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1 Introduction

Within the last years several casting processesTikixomolding, Thixocasting, New Rheo
Casting, Rheo Die Casting etc. for manufacturigtliimetal parts in the semi-solid state were
investigated. Due to the higher viscosity of a sealid melt mold filling can change con-
siderably, compared to conventional die casting][1n addition effects like thixotropy and
shear thinning have to be taken into account [8}. éptimization of a semi-solid casting
process, and therefore the quality of the cast, marfundamental understanding of the
rheology is required.

Basic work concerning the rheology of semi-soliditm&as started by Flemings and co-
workers in the seventies [4]. Since then sevenadliss were done on the alloy Sn-15Pb
because of its low reactivity and melting ranges]5in addition measurements for various
aluminium alloys were carried out [7-8]. Only femvestigations on magnesium alloys have
been accomplished [9-11]. The published data seerbet inconsistent which might be
explained by the high susceptibility of magnesianoxidation.

The experimental investigations showed that theogsy of semi-solid melts strongly
depends on shear rate and solid fraction. For magtieal description the simple “power-
law” model invented by Ostwald and de Waele [12-E3pften used which seems to be
suitable for moderate shear rates [9-10, 14-15].

n=Koy" (1)
For constant fraction solid the dynamic viscosjtig correlated to the shear rate to the power
of the power law exponent (n-1). The coefficientakd the power law exponent n can be
determined from experiments. The power law expomecan be interpreted as an indicator
for the shear rate dependency. Newtonian Fluids,tetally liquid metals, are not dependent
on shear rate, the power law exponent is n=1.

For very low and very high shear rates the visgagiproaches a limit asymptotically. This
sigmoidal curve was found to be approximated byencosmplex empirical models from
Cross [16] or Carreau-Yasuda [17]

In this paper the rheological behaviour of the nesgm alloy AZ91 is discussed. Shear
rate and processing temperature have been varexdaavide range. It was found that the data
are in good agreement with an enhanced power-ladeimoom Sisko [18]. An attempt to
correlate the model constants with the solid foactivas carried out. Therefore special
attention was paid to determine the solid phase¢ecoras a function of temperature. Besides
databank calculations with the CompuTherm-Moduth&f ProCast-software, basing on the



CALPHAD-Method invented by Schmid-Fetzer et al.][1Be correlation of temperature and
fraction solid was determined by DSC-analyses.

2 Experimental

For examination of the correlation between tempeeatand solid fraction for AZ91
experimental investigations with differential scerun calorimetry (DSC) and microscopy
were supplemented by databank calculations. A riffieal scanning calorimeter 409C from
Netzsch at WTM, University of Erlangen, was used. drder to avoid reactions the
magnesium sample was placed in a tantalum crueilbieh was covered air-tight under
Argon inert gas atmosphere with a spot welder. Raalysis was made with the Netzsch
software Proteus. Furthermore measurements with pluminium for calibrating the data
correction module have been carried out.

For analysis of the microstructure a reflectedlighcroscope at NMF and a microprobe
analyzer type JX1-8100 by Joel at WTM, University Brlangen, was utilized. An
acceleration voltage of 15 kV was used. In addittaitulations with CompuTherm-module
of the ProCast-software were carried out. Thislui& allows calculating the solid fraction
in thermodynamic equilibrium.

In order to enable a correlation to the alloy usethe rheological experiments the major
alloying elements (Al, Mn, Zn) of the magnesiunoglivere determined by Glow Discharge
Optical Emission Spectroscopy using a Jobin Yvonf3bfiler located at NMF, with a focus
spot of 4 mm. To verify the determined relationstapalyses of the solid phase content of
micrographs have been carried out.

For rheological investigations, a high temperatwiscometer
(Searl-type) at NMF was established. The insertgdrv crucible —
setup according to DIN 53019 is shown in Figurg,E 15 mm, r= 1 I
13-14 mm, L = 39 mm). The cylindrical melting fuogacontains four
independent heating zones which allow isothermalegrments with
temperatures up to 850 °C and a measuring accwhdgss than
0.5°C. For operation with magnesium alloys, then&ge was
evacuated to a vacuum pressure below fitbar and subsequentl .
flushed with Argon 5.0. After repeating this cydleree times, to
establish an inert gas atmosphere extensively ffiiga oxygen, the
sample was heated up 20°C above the melting pofntthe r o
investigated alloy and then cooled down at the rddsoperation —
temperature. The steady state viscosity was caézlias the averagerige 1: Rotor and
of the viscosity between 1500 and 1800 secondsthAt time no crucible of the
substantial change of the viscosity was observedreMdetails viscometer at NMFref.
concerning the rheological measurements can belfwuj20]. DIN 53019

3 Resaultsand discussion

Control and determination of the solid fractionak particular relevance for rheological
investigations of semi-solid melts, especially &loys with small solidification range, where



small variations of the temperature can cause
considerable changes in solid fraction.
Depending on the process the rate of cooling or
heating as well as melt flow conditions may lead
to differences in microstructure. For example
segregation of alloying elements in solid solution
might occur, which has to be taken into account
in terms of the phase -calculations. In the
viscometer the slurry is sheared under isothermal
conditions.

Figure 2 shows the quenched microstructure of
i1 AZ91 after shearing for 400s at 583 °C at a
] shear rate of 80’ (top) and a microprobe
F linescan for the major elements Mg, Al and Zn
| (bottom). The microstructure shows globulitic
20pf|  Aummm znc |4 primary o with a diameter of approximately
ot 00~\20 e VOO WS 200 pm which is formed in the viscometer. It is

°o ! O o0 400 500 surrounded by the residual melt solidified during

Figure 2: Microstructure of quenched semi-solifluénching to fine grained secondaryand the
AZ91 sheared in the viscometer 400 s at 583 °Ceattectic which consists of tertiary and the
a shear rate of 80"s(top) and result of thejntermetallic phase MgAl... While within the
nm(;cr%?;%?:nlt'n%icat%éb°$2$)' ;ngy?n'ggrzzrﬁgmésidual melt distinctive pea_ks for a_ll el_ements
mangesium, aluminium and zinc in primasy are observed, no concentration gradient is found
indicating thermodynamic equilibrium duringn the primaryu-phase indicating thermodynamic
shearing. equilibrium.  Therefore all CompuTherm-
calculations were done using lever rule.

The influence of the alloy composition on the clatien of solid fraction and temperature is
demonstrated in Figure 3. Four curves calculateth vdompuTherm are plotted, that
represent the lower and upper limit of Al- and Zmient specified for AZ91 (Al: 8.5 —
95%; Zn: 0.45 — 0.9 %).
Higher Al or Zn-contents resul g
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in a decrease of the liquidu 0 AZ91
temperature. The solid phas 4. 8.5% Al, 0.45% Zn, 0.3% My_€auilibrium
content at the same temperatt ;\;60* 3 8506 Al 0.99 .
is reduced. At a temperature « 3 s | >< 3. 8.5% Al, 0.9% zn, 0.3% Mn
590 °C the maximum variatiol 5 2. 9.5% Al, 0.45% Zn, 0.3% Mn
is 18 %, for instance. e 40 —

In  Figure 4 different < 2 1
methods that seem to be app £ | yAfs=18%
cable for determining the soli
phase content as a function '] 1. 9.5% Al 0.9 % Zn, 0.3% Mn
temperature are compared fi 0 — > ‘ ‘
the alloy composition used i 560 580 600 620 640 660
the rheological experiments. | temperature (°C)

addltlon_ to the COmpl’!Tl’]emFigure 3: Characteristics of AZ91 in thermodynamic balancée T
calculations, results derived bypper (1) and lower (4) limits of the alloy speifiion show a
differential scanning analysidistinctive difference in solid fraction, e. g. 890 °C there is a
and optical microscopy ardifference of 18 % in solid fraction content.



presented. There is a difference e
dent between DSC-measuremel
and the calculations while the resul
of the microscopic analysis are |
good agreement with the calcul
tions. Therefore for correlation to th

rheological investigations thi
CompuTherm calculations  wer
used.

The viscosity measurements fi
AZ91 show the typical characte
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ristics of a semi-solid me'[.al- I:Offigure 4: Determination of the solid phase content by DSC,
constant shear rate a thixotropi@ompuTherm calculation and micrographs for AZ91hw8t7%

behaviour becomes apparent. THé 0.9% Znand 0.19% Mn.

flow resistance shows a distin
decrease over time, convergir
asymptotic to an equilibrium state
called steady state viscosity (s
figure 5). This effect is clearly
associated to a change of tl
morphology of primary o from
dendritic to globulitic shape [20].
With increasing shear rate tr
steady state viscosity decreases. T
behaviour, which is called shear thii
ning, is probably linked to a chanc
of the particle’s short range orde
According to Bernoulli’'s equatior
the pressure near a solid boundary
higher than in the bulk flow. In semi
solid processing, e.g. during mol
filling, due to this pressure gradiet
the particles are pushed to the midc
of the filled cross section leading 1
the formation of a boundary laye
without particles [21]. For highe
shear rates the pressure gradi
increases and the phenomen
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Figure 5: Thixotropic behaviour of AZ91. For constant shester
the viscosity converges asymptotic to a steadye stigcosity.
Higher solid fractions lead to higher viscosities.
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becomes more distinct. As a result Figure 6: Shear rate dependency of the steady state visoofsity

the liquid boundary layer
apparent viscosity is decreased.

th‘semi-solid AZ91. The power law exponent increaseish w
decreasing solid fraction content.

In Figure 6 the steady state viscosity of AZ91 darection of shear rate in a log-log plot
representing shear thinning behaviour is shownidSohctions are ranging from 15 % to
38 % and shear rates are varying betweeri*hs 1000 4. In addition some data points for
AMG60 are included. For comparable solid fractioms viscosity at a certain shear rate seems
to be more or less identical for both alloys. Th#&eb lines approximate the measuring points



according to the power-law model. 104 585°C.  580°C ‘
is obvious that the power law expt 1 32%. s 38% AZ9L ||
nent n changes with solid fraction. 1 P e e 12052
In comparison to the studies fc § ] 5%%02‘1‘::_'_03&?_‘“-9_1
AM50, AMB0 and AZ91 publishec 3 =016 T s,
by Fan, Gosh and Van Schilt [9-1¢ & 1 ses°C ™*--.a  Thllzile.
several distinctions appear. First 2 | 15% n=0.21"4-4 a.fff:-'I“:l;-..
the power-law exponent determine 001 P
by Fan et al. seems to be almc °m72 n=1.0 600°C [23]
constant for each alloy. Howeve .., _ . . I
most of their measurements we 10 100 1000 10000

done for solid fractions higher tha shear rate (1/s)

the maximum of 38 % in this Stud\Figure 7: Shear rate dependency of semi-solid AZ91. Thecatiti

. “limit of Newtonian behaviour (n=1) is representsttie viscosity
It seems to be comprehensible trof totally liquid AZ91 according to Park et al [23]he power law
the power-law exponent has fexponentincreases with decreasing fraction solid.

converge continuously to n=1 for 151 10¢

Newtonian fluid when the solic Lok [ Azen | .
fraction is reduced to zerGecondly I~ | ;_? __________
the viscosities for AZ91 determine 2 1 . 107 A

by Gosh et al [9] at high shear rat £ o4 N _ ‘

for low fraction solid are almost on Eu o5l “ ‘i‘ G100 E— | ...........................
order of magnitude higher. Howeve g | N |

the experimental procedure of Go: § 1077

et al is not described in detai sl 103
Therefore dissimilarity of the micro 20l 107 e
structures has to be considered. 0 02 0.4 0 0.2 0.4
addition in [9] higher viscosities fo fraction solid (%) fraction solid (%)
AZ91 and AM50 are mentioned thapigure 8: The power law exponent n increases with decreasing
in [10] for AM50 and AMG60. fraction solid until Newtonian behaviour (n=1) isached (left)

For high shear rates > 1000t gwhile the logarithm of constant K is directly praponal to the

; : fraction solid.
approximation by the power-law
model evidently is not reasonable, because theoappation fits seem to cross. Furthermore
the viscosity for the totally liquid alloy is limitg. Park et al [23] published data for AZ91.
The value for 600 °C is drawn as a horizontal ImEigure 7 representing the critical limiting
valuen.. For approximating the data points a modified polae model by Sisko [18] was

used: I~
=n, + K
n=n " @

For n. the viscosity of liquid AZ91 [23] was set. The mbiits the data points for the entire
range of shear rates quite well. The power-law agpbincreases when the solid fraction de-
creases. For high solid fractions and low sheantbdels of Sisko and Ostwald-de Waele are
almost equivalent. At high shear rates the addiieerm effects asymptotic behaviour.

In Figure 8 (left) the power-law exponent n is @dtas a function of solid phase content. It
seems to depend almost linear on the solid phagertoin the considered measuring range:

n=1-c, [, (3)
The constant K is an exponential function of thidsiwaction, which is presented in Figure 8

(right):
In(K)=In(K,)+c, Oy (4)



4 Conclusions

The solid fraction content has significant impact in semi-solid processingvds shown that
databank calculation using the lever rule is anr@gmpate method for correlating fo the
processing temperature. The rheological behaviéuh® magnesium alloy AZ91 has been
determined over a wide range of the solid fracdad shear rate.

Thixotropic behaviour and shear thinning were obseér For approximation of the data
an enhanced power-law model by Sisko was succéssigkd. It was verified that the
constant K and the power-law exponent n vary wite solid phase content. For both a
mathematic correlation has been proposed. Moreibweas shown that for high shear rates
the viscosity converges to the value for the tgtidjuid alloy.
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