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ABSTRACT 

The work reported in this thesis was carried out In two sections:-

(i) An examination of the effect of hydrostatic pressure on the 

macro- and mlcro- structures derived during sol idification ,of 

AI-Cu alloys 

(11) Some observations on crystal growth in an ammonium chloride/water 

analogue system, with a view to explore possible similarities 

with the mode of solidification in AI-Cu alloys. 

Two different alloys were used: one a commercial alloy (LMII) .which 

contained Ti"as a grain refining agent, and the other a AI-4% Cu alloy 

which wa~·made up from 99·.99% pure aluminium and 99.9% pure copper 

without additions of any grain refining agents. 

The pure AI~4% Cu alloy solidified in the die showed a mixed 'columnar 

2 and equlaxed structure, but when pressure was applied, up to 110MN/m , 

during solidification the structure produced was equiaxed. At very 

high pouring temperatures, a columnar structure was produced under 

pressure" in the pure alloy. 

The commercial AI-Cu alloy showed equia,xed grain structures even ~Ihen 

poured at high temperatures and solidified without the application of 

pressure; possibly due to the presence of the grain-refining agents, 

although the equiaxed structure was much finer under pressure. 

The fineness and distribution of the equiaxed zone In the sm,all Ingots 

(1) 50m/m) sol idified under pressure. greatly depended on the actual 

t t grad ·,ent (B7") empera u re a:r. and the liquidus temperature gradient. 



... 
, 

.. 

It might be referred to have "resulted from the "increase of heat 

extraction through the mold. and the restriction of diffusion. as well as 

the deg ree of cons t i tut i ona I" supercoo ling ahead of the ,so I i d-II qu I d 

interface. 

The rapid heat extraction is a result of conductive heat flow since the 

air gap between the casting and the die is eliminated by the application 

of pressure. Diffusion Is dependent on time as well as temperature. so 

that a more rapid solidification rate restricts diffusion away from the 

solld~liquid interface resulting in a higher degree of constitutional 

supersoo ling. 

There was ~ tenden~y for severe normal segregation of a copper rich pool . . ~ 

in the central region of the ingots cast under pressure. This was also 

Influenced by the rate of heat extraction through the mold. When the 

final maximum die temperature during or after solidification under pressure 

was kept below 2800 C, the severe normal segregation of copper to the centre 

of the ingot could be eliminated. 

When the AI-Cu alloys were "cast" at "even lower pouring "temperatures with 

lower"initlal die temperatures, the" resulting structures consisted of 

extremely fine equiaxed grains with complete absence of the normal segre-

gatlon of copper in the central region observed in castings poured at 

higher temperatures • 

This fine equlaxed structure may be thought to have resulted from the 

" effect of two factors:- (i) the lower pouring temperature and the lower 

die temperature may have caused simultaneous nucleation throughout the 

casting section (simi lar to the idea of "big bang" nucleation), and 

• i 
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(11) a solid skeleton formed in the Ingot casting after pouring is then 

,fragmented by the application'of pressure which would create new centres 

for growth of grains from the rematning liquid. 

The application of a two-step pressure during sol idification was much 

more effective for dendrite fragmentation., It was thought to be due to 

the collapse of solid skeletons in liquid and perturbations of solid-

1i~u'id' interfaces already formed during the first' step. This hypothesis 

Is supported by the actual 'observations made during the crystallisation 

of the ammonium chloride/water, analogue system. A further point to note 

is that~alloys poured at low temperatures are' likely to have been severely 

undercooled by the appl ication of pressure as a result of the change in 

'the equt'librium freezing temperatures of the alloys (Clausius-:-Cl~peyron 

relationship) which would also tend to produce a large number of fine 

equlaxed grains in the ingot structure. 

It Was observed that the micro structures of ingots solidified under 

pressure showed fine dendritic substructures within the equiaxed grains. 

Thlswould'also result from the'rapld cool ing rate Influencing the 

number of growth centres'and possibly the rapid growth rate affecting 
" 

the dendrite morphology. Since growth rate was observed to Increase under 

pressure In the analogue system of'ammonlum chloride/water, It Is reason-

able to assume that a similar effect is produced in the Al-Cu alloys under 

pressure. 

I 
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I. 1 NTRODUCTI ON 

1.. His tory. 

2. Objectives of this study. 

3. Scopes of this study. 



t. . WTRODUCTI 0:: 

Squeeze casting, variously cal led ·1 iquid metal forging, or" ex.rrusion 

casting, is a manufacturing method which combines forging and casting 

in a single operation: that is, molten metal is metered into a metal 

die cavity, where it is held for a predetermined period of time, then 

forged to final shape whi le sti 1 I mol ten. The well known advantages 

of the squeeze casting process are th-3t high production rates and 

reduced metal losses (since no gates and risers are necessary) result 

in economic production; control of grain size and porosity can be 

achieved maximising mechanical properties; and complex components, 

frequently of thin section, can be accurately cast with a fine surface 

finish and close dimensional. control of the parts, generally requiring 

only minor secondary operations; (1)-(9) As a result of the advantages 

in this process, for many years components have been widely produced 

bY!l:lueeze casting process in lead, zinc, magnesium, alumil1ium and 
, . 

. ' 0 
copper alloys, the melting points of which range"up to about 1000 C, 

and recently many attempts have been made to extend the advantages to 

ferrous and other alloys which melt at far higher temperatures. 

I'. - History 

It is difficult to establish the origin of the squeeze.casting 

process. Historically, casting and forging processes have been 

Involved separately, so that in the past it was quite unusual to 

find casting and forging operations combined together within a 

particular manufacturing plant. °HOI_ever, .the rapid development of 

the machine bui lding industry, with its associated increase in 

machine tool workloads, has made it essential to improve 

-1-
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'preilminary processes so that'the work conforms as closely as 

possible in configuration,accuracy and s~rface finish to the 

finished components, thus reducing metal losses in machining. 

It is conceivable that the hybridization of casting and forging 

processes "!ight result in these requirements for certain manu-

facturing applications., 

Die casting is one of the most important processes contributing 

to reductions in metal losses in machining and to high production 

rates, but the application of die casting is restricted in a 

number of ways: (2) the process cannot be used for a large group 

of jmportant, thick-walled (over 6m/m) , and heavy components; 

this is because, during its shrinkage in the short filling period 

(1/5 -1/10 sec), the casting cannot be fed through an ingate, 

which tends to solidify before the casting itself. Thus, it has 

been necessary to study new techniques for obtaining cast compon-

ents of accurate contour and good surface finish as well as a 

high degree of density, possible by applying external pressure 

during solidification or using a modifying agent in molten metal 

so that many fine nuclei could be formed quickly and uniformly, 

operating over the whole area of the cast metal upto the point of 

Its' complete sol idifcation. Many new processes have, thus, been 

created; for example, the Harrison Process, (10) the Autoforge 

Process, (11) the Ac~rad Process'(12) (13) and the Pore-Free Ole-

. (14) 
Casting Process. Both the Harrison and Autoforge Processes 

involve a unique method of producing a preform \~hich is sub

sequently forged. The Acurad Is a modification of the diecasting 

process which utilises an inner plunger for applying a relatively 
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low final pressure thr~ugh a Hid.:: gate to feed shrinkage in. 

the sol idifying casting. The (,ore-Free Diecasting is a special 

method in 11hich diecasting is accomplished by filling die cavities 

with an active gas, which easily combines chemically with molten 

meta 1 to produce a solid compound. I n other words, th.e above 

processes ·except the Pore-Free diecasting process are sti 11 infcr-

lor to ordinary. diecasting with regard to productivity, while 

ordinary dlecasting has the disadvantage of bclng.unable to main

tain high quality. As a result, squeeze casting, giving high 

quality as well as high productivity, has been studied vigorously. 

In the development of.squeeze casting as a viable production 

method for ferrous and nonferrous components, much progress 'has 

been made in the Soviet Union since the late 1930's, (2) but the 

current state of this method's art in ~he United States has been 

underdeveloped up-ta-date. (6) In the Soviet Union, the process 

has been appl ied in quanti ty production in more than 150 plants, 

and at many of these plants, more than 200 different types of 

pressure dlecast components have been made from various non

ferrous alloys, cast iron and steel. (2) The GKN Group Technolog-

ical Centre of Great Britain has set about the development of 

ferrous and other alloys which melt at high temperature with 

UT Research Institute as a Joint venture In the early 1970's, (3) 

and the United States' interest in this process has accelerated 

since the late 1960's and some 400 companies have shown an 

interest in supporting research into commercial uses of squeeze 

casting. (3) At the same time, Interest In this process was 

prevalent in Germany and Japan, and some development work has 

~ . -3-
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been conducted in a number of countries, Squeeze 'casting is 

sti 11 very young in the history of founding and the process 

'Itself has been very poorly developed in spite of growing up in 

.a technological world - both in the fields of research and 

deve I opmcn t, 

2, Objectives of this study 

The casting defects, which include porosity, segrp.gation and 

shrinkage cavities, cannot be entirely eliminated, even using 

various heat treatments and metal forming processes, (15) The 

original casting structure persists and has a marked influence 

on final properties, Fortunately, ,the original casting structure 

which can occur in normal casting processes can be somewhat 

improved by the addition of pressure in the normal casting 

process: (16) (17) The essential features of the squeeze casting 

process are that porosity and shrinkage cavities can be eliminated, 

and that fine equiaxed structures can be obtained, 

Some work has been reported on the phenomena of feeding molten 

metal to shrinkage cavities, (18)(19) whereas, the origin of the 

fine equiaxed grains has not yet sufficiently Investigated to show 

how or when the equiaxed grains begin to form, Generally, it is 

known that final ingot structures markedly depend on the degree 

f ' , hId' l'd'f" '(20) o convection movement In t e me t urlng so I I Icatlon, . 

However, 'i t is not known whether the appl ication of pressure 

during solidification promotes convection and whether the convect-

Ion is the sole mechanism originating the equiaxed zone in the 

castings sol idifled under pressure, This work was conducted in 

-4-
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an attempt to ascertain at which stage durIng sol idification 

. undEf pres$ure equiaxedgrains originate and then help to provicle , 

a· further understanding of castings solidified under pressure. 

3. . Scopes· Of th is' study 
, . 

. The work was divided into two categories as follows: 

(i) Some observation on freezing phenomena by uSing armnonium 

chloride solutions as an analogue of a metal system. 

(ii) Influence of pressure on macro- and micro-structures of 

AI-Cu alloys. 

Through some observation on freezing phenomena by using the parti-' 

cular apparatus the growth of crystals from the melt was observed 

and then the influence of pressure on the grain structures were 

examined in aluminium casting alloys. 

(I) Some observation on freezing phenomena by using ammonium 
chloride solutions as an analogue of a metal system 

This part was carried out to investigate the influence of 

pressure on crystal multiplication by using ammonium chloride 

·'solutions. I t has been wel I known that ammonium chloride/ 

water system could be used as an analogue for observing. 

metallic solidification phenomena. It is due to the ammonium 
_/ 

chloride freezing in a non-faceted manner and acting as a 

metal while the water is rejected as impurities or alloying 
, (21) 

elements. In this work, an ammonium chloride solution' 

having 37% wt. composition was used, and crystallisation 

.phenomena were observed in this solution frozen at atmosphere 

and under pressure, depending on the pouring. temperatures. 
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A serIes of photographs of 5 seconds interval were taken 

for about I, minutes. 

Ciil' Influence of hydrostatic'pressure'on'macro~'and'micro
. 'structures of AI-Cu casting alloys 

In this work, typical aluminium base alloys,which solidify 

over an extended range, i.e., AI-4% Cu alloy and commercial 

AI-Cu alloy (LMll), were Investigated by sol idifylng in a 

cyl indrical mold (si>50m/m) under hydro~tatic pressures. The 

basic factors, which contribute to improving quality of castings 

sol idified under pressure, were discussed: i.e., die temper-

ature, pressure level and the holding time of the. metal in the 

·mold. Pressures were checked by using two pairs of biaxial 

strain gauges of the foil type. Mold and metal temperatures 

were checked by using Alumel-Chromel thermocouples connected 

to a three-pen recorder. The solidification behaviours were 

considered by observing macroscopic and microscopic structures. 

" 
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11. GENERAL ASPECTS OF METAL CONSOLl OATI or. UNDER PRESSURE , 

1. Mechanics of metal consol idation. 

2. Solidification rate and heat conditions. 
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11. GENERAL ASPECTS OF METAL CCNSOLl OAT! ON UNDER PRESSURE 

Squeeze casting can' be grouped into two types as follows: 0) the 

'process of casting sol idified under pressure and (i i) the extrusion 

. c1:sting process. In the first process, molten metal is poured into a 

permanent mold 'in the free state and subjected to pressure to consoli-

date the metal. The pressure forces the molten metal against the mold 

walls, creating hydrostatic compression without much movement of metal; 

the.only n~vement being the internal displacements during solidification 

shrinkage. In the second, i.e •• extrusion casting process, a two-stage 

operation is carried out; ,the hydrodynamic pressure forms the casting 

contours when the die cavity is being fi lied ~/ith molten metal and 

immediately transformed into a constant peak pressure. The actual 

consolidation begins at the constant peak point. The constant pressure, 

acting vertically with the full force of the press through the punch on 

the metal, compacts it, first by crystallisation under pressure and then 

by plastic deformation, depending on the magnitude of the pressure 

appl ied. 

" 

The consolidation of metal, either in the process of casting solidified 

under pressure or in the extrusion casting process, would ta,ke place by 

the same mechanism, except for the movement of molten metal. In order 

to obtain a clear idea of the mechanism of metal under pressure, there-

fore, .i t is conven i en t to study the phenomena of cy 1 i nd r i ca 1 shapes 

rather than by complex shaped components. 

1 • Mechanics of metal consolidati~n(22)(23) 

The structure of the metal during the primary crystal 1 isation (i.e." 

the solidification of the melt) markedly affects all the properties 

-7-
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of th~ casting. Under conditions of conventional casting it 

is difficult to avoid shrinkage cavitie!i and to control zonal 

structure due to the difference in sol idification rates near the 

wa II sand in the centre of the cas t ing. The app I i cat i on of 

pressure during the primary crystal I isatlon, however, improves 

the structure and properties of the metal in several ways; (i) by 

increasing the number of the crystallisation nuclei, (ii) reducing 

microporosity and shrinkage, (iii) altering th~ mutual solubilities 

of the componer.ts of the alloys and (iv) suppressing gas nucleation. 

These reasons can be explained through the mechnnics of metal 

consolidation. 

When examining the mechanism of metal consolidation, it is essential 

to clarif1 the concept of consol idation. As far as casting require-
. 

ments are concerned, consolidation is nothing more than the elimir.-

ation of basic defects; blow holes, porosities and shrinkage cavi-

ties. Since all the casting defects mentioned are formed during 
• 

solidificat~on, it is above all essential to apply pressure during 

this period. When solidification under pressure is almost complete 

and the metal is in a solid - liquid or highly plastic state, the 

period of metal consol idation in the wide sensa (i .e., by plastic 
• (22) 

deformation) can begIn. 

In this circumstance, the shrinkage cavities become filled, the 

metal continues to be forced under continuous pressure into areas. 

where intercrystalline microporosity remains and it will be difficult 

for gases to evolve from solution. The metal consol idatlon by 

applying pressure is effected in the temperature range between the 

temperature at which linear shrinkage starts and the solidus 

-8-
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... 
temperature: when shrinkage cavities fOI~m, the surrounding metal 

contains muc~ of the liquid phase, so.that a timely application 

of the appropriate pressure can extrude metal" into these cavities 

without difficulty. Practically, the pressure must be applied at 

the start of crystallisation (because evolution of gases is checked 

a. very short time after pressure is appl ied to the metal) and kept 

up until a solid - liquid or plastic state has been reached in 

order that the shrinkage cavi ties can be el iminated and the metal 

consolidated. However, elimination of shrinkage cavities and 

... 

porosity is a much more complex problem, depending on the conditions 

under which the alloy sol idifies and crystall ises. The supply of 

molt'en metal from within to shrinkage cavities can be explained by 

the following basic propositions. Shrinkage begins before final 

solidification of an alloy. Compression of a casting, which deter-

mines linear shrinkage, becomes possible only after a rigid crystal-

line frame has formed. The temperature at which a solid frame forms 

on a casting is either within the crystallisation·range or coincides 

with the.solidus temperature. The curve showing temperature at 

whi.~h linear shrinkage starts, divides the temperature-concentration 

region between liquidus and solidus into two fundamentally different 

parts: the upper part, within ~JhiCh the primary crystals are separ-

ated from each other by molten metal and In which alloys, being in 

a 1 iquid-sol id state, have the basic properties of a I iquid mass, 

including that of taking the shape of the vessel enclosing them; 

and a low part, within which the primary crystals form a frame 

\~hich contains the I iquid phase. In this latter part, between the 

temperature curve for the start of ·Iinear shrinkage and the solidus; 

alloys \~hich are in the sol id-I iquid state have the bas ic 

-9-



properties of a solid body, including that of retaining the 

shape given to that body. 

On the other hand, shrinkage porosity can be explained as 

follows: unfi lied pores remain in the central zone between the 

dendrites, and within the. dendrites between the Individual axes; 

and these alloys show shrinkage ·porosity instead of shrinkage 

cavities on transition from the molten to. the solid state. Under 

·normal condi tions, it is di ffi cui t to prevent poros i ty because 

the dense mass of dendrltes resists the flow of molten metal 

and the gases evolving from solution also tend to prevent porous 

areas:from filling with metal; Even with enlarged ~hrinkage head, 

porosity cannot be eliminated altogether. Under pressure, hO~lever, 

It is not hard to eliminate shrinkage porosity due to accelerating 

collapse of porosity, while solubility of gases can be increased 

by Increasing pressure (Sievert's law). For example, gas porosity 

and blow holes are not usually encountered in billets manufactured 

by crystall isation under pressure, since gases can be held in 

solution even at low speclf·ic 

., 

2 pressures (% H c<: PH ). 
- 2 

. Some theories on formation of segregation can be discussed in the 

mechanism of metal consolidation as well. Segregation occurs in 

normal casting when the casting process·es remain incomplete. Both 

normal and inverse segregation are due to movements of the melt 

along the channels in the crystalline. skeleton due to differences 

in pressure within the ingot. • 
The pressure differences are produced 

either by shrinkage and crysta(l isation or by intensive evolution 

of gases. The tendency to growing seg.regationis connected with 

the temperature range of the solid-liquid state between the liquidus 

-10-. 
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and the teml?erature at which I inear shrinkage commences. Some 

studies. of ingo~s. under I?iston I?ressure have shown that appl icaLiotl 

of pressure during solidification of alloys can be effective in 

preventing a certain type of segregation •. For example, the 

application of pressure was greatly effective in preventing gravity 

segregation of seal ing rings for automobi le cyl inders (60% Pb + 

. (24) 2.5%NI + 37.5%Cu). . Pressure increases the movement of solute 

metal remaining· between the axes of the dendrite or between the 

crystals which separate out at the start of solidification. This 

can help to reduce ·dendritic segregation; whereas, extreme normal 

segregation can be observed under pressure rather than at atmosphere 

in AI-4.5%Cu casting alloy. (25) 

Porosity, shrinkage and segregation mentioned in the above are closely 

connected with solidification rate. A high sol idification rate. helps 

to ensure that most of the metal displacements are completed while 

the metal is still in the solid-liquid state, before it has had time 

to solidi.fy completely. The metal displacements by applying pressure 

during solidification is one of the factors which contribute to an 
'. 

increase in sol idlfication rate and to equal isatlon of the internal 

structure. Thus, the Clausius-Clapeyron equation can be considered, 

dT 
Ci"P = 

where, 
dT 
·dp is the amount of change of freezing temperature by the 

appl icatlon' of pressure, TH normal freezing temperature, AV the 

change in volume on freez ing and AH the I atent heat of fus i on or 

enthalpy. For example, if 

1500kg/cm2, 5000kg/cm2 and 

the spec1.fic pressures are Increased by 

2 18000kg/cm , the corresponding increases 

-11-



o 0 .. 0 . 
in the liquidus temperature are about·.ll C,71 C and ,110 C for 

aluminium.,. These experimental values. are i.n good .agreements with 

the values calculated theoretically from Clausius-Claypeyron's 

equat I on, and th.! s prov I des the theoret I ca 1 bas i s for the exper i-

mental conclusions on the increase in solidification rate when 

pressure, is increased. It forces fresh metal into the cavities 

between the dendrite branches, overcoming the capillary force 

which prevent such feeding under normal casting conditions. These 

help to equal ise the structure in all zones and to improve mechani-

cal properties. The pressure transmitted by the punch directly 

to the metal also has a mechanical effect on structure equalisation. 

The displacement, contact and mutual pressure of metal crystal lites 

during solidification is another factor insuring a finely divided 

structure and increased solidification rates. 

Solute distribution ahead of an advancing solid-liquid interface 

can be controlled considerably by hydrostatic compre'ssion of the 

mo I ten meta I in the mol d. I t does not mean, however, that pressure 

is proportional to diffusion, which is considered to be atomic 

mig'ration. In fact, it is expected that atomic migration would be 

slowed down by high pressure: (26) that is, diffusion coefficient 

. for concentration units increases with temperature and decreases 
. . (2 ) 
,with pressure. 7 Generally gaseous diffusion coefficients are 

in the ~eighbourhood of O.lcm2/sec and liquid diffusion coefficients 
, 5 2 (26) 

are nearlY,always close to 10 cm /sec., Whereas, diffusion 

coefficients in sol ids vary over many orders of magnitude. They 

are usually very temperature dependent according to the relation 

o = Do exp (-Q/kT) • Furthermore, the diffusion coefficients 

-12-



in a given sol id are dependent on the structural perfection of 

the sol id, (28)-(30 . thermal history, (3Q) ionising ri'ldiation, (32) 

strain, (33-37) orientation, (38) trace of imp~rities, (39)(40) nearby 

concentration gradients of other imp~rities, (41) and hydrostatic 
.. (42) 

pressure. In the squeeze casting process, sol idification rate 

is much quicker than in the normal casting process. Therefore, 

the castings solidified under pressure have not enough time for 

diffusion in the I iquid state. Diffusion coefficients in the squeeze 

casting may.be mainly considered in the solid state after applying 

pressure. Generally diffusion coefficients are not greatly 

influenced by pressure, compared with the influences of temperature 

in solid state. Diffusion coefficients in solid decrease with 

increasing pressure, but it is not exponenti~II~·dependent upon the 

increasing pressure. On the contrary. diffusion coefficient increase 

with Increasing temperature and it is·exponentlally dependent upon 

the temperature (Appendix A). 

Consequently, consolidation under high specific pressures begin 

when molten or semi-molten metal is forced into the shrinkage cavities 

and·· the final consolitlation takes place as a result of plastic deform-

ation when it Is in the plastic state. This not only eliminates 

shrinkage defects but also reduces intercrystall ine microporosity 

.to some extent, which invariably leads to improved mechanical 

properties. 

2. Solidification rate and·heat conditions in casting 

The solidification rate K when casting under given conditions of 

cool ing, i.e., at a given mold surface temperature and with a given . I 

-13-



material, is found by Lightfoot sol idifi.cation formulae: 

where K is a constant va I ue . 

Since the ingot temperature changes .duri.ng cool ing,' the mean value 

of K is adopted: 

where x is the mean wall thickness it is the solidification 
time in"minutes 

It is shown in Fig. 11-1 that an BOrn/m diameter ingot, cast from 

Al-ll.5% Si alloy, crystallises under atmospheric pressure in about 

2.1 minutes, while the solidification time for a similar ingot· 

under 2000kg/cm2 pressure is reduced to approximately 0.6 minutes: 

there is a reduction of three times under pressure. This means 

there is a difference in the solidification rate before and after 

appl icatlon of pressure. When metal is held in the mold before 

applying pressure, It remains molten at the centre and in a semi

molten state near the"mold walls. The solidification rate increases 

substantially from the moment the punch meets the metal, due to the 

application of pressure and the forcing of metal against the mold 

walls. In other words, the increase In solidification rate is due 

to heat exchange . between the. mold and the cast·ing: when the Ingot 

'crystall ises under pressure, the metal mold is quickly heated to 

higher temperature per unit of time, compared with solidification 

at atmospheric pressure. 

Since solidification under pressure produces particularly suitable 

conditions for rapid metal cool ':ng, this subsidiary factor, as well 

as the pressure itself,helps to produce alloys with fine grained 
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structures and improved mechanical properties, and high cooling 

rates areeffectiv'e in the casting of alloys containing brittle 

phases, whi.ch sol idify as finer crystals under these cool ing 

conditi.ons: for example, the mechanical properties of AI-l0%Si 

alloy by using solidification under piston pressure increases 

1.3':"1.5. times in tensi le strength, 3-4 times in elongation and 

2-2.5 times in Impact strength. (96) 
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Fig. 11 -1 Cooling curves for an 80m/m di ameter 
solidification of '-

1 • casting centre in 2000kg/cm 2 

2. casting perl phery in 2000kg/cm 2 

3. casting centre in atmosphere 

4. casting per i phery in atmosphere 

In many cases, heat conditions are of decisive Importance In 

casting high quality products by solidification under pressure, 

Just as they are in die-casting. For example, segregation can 

be some~lhat eliminated by selecting the appropriate heat 
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conditions in castIng., S.egregation occurs due to the way in 

\'lhlch.thc <llloy5 solid,ify. \'ihen the temperature of the alloys 

falls below the 1 iquidus, heavily branched dendrites begin to 

develop rapidly from the basic solid solution, which has a higher 

temperature than that at which the alloy finally solidifies. 

Considerable amounts of the readily fusible phase remain in the 

molten state between the dendrite branches at this time. Since 

the Ingot solidifies In successive stages from the periphery to 

the centre, conditions arise in which the low melting point phases 

are displaced into the ingot centre. This leads to an increase 

In the amount of low melting phase components in the ingot centre: 

the phenomena of normal segregation. The maximum possible uniformity 

of solidification can be obtained by pouring the metal into a hot 

mold coated with a lubricant of low thermal conductivity to 

reduce heat transfer as well as by applying pressure. 

The main purpose of applying pressure is to eliminate the basic 

casting defects: "as porosity, blow holes, shrinkage cavities and 

lack of density in the structure. Very low specific pressure is 
.. 

all that is required to eliminate blow holes and gas porosity, but 

some higher specific pressure Is necessary to eliminate shrinkage 

~oroslty and cavities. The proper specific pressure to obtain 

,sound structure Is greatly dependent upon the system and composition 

of alloy. 
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. I! I ;A REVIEW OF DENDRITIC GROWTlI FROM MELT 

When a metal or alloy is poured into a mold and aflOl.ed to solidify, 

the grain structures may be described in various ways, depending mainly 

·on the rate of heat extraction, the amount of metal and its composition 

and the potency of the nucleants that are present. The classical 

picture of the grain structure of a casting or metal has been described 

schematically in three parts: the outer chill zone, the intermediate 

columnar zone and the. central equiaxed zone. 

The presence and extent of these zones In casting structures are now 

known to depend both on nucleation and on crystal mul tipl ication. (4.3) 

1. Interface growth and solute distribution 

On considering the grain structures of castings it is necessary to 

examine the nature of the interface between the growing solid and 

the 1 iquld. 

1.1 Some considerations of interface growth 

Once nucleation has occurred, crystal growth begins and the structure 

de.,i"eloped can be related to the grOl.th conditions of the sol id-

1 iquid interface, in particul'lr to the undercool ing. The shape of 

the solid-liquid Interface depends on the temperature distribution 

.during solidification and some undercooling must exist to advance 

the interface. It is possible to have growth with either a positive 

or a negative temperature gradient In the·l iquld, a·s shown in Fig. 

I 11. -1. 

If.the temperature is maintained in the metal as shown by curve (1) 

of Fig 111-1 (a), the interface wi 11 remain stationary, and if the 
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situation sho~mbycurve (2}.exists, the i.nterface can advance 

due to some undercoo I i.ng. 

Solid 

TE •••••••••• 

Fig. 111-1 

(a) 

(b) 

l'r" J 
(1 , 

,.(2' 

- -...-----:.:~- .. ----.. ' 
--.. ,rolJ.1th DlrecHo"l\ 

(I) ,,..ter!"c.c. .sttl.tlo"Ary 

2) i'lltel'jo.C" 6dv6.'I'I~:'"J 

( 0-) 

SoHd 

TE •••• __ .••• 

( b) 

Temperature distribution in crystal growth 

planar growth with a positive temperature 
gradient In the liquid. 

dendrites growth with a negative temperature 
gradient in the liquid 

~/hen the temperature gradient in the liqLiid is positive in a pure 

metal, the interface shows.no growth form but is plane and structure-

less. The resulting solid is not perfect, however, since a macro

mosaic structure (striations) is usually observed in single crystals. 

When the temperature gradient is negative as shown in Fig. III-l(b) 

the liquid ahead of the interface is thermally undercooled, i.e., 

it is below the thermodynamic freezing temperature, and the struc-

. tures are dendrites. However, generally dendritic solidification 

in a pure metal does not occur or is restricted to only a minor 

fraction of the thickness of the casting because the rate of heat 

abstraction is slower than the speed of dendritic growth. ("") 
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In .alloys, on the other hand, the undercool ing wi II be produced 

indirectly by ch,mges in temperature and composition: that is, 

consti tutional supercool ing •. This type of uridercool ing is primari Iy 

the result of the difference in composition between the solid and 

.1 iquid phases during sol idification •. This difference in composition 

not only.produces undercool i,ng when the temperature conditions are 

suitable but also it is responsible for the segregation that exists 

in the final solid alloy; 

In the absence of constitutional supercooling, the behaviour growth 

is essentially the same as that of pure metals with the exception 

of solute redistribution which is associated with the initial and 

final transients in the sol idification process. '. The existence of a 

zone of. constitutional supercooling ahead of the interface will make 

an Initially planar interf~ce unstable and prone to perturbation in 

shape. The transition from stability to instability can be ~hown 

when the slope of the actual temperature is made equal to the slope 

of the liquidus temperature curve at the interface. This will be 

discussed in the following 'section of constitutional supercool ing. 

Interface growth by undercooling has been limited to either steady 

state or transients which monotonically approach steady state: e.g., 

the supercooling theory has dealt with the questIon of which state, 

solid or I iquid, is thermodynamically stable in front of an initially 

plane front interface •. The nature of interface growth, however, is 

not always so simple as to provide these conditions. Fluctuating 

and periodic growth phenomena are not.only frequently observed but 

are often very difficult to avoid. As a result, a quite different 

approach to the problem of interface breakdown has been recently 
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considered, concerned with whether a state is dynami.cally achiev-

able: a dynnmic<ll approach ns. to whether. the perturbation in 

plane front growth wi 11 grow or shrink depends on the interac·tion 

of the perturbed solute and thermal fields, on liquid-solid surface 

energy, and on interface kinetics. This treatment has some advant-

ages, particularly since it predicts some of the parameters, e.g., 

cell size, which were not treated in the original analysis of 

con~titutlonal supercooling. (45) Hulins ~nd Se~erka(46)-(49) have 

studied this point of view. Although many explanations have been 

devised for these phenomena, it appears that many questions remain 

unanswered due to the handicap of basic experimental difficulty and 

mathemat i ca I compl exi ty.· Thus, the recent direct observat ions of 

Interface behaviour in Inorganic or organic analogues of metals (SO) (s1) 

and in thin films in the electron microscope, (S2) have given valuable 

confirmation· of the different theoretical mechanisms. 

1.2 Solute distribution at steady state (low growth rates) 

The distribution of solute in the sol id, when sol idificatlon is 

complete; is diffe·rent from. that· in the liquid, although the total 

amount of solute is unchanged. This· leads to solute segregation on 

both a microscale and a macroscale. There are two extreme cases in 

solute redistribution. First,· the solute Increase may disperse In 

the liquid by diffusion only •. Alternatively, conditions of mixIng by 

convection may exist In the liquid which rapidly spread the excess 

solute throughout the bulk of the liquid. The following equat!ons, 

which deal with the quantitative aspects cif solute redistribution In 
. 

normal solidification, employ the assumptions of equilibrium at the 

liquid-sol id interface and no significant undercool ing before nucle-

. atlon or from effect of curvature of the liquid-solid interface. 
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(i). Solute distribution by diffusion only 

. Tiller(S3) and others mathematically analy;ed the solute 

sedregation produced in the solid and llquid.during solidi-

fication. 

Using the assumptions:-

(a) convection in the 1 iquid is neglIgible 

(b) Diffusion in the solid is negligible 

(c) Initial composition (Co)· is constant In the sol id 

(d) Interface is planar and its temperature is in sol idus 1 ine 

(e) The ·value of the equilIbrium partition ratio (ko) Is 
constant 

Under these conditions the solid being deposited must have a 

composition Co and the form of the solute distribution will be 

as shown in Fig. 111-2 . 

Fig. 11 f-2 The solute profi le ahead of the interface during 
. steady-state solidification with solute re-distribution 

by diffusion only 

- . The amount of solute being rejected at the interface by sol id

Iflcation, should be equal to the amount that diffuses away 
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from it, and Fick's 2nd law can. be considered. in this case; 

and.thusthe solute velocity (R) to 

move in the I iquid is . ~;. 

The steady state differential equation describing the solute 

flow in the liquid is, thenifore, 

ocf,0) -I- R'~~)= 0 

This has a general solution 

. C = A + B ·"r (- -'if ) 
Applying the boundary conditions 

CL = Co at x--- DO 

CL = c;,4., at X----" 0 

(111-1) 

Substitution in the equation of general solution gives the 

result 

( 111-2) 

(ii) Solute distribution by complete mixing in the liquid 

This condition leads to maximum segregation during normal 

freezing. 

Using the assumptions:-

(a) No diffusion in the solid 

(b) Complete mixing in the liquid 

(c) ko is constant 

The form of the final solute distribution In the solid has 

been analysed by Pfann~54) The solute profile is given by 

. "'-1 Cs = C. ( 1 - 3)' . -I •• (111-3) 

where g is the fraction solid. 

Since no diffusion In the solid is assumed, the average liquid 

composition after a fracti?n g has solidified must be 

CL = Co ( 1 - 3 )JI.-I (111-4) 
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(iii}" Solute"distribution"by partial mixing"in:the li~uid 

The case.of part i a 1 m i x i ng in the "I i qu i d can be so 1 ved approx

imately by assuming that the liquid is compietely mixed except 

for a stagnant layer immediately in front of the interface; 

that Is, there Is a s~fficient convection to ensure uniformity 

beyond the stagnant layer 5 at the interface which is gradually 

broken down by the stirring effects (Fig. 111-3). 

Fig. 111-3 The "effect of the partial mixing on the nature 
of the solute layer at the interface. 

The solute distribution In the solid is then given by the 

equation of complete mixing except that the ko is replaced 

by kE (effective partition ratio) 

(111-5) 

Bu~ton(55) and others derived an expression for kE as a 

function of R. D. ko and 0 They assumed that the 

equation of the solute distribution in the liquid by diffusion 

could only be applied In the stagnant layer up to a value of 

X= b , and the equation of the solute distribution by partial 
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mixing is given by 

by us ing the bounda ry cond it ions 

C = C * at :x.-Oo L . s 

( 111-6) 

where, Cs* and CL* are interface composition in solid and 

liquid. 

Experimental determination of solute distributions under diff-

erent conditions of mixing have been carried out using various 

techniques, i.e •• by microanalysis of a rapidly quenched speci

men under conditions of no mixing in the liquid, (56) by using 

radiography for the directly continuous observation of the 

interface(57) and by directionally solidifying Sn alloys con

taining radioactive tracers. (58) 

1.3 Solute distribution at non-steady state 

While the diffusion process of solute distribution is effective at 

'low growth rates and for high values of diffusion coefficient, it is 

not appreciable at high growth rates or for low values of diffusion 

coefficient'. Generally the totai amount of solute Incorporated 
. .layer 
Into the stagnant/Increases as the growth rates' decrease and the 

.. 
diffusion coefficient increases, as shown. In Fig. 111-4. 
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(a) growth rate· (b) diffusivity (c) partition ratio 

Fig. 111-4 Changes in the solute concentration dhead of a 
growing interface for changes in the growth para
meters. 

Fig. 111-4 illustrates, schematically, the way the solute concentr-

ation profi le changes in front of the interface with changes in the 

variables R, 0 and ko « 1), respectively. 1 t is seen that a short, 

steep pile-up is produced at high growth rates and for low solute 

diffusion coefficients. Of particular importance are the extreme 

solute accumulations that can occur near the Interface for systems 

in which ko is very small. For solute concentrations higher than 

about 0.5% the solute pile-up effects are very marked and the 

.physlcal nature of the interface alters to a' non-planar configura

tion. Under these conditions, the foregoing equations which are 

mentioned in the solute distribution ar steady state are no longer 

valid, although they can be used to give some approximate Indication 

of the solute distribution near the interface. 
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Considering ,the changes of the' localised solute distribution in 

the sol id by changing the growth rates, the effects are shown in 

Fig. [[ 1-5. 

RI <R~ 

~ X i"l\ .solid 

Fig. 1[1-5 The effect of changes in the growth rate on the 
localised solute distribution in the solid. 

Thus, If a fluctuation in the growth rate occurs during solidi-

fication of an alloy with ko<:1, the amount of solute in the inter-

face pile-up will need to increase when the growth rate slows down, 

or to decrease when the growth rate speeds up. These changes will 

lead to a localised'deviation from the st~ady state while the solute 

pile-up changes. The need for an Increase iil the, amount of solute 

in the p.ile-up with a decreased growth rate means a local decrease 

in the amount of solute deposited in the solid as the grO\~th rate 
'. 

changes. Thus a region depleted in solute will appear in the 

solid. The reverse is true If the growth rate Is Increased. 

Calculation of solute' redistribution at non-steady state needs to 

be done using the, time-dependent form, and the non-steady state 

.differential equation describing the solute flow in the liquid is 

therefore, obtained by modifying the above equation, (r 11-1), 

(111-7) 
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Smlth(59} and others have obtained an exact solution for. this case 

'using the above differential' equation and with the steady state 

solute distribution at initial interface vel6city as initial bound-

ary conditions. The results were that the characteristic length 

( f~R ) of the perturbations that form is much greater' than D/R 

for sma1.1 ko and increases with decreasing ko as in the initial 

transient. Also, as would be expected intuitively, the maximum 

solute content in the banded region increases with increasing 

velocity change. Mollard and Flemings(60) have studied the solute 

distribution of two-phase composite alloY/~5n-steady state. Their 

experimental results confirmed the foregoing and showed that 

concomitant with the increase in velocity is also an abrupt decrease 

in lamellar spacing. Briefly they concluded as follows:-

'. 

(i) Changes in either growth rate or thickness of convective 

boundary layer J' will result in local variations of 

composition • 

. (i1) Changes in growth rate will change both famellar spacing 

and' composition, while changes in ~ will change only 

composition. 

2. Constitutional supercooling and dendritic growth 

Most dendritic structures in alloys are the result of undercooling 

produced by constitutional means, and can be controlled by heat 

. and/or mass transports. If the undercool ing is increased by a 

critical amount over that required for cell formation, all the 

ce 11 s begi n to b ranch and form an a rray of dend rites; a change 

to the dendritic structure can be obtained by introducing more 

thermal and constitutional supercooling. 
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2.1 . Consti.tutional supercool ing 

If.a possible temperature gradient is m;::lnt;::incd in the liquid 

during growth (Fig. Ill-Ha)l, .the interface may be planar and 

the segregation patterns described in the solute distribution at 

'steady-state may occur. However, if sol idification occurs at so 

fast a rate that the atoms cannot diffuse sufficiently to produce 

composltional equilibrium,·a concentration gradient is set-up in 

the liquid adjacent to· the advancing solid-liquid interface. 

This build-up is produced by the local enrichment of the liquid 

with impurities or a second alloy element, as shown In Fig. 111-6, 

depending on the type of equilibrium diagram. 
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Fig. 111-6 Constitutional supercooling ahead of an interface 

Thus, Chalmers and coworkers (53) (61) pointed out that the solute 

accumulation, which exists ahead of the interface when no mixing 

or.no convection occur in the liquid, could lead to constitutional 
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supercooling: . Considering the case of no mixIng in the liquid, the 

solute distribution ahead of the interface is given by 

. R ) (- 0 x) 

The build-up of solute in the liquid at the interface reduces the 

liquidus temperature of this portion in the melt and each compos-

Itlon in the liquid ahead of the Interfa~e has a particular liquidus 

temparature as shown in Fig. 111-6. The equilibrium liquidus temper-

ature (T
l
) Is given by 

T = T - mC l m l 
(111-8) 

where T is the melting point of the pure metal and m is the slope 
m 

of the liquidus line in the phase diagram. For a solute distrib-

ution, the equi I ibrium I iquidus temperature corresponding to differ-

ent points &head of the interface will then be, 

. T = T - mCo (I + ~ exp (-.!!. x») l m ko 0 
."'-

(111-9) 

For the steady-state solidification of an alloy of initial compo-

sition (Co), the interface temperature (T.) is 
I 

Tj = T 
m 

mCo 
To· 

. Thus, the llquldus temperature can be rewritten as 

. mCO(I-ko) 
+ ko ( 1 - exp (~~ x») 

(111-10) 

(111-11) 

The· actual temperature in the liquid,on the other hand, is given 

by 

T = T. + Gx 
I 

(111-12) 

where G is the temperature gradient In the liquid ahead of the 

Interface. 
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,When. the actual temperature is. superlmposed upon ,the curve for 

equilibrium IIquidu5 temperature, as In. Fig. 111-6, part of the 

liquid is below Its normal liquidus temperature •. This under-

cooling, termed constitutional supercooling, Is a direct result 

of the concentration gradient that exists in the liquid. The 

zone ef consti tutional supercool ing'can be el iminated if the 

slope of the actual temperature is made equal to or greater than 

the slope of the liquidus temperature curve at the interface. 

Thus for no constitutional supercooling the following relationship 

is requi red, 

G > ( dTL ) . 
. dx X::o 

(111-13) 

By differentiating the equation of equilibrium liquldus temper-

atures, the following condition is easily shown, 

G > mCo(l-ko) 
R 0 ko 

(111-14) 

,-
./ 

The terms in the above equation are grouped with growth parameters 

on the'left-hand side, and'·material and system parameters on the 

right-:-hand side. The nature of this equation allows one to define 

conditions under which constitutional supercooling occurs. These 

are: 
(i) low.temperature in the liquid 

(I i) fas t growth ra tes 

(Iil) steep liquldus lines 

(i v) high alloy con ten ts 

(v) low diffusion coefficients In the liquid 
" 

. (vI) . very low ko for ko < 1 or very high ko for ko > 1 
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The exactness and theoretical validity of the constitutional 

supercool ing criterion have been criticised on the basis that it 

was deduced by the application of equilibrium arguments to a 

dynamic system; (49} the above consti tutional supercool ing 

criterion is applicable only for unstirred system. For stirred 
. .. . (62) (63) 

melt, Hu.rle and Bardsley hilve.sho\·m that, by appropriately 

changing the boundary conditions in the equation of solute distr-

bution by diffusl0n only, the results can be de~crlbed by the 

condition, 

Rk 
.( I-ko)--I 

ko D (111-15) 

On the other hand, Munins and Sekerka(61) have theoretically. 

studied the growth or decay of perturbations in shape of the surface. 

Their techniques were to calculate the time dependence of the ampli-

tude of a perturbation which was introduced Into the shape of the 

planar interface; if the amplititude increases, the interface Is 

unstable and so on. They derived the criterion that instability 

occurs when 

(111-16) 

compared with the constitutional supercooling criterion of 

for ins tab i 1 i ty 

where b arises from the surface tension (capillarity) between solid 

and .Jiquid, which tends. to keep the interface planar. 

Experimentally b has been found to be negl igible for many system~62) 
but at high growth velocity It cannot be neglected due to the 
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surface energy •. The plot of G/R versus Co for.Mullins-Sekerka 

criterion by considering.the surface energy is shown in Fig. 111-7. 

1 
% 

STABLE. 

-'>- Co 

Fig. 111-7 The plot of G/R versus Co for stabilitvlinstability 

They also predicted.that there is a critical velocity, dependent 

on. the interfacial tension, above which instability is impossible 

and the region of absolute stability would exist when 

(111-17) 

This will occur at high growth' velocities when the surface energy 

effect will completely dominate the solute effect: (65) Sharp and 

Hellawell(64) measured the.cell spacing in Al-Cu alloys which had 

been undirectionally grown at accelerating growth rates and quenched 

immedIately after breakdown. They compared their results with the 

wave length of fastest growing perturbation predicted by the Mulllns 

and Sekerka analysis. A satisfactory agreement could be obtained 

only if the surface energy was assumed to have a very high value. 

They suggested that a more reasonable value for the surface energy 

could be used to give a good correlation with the experimental 

results if a correlation factor was included In the analysis to take 

account of the interface shape transition during breakdown. 
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2.2 Dendrl tit growth. 

.The constitutional supercool ing' criteria whlch were mentioned 

closely predict conditions required to initiate breakdown of 

a plane front in metals sol idifying without facet formation. 

As the growth veloci ty is increased, the changing shape of the 

growth structure wi 11 be proceeded b)' the sketch shown in 

Fig. 111-8. {?6} 

@ 

(0.) 

Fig. 111-8 

lhel).:t 
flo", ~ 

~ ~ ~ 
(b) (C) (d) 

Sketch of the changing shape of the growth 
structure as the growth velocity Is increased. 

{a} regular cell grol1ing at low velocity 

{b} regular cell growing in <100> dendrite 
di rection 

{c} flanged-cell or' cellular dendrite 

{d} dendrite exhibiting the start of periodic 
lateral branch 

At low degrees of constitutional supercooling a cellular inter-

face develops from the planar interface after first becoming pock-

marked and then showing elongated cells. As the degree of super-

cool ing increases the cell caps become extended and eventually 

branch to form cellular dendrites. Practically, the constitutional 

supercooling required to breakdown a plane front In metals solidi

fying without facet formation, is so small that it is within 
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(67)· . 
experimental error. . It IS, therefore, difficult to observe 

.the cell"lar and/or cellular dendrites structures Nithout controlling 

the growth velocity. In normal sol i.dification, this. kind of super-

cooling required for growth can usually be ignored, because it is 

small compared with the temperature gradient that must be present 

·to remove the latent heat of fusion that is liberated when liquid 

transforms to solid •. It follows that the overall rate at which 

crystals grow is governed by the rate at which heat is extracted 

from the region where growth takes place: the rate at which solid 

is formed in a cooling melt is determined by the rate at which the 

latent heat is removed. Free dendritic growth usually takes place 

in this case where the ·Iatent heat is conducted from the growing 

crystal into the liquid. The conditions for cell formation, 

cellular dendritic and free dendritic growth in alloys are shown 

in Fig. 111-9. 

T T 
.-rrnP"'---T. .......rmTlTTTT;TlTTTT T. 

i"'-'-'-'J...U..I.llW.lll!.L.l.. T 
JT (rr) ... > 0 

(a) (b) (c) 

Fig. 1.1 1-9· The effect of the extent of supercooled layer on 
the formation of structures in alloys. 

(a) condition for cell format i on 

. (b) condi tion for cellular·dendritic growth 

(c) condition for free dendritic growth 

Free dendritic growth takes place in the case with negative temper

ature gradient in the I iquid as shown in Fig. I I 1-9(c). This 

implies that the whole of the liquid would be supercooled by an 
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. (68) 
amount· that could be.very la.,rge, tens or hundreds .of degrees 

while.thetemperature of·the cellular dendritic interface is within 

a few degrees of· the equi I ibrlum I iquidus temperature. This diff-

erence increases with increasing rate of heat extraction. When 

the liquid is poured into a mould, the heat is extracted through 

the mold.11all, and a heat balance on a unit area of the sol id-liquid 

interface indicates, 

aT) KsE ax s (111-18) 

assuming that the temperature of the interface remains constant. 

Where Ks, K~ are the thermal conductivities in the solid and the 

liquid, VA is the velocity of the interface and Qf is the heat 

required for .fusion (- Qf is the heat liberated on freezing). 

Considering the effect of solute in an alloy.on dendritic growth,. 

In an Isothermal system the solid·can grow only as fast as the 

solute rejected diffuses away from the Interface. This is because 
: 4 

heat has a diffusion coefficient roughly 10 times greater than 

the solute and so getting rid of the heat is no longer rate control-

ling. Generally, an equation for the velocity of the advancing 

Interface· in .an alloy Is given by, 

v =- DL (vC) (111-19) 
CL - Cs '1 

Thus, DL rep 1 aces. the thermal conductivity (KL), and the solute 

(CL - C~) that must be removed per unit volume converted from 1 iquld 

to soli d, replaces the heat (b1f) that must be removed per unit 

volume converted from I iquid to sol id. There is one major differ

ence between pure metals and alloys. fnpure metal, the rate of 
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growth is controlled by the ~ateat which heat is conducted out 

into the.surroundlng liquid·, while,.in the alloy,.the grO\~th rnte 

is mainly controlled by the rate of the solute which is diffused 

away from the interface. In the case of the alloy, diffusion of 

the solute, which Is inherently a much slower process than the 

conduction of heat, is limiting, and so the dendrites grow much 

more slowly than in pure metal. It Is, therefore, much easier to 

obseriie the dendrite structure in alloys than in pure metals. The 

solute distribution between the dendrites In alloys, occurs in the 

same way as for cellular dendrites, because the process would be 

essentially no different, except for a negative 

~t~lqUid. It c~n be, therefore, explained 

temperature gradient 

by the constitutional 

supercooling criteria discussed in the previous section. 

2.3 Dendrite morphology 

Dendritic solidification is characterised by a morphology resulting 

from the growth of long, thin spikes in specific crystallographic 

directions, with regular branches in h • I· d· ; (69) ot er equlva ent Irectlons •. 

Th~ branching habit extends to secondary, tertiary and sometimes 

higher orders. In face-centred and body-centred cubic structures, 

dendritic growth is observed to take place In the cube directions, 

of which there are three that are mutually perpendicular. The main 

qualitative experimental observations are: (a) that dendritic 

.. growth takes place when the melt Is supercooled, (b) that the 

directions' of growth are always strictly crystallographlc, (c) 

branching occurs at roughly regular spacing, and that only a small 

proportion of the liquid is sol idifled In this way. 
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. for quanti tative observations, the followtng four aspects can 

account for dendritic growth; they are: (a) total amount of 

solid formed·as a function of initial supercoolIng of the liquid, 

(b) direction.of growth· in relation to the.structure, (c) spacing 

and relative lengths of the branches, and (d) speed of growth as a 

function of the temperature of the liquid. 

(l) Direction of dendritic growth 

It was pointed out by Weinberg and Chalmers(70) that the arms 

of dendrltes always grow in crystallographically determined 

directions: e.g., <lOO> dendritic growth forF.C.C. and 

B.C.C., <110> ·for B.C.T., and <10io> for H.C.P. However, 

the general explanation for the crystallographic features of 

dendritic growth must be related to anlsotropy of the relation-

ship between grol1th rate and kinetic driving force. 

(Ii) Speed of growth 

The problem of predicting the speed of growth as a. function of 

undercooling has not yet been solved satisfactorily. Jackson(71) 

has stated the problem in the following terms. The total super-

cooling of the ambient liquid may be regarded as being divided 

into three parts: (a) the temperature difference (.6 Tcl 

between the interface and the liquid remote from the Interface, 

(b) the difference ("Tf() In temperature between the Inter

face and Its equilibrium temperature, and (c) the difference 

(4Tr) between the equilibrl~m temperature of the tip and that 

for a planar interface. If there is a steady state rate of 

advance It will occur when all three parts of the supercooling 

have constant values. However, it is unlikely that steady 
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state conditions can be achieved in dendritic growth, because 

the size of the dendrite tip an'd the temperature distribution 

'around it maY,fluctuate in a periodic manner. Mullins and 
(46) , 

Sekerka' suggested that the tip should grow until it becomes 

large enough to be unstable, and then breakdown into a number of 

separate tips, each of smaller radius, as shown in Fig. 111-10. 

5hble 'uYlst .. ble st. ... ble 

Fig. 111-10 Branching of dendrltes 

The finer the dendri te tip becornesthe faster it grows but for 

* any given degree of undercooling there exists a critical radius (r ). 

If the tip radius (r) gets much larger than 2r* the tip breaks up 

into two growing ti'ps, ~/hile if the tip radius gets much below 

* 2r the velocity drops to\~ards zero: Those bumps which develop 

. * most rapidly are those with a radiusof roughly 2r • 

On the,other hand, if It is assumed that the tip radius approaches 

~ critical radius, surface tension plays a dominant role.(72) This 

* means that If r -.+ r ,the velocity of the dendritic growth depends 

mainly upon the surface 'tension, rather than upon the supercoQllngs 

which have been dlscussed'by means of satisfying diffusion conditions 

during solidification. 'In this case, unfortunately'any theory based 

on steady state growth can be at best an approximation. 
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(ill)' Spacing of dendrite arms 

Dendrite morphology in usual. casting processes remains 

largely unchanged over wide ranges of cooling rate. It . '. . 

simply. becomes finer as heat is extracted at greater rate. 

One exception to this rule is that at very high cooling rates, 

when primary ai-m spacing becomes very small, secondary and 

tertiary arms may be absent. The mechanism of spacing adjust-

ment is similar to that by wh.ich cells adjust their spacing. 

The driving force is the constitutional supercooling in the 

region between the two primary dendrite arms. Primary dendrite 

arm spacing depends on the product of thermal gradient and 

growth rate GR, as does cellular spacing, and results which 

, (97) (98) have been reported correlate well with this parameter. 

Secondary dendrite arm spacings also depend directly on cooling 

rate, for both columnar and equiaxed grains. Results are 

plotted either versus average cooling rate during solidifi-

cation time t f• The resulting plots are closely similar since 

(111-20) 

where "T~ is the non-equil ibrium temperature range of sol idi-

fication. Relationships found between dendrite arm spacing and 

thermal variables have the form, 

(111-21) 

where the exponent n is in the range of 1/3 to 1/2 for second-

ary spaclngs and generally very close to 1/2 for primary spac-

I,ngs. Whereas. the final secondary dendrite arm spacing is 
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usually much coarser than the one that forms initially. ' 

When.this coarsening proceeds to a significant extent, ~ome 

mechanism other.than simpl~ constitutional supercooling deter

mining the final spacing must be looked for. Theroretical 

study has been made of the morphology of coarsening by 

Fleming et a\. (73) Constitutional supercooling, which was 

sufficient. near the dendrite tip to form the arms, is 

reduced to 5uch a low value back from the tips that the effect 

of the radius of curvature on melting point becomes relatively 

more important. The result is remelting of some of the arms. 

The coarsening process influence~dendrite structures in other 

ways than simply by altering final dendrite arm spacing. One 

effect is to decrease microsegregation. 

Finally, it is necessary to ref<;!r to the. stages of dendrite 

growth during solidification: at first the liquid. can solidify 

dendritically, but later it c~n solidify only by the extract-

ion of heat from the solidifying material and the heat would 

be removed by conduction through the sol id which had al ready. 

formed. It was shown by Weinberg 
(70) . 

and Chalmers that the 

"filling-in" stage is much slower than thedendi"itic grOl~th • 

3. The Formation of eguiaxed structure 

The structure of a casting is of great importance since many mater

ial properties, especrally mechanical properties, depend on grain 

shape and size. Investigations into the mechanism of formation of 
" (4)-(8) 

.the equiaxed zone have been carried out,by many workers. 7 7 

Nevertheless, there is no conclusive evidence in support of any 

-40- • 



":' .. :" 

.)' of the ~echan'ism~roposed for equiaxed grain formation. The 

significant mcchunisms ure grain multipl ication by the melting

off of the arms of growing 'colun:mar dendrites, and dendrite frag

mentation by the tearing-off of the arms .. due to the shear stresses 

exerted by the flowing liquid. It has been considered that the 

principal mechanism for producing the nuclei for equiaxed forma-

tlon Is dendrite remelting, although dendrite mechanical deform-

atlon and fracture can occur to some degree, in normal sol idi-

ficatlon. On solidifying under pressure, however, the dendrite 

fragmentation by the shear stresses will be an important factor 

for forming equiaxed grains. 

3.1 Variables affecting the formation of equiaxed grains 

The formation of an equiaxed zone depends on (i) the presence 

of nuclei In the liquid ahead of the liquid-solid interface and 

(11) conditions in the liquid being such that the nuclei will 

grow. Much work has been carried out to determine the origin of 

nuclei 'in the equiaxed zo,:!e, but there is no conclusive or unique 

mechan I srn for th i s format i on. It is genera lly accepted that the 

formation of this zone occurs by the growth of crystal nuclei in 

the melt ahead of the columnar interface and by the creation of 

crystal nuclei in the melt. These kinds 'of nU'clei may be formed 

by the influences of the variables which are superheat, alloy 

element, solute concentration, convection and so on. 

(i.) S upe rhea t 

Fig.· 111';11 i 12 show Chalmers experimental resul ts In A1tSU 

alloys cast in. a standard graphite mold (4)2'' x 3" height). 
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The grain size of theequlaxed zone was found 'to decrease 

as the pourtng tcmpcroture vIas lov/eredo~ zhO\'m in Fig.III-II. 

Below a certain pouring temperature the casting consisted 

entirely of equiaxed crystals and as the pouring temperature 

/K increased~lumna'r zone increased as shown in Fig. 111-12. • 

The results can be used not only as the basis for'an explana-

tion of the sequence of processes that occur during solidifi-

cation in a maid, but also as useful data to predict"the 

grain structures of a casting. Practically it is difficult 

to predict the formation of the equlaxed zone. This is because 

so many different aspects of the process can vary: because 

the vBrious physical parameters, such as temperature gradient, 

heat capacity and diffusion time, depend in quite different 

ways on the dimensions of the mold. 

pour,,,,, iernp, 

Fig. "111-11 
Variation of equiaxed 
grain size with pouring 
temperature, (79). 

(i il Soluteconrentration 

lOO 

Fig. 111-12 

"no JZf"laxed 
.1~;'11 

Variation of columnar length 
with pouring temperature and 
cquiaxed grain size (79) 

The effect of solute concentration on the columnar to equiaxed 

transition is complex. It is generally assumed that increasing 

the solute concentration promotes equiaxed zone formation and 
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and retards columnar gro~th (from Chalmersexperimental 

rcsu1ts). 

(iil) ·Alloy·elements 

Tarshis,. Walker and Rutter(75) studied the effect of differ-
. I 

ent so'lute elements on the 'graln structure of AI' and Ni 

·castings •. The grain size of the castings were measured and 

plotted against the parameter p = .", (~:~,). Coo • Their 

resuits' showed a marked change In the grain structure as a 

function of this parameter, as shown in Fig. 111-13 for AI 

alloys including various elements each 1 atomic percent. 

Pu .. At 

0.1 

0·8 

0., , Lt. 

\l 0.1 
!:\ 
!i) 

s:H 
.~ 

<r,) o.~ z~ 

" ,. 
."!t 0.1 IIJ 

~ 0.1 ,t1 
Cu £1-

0.1 s~ • c. J .~, P»70 
• /l"e 
, 311 

,. • 0 .). ¥o SD I • 7D 

FIG. 111-13 Variation in grain size of AI binary 
alloys for different alloying elements 
(1 at %) 
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No exp I anat i on was, given for the use of p = 'lI1 (,f,: 1\,) C .. , 

but it is the parameter of an alloy that determi,nes the 

conditions for breakdown of a planar interface and the 

possible development of constitutional supercooling. 
, 

(Iv) , 'COnvect i on / 

The columnarto equiaxed transition is markedly effected by 

the temperature profile in the liquid which is determined by 

thermal conduction and convection. The 'amount of convection 

In a casting represented by the maximum velocity (Vm) of 

fluid flow past an advancing liquid-solid interface, has 

been shown by Cole and Boil ing(80) to be approximately given 

by 

Vm~KH3GL 
where K Is a constant, H is the height of liquid and G

L 
is 

the imposed temperature gradient in the liquid. The amount 

of convection decreases with the increasing temperature 

gradient (GL): a higher temperature gradient in the liquid 

prevents the columnar to equiaxed transition. Uhlmann(81) 

et al cast AI-2% Cu alloys into graphite molds (~5cm xl2.5cm H) 

at different superheats, some in the presence of a magnetic 

field. This has been shown to reduce convective motion in 

a 1 i qu i d meta 1. They observed that above a certa i n superheat 

and with a sufficiently strong magnetic field the equiaxed 

zone 'could be eliminated. Below this superheat, the casting 

was equiaxed even in,the presence of the magnetic field. 

Cole and Bolling(82) passed an electric current through a 

und i rect i ona 1 cas t ing across wh i ch was a magnet i c fie 1 d. 

-44-



This arrangement gave increased fluid flow down the I iquid~ 

sol id interface. They observed a layer equiaxed zone and 

a more rapid temperature drop in the liquid in the presence 

of.the field and the current. I 

Mechanisms previousiy suggested for the establishment of final 

dendrite arm spacing in alloys had generally assumed that all 

arms that form are stable throughout solidification. However, 

it has now been apparent that the dendrite formed at the 

start of solidification is highly unstable. Jackson(7~) et 

al suggested that the equiaxed zone could be formed from 

crystals which arose from the partial remelting of dendrites 

and could occur under isothermal conditions as a result of 

surface energy. Some obsGrvations en alloys' and . org::r:lc 

materials, which solidified in similar ways to metals, showed 

that dendrite arms could melt off as a result of growth rate 

fluctuations during sol idification. The growth rate fluctu-

ations were assumed -to occur in casting as a result of con

vection; Fle~ings(73) et al suggested that one way in which 

the remelting can occur would be by the coarsening of dendrite 

structure during solidification as well as during isothermal 

holding, and that driving force for the coarsening is a 

reduction of liquid-solid surface area. They also proposed 

that the growth rate fluctuations by convection would accel

erate the melting-off of dendrites, as shownexperimental1y 

by Jackson et al. 
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Before examining the columnar to equiaxedtransition by 

,this mechanism and not-by creating newnucleii, it is 

essential" to set up a terminological difference bet~leen grain 

multipl ication and dendrite fragmentation- in this subject. 

This is because the transition when solidifying under pressure 

may be different from those in normal solidification. 

Grain muitiplication will be defined as the case when new 

crystals occur by the melting-off of the growing crystals due 

to temperature fluctuations in th~ moving liquid, and dendrite 

fragmentation wi 11 be the case when new crystals mainly grm' 

,from fragments' torn off the existing dendrltes by the shear 

stresses exerted by the flowing liquid. Generally, the orig-

,Inal source of occurrence of the new crystals, in both cases, 

can be traced back to the motion of liquid by superheat and 

by thermal and solute convection as mentioned in the previous 

section. However, as a means of creating the new crystals, 

dendrite fragmentation will be different from remelting: that 

Is, dendrite fragmentation mainly occurs by the shear stresses 

in the liquid-sol id interfaces. In normal castings, the prod

uction' of new crystals for equlaxed formation is mainly 

through dendrite remelting although mechanical deformation 

and fracture of growing dendrite can occur to some degree.(4S} 

Dendrite fragmentation, which occurs under Isothermal conditions 

as a' result of surface energy effects, produced relatively 

few new crystals over a relatively long time, compared with 

grain multiplication projected by Jackson's experimental 

work. (74) Tiller'and O'Hara(83} also suggested that 
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dendrite fragmentati~n would be difficult, even . though 

a stress on the dendrite as a result of convection could 

produce new-crystals since the yield-point of a metal was 

negligibly small at its melting point. In solidifying 

under pressure,. however, dendri te ·fragmentation will be able 

to play an important part (rather than grain mul tipl ication) 

In some cases. This is possible because of the Increasing 

shear stresses and extremely rapid solidification so that 

dendrite remelting cannot take place. This is oppositeto 

" normal castings in some respects. 

Grain multiplication usually occurs by superheat, volume 

concentration, thermal and constitutional convections in the 

wide sense,'but they can also be explained by the thermal 

recalescence occurring .due to the latent heat of solidif

Ication. This heat induces an upward fluid motion and may 

carry upward very tiny grains with the ascending flow. This 

phenomena has been observed by using the analog material of 

a~onium chloride wa-ter solution. (84) Additional verific-

atlon for the convective flow induced by latent heat liber-

atlon ha~.een shown by temperature measurements in ingots 

of Zn-3~by Cole and Boiling. (85) There was an increase 

in temperature of about IOC only when the equiaxed zone 

forms, while when growth was entirely columnar, the cooling 

curve showed only the usual plateau at the freezing temper

ature. Southln(86) found that by applying heat to the top 

surface of the casting, the surface dendrites and the equi-. . 

axed zone could.be eliminated. Of course, the columnar to 
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equiaxed transition could take place by the motions of 

bUbblj(. dissolv~d gases, oxides, Impurities and so on, in 

the,molten metal. The variation of the equiaxed zone with 

superheat, convection, volume concentration, recalescence 

and the motions of heterogenous substances, could also be 

accounted for by transport manipulations: by the appli-

cations of magnetic field, electromagnetic field, vibration, 

Coriol is "field (rotating the convecting fluid); ul trasonic 

waves, pressure and so on. 

The liquid metal movements can be,increased or decreased by 

controlling the transport manipulations mentioned above. 

When the liquid and solid motions are increased during solidi-

fication, heat transfer increases, and thus its change directly' 

influences solute boundary layer thickness (S) and shear 

stresses may be developed. (85) For example, when liquid 

flow motions do not contact the interface, bextends farther 

into the liquid, and all solute flow is by conductive processes 

only. Whereas when they contact the'interface, S' becomes 

narrowe'r and solute flow is by convective aswell as by con-

ductlve processes. In addition, if the interface is dendritic, 

shear stresses cannot be supported and dendritic bits may be 

detached. The application of a stationary magnetic field Is 

one of the methods to reduce heat transfer due to reduced 

natural convection. A magnetic field decreases heat trans

fer rate by a viscous-drag effect: that is, the fluid Is 

'constrained by Lorentz forces to move in a plane normal to 

the directions of field and flow. Attlarge magnetic field, 
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. therefore, the liquid metal transfers heat by conduction 

only·. As. the field strength is decreased below a critical 
. 

value, convective flow begins to transport heat from the 

inner to the outer wall, and the temperature difference , 

across the layer decreases. With further reductions in the 

Held, convection increases and the temperature difference 

decreases further. The influences of magnetic field strengths 

on convection and temperature fluctuation is shown in· Fig. 

111.14. 

800 400 .300 .. to 
M4>-jllO-liC fle.ld ( ~,ys.) 

Fig. 111-14 Influences of magnetic field strengths on 
convection and temperature fluctuations (85) 

Thus, at large appl ied magnetic field (800 gausses) ,there 

. is no convection and no temperature fluctuations; at a 

lower field strength (400 gausses), overstable oscillations 

are seen; as the field s~ength is decreased, the oscil-

latlons become less perfect and eventually decay into the 

irregular temperature fluctuations characteristic of natural 

convection. The reduction of fluid motion in the presence 

of a· magnetic field was also observed by using radioactive 

tracers as a measure of • (99) convection. 

On the other hand, Crass I ey (87) et a I found that the fine 



equiaxed structure (800~100Q grains per cm2} in aluminium 

{Sl\E.ll00} \'/as obtained ~ihen fluidflo!'l of molten ~ias lnter-
. . , ~ . 

rupted during solidification, by magnetic stirring: by 

currents of. 200. amp and 8000 amp~turns magnetic,field 

applied during solidifcation. Cole and 80111ng(82) also 

observed a larger equiaxed zone and a more rapid temperature 

drop in the liquid in the presence of the magnetic field and 

the current. This method has been applied commercially to 

continuous casting. Crossley(87) et al examined the influence 

of mechanical rotation appl ied to aluminium (SAE 1100) by 

using the imposed rotational speed 250 rpm. When the periodic 

accelerated rotational motion was applied, fine grain structure 

resulted In the material, while when uniform rotational motion 

was achieved the structure reverted to predominantly columnar 

with small areas of equiaxed grains close to the mold wall. 

They proposed that viscous shear in the liquid has a signifl-

cant· effect on equiaxed formation. Introduction of ultra-

sonic·waves were also shown to increase heat transfer rate . 
In a moi"ten metal and to alter the solute distribution. There 

can be other ways of changing heat flow rates and the rates 

of mass transport in addition to the methods already mentioned. 

Above· all, the· essential feature about equiaxed formation is 

that. local temperature. gradients must be maintained at a suff-. 

iclently low level so that a new crystal will not remeft but 

can survive and grown,.no matter how it Is produced. 
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3.3 5.9uiaxed formation by creating 'new nuclei 

Fine grain equiaxed structures are isotropic and their prop-

',erties are markedly sup~rior, and: so these structures are required 

in casting for all but a few very specialisedappl ica,tions, e.g., 

magnet alloys, single crystal turbine blades., These structures 

can be achieved by encouraging conditions favourable to the form-

ation of nuclei, suppressing columnar growth. Generally two main 

approaches have ~een adopted, namely, (a) the r.ontrol of nucleation 

by control of the casting conditions, and (b) the use of physical 

methods by stirring, vibration and so on, to induce dynamic grain 

refinement. The (b) method was discussed in the grain multipli-

cation section, and for ,the (a) method constitutional' supercooling 

and big bang theories have been proposed by Chalmers. 

(I) Nucleation by constitutional supercooling 

At first, Rutter and,Chalmers(61) developed the constitutional 

supercooling theory to explain cellular structures, and 

Winegard and Chalmers(88) more vitally applied it to explain 

the formation of the equiaxed zone in ingots. As shown In 

the constitutional supercooling criterion, when the value of 

R~/GDL increased, the constitutionally supercooled zone 

Increase and the structure alters from cellular to dendritic. 

The temperature gradient (GL) in the liquid Is Initially high 

due to the superheat'. As this gradient decreased during 

cooling, the zone of constitutional supercooling is exten~ed 

and the amount of supercooling is increased. Thus, Wlnegard 

and Chalmers proposed that sufficient constitutional super-

cooling would develop to promote heterogenous nucleations at 
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some stage during sol idification. They extend~d the 

concept, of' cons t i tut iona I ,supercoo I ing to exp la i n the 

columnar to equiaxed transition. 

This theory can explain the effect on the grain structures 

which depend on superheat and concentration of a casting 

'during solidification, since it can affect the amount of 

constitutional supercooling present at a particular time. 

Hany studies have been made to determine'the'influence of 

R, GL and C~ on the columnar to equiaxed transition through 

the unidirectional growth experiments. Plasket and Winegard(89) 

grew AI-Hg alloys unidirectionally in graphite crucibles 

( ~ 3cm) and observed the columnar to equiaxed transition at . 
known values of growth rate (R) and temperature gradien~ (G). 

Their results, plotted as GIRt against solute content Coo, 

showed a curve 11ith a I i'near region at low solute content. 

Cole and Bolling(65) showed as well that the relationship 

between G/R and C~ 'at the transition was the linear region 

at low composition in Pb-Sb alloys. Chalmers and Bi Iloni (76) 

reported a similar curve to that of Plaskett and Winegard for 

GIRt against Coo at' the transition in AI-Cu alloys. However, 

there appears to be no significance in GIRt and a similar 

form'of curve can be obtained using G/R Instead. These 

Investigations indicated that the columnar to equlaxed trans

ition could be affected by G/R and Coo • 

,Further evidence supporting the constitutional supercooling 

theory of equiaxed zone formation is thesa~~sfactory 

explanation it gives for the behaviour of inoculants. It is 

-52-

I 

I 
[ 
t; 

, 



• 

genera Ily accepted that these produce a· I arge number of 

heterogenous nuclei which are able to nucleate the metal at 
• 

very small .supercoolings, and it has been found that a solute 

element which Is rejected ahead of the growing interface must· 

. be present as well to produce grain refinement • 

. On· the other hand, Uhlmannet al (81) observed that the temp-

erature in the centre of a casting dropped very rapidly to 

give a zero temperature gradient in the liquid for most of 

the solidification, with or wlthout·a magnetic field. Under 

conditions of reduced convection, even though the temperature 

gradient in the liquid was zero, the castings were completely 

columnar. This means that the· equiaxed zone may not be 

formed by a constitutional superco?1 ing nucleation mechanism. 

Therefore, the constitutional supercool ing nucleation mechanism 

may not be a sufficient condition for growth of equiaxed 

crystals; I.e., there may be conditions where It does not apply 

·to the formation ofequiaxed zones. 

(il) Steady state theory 

Chalmers(90)·proposed the big bang or steady state theory of 

formation of the equiaxed zone, to explain the inconsistencies. 

This theory assumed that nucleation occurred only during the 

I nit I a I ch IlIlng. . The equ i axed zone then cons Is ted of crys ta Is 

w~ich survived and grew in the liquid.untll they formed a net

work ·that Inhibited further.growth of the· columnar zone • 

The evidence in.support of. this theory Is as follows: 

(a) The correlation between columnar length equiaxed grain 
'. -... 
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size and poudng temperature is accounted .for; a high pour-

ing tempera tu re 9 I "es a· th inner zone I n \~h I ch nuc I eat I on can 

take place,. hence fewer free chill crystals, combined with a 

higher probability of the free crystals being remelted 

before·the temperature. of the liquid falls to a level at 

which they can grow. There are, therefore, relatively few 

free crystals; they survive and grow for a relatively long 

time before impinging on each other-and forming a continuous 

-network. Conversely, a low pouring temperature produces 

many nuclei of which a high proportion survive, giving a 

continuous network early in the process, with the result that 

the columnar zone is short and .the equiaxed grain is small. 

(b) The equiaxed zone is not formed purely as a result of 

temperature changes in the liquid. 

(c) The. presence in the columnar zone of small equiaxed 

crystals is predicted by this theory. 

Jackson et al(74) observed big bang nucleation in simulated 

metal castings of ammonium chloride solution. Wh-en the 

alll110nium chloride was poured at a low superheat, i.e., near 

Its saturation temperature, copious nucleation was observed 

on pouring. The nuclei survlded to form a completely equl

axed structure; At high~r·superheats the big bang nuclei did 

not survive, however, an equiaxed zone was still formed at a 

later stage In the solidification. However, the experiments 

of Walker(75) ma-de it clear that some other mechanism could 

also be occurring. Another mechanism of significance is 



that in which crystal multiplication occurs by the melting 

off and/orthe tearing off of the arm:; of gro~ling columnar 

dendrites. 

Another way of stimulating nucleation in undercooled liquids 

. has aroused much interest in past years, i.e., the introd

uction of vibration to an undercooled liquid. Walker(75) 

and Hunt and Jackson(50) have shown that a pulse of sufficient 

intensity causes nucleation to begin in undercooled liquid 

nickel and in water. The most generally accepted explana-

tion is that the pressure resulting from the collapse of a 

void formed· by cavitation is very high. Hunt et·al(91) demon-

strated that extremely large pressures ( ___ 105 atl11'.l are gener-

ated by the collapse of a cavity and the change in pressure 

. lowers the freezing temperature of the I iquid, and thereby 

results in nucleation. Many attempts have been made to apply 

these ideas to the grain refinement of commercial castings . 

and ingots. However, it is now understood that when vibration 

is introduced during solidification, the ensuing convection 

can also cause grain refinement by a grain multiplication 

mechanism, not due to enhanced heterogeneous nucleation. 
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IV. EXPERIMENTAL SET-UP 

When ·castings are sol idified under pressure, the basic factors which make 

important contributions in improving the casting quality are die 

temperature, pouring temperature, pressure level, and the holding time of 

the metal in the mold before and during pressure appl ication. In these 

experiments, the apparatus were set up to measure these basic factors. 

An apparatus was also constructed for some observations on the freezing 

phenomena by using ammonium chloride/water system as an analogue material • 

. 1. Instrument used 

The particular apparatus for analogue studies was simply made to observe 

the crystallization and multiplication phenomena under pressure, as shown 

in Fig. IV-I and ·lhoto I. 

f 
outlet 

......... Lexan 
~sheet 
, I 

o 
I 
I 
I 
o 
o 

o I 
~ .• --.... -......... -- .. -.. , 

I ,. I 1tt _____________ 1 

~"," _ ........... _----- .... _-----
o • .... .. .. ..... ..... ... .... ... ..... .. .. ... -- -' 

! Cooling pipe _L ____________________ _ 

o 
_ 0 

Aluminiu 
block 

rubber sheet 

Fig. IV-I The particular apparatus for observing the freezing 

phenomena under pressure 
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The main apparatus. were establ ished to study the influence of the basic' 

factors on the macro- and micro- metallographies of Al-Cu alloys 

solidified in a cylindrical die under hydr0static pressure. The 

instruments used for these experiments were set up as sho\~n in Fig. IV-2 

and in Photo 3.' 

(j) 0 

.--

Fig. IV-2 Th~ instruments of the main apparatus: I. furnace, 2. crucibl 

3. press, 4. bottom plate,S. container, 6. bottom die, 

7. punch, 8. punch tip, 9. load cell, 10. amplifier, 

11. pOl1er supplier, 12. X-V recorder, 13. timer, 14. heater, 

15. thermocouple, 16. pen recorder,. 17. thermocouple, 

18. pen recorder. 

The specifications of the Instruments are as follows: 

I. furnace: 3 KW, 240 V, pot type furnace (100 {> x 250 m/~ 

heating element Ni-Cr wire. 

:2 .• crucible: clay graphite pot, Inside dia 73 m/11\ outside 



3. press: 

4. base plate: 

5. container: 

6~ bottom die: 

7. punch: 

8. punch tip: 

9. load cell: 

10. ampl ifier: 

- _," '_, c r ._, _ • 

dia 85 m/m , depth 160 m/m 

Turner Plastic (max.50 ton), stroke 450 m/m, 

press speed ~ 0.05 m/sec. 

02 Tool steel 

/' 

h 

" 
h 

o ~ I mA(O.CJ into 0 ~ 5009. and 0 ~ I volt into 

high impedance. (Type 605A Strainstall Ltd) 

11. power supplier: 12V, ·60 m/a max. (Type 605) 

12. X-V recorder: Moseley 7035 AM, Hewlett Packard. 

13. timer: Moseley 17108 AM, Hewlett·Packard 

14. heater: pipe heating element 

15. thermocouples: mineral insulated alumel-chromel thermocouples, 

cable diameter of hot juncticn 2~m/m x 230 m/m 

BICC Pyrotenax Ltd 

16. pen recorder: three pens recorder (Model B-34) with three pen 

drive units, three measuring circuit units and three 

ampl ifiers. (Rikadenki Kogyo Co~Ltd) 

17. thermocouples: alumel-chromel wires (0.0148 inch diameter, T.I. 

18. pen recorder: 

and T.2. alloys made in British Oriver-Harris Co.Ltd) 

three pens recorder (Model LI040) with three pen. 

drive units, three measuring circuit units and three 

amplifiers. (Linseis co.) 
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2. Design and Making of Mold 

The dies designed to carry out these experiments consisted of container, 

base plate, bottom dies, punch and its tips (Appendix B). Fig. lV-3 

shows the schematic drawing of 'cylindrical dies. The inner die cavity 

was about 50 m/m in diameter by 110 m/m he i ght. 

, 
I, 

I , 
I , 
: : 
~- ..... ,,~ 

punch 

punch tip 

container 

bottom dies 

r- base plate 

Fig. lV-3 The schematical drawing of cyl indrical dies, 

The container'was 180 m/m in diameter by 150 m/m height and the wall 

thickness was 65 m/m. Practically it is de~irable to use dies with the 

least permissible wall thickness. The greater the mass of maid per unit 

of casting surface, the greater the amount of heat which may be 

accumulated in the mold. The four'holes (lq.2 ~ x liD m/m) were located 

In the die to accommodate cartridge heaters for die heat'lng. The four 

holes (3.2 ~" x,70 m/m) for thermocouples were made at a distance of 

ID m/m, 20 m/m, 30 m/m and qO m/m apart'from the internal surface of the 

Inner die, and they were located In the micldle between'the heating holes 

for measuring the die temperatures accurately and uniformly as far as, 
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possible, acco·rding to the distance from the inner surface. The mold 

was tapered about degree to facilitate ejection of the ingots, but the 

upper part of the mold (at a height of about 30 m/m) was straight to 

serve as a guide for the punch. The tolerance between the punch tip and 

the upper part of the maid was made within 0.15 m/m. Three thermocouple 

holes were made in the bottom die to check the metal temperatures: one 

was in the centre, others were at a distance of 10 m/m and 20 m/m from 

the centre of the bottom die • 

.. The die materials were 02 Tool steel. used for cold working dies. The 

dies were heat treated In a controlled atmosphere furnace {300 x 300 x 

1000 m/m} and cast iron chips were used to prevent surface oxidation of 

the dies. The heat treatments of the dies were carried out as shol1n in 

Fig IV-4. The container was held for 4 hours in 7000 C for preheating 

and for 1 hour in 10200 C for austenitizing. The other dies were held 

for 2 hours in 7000 C and for 30 minutes in 10200 C. The tempering 

temperatures were kept in 570 ~ 5800 C for more than 2 hours: for the 

container 4 hours and for the others 2 hours •. 

<I) 
I-

'" ... 
'" I-

.<1) 

a. 
E 
<I) 
f-

i 

ausen·tizing 

preheating a i coo 11 ng 

temperin 

Time 

Fig,. IV-4· The operation process for die heat treatment 
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The hardness of the dies after heat treating are shown In Table IV-I. 

The hardnesses were controlled within about Rc 45 by control 1 ing the 

tempering operations. However, the hardness control of the container 

was not easy due to the handling difficulty in the air cooling and 

tempering operations. As shown in Table IV-I, the hardness distribution 

af of the container was not formed uniformly. ~ouble tempering operation 

was not used here,and there was some time delay in the air cooling process, 

especially in the container. 

Table lV-l The hardness distributions of the dies 

. . 
Hardness (Rc) 

average 
(Rc) 

after air cool ing after tempering. 
, 

punch not measured 44, 44. 47. 45. 46 45 

punch tip 1 not measured 44, 50, 48, 49 48 

punch tip 2 not measured 45. 46. 45. 47 46 
. 

bottom sma 11 die not measured 47, 50, 52, 51 50 

ring die 54, 53, 50,·55 45, 43, 48, 50 46 

bottom die 50, 48, 51 , 50 46, 46, 45, 44 45 

base plate 42, 52, 44, 46 40, 38, 39, 40 39 

conta iner not measured not uniform (-< 35) not uniform 

3. Installations for measuring temperature and pressure 

A cylindrical type load cell with two pairs of biaxial strain gauges was 

made for measuring pressure levet", and Alumel-Chromel thermocouples were 

used for measuring die and metal temperatures. 
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3.1 Thermocouples for die and metal temperatures 

The thermocouples used for measuring .the die temperature were 

Alumel-Chromel .thermocouples with mineral insulated tube, supplied 

by BICC Pyrotenax Ltd. The thermocouples for measuring the metal 

temperatures were made with Alumel and Chromel wires of 0.376 m/m 

diameter supplied by British Driver-liarris Co Ltd. The wires were 

Insulated from each other and from the melt by using twin bore 

alumina insulator (diameter 3 m/m and hole diameter 0.8 m/m). 

Thern~couple junction was then made at the end of the alumina 

Insulator with the other wi re using an oxygen-gas flame. Both \~ires 

and the alumina insulator were inserted into stainless tube (3.2 m/m 

Inner diameter, 3.7 m/m outer diameter and 40 m/m long) which was 

fixed at the bottom of the mold cavity. Cold junctions were not 

used for measuring metal temperatures or die temperatures. The 

accuracy of temperature determination was ±2 - 3°C. A Cambridge 

portable potentiometer was used for calibrating the thermocouples 

with known thermocouples several times. The thermocouples which 

were made agreed well with the known thermocouples. 

3.2 Load cell and strain gauges 

The general use of resistance type gauging methods may require the 

use of four separate circuits: power supplying, gauging, amplifying 

and recording circuits. In these experiments, all of them were 

used. A simple D.e. power supplier (12 V) was used for the supply 

circuit. An amplifier \~as used for the amplifying circuit which 

has the function of Increasing the magnitude of the signal from the 

gauging circuit without d~storting or warping the signal. A 

Hoseley X-V recorder was used for the recording circuit. The 
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gauging circuit with load cell was made in order to fit the 

. eXp'erimental apparatus. 02 tool steel was used for load cell 

material and heat treated for stress relief of load cell at 570---

5800 C, for I hour (furnace cooled). Cylindrical type load cell was 

selected and the design was based on maximum load 40,000 Kg with 

2 cross area 2,000 m/m. The load cell was 67.38 m/m In outside 

diameter, 29.35 m/m in inslde diameter and 80 m/m in height, as 

shown In Fig. 1V~5. 

----w/ I 
7 ·r 

7::r.".".,77-:"'-£-"":"":'--'177-::>""7"""""'" J r 
.. 
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--- I--

.... ,. 
T (oC) emperature 

8 

'" ... 

Fig. lV-5 Schematic drawing 

of load cell. 

Fig. lV-6 The change of gauge factor 

and strain according to 

the temperature. 

The gauge circuit selected was a full bridge type circuit, which Is 

a well known method for establishing the values of resistance and 

'change In reslstances, as shown in Fig. lV-7. (See overleaf). 

Two pairs biaxial strain gauges of foil type were used and the' 

terminals were tin-plated. The specifications of the strain gauges 

were gauge length 6 m/m, gauge factor 2.14, gauge resistance 120 + 

0.5 St (type FCA-6-11, Tokyo Sokki KenkyuJo Co.,Ltd), and the 
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Fig. lV-7 Strain gauge circuit on the load cell 
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o terminals were heat resistant for 10 to 20 seconds at 230 C, and 

insulation \.3S 102 to 104 M~ Generally the techniques of 

putting the strain gauges on the load cell is important in making 

. accurate gauge circuits. In order to obtain the best possible 

results from the strain gauge instaHation, it is necessary that 

care and attention is given to the preparation of the gauge, the 

surface of the load cell and the bonding techniques. For the 

surface of the load cell, an area larger than the installation was 

cleared of all rust, and smoothed ~/ith a fine grade emery paper 

(No.600). Then the area was degreased with the solvent of Propan 2LO 

(IS0-Pr~pyl. alcohol) and aceton, and neutral ised with NEUTRALISER A 

and NEUTRALISER 5 (manufactured by Micro-Measurement U.S.A). The 

gauges were applied as soon as they were removed from the packets. 

All products of the abrasion were removed and the back of gauges 
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were ~/iped with a tissue. For the bonding, BR 610 (manufactured by 

Micro-Measurement U.S.A.) was used, and in each case the layer of 

the cement between the gauge and the load cell surface was as thin 

and uniform as possible. For the installation protection, M. COAT "A" 

+ M.COAT "D" + M.COAT "c" (manufactured by Micro-Measurement u.s.Al 

were used. Lead-out wires were raised and looped in order to keep 

them free from strains taking place in the test object. Printed 

circuit terminals were used and an excessive amount of solder on 

the terminals was avoided. The gauge circuit is shown in Photo 2. 

The strain indicated by amplifier is for the active gauges (RI and R3) 

and the others (R2 and R4) fer the dummy gauges. Indicated strain 

(E i) . corresponds to change in resistance (A Ri) and AR/Rl = KS'AL/L 

where Ks is gauge factor. Actual strain in longitudinal direction 

is given by 

E E. El = I act -)J- J} E. + I -
I 

/+ .... 

.' 

where E. is strain indicated by meter and v is poisson's rat 10 
I 

(~0.3). Thus, the unknown loads can be found by the equation of 

L/AE = Eact ' where L is load, A Is cross area and E is young's 

modulus. However, load cell should be calibrated using one of the 

presses to apply known loads so .that output can be chcclwd. 

Fig. IV-8 shows the calibrated graph by the known loads and digital 

multimeter or X-V recorder. Mechanical and Instrumental errors 

were within 2%. 
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V. SOME OBSERVATI ONS OF CRYSTAlLl SAT 1 ON PHENOMENA UNDER PRESSURE 

BY US 1 NG AMll0N 1 UM CHlOR 1 DE SOlUTI ONS 

Jackson et al (74) first showed that the ammonium chloride/water ~olution 

system could be used as an analogue of a metal system, and since then it 

has been used.wlth success in a number of investigations to model study 

of metallic solidification phenomena. However, no references were found 

In the literature which described the freezing phenomena of ammonium 

chloride/water system under pressure. In the present work the freezing 

of an ammonium chloride/water system was investigated to observe the 

influences of pressure on the system. 

1. Procedure (I) 

A rectangular aluminium mord with lexan sheet windows on two opposite 

walls was used to observe the freezing. The details of construction are 

'sho~m In Fig. IV-l and Photo 1. liquid nitrogen \~as used for cool ing the 

( mold. The cool ing syster was made in the aluminium block, as shown in 

Fig. IV-I. The coolant inlet of the mold was connected with a plastic 

pipe and a glass funnel. They were insulated with glass wool and 

aluminium foi 1. When 1 iquid nitrogen was poured into the inlet funnel, 

external temperature of the surr~unding region of the mold could be 

maintained at about 0 ~ SoC. The punch for applying pressure was also 

cooled by liquid nitrogen. A rubber sheet was attached to the bottom of 

the punch to prevent leakage of ammonium chloride solution when pressure 

was appl ied. This reduced leakage but did not eliminate it completely. 

Cleaning the apparatus thoroughly before each experiment, helped to 

2 2 reduce leakage., The pressure applied was about 30 N/cm (3 Kg/cm ). 

The ammonium chloride used was of ordinary commercial purity supplied by 

Fi'son Ltd. A saturated solution of ammonium chloride was prepared at a 
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temperature of 65 c. 37 wt% ammonium chloride was found to give 

saturation at this temperature. The freezing phenomena were recorded 

photographically by using a Nikon camera with f 3.5 lens, and the progress 

of crystal I isation \~as recorded by taking a series of photographs at 

5 second intervals for a total period of about 4 minutes. 

2. Results (I) 

2. I Effects of pouring temperatures on crystallisation phenomena 

Saturated am~nium chloride solutions (650 erwere heafed to two 

d · ff I I . 700 e and 800 e b f . I erent temperature eve s, I.e., e ore pouring 

into the mold. When solutions were poured at temperatures above 

80oe, e.g., 90oe," there was no clear cut distinction in the mode of 

freezing when compared to solution poured at 80oe. However, when 

o ' 
solutions were poured nearer the saturation temperature, e.g., 70 e, 

the freezing mode differed considerably from those poured above 

80oC. A critical change of freezing behaviour was observed to exist 

between pouring temperatures of 700 e and 80oe. These experiments 

were repeated several times under the same conditions and the 

reproducibi Hty was very good. 

Photo 4 shows the progress of freezing with time, when poured with a 
o ' 

70 e superheat. A dense muddy solution was instantly formed on 

pouring at 70oe, containing many ammonium chloride crystals. The' 

small particles of solid formed in the I iquid then sank downwards 

when they had grown to large sizes. These sinking crystals produced 

some movement In the liquid. This liquid movement had a sweeping 

effect on the crystals growing from the mold wall which was 

continuously being washed into the liquid. The sweeping effect in 

the early stages of crystal I isation accelerated a formation of 
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equiaxed gral'ns. Within one minute after pouring, mast of the crystals 

existing in the liquid came dO\~n and movement of the liquid was also 

greatly_ reduced, as . shown in photo 4(b). These crystals settled 

to form an equiaxcd region occupying approximately half··'the lower 

part of the maid. Crystals then continued to grow from the wall at 

a much lower rate producing a solid region in the upper part of the 

maid, as" shown in Photo 4(c) .. Some of the crystals at the solid

liquid interface in the upper part of the mold were swept into the 

bulk liquid Some of the crystals swept into the bulk liquid 

appeared to be dissolved, but·as freezing continued crystals began 

to grow in the remaining liquid. Some crystals formed on the top 

surface of the $olutiQn came down through ·the I iquid, from the early 

stages to the later stages of crystallisation, but they were much 

bigger in size during the later· stages. A free equiaxed crystal 

attached to the crystallised zone on the wall, then appeared to grow 

in common with the crystals on the wall, as shown in ~oto 4(d) and 

(e). Photo (d) and (e) also show that a large equiaxed crystal in 

the liquid disappeared completely. It was thought that a complete 

remelting of free equiaxed crystal In the liquid could occur as well 

as partial remeltlng at the solid-liquid interfaces. Voids appeared 

and then disappeared in the early stages of crystallisation, as 

shown In Aloto 4(a) ~ (c). The voids were observed In the crystal 

zone formed in the early stages, but not during the later stages. 

Photo 5 $ho~s successive stages of freezing of the·solution 

saturated at 6SoC and poured at 800 C. At 800 C, a clear liquid was 

produced In the early stages of crystallisation, unlike the muddy 

appearance when poured at 700 C. Some crystals appeared in the liquid 
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during pouring, but they disappeared immediately. Convection 

patterns were set up with the liquid moving down the lateral walls 

past the growing solid from the walls, and up the centre of the mola. 

Up to 30 seconds after pouring, crystal growth was restricted to the 

mo 1 d wa 11 s on 1 y, and the li qu i d movement rema i ned gent 1 e, as shown 

In Aloto 5(a). After one minute, 1 iquid motion became more 

vigorous and many crystal particles appeared in the liquid, as 

shown in Fhoto 5(b). The crystals particles were ca'rried upward 

by convection currents when they were small, ·but sank when they 

grew larger. They fell on the dendrites growing up from the bottom 

of the mold and gradually filled the central region. New cr~stals 

also dropped down through the 1 iquid from the top surface, from the 

early to the later stages of crystallisation. Photos (c) and (d) 

show that a free equiaxed crystal coming down in the 1 iquld attached 

Itself to the columnar region of the side \~all and then the attached 

cry.~tal was absorbed In the growth pattern of the columnar region. 

The columnar region was formed from the early stages up to about 

two minutes, and equiaxed region produced in the central region from 

about two minutes after the solution was poured into the mold. The 

'formation of equiaxed grains at the later stages was thought to be 

due to s1.ow cooling and dendrite redissolving. 

Simultaneous nucleation was observed when solution was poured at 

low pouring temperature slightly above the saturated temperature, 

but blg~ban9 type nucleation could not be observed. Nucleation due 

to constitutional supercooling could not be distinguished from ones 

occurlng by, other mechanisms, because local· temperatures in the 

liquid could not be measured. However, the main reasons for the 
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formation of equlaxed grains were thought to be due to convection 

effects and simultaneous nucleation in the early stages, and due to 

slow cooling rate at the later stages of crystallisation. 

2.2 Effects of pressure on crystallisation phenomena 

Experiments were then carried out to study the effects of pressure 

on crystallisation. Ammonium chloride solutions were prepared at a 

o saturated temperature of 75 C, and were poured from temperatures of 
- - 2 
800 C and 900 C. The pressure applied was approximately 30 N/cm 

(2 Kg/cm2). 

Photo 6 shows successive freezing stages under pressure in the 

o -solution poured at 80 C. A dense muddy solution appeared before 

pressure was applied, creating many new crystals and forming 

turbulent liquid movement. When pressure was applied, the crystals 

created raised violent swirls in the liquid for a moment, and they 

sank dowm~ards much quicker than ~/ithout pressure. A sweeping 

effect was also observed due to convection currents near the crystals 

advancing from the walls, as shown in Photo 6(b). The crystal 

particles created by simultaneous nucleation followed by growth 
- .. 

quickly sank to the bottom of the mold, and settled to form an 

equiaxed zone occupying approximately half the· lower part of the 

mold •. Crystals then continued to grow from the walls. Photo 6(c) 

shows that the crystal region growing from the walls was recessed 

near the upper part of the mold, when pressure was applied. During 

the application of pressure, the recess was formed by the crystals 

fo 1 d I ng over and compact i ng together. . When the so 11 d reg i on 

recessed, formation of new crystals by fracturing of dendrites were 

also observed ahead of the advancing solid-liquid interfaces. At 
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the later stages the equiaxed crystals formed were consolidated 

and some separation of water occurred. Fewer new crystals appeared 

during this period, as shown in Photo 6(d}. The freezing rate under 

pressure was much higher than that at atmosphere. As the punch was 

taken off, water rich liquid was sucked from crystals toward the 

punch, and as a result of the negative pressure developing, cracks 

appeared in the crystals .. This effect was not observed when the 

punch was withdrawn gradually and carefully. 

Photo 7 shows successive freezing stages under pressure in the 

solution poured at 90oC. At pouring temperature of 90oC, crystal 

growth started from the walls and non-turbulent movement appeared 

throughout the liquid. When pressure was applied, the convection 

patterns changed immediately and liquid moved in a disordered way. 

Crystal growth from the walls became increased and new crystal 

particles appeared a lot in the liquid. When pressure was 

continuously applied, a columnar zone growing from the ~Ialls was 

recessed toward the central region, as shown in Photo 7(c}. The 

broken columnar zone was folded and compacted together. It was 

slm'llar to the 'crystal fracture occuring under pressure at lower 

pouring temperature (SOoe). However, it appeared that it was more 

difficult to form,a recess when a higher pouring temperature was 

used. New crystals also emerged from advancing interfaces due to 

dendrite fracture and redissolution. Fragmentation of columnar 

crystals seemed to accelerate the formation of ' new crystals. Some 

new crystals were also observed to sink into the liquid from the 

top surface of the maid. At the later stages, the columnar and 

equlaxed zones were consol idated, separating crystals from the liquid. 
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To observe effects of punch temperature on recess formation, two 

types of punches were used: one of them was chilled by liquid 

nitrogen and the other was not chilled by putting rubber sheet on 

the surface of the punch. Fig V-I shows the changes of recess 

format ion accord i ng to the punch types used. When the ch i 1i punch 

was used, a recess of columnar or equiaxed zone seemed to make a 

deep advance toward the central 'region, and when a rubber sheet was 

used on the surface of the punch, it seemed.to make a shallow advance. 

ch ill ed not ch ill ed 

• 

(a at atm. (bl under pressur (cl under pressur 

Fig. V-I Influences of punch,temperature on recess formation of 

dendr i te 

" 
This effect was thought to occur because fragile grain boundaries 

collapse toward the central region: thermal conductive forces formed 

in both directions of the top and the wall will make growth rate 

,disordered, and result in unstable grain boundaries. Unstable 

boundaries are more likely to occur when the punch is chilled. A 

'recess of columnar or equiaxed zone occured much more easily when 

the punch was not properly aligned during the application of pressure. 
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3. Some considerations 

Fig. V-2 shows-solubility curve of ammonium chloride ih water according 

to temperatures. 
- 0 

A eutectic occurs at -15.36 C at a composition of 

The f.c.c. ammonium chloride phase grows dendrltically 

In the solutions above the,eutectic composition, and the dendrite 

-_ dl;ections are <100>. (74) When 37 wt% ammonium chloride solution is 

poured from the temperatures above the saturation temperature, ammonium 

chloride crystals are precipitated as a primary solid solution, the water 

being rejected as an impurity. Ammonium chloride solution shows very-

similar solidification structures to those observed in metal-castings. 

By using ammonium chloride/water solution system, many of the 

observations which have been made on the equiaxed zone in metal castings 

therefore, can be accounted to some extent. 

Cl) 

; 0 ... 
E Ice NH4Gl 
~ -'0 + + Liquid 
Cl) 
I- '. ----------- -------------

10 .lO JO -so -
Fig. V-2 The solubility curve of ammonium chloride in water 

according to temperature (lOO) 

In ammonium chloride solutions the equiaxed crystals were found to be 

produced mainly by simultaneous nucleation and by convection currents at 
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at the early stages of crystallisation. It was formed mainly owing to 

simultaneous nucleation at lower pouring temperature, whereas at higher 

pouring temperature mainly convection effects. The applicatlon·of 

pressure stimulated these effects. Jackson et al(74) also observed 

copious nucleation in an ammonium chloride solution saturated at 700 e 

and poured at BOoC into a mold at <_IOOoC. A similar effect was 

observed under pressure, although the mold temperature was much higher, 

I.e., In the re~ion of OOC •. ' 

Dendrite fracture effects under pressure accelerated the formation of 

equlaxed grains. The behaviours of fracturing dendrites will promote 

convect ion currents in the I iquid. Thus, some rapid undercool ing 'which 

leads to more profuse nucleation will be allowed, occuring simultaneously 

with dendrite fragmentation. Whereas, growth rate of columnar crystals 

from the walls was also increased during the application of pressure. 

When the mechanism of equiaxed grain formation, e.g., depression of 

undercoollng, dendrite fragmentation, etc., are not Influenced during 

the application of pressure, columnar.grain growth would be accelerated 

rather than form·ing fine equiaxed grains. Columnar structures were 

practically stimulated in Al-Cu casting alloys poured at very high 

temperature under pressure. When pressure is applied in metal castings, 

It will be important to control the process pa~ameters, considering the 

i relationships between the factors of equiaxed formation and the increasing 

columnar gro~/th rate • 

. 
In the middle stages of crystall isation, a recess formation also 

continued to progress and promote tonvection currents In the liquid, 

whereas loca I Inverse seg regat ion was formed when a recess format ion was 

progressed. At this stage, some of the crystals were dissolved, but as 
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freezing continued crystals began to grow throughout the liquid both 

under pressure and at atmosphere. I,t was not clear from the observations 

whether the growth of crystals 'in the remaining 'Iiquid originated from 

a fresh nucleation phenomenon or whether the origin crystals were 

Incompletely dissolved and thus' acted as growth centres. Anyhow, new 

crystals generally appeared near the regions where there were some 

movements in the liquid and thus could be associated with temperature 

differenc'es, in the I iquid resulting in convection effects'. However, 

it was clearfrom the observations that the movement of I iquid was more 

effective under pressure. It was thought to promote convection currents 

owing to fracturing of dendrites and depression of undercooling d~ring 

the application of pressure. 

At the later stages, equiaxed grains were formed by slow cool ing rate in 

the place of the central region of the mold, but not by convection 

currents. 'Some free equiaxed grains from the top surface of the solution 

came down through the liquid, from the early stages to the later stages. 

Showering crystals with small size fell out by convection currents in 

the early stages, and big free equiaxed grains came down as a result 

of density differences at the later stages. 

Finally, it can be concluded that formation of fine equiaxed grains 

would be achieved in the early stages of crystal I isation, and that the 

application of pressure promotes this formation owing to depression of 

undercoolingand dendrite fragmentation. 

4.' Summary 

The following points were observed when pressure was applied on 

ammonium chloride solution during crystallisation: 
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(i) Cool ing rate of columnar and/or equiaxed grains was increased, 

stimulating the depression of undercool ing and dendrite 

fragmentation. 

(i i") A recess of columnar or equiaxed zone was formed toward the 

central region in both the lower and higher pouring temperature 

resulting in new fragmented crystals in the liquid. 

(iii) Columnar and/or equiaxed zones were consolidated, increasing 

convection currents. 

Crystallisation phenomena under pressure greatly differed from the ones 

at atmosphere; they were as follows: 

"(i) Cooling rate was much faster under pressure than that at 

atmosphere. 

(ii) A recess of columnar or equiaxed zone by applying pressure 

stimulated the formation of new crystals, but this effect ~Ias 

not In atmosphere. 

(iii) A sweeping effect ahead of the advancing interfaces was much more 

effective under pressure. 

On the other hand, crystallisation phenomena under pressure had 
'. 

similarities with the ones at atmosphere; they were as follows: 

(i) Some equiaxed new crystals 11ere observed to drop from the top 

" surface of the punch in both. 

(11) Free equiaxed crystals were attached to columnar or equlaxed 

zone and started to grow up together in both. 

(ili) Equiaxed"zones were formed mainly by simultaneous nucleation at 

the IOl1er pouring temperature, and at the higher ones mainly by 

convection currents. These effects" were more effective u"nder 

pressure. " 
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Care must be taken with the interpretation of the above results, although 

the use of ammonium chloride solution to simulate ingot solution can be 

used to considerable effect(IOI): in the'first case, ammonium chloride 

solution becomes less rich as dendrites are precipitated, whereas in 

metall ic sol idification, the remaining 1 iquid becomes enriched In the 

solute elements; secondly, even after all the possible crystallisation 

has occurred, ~Iater st i 11 rema i nsbetween the dend rites, \~hereas meta 1 s 

became completely sol id; thirdly the method used for poudng and 

precipitating the dendrites does not properly simulate the metallic 

counterpart; finally, physical and chemical properties are different, 

especially in density, thermal conductivity and shrinkage. However, if 

similarities in the solidification structures are observed, it Is 

postulated that they can be accounted for by the same mechanism. 

Ammonium chloride solution shows very similar solidification structures 

to those o!:served in metal cast·ings. Ammonium chloride solution grows 

dendritically with f.c.c. lattice and the dendrite directions are 

<100;>. Al-Cu alloys growl dendritically with Lc.c. 'lattice and <100> 
I. " " 

direction. It is, therefore, possible that the observations on equiaxed 

zone formation found in the present work can be used to explain the 

structures in Al-Cu alloys casting under pressure, if care is taken in 

interpreting the differences mentioned above • 

. ",. 
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VI. .. I NFLUENCES OF .HYDROSTATI C PRESSURE ON MACRO- AND fll CRO
STRUCTURES OF ALUMINIUM-COPPER ALLOYS 

Several proposed mechanisms for equiaxed grain formation in cast 

·structurC$ differ substantially: constitutional supercooling, crystal 

multiplication, showering from surface and so on. Neither has the 

origin of the fine equiaxed grains yet provided sufficient evidence 

to show how or when the equiaxed grains begin to form. Generally it 

is known that final ingot structure markedly depends on the degree of·, 

convection in the melt during solidification, (20) and that mechanisms 

which promote convections such as vibration, electromagnetic stirring, 

etc. refine the cast structure. 

When pressure is applied during solidification, a fine equiaxed zone 

can also be obtained. However, ·it is not known whether the appl ication 

of pressure during solidification promotes convectio;£ and whether 

convection is the sole mechanism originating the equiaxed zone in the 

castings solidified under pressure. This work was conducted in an 

attempt to asc7rtain at which stage during solidification under 

pressure ·equiaxed grains originate and then help to provide a further 

understanding of castings sol idified under pressure. 

1. Experimental procedure (11) 

Experimental studies were carried out with commercial LMll and 

AI-Ij%Cu alloys. Commercial LMll was suppl ied by· B.K.L. Alloys 

Ltd. amd AI-Ij%Cu alloy made for this experiment. Pure aluminium 

was suppl ied by The British Aluminium Co. Ltd., and pure copper 

by British Copper Refiners Ltd. 
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The pure aluminium and copper was melted in a pottype resist

ance heated furnace to mAke a master alloy containing 50%Cu. It 

is generally. necessary to mel t aluminium and copper by avoiding 

superheating, allowing copper to diffuse into aluminium. Pure 

AI (440gr) ~Ias heated to 700°C and the pure Cu (410 gr) added to 

the molten aluminium. They wel'e·held at 700°C for 40 minutes and 

at 820°C for 30 minutes. Then they were slowly cooled down to 

700°C In·the furnace and the molten metal was poured into clay 

graphite·molds. The master alloy was 810gr in weight. 40gr of 

metal was lost by oxidation during melting. Most of the oxi~ation 

was thought to be due to the formation of AI2 0
3

, so that the 

master alloy produced would have an approximate composition of 

50/50. For making AI-4%Cu alloy, pure aluminium (2000 gr) was 

mel ted in a pot type gas furnace and heated to a temperature of 

7500 C; the master alloy (335 gr) was added to the molten aluminium 

and then nitrogen gas passed for 5 minutes, keeping the molten 

metal temperature about 740°C. Then another 2000 gr aluminium was 

added to the molten metal and nitrogen gas passed again for 10 

minutes, keeping tpe temperature about 740°C. Molten metal was 

then pou red into p rehea ted me ta I Ingots. The chem i ca I . compo·s i t ions 

of the AI-4%Cu alloy produced and the commercial LMll were as 

. follC'ws: 

Cu* Fe Si Mg Mn Ni Pb Sn Zn Cr Ti AI 

AI-4%Cu 4.1 .<.0.01 <0.01 <0.005 <0.005 <0.01 <0.01 <0.01 0.02 <0.01 <0.005 bal. 

LM.ll 4;8 0.13 0:06 0.005.,.0.005 0.01 0.01 0.01 0.03 0.01 0.18 ba!. 

* Copper figures are chemical 

TABLE VI·-l ·The·Chemical compositlon·6fAI-'4%Cu·alloyand LMli 
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The mold assembly for casting ingots under pressure is shown in 

.Fig. IV-2 •. The round mold cavity had a 45m/m bottom diameter, 

SOm/m top diameter and was 90m/m long .. These molds were mounted 

on a ·SO ton vertical press which had a hydraulic cylinder on the 

lower platen to apply pressure to molten metal. To check the 

actual pressure del ivered by the hydraul ic cyl inder, four foi 1 

type strain gauges were attached to the load cell connecting the 

'punch and the top plate of the press, as show'1 in Fig. IV-2. 

Mold temperatures· were checked by three .thermocouples inserted 

into the mold and connected to a three-pen recorder. The mold was 

heated by four pipe heaters inserted into it and graphite lubricant 

was used in the mold cavity. The metal temperatures were also 

checked by three thermocouples inserted into t.he mold cavity. 

AI-4%Cu alloys and LMll were melted in an.electric resistance 
'.. , 0 

furnace having a maximum operating temperature of· 1000 C. A clay 

graphite crucible·with a capacity of 1 kg of aluminium was used 

as a melting pot, and SOOgr, aluminium alloy charged ,in the crucible. 

They were, heated up to a maximum of 740~7S00e and cooled down to 

the required temperature for each experimental condition. Degaser 

and flux were not used in melting for experimental castings made 

under atmospheric pressure and under higher pressures. The factors 

which influence cast structures were controlled as far as possible: 
. 2 2 

the pressures used were 70 MN/m and, 11 0 MN/m; the ho I d I ng time 

of molten metals in the moldwas 10 seconds before applying pressure 

and IS~20 seconds during the appl ication of pressure; pouring 

temperatures were vari ed in the ranges from 6300e to aoooe and 

die temperatures changed from 1600 c to 2S00C. 
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2. Resul ts (I!) 

Octai led experimental data are included. in Appendix C. Photo-

graphs of mucro- and micro-structures are included in Appendix D. 

2.1· Macro$copic poirit of view 

Themacrostructures of typical ingots of AI-4%Cu alloys sol idi

fied under normal static conditions'· and 110 MN/m2 hydrostatic 

pressure are shown in Photograph 8. Sample No. AC11 was cast at 

720°C with die temperature of 200°C at atmosph!"ric pressure. It 

contained a peripheral zone with half columnar grains and a central 

zone with coarse equiaxed grains. A surface dendrite of about 

2m/m thickness was also present. The ingots sol idified u/nder 

pressure showed quite different cast structures. The equiaxed 

zone was enlarged to cover a large proportion of the ingot poured 

below 700°C, but in the ingot poured at 780°C the columnar zone 

was enlarged, as shown in Photograph 8. Especially the ingots 

(AC2 and AC5) poured sI ightly above or below the 1 iquidus temper-

ature produced extremely fine equiaxed grains without producing 

columnar zone. A copper rich band in the central region appeared 

In the ingots solidified under pressure. 

Fig. VI-l shows the cooling curves at the centre and near the 

surface of ingot poured at 

2 under 110 MN/m· pressu,e. 

730°C with die temperature of 210°C 

During the application of pressure 

, ° there was ·an increase ·in temperature, of about 8 C at' the centre, 

whereas there was little increase.in temperature near the surface. 

There was a tendency of accelerating recalescence due to latent 

heat of sol idification, .when pressure ,wasappl led during sol id-

ification, expecially at the centre of the ingot. Fig. VI-l 
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also shows the temperature gradients for different solidifi-

cation time!;, ~t atmosphere and under pres~ure. There appeared 

a negative temperature gr<Jdient in the ingot sol idified under 

pressure, whereas there was a positive temperature gradient 

at atmosphere. This was thought to influence the transition of 

columnar to equiaxed formation. 

're Photograph 9 shows the influence of die temperatures on the cast 

structures of ingots poured si ightly above the I iquidus temper-
- 2 

ature of AI-4%Cu alloy system under 110 MN/m pressure. The 

macrostructures showed an equiaxed zone in all samples, but the 

grains were gradually finer with 100~ering die temperatures. Copper 

rich band in the cen'tral region which appeared in die tem~eratures 

above 1800 C, completely disappeared when the ingot (AC IS) was 

cast a: a die temperature'of 16SoC, and also its macrostructure 

showed extremely fine equiaxed grains. This indicates that 

ektremely fine equiaxed grains free from a copper rich band in the 

central region can be obtained when lower pouring and lower die 

temperatures are ,employed in ingots sol idified under pressure. 

To exami ne whether pressure is a necessary cond i t i on to get fi ne 

equiaxed structures, the ingots were solidified at atmosphere and 

o 'under pressure with the same pouring temperature of 660 C and die 

temperature of 16SoC. For the ingot cast under higher pressure 

the holding time in the mold before applying pressure was 10 seconds 

and the application of pressure was maintained for 20 seconds. The 

resul ting macrostructures had fine equiaxed structures throughout,' 

under pressure as well as'at atmosphere, as shown in Photograph 10. 

However, some voids appeared in the central region of the ingot 
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solidiHcd at atmosphere, whereas dense equlaxed grains, without 

voids, were evident l!nder pressure. The fine equiaxed structure 

mairdy resuited from simultaneous nucleation mechanism in both, 

and pressure. greatly influenced the consolidation of metal by 

feeding the shrinkage cavities •. However, microstructures and hard

nesses of the Ingots were quite different from those cast at 

atmosphere. Fig.,VI-2 shows the distribution of hardnesses 

·tested in five positions of the surface area which was cut along 

the vertical centre line. The hardness·distribution was'checked 

by Vickers pyramid hardness tester. The hardness distribution 

was at a higher level' under pressure than that at atmosphere 

for all five zones. Particularly the hardness of sample No.AC16 

was much higher than that of sample No. AC18 solidified at atmos-

phere, Sample No. AC16 was~lidified under two step pressures, 

as shown in Fig. VI-3: after the molten metal had been kept for 
. 2 

2 seconds under a pressure of about 60 MN/m , pressure was 

increased immediately up to 110 MN/m2. This cast structure had 

three fine equiaxed layers: the first surface layer extended up 

t9. about 4m/m thickness .from the ingot surface; the second equi

axed layer was about 10m/m thickness and the third equiaxed layer 

was formed in the central region with 20m/m thickness • 

.. ---.--------.~--------

· · , : I , , · . : . 
i 1 

-- '--.I).I.2~ 

Fig. VI~3 

T''''C ,sa) 

Two-step pressures 
applied in Sample 

. No. AC16 

---.,.. litne (sec) 
. 2 

Fig. VI-4 Influence of 1~10MN/m 
pressure on die temp 
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It can be' assumed that.the first layer was formed before 

applying pres5ure,the second layer Formed in 601HJ/n/ and the 
. :' 2 

central layer formed in 110I1N/m. There.was quit'e a difference 

in solidification. rate before and after the application of 

pressure: i.e., the first layer of 4m/m thickness was solidified 

for 6 seconds wi thout pressure, I~hereas the second layer of 1 Om/m 

thickness solidified for.4 seconds under pressure building up 

to 60MN/m2. There was, therefore, an increase in 

cation rate during the application of pressure up 

the sol idifi-
60· 2 

to/HN/m • This 

means that sol idification rate can be very fast under pressure 

even for small specific pressures applied. Sample Nos~ AC14 and 

AC15 of Photograph 10were sol idified under single stage pressures 
2 .' 2 

of 70HN/m and 110MN/m , but there was no clear difference between 

their macrostructures. 

vi Photograph 11 shows the macrostructure of commercial AI-Cu alloys 

(lM 11) which includes grain refiners (Ti), and impurities. Fine 

equlaxed grains appeared even when molten metal was poured at 

720°C, but in AI-4%Cu alloy columnar zone appeared when it was 

poured at 7200~. Nucleation inoculants (grain refiner) and impur

ities appear to have a much more pronounced effect on the formation 

.of equiaxed grains, without even controlling the casting para-

meters such as the casting temperature. • Photograph 12 shows the 

macrostructures of a series of commercial AI-Cu alloy ingots 

poured at various ·temperatures under the same pressure condition. 

Columnar zone appeared under the casting condi tions of 760°C 

pouring temperature and 230°C die temperature. When the ingot 11a5 

poured at '800°C with die temperature of 2200C;columnar zone 
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. and coarse equiaxe~ grains. ~Iere formed •. This macrostructure was 

very similar to that.of the AI-4%Cu alloy pOIJred at noOe in the 

mold heated to 22QoC. As ~hown in Photograph 12; copper rich band 

in the central zone also appeared In commercial Al-Cu alloy. This 

band appeared in Sample No. LM ·113 which \~as poured,at lower temp

erature of 6600 c with higher die temperature of 2200 C, whereas 

this disappeared 'in Sample No. LM 114 ~hich was poured at higher 

··00 
temperature of 710 C with lower die temperature of 170 C. The 

casting condition of lower die temperature seemed to be more 

effective than that of lower pouring temperature, for eliminating 

copper rich band in cast ingots of commercial Al-Cu alloys (LH 11) 

sol idified under pressure. Fig. VI-4 shows that the die tempe·r-

ature increased during the appl ication of pressure. ~Ihen the 

increase In die temperature resulted in maximum die temperatures 

o ' 
belo~1 280 C, there was a tendency to eliminate the coppel' rich 

band. it can be inferred that the occurrence of the copper rich 

band would be greatly influenced by heat extraction through the 

mold., 

2'~ 2 M i croscopi cpo i nt of vi ew 

Specimens showing macrostructures with extremely fine equiaxed 

'grains, were·examined for their microstructures:' specimen Nos. 

AC1S, AC16, AC18. 

Photograph 1-3 shows the microstructures of longitudinal and trans-

verse sections for specimens prepared from Ingots.' The specimens 

. were'cut from a locat'ion 40m/m in height from the bottom of the 

ingot and 10m/m from the ingot surface. The specimen (AC18) 

solidified at atmosphere had many voids along the grain boundaries. 
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but.they did not appear.in.the speci.mens (AC15 and ACI6) solidi

fied. under pressure. It can ba inferred that external presstire 

appl ied during sol idification made an important eontribution. to 

eliminate them by feeding molten metal to shrinkage cavities and 

porosity. Specimens solidified under pressure had smaller sub

structures than those at atmosphere, as shown in their micro

structures In transverse and longitudinal sections. All the 

specimens had· some coarse grains surrounded by small sub-grains. 

It was thought that coarse grains result from grains growing 

continuously, and fine grains emerged from constitutional super

cooling by increased cooling rate when pressure.was applied. It 

can also be associated with the increasing undercooled temperature 

with increasing pressure. (See Page tr,Clausius-Clapeyron equation). 

Specimen No. AC16 which was solidified under a two step pressure· 

caused dendrite fragmentation, as shown in Photograph 13(c), and 

resulted In uniform sub-graIns. It Is inferred that a change of 

pressure during sol idification would produce fluctuation in growth 

rate, resulting in melt-off and/or· tear off of dendrites. 

Photograph 14 shows the copper rich area formed along the grain 

boundaries. There was a eutectic growth In the copper rich region 

In all the specimens. The eutectic growth, however, was observed 

to be more in specimen numbers AC15 and AC16 than In AC1S. There 

was considerable microporosity along ·the grain boundaries in 

specimen No. AC18 solidified at atmosphere. The eutectic morph

ol.ogy (sol idifi.ed under pressure) appeared to be close to a 

lamellar eutectic type, whereas that soldified at atmosphere 

seemed to be a.degenerate eutectic growth. 
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Photograph lS(a} shows that many voids were present in the 

surface region, when castings were sol idified at Atmosphere. 

These voids resulted from the migration of the grain boundaries in 

a chill surface. Whereas, when castings were solidified under 

pressure, ·voids were not present, as shown in Photograph lS(b} and 

(c). Photographs lS(b) and (c) show dendrite fracture lines filled 

In wl th copper rich alloy. I t may be inferred that, when copper 

rich metal was fed into shrinkage cavities by pressure, the liquid 

metal movement caused dendrite fragmentation, resulting in fine 

substructures. However, pressure has influenced an inverse segre-

gation, as shown in Fig. VI-S. Fig. VI-S shows the distribution 

of copper concentration of specimen No. AC1S solidified under 

110MN/m2 pressure (micropro~analysis-line scan). There was an 

inverse segregation zone of about lm/m in depth from the surface 

of the ingot • 
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Some considerations on equiaxed grain formation 

The detai Is ,of hew. equiaxe~ grains form in a castl,ng may be 

determined in two steps. The first part Is simpfy a question 

of the origin of equiaxed grains, ,i .e., are there fresh nuclei, 

formed by heterogeneous nucleation, or dendrite bits broken off 

. or melted from the columnar zone or elsewhere, or other sol id 

bits surviving from the outset of freezing? The second i~ more 

complex, i.e., the question of " the 'columnar'to equiaxed'transition 

(CET): does columnar growth slow down and al10w the dominance 

of equiaxed grains, however they are formed, or do equiaxed grains 

take over and force columnar growth to stop? Both the CET theory 

proposed by Winegard and Chalmers(88) , which requires constitu

tional'supercooling, and the CET theory suggested by Chamlers, (90)' 

which requires nucleation to occur only on pouring, pertain to 

the natural equiaxed zone which occurs if solidification proceeds 

in the absence of disturbance or extraneous forces. The former 

theory is supported by special versions' of undirectional gro~lth 

I~hereas the latter theory has been. supported effectively for the 

solidification of small ingots. However, 'when ingots are solidi-

, ft"ed under- pressure, there is no evidence as to which theory can be 

supported for this case. 

Firstly, the columnar to equiaxed transition under pressure will 

be discussed within the I imitations of the two theories mentioned 

abov~.yhen pressure is appl ied during sol idification, there is an 

increase in growth rate restricting diffus.ion in front of the 

advancing sol id-I iquid interface and an increase of undercool ing 

by increasing the equilibrium solidification temperature (see 
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puge 11). However" due to rapid heat" extraction under pressure 

, (no air: gap between ingot and moidl the effect by a change in the 

equilibrium solidification t"mperature \~(ll have very little sig-

nlficance, since the metal, will solidify quite quickly In any case. 

Recalescence may be pronounced as a result particularly in the 

central regions (as mentioned in,the result section). 

The diffusion restricted in front of the sol id 1 iquid interface 

(because of rapid growth and 1 imi ted time) wi 11 change the 1 iquidus 

temperature ahead of the advancing interface. The temperature 

gradient In the ingot will also change repidly as shown in Flg.VI-6. 
,\.' 

~Ig. VI-6 

Sol;d 

" t YDi';d' 
h~a:r .t><lr6el-:o"/'l 

______ --------- TCPJ 
-------------

t 

A change of constitutional supercooled region 
under pressure 

'TL (0): cqui l'. 1 iquidus temperature at atm. 

T L (p): 11 11 under pressure 

TeO) actual temperature at atm. 
T(P) 11 11 under pressure 
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The appl ication of pressure.during solidification, .therefore, 

in~reases the amount of undercool tng (AT) so th<lt a lot of 

nuclei could be produced •. The higher the pressure appl ied, the 

more pronounced the constitutional undercool ing becomes, and 

the resul t can produce undercool i ng I n the enti re ingot and not 

restricted to a zone or band ahe~d of the solid-liquid interface. 

It can be considered more reasonable to use the concept of overall 

undercool ing rather than restricting it to constitutional under

cooling to explain the solidification of alloys under pressure. 

Flg.VI-7 shows the schematic drawings of the relationships between 

the undercooling required for nucleation (~Tu) and actual temper

ature (T) for higher and lower pouring temperature,and die temper

ature in ingots solidified under pressure. When the pouring temper

ature Is very high, ::l posi tive actual temperature gradient ( ~I »0) 

will be produced and result in columnar structure in all zones, 

whereas when the pouring temperature Is lower a negative actual 

temperature gradient ( ~:<o ) can be formed and result in· 

equiaxed structure in all zones, and columnar and equiaxed grains 

may be produced in medium pouring temperatures. 

A lower die temperature may produce lower actual temperature gradient 

·r .e., near parallel, and a higher pressure may reduce the actual 

temperature gradient by rapid heat extraction through the mold, 

resulting in large equiaxed grains covering most of the ingot. This 

hypothesis agreed well with the experimental: results of AI-4%Cu 

alloy wltlch was examined in this work. 
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(a) higher pouring temp., (b) lower pouring temp. 

Fig. VI-7 Schematic drawing of undercooled temperature 
under pressure. 

TL(P) liquidus temperature under pressure 

TN(P) heterogeneous nucleation temperature under pressure 
Cc . undercooling required for nucleation under pressure 

actual temperature gradient at higher pouring temperature 

11 11" at lower pouring temperature 
with higher die temperature 

.' actual temperature gradient at lower pouring temperature 
with lower die temperature 

The copper rich pool in the central region of ingots solidified 

under pressure would be produced owing to a steep positive actual 

temperature gradient ( ~I »0 ) in the remaining I iquid but not 

'in the regions where a solid'skeleton had already formed during 

the appl ication of pressure. It therefore would be better to keep 

a negative actual temperature gradient ( ~; <0 to avoid a 

solute rich pool in the central region: i.e., by casting with a 

lower pouring temperature and die temperature. 'In this case, 
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s imul taneous nucleaton may be produced at the early stages of 

solidification, similar to that actually observed in ·the analogue 

·system of ammonium chloride. 

Secondly, the possible sources equiaxed grains can be discussed 

In ingots solidified under pressure, but is difficult to examine 

its. origin in detai I. In fac~, there is insufficient evidence 

to support the origin of equiaxed grains even in the case of normal 

solidification. All methods of grain nucleation such as constitu-

tional supercool ing and dendrite remelting and fragmentation can 

the·refore be supported. Under pressure, all these mechanisms are 

equally feasible. The application of pressure during solidification, 

however, in some way accelerates the formation of equiaxed grains 

and results in finer substructures than the normal solidification 

does. It can be eonsider.ed to result from rapid cooling rate and 

breakdown of dendrltes under pressure. Growth rate also increases 

under pressure, as observed ·in the analogue material of ammonium 

chloride. Rapid cooling rate will produce micro-dendritic sub-

structures, and rapid growth rate may produce big dendrite sub

si"ructures. The relationship between growth rate and cool ing rate 

Is complex and will depend on the number of growth centres, size 

of casting and thermal conductivities and parameters of the maid 

and metal. Fig. VI-8 shows the dendritic tip temperature for 

three gradients (G) of AI-2wt % according to growth velocity 

examined by Burden and Hunt. (93) 

Burden and Hunt suggested that. the undercool ing ahead of a dend-

rltic Interface increases as the growth velocity increases, - an 



opposite effect to that found by Sharp' et al(94},and Kramer 

et al (95) ,- but they suggested that for' high enough velocities 

the temperature decreases"w"ith increasinQ growth velocity without 

affecting the gradient, as shown in Fig. Vi-8. 

'"' ~ 
v 
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Fig. VI-8 

'5 "'.O.$·C/CMl 

GS4 

,u If • 10 'cI"" 

MS 

614-

ID· 

--~, q:yowth YCl.h (c-/s~e.) 

Dendri te 
wi th G

L 

tip temperatures for AI-2wt %Cu grown 
0.5, 10 and 60oC/cm.(93) 

m 
Thus, considering G /Rn values which' represent the critical 

growth conditions for the transition of interface structure, It 

can be assumed that dendritic growth under pressure directly 

depe"nds on cooling rate (R), not on gradient (G). It can be 

considered that rapid cool ing rate greatly influences the appear-

ance of micro-dendritic substructures and rapid growth rate 

Influence growth of dendritic substructures which had been 
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already formed., This reiationship Nould produce irregular 

subs tructures in the ingot so lid i f i ed under70MN/m2• However, 

there was a tendency to reduce the i r'regular substructures under 

" 2 
,110 MN/m. The application of two step pressure during solid-

Ification may have greatly Influenced dendrite fragmentation, 

resulting in uniform dendritic substructures, as shown in 

Photograph 13{c~ Two-step pressure Is ,thought to accelerate the 

, dendri tebreakdown by cracki ng the dendri te ske I eton a I ready 

formed during the first step and by perturbing the,growing liquid-

solid interfaces, regulating the relationship between growth rate 

and cooling rate. This is similar to the occurrence of dendrite 

cracks actually observed in the analogue system of ammonium chloride 

when pressure was removed. 
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VII CONCLUSIONS AND SUGGESTIONS FOR'FURTHER STUDY 

The cone I us ions reached, in sma 11 ingots (SOm/m d i a) so lid if i ed under 

pressure in AI-4%Cu alloys, are as follows: 

1. Casting defects such as blowholes, porosity and shrinkage 

cavities, were eliminated when pressure was applied during 

solidification. 

2.; Castings with low (as far as practicable) pouring and die 

temperatures resulted in fine equiaxed cast structures: s 

e.g., pouring temperature 6600 C and die temperature 16S
oc 

under 110 MN/m2. 

3. The application of pressure during solidification favoured 

the formation of equiaxed grains and columnar to equiaxed 

transition, resulting in finer dendritic substructures. 

4. The equiaxed zone in small ingots were most likely to be 

derived from crystallites formed during the early stages 

of solidification. 

S. The application of two-step pressure during solidification 

greatly influenced dendrite fragmentation. This resulted 

in increased hardness and a more uniform distribution of 

hardness, indicating more uniform substructures. 

6. When the increa~e 'in the die temperature, after casting, 

was controlled, I.e., the peak temperature was not allowed 
, -t: 

to go over 280oC.) The copper rich pool in the central region 

of the ingots was much reduced, and' in some cases, completely 

el iminated. 

• i 
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7. Inverse segregation occurred in all Ingots solidified under 

. pressur~ extending to a depth of lm/m from ingot surface. . . . 

Changing .In casting conditions and heat extraction did not 

have any sIgni.ficant effect on this segregation. 

The follc\~ing subjects were suggested for further study: 

1. Optimummold conditions for improving quality of castings 

and Ingots solidified under pressure: e.g., thermal analysis 

by using an analogue of electrical circuit. 

2. Influence of punch and press speed on cast structures: e.g., 

modification of detachable punch and/or press mechanism to 

enable two-step pressures to be applied. 

3. Influence of pressure on the relationship between growth 

rate and cooling rate. 

4. Influence of pressure on the origin of equiaxed grains and 

micro-se9regation: e.g., predendritic sol idification and 

solute distribution under pressure. 

5.. Influence of pressure on the structures produced in. other 

Aluminium alloy systems: e.g., eutectic systems such as AI-Si • 
.... 

, 
! . 
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APPENO IX A 

THE 0 I FFUS ION COEFF I C I ENTS I N SOLI 0 AS A FUNCT I ON OF PRESSURE 

I. Writing the diffusion coefficient as a function of temperature, 

0= 0 exp (- Q/kT) 
o ' 

2. Taking logarithms of I eq. and 'differentiating with respect 

to pressure gives: 

( JlnO) = 
aP T ( ~; ~ OO)T ' i (:1Q) - kT ',9P T 

3. Expanding In 0 in a Taylor series In the pressure and 

4. 

( a'alnp OO)T ' neglecting the term of 

Considering the thermodynamic relations 

v. - (aQ) q = ap T 

comp. 

5. Restricted to simple diffusion mechanism, such as 

interstitial diffusion or substitutional diffusion, 

where Vv Is the 

·vts. Is the 

exp ( - PV~/kT ) in interstitial 
. mechan I srn . 

. '* 
0(0) exp ( - P VII + v*) in vac~ncy 

0Ji< T mechan I srn 
volume increase on forming a vacancy, and 

volume of activation for atomic migration. 

6. : Assuming that V~ can 
..~,(p) - 0 (0) . : .... 

be neglected relative to Vv' 
in interstitial diffusion 

" . 

in substltutional 
diffusion 

• • •• 1 

. • • •• 2 

3 

. . .. '* 

. • • •• 5 

• • •• 6 



I 

Note: Diffusion coefficient by applying pressure is more influenced in 

substitutional diffusion than in" interstitial diffusion. 

7. Considering the variation of the vacancy formation' volume with 

pressure, 

! Pf3 (Vv(o) + KPU) ••••. 7 

where (d (3' compressibilities of the perfect crystal 

and a crystal containing a single vacancy 

~ 'I Kr proportionality constant /:J(3 '" Kp N 

The relative change in compressib'i I ity on 

Introducing a vacancy Is inversely proportional 

to the number of atoms in the crystal. 

8: Combining with 6 and 7 eq., 

D(p) = 0(0) exp (-p [Vv(o) - !P;S (Vv(o) + Kpu)} /kT J 

where, 0(0)' Vv(o)' f3 Kp, v are constant in a given solid 

and the term of { Vv(o) - ! Pf (Vv(o) + Kpu)} is always positive. 

! ,;.. P ) /kT ) 

9. Conclusion 

. (I) Diffusion coefficients decrease with increasing pressure, but 

It"ls not exponentlally dependent upon the Increasing pressure. 

On the other hand, diffusion coefficients increase with increasin 

temperature and it is exponentially dependent upon the increasing 

temperature. 

(Ii) Diffusion coefficients as a function of pressure are more 



Influenced in substitutional diffusion than In interstitial 

diffusion. 

Note: 

I. Diffusion coefficient In liquid as a function of pressure 

2 P = f /A 

F = b7( t F" 

-hT 
D=67(f~ (Stokes-Einstein eq.) 

3 Adopted a sI ightly different form of the drag force, 

4 Conclusion: 

D= .ftT 
4;r. r 'L (modified by Sutherland) 

(I) Diffusion coefficients in liquid decrease with the 

Increasing pressure and it is inversely proportional to the 

pressure. 

(IIr Diffusion coefficients in I iquld increase with the 
· . 

Increasing velocity of flow and temperature and it is 

i. proport i ona I to them. 

2. Diffusion coefficients in gaseous 



(i) Diffusicm coefficients in gaseous decrease with,the 

increasing pressure and it is inversely proportiona~ to 

the pressure. 

(ii) Diffusion coefficients in gaseous is more influenced in 

temperature than in pressure. 
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APPENDIX C 

EXPERI MENTAL DA'iA OF SAMPLES 

I. Experimental Data in AI-4% Cu alloys 

Die Temp. (oC) 
Sample Pressure Pouring macro-structure copper rich 

, .. 

no .. (MN/m2) Temp ( C) before* after* band 
.. 

1 110 680 220 327 Col + Equiaxed presence 

2 110 660 210 315 Equiaxed presence 

3 110 680 250 355 Col + Equiaxed presence 

4 110 680 220 325 C'ol + Equiaxed presence 

5 110 630 200 285 Fine Equiaxed presence 

6 110 780 190 288 Columnar presence 

7 110 780 210 330 Col umnar presence 

11 No 720 . 200 300 Col + Equiaxed No pressure -, 

12 70 720 210 310 Col + Equiaxed presence 

13 70 660 175 275 Col + Equiaxed 'presence 

14 70 650 165 260 . Fine Equiaxed No 
" 

15 110 650 165 260 Fine Equiaxed No 

16 
,I st 60 

650 165 250 Fine Equiaxed No 2nd 110 . 

17 110 650 165 250 Fine Equiaxed with presence 

asbestos 

18 No 650 175 260 Fine Equi axed No pressure 

20 /10 680 180 270 Col + Equlaxed presence 

21 70 680 190 275 Col + Equiaxed presence, 
" 

Note: * "before" means "before applying pressure", and "after" means 
"maximum die, temperature increased during applying pressure" 



2. Experimental Data in Cqmmercial AI-Cu alloys (lMII) 

Die Temp (oC) I 
Sample Pressure Pouring: Macro Copper ri ch I 

No. (r1N/m2) Temp ( C) structure band 
before* after* 

I . 

lM11 0 no 720 180 275 Fine Equiaxed No pressure 
~ 

I no 
790 180 Fine Equiaxed No pressure 

2 70 720 180 280 Fine Equiaxed 
. 

presence 

3 ; 70 660 190 305 Fine Equ i axed presence 

4 70 710 170 275 Fine Equiaxed No 

5 70 660 165 260 Fine Equiaxed No 

6 110 770 180 Fine Equiaxed presence 

7 70 780 180 280 Fine Equiaxed No 

8 110 800 215 320 Co 1. + Equ i axed presence 
. 

9 110 760 240 360 Col. + Fine presence 
Equiaxed 

Note: * - "before" means "before applying pressure", and "after" means 

"maximum die temperature increased during applying pressure". 



APPENDIX D 

Photo I The particular apparatus 
for observing the freezing 
phenomena 

Photo 2 Load cell with 
strain gauges 

Photo 3 The instruments of the main apparatus 



(a) 10 sec (b) 30 sec (c) 60 sec (d) 150 sec (e) 180 sec 

Photo 4 Crystall isation of NH 4Cl/ water system solution (satu"rated at 65°C) poured at 70°C at atmosphere 

(a) 30 sec (b) 60 sec (c) 90 se-: (d) 120 sec (e) 180 sec 

Photo 5 Crystallisation of NH~CI/water system solution (saturated at 650C) poured at 800e a~ atmosphere 



(a) 20 sec (b) 50 sec (c) Bo sec (d) 120 sec (e) 150 sec 

·Phot o6 Crystallisation of NH 4Cl/water system solution (saturated at 75°C) poured at BOoC under pressure 

(a) 10 sec (b) 40 sec (c) 60 sec (d) 90 sec (e) 150 sec 

Photo 7 Crystall isation of NH4C l /water system solution (saturated at 75°C) poured at 900C under pressure 



Photo 8 Macrostructures of Al - 4% Cu a ll oy sol idified at va r ious pouring 
temperatures with die temp. of 2100C un de r 110 MN/m2 pressure 

Photo 9 Macrostructures of Al-4% Cu alloy solidified at various die 
temperatures with pouring temp. of 6800C under li D MN/m2 

Photo ID Macrostructures of AI-4% Cu a ll oy so l idif i ed at various 
pressures with pouring temp . of 6600C and die temp. of 1650C 



Photo 11 Macrostructures of LM 11 alloy so l id sol id i fi ed at the 
fo l low i ng cas t i ng cond it ions: 

1800 e, LMll 1 pouring temp. 790
0 e, di 'e temp. at atm. 

LM 11 7 " 7800 e, " 1800 e, under 70 MN/m2 

LM 11 6 " 770
0 e, " 1800 e, under 110 MN/i 

LM 11 0 " nooe, 11 1800 e, at atm. 

LM11 2 " nooe, " 180
0 e, under 70 MN/m

2 

Photo 12 Macrostructures of LMll alloy solidif i ed at the fo l lowing 
casting conditions~ ° 

LM 11 8 pour i ng cemp.800 e, die temp . 215°C under 110 MN/m2 

LM 11 9 " 760
0 e, " 240°C under 110 MN/m2 

LM 11 3 " 650°C, " 190°C under 70 MN/m2 

LM 11 4 " 71 oOe, " 170°C under 70 MN/m2 

LM 11 5 " 6600 e, " 16Soc unde r 70 MN/m 2 



(b) longi tudinal (left) and transverse (right) sections under 

longitudinal (left) and transverse right) sections under two- step 
pressures . 

Photo 13 Photomicrographs of equiaxed grains, showi ng the change of substructure 

due to pressurisation (x4o). Etched by a 0.5% HF . 



(a) at atmosphpre 

• 

.. 

(b) under 110 

(c) under a t.IO-S tep pressure 

Photo)/, Eutectic structures at atm. and under pressures (xIOOO ). Etched by 
0.5% HF. 
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(a) chi 11 surface sol idified at atm. (specimen No. I'.CI8) 

(c) chi 11 surface sol i dified under a two-step pressure (specimen N~. AC I 6) 

Photo 15 Grain boundary migration i n a chill surface and dendrite fractures (x l00) 

Etched by 0.5%· HF 




