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A powder-based approach to semisolid 
processing of metals for fabrication of 
die-castings and composites 
R. M. K. YOUNG, T. W. CLYNE* 
Department of Materials Science and Engineering, University of Surrey, Guildford, Surrey, UK 

A technique is presented for the generation of a globular (non-dendritic) array of solid frag- 
ments surrounded by a solute-enriched liquid. This is based on the premixing, heat treatment 
and consolidation of different types of powder. The resultant slurries have then been injected 
into a die at high velocity. The technique offers promise in terms of the versatility with which 
the slurry microstructure can be controlled and the soundness of the resulting die-castings has 
been encouraging. Among the effects investigated are the role of solute diffusion, the import- 
ance of globule size and the nature of coarsening phenomena. Experiments have also been 
carried out on the incorporation of ceramic fibres into the product and this appears to offer 
promise as a composite fabrication route. The work described here concerns only aluminium- 
base material alloyed with magnesium, although the principles outlined are expected to apply 
to many other systems. 

Nomencla ture  
Parameters 

C composition (mass fraction) 
d (m) diameter 
D (m 2 sec- 1 ) diffusivity 
f volume fraction 
k partition coefficient 
L (m) characteristic length 
Q (J tool l) activation energy 
r (m) radius 
R (J K -  ~ mol-  1) gas constant 
Re Reynolds number 
t (sec) time 
T (K) temperature 
u (m sec 1) fluid velocity 
We Weber number 

2 aspect ratio 
# (Pa sec) dynamic viscosity 
Q (kg m-  3 ) density 
o" (J m -2) surface tension 

Subscripts 
d dispersoid 
f fusion point 
g globule 
L liquidus 
m matrix 
r relaxation 
s solid 
S solidus 
* solid/liquid interface 

1. Introduct ion 
1.1. C o n c e p t s  and  objec t ives  
The processing of metals while in the form of a mixture 
of liquid and solid phases is of considerable current 
interest. This can to some extent be traced to the work 
of Flernings and co-workers [1-4] in the 1970s, when 
the term "rheocasting" was coined for a technique in 
which local shear forces are maintained within a body 
of solidifying liquid. This can continuously disrupt the 
growing dendrite array to such an extent that the 
resultant structure is composed of isolated "globules" 
of primary solid (surrounded by the solute-rich material 
corresponding to the residual liquid), rather than the 
normal interlocking network of a branched dendritic 
morphology. 

Characterization of the rheological behaviour of 
such a material when semisolid continues to receive 
considerable attention [5-8]. The globular material will 
flow as a rather viscous slurry under the influence of 

appropriate shear stresses. This can be exploited with 
a volume fraction of solid around, say, 50%, for which 
the corresponding normal dendritic material would 
probably remain rigid until a stress were reached at 
which gross defects would be generated. This feature 
offers potential for processing techniques in which a 
body of semisolid globular material is made to undergo 
a selected change of shape; this is particularly attract- 
ive in view of the fact that the solute distribution can 
be tailored so that the globular state is recreated from 
the fully solidified structure by simply reheating to an 
appropriate temperature. 

One of the most'promising areas of application is in 
pressure die-casting [4, 7, 9-11], in which the charge is 
injected at high velocity (primarily to inhibit premature 
solidification). As a result of the low viscosity of liquid 
metals (typically about the same as that of water), 
such material enters the die cavity in a highly turbulent 
manner, frequently involvin~ break-up of the stream 
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and atomization [9, 10]. This results in entrainment of 
air, causing internal porosity and a poor surface finish, 
problems which have effectively limited the market for 
die-castings. Replacement of the liquid charge by a 
semisolid slurry can result in progressive, controlled 
filling of the die. Among other important advantages 
offered by the slurry route are reduced thermal shock 
to the die [4, 7] and a smaller contraction (contributing 
to the reduction in porosity). Such points have been 
recognized for some time and have been summarized 
by Brook [9]. 

1.2.  R h e o l o g y  
It is well established that the viscosity of globular 
metallic slurries is dependent on the strain rate; i.e. 
they are non-Newtonian fluids. Fig. 1 shows schematic 
variations of shear stress as a function of the strain 
rate, for different categories of fluid. (The dynamic 
viscosity is given by the gradient of such a plot.) In 
addition to a possible dependence on strain rate, the 
viscosity of a fluid may decrease (thixotropic) or 
increase (rheopeptic) with time under steady con- 
ditions [12], as a result Of microstructural changes. 
The term "thixocasting" has been rather loosely 
applied to die injection of a metallic slurry (formed by 
reheating a rheocast structure), the terminology arising 
from the idea of the slurry exhibiting a decrease in 
viscosity on processing. This is somewhat misleading, 
as there is no time dependence to the viscosity during 
the process (which is a very rapid one), but rather a 
sharp drop as the high shear stresses are generated*. It 
is clear from Fig. 1 that these metallic slurries are 
more properly regarded as pseudoplastic Bingham 
fluids. 

An attempt at (semi-quantitative) correlation of 
these features with the operating conditions is shown 
in Fig. 2. The applied (inertial) force is considered as 
a ratio to the viscous (damping) force and as a ratio to 
the surface tension force. These two ratios correspond 
to the Reynolds number, Re, and the Weber number, 
We, respectively: 
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Figure 1 Schematic plots of  shear stress against shear strain rate for 
different types of fluid. 

Poor Die . , 
6 Fit L inq .cZ > Turou~ence 

2' I \  \ '  
inertiaL\ k " x REGIME k / \ \ ~Z " 

( tensi°n_ I X ~,; ~ \ \ ~ \ 

,k " 

2 R e  ,^4 
10 -z 10 0 10 ( inertiaL ~/U 

\ ~ /  

o = 

-o 

~5 
:3 
2 

o 

+i 
ta~ 

10 6 : 

Figure 2 Illustrative plot showing the variation of  parameters 
characterizing the surface tension (We) and viscous drag (Re) with 
changing fluid velocity, for a typical metallic liquid and semisolid 
(globular) slurry. Also shown are approximate regimes of  these 
parameters for which various problems associated with die casting 
might occur. 

We = Lu2 Q (2) 
(7 

where L is a characteristic length, u is the fluid velocity, 
Q is the fluid density,/~ is the dynamic viscosity and a is 
the surface tension. An increase in applied stress during 
injection will raise both of these numbers. For a 
Newtonian fluid, these increases will be solely due to the 
higher value of u and the operating point on this plot 
will move in a linear fashion, with a gradient of 2. The 
problem caused by low viscosity is manifest as a high Re 
for all practicable injection velocities (which might 
range upwards from several m sec-l). 

For a non-Newtonian fluid, on the other hand, the 
effect of an increase in injection velocity is compounded 
by the associated change in viscosity. Unfortunately, 
the strain rate regime of interest is one in which it is 
difficult to measure the viscosity and the exact position 
of the curve for the slurry is open to speculation. Vis- 
cosity measurements have been made [5, 13, 14] for 
shear strain rates up to several hundred sec-l, but die 
injection might involve a figure of perhaps 10 3 to 
10 4 sec-1. In view of this, one might justifiably refer to 
an "impact viscosity" which, while probably amenable 
to extrapolative estimation, should be identified as dif- 
fering from that obtained by conventional measure- 
ment. In any event, there is no doubt that the curve is 
shifted to lower Reynolds number relative to that of the 
liquid and the existence of an optimal fluid dynamics 
operating regime (which is approached by moving in 
this direction) seems clear. 

1.3. Microstructure 
Clearly, one expects the viscosity to increase with 
increasing fraction of solid; Joly and Mehrabian [13] 
have highlighted the role of entrapped liquid in tending 
to raise the viscosity by increasing the effective value of 

*A time dependence does, however, tend to arise during rheocasting, although this is often manifest as an increase in viscosity and 
indiscriminate use of the word "thixotropy" in this context can cause further confusion. In fact usage of the word to describe various 
non-Newtonian effects has expanded to the point where its definition may be considered to be in some doubt. 

1058  



f~ (the fraction of solid). As one objective is normally to 
achieve a high true fraction solid while not exceeding an 
upper limit on the viscosity, such entrapment is gener- 
ally undesirable. It should also be recognized that 
globules in a metallic slurry tend to interact with each 
other and thus exhibit higher viscosities (relative to the 
base liquid) than suspensions of non-interacting 
spheres at the same fraction solid [13]. Furthermore, 
assemblies of metallic globules are prone to agglomer- 
ate by contact welding, raising the effective fraction of 
solid and thus increasing the viscosity. This is progress- 
ive and the time dependence can give rise to rheopeptic 
behaviour during prolonged semisolid processing. 

There have also been suggestions [13] that viscosity 
rises with increasing globule size, possibly as a result of 
the greater momentum transfer during collisions [15]. 
However, it should be notedthat  experimental support 
for this (from rheocasting data) is inconclusive in that, 
although low viscosity and fine globule size tend to 
occur in tandem, the latter could be a side-effect of the 
higher shearing forces, which are acting to reduce the 
viscosity primarily by preventing agglomeration (liquid 
entrapment) and by minimizing globule interactions. 
Certainly, theoretical analysis [16] suggests no such 
dependence on absolute size per se, although aggre- 
gation, size distribution and particle aspect ratio are 
all predicted to have significant effects, at least for 
Newtonian suspensions. Such treatments do not, how- 
ever, take account of geometrical constraints, such as 
the size of an orifice the slurry is to pass through, or the 
dimensions of a re-entrant it is to penetrate. Globule 
size will probably be important if it is not very much 
smaller than the scale of such environments and this 
could be a point of practical significance. 

1.4. Diffusional effects 
Solute redistribution occurs both as solid/liquid par- 
titioning and as back-diffusion in the solid. (The com- 
position is normally uniform at all times in all of the 
liquid.) This can affect the slurry behaviour via an 
influence on the fraction of solid and the globule 
characteristics. This has been emphasized previously 
[17, 18] and, indeed, a process has been proposed [19] in 
which solidification is controlled entirely by back- 
diffusion. This affects the fraction of solid (after the 
setting up of interracial equilibrium at a given tempera- 
ture) by tending to lower (for k < 1) the interfacial 
solid composition and thus to provoke further solidifi- 
cation to maintain equilibrium at the interface. 

It has been common [1, 13, 20] to assume that, for a 
binary alloy system with linear liquidus and solidus 
lines, the fraction of solid (f0 during slurry production 
and processing can be related to the temperature via the 
Scheil equation (based on negligible back-diffusion) 

A = l -  - (3) 

where k is the partition coefficient, Tr is the solvent 
fusion point and TL is the liquidus temperature. 
Although this constitutes a good approximation for 
normal solidification with a substitutional solute, devi- 
ations are expected here for at least two reasons. Firstly, 
the Scheil assumption of no back-diffusion is valid over 

a range of conditions only because slow cooling (i.e. a 
greater time for diffusion) normally leads to coarser 
spacings (i.e. greater diffusion distances): the corre- 
lation between cooling rate and spacing is abrogated for 
slurries, when an extended period in the semisolid 
regime can occur in combination with a relatively fine 
globule size. Secondly, the Scheil assumption of a plate- 
like morphology is clearly invalid for slurries, where a 
spherically symmetrical model would be more appro- 
priate. 

Both of these factors tend to enhance the signifiance 
of back-diffusion. Use of the equation of Brody and 
Flemings [21] leads to inconsistencies for extensive 
back-diffusion and, although the equation of Clyne and 
Kurz [22] behaves correctly in this limit, it is generally 
preferable to develop a numerical model, allowing free- 
dom to specify geometry, thermal history and material 
properties. A number of workers have recognized this, 
although there is still a shortage of good theoretical and 
experimental data in the literature. 

1.5. Produc t ion  
The "standard" methods of producing a globular 
metallic slurry remain centred around the idea of 
introducing mechanical shear stresses during solidi- 
fication, usually by means of some form of rotary 
motion. The process has been extensively analysed 
[13, 20, 23, 24] and considerable engineering expertise 
has been brought to bear on the problem. However, 
although suitable globular microstructures can be 
produced in this way (an example is shown in Fig. 3), 
the process is subject to severe theoretical limitations 
and technical difficulties. In the former category come 
the constraints on production rate imposed by the com- 
bined requirements of heat extraction and local shear 
stress, while the interrelationships between cooling rate, 
globule size and (effective) fraction solid mean that 
freedom to tailor the microsctructure is limited. Among 
the many technical problems are those arising from an 
inherent instability in process control, caused by the 
tendency for an increase in flow rate out of the rheo- 
caster to result in reduced slurry viscosity (encouraging 
more rapid flow). Difficulties such as these are recog- 
nized by all who have been involved with the process, 
but, despite considerable interest, very little has 
emerged so far into the open literature in the way of 
alternative production routes. 

Figure 3 Typical rheocast structure, in this case for an  A1-Cu  alloy. 

1059 



Figure 4 Micrographs of (a) an aluminium powder and (b) the corresponding mixture with the AI-Mg powder (billet 1). 

2. Powder processing 
2.1. Fabrication procedure 
A route has been developed for fabrication of metallic 
slurries, based on the premixing and compaction of 
different powders. The technique has been termed 
consolidation of mixed powders as synthetic slurry 
(COMPASS). The consolidation step involves melting 
some of the material and compacting under pressure 
to eliminate porosity. A heat treatment stage can also 
be incorporated in order to generate the desired solute 
distribution. It would normally be considered desirable 
for the particles which are to remain solid to have an 
approximately spherical morphology. Within the 
limits of powder availability and subject to the micro- 
structural changes taking place during consolidation, 
there is complete freedom to specify the size and volume 
fraction of the globules and the compositions of the 
globular and surrounding material. 

Initial mixing is carried out in a liquid suspension 
medium. The constituent powders, together with 
any additional material such as fibres (see Section 4), 
are dispersed (in the selected proportion) in a suitable 
liquid (industrial methylated spirits was used in the 
present study) to form a suspension volume fraction 
of the order of 20%. This is then agitated (a standard 
domestic liquidizer was employed) for a few minutes 
and allowed to settle. Excess liquid is decanted off and 
the residue dried by gentle heating and exposure to 
vacuum. Much of the work reported here is based on 
"globule powders" of unalloyed aluminium, mixed 
with "matrix powders" of A1-50 wt % Mg, the former 
being approximately spherical (depending on size and 
method of production) and the latter exhibiting a 
facetted morphology. Fig. 4 compares the appearance 
of one of the aluminium powders used with that of the 
corresponding mixture. 

The powder residue from the above operation is 
first cold-pressed to give a "green" compact. This is 
then heated (under argon) into the semisolid regime, 
decanted into a die held at about 300 ° C and immedi- 
ately subjected to a directional pressure of about 
30 MPa for a couple of minutes or so. This produces 
a sound, cylindrical billet 60mm diameter, with a 
length of around 75 mm, which could form the charge 
for a die-injection operation. Heating of the green 
compact was carried out in a graphite crucible sub- 
jected to r.f. heating and the necessity of avoiding 
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excessive temperature differences within the melting 
mixture restricted heating rates to about 0.5 to 
1 K sec- 1. As a result of these features, the minimum 
total residence time in the semisolid regime during 
billet fabrication was typically of the order of several 
minutes. In addition, a similar (perhaps slightly shorter) 
period would be necessary during subsequent reheating 
and injection into the die (see Section 5). 

2.2. Specimen characterization 
In an attempt to investigate a range of slurry structures, 
various sizes and morphologies of globule powder 
were used, whereas a single grade of AI-50 wt % Mg 
material was employed for the matrix material (which 
melts during processing). In addition, some exper- 
iments were carried out with unmixed alloy powders. 
Table I gives details of the powdered combinations 
referred to in this paper. (The parameter 2 is a mean 
aspect ratio.) Table II sets out subsequent thermal 
histories experienced by these specimens. (Thef~ ranges 
given are calculated values - see Section 3.1 .) This is 
a small subset of the complete experimental program. 

Most of the specimens prepared for optical micro- 
scopy were viewed in polarized light after the appli- 
cation of an anodizing treatment, which reveals 
globule orientation information. Anodizing was carried 
out for about 40 sec in 5% fluoroboric acid, using a 
potential designed to give a high current density of the 
order of 300 A m-Z). Specimens for energy dispersive 
X-ray microanalysis were polished flat and analysed 
with an electron accelerating voltage of 10kV. Die 
castings were subjected to several types of examination 
for soundness, including X-ray radiography. 

2.3. Progress of consolidation 
The green compact was typically about 70% dense; 
Fig. 5a shows an illustrative structure. After heating 
to the semisolid regime, the magnesium-rich powder 
melts and surface tension forces drive the liquid to fill 
much of the interglobular space. It is apparent in 
Fig. 5b that melting of the solute-rich material is 
rapidly followed by surface liquation of the alu- 
minium particles where there is contact with this liquid. 
This takes place as the system moves towards inter- 
facial equilibrium (see next section). Hot pressing 
completes the envelopment of the globules by solute- 
rich liquid, leading to very low porosity levels in the 



T A B L E I Cons t i tu t ion  o f  billets 

Billet G lobu le  p o w d e r  

n u m b e r  
cg d ~ f. 
(wt % Mg)  (~m) (%)  

Ma t r ix  p o w d e r  Dispersoid  

C m d 2 fm Type  d 2 fd 
( w t % M g )  (pm)  ( % )  (~m) (%)  

l 0 90 1.2 80 50 

2 0 90 1.2 80 50 

3 0 90 1.2 80 50 

4 0 90 1.2 80 50 

5 0 40 1.5 80 50 

6 0 40 1.5 80 50 

7 10 40 1 100 - 

8 10 40 1 100 - 

9 0 40 1.5 72 50 

10 0 40 1.5 72 50 

11 0 90 1.2 60 50 

12 0 10 1.3 80 50 

13 0 10 1.3 80 50 

150 5 20 . . . .  

150 5 20 . . . .  

150 5 20 - - - 

150 5 20 - - - 

150 5 20 - - 

150 5 20 . . . .  

150 5 18 A1203 3 150 10 

fibre 

150 5 18 AI203 3 150 10 

fibre 

150 5 40 - - - 

150 5 20 - - - 

150 5 2O . . . .  

final billet. A typical microstructure is shown in 
Fig. 6a. Thermal control is important and overheating 
can lead to partially dendritic structures of the type 
shown in Fig. 6b. (Globule size also plays an important 
role in this, as explained in Section 3.1). Certain billets 
were then subjected to further heat treatments prior to 
die casting. Details of the injection of the slurry into 
the die are covered in Section 5. 

3. Microst ructura l  stabi l i ty  
3.1. Solute di f fusion effects 
An idealized version of the relavant portion of the 
A1-Mg phase diagram is shown in Fig. 7, on which 
the liquidus and solidus compositions at 750K are 
indicated. A finite difference model was set up to 
describe the back-diffusion after interfacial equilib- 
rium is established. The initial state is taken as liquid 
with a uniform composition of CL (liquidus for tem- 
perature concerned) surrounding a solid sphere with 
an unchanged solute level in the interior, but a surface 
composition that had been raised to the solidus, Cs. 
Neglect of the transient between melting of the matrix 
powder and the attainment of this state is easily justi- 
fied in terms of solute diffusion rates in the liquid, but 
takes no account of heat flow through the billet sec- 
tion for cases where this transient involves melting a 

T A B L E  I I  T h e r m a l  histories 

substantial amount of globule powder. It can be 
shown that, partly as a result of the high thermal 
diffusivity of aluminium, this is not expected to delay 
the attainment of interfacial equilibrium for more 
than a short period (perhaps a minute or so). This 
delay might, however, be significant for fine powders. 
The system is composed of a solid sphere surrounded 
by a spherical shell of liquid. (A more geometrically 
accurate model would treat the liquid as something 
like a hollow tetrakaidecahedron, but the mathemat- 
ical complexity introduced in this way is difficult to 
justify in view of other approximations implicit in the 
analysis.) 

The appropriate form of the diffusion equation 
describing solute redistribution in the solid is: 

ac ( 2D. 2 
Ot - Ds \~3r  2 +-r -~-r  (4) 

assuming spherical symmetry and neglecting any com- 
position dependence of the solute diffusivity, Ds. This 
is solved under the following boundary conditions: 

C = Cg f o r r  < r , ,  t = 0 (5) 

C = CL f o r r  > r , ,  t ~> 0 (6) 

C = Cs f o r r  = r , ,  t ~> 0 (7) 

Billet H o t  press ing H e a t  t r e a tmen t  

n u m b e r  
T t f~ (%)  T t 

(K)  (sec) t = 0 t (K)  (sec) 

Die injection 

Z (%) r t f, (%) 
(K)  (sec) 

t = 0  t t = 0  t 

1 823 250 44 72 . . . . . . . .  

2 . . . .  833 50 82 74 . . . .  

3 823 250 44 72 . . . . . . .  

4 860 250 16 29 . . . . . . .  

5 823 250 44 85 - - - 850 200 60 50 

6 823 250 44 85 837 7200 75 69 . . . .  

7 823 250 85 85 - - - 850 200 60 50 

8 823 250 85 85 837 7200 68 68 . . . .  

9 - - - 823 250 44 85 - - - 

10 823 250 44 85 . . . .  865 200 40 25 

11 750 200 35 45 - - - 750 2000 45 55 

12 . . . .  823 250 60 85 - - 

13 823 250 60 85 - - 850 200 55 50 
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Figure 5 Optical rnicrographs of billet 2 (a) after cold compaction, and (b) after subsequent heating to 833 K (without hot-pressing). 

r ,  = rg fg  ' / 3 ( C  L - Cg )  - ' / 3  

× [CL- Cgf~- Cm(1 --fg)],/3 for t =  0 

(8) 

- ~?~-rC r, 
~?r, Ds 
~t ( C L -  Cs) (9) 

where rg, Cg and fg are the initial radius (=  dJ2) ,  

composition and volume fraction of the globule 
material, Cm is the initial composition of the matrix 
powder and r ,  is the instantaneous radius of the solid 
sphere. It is assumed that powder compositions and 
holding temperature will have been chosen such that 
attainment of interfacial equilibrium will involve melt- 
ing of the matrix powder, plus some of  the globule 
powder. Any volume change associated with freezing/ 
melting is neglected. A finite difference reduction for- 
mula derived from truncated Taylor series expansions 
was used and an explicit method employed to obtain 
the solutions. The system was assumed isothermal, 
with a diffusivity given by: 

D~ = D o exp ( - Q / R T )  (10) 

where Do and Q for the A1-Mg system have approxi- 
mate values of  0.1m2sec -~ and 175kJmol -I [25]. 
Most of the computations were carried out with 100 or 
200 volume elements spanning the domain. Fig. 8 
shows a typical radial concentration profile after a 
specified time for a given set of  conditions. 

This model was used to explore the rate at which 

different systems would approach the fully equilib- 
rium condition (corresponding to a uniform com- 
position in the solid phase) for which the solid fraction 
would be that given by the lever rule: 

As expected, the predictions are sensitive to both tem- 
perature and system dimensions. Fig. 9 shows f~ as a 
function of time for three initial values of  the globule 
diameter, at a temperature of  823 K (550 ° C). It should 
be noted that, for fine powders (d ~< 50 ~m), the rise 
inf~ from the value corresponding to interfacial equi- 
librium (t = 0) towards that of  the final state takes 
place very rapidly. The back-diffusion causing this will 
start to occur during the (neglected) transient asso- 
ciated with melting of  some of the globule material 
(while interracial equilibrium is being set up). The 
upshot of  this is that the fraction of  solid will probably 
not fall as far as the predicted minimum (t = 0) value 
with fine powders, which might thus be expected to be 
less susceptible to the effects of accidental overheating 
than coarser mixtures. 

If a value for the relaxation time, tr, defined in terms 
of a 90% approach to the lever rule state 

t = tr at Z = f [  = 0.9f~ ~ + 0 .1f f  (12) 

is extracted for different cases, then a plot such as that 
of  Fig. 10 may be constructed to highlight the effect of  
size and temperature over the regime of  interest. In 

Figure 6 Optical rnicrographs of hot-pressed billets: (a) billet 3, showing a normal COMPASS structure, and (b) billet 4, showing the effect 
of overheating. 

1062 



900 

T 

800 

700 

Liquid 

. . . .  . . . . . . . .  ! . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . .  
0 0.1 0.2 0.3 0.4 0.5 

mass Fraction Mg 

Figure 7 A simplified version of the aluminium-rich half of the 
A1-Mg phase diagram, showing the liquidus and solidus com- 
positions at 750 K. 

general, at temperatures above abut  800 K, it is expec- 
ted that lever rule conditions will be approached 
within the minimum processing time ( ~  5 to 10rain) 
for fine powder (d ~< 70 #m) and only with coarse 
material (d ~> 150 #m) will prolonged heat treatment 
be necessary to attain this state. However,  these fig- 
ures would be different for the lower processing tem- 
peratures ( ~  750 K) which might be appropriate  for 
more solute-enriched material, and in general it is 
clear that the sensitivity to T and d is such that most  
cases require individual computat ion.  (Nevertheless, 
an obvious conclusion is that use of  the Scheil equa- 
tion is unjustified under most  conditions.) In fact, 
these characteristics carry a convenient implication in 
terms of  the processing of fine powders in that the 
volume fraction of  solid (at a given temperature) can 
be accurately preselected simply by controlling the 
initial powder volume ratio and there need then be no 
concern about  rigorous programming of  the thermal 
history. Coarser material, on the other hand, might 
experience progressive changes i n f  during prolonged 
isothermal treatment. 

Experimental monitoring of the diffusional effects 
was undertaken via electron probe microanalysis. The 
approach adopted was to use the minimum com- 
position detected to characterize progression of  the 
back-diffusion. Measurements were taken near the 
centre of  globules which appeared to have had a 
diameter close to the median for the specimen. This 
was repeated several times for different globules in an 
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Figure 8 Theoretical radial concentration profile for the case 
shown, 2 h after the attainment ofinterfacial equilibrium, indicating 
the volume element width for this particular computation. 

0.9- 

0.8 

0.7 ̧ 

0.6 

0.5 

d=40 Hm 

pm 

d:250 ~m 

~d=lO0 Nm 

/t=c~ 

< 

' ? °  

0 500 1000 
t (see) 

Figure 9 Predicted changes of fraction solid with time as a result of 
back-diffusion. The curves are for the powder compositions and 
proportion shown, with three different values for the initial 
(premelting) diameter of the globule particles. The construction for 
estimating the relaxation time tr is shown for the 100 pm case. 

a t tempt  to minimize errors arising from uncertainties 
about  the sectioning geometry. Fig. 11 shows a typical 
microprobe trace, superimposed on a micrograph 
with the corresponding scan line marked. As a general 
verification of  the validity of  the back-diffusion 
model, Fig. 12 compares theoretical curves for the 
changing magnitude of  Cmin (the centre-point com- 
position) with a number  of  experimental values (each 
of which is derived from several scans), referring 
to globules in two size ranges which had undergone 
specific heat treatments. 
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Figure 10 Predicted dependence of relaxation time on original pow- 
der diameter for two holding temperatures. 
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Figure 11 Typical microprobe t r a c e  a c r o s s  the centre of a globule 
(from billet 3). 

3.2. Coarsening effects 
The stability of the globule array in the semisolid 
regime was investigated for a range of conditions. In 
addition to the effect of back-diffusion, there is 
obviously a driving force for reduction of interfacial 
area and consequently a tendency for agglomeration 
and liquid entrapment to take place. This is, of course, 
a field which has been extensively investigated in sin- 
tering studies [26-31]: there is not, however, a vast 
amount of information relating to the high fractions 
of liquid ( " 3 0  to 60%) which concern us here, 
although the work of Voorhees and Glicksman [28] 
(on changes in size distribution over a wide range of 
phase proportions) is of relevance. 

In general, it was found that the globule structure 
tended to remain morphologically stable over the 
timescale for which the billets were in the semisolid 
regime during normal processing (~< 15 min). For 
example, Fig. 13 compares original globule appear- 
ance with the hot-pressed and die-cast structures for a 
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Figure 12 Comparison between the predicted curves for three orig- 
inal globule sizes, giving the variation of  Cm~ . (centre-point com- 
position) as a function of  holding time at 823 K, and experimental 
points corresponding to specific times at around this temperature. 

relatively fine powder exhibiting a wide size distri- 
bution (~  10 to 75#m), for which coarsening effects 
might have been expected to be most pronounced. It 
is clear that dramatic changes in the globule size distri- 
bution have not taken place. However, extended treat- 
ments do have significant effects. For example, Fig. 14 
shows material from the same mixture after being held 
in the semisolid regime for a period of 2 h. Although 
some increase in mean globule size is apparent, it may 
be noted that the rounded morphology is maintained, 
and isolation of liquid pockets has not occurred to 
any great extent. Comparison with theory, such as 
classical Lifshitz and Slyozov [32] and Wagner [33] 
treatment of Ostwald ripening, would require more 
systematic data, but it seems likely that particle 
agglomeration and coalescence is playing a significant 
role in the overall coarsening behaviour in the present 
case. 

Rather more liquid entrapment arose in some of the 
experiments with alloy powders. For example, some 
work was done using gas-atomized Al-10wt % Mg 
powder which had undergone fairly rapid solidifi- 
cation. The internal structure of this material, shown 
in Fig. 15a, is composed of fine dendrites (arm spacing 

0.5/~m). The magnesium-rich interdendritic 
material melts on reheating and the very short dif- 
fusion distrances ensure that the fraction of solid 
immediately approaches that dictated by the lever 
rule. Much of the liquid tends to find its way to the 
interglobular interstices, so that it is possible to 
produce a suitable slurry by heating such powder 
without any mixing stage. However, although this is 
an attractive method, it can be seen in Fig. 15b that a 
significant amount of liquid tends to collect in pockets 
within the original spheres and this entrapment is 
probably undesirable for reasons outlined earlier. 
Further work is needed to clarify the significance of 
this effect in practical terms. It would appear from 
Fig. 15c that some of the entrapped liquid finds its way 
to the interglobular regions during extended heat 
treatment, although this is accompanied by consider- 
able overall coarsening. 

4. Composi te  fabricat ion 
Discontinuous fibres, or other dispersoids, are easily 
incorporated at the wet blending stage and a number 
of such additions have been made. Some of these, 
particularly fibrous materials, often show a tendency 
to agglomerate, but it is usually possible to counter 
this by powder grade selection, by sizing and screening 
of the dispersoid and by control of the blending con- 
ditions. Fig. 16a shows a typical blended mixture, con- 
taining in this case an aluminium globule powder, an 
AI-50 wt % Mg matrix powder and a fine 6-alumina 
fibre. (The fibre employed in the work described here 
was the ICI "Saffil" product. The u s e  of this in metal 
matrix composites is described by Clyne et al. [34].) A 
feature apparent here is that the fibres, which were 
f irs t  milled and sized to an average length of around 
500 #m, have not suffered catastrophic damage during 
the blending, although the mean aspect ratio has 
dropped somewhat. 

However, during subsequent billet production, 
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Figure 13 (a) Scanning electron micrograph of one of the globule 
powders used, (b) optical micrograph of a hot-pressed billet sub- 
sequently produced (billet 5), and (c) optical micrograph of final 
die-casting obtained from billet 5. 

there is a tendency for considerable fibre fracture to 
occur. This takes place primarily during the cold com- 
paction process. (It may be noted that this stage is 
probably not essential, and was incorporated in the 
present work primarily because of difficulties in fitting 
enough of the uncompacted semisolid mixture to form 
a single die-casting charge into the hot die). Fig. 16b 
shows the surface of a cold-pressed piece that had 
been heated to the semisolid regime. The fibre aspect 
ratio has now been considerably reduced. In any 
event, it proved possible to produce composite billets 
in which the fibres were uniformly distributed and well 
bonded to the surrounding metal, as shown in Fig. 
16c. It may be noted that, although regions of slight 
fibre depletion or accumulation sometimes appeared 
in the billets, such inhomogeneities tended to be elim- 
inated during the die-injection process (see next 
section). 

5. Die injection 
Billets produced by the methods described were 
preheated to selected temperatures in the semisolid 
regime and injected* into a die in the form of an 
integral web and arm of a bicycle pedal crank. The 
die-casting machine was a "RedRing" model. The 
operation was carried out with ram velocities of the 
order of 3 m sec -1. An early pressure intensification 
stage was implemented (aimed at facilitating gate 
entry), which raised the pressure in the hydraulic sys- 
tem to about 30 MPa. The shot sleeve was a cylinder 
of 60 mm diameter, while the ingate cross-sectional 
area was about 200 mm 2, implying a gate entry vel- 
ocity of about 45 m sec 1. A typical strain rate on die 
entry (averaged over the gate section) would thus be o f  
the order of 103 sec -l. The die temperature was main- 
tained at about 280°C by passing heated oil through 
channels in selected locations. 

A die-cast microstructure is shown in Fig. 17, 
together with a view of the suface finish typically 
obtained. In general, by selection of a suitable charge 
temperature (and thus fraction of solid), it is possible 
to obtain sound castings with a globular slurry, 
although it should be emphasized that the gating 
design is not one which has been optimized for slurry 
casting. (Such optimization would cater for the 
reduced capacity for converging streams to fuse suc- 
cessfully, when compared with a fully liquid charge.) 

One phenomenon that is noticeably characteristic 
of slurry die casting is enhancement of fraction liquid 
in certain locations near the casting surface, generat- 
ing a form of solute macrosegregation. This can lead 
to microstructures of the type shown in Fig. 18. It may 
be noted that a similar type of macrosegregation (sol- 
ute enrichment near heat-extracting surfaces) is fre- 
quently observed in conventional casting [35, 36] 
(although it is rarely pronounced in die-casting). The 
mechanism in such cases involves interdendritic fluid 
flow, primarily as a result of the volume contraction 
on freezing. In slurry injection, however, the mechan- 
ism is different, although it has not yet been identified 

Figure 14 Optical micrograph of billet 6, which had been heat in detail. The most likely explanations are either that 
treated for 2h at 837K. the liquid is being squeezed through an assembly of 

*The die-casting operations were carried out at Fulmer Research Laboratories. 
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globules rendered relatively immobile near the end of  
die-filling by interglobular welding, or that the sharp 
gradient of  strain rate near the periphery of  the tlow 
cross-section has driven globules towards the centre, 
generating a type of  central "plug flow" surrounded 
by a globule-depleted annulus accomodating most of  

Figure 15 Optical micrographs showing structures based on a single 
grade of Al-10wt % Mg powder, (a) as-received (gas atomized), (b) 
die-cast (billet 7), and (c) heat treated for 2 h at 837 K (billet 8). 

the shear strain. It is possible that both mechanisms 
are significant, the former coming into play on filling 
re-entrants, and the latter operative in straight sec- 
tions of  the die. 

However, it is important to recognize the role of  
fraction solid and globule size in controlling the nature 
of such flow phenomena. Fig. 19 shows structures 
produced with a very fine globule powder (8 to 15 #m). 
Fig. 19a shows a cold pressed structure after brief 
heating into the semisolid region: it is noticeable that 
the molten magnesium-rich material has rapidly pene- 
trated the fine interglobular spaces, despite the large 
disparity in size between the two powders, even with- 
out the assistance of pressure. After hot-pressing and 
die injection, the final microstructure is shown in Fig. 
19b. It can be seen that globule depopulation near the 
casting surface is virtually absent, in contrast to 
products from coarser powders. The homogeneity of 
globule distribution in die-castings was quite striking 
for globule sizes below about 40/tm. It is interesting to 
note that in this context that a comparably fine 
globule structure has never been generated by the 
rheocasting method. 

Finally, Fig. 20 shows at low magnification a typical 
die-casting structure resulting when fibres were incor- 
porated in the mixture. It was noticeable that the 

Figure 16 Structures from a mixture of two types of powder with 
alumina fibre. (a) Scanning electron micrograph of as-blended mix- 
ture, (b) scanning electron micrograph of billet 9, a cold-pressed 
blend after heating to the semisolid regime (but without hot press- 
ing), and (c) optical micrograph of hot-pressed billet (billet 10). 
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Figure 17 Typical appearance of die-castings. (a) Microstructure (billet 5) and (b) surface finish (billet ! 1). 

overal distribution of fibres in the castings was sur- 
prisingly uniform (and randomly oriented) - indeed, 
it was consistently more homogeneous even than that 
in the hot-pressed billets. The only exception to this 
was an accumulation of fibre around the throat to the 
ingate area, which occurred in some castings. There 
were no obvious areas of fibre denudation. However, 
it must be noted that the fibre lengths were very short 
in these experiments (see Fig. 16b). It is not clear 
whether higher aspect ratio fibres in the charge (which 
could probably be produced by omitting the cold- 
pressing step) would become badly damaged during 
die injection and, if not, whether longer fibres would 
impede the fluid flow catastrophically or become 
inhomogeneously distributed in the casting. It is likely 

Figure 18 Optical micrograph of a section from a die-casting (from 
billet 7), showing the tendency for reduced globule populations to 
be generated near the casting surface. 

that such problems will not prove insurmountable, 
and further work is needed in this area. In general, 
injection of slurries containing significant levels of 
fibre ( ~  10% by volume) appears to require no special 
precautions other than a somewhat lower fraction of 
solid than would otherwise be used. Injection of 
material with higher fibre loadings than this has not 
yet been explored, but may well prove to be possible. 

6. Discussion and conclusions 
An indication has been given of how the processing of 
metals in the form of a semisolid slurry may confer 
advantages in terms of the ease, versatility and effi- 
ciency of fabrication, when compared with conven- 
tional solidification or deformation technology. These 
advantages are most effectively exploited if the slurry 
can be produced with a microstructure composed of 
globular (non-dendritic) solid suspended in a suitable 
liquid. The manufacture of such slurries has in the past 
been approached by dendrite fragmentation during 
solidification, most commonly via the continuous 
mechanical stimulation of localized shear. The tech- 
niques for doing this are subject to several limitations 
and the present article has explored certain features of 
an alternative method of producing suitable slurries, 
based on the mixing and heating of powders. 

It has been shown that slurry microstructures can 
be tailored in a versatile fashion. Globule diameters 
ranging from 10 to 200 #m have been generated and 
the volume fraction of solid can be accurately 
preselected over this range. Control of the fraction 
solid is important in view of its influence on the slurry 
viscosity (which must be regulated with precision if 
processing is to be successful). In the present case, this 
is determined by the temperature and by the extent of 
solute back-diffusion in the solid towards the globule 
centres. Investigation of this latter aspect has indicated 
a strong dependence on globule size, with neither the 
Scheil equation nor the lever rule universally applic- 
able. In general, it has been found that appropriate 
selection of powder grades, compositions and con- 
solidation conditions can lead to production of slur- 
ties with the desired microstructural features. These 
have, in turn, been used to produce die-castings with 
results which suggest that the technique may prove 
useful industrially. From these investigations, the fol- 
lowing points have emerged. 
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Figure 19 Structural development of  a material containing very fine powder ( ~  8 to 15/~m), (a) cold-pressed material after beating to the 
semisolid regime (billet 12), and (b) die-casting, near the surface (billet 13). 

1. A relatively fine globule size (,,~ l0 to 40#m 
diameter) may be desirable for the following reasons: 

(a) the system is then less prone to excessive 
transient melting as a result of slight overheating; 

(b) the system rapidly approaches the condition 
dictated by the lever rule for the temperature concer- 
ned, allowing close control of the fraction of solid 
without the necessity of precisely programming the 
thermal history; 

(c) there is a reduced incidence of globule 
depletion (and thus solute macrosegregation) in those 
regions of a die-casting prone to flow inhomogenei- 
ties. It may be that flow in constrained regions such as 
re-entrants and orifices is easier with smaller globules; 

(d) if a ceramic dispersoid is incorporated in the 
original mixture, then its distribution tends to be more 
uniform and homogeneous. 

2. The Scheil equation should not be used to predict 
the fraction solid at a given temperature in the 
semisolid regime (either during conventional rheocast- 
ing or for the present method of slurry production) 
unless the globule size is unusually coarse (1> 200 #m). 
In general, many cases will fall between Scheil and 
lever rule conditions and numerical computation is 
then necessary to explore the behaviour. 

3. Coarsening rates are relatively slow, even with 
fine globules, and the structure changes little over the 
period corresponding to the minimum time in the 
semisolid regime for the route presented (~  10min). 

Figure 20 Typical microstructure o f  a die-casting containing fibre 
reinforcement (from billet 10). 

4. The incorporation of ceramic fibres or other dis- 
persoids can be achieved with little modification to the 
basic technique. Fibre damage was considerable, but 
this occurs during a cold pressing operation which is 
not considered to be an essential step in the process. 

5. The incidence of microstructural or macrostruc- 
tural defects can be low, both in the consolidated billet 
and in the finished die-casting. For example, the level 
of oxide in the products appeared from microstruc- 
tural examination to be minimal. 

6. The process can also be carried out with a single 
grade of alloy powder, although in this case the 
incidence of entrapped liquid appeared to be relatively 
high and this is expected to be undesirable. 

7. The solute-enriched powder, which melts during 
processing, need not be very intimately mixed with, o r  
be of a similar size to, the globule powder, as liquid 
infiltration of the globule array appears to take place 
very readily. 
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