification studies in the semi-solid mushy zone of AI-Si alloys should not 

assume Newtonian flow behavior 
• Most metal s'/stems seem to exhibit nOli-Newtonian shear thinning behaviol [14 J. 
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PUBLICATIION D 

Effect of Sr addition on the Rheolo!;)y of Liquid AI-Si Hypoeutectic Alloys 

MOr,r::nnniaa Minhajuddin Malik ManickaroJ JeY:Jk'urna(, Mollamrn8d S Han,ed I, Michael J 
Wolke(', Sumanth Shankar 

Centre for Solidification & Thermal processing (CSTP), McMaster dniverslty, Hamilton O~~ 
Canada L 9H 2E8 
~General Motors, Michigan, USA, 

,AjdikHI of about 0,02 wt?; Sr to the AI,SI hypo eutectic alloy melt changes the morphology of 
the eutectic SI and AI phases In the solidified structure, Innurnerable attempts are continuously 
being carried out giobali'l to understand the mechanism of this technologically important 
II ansfonnatlon, One popular tneor,! is that Sr addition changes the rheological characteristics of 
Hie molten alloy and influence', the Interface energies between the primary AI and inter, 
dendmlc liquid phases thus affecting the nucleation of the eutectic phases resulting in a drastic 
refinemer,i ot their rn-Jrphologies during solidification, This study attempts to understand the 
effec~t of Sr addition on the rheological properties of these alloys by experimentation with 
rotational rheometry, It wos found that Sr Significantly Increases the shear viSCOSity of the AI-SI 
hypoeutectlc ailoy melf at low superheat temperatures, 

INTRODUCTION 

Understanding the rnecha lism of the modification of the morphologies of the eutectic phases 
with trace level adaition:; of Na and Sr has been an intense research tOPIC for several 
researchers during the pm t 50 years [1], AI-Si alloys without the Sr or No additions are termed 
unmodified olloys the ones with Sr or Na are terrned modified allOyS, Tile phose diagram for A!-SI 
alloy is a Simple binary eL tectlc system [2], There are three main schools of though t for the 
iheory of such a modification, One [1] proposes that Hie Sr atoms Influence the grown', of the 
eutectic Si phose by attaching themselves to the growth ledges and arresting the growth. S, IS 
believed to grow by t~,e Twin Plene Re-entrant Edge (TPRE) mechanism [1] where in the pilose 
twins on preferred planes emd continues to grow, Sr IS believed to poison these growth planes In 
the TPRE mechanism, This theory fails to explain many observed events that occur along durin9 
solidificatic:Jri of the eutecti,= phases [I 23], The second theory wos proposed recentl,!, by Cho et 
al [4] and stotes that the AlP phose particle Inherently present in AI-SI hypoeutectic alloy) act os 
nucleotlng sites for the eutectic Si pnase and that Sr addition creaies the /\I~SLSr Intermetallic 
phase in the melt which ties up the AlP phase and rendering tllem Ineffective to act as 
Inoculants for tne eutectic SI phose This IS merely a hypothesis and not substartiuted by 
sufficient experwnent eVidence SUCrl as crystallographiC relationships between the AiP pClIticies 
Clnd the eutectic Si In an unmod fled ailoy The third theory [2. 5] proposes thot the Sr cnonge:i 
the rheol091cal properties :)f the Inter-dendritiC liqUid dUring solidlficatlcn of the semi-solid mushy 
zone of the alley and altErS the InterfaCial energies between the Inter-dendritic liqUid und tl'ie 
primary A: phose, HilS change In InterfaCial energy delays the nucleatior of the eutectic SI 
phase Cleating a super-saturation of Si In the inter-dendritic liquid whicr results in COPIOUS 
nucleatloli event of the eL tectic phases at suffiCient undercooling and hence restricts growth to 
render the eutectic phCl~;es with a refined morphology There are sufficler,T experwnental 
eVidences to support thiS theory, The theory also states that contrary to popular belief. addition 
of Sr or No not only refines the morphology of the eutectic S, phase but also refines the groin size 
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uf tr18 eutectic AI groins [5] One of the critical features of this theory is that the Sr addition to 
liquid AI-Si alloys alters the rheological properties and the atom arrangement in the liquid st'lte. 

All thIS' post research [1] in this topic has concentrated on understanding the effect of Sr addition 
In the solidified structure There IS a lock of research studies to evaluate the structure of liquid /1.1-
Si alioys Such a study will throw more light into the fundamental properties and characteristics 
(,f the liquid prror to nucleotlon events of solidifying phases. There are no experimental 
IS'vidf:::nces to understand Hie effect of Sr on the liqUid structure of these alloys There are two 
r8)'2cw:;f-) projects that are being carried out at our casting laboratory. One is to evaluate the 
struct'Jre of liquid AI-SI alloys and the effect of Sr addition to this structure. The liquid structure is 
beln(J evaluated by diffraction e.x.periment~ on bulk liqUid alloys with neutron and high energ'/ x­
Ray (Synchrotron) beams. The complin1entory research study presented In thiS publication 
evaluates the rheological properties, especially the viscosity ot the liquid alloys by r:)totionol 
rheometry' experiments. This publication quantifies the viscosity ot AI-Si hypoeutectlc alloy with 
odd! lion of 0.024 wt";, Sr by rotational rheometry experiments. The results of thiS study flot only 
brings us closer to concluding the holt a decode search for the theory of modification of AI-SI 
alloys but can also be u trlized effectively in developing consti~utive models to predict the 
microstructlJre, gas porosity and shrinkoge porosity formations in AI-Si alloys durrng solidification 
of the binary alloys 

BACKGROUND 

Expenrnents to evaluate viscosity of AI and AI-Si alloys have been carried for the post 60 years. 
Figurt::s 1 (0) and I (b) represent the tabulation of these experiment results. In Figure 1, there is 
nearly a 4000; variation in the observed viscosity data for these alloys. The Oscillation Vessel 
Viscometer (OVV) [6.7] has been used to obtain Viscosity in all the experiments shown in Figure 1 
The main assumption in using the OVV IS that the liquid metal system behaves like a I'~ewtonian 
fluid where in the viscosity value does not change With the shear rate experienced by the liquid. 
ThiS assumption has not been verified until recently [7,8.9 10,11.12,13] and It has come to light 
that liquid metal systems tend to behave as non-Newtonian and shear thinning flUids where in 
the viscosity values decrease with increasing shear rates in the liquid. The present experiments 
on rotational rheometry using the AR2000 1 rotational rheometer, involves rotating a speCific 
volume of liqUid at high temperature to evaluate the torque, T required to maintain a specific 
constant angular velocity ('J. 

The applied shear stress, T and ttie shear late, y can be evaluated from the memured values of 

T and ('J. The viscosity .u is the ratl0 of T and y. Equations (1) to (3) present the expressions to 

evaluate T i and.u respectively. 

(1 ) 

--------

1 Advanced Rheometer, TA Instruments, New Castle. DE. USA http Ilwww talnstruments com 
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Figure 1: VIscosity as a function of terl'lperature for (a) pure Al and (b) AI-SI Cliloys Tile spread Wi 

clata is about 400~. All data were evaluated by Oscillation Vessel Viscometer (OVV) 
except Jones et 01. 
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Tn>? tnemurement geometry Inside the rheometry was the Double Concentric Cylinder (DCC) 
and shown In Figure 2. The design of tne DCC geometry should be such that the radius ratios In 
the inner und outer annular regions containing the liquid should be constant. In Equations (1) to 

RI R, 
(3) j') = -- = -' . Further. as I~ tends to unity the shear rate experienced by the sheared liquid is 

R, R. 
unlforrn throughout. In this study the value of ~, is 0.878 and this results In a variation of less than 
! 00;, ir: the shear rate between the rotor and the stator shown ill Figure 2. Equations (1) to (3 1 

were specifically derived for the DCC geometry and presented in one of our recent publications 
[81 

H 

[ t: -:- J\ : 4 _ LJ 
: .. ~f .,.,..;:. 

Figure 2: Cross-section of Double Concentric Cylinder (DCC) measurement geometry used In 
the present experiment study. R 1 = 14.5 rmn. R2 = 16.5 mm R3 = 18 mm R4 = 20 .5 
mm, H = 15 mm and z = 0.30 rnm. 

MATERIALS AND PROCEDURE 

The DCC measurement geometry used In the rheometer was precision machined from the 
Cotronlcs 902 2 machinable ceramic rods of 50 mm diameter. This material can withstand a 
maxirnum operating ternperature of 1100 DC and is chemically inert to most liquid metals. 

Figure 3 shows the alloy phose diagram for a typical AI-Si hypoeutectic system. The data shown 
superimposed in Figure 3 are the Si content and melt temperature of the alloys used in this study. 
Table I shows the name of the alloys rn this study, their chemicol composition, the liquid 
temperature melt temperatures during experiment and the range of shear rate used in the 
experiments. 

;' Cotronlcs Corporation, Brooklyn, NY USA http I/www cotronlcs com 
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Figure 3: /\iloy phase diagrJln for AI-SI system showing the eutectic composition at abo'.Jt 12,5 
wta; SI, The spots in the figure represent the Si level and melt temperatures at which 
the experiments Nere carried out as shown in Table I, 

;TClble I: Allo~iom exrnmenlOI ~oralneters used in this u,s".d In Ihe study. 
i :l S· , F I ,- Liquidus, E . t Angular Sheilll 
I I I e:1 ,)r ~,xpenmen . ~' I 
! Name : ( teT!) I' (' tev ) ( tev ) Temperature T t (K) VelOCity Rate! 
~--__ L w IO __ "~O \Iv ~l~-~- empera ures rods' s I i 

: _A_I ___ + __ ~O_T~'OS2.~ 0 022 ~ 933 973, 960, 94~, 940 I I' 0,16 : 
~AI-7S~. ! 7,29 :°,0::31 to: 883 1973948,913,888 I Ot060, to ! 

l AI-lO..J1 I 5.68 i O.O'.i..J 0.024 r 868 i 973,948,888,873 I I 467 I 

I Eutectic I 12.25 0.065 I l 853 1 973,948,878, 858 L ____ L ___ ~ 

The AI, Si Clnd Sr used In prepann~1 the alloys listed in Table 1 were from 99 ,99 cr~, 99 .9999 a~ and 99 
% purity row materials, re,pectively, The chemical composition of the alloys was venfled by 
Inductivel,! Coupled Plasma (ICP) spectroscopy The alloys were prepared In fresh ceramic 
crUCibles and cost into holl:::;,w cylindrical rods with diameters to match the annular regions of the 
DCC geometry shown in =igure 2. The hollow rods were then sectioned and Inserted in the 
annular region of the stator. The rotor and the stator were then raised to the experiment 
temperature Inside on environment furnace purged with high purity Ar «2 ppm o>:ygen) ot 5 
I/min. The ~ystem was equilibrated at the experiment temperature and the temperature 
difference between any two points in the liqUid metal was measured to be less than 1 K The 
rotol is then lowered dowr to reach a distance of 0 3 mm frorn the base of the stator The rotor 
was then rotated With sceciflc angular velocities and the torque reqUired to maintain the 
angular velocity wm recorjed, The system was rotated at every angular velOCity for (1 period of 
5 s The torque values for the first 2 s were discarded as the system reached steody state flow, 
The torque data measured between 2 and 5 s were averaged to evaluate the applied shear 
stress usincj Equation (I) There ole about 25 torque values measured between 2 and 5 s, Figure 
4 shows a tYPical time dependercy curve where In the measured torque IS plotted as a function 
of time te)' a specllic angular velocity, Figure 5 shows that the steady state of rotation IS reached 
beTween 0 and 2 s and t~at the torque value is constant between 2 and 5 s. thus ascertaining 
that the iiquid sample IS devoid of any solidified phases or sclld discernable solid impunty 
particles, Each e~perrrnent was repeated to evaluate repeatability and the ~,tandard deviatiOns 
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WI shear stress was observed to be less than 10 % of averaged value. The range of angular 
veloCities presented In Table I was chosen to enable a laminar and stable flow of the sheared 
liqUid at all times. Taylor Vortices Criteria [,.)] dictates the critical angular velocity for a particular 
liquid and measurement geometry dimension above which vortices will form in the sheared 
liquicl an(j render the results unreliable. The Toylor Vortex Critena for the AI-Si hypoeutectic alloys 
and the DCC geometry used In this study were presented In one of our recent publications [13] . 

* * 

• - 41 

TAl-no' 
• "d-10S, 
* EutectlL. 

Figure 4: Time dependency curves (Shear stress versus time) for liquid AI-Si alloy mOdified system 
at specific melt temperature and shear rate 

RESULTS AND DISCUSSION 

The standard deViation of the measured shear stress and viscosity was less than 10':0 and was not 
Inciuded in the results presented in this section to enable better visual clarity 

Figures 5(0) to 5(d) show the graphs of viscosity for pure AI at the four melt superheat 
temperatures, respectively, Figure 1 shows that trace levels of Sr addition does not affect the 
viscosity of pure AI, Figures 6 to 8 present the results of the viscosity as a function of shear rate for 
alloys with and without Sr addition to the melt at four melt superheat temperatures for AI-lSi, AI-
10Si ond Eutectic alloys. respectively. In Figures 6 to 8. addition of Sr significantly increases the 
viscosity of AI-SI alloys, The increase in viscosity is more significant for the AI-lSi alloy compared 
to the AI-l OSi and eutectic alloys. The effect of Sr in increasing viscosity is more significant for 
these alloys at lower melt superheat temperatures and the effect fades as the melt superheat 
increoses. For AI-l OSi and eutectic alloys as shown in Figures 1 and 8, the effect of Sr fades at 
temperatures of 948 and 913 K. The effect of Sr on the viscosity of the AI-lSi olloy seem to be the 
most pronounced among the alloys evaluated 
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Figure 5: Comparison of vls<::osity versus shear rate for Al with and Without Sr traces (0) 940K. (b) 
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(b) 818K, (cl 948K, and (d) 973K 

One of the critical observations from these experiments is that the entrre AI-SI hypereutectic alloy 
system exhibits a non-Newtonian shear thinning behavior in both the unmodified and Sr modified 
slates, The effect of Sr IS only to increase the viscosity of the AI-Si alloys at all shear rates 
betw,::en 0 and 400 S :, This is congruent with our findings in our recent experiment with other 
pure rYlelals such as Zn and low melting Sn based solder alloy [13J, Typically metal systems were 
believed to Newtonian in nature, However, this assumption has not been experimentally 
validate,j, Rotational rheometry offers an opportunity to validate the flow behavior of metals 
and recent e;<periments by our group [7,8,13] and others [11,12] have indicated that metal 
systems seem to behove as non-Newtonian and shear thinning fluids Accurate evaluation of 
rheological properties especially the vIscosity values are imperative in developing constitutive 
fllodels explaining the flow behavior of inter-dendritic liquids during the feeding and 
solidification of these alloys, The limited success in predicting solidification microstructure 
porosity formation and shrinkage cavity formation in solidified AI-SI alloys could be attnbuted to 
Incorrect assumption for the flow models of these liquid alloys, The evaluated viscosities of the 
AI-Si hypereutecric allay show a very high value at low shear rate I'eglme, One of the reosons for 
the liquid systems to show a non-Newtonian flow behavior may be due to the nature of atomic 
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bor"Js (_JricJ energies that define n-,e liquids Liquids unlike solids and gases do not have a 
constitutive model 10 define the otom orrangement and behavior [6]. Unlike non-metallic liquid 

that (lre rnoleculor In rature. liquid metals are mono-atomic in nature The bond 
energ,,:;') t)ir'ding the liquid structlJre are vostiy different from non-meta[lic systems. Liquids form 
clJ-orcJinarlon sr,e[ls Of short rang,,, orders by forrnng clusters of atoms that are bonded to each. 
other [6 15] Our recent dlffroctlon experiments Of! Ai-5i a[ioys hove shown that these 
cuordlnatlon clusters are ,phere'i of diameters between 2 and 5 N [16. 17]. In non-metai 
systems such as woter [13]. the rnolecules do not cluster into coordination shells and H-,e 
mol2cules ore not strongi I bonded to each other. Hence. in metal systenis, there will be 
resistance offered I:)y the ihort-rol1ge order of atom clusters to any shear stress Wilen ilqUld 
Pler,)1 systenl IS sheared, 'here IS a resistance offeled by the liquid to maintain a constant 
cmguiar vdocrt'l. in addition to the nlacro-scale layers of liqUid, the nlicro-scale bond energle:; 
Of the 5hol't-ronge orjer of liquid '.Jtoms also resist the flow The lat·er resistance IS not present in 
non-met:J1 systenls. The SUnl :)f these two resistances IS measured os the torque cmd 
sutsequently shear stress. A!though, the resistance offered by the macro-Scole liquid IOfers will 
!ncrea~e v'lith l(1creasi(1g ongulor velOCity the resistance from the micro-scale bond energies of 
the short range ord8t moy tend to decrease as Increasing ongL.:iar velocit·( overcome these 
bond energies utorn clustering. Increoslng angular velocity mav change the nature of the 
coordinaticJl1 clusters in liquids and thiS may result in a change in the densltv gradient in the 
atornlc scale. ThiS mav explain wnv In Figures 5 to 8 the rate of decrease in shear stress IS ql)ite 
r11gh at lOw shear lates COlilparec to higher shear rates. At higher shear rates the vIscosity value 
tends to on asymptote. It nlay be that the vlscosrty may aitaln a near[v constant value at higher 
shear rates than used in thi, study ThiS explanation IS only a hypothesis and further expenments 
will have t,) be corned out to verify and validate the same. There are qualitative evidences to 
support thot the addition ot trace le,'els of Sr to the AI-Si melt significantly olters the coordination 
clusters of atoms [16,17.19]. ThiS may be the reason why Sr addition causes significant change to 
the VISCOSity of the liqUid AI-5i hypoeutectic alloys. 

Figures 9(0) and 9(b) show the viSCOSity as a function of 51 content for three shear rates for tr,e SI 
modified alloys at 5 K ;uperheat cmd 973 K melt temperature, respectively. It can be observed 
that the vi;cosity incre:Jses between AI and AI-7SI and decremes from AI-7Si to eutectic alloys. 
Figure 10 ,'a) and 1O(b) conlpares the vIscosity of the unmodified and modified alloys as a 
function of 5i content at two different shear rates for 5 K superheat and 973 K melt temperature. 
respectively Figures 10(0) and IO(b) show that the behavior of AI-7SI alloy is unique In that It 
SllOWS the lowest viscosit/ in the unmodified state and the highest in the modified state 
Moreov:::r. the effect of Sr on viscosity is most pronounced for AI-7SI ulloy Further it can be seen 
that there IS minimal effect of 5r addition on Viscosity for 973 K temperature except in AI-7S ' alloy. 
Diffraction experiments of liquid AI-7Si alloys along With other AI-51 hypoeutectlc alloys are 
currently being earned out to eVClluate the unique structure of the AI-7SI alloy and explain the 
unique behavior of viscosity. Interestingly, AI-7Si constitutes the 356 families of AI alloys that are 
more porular as for s tructurol casting applications due to supenor casting and perforrnance 
properties compared to olher AI-SI hypoeutectlc alloys [20J. 

65 



I • 
i 
I 

I 
i 

• 

- " -~ lis 
• 1,),) s 

• 

+--,-----,---~-~~-,-~-, --,----,---,----..---, 

"' ' 

(0) 

... JC' S 

wt %51 

(b) 

Figure 9: Viscosity as a function of Si content at three different shear rates for Sr modified alioys 
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Figure 10: Comparison of Viscosity os a function of SI content at three difterent shear rates for Sr 
modified and unmodified alloys (0) 5K melt superheat temperature and (bJ 973K 

The results of this study show that theory of modification proposed by Shankar et 01 [5] which is 
bmed on Sr changing the interfaCial energies between the Inter-dendritic liquid and the primary 
AI phose and leading to a delay in the nucleation e'vents of ,he secondary eutectic phases This 
study shows that Sr addition signiflcantlv changes the viscosity ot the AI-Si hypoeutectlc alloys, 
especially the AI-l OSI and eutectic AI-51 alloy which in SI content are similar to the inter-dendritic 
liquid in contact with the primary AI phose during solidification in the semi-solid nlushy zone, The 
results also suggest that the change in VISCOSity caused by Sr addition is more pron'Junced at 
temperatures closer to the eutectic temperature of the alloy 
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SUMMARY 

H""',e results of tr,is paper can be summarized as follows. 

• ,A,I-';I hypoeutectlc Cllloy:, are non-Newtonian and shear thinning fluids. 
• Addition of 0.022 to 0.024 wt.a-; Sr to AL-SI hypoeutectic alloys leads to the following 

observations. 
o Addition to j:jure AI does not have a significant effect on melt viscosity between 

melting and 40 K melt superheat temperatures. 
o Addition to AI-SI hypoeutectic alloys significantly changes the melt viscosltv ot 

various me!t superheat temperatures The change In viscosity IS more 
pronouncec at lower superheat ternperatures and decreases with increoslng 
melt superheot temperatures. 

o The effect 0 1 increase In viSCOSity is most pronounced In ,A.I-7 wt a-; Si alloy 
o The change in viscosity between unmodified and modified AI-5i alloy IS most 

pronouncec in AI-7 wt% alloy. In unmodified alloys, the AI-7 wt.~ 5i exhibits the 
least viscosity and in 5r modified alloys the ,"'.1 - 7 wt.% 5i alloy exhibits the highest 
viscosity am()ng the hypoeutectlc alloys 

• A ',yporhesis has been presented to explain the non-Newtonian and shear thinning 
behavior ot liquid AI and AI-5i alloys. 

• Sr :Jddition to ."'.i-5i hypoeutectlc melts changes the atomic structure and hence Hie 
rheological properties of the melt which will lead to changes in surface tension and 
Interface energy of the melt and primary AI phase In the semi-solid state during 
solidification. A hypothesis has been proposed to explain the Increase in vIscosity With 5r 
addition in these alloys. 
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~L\.Sc. Thesis - :\\.\1. l\lalik \fcl\Iastcr - \fcchanical Engineering 

SUMMARY OF THESIS 

Th~; contents of this thesis can be summarized as follows: 

• A high ten-,perature rotational rheometer equipped with ar en'llronmentol 
furnace capable of carrying out experiments at 1100 K melt temperature has 
been commiSSioned 

• Oscillating Vessel Viscometer (Ol/V) crmnot be utilized to evaluate rileologlcal 
properties such as viSCOSity of liqUid rnetal3. Only rotational rheonietry can be 
used for this task. 

• The Double Concentrrc Cylinder (DCC) is the most practical measurenlent 
geome IIY fo' viscosity evaluation of liqUid metals in rotational rheometry 

• Flow curves of liqUid metal systems shovy a unique behaViour where in the 
applied shear stress decreases with increoslng shear rates at low shear rate 
legime and Hie trend reverses at a specific shear rate value unique to the liquid 
system evaluated. This unique trend may be due to the n:Jture of atomistiC 
bonding In liquid metals which are different form non-me1allic s~fstenis. 

• Liquid meta systems In general seem to exhibit a non-Nevytonian and shear 
thinning behaviour. 

• Liquid Al and AI-SI hypoeutectic alloys exhibit a non-Newtonian and shear 
thinning behaviour between shear rates of 0 and 467 S'. The vIscosities of these 
alloys decreases with increase in melt superheat and the trend follows the 
Andrade's e=1uation. 

• The viscosity of AI-Si hypoeutectic alloys do not continuou'oly decrease with 
increasing Si content. Among these alloys. AI - 7 wt a; Si eX'liblt the minimum 
viSCOSity value at all shear rates between 0 and 467 Sl and 011 melt superheat 
temperatures. 

• Sr addition to /\I-SI hypoeutectic alloys between 0.022 and 0.024 wt 0;; Significantly 
increases th0~ viscosity of these alloys. At high melt superheol temperatures the 
effect of Sr addition on viscosity is not appreCiable. 

• Tr,e effect of SI addition Sr addition to AI-Si hypoeutectic alloys between 0022 
and 0.024 wt.'ro is most significant In Al - 7 wt.% SI alloys at all shear rates between 
o and 467 5 I and all melt superheat temperatures. 
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In pUblication I, on page II of this thesIs, Figure 3 (a) and (b) should be read as 
given belo'iv: 

rime f(s) l1adlol Distance r lmm} 

(a) (b) 
Figure 3: Schematic graphical representation of the variation of shear rate In an 

oscillotion vessel viscometer. (a) temporal variation and (b) spatial variation 

2. In publication A, on page 17 of this thesIs. the caption in Figure 10 should read as 
below: 

Figure 10: Apparent Viscosity curve for 99.999°; pure AI melt showing non-i'Jewtonian 
(shear thinning) behaviour [15]. 

71 




