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ABSTRACT
-The work reported in this thesis was carfied out in twé sections:-

(i) An examfnation of tHe effect of hydrostatic pressure on the
macro- and micro- structures derived during solidification .of
- Al-Cu alloys
(i1) Some 6bservat!ons on crystal growth in an ammonium chloride/water
 analoguefsystem,fwith a yiewrto'gxblore possible simiiarities

: with the mode of solidification in Al=-Cu alloys.

Two different alloys were used: one a commerC|al a!loy (LMI1} which
contained Ti as a grain reflnlng agent, and the other a AI L% Cu alloy
which was - made up’ from 99. 99% pure aluminium and 99 9% pure copper

without additions of any grain refining agents

The pure Al1-4% Cu alloy solldified iﬁ the die showed a mixed'cblumnar
and equiaxed structure, but when pressure was applied, up to I]DHN/mz,
during solidification the structure produced was-equiaxea; At very
high pouring temperatures, a columnar structure was produced under

pressure in the pure aljoy.

The commercial Al-Cu alloy showed equiaxed grain strﬁctures even when
~ poured at high temperatures and solidified without the application of
pressure§ possibly due to the presence of the'grain4refining agents,

although the equiaxed structure was much finer under pressure.

The fineness and distribution of the equiaxed zone in the small ingots
{® 50m/m) solidified under pressuré.great]y,depended on the actual

~ temperature gradlent ( ) and the liquidﬁs temperature gradient.




It might'bé referred to have resulted from the ‘increase of heat |
extraction through the mold, and the restriction of diffusién,.as well as
~ the degree of conétitutﬁonéli supercooling ahead of the §olid-liquid-

interface.

The rapid heat extréction is a result of éondﬁcéive heat flow since the
, air'gap_betwegn the casting an& the die is eliminated by the application
“of presﬁureﬂ' Diffusion is dépendant_on time as well as temperature, so
that a more rapid solfdification ;ate restricts diffusion away from the
, Solid&iiquid interface resulting in a higher degree of conistitutional

supersooling.

There'wés.é ;endenayifor sévere”normal'ségregafion-of a copper rich pool

in the central region of the ingots cast under préss&re. This was also

- influenced by the rate of heét extraction through the mold. When the

final maximum die temperature duripg or after solidification under pressure
was kept bélowAZBOOC, the severe normal segregation of copper to the centre

of the ingot could be eliminated.

When the Al-Cu alloys were ca5t'at'even onef pouring temperatures witﬁ
.lower'initiai die temperatures, the resulting structures consisted of
gxtfemely fine equiaxéd-grains with complete absence of the normal Segré-
gation of copper in the central Eegion ébserved in castings poured at

higher temperatures.

This fine equiaxed 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 thrdughout the

ca;tihg section (similar to the idea of ''big bang" nucleation), and

e



(1) a solid skeleton formed in the Ingot césting.after pouring'isAthen
-.eragmented'by the-applicatfon-of pressﬁre which would create new centres

fer growth of grains from the remaining liquid.

The applicatnon of a two-step pressure during solldiflcatlon was.much '
more effective for dendrlte fragmentation.. It was thought to be due to
_the collapse of solid skeletons in liquid and perturbations of solid-

| quu?d-interfécee already formed dnfing the first step. This hypothesis
"'Ts.supported By'the'actuel'observations made during the crystallisatien.
of the ammonium chloride/water. analogue system. A further.point.to note
is tnet~aIIOYS poured at low temperatures are'iikely to have been severeiy
undercooled by the appllcatlon of pressure as a result of the change in
'the equnllbrlum freezung temperatures of the alloys (Clausnus Clapeyron

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

- equiaxed grains in the ingot structure.

It was observed that the micro structures of ingoﬁsrsclidified under
preseure showed fine dendritic subseructures within the eddiaxed grains.
This would also result from the “rapld coollng rate influenC|ng the
number of growth centres and possibly the rapld growth rate affectlng

the dendrite morphology. S$ince growth rate was observed to increase under

~ pressure in the analogue system of* ammonium chloride/water, it is reason-

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

pressure,

napags
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L.

INTRODUSTION

Squeeze casting, variously called liquid metal fqrging, or exrrusion
casting, is a manufacturing method which combines forging and casting

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

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

fqrged to final shape while still molten. The well known advantages
of the squeeze casting process are that high production rates and
reduced metal losses (since no gates and rfsers 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 aécurateiy cast with a fine surface

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

only minor secondary operations;(l)_(S) As a result of the advantages
in this process, for many years components have been widely produced
by sjueeze casting process in lead, zinc,.magnesium, aluminium and
copper alloys, the melting points of which range up to ab;ut IOOOOC,
and recently many attempts have bgeh made to extend the advantages to

ferrous and other alloys which melt at far higher temperatures.

A Historz

It is difficult to establish the origin of the-sqheeze_casting

'prp&ess. Historically, casting and forging processes have been

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

find casting and forging operations combired togéther within a
particular manﬁfacturing plant. However, the rapid development of
the machine building industry, withl%ts associated increase in
ﬁachineitool workloads, has made'it essential to improve

-1~
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“-preiiminary.processeé S0 that;the work conforms as closeiy as
,‘-pogsible in.cdnfigﬁratioh,'acchracy and éﬁrface finiéh fo the
finished c0mponénts, thus reducing métal losses in machinfng.

[t is conceivable that the hybfidization of éasfing and forging
procéssés might resﬁlt in thesé réquireménts for certain manu-

facturing'applications..

Die casting is Qﬁe of fhe mos t important processes contributing
to reductions in metal losses in machining and to hiéh.productioﬁ
rates; but the application of die casting is restrictéd in a
_number of ways:(z)
of important, thick-wal&ed'(OQer.6m/m),'and heavy components; .
~this is because, 3uring its shrinkage in the short filling périod
(1/5-1/10 sec), the casting cannot be fed through an ingate,
which tends to solidify before the casting ftself. “Thus, it hés
been necessary to study new techniquzs for obtaining cast compon-
entsrof accurate contour and good surface finish as well as a
high dégree-of density, possible by applYing external pressure
during éolidification or using a modifyiné agent in molten métal
so that many fine nuclei could be formed quickly and uniformly,
operéting over the whole afea of ;He cast.metal upto the péint of
l;é-;ompleté éolidifcation; Many new processes have, thus, been

(10)

created; for example, the Harrison Process, the Autoforge

(11) (12) (13)

Process, *- the Acurad Process

(14)

and the Pore-fFree Die-
Casting Process. Both the Harrison and Autoforge Processes
involve a unique method of prodUC[ng a preform which is sub-

seqﬁént]y quged.' The Acurad is a modification of the diecasting

proceés which utilises an inner plﬁnger for applying a relatively

.‘ pm

the process cannot be used for a large group




 1qw final preséqfc thrqqgﬁ a ﬁidé gate to feéd shiinkage in

the solidify{ng cast{ng.. Thé Pore-Free Diecasting is a special
method in which dfécasting is accomplisﬁéd by filling die cavitfés
with an activé gas; which easily combinés chemiééliy with molten
metal to prodﬁce a solid compoﬁnd. [n other wor&s, the above
procésses-éxcept thé Poré-Freé diécasting procéss are sfill infer-
lor to ordinary:diecasting withiregard to productivity; while
ordinary diecasting has fhe disadvantagé of_being ﬂﬁable 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

(2)

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

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

(6)

underdevelobed up-to-date. In the Soviet Union, the process
has been applied in quantity production in more than 150 plants,
and at many of these plants, more than 200-differe;t types of
pressure digcast components have been made from various non-

(2)

ferrous alloys, cast iron and steel. The GKN Group Technolog-
ical Centre of Great Britain has set about the development of
fEfrous and other ailoys which melt at high temperafure with
LIT Research Insfitutelas a jofnt venture in the early 1970'5,(3)
‘and the United States' interést in this process.has acﬁe]erated
~since thé-late 1960's and some_hOO companiés have shown an
interest in suppérting research into commercial uses of squeeze

(3)

casting. At the same time, interest in this process was

'prevalént in Germany and Japan, and some development work has




been conducted in a number of countries. Squeeze'casting is

still very young in the history of founding and the process

“itself has been véry‘poorly developed in spite of growing up in

a technological world - both in thé fields of research and

‘development.

Objectives of this study

The casting defeéts, which include porosity, segregation and
shrinkage cavities, cannot be entirely eliminated, even using
various heat treatments and metal forming processes.(15) The
otiginal casting structure persists and has a marked influence

on final propertie;.'JFortunater,.the 6riginal cgsting strﬁcturE'
which can occur in normal casting prdcesses can be somewhat
improved by the additidn of pressure in the normal caéting

{16) (17)

process. 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

- {18) (19)

mefai to shrinkage cavities, whereaﬁ, the origin of the
fine equiaxed grains.has not yet sufficiently investigated to show
hoy or when the equiaxed grains begin to form. Generally, it is
known that final ingot structurés markedly depend on the degree

of convection movement in the melt during solidification.(zo)

However, ‘it is not known whether the application of pressure

during solidification promotes convection and whether the convect-

ion is the sole mechanism originatihg the equiaxed zone in the

cast[ngs solidified under pressﬁre. This work was conducted in




an attempt to ascertain at which stage during solidification

‘under’ pressure equiaxed grains originate and then help to provide '

a-fﬁrther understanding of castings solidified under pressure,

Y

"SCopes‘of'this‘stﬁdy

c

- “The work was divided into two categories as follows:

(i) . Some observation on freezing phenomena by using ammonium
chloride solutions as an analogue of a metal system.
(ii) Influence of pressure on macro- and micro-structures of

Al-Cu alloys.

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

cular apparatus the growth of crystals from the melt was observed
and then the influence of pressure on the grain'structures were
examined Tn 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 investigéte‘the fnfluence of
presshre on crystal mul€iplication by using ammonium chloride
‘solutions. It has been well known that ammbnidm ch!oride/
water system could be used as an analdgue for obsérving
‘métallié solidification phenomena, It is Hue to the ammonium
~chioride freezing in a nén-faéeted manner and acting as a
metal while the water is rejected as impurities or alloying

e (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 serles of phdﬁdgraphs of 5 seéonds'interVal were taken

for about 4 minutes.

i

Influence of hydrostatic pressuré on macro- and micro- -
structures of Al-Cu casting alloys

In this work, typical éluminiﬁm base alloys, which solidify
over an extended range, i.e., Al-4% Cu alloy and commercial

Al-Cu alloy (LM 11}, were invéstigated by solidifying in a

'jcylindriéa!'mo!d ( #50m/m) under hydroéfatic pressures, The

basic factors, which contribute to improving quality of castings

solidified 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 biaxiai -

strain gaugés 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,




tl. GENERAL ASPECTS OF METAL CONSOLIDATION UNDER PRESSURE

1. Mechanics of metal consolidation,

2. Solidification rate and heat conditions,
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GENERAL ASPECTS OF METAL CONSOLIDATION UNDER PRESSURE

Squeeze casting can be grouped into two types as follows: (i) the

‘process of casting solidified under pressure and (ii) the extrusion

~casting 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 movement 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 fl%led with 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 crystalltsatlon under pressure and then
by plastlc deformation, depending on the magnitude of the pressure

applied.

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

- under pressure or in the extrusion casting process, would take place by

. Mechani¢s of metal consolldatton

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, it is cenvenient to study the phenomena of cylindrical shapes

rather than by complex shaped components.

(22) (23)

'The structure of the metal dur:ng the primary crystallisation (i e.,

the solidification of the melt) markedly affects all the prOperties'




of the cast{ng. ‘Under conditions of ccnventiénal casting it

lls diffiéﬁlt fo avoid shrinkage cavities ahd to ;ontrol zonat
stfﬁcthré dué to the differénce in solldification fateg neér the
walls and in the centre of the casting,. The application of
'pressﬁré during the primary'crystallisaflon, howeve;, {mproves

the structure and propertiés of the metal in several ways; (i) by
increasing the ﬁumEer of the crystallisafion_nucléi, (ii) reducing
microporosity and shrinkage, (iii} alterfng the mutual solubilities
of the componer.ts of the alloys and (iv) suppressing gas nucleation.
These reasons can be explained through the methéniés.of'metal

consolidation.

Whén éxamining the mechanism of metal consolidation, it is essential
-té clarify the concept of consolidation. As far as casting requi re-
ments aré-concerned, consolidation is nothing more than thé elimin-
ation of basic defects; blow holes, porosities and shrinkage cavi-
ties. Since all the casting defects mentioned are formed during

solidification, 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 consolidation in the wide sense (i.e., by blastic

(22) |

deformation) can begin.

In this circumstance, the shrinkage cavities become filled, the

metal contihugs to be forced under continuous pressure into areas.
where intercrystalline microporosity remains and it will be diffiéult
for gases to evolve from solution. ;The metal consolidation by
_abpiying pressure is ef%ected in the témperature range betweenlthe

€

~ temperature at which linear shrinkage starts and the solidus

-8~
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temperature: when shrinkage cavities form, the surrounding netal

contains much. of the liquid phase, so.fhat a timely application

of thé appropriat§ préssﬁfe can extrﬁde metaf inta these cavities
withoﬁt difficulty. Practically, the‘pressﬁre must be applied at
the start of crystallisation (becaﬁse évélution of gases is cﬁecked
a very short timé aftér pressdre is app]iéd to the metal) and kept *
up until a solid - liqﬁid or plastic state has been reached in
order that the shrinkage cavities can be eliminated and the metal
consolidated. However, elimination of shrinkage cavities and
porosity is. a much more complex problem, dépepding on the conditions

under which the alloy solidifies and crystaliises. The supply of

molten 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 etther within the crystallisation-rénge or coincides
with the.solidus temperature. The curve showing témperature at
wh{;h linear shrinkage starts, divides the temperature-concentration
region between liquidus and scolidus into two fundamehtally different
parts: the.upper pa}t, Qithin which the primary crystals are separ-

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

‘a liquid-solid state, have the basic propertieé of a liquid mass,

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

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

which contains the liquid phase. In this latter part, between the

temperature curve for the start of linear shrinkage and the solidus,

alloys which are in'the solid-liquid state have the basic




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: unfilled pores remain in the central zone bétween the
'deﬁdrites, and within tﬁe.dendrites between the individual axes;
and these alloys show shrinkage porosity instead of shrinkage
cavities on transition from the molten te.the solid state. Under
‘normal conditions, it is difficultrto-preveﬁt porosity because

the dense mass of dendrites resists the flow of moiten metal

and the gases evelving from solution aiso tene to prevent porous
areas:from filling with metal; Even with enlarged shrinkage head,
borosity cannot be elimfnated altogether. Under pressure, however,
it is not hard to eliminate shrlnkage porosity due to accelerating
cqllapse of porosity, while solubility of gases can be increased
by increasing pressure.(Sieverf's law). For example, gas porosity |
and blow holes are not usually encountered in blllets manufactured |
by crystalllsatuon under pressure, since gases can be held in

solution even at low specific pressures (% ﬂ?bcPH ).
2

Some theories on formation of segregation can be discussed‘in the
‘mechanism of metal consoiidation as well. Segregation occurs in
nofmal casting when the casting processes remain incomplete. Both
_'normal andvinverse segregation are due to movements of the melt
along the'channefs in the crystalline.skeleton due to differenees
ih.pressere within the ingot. The pressure differenées are produced
either by shrihkage and crystallisation or by intensive evolution

‘ of gases. The tehdency to growieg segregation .is connected with

the temperature range of the solld llquid state between the liquidus

-10-



e énd';he temperature $£ witich lineér_éhrinkage commences. Some
.studies.of (ngogs under.pistén pressﬁre have shown that appliéation
éf.pressure during solidification of alioys c;n be effective in
prévént{ng a certain type. of ség(egation, For example, the
appiication of presﬁﬁre was gréatiy effectivé in preventing gravity
ségregatién of éeal[ng rings for automobile cylin&ers (60% Pb +
C2.5%Ni + 37-5%Cu).(2§) Pressuré increaSes.the movement of soluté ‘
'--ﬁeta] remaining'betwéen\the axés of the dendrite or between the
crystals which sepérate out at the start of solidification. This
can help to reduce dendritic segregation; whereas, extreme ﬁormal
;$egrégation can be observed underrpressure rather than at atmosphere

in Al-h.5%Cu casting alléy.(ZS)

‘Porosity, shrinkage and segregation mentioned in the above are closely
" connected with solidification rate. A high solidification rate helps _:
to ensure that most of the metal displacements are completed whilé

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

- to solidify completeiy. The ﬁétal displacements by applying pressure
during solidification is oné of the factors which contribute to an
inééeaée in solidification rate and to equalisation of the internal

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

-

- d7 - TH'AV
: dP =~ aH

. T . . .
where, ;%F is the amount of change of freezing temperature by the

M

change in volume on freezing and AH the latent heat of fusion or

application of pressure, T, normal freezing temperature, AV the

enthalpy. For example, if the speclfic preséureslare Increased by -

' lSUng/cmz, 5000kg/¢m2_ahd 18000kg/cm2,-the corresponding inc}eases

-1.1-




in tﬁe !iﬁuidus'tempérafuré are abouf.ii?ﬁ,.?loc and .110°C for
_aluminium. . These e?perimental values are in good.agréements wigh
the values éalcﬁlated théofeticallyjfrom Clausius-Claypeyron's
‘éqﬁation; and this proﬁides thé theorétical basis for thé experi-
mental conclusions on the jncréasé in soliaification rate when
préssﬁre_is incrééséd. It forces fresh metal into the cavities
betwegn the dendrite branches, ovefcoming the capillary force

which prevent such feeding qnder_normal‘césting condi;iqnsf Thg;e
help to equalise the strucfure in all zones and to improve mechani-
‘cal properties. The pressure t}ansmitted by the punch directly

to the metal also has a mechanical effect on structure equalisation.
The displaéement, cohtaét and mutual'pressufe of metal c}ystallites
dqfing solidification_is another factor insuring a finely divided

structure and increased sclidification rates,

Solute distribution ahead of an advancingrsolidnliquid interface
can be co;trolléd considerably by hydrostatic compreésfon of_thé
molten metal in tHe mold. [t does not méan,howeQéf, that pressure
is propo}tiQnal to diffusion, which is considered to be atomic

migration. !In fact, it is expected that atomic migrafion would be

(26)

_slowed down by high pressure: that is, diffusiqn coefficient '

" for concentration units increases with temperature and decredses

with pressure.(?7) Genera]ly.gaseous diffusion coefficients are

" In the peighbourhood of 0.lcm2/sec and liquid diffusion coefficients

> (26) Whereas, diffusion

are neafIY,aIWays'close to 10~ cmzlsec.
coefficients_in solids vary over many orders of magnftude. They'
are usually very tempekaturé dependent according to the relation

D = Do exﬁ C-Q/KkT). Furthermore, the diffusion coefficients

~12-




.the solid,

~in a_given solid are dependent on the structural perfect:on of

(28)~ (31)
(33-37)

(30) (32)

ionising radiation,

(39) (40)

thermal historv

(38)

straln orientation, trace of lmpurltles

(1)

nearby

concentratlon gradlents of other 1mpur:t|es, and hydrbstatic

pressure.( 2) lﬁ the squeeze casting procéss, solidification rate

is much qufckér tﬁan in the normal casting procesﬁ. Therefore,

the castings solidified under pressure have not enough time for
diffusnon in the liquid state. lefUSlon coefficients in the squeeze
casting may be mainly considered in the solid state after applying
pressdre. Generally difFusion.coefFicients are not greatly
iﬁfluenced by pressure, ;omparéd with the influencés of temperature
in solid state. Dif%usion coefficients in solid decrease with
increasing pressure, butﬁit-is not exponentiéllyfdependent upon-the.
lncfeasfng pressure. On the cohtrary, diffusion coefficient increase

with increasing temperature and it is exponentially dependent upon

the temperature (Appendix A).

Consequently, consolidation under high specffic pressures:begin

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

and the final consolidation takes blace as a result of plastic deform-

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

shrinkage defects but also reduces  intercrystalline microporosity
.to some extent, which invariably'!eads to improved mechanical

properties.

Solidification rate and heat conditions in castlng

The solidification rate K when casting under given conditions of

cooling, i.e., at a given mold surface temperature and with a given

=13~




© . material, is found byigightfoot.solidification formulae;
x =KL
where K is a constant value:
Sincé the ingot témpératﬁré changés.aﬁr[ng cobling,'thé mean value

of K is adopted:

K= —

T

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

1t is shown in Fig. |1-1 that an 80m/m diameter ingot, cast from
Al-ll.Sﬁ Siralloy, crystallises under atmospheric pressure in about
2.1 minutes, while the solidification time for a similar ingot -
under 2000kg/cm2 ﬁressure is reduced to approximatelyrﬂ;ﬁ minutes:
there is a reduction of.three,times under pressure. This means
there is a difference in the solidification rate before and after
application of pressure. When metal is held in the mold before
applying pressure, it remains molten at the pentre{and in a semi--
molten state near‘théwmold walls. The sol&dificafion rate increases
substantially from the moment the punch meets the metal, due to thé
appiication of pressure and thg'fdrcing 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}ng: when thé.ingot
crystallises under pfessure; the metal hold 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 cooling, this subsidiary factor, as well
:_as the‘preééuré itself,helps to prodﬁce alloys with fine grained

T




stfuctures and improﬁed mecﬁanical properties, aﬁd high cooliﬁg
rates aré_effectivé'inlthe casting of alloys containing brittie
- phaﬁés, which sblidify_as:finér crystals under these cooling
conditions: for example;:the mechzanical propértiés of A1-10%Si
alloy by using solidifica;ion ﬁndér piston pressure increases

' 1.3;-f.5,timés in ténsile strength; 3f-h'times in elongation and

(96)

2—-2.5 times in impact strength.

e,

TR eaan el e—3
e

-,
b - .

.
- ~—
-— * -
Bt ol T S

Mat’® : AL-m595 Sc

7 ER 3
Time (min,

Fid.'ll—l Cooling curves for an 80m/m diameter
solidification of :- - .

1. casting centre in 2000kg/cm2
2, casting periphery in 2000kg/cm2
3. casting centre In atmosphere

4, casting periphery in atmosphere

In many cases, heat conditions are of decisive importance in
casting ﬁigh quality preducts by solidification under pressure,
Just as they are in dié-cast}ng. For example, segregation can

be somewhat eliminated by selecting the appropriate heat
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- éonditibns in- casting.. Qegreéation oc#urs.dﬁe,to'the way in

which the ailéys solidify. wheﬁ the téﬁpéraﬁurc of the ailofs
falls below the liquidds,"heavny branched dendrites begin to
devélbp rapidly from the bésic solid soiﬁtion, which has a higher
léeMperatﬁre‘thanathat at which the alloy finally solidifies.
Considerable amounts of the readily fusible phase remain in fhe
moltén state between the dendrite branches at fhis time. Since
fhe:fngdt solidifies in successive stages from the periphery to
the centre, conditions arise in which the low melting point phases
are aisplaced into the ingot centre. This leads to an increase

iﬁ thé amount of lbw melting phase components in the.ingot centre:
the phenomena of normél ségregation. The.maximum possiblg\uniforﬁity
of solidification can be obtained by pouringlthe metal into a hot
mold coated with a ]ubficant 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:,lgas porosity, blow holes; shrinkage ;avities and
lack of density in the struhture. Very low specific.pressuré is
ailuthat is required to eliminate blow holes and gas porosity, but
some higher specific_pressure Is necessary to ellminate shriﬁkage
porosity and cavities. The proper specific pressure to oBtain
-sound strﬁcture is greatly dependenf upﬁh the system and composition

of alloyﬂ

;]6—'
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111: A REVIEW OF DENDRITIC GROWTH FROM MELT

When a métal or‘alloy is poﬁréd into a mold and afloﬁed to soljdify,
the gréin'struétureg may be;desgribed in vafioﬁs ways;,depending mainly
‘on Fhe rate of heat extraction, the amoﬁnt of metal and its composition
and the pétency of the nﬁcléants thaf are prescnt, The classical
picture of the grain structure of a casting or metal has been described
_schematiga]ly-in three parts: the outer chill.;oqez the intermediate

~ columnar zone and the central equiaxed zone.

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

(43)

known to depend both on nucleation and on crystal multiplication.

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 liquid.

1.1 Some considerations of interface growth

Once nucieation has occurréd, crystal growth begins and the'strdcture
developed can be related to the growth conditions of the solid-
llQUld interface, in partlcular to the undercoolang. The shape of
the solid- llquld interface depends on the temperature dlstr|but|on
.durlng solidification and some undercoollng must exist to advance
the gnterface. It is possuble to have growth with either a positive
or a neéative temperature grad!ent in the liquid, as shown in Fig.

-1,

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

of Fig 11t-1(a), the interface will remain stationary, and 1f the
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situation shown by.curve (2).exists, the interface can advance

due to some undercooling.

(a) planar'growth with a positive temperature
gradient in the liquid.

- _ (b) dendrites growth with a negative temperature
" gradient in the liquid

50'-& I.‘:u d
5 Te|=-mmmemmmprrsn s e maneean |
—> Jrowth Directam — growth direckion |
I
g (1} interface .s-}ahona.rr E
= b :
(2) in'l‘erface aJvmc-‘nJ F ‘
Distance . Distamce_
(0) . th)
Fig. Il1-1  Témperature distribution in crystal growth
I

VWhen the temperature gradient in the liquid is po§{£ive in a8 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 strﬁcture (striations) is usually observed in single crystals. |
When the temperathre gradient is negétive as shown in Fig. 111-1{b)} é
) the liquid ahead of the interface is thermally.undercqoled, 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-thg casting because the rate of heat

() -

abstraction Is slower than the speed of dendritic growth.

18-




_lﬁ.alloys; on‘the;othéf.ﬁand, the ﬁndercool{ng will-be hrﬁduced
indiréctly‘by chqnges'jn'temperature and compésftion: that is,
constitutional supercooling. ‘Thi§ type of uﬁdércdoling is primarily
the resﬁlt of the difference in composition'bethen the solid and
,1iqﬁid phases during solidiffcation,. Tﬁis'difference in composition
not only.pro&ﬁces ﬁndércoolipg when thé temperature conditions are
sultable but also it is resp&nsible for the segregation that exists

in the final solid alloy.

" In the absence of constitutional supercooling, the behaviour growth
s esﬁentially the same as that of pure metals with the exceptibn

of solute redistribﬁtion which.is associated with the initfal and
final transients in the solidification process., _The éxistence of a
zone of constitutional supercooling ahead of the interface will make
- an initially planar interface unstable and prone to perturbation in
shape. The transition from stabiiity to instability can be shown
when the slope of the actual teﬁperature is made equal to the slope
of the liqﬁidus temperature curve at the‘interfaé;. This will be

discussed ‘in the following section of constitutional supercooling.

interface growth by undercooling has been limitéd to ejther steady
~state or transients which moﬁotonically approach steady state: e.g.,
the supercooling theory has dealt wiéh the question of which state,
"solid or I%quid, is thermodynamically stable in front of an initially
plane front interface.. The nature of interface growth, however, is
not élways.so simple as to provide these conditiong. lFIuctuating
_ and'periodiq growfh phenomena are not only frequently observed but
_are offen very difficult to_avof&. As a result, a quite different
approach to the problem_of intefface breakdown has been recently

,_719'
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cbnsidered,rcéncerned Qith whether a state is-dynaﬁiﬁai!y achiev-

h able:"a dynamical approach as to whetﬁcnrthe perturEatéon in

: plané.fronprgrowth will Qrow or shrink ?epeﬁds on the interacfion
of the pértufbéd solute and thermal fiélds, an liqﬁid-solid surface
-energy, énd on ihterfacé kinetics. This treatment has some advant-
ages,'particﬁlarly since it'prediéts somé'of‘the parameters, e.g.;
cell size,'which were not'treated'in:fhe original analysfs of |

(45) (46)~ (49)

constitutional supercooling. ‘Mulins and Sekerka have

studied this point of view. Although many explanations have been
deviséd for these phenomena,lit appears that many quesfions remain
unanswered due fo the handicap of baéic experimentaf difficulty and
mathematical-coﬁp]ex%fy.f Thué, the recent dfrect observations of

(50)(51)

interface behaviour in ihorganic or organic analogues of metals

(52) have given valuable

and in thin films in the electron microscope,
confirmation of the different theoretical mechanisms.

- 1.2 Solute distribution at steady state (low growth rates)

The distribution of solute in the solid, when solidification is
complété; is Hfffereat‘froﬁ_that;ih the Viquid, although the total
amount of solute is unchanged. Thiﬁ-leads to solute segregatién on
bqth a microscale and a macroscale. There are two extreme cases in
soluté redistribution. firsf,'tﬁe solute increase may disperse in
the liquia_by diffusion oﬁly.‘ Alternatively, conditi;ns of mixing by
-‘convecfion may exist in the 1tquid which fapidly spread the excess
solute throughout the bulk of the liquid. The following equations,

" which deal with the quantitative aspects of solute redistribution in
normal solidification! eﬁp[oylthg assumptions of equilibrium at the‘_
liquid-solid interface and no significaﬁt'hndercooliﬁg before nﬁcle-

'atidn or from effect of curvature of the liquid-solid interface, -

-20-



(i) Solute distribution by diffusion only
.~Tiller(53)

“and others mathematizally analysed the solute
segregation produced in the solid and liﬁﬁid.dur{ng solidi-

fication.

_Us[ng tﬁe assﬁmptions:-
(a). conve;gion in the liqﬁid is negligible
(b) Diffusion in the solid is negligible
{c¢) Initial composition (Co) is constant in the solid
(d) Interface is planar and éts temperature is in solidus line

(e) The value of the equilibrium partltlon ratio (ko) is
constant ,

Under these conditions the solid being deposited must have a
composition Co and the form of the soiute_distribution will be

.as shown in Fig. 111-2,

Solid »
° Selid . |"$Uid

Co

Fig. 111-2 The solute profile ahead of the interface during
" steady-state solidification with solute re-distribution
by diffusion only

?‘?w ' ' .. The amount of so!ute'béing Fejected'at the interface by solid-

-ification, should be equal to the amount that diffuses away

_21_




from it, and Fick's 2nd law can. be considered.in this case;

= -D( g}ﬁ ) and.thus.the solute velocity (R} ‘to

3G
i
. o N . . . .e_&‘
move inthe liquid is "g%, |
The steady state differential equation describing the solute

flow in'the liquid is, therefore,

D(&5) +R(2E) =0 - (FH-1)

This has a general solution
A 4B )
Applying.the boundary.conditions
| | C.=Cy at X—> oo
C,_?%, at Xx—0
Substitution in;the equation of généra] éélution gi&es the

result

C.=Co [1 + _l%'fn .!X?(——g—x)] (t111-2)

(1i) Solute distribution by compfete mixing in the liquid

This‘condition leads to maximum segregation dd}ing ﬁorma?
freezing. |

Using the assqmptions:-

{a) No diffﬁéion 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 Pfannfsh) The solute profile is given by

Ce=Co C1=80h" 0 &y o C(111-3)
where g is the fraction solid. . | '
Since no diffusion in the s;lid is aSSQméd, the average liquid -
cbmposition after a fraction g has solidified must be

¢L=C°c:-3)’°‘°" | | (t11-4)

-22-
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(iii)"Solute'distribution'by partial mixing in:the liquid

" The case of partial mfxing in.tﬁe‘liquid can be solved approx-
.imatély by assumfng that the iiqﬁid fs.éompiétely ﬁixed éxcept
for a stagnant iayer fmmédfatély in front of the interfa&e; :

that Is, theré is a:§dfficiént convection to ensure uniformity
beyon& the s;égnant'layér § at the interfacé 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 kg (effective partition ratio)
L - ' -
Cs=heCp(1-9) (111-5)
Bufton(SS) and-others derived an expréssioh for kE as a

function of R, D. ko and & . They assumed that the
equation of the solute distribution in the liquid by diffusion
could oniy be applied in the stagnant layer up to a value of

x=§ » and the equation of the solute distribution by partial

-23_




- coefflcient.

mixing is given'@y

’ “Pfg-_- -ﬁo

Ro +(|"~|’10).nxf(--—8) |

"by using the boundary conditions
CL=, Csn at x—voo
cL= CL* at x—o

c,=C, at X —s

O 1-6) |

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 quuidg(ss) by using

radiography for the directly continuous observatlon of the

(57)

interface

(58)

taining radioactive tracers.

1.3 Solute distribution at non-steady state

- ~2k-

and by dlrect:onal!y solldlfytng Sn alloys con-

While the dlffu5|on process of solute dlstributlon is effectlve at
: Iow growth rates and for high values of diffusion coefficient, it is
not apprecnable at hlgh growth rates or for low values of diffu5|on
Generally the total amount of solute incorporated
into the s;agnant/gﬁgsgéses as the growtﬁ rates décrease and the

diffusion coefficient increases,-és shown. in Fig. 1!1-4,



. Composition

—_— X ' 7 —_ X — X
(a) growth rate- (b) diffusivity (c) partition ratio
Fig. I11-4% Changes in the solute concentration ahead of a
growing interface for changes in the growth para

meters. _ _ .

Fig. I11=4 ifiustrétes, schematicélly, the way the solute concentr=
ation profile changes in front of the interface with changes in the
Varfables R, D and ko { <1); respectively. It is seen that a short,
stéep pite-up is prodd;ed at high growth rates an&ufor low solute
‘diffusion coefficients. Of- particular iﬁportance are the extreme )
solu;e accumulatioﬁs that can océur 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
_ﬁﬁyslcal hature of the interféde alters to a non-planar configura-

" tion. Under these conditions, the foregoing equations which are
mentioned in the solute distribution at steady state are no longer

. valid, although they can be uged to give some approiiméte indication

of the solute distribution near the interface.
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Cehsiderihg.the changes of the'lbcalised solute distribution in
the solid by changing the gruwth rates, . the effe ts are shown in

Flg (11 -5.

Ri<R,

Rﬁr\'g R]
\

Corn_Pos.t-m

—>» X in solid

Fig. Il1=5 The effect of changes in the growfh 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 émount of solute in the inter-
face piie-up'wil] need fo increase when the Qrowth rate slows down,
or to decrease when the growth rate speeds up. Thesé cﬁanges will
lead to a localised deviation from the steady state while the solute
pfle-up changes. The need for an increase in the amount of solute
in the pile-up with a decreased growth rate means a. Iocal decrease
in the amount of solute deposuted in the solid as the growth 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-dépendent form, and the non-steady state
_differéﬁtial equation describing the solute flow in the liquid is

therefore, obtained by ﬁbdify{ng the above equatfon; (I11-1),

2C C_ sc | o _-
035 138 25 IR
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Smith

(59)

and others have obtained.an exact solution for. this case

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

SOIﬁté.distribﬁtibn at initial interface Qelécity‘as initlal bound-
ary conditions. The result; wére that the charaéteristic'lengfh

{ %f% } of the berturbations that form Is'mﬁch greater than D/R
for small ko and increases with'decreas[ng 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(eo)

TR . a —
distribution of two-phase composite alloy/ngnwsteady 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:-

- (1) Changes In elther growth rate or thickness of convective
boundary layer & will resulf in local variations of
compos i tion.

"(i1) Changes in growth rate will change both Tamellar spacing
and'compositfon, while changes in § will change only

composition.

Constitutional supercooling and dendritic growth

Most dendritic structures in alloys are the result of undercooling

iproduced-by constitutional means, and can be controlled by heat

‘and/or mass transports., |f the undercooling is increased by a

critical amount over that required for cell formation, all the

" cells begin to branch and form an array of dendrites; a chénge

to.the dendritic structure can be obtained by introducing more

thermal and constitutional supercooling.

-27-
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.-2.1 Constitutional supercooling

[ a pdssible tehperaturq gradiént is maintained in the liguid:
dﬁring gréwth (Fig. 111-1(a)}, the interfaéé hsy be planar and
thé ségregation patterns déscribéd in'thé soluté distfibution at

- ‘steady-state may occur. Howévér, if solidification occurs at so
fast a rate.that.the atoms cannot diffﬁsé sﬂfficiéntly to produce
compositional equilibrium, a concentration gradfent is set-up in
thelliquid adjacent to the advancing solia-liﬁqid interface.

This build-up is produced by the local enrichmenﬁ of'the liquid
with impurities or a second alloy element, as shown in Fig. 11i-6,

-

depending on the type of equilibrium diagram.

r actual 'hmf.
-l%ulf. f.‘tu-‘dus i‘émr_- .

7

TEQp.or Comp.

1]
Distence —a»

" Fig. I11-6  Constitutional supercooling ahead of an Interface

Thus, Chalmers and coworkers(53)(61) pointed out that the solute
accumulation, which exists ahead of the Iinterface when no mixing

. or.no convection occur in the liquid, could lead to constitutional
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: supefcoollng. 'Consider{ngfthe case of no mix{pg‘in.the liquid, the

~solute distribution ahead of the interface is given by

e e
c, = ¢, [‘1 + o~ exp ( E-x) ]

The bﬁild-ﬁp of solﬁte in the lfqﬁid at the interfacé reduces the
quuidus-temperature of this portion in the melt and each compos-
ition in the liquid ahead Qf.the Interfaqg hgs é partfcular liquidué
temparature as shown in Fig. I11-6, The equilibrium liquidus temper-

ature (TL) is given by

T= T - omC | . (111-8)

where Tm is the melting point of the pure metal and m is the slope
“of the liquidus line in the phaée diagram., For a solute distrib-

- ution, the equilibrium liquidus temperature.corresponding to differ-

ent points ahead of the interface will then be,

T, = Tm- mCo[l + 1;:;? exp,('%?()] : =7 (1-9)

L

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

sition (Co), the interface temperature (Ti) is

.o . - mCo _ _
Ti = Tm . (III 10)
. Thus, the liquidus temperature can be rewritten as
: _ "mCo {1-ko)- _ _R -
L= T RO [1-exp (..T)-x)J (1i-1)

L
fhe-actual temperature in the liquid, ‘on the other Hand, is gliven
by , | |

T = T, +6x | C(e-12)

~where G is the temperature gradient in the liquid ahead of the
interface. '
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“Whén.the actual temperature is superimposed upon.the curve fof_.
equillhfium liquidus féﬁpcratﬁre, as in.Eig. [11-6, part of the
liqﬁid_is Below its normaI lfquidQs_témperature. .This under-
cooling, terhed constitutional sﬁpercool[ng, is a direct result

of the concentrétioq gradient that exists in the liquid. The

zone cf_constitﬁtional.supercooling"can be eliminated ff the

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

' tﬁe sldpe-of the liquidus temperature curve at the interface.

Thus for no constitutional supercooling the following relationship

is required,
6 > (ZL) o | NOIBE

By differentiating the equation of equilibrium quuldus'temper-

atures, the following condition is easily shown,

G mCo {1-ko) o )
R > T ko : (t11-14)

-

=

The terms fn the above equation are grouﬁed withogrowth parameters
on the- left-hand side, and-material and system parameters on thg-
fightjhand side. The nétﬁre of this‘equation'allows one to define
condi tions under which constitutional supercooling occurs. Theﬁe

are: _ '
- (i) low.temperature in the liquid

(i) fast growth rates
(1i1) steep l}quidus lines
(iv) high alloy contents
(v) low diffusion coefficients in the liquid

“(vi) very low ko for ko < 1 or very high ko for ko >1



The exactness and theoretical validity of the constitutional
'féupercooling criterion have heen criticised on :the basis that it
was' deduced by the application of equilibrium arguments to a

(49)

dynamic system; ‘the above constitutional supercooling

criterion is applicable only for unstirred system. For stirred

1. (62) (63)

“melt, Hurle and Bardsley have .shown that, by appropriate]y.-
changing the boundary conditions in the equation of solute distr-
 bution by diffusion only, the results can be described by the - -

condition,

' _ Rk |
(%;)02"‘“'( 'k§°)—55 - - {111=-15)

On the other hand, Hul1in§ and Sekérka(el) have theoretically
studied the growth or decay of perturbations in shape of the sqrface.
\ Their techniques were to calculate the time dependenee of the ampli-
tude of a perturbation which was introduced into the shape ofrthe
planar interface; if the amplititude inc;eases, the interface is
unstable and so on. They derived the criterion.théi instability

. occurs when

m (%%)o ‘-(7;“%“,2‘:)(*‘5&5 +K6G) >b (111-16)

compared with the constitutional supercooling criterion of

m(“éa’“jcc“ y— . >0 for instability
where b arises from the surface tension (capiilarity) between solid

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

Experimentally b has been found to be negligible for many systemgéz)

but at high growth velocity 1t cannot be neglected due to the




'1 surface energy. .The plot of G/R versus Co for Mullins-Sekerka

.critefion by_consideringfthe surface énérgy is shown in Fig. LH1-7.

STABLE

Fig. -7 The plot of G/R versus Co for stability/instability

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

%o Tm ¥ R” : | -
T 2 | G-

This'will occur at high growth'Qeiocities when the surfacé energy
effect will completely dominate the solute effect;(65) Sharp and
Helléwel1(6k) measured the .cell spacing in Al-Cu alloys which had
been uﬁdirectionally grown at accelerating growth rates and duenched
immediately after breakdown. They;compared their results with the
wave length of fastest growing perturbation predicted by the Mullins
_égd Sekerka analysis; A éatiéfactory agreement could be obtalned
" only if the surface energy was assumed to have a very high value.
They suége;ted.that a more reasonable value for the»surface energy
could be dsed 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.




© . 2,2 Dendritic growth

.The constitutional supercocling criteria which were mentioned
closely predict conditions required to initiate breakdown of

‘a plane front in metals sblidifying Qithout facet formation.

‘As the growth velocity is'ihcreased,_the'changing shape of the

groﬁth structure will be proceeded by the sketch shown in

Fig. Ill-8.(§6}
heat
l{-low

o 0 P

(o) (b) (e)

Fig. 111-8 Sketch of the changing shape of the growth
structure as the growth velocity Is increased.

(a) regular cell growing at low velocity
(b) regular cell growing in <100> déﬁdrite
- direction : ‘
(c) flanged-cell or cellular dendrite
fd) dendrite exhibiting the start of periodic
lateral branch’

At low degrees of constitutional supercooling a cellular inter-
face develéps from the planar interface after first becoming pock-
marked and then sﬁbw{ng elongated cells. As the degree of super-
cooling 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).

._lexperimental error, _[f is, therefore, difficult to observe
'.thercellular ood/or cellular oendrités structurés without controlling
the gro&th volocity.l'ln normal solidificatioo, this. kind of super-
‘ cooling reqolrod for growth can osually be ignored, because lt-is
small compared with the témpératuro gradient that must be present
‘to fémovo tho‘latent hoat of fusion that is liberated when liquid
'transfofms to solid. It follows that the overall rate at which
crystalo grow is governed by the rate at which heaf'ls_ektracted_
froh: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 latent 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

tn Fig. [11-9,

g ‘ T .
T T T,
! > -l L
AT _ | ;
(j_Tf)L»O ' (il’;tr‘)l->° _ (%Ji:)l- £0
(a) ' (b) (c)

Fig. 111-9. The effect of the extent of supercooled layer on
the formatlon of structures in alloys.

(a) condltlon for cell formataon
(b) condition for cellular derndritic growth

(c) condition for free dendritic growth

‘ Frée dendrlfic growth takes place in the case with negative temper-
ature gradient in the liquid as shown in Fig. t11-9(c). This

lmpliés that fhe‘wholo of tho liqoid would‘be.supercooled'by‘an
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(68)

 aﬁouht-that could be.Qery_lirée, tens or hundfeds;éf.degrces
',whilé.thértémperatﬁré of . the cellﬁlar deﬁdfitic intérf%cé i§ within

a few'éegrees'of.the éqﬁi]ibriﬁm liqﬁidhs iémpératuré. This diff-
erence increases with incréés{ng rate of heat extraction. When

the quﬁid is pouréd into a moﬁld, thé'héat is extracted through

the mold wall, and a heat balance on a ﬁnit'aréé'of_the solid-liquid

interface indicates, .
3Ty aTy - e
Ko — K5 = - QpVe - (1-18)
assuming-that the temperature of the interface remains constant.
Where Ks, K. are the thermal conductivities in the solid and the

liquid, Vi is the velocity of the interface and Q; s the heat

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

Considering the effect of solute in an alldy‘on dendritic growth,

iq an isothermal system the solid.can grow only as fast as the
solute rejected diffusgs awéy from tﬁe interface. This is because
heat has a diffusion coefficient roughly 10" time; greater than
the.soluﬁé énd so getting rid of the heat is no longer rate control-
ling. Generally,'én equation for the velocity oflthé advancing

lnterface-in‘an alloy is given by,

. Dv ' e
V=-t2om (70), (11-13)
" Thus, D, replaces.the thermal conductivity (KL), and the solute .

(CL - Cé) that must be removed per unit volume converted from liquid
to solid, replaces the heat (_Q}) that must be removed per unit
volume converted from liquid to solid. There is one major differ-

ence between pure metals. and alloys. In.pure metal, the rate of
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_growth is con£rolléd by fhe rate-at which heat is cpndﬁcted.éut
" into the;surround{ng quuid; while,.in the alloy,<th¢ growth rate
s mainlf controlléd.b{ the rate oF.the.solﬁte which is diffused |
away from the interface. In the case of .the atloy, diffusion of
the soluté, which is inherehtly‘a much slower process than the
: coﬁdﬁction of heat, is Iimjting, and sc fhe dendrités grow much
more slowly than in pure metal. It is, therefore, much easiér to
" observe the dendrite structﬁre in ailoys than in pure metals. The
‘s;!ute distribution:betwéén fﬁé dendrites in élloys, occu}s inlthé
same way as for cellular dendrites, because the process would be
" .essentially no different, except for a negétive temperaturé gradient
\?ﬁ‘tﬁg/:iquid. It cén be, thefefore, explained éy the constftutional

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

(69)

directions, with regular branches in other equivalent directions. '
_ Thg-branching habit extends to secondary, tertiary and sometimes

~ higher orders. In face-centred and body-centred cubic structures,
dendriﬁic growth is observed to take place in the cube directions,
of which there are three that are mutually perpendicular. The main
.‘qualitativénexperimental observations are: (a) that dendritic

- growth takes placé when the melt is supercooled, (b) that the
directions of growth are a!ways strictly crystai[ographic, (c)
braﬁching occurs at roughly regular spacing, and that only a small

proportion of the liquid is solidified in this way.
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'For quantitative observations, the following. four aspects can

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

solid formed as a . function of initial'supercooling of the liqdid,

(b}

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

function of the temperatore of the liquid.

(i

(i)

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

Dlrection of dendrltlc growth

of dendrites always grow in crystallographically determined

(70}

It was p0|nted out by Welnberg and Chalmers that the arms

directions : e.g., <100> .dendritic growth for F.C.C. and
B.C.C., <IIU> .for B.C.T., and <1010>~ for H.C.P. However,
the general explanatlon for the crystallographic features of
dendritic growth must be related to anisotropy of the relation-

ship between growth rate and kinetic driving force.

Speed of growth

The problem of predlctlng the speed of growth as a. functlon of

- have constant values. However, it is unlikely that steady

undercooling has not yet been solved satlsfactorlly. ‘Jackson

(71) |

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

cooling of the ambient liquid may be regarded as beirg divided
into three parts: (a) the temperature difference (27Tc)
between the interfaoe and.the liquid remote from the interface,
{b) the differenoe (AJ%) In temperature between the inter-
face and its equi]lbrlum temperature, and {c) the difference
(oTy ) between the equallbrlum temperature of the tip and that
for a planar |nterface. lf there is a steady state rate of

advance it will occur when all three parts of the supercooling

=37~
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state conditiéns ean bé achieved in dendritiq grcwth;'becauée.
the size of the dendrite tip’édd the ;émparatufa distribution
"aroﬁnd_it may_flgctuaté in a perfodid manner. Mﬁi?ins and
Sekerka(hs) suggéstéd that the tip should grow until it becomes
lqrgé énqﬁgh to be unsfable, and théﬁ breakdown into a nﬁmber of

~ separate tips, each of smaller radius, as- shown in Fig. Il1-10,

> > o

stable  unstable stable unstoble

Fig. t11-10 Branching of dendrites

The finer the dendrite tip becomes -the faster it grows but for

any glvén degree of undercocling there exists a critical radius (r*).
If the tip radius {r) gets much larger than Zr*'Fhe tip breaks up
into two growing‘tfps, while if the tip fadius gets ﬁuch below

Zr* the.veloﬁity drops towards zero: Those bumps which develop

. E -
most rapidly are those with a radius of roughly 2r .

On the.othef hand, if it is-assﬁmed that the t{p radius épproaches
é‘ériticai.radius; surface tensfon plays a dominantlrole.(72) This
‘means'that ifr ¢>r*,rthelvelocity of the dendritic growth-deﬁends
mainly upon the s;rféée‘tension, rather than upon the supercoqiings
'thch.have'Béén discussed‘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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‘Spacing of dendrite arms

: Dendrlte morphology in. usual casting processes remains

largely unchanged over w1de 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 arm spaéing becomes very small, secondary and -

tertiafy arms may be absent. The mechanism of spacing adjust-
ment is similar to that by which 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

- ‘ ) - 8
have been reported correlate well with this paran-u=.-.1:er.(_97)(9 )

-'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_. The resulting plots are closely similar since

j} ;1: | | (ri1-20)

where +Ts Is the non-equn]ibrium temperature range of solidi-

ficatioﬁ; Relatlonships found between dendrite arm spacing and

thermal variables have the form,

d=a4=b(gR) - . (1-21)

where the exponent n is in the range of 1/3 to 1/2 for second-
ary spacings and generally very close to 1/2 for primary spac-

Ings. Whereas.the final secondary dendrite arm sbacing is
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- usually much coaréer than the one that forms iﬁitial]y.. v

When .this coarsening proceeds to a significant extent, some

mechanism other.than simple constitutional supercooling defer-,

mining the final spacing must bef}ooked for. Theroretical

‘ Sfudf‘has been made of the morphology of coarsening by

(73)

Fleming et al. Constitutional supercooling, which was

sufficient near the dendrite tip to form the arms, is

reduced to such 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 influenc?/éendrite structures in other

ways than simply by altering'final dendrite arm spacing. One

effect is to decrease microsegregation.

Finally, it is necessary to refar to the stages cof dendrite

growth during solidification: at first the liquid can solidify

.dendritically, but later it can solidifylonly by the extract-

ion of heat from the solidifying material and the heat would
be removed by cénduction through the solid which had alfeady

(70}

formed. It was shown by Weinberg and Chalmers that the

"filling-in' stage is much slower than the dendritic growth,

o

. The Formation of equiax ed structure

‘the equiaxed zone have been carried out by many workers.

The structure of a casting is of great importance since many mater-
ial propefties, especially mechanical preperties, depend on grain

shape and size. Inveétigatiéns into the mechanism of formation of

(74)-(78) -

Nevertheless, there is no cohclusive evidence in éuppdrt of any
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- of the mechanfsm[éropoéed for equiaxed grain formatio#. The

slgnifﬁcant mechanisms arg'érain ﬁuftipiicatién ﬁy the melting-
‘of f of the arms of'gfowing'columnar-déndrités, and dendrite frag-
méntation by thé téaring-off of the arﬁs,dﬁe to the shear strésses
exertediby the flowing liduid. it has been considgred'that the
principal mechanism for pfoducinj the nuclei for equiaxed forma-
tion Is'dendrite-remeitipg, although dendrite mechanical deform-

.‘atfbnrand fracture can occur to some degfee; in normal solidi-
fication. On solidifying under pressure, however, the.dendrite
.fragﬁentation by the Qhear'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 présence.
of nuclei in the liquid ahead of the liduid-solid intefface and
(11) conditions in the quucd belng such that the nuclel will
grow. Much work has been carried out to determine the origin of
nuclei ‘in the equiaxed zone, but there s no conclusive or unique
mechanism for this formation. It is generally"acceptéd that the
formation of this zone occﬁrs by the growth of cryétal nuclei in
the melt ahéad of the columnarinterface and by the creation of
“érystal nuclei in the melt. These kinds‘of.hutlei may be formed
by the influences of.the variables which are superheat, alloy

element, solute concentration, convection and so on.

(+) -Superheat
Md{[ Cfr_ ' Flg. III-11/12 show Chalmers experlmental results in Al-fcu

alloys cast in a standard graphite mold ('*2" 3" height).

-




‘increased /columnar zone increased as shown in Fig. [11-12,

The results can be used not only as the basis for an explana-
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. Pouring ‘tcmf), IﬂcreASInJ aguiaxed grain sije
Fig. Hi1-11 . Fig. 111-12 _
Variation of equiaxed - Variation of columnar length
~grain size with pouring with pouring temperature and
temperature (79). .. cquiaxed grain size (79)

 the solute concentration promotes equiaxed zone formation and

The grain'size of the-equiaxed zone was found to decrease
as the pouring temperature was lowered as shown in Fig.1il-11.
Below a certain pouring temperature the casting consisted

entirely of equiaxed crystals and as the pouring temperature !
. i

tion of the-sequénce of processes that occur during solidifi-
cation in a mold, but also as gsefu] daFarto_predict"the

grain structures of é casting. Practically it is difficult

to predict the farmat!on of the equiaxed zoné. This is becéuse
so many different aspects of the process can vafy: beeéuse
the various physical. parameters, such as temperaturé gradient,
heat capacity and diffusion time, depend in quite different.

ways on the dimensions of the mold.

Solute confentration

The effect of solute concentration on the columnar to equiaxed

transition is complex. It Ts general ly assumed that increasing

"{IZ‘
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and retards columnar growth (from Chalmers éxperimentalf

_ results),

(m)*

'Alloy'elemeﬁts

Tarshls Walker and Rutter(75) studled the effect of differ-

ent solute elements on the grain structure of Al and Ni

- castings.

plotted against the parameter p=

Rela;'!:ive_ grain size

FIG.

03

=
[

0.1

_The grain size of the castings were measured and

ok ¢, Their

" results showed a marked change in the grain structure as a
function of this parameter, as shown in Fig. 11I-13 for Al

alloys including various elements each 1 atomic percent.

i. Pvre Al.

v Li
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13 Variation in grain size of Al binary
alloys for different alloylng elements

(1 at %)
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No explanatuon was gtven for the use of P = -JELL:ﬁA.cw’

" prevents the columnar to equiaxed transition. Uhlmann

but it is the parameter of an alloy that determines the
'conditlons for breakdown of a planar lnterface and the |

pOSSIble development of constltut:onal supercool ing,

’

{iv) Convection - | ,

. The columnar to equiaxed transition is markedfy effected by

the temperature profile in the liquid which is determined by

_ thermal conduction and convection. The amount of convection

in a castihg represented by the maximum velocity (Vm) of

fluid flow past an advancing liquid-solfd intetface, has

been shown by Colé and Bolling(so) to be approximately given
by
~ 3
Vm,v K H GL | | |
where K Is a constant, H is the height of liquid and G, is

the imposed temperature gradient in the liquid. The amount

of convection decreases with the increasing témperature
gradient (GL): a hlgher temperature gradient in the liquid

(81)

et al cast Al-2% Cu alloys into graphité molds (*5em x12.5em H)
at different superheats, sbmé inlthe presence of a magneti; |
field. This has been shown to reduce convective motion in

a Iiduid metal. They observeﬂ that above a cértain superheat
and with a éufficiently stréng magnetic field the equiaxed
zone'coﬁld be eliminated., Below thiétsuperheat, the casting
was eﬁuia*éd even in.the presence of the magnetic fiéld;

Cole and Bol!ing(sz) passea an electric current through a

undirectional casting across which was a magnetic field,

-



3.2°

This arrqhgémeng QaVE-increased fluid flow down- the. Tiquid-
solid interface. Théy observed a Iafer equiaxed zone and
a more rapid temperature drop in the'lfquid in the preéehce

of .the field and the_éurrent. _ n

‘Grain multiplication

vection. Flemings

Mechanisms previousiy éuggestéd for the establishment of final

dendrite §rm 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'/™ et
al suggested that the'eqhiaxed 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 oEservatiohé cn alloys and organic
matertals, which solidified in similar ways'to_metals, sthed
that dendrite arms could me]; off as a resy]t of growth rate
fluctuatiohs:during solidification. - The érowth rate fluctu-
ations were assumed to occur in casting as a result of con-

(73)

et alréuggested 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 driQIng force for the coarsening is a

~reduction of liquid-éo}id_surface area. They also proposéd'

that the growth rate fluctuations by convection would accel-

erate the melting-off of dendrites, as shown gxperimentally

; by Jackson et al.

--‘;:;.i
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Beforé examiningréhe columnar to equiaxéd.transition by
.thié,mechanism‘and ﬁat,by creating new.nucleii, it is
ééséntial'to sét up a terminoclogical difference between grain
mﬁltiblication and dendrite fragmentation' in this,sﬁbject.
"Thfs is because the transition when solidif}ing under pressﬁre

may be different from those in normal solidification.

_ Graiﬁ muItiplicationrwill be-defined as the cése when new
crystals occur by thé meltiﬁg—off of thé growing cryétals due |
to temperature fluctuations in the moyihg liquid, and.dendrite
fragmentation will be the case when new crystals mainly grow
.from fragments torn off the existing dendrites byrthe shear
stresseslexerted by the flowing liquid. Generally, the orig-
_Inal source of occurrence of the new crygta]s,' in both cases,
can be traced back to the motion of liquid by superheat and

by Fhermal and solute convection as mentioned jn the previous
section, However, as a means of creating the new crystals,
dendrite fragmentatfon will bé different from remelting: that
is, dendrite ffagmeniation mainly oceurs by the sﬁear stresses
fn the liquid-solid interfaces, In normal castings, tha prod-
tction of new erystals for equiaxed formation is mainly
" through dendrite remelting although mechanical deformation
and fracture of gfowing_dendriterdan occur to some degree;(hs)
Dendrite fragmentation, thch occurs under isotﬁermal condi tions
as a result of surface energy effects, produced relatively
few new crystals over a relatively !qng time;'comparéd with
graln multiplfcatibn projedted Ey Jackson's experimental

Qork.(7h) Tiller'and,O'Hara(BB) also suggested that

~h6-
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dendrite fragmeﬁtation would be difficult, even.though
a s;réss on the dendrite as a result of convection could

prodﬁce_new'crysta]s since thé yiéld-pdint bf a metal was

. negligibly small at its melting poiht. In solidifying

under pressure,. however, dendrite fragmentation will be able

" to play an important part {rather than grain multiplication)

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 haé‘been observed by ugiﬁg the aﬁalog material of

(84)

ammonium chloride water solution. Additional verific-

ation for the convective flow induced by latent heat liber-

(85)

of Zn-3

ation has been shown by temperature measurements in ingots
There was an increase

/by Cole and Bolling.

in temperature of about 1% only when the equiaxed zone

forms, while when growth was entirely columnar, the cooling

curve showed only the usual plateau at the freezing temper-

(86)

aturé. Southin found that by applying heat to the top
surface.of the casting, .the surfacg dendrites and the equi-

axed zone could.be eliminated.‘-Of'coursé; the columnar to

_gj_‘



'_equiaxed transition could take place by.the motions of

bubble/ dissolved gases, oxldes, Impurities and so on, in
the molten metal. The variation of the equiaxed zone with
superheat, convection, volume concentration, recalescence

and the motions of heterogencus substances, could alsoc be

accounted for by transport manipulations: by the appli-
cations of mégnetic field, electromagnetic field, vibration,

corijolis fleld (rotating the cqnvecting fluid), ultrasonic

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 layér thickness (§) and shear

(85)

stresses may be developed. For example, when liquid

flow motjons do not contact the interface, S.extends farther
into the liquid, and all soluté floﬁ is-by éonductive processes
oniy. Whereas when they contact the interface, §- becomes
narrower and solute flow is by convetfive as well as by con-
ductive processes, In addftion, if the interface is dendritié,
shear stresses cannot be supported and dendritic bits may be
detached., The applicat{on 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. Aé?&arge magnefic fieid,
-48-



.thérefofe;.the liquid metal transfers heat by conductlon
.6nfy., As thé‘fféfd strength is decreased below a criticél
Qajhe; convective Flow beg}ns to transport heat from the
innér to the oﬁter wall, and the témperature difference
across the layér decreases, With further reductions in the
field, convection increases and the temperatdre differenﬁe

' decreéses_furthe}.' The influences of magnetic field strengths

on convection and temperature fluctuation is shown in-Fig.

.14,
800 400 300 Y1)
Maanetic field { Gauss) 8
&j : f ' ' ! 4&?‘.}{—

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

Thus, at large applied magnetic field (800 gausses),there
“is no convéction and no temperature flucfuations; at a
lowér field strength (400 gausses), overstable oscillations
are 5een; as the field strength is decreased, the oscil-
- lation§ become less ﬁerfect and eventually decay into the
irregular.tempefatqre fluctuations characferistic of natural
cbnvection.l The reductionlof fluid motion in the preSence
of a magnetnc field was also observed by using radiocactive

(99)

‘tracers as a measure of convection,

On the other han&, Cfdssley(87) et al found that the fine
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equiaxed structuréu(BOOAJIOOQ.graiﬁs”per cmzlﬁin aluminium
£$A§}1100).was obtainéd ?hen fluid flow of meftengyas'inter-
rupted during solidification, by magnetic stirring: by
eurfehts of. 200 amp énd 8000 amp-turns magnetic,field

(82)'6150

appliéd.during solidifcation. Cole and Bolling
observed a larger équiaxed zone and a more rapid témperature
drop in the liquid in the presence of the magnetic fié!d and
tﬁe current. This'me;hod has been applied commercially to
bqntinuous.casting.' Crossley(87) et al examfned the influence
6f mechanical rotation applied to aluminium (SAE 1100) by

qsing the imposed rotational speed 250 rpm. When the pericdic
aceelerated rétatiéhal motion was apblied, fine grain structure
resulted in the matérial, whiie when uniform rotational motion
was achieved the structure reverted torpredominantly-coluﬁnar
with small areas of‘equiaxed érains close to the mold wall.
They proposed that.viscous shear in the liquid has a signifi-

cant effect on equiaxed formation. Introduction of ultra-

sonic waves were also shown to increase heat transfer rate

‘in a molten metal and to alter the solute distribution. There

can be other ways of chénging 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-
iciently low level so that a new crystal will not remelt but

can survive and grown, no matter how it is produced.
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3.3 Equiaxed formation by creating new nuclei

Finé gréih eqﬁiaxed'strﬁcturés are fsotropic and their pfop-
'iertié;_are markedly superior, aﬁd;so these structures are required
in casting for all bﬁf a few vefy Spécialised'applicétions, €.,
magnet alloys, single crystal tﬁrbine blades.. These structures
‘can be achieved by encouraging coﬁditfqnslfavourable to the form-

| atién of nuclei, §uppressing columnar growth, Generally two main

. approéches have Leen adopted, namely, (a) the control of nucleation
By coﬁfrol of the castfﬁg conditions, and (B) tEe'use of physical
methods by stirring, vibration and so on; to induce dynamic grain

refinement. The (b) method was discussed inlthe grain muttipli-

_cation section, and for the (a) methed constitutional:Supercooling

and big bang theories have been proposed by Chalmers.

(1) Nucleation by constitutional supercooling

(61)

At first, Rutter and.Chalmers developed the constitutional

supercooling theory to explain cellultar structures, and

(88) more vitally applied it to explain

Wi negard and Chalmers
tﬁe-formation of the equiaxed zone in ingots, As shown in
the constitutional supercooliné criterion, when the value of
.RCN/GDL increased, the constitutfonally supercooled zone
increase and the structure'élters from cellular to dendritic.
The temperature gradienf (GL} in the liquid 1s initially high
due fo the suherheét; As this gradient decreased during

- cooling, thé zone of constitutional supercooling is extgnded
and iHe'amount of supercéoling is increased. Thds,'Winegard

and Chalmers proposed that sufficient constitutional super=-

cooling would develop to promote heterogenous nucleations at

_5]-




- explanation iﬁ gives for the behaviour of inoculants. It is

some stage during solidification, They extended the

Concept,ofﬁconstitutianal.supercqol{ng‘to'explain 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.

Many studies have been made to determine the influence of

R, GL and Cee on the columnar to equiaxed transition through

‘the unidirectional growth experiments. Plasket and Winegard(ag)

grew Al-Mg alloys unidirectionally in gréphite crucibles

( ¢{3cm) and observed the columnar to equiaxed‘transition at
known values of growth rate (R) and temperature‘gradien; {6).
Their results, plotted as G/Ri against solute content C.,

showed a curve with a linear region at low solute content,

(65)

Cole and Boiling showed as wel[ that thg relationship
between G/R and Cw "at the transitibn was the linear region
at low composition in Pb=Sb alloys. Chalmers and Billopi
reported a similar curvé to that of Plaskett and Winegard for
G/R% against C”‘at‘the transition in Al-Cu alloys. However,
there appears to be no significance in G/RJ‘r and a similar

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

investigations indicated that the columnar to equiaxed trans-

“ition could be affected by G/R and Ceo .

»Further'evidence supporfing the constitutional supercooling

theory of equiaxed zone formation.is.the,sabﬂffactory'

.
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: geﬁerailyvacceéfed‘that these produce a'quge number of
hetéfogenous nuclel which are ablé to.nuclgépe the metal at

. Qery small.supércooliﬁgs;“and it has been.found that a-so1ute'

elemeht:which is rejécted_éhéad ofzthé growing interface must -

_be present as well to produce grain refinement,

(81)

,On'the othér hand, Uhlmannet al observed that the.temp-
erature ‘in the cenfre of a casting dropped very'rapidiy to
give a zer6'téhperatu}edgradient in thé quuid.for most of
the sotidification, with or without 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-supercopling nucleation mechanism,

Therefore, the constitutional supercooling nucleation mechanism
may not be a sufficient condition for growth of equiaxed
crystals; 'Le.,theré ﬁay be conditions where it does not apply

‘to the formation of equiaxed zones.

(it) Steady state theory
(90).

Chalmers proposed the big bang or steady state theory of
formation of the eqﬁiaxed zone, to explain the inconsistencies,

" This theory assumed that nﬁcleation occurred only during the
lnitiél chilling. .The equiaxed'zone then consisted of crystals

which survived and‘grew in the Tiquid.until 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

Ve

e

ey




,sf;e.and pouring‘temperature.is'atéountéd.for; a high psﬁr-
_ing teﬁperéturé gives a-thinnef zode_in which nuciéation can
"'ﬁake-blacé,.henﬁé fewer fréé éhiIIICrysfaIs; comBined Qith a
higher probabifity of the free crystals being remelted-
before the temperature of the liquid falls to a Ievef at
thch they can grow. There are, therefoke, relatively few
free Crystals;- they survive and grow for a relatively long
time before impinging on each other-and forming a continuous
‘ﬁetﬁofk; ..Cénversely, a low pouring temperature produces
many nuclei of which a high proportion survive, giving a
contfnyous 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.

Jaﬁksdn et al(7h) 6b§e;ved big bang nucleation iﬁ simulated
metai castings of ammonium . chloride solution. When the
" ammonium chloride was poﬁred at a low superheat, i.e.,near
its saturation temperature, copious nucleation was observed
on pouring; The nuﬁlei sufvided to form a completely equi-
axed structure, At higher superheats the big bang nuclei did
not survivé, however, an equiaxed zone was still.formed_at a

later stage In.the solidification. However, the experiments

(75)

of Walker made it clear that some other mechanism could

also be occurring. Another mechanism of significance is

k-




that in which crys{al'multiplication_otcurs by . the melting
_off_éhd/or.the tearing off of the arms of grcwlng columnar

_ dendrites.

Another way of stimulating nucleation in undercooled liquids
" has aroused much intéfcst in past years, i.e., the introd-

uction of vibration to an undercooled quUid. Wa]ker(75)

(50)

and Hunt éneraﬁkson
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 coliapse of a

4 (91)

void formed by cavitation is very high. Hunt et al demon=

strated that extremely large pressures (rv105 atm.) are gener=

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

- lowers the.freezing temperature of the liquid, and therebyg
results in nucleation. Many attempts have been made to apply
these ideas to the grain rgfinemeqt of commercial castings

aﬁd ingots., However, it is now un&erstood that when vibratibﬁ
is introaute& during solidification, the ensuing convection

can also cause grain refinement by a grain multiplication

mechanism, not due to enhanced heterogeneous nucleation. -

N

have shiown that a pulse of sufficient
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EXPERIMENTAL SET-UP

When gastings are solidified undef'preﬁsufe, the basic factors which make

iﬁporfant contributions in ihproving-the casting quality.are die
_tempefature, pouring temperature, pressure level, and the holding time of

tﬁe metal in the mold before and during pressbfe application. In these

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

An apparatus was also construc;ed for some oEéervations on the freezing

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

1. Instrument used

The particular apparatus for analegue studies was simply made to observe
the crystallization and multiplication phenomena under pressure, as shown

in Fig. V-1 and hoto 1.

Coocling pipe

inlet
2 7
P | ,/( : e
e E— =178 L~
pgg IR {1 Lexan o ,..CE: ,
_~ : ! ¢ . n
(' SR ?sheet E . Aluminium/
R Hi 0 b7 block
outlet IREER 1R
::: ! ' I H ': 7
IR po
d y
; Y ,-l‘ """""""""" k] : ' :
i i;:,- B rubber sheet
s TTTTTTTIITTT Co
1S E—
HEAN) i
i
!
L

=

- L R R R T

Fig. V=1 The particular apparatus for observing the freezing

phenomena under presstre
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The main apparatus were established to study the influence of the basic
factors on the macro- and micro- metallographies of Al-Cu alloys
solidified in"a cylindrical die under hydrostatic pressure. The

instruments used for these experiments were set up as shown in Fig. V-2

and in photo 2.

—®' | @@T 1"f T ‘ ®

Fig. 1V¥-2 The instruments of the mafn abﬁaratué: l; furnace, 2. crucible;
3. press, 4. bottom ;late; 5. container, 6. bottom die,
7. punch, 8. punch tip, 9. load cell, 10. amplifier,
11. power supplier, 2. X-Y recorder, 13. timer, 14. heater,

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

18. pen recorder.

The specifications of the instruments are as follows:

1. furnace: 3 KW, 240 V, pot type furnace (100% x 250m/m)

heating element Ni-Cr wire.

2. crucible: clay graphiterpot, inside dia 73 m/m outside

-57-
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1.

12.

13.
14,
15.

16.

18.

“timer:

dia 85 m/m , depth 160 m/m

_ press:

base'blate:
container:
bottom die:
punch:
punch tip:
load cell:

amplifiér:

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

press speed 72;0-05 m/sec.

P2 Tool steei

"
o

. ”.

0 ~ 1 mA(D.C.) into 0 ~ 5008 and 0 ~ 1} volt into

~high impedance. (Type 605A Strainstall Ltd)

power supplief&

X-~Y recorder:

heater:

‘thermocouples:

pen recorder:

thermocouples:

pen recorder:

12V,'60.m/a max. (Type 605)

Moseley 7035 AM, Hewlett Packard .

* Moseley 17108 AM, Hewlett Packard

pipe heating element

mineral insulatéd aiﬁmel-chromel thermocouples,

cable. d|ameter of hot Junctlcn 2¢m/m x 230 m/m
BICC Pyrotenax Ltd |

three pens recorder (Model B- 3&) wi th three pen .

drive unlts, three measuring circuit units and three

amplifiers. (Rikadenki Kogyo Co,Ltd)

élumel-chromel wires (Q.Olhﬁ inch diameter , T.1.
and T.2._élloys made in British Driver-Harris'Co,Ltd)
three pens recorder (Model L1040) wif% three pen.
drive_units,_thrée measuring circuit units and'three

amplifiers. (Linseis Co)
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2, Deslian and Making 6f Mold

The dies désigned to carry out these experiments consisted of container,
base plate, bottom dies, punch and i;s_tips_(Appendix B). Fig. lV-}
shows the schematic drawing of cylindrical dies. The inner die cavity

was about 50 m/m ih diameter by 110 m/m height.

H T
b
-k H

Y

“punch
E;_____Jé;";;;'_ﬂ—_; punch tip

P S

; § H i é ,— container

v e ool . _

o rod

oo I ' - bottom dies

L P

oy =+ ﬁﬁ%ﬁ*,ff"if’ﬁfgf ~ base plate
: b / .

=

ERCAEA
JENTPY

Fig. 1V-3 . The schematical drawing of cylindrical dies. ~

The confainer'was 180 m/m in diameter by 150 m/m height and the wall
'thi;kness was 65 m/m. .Practically it is desirable to‘usé dies with the
least permissible wall thickness. = The greater the mass of mold per unit
:6f casting surface, the greater the amount of heat which may be
accumdiated in the moid. The four holes (14.2 ® x 110 m/m) were located
in the die to accommodate cartridge heaters for die heating. The four
holes (3.2 s‘5.‘><_70 m/m) for thermocouples were made at a distance of
10 ﬁ/m, 20 m[m, 30 m/m and 40 m/m gpartffrom the fnternal surface of the
Innef die, and they were located in the‘middle between'the.heating holes

for measuring the die temperatures accurately and uniformly as far as
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possfble, acco%ding.to»the"disfance from thé inner surfaée{ fhe mold
-waé tébered abdut'i:degreé-to facilitate ejection of the ingots, but the
uppef part of the mold (at a height of about 30 m/m) was straight to .
serve as a guide for the punch. The folérance between the puhch tip and
~ the upper part of the mold was made within 0.15 m/m. fhree thermocouple
holes were made in the bottom die to check the hetal temﬁeraturés: 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 D2 Tool steel_ﬁsed for cold-working-éies; The
dies were_héat treated in a controliedlatmosphere furﬁace (300 x 300 x
~ 1000 m/m) and cast iron cﬁips were used to-pfevent surface oxidation of
the dfeﬁ. The heat treatments of the dies were carried out.as shoﬁnrin
Fig V=4, The éontainer was held for h.hours in 700°C for preheating

- and for 1 hour in 1020°C for austenitizing. The other dies were heid
“for 2 hours in 700°C and for 30 minutes in 1020°C. The tempering
temperaturés were kept in 570 ~ 580°C for more than 2 hours: for the

_.container 4 hours and for.the others 2 hours.

“r020%
ausenftizing
) preheating air cooling

—>. Temperature

~ Time

- Fig.. WW=4 - The 6peration process for die heat treatment
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The hardness of the dies after heat treating are shown in Table 1V-1.

- The hardnesseslwere confrolled within about Rc 45 by controiling the ‘

‘tempering operations. However, the hardness control of the container

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

tempering operations. As shown in Table V-1, the hardness distribution

of the container was not formed unffdrmly. Aéouble tempering operation

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

~especially in the container.

. Table 1V=1 The hardness distributions of the dies

Hardness (Rc) :
‘ average
. (Re)
after air cooling |after tempering.

punch not measured L, 4%, 47, 45, L6 g

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

punch tip 2 nbt measured Ly, 46, k5, 47 o ke

bottom small die not measured 47, 50, 52, 51 50

ring die C Sh: 53: 503- 55 : ’45, h3s 1‘8: 50 1}6

bottom die 50, 48, 51, 50 46, 46, 45, 44 b5

base plate 42, 52, 44, 46 4o, 38, 39, Lo 39
‘container not meashfed not uniform (<35)| not uniform

3. Installations for measuring temperature and pressure

A cylindrical typerload cell with two pairs of biaxial strain gauges was
made fér measuring préssure level, and Alumel-Chromel thermocouples were

used for measuring die and metal temperatures.
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3.

Thermocouples for die and metal temperatures

The thermocouples used for measuring the die temperature were

Atumel- 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 suppliéd by British Driver-Hafris Cb Ltd, The wires were

3.2

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}.

Thermocouple junctién was then made at the end of the alumina
insulator with the other wire using an oxygen-gas flame. Both wires
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 meaguring metal temperatures or die temperatures. Ther
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.

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. 1In these experiments, all of them were

Cused. A §imp1e D.C. power supplier (12 V) was used for the supply

circuit. An amplifier was used for the amplifying circuit which
has the fuﬁction of increasing the magnitude of the signal from the
gauging circuit without d[stdrting or warping the signal. A

Moseley X-Y recorder was used for the recording circuit. The
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gauging circult with load cell was;pade in order to fit the
'éxpérimentaj.apﬁaratus. 'DZEtogl_;téél was used fér load cell
‘méterial and heat treated for stress relief of load cell at 570~
‘580°C, for 1 hbur (furnace cooled). Cylindrical type load cell was
- selected and the design ﬁés baseﬁ on maximum load 40,000 Kg with
cross area 2,000 ﬁ/mz. The load cell was 67.38 m/m in outside
diameter, 29.35 m/m in inside diameter and_éO m/m in helght, as

shown in Fig. 1V-5,

V .
g\

7// x % 20
% C- =
% T - ! 0o~
4 5 A . s S -
3/ w0 — 0 .
/ - —— o o
/ / ' g " LI
[« =
/,/A ///AJ_ L o S
UNIT @ g L T T P
Temperature (°c)
Fig.‘lV-S Schemafic drawing Fig. IV;S The change éf gauge factor

of load cell, 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

'chahge in résistances, as shown in Fig. 1V-7. (See overleaf).

Two paifé 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 (type FCA-6-11, Tokyo Sokki Kenkyujo Co,Ltd), and the .
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Fig. 1V=-7 Strain gauge circuit on the load cell

terminals wére heat resistant for 10 to 20 seconds at 230°C, and
insulation was 102 to loh M5 .  Generally the techniéues of
putting the strain gauges on the Ioad cell Is important in making
.accurate gauge circuits. In order to obtain the Best possible
results from the strain gauge installafion, 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
_éie%red of all rust, and smoofhed with a fine grade emery paper

" (No, 600)}. Then the area was degreasedlwith the solvent of Propan 2L0
(lSO-Préﬁyl'alcohol) and aceton, and neutralised with NEUTRALISER A
énd 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 wipéd with a tissueﬂ rFor the bonding, BR 610'(manufaqtﬁred by
ﬁicro-Heasuremént u.s. A ) wés used, and in each case the layer of
-Athe cement between the gauge and the load cell surface was as thln
and uniform as possible. For the |nstallatzon protection, M. COAT "A"
+ M.COAT "D'" + M.COAT "'¢" (manufactured by Micro-Measurement U.S.A)
Qére used.-_Lead-oﬁt wires were faiséd'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 amblifier‘is for the active gauges (Rl and\R3)
and fhe others (R2 and RkL) for the ddmmy.gauges. Indicated strain
(Ei) . corresponds to'change-in resistance'(A»Ri) and aR/Rl = Ks-al/L
where Ks is gauge factof. Actual strain in ]éngitﬁdinal direction
Is given by
. E, K

g

Y- uEi+l ]+

Eact

-

where Ei is_sfrain indicated by meter and J»/ is'pdisson's ratio
(= 0.3); Thus, the unknown loads can be found by the équation of
L/AE = Eact' where L is load, A is cross area and E is young's
modﬁlus. However, load cell should be calibrated using one of the
presses to apply known loads so that output can be checked.

Fié. 1V-8 shows the calibrated graph by the known Toads and digital

- multimeter or X-Y recorder. Mechanical and instrumental errors

were within 2%.
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Figure 1V-8 Calibration graph of load7cel}
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“ SOME OBSERVATIONS OF CRYSTALLISATION PHENOMENA UNDER PRESSURE

BY USING AMHONiUM CHLORIDE SOLUTIONS

chloride/water system under pressure. In the present work the freezing

“shown in Fig. IV=1 and Photo 1. Liquid nitrogen was used for cooling the

Jackson et'al(7h) first showed that the ammonium chloride/water solution

system could be used as an analogue of a metal system, and since then it

- has been used with succeés in a number of investigations to model study

- of metallic solidification phenomena., However, no references were found

in the literature which described the freezing phencména of ammonium

of an ammonium chloride/water system was investigated to observe the

influences of pressure on the system.

1. Procedure (1)

A rectangular aluminium mold with Lexan sheet windows on two opposite

walls was used to observe the freezing. The details of construction are

mold. The cooling systemg was made ‘in the aluminium block, as shown in
Fig. iv-l. The coolant inlet of the.mold was connected with a plastic
pipe and a glgss funnel, They were insulated with glass wool and
aluminium foil. When Tiquid nif}ogén was poured into the inlet funnel,
externa{.temperature of the surrounding region of the mold could be

malntained at about 0 ~ 5°C. The punch for applying pressure was also

~ cooled by liquid nitrogen. A rubber sheet was attached to the bottom of -

the punch to brévent teakage of ammonium chloride solution when pressure

was applied. This reduced leakage but did not eliminate it completely.

‘Cleaning the apparatus thoroughly before each experiment, helped to

reduce leakage. The pressure appiied was about 30 N/cm2 (3 Kg/cmz).
The ammonium chloride used was of ord}nary_commerclal purity supplied by

Fison Ltd. A saturated solution of ammonium chloride was prepared at a
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‘temperature of 65°C.' 37 wt% amméniuﬁ ch]érfde'was found to give

‘  §aturatioﬁ‘at fhis témperature. The freezing phenomehaﬁﬁefe recoraed
phﬁtogréphicaliy by using a Nikon camera with f 3.5 léns, and the progress
of crystallisation‘waé recorded by taking a séries of photographs at

5 second intervals for a total period of about 4 minutes.

2. Results (1} -

2.1 Effects of pouring temperatures on crystallisation phenomena

Saturated amﬁ&nium‘chloride solution5"(6506)'Qére'heafed‘£oitwo ;

- different tempeféturé leve!ﬁ, ife., 70°C and 8000 béfore pouring
into the.mold. When solutions were poured at temperatures above
8000; e.g., 90°C,'fhere was no clear cut distinction in the mode of.
freezing wheﬁ compared to solutfon poured at 80°C;f'H6wevef, whep
solutions were poured nearef thg saturation temperature, é.g; 7000;
the freézing mode differed considerably from those poured above
80°C. A critical change of fréezing behaviour was observed to exist
between pouring témpe}atures of 70°C and 80°C. These experiments
were repeated several times under the sar.ne. conditiér;s'and fhe _

reproducibility was very good.

Photé 4 shows the progress of freezing with time, when poured with a
70°C superheat. A dense muddy solution was.instantly formed on
‘pouring at 70°C, cantaining many ammonium chloride crystals. The '
émalf particles of solid formed in the liquid then sank downwards
when they had grown to large sizés. These sinking crystais produced

- some movemeét 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 sfages of crystallisation accelerated a formation of

e




;éqQIaxed grains. Within one minute after ﬁduriﬁg, most of tﬁé.crystalg
e£isting.in tHé liquid‘éame down-énd movement of the jiquid.was also -
_ greatly. reduced, as shown ithho;o.h(b). These crystals settled

to fo}m an equiaxed region occupying approkimately hélf*;he lower
part of the mold. Crystals then continued‘té grow from the watl at
‘a much Ioﬁer réfe producing a solid fegion in the uppeé part of the
.mold, as shown.in Photo 4(c). . Some of the crystals at the solid~
liqqiq interface-in the upper part of the mold were swept into the
bulk liquid . Some of the crystals swept into fhé-bulk fiqu}d

' 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 solution came down throﬁgh'thg liquid,'from the early
stages to the later stages of cryst;llisation, but they were much
bigger in size durfng the later stages. A free equiaxed cryStal
attached to the crystallised zone on the wall, then appeared to grow
in common with the crystaisron the wall, as shown in fhoto 4(d) and
(e). Photo {d) and (e) also show that a l;rge equiaxed crystal in
the liquid disappeared c0mplet;ly. It was-thought that a coﬁplete
remelting of free equiaxed crystal in the iiquid could occur as well
as‘p;rtiqj remelting af the solid-liquid interfaces. Voids appeared
- and then disappeared iﬁ the early stages of crystallisation, as
-shown‘In Photo h(a} A'(c). The volds were observed in the crystal

zone formed in the early stages, but not during the later stages.

Photo S.Shoqs successive stages of freezing of the solution
 saturated at 65°¢ and potred at 80°c. At 80°C, a clear liquid was
produced in the early stages of crystallisation, unlike the muddy

appearance when poured at 70°C. . Some crystals appeared in the Viquld
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_-during pduring, but they disappeared immediately. Convectfon
lﬁatterns Qere sét up wlgh the Ifduid moving down the lateral walls
past the groﬁing solid from the wallé, and up the centre of the mof&.
_Ub to 30 seconds af;er pouring, crystal growth was restribted to tﬁe
-'mﬁld walls only, and the liquid moveﬁent remained gentle, as shown
in fhoto 5(a). After one minute, liquid motion became mbre |
vigorous and many crystal parficles.appeared in-the liquid, as
_shéwn fn Photo‘s(b); The crystals particles were carried upward
byAcdnvection‘cﬁrrents when théy were:small;'but sank when they

grew larger. They fel{ on the dendrites growing up from the bottom
of the mold and gradually fillgd'the central region. New crxstals
also dropped down through the liquia ffom.fhe top'surfaée, from the
early to the later stages of crystallisation. bhotos {c) and (d)
shdw that a free equiaxed crystal coming down in the liquid attached
Itself to the columnar region of the side wall and then thé:éttached .
crngal-was absorbed in the growth pattern of the columnar region.
The columnér region was formeg from the early stages up to about
twq‘minutes,_and equiaxed region produced in-the central region from
about two ;}nqtes after the solution was poured:iﬁto the mold.' Tﬁe
'fof%ation ofaequiaxed grains at the léter stages was thought to be

due to slow cooling and dendrite redissblving.

‘gimultaneous huc]eation was observed when solution was poured at

" low poufing temperature stightly abovg the saturated temperature,
but big-bang type nucleation could not be observed. MNucleation due
to.constitutiOnal supercoocling could not be distinguished from ones
| océuring by other mechanisms, because local temperatures in the

‘1iquid 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 crystai!isatfon phenomena |

Experiments were then carried out to study the effects of pressure
on crystallisation. Ammonium chloride solutions were prepared at a
saturated teﬁperaturerof 75°C, and were poured from temperatures of
8b°c and éboc;r The preséure applied wés épproxiﬁately 30.N/cm2

(2-Kg/cm2).

Photo 6 shows successive freezing stages under pfessure in the
solution poured at 80°C. A dense muddy solution appeared before
pressure was applled, creating many neﬁ ﬁrystals and formiﬁg
turbulent liquid movement. When pressure was applied, the crystals -
ﬁreated raised violent swirls in the liqyid for a moment, and they
sank downwards much quiﬁker tﬁan vithout pressure. A sweeping
effect was also observed due to convection currents near the crystals
adv#ncing from the walls, as shown in Pho;o-G(b). The crystal
parPicles created by simultaneéus nﬁcleatibn followed by growth
quickly sank-to_the bottom of the mold, and settled to form an
equiaxed zone occupying approximately haif the lower part of the
mold. Crystals tﬁen'continued to grow from the walls. Photo 6(c)
‘shows thaf the céystaI region growing from the walls was recessed
near the upper psrt of the mold, whén.pressure was applied. During
the application of pressure, the recess was fofmed by the crystals
folding over and compacting_fbgether. When the solid region
fecessed, fﬁrmation of new cryst;Is by fractUriﬁg of dendrites were

also observed ahead of the advancing solid-]iquid‘interfaces. At
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the Iafer‘stages fhe equiaxed crystals formed were consolidéted

and some ﬁeparafion of water occurred. 'Féwer néw.crystals appeared
7 during this peridd, as shown in Photo 6(d). The freezing rate under
pressure was mucﬁ higher than that at athosphere. A§ 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 sﬁows successive freezing stages undef pressure in the
“solution poured at 90%. At pouring tempefature of 90°¢, crystal
growth started from the walls and non-turbulent movement appeared
‘throughout the liquid. When pressure was applied, the convection
patterns changed immediafely and liquid moved in a disordered way.
Crystal growth from the walls became increased and new crystal
particles appeared a l§t in the liquid. When pressure was
continuously applied, a cofumnar zone growing from the walls was
recessed toward the central region,. as shown in Photo 7{c).  The
broken columnar zone was folded and compaéteditogether. It.was
similar to the crystal fracture occuring under pressure at lower
pouring temperature (SOOC).. However, it appeared that it was more
difffcult to form.a recess when a higher pouring temperature was
_d;ed. New crystals.alsﬁ emeréed from advancing in;erfaces due to
dendrite fracture and redissolution. .Fragmentation of columnar
‘ crystalé.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 mold. At the. later stages, the columnar and

equiaxed zones were consolidated, separating crystals from the liquid.
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_.Tb observe effects of punch temperature on recess formation, two

types of'punches were used:;one of -them was chilled by liquid

nitrogen énd_the other was not chilled by putting rubber sheet on - .

the surface of the punch. Fig V-1 shows the changes of recéss o

~formation according to the punch iypes used. When the chili 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.

e chilled
A B
‘>o ' % 7
< ¥ o ' :
W
(a) at atm, | (b) under pressure

not chilled

(c) under pressurd

Fig. V-1 Influences of punch. temperature on recess formation of

dendrite

This effect was thought to occur because fragile gréin boundaries

" collapse toward the central region: thermal conductive forces. formed

{p.both directions of the top and the wall will make growth rate

-diSordéred, and result in unstable grain boundaries. Unstable

boundariés are more likely to occur when the pﬁnch is chilied. A

‘recess of columnar or equiaxed zone occured much more easily when

. the punch was not preperly alignedAdurjng the application of pressure.



>.3..'Some coﬁsfderatlons

F{g. V-2 shows solubility curve of ammonium chloride in water accordiﬁg

' to temperatures. A eutectic.oécurs at -15.36°C #t a composition of

19.7 wt% NHACI. The f.c.c. ammonium chloride phase grows dendritically"
in the solutfons above the eutectic composition, and the dendrite

.. directions are <100>.(71I ) When 37 wt% ammonium chloride solution is
poured from.fhe temperatures above-the saturati6n temperature, ammonium
chloride crystals are precipitated as a primaryfsolid solution, the water
Seing'rejected as an impurity. Ammonium chloride solution shows very '
siﬁilar 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_eqﬁiaxed zoﬁe in metal éastings

therefore, can be accounted to some extent.

201
’J 14
o\-'
o
3 o1
.;.; -
5 lce ™ NHCI
g P+ Liqui + Liquid
o ——
= ] Tttt e maa.
]\ 20 NH,C1 + lce

-0

10 20 30 %633

_ NHACI wtd

Fig. V-2- The so1dbllity 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
=73~
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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 application-of

(74)

pressure stimulated these effects. Jackson et al also observed
copious nucleation in an ammonium chloride solution saturated at 70°C
and poured at 80°C into a mold at <-100°C. A similar effect was

observed under pressUre; although the mold temperature was much higher,

i.e., in the region of 0°C.mf

g Dendrife fracture effects under preséure accelerated the formation of
equiaxed grains. The behaviours of fracturing dendrites will promote
convection currents in the liquid. Thus, some rapid undercﬁo1ing which
leads to more pfofuse nucleation will be allowed, occuring simultanegusly
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., deprQSSion of
undercooling, dendrite fragméntation; etc.; are not influenced during
the application of pressure, columpar.grain growth would be accelerated
ratherrthén forming. fine equiaxed grains. Columnar structures were
practically stimulatéd in Al-Cu caéting alloys poured at very high
temperature under pressure. When pressure is applied in metal castings,
_it will be important to control the brocess parameters, considering the
rela;fénships between the factors of equiaxed formation and the increasing

columnar gfowth rate.

‘In the middle stages of crystallisation; a recess formation also
continued to progress and promote convection currents in the liquid,
‘whereas local inverse segregation was formed when a recess formation was

progressed. At this sfage, some of the crystals were dissolved, but as
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:?reeiinglbontiﬁued-érystafs Began to grow'thrpughouf the iiquia.both
under,pressure‘ana ét'atm§Spﬁere;_ it wés“nbt cIeak_From the observations
whefher the growth of crystals'iﬁ the reméjhiné'ltiid originated from

a fresh nudleétioh pﬁeﬁomeﬁon or-wﬁétﬁér the brigin'Crystals weré B
incompleteiy'dissoived and thus acted ascgrowtﬁ.centreé. An?hdw, new
'crystals geherally appeafed near the régidns where theré wéregsdme
' movements in the liquid and thus coﬁld be associated with temperature
differences in the liquid resulting in convecti;ﬁ effects. .However,.;
it was cleafmfrbm the observations that the movement of quufd_Was more
éffective under pressure. |t was thought to promote convgction‘currents
owing to fracturing of dendrites and depression of undercooling during

the application of pressure.

At the ]atgr stages, equiaxed_érains were formed by s low coo]ing rate in
- the placé of the central region of the mold, but not by convection
currents. ’Some free equiaxed grains from the top surface ;f the solution
came down through the liquid, from the eariy stages to the later stages.
Showering crystals with small size fell out by convectfén currents in

the eérly stages, and big free'equiaxed_grains came down as a result

of density differences at the latér stages. .

Finally,'it can be concluded that formation of fine equiaxed -grains
“would_be achieved in the early stages of crystallisation, and that the

application of pressure promotes this formation owing to depression of

undercooling and dendrite fragmentation.

L. Summary
" The following points were observed when pressure wéé.app]ied on

- ammonium chloride solution during crystallisation:
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(i) Coo]indratg of columnar and/or equiaxed grains was increased,
stimulating the depression of undercooling and dendfite
fragﬁentatfon}

{ii) A recess of columar or equiaxed‘zone was formed toward the
central region in both the lower and higherrpodring temperature
résﬁlting in new fragmented crystals in the liquid.

(it1) Columnar and/or equiaxed zones were consolidated, increasing

convection currents.

- Crystallisation phenomena under pressure greatly differed from the ones

at afmosbhere; they were as follows:
(i) Cooling rate was much faster under pressure than thét at
' atmosphere. o
(i1} A recess of columnar or equiaxed zone by applying pressure
stimulated the formation of new crystals, but this effect was

not in atmosphere.

(i1i) A sweeping effect ahead of the advancing interfaces was much more

effective under pressure.

On the other hand, crystalliséfion phenomena ﬁnder pressure had
siﬁilarfties with the ones at étmospﬁere; they were as follows:
(i) Some equiaxed new crystals were observed to drop from the top
__.surface of the'punch in both.
(11) Free equfaxed crystals were attached to columnar or equiaxed
7 zone and started to grow up together in both.
(iti) Equia;ed‘zones wereuformed mainly by simulfaneous ﬁucleation at

the lower pouring temperature, and at the higher ones mainly by

convection currents. These effects were more effective under

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

(]0]): in the first case, ammonium chloride

used fﬁ considerable effect
solution.bgcomes'léss rich as‘dendrites are precip?tated, whereas in
metallic solidification, the remaining 1iquid becomes enriched in the
golute elemenfs; secéndly, even after all the possible drystallisation
has occurred, water still remains between the dendrftes, whereas metals
became‘gpﬁpletelyrsolidg thi:d}y-the method usé& fpf_bpufing and
precipitating the dendrites does not properly simulate the metallic
ﬁoﬂnterpart; finally, thsical and chemical properties are different,

especially in density, thermal conductivity and shrinkage. However, If

similarities in the solidification structures are observed, 1t is

postulated that they can be accounted for by the same mechanism.
Ammonium chloride solution show§ very similar solidification structures
to those observed in metal castings. Ammonium chloride solution grows
dendritically with f.c.c. lattice and the dendrite directions are
£100> . Al-Cu alloys grOﬁ;{dendritically with f.c.c.llattlce and 100>
direction. It is, therefore, poséible that tﬁe observations on équiaxed
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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"INFLUENCES OF HYDROSTATIC PRESSGRE ON MACRO-'AND MICRO-

STRUCTURES OF ALUMINIUM-COPPER ALLGYS

Several proposed mechanisms for equiaxed grain formation in cast

‘structuyres differ substantially: constitutional supercooling, crystal

multip?ication, 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 thal_ingot stfﬁdture'markédiy depends on the degree of -

(20) and thaf mechanisms

convection in the melt during solidification,
which promote convections such as vibration, electromagnetic stirring,

etc. refine the cast structure.

When pressure is applied ﬂuring solidification, a fine equiaxed zone
can also be obtained. HoweQer,'if is not known whether the application
of éréssure during solidification promotes convectiovgiaﬁd whefher
convection is the sole mechanism originating the equiaxed zone in the

castings solidified under pressure, This work was conducted in an

_attempt to ascertain at which stage during solidification under

pressure equiaxed grains originafe and then help to provide a further

understanding of castings solidified under pressure.

1. Experimental proceduré (11)

Experimental studies were carried out with commercial LMil and
Al-4%Cu alloys. Commercial LM11 was supplied by B.K.L. Alloys
Ltd. éﬁd Al-4%Cu alloy made for this experiment. Pure aluminium
was supplied by The British Aluminium Co. Ltd., and pure copper

by British Copper Refiners Ltd.
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l_Thg.puEe aluminium and copper was melted'in a pot_typé fesist-
ancé‘heated.fu?nace to make a.master alloy containing 50%Cu, itl
_fs génerally:necessary-to mélt alﬁminium and copper by avoiding
superhéating, allowing coppér to diffusé into aluminium, Pure

Al (h&Ogr) was heated to 700°C and the pure Cu (thrgr) added to
the molten aluminium. They were-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

—Qrabhite‘molds. The masterAalloy was 810gr in weight. hOQr of’
metal was lost by oxidation during melting. Most of the éxidation
was thought.to be dqe to fhg formation of AI2 03, so that the
master alloy produced would have an approximate compésition of
50/50, Fof making Al1-4%Cu alloy, pure aluminium (2000 gr) wa§
metted in a pot type gas furﬁace and heated to a temperature of
750°¢; the master alloy (335 gr} was added to the mol ten aluminium
and then nitrogen gas passed for 5 minutes, keeping the mqlten
metal temperature about 740%C. Then another 20001Qr aluminium was
added to the molten metal and nitrogen gas passed again for lq
minutes, keeping the temperature about 740°C. Molten metal was
then poured intd‘preheated metal ingots. The chemical'compoéitions
of the A1-4%Cu alloy produced and the commercial LM11 were as

- follows:

| Cux  Fe  Si_ Mg Fn Ni_ Pb__Sm  Zn  Cr 11 Al
A1-4%Cu 4.1 <0.01. 0,01 <0.005 <0.005 <0.01 <001 <0.01 0,02 <0.01 <0,005 bal,

M1 4.8 0.13 0.06 0.005..0.005 0.01 0.01 0.01 0.03 0.01 0.18 bal,

* Coppgr figures are chemical

TABLE VI=1 "The Chemical composition ‘of ‘Al1-h%Cu alloy and LM1i

. . ;78_'




_ Tﬁe hof& assembfy'for Cést(ﬁg ingots under pressure is shown fn
Fig. V-2, :Therround mold‘cavity'had a 45m/m bottom diameter,
50m/m top'diaméter and was 90m/m long.. These molds weré mounted
on a 50 ton vertical press which had a hydraulic cylinder on the
1owér platén to apply pressure to molten metal. To check the
actual pressure delivered by the hydraulic cylinder, four foil
'typé strain gauges were attached to the locad cell connecting &he
punch and. the top plate of the press, as shown in Fig. IV-2,
Mold temperatures were checked by three‘thermocoﬁpies inserted
into the mold and connected to a three-pen recorder, The mold was
heated by féur p?pe heaters inserted into it and graphité lubricant
was uéed:in the mold cavity. The metal'temperatufes were also .

_ checked By three thermocouples inserted into the @old-cévity. 
A1-43Cu alloys and LMI11 were melted in an.electric resistance '
furnace havfng a ﬁaximum operéfing temperatu;e ;%-IbOUOC. A clayr
'graphfte cruéible-withla capacity of 1 kg of alumiﬁium was used |
as a melting pdt, and 500gr. aluminium alloy chargéd in the crucible.!
They were.heated up.to a maximu@ 6f.7h0f47500c and cooled down to .

the réquired temperature for eééh experimental condition. Degaser |
and flux were not used in‘me}ting for experimental castings made |
under atmospheric pressure and.under higher préssures. The factors

- which influence-cast structures were controlled as far as possible:

the pressures used were 70 MN/m? and-llOiMN/mg; the holding time
of molten metals in the mold was Iﬂ'seconds-before applying pressure
and 15**50 seconds during the applicatfon of'pfessure; pouring

temperatures were varied in the ranges-from 630°C to 800°¢ and

. die temperatures changed from 160°¢ to 2500C.




2. ‘Results (11)

Detailed experimental data are included. in Appendix €. Photo-

raphs of macro- and micro-structures are included in Appendix D.
gra cr PP

.2}1"Hacr05copic poiht‘df'#ié@

. _Th§'ﬁ;crostructures of typical ingots of Al-4%Cu ailoys.solidi-
fied under nbrmal static_conditiéns:and 110 MN/m2 hydrosfatic
pressuré are shown in Photog}aph 8. Sample No. AC11 was cast at
.720°C.with die temperéture-of.ZOOOC at atmosphgric pressure. - It
contained é‘peribhérsl zone with half coldmnar grains and a central
zone with coarse equiaxed grains, A surface dendrite of about
2m/m thfckness was also present. The fngéts solidified uynder
pressure showgdr duite different cast structures. The equiaxed
zone was enlarged'to cover a lafge proportion of the iﬁgét poﬁred '
below 700°C, but fn the'ingof poured at 780°%¢C the columnar zone
was eniarged, as shown in Photograph 8. Especial!y'the-ingots
{AC2 and ACS) poured slighfly above or below the liquidus temper-
ature produéed extremely fine equiaxed grains wItH;ut producing
columnar zone. A coﬁper rich band in the central region appeared

in the ingots solidified under pressure.

Fig. Vi-1 shows the cooling curves at the cenfre aﬁd near the
sufface of ingot poured at 730%¢C wfth die temperature of 210°%
-under 110 MN/mz pressure. Dgring ;hé'application of pressura
there was-aﬁ increase -in temperature of éboqt 8°¢ at’ the centre,
wherea;'there was little increase in temperature near the surface.
There.was a tendendy of accelerating recalescence due to latent
heat oflsolidification,.when pressuré.Was'apbliéd during seclid-
ificatioﬁ, éxpecially at the centre of the ingot., Fig. Vi-1
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~also shows fhe temperathrg gradiénts for different solidifi-
o catlon times, at atwosphere and under pressure. There appeared
a qégativg témperatﬁré gra&ientvin thé ingot solidified under
préssﬁre, whereas there was a posftive température gradient
at atmosphere. This was thought fo influence the transition of

columnar to equiaxed formation.

Photcgraph 9 shows the inflﬁence of.die témpergtﬁres.on the cast
structurés-of iﬁgots poured slightly above the quqidﬁs temper-
afurg of A1-4%Cu alloy system under 116 MN/m2 pressure, The
macrostructures showed an equiaxed zone in all ;amples, but the
grains were gradually finer with IOWering die tempe;atures. Coppef
rich band in the central region whiéﬁ appeared in die temﬁeratures
above 1806°C, completely disapbeared when the ingot (AC 15) was
cast at a die temperature-of 16500, and also its macrostructure
showed extremely fine equiaxed grains. This indicafesrthat
extremely fine equiaxed graihs free from a copper rich band in the
central region can be obtained when lower pouring and lower die

temperaturés are employed in ingots'solidified under pressure.

" To examine whether pressure is a necessary cqnditioﬁ to get fine
equiaxed structures, the ingots were solﬁdified at'gtmosphere and
‘under pressure with the ééme'pouring'tempefature of 66000 and die
temperature of 165°C.7 For the Ingot cast under higher pressure

the holding time in the mold before applying pressure was 10 seconds
énd the applicatibn of.pressure was maintained for 20 seconds. The
-resulting macrostructﬁres haé fine equiaxed structures throughout,’
under pressure as well as at atmospheré, as Shown in Photograph 10,

However, some voids appeared in the central region of the ingot
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solidified at_atmo;phere; whereas dense equiaxed grains, without =

" voids, were evident under pressure. The fine equiaxed structure.

mainly resulted from simultaneous nucleation mechanism in both,

o and_pressure.greatly Tnf]uénced the consolidation of metal by

feeding . the shrinkage cavities. However, micrbstructures'and hard-
nesses of the ingots were quite different from those cast at

atmosphere. Fig. V12 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 samhié No. AC18 solidified at atmos~

bhere, Sample No. AC16 wassolidified under two sfep préssures,

" as shown in Fig. Vi-3: afEer the molten metal had been kept for

2 seconds under a pressure @f about 60 MN/mz, pressure was
increased immedlately up to 110 MN/mz.-'This‘cast;;tructuré had
three fine equiaxed layers: the'first surféée layer exfénded up
to about hm/m thfckness‘frdm 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.
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 |;‘can be'a#sumgd that . the first“laYer was formed before

_ abplying pressure,.théISECOnd }ayer'Fgrmed in'6CMN/m2 and the

- central layer_forﬁéd iﬁ 1léMN/m2. rTheré,was_duifé a difference
in so]idificaiion.raté befbré and after fhe appljcétion.of
pressuré:“ i.e., the first layer of hm/m thickness was éqlidjfied
for 6 seconds without preésufe;.whgreas the second layer of 10m/m
thickness solidified:for.h sééonds:ﬁnder pressure building up
to_GUMN(@?. _Thére was,'tﬁerefqre, an_in¢réés¢ in the.solidifi-'
“ cation rate during the application of pressure up tp?ﬂﬁ/mz. This
hgans that sélidificatidn rate can be very fast under pressure
even for:small speéific pressures applied. Sample Nos;.ACTh and
AC15 of Photograph 10 were éol?dified.undér single stage pressures
of 70MN/m2 and‘IIﬁMN/mz, but there was no clear difference between

their macrostructures.

Photograph 11 shows the macrostructure of commercial Al-Cu alioys
(LM 11) which includes graiﬁ refiners (Ti), and_impurities. Fine
equiaxed grains appeared even when molten metal was pbured at
7zo°c; buf in Al-4%Cu alloy coiumnér zone appeared when it was
p;ured at 720°q. Nucleatfon inoculants (grain refiner) and impur-
ities appear to have a much m;re bronouncea effect on the formation
- of equiaxed gfains, Qithoutreven controlling thé casting péra-
meters such as the casting temperature. Pﬁotograph 12 shows the
macrostructures of a serie§ of commercial AI;Cu alloy fngots
‘poured at various -temperatures under the same pressuré condition.
Columnar zone appeafed under the casting condition§ of 760°C
pouring temperature and 230°C die teﬁperature. When the ingot was

poured at 800%c with die temperature of ZZOOC; tolqmnar zone
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‘ and.coérse equiéxeq gféfns vere formcd.. Thisjmagrostructure was
‘vefy similar to that_of-the A1-b%Cu alloy poured at 7200C in the
mold heated to 220°C. As shown in Pho;qgképh 12, copper rich band
in the central zoné‘also appeared in commercial Al-Cu alloy. This -
"band appeared in Sample No. LM 113 which was poured at lower temp-'
- erature of 660°C with higher die temperature of 220°C, whersas -
this disappeared in Sample No. LM llh'which was poured at higher
temperafqré éf 71000 with lower die temperature of 170°C. The
caéfing condition of lower dfé temperatufe seemed to be more
effective than fhat of lower pouring temperature, for eliminating
copper rich band in cast ingots of commercial Al-Cu alloys (LM 11)
solidified under pfessure.' Fig. Vj;h shows that the die temper-
ature increased during the application of pressure. When the
increase in die temperature resulted in maximum die temperafures :
below 280°C, there was a.tendency to elihinate the copper rich
band. It can bé inferred that the occurrencé of the copper rich
band would be greatly influenced by heat extractiéﬁ through ;he-

mold..

2.2 Microscopicpoint of view

Specimens showing macrostructures with extremely fine equiaxed
"grains, were examined for their microstructures: specimen Hos,

AC15, AC16, AC18.

Photdgraph 13 shows the microstructures of longitudinal and trans-

verse sections for specimens prepared from ingots.” The specimens
_were.cut from a location 40m/m in hgight.from'the bottom of the

ingot and 10m/m from the [ngot“surfacé. The specimen (AC18)

" solidified at atmosphere had many voids along the grain boundarieé,
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_.Eut;fhey did rot qppeaf}in.fhe 5peciméns (AC15 and AC16) sélfdi_
fied under ﬁressure. It can be.inferréd that externﬁ! pressure
'appliéd dﬁring solidification made an.important céntribution.to
eliminate them by feeding'moltén metal to shrinkage cavities and
porosity. Specimens solidified under pressure had smaller sub-
structureé than ;ﬁbse at atmosphere, és shown in their micro-

. structures in transverse and longitudinal sections, All the
specimens-had~§ome coarse grains surrounded by small sub-grains.
It was thought.that-coarse gréins resulf from grains growing
continuously, aid fine grains emergéd from constitutional super-
cooling by increased cooling rate when pressure was applied, 1t
can also be associated with the fﬁcfeasing undercooled ;eﬁperature
with increasing pressure. (See Page 11}C]ausius-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 sbliaification would produce flucfuation in growth

rate, resultfng in melt-off and/or tear off of dendrites.

Photograph 14 shows the copper rich area formed along the gréin

i boundaries. There wés a eutectic érowth in the copper rich region
' in all the specimens. The eutectic growth, however, was observed
to be more in specimen'numbérs AC15 and AC16 than in AC18. There
wés considerable micropofosity along'thq grain boundaries in
"speciﬁén No. AC18 solidified at atmosphere. The eutectic morph-
ology (golidifiéd under'pressure) appeared to be close to a
lamellar eutectic type, Whereaé that'soldified at atmosphere'

seemed to be a degenerate eutectic growth.
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..#hoqoéréph Is(a) sho@s.that méﬁy volds we?é present in the
surface region, when castings were solidified at atmosphere,

: S ‘_Thgse voids resﬁlted.frcmrfhé migratfon‘of:thq grain bbundafies in
a cﬁi!i surfécé.. Wheréas, whén.castings Qére solidified under -
pressure, voids were not pfesént, as shown in Photograph 15(b) and
{c). Phofographs 15(b) and (c) show dendrite fracture lines filled
in with copper rich alloy. It may be inferred that, when copper
‘rich metal was fed into shrinkage cavitieﬁ by pressufe, the lfquid
mefal movémeﬁi céﬁsed &endrffe fraémeﬁtétibn, resulting ih fine
substructures., - However, pressure has influenced an inverse segre-
gation, as shown in Fig, VI-5, Fig. Vi-5 shows the distribution

' of copper concentration of specimen-No. AC15 solidified un&er
110MN/m2 pressure {microprobe analysis-line scan). There was an
inverse éegregation zone of about 1m/m in depth from the surface g

of the ingot.
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Fig. V1=5 Influence of pressufe'on'ségtegation
' (pressureA-l10MN/m2, pouring temp.660°C
- Die Temp.1650C) -
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3. . Some considerations on Equiaxéd grain formation

The detailo ot hiow equnaxed grain o'formﬁin'a céstihg hay be
determlned in two steps.l The flrst part is snmply a question
of the ortgln of equiaxed gralns i.e.,aro therejfresh nuciesf
formed by‘heterogeneous nucleatlon; or dendfité bits]hroken offf
'.fot‘melted from the columnar 2ono‘or'e1oewhere, of other solid
bits sorviving from the outset of freezihg? The second is more
L oomplex,“i;eg tho;queétion’of'théfcolomhar"to”equiaxed'trohsitionh
(CET): does coluhnaf gtowth slow down and allow the dominanoé
_of.equiaxed Qréins, however they are formed, or do equiaxed grains
take over and force columnar growth to stop? “Both the CET theory

(88)

- proposed by WInegard and Chalmers , which requires constitu-

tlonal'supercoollng, and the CET theory suggested by Chamlers,(soy
hhich requires nucleation to occur only on poorfng, pértain-to
the natural equiaxed zono which occurs if solfdlfication proceeds
“in the absence of d;sturbance or extraneous forces. Thé former
theory is cupported by specaal versions’ of undlrectlonal growth
‘whereas the’ Iatter theory has been_supported_effectlvoly-for the
solidification of small ingots. Howevet,'when.ingots are solidi-
.ffod ondeﬁ'ptesoure, there is no evidenco as to which-theory can be

supported for this case,

Firstly, the columnar to équfaxod tronsition:onder ptessure’will
be dis;ussod within the limftations of the two theories meotioned
'ahovggwhen pressore is applied during solidification, thero is an
,increaéo fn‘growth:rate restricting diffusion in front of.the
'adVanciho solid-liqu{d-ihterface'ohoran‘increase'of undercooling

by incréasing'the equilibfium solidification temperature (see
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Véage I.T).‘ Howéver;“dqe to fapid heat.extraction under presﬁure‘
- (no atlr gép between ingot and moidi the effect by a Fhange in'thgr
equilibrium solidification temperature will have very little sig-

nificanée, since'thé mefal‘will soiidify quite quickly in any case.

Recalescgnﬁe_may be prondﬁnced‘as a result particularly in the

central regions (as mentioned in . the result section).

The-diffusjon restricted in front of the solid iiquid_interfacer
‘(becahse of rapid growth and limited time) will change the liquidus
temperature ahead of the advancing interface. The temperature

gradient In the ingot will also change repidly as shown in Fig.V1-6,

Solid Liru:’d
.‘;ﬁ‘}-‘e-jace.

: ) res{z- ;i-:;n /‘T(O) :
..... Tue .,

: Teco)
=)

%

3 id

g‘ heal” axirackon

'i- R Tp)

— Distance.

Fig. Vl-6 . A change of constitutional supercooled region
- under pressure
'T (0):. equil. liquidus temperature at atm.

TL(P)= oM .- "™. . under pressure

~T{0) : actual temperature at atm.
T(P) = " " under pressure




7The application of preesure.during solidification, .therefore,

- increases the amount of undercooling (AT) so.that a lot of

nuclel could be produeed.i,}he higher the pfeSSdre'applied, the
more pronounced the constitutional undercool[né becomes, and

the result can pro&ece endercooling In the entire ingot and not
restricted te a zone or band ahead of the solid-liquid interface,

It can be considered more reasonable to use the concept of overall

: undercoollng rather than restrnctlng it to const:tutlonal under-

coollng to explain the solidification of alloys under pressure.

Fig. VI-7 shows the schematfe drawings of the felationships between
the undercooling requireq for nucleatfon (4Tu) ‘and actual temper-
ature (T) for higher and lower. pouring temperatﬁre,and die temper- |
ature in ingots so]idified under pressure, Whee the pouring temper-
ature is very high, a positive actual temperature gradient ( >e-0)
will be produced and result in columnar structure in all zones,
whereas when the pouring temperature Is lower a negative actual
temperature gradient ( 53— <0 ) can be formed and result.in-
equiaxed structure in all zones, and columnar ane equiaxed'grains

may be produced in medium pouring temperatures.

A lower die temperature may produce lower actual temperature gradient

T;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 Al-4%Cu

alloy which was_examihed in this work. -
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Fig. VI-7 Schematic drawing of undercooled temperature
- under pressure. : T

.

TL(P) liquidus temperature under pressure

TN(P) : heterogeneous nucleation temperature under pressure

an

ATy undercooling required for nucleation under pressure
TI(P) ;. actual temperature gradient at higher pouring temperature

TZ(P) s " e ' at lower pouring temperature
with higher die temperature . -

TB(P) N a?tual tempéfafure gradient at }ower 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
'temﬁefafure gradient (-%%4:8>0 )} in the remaining liquid but not
“In the regions where a solid skeleton had already formed during
fhe application of pressure. [t therefore would be better to keep
| a.negative actual temperature gradient ('g%;<:0 ) to avoid a
solute rich pool iﬁ.the central region: i.e., by casting with a

lower pouring temperature and die temperature. "iIn this case,
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. simultaneous nucleaton may be produced at the early stages of
solidification, similar to that actually observed in the analogue

system of ammonium chloride.

Secondly, . the pessible sources.equiaxed grains can be discuSsed:
in ingots solidified under pressure, but is difficult to examine
its origin in‘detail. -In fact, there is insufficient evidence
to support the or:gln of equnaxed gralns even in the case of normal
solldlfucatlon. All methods of grain nucleatlon such as constltu-
tional supercooling and dendrite remeltlng and fragmentatlon can
therefore be supported. Under pressure, all these mechaﬁisms 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 normai solidification
does. It can be considered to result from rapid cooling rate and
breakdown of dendrites under pressure, 'Growth rate also increases
under pressure, as observed 'in the analogue material of ammonium
chloride. Rapid cooling rate will prodgeermicre-dendritic sub-
structures, and rapid growth rate may'produce'big dendrite sub-
structures, The re]atienship between growth rate and cooling rate
is complex and ﬁill depend on the number of growth centres, size

of casting and thermal conductivities and parameters of the mold
. anarmetal Fig. VI¥8'shows the dendrftic tip temperature for
three gradlents (6) of Al- 2wt % according to growth velocity

examined by Burden and Hunt.(93)

Burden and Hunt suggested that . the undercoollng ahead of a dend~

ritic interface increases as the growth veloclty increases, - an



(9)

_ opposlte effect to. that found by Sharp et al’ .and Kramer

et al(ssll- but they.suggested‘that for high enough'velocities
the temperature decreases'with increasing growth velocity without

~ affecting the gradient, as shown in Fig. VI-8.
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Fig. vi-8 Dendrlte tip temperatures for Al-2wt %Cu grown

with G 0.5, 10 and 60°C/cm.(93)
Thus, considering ¢" /Rn values which'represent the critical
7growth condltlons for the transition of interface structure, it
can be assumed that dendrutlc growth under pressure directly
depends on cooling rate (R), not on gradient (6). 1t can be
consldered ‘that rapid coollng rate greatly Influences the appear-
ance of mlcro-dendrltlc substructures and rapid growth rate .

influence growth of dendrltlc substructures which had been




: alfeady férmed.. This relationship would produce irregular
'sﬂbétrﬁcturés in tﬁé‘ingot'solidified underf?OHN/mz. However,
::;ﬁere was a tendency to rédﬁce the irfégular substructures under
110 MN/mz. The applfcatioh of Ewo-stép pressure during solid- *
ification may havgrgreatly iﬁflﬁenced dendrite_fragméntation,
resulting in ﬁniform dendritic substructures, as shown in
Photograph 13(c) Two-step pressure'is_thought to accelerate the
‘dendrite breakdown by cracking the dendrite skeleton already
formed during the first step and by pertqrbing the growing liquid-
;olid interfaces, regulating the relationshib between growth rate
and codling rate. This is similar to the occurrence of dendrite
cracks actually cbserved in the anéIogue system of ammonium chloride

when pressure was removed.
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VLI CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

The conclusions‘reached:in small'ingots {50m/m dia) solidified under

préssure in Al-4%Cu alloys are as follows:

1. Casting defects such as blowholes, porosity and shrinkage
cavitfes, 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:
e.g., pouring temperature 660°C and die temperature 165°C

under 110 HN/mz.

3, The application of ﬁressure during solidification favoured
‘the formation of equiaxed grains and columnar to equiaxed

transition, resulting in finer dendritic substructures.

L, The equiaxed zone in small ingots were most likelylto be
derived from crystallites formed during the early stages

of solidification.

5, ~ The application of two-step pressure during solidification
_greatly influenced dendrite fraghentatlon; This resulted
in increased hardness and a more uniform distributioh of

hardness, indicating more uniform substructures.

6. wﬁen the increase in the die temperatufe; after casting,
was cdntfolled, i.e.; the peak tempérqture was not allowed
to go.over 280°C.) Thé copper rich pool in the central region
of the iﬁgots was much reduced, and in éome_cases, completely:
eliminated. | |

> -.. 9 l‘.:- )



7. lnverse segregatlon occurred |n all Ingots solldtfled under
-pressure extendlng to a depth of Im/m from lngot surface.
Changing in casting condltlons and heat extractlon did not

- have any elgnlflcant_effect on this segregation.
The-follcwing subjects were suggested for further study:

1. Optlmum mold conditions for |mproving quality of castlngs
and ingots solidifled under pressure: e.g., thermal analysns

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 greins and
micro-segregation: e.g.,predendritic solidification and

éqlute distribution under pressure.

5. - Influence of pressure on the structures produced in.other

Aluminium alloy systems: e.g.,eutectic systems such as Al-Si.
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APPENDIX A

THE DIFFUSION COEFFICIENTS IN SOLID AS A FUNCTION OF PRESSURE

ll

2,

Writing the diffusion coefficient as a function of temperature,

D= Do‘e)§p (-‘Q/kT)- : : - - ....'

Taking logarithms of 1 eq. and differentjating with respect

to pressure gives:

3ln D-) - (aln Do) - _1_.“(“9(1) D
P P T T P T Kt \-oP/ T . Lo

. - Expanding In D in a Taylor series In the preésure and

neglectmg the term of (M)T S
%) = Do) ©xp [ kT aP)T ] | e

Consi&ering the thermodynahic relations V"".'(";‘p')'r comp

V‘?z(}i‘_ﬁ)T : ' cess

Restricted to simple diffusion mechanism, such as

interstitial diffusion or substitutional diffusion,

D(P) = D(o) exp [ - PVE/kT ] in fntersti;tial _
: : mechanism -
D = D exp -P Vv + V’f in vacancy
(P) () ( 4k-r mechanism

where Vv Is the volume increase on forming a vacancy, and

-Vﬁ-i; the volume of activation for atomic migration.

V‘Assumlng that vE can be neglected relative to V,,

= D '
-'.&IP) (o) in lnteﬁstltaal diffusion

D = D, exp - PV /kT in substitutional
(P) (o) [ J diffusion

3

4

5

6




Note: Diffuéion coefficient by app]ying_pressure is more influenced in

substitutional diffuslon than In interstitial diffusion.

7. Considering the variation of the vacancy formation volume with

pressure,
Y, (p) = Vo) " -}'Pp[vv(o) +,Kpu] 7

. where /sfef : compressibilities of the perfect crystal
: ~ and a crystal containing a single vacancy

Kp : proportionality constant i%éf1:= kp-%

‘The relative change in compressibility on
Introducing a vacancy is inversely proportional

to the number of atoms in the crystal.

8. Combining with 6 and 7 eq.,

D(P) = 'D(o) exp t-P {-V\i(o) - J"-P/s(vv(o) + Kpu)}/kT]

where, D(o)’ Vv(o)’ f3 » Kp, v are coqstant iq_a given golid

and the term of { vv(o) -3 WG (Vv(o).+ qu)}'is alw;ys_positive.

ey = Do) P [ P (Yy(o) - ydP) /)

9. Cpnclusibn

(i) Diffusion coefficients decrease with increaslgg bressure, but
it;is not exponentially dependent upon the increasing pressure,
On the other hand, diffusion coefficients inéfease with Increasin
temperature and it is exponentially dependent upon ;ﬁe increasing

temperature. ) s

- (ii) Diffusion ceefficients as a function of pressure are more



Iinfluenced in substifutiona] diffusion than in interstitial
diffusion. |

Note:

1. Diffusion coefficient in liquid as a function of pressure

1. Feexre

Sj :;{/fr D= 6_-7%_1-'172_ (Stokes-Einstei.n' eq.)
2 - P - F/P\
Fo=6m Ve
= T v
D=—5

'3 Adopted a slightly different form of the drag forcé,

. D= _Z'fzt_z_r[:_ (modified by Sutherland)

: 4 Conclusion:
(i) Diffusion coefficients in liquid Hecreaséxwith the
| increasing pressuré and it is inversely proportional to the
: pressure. ‘
(i1)" Diffusion coefflcients in liquid increase with the
| increasing velocity of flow and temperature and i}vis

-

proportional to them.

2. Diffusion coefficients in gaseous

s B TH
Dﬂﬂ - -\%“ ( ﬂaﬁmn ) P-‘;.l.
‘l.\,- . T%
Dy =% 2 (557305 ) ey
2 .




(

(

)

)

Diffusion coefficients in'gqseous decrease with.the
Increasing pressure and it Is inversely proportional to
the pressure.

Diffusion coefficients in gaseous is more influenced in

temperature than in pressure.
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APPENDIX C

EXPERIMENTAL DATA OF SAMPLES -

1. Experimental Data in Al=4% Cu alloys

, . Die Temp. (OC) . , i
some | Pressus [Pourng ) F—loucro-ssructure | =P95T C1eh
] 1o 680 220 327 |Col + Equiexed |presence
2 110 660 210 315 Equia*ed presence
3 110 680 250 355 |Col + Equiaxed |presence
4 110 680 220 325 Cb! + Equiaxed | presence
5 110 630 200 285 |Fine Equiaxed presence
6 110 780 190 288 |Columnar presence
7 110 780 210 330 |[Columnar presence
1 prisure| 720 . 200 300 |Col + Equiaxed [No -
12 70 720 210 310 Col + Equiaxed | presence
13 70 660 175‘ 275 |Col + Equfaxed presence
14 70 650 - 165 260" Fine Equiaxed No
15 110 650 165 260 |Fine Equiaxed |MNo
16 ';:5 ??0 650 165 250 |Fine Equiaxed No
17 w}lg 650 | 165 . 250 |Fine Equiaxed presence
asbhestos
18 pri%sure| 650 175 260 |Fine Equiaxed |No
20 /10 . 680 180 270 [Col #+ Equiaxed | presence |
21 70 680 !90" 275 |[Col + Equiaxed presencé

Note: * ''before™ means '‘before applying pressure", and ''after'' means
Ymaximum die temperature increased during applying pressure'




2, Experimental Data in Commercial Al-Cu alloys {LMII)

Sample

Pressure

Die Temp (°C)

Macro

Copper rich

Pour?nj
No. (MN/m2) |Temp (C) structure . band
. "before* after*
LMI1 0 | pRessure| . 720 180 275 Fine Equiaxed |No
| 1 B?eésﬁ;e 790 180 V Fine Eqitiaxed |No
2 70 720 180 280 . | Fine Equiaxed |presence
-35 70 | 660 190 305 Fine Equiaxed presence
‘ 4 70 710 170 275 Fine Equiaxed |No |
5 70 660 165 - 260 | Fine Equiaxed No
6 Iio 770 -180 Fine Equiaxed |presence
7 70 780 180 280 | Fine Equiaxed |No
8| 1o 800 215 320 | Col. + Equiaxed]presence
g | 10 760 240 360 | Col.+ Fine  |presence
Equiaxed
Note: * - '"before' means "before applying préssufe", aﬁd “after'' means

"maximum die temperature increased during applying pressure'.




APPENDIX D

Photo 1 The particular apparatus Photo 2
for observing the freezing
phenomena

Photo 3 The instruments of the main apparatus

Load cell

with

strain gauges
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(a) 10 sec (b) 30 sec (c) 60 sec (d) 150 sec (e) 180 sec

; " ; . . . o o .
Photo 4 Crystallisation of NHQCI/ water system solution (saturated at 65 C) poured at 70°C at atmosphere

- -— - - ?-

i

(a) 30 sec () 60 sec (¢) 90 sec (d) 120 sec (e} 180 sec

Photo 5 Crystallisation of NH,Cl/water system solution (saturated at 65°C) poured at 800C



(a) 20 sec (b) 50 sec (c) 80 sec (d) 120 sec (e) 150 sec

Photo 6 Crystallisation of NHhCl/water system solution (saturated at 7SOC) poured at 80°C under pressure

(g) 10 sec (b) 40 sec (c) 60 sec (d) 90 sec (e) 150 sec

Photo 7 Crystallisation of NH,C1/water system solution (saturated at 759C) poured at S0°C under pressure

R s R S o o o o e . e e e e T i i e ———— e — 5 — = - e —



Photo 8 Macrostructures of Al-4% Cu alloy solidified at various pouring
temperatures with die temp. of 2109C under 110 MN/mZ pressure

i g e P! rkr L A
Photo 9 Macrostructures of Al-4% Cu alloy solidified at various die

. - = p w 9
temperatures with pouring temp. of 6809C under 110 MN/mé¢

Photo 10 Macrostructures of Al-4% Cu alloy solidified at various

T o * " -l . + £ A N0 mevel AS ~ A )
pressures with pouring temp. of 660°C and die temp. of 165°C




LMl

Photo 11 Macrostructures of LM11 alloy

following casting conditiogs:
LM11 1 pouring temp. 790°C,

LM11 7 B 780°¢,
LM11 6 " 770°C,
LM11 0 " 720°¢,
LM1T 2 " 720%,

solid solidified at the

die temp. 1800C, at atm.

1300C, under 70 MN/m2
180°C, under 110 MN/m>
18006, at atm.

180°C, under 70 MN/m2

1

Photo 12 Macrostructures of LM11 alloy solidified at the following

casting conditions:

LM11 8 pouring tcmp.SOOOC, die temp.

LM11 9 " 760°C,
LM11 3 u 650°C,
LM11 4 " 710%,

LM11 5 . 660°C,

215°¢
240°¢
190°¢
170%
165°¢

under 110 MN/m
under 110 MN/m
under 70 MN/m
under 70 MN/m
under 70 MN/m

2
2
2
2
2



: b 3 LW aRRG T S [ A T e 8 S
(a) Longitudinal (left) and transverse (right) sections at atm.

step
pressures.

Photo 13 Photomicrographs of equiaxed grains, showing the change of substructure
due to pressurisation (x40). Etched by a 0.5% HF.




(a) at atm&sphere

(b)

B
(c) under a two-step pressure

Photo 14 Eutectic structures at atm. and under pressures (x1000), Etched by
0.5% HF.




-

(a) chill surface solidified at atm. (specimen No. AC18)

(c) chill surface solidified under a two-step pressure (specimen No. AC16)

Photo 15 Grain boundary migration in a chill surface and dendrite fractures (x100)
Etched by 0.5% HF







