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The rheology of a partially solid alloy 

P. A. J O L Y *  
Massachusetts Institute of Technology, Cambridge, Massachusetts, USA 

R. M E H R A B I A N  
Department of Metallurgy and Mining Engineering, and the Department of Mechanical 
and Industrial Engineering, University of Illinois, Urbana, Illinois, USA 

The effect of various thermomechanical treatments on the structure and rheological 
behaviour of Sn-15% Pb alloy in its solidifcation range was investigated using a con- 
centric cylinder viscometer. The apparatus was designed to permit wide ranges of cooling 
rates up to 25~ min -t and shear rates up to 750sec -~. Initially, the alloy was contin- 
uously sheared as it cooled from above the Iiquidus to a desired volume fraction solid. 
In one series of experiments, shear was stopped and the alloy quenched. In a second 
series, the alloy was held isothermally and subjected to various mechanical treatments. 
The size and morphology of primary solid particles during continuous cooling is in- 
fluenced by shear and cooling rates and volume fraction of solid - faster cooling results 
in finer structures while increased rate of shear reduces the amount of entrapped liquid 
in individual particles. The viscosity of the slurry, at a given volume fraction solid, de- 
creases with decreasing cooling rate and increasing shear rate. Exercising the full range of 
shear and cooling rates possible in the viscometer, the apparent viscosity of a 0.55 volume 
fraction solid slurry varied from 3 to 80 P. The structure and viscosity of isothermally 
held slurries fol low the same trends as slowly cooled slurries. However, their viscosity 
at a given volume fraction solid is consistently lower than that of continuously cooled 
slurries. The slurries are thixotropic and show a hysteresis loop phenomenon similar 
to other well known thixotropic systems. Measured areas of hysteresis loops increase 
with increasing volume fraction solid, initial viscosity and time at rest. The potential 
applications to improve existing or develop new metal-forming processes are being in- 
vestigated in a variety of alloys with different solidifcation ranges and temperatures. 

1. Introduction 
Until recently, almost all commercial metal- 
forming processes were carried out either in the 
fully solid or fully liquid condition. This is be- 
cause, solidification in usual castings and ingots 
is dendritic. The growing dendrites form a con- 
tinuous skeleton in the liquid-solid zone when 
the volume fraction of  solid exceeds approxi- 
mately 0.2. Thereafter, the alloy can neither be 
poured successfully to allow solidification pro- 
cessing, nor can it be deformed homogeneously, 
without cracking to allow deformation processing. 

Recent work has shown that vigorous agita- 
tion of  a metal alloy postpones the formation 
* Present address: Coming Research lnc, Avon, l:rance. 
�9 l 9 76 Chapman and ttall Ltd. Printed in Great Britain. 

of a continuous solid network to much higher 
fractions solid [1 ] .The  primary solid forming 
is non-dendritic and spheroidal in shape. The 
resulting partially solidified metal slurry has a 
measurable low viscosity, deforms homogeneously, 
hence it lends itself to various new forming p,o- 
cesses. Fig. 1 shows the structures of  a normally 
solidified and a vigorously agitated Sn-15% Pb 
alloy deformed in the annular space of  a high tem- 
perature viscometer [ l ] .  In Fig. la a typical 
dendritic microstructure of  the alloy in the par- 
tially solid, state was subjected to a moderate 
amount of  strain. Grains are seen to have been 
pulled apart and some bending and fracture of  
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Figure 1 Structures of Sn-15% Pb alloy subjected to different thermomechanical treatments in the solidifcation range 
at • 5.5. (,a) The sample was cooled to 0.36 volume fraction solid and subjected to shear. (b) The sample was sheared 
and cooled continuously to 0.60 volume fraction solid and quenched [ 11 �9 

dendrites is also apparent.  The structure of  the 
alloy subjected to vigorous agitation during solid- 
ification is shown in Fig. lb .  The relative ease with 
which shear can take place in this continuously 
sheared specimen results from the fact that the 

solid is present as a suspension of small rounded 
grains. In this sample, deformation was homogen- 

eous across the annular gap. 
A further experimental  observation was that 

the apparent viscosity of  metal slurries, prepared 

in this  way, decreases with increasing rate of  shear 

[1].  The slurries were described as being thixo- 

tropic. However, no specific method was used 
to measure and characterize this rheological 
behaviour. In this s tudy the technique developed 
by Green and Weltmann [2] was used to charac- 

terize th ixot ropy.  It consists of  measuring a 
hysteresis loop. They used a rotational visco- 

meter in which the angular velocity could be 
varied continuously.  The procedure commences 

P:igure 2 Hysteresis loops of (a) 
three different materials showing 
(i) no, (ii) little,and (iii) high thixo- 
tropy,respectively ;(b) thixotropic 
material when the up-time is in- 
creased;(c)when the maximum 
shear rate is increased [2]. 
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with an up-curve, starting at zero speed. The 
speed is then increased continuously while measur- 
ing the change in induced torque. At some speci- 
fied upper rotational limit, the speed is either 
maintained constant and then reversed or simply 
reversed to zero and a down-curve is measured. 
If  the material is thixotropic, the up- and down- 
curves (i.e. torque versus shear rate) when plotted 
together will not coincide, thus forming a loop. 

This condition is ascribed to a structural break- 
down. A large loop means considerable breakdown 
while a small loop signifies small breakdown, or 
little thixotropy (Fig. 2a). This quantitative de- 
scription of  thixotropy (i.e. area of  the hysteresis 
loop) is also affected by the time it takes to attain 
the desired maximum shear rate itself. 

Fig. 2b shows how the time it takes on the up- 
curve to reach the maximum shear rate, 3;max, 
affects the corresponding maximum torque value. 
For short times, t = to, the path followed is 
denoted as T2Bo. With increasing times, the 
torque necessary to sustain a given shear rate 
decreases (e.g., for t = h ) ,  the path followed 
is T2B~. After reaching the maximum shear 
rate the corresponding torque decreases to a 
steady state value with time, at Bn(Fig. 2b). 
The down-curve, BnT2, is then obtained by 
decreasing shear rate back to zero. 

If  the rate of  increase of  the shear rate is kept 
constant, while the magnitude of  the maximum 
shear rate is increased, the area of the loop in- 
creases. For example, thixotropic material sheared 
along the path T2B1 reaches a maximum shear 
rate of  ~'1, and has a corresponding hysteresis 
loop area enclosed by T2B1B2T2, (Fig. 2b). 

Figure3 Microstructures of alloys obtained by water- 
quenching partially solidified, vigorously agitated, samples 
• 100; (a) Fe-3% C ~ %  Si cast iron, (b) 440 stainless 
steel, (c) cobalt-base alloy H.S. 31 [5]. 
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With increasing maximum shear rates, 3;2 and 
~3, the area enclosed by the hysteresis loop 
increases. 

Both the special structure and the associated 
rheological properties of vigorously agitated slurries 
have been observed in a variety of alloys with 
different melting points and solidification temper- 
ature ranges. These include aluminium, bronze, 
cast iron, stainless steel and superalloys. Fig. 3 
shows representative microstructures of a cast 
iron, a stainless steel, and a cobalt base superalloy. 
These were obtained by direct water quenching of 
the partially solidifed slurries. The fine dendritic 
matrix structures resulted from the rapid solidifca- 
tion of that portion of the alloys which was liquid 
prior to the quench. 

In the last three years extensive engineering 
work has been carried out to develop new, or 
improve existing metal-forming processes based 
on the above findings. One such process, work on 
which is presently underway, is machine casting 
of high temperature alloys employing semi-solid 

metals as charge material [3-5] .  Another poten- 
tial application is in making metal-particulate or 
fibrous non-metal composites. The non-metals 
can be readily introduced and retained into the 
partially solid metal slurries [5]. 

In order to successfully apply this new tech- 
nology, a better understanding of the rheological 
behaviour of partially solidifed, vigorously agitated 
metal slurries is necessary. It is to this end that 
the present fundamental study was undertaken. 
The two goals of the work were to relate the 
structure of a metal alloy slurry to process vari- 
ables, and to determine the relationship between 
rheological behaviour and structure. 

2. Apparatus and procedure 
2.1. ViscoFneter 
The high temperature Couette viscometer with 
accurate independent temperature control pre- 
viously developed [1] was used in this study 
(Figs. 1 and 4). The metal alloy resides in an 
annular space between an outer cylinder (cup) 
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Figure 4 Schemative diagram of app~atus. 
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and an inner cylinder (bob). The cup is rotated 
while torsional forces on the stationary bob are 
measured with a torque dynamometer composed 
of a flexture pivot with a microsyn and rotor. 
The flexture pivot converts torque to an angular 
deflection and the microsyn and rotor transposes 
this angular deflection into a calibrated voltage 
output. Apparent viscosity is then calculated as 
described in Appendix 1. 

Two different cup and bob arrangements were 
used with corresponding annular gaps of 3 and 9 
mm. Exact dimensions are given in Appendix 1. 
Both cup and bob were machined from 304 
stainless steel. Vertical grooves (ribs) 4 mm wide 
by ~1 mm deep were machined along the faces 
of the cup and bob to prevent slippage. The 
cup sits inside a large stainless steel container 
which is attached to the top of a 5 cm vertical 
rotating shaft. The shaft is driven by a variable 
speed d.c. motor; shear rates can be continuously 
varied from 0.05 to 750sec -1. Rotating and 
stationary chromel-alumel thermocouples are 
located in the cup and bub, respectively. The 
complete viscometer assembly resides within a 
controlled temperature resistance furnace. Finally, 
slow cooling rates or isothermal experiments 
can be carried out by controlling the furnace 
temperature. Whereas, rapid cooling rates, up to 
25 ~ C rain -1 are obtained by incorporating a water 
spray jacket around the crucible. 

2.2. Materials 
The metal alloy used throughout this work was 
Sn-15%Pb which was prepared by melting high 
purity tin and lead in a resistance furnace. The 
melt was then cast into the annulus between the 
cup and bob where it was allowed to completely 
solidify. The alloy was later completely remelted 
in the viscometer-furnace assembly before each 
experiment. 

The viscometer was calibrated with U.S. Na- 
tional Bureau of Standards oils (standard number 
S-60, S-600 and S-2000, conforming to ASTM 
oil standard). The data agreed to within less 
than 4%. 

To verify the ability of  the viscometer to detect 
and measure thixotropy, experiments were also 
carried out on well known non-metallic thixo- 
tropic materials. Epoxy (Shell EPON 828) contain- 
ing 2.95 wt % (1.30% by volume) of SiO2 flakes 

* Shear rate in these experiments is rererred to as initial shear 
out each experiment. 

(Cab.O. Sil), unprocessed honey (New England 
blend), and paint (Sherwin-Williams, flat-tone, 
alkyd base) were used. 

2.3. Procedure 
Initially, the metal alloy in the annulus was com- 
pletely melted by heating it to above its liquidus 
temperature. Two different series of experiments 
were then carried out. Ill the first series, the alloy 
was continuously sheared while it cooled at a 
predetermined rate to a temperature within the 
liquid-solid range. When the desired temperature, 
volume fraction solid, was reached, the rotation 
of the cup was stopped and the specimen was 
quenched utilizing the water spray jacket around 
the crucible. 

In the second series of  experiments the initial 
processing steps were identical to the above. Shear- 
ing was conducted continuously during cooling 
from above the liquidus temperature. However, the 
alloy was gradually cooled to a specified tempera- 
ture in the liquid-solid region, volume fraction 
solid, and held isothermally. After the torque at- 
tained a constant "steady state" value, hysteresis 
loops were generated to study the thixotropic char- 
acteristics of the system. At the end of  these iso- 
thermal experiments, rotation was stopped and the 
specimen quenched. 

The first series of experiments were aimed at 
studying the effect of initial processing variables 
on the viscosity and structure of the partially sol- 
idified alloy. The three independent variables were : 
cooling rate, e, initial shear rate*, ~o, and the vol- 
ume fraction solid, gs- The range of cooling rates 
employed was 0.33 to 25 ~ C rain -1 . The lower rates 
were achieved by furnace cooling the specimen. 
The high cooling rates were achieved by direct 
water cooling of the crucible utilizing the spray 
jacket. Intermediate cooling rates were obtained 
by air cooling the crucible. Rotation speeds were 
varied with the two cup and bob arrangements 
(3 mm and 9 mm spacings) such that shear rates in 
the range of 115 to 750see -1 were achieved. Re- 
gardless of prior thermal history, at the desired fin- 
N volume fraction solid, gsf, rotation was stopped 
and the specimens were quenched at 25~ min -1 . 

In the second series of experiments, the initial 
shear rate, %, was maintained until a "steady state" 
value of torque was achieved. Different cycles of 
rotation and rest were then applied while the tem- 

rate, even though it was the only shear rate used through- 

1397 



perature, volume fraction solid, of the system was 
maintained constant: The following series of tests 
were carried out. 

(1) The pseudoplasticity of the slurries was stu- 
died by varying the rate of shear and measuring 
new "steady state" values of torque, viscosity. A 
different flow curve was thus generated for each 
initial condition of shear rate, %, and volume frac- 
tion solid, gs. 

(2) Hysteresis loops were generated using the 
Green and Weltmann [2] techniques described ear- 
lier. Fig. 5 shows the procedure employed, rotation 
speed versus time, to generate a hysteresis loop; five 
independent variables were controlled (one Shear 
rate and four different times). Maximum shear rate, 
?max in Fig. 5 could be varied as desired; it was 
usually l lSsec  -1. The time variables were: (1) 
down-time, time it took to bring the shear rate to 
zero, t d in Fig. 5 (minimum time attainable was 4 
sec from 250sec -1 to zero); (2) rest-time, time 
duration at which no shear was applied, tr in Fig. 5; 
(3) up-time, the time it took to go to the desired 
~max at a constant rate of increase, tu in Fig. 5; and 
(4) the time during which 3;max was maintained, 
tm in Fig. 5. 

The number of loops was varied; as many as 75 
loops were performed during one experiment; all 

loop measurements of shear rate versus torque were 
recorded on an X -  Y recorder. 

2.4. Meta l lography  
The hollow cylindrical specimen obtained in each 
experiment was removed from the viscometer, sec- 
tioned, polished, etched and metallographically 
examined. Standard quantitative metallographic 
techniques were used to determine the size, shape, 
distribution of size, and volume fraction of primary 
solid particles (solid particles in the slurry prior to 
the final quench). 

3. Results 
3.1. Viscosity and structure of cont inuously  
cooled specimens 
In these experiments the alloy was continuously 
sheared and cooled at constant rates from above the 
liquidus to a given temperature within the liquid- 
solid region. Volume fraction solid corresponding 
to a given measured temperature was calculated 
from the Scheil equation, Appendix 2. 

3. 1. 1. Viscosity 
Torque and temperature were continuously moni- 
tored during the cooling cycle. Thus, the effects of 
initial shear rate, %, cooling rate, e, and volume 
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Figure 5 Procedure employed for iso- 
thermally held  Sn-15%Pb samples 
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Figure 6 Apparent viscosity versus volume fraction solid 
of two samples sheared continuously and cooled at a 
constant rate of 25~ min -1 . Initial shear rates 230 and 
750 sec -~ . 

Figure 7 Apparent viscosity versus volume fraction solid 
of four Sn-15% Pb alloy samples sheared continuously 
and cooled from above the liquidus temperature at a 
constant cooling rate of e = 0.33~ min -1 ; shear rates, 
-~, were 115,230, 350 and 750 sec -~ . 

fraction solid, gs, on the apparent  viscosity were 

de te rmined  (Figs. 6 to 8). 

The following general observations were made.  

At the l iquidus temperature ,  the apparent  viscosity 

is low; as the tempera ture  drops and l iquid freezes, 
the viscosity begins to rise. The rate of  increase is 

low at first bu t  increases rapidly as the volume 

fraction solid increases. 

Figs. 6 and 7 show that,  at a given cooling rate, 

e, the viscosity decreases with increasing initial  
shear rate. Fig. 8 shows that ,  at a given initial shear 
rate, ~o, the viscosity decreases as the cooling rate 
decreases (i.e. as the total t ime spent  in the l i q u i d -  
solid region increases). 

At a high cooling rate, e = 25 ~ C min  -~, an 

increase in the initial  shear rate from 3~0 = 230 to 
3~0 = 750 sec -I results in a moderate  decrease in 

the viscosity of  the slurry (Fig. 6). For  example,  at 

gs = 0.45,  the viscosity decreases from ~?a = 37 to 

~?, = 12 P (by a factor o f  3). 
At the higher initial  shear rate, ?o = 750 sec -~ , 

the viscosity o f  the slurry can be further  reduced 

by  decreasing the cooling rate (Figs. 7 and 8). For  

example,  at gs = 0.45,  as the cooling rate is decre- 
ased from e -= 25 to e = 0.33 ~ C min  -~ , the viscos- 

i ty  is reduced from r/a = 12 to r/a = 2 P (by  a factor 

of  6). 
Some of  the data generated in these exper iments  

are listed in Table I. To show the relative change in 
measured viscosity as a func t ion  of  cooling rate, 
initial shear rate and volume fract ion solid a com- 
posite plot  o f  some of  the data f rom Figs. 6 to 8 
and Table I is presented in Fig. 9. 

In general then,  viscosity increases with increas- 

ing volume fract ion solid, increasing cooling rate 
and decreasing initial  shear rate. Fur thermore ,  the 
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TABLE I Effect of cooling rate, initial shear rate and volume fraction solid on the apparent viscosity of continuously 
cooled Sn-15% Pb slurries 

Volume Apparent viscosity, Ha (P) 
fraction 
solid, gs 

Initial shear rate, qo ( sec-1 ) 
(cooling rate, e = 0.33 ~ C min -I ) 

Initial shear rate, ~o ( sec-1 ) 
(cooling rate, e = 25 ~ C min -1 ) 

115 230 350 750 115 230 450 750 

0.20 2.5 1.2 0.4 0.3 1.2 1.2 0.2 0.1 
0.30 5.0 2.5 1.0 0.7 2.5 2.5 1.2 1.0 
0.35 8.7 3.5 1.7 1.2 4.5 4.5 4.0 2.5 
0.40 40.0 5.0 3.0 1.3 13 10 8 6.0 
0.45 100 15 6.2 2.0 40 37 18 12 
0.50 - 40 • 10 12.5 2.6 85 • 10 100 • 10 42 30 
0.55 - 80 • 15 32 3.0 - - - 80 

relative change in measured  viscosity due to varia- 

t ion o f  cool ing rate and shear rate increases drasti- 

cally wi th  increasing vo lume fract ion solid. 

shear, it exhibi ts  a fine dendri t ic  s t ructure and 

delineates the spheroidal  (non-dendr i t ic)  pr imary 

solid particles*.  

3. 1.2. S t ruc ture  
Once a p rede te rmined  tempera ture  in the l i q u i d -  

solid region was reached,  the ro ta t ion o f  the cup 

was s topped  and the slurry was water  quenched  as 

described earlier. The no ta t ion  gsf, final vo lume 

fract ion solid, has been adopted  to cor respond  to 

this tempera ture .  Since the remaining l iquid in the 

slurry was rapidly solidif ied wi thou t  exper iencing 

3.1.2.1. Effect o f  cooling rate and shear rate. The 

size o f  the pr imary solid particles in the slurry de- 

creases wi th  increasing cool ing rate (Fig. 10). At 

the highest  cool ing rate used, e = 25 ~ C r a i n - l ,  the 

average size o f  pr imary  solid particles (average 

minor  axis, X )  is about  50 -+ 20 ~an for a final vol- 

ume fract ion solid gsg = 0.55,  and does no t  appear 

to be affected by the shear rate e m p l o y e d  (Fig. 10). 
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Figure 11 Structure of samples sheared continuously and cooled at a constant rate of 25~ min -~ to a final volume 
fraction solid gsf = 0.55 ; (a) and (b) initial shear rate 230 sec-I, magnification • 45 and • 90, respectively; (c) and (d) 
initial shear rate 750 sec -1 , • 45 and • 90, respectively. 

The corresponding micros t ructures  are shown in 

Fig. 11. The pr imary solid particles are o f  the same 
average s ize;however ,  there is less en t rapped l iquid 
wi th in  the particles that  have exper ienced the higher 
shear rate, "~o = 750 sec -1 . Measured volume frac- 
t ions o f  en t rapped  l iquid,  f rom high magnif ica t ion 

photomicrographs  such as Fig. 1 l b  and d, are 0.13 
and 0.08 at ~o = 230 and 750 sec -1 , respectively. 

At the lower cooling rate, e = 0.33 ~ C min  -~ , 

1402 

the average size (minor  axis) o f  pr imary solid par- 

ticles depends on the shear rate. Fig. 10 shows how 

the measured size decreases from 275/2m at 7o = 
230sec  -1 to 175/Jm at 7o = 750sec-1  for a final 

volume fraction solid gst = 0.55. The correspond- 
ing microst ructures  are shown in Fig. 12. The shape 
of  the pr imary  solid particles remains the same for 
the range o f  shear rates used. The a m o u n t  of  en-  
t rapped l iquid,  at this slow cooling rate, is less than  



Figure 12 Structure of samples sheared continuously and cooled at a constant rate of 0.33~ min -1 to a final volume 
fraction solid gsf = 0.55 ; (a) and (b) initial shear rate 230 sec -1 , • 45 and • 90, respectively; (c) and (d) initial shear 
rate 750 sec i, • 45 and • 90, respectively. 

that at the higher cooling rate. For example, at 

gs~ = 0.55 and 3to = 230 sec -1 , the amounts of en- 
trapped liquid are 0.13 and 0.02 for cooling rates 
of 25 and 0.33 ~ C min -1 , respectively. With increa- 
sing shear rate, the amount of entrapped liquid in 
the slow cooled samples becomes negligible (see 
Fig. 12). 

Typical measured distribution of size of primary 
solid particles for the various processing conditions 

above are shown in Fig. 13. At the higher cooling 
rate, e = 25 ~ C min -1, this distribution is rather 

broad and does not change much over the range of 
shear rates used (Fig. 13). The standard deviation, 

ax, was calculated for each specimen - the ratio, 
ox/X,  where ~- is the average size (minor axis) of  

primary solid particles, varies between 0.70 and 
0.90. The size distribution of primary solid parti- 
cles decreases with decreasing cooling rate and in- 
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33 ~ C m i n - I ,  3~ ~ _ 230 sec -1 ; (c) e = 33 ~ C rain -1,3~0 = 750  sec -~ . 

�9 creasing shear rate (Figs. 13b and c). At the cooling 
rate of e = 0.33 ~ Cmin -1 , the values of ox/X are 
0.47 and 0.21 for corresponding shear rates of  3~o 
= 230 and 750 sec-1, respectively. 

In summary then, at the lower cooling rate the 
primary solid particles in the slurry of Sn-  15% Pb 
alloy are larger, smoother, more uniform in size, 
and have less entrapped liquid. The amount of this 
entrapped liquid, hence the effective volume frac- 
tion solid in the slurry, decreases with increasing 
shear rate. 

3.1.2.2. Effect o f  final volume fraction solid. As 
the final volume fraction of  solid in the slurry de- 
creases, it becomes more difficult to distinguish 
the primary solid particles from the quenched liquid 
matrix. Most of the dendritic structure grows on 
existing particles and cooling rate must be abruptly 
increased to refine this structure, hence delineate 

the primary solid particles. In specimens that were 
initially cooled at 0.33~ min -1 and quenched at 
final volume fractions solid gsf ~0.30, the primary 
solid particles were distinguishable from the sur- 
rounding matrix (Fig. 14a). This was not true for 
specimens that had experienced the higher initial 
cooling rate of 25 ~ Cmin -1 (Fig. 14b). It appears 
that the amount of entrapped liquid within the 
particles decreases as final volume fraction solid 
increases (c.f. Figs. 14a and 12c). 

3.2. Isothermal studies 
In these experiments, the alloy was continuously 
sheared as in the previous section, however, the 
cooling rate was gradually brought to zero to ach- 
ieve a constant temperature in the liquid-solid 
region. Next, three different types of isothermal 
(constant volume fraction solid) experiments were 
performed: (1)"steady state"* experiments - in 

Figure 14 S t r u c t u r e  of  samples  sheared  c o n t i n u o u s l y  and  coo l ed  at  c o n s t a n t  ra tes  to  a f ina l  v o l u m e  f r ac t i on  sol id  
gsf = 0 .30;  (a) coo l ing  ra te  0 . 3 3 ~  rain -1 , in i t ia l  shear  ra te  7 5 0 s e c  -~ ; (b) coo l i ng  ra te  2 5 ~  min  -1 in i t i a l  shear  ra te  

230 sec -1 • 40.  

* " S t e a d y  s t a t e "  value of  t o rque ,  or a p p a r e n t  v i scos i ty ,  is the  value o b t a i n e d  w h e n  a s lurry ,  regardless  of  p rev ious  
t h e r m o m e c h a n i c a l  h i s t o r y ,  was he ld  at  a given t e m p e r a t u r e ,  v o l u m e  f rac t ion  sol id ,  and  shear  ra te  un t i l  no  fu r the r  
obse rvab le  change  in m e a s u r e d  t o r q u e  occu r r ed  w i t h  t ime .  
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which rotation, initial shear rate, was maintained 
constant and the corresponding "steady state" 
value of  torque was recorded; (2) pseudoplasticity 
experiments - in which the rotation speed was 
changed up or down and the new "steady state" 
value of  torque was measured; and (3) thixotropic 
experiments - in which hysteresis loops were gen- 
erated using the Green and Weltman [2] techniques. 

3.2. 1. Viscosity 
3.2.1.1. "Steady state" Fig. 15 shows that at a 
low initial shear rate, % = 115 sec -~ , the viscosity 
of  a slurry at a given volume fraction solid above 
gs ~0.35 changes to a lower "steady state" value 
when the slurry is held isothermally. Fig. 16 shows 
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Figure 15Comparison of the "steady state" apparent 
viscosities of samples sheared continuously and gradually 
cooled to a specified temperature, volume fraction solid, 
and isothermally held with a continuously cooled sample. 

that the "steady state" viscosity of  an isothermally 
held slurry, gs = 0.45, decreases with increasing 
initial shear rate. Each data point on a "steady 
state" curve is from a separate experiment.  

Results of  these experiments permit two general 
observations. First, no change in the viscosity of  a 
slurry was recorded with increasing isothermal 
holding time after the slurry had spent a total time* 
of  about 60 rain in the l iquid-solid region. Second, 
the difference in the viscosity of  a continuously 
cooled slurry and an isothermally held slurry ("stea- 
dy state" viscosity) decreases with increasing shear 
rate. This latter point emerges from a comparison 
of  Figs. 7 and 16. For example, at 0.45 volume 
fraction solid, the viscosity of  a slurry continu- 
ously cooled at 0.33 ~ Cmin -1 and sheared at 230 
sec -1 is 15P compared to 9 P  when the slurry is 
isothermally held; the total times spent in the 
l iquid-solid range were 40 and 90 rain, respectively. 
The corresponding viscosities at shear rates of  350 
and 750sec -a are 6 a n d 4 P ,  a n d 2  and 1.0P, re- 
spectively. 

3.2.1.2. Pseudoplasticity. The procedure here was 
identical to that reported in the preceding section, 
except shear rates were changed up or down during 
isothermal holding and new "steady state" values 
of  torque, apparent viscosity, were recorded. Fig. 
17 shows that the "steady state" viscosity of  S n -  
15%Pb slurry, at a given volume fraction solid, 
increases with decreasing shear rate. For example, 
the "steady state" apparent viscosity of  a slurry, 
initially sheared at 115 sec -1 and isothermally held 
at gs = 0.50, increases from 16 to 75 P as the shear 
rate is changed over the range of  250 to 30 sec -1 . 
Each curve in Fig. 17 is characterized by the initial 
shear rate and the volume fraction solid of  the 
slurry. For example, at gs = 0.45, viscosities of  a 
slurry initially sheared at 350 sec -a are consistently 
lower than those of  a slurry at the same fraction 
solid but initially sheared at l l5sec  -1. These 
observations are in line with those previously 
reported in Fig. 16. 

Finally, changes in apparent viscosity with shear 
rate, up and down a given curve in Fig. 17, are 
reversible and time dependent. For instance, for 
the slurry (initially sheared at 350sec -1 and iso- 
thermally held at gs = 0.45) the time to reach a 

* In these experiments the total time spent in the liquid-solid range signifies time spent during cooling to reach a 
certain volume fraction solid plus isothermal holding time. In the previous continuously cooled experiments, the total 
time spent in the liquid solid range signified time spent during cooling to reach the desired final fraction solid at which 
rotation was stopped and the specimen quenched. 
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new "steady state" value of  viscosity when shear 
rate was changed from 150 to 400sec  -1 was ~ 5  
rain. The thixotropic behaviour of  the slurries is 
characterized below. 

3.2.1.3. Thixotropy. The procedure followed in 
these experiments is shown graphically in Fig. 5. 
After a "s teady state" condit ion was established in 

the l iqu id -so l id  region, hysteresis loops were 
generated as described earlier. The effect of  the 

following parameters on the area of  the hysteresis 
loops is presented below: (i) the volume fraction 
solid at which the loops were generated, gs; (ii) the 
previous mechanical history, initial shear rate, % ; 
(iii) the time taken to bring the slurry to rest, down- 

time, t a ; (iv) the time during which the slurry was 
left at rest, rest-time, tr; (v) the time taken to in- 
crease the shear rate to its maximum value, up-time, 

tu ;(vi) the maximum shear rate, 3~m~x. 
All the slurries reported here were continuously 

sheared at an initial shear rate, %,  of  115 sec -a * as 

�9 Exceptions will be noted. 

0 

Sn-15%Pb gs = . 4 5  

Po =115 s e c - I  [ 

50 1 0 0  
SHEAR RATE,  7 , s e c  -r 

(b) 

b:igure 18 Effect of volume fraction solid on hysteresis 
loops of isothermally held slurries (a) and (b) loops 
generated after rest-times of  30 and 120 sec, respectively; 
(c) observation of measurable thixotropy as a function 
of volume fraction solid and time at rest. 

they gradually cooled to a predetermined isotherm- 

al holding temperature.  Shear was continued until 
a total  time of  ~ 9 0  min was spent in liquid solid 
region and the "'steady state" value of  torque mea- 

sured. Each slurry was then brought to rest during 

a down-time td = 4 sec*. 
(i) Volume fraction solid. The effect o f  volume 

fraction solid on the hysteresis loops is shown in 
Fig. 18. Up-time to reach a maximum shear rate of  

~ m a x  = 115 sec -1 was 2 sec. The curves in Fig. 18a 

and b are for two different rest-times of  30 and 

120 sec, respectively. For  a given rest-time, the area 
of  the hysteresis loop increases with increasing 

volume fraction solid. For example,  at tr = 30 sec, 
the measured areas for fractions so l idg  s -- 0.40 and 
gs = 0 . 4 5  are 1.15 x l0  s and 2.05 x l0  s d y n c m  -2 

sec -~ , respectively. 

For volume fraction solid lower than gs ~ 0.30, 
the appearance o f  th ixot ropy,  i.e. hysteresis loop,  
depends on the time the slurry is left at rest. Fig. 
18c shows the domains where th ixot ropy and no 
th ixotropy are observed. For example,  at gs = 
0.25, slurries initially sheared at 115 sec -1 did not  

exhibit th ixot ropy (i.e. the difference in stress was 
lower than the accuracy of  the stress recorder, 
~--10 z d y n c m  -2) for rest-times of  up to about 2 

min. Evidence of  th ixot ropy,  hysteresis loop,  was 
observed after a rest-time of  5 min. The data pre- 
sented are for an up-time of  2 sec to reach a maxi- 
mum shear rate o f  115 sec -~ . 

1407 



al, 
E 
o 4  

=,, 
"o  

%3 

03 
m 2  
h i  

I-" 
~O 

rv I 
tlA 
.1-- 
03 

o 
o 

(a) 

Sn - 15 % Pb 

gs = 0 . 4 5  

tr : 5 0  sec 

,u  s.c /  o/s,0 / 
// 

iO0 200 
SHEAR RATE, ); , s e c  - i  

/01 Sn- 15% Pb 
~_ )~o = 115 sec -I 

J gs=O.45 

% 
~- 5 

0 
o 50 Ioo  

(b) SHEAR RATE, ~,sec -I 

bTgure 19 Effects  of  initial shear rate and rest- t ime on hysteresis  loops  o f  isothermal ly  held slurries (a) effect  o f  initial 
shear rate,  "~, (b) effect  of  rest- t ime,  t r. 

N Sn - 1 5 %  Pb 

E - r o  : 1 1 5  s e c  -I 

>, - -  9 s = 0 . 4 0  

5 -  / f t r  =120 sec t u =  2 sec 

% 

~o O 
0 40 80 120 

SHEAR RATE, ?,sec - I  

(o} 

i / Sn 15%Pb =0.45 
r 

gs i 

f 

= 3~- 7o =350 sec -[ tu =2 sec 

0 I00 200 
SHEAR RATE, ~,sec -I 

(b) 
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(iii) Initial shear rate. The effect of  initial shear 
rate, 3~o, on thixotropy is shown in Fig. 19a. Two 
slurries, gs = 0.45, were left at rest for 30 sec. Up- 
time to reach a maximum shear rate, ~rnax, of  250 
sec -1 was 3 sec. The area o f  the hysteresis loops 
decreases with increasing initial shear rate. It is 6 
x l0 s and 1 .55x l0 s d y n c m  -2sec -1, for corre- 
sponding initial shear rates of  115 and 350 sec -1 . 

(iii and iv) Down-time and rest-time. The down- 
time referred to here is time spent in decreasing 
the shear rate of  the slurry from its initial value, 
qo, to zero prior to hysteresis loop measurements. 
The effects of  down-time and rest-time are simi- 
lar. The area of  the hysteresis loops increases with 
increasing down-time and rest-time. The curves in 

1 4 0 8  

Figs. 18a and b, and 19b show the effect of  rest- 
time, tr, on the hysteresis loops obtained with an 
up-time of  2 sec to reach a maximum shear rate of  
115 sec  -1 . The recorded area of  the loops increases 
with increasing time at rest. The same phenomenon 
was observed when the fraction solid and the initial 
shear rate were varied (Fig. 20a and b). 

(v) Up-time. The up-time is the time spent in 
increasing the shear rate from zero to its maximum, 
3 ~ max. Fig. 21 a shows that the area of  the hysteresis 
loops decreases with increasing up-time. 

(vi) Maximum shear rate. The effect of  maxi- 
mum shear rate, 3~max, on the area of  the hysteresis 
loops is shown in Fig. 2 lb .  The area of  the loops 
increases with increasing maximum shear rate. For 
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instance, the measured area of  the loop increases 
from ~ 2  x l0 s to ~5  x l0 s dyncm -z sec -1 when 
maximum shear rate is increased from 115 to 250 
sec -1 . 

Non-metaUic systems. Hysteresis loops were 
also generated for several well known thixotropic 
systems. Fig. 22 shows a composite plot o f  these 
data and a representative hysteresis loop for a 
0.45 volume fraction solid slurry of  Sn 15%Pb 
alloy. 

In summary, it has been shown that metal slur- 
des are thixotropic for volume fractions solid higher 
than gs ~0 .30 ,  regardless o f  rest-time, and that 
the area of  hysteresis loop is dependent on the 
therrnomechanical history and on the conditions 
under which the measurements are carried out. 
For volume fraction solid less than ~0.30,  the oc- 
currence of  thixotropy, evidenced by a measurable 
hysteresis loop area in the present apparatus, is a 
function o f  the time spent at rest. 

The general trends established here are: 
(1) the area of  the hysteresis loop increases with 

increasing volume fraction solid, rest-time, down- 
time and maximum shear rate; 

(2) the area of  the hysteresis loop decreases 
with increasing initial shear rate and up-time. 

3.2.2.  S t r u c t u r e  
The important trend established was that the 
amount of  entrapped liquid within the primary 
solid particles decreases with increasing total time 
spent in the liquid-solid region. This phenomenon 
was also observed in the continuously cooled slur- 
ries (c.f. Figs. 11 and 12). Fig. 23 shows the struc- 
tures of  three slurries that have been sheared at the 
same constant initial shear rate of  % = 230 sec -i , 
but have spent different total times in the l iquid-  
solid region. The two slurries in Fig. 23a and b 
were continuously cooled at 1 and 0.33~ rain -1 
and quenched at a final volume fraction solid gsf 
= 0.45; they spent total times in the liquid-solid 
region of  13 and 40min,  respectively. The major 
difference between the structures of  these two 
slurries is the amount of  entrapped liquid within 
the primary solid particles. Fig. 24a shows the 
decrease in measured volume fraction of  entrapped 
liquid versus total time spent in the liquid-solid 
region. The effective volume fraction o f  solid 
decreases. 

Measured average primary solid particle size 
(minor axis, X )  for the slurries are plotted in Fig. 
24a. There is no significant variation in average par- 
ticles size with total time spent in the liquid-solid 

Figure 23 Effect of total time spent in the liquid-solid region on the structure of samples sheared continuously at 
an initial rate of 230 sec -1 and volume fraction solid of 0.45 ; total time of (a) 13 rain (b) 40 min; X 47. 
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region. Of course, as noted earlier (Fig. 10), in 
continuously cooled slurries (short times spent in 
the liquid-solid region) particle size decreases 
with increasing cooling rate. 

The effect of initial shear rate on average pri- 
mary solid particle size was in line with that re- 
ported earlier for the continuously (slow) cooled 
slurries average particle size decreased with in- 
creasing initial shear rate (Fig. 24b). 

4 .  D i s c u s s i o n  

Full exploitation of the special rheological proper- 
ties of vigorously agitated, partially solidified metal 
slurries in developing new and economical metal- 
forming processes will require an understanding of 
the various mechanisms responsible for the forma- 
tion of the structures. Furthermore, the influence 
of process variables and physical-chemical proper- 
ties of the alloy systems of interest on these 

mechanisms, hence the structure and rheological 
properties of the slurries should be determined. 
The work presented here is mainly concerned with 
the simpler experimentally measurable effects of 
process variables on the theological behaviour of 
the Sn-15% Pb alloy slurries. Attempts to correlate 
these observations to mechanisms responsible for 
their occurrences are made only by comparison to 
previous work on non-metallic systems. 

4 1. Effect of volume fraction solid on 
viscosity 
When compared to suspensions of non-interacting 
spheres of polystyrene, rubber latex, glass and 
methylmethacrylate [6], the relative viscosity, r/r 
= ~?af i lo ,  of the metal slurries, at a given volume 
fraction solid is larger by 1 to 2 orders of magni- 
tude (Fig. 25). The data for the slurries of Sn-15% 
Pb alloy cover all ranges ofthermomechanical treat- 
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ments  repor ted  earlier in the results sect ion.  The 

data  points  for  non- in terac t ing  spherical particles 

are for a range o f  sizes f rom 0.1 to 435/am.  

When compared  to suspensions o f  Kaolin (clay) 

part icles [7] ,  0.2 to  2 p m  in size, in water ,  the 

relative viscosity o f  the metal l ic  slurries at a given 

vo lume fract ion solid is o f  the same order  o f  magni- 

tude (Fig. 25).  The data points  for  Kaolin sus- 

pensions cover  the range o f  shear rates f rom 0.5 to 

42 sec -1 . The high Viscosity o f  these suspensions 

has been expla ined on the basis o f  an aggregation 

mechan ism [7] .  

Table II compares  relative viscosity data o f  a 

part ial ly crystal l ine p o l y m e r  [8] ( low molecu la r  

TABLE II Comparison of relative viscosity of isothermally 

(a) Isothermally held Sn-15% Pb slurries 

held Sn-15% Pb slurries with polyethylene 

(b) Low molecular weight polyethylene [8] 

Temperature Volume fraction Shear rate, -y (sec -1) Temperature 

(~ solid, g s 115 230 350 750 (~ 

209.5 0 1 1 1 1 109 
197.6 0.42 540 240 - - 96 
196.3 0.45 600 400 160 40 90 
195.2 0.47 940 480 - - 84 
192 0.53 2400 800 - - 80 
187 0.60 - 2480 - - 70 

She~ rate,~(sec -l ) 

30 100 300 1000 

1 1 1 1 
- - - 3.98 

87 1.3 16.6 9.1 
850 347 151 63 

3020 930 398 158 
9 3 5 0  3540 1520 575 
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weight polyethylene) to that of the Sn-15%Pb 
slurries. The relative viscosities of the two systems 
are of the same order of magnitude. The high vis- 
cosity of partially crystalline polyethylene is due 
to the formation of crystallites. However, in con- 
trast to metallic systems, the degree ofcrystallinity 
at a given temperature is a function of shear rate. 
Therefore, instead of using the degree of crystal- 
linity as a parameter, one may use the degree of 
molecular association [8] (the molecular weight of 
the same but amorphous polymer resulting in the 
same viscosity as that of the partially crystalline 
polymer). For instance, it is found that the equi- 
valent molecular weight of this polymer increases 
seven times between its melting point (109 ~ C) and 
80~ at a shear rate of30sec  -t and 3.5 times at a 
shear rate of  1000 sec -1 . 

4.2.  Ef fec t  o f  s t ruc tu re  on viscosi ty 
The general trends established in this study relating 
viscosity o f  Sn-15%Pb slurries to their structure 
(primary solid particle size and volume fraction of  
entrapped liquid) and thermomechanical processing 
(i.e. cooling rate and initial shear rate) are summar- 
ized in Table III. 

In all the continuously cooled and isothermally 
held slurries, the viscosity at a given volume fraction 
solid increased with increasing primary solid par- 
ticle size. The same trend has been reported for 
suspensions of quartz particles, ranging in size from 
25 to 175/am, in water [3]. In that work, the in- 
crease of  viscosity was attributed to the increasing 
magnitude of the inertial forces involved in the 
collisions o f the larger particles. 

Table III also shows that a decrease in the am- 
ount of entrapped liquid (effective volume fraction 
solid) results in a corresponding decrease in viscos- 
ity. The same effect has been reported for suspen- 
sions of aggregates of glass beads, 35 pm in size, in 
Aroclor (chlorinated biphenyl, r~o = 80 P) by Lewis 

T A B L E  I I I  Relationship between viscosity and structure 

(a) At a given volume fraction solid 

and Nielsen [10]. Each suspension contained only 
aggregates of a given size (i.e. made up of a fLxed 
number of  glass beads) and, therefore, with a con- 
stant amount of entrapped liquid. It was shown 
that by increasing the amount of entrapped liquid 
(i.e. increasing the size of  aggregates) the viscosity 
of the suspensions increased. 

4.3. Equat ions  o f  s ta te  
At high shear rates the apparent viscosity of con- 
tinuously cooled slurries o fSn-15%Pb alloy plot- 
ted versus volume fraction solid on a semi-logpaper 
shows linear dependence over ranges of volume 
fraction solid (Fig. 26). The linear portions can be 
described by an equation of the type: 

rTa = A exp. Bgs (1) 

where rTa is the apparent viscosity and gs is the vol- 
ume fraction solid. The coefficients A and B are 
0.07 and 7.36, respectively, for the cooling rate of 
0.33 ~ Cmin -1 and 0.005 and 17.58, respectively, 
for the cooling rate of 25 ~ C rain -1 . Equation 1 is 
identical to the last term of the empirical equation 
from Thomas' work [6]. 

f/r = ~a/r /o  = 1 + 2.5gs + 10.05gs 2 + A exp. Bgs 
(2) 

Thomas proposed that, at volume fractions solid 
greater than 0.25, the last term in Equation 2 be- 
comes the major contributor to the viscosity of a 
suspension and is due to the rearrangement of part- 
icles under shear. Eyring [11] developed the same 
kind of relationship assuming that particle rearran- 
gement is proportional to the probability of trans- 
fer of particles from one plane of shear to the next. 

4.4. Pseudoplas t ic i ty  
The apparent viscosity of isothermally held slurries 
of Sn-15% Pb alloy, plotted versus shear rate on a 
log-log scale shows a linear dependence over cer- 

of Sn-15% Pb slurries 

Continuously cooled specimens Initial Isothermally held 

shear specimens e = 0.33~ min -1 e = 25~ min -1 
rate 

"~o r/a X gLe r/a A~ gLe r7 A ~ gLe 

(b) At a given volmne fraction solid and initial shear rate 

Cooling rate t e, t r/a, ~. )~, tgLe 

gLe = volume fraction of  entrapped liquid, t ,  increase; $, decrease; ~ no change. 
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TABLE IV Experimentally determined coefficients of equation 3, r/a = k~ n relating the apparent viscosity %(P) to 
the shear rate, ~, (sec -~ ) 

(a) Isothermally held Sn-15% Pb slurries 

Initial shear rate q0 ( secq ) 
(Volume fraction solid 
gs = 0.45) 

Initial shear rate "~o ( sec-* ) 
(Volume fraction solid 
gs = 0.50) 

115 115 350 115 230 

Constant, k 380 63 55 830 100 
Units, egs 

Exponent, n -0.82 -0.30 -0.44 -0.70 -0.34 

Range of shear 10-40 40-400 100-400 30-300 100-250 
rates, 3), sec- 1 

(b) Kaolin particles in water [7] 

Volume fraction solid, gs 

0.10 0.16 0.20 0.24 

Exponent, n -0.65 -0.74 -0.74 -0.86 
Range of shear 
rates, 3,(see -~) 0.5-10 1-10 1-10 1-10 

(d) TiO 2 in water [12] 

Volume fraction solid 
gs = 0.40 

Exponent, n - 0.75 
Range of shear 
rates, ~ (see -~ ) 0-400 

tain ranges o f  shear rates (Fig. 27). The viscosity 
obeys the following equation: 

na = k3; n (3) 

where ~a is the apparent viscosity, and 3; is the 
shear rate. The values of  the coefficients k and n, 
calculated from Fig. 27, are listed in Table IV. Equa- 
tion 3 is the classical power law equation used to 
describe the flow behaviour of  shear rate dependent 
materials with a negative coefficient, n, for pseudo- 
plastic materials and a positive coefficient, n, for 
dilatant materials. 

The values of  n calculated for Sn-15%Pb slur- 
ries are of  the same order o f  magnitude as those 
reported for suspensions o f  TiO2 [12] and of  
Kaolin [7] particles in water (Table IV). Kaolin 
particles were shown to form aggregates whose size 
decreases with increasing shear rates. Reducing the 
size of  the aggregates results in lowering of  the ef- 
fective fraction solid (reduced entrapped liquid) and 
a corresponding decrease in viscosity. 

.The partially crystalline polymer (low molecular 
weight polyethylene) follows Equation 3 over cer- 

(c) Partially crystalline polymer [12] 

Temperature (o C) 

90 80 

Exponent, n -0.50 -0.81 
Range of shear 
rates, 3; (sec -~ ) 100-1000 100-1000 

tain ranges of  shear rates [8].  The experimentally 
determined values of  the coefficient n are given in 
Table IV and are of  the same order of  magnitude 
as those for Sn-15% Pb slurries. Two mechanisms 
were proposed to explain this observation [8] : (1) 
the high shear rates "melt"  or destroy the crystal- 
lites (it was found that the equivalent molecular 
weight decreases with increasing shear rate) and 
(2) high shear rates orient assymetric aggregates in 
the direction of  flow. This latter mechanism was 
also found to occur for liquid crystals that exhibit 
the same type of  behaviour [13].  

Some of  the proposed mechanisms outlined 
above are for aggregates of  micron size (flocs) and 
needle shaped particles (kaolin, TiO2) and some 
are for macromolecular aggregates (polyethylene). 
These mechanisms cannot be directly applied to 
metal slurries. However, the basic explanation of  
pseudoplasticity is based on models where there is 
an equilibrium between the rate of  build-up and 
breakdown of  aggregated structure;the build-up is 
due to the aggregation o f  particles or molecules to 
lower their surface energy and the breakdown is 
caused by the stresses due to the fluid flow forces 
acting on the aggregates. 

4.5. T h i x o t r o p y  
When compared to other thixotropic systems, met- 
al slurries of  Sn -15%Pb  alloy exhibit a degree of  
thixotropy (area of  hysteresis loop) o f  the same 

1415 



order of magnitude as that of the non-metallic sys- 
tems used for comparison in this study (Fig. 22). 
As an example, the measured areas of hysteresis 
loops for the Sn-15% Pb slurries at a fraction solid 
of 0.45, honey, and epoxy with 2.95 wt% SiO2 are 
2 to 8, 1.0, and3.0 x l0 s dyncm -2 sec -1. 

The structure of a thixotropic material is both 
shear rate and time dependent, as is its measured 
viscosity. At low shear rates it is made up of aggreg- 
ates with an effective volume fraction solid larger 
than the actual volume fraction solid present, due 
to entrapped liquid. With increasing shear rates, 
fluid flow forces break down the aggregates into 
smaller particles with less entrapped liquid, thus 
reducing the viscosity of the material. The obser- 
vation of the hysteresis loop is a consequence of 
the time dependence of the dissaciation of the 
aggregates. 

In the case of chemically non-interacting part- 
icles, the aggregation (particle flocculation)at low 
shear rates is due to the attractive forces between 
the particles, e.g. long range electrical forces which 
permit the individual particles of, for example, 
clay to interact over distances of the order of 1000 

[7]. This aggregation can also be due to the for- 
mation of welds between chemically interacting 
particles such as the primary solid particles of Sn -  
15%Pb slurries. To differentiate between inter- 
acting and non-interacting particles, aggregation of 
the former is referred to as agglomeration and the 
latter as flocculation. 

For thixotropy to be observed, the concen- 
tration of the solid phase must be large enough to 
permit a significant number of particles to aggreg- 
ate. In the case of chemically interacting particles, 
agglomerates form when two particles collide and 
stay in contact long enough for a weld to form. 
The probability of successful collisions (collisions 
followed by weld formation) depends on size, 
shape, number and distribution of size of primary 
solid particles as well as on shear rate. 

The general trends established in this study re- 
lating the degree of thixotropy (area of hysteresis 
loop) to the structure and thermomechanical hist- 
ory of isothermally held slurries of Sn 15%Pb 
alloy are shown in Table V. An important finding 
of this work is that for a given time at rest, there is 
a minimum volume fraction solid below which no 
thixotropy is observed (Fig. 18). For example, 
below volume fractions solid gs ~ 0.30 for rest- 
times of up to 2min the areas of the hysteresis 
loops of Sn-15% Pb slurries are below the measur- 
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T A B L E  V Relat ionship between degree o f  th ixo t ropy  
(area of  hysteresis  loop) and the  independen t  variables 
in isothermally held slurries of  S n - 1 5 %  Pb alloy 

An increase Resul ts  in a 
in the variable corresponding 

gs increase in A 
3"0 decrease in A 
t r increase in A 
t d increase in A 
tu decrease in A 
3;max increase in A 

A = area o f  hysteresis  loop 

able minimum of approximately 0.1 x lO s dyn 
c m  -2 sec  -1 . Increasing the rest-time or the volume 
fraction solid beyond these limits results in corre- 
sponding increases in the area of the hysteresis 
loop, hence increased thixotropy. 

5. Conclusions 
5.1. General 
The apparent viscosity of Sn-15% Pb slurries 
increases with increasing volume fraction solid 
and is structure dependent. The structure and 
apparent viscosity are strongly influenced by the 
thermomechanical history of the alloy during solid i 
ification. The rheological behaviour of vigorously 
agitated slurries of the alloy exhibit thixotropy. 

5.2. Con t inuous ly  coo led  slurries 
(1) The viscosity of the slurry, at a given volume 
fraction solid, decreases with decreasing cooling 
rate and increasing shear rate. Exercising the full 
range of shear and cooling rates possible in the 
viscometer the apparent viscosity of a 0.55 volume 
fraction solid slurry was varied from 3 to 80 P. 

(2) In general, the size of the primary solid 
particles is in the range of 50 to 300~tm. It in- 
creases with increasing volume fraction solid and 
decreasing cooling rate. Increasing the shear rate 
always reduces the amount of entrapped liquid 
in the particles. However, it is effective only in 
reducing the particle size at slow cooling rates. 

(3) Over wide ranges of volume fraction solid, 
the apparent viscosity of the continuously cooled 
slurries sheared at 750sec -1 follow a State equa- 
tion, relating the apparent viscosity, ~?a, to the 
volume fraction solid, gs- 

(4) Comparison of Sn-15% Pb slurries to sus- 
pensions of interacting and non-interacting par- 
ticles, at the same volume fraction solid, shows 
that the viscosity of metal slurries is of the same 



order o f  magnitude as that of  the former and 
consistently higher than that of  the latter. 

5 .3 .  I s o t h e r m a l l y  held s lurr ies  
(1) The structures and viscosity of  isothermally 
held slurries follow the same trends as those of  
slowly cooled slurries. Furthermore, at a given 
volume fraction solid and shear rate, the viscosity 
o f  an isothermally held slurry is lower than that 
o f  a continuously cooled slurry. 

(2) Variations up or down of  shear rate, at a 
given volume fraction solid, result in a correspond- 
ing decrease or increase in the measured viscosity. 

(3) Slurries of  Sn-15% Pb alloy are thixotropic 
and show a hysteresis loop phenomenon similar 
to other well-known non-metallic thixotropic 
systems. Measured areas of hysteresis loop in- 
crease with increasing volume fraction solid, initial 
viscosity (structure) and time at rest. 

(4) The occurrences of  thixotropy (defined 
herein as a measurable minimum hysteresis loop 
area of  0.1 x 10 s dyn cm -2 sec -1) is a function 
of  volume fraction solid and time at rest. For 
volume fractions solid below ~0 .30  and rest times 
o f  up to 2 min, the areas of  the hysteresis loops are 
below the measurable minimum. 

Appendix 1. Dimensions of apparatus and 
calculations of apparent viscosity 
The apparent viscosity o f  a non-Newtonian fluid 
is the viscosity a Newtonian fluid would have if it 
produced the same torque at the same speed. The 
shear stress on the bob, %oh, is calculated from 
the torque, T, 

T 
T b ~  - -  2nh K 2 R  2 - -  CT (A.1) 

where h is the height of  the bob; R, the radius of  
the cup, and r ,  the ratio of  the bob-to-cup radius 
(see Fig. 4). 

The shear rate is defined as 

dO 
"~ = r -  (A.2) 

dr 

where d is the angular velocity at distance r cal- 
culated from the equations of  motion [14] and 
is equal, in the case of  a Newtonian fluid, to 

2f2 
"~bob -- 1 - -  K 2 (A.3) 

where fZ is the angular velocity of  the cup. 

The apparent viscosity is 

1 - - K  2 T 
- -  ( A . 4 )  

7/a - 47rh K2R 2 f2 

The relative error committed by using Equation 
A3 rather than a more complex equation taking 
into account the variation of  shear rate with 
position across the annulus, can be evaluated [15] 
and was equal to 8% maximum for gs = 0.45 and 
% = l l 5 s e c  -1. 

The following instrument characterstics were 
used. 

h(cm) KR(cm) R(cm) • K 2 1/K C(cm-3) * 

8.9 2.225 3.015 0.739 0.545 1.35 3.65 
8.9 2.860 3.175 0.900 0.810 l . l l  2.40 

�9 Instrument constant. 

For the approximate 3 mm gap arrangement, 
Equation A3 becomes 

"Ybob : 10.05~2 = 1.05 rpm (A.5) 

and Equation A4 becomes 

T 
r h = 0 . 0 0 0 2 - - .  (A.6) 

~2 

Finally, the relative viscosity, r~r , is defined as 

rta 
= - - .  (A.7)  

~1o 
~/o = 0.025 P, is the viscosity of  the liquid S n - P b  
alloy at temperatures of  interest. 

Appendix 2. Calculation of volume fraction 
solid 
Fraction solid can be calculated as a function of  
temperature from the Scheil equation and the 
lever rule. The former assumes no solid diffusion, 
equilibrium at the liquid-solid interface, complete 
diffusion in the liquid and constant partition 
coefficient k. The latter assumes complete diffu- 
sion in the solid. In the Sn-15% Pb alloy, the 
difference between these two calculations is 
negligible. Both equations are deduced from a 
mass balance and give fraction solid in weight 
fraction. Difference between calculated weight 
fraction and volume fraction in this alloy is very 
small (approximately 0.02) due to small differ- 
ences in the density of the liquid and the solid. 

In this work, the Scheil equation was used 
without density corrections. The equation is 

gs 1--[TM ~--TL-tUI -k = (A.8) 
\ T M - - T ]  
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where gs is volume fraction solid; TM, melting 

point of  pure tin; TL, liquidus temperature of  

S n - 1 5 % P b  alloy; and T, actual temperature in 

the l iquid-sol id  range. 
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