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ABSTRACT

Zn- 1.9 wt.% Bi monotectic alloy was squeéze cast under pressures

of 50O, 85 and 120 MPa at a constant die temperature of 250 °C. The

same die was used also for the gravity cast specimens of the same
alloy. For comparison purposes the pure zinc castings were gravity

cast and squeeze cast under 120 MPa at a die temperature of 400 °C.

It was found that the porosity level in the castings were decreased
with the application of squeezing pressure which resulted in an
increase in tensile strength and hadness values. However, the
microstructural examination showed that the segregation tendency of
bismuth phase along the centerline was increased with increasing
pressure and caused an inhomogeneous distribution of bismuth phase
in the radial direction. The distribution of bismuth phase Was also
inhomogenous in the longitudinal direction due to gravitational
segregation.

In the macrostmctural exa,mination of the samples, the average
grain size was found to decrease as the squeezing pressure was
increased. A variation in grain size along longitudinal axis of the
_ specimens was also observed. The grains were coarser near the bottom
end and were finer near the punch end of cdstmgs. It appears that the

lower part of the castings were solidified before pressure application.



OZET

Bu cahsmada yliksek safliktaki cinko ve bizmuttan agirlik olarak %
1.9 bizmut faz1 iceren monotektik alasimi hazirlanmigtir. Bu alagimdan
50, 85 ve 120 MPa basmclar altinda, 250 °C sabit kalip sicaklhiginda
sikigtirma dokim yontemi ile numuneler UGretilmigtir. Ayrica, bir
kargilagtirma yapmak lizere aym alagimdan sikigtirilmadan 20 °C ve
280 °C kahp sicakliklarinda, saf ¢inkodan ise 400 °C sicakhigindaki
kalplara dokimler yapimistie

Basimmcin artmasi ile birlikte dokiimlerdeki bogluk miktarinda bir
disme gorilmis ve bunun sonucunda dokiimlerin ¢ekme dayanmmi ve
sertlik ozelliklerinde iyilesmeler gozlenmigtir. Ancak ge¢ katilagan
bizmut yéninden zengin sivi faz artan basmgcla birlikte dokimiin
merkezine dogru itildiginden dokiim igyapisinda radyal yonde bizmut
taneciklerinin diizglin olmayan bir dagihim gésterdiéi gozlenmigtir.
Ayrica, daha agir olan bizmut fazi dokumiin alt kisimlarina dogru
indiginden eksenel yonde de dizgin bir dagihim gozlenmemigtir.

Dokumlerde yapilan makro yapi incelemelerinde ortalama. tane
boyutunun basincin artmasi ile» birlikte kuctldtigu goralmustiir. Ek
| olarak, tane boyutlar: eksenel ytnde de farkhlik gostermigtir. Ortalama,
tane boyutu zimbaya yakin kisimlarda kigciltrken, dokumun alt
kisimlarinda blylmitistir Bu farkhihifin dékimiin alt kKisimlarmim
basmg uYgula,nma.dan O6nce katilagmig olmas: nedeniyle ortaya ciktig:
anlasiimaktadir. |
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I. INTRODUCTION

Relatively little attention has been given to monotectic alloys until
recent years due to the difficulties in their production. Components of
monotectic alloys are almost insoluble in each other and have very
distinet physical, mechanical and thermal properties [1,2]. Phase
separation due to different densities of the components and wide
freezing ranges of the alloys and unsuitable interfacial energy
relations between the phases are the most important problems faced in
freezing of monotectic alloys. Experiments are still being carried on in
space and under microgravity conditions to overcome these problems
[R-8]. Although some improvements have been reported in in-situ
composite production of monotectic alloys by directional solidification
technique there are still problems to be solved. However, directional
solidification method is rather expensive and is unsuitable for mass
production.

Squeeze cé,sting method has recently been in use for industrial
applications especially, for the production of fiber or pa,rticulaté
reinforced metal matrix composites and, for the infiltration of fiber
- preforms with a non-wetting metal [7-10]. Squeeze casting method is
also proved to improve the mechanical properties of ferrous and non-

ferrous alloys [11-13] and wide freezing range binary alloys (11, 14].

Considerable interest has been exf:ressed recently in monotectic
systems. This interest has been based dn predictions Which state many
‘alloys in monotectic systems may exhibit superconducting properties
or hﬁgh coersive magnetic field étrength [31. Monotect_ic alloys also
contain industrially important materials such as free ma,chiniﬁg alloys
" based on Cu-Pb or Fé-Mn—S, or bearing alloys in the former [1]. Cu-Pb

composite is also a promising battery grid material [4]. In the present



study Zn-Bi monotectic alloy has been chosen as a model system for
monotectics for its relatively low critical and monotectic temperatures.
The effécts of pressure application on the mechanical and physical
properties and, also on the macro- and microstructures of the castings
have been investigated.



II. LITERATURE REVIEW

2.1. Squeeze Casting Method

Squeeze casting term is used to describe a combined metal forming
process in which the pressure is applied to the metal in its semi-solid
state to produce finished shapes. This process is also called as ‘liquid
metal forging’, ‘squeeze forming’, ‘extrusion casting’ or ‘pressure
crystallization’, because it is the combination of gravity die casting and
closed die forging processes [11,12,15].

In this method solidification is accomplished under high pressure
sufficient to prevent the appearance of either gas porosity or
shrinkage porosity. The pressure is several orders of magnitude
greater then the melt pressures déveloped in conventional foundry
practice. Consequently, melt feed from hot spots into incipient
shrinkage pores is achieved much more readily. The high applied
pressure also keeps entrapped gases in the solution and promotes
intimate contact between casting and tooling for rapid heat extraction
and fine resulting microstructure. Additionally, squeeze casting
requires no runners and gates and parts can be made to near net
shape With a minimum amount of materials and energy utilization

[11].

The concept of squeeze casting is believed to have originated in
Russia nearly a hundred years ago. But the process has recently been
into commercial use in Europe and Japan to produce high quality
.engineering components with and without fiber reinforcement [15].

Both casting and 'forging have well known inherent ‘advantages for
- producing metal parts in volume. Sand casting usually starts with a
low cost molten metal and in one operation produces extremely



complex shapes. Forging, starts with a preform of a wrought material
and produces shapes that are less complex but have closer dimensional .
accuracy, smoother surfaces and higher mechanical properties. On the
minus side, conventional forgings usually require several sets of dies
to transform a bar or other preform shape into a ready-to-machine
part. Furthermore, a wrought preform is more expensive than one
that has been cast. Castings also have lower strength and rougher
surfaces than forging. The need to combine the advantages and
egliminate the disadvantagés of these techniques has led to the
development of the squeeze casting technique [16].

Squeeze casting sequence has four main steps [11], as seen in
Fig.2.1 : a) Melting the material; preheatmgthe the tooling, lubricating
the tooling, b) Transferring the melt‘ into the die cavity, ¢) Applying
the pressure until complete solidjﬁéation is reached, d) Ejecting the

casting, cleaning the tooling and recharging the furnace.

7 & | h

A) MELT CHARGE, PREHEAT

AND LUBRICATE TOOLING *
D)EJECT CASTING, CLEAN DIES 8) TR '
CHARGE MELT STOCK & O DIE AUy

C) CLOSE TOOLING, SOLIDIFY
MELT UNDER PRESSURE

F1g 2.1. Tooling and processing sequence for squeeze casting [11].



In general, two different methods of squeeze casting are available
based upon different approaches to metal metering and and movement:’
‘direct’ and ‘indirect’ squeeze casting methbds [15]. In the direct
squeeze casting method the pressure is applied to the entire surface of
the liquid metal during freézing. This method provides the most rapid
heat transfer, yielding the finest grain structure. Although flat-topped
ingots can be produced by means of direct squeeze casting method,
more complex castings to finished shapes can be produced by means of
a shaped punch [15], (Fig. 2.2). As an example, Fig. 2.3 illustrates the
process for the squeeze forming of a vehicle wheel. A metered volume
of metal is poured into the lower dieset, after which an upper punch is
lowered to displace the metal in the closed die. High pressure is then
applied to ensure a high integrity part for high performance. The cycle
is divided into seven discrete stages as itemized in Table 1 [17].

Solid inget production

, Fig. 2.8. Production of solid ingot and hollow shapes by'direct’

squeeze casting process [18].
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Fig. 2.3. The squeeze forming process and associated tooling design
' for the production of a vehicle wheel [17].

(2) Schematic representation of (b) Dieset in the closed position
the squeeze forming process

Table 2.1. Stages in the squeeze forming process of the vehicle wheel
given in Fig. 2.3 [171]. '

Stage o Time (sec)

- 1. Die surface coating application 3-10

2. Die filling 18

3. Punch approach to the metal surface 10

4. Die closure and metal extrusion 5-35

5. Pressure buildup 265

6. Pressurized solidification 57

7. Die opening and part ejection 16

In the indirect squeeze casting process, metal is injected into the die

cavity by a small diameter pistori, by which mechanism the pressure is
' also applied during freezing (Fig. 2.4). This technique is really a
hybrid process between pressure die casting and squeeze éasting, and
the cast product is not of the superior quality as is obtained from the
direct sqﬁeezei casting process. Another disadvantage of this method is
that the material utilization is often inefficient in that a runner and
gating system is used and this material has to ‘be removed and
recyc':led. Of the two methods for squeeze casting it appears that the
direct process is more common in practice for the prod‘uctioﬁ/ of full
" integrity castings and metal matrix composites.



Fig. 8.4. TUbe vertical shot indirect squeeze casting system: l.pouring
aluminum, 2. injection cylinder swivels to original position,
3. sleeve holder goes up with sleeve and sets in bottom die,
4. plunger tip goes up and injects [15].



The factors that influence the quality of the product in the squeeze
casting method are listed below in decreasirig order of importance:
Melt quality and quantity, equipment and tooling, casting temperature,'
tooling temperature, time delay before pressure application, lubricant
film thickness and its adherence, and pressure level and duration [11].
Although the pressure is ‘the main factor it is listed at the bottom of

the list because it is usually provided more than the required level in
practice.

&.1.1.Melt Quality and Quantity

Melt quality especially in terms of oxide content is perhaps more
critical in squeeze casting than in gated processes. Because in squeeze
casting there are no runners and gates to accommodate any dross that
may be present. All of the melt that poured into the die generally stays
in the casting. But on the other hand, melt quality in terms of
absorbed gases is less critical in squeeze casting than in other
methods, because the pressure level is selected to be high enough to
suppress gas evolution and to retain gases in solution. For both ferrous
and nonferrous alloys the oxide content must be minimized whenever
possible by a combination of fluxing, skimming and/or filtering. But,
since the gas porosity is overcome by pressurization the degassing
- treatments are unnecessary. |

The quantity of the casting is important for thé dimensional
accuracy of the casting. Since the dies are originally held in the open
position, they do not define a closed cavity with a definite volume.
Thus, a method is needed to meter the proper amount of molten metal
'im;o,the die cavity. One approach is to design the die system so that
any excess metal is pushed out of the die cavity prior to application of
~ Dressure and to bé trimmed subsequently. A second method is to
cbntrol the level of the melt in the laddle or furnace, and design the



squeeze casting dies so that any excess metal causes variation only in
noncritical dimensions. A third type of metering system would feed the
exact amount of molten metal into the die cavity. Such systems are
available for metering cast irons in large quantities, especially for
large diameter lightweight parts but, for metering small quantities it is

very difficult to obtain any degree of accuracy [16].

2.1.2. Equipment and Tooling

Hardware requirements for squeeze casting are relatively simple
unless reentrant profiles are to be cast to net shape. Even then the
tooling for squeeze casting is simpler in construction than those used
in forging, }die casting or permanent mold casting. As seen in Fig. 2.1
the main elements of the tooling are a punch, a die and a knock-out
pin to gject the casting. The tooling is mounted for use in a hydraulie
press which may be single action or double action, depending on the
part geometry and pressure requirements [11].

The die material for squeeze casting is usually H13 grade Cr-Mo hot
work die steel. This material combines moderate high temperature
strength with adequate resistance to wear and thermal fatigue. For
ferrous applications the portions where the molten steel contacts are
“usually made of tungsten base and molybdenum base materials (e.g.,
Anviloy 1150) for other parts H13 hot work die steel is used [13].

In squeeze casting the shape and the size of the component have an
important influence on die life. Massive die sections and those do not
" have small projecting portions that become enveloped by the molten
met';a,l are seldom damaged from blastic deformation Or heat gheckjng.
On the other ha,nd» the parts that form narrow deep details in the
casting may require periodic replacement. Die design is also very
important for die life and for pressuration level.
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In Fig. 2.5 two different die designs for the same shape are
illustra,téd. The results of the elongation and tensile strength tests of
various section thicknesses of the both components are shown in
Fig. 2.6. By comparing the results an increase in mechanical
properties is noted for design A; a backward filling system. In design A
the poured melt is first cooled at the bottom of the die cavity and then
pushed up into the thin section by pressure. But in design B, the melt

is directly poured into the thin section and solidified before pressure
application [12].

o
//.

A B
Fig. 2.5. Two different squeeze casting die designs for the same
. shape [12].
It is generally preferred to design the tooling to provide directional
. solidification of the squeeze casting in a direction such that the semi-
liquid regions of the casting continue to experience punch pressure.
When it is not practical to accomplish this as is freqiiently “the case

with irregular shapes, a higher level of pressure is found to be
required to consolidate the casting.



11

SQUEEZE CAST
® 0 O SQUEEZE CAST |
= © GRAVITY CAST ' ® GRAVITY CAST
[}
L
E 20 ° 25 ’ :
z | | | |
g TENSILE STREN.
= : TENSILE STREN.
N SR N s
QZE \\ .—_,_—-——“?\ &-—#\_P
a LY
S~
gi S ELONGATION \
= . B-- b 1 .. 9--4@ ELONGATION
0 ‘< ~ J -‘____-__3 Y \\ ] -
(@] SN G- - X
- i wav:/;-t-----ﬁ%
& Ay
t% ~~~~~ ~ -~ \+
3| s T |
=
2]
o 1(3 20 30 40 10 20 30 40
(a) SECTION THICKNESS (mm) (b)

Fig. 2.6. Relation between meeha,tiica,l properties and section
thickness; (a) for design A, (b) for design B [12].

2.1.3. Casting Temperature

The temperature at which the molten metal is poured into the die_
cavity is extremely critical from the standpoints of both casting quality
and die life. Too low & casting temperature causes inadequate fluidity
in the melt during die filling and results in incomplete die fill as well
“as cold laps on the casting surfaces. But, on the other hand if, the
casting temperature is too high this can cause extrusion of liquid metal
through the tooling interfaces and can also result in shrinké.ge porosity
in thick sectidns of the casting. And the die life is adversely affected by

high pouring temperatures. |

rI"h‘e ideal pouring temperature depends both on the /yliquidus
temperature, Tp, a.ild the freezing range, AT, ( the difference between
liquidus (Ty) and solidus (Tg) temperatures ) of the alloy. In general
alloys having a. narrow freezing range requires more superheat.
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Castings with thin sections and nonuniform profiles also require a
higher casting temperature to promote die filling. This superheating
level changes between 10 °C to 100 °C for aluminum alloys and 30 °C
to 150 °C for Gu—base alloys and steels [11]. |

&.1.4. Tooling Temperature

In squeeze casting the temperatures of the die cavity and the punch
are usually maintained between 200 °C and 300 °C. Low temperatures
(lower than 150 °C) may cause thermal fatigue failures in the dies and
also cold laps on the surfaces of the casting. On the other hand, very
high tooling temperatures Chigher than 400 °C ) can cause hot spots
and shrinkage pores in the casting. Another problem with overheated
dies (especia,lly for ferrous applications ) is the tendency for welding
between the casting and the die [11].

2.1.5. Time Delay Before Pressure Application

In the sqﬁeeze casting procesSes optimum results are obtained when
the pressure is applied near the zero fluidity temperature of the
molten metal. Where the zero fluidity temperature is defined as the
temperature below which the metal looses its fluid flow properties. It is
“usually midway between the solidus and liquidus temperatures of the
alloy; But as it is not practical to pour the melt into the die at or below
its liquidus temperature, the melt is usually poured superheated and

pressurized after allowing it to cool below liquidus temperature.
- .1.6. Lubrication

Normal parting agents are not applicable in squeeze’dastiné because
of their limited adherence to the tooling under pressurized transverse

flow of semi—]iquid metal. A thin layer of colloidal graphite sprayed on
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the hot dies before pouring is usually satisfactory for non-ferrous and
cast iron applications. But for steel castings the die surfaces which
make contact with the molten steel must be sprayed with a ceramic
parting agent when they are hot. For all applications it desirable to
pretreat the dies by heating them in air to 350 °C, thereby depositing
a protective oxide coating to inhibit galling and welding. Coating or
mold-washing the surfaces in contact with the molten metal with

graphite or with a ceramic parting agent also enhance the casting
surface finish.

R.1.7. Pressure Level and Duration

Usually the pressure level for most ferrous and non-ferrous squeeze
castings is 70-108 MPa in order to eliminate shrinkage and gas
porosity. However, it is the geometry of the casting that generally
dictates the use of higher pressures for die filling and porosity control.
There is a critical pressure for each composition at which density
nearly reaches saturation. The saturation values are almost equal to
the ideal (theoretica,l) density of the alloy of that composition. This
pressure level is called as “the critical pressure for density”. There is
also a critical pressure above which no defects (porosity, shrinkage
etc. ) are detected (by dye penetrant checking) and this pressure is
“called as “the critical pressure for defects”. Usually the critical
pressure for defects is higher than the critical pressuré for density

and it dictates “the minimum pressure level” for a sound casting [12].

For example, in the investigatidn of response of three cast
- aluminum alloys to squeeze casting it is found thai; each aluminum
alloy . was characterized by a critical minimum pressure required for
radiographic soundness, and that the threshold pressure was dictated
by the freezing range of the particular alloy [11]. In general, a

pressure of 108 MPa was necessary to eliminate porosity in alloys



14

with a narrow freezing range (AT=10 °C), where as 70 MPa was
adequate for alloys with extended freezing range (AT=100 °C).
Extended freezing range alloys were found to require less applied
pressure because ‘of shorter feed length between the semi-liquid pool

and solidifying metal than for narrow freezing range alloys [11].

When the casting is thin or non-uniform in cross section there is
frequently a portion of the casting which solidifies first and thereafter
takes the bulk of the applied load. This prevents hydrostatic
transmission of pressure to ‘burst feed’ hot melt into incipient pores.
To eliminate porosity in such cases, the applied load should be such
that it plastically deforms the solidified crust and has enough pressure

left for the remainder of the casting.

Raising the pressure level above the the minimum pressure level
consistent with sound castings has been found to provide little
additional benefit, although extremely high pressures exceeding the
yield stress of the casting have been reported to provide grain
refinement | and higher properties. But, this added -benefit must be
weighed against the increased costs resulting from a higher press
capacity requirement and the reduced die life due to combination of
high pressure and temperature [11].

The pressure level in squeeze casting is usually in the range of 70-
108 MPa for simple shapes and rises to 140-210 MPa for thin sections
and complex shapes. The shape ahd the section thickness of the
casting governs the duration of pressufe necessary to ensure complete
solidification under pressure. And the a,pproximate duration of

préssure can be calculated as 1 sec per mm of section thickness [11].
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2.2 Application of Squeeze Casting in Metal-Matrix Composites

Squeeze casting has become one of the accépted liquid metal routes
for efficient and effective production of metal-matrix compoSites
(MMC’s) using ceramic preforms or particles. In Table 2.2, it is
understood that the squeeze casting route in fact is already accepted as
the standard method in producing commercial MMC production [7].
This acceptance is based on the fact that squeeze casting produces
“zero porosity” composites. The theoretical value of the pressure
needed for the infiltration of liquid metal through fiber preform
depends on the system, i.e., whether it is ‘wetting’ or ‘non-wetting’.
Fig. 2.7 shows schematically the movement of liquid metal front
through an idealized parallel bundle of fibers in which the equilibrium
wetting angle is assumed to be a characteristic physical property of the
system (the influence of metal movement on the magnitude of | wetting
angle is neglected). In general a low wetting angle between the phases
will aid infiltration but too low a wetting angle might create such
effective load transfer so as to endow the composite with a low
fracture thoughness. Too high a wetting angle will increase the
difficulty of preform infiltration especially for dense preforms, and
residual porosity in the MMC’s will be more probable. So, for
optimizing the load transfer and thoughness, much effort is being

" expended on finding more suitable ‘surface cba,tings for fibers [18].
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Fig. 2.7. Movement of liquid metal through parallel fiber bundles
(a) wetting system, (b) non-wetting system [18].
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Table 2.2. The practical application of cast MMC's for commercial
products in Japan [7].

Product MMC system Method of Characteristics of applied Year
manufacture MMC {maker)
Ri.ng groove Al,O5/Al alloy Squeeze casting  Light weight, wear 1983
reinforced piston {SC) resistance at high {Toyota)
temperature
Golf goods . SiC,/Al alloy sC Light weight, abrasion 1984
Face of screwdriver resistance (Nippon Carbon)
Connection rod of SUS fibre/Al SC Specific strength 1985
gasoline engine alloy (Honda)
M6~8 bolt SiC,/6061 SC, extrusion, Neutron absorption, high 1986
tread rolling temperature strength, (Toshiba)
little degassing i
Vane, pressure side Al,0,.510,/ sC Wear resistance, noise 1987
plate of oil pressure AC4C . damping ’ (Hiroshima Aluminium)
vane pump . ) e
Joint of aerospace Sic,, /7075 SC, rolling Specific strength, lqw © 1988
structure ’ ’ thermal expansion (Mitsubishi Electronics)
Rotary compressor SiC,/Al-17% sC Specific strength, wear 1989
ane Si-4% Cuxlloy . resistance, low thermal (Sanyo)
expansion
Shock absorber SiC,/Al alloy ’ Compocasting,  Light weight, wear . 1889
cylinder SC, extrusion resistance, thermal (Mitsubishi Aluminium)
) diffusion
Diesel engine piston  SiC,/Al alloy SC Light weight, wear 1989
- “resistance (Niigata)
Cylinder liner Al,0,, CF/Al Low pressure SC Light weight, wear 1891
alloy . resistance {(Honda)
Hub of damper Al,0,.5i0,/Al  SC Light weight, reduction 1991 .
pulleyte alloy of vibration (Toyota)

The theoretical total pressure differential, AP, required to infiltrate

- a preform is dependent on four seperate terms [18]:

AP= Py Pg= AP +AP,

@.1)

W’hefe P, is the pressure on the liquid metal at the surface of the

preform, P; is the gas pressure within the preform, AP is the Gibbs-

Thomson pressure at the liquid front anr AP, is the pressure drop

owing to flow through the porous preform. The infiltration of a
preform therefore depends on the wetting angle, the preform density
and geometry, the back pressure in the preform and the applied

pressure [18].
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There is a particular pressure differential due to capillary forces at
the liquid metal front during infiltration of the reinforcement. It is this
'pressure differential that determines whether infiltration will be
spontaneous (wetting systems) or will require applying pressure to the
liquid meté,l (non-wetting systems). In the case of a non-wetting
system, the squeeze casting method is a suitable way to supply

pressure to the system. The pressure differential at the liquid/metal
front is given by the Young-Kelvin equation [19]:

P=0Oyp, .K.Cos © R.2)

Where Oj,, is the liquid metal/atmosphere interfacial energy, x is the
curvature at that interface and © is the contact angle. The energy W
given off process per unit volume is;

“-W = (Opy, - Opa) - S¢ .3

Where 8; is the fiber surface area per unit volume of metal matrix,

Oy, and Op, are the interfacial energies of fiber/liquid metal and
fiber/atmosphere respectively. Now since,

W=-P.AV R.4)

Where AV is the volume over which the metal was displaced, for a unit

volume of metal matrix (AV=1) one can obtain,

Pz(GFL'GFA)'Sf . (25)

In particular, for a bundle of fibers of diameter d;, occupying a
volume fraction Vi :

Sp= —— (2.6)
d; . (1-V;)
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for fiber bundles and,

go= 2o VE @.7)
de . (1V;)

for spherical particles and, the final expression for fiber bundles
becomes,

Op, - O
S = 4 .V: . (Om FA ) 2.8

de . (1Vp)

and,

Om -O
S = 6.Vs . (Om FA ) 2.9

de . (1-V;)

for spherical particles.

If Op, is known the term ( Opp, - Opa ) can be calculated from the
work of adhesion, |

Wa = GLA +GFA - GF'L R.10

or, from the contact angle when it is finite (imperfectly wetting or non-
- wetting systems), since

GFA - GF’L = GLA.COS © - @.1D
For nonsmooth fiber or particle surfaces an adequate factor f > 1 may
be needed as a multiplier of Sy.

The instantaneous pressure differential will actually vary/ during
| infiltration. For wetting systems Sy will decrease and P which is
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negative will will increase with time. And in non-wetting systems S¢
will increase with time and P which is positive will increase with time.
In some theoretical cases P goes to nlfirnty. Now, consider a simple two
dimensional wedge, of half angle o at its base as seen in Fig. 2.8(a).

It is assumed that the metal does not wet the fiber material with,

(GFL' GLA) < GFA < GFL ) (212)
The infiltration pressure given from the thermodynamic principles for
that geometry is [19],

Ora . Sin (0 -a-T112)
L.Sin®

P=

(R.13

As we notice from Eqg. 2.13, P is positive and goes to infinity as L
goes to zero. Now consider the contact point of two equal fibers or
spherical particles in Fig. 2.8(b). For cylindirical particles we obtain:

O i o —
P= A . Sin (©@-0-1172) @.14)
R.Sinoa . Tg (w2)

Liquid Metal I

Fiber or!Particle

@

Fig. 2.8. Infiltration of (a) a wedge, (b) the contact area between two
, fibers or spherical particles by a non-wetting metal [19].
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and,

o DO o_TI
P LA Sin (@-0a-T1112) 41 2.15)
R. Sin o Tg (0/2)

for spherical particles.

In both cases the pressure for infiltration becomes infinitely large
when ¢ approaches to zero [19]. These pressures are usually in
between 100-200 MPa for most common MMC systems. Hence, we can

say that squeeze casting is a very suitable way for MMC production
[7-10].

In Fig. 2.9 the variations of melt and die temperatures versus time
for monolithic A357 , manufactured by gravity die casting and sQueeze
casting at 100 MPa are shown. When the pressure is applied at the
eutectic temperature of the melt an abrubt decrease in tempera.ture.
occurs at both the center and the edge of the ingot. The application of
pressure ca.uSes intimate contact between the molten metal and the die
surface, allowing heat to be extracted by an order of magnitude faster
than the gravity die casting. mgh pressure also increases the under.

cooling in the melt, with a corresponding increase in the number of

nucleation sites [§]. ‘
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Fig. 2.9. Melt and die temperatures versus time for monolithic A357
during (a) gravity die casting and (b) squeeze casting at 100 MPa [8].
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It is also reported that [8] the resulting microstructure in squecze
casting is the same as in gravity dic casting but, the increased rate of
heat extraction and corresponding increased undercooling and
solidification rate led to (1) refinement of the dendrite structure; (2)

an increase in volume fraction of Al dendrites and (3) a decrease in
volume fraction of eutectic.

The same type of structures are observed for the matrix of
A357/Steel MMC and also rapid solidification due to applied pressure
resulted good contact between matrix and preform insert. Also in
A3B57/A356/8iCp MMC’s and in A357/A1203 short fiber MMC’s
squeeze casting is reported as a suitable way for locally reinforced
MMC’s by Kang et al [8]. Also Fukunaga et al [9, 10] reported that
when the squeeze casting method is applied m devitroceramic fiber
reinforced aluminum to produce general purpose machine parts, it
improved the tensile strength at elevated temperatures, wear
resistance and damping characteristics of these materials.

| 2.3. Comparison of Squeeze Casting Method
With Other Methods

As mentioned at the beginning, squeeze casting is an hybrid process
- developed to combine the advantages and to eliminate the
disadvantages of metal forming methods. With optimized parameters,
squeeze casting allows significant improvements in mechanical
properties of the materials. For example, in Fig. 2.10 comparison of
mechanical properties of a magnesium alloy AZ91 are sketched as a
- function of casting method. In Tables 2.3 and 2.4 comparative
properties of commercial ferrous alloys and JIS AC4ET6 (356-T6)
aluminum alloy castings are shown. -
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Fig. 2.10.
‘treated AZ91 as a function of casting process [15].
Table 2.3, Comparative properties of commercial ferrous alloys [11].
Tensile Strength. Yiéld Strength, Elongati
Alloy Process MPa ksi MPa ksi Pct |
347ssS. Squeeze casting” 614 89.0 303 44.0 46
(Annealed) Sand casting 400 58.0 241 35.0 20
Extrusion 621 90.0 241 35.0 50 !
32188 Squeeze casting” 1063 154.2 889 129.0 15
(Heat Treated) Forging" 1077 156.2 783 113.6 7
Fe-0.25 pet C-0.75 pct Mn Squeeze casting”” 952 138.0 903 1310 14
-0.50 pet Si-0.50 pet Ni-
0.55 pet Cr, 0.55 pet Mo Sand casting'’ Hn 164.0 1038 150.5 10 |
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Table 8.4. Comparative properties of JIS AC4C-T6 (356-T6) aluminum
) alloy castings [11].

. Fatigue Strength
Tensile Strength Elongation Hardness Charpy Impact Value _ 107 cycles)
Process MPa  ksi Pet HVG k&) J/mmR ftlb/inR MPa ksi
Squ.casting 205 42.8 12.5 105 . 0.18 86 124 18.0
Gra. casting 280 40.8 - 2.4 103 0.03 14 85 12.3

El Mahallawy et al [R0] applied squeeze casting method to the Al-
7%8i alloy and found the volume fraction of macroporosity in squeeze
cast samples as 0.1%, while it was 4.0% in gravity cast samples. And,
the amount of microporosity decreased from 2% to 0.003% for a
specimen obtained by squeezing under 68.67 MPa. Also the mechanical
properties increased with the applied squeezing pressure in the same
study. In Figs. 2.11 and 2.12 the changes in tensile strength, fracture

strain and impact toughness of Al-7%Si alloy with increasing squeezing
pressure are shown.
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TFig. 2.11. Variation of fracture tensile strengt.h and fracture strain
' with squeezing pressure in Al - 7%35i alloy [ZQ].



Fig. &.12.. Variation of impact toughness with squeezing pressure
in Al -7%S8i alloy [R0].

Squeeze casting not only eliminates porosity and refines
microstrudturé of the casting but also permits the use of alloys
traditionally difficult to cast but Which offer high fatigue strength.
Even for a conventional alloy the gain in fatigue strength can be
significant. In Fig. 2.13 the fatigue curves of pistons made of BE-332-T5
aluminum are plotted. The microstructural refinement in squeeze
casting over permanent mold casting as e\{idenced by the fatigue
strengths appears to hold up even during elevated temperature testing
(R0O0 °C) to simulate engine service [11].
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Fig; 2.13. TFatigue curves for diesel engine pistons (E332-T5 Al)
produced by squeeze casting and gravity die casting [11].
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Kaneko et al [11] rated casting methods for a variety of automotive
applications based on economy, product reliability, design flexibility
and pémt complexity (Fig. 2.14). As can be seen from this figure and
other results, squeeze casting can be rated as an ideal manufacturing
process with respect to the other methods.

Gravity |Die Squeeze

Casting |Casting | Forging |Casting
Economy C A D B
Reliability C D A B
Design Flexibility A C D B
Complexity C A D B

Components applicable for squeeze casting

g, | piston, cylinder, gear box, wheel

brake drum, clutch housing, engine block

¢ | comnecting rod, suspension arm, piston

Fig. 2.14. Squeeze casting rating and pbtentia,l automotive
applications [11].

The major advantages of squeeze casting over the other casting
processes are as follows [11-15]:

a) Materials having neither gas porosity nor shrinkage porosity are
produced. ‘

b) No feeders or risers are required and therefore no metal wastage
occurs.

©) The inherent casta,bi]ity‘ of the alloy is of little or no concern
since the applied pressure deviate the need for. customafy high
fluidity. Both cominon casting alloys and ostensibly wrought alloys can
'be squeeze cast to finished shape.

EERVEARIES Zl oA KiVaed
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d Control of microstructure is possible solely by control of the
dommant process parameters such as pouring temperature and mold
temperature. Nucleating agents can be used but, they are not normally
necessary. '

- €) Because there are no internal and external defects on a properly
produced squeeze cast component costly post solidification examination
by non-destructive testing techniques is of very limited value.

> Squeeze castings can have mechanical properties as good as , and
in some cases even better than wrought products of the same
composition. Their casting factor should therefore, be set at unity.

g) Squeeze casting provides the most effective and efficient route to
produce nearly net-shape composite components for engineering
applications. It produces complex shapes and fine details beyond the
scope of forging. |

h) Squeeze casting requires less pressure than hot or cold forging,
reducing equipment and die material requirements. Together with the
use of a lower cost starting material (melt stock), these factors make
squeeze casting considerably less expensive than forging.

i Squeezé casting process also allows fiber preforms to be placed in
critical areas of the component where high performance is required or
it can be used in the production of MMC’s with ceramic fiber preforms.

) Labor associated with sand casting such as for molding, trimming

. of risers and gates and cleaning of casting is eliminated.

k) It increases the production rates in comparison with conventional
casting techniques.

In realizing these benefits, there are several factors to be
considered and problems to be solved for squeeze cé,stmg applications.
So, the disadvantages of squeeze casting for today can be listed as:

a) The oxide level of the mel; is more critical than it is in gated
casting procesées. Therefore it must be minimized if, possible.

b) The process needs a close control of tooling temperature and a
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good timing for pressure application. Because these parameters highly
effect the quality of the casting. ]

c) Squeeze casting is very hard to apply for the narrow freezing
range alloys, because of their needs for high overheating temperatures
resulting extrusion of liquid meta.lv through tooling interfaces and
shrinkage porosity in thick sections. ;

d> Lubrication is very important in order to prevent contact welding
resulting from the high pressure and die temperature and to provide
good surface finish.

e) Squeeze casting method is not suitable for extremely complex

shapes or parts with a very narrow cross section.

2.4. MONOTECTIC SOLIDIFICATION
2.4.1. Monotectic Phase Diagram

The monotectic reaction is very similar to the eutectic reaction
except that one of the product phases is a second liquid phase. In
eutectic reaction the liquid (I) decomposes into two solid phases S;
and Sg at a composition of Cg and temperature Tg according to the

reaction L = S;+Sg. But in monotectic reaction the liquid ILj

- decomposes into a solid phase S} and another liquid phase Lg at a -

monotectic composition C, and temperature Ty, according to the
reaction L; = Sj+La.

The monotectic phase diagram is characterized by a dome-shaped
region, where two immiscible ]iquid phases exist. In Fig. 2.15 a typical
monotectic phase diagram isr shown. The homogenous liquid L, having
a monotectic compositioh transforms to the solid A and B-rich-liquid Lg
simultaneously through the monotectic reaction at a constant

monotectic temperature. The monotectic alloys have such propretiary
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characteristics that both A and B elements are almost insoluble in each
other in the solid state, liquids L; and Lg have very different densities
and the alloy has a liquid miscibi]it;y gap which is very wide. So, in
hypermonotectic alloys it is never easy to obtain a homogenous mels,
and alloys having compositions within the liquid miscibility range
solidify, accompanied by heavy gravity segregation before the
monotectic reaction begins. These problems have delayed the utilization
of monotectic alloys as industrial materials [2]. To overcome these
problems, experiments are being carried on in space (microgravity), in
cyclic gravity environment and during parabolic flight [3-8].

Ly dr.
=
2 1T
S5
(=
g
= S+L,
Te
i S+ S,

Fig. 2.15. Typical monotectic equilibrium diagram [22].

In monotectic reaction the ratio of the two product phases is given
by the application of the lever to the monotectic horizontal; it appears
that in all known monotectic systems the amount of the solid phase
produced is always greater than the amount of the liquid phase
produced [22]. This means that in monotectic systems the solid phase
forms a continuous matrix, whereas the liquid phase is discontinuous,
being retained in isolated pockets within the solid matrix.
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R.4.2. Normal (Bulk) Monotectic Freezing

Above the monotectic temperature Ty, the alloy of composition M is
a homogenous liquid (I.1) as seen in Fig. 2.15. At or slightly below Tm,
the alloy enters the two phase field of (S1) and (Lg), and when these
phases have once nucleated, a total of three phases are then present in
the alloy. Since the Gibb’s phase rule states that in a system containing
(C) components and (P) phases in equilibrium the number of degrees
of freedom (F) is given by the relation; |

P+F=C+1

The phase rule then specifies that under these circumstances (.e.
two components, three phases) the system has zero degrees of
freedom (F=0). The temperature therefore Temains constant until the
liquid L; has decomposed completely to solid o and liquid Lg. The
decomposition of L; takes place by the growth of large dendritic
crystals of o-phase into the liquid, which becomes supersaturated with
respect to Lz due to the rejection of component B from the solid o. If
the liquid Lg nucleates in the vicinity of the solid o-phase and if Lg
were to completely surround the solid phase, the growth of these
oc-oryStals could be stifled in much the same way as in peritectic

. freezing. However, everything depends upon the density of Lg relative

to L and also whether Ly wets o-phase dendrites or not [22].

If the new liquid phase Lo does act as a barrier to growth, further
decomposition of Lj takes place by the further nucleation of more
o-crystals which may be similarly surrounded by Lg, and so on, until
eventually the o and Lg phases are present in proportions given by
the lever rule. Upon further cboling of the alloy liquid Lg deposits some
more O phase onto the existing o crystals until finally the lower

transformation temperature is reached, whereupon the remaining
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liquid freezes by an eutectic (or sometimes & peritectic) reaction [285].
The microstructure of a monotectic alloy, which is frozen free-
directibna,lly, .is characterized by a épherical solid cell and separated
Lo phase lying along its radii [2].

R.4.3. Progressive or, Steady State, Monotectic Freezing

The distribution of the monotectic reaction products are randomly
arranged when solidification is allowed to proceed normally. As with
eutectic alloys the product phases in monotectic alloys can be

distributed in a regular geometrical pattern when the alloy is frozen
under steady-state conditions.

Consider the monotectic alloy in Fig. 2.15, frozen directionally in a
vertical mold at a constant freezing rate as seen in Fig.2. 16.} When the
temperature gradient is 'moved upwards along the mold, the
temperature of the alloy at the bottom of the mold drops to Ty, and
solid o can deposit from Lj. For simplicity the solid-liquid interface
can be assumed to be planar The liquid adjacent to the interface is
enriched in B due to solute rejection and it therefore becomes
supersaturated with respect to Lg, and droplets of Lg nucleate to

relieve supersaturation [21]. At this point the important question is,

. where the second phase will nucleate. The answer depends on the

relative values of V1,1, ¥s,1, and Yg,1,,, the interfacial energies per
unit area between the two liquid phases Lj and Lg, the solid S; and
Lj, and 8; and Lg, respectively. Fig. 2.17 shows schematically the
position regarding the nucleation behavior for different selective
values of three mterfacia,l energies. If the relation between the
magnitudes of the interfacial energies are such that as in Fig. 2.17(a),

- Ysy1; > Vi1 *+ ¥8,L,



31

, ! L'

Fig. 2.16. Schematic drawing of unidirectional freezing of an alloy of
monotectic composition, with freezing from bottom to top,
showing initial deposition of o—phase [R1].
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Fig. 2.17. The nucleation behavior of liquid Lo (a) non-wetting,
(b) partial wetting, (¢) complete we%ting [R1].

In this case the second liquid phase Lg will be unable to nucleate on
‘the solid substrate and isolated droplets of Lg must therefore nucleate
within L,. What next happens to the droplets of Lo will depend upon
their buoyancy, they will float or sink depending upon the density
differences of the two liquids at a velocity given by the Stoke’s formula

V=(2/9)gr2(D;-Dgd/n;

where, r is the radius of droplets, D is the density of Lj,Dg is the
density of Lg, np is the viscosity of Ly, and g is the gravitational
constant [21].

As long as V>R , where R is the crystal growth rate, the droplets
can escape from the region of the interface and float to the top of the
melt. However, if V<R trapping of the droplets in the solid may occur.
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It is found that there is a critical velocity of the interface above which
particles in suspension in the melt are taken into the solid, and below

which the suspension is pushed aldng by the moving solid-liquid
interface [223)].

In Fig. 2.17() it is assumed the case where;

’YS]_LQ, < ’YL]_Lg + YSlLl

Ysi1; < Yoqoo + ¥8iLe
or,

’YSng + YLng > ,YS]_L]_ > YSlLll - YLng

The illustration actually represents the situation where;

Ys:1e = ¥8,1; - YL,L Cos 6

For this case the interfacial energy conditions let Lg droplets to
nucleate on the solid substrate. Once an Lg droplet has nucleated on
the interface atoms of B that are rejected from the solid during
growth, diffuse to the drop of Lg, which elongates in the growth
_ direction simultaneously with the growth .of the solid. Steady state
conditions can be achieved as shown in Fig. 2.18, in much the same
way as steady state eutectic solidification, except that in monotectic
freezing one of the products of the reaction is another liquid phase. On
cooling from the monotectic temperature to the eutectic temperature
.~ (Fig. 2.18), liquid Lg deposits some S; from the solution, this
additional S; deposited on the existing S; at the periphery of the Lg
cylinders which ther'efbre‘ decrease slightly in thickness a.loxig their
length during cooling. The cylinders of liquid Lg finally solidify
according to the reaction at lower temperatures (eutectic or peritectic)
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at a large distance behind the main solid liquid interface [21]). Because
of small diffusion distances involved within each cylinder of Lo, the
products of the low temperature reaction sépa.ra.tes completely, solid
Sy being deposited on to the S1 already present, leaving So as a
continuous central fiber. The phase separation sthat is ) the average
distance between the centers of neighboring fibers of 827 in such
monotectic systems has the similar functional dependence on growth

rate as in eutectic systems as A=RT! where A is the phase separation
and n~ 0.8.

N
0

L .
Lo V/%/ N
7 Bt
//

Fig. 2.18 Schematic drawing of unidirectional growth of the
monotectic alloy [R1]. .

Chadwick [R1] stated that the only necessary condition for the
formation of a duplex structure from a monotectic reaction is
therefore, that the wetting angle 6 of Lg on S; must be less than 180°
and greater than O° in the presence of L;. But, Cahn [23] stated that
the thickness of the film of the intruding wetting liquid is a function of

"~ a pressure called the disjoining pressure. It répresents the work done

in moving the two non-contacting phases closer together and in the
limit of zero mtrudmg film thickness it represents the work done in
creating the surface of direct contact with its higher free energy. And
composites can be grown even if ‘Lg is a non-wet;tmg liquid if the
growth velocity is large enough to overcome the disjoining pressure.

If the wetting angle g of Lg on S; in the presence of i is 0° as in
Fig. 2.17(c) or if the wetting angle of Lo on Sj in the presence of Ly is
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180° and Lg has a higher density than L;, a layer of Lo will seal the
solid from L; and steady state growth will be impossible. In this case
the solidification process would probably, involve the intermittent

freezing of S; ahead of the LjLg interface leaving the liquid layer of
Lo to freeze subsequently [21].

Cahn [R23] also predicted the theoretical considerations of
temperature dependencies of the surface energies. The differencer
between the critical and monotectic temperatures (i.e. the height of the
miscibility gap ) shows whether the system will be wetting or non-
wetting. Monotectic systems having relatively lower miscibility gap
are usually non-wetting systems.

Composite growth of monotectics depends on the following factors;
(1> whether the second liquid phase wets the solid phase or not; (2)
the relative densities of the two liquids; (3) the rate of solidification
and, (4) the direction of solidification [1, 3-26]. Composite structures
have been achieved in a number of monotectic alloy systems, but the
experimental data concerning the necessary growth conditions have
proved contradictory. It has been proposed by Livingstone and Cline
- [@7] that the structure which occurs, composite or dendritic, is the one

that grows faster at a given undercooling (or, equiva,lently, the one

~ that grows with less undercooling at a given growth rate ), and

composite-dendritic transition movés further from the monotectic
composition as growth rate increases. But, Touloi et al [‘24]‘ stated that
with increasing growth rate and decreasing gradient the
microstructures show transitions from regular rod-like arrangements
~ of the lower melting point phase, through arrays of aligned droplets to
coarse droplet dispersions. o

- For example, the study of the monotectic systems with a low
miscibility gap (e.g. Cu-Pb, Cd-Ga ) by Kamio and Oya [3], by
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Livingstone and Cline [27] and by Grugel et al [1, 27] over a range of
compositions around the monotectic have iﬁdicated that irregularly
branched rod microstructures develoi) at high growth rates otherwisé
degenerating into discontinuous globular structures. However, in an
alloy with a higher miscibility gap (e.g. AlIn ) regular rod
microstructures were obtained at slow growth rates, transforming with
increasing growth rate to arrays of aligned spherical droplets and
finally degenerating into irregular globular dispersions [24]. But it is
also demonstrated by Grugel et al [1] that ternary additions to the
system may alter the height of the miscibility gap and changes the
composite growth behavior of the system.

Also post-solidification (ripening) effects as observed in eutectics,
affects the microstructure of the monotectic alloys [24]. Indeed this
effect is likely to be more pronounced since the minor rod phase
remains liquid behind the solidification front thus, ailowing a more
rapid diffusional path for the ripening process, and causing the rod-
like structure to breakdown and degenerate.

Ripening effects subsequently cause spheroidisa,tibn into regularly
spaced droplet arrays. This sequence of events is diagrammatically
illustrated in Fig. 2.19. If an oscillation develops at the monotectic

. growth front, the wavelength of the perturbations introduced along the

length of the rods, xp, will be related to the frequency of the
oscillation, f, and the growth velocity, V, as )\,p=V/f [24].

2.5 The Zn-Bi System

The equilibrium phase diagram of Zn-Bi system is shown in
Fig.2.20. In this System the critical temperature is 878 °K (605 °C)
'and monotectic reaction takes place at a temperature of 691 °K
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Fig. 2.19. Diagrammatic illustration showing how growth front
oscillations combined with post solidification effects
caused degeneration of a rod-like composite into an aligned
-droplet array [24].

(428 °C) and a composition of 0,6 at.% (1.9 wt.9%) Bi. And, the
eutectic reaction takes place at B527.5 °K (R54.5 °C). In order to
evaluate the possible pathways of the microstructural evolution in Zn-
Bi system, the determination of the metastable phase diagram of this
systemm by the thermodynamic calculation must be done [28]. These
include the metastable extrapolation of the binodal and spinodal lines
for liquid and a determination of equal free energ"y curve (T bétween
- solid and liquid. Représentative free energy curves of liquid and solid
at 500 °K are shown in Fig. 2.21. The two curves intersects in the Zn-
rich end marking the equal free energy condition. Fig. .82 shows the
metastable extension of the liquid phase field (binodal), liquid spinodal
and T, of liquid and solid solution at the Zn-rich end. The dotted curve

superimposed on it to denote undercooling required for homogenous
| nucleation of second liquid (Ig). At all temperatures of interest below
the melting point of .Zn, the solid solution is unstable at all
~ compositions (i.e. there is no solid solubility between Zn and Bi)' [R9].
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Fig 2.20. Equilibrium phase diagram of Zn-Bi system [28].
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- Fig. 2.21. Variation of free energy per mole as a function of
composition (X)) at 500 °K: (a) solid solution (Gg );
(b) liquid solution (Gy) [R8]. -

Relatively little information about Zn-Bi system is available in the
literature as for most of the other monotectic alloys. Carlberg et al [6]
studied the influence of microgravity on solidificatibn, Goswami et al
[29]- studied the microstructui’a,l evolution and transformation
pathways during rapid solidification and Toloui et al '[24] studied the

microstructural perturbations in directional solidification of Zn-Bi
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system. Microstructures of Zn-Bi alloys cast under microgravity with
various compositions are shown in Fig. 2.23. In the study of Toloui et
al [R4] Zn-Bi system is found to act in a similar way to the other
monotectic systems having a high miscibility gap (i.e. wetting
systems). Monotectic temperatures, height of miscibility gaps and
freezing ranges of some monotectic systems and the Zn-Bi system are
tabulated in Table 2.5. The system at present has no industrial
application but, because of its relatively low critical and monotectic
temperatures with respect to bther monotectic systems it is chosen as
a model system to monotectics.

N

Binodal
(liquid)

800

~~ Spinodal

700 (liquid)

600

Temperature (K)

500

400 Under cooling limit
A A 1 1
0 0.1 02
Xgi

Fig. 2.22. Phase diagram of Zn-Bi system, showing metastable
extension of liquid phase field (binodal), liquid spinodal
and T, of liquid and solid solution at Zinc- rich end, dotted

gurve denotes undercooling required for homogenous
nucleation of Lg [28].

Table 2.5 Monotectic temperatures (Tyy), height of miscibility gaps

(Tg-Tyy) and freezing ranges (Ty-Tg) of some monotectic
systems [R9].

Alloy Tm 0. TeTm ) Tm-Te O

Al-Bi 657 400 386
Al-In 637 ' 150 481
Pb-Zn 417 370 100
Cd-Ga 282 13 253
Cu-Pb 952 - - 48 ' 626

Zn-Bi 416 - 400 162
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Fig. 2.23. Microstructures of (a) Zn-0.03wt%Bi (x168), (b) Zn-0.07wt
% Bi (x28), (&) Zn-0.09wt%Bi (x11), (@) Zn-0.17wt%Bi
(x11) cast under microgravity conditions [6].

2.6. Squeeze Casting of Monotectic Alloys

It is the knowledge of the author that the only reference about the
squeeze casting of monotectic systems in the current literature is the
Epanchintsev’s study [30] of hypermonotectic Cu-Pb alloy. He reported
a two fold increase in tensile strength, elongation, hardness and
impact strength over gravity cast values, when pressures of 150-300

MPz were applied to the Cu-20%Pb hypermonotectic alloy during
solidification. . .



40

Table 2.6.  Effects of squeeze casting on the wide freezing range alloys [14].

Alloy -7 Method Density HB

F
P!
o

(wt.%) {°C) - {gem™H) {MPa) {%i
Zn=-27%Al 1o Not squeezed 491 60 290 3.6
Squeezed 542 77 493 123
Al-20°%Si 85 Not squeezed 244 69 90 2.5
Squeezed 2.63 30 113 4.5
Al-7%Si 35 Not squeezed 224 355 73 3.3
Squeezed 255 42.7 : 96 7
Al-5%Mg 30 Not squeezed 261 50 35 5
Squeezed 2.63 60 185 25
Al-10%Mg 130 Not squeezed 2.51 70.5 97 N
Squeezed 2.38 78.4 260 26
Squeezed and 2.68 82 313 27
annealed
Al-4.5%Cu-0.5%Bi 90 Not squeezed 2.69 40 165 14
Squeezed 2.80 49 185 21
Squeezed and 2.80 64 251 23
annealed
As-received 2.99 93 360 37
Fe-3%C-2%Si 180 Sand cast 7.08 145 145 3
Not squeezed 7.19 135 229 23
Squeezed 746 213 +10 5.3

It is reported by Savag and Altintas [14] that squeeze casting
method improves the mechanical properties of wide freezing range
binary alloys. Table 2.6 shows the comparative properties of some
wide freezing range binary alloy castings for squeezed and not
squeezed conditions. But, Rolland et al [31] noted that if the pressure
is not _sufficiently high to increase the grain size, strain induced
macrosegregation may occur especia]ly in the central part around the
| ‘hot spot of the castings causing a non-homogenous microstructure.
And, this tendency for macrosegregation increases with increasing

pressure and decreasing alloying content for insufficient pressures.
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- III. EXPERIMENTAL STUDY

3.1. Dies and Materials Used

Melts of pure zinc and Zn-1.9wt.%Bi monotectic alloy Were prepared

using commercial grade zinc ingots of 99.95 % purity and, bismuth
shots of 99,99 % purity.

For the production of squeezed and not squeezed castings and
cooling curve measurements the dies and the punches made of mild
steel were used. In Figs. 3.1 and 3.2 the dimensions of the dies and
the punches of two different designs are shown. |

In determining the temperatures for cooling curve measurements
K-type (Ni-CrNi) thermocouple wires of 0.8 mm diameter were used.
The wire diameter was chosen as small as possible in order to reduce
the response time.

3.2. Melting and Casting Practice
3.2.1. Preparation of Castings

For all castings, alloys of 500 g in total weight were prepared. Zinc
slices from ingots of 490.5 g and bismuth shots of 9.8g were weighed
to obtain the. monotectic composition of Zn-1.9wt.%Bi. Also 500 g
castings of pure zinc were prepared for comparison purposes and to
see the effects of bismuth addition on various properties. An electronic
precision balance of 0.01g. a.ccu_re.ey was used ‘to Weigh the
_ components. |
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In alloy preparation first, zinc was melted in a graphite crucible
and kept'molten at 600 °C in an electric resistance furnace. Following:
this, bismuth was added to the melt under argon atmosphere to
prevent the oxidation of bismuth. During addition of bismuth and
before pouring the melt into the die, the melt was stirred in order to
provide a homogeneous molten alloy.

100 mm 100 mm

ol [

N

50 mm

i
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:

D 25 mm
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Fig. 3.1. Squeeze casting die used for the production of castings.
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| Fig. 3.2. Squeeze casting die used in determination of cooling curves.

\
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3.2.2. Squeeze Casting

The ca,stirig process was repeated under five different conditions for
five different groups of Zn-Bi monotectic alloy and, two different
conditions were uSed for pure zinc. Five specimens for each group
were produced. The castings were grouped according to the casting
conditions ag follows:

(1 For Zn-19% Bi monotectic; (1) not-squeezed (cold die, die at 20 °C);
(2) not-squeezed (hot die, die at 850 °C); (3) squeezed at 50 MPa; (4)
squeezed at 85 MPa,; (B) squeezed at 120 MPa.

(i) For pure zinc; (1) Not-squeezed Chot die, 400 °C); () squeezed at
120 MPa.

Die temperatures were fixed at 250 °C during squeeze casting of
Zn-1.9%Bi monotectic and, at 400 °C for pure zinc castings. The die
temperature for Zn-Bi alloy was selected near the eutectic temperature
of the system because, it was thought that the higher temperatures
might result in gravitational segregation of the heavy bismuth-rich
liquid and lower temperatures would leave no time for the squeeze
casting prooess. '

For group 1, the alloy melt which was prepared in a manner
explained in section 3.2.1 was poured into the die at room temperature
- (R0 °C) and, it was allowed to freeze freely in its die.

For groups 2-5, the die and the punch were preheated in an electric
resistance furnace up to 250 °C and kept at this temperature for
thermal equilibrium to be reached then, taken out of the furnace. The
. inner surface of the die was painted using fine graphite mixed with

water. For group 2, after the melt was poured into the die it was
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allowed to freeze freely. But in groups 3-5, after pouring the melt, the
die was immediately placed in a hydraulic press, which was set to the
desired pressure before (i.e. either, 50, 85, or 120 MPa). Then, the
punch was taken out of the furnace and placed on top of the melt in
the die. As soon as the melt cooled down to its freezing range (i.e.
approximately 15-20 seconds after pouring the melt for Zn-1.9wt%Bi
monotectic) the squeezing pressure was applied until the casting
solidified completely (for about & minutes). The set-up for the squeeze
casting process is shown in Fig. 3.3. And, in Fig. 3.4 two castings

which were produced by gravity casting and squeeze casting methods
are shown.

Fig. 3.3.

ig. 3.4. tings produced b avity casting (at left hand side)
e Ca%?d{n‘gy sl?queeze C&E‘%ilgf,g (a.tyright hand side) methods.
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3.3. Cooling Curve Determination

The squeeze' casting die, shown in Fig. 3.2 Wa,s used for the cooling
curve measurements. For temperature measurement the thermocouple
compensation cables of the K-type were used. The calibration of the
therjmocouples were done at O °C (water+ice mixture), at 327 °C (solid-
liquid transition temperature of lead) and at 419 °C (solid-liquid
transition temperature of pure zinc). Millivolt readings corréspondmg

to these values were found and calibration curves for thermocouples
were drawn.

During freezing, measurements were taken at three different
locations a,t» the same time. The experimental set-up for the cooling
curve measurement is shown in Fig.3.5. Thermocouple no.1 was placed
at the center of the die cavity - to recbrd the temperature of the melt.
It was placed inside a ceramic tube and its hot junction was about 5 cm
distance from the bottom end. Thermocouple no.2 was placed in the
die, 1 mm from the die-melt interface at the same height as no.1, to
record the temperature variatioris at this intérface. And, thermocouple
no.3 was placed in the die, 8 mm from the die-melt interface to record
the temperature values of the die.

x -t
Recorder

Fig. 3.8. Schematic representation of the experimental set-up
used in cooling curve determination.
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Thermocouple no.1 was connected to an (X-t) chart recorder, no.2
and 3 were connected to two millivoltmeters. Two measurements were
done for not-squeezed (hot die) and squeezed (120 MPa) castings to
see the difference in cooling rates. Both measurements were repeated
twice. Millivolt values from the two millivoltmeters were read and
recorded simultaneously in every 5 seconds. Then, the millivolt values

were converted to degrées centigrade by using the calibration charts of
the thermocouples.

3.4 Chip Length Measurement

While machining tension test specimens from all the seven groups of
castings the chips were collected to see any effect of bismuth addition
and pressure application on the machinability of the specimens. The
depth of cut (a), feed (s) and the corner radius () were kept as
constant parameters as follows:

Depth of cut :2=1.0 mm
Feed : 8=0,1 mm

Corner radius : r=0,4 mm

Four cutting speeds (n) 385, 500, 700 and 1000 rpm were chosen
for the examination. The equivalent tangent cutting speeds were
calculated by using the formula V=rdn/1000 where, V is the tangent
cutting speed (m/min), d is the outer diameter of the test bar (23
mm), and n is the angular speed.

The chips were Qlassified and their léngbhs were measured by using
a ruler for pure zinc specimens and, under a microscope (either, at

x40 or x80 magnification) for the finer chips of Zn-Bi alloy specimens.
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Fig. 3.6. An enlarged view of the chip resulted from a squeeze cast
Zn-Bi specimen (P=85 MPa, x40 magnification, V=69m/min).

3.5. Tensile Testing

Three specimens from each group were taken and machined to a
substandard size for tensile testing according to the ASTM BSS57M
standard as shown in Fig. 3.7 [32].

Specimens were fractured in an Instron model 1186 universal
tensile testing machine using a crosshead speed of 5§ mm/min and a
maximum load of 10 kN. Load versus time graphs were recorded using
an X-t chart recorder.

3.6. Density Measurement

The densities of the specimens were measured in order to calculate
the amount of porosity in castings. In the density measurements ASTM
D792 standard method A was used [33]. By using a proper set-up the
specimens were held by a fine wire, weighed and submerged in pure
water. While it was in the water it was weighed again. The first

measurement gave the mass and the difference between the two
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measurements gave the volume of the specimens. The densities were
calculated from these values. In the measurements an electronic.

balance of 0.01 g. accuracy was used.

@12

(a) ™

Fig. 3.7 (a) dimensions, (b) actual view of the tension test specimen.
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3.7. Optical Metallography
3.7.1. Macrostructure Examination

One specimen from each seven group was taken out for optical
metallography and hardness tests. Half of a specimen was ma,chined
longitudinally in a milling machine. Then, the specimens were polished
on waterproof SiC abrasive papers of 180, 360, 1000 and 1200 grades
and, finally on alumina paste. A 50% HCIl and water mixture was used

as macro-etchant [34] and, the photographs were taken by macro
lenses using a polarized filter.

3.7.2. Microstructure Examination

Macro etched specimens were polished again on Wa,terprobf SiC
papers of 360 and 1200 grades and then, on alumina paste. The
specimens were placed under an optical microscope and photographs
were taken under magnifications from x320 to x800 without etching.

3.8. Hardness Test

The same specnmens prepared for opt1ca1 metallography were used
also in hardness tests. In Vickers hardness tester the specimens were
indented under a 2 kg load by using a diamond pyramid indenter. The
measurements were taken along the centerline of the casting and also

| on a line 8 mm from the centerline in every 10 mm intervals.
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IV. RESULTS AND DISCUSSION

4.1. Effects of Pressure on the Cooling Rates of Castings

Cooling curves were obtained as explained in section 3.3. Figs. 4.1-
4.3 shows the T-t curves recorded from respectively, the center-line,
die-melt interface and die during freezing of two Zn-Bi monotectic
castings. As can be seen from these figures application of pressure
highly effects the heat transfer conditions during casting process. The
average cooling rate of the melt in squeezed sample can be found from
the slopes of the curves as 18 °C/sec. When compared with the
average cooling rate of 8 °C/sec for the not-squeezed sample it is clear
that squeeze casting promotes the intimate contact between casting and
die for ra.pid heat extraction. Whilst the not-squeezed casting was
solidified in 2840 secs, the 120 MPa pressure lowered the freezing time
to 70 secs.

4.2. Effects of Pressure on Macro- and Microstructures

4 2.1. Macrostructure

Before etching, all of the samples have found to have a central

‘shrinkage piping. In the not-squeezed specimens the pipings were on

the top portion of the specimens. As the squeezing pressure was
applied and increased, the pipings were found to move away from the
punch end and reduced in size. In the 120 MPa-squeeze cast specimen
the piping almost completely disappeared.

After etching it was observed in the not-squeezed specimens that,
the die temperature was a very important parameter on grain size and

type. In Fig. 4.4 macrostructures of not-squeezed specimens are

, shown. In the not-squeezed cold-die sample the grains were very fine
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Fig. 4.1. Cooling curves recorded from the melt at the die centerline
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as compared to the others. (Fig. 4.4(a)). The average grain diameter
was found to be 0.66 mm. In the not-squeezed hot-die specimen coarser
grains were exist, at the central part, an equiaxed zone was observed.
The average grain diameter was measured as 1.42 mm (Fig. 4.4(b)).

(a)

Fig. 4.4. Macrostructures of not-squeezed specimens cast into;
(a) cold die at 20 °C, (b) hot die at 280 °C.
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The equiaxed zone was narrower in the 50 MPa-squeeze cast sample
and, was fully absent in the 120 MPa-squeeze cast sample. The grains
were finer near the punch end and at the bottom and, were coarser in
the middle portion of the specimens. The average grain diameter was
found to be 1.87 mm in the 50 MPa-squeeze cast specimen and 1.08
mm in the 120 MPa-squeeze cast specimen. In Fig. 4.8
macrostructures of squeeze castings are shown. In Fig. 4.6 the change
in average grain diameter as a function of casting condition and in Fig.
4.7 the grain size variation along the longitudinal axis of squeeze cast
specimens are plotted.

(a) Q)]

Fig. 4.5. Macrostructures of squeeze cast specimens squeezed under;
(a) BO MPa, (b) 120 MPa.
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4.2.2. Microstructure

In the microstructure examination the distribution of bismuth phase
was found to be more uniform and at a finer scale in the not-squeezed
samples. But, the porosity amount was higher than the squeezed
samples. In Fig. 4.8 and 4.9 micrographs taken from the central part
of the not-squeezed cold-die specimen are shown. The diameter of the
largest bismuth particle was approximately 8 pm in this sample. The
diameter of the pores were also in the same order in the same
specimen and were distributed uniformly.

Fig. 4.8. Microstructure at the central part of a Zn-Bi monotectic
specimen cast into cold die (20°C) and not squeezed (x320).

Fig. 4.9. Microstructure of the same region under a higher
magnification (x800, oil lens).
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In the squeezed samples, the maximum size of the bismuth
particles are observed to increase in size around the centerline of the -
casting especially, near the hot spots in the sample. The bismuth
particles were finer near surface edges. Also, the total porosity
amount was decreased but, pores were gathered near the centerline
and hot spots. The sizes of bismuth particles were observed to increase
near hot spots and tended to decrease near casting surface. The
maximum size of bismuth particles near the centerline was B times
greater then the size of the particles in the not-squeezed sample and
were 25-30 nm. Near the casting surface the maximum size of the
particles were Bum. Near the punch end, along the centerline, the size
of the bismuth particles were decreased and the maximum size of a
bismuth particle was found to be 15 pm. In Figs. 4.10-4.13
micrographs of the 85 MPa-squeeze cast specimen are shown.

|5°Pm|

Fig. 4.10. Microstructure at the central part of a Zn-Bi monotectic
specimen squeeze cast under 85 MPa (x320).
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Fig. 4.11. Microstructure at 1.5 cm from bottom end of the specimen
squeeze cast at 856 MPa (x800, oil lens).

Fig. 4.12. Microstructure of the same specimen at the top part (1.5
cm from punch end) (x320).

Fig. 4.13. Microstructure at the same region of the Zn-Bi specimen
squeeze cast under 88 MPa (x800, oil lens).
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The segregation of bismuth particles especially, in the squeeze cast
speciméns is thought to be due to strain induced macrosegregation of
the bismuth phase as observed during squeeze casting of Al-Si and Al-
Mg systems before [31]. In these wide freezing range alloys the
nucleated solid rejected the solute into the adjacent liquid. During
punch closure enriched liquid was extruded up into the wall and rib
areas of the casting. When the solidification was complete , steep
solute remained in the paft and resulted detrimental variations of
mechanical properties within the part. This kind of macrosegregation
was also observed in the castings having a compact geometry. The
distinction was that the solute rich liquid was extruded out of the
semisolid material into the hotter regions of the casting. When the
solidification was complete, positive segregation remained in the part,
located to the hot spot [31]. In the cﬁrrent study a similar mechanism
was thought to work. Hence, after pouring the alloy into the die, the
zine-rich dendrites began to grow rejecting bismuth-rich liquid. As the
pressure was applied, the remaining bismuth-rich liquid between the
dendrite arms was also forced to move to the hotter regions. The
solidification was completed under these conditions resulting a
segregation of bismuth phase along the centerline of the casting
especially near hot spot area. This event is diagrammatically

- illustrated in F1g 4.14.

Pressure Application

|
! ‘ |
: _ S 6\‘\%\l\mcleat‘mg Bi-rich Liquid
A+ l | Rejected by Zn-rich Solid
Growing Zn-rich Dendrites . e ® \ ‘
. ~
DA
AR
2 1

7%

- —Shrinkage Pores and
Hot Spot Area

Surface Center

'Fig. 4.14. Diagrammatic illustration proposed for the strain induced macrosegregation
/ phenomena of Bi-rich phase in squeeze cast Zn-Bi monotectic alloy.
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4.3 Chip Length Variation

When the chip lengths measured for pure zinc and Zn-Bi alloy were
compared, it was clear that the addition of bismuth significantly
improved the machinability (i.e. chip disposal) of zinc. In Fig. 4.15 the
chips obtained from machining of squeezed and not-squeezed pure zinc
and Zn-Bi monotectic specimens are shown. Where the average chip
length was varied from 36 to 1070 mm for pure zinc castings under
various cutting speeds, the chip lengths were reduced to 17 to 28 mm
for Zn-Bi monotectic alloy squeeze cast under different pressures and
then, turned under different cutting speeds. As the squeezing pressure
was increased average chip length was decreased, i.e. machinability
increased in all groups. Table 4.1 shows the average chip lengths for
all groups at four different cutting speeds and, Fig. 4.16 shows the
variation of chip length of Zn-Bi monotectic alloy with pressure at a
fixed cutting speed of V= 23.4 m/min.

o0

Fig. 4.15. Chips obtained from; (a) pure zinc not-squeezed, (b) pure
zine squeezed under 120 MPa, (¢) Zn-Bi not-squeezed,
(d) Zn-Bi squeezed under 120 MPa, castings at a cutting
speed of 69 m/min.



Table 4.1. Average chip length vs alloy compos1t10n squeezing
pressure, die temperature and cuttmg speed.

AVERAGE CHIP LENGTH (cm)
ALLOY P(MPa) -
V=24,5m/mirl 34,5m/min {48,3 m/min | 69m/min
ATm.
99.95% T(die)=400 °C 107 g5 112 59
120
Pure Zn (die)=400 °C 15.1 9 3.6 36
A
(cold die) | a5 0,28 0,21 0,23
T(die)=20 °C
(hAPg")
ot die
. 0,28 - 0,21 0,22 0,17
Zn-1.9%Bi | 7(die)=250 °C
50 0,26 0,27 0,20 0,25
85 0,24 0,23 0,21 0,20
120 0,23 0,23 0,22 0,17
16 I
<
- Pure Zinc
14 -
0,4
e 0,38
E 6 i o .
= 0,3 '~ —Cold Die at 20°C
5 0.34
53 0,32
e 03
=
& 0,28
9 0,26
5 0,24 - ' - . l
> _
< 0,22
0,2 + $ $ i $ — |
0 20 40 - 60 80 100 120
- Squeezing Pressure (MPa)

Flg 4.16. The vama,tmn of average chip length in Zn-B1 monotectic
: alloy with squeezing pressure at a cuttmg speed of V=24,5 m/min.

60
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4.4 Tensile Properties

Tensile test results of the fractured specimens are given in Table
4.2. The table includes 0.2% offset yield strength (O'y), fracture
strength (Gp) and elongation at fracture (ep) values for all seven
groups of the Zn-Bi monotectic alloy and also pure zinc castings.
Among the not-squeezed specimens Group 1 (cold die) appeared to
have a higher tehsile strength than Group 2 (hot die) specimens.
Squeeze cast specimens gave better results than not-squeezed
specimens but, there was no clear improvement recorded with
increasing pressure. During the tension tests, for all the specimens it
was observed that the crack initiated at the inside and central part of
the specimens where the coarser bismuth particles and central
shrinkage piping were concentrated. The existence of coarser bismuth
particles also verified in mioroétructural examination. The variation of

tensile strength with squeezing pressure is shown in Fig. 4.17.

Table 4.2. Tension test data.

Specimen No.| Pressure (MPa) | Die Temp. (°C) Oy (MPa) | Of (MPa) | & (%)
1 0 20 8.5 23.5 2.6
2 0 20 11.1 29.3 2.8
3 0 250 12.4 16.5 1.5
4 0 250 12.0 20.8 1.8
5 50 250 8.0 240 | 3.6
6 50 250 9.0 36.5 5.3
7 85 250 13.7 29.8 2.9
8 85 250 8.6 29.5 3.4
9 120 250 8.5 27.5 3.1
10 120 250 8.9 31.1 [ 3.6
11 0 Pure Zn 400 _ 8.4 31.5 4.6
12 120 Pure Zn 400 4.9 33.7 54
13 120 Pure Zn 400 5.7 34.1 5.3
14 120 Pure Zn 400 6.6 48.6 6.4
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% 25 » Cold Die at 20°C ,/
—
]
%
~ I ‘
= Hot Die at 250°C
m 10
-
7 I
Z.
i
= 0
0 20 40 60 80 100 120

SQUEEZING PRESSURE (MPa)

Fig. 4.17. The variation of tensile strength with squeezing pressure.

No clear relation was observed between porosity content and tensile

‘ strength. Group 2 (not-squeezed, hot die) specimens were denser than
Group 1 (not-squeezed, cold die) specimens but, showed a lower
strength. And, for the squeeze cast groups the porosity amount was
decreased as the pressure increased but, no clear incréase was
observed in tensile strengths. The apparent densities and porosities
calculated for the specimens are shown in Table 4.3 and the variations

of porosity content and density versus squeezing pressure are plotted
in Fig. 4.18. | |
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Table 4.3. Apparent densities and pbrosity contents calculated in the
tension test specimens. '

Specimen No. | Pressure (MPa) | Die Temp.(°C) | Density (g/cm®) [Porosity (%)
1 0 20 7.07 1.46
2 0 20 7.13 0.64
3 0 250 717 0.10
4 0 250 7.15 0.40
5 50 250 7.1 1.03
6 50 250 7.13 0.72
7 85 250 7.14 0.60
8 85 250 7.15 0.42
9 120 250 7.17 0.08
10 120 250 7.16 0.25

/Ideal Density of Zn-Bi Monotectic Alloy

7,18
7.16 l\ | //
AL ,
(é 7,12 \-/
3 71
B Cold Die at 20°C
= 7,08
g
o 7,06
Q ’
7,04
7,02
7 + —+ t 4 - —i
@ o 20 40 - 60 80 100 120
Squeezing Pressure (MPa)
144
{2 ../Ccﬂd Die at 20°C

I(H

4 Porosity (%)
(=]
e

@M o 20 40 60 80 100 120

i

- Squeezing Pressure (MPa)
'Fig. 4.18.  Effect of squeezing pressure on (a) density, (b) porosity levels.
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The values of yield strength (_Gy), fracture strength (Op),
elongation at. fracture (€p), obtained in this work and in directional
solidification experiments of the Zn-Bi alloy [35] are tabulated in Table
4.4 for a comparison. As can be seen from this table, the directionally
grown specimens of the optimum grthh rate has shown twice the

tensile strength obtained for the specimens squeeze cast at 120 MPa.

Table 4.4. Tensile propérties of gravity cast, squeeze cast and
directionally solidified Zn-Bi monotectic alloy.

Casting Condition Oy (MPa) | Of (MPa) gt (%)
Gravity Cast (T die=20°C) 9.8 26.6 2.7
Gravity Cast (Tdie=250°C) 12.2 18.7 1.7
Squeeze Cast (50 MPa) 8.5 26.0 4.5
Squeeze Cast (85 MPa) 11.2 29.9 3.2
Squeeze Cast (120 MPa) 8.7 - 29.8 3.3
Direc. Grown (8.6 cm/h) 25 32.5 2.02
Direc. Grown (4.7 cm/h) 23 55 4.9
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4.5. Hardness Variation

Average Vickers Hardness values obtained from the measurements
on six specimens are given in Table 4.5.

Table 4.5. Average Vickers Hardness (Hy» values of the specimens

Specimen Average Hardness(Hv)
Pure zinc 38,9

Not squeezed-Cold die 37.5
Not-squeezed-Hot die 38,3
Squeezed-50 MPa, 38

Squeezed-85 MPa - 40,8
Squeezed-120 MPa 40,8

The Vickers Hardness values of the Zn-Bi speéimens varied both
along longitudinal and radial directions. Along the centerline of the
casting the hardness values were higher near the punch end and the
bottom of the specimen but, along the line parallel to the centerline and
4 mm away from the surface no clear change in hardness values were
- observed. In the radial direction the maximum hardness values were
_measured midway between the centeﬂine and the casting surface. In
Fig. 4.19 the variation of hardness along the longitudinal axis of
specimens and in Fig. 4.20 the variation of hardness in radial direction
of the specimen squeeze cast at 120 MPa are shown.
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Fig. 4.19. Variation of Vickers Hardness in Zn-Bi monotecti¢c specimens along
centerlines of the specimens.
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Fig. 4.20. Variation of hardness in the radial direction of the
specimen squeeze cast under 120 MPa.
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4.6. Macro- and Microstructures vs Mechanical Properties

It was observed that as the squeeéing pressure was increased the
amount of porosity was decreased and, the tendency for strain induced
macrosegregation was increased. It is thought that these two factors
could counteract against each other and relax each other's effects. In
the squeeze cast specimens as the pressure Wasmcfeased the porosity
content was decreased but macrosegregation therefore, concentration
of bismuth-rich 1iquid especially in the central part and around hot
spots were increased. During machining of tensile test specimens, 6.5
mm from the outer surface containing zinc-rich part of the specimens
were removed. The removed part was expected to provide the ductility
and strength of the specimen. After machining, the bismuth-rich part
which is more brittle and has a lower strength than zinc-rich part was
left at the center of the specimen. The relative position of the tension
test specimen in the casting is illustrated in Fig. 4.21. As the squeezing
pressure increased the bismuth amount at this region increased
although, the porosity was decreased. As a result, no clear change in
the tensile properties with the increasing pressure were recorded. In
the directionally grown samples this phenomena was nbt observed due
to homogenous distribution of bismuth particles along the radial
direction [35]. *

------ *“\%\\%\\%\\%\\R\%\%\k\%\\é\%\w— o

Not to scale

Casting

_____ .Tensile Test Specimen
Sy Bi-rich Region

Fig. 4.21. The relative position of the tension test specimen in & typical casting.
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In the macro- and microstructural examinations of squeeze cast
samples it was also observed that the lower parts of the castings were
solidified prior to application of préssure and therefore, did not
experienced the effects of pressure. So, variations in the mechanical
pbroperties along the longitudinal axis were expected mainly due to this
fact and, also due to gravitational segregation of the phases. From
microstructural examinations and hardness tests gravitational

segregation was expected to be a more dominant factor in the not-
squeezed hot-die castings.

The variation in the distribution of bismuth particles and porosity
level were found to counteract also in the hardness tests. The bismuth-
rich central part was expected to have a higher hardness but due to
high porosity level in this part the hardness values were observed to
be lower than the hardness values of the region between centerline
and the edge. The punch end regions of the squeeze cast samples
showed the highest hardness values along the specimen due to lower
porosity level as a result of pressurized fast cooling.
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V. CONCLUSIONS

In the present study, the mechanical properties, macro- and
miérostruetures of the Zn-Bi monotectic alloy cast under different
Squeezing pressures were examined. The main conclusions derived
from this study can be summarized as follows:

1. From the cooling curve measurements it was clearly seen that the
freezing time of the squeeze cast specimens were significantly shorter
than the freezing time of the not-squeezed specimens.

&. Central piping was found in all specimens. This was reduced in size
with increasing pressure. In addition, the total porosity level decreased

with increasing squeezing pressure.

4. The finest grains were found in the sample that has been cast into
cold die. As the die temperature was increased the average grain size
was increased bu{;, with increased squeezing pressure the average
grain size was decreased especially near the punch end.

4. In the not-squeezed specimens as the temperature was increased,
~ the bismuth phase was observed to segregaté to the bottom portion due
to gravitational segregation. In the squeeze cast specimens the bismuth
phase was observed to segregate along the centerline of the specimen
due to strain induced macrosegregation.

5. The machinability of zinc was improved significantly after bismuth
adcliitio'n. Also, both in the pure zinc and Zn-Bi monotectic castings the

machinability was increased as the squeezing pressure was increased.
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6. The overall and local hardness values of the castings were
influenced by the the counteracting behavior of both the porosity level
and b‘ismuth‘ phase distribution. As the squeezing pressure was
increased porosity level was decreased but, segregation of phases
increased. In the hardness tests, central part of the squeezed
specimens were found to have a lower hardness, although it was rich

in harder bismuth phase. This was because of the high porosity
content.

7. The same tendency was observed also in tensile tests. In the squeeze
cast specimens, although the porosity level was decreased no clear
‘increase in tensile strength was observed. This is thought to be due to
the fact that, while machining the tensile test specimens the zinc-rich
outer part (skin), which was more ductile and had a higher strength,
was removed. This left the bismuth-rich part of the center of a casting

which had a lower tensile strength and was more brittle.

8. The microstructures of the specimens were also inhomogeneous in
the longitudinal direction. In the not-squeezed specimens this fact was
thought to be due to the gravitational segregation of the bismuth rich
liquid. In the squeeze cast specimens gravitational segregation was not
seem to be a major factor and, it was thought to be due to sohdification

- of lower parts of the casting before pressure- application.
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VI. RECOMMENDATIONS FOR FUTURE WORK

1. A new die, which is designed to produce castings directly for tension
test, will eliminate the effects of machining on tensile properties.
Since, the die temperature is one of the most important parameters, a
temperature monitoring facility for the die will be helpful to control
the die temperature more closely.

2. A chemical analysis along a sample to reveal the bismuth content at
any location and its comparison with hardness test results is
recommended for future work. This will also help to assess the effect
of porosity more clearly.

3. A more detailed and quantitative microstructural analysis should be
performed. For instance; volume fraction, distribution, spacing and
size of both bismuth particles and also porosity should be found.

4. The examination of the fracture surfaces of tension test samples
under SEM (Scanning Electron Microscope) will reveal the fracture

behaviors.
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