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SECTION ONE 



INTRODUCTION, 

Object.  - 

The object of the research was to investigate in 

detail some of the factors influencing the mechanism of 

solidification of sand cast steel blocks,, with particular 

reference ta the effect of variation in the method of 

feeding and in the casting temperature, 

The results of many previous investigations have 

shown th complex nature of the effects of various independ-

ent variables associated with the solidification process, 

particularly in the case of ingots in. metal moulds, However, 

as relatively little is known of the nature of solidification 

of sand castings,, it is hoped in the present study to 

establish a satisfactory theory of the effect of certain 

variables in the mechanism of solidification of such castings. 

In past investigations the effects of such variables 

as composition, pouring temperature mould desimy etc, on 

the solidification. process have been studied by techniques 

that can be divided into two main groups:- 

thceminution of the solidified ingot, 

B IxeminatIon of the conditions existing 
during the solidification period. 



By an examination of the solidified ingot the 

resultant effects of the different variables could be 

ascertained, whereas by determing the conditions which 

existed during the solidification process information of 

a more fundamental nature could be obtained, The first 

method generally consisted of microscopical and macroswpical 

examination, chemical analysis and mechanical testing The 

second necessitated an entirely different approach, which 

has been made in four ways:- 

(1) Vathematical analysis; (2) "Pour-out" methods; 

(3) Electrical "Analogue"; (4) Direct temperature 
measurement 

The mathematical approach has had some success in 

indicating the form of the temperature distribution, but 

it can only be applied to simple cases and cannot be 

extended to treat all the complex variables associated 

with the process,. Furthermore, data concerning the thermal 

properties of materials at high temperature are scarce 

and liable to be inaccurate. 

"Pour-out" experiments chow the approximate extent 

of solidification after different times, but give little 

information about the thermal conditions or the nature of 

the "unsolidified" metal, .For exaMple, with alloys possessing 

a freezing range, the solidified shell always retains liquid 

material in the crystal interstices, which solidifies after 

the "pour.-out" has been made. 
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In the electrial analogue method a comparison is 

made between an electrical circuit and a sot of heat 

conditions. This method Gan be informative but like the 

mathematical approach it is handicapped by lack of knowledge 

of the thermal properties of materials. It cannot be applied 

to study conditions between the liquidus and solidus temper-

atures of alloys. 

Direct temperature measurement is the most 

satisfactory method, as it enables a continuous record to 

be made of the actual conditions existing during the 

soliditioftion process,. It also possesses a number of 

distinct advantages over the methods described above- For 

instance, it does not require a knowledge of the thermal 

properties of materials, and it can be employed to study 

the conditions between the liquidos and solidus temperatures, 

Vainly because of the practical difficulties involved in the 

technique3  however, it has received relatively little 

attention, 

All these methods are reviewed in greater detail 

in Section I of the thesis 

In the present investigation a preliminary study 

is made of the effect of variation in the method of feeding 

of sand cast steel blocks; this has been enlarged to 

include the determination of the effect of size factor and 

Lasting temperature. 
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A series of direct temperature measurements has 

been made, in cenjunotion with "pour—out" experiments, in 

an attempt to relate the different types of crystallization 

with the actud temperature •conditions, 

These investigations are deseribed in detail in 

the thesis in two main sections In Section I the effect 

of thc variation of feeding in the structure of two series 

of and cast steel blocks, manufactured under induetrial 

plectise .12 described. in Section II a description of the 

effect of size factor, casting temperature and measurement 

of the actual temperature conditions is given, 

Finally, the various aspects associated with 

solidification are initially discussed and a probable 

theory advanced to explain certain aspects of the mechanism 

of solidificvtion)  in the light of the results obtained 

from the investigation. 



PREVIOUS WORK. 

l, GENERAL REVIEW OF LITERATURE ASSOCIATED 
WITH THE MECHANISM OP SOLIDIFICATIONS•  

Although much of the published work has been 

concerned with the study of the mechaniem of solidification 

of steel ingots in metal moulds, many of the principles that 

have been deduced apply in general to the solidification of 

sand castings. However, there are numerous inconsistanciea, 

and various phenomena still remain unexplained. For example, 

much attention has been devoted to the interpretation of 

the transition that occurs betmeen the columnar end equiaxial 

growth frequently found in cast metal, and yet no satisfactory 

theory has been proposed to explain all the cases in which 

these two structures occur,  

Desch
1
and Belaiew-  surveyed and discussed the 

early literature on the subject of crystallization, covering 

the demonstration of the crystalline nature of metals by 

Grignon, Sorby, Tchernoff and others, and speculation regard-

ing the mechanism of nucleaton and dendritic growth by such 

workers as Tammann, Lehmann, Outweld and Miers. 

Tammann
3 

considered that the nucleation and growth 

of organic compounds are governed by two principal laws, 

(a) that the number of nuclei formed increases to a maximum 

as the degree of undercooling of the liquid increases, 

decreasing beyond this to zero for still higher degrees of 

undercooling, and (b) that the velocity of crystallization 



increases rapidly with increasing undercooling, but finally 

attains approximately constant value, 

Although Tammann refuted(1) the theoretical 

conclusions of Ostweld and Mere that there are two stages 

of undercooling, viz the metastable ard labile states, 

Desch
4 has stated that these conditions result in the 

columnar aid equiaxial types of crystallization respectively, 

The metastable condition is reached when a liquid has cooled 

to such a temperature that it Is incapable of crystz Llizing 

spontaneously but will crystallize if inoculated with the 

solid phase; the labile state is attained when,. on further 

cooling, the liquid is able to crystallize spontaneously 

without inoculation, 

The mechanism of formation of crystal dendrites 

was originally discussed by Lehmannl  in terms of the 

crystallization and diffusion of salt solutions, but his 

conclusions also apply to the formation of metal dendrites 

Once a crystal nucleus has formed in a salt solution, 

growth will continue according to Brevais' Law, preferentially 

along certain axes If the crystal is allowed to grow slowly, 

)t develops into a normal idiomorphic crystal. However, 

under conditions of rapid growth, the corners of the 

crystallite act as protuberances which extend into the 

solution,. In the immediate vicinity of the growing crystal, 

concentration gradients are set up and the continuation of 

growth is dependent on the diffusion of material from the 



bulk of the solution into the depleted region in contact 

with the crystal. Simple geometric considerations show 

that the solution is replenished most rapidly at corners, 

with the result that growth is accentuated along the 

crystallographic axes. By similar reasoning, it was shown 

how secondary and tertiary bran6les could be formed by 

this process,  

As diffusion of heat and the diffusion of matter 

obey similar laws, the above explanation accounts fur the 

growth of pure metal dendrites from the liquid state. In 

the same way, the formation of dendrites in a solidifying 

alloy urn be understood by considering both the thermal 

gradients and concentration gradients in the system- This 

is discussed later. 

One of the first investigations of the factors .  

influencing the solidification of industrial ingots was 

made by Howe5  in 1908. His conclusions on the causes and 

"the restraining" of piping and segregation were of funda-

mental interest and indicated the direction in whidh further 

research was required. He concluded, and later demonstrated, 

in some cases with wax ingots, that the pipe and segregate 

could be controlled by means of sink heads and by controlling 

(a) the rate of pouring (b) the pouring temperature (k) the 

condition of the metal (whether killed or not) and (d) the 

rate of cooling. In discussing segregation2  he introduced 

the principle of differential solidification to explain the 



formation of "impurity" rich areas; Although certain of 

his conclusions concerning the mode of crystal formation 

appear unlikely the ideas that he advanced are the basis 

of many theories presented in more recent times, 

In a latter paper (1916),(6)  Howe explained the 

transition between columnar and equiaxial crystallization 

on the basis of temperature gradients, composition 

gradients and rates of cooling, This explanation is 

basically the same as that advanced by Northcott'7  in 1941, 

although the latter developed it along more scientif 1 

lines 

7ithmany of the fundamental aspects of solidifi- 

ation and crystallization satisfactorily explained, the 

scope of later investigations became more closely defined, 

being concerned more with the determination. of specific 

features associated with the mechanism of solidification 

Per example, we may consider the work of the Heterogeneity 

of Steel Ingots Committee8, which included the following:- 

Mathematical analysis of thermal conditions, 
Direct quantitive examination of solidification 

rates- 
Observation of the factors influencing 

primary crystallization,. 
Determination of physical data•. 
Electrical analogue experiments,  
Thermodynamical considerations ,  

Investigation, 

a review of the literature, summarized 

applied to the study of solidication 
A 

(a) 
	

Mathematical 
9 

Ruddle a in 

the important methods 
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Re mentioned the early attenpt of Saito(10)  to solve the 

problem of cooling of steel ingots in moulds and of 

Peild(11)  echo considered the effect of 4uperheat and 

mould wall thiolcaess on the solidifioation rate and depth 

of solidifistion in terms of time Lightfoot(8°'8d  and 

Russell(12) 

 

he also applied in greater detail the genemi 

theory of unsteady heat flow to the solidiflultion of metals 

and have a=ived at more preolee results. However all 

mathematiosl methods, including those of 	Samait,z'i3) 

aad Severn(140grQ e150 1131  are open to critlasm beaaus of 

the number of assumptions that have to be made and also 

bepause they cannot be applied successfully to alloy that 

solidify over a freeaing ranee Vevertheless, one oonolusion 

from the-  matbematioal treatmeat has proved partioularly 

helpful in interpreting the experimental data, viz that 

the velocity of eolidifieatlon ie a parabolio function which • 

be exprensed in tha following fom:- d k t 

where U depth of solidified metal 
k solidifieation constant 
t time after pouring 

(b) 
	

Direct clientAtative Em-amination. 

In excellent surveys by both West(16) and Huddle (9), 

the work of the previous investigators in this field has been 

reviewed aod compared with the mathematical conclusion stated 

above 

Welson(17  (flhIpman and FOndersmith(18) and also 

") Briggs and Gezelins 	have found by v4pour-out tests, that 



f. 

rate 	zkin formation agrees im -'1 with Ce. ' ,h ore t-  r - 

curve at the lower end only, 1-e, in 	early stages Ji 

solidification Briggs and Gezelius have suggested that th 

empirical formula:t" + k2t is a better Allproximation, 

the constants depending on the conditions. (As Ruddle has 

stated;  the theoretical curve has been obtained by assuming 

semi-infinite conditions - a condition that is not satisfied 

practically,) Briggs and Gezelius have also examined tne 

effect of pouring temperature on the rate of skin formation, 

the effect of the size of a casting on the rate of skin 

formation 	and have measured the approximate temperature 

conditions, both in the metal and the mould, They found tat 

the sand mould/metal interface remained practically constant 

at about 1280°C during the solidification process. 

Buddle(9), like Weet(16), considered .the experi-

mental and theoretical work of Chvorinov(20)  to be of great 

importance. Chvorinov studied the rate of heat extraction 

by sand and other moulds, and found, for example, like 

Briggs and Gezelius, that the interface temperature remained. 

almost constant throughout the solidification period. 

(A temperature of 1458°C was given for a 0,24% carbon steel) 

By calculation he showed that:- 

(a) The solidification constant, k, 

= la58 	 
L- 12' 
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(where 9 equals average solidification 
temperature of steel. 

L equals heat evolved on solidification 
p' equals density of metal 
k equals heat diffbsivity of the mould 

/thermal conductivity x 	e heat x specific gravity. 

(b) 	The time et° for complete 
idi 12  21 

(where d equals thickness 

plate is:- 	t 

solidification of a 

of the :plate). 

If d/2 equals Ti (where I? equals volume of _plate  
surface area of plate 

then the equation may be written t r'7k2. 

Chvorinov has demonstrated by experiment that,. although 

this equation is only theoretically correct for infinite 

plates, it may be applied for castings of finite size with 

only small error, For normal steels, 	equals 0.,0:_;3 

1 is in metres, and k equals 2.09 if is in inehes, 

Choorinov criticized the value of pour-out • 

tests for measuring the depth of solidified skin, on the 

grounds that,. by capillary action, metal is. retained 

between the crystal axes, and later solidifies, g-Iving a 

misleading impression. 

'Test(16) reported that Yearley, '..,,lhauss and 

Yartin( 21), and Pifield and Schaum(?2) , had used the pour-

out -technique in connection with the solidification of 

cast iron, and that Troy( 23), 1LA.3chwartz(^4 > 25. 6)  and 
(r)7) Clark 	had applied i i, to east steel. 
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A further review is given by Ruddle(9)  of 

published work on the solidification of non-ferrous 

castings. The results of these investigations were in 

general agreement with the conclusions arrived at for 

ferrous materials, 

(c) 	Observations on the Factors influencing 
Primary Crystallizations  

One of the earliest investigations °Z, the effect 

of rate of cooling on the formation of dendrites and 

segregation was made by Priestly(26), It was found that 

with a heavy metal chill, and a rapid rate of cooling, a 

completely columnar9  dendritic structure was obtained, 

whereas with slower rates of cooling a mixed columnar/ 

equiaxial structure was formed,. This changed to a wholly 

equiaxial type with still dower cooling in a sand mould, 

He observed that the laver t-te casting temperature the 

smaller the crystal size and -the finer the segregate, This 

he considered to be due to a fester rate of formation of 

nuclei at the lower temoerature, 

In 1924 the Heterogeneity of Steel Ingots 

Committee8  embarked on a programme or investigations to 

elucidate the influence of different factors on the 

structure of steel ingots The commitee investigated the 

heterogeneity existing in. ingots of different types und 

:compositions , with the size varying from a few hundred-

weights up to 170 ton: • Complete records of the examine-Lions 
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are given in the different reports, together with 

possible explanations of the mechanism of freezingt, 

In the first report(8a), an account is given 

of the data obtained from representative ingots The 

fundamental facto governing the heterogeneity and 

mechanism of solidification are discussed fully from the 

following aspects: 

(1) Differential solidification,, or selective freezing, 
(2) Segregate formation, 
(3) Transition between columnar and equiaxial 

crystallization, based on a change 
in the rate of heat extraction, 
(similar basically to Howes' (6) 
explanation) 

(4) Gravity settling of crystallites, 

A theory based on differential solidification 

was employed to explain the formation offifree" crystals 

within the liquid interior of an ingot while solidification 

was still proceeding at the walls It was explained that if 

there is any difference in temperature and composition 

between the liquid interior and the solidifying wall, then 

under certain thermal conditions, it is possible for purer 

crystals to form in the liquid interior Thus, in the early 

stages of solidification of an ingot, crystallization 

proceeds inwards from the walls, the crystals being relatively 

pure and the temperature being at or only slightly below the 

liquidus temperature. As steel has a freezing range this 

leads to the liquid in contact with the growing crystals 

becoming progressively enriched (in impurities) with the 



result that the freezing, point is d ',Dressed, ftowever, if 

diffusion is slow and solidification rapid it is possible 

for the liquid interior to be purer than the liquid in 

contact with the growing crystals and therefore to have a 

higher freezing Point,  Mus, if there is a shallow 

temperature gradient between the solidifiction front and 

the linuid interior, solidification can occur at the front 

at one temnerature and in the interior at another, slightly 

higher. In this way °free° crystals may fob r in the interior 

of the ingot, and being heavier than the liquid they would 

then tend to settle towards the bottonc This wou)d resu3t 

in a central zone of crystals purer than the avene ';nett-1 

and in settling they would assume the conical for, 

commonly observed 

In the second report (W. there w further 

discussion of certain features influencing heterogeneity, 

such as oxides and silicates, sulphur and phosphorus, 

casting speed and temperature. A study of alloy steel ingots 

and of non-killed (Eimming) steel ingots was also made. 

Later reports (8cdP°91$g), while referring 

principally to the determination of physioal data, also 

considered further aspects of the solidification of steel 

ingots Of special importance was the discussion by 

Northcott(8f)  of the constitution of steel and the influence 

of differential solidification upon the segregation in 

steel ingots. 
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Several other important and valuable 

contributions were made to our knowledge of the mechaniam 

of dendritic growth and crystallization during the period 

in which the Heterogeneity of Steel Ingots Committee 

carried out their investigations (1924 - 1939). The most 

important of these are mentioned below. 

Hultgren(29) , in discussing crystallization and 

segregation phenomena in 1.1W carbon steel ingots, 

.ggested a comprehensive theory covering the crystallizat-

ion of ingots cast under such varied conditions as quiet 

and turbulent solidification, high and low pouring 

temperatures, pre-heated moulds, "after-pouring", and 

vibration. Hultgrenss explanation was based upon variations 

in the degree of under-cooling, depending on the solidifi-

cation conditions. The transition between columnar and 

eguiaxial growth was also studied and an explanation 

suggested. 

Sauveur and Chou(3°)  examined the influence of 

rate of cooling on the dendritic and micro-structure of a 

hypoeutectoid steel. Their conclusions were that in steel 

which had been slowly solidified and cooled the dendrites 

were substantially larger than those formed under conditions 

of more rapid cooling, The formation of a Iidmanstatten 

structure was shown to be related to the cooling conditions. 
31 Yatuuchka(  ) considered the influence of casting 



temperature and the under-cooling capacity oy steel, By 

combining the results of "pour-out" tests with measurements 

of mould temperatures, he constructed a series of curves 

indicating the volume and thickness of metal solidified 

against tame le showed that for a plain carbon steel the 

freezing velocity was initially high, but fell rapidly to 

a value that remained constant for some time., and finally 

increased in the later stages of solidification 

ratuschka considers that at some time during the 

solidification process a dynamic heat balance is established 

in which the heat dissipated to the outside of the mould is 

equal to the heat liberated at the surface of the ingot; 

the moment at which this occurs has an important influence 

on the form of crystallization. Thus, columnar crystalliz-

ation is principally a function of the temperature gradient 

in the liquid steel, and the character of the crystallization 
ss a record of the progree of -  heat transfer. While there is a 

rapid removal of heat from the interior of the ingot columnar 

growth is favoured, whereas slower removal of heat, under 

conditions approaching equilibrium, favourin an equiaxial 

growth The precise moment at which the transition occurs 

depends on factors such as the casting temperature and the 

under-cooling capacity of the steel, 1ith a lowering of the 

casting temperature, for example, there is less heat to be 

dissipated and consequently equilibrium is more rapidly 

attained, 



The results of Matusehka are in general agree-

ment with the views of Hultgren, although his approach to 

the subject was more mathematical„ 
70  

Heggie(") investigated the conditions under 

which columnar and equiaxial crystals were formed, by 

measuring the temperature conditions existing during the 

solidification of etearic acid and tin, He agreed with the 

view of Matuschka concerning the existence of a state of 

dynamic heat balance during the solidification process, 

and likewise concluded that the transition from columnar 

to equiaxial crystallization was determined by a critical 

cooling rate. He also concluded that:- 

(a) the critical cooling rate was a function of 
the width of the freezing range; 

(b) in pure metals f, where there is no freezing 
ranger  under quiescent conditions only 
columnar crystals could form; 

(e) motion within the liquid had a pronounced 
effect on crystallization; 

(d) under-cOoling did not necessarily produce 
equiaxial crystallization 

Northcott(33734), in a series of papers, has 

investigated phenomena associated with the crystallization 

of steel ingots, He has summarized these in a paper on 

"The Influence of Turbulence on the Structure and Properties 

of Steel Ingote"(7) In this paper he suggested a compre-

hensive explanation of the mechanism of solidification of 

steel ingots, based on a consideration of the concentration 
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gradiwtts and of the temperature distribution existing 

17thin the solidifying steel, The results of Lightfoot(80  

litasIhka(31)  and Chipman and Fonderamdth(18) were reviewe 

in determining the nature of the probable thermal distribut-

ion, 

Explanations of typical strettAres obtained under 

different conditions were given to Illustrate the appl-loat 

ion of the theory These are discussed :later in the thesis 

in detail on page 

In 	irilar mennerp Po:c.tricott has explained 

periodic( 3  ) and banded(36) structures found in centrifugal 

and other types of casting, 

Glazunov and Lazarev(37)  Baxnov(38) , Scheer 

Petrosyan and Shon-Shakhbudagyan( 40) , Prothero(41)  and 

others have examined the effects of such factors ae casting 

tempereure and rate of 	and have arrived at similar 

conclusions to those of Northcutt, 

Hensel(42) and Scoil( )  have studied the primary 

.,xy3teliization of metals and have discussed their findings 

In pre),aion - 0 the lams gaferning nucleation and growth. 

meal measured the temperature conditions elfasting in 

soUdigylng tin, and ohowed that any superheat is absorbed 

iDimediately by the matld7  the temperature falling rapidly 

to the liquidize value He could not detect any under-cooling 

(,o within 09C)or auy temperature gradient in the liquid 

metal fter the initial chilling of the metal in filling the 

r.20\ 
4-A 	A 



mould, He suggested that convection currents removed any 

temperature differences, 

Schell concluded that TarmanWs laws of nucler:tion 

and growth were not-  applicable to Metals, He showed that: 

(a) The greater the under-cooling of a liquid the 
less the time required for nuclei to form ,- 

(b) A high. degree of superheat retards the growth. 
of .nuelei, 

He considered that under-cooling was determined by 

the rate of nucleation*  and by the crystallization velocity 

consequently for all metals where the orz;stallizini: velocity 

is large under-cooling can only be very small. 

He further observed that when molten metal 

solidifies by "skin forMation", heat abstraction from the 

liquid interior Must traverse the crystUlization front, 

and as a result the teMperature of the interior cannot fall 

below that of the frOnt, 

Like other workers, Scheil found by experiment 

that the macrostructure of a casting was influenced by the 

mould temperatures  the degree of superheat and the initial 

degree. of under-cooling -  However, when the molten metal was 

superheated to a given temrierature, held in the ladle for 

different periods of time and then finally cast at different 

temperature the resulting macrostructure was similar in 

etch case, It was thus concluded that there are "potential 

nuclei" in the molten wetni which have an important 

influence on the crystal structure of a casting, 
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Gegen-Torn(44) 1ikew1se concluded that Tammann's 

Laws apply only to complex organic substances with a low 

rate of oryatallization gnd not to metalki except when 

their mass is very small,  He also ffuggested thotg- 

(i) 6rowth initit3aly starts from pre-existing 
(potential) nuclei which are generally mail 
bits of the metal tself; 

(i.:) the crystal structure ie determiLed by the 
rte and direction of heat exchange; 

(iii) the rate of crystallization is determined by 
the rate of heat. extraction and not by 
under-cooling; 

(iv) movement of metal during cooling affects 
aryatallization by reaucing temperature 
diffsrences and distributing ( yetala 
throughout The 31qpid,,  

Theee conclusions are in general agreement 

with the explanation suggested b.gi.  Northcutt. 

Vero 45) has concluded tat variation in the 

primary structure to not due to variation of rate of 

cooling or under-cooling It is thcaaghto  howevero  that 

the variations in rates of cooling considered by Verg were 

iLaufficient to affect a change in Wructure. He agreed that 

cTlytailization was affected by nuclei. distrithtion, 

The important role of °potential. nuclei° is 

partially corroborated by thermodynamic considerations, 

These are discussed on page 27. 

(d) 	Determination_y Physical 

It ie esaenUal for any Theo:eetical study of the 
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process of solidification of metals that there should 

exist accurate and reliable information concerning the 

physical properties of the materials concerned. This need, 

through the works of numerous investigators, has been 

partially satisfied, but there still exist many instances 

where accurate data. are lacking, 

The important work of the various Iron and 

Steel Institute Committees should be noted, in particular 

that of the Heterogeneity of Steel Ingots Committee(8). 

they have made many valuable determinations including:- 

(a) the liquidue and solidus ranges in comnercial steels; 
(b) the solubility of iron and manganese sulphides 

in steel; 
(a) the thermal properties and conductivities of ingot 

mould irons; 
(d) the volume changes in steel from the liquid state 

to room temperature; 
(e) the fluidity of iron-carbon and other iron alloys, 

It is clearly impossible to review all the 

sources of such information, and where physical data is 

employed in this thesis the particular source is quoted, 

(e) 	Electrical Analogue TbcperIments: 

Both West(16) and Ruddle(9)  have surveyed the salient 

features of the electrical analogue method,, pointing out that 

although it is a very valuable method of solving difficult 

problems of variable heat flow, it is necessary to check the 

results obtained with direct observations of real castings, 

The method, developed primarily by Paschkis(46), 

consists essentially of comparing the heat flow in a thermal 



22. 

system with the flow of electricity in an appropriate 

electrical circuit, The basic equation of heat flow 

a 	 ( 

is t 	 c xa 
is compared with the corresponding equation for the 

Z`E 
flow of electrical energy 	c  
Thus the heat content, rate of heat flow, temperature, 

thermal, capacity, and thermal resistivity are equivalent 

to electric charge, current, voltage, electrical capacity 

and electrical resistivity reupectively., 

When the results obtained by the electrical 

analogues method were compared with those of "pour-out" 

tests under similar conditions fairly close agreement was 

found to exist(47'48)c Furthermore, such comparisons have 

revealed several interesting features of the uolidifivation 

process. 

Paschkls(47) arranged the electrical circuit in 

such a way that the effect of air-gaps could be studied 

during the solidification of steel chill and sand-coatings. 

When these results were compared with Clerk's "pour-out" 

data(27)  it was found that closest agreement was obtained 

when an "allowanee for ar air-gap" was made in the case of 

chill castings, but not in the case of sand-uastings. It 

was also apparent that during the solidification of sand-

castings freezing occurred over a remarkably wide range 

within the easting. Although it had been generally assumed 
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ttatwpour-out" teats referred to some :intermediate stage 

between the beginning and end of freezing Paschkis° 

results shamed thai; the °pour-out° tests coincided with 

the beginning of freeze curves 

Confirmation of a wide freezing range was later 

obtained by Bishop, Brandt and Pelltv1.  from direct tempev- 

ature measurements (see paze4; 35,153 ) 	The 

of opou-out tests is discussed in detail OD Paw. 16 

In a further comp axteon between the results of 

Hunsick.er's(49)  "pcpur-out" tests on aluminium sand-castings 

5nd the results of the electr.osl analogue method, Paschicia' 

the best agreement was obtained without a hypothetical air-gap

As is to be expected from observation this indloatee that 

sand castings solidify with out the foxmation of en air-gap 

Spx.etnalK(:50)  investigated the rate of solidificat-

ion of cast steel ingots by the electrical analogue method 

and by pour-out" testa He found that if the depth of 

solidified metal was plotted against the square root of the 

time, two straight lines could be drawn, representing two 

stage,,,, of solidification,. He considered that the intersection 

of tte two lines correspond to the transition from columnar 

to equiaxial crystallioation, Although9  ez West(16)  and 

Ruddle(9)  pointed out, the evidence j.5 not conalmsivs, it 

seems reasonable to assume that e deviation from the initial 

parabOliO relationship might correspond to a change in the 

type of eryetaliin, as suggested by Spetnalc Co,,umnar- 
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crystallization occurs under conditions of a steep 

temperature gradient and narrow freezing range solidification 

front, whereas equiaxial crystallization. occurs when the 

temperature gradient becomes shallower, with a widenl_ng of 

the freezing ranje solidification front. 

In assessing the merits of the *electrical 

analogue" method A: is apparent, from the results aready 

published, that it is capable of providing valuable inform-

ation relating to the various unsteady heat. flowproblems 

associated with metal solidification, However, these results 

ownot be fully accepted, without qualification. Huddle°)  

considers that this is principally due to a limited knowledge 

of the various thermal properties of materials and to a1 

incomplete understanding of the metallurgical implicyticns. 

Conaequently it has. been necessary to check 

"analogue* results againat "retl casts" made under comparable 

conditions. It is still further unfortunate that moat of the 

information derived from "real. caste has been from "cour-out" 

teats, the exact sigoificance of which is also in doubt 

However,. ,,7ecent applications of direct temperature 

measurements for the determination of solidification conditions, 

furnish data of greater accuracy. This will, in turn, 

considerably increase the value of the "electrical analogue" 

method since once the true analogue has been firmly established 

it will be unnecessary to make individual comparisons with 

"real casts" 
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(f) 	Thermo4ynemlocl Considerations. 
Bil-chenall( U)  Holloman(52), and Turnbull(53)  in 

discussing the factors associated with solidification of 
metals have shown, from the 	considerations, the 
existence of important relationships between the nucleation 

and growth of metal crystals and their thermal history and 
envirsrmeTt 

3irchenc11( `'1)  discussed the effect of tmperature 
on the atomic order-disorder transfornation of smote" system, 
end showed how an understanding of thf,s type of reaction could 

help to explain the phenomena of nucleation and growTh, re 

stated th':'t in a perfect crystal it is 1:ousible to srieoify 

the position of atoms in the lattice by two types of order - 

(a) a *short range order" in which the armItgement of 

neighbourir atoms is determined by the effect of short range 
inter-atomic forces; and (b) a "long range order4  by which 
the arras Bement of groups of atoms is determined over very 

great distancess  lee. the external for: of the crystal, If 

ouch a crystal is at the absolute zero of temnerature, order 

is perfect, except for a srall "ero noirt" energy of 
vibration within the system. However, es the tenneraturc is 

raised the system expands to aecon a modte the increased 
vibration of the a4oms, until at a certain stage a few atoms 
at he surface acquire sufficient energy to move to a 
different sites  or leave the crystcl completely relting of 

the metal corresponds to a removal, of "long range order" 
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parent phase, Be showed that if steps are taken to 

remove such impurities,, then metals under-cool significantly 

until eventually conditions for homogeneous nucleation are 

obtained, The thermal history of the system was also 

considered to have an important influence on the temperature 

at which nucleation occurs. Be believed that this was due 

to the retention or elimination of *embryos* of the old 

phase in cavities in the impurities. With sufficient 

superheating, the *embryos" are destroyed and undercooling 

results .  

Turnll(1,3) bu 	/ discussed the consequences of 

nucleation effects on the kinetics of solidification of 

metalu and reached severs:I_ important conclusions, 

including the following:- 

(a) Crystal form is determined by relative rates 
of growth in different crystallographic 
directions rather than by conditions of 
surface energy. 

(b) *Because of their rapid growth rates, metal. 
crystals can grow isothermally when they are 
undercooled only slightlya Under conditions 
of metal solidifications  the interface between 
the crystal and melt is hotter than its 
surroundings (assumed to mean solid marroundings) v  
and the rate of growth is limited by the speed 
with which heat can diffuse away from the 
interface, leading to the well-known pattern 
of dendritic growth*. 

From such general considerations it can be seen. 

that there is a distinct relationship between the original 

laws of nucleation and growth suggested by Tammann, the 

principle of dynamic heat balance as suggested by Matuschke, 
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Heggie and others, and the basic theoretical thermodynamic 

concept of matter- This may lead in the future to a 

comprehensive explanation of the mechanism of solidification 
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2. MORE RECENT INVBSTIGATI0g5 PRIMARILY ASSOCIATBD WITH 
THU clOTAIDIFICATION  OP  SAND CASTINGS. 

112r..MISAISAICIT 

As a result of a preliminary e:ewal.nertion of a 

5e ; r 	xid iee of se 	ca 	 7' atings„ Grey(54)  as one oe the first 

observers to recognize' the possible aigrtificance of %la 7.A.CM 

M th rtO tuaeonsidered faell4);re c‘-mtrolling the xnechaniem of 

selidifloation, Re ree:lized that althcregh an extensive study 

had been made of the differ.ent aspects of the solidification 

of teel ingots in metal mou3.de, relatively little was known 

of tUe preelkle mode of solidification of' sand eastings,. 

Attention haki. been directed;  ae has been shown„ by -Briggs 
(19) 	 (20) and Gezelius' 	9 MY 0 37'7.520V 	Batty( 5'5) Taylor and 

Rominski(56)  ;.F-Ind others to the effects of the rate of 

solidi.fieation;  end. of riser.s end heads in the production 

of send cas tinge . Nev ert7e. el es It wa8 felt that other 

important factors had not been fully examined - such ae the 

effect of convection eurrents„ gr, avity size of seation end 

atmospheric :pressure. Grey thought that too mach emphasis 

as being 105.d l  at that time, on the types of head that 

depaaded for 	 (zit operation on the control of 

the direction of solidification by temperature gradieLets. 

By hie investigation Gray was able to show that 

with different mold a.rrangements 9  marked differences in 

the rates of 5oliclifioationv types of Crystallization and 

segregation could be obtaine,d. These, he suggested, were 

due to a large extent to 'the influence of convection cuirrevts2 
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whose existence initially depended on the shape of the 

tasting and the feeding arraugements, 

Realizing the importance of these conclusions 

the British lien. and Steel Research Association Melting and 

Metallurgical Committee inaugurated an extensive programme of 

research to investigate systematically the different factors 

that might influence the solidification of sand castings, 

Andrew had" previously expressed the view that such 

aspects as: the feeding of castings should. be  more fully 

examined, 

. The aim of the first investigat3on( 7)  carries 

out by tl,e Committee was to ascertain the influence of 

fisting temperature and composition upon the structure and 

proper-Aes of horizoTAally cast steel blocks. It was found 

that a basic structuy:e existed in all the blocks, consisting 

of :olumnar crystallization in the upper half, at right 

ar3les to the surface of the mouldy and a furthe:r two zones 

1•1 the bottom half: this half consisted of either a lower 

columnar region (adjacent to the bottom faCe) separate from 

the upper half by a randomly oriented equiaxial zone, or 

nuclear zone separated. from the upper half by the eduiaxial 

zone. A low casting temperature favoured nuclear crystall-

ization in the lower half of the casting, The precise 

location of the boundaries between the different zones 

varied_ with the casting temperature. (As the blocks were 

horizonally, it was considered that the effect of 



conveotlon currents was negligible and that changes in 

structure resulted from a variation of casting temperature 

alone, ) Variation in -the carbon content of the steel from 

0,12 - 0e54% did not appear -to -affect the ,structure. 

IL was suggested that the differences in the 

structures found in the two halves of the block were due 

principally to the gravitational settlement of solid 

crystallites formed in the upper half: it was assumed that 

.the solid metal was denser than the liquid, This was not 

the first occasion that such a theory had been proposed; 

for example it had been suggested (Page 14) that such an 

action might account for a conical zone of pure equiaxial 

crystal :J. found towards the bottom of vertical ingots. 

Benedir.ks(6°) , also, had suggested that the "pedestal" of 

equiai.al crystals found towards the bottom of K5r14.. 3 6(6°)  

verti.cal sand cast ingots had been formed by crystal frag-

ments settling under gravity from the head. Strong evidence 

in support of the theory was obtained by inverting a pertly • 

wlid horizontally-cast block; (58) a complete reversal of 

the structure resulted, columnar crystals growing from 

what had originally been the bottom surface and was now the 

upper, and nuclear crystals forming along the former upper 

surface which was now the bottom, 

In the second investigation of the British Iron 

and Steel Research Association Melting and Metallurgical 
Committee, (58) the influence of temperature gradients or 



rates of eolidification, was examined This was acoomplished 

by placing metal chills along different faces of the block 

Convection currents were again minimized by coploying the 

horizontal form, and to ensure similar composition the 

blocks were cast from one melt in rapid succession. It was 

found that chills, although causing faster solidification, 

did not alter the basic crystalline structure of the blocks; 

broadly speaking the only effect was to move the centre of 

freezing away from the geometric centre of the casting, 

(The .lentre of freezing was considered to be the junction 

between the upper columnar and central equiaxial crystall-

izations ) 

In a continuation of this investigation. West 

determined the tomPerature conditions existing during the 

solidification of (41111 and sand castings,. by inserting 

thermocouples into th,,1 mould cavity and measuring the 

temperature with a high-speed recorder, The temperature 

gradients and rates of solidification were measured for 

various degrees of superheat, and correlated with the 

results of4pour-outmteiftso. It was concluded that themain. 

factors :influencing the form of crystallization were:-

(1) the distribution of the centres of crystallization in 

relation to the rate or aolidification; (2) the settling 

of cryQtellites under grofity, and the consequent influence 

of this on the dietritutim of the centres of orystellization 

The effects of caating temperature, composition 



and rate of colidltloaUon having been studied, the next 

logical step was to investigate the effect of different 

geometrical arrangemento of the ca tie (as this migbt 

Introduce convection currents of various intensities and 

in vaxious directions), while maintaining a uniform 

oompoaition, casting temperature. and rate of solidification 

The present investigation was largely concerned with this 

factor. 

Closely :aelated to the above inveatigationa of 

convection currents, end measurements of temperature 

conditions existing an sand castings, are the recent 

Investigations  of Schaummin(61) Huddle
(62) 

and of Brandt, 

Bishop and Pellini(03,64)' 

Schaumn(61)  , investigating the effect of convect-

ion currents, showed that a Grey Iron casting, bottom poured 

with sufficient superheat, could. be  inverted au many as 

three times, producing temperature gradient reversals within 

the liquid metal, before the liquidus was reached a This 

indicated movement of hot liquid metal towards the upper 

portion of the uasting, presumably by convection aurrents, 

though turbulence used by inverting the mould may have 

affected the result, Temperature reversals were detected in 

cylindrical cas-Angs 1O high with a diameter of *'c.  

It was, found that as the diameter of the castings 

was inareaaed lees auperheat was required to ensure 

temperature reversal upon inverting the mould. 
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Huddle(62) determined by direct measurement 

the temperature distribution in solidifying aluminium and 

aluminium alloy sand castings, His thermal results indicated 

the possible occurrence of two main types of solidifieation:-

1) super-purity aluminium, and aluminium bronzes solidified 

by "skin-formation", according to the parabolic law, whereas 

ii) solid solution alloys having a wide freezing range ouch 

as aluminium-1,; copper and phosphor-bronze, solidified in 

a "pasty" manner, with solidification at the centre of the 

casting occurring concurrmtly with, although lagging 

slightly behind, that at the mould walls. Durire7, the greater 

part of the latter type of solidifioation, liculd and solid 

exited together in all regions of the casting, Al thous 
Muddle did no-5 correlate these results fully with macro-

structure, he observed that pure aluminium, which aoLidified 

by "skin-formution", had a wholly columnar crystallization 

structure; wheroas aluminium containing small quantities of 

titanium solidiried in a "pasty" manner, like an alloy of 

wide freezing range, and had a mixed columnan/equinxial 

structure. /her cast horizontally, there was a columnar 

growth from tha top of the casting and an equiaxial region 

at the bottom,  It was suggested that the equiaalal structure 

Was produced 11 the growth of crystallite° which hod settled 

under gravity towards the bottom of the casting; this would 

leave the liqu1,d in the upper part of the mould denuded of 

nuelei, so per fitting unrestricted columnar growth there, 
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The auggeated mode of solidification and resulting structure 

are akin to those described for horizontal steel oastings, 

and it ma be inferred that the thermal distributions were 

similar, 

Bishop, Brandt and 1e11ini(63) studied,b dircat 

thermal malysis v  the mechanism of solidific:ttion of steel 

ingGts od cautinps under conditions of different wail thick-

ness, suTerheat and carbon content, Discussint- their results, 

th'J.T drew particular attention to the di.stinutIon hetlAwcm the 

inning and eld of freezinE 0  which they considered o trieI  

a2 waves acro:Fs tht 	tting durlu;; the 	di. ti 

lt was fuund -;11a.t in the case of chill 

rate of hdat -x traction, t}i u two waves travo-; jr r;.pif? 

succession. :-.2.0ZIDUI5 the ingot„ ureuting a reltjtivel:7 

band of fruezThg whereao in the case of r(1 

slower rate o! heat extraction, the "start kJ' 

bed traverse( the castini!, bofore the 'end of freofw vhvc had 

begun, with The result that semi-solid Gonditiori,i ;.,%xls!,ed 

throughout the wIole t-xlsting Variations in w4,11 thckress, 

superheat srd carbon content were Shown to nodji the: rt,te 

of progression c the two "freezing wovesd , The;; ohowed thA:- 

(I) the progreov of final solidificoLion (i,e, the 'end 0: f 

freezewav,- ) obcyed the parabolic Law approximately duping 

the earl 	taie3 of solidification; (0)  superheut de3 

selielCcation and increased the solidliNcutis 

Thesi: workers have made 	ti Obi 0 con tn .i ou 
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our 4nowl edge of the Subjeet t, but, they did not eo yielder 

their findings in de-tal.1 in relation to the cryetal 

struoturev  composition gradient segregation and 

distrilautl'an of nuclei, and did not &ieuri the important 

tram! ti betweenou lumnar an d equio.x1il cttI,lIntio. 



PrTION TWO. 
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A DIETALLURGICAI INV1PTIGATIOV INTO THE EFFECT OF 
VARIATION IN THE rETHOD OP FEEDING ON ME SOLIDI-
FICATION OF A SERIES OF SAND CAST STEEL BLOCKS. 

Detailed metallurgical examinations ware made 

of two series of steel castings, each series comprising 

five blocks,;. 12" x 6 x 4", which had been oast in 

different "positions" (i.e vertically, horizontally etcl 

and with different methods of feeding (cf. fig.l) 

In the first series, the blocks were cast with 

the i2' x 6' plane vertical. in all cases, while in the 

second series the 12" x 4e plane was vertical. A normal 

commercial 0,4051. carbon steel was employed, and the 

castings were made usder normal industrial conditions, 

Marked differences in crystal strpcture end 

segregation were found between the blocks cast in the 

different positiont  it each series. The horizontal blocks 

had the same basic fectlres as those examined in. previous 

investigations(57 R*8). 

Tr some eastngs of the first series solidificat-

ion from the vertical a de walls affected solidification at 

the centre. This effect WWI :successfully eliminated in. the 

second series 

In thy: seeone,  series the size of the heads of 

some castings was increased and additions of exothermic 
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compounds were a;ade to the heads, to prevent piping; 

this affected the mode of solidification in some cases. 

DEFINITION OF TERMS  

A short list of definitions is given in order to 

avoid any ambiguity concerning the exact meaning of 

certain words and expressions used to describe different 

types of crystal When used in the text, these words will 

have the meaning given below- 

A dendritio crystal. 

An equiaxdal crystal 

A columnar crystal 

A nuclear crystal 

A crystal which has developed 
preferentially along certain axes 
from the nucleus. During solidifi-
cation regular side branching occurs 
forming a networks  the interstices 
of which have gradually filled with 
solidifying metal (upon etching the 
axes are revealed by differential 
chemical attack)d 

A dendritic crystal of random 
orientations  having axes of 
approximately equal length in all 
directions. 

A dendritic crystal which has 
developed preferentially in one 
direction only along one axis. 

A small, cellular, undeveloped 
crystal which does not reveal a 
dendritic structure upon etching 

Series I 	 Details. 

The arrangement of the series of five commercially 

oast blocks is illustrated in Pigure 1 and summarized below:-

A61. Vertical, top fed. 

B.3„ Inclined at 45(3  to vertical, top fed:, 
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Cl' Hor14ontal, fed at one end. 

Dol. Inclined at 450  to vertloel, bottom fed. 

E.1. Verticalo  bottom fed. 

The blocia-,; nIelsured 12 x 6-4  x 4 aad were fed 

by a whirl—gat feeder beads  aa is indicated in the 

sketches. In this aeries the blocks were cast with the 

12° x 6° plaue akways vertical. 

In orde that each casting mi;ht be made under 

the same covdttiona key were poured from one melt f, with 

the same epeed of pouring end in rapid succession. Ac it 

appeared possible that convection (Torrents would be 7lost 

worked in the casting. F.3.0 v  where feeding was from the 
bottom t, and least in castingAl where feeding :;from the 

top 1  it WOB considered tbeck a compaxiaon of the structure 

of these two castings would ggpply informatiaa of a very 

:Ole natJareg end hence it was essential that they 

should be cast as far as possible under exactly the same 

conditions. For 74is reason .601. wao can-6 firet then Aol. 

followed by Bol," C.1.0  and Dol. 

The melt rlas prepared in a two ton acid electric 

arc fOxAxace following normal commercial practice at tae 

Grimeethorpe gbundr7 of the Iluaish Steel corporation in 

accordance —ith the normal practice of the foundry, the 

tapping mad ladle tempwmtures were determined with an 

iomersion pyz'gmeter prior to teemingv  and a quantity of 



metdi. was run from the ladle to warm the nozzle. The metal 

was deoxidised in the ladle with 2 The per ton of 

aluwirlum. For the puxposes of the investigation, thelcQ-

couples were located in the mould to record the temperatare 

of the incoming.  metal Vnftrtunately these failed to give 

eaj;isfaetory results the values recorded being•below th 
liguidus of the steel but it i.e thought, 1x cOnsideraticla 

of the large heat content wf the ladle and meta, that 

mperature Orop dux 	the casting of the aeries of blocks 

was not appreciable Probably the drop waz Only a few 

degrees, in which case the ladle temperstre measured prio7' 

to teeming is a close appxoximation of the true val7.2,10, 

Melting end Castlpg art-lculara. 

Tapping Temperature 
I die Temperature (prio-s- to tee.) 
Neta COMpO Qi tion 

C 040% 	An 0 	,Si 0.20 
S 	0 . 046% 	P 0.046% Ni. 0.19% 

Cr 0000% 

Liquidue 
Superheat (Apparent) 
ffozzle Diemeter le Plumbego atoppers. 
Approximate 'time for filling moulds 	10 
Deci@ised with a :1.be/ton -iumAnium. 

1610°  C 
1556°C 

1491°C 

- 17 zeoe,. 

27-a771 aa,..214alat%R. 

All castings were examined in the as-cast state, 

They were sectioned along the central vertical plane of the 

block complete with heads. (In this amdition the two F5.i)ta 

of halTes rere despatched from the foundryp  where they were 

* See fig.76, 
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oastp to the Royal School of flne ror examtnatisn4. 

The half contel-rdn the section neereat to the 

oentre of the bloc we turned end machine ground in 

preparation for sulphur printing and etching. Terse 

ctione were token from the other ha-4 as required Nad 

prepared in a similar manner. 

Sulphur prints were taken of the aections they 

are shown in Pige 4, 7 10, 14 and 18. (An account of the. 

technique finally adopted io given in Appendix 1). After 

sulphur printing the sections were etched in Obexhoff 

(copper) reagent, When inked the macrostructureo were 

clearly visible the etching reagent having revealed both 

the coarse and fine structures present without excessive 

pitting (A description of the technique employed for 

etching and inking 18 given in Appendix ii,)toethcr 	 

this condition the sections were carefully examined wad 

photographeth the macrostructures of the etched sections 

are shown. in Figa.3a, 3ar  7, 9a, 12 and 16. Drilled samples 

for chemical analysis were taken from different crystal 

ones in order to reveal segregation and perhaps obtain 

evidence in support of the "failing crystalljte° theory 

The ease 	were analysed in the following order: 

C Sp Pt  Si Mn so that when the eample was small the 

moat important elements from the point of view of segregation 

were determined- The chemical analyses obtained are shown 



in Tables I IV. 

Tile test pieces were cut from selected posit 

ions in the blocks and the following properties determined: 

Mtimate Tensile Strength, Percentage Reduction 
in Areas  Percentage aongation, Stress for 0.2" 
Extension. 

The results obtnined are shown in Tables VI 

and VII 

Drags have been constructed illustrating the 

arrangement and extent of the different types of crystalliz-

ation present ir the castings. The dvsffings rJere p22-pared 

after a detailed exoxanation of the etchedfaces The 

boundaries between the different zones were generally rather 

indefinite, aid where they were untasnsliy vague they are 

indicated by broken lines in the sketches. Aa far au possible 

the types of crystals have been indicated diagramatAcalII, 

the general direction of the columnar crystals being 

indicated by parallel limes. The drawings have been reduced 

to a third of the ac12al 



43. 

TiTS. 

Structure of Castin,0:, 

Considering the structures revealed in the 

series of castingsp it appears that two extreme modes 

of crystallization have occurred typified respectively 

by the vertical top-fed casting Al and the vertical 

bottom-fed casting E.1. The former casting is composed 

of the nuclear (cellular) type of crystals (Fig.2), and 

the latter of the dendritie forms (Fig.16) The other 

three castings, Bolo  C.19  and D.19  have transition 

structures intermediate between the one type and the other!  

i.e, between those of castings Al and r;o1. (Figso6a, 9a, 

12). Consequently it is most convenient to study the two 

extreme cases first, and then to examine the changes :from 

Aol. to B.lo  B.1 to C.1 C.1 to D.1, and Dz1 to E.?. 

Castint“.1. iflajliL  Vertical Top Fed Block  

This block consis.s of a homogeneous region of 

nuolear type crystals partially enclosed by a thin envelope 

of fine columnar chill crystals. The envelope is 1" thick 

at -the top but decreases and finally disappears toward the 

bottom. The macrostructure (Figs.3a, 3b) shows that the 

nuclear crystals are coarser at the top i.e. nearer the 

head, than those at the bottom of the block. 

The sulphur print (Fig.4) Shows little evidence 

of segregation; -this is surprising because segregation. is 



44 

a colilm= fvatu.72 ,c4 vertically cast steel blocks. 

Uhemical anaysis'of samples taken from typical positions 

throu lout tile block (Table I)* ,conftrmedthat there was 

no noticeable variation fixi composition. 

There io a amall area ofRansounaness of the. 

top of the block (F1g.3a), cvusee;. b the trusion of 

the pipe from the head. 

Tables of dhemica ensaysis are -4o be found after the 
mectustructures and J.pbrprir5 (Pfto.2 . 18). 

2:01._DRft L 010 	Bottom Yed 	 

This block consists satimiy of coarse dendc 

crystals, 4..part from a small re oxl. of nuclear crystalH 

situated in the lower portions of the Qasting, euveloped 

by a zone Of chill (lrystals. From the aide and top walls 

the deadritic crystals have a directional tendency et right 

angles to the vi.Ii  9  which a..KTeare to be Itrongest from the 

'pall furthest away from the feeder head (Figs016, 17av  17b)0  

The coarse equiaxial central portion gradually merges.with 

tbe colUmnar crystals from the walls. The wpile of nuclear 

crystols situated at the base etends from the bottom of 

the feeder head up into the block (Figs01 17c Section V,-V) 

At the top of the block a little unsoundness'existe. 

Th. sulphur IPTiWt (Fig./8) Shows marked 

segregationp m‘,4inly conoentrated in the lower equiaxia" 

portion of the block; ft extends down the side of the "pile 
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of nuclear crystals nearest the heado  but does not 

penetrate into the nuclear zone. Chemical analysis of 

samples showed the zone of nuclear crystals to be 

considerably purer than the cl-ystals in any other region 

of the block (Table 1r) This strongly supports the theory 

of "folline crystallites the importance of which is 

discussed more fully in a later section of the thesis 

(Fee. 277 ), 

CastiDg 131. 	inclined_at_40 

The structure of this block consists matray of 

nuclear oryetaisc like casting A,1" but with some 

columnar and equia: 	growth 

Below a thin layer of surface Chill crystals 

oolumnar crystals extend from the top face towards the 

centre of the casting They have developed to a MaXiMPM 

length of about l near midlength decreasing near the 

end wall, They hay e a pronounced directional tendency 

which is approxtmately 370  from the vertical:,  Separating 

the columnar crystals from the nuclear zone at the bottom 

of the block is a thim region of equiaxial crystals (see 

longitudinal section Fig.6a) The zone of nuOlear crystals 

occupies the greater portion of the block end appeere to 

be coarser towards the head than towards the end weal,  

The transveroe sections NI and BE (Figs,.56b,f5c.,) 



lndieate important features of the etru torse of the block 

that are not 'revealed by be longitudinal section. It ie 

eee that the columnar crystal have developed to their 

rialciaJp lerG.th. only-  3. on the centre:I_ - lane of the biodk, 

whilst the nuclear zone shows a 9pi1ed"' arrangemenl; 

resembling thaw found at the baBe of ceeting E010 A small 

are between -the aolwanaz- aid nuclear zOneo conalats of 

Axed trausitonal nuelear/equiaxial orystale. The evialcial 

oryetale at tbe cent., 	well 	eloped dendriticelly 

with secon&ary and tertiry axes, whilst the cryetais neer 

the aide walas v.oe D,love irregular, reseolbling the nucAear 

crystal. This xrrangement ie more pronounced 

the heed of casting (sectiora Pi--131-V) than at the 

end (aec-Aon 

The aulphur pTint (Fig`?) shove that the are- ,a 

of segregate is concev 	 ted in the equiaxial zone at the 

heec of the columnar cryeale. The resuite of chemima 

analyses (Table II) indioate that be nuclear crystals 

are purer thala either the colv,mnar or equiexial cryetals 

(compare ermples 11, lie with 9 acx 10,, and samples l3 r  

13a with 12), aod also that the nuelear crystals nearent 

the bottom face are pp,rer than those nearer the head 

(conpQre 	and 70 t717:11 13a end 13)0 This le in accordance 

with the cfellft-ag crysallite" theory to be discussed later. 

The arae of nnk,oundnese oaueed by the pipe ceirit:i., 

type of 

towerde 

further 
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le confined to tbe nuclear area and not to the area 

containing the segregate at the 115.se of the columnar 

crystals, whidh is normally thought to be the last portion 

of the casting to freeze, 

Block fed at one and. 

This block has the same basic structure as was 

found in similar castings by earlier invuetigations(57,58)  

From the top, side, end, and partially along the bottom 

wall, there is a layer of chill crystals; this has developed 

into a regular columnar growth from all but the bottom wall, 

The longitudinal section (Fig.9a) shows that the vertical 

columnar crystals are longer than those found in casting B,1—

They exhibit a greater uniformity of length and are at right 

angles to the top wall or cooling surface, except at the 

corners  where their direction is affected by the conditions 

of heat loss,  They are approximately 2" long 

The nuclear zone is considerably smaller toward 

the end wall (Figs 8 & 9a), increasing in depth towards the 

feeder head. The area between the nuclear and columnar zones 

is occupied by an equiaxial zone. In comparison with ranting 

B 1 (Fige,8, 9b9c) the transverse sections CE& ClT show a 

more pronounced columnar wall growth, together with a larger 

area of equiaxial crystals, 

The area of segregate (see sulphur print, Pig-10) 

is confined to the equiaxial zone at the centre of the block. 
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It is lees conoentrated than ia 4- ting B.1. probably 

because the equiaxial area is larger. 

The ehemioal analysis results (Table III) again 

show that the auclear crystals are purer than either the 

columnar or equiaxial crystals. 

The pipe iLtrusion, unlike that in ,,sting B.1.;  

lo aong the centre o the block,and on the same axis as the 

main segregate. An examtnation of the pipe area (Fig,9a) 

shows that whereas the columnar crystals at the top present 

a relatively solid fruit o  the equiaxisl area is typified by 

a loose network of randomly oriented crystals showing many 

cavities. 

caatine_pol (pleall2  Bottom Fed   Block,  Inclined at 450 
R40 	 e Vertice 

The structuxe of this block shows a further 

transition towards the ultimate form of casting E.1. 

The arreagement of columnar crystals from the 

top and end wells is basipally the same as that found in 

Eisting (1 although they are shorter (IP farm! top fsge), 

and have lees directional tendencies, There is also a layer 

of chill crystals along all the wall faces. A continuous 

line way be seen (Figs. 11 and 12) running through the chill 

crystals at the bottom of the block, parallel to the wall 

fwe and tuming into the metal adjoining the head. 

The nuclear crystals appear to have settled in 

the lowest portion of the 	tin 	ith the equiaxtaa 



;rystais occupying the intermediate position between thc-

eolugraer and nuclear regions, 

A section taken ir a vertical plane through the 

junction of the block with the feeder head (Fig U 130, 

Section W-H") Shows - hat the samo type5of crystallization 

are continued into this part of the cating. At the top 

there is -the usual columnar growth At the bottom there it 

a layer of columnar and chill crystals, restinc, on which 

is a pile of nuclear crystals, The remaining area is 

oucupled by equdaxia cryotuls which extend down either side 

of the nuclear "pile" ThAs structure is similar to that 

shown by section V'-lr" in casting E.1. (Figs.1;7:,, 17c). 

The transverse sections (Figs.11,13a 13b) 

indicate structures which might he expected from an examin-

ation of the longitudinal section. In section DE the 

columnar crystals occupy port of the upper half of the block, 

the remaining area being occupied by equiaxial crystals only 

In section DTI a "flattened pile of nuclear crystals exist 

along the base of the block. 

The urea of segregate, as shown by the sulphur 

(Pig,14), is limited to the equiaxial zone in a 

vague ' 	formation and extends high up Into the block,. No 

segregate is seen An the nuclear region, The chemical analysis 

results (Table Iv) again support the falling crystallite" 

theory by indicating that the nuclear crystals are purer 

then the other forms of crystalli atiom 
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qhq0-7,4nf51- ' 

The results of the chemical analyses which 

were carried out at the Bragg Laboratory, Sheffield, are 

shown_ in Tables 1 - V, together with summarized particulars 

of the positions from which the samples were taken. 

The accuracy of the methods of analysis employed 

were given B.13- 

C• 001:5; Si 001%; i 0.01; P 0,0015; S 0,002; 

Although the composition differences were mostly within 

the limits of experimental error, some of them appear to 

be significant in that definite tendencies are noticeable 
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Mecha4_7211-te.s. 

As the echeatcal p:copexties of the differetat 

zones of cast steel blocks had been tally investigated in 
(7 58) two previous investigation‘ 	it was considered 

unPecessaTY to oarrY out a similar examimilorl of the 

present series of caztings° However a the two vertical 

blocks (A°1° and Ea.) differed So radically f.rom one 

another as regards crystal ztructuresv  it seemed desirable 

to compare their mechanicel properties° Tensile test pieces 

were therefore machined from the positionz indieated in.  

Tables VI ad VIi qgYa parallel portions being l°26.?' long 

and 0.357° in diametor. 

The results were 50 v able — perhapp because 

the material was in the asct conditi*n that no 

Anificant differences could be discerned. 



-1imeatel Details. rNa-gx, •Aatar.o.,n-ue 

In Series I where the 12 x 6 pla was 

vertical, there was some doubt as to whether the sia-A 

walls had materially affected solidification at the 

centre of the blocks. For example, the transverse sections 

of castings 1301, Ocl, & D.1 ehowed that tbe columnar growth 

from the upper faces had increased in length, from zero 

near the aide wells to a maximum at the o.ntre. Thue it was 

mt known whether, if the aide walla had been further apart 

the 	olwina c yetaLBV, ould have remained at the, EZ 

length or whether there would have been a further change 

in sK4ructure. 

To eliminate thie doubt, the second series 'as 

oast with the 12° x 4° plane veridcal, aad the side walls 

apart. The other details of mould construction and 

arrangement were KI.Failar to those employed for Series 1, 

as summarized in the earlier section. 

The melting and casting details were alee the 

eame9  to allow direct comparison of the structures obtained 

with those of the earlier series. However n view of the 

unsaandness and the existence of pipe cavities in Sere I,  

some of the heads were ealarged and a quantity of exothermic 

compound was added to each of the feeder heads while still. 

molten. This gave better feeding conditions, bat also 

affected the structures of the eastige Ir. some oaeee. 

In thia eerie the temperatures recorded by the 

Serl,es 2. 
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thermocouples placed in the mould saVities were a few 

degrees above the ligaidus of the eel„ These temperatures 

aTe however considered unsattsfactou due to lag and 

conduction. errors and it is thought that the 101e 

temperature determined by 	 imme.rsion pyrometer just prior 

to teeming, is a more reasonable approximation to the 

temperature of the metal entering the mould. 

Aeltl_m_and Cesttnk Partic0a.Ts. 

Parnace2 	Two ton acid electric; 
Tapping Temperaturet 	1625°C 
Isaale Temperature (prior to teeming t 	1570°U 
Metal CompoEationt 

C Op33%; Mn 0.72%; i 0.31%; S 0.041%; 
P 0,0 0; Ei 0.18%; Cr 010%* P 

Liuidus* 	 1496°C 
Superheat (Apparent) 	 74°C 
4o2zle Dieter 
Approximate time for filling mouldst 13 - 15 seconds 
Deoxidized with 2i lbs/ton aluminium, 

.ftamination of Cst,„ 

The castings were sectioned, machined and 

ground in the same manner as was adopted for the earlier set. 

No samples were taken for chemical analysis 

neither were tile test pleoes prepared p ac this was 

considered unnecessary in the light of the results of the 

previous series. 

As before a series of drawings was prepared 

from the actual etched surfaces, illuearating diagrammati-

ally the different zones Of crystallization present in th.( 

ac tinge 
*see fig.769  facing p,118. 



RESULTS. 	Stoactura of Castin  s._ 

07durinary comparison of the struo tar s of 

oaatinge A2 end 	7,7111oh 1 int zeity o cgMNeotton 

currents wanid be expected to be at a in um and maximum 

respectively ( .5'i 5 19 o '57.) shows that two radically diffe 

ent 	tru otu 	aga3.11 produoeth How rap' er 	this seri ef..; 

the casting fed at the top, A2 (1g,)19) hao structure 

whioh is entirely' dendritic0  whereas 1x Series 10  casti.),-,g 

A010 W8.9 wholly nuclear (Vigo 2) ; furthermore')  the oasting 

:fed, at tba bottom f, E. 20 o  is almost wholly' nuclear ( g. 47) 

whereas in 5. eries oasting 13.1. was composed mainly 

wise deadritic ex73tals (Fig.15). There iso  thereTow.,- 
unexpected oomplete reversal of the types of a tructures 

Differences also exist in the other aertings of The se es, 

a more 	 4.k1 exagdnation 	show. 

,C7,,p2stkm, A2 jpizg 	Vertica  

	

This tae inn cone. 	 tirely of dendritic 

ox7sals. There are rlolumnar crystals 	%ing to a
i
m  a2thlum 

length 	a—pa.» 4 	Cr ]S :ow; the Ride walls. The entral 

7portiono  between the colmater oones;;  coasiats of randomly 

oriented equialdal crystas whj,sch are coarser towards the 

top of two. block than at the 'bottom (Fig.2000 
!ale transv e 3:110 section ( 1ge.19 0 20b) 0  shows tbat 

there ie s 1:1yelar oolnmner growth Orox he  ether tea` waXio 
with the ecinte7ftel crystUs oomwrivals the mtral, area. 
This sectIon also shows that the columnar crystals are of 



uniform length across the width of the block, ladivating 

that the side rsalls haTe not affected the crystallization 

at the centre, 

The areas of segregation shown in the sulphur 

print (101 .21) are distributed in the equisTial.zone in 

the form of a double isosceles triangle tz,l, the areas 

near the apexes appearing more concentrated than those 

towards the baaes, The apparent concents:ation near the 

apexes is probably related to the greater depth of growth 

of tie columnar crystals in this part of the casting 

When the two (;.actings Al and A2 including the 

block and feeder head are compared, it can be seen that 

A2 has a considerably larger head; in fact the volume of 

the bead of A2 is more than twice that of Al- This has 

prevented a pipe extending into the block but has also, 

apparently, affected the mode of crystallization, 

pastirlgEc2J.E4.314  Vertical Bottom fed Block 

The structure of this aaating consists almost 

entirely of nuclear crystale except for a roughly rect-

angular area of coarse dendr5tle crystals situated towards 

the top of the block .(F1gs03132a). 

Transverse sections chow that the nuclear zone 

extends across the block at position Wff (Fige,3132c), and 

totally envelopes the dendritic zone at positon BRE 

(1igs03132b)0 The nuclear crystals do not appear in the 
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U812&. globular form but jointed in smell, fine, stringers 

Which are inclined towards the vertical the arrangement 

being somewhat similar to a 	segregate, Two coarser 

rmalear -Peas extend down towards the lower portions of 

the block from the corners of the dendritio zonep parallel 

to the side wallop enclosing an area of fine nuclear 

crystals between them 

The dendritio - zone (meaeuring 2' x 7)" 	la 

enclosed completely by approximately iT" to 1" of nuclear 

(ciryetale The gone is further aub-divided into a region 

of column crystals which are at right angles to the 

aide and top wells and a small central area of randomly 

oriented equiaxial crystals, 

There are pronounced segregate areas concen,-

trated in stringers which assume the position shown in 

the sulphur print (Fig ,51)o One of the stringers towards 

the top of the block appears to 'invade,  the dendritic 

area, the axes o± the dendrites appearing to pass completely 

through it (see also Fig,48), 

Further comments an the structure of this 

casting, which is abnormal in many reapeots v  will be made 

later ( page 186 

ci r B?(i> 	Top-fod Bloc% tnclined et 45°  to 
the ver.u6al, 

In caetin B2, columnar crystals have grown 

from all wel2s They extend to a depth of 1*" Zrom the 
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top wall near the head, and to a depth of 2* near the end 

wall. Along the entire length of the bottom wall the 

oolumar crystals have developed to a depth of about 11-n., 

The central area between the upper and lower columnar 

zones consists of an equiaxial/nuclear zone; thie 10 mainly 

equiaxial neer the end wall ond composed of coarse nuclear 

tale towards the head-, 

A close examination of the columnar growth 

from the upper face shows that diacontinui. ti es or disturb— 

ances hav e occurred at two posit:1,one 	27.)a) ; one poeitioti  

is half way down the block and the other towards the feeder 

head-.. in each case the width of the disturbed area if3 

greater towards the centre of the block than at the wall,: 

The general appearance euge-este that the colunrnar front has 

been disturbed end a new form of crystallization has 

dev eloped,. 

The transverse sec -U.011B BE end 'B2I-1 Figs„ 23b „ 

23c) show that -the aide walls have not affected the 

crystallization at the centre the columnar crystals from 

the top face having eathed a unLoin length in the central 

portion,. Columnar grow o. is seen to extend from the aide 

walls, modifying the shape of the central equiaid.al—nuclear 

zone. 

The sulphur print (Fig„24) shows "v"—type 

segregation; the main concentration is at the base of the 
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eatornar orystas, but the seregate 1eie:s.telacie iTJ O 

the equiaxiaVnuclear 

Ca9tina C12,gri 	ho7,:".!,2 	 fed at one end, 

The structurQ 	;;:„tiu4s C2 has the same basic 

features ae Caating Cl 	)v  and also reeemblee that 

of casting B2. 

Along the top wall there existe a regular zone 

of columnar crystals extending to a maximum depth of rather 

mure.than 2°, Thar is also a columnar forrAatjou tvc,m the 

e.ad wall The nuclear zone along the bottom face thicke 

slightly towards the end well. Between the columuar aad 

nuclear crystals in 	area of randomly oriented equp 

crystals. 

fie in caotIng B2r  the transverse sections 

jgs.2obp26c) ho that the aide warts base ot affected 

clist,allivation at the centre of the block. l' contact with 

the side w&21e chill crystals have developed Into columnar 

orystels, the remaining space being occupied by equieziat 

and nuclear zones, 

The sulphur print (Pig027) shows that the Eigre-

gate le mostly eonfimld to the jur.ction of the columnar and 

equiaxial zones. 

There is no pipe evitr in the block, owing to 

the araRrsbed Q'esder head. 

eating D2 (il/ 213), Bottom fed  Block  :inclined 6-,t, 45°  to 
the Vertic& 

••.C•aaa.a...-.10.2*,••• 	.41. ,0071,  - -f.v+ 
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There io a marked similarity between the 

structure of this block and the corresponding casting of 

the earlier series, Casting JR. 

In contact with the tops  bottom and side walls, 

there is a layer of chill crystals, developing from the top 

weal into regular columnar crystals which extend for nearly 

2* towards the centre of the block. There is also columnar 

growth from the end ual, In contact with the chill 

crystals along the bottom fa,e9  there is a zone of nuclear 

crystals which is thicker near the feeder head then near 

the end wall. Their arrangement suggests that they have 

"settled" into this position. The area between the columnar 

and nuclear crystals is occupied by randomly oriented 

equiaxial orystels. (See also Fig:29a). 

As in castings B2 and C2, the transverse sections 

(10328,297o v290) show that solidification from the aide 

walls has not affected freezing at the centre of the block. 

In the upper half of the block columnar crystals have 

developed from the side walls, whilst the lower portion is 

occupied by nuclearieguiaxial formations. 

The areas of segregate (Sulphur print Fig.30), 

like those of casting C2, are concentrated et the junction 

of the columnar ayld equiaxial zonesr  extending in some 

places into the equiaxisl region. 

cumeatumml.soc....n.re...immeromegtamow.s. 
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PrelWaaxgommenta,on the ReatAte ofthe,Exapination 
6-f ihe Try° Spriee of Induatrial  

A comp..5x1son of the atri2etmree of ceetinge Al 

and 3ca howe that although the liquid metal Twee oat under 

exactly the aame condtione i;  -the arrealgement of -the feeder 

hed hae had a. profound effeot on the reeultiYag mode of 

cryatall'Iza'Aono In the -,on-fed caating Al„ a completely 

nuclear 0.77atalline etx-iqk -ip2.1re wa obtained, whereao canting 

botto fed, ::?,941 a coarne dendritic calanar/ 

e qui zod, al atria etue Ao co r,(.11 	to Grey( 4) 9 convection 

ourrwata- 13hould be at a Minimum in the top-fed Qi.::43 tIn end 

at a Die.X1Ir3P20 with bottom teeding If so, it would eee that 

convection cur:yenta wz7.q have a owielderable effect on the 

mode of cryetallization, pe - e by maintaining a oontinuoue 

eupply of heat from the haaao 

RIcamination of the intermediate c,aatinga B1,C1 

and D1 ehowe that there was a gradual. tranaltion ft:um the 

nuclear a tri.2 ctu re of c ae --Ling Al to the (:..1 endri ctria tu..re 

of ..1U 0  and thl iight be aac:ribed, at leeet in part, to the 

effect of inoreaaing convectf,t.on ourrente.. 

It wuet be pointed out, however, that the evidence 

provided by the examination. of this aerien of oaatinge doee 

nit prove that the atxuctural ohangea T3.rought about by alt

ing the arrungeMent of the 'block end poaition of the feeder 

head was actually cawed by cont ect-J.ro cwr.renta. 	ere le 

an alternative explaziatiOliv  which ba much in lta. favour, 
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end which will he discussed later, in the section 

starting on page 134 after additional evidence ham 

been put /'oxwaxd, 

34 OX1. agAjneEp it oDpears the the nuclear 

crysteL3 have settled towards the bottom of the blook5; 

this is discussed in detail an Page 179 

amination of the sulphur prints shows that 

the areo, 	,gregate are situated in the central equi-

axial zone near the heed., and do not extend into the 

columnar Or nuclear opnes. These seigxess areas were 

presumably the last portions of the blooR:s to freeze. 

In the nuclear casting Al the structure appears very 

homogeneous and does nct reveal any areas of segregate-

In oasting Elv  as has been noted on page 44g  the areas of 

segregate exteu 	the ceat7,a1 equianial area into the 

head down one side of the "nuclear pileo 

The three intermediate castings in the 

second series (B2,C2 and D2) hove structures broadly 

resembling those of the correF,Iponding members of the first 

series, but tbe V6o vertically cast blocks (A2 and 132) have 

radically different structures from tb060 o the correspond-

ing block9 (Al and El) of the first series. The difference 

between the two top-fed blocks (Al and A2) play reasonably 

be ascribed to the fact that A2 hd a much large7 head than 

U and that additions of an exothermic compound were made 

to A2 end not to Alc, There does not, however, seem to be 
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any reasonable explanation of the abnormal Structure of 

casting E2, except the assumption that something went 

seriously wrong with the experiment. If this is acceptedr  

there must be some doubt as to the significance of all 

liffereacee between corresponding members of the two series 

Beamee of this doubt, it was considered advisable to make 

similar aeries of castings in the laboratory- The size 

of the blocks had to be reduced considerably, and it was 

impossible to avoid some variation in chemical composition 

from casting to casting, because the only suitable melting 

furnace available had a maximum capacity of about 20 lbs, 

but it was felt that ability to control the casting condit-

ions accurately and to vary them as required outweighed the 

disadvantages. 

Further discussion of the structures of the 

industrial us-stings is therefore postponed to section 4 of 

the thesis (beginoing on page 134.) where they can be 

considered in the light of the laboratory experiments, 
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OP CHEMICAL  AAALYSEt. 
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TABLE 1. 	Chemioa. 

	

S 0.048 	P 0,048, 

S 0 044z P 0 044 

	

0 0.046: P 	048 

S 0,033z P,6,J8 

1.  

2.  

3,  

4,  

Caatre 111-2,e v 	from 

Ora t-ro 	e L3° fivm 

Oelot re 	7PfroD1 

Ceatra line, 3° freo 

bottom. 

a ay e 

bot;,om. 

1,op. 

C 0,58: 

0 0,39: 

Co 0.39: 

C 0,36: 

5 blue 	from 	5° g:('oxii C 0.35: 0.046: P 0 01,4' 
JenP-,re. SI 0, 24,  

6- LiY=' 	from S. 	0,38: S 0.047: P 0,046: 
tlek-ck's. Si 0,24. 

7.  Line 3 	om bottom, from C 0.40: S 0.045t P 0,047 

8.  Lizie 30  from bottom. 
eentr 

2°  from C S 0.048: P.0,047, 

ADC MAR CRYSTALS. 
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13/ ‘o,  

TABLE I- Ch'c!*0.8:1  APsly2.1.q_gastia6 

 

  

30o- ion BH 3° from bead, I° from ( 0042: S 
	

P 0,052, 
top face. 
Coltamaar crystals. 

Wfrom C 0,44z S 0,043: 10, Section EH 5° .reom bead, 
top face, 
Bquiaxial crystals- 

110 Sectioxl BB 3° from head, 4° 
top face. 
Nvoleer orysZ;a1s,  

11a.3eotion EM Y fro, head, 1° 
oottow face. 
Nuclear crystals. 

P 0,052 

4J-9.tFA C 00423 S 0,044% P 0,04k 
Si 0,022, 

from C 0.40: S 0,038: F 0,04o - 
Si 0,23: Mn 

12. Section BE 3° from end, 
Up face, 
Columnar crystals. 

13, Section BE 3'1  from end,; 
bottom face. 
Wuglear crystals, 

13a.Section BE 3° from end, 
bottom face. 

from C 0,42: S 0.052: P 0,0b1 

2 from C 0.39: S 0,044: P 0,0462 
Si (:)24., 

from C 0,37z S 0,039: P 0,045: 
Si 0,24, 
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lb 

TAVLE 1XI. Chemioal Oasti.aA C ',.yaia 	l
• .."-,Jae • 

14, Section 6° from acld :Li° from 
top 
Columnar 4ryotals0 

15, Section 6° from and '1-° from 
top, 
quiaxi.a oryetale 

16Q 	Seotion 6° from end 2  -.Z° from 
bottom, 
Nualear yatai 

17 	otion i4 Columnar orystal'a 
at end wall halfway down face, 
i° frum uad, 

C 0,4325 0045: P 0.04 

0 0,4'L: S 0.045: P 0.046, 

0 0.38: S P 0.045z 
Mn 0,54 Si 0,24. 

C 0,40: 3 0044g P 0,,045z 
Si 025, 



/ 0  25 
/ \\ 

p 

Q• 	 "23 
e '24 „  

TABLE IV, 	NRFAlyeiw. 

Q047: 18. liar-W.0a eeo-.7j.m. at be,ee: 	from C 0.41: 
tor?, 	Boataxie4:i. ex:Tate:Le,. 

9u Section DE 3° fTom feeder end: 10  (T. 0041: 5 0.04.5: P 0,04 
rrom top. 	Colymar ogy0t6le 005, 

20c. Section 	feeder end: C 5 00046: 0004C 
from top , Equia7d. al. oryete3,0, 055. 

21., Section DE 3 	om feeder. 
fro-,5.1 bott,om.krao2eex oryeta10. 

C 0.40z P 

22. Section BF, 3'' f.cum end`, 
tOpc 	Colme“ 	cr;jrete10. 

0 0.40.; 5 0,044: :P 

25, Section DE 	from end: 5'9  Prow, C 0.43: 00044: P 00047. 
+40 	 Vgplazial fiat' 	a 

Sectiar., DE 3" :Uwe end: 1 9/16° Ca 0041:1 5 00042: P 0.045, 
1.?X'ORA botto. 	0x7fAR113,,  

eentre line z  „tt'' from er.„10 	039: 500041: 
CobaucarYi: 
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TABLE V. 	fp eat c? 

26. Centre 	2*''' below naeting. C 0.038: S 0,042: P U044  
litaolear oxwatele. 4a 0.55. 

27, Ceotee linepF from bottom. C O6: S 0.039: P 0.042. 
Nuclear eryetale. 

26. Gantre 3;ine1, Section F&3'11  from 05: S, 0,044: P 0.049, 
Qotiora. Equiaxial 

29. (t7:-e 	IP from bottom. C O4 S 0.049: P 0.049: 
oryotalti. Si 0.24; Mn 

30. Centre lineo  7" fraill bottom. C- 0046:,. 3 0,049: P 09049.. 
Equiaxia oryatale. 

31. Centre line 	tion BE 90  from ;, 0 . 42: 0 0.04*: ?! 09017 
IxAtom. Erpiaxial orystale. 

32,, 	Centre 13.ner  1*" :Cromt top. C 0,39: S 0.044: P 0,04B. 
Cloluvinar c:Irjetale. 

33. Sootier' BE 9 	from bottom 	L 
from wall near 10 ii.ead. 

C S 0.044: P 0.0,J6 

C;olvioniar oryatel$3,• 

34, Sention ER 3° from bottom: 1" C 042: S 09046: 
from w0.1 noel' to bead, Si 0.25. 
Columaar n.T.73t ea 
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Speamen Ultimate 
Tenaile 
Strength. 
Tone peT agoin. 

Percentage 
Reduction 
in area. 

Elon 'tlon Strew3, at 0,:2r'' 
exteneion 
Tone per eq.in, 

Al (1) 32„0 9°83 7°65 20,,9 
0 	(2) 296 6,63 4065 

(3)  31.9 6,,40 6,,80 18,12 

(4)  23c3 6,60 4.82 17,0 

(5)  33,.0 67 21,9 
Cy 	(6) 332 7„20 4,14 19 

TA 
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3"1-1331.4:6, 	VA 03 	 913,1- 

from top o U0..81;1rAg, 

2 - 
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L CO 3248 ?-65 7,, 37 1117, 2 

'' 	(2) 303 tc, 00 4.65 20.4 

(3) 26.9 3.90 4,48  

" 	(4) ONO 

'' 	(b) 33 , 5 6, 63 7.79 18 76 
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INTRODUCTION.  

The present section contains an account of the 

investigation of certain factors affecting the solidifi-

ation of gmall laboratory sand-oast steel blocks 

(measuring 5° x 5° x 211e)v  the eXperiments being designed 

to add to the infoxmation obtained from the examination 

of the two eerier of lo; ger commercial aantinge desorAbC. 

in the previous section. 

Firetly2  a serie of mall blocks was ca t, 

meing feeding arrangementg almilar to those employed for 

the larger OoMM ralF1 eerie The structures of the hLuok 

T wee exemined and ovxpared with those of large oaFttagF D  

tbus throwing some light on the effect of the size factor 

on the resulting type of crystallization. 

Secondly the effect of caoting temperatare on, 

the crystalstructure of a aeritie of email, vertical,top-

fed biocke was determined one object being to find whether 

the oa tin temperature and the associated thermal. 

influenced the type of crystal structure in such ;77 	-;,T• 

to account fir t]he two fowmo of structare typified by 

castings Al and A2 of tlie larger,  comaercial eerie 

In the third Aleries of experiments, the temperature 

conditions existing durtng the solidification of the teel 

blocks were meFoured. Thermocouples were introduced into the 

mould oaf ities of the two vertical Mocks (one of which wes 

fed at the top ma the other et the bottom) v and .oantlymoue 
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measnrements of temperature were resorded by a high-speed 

recorder dung is solidification perl.od. With these 

results it was possAble to correisto the temperatur tre 

distribtatiaa withla the blocks with the corre pondt 

crystal structuree. 

nnally9  a sexies of Rpour- ut''' experiments 

pas made asin the top-fed vertica typo o block the 

&blest bei:9g to co' 	the depth of freezing with 

the recoxded teweratmre !uremertso 



EXPERIVENTAL  TECHN1gQE. 

I was found that for the investigation of the 

factors affecting the mehamium of solidification of the 

laboratory send-castings, the same basic mould design and 

asting -)rocedure could be employed in all cases; the 

temperFicare measurements and pour-out experiments 

necesAtated only minor modifications. Consequently, a 

gepral description of the moulding arrangements will be 

even now, followed by an account of the modifications 

(That were adopted for particular purposes 

(a) 
	

o!Ctiu. 

The dimensions of the laboratory castings were 

limited by the quantity of steel that could be melted in 

the high-frequency furnace available, Le 22 lb s The 

size of the block was 	x 3" x 2-". The quantity of molten 

metal available for the feeder heads Was not enough to 

ensure soundness in the bottom-fed blocks p so in. making 

these castings collars had to be used to keep the metal in 

the head liquid until the blocks had solidifieth Although 

this was regrettable, it was considered desirable that the 

block should be as large as possible, to avoid excessively 

rapid solidifi,vation This was 

temperature determinations, as 

thermal lag due to the mass of 

The designs finally 

Figs 34 - 38 The blocks were  

especially necessary with 

there waa always an initial 

the thermo,/couple sheaths, 

chosen. are shown in 

arranged with the 5" 3( 2ie. 
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plane vertiaal, in order to eliminate any side wall effects. 

Casting A is a top fed vertical block, 
.5" x 3" x ni", surmounted by a cylindrical 
head (Fig.34). 

Casting B is a top fed block inclined:  at 
450  to the vertical. (Fi-j&3:1)). 

Casting C is a horizontal block fed at 
one end (Fig-36), 

Casting D is a bottom fed b3.ock inclined 
at 450  to the vertical (Fig 37) Half inch. 
thick exothermic sleeves are placed around 
the head as is shown in the diagram 

Casting E is a bottom fed vertical block 
(Fu,38). It contains half inch thick 
exothermic cores placed along the base and 
the vertical portion of the head. 

In all cases the patterns were divided lengthwise, the 

section being taken half way across the 3" face, 

The sizes of the exothermic cores employed 

casting D and E were determined by
4 
 triaa and error. 

In order to have the largest feeder heads 

possible the castings were poured directly through the 

heads, and not through ingates as in normal practice. 

(b) 	Moulding Technique.  

Au it was intended to measure the temperature 

at points within the castings during solidifioation, it 

was necessary to employ a method of moulding by which a 

number of thermocouples co',1d be introduced, if required, 

into the mould cavities. It was also essential that the 

thermocouples Should be accurately and firmly positioned 

within the cavities and yet not interfere with the normal 
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design of the casting. 

Por these reasons a horizontal snap-flask 

moulding technique was considered most suitable, employing 

patterns which were divided lengthwise as shown in 

Piga, 34 - 38, This method was adepted for all the 

laboratory e.stings, whether the object was to determine 

temperature conditions or to find the effects of casting 

temperature, or to make 'pour-out" tests, 

The mould containing the divided pattern was 

rammed horizontally in a wooden snap-flask in the normal 

manner. The two halves of the pattern were initially 

positioned on the moulding board in such a way that the 

position of the pattern corresponding to the head lay in 

ontact with, and at right angles to, the side of the flask, 

(The flasks were originally designed so that the patterns 

could be interchanged au required, and were surrounded by 

a minimum depth of 3" sand), After separating the flasku, 

the patterns were carefully withdrawn; the mould was then 

vented and surface dried, The necessary exothermic cores 

for castings D and E were prepared from commercial Foaceco 

Peedex X16; these were baked at 200°C and given a. heavy* 

silica wash to prevent contamination of the casting with 

aluminium particles.. A half mould slightly modified for 

temperature determinations, is shown complete with exo-

thermic cores in Fig,39, 
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View of Open Half Mould with 
Exothermic Cores. 

(u.) 	Mould  Assembly. 

As en illustration of the general procedure 

employed for mould assembly, a detailed deacription 

given of the closing and assembling of mould9 containing 

exothermic cores, The modifications made for temperature 

determinations are described later on page 80 p  ,Indsr 

iemperature Measurement'''. 

The drag, contuing the surface-dried saA,.d 

mould, was laid horizontally, and the exothermic cores 

placed in their appropriate positions in the mould. Me 

oores for the cope were positioned on top of the ,:orx.epond-

iy6 cores in the drag. Any all pieces of loose sand were 

removed and the cope lowered gently into position over the 

drag- When satiefactoxily closed the snap-flasks were 

leewiGg the sand mould exposed and the mould cavity 
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visible. A wooden casting box was placed around the sand 

clemped„ although leaving the feeding-head open, cf. 

Fig. 40. 

.j2. Top view of open iktiould s -I.owing the 
Head and position of Thermocouple 
Sheaths. 

The assembly was then slowly raised into a vertical 

position, with the feede.r head upper-most. Side plates 

were placed ?alongside the mou]IJ aPd clamped Securely in 

position with clamping rings. A small sand dozzle head 

was then placed over the feeding head to prevent Elpill.ing 

of molten metal into the casting box. ligso 419  42 and 

43 show the final arrsyigements for temperbture measuremen.ts-. 

In the ea6e 	otraigfrVoasts, a similar ari)ngemeeat was 

employed without the introduction of thezmocoules3, cold 

luactions etc. 



41.  Side view of Mould ABsembly 
showing ThermoeDuple 

 	42 End View of Mould'Aembly 
showing VrJerulocoupir,  Connections 



FiA. 43. General View of' Mould 
Assembly and FUrnace. 

(d) 	Temperature Mes:iurement. 

As the purpose 0f the temperature doterminatioDs 

was to measure small differinces in temperature existing 

during the solidificatIon o a casting, it was essential 

that an accurate recording ap3„9.ratus should be employed. 

For maximum 9ensitivity , it would be advantageous to use 
(16' unprotected thermocouple junatioos West'- 	found, however5  

that in similar experiments, exposed couples rapidly failed, 

As the thermocouples had to be en7losed in silica sheaths, 

it was essential That both they all the sheaths should he 

as thin as possible to minimise ex-ors due to their mass, 

Furthermore the thermocouple juneLionu had to he c;auahle 
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of being accurately positione& and the couplee had to be 

sensitive and reliable in indi._;ating accurately ra;--1d 

changes of temperature in the neighbourhood of the melting 

point cf steel (1500°C). In addition, the apparatus had to 

be capable of recording rapid changes of temprirature in 

quick succession from different point: in the solidifying 

facting,  

The system adopted was to employ platinum/platinum 

rhodium thermocouples in conjunction with a high-speed 

temperature recorder and an automatic selector switch. A 

diagrammatic circuit of the apparatus employed is shown in 

Fig A4. 

The actual measurement of the temperature 

conditions was carried out by two methodes  viz:-° 

(i) Differential Temperature Measurement and (ii) Direct 

Temperature Measurement, 

LI)  Differential Temperature Measurement. 

The differential method consisted of measuring 

the difference in temperature between successive positions 

within a cleating, Consequently, if the temperature of one 

position was also determined on an "absolute" scale, the 

temperature of all the other positions could be calculated, 

By employing this methods  it was hoped that greater 

Sensitivity would be obtained than by the direct methods  in 

which the actual temperature at each position is determined 

However, the dif.fw.entl,a1 method was found to be uneatisfactc,1 
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as, fLn caloulating the "absolute" temperatures from the 

OJITe7ences, the err5r0 were cumulative and the wide 

scatter in the results offset any advantage the method 

might possess. Nevertheless, the curves of temperature 

difference obtained showed several :Interesting features, 
are 

ond some of theAlAncluded in the thesis (Figs.-  72 — 75). 

The measurement of the temperature differences 

oar. be understood by oonsidering Figc 45. 

	 POTSIITIOMETa 

T 2 
 	• 

	• T 3 
) 	• T 4 

P 5 Thermocouple Thermocouple Comections for Difference Measurements. 

Consider three positions Ap B and CO At each 

position 1m thermocouple Iunctions are situated, enclosed 

in twin—bore silica tubing. By connecting one thermocouple 

at poeition A to a potentiometer the 'absolute temperature 

at 

 

that position win bem(9F,eured. If, now, the platinum frre 

of the other therw000up1e at A is common to one at Bp end the 

two corresponding platinum/rhodium wires Ti and T2  are 



conriectte.d to a reco:vder, ameaeure of the tewperature 

difference betWeen -  A and B t obtained,„ -Similarly, if a 

platinum wire is common 'between. 18 and C then by. connecting 

T4 to the recorder the temperature difference 

between B and 0 le obtained., and similarly for any other 

number of positions. The temperature of position C oen be 

obtained 	required„ by ?,,,dding the L17,1 of the. differences 

between. 

 

A and lip and B ind C„ to That measured or the 

poteati0Meter connected to A v  and Similarly for any ether 

posi•Uon in the block. This le also illustrated In igc,44,„ 

In practice it we found desirable to place the 

thermocouple connected directly to -the potentiometer in the 

portion of the. casting last to freeze. In this way, if the 

thermocouple pairs were taken in sequence away from that 

position„ placing the inel couple in the position expected 

to be the first to freec;e t  then a aeries of differences 

would be obtained which o.ould be considered all positive or 

all negati7e. This is becei.ise, fur example, if A were located 

In the position last to fretme, B would be always equal to 

or cooler than A„ C eawrays equal to or cooler than B 7  

always equal to or cooler -than C etc., Consequently, where 

the tempe:re.ture distribution Icas being m.easured along the 

axis of a -Fertical..?  top—fed block then the couple connected 

directly to the poLteuttometer was that nearest the head and d, 

%There the d,istrilN1-i3J.,011 TV as being mearod te-,,:%7i7C) es the block 

then the couple connected directly to the potentiometer was 



the one ne8reet to the central axis 

(ii) Direct TeEpatiture Measurement, 

The direct method consisted of measuring the 

temperature directly on the recor-f,ing apparatus from a 

series of thermocouples introduced into the mould oavity, 

The circuit employed is illustrated in Pig,44 (facing p,71) 

The e.m.f,s. produced by the thermocouples were 

fed into a Tinsley D.0 high speed amplifier, via a relay-

operated connector  ewitchF and recorded by a continuous 

chart recorder, 

The amplifying unit possei7sed three rangee, 

giving a full-sale deflection, on the recorder (of 4°) for 

en input of two, five end ten millivolts at twenty milli-

amperes. Theec values correspond approximately to 140°C, 

350°C and 7000C respectively when employing the platinum/ 

platinum-rhodium thermocouples, By replacing the galvanometer 

in the ampiioation unit by a more sensitive instrument a full 

sale deflection of the recorder could be obtained for an 

input of 0.5 millivolts, This range, however, could not be 

succeasfully used, as vibration. in the foundry was sufficient 

to disturb the sensitive galvanometer suspension In order to 

obtain the greatest accuracy for both the differential and 

direct method it was necessary to employ the two millivolt 

scale, In. the case of the direct method, any eom,f, produc 

by the thermocouples in ecees of two 	llce waoDpooed 



by a° beck e.m. f. " from an exteAL,a1 source such as a 

Tinsley Vernier Potentiometer. The back e.m.f could be 

varied ae required. When the differential method was 

mpluyed a *zero° wag set on the recorder by applying a 

baown back e.m.f. to the instrument. With a back soll.f 

of one millivolt, a trace wae obtained half wax across the 

recorder scale, and consequently any temperature differences 

(positive or negative) indicated by the thermocouple 

situated within the solidifying casting, resulted in a 

measnreable variation from this uean position. (See RI g, W 

i i 
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VILUILIt  

Section of Recorder 

Chart 2how1ng typic,a1 

pen trace for 

Temperature Difference 

MeasuTemnts. 

By suitable adjustment of the hack eom17', it 

wee possible to keep the traces of the temperature differencea 
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with ln the scale of the chart even when the diffea-enose ta 

temperature between two positions 1:e the block were at 

maximum, It was possible to use the two millivolt Neale 

in all measurements except those taken along the axle of 

the blocka, where, after a certain time of cooling, 

increasing temperature gradients made it aeceeeary to revert 

to the five millivolt full-scale deflection (1e. 

approximately 350°C). 

By employing a relay-operated eelector switch 

as many Rgi eighteen thermocouples could be used in any one 

(mat. The number normally employed, both for the differential 

and the direct temperature measurements,, varied between four 

and seven If each couple Was connected to the recorder for 

approximately I aecond, it was found that by employing a 

chart speed of seven end a half inches per minute, there was 

sufficient time for the pen attached to the recorder to reach 

its maximum position and for a trace of suitable length to be 

made before the connection waB switched to the next thermo 

aouple. (The speed of rotation of the switch could be 

eootrolled by'plaoing aultable condensers across the relay 

eieeuit.) A typical series of pen traces, showing direct 

temperature meaguremente, is shown in Fig. 47. 

The recorder had a response time of approximately 

oloRIftb. of a second. 

The thexmocouple employed both in the 

differential and direct temperature measurements were 7116.d 
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from 0.2 m.m. diameter platinum/platinum-rhodium wire 
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Pig.47.  

Section of Recorder 

Chart showing typical 

pen trace for direct 

Temperature 

Measurements. 

Il UI 

This was guaranteed by the manufacturers tat2.20C in the 

temperature range employed (1400°C - 1600°C). Therefore, 

as the accuracy of the recorder was claimed to be 2% 

which corresponds to 3°C in the two millivolt rsiwe - it 

could be considered that the total error in the readings 

would be of the order of + 5°C. The 'cumulative" error 

arising in estimating "absolute" temperatures from the 

?suite; obtained in the differential temperature measure-

mInts could be much higher than this. EXperience with the 

instrument has shown however l  that by applying certain 

*standardizing" procedures during the direct  temperature 

experiments, much of the error could be eliminated. 
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Although the temperature indicated by a given 

couple might be 5°C from the true temperature a consideration 

of the sources of error shows that this would remain more or 

less constant during an experiments  

Source l Variation in the characteristics of the couple 
wires as receive do and during use. All the 
wires were taken from the same batch and to 
minimise the latter effect, fresh junctions 
were fashioned before each experimmt was 

Source 2. Errors arising in the connector switch. This 
eror is probably constant for each set of 
gontacts and remains substantially constant 
during an experiment. 

Sou.rce 3. Error in the recorder; also substantially 
constant. during an experiment. 

Hence, by 3standardizine immediately after the completion 

of each experiments  much of theerror inherent, in the 

instrumemts was eliminated; but not that inherent in the 

thermo—couple wires. The wstandprdizing" operation 

gonsisted of °shorting * the thermocouple at the terminal 

board and passing standard eem,f0s. through the recorder 

(0 25, 0,50, 0,75, 1,00, 1,25 and 1-30 millivolts). Thus 

the true values represented by the traces eould be computed 

This proJedure as well as allowing for any variation in the 

(47,-.7.-or in the amplifier and connecter switch between each 

expertment was especially necessary for dete7mining the 

error in the re.z\order. (:1“.; Was foulA that the recorder .0c,u 

did not always return tc the same poition aitersel)e 

experimw,to This was due to the method of suspension 	the 

pen0) 
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By assuming the liquidue arreet temperature to 

be the same for all positions in a given casting, it was 

possible to make a correction for the 7Eviation between 

different thermo-couple wires sad for certain errors arising 

in the apparatus, Widence for the 'validity of this 

assumption was found by direct experiment Several repeat 

experiments were made for one type of casting to test whether 

the apparent differences of a few degrees in the arrest 

temperature were real or en error attributable to the 

apparatus an the th-rmocouple wires, It was found that 

thee difforenes were not reproducible, and they were there-

fore ascrbied to eerlmntei error. 

Using the two millivolt range and the methods 

of correction described abowe it was considered that a 

real temperature variation of !0,50C could be determined-

(Although tie method of correction is described primarily 

for direct temperature measurement it is possible, to a 

certain extent, to correct some of the errors arising in the 

dlfferential method, However in this case there are other 

sources of error such as the varying length and temperature 

of the common thermocouple wire and the absence of a cold 

junction, with the result that the possible °cumulative" 

error is exceasively high. 
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In this investigation the International Temperature 

Scale o Celsius h been adopted. 'This is approximately the 

esme as the Centigrade scale, differing only in *i constant 

term in the temperature function° On the Celsius scale the 

lower values or tenerature are the same as for Centigrade, 

g2t the rher valuee differ Slightly For example, 1500°  

Centigrade I 	ivalent to 1497.8* CeleIue 

(e) 	MOdificalions to the Moulding Techni‘ue 
pepepaiWed by TemorW,wre BLnat 

it bas bei mentioned that one of the mat 

iwportant considerations in determining the temperature 

distbution in the solidifyirg oastingo was to eneure 

that the thermocouple lunctions could be accurately 

positioned in the xould city and that they should not 

:lot wr Tender during the . solidification process. 

This 	attained by amplowing a thermocouple-sheath 

core assembly latch could be introduced comp' te -ith 

positioned 	oeople wires into the mould cavity at 

a enitala,  stage during the assembling of the mould. 

The sheath aeaembly employed for direct 

temperture measureweata across a block ie Sao= in 

Fig. 48. 	The core asembly consists o two wedge shaped 

sand cores carrying accurately spaced ainglo-bore silica 

tubing The sand cores were made from glYsol-bonded core 

sb4nd rammed in a core box and finally hardened and 

strengthened for handling by baking at 10°C A similar 
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Thermocouple Sheath Aeaembly,,  

though 1 rger forw we employed for temperature meaeure-

1,- iata along the axio of the h1ook In the imee of the 

diffexelitial method twinbore ei11a tubing waa uaed in 

place of the eingle-bore type. The dimenaiona of eilioa 

tublmg found moat aatiafactury 

Single-'bore lubinv Bore 0004° g Extenal Dimenaion 
0J. 

(b) Twinr-Dora tubing (Ovol aeotion) 2 Bore 0,02ff 
External Dimenalon 00125° x 0,0865v,  

Muring e. aeriee of preliminary experiumate 

(Qoneldereble difficulty wa e47perienced in obtainiAg 

aatiefector7 reaulte,,  The wee due to a. variety of caaoez, 

and although the meagura:Danta were being determined by thr. 

differential method it wee wnoluded that almilar diffieultJ„e 

wwid heve  arieen colploy1n8 the dine rA method These 

diftiQulties ere briefly dieQueaed below followed by a 
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description of the procedure finally adopted, 

In order to position the thermocouple sheath 

assembly accurately in the mould cavity two wedges of 2imilar 

size to those forming part of the ,ssembly were added to the 

pattern at the required position. (Figs. 34 end 38) facing 

page 66, Consequently after the patterns were removed from 

the mould, two cavities remained into which titte assmb1y 

could be placed Originally thin Slots were cut thriagi.J ft 

mould walls, both in the drag and the cope to enable 

silioa sheathe to pees through to the outside of the mauld,  

The sheath assembly was then placed in position in the dreg 

before the two halves of the mould were placed together 

after which the mould was assembled ready for pouring in 

the manner described earlier on Peg 4 68 It was frequently 

found, however, that the silica sheaths were sheared, due 

to alight movement between the two halN'es of the would 

during the assembling operation. Wooden spacers placed 

between the two cores of the sheath assembly failed to 

prevent the breekage 

In order to avoid breaTze4ge it was therefore 

essential that the sheath assembly should be introduced into 

the mould after it had been assembledo  when no farther stress 

would be imposed on the silica sheaths. This was accomplished 

in the following manner

be narrow slot out in the cope to allow the 
silica sheaths to extend through the mould wall, 
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was enlarged in eize sufficiently to allow the 
whole Sheat1i. assembly to be introduced. through. 
it, The mould wee then assembled in the normal 
manner end was raised vertivally, The sheath 
assembly slid into position through the hole in 
the cope -7*Jc4-R-,, the. sand cores thue becoming 
part of the mould wall (FUAO p,69)Ahe remainder 
of the cavity on the outer side of the cope was 
carefully filled with green eand, thus leafing the 
silica Sheaths projecting through the mould walls, 
The side plates were placed in position, clamped 
eeeurel vaith alemping ringc74 and the completed 
'asseMbly was planed in front of the facor  
(Figs, 411. 42, 43. p,70) 

This method was found to be entirely eletisfactory, Misgivings 

that the weight of molten oetal in the casting might force 

the sheath assembly back through the mould wall proved to 

be groundless, 

It waz found necessary however, in the case of 

the top poured blocice (Casting A) to protevA the silla 

sheathe from the direct impact of the molten metal during 

pouring. This was achieved by incorporating into the dozzle 

head a refractory baxv  or plate coverinc,  the Sh6,atha 

(See Figs, 49 end 509  page 84). 

Prior to the introduction of the Sheath assembly 

into the mould, the thermocouple junctions were fixed in 

position. The thermocouple wires were threaded through the 

appropriate Sheath according to the type of measurement to 

he made (differential or direct) until the junotion a 

mid—way between the two sand cores. The wires were held in 

position by wedging them against the Sheathe with small pins 
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214e,, 49 and 50. Guards for Thermocouple Sheathe, 

The necessary connections between the theymo 

couples and the recording apparatus were then made 

f011ors:- 

In the case of the direct temperature measre-
meats the thermocouple wires, insulated b-v twin 
bore silica tutdug, ware connected. to the 
recording apparatus by a cold Sanction and a 
terminal board, (Fige. 419  42, 43 p.704Any 
necessary final adlustments of the position of 
the thermocouple junctions ”ere made after 
examination thivugh the cavity or head at the 
tap of the mould. (g40 9.69,) Final teate 
were made of all Us circuits, the thermocouple 
gunotions being warmed and the apparatus run 
without a back eomcf, to observe whether 
temperatures were being recorded. 

In the case of the differential temperature 
measurameats the GOMM n thermocouple wire from 

(I) 

(2) 
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each pair of aucoAssive positions was insulated 
with silioa tubing before being introduced into 
the mould. When in position. in the mould., the 
oorreeponding pairs of like thermocouple wiiee 
were insulated with twin bore eilioa tubing and 
conneoted directly to the appropriate positions 
on the thermocouple board and hence to the 
recording apparetue. Any necessary adjustments 
were made to the position of the thermocouple 
unions and the eireuite tested in a similar 
manner to that etvloyed for the direct temperature 
measuremen-L 

MOdl.figl.lations to Mould_Ameseimenl  for 
aM6 

"POur---:ouiw Tests, 

To assist in the i.iterpretation of the temperature 

measurement experimenW a series of °pour-rut " ests was 

made in which castings were bled after certain time intervals 

axamination of the reeultant thickness and contour of the 

eol'Idined eheil  givirkg a measure of the progress of 

solidification, The 'Ipour-out" teoU were limited by 

practioal considerations o the ver-Acel casting fed 	the 

tvp 

In. order to achieve the °Ipor.,-out° effectively 

at a given time, it was essential to il-yert the mould 

completely in the shortest possible 	and to allaw aaY 

maten material to run out freely, Consegleatly it was 

necessary for the head to remain. molten at the top 

The rapid inversion was obtained 7 the following 

method-. Two metal struts were strapped Esr0tib both ends of 

the oesting box Oae end of the pair of 9t,tUI-00 Y./.e employed 

es a lever, whilst to the other ends were attaohek -aro ehaped 

metal rockers. When the lever was lifted the astlickg  box. 
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vat the Qasting -rotated about the aro until it was 

finally inverted. The whole operation took about three 

esconde (See Pig051). 

The he wa kept open by the addition of a 

wall quantity of exothermic compound scattered en top 

of the metal after the mould had been filledBy thie 

BOtbod it wae possible to bleed the ousting up to four 

minutes after pouring 

The mould was made akitd assembled in the sam 

wanner as previously described or page 67 
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The same 1E4M:" Matir  and casting procedure 

was adopted for the following series of expeximents which 

to recapitulate9  comprised the following:- 

(a) investigation of the Effect of the Size Factor; 

(b) Investigation of the Effect of Casting Temperature; 

() 	Measurement of Tamperature Conditions; 

(d) 8Four-Out"Tests 

Certain modiftoeione had to be made to the 

basic proeedu.re for the epooial puxposes of the different 

aectione of the investigatAons, so they will be deecribed 

in the order given above 

a) 	The Effect of the Si.2:e Factor. 
•e,n• 	 •,r.*-"n•,,Zr.,m•a 

Por this section of the investigation a series 

of five small sand Dastings was 1,Aade under conditione 

imilar to 'those under which the caries of larger induatrial 

oaetings had been made That ie 	say, the arrangement of 

the feeder-heads and the ''poeJ,tione' of the blocks were the 

somef  ead the eteal was of approxfumteig the same dhemioal 

oomposition and was cast with the same srverheat* Briefly 

the procedural:vas as follows:- 

In each case a straight charge of 20 l. of 1*40'9  
carbon steel Tod wao melted in an acid 
frequency induction furnace 4 tbIe weight ;vat, 
soevhat higher than the nominal 18 lbs. capaoty 
of the fUrnace) To assist in a rapid melt and t, 
reduce carbon loss the -Pi diameter steel rod was 
cut into small lengths and etacked horizontany 



in the fUripace pot. A olear meat wac obtained 
in -bout lit boura. 

It was realieed that the melting operation would result in 

a bee of manzarese and eilicon, as well ae oarbon but aa 

it h been found that the chextoal oompoeition had. little 

Offeet on the oryetal atruoture it wau decided not to make 

alloying additionag it wa felt that there would be lea 

fariation in oompo ition frow oaet to cast 1Y no addltione 

were made',  

In preparation for (mating, the temperature of 

the moltea metal in the fOrnaoe was raloed to witbln 15QC 

of the pouring tewerature, and after removing any ulag9  

the melt warelgillee rapidly with aluminium. It 	generally 

found that after %hie operation: had been complet4d the melt 

Vae t the required eastins 1- eluDeratvre; if neceseary the 

temperatare was adjvoted. The furnace was then awitobed 

off an the metal poured directly into the would. The 

temperature meaeuremento were made with an tmmeTaon. 

pyrometer and a Tin.ley pots  

After examining the first aeries of matinga v It 

wee found that the feeding bad been ineufficient Inoaertinge 

and F. Theee ere -r'ecat eeveral timee with xothermic 

aleevee until reaeonably sound oaetinge were obtained„ 



Welting and Ceeting Details:- 

Charge: 

DeOxidizer: 

°40" Carbon Steel Rod 	22 lbe. 

(C 0033%; Si 0,20%; Mn 
P O. 	s m19%;) 

AlumiDium Rod (* diameter) 3 lbe/ton, 

Pouring Temperature 	15750C„ 

G*8 4a gi) at,g.  M4 al 	-.13   Ramalm Limidus*Super- 
heat 

WOX6A 021 0,18 0019 0,026 0,033 Sound 	1509°C--WC 

WOX7B 0.29 0,09 0.37 	- 	Sound 	1500°C 7500 

W0X3C 0r29 0.05 0028 	ar, Sound 	150000 7500 

WOW) 029 	Cavity 15000C 75°C 

WOAD 	 Cavity Approx. 
deapite 1500°C 75°0 
enlarged 
head. 

WX2D 	0,28 0.05 0.44 	Sound, 1501°0 740C 
ith 
exothermiG 
eleeves 

WOX5E 0030 	Cavity 1499°C 76°C 

ralE 	 Cavity Approx.  
despite 1500°C 75150 
exothermic 
eleeves 

LOB 	028 0007 0039 0.022 0.024 Soundv  150100 74°C 
with 
exothermic 
sleeves 
and plate. 

'rc The liquid volueo are taken from pe 
gib;. 	(F1g,76. p.118. 
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(b)   attect of -the  Gas)  4 Yk5 'Tauroeraore. 

In hie inveatigation a eeriee of five email 

wertft a top-fed aand aaatinga was madey with euperheaU 

vexing from 0°C to 125°C above the itquidue, 

The melting and oaxting prooedure ae exaotly 

the name ae that deeoribed in the ?regime eeotion. 

In the QaBV OZ the oal;-iting poured e the ltqpidue 

temperature (O° euiperhea3:,).0  it wa found neQeakiary to melt 

m te1 oompletely at a temperature above the 1iquidu  

and then to allow it to ooal to the required temperature„ 

It wag obeerTedy in pouring the metal thet there were a 

number of woall muahy region in the melt. This. C indipated 

that the metal was aotually & the lifuldua temperaturey 

and the oryetallitee wer., forming within the liquid 

Melting end Ca ting Detail 

Charge 

-136orldizer2 

°40" Carbon Steel Rod 	22 1-be 

(C 0,33%F Si 0020%i Ain 0,76%; 
P 0.010; S 0.019%;) 

Aluminium Rod (P diameter) 5 lbe/ton. 

 

Piuring 
e% 4 

liquid Calc.Aotual 
-ue Super Super 

-het -heat 

   

   

         

------ 
SEA1 	1500°o 0,28 
	

00C 

SHA2 	1525 0029 0009 0035 	- 	- 	1500QC 25 	25°C 

SHA3 	1550 0029 - _ 	1500°0 50 	50°0 

ZUA4 	1575 021 0017 0.19 0.032 0.026 1509°0 ?5 	66°C 

OHA5 	1600 0.32 0.08 00.5 	- 	149V0C 100 105°  

SHA6 	1625 	0027 	- 	- 	1502°C 125 _.,v,  k, 
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(0) 	TellplaIureyeasurements. 
The Melting and casting procedure was again 

essentially as descrited above. Xn all the experiments 

the (lasting temperature was 1575oC)  i.e. the superheat 

was approximately T5°C. 

Dif.ferenti4__Maplod 

In prt,paration for the th:termination oY the 

temperature distribution w:I.thin the solidifying biouk, the 

euplifier circuit was wits:110d on duAra the "meltAyag ddwre 
Averatioup This we essential ae the 017Q;1111; needed 9. little 

time in which to nwarg:up 	Nhile the 	was being mper- 

heated v  the potentiometer connected dirt:stay to the cotikte 

in the mould cafity was set at 17.8 milliTCAs (corresponding 

X525°C)v  sad the potentiometer supplyin6 he ''-zero''' to the 

recorder was set at 1,0 millivolts an 	galvvometer 

'3'shortee0,  (This latter ad:lustmeat positioned the ..4e4•fi on  

the recorder 	ray across the recorder scale). The 

conneGtor xitch via,3 set ready to pass to the first 64-nd 

conneoting the theroocouples to the amplifierp whilst the 

tRot-Q eom.f,to the amplifier WEAH also °shortee. As soon as 

pouring commenced, the recorder chart we set in operation 

aJ10. E:Aark mnde to denote the beginning of pouring, 

Simultaneously a. stop watch was started and the time noted 

-oilcan the temperature of -the '"direct" couple fell to 1525°01  

after which an inverse rate cooling curie was determined by 

t'he umugol method v  until solidification of the block was 
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oompltte and it had cooled below the solidus tealperate 

to about 1350°C. 
• 

Iom dately pouring had been completed, the 

connector switch was set in operatiom and the back e„,m,f, 

applied to the amplifi, It waa found 1;3.7t if the therm 

couples ere oitched in earlierp the temperature differences 

were liable to be eiceosively Taigil during the firat few second 

Once the switch had been started, it ,:ma allowed to operate 

until solidiflmation ha4 been completed, The recorder 

then standardised ae described on page 78, 

itiLpirect Methoil. 

Ae beforev  the amplifier circuit was switched on 

auxing m lting down and the final preparations were made 

during the superheating period. The external Sack e,m,f, 

source wa . 

 

eet at 17 millivolts and the input to the amplifier 

°shorted". The selector switch was then set ready to paeo to 

the first stud connecting the thermocouplea.to the amplifier. 

As won ae pourid comvenced the recorder chart as started 

and marked. Immediately the mould had filled the selector 

uwitch was aet in operatl_on and the back e,im,f. applied. to 

the amplifier, The apparatus was left running until the 

©eating had passed the solidus temperature; this normally 

took betreen 13 and 14 minutes During the cooling of the 

block it 1Ma necessarcy to adjust thf-i back e,m0f0 by etepe 

of 005 millivolts, t keep the TAl.W$ o the recorder scale, 

Whea eoiidiflation bad been completedp the recorder was 



(ii) Direct T 

Castin 	St% Mn%  Remarks  Liquidua 
Super 
31,Wt  

perature Meeauremente: 

sUndardixed as hae beeu previously deeoxAbed, 

WeAtin, and Casting Di4ta11a. 

*40'.' Carbon Steel Rod 
	

22 1b 

930 

(C 0.38%; Si 0.17*; An 0079%; 
P 00031%; S 0.021%) 

Deoldlizer: 	Aluminium Rod ( 	diaweter) 3 lb/ton 

Touring Temperature 

(1) DifTerent1a1 

gFaAlg 

Temperati:Are 

C,clo 	Silk 

15759C 

Mea.urementw 

, 	'Rol wit a 
&Tex= 

Iici0,4u5 beat 

TG6A 0027 012 0027 Measurements 
along axle 

1502°C . 730C 

TG5E 0028 0.10 0036 ditto 150:4°C 74,oc  

TGL5A 0.27 Measurements 
across block 

lt502° -o- 

TG19B 0.51 ditto 1498°0 77°0 

Al 25A) 

A2(38A) 

A3( 35A) 

El(284 

B2(37E) 

B3(32V 

0,24 0.08 024 41,014 0.024 Mean 	roo& c 
aorooa bloct 

70°C  

0,29 0,10 0.43 ditto 	atiococ ribQc 

0024 0,20 0,36 Measurements X505 
along axis 

7000 

0.28 0.09 0.34 0,018 0.018 Measurements 1501°C 
across block 

740C 

027 0.12 0.49 ditto 	1502°0 73°C 

0.27 0.09 0.30 Measurements 1502°C 
along Eals 

73°C 

heads in all caeoe were removed and the Wook 

sectioned down the oentral vertical plane to determiA 

avourately the positions of the the.zxocouplesc 



94, 

it,Tomination of typival macrostructures showeA 

that the introduction of the the:rmorgouple Stlesths had not 

affected the mode of orystellization However,; in some cases 

gene:eallx when there had been inconsistencies in the cooling 

uurvos it was found that slag hal been trapped against one 

or more of the thermocouple Sheaths, thus affecting the 

t,empture readings Such results were normally disregarded 

and the block recastv 

"Pour-out" Tests 

In order to reproduce the conditions under which 

the temperature measurements had been determined tbe sam,m 

meittag and casting procedures were employed for the *pour ouT* 

expertments. 

series of four vertiDal top-fed blocks were 

uast; the c'pour-oute being effected aner ones, tau, three 

and four winutes The ''pour-out" times represent the interval 

between the beginning of pouring and the final inversion of 

the mould. No correction was made to for the time taken to 

5\-fre3ct the rilould and i'or the liquid metal to drain out 

Finally the castings were sectioned parallel_ to 

the 2i° x 5" plane half way across the 3'  face; t:clis was the 

gene plane as that in which the temperature determinations 

were oadec The surface was machinedv  ground and etched in 

Oberh&ffer's Reagent to reveal the macrostructure and tlae 

nature of the solidified metal, Scale drawings lere 	 Feed.  

of the structures obtained and the depth of the solidified metal 
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Weting and Ctig Detail 

Cabo. 31eel 	22 lbs 

(C 0,36%; W. 0.17%; Mn 0.79%; 
S 0,021%; J 0.031%) 

Deoxidizer 	Aluminium ro (-ti-c' dieweter) 3 lb.,/ton 

Casting 

Caoting Temperature 

''''Pour-ow.VTims Carbon Content Ithluidus 

1575°C 

ST.a,oe:rheat 

Slush 1 I minute 	0027 	1502°0 730C 

Slush 2 2 miwAtes O32 1497°C 78°  

S:iu 	3 3 minutes 0,31 14980C 

Slush 4 4 minutes 0 38 1493°C 32°C 

0,,,,,,,ommetCnelmmerTmet,a.t.las. 
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Exlmintion of qaetilmfil 

When co1ä p the moulde were broken open the 

pa. tinge removed and the heade eewn off The blook were 

aeotioned along the ()antral vertioal pine, in. the a 70 et 

etate and the enrface ground for aulphur printing end/or 

maaro etObing Depending en the reaulta of the maerodoopiaal 

ezainatione  tranBveree eaotione were out from the mmaining 

portione of the blooke and eirdlarly treated. 

Samplea for dhemioal amlyaio were taken fifA 

repreeenta:Uve portione of the bloOla to determine the 

average compoeition of the eteel The eamples were not 

generally analyeed for aulphur and phoephorua; ae 

pote ere uded no appreciable ohange 17o the aontenta of theee 

elementa would be expeoted. 

Drawinge were c,onatruated bowing the nattare and 

extent of the difThrent typee of oryetallization. 
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REZULPS 

Size Effect. 

Examination of the structure of the eerles of 

sTaall 

 

send castings 	x 3° x 240) showed that the 

structuaeee were essentially similar to those of the series 

of larger commerTAally oast blocks (i2 x 6 x 4'). 

described in an earlier section This eirdlarity indiates 

that the effects produced by vaxving the °positions° of the 

000ke and the mode o± ieeding with vonsequentiaA e5!fect 

on ,onveotion currents are not restricted to castings of 

any particular dimensions, There were minor differences 

In the nature and extent of the different crystal zones, 

though the atzuotures of corresponding blocks of the two 

s&des were as stated above basically similar. Before 

ciondering the significance of euda differences as were 

cbservedr  the structures of the small castings will be 

desoribed briefly and compared with the corresponding 

coatings of the larger series. 

aatIn 01.',21f4 	.52, 

The structure consists of a central nuolear zone 

surrounded by en envelope of columnar crystals. The columnar 

crystals extend from the side walls towards the centre for a 

depth of approximately 0,4 inahae. Towards the top of the 

block the nuclear crystals coe:reenf  and small equiaadal 

dandr5,4tic crystals sepawate than frca the colummar oxystalfrs, 

A snail pipe cavity ex-i'euded fr,am the head into 
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the upper portion of the block•. 

Comparing the structure of thie block with 

those of the corresponding castings of the two commercial 

seTles (71ge.2 and 19) it will be seen to be r ughly 

in 	between that of Al (which was completely 

nuclear) end A2 ( bich consiated of comparatively coarae 

columnar crystals enclGsing a central zone of equiaxia 

orystals 

Ths structure of this block coneiete of oiA,),  

crystals growinpfrom al_ aUsr  surround:I g a centm 

region of small nuclear cryetale. The coluular cryst 

have grown to a greater lenglth from the top well9  than from 

the bottom. In the luwer portion of the central area some 

of the nuclear crystals have developed into nto all dendritic 

equiexial crystals. 

Arising from the formation of pipe there le a 

amell area of unsoundness in the upper part of the blea. 

The structure f the all casting is very 

eimilar to that of one of the corxsponding commercial 

castings (B29  Pig.22) tut rather different from that of the 

other (Bap :Fig.6), which consieted mzinly of nuclear cry talk,  

with columnar crystals growing of the top face only. 

9ARVAgAW°10Q-:618"2:20,° 

This casting consietv of a central sOialciel and 

nucl'ex 1 egion surrounded by -coluyor gaxtb which riaYe 

deieloped from ell the well faces. That from th upper faoc 



ext;lids to the geometric centre of the block (i4°) 

whereas from the lower face it only extends for about Q. 

third of the distance (jr'),  In the central region the 

qui:axial zone lies directly below the upper colullInar zone 

and is separated from the lower columnar growth by the 

nuclear zone Both these zones extend from near the end 

wall into the bead. 

The pipe from the head extends for a small 

distance into the block along the junction between the 

upper columnar and the equiaxial rpone This corresponds to 

the last portion of the block to fraeze, 

A comparison between the structure of the larger 

oastings Cl end C2 (Figs06 and 25) and this smaller Izasting57  

Shows that apart from more pronounced columnar growth from 

the lower face of the small castingl  the structure of al_ 

1Zree is very similar, there being only minor differences in 

the distribution of the central (Nuiaxial and nuclear zones, 

The structure of this small casting is also 

aft:miler to those of a series of steel blocks, meaauring 

*5' x 3 x 3°, cast by Weet(16)  under eiMilar conditions 

There was a certain amount of unsoundness (Fig,59) in the 

present oaeting but in the light of the agreement with WerWo 

work it was considered unnecessary to recast the blook 

Castina—P.SW2E4J7Ka_71K0°P.5 6°) 

To avoid unsOundness it was found necessary to 

place exothermic sleeves arouxd the head of this asting to 
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keep the head open and thus ensure adequate feeding duzing 

the solidification period, 

Casting WOX8 (Fig.55) was cast wthot thz use 

or any exotbelmic compound. The structure ooneaato o' a 

ventral area of large equiaxial crystals surrounded by 

.00lumnat crystals which have developed from the veal,ous 

vaLi faces. A uentral cavity ezends frQm nee x 'the end 

along the centre of the casting between the Upper columnar 

gro-th and the equaxia1 zone, into the head 

gith the addition of enothermie cores a sound 

oasting was obtained. The structure As essentially the eame 

as that o. the first casr4ing but without the central cavity. 

In the sound eaatirg (WV: Ioig,55) the upper -;o2,1amnar orystale 

extend to the geometric centre near the end wsll but become 

shorter near the head. ghe columnar crystals growing from 

the lower well are also longer near the end wall than towards 

the head- Both the upper and lower columnar growths extend 

further towards the centre of the block in the sound ;,ONC.I:C 

than in 'the unsound one. The central area is wholly occupied 

by equiaxial crystals° 

In the unsound casting WOXB (101g.55), the pips 

,JsyJty assumes an unusual position in the vicinity of the 

jundtion between the feeder head and the base of the blorck, 

Instead of maintaining a central position roughly equidistant 

trom the wolla, At turns upwards towards the top face, finally 

aching the mould wall. This seems to indicate that the sand 
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to the re-entrant angle of the casting (nekleasitated by 

the arrangement of the mould) acted aa a local mho spot", 

affecting the final heat centre and centre of freezing. 

,ffeot wao lee marked though not absent in. the sound 

izasting Va2; it can be seen that towards the corner the 

depth of columnar crystals is considerably reduced, with a 

proportional thickenirg of the lower equtaxial zone It :la 

sued. that .4b.e junction between the upper coiner and 

equlaxisl zones represents the osition of the block: last 

to freeze0 

Comparing the structure of the small block with 

thea of the larger. castings Di and 1)2 (Pige 11 and 26 

respectively), it may be seen that although certain features 

are common to all Varee there are notable differences in 

the distribution. of the crystal zones. In all three caotinga 

there are columnar growthe from the upper and end walls hat 

in the case of the smaller casting columnar crystals have 

also grown from the lower wall and there is a marked 

relative increase in the length of the other columnar uryata18 

In the larger castings the central and lower portions of.  the 

blocks consist of zones of equiaxial and nuclear orystalep 

whereas in the smaller castings the central area la entirely 

equiaxal. The influence of the .17.o•etrant apgie ckt the 

junotion between block and head, la reduced lr the ,7ase of 

the larger costingsv  thou& in claating Dl the effect cm the 

structure is still readily edecerntble<, 
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ClEand_ILIET212_2221 (P1 	5661)  

in order to obtain a sound casting, it was 

found necessary to incorporate exothermic cores at various 

positions around the head, • 

The first casting obtained (WCIL5 Fig,36), 

without the addition of exothermic cores )  consisted entirely 

of columnar orystals apart from a large central cavity-

The columnar cryo- ale extended towards the centre of the 

b-tock, at right angles to the vExious wall faces They were 

:tonger towards the heat at the base of the block) than at 

the top, At the bottom of the block there was a, -further 

area of unsoundness, concentrated on the side nearest the 

head, 

The addition of exothermic sleeves around the 

head alone, did not eliminate the central cavity entirely, 

The structure of the block, (WU Fig,56) was similar to 

that of oesting WOX5.. It consisted of columnar crystals, 

whith had developed from the mould walls, together with a 

email. area of nuclear crystals ettending from the bottom of 

the block into the head,  The area of the head situated 

immediately below the block consisted of a central region 

of nuclear crystals separated from a narrow zone of columnar 

,irYstals (gowihg frOm'the weals OT the feeder head) by a 

zone of mixed equiaxial and nuclear crystals. 

The pipe cavity, like that of casting WOX8T) 

(Fig,55)?  assumes en unusual shape in the vicinity of the 
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junction between the feeder heed and the base of the bloc 

Within the block the Iyity is equidistant from the walls, 

but towards the base it approaches the wall finally 

breaking through to the surface, at the corner of the mould. 

It threfora seems that the sand in this region has acted 

as a 	"hot spot", and has affected the position of the 

heat ',.JJntm and that of the end of freezing 

• The addition of an exothermic core, in. the forvi 

1-  a plate, to the bottom of the heady successfully elimia- 

ted the central oavity.• The structure of the block (WX3) le 

similar to that of the earlier oastings. It consists eatirely 

of columnar crystals apart from a small area of equiaxial 

,rystale at the base of the block. The columnar crystals 

extend at right angles to the wall towards the oentrey 

meeting along the cal.tral axis. 

The addition of the exothermic core along the 

Tose of the feeder head has natually affected the beat 

distribution in this regiOnr  and also the resulting crystal. 

formation. The structure consieta of columnar cryetale 

groming from the wells with a pile of nue1ear crystals 

resting on them and de .eloping into all equiaxial ggystala 

whicb extend into the block. 

By lavt1F_,viDg the position of the heat aeatre and 

the final position of fresang, the introduction of the 

Amothermic plate has also affected the position of the pipe 

cJei.vit, It 

 

Is now confined to the head and is.locAted between 
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the lower nuclear zone aad the upp columnar growth 

If the structure of the small casting WIZ is 

cc pared with that of the larger casting El tFig.15), 

will be seen that t 7), y  are basicaa., similar, but that the 

central ,one of equiaxisl crystals, which appears only at 

the bottom of ,ale swell TPlock, extends almost to the top 

of the large one. These  .structures cannot be compared with 

the anomalous structure gt sting E2, 

Transverse SectiA. a 0 

During the em9mination of this series of 	it 

blocksv  trausvese sections were prepwc.ed and examtned. The 

structures obtatned were in acoc..dance with the opAgresponding 

sectlone and with the transverse sections (307 the. 

larger.series describe& in Section 2-, the only fee:13,2re 

requiring comment being that the structures indicated that 

solidification from the side walls had riot affected the 

crystallization at, the centre. 

Preliminary Comments on Results. 

If the structure of the series of small castings 

is considered in conjunction with those of the larger castings 

of series I, it will be found that a complete range of 

structuree has been obtained from the wholly nuclear structure 

of Al (Fig.2) to th aroost rholly columnar structure of 1113 

(Fig56)0 The si .ificanoe of this finding will be discussed 

An Section 4 of he --,hesie after the additional data provided 

by the other eerier of experiments has been presented. 
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(b) Castipz_lgiver_ 

‘4:(-1 investiga.tion of the effect oI casting 

temperature has 0110Wri that this variable b a marked 

effect on the crystallization of sand CM tinge. Six expe;r1-

ments3,_ top-fed vertical castings were made, with superheats 

ranging from 0 to 125°C above the liquidue tempera.lzzre.They 

structures obtained -far-led f:rom a completely nuclear structure 

to one consisting of a central ma3 of equiaxifa dendritic 

crystals marrounded by a thick columnar zone. The individual 

results are deacrited below. 

Castinii SHAl. Ca stiai.v; Temperature 1500°Qç16267).   

Calculated Su erhea. 00C. * 

The entire structure of this casting consists of 

fine :nuclear crystals. Towards the top there are three areas 

of unsoundness which have resulted from slag inclusions and 

pre- solidifi ed :Mat e ri al 

Caetin Cakit-  	Tairoera.ture It.)25°C (yi&fi,3 68). 

 

erheat 25C 

The Otraoture of this casting consists of a thin 

shell of all columnar crystsis (0.2" thick) surrounding a 

region of fine nuclear crystals. Towards the top of the block 

ther4,  is a Bivall area of unsoundness due to the pipe cavity„. 

Details of the chemical composition of the block 
and the ''actual" superheat value are given on page 90 . 



caaV4a_sPAZ° 9a13,Allg TeF2.917.aux:e:gr-,9°c%-ia-81 4p69).' 

Calculted Superheat 50°C. 

Tile structure of thiscast.Ig conaJ,sta of a 

Shell of columnar -ye&s (03'' thick) aad a cavt..,- al region 

o rauclear weystals. Betoeen these two F,ones ie a zone of 

equiaxiel rleoOritio crystals;  which extmd from the 

top of ;he block towards the botioz; the zone -.1.8 thicker at 

the top tbact et the bottom. There is also a gmull area of 

unsoundness;  due to the pipe at the top of the block, 

g#sting  	cestim Temereture 15750C. 
Y14, 

Calculated querheat 7;i°Cz_ings52.57), 

A block was cazt wider the above spnditions 

during the investigation of the effect of size factor 

(Pagegq). The blook ac previously described;  consists of 

a Shell o± collar crystals emolosing a region of mainly 

nuclear oryetale Towarde the top of the block and exteodin 

down tbe 8ide of the coluT-ar crystals are two areas of umall 

equiarlal crystals- Although they do not appear to extend as 

tar down the block a$ in casting SHM (Fig.64) the equiartlal 

areas swear to be slightly thicker at the top and the 

columnar shell is also thicker in all positions, 

There is again a small area of unsoutOn'tR8s, due 

to the plpe from the head;  at the top of the blo,s, 
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Casting SITA3. Costing Temperature 1600°C. 

Cal culajtc.',u ±2:12,caa...-L200c)C__  

The structure of this block consists of a shell 

of columnar crystal approximately 0, 5 thick enclosing a 

tral mass of nucl ear end equlaxial crystals The equiwcial 

zone is situated toward the bottom of the block with the 

nuclear zone above it 

Castin SHA6CastlniLemerature  

   

Calcylated Su -cerheat 12,5°C, • Uti.J.A.6671\  

The structure of the final casting consists of a 

thick shell of columnar cr-ys iL39  approximately O6 thick, 

enclosing a central area of nuclear and equlaxial orystals„ 

The equlaxial zone occupies the major portion of the central 

area, and again the nuclear zone is above 

Comi_Ltn_tLiLyn the Results-. 

A comparison of the structures of the series of 

castings shows that the increase of pouring temperatore has 

had two main effects on the form of crystallization. Pirstly„ 

it has resulted in the development of columnar crystals from 

all the walls,, As the temperature has been raised the length 

of the columnar crystals has increased f 	?um 0" when cast at 

the liquidus ', emperature, to approximately 6" when oast at 

a superheat of 12.5°C. Secondlyp it has resulted in a steady 

coarsening of the ztr„acture The first e,;asting, poured at the 

liquidus temperature, consists of fine nuclear crystals, 

whereas the structure of the central portion of the block 
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cast at L25°C uperheat consists largely of coarse egyiaxial 

dendritic o',cystale. 

The intermediate caFJtings show a transition 

between the two extreme forms, 
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(e) Tem erature Measurements. (1 Differential  Method. 

Before the data provided by this method could he 

used it was necessary to translate the information obtained 

from the recording apparatus into units of temperature and 

time This was achieved by constructing two scales - one 

representing temperature difference (in degrees Celsius) in 

term of the deflection of the recorder needle and the other 

representing time in terms of the distance travelled by the 

reorder chart., Briefly, the scales were constructed as 

follows, Certain standard eemfcs were applied to the 

recorder, and the corresponding deflections of the recorder 

needle (which depended, of coursel on the range being used) 

were noted, With this information, and by reference to 

standard calibration tables for the platinum - rhodium 

thermecouples, it was possible to construct a scale represent 

ing temperature differences in terms of e.m,f, and hence 

deflection of the needle, at a aiven temperature. As the 

temperaturefe,m-f, relationship is not constant over a range 

of temperature, two scales were prepared, one for use in the 

region of 1500°C and another in the region of 1400°C The 

difference between the two scales was about 2 

The scale relating time in terms of distance 

travelled by the recorder chart was constructed 'by measuring 

the distance travelled in a giveca time. (One minute 

corresponded to 7*° travel), 
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By using these scales9  curves representing the 

temperature gradients existing during the solidification 

period were prepared. These are shown in Rigs 72 - 75. 

The curves of temperature difference obtained 

for the vertluel castings TGlA and TGlE (Figs,72,73), 

represent the temperature differences along the central site 

of the top and bottom-fed blocks respectively. Those for 

oaetings TG2A and TG2E(Figs.74275), represent the temperature 

differences existing horizontally across the top-fed and 

bottom-fed blocks respectively 

Although it hays been found that these data cannot 

be used for determining the '9absolute temperature conditions 

existing during solidification, due to additive errors, 

several interesting features are, nevertheless, revealed by 

examining the different sets of curves. 

Cesting_TGlA (Io 721 

The cures obtained from this casting suggest 

that there are three stages in the progress of solidification 

along the axis of the block. 

The first stage lasts for about 1 - 2 minutee, 

during which time erratic variations in the temperature are 

registered by the various differential couples (1,2,3 etc.), 

Ultimately, however, the erratic fluctuations are smoothed 

out, the temperature differences tending to zero 

:During the second stage, a series of me..x. 



aocur, in one curve after the other correeponding to the 

progression of eolidifieation along the leogth of the block, 

rrom the bottom towards the head, Cure I shows that there 

is a ete,dy increase in the temeratuye differencee between 

poeitiona " ° and "f" near the bottom of the block  reading 

a maximum value of 66°C in 3 minutes 55 seconds; after thie 

it deoreacee eomewhat irregulaely„ After about 2 minutee, 

curve 2 Shows an aocelerating inereae :1,:a temperature 

differenoe between pesitions 	ad'5e" eeaching a maximum 

value of 57°C it 5 minutes after 1:eech it ateadily decreases. 

Similarly, curves 394,5 and 6 shov seaceeeive inereaeee and 

decreases in the temperatere differencee between poeitione 

"e" end "d", "d" and cae, "c" and "br4  and finally 'b" and °a" 

near the head. In each ewe the maYimum temperature difference) 

recorded is less than the preceeding value. Euring this period 

there appears to be little or rue temperature gradient from the 

top of the block to the varioue positions down the axle until 

the curve for each socceeeive position begins to rise eteeply;  

precumahiy owing to the etart of solidifioation, Immediately 

before the eteei) riee in curvet 4 5 and 6, after 6, 6* sod 

7 minutiae reepeotively, there ia a die'dnat dip in each curve 

indicating a temporary temperatere di-Clference la the reveree 

direction. 

The third stage in the aelidifioation process 

begine when the temperature difference between the top two 
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pueitione on the axis of the block has reached a maximum, 

and continues until the block has cooled to room temperture. 

During this period the temperature differences between the 

various-  positions along the axis of the block are approxi-

mately equal decreasing slowly and steadily as cooling 

proceeds, 

When the direct cooling curve obtained from the 

thermocouple situated nearest the head (curve not shown) was 

compared with the sets of difference curves, it was found 

that the YORNiMPLI temperature difference between positions 

a and 0 (curve 6 Fig,105), occurred approx-imtely at the 

peritectic temperature for that positon, The significance 

of this is discussed later on Page 162 

temperaturedifference curves seems to 

time of the end of the liguidus arrest 

FP oPMStence -of couldi.,7Begiuning of 

No feature of the 

correspond with the 

on the direct ourve 

Sx.Temk.Mdfferences. 
from End Wall Rise in, Temp, 

ff. Curve. 
Time. Tem 

Between. g (0,401 
and f 	(1,08" 

15 seconds 3m,b1 secs. 66QC 

Between f (L08) 
aad e 	(182") 

2 minutes 5m, 0 secs. • 57QC 

Between e (1,82" 
and d 	(2662" 

3 min,45 sece. 5m,51 secs. 4F,PC 

Between d (2e62") 
and c 	(3.35°) 

5 min,57 secs. 6m045 sees. 320C 

Between c (3.35°) 
end 	(4,08°) 

6 min27 secs 7m,24 secs. 
(spprox ) 

260C 

Between h (4.08°) 
and a 	(4,80") 

? win 21 secs. 7m,57 secs,  23°" 
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The corresponding set of temperature difference 

curves obtained during the solidification of the bottom-fed. 

casting TIflE shows similar features to those described for 

the top-fed casting TUA, for example the same three stages 

during the solidification process. There are, however, some 

points of difference° 

he slope and position of the maxima on the 

temperature-difference curves are different. Although the 

increase in the temperature difference betmeen potions g 

and X (on the axis of the block furthest away from the head) 

does not begid until 1 minute after pouring, the rise during 

the next 15 seconds is IreV'',2! rapid; after this the increase in 

temperature difference :7 =3 elower, reaching a maximum of 60°C 

after 3 minutes 1 seconds. The temperature difference 

between f and e increases after about 3 minute rising to a 

maximum of 68°0 after 4 minutes 30 seconds° Tide maximum-  is 

higher than that of cur7e I and is 100C hif,ther than for the 

corresponding position in casting TG1A3 A similar serles of 

peaks is shuma by curves 3,4,5 and C.t  corresponding 'W the 

other positions aong the axle of the block° They are 

individually higher than the corresponding series of peaks 

for casting TG1A. Although in compaxieon 110.th !MIA_ the ese 

of curve 4:Furthest from the head) begins approximately 30 

Feconde la;;;e7:', the ma 	or curve 6 (nearest the head) is 
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attained over 30 seconds earlier. This indicates that 

casting TG1E solidified faster than casting TG1A, 

The "reversals" in temperature difference 

observed in curves 4,5, and 6 of casting TG1A, immediately 

before the rise towards the maximum values, are repeated in 

ourves 5 and 6 of the present series, 

After the final 1.mrease in temperature difference, 

as show by curve 6 cooling proceeds steadily to room 

temperature. IkAring this period the temperature gradients are 

steeTer near the end of the block than near the head but they 

decrease as cooling ?I7uceeds. 

'Po 93.1° 

1 

2 

3 

4 

5 

6 

a 

2 

4 

: 5 

6 

6  

Distance of couples BeginniPg of Max,,Temp,Differences. 
from End Wall. 	Rise in Temp. 	Time. 	Tamil. 

Diff. CurTe. 

min. 3 W3C5.1 3m.18 sees. 	61°C. Between g (0,23") 
and f 	(0.80") 

Between f (0.80") 
and e 	(1.48) 
Between e 
and d 	(2.26") 

Between d (2.26") 
and 0 	(3000") 

Between c (3Q00") 
and b 	(3.70") 
• Between b 3.70") 

and a 	442") 

min.50 secs 4m30 secs, 

win. 0 sees 5m.39 secs, 

min.30 sec,I 6m.18 secs. 

min.15 sece.1 7m. 0 secs. 

7m.15 secs. 

WV, 

59°C. 
37oc

210 C 

31"C. 

min.45 seesi 
(approx.) 
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PALq11D:gTG2417-1&77 L' 

The curves obtained by measuring 	temperature 

difference across the middle section of a top—fed block during 

solidification are quite uTaike th.o ee obtained taong the oentral 

_1de (Caeting 	Thi0 7..TAFAY.  be ascribed?  partly et any rate? 
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to the fact that :La measuxing the temperature differences in 

the transverse plane the thermocouples were placed only about 

apart whereas in measurements along the axis they were 

intervals. 

The curves Show that aft,: an initial period of 

about 15 seconds to about l* minutes, depending on the position 

14 the 	te temperature differences between the l'aeus 

positions increase from a relatively low value to a maximum of 

17° - 200  G., arid then decreas RE cooling proceeds. The time ... 

taken for the maximum difference to be attained Icrelatd to 

the position of the thermocouples within the aolidifying block, 

The temperature difference between positions c and d situated 

near the mould wall lnorease rapidly to 170C after k -  dnute 

from pourine, After 74 minutes it has only increased a further 

SuC to a total difference of 20°C. The temperature difference 

between the t as central position a and b, incrase in. two • 

stages, After increasing gradually to 100Cp 4* minutes after 

pouring it then remains constant until about 6* minutes, att 

which ilme it rises rapidly to a m.lacAmum of 16°C at 74 minutes, 

Curve 2 representing the temparatuie difference bet eon. the 

intermediate position h end e, rises gradually to a value of 

1CJCIa 24 minutes from pouringi, after which time it slowly 

Increases to a mvximm of 20C at ?kmimtes. Aa might be 

expected during solidifloatIon the temperature differences 

er 	t1 r)734re et the block 
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GestinfL T G2E  	, 

The curves of temperature differenc obtained 

during the solidiflation of casting TG2E are similar in 

most respects to the corresponding set obtained from 

ca ting TG2A, 

Although the beginning of curve 3 w not 

recorded the curves shows that after 2-2-1- minutes the temperature 

difference between position o and d (near the wall of the block) 

is 17°C afte which it slowly rise.e to 20°C at 	minutes nd 

then decreases after about 5 to 6 minutes 	there is a 

gradual decreaser  which is QOrion 't;Q,  OU three sets of curves 

and continuAs until room temperature is reached - 

In con3unction wi tw the tempereare-difference 

measurements made during the solidification of castings TG2A 

and TG2E direct temperature measurements were made at the, 

central positions. It was again found as in casting G1A that, 

the time taken to reacti the peritectic temperature coincided 

with the maximum temperature differences recorded after 7i-

minutee and 5 minutes respectiAely. 

Curves showing the actual temperature distribution 

existing during the solidification of casting TG2A and TG2E were 

prepared try eubtraoting (or adding) from the direct tempevature 

curve (obtained on a potentiometer) the temperature difference 

*slues recorded by the differential couples (These curves are 

not :reRvoduced)- It wao f,91)11j; that the e,ernre were cumulaZdve, 
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being reproduced in secceezive ealculations; in come eaese9  

leqpI.des temperatures were found to be as much ao 15-20°C 

below tbe true value e.SiU1ar cuevee repreeenting the 

thermal distribution alone the axle of the bloc were 

prepared, but they also were clearly unreliable;old are 

likewiee not inoluded. 

Although the numer:ioel aocuraoy of the teiskpexanre 

differenoe eurvee is easpeotc  the general TO7D Qi:f the curvea 

mUet be baeioally eorreot. They are therefore of some value 

and are discussed on page 160 in relation to the results of 

direct mea em exit 

(21_,Direot Yethod. 

In order to follow the progreee of solidification 

of the different types of caetingsv  it was found neceesary to 

lnterpr t the thermea data in terms of a "correoted" im 

earbon equilibrium diagreme The first step consieted in 

")tranelatine4  the measurements recorded by the apparatue, in 

terme of direct unite of temperature and time. 

A method eimilar to that adopted for the 

ealibration of the difference curves, wae employed for i;te 

o w Abration of the direct temperature messe Jeem en te . By paHaftD8 

various standard e.m.f.e through the recoeder, it was peseible 

to oelibrate directly the traces obtained in terms of eni.fso 

These were then oompared with calibration tables (for the type 

of thermocouple employed) to obtan the temperature in degreee 

Celeiueo For this eeriee of exp rimente it was, therefore, 
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only necessary to construct scales repres;nting deflection 

of the recorder needle in telais of e,mf„ in order to 

determine the tempemature, The eeme scale was employed for 

walibrating the length of the trace in terns of time ae that 

ueed for the temperature-difference method. 

The iron-carbon equilibrium diagram shown in 

Fig.76 has been °corrected" to allow for the manganese 

etc" present in the stee3, Certain principal invariant points 

were taken frov, th2 diagram given in Metals Xrindboo1(65); 

others are based gn the results of West( 16)  and. the present 

investigation. 

The liquidue boundaryp AE and AB produced, was 

constructed by mean of the rcsults of the present investigatioc 

end is in close agreement with the valuee reported by Weet,, 

Although there was some variotion in the manganese and silicon 

v,ontente of the different caatAngs (pee 93 ), namely between 

0, 24% - 0,49% and 0.08% - 0, 20% reepectIvely 9  the relevant 

ternary equilibrium diagrams indicate that within these limits 

these elements have relatively li'ttle effect on the meTt2ng 

point, Hencei  the lAquidus :7x1 tbe "corrected," equilibrium 

diagram o be used with reasonable accuracy to interpret the 

various 'sets of cooling curves obtained during the inveatiget 

ion„ 

The solidue 'boundary 1017)  is probably the moat 

doubtful curve in the diram, 	Ease of expe7.'10Teote, 

difficulty in deteaxsining the exact temperature at which 
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solidification Is completed. Nevertheless it is believed 

that the error is not likely to exceed a few degrees. 

Let us consider the manner of solidification of 

a representative oasting containing 0,24% carbon in the 

light of the equilibrium diagram (Fig 76), 

At the liquidus temperature of approximately 

1504°C solidification would begin by rystallization of 

/5-iron This would continue till the periteotic temperature 

(approximately 1480°C) was reached°  where the iron would be 

converted Into iron, some liquid remaining after the 

lompletion of the reaction. This liquid would solidii_j ae 

e'--iron while the temperature fell, until the solidus 14as 

crossed at about 1472°C, 

The cooling curves obtained during the solidifi-

cation of the different castings can be readily interpreted 

in accordance with the above deduction from the equilibrium 

diagram. After filling the mould, there was an initial rapid 

fall in temperature (See for example Fig,77) to the liquidus 

temperature, While the temperature indicated by the couple 

placed nearest the wall (Curve I) fell too rapidly past the 

liquidus to allow an arrest to be recorded, the temperature 

at the other positions remained constant for a time and then 

began to fall slowly as solidification proceeded across the 

casting. An increase in t1 rate of cooling occurred after 

the cumpletion of the peritectio reaction at about 1480°C 
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this temperature waa mOet olesx1;1/ indicated by the couple 

at the centre of the casting, The temperature of the olidus 

yannot be obtained from the ourves, so an 6arbitrary solidus* 

temperature has to be taken from the eqe,e.libritam diagram, 

This value eau be ueed to estimate the relative times of 

complete eolidification at different positions in the block, 

and to oompare one cast with another. 

Casting  Al. (1.T 

Cooling curves were obtained from thermocouplee 

situated at four positions across the top-fed vertical blook v  

approximately midway between the head gad the bottom. The 

couples were spaced at intervals of approximately 0.36°, one 

being 001V from the well and another in the centrel axis of 

the block. It maw be seen that within 45 secoade after pouring, 

the temperature of the metal across the block was at the 

liquid 	alue of 1504°C, except for the position nearest the 

wall, At thie position the metal had already solidified witb-. 

out any meaeureable arrest, The couple situated on the aria 

of the block recorded an undercooling effect of approximately 

1°  - 2°C. 

The pr rem of solidifieation can be followed by 

noting the times when the teinperatre at the vartoue poeltions 

began to fall below the horizontal arrest. Thermocouple 2, 

(0,53* from the wall) indicated that solidification eterted 

there after I minute 12 seoonds. At position 3 (0.88'/ from the 
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wall) solidifi.oationb gaa after 2 minutes 15 seconds, and 

at position 4 (1,25° from the wall) after 3 minutes 30 

semInds. The difference in the shape of the different cooling 

ourves as they leave the liquids arrest is, perhaps, related 

to the mode of crystallisation. Curves 3 and 4 Show a more 

gradual fell in temperature than curve 2 when leaving the 

arrest 

The '''zbitrary solidu ' -kor this oasting (1,24% 

©sib la) is given hz, 	(p. 118) •aa 1472°C from which 

The following times of complete Solidifloation across the 

block. may be derlv dg- 

This experiment was repeated three - 1-es and 

the results agreed very satisfactoxllye 

CP•tl-Pfa..A2Iaj;YIA°11,0 

A similar aet of cooling curve was obtained 

for a further four pozitions across the block, again 

pproximately midway between the head and the bottsm. The 

themocouples were placed at intemediate position to those 

in eating 	One being 0 	-from the side wall and the 

riddle two equidistant from the central axis, 1006° from 

either weal, 

As would be expected, the cooling curves had the 

t,5eme form as those obtained from casting Al, There were minor 
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If':fence s betweu.d. the 1720 sets of alriFee probably due 

to the difference In composition and superheat, so that en 

szact comparison of the actual times and temperatures cannot 

be made. 

It 71.;.zv be eeen that although the couple nearest 

the wall (Curve 1, Pig.78) does not show a horizontal arrest, 

the rate of cooling is considerably reduced at the liquidu 

temperature. The ehape of aurve 2 (0.67 from the wall) arte 

the liquidue arrest is slar to that of aurves 3 and 4 17a 

oanting AL The curves for the positione equiistant from 

the pantral axie are very similar, the readinge from both 

couplex4 indioating that the liquidus arrest wae completed at 

the same time; the rates of cooling are the same, and. are 

similar to curve 2. 

Taking au 'arbitrary ° solidus value of 1465°C, 

the times for complete solidification were: 

O3 from weal 	5 minutes 12 seconds 
6 	w 	30 	ce. 
7 	n 	6 

1.06° 0  other wall 7 	c 	6 	0 

qtAqIIIE -41 -11,c79)' 

A set of cooling curves was obtained for 

positions along the central axis, daring the ocaldificlaticm 

of a vertical top-fed block. The casting conditions were 

similar to those for casting Al and A20 One of the therm-

wuples was fttuated 0.37° from the bottom and another 0.20i" 

fro* the base of the head; the remaining couples (five) were 
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:,_ntelna1J-1 of OT 'Y along the axis, 

The progreea of eolidification along the b3ock 

,`span again k;9 deduced from the form of the cooling ourvEms  

although there aro some iTzegularities in this series, 

Within about 1 minute after pouring the metal had cooled 

rapidly to a liquidus temperature of 1006(1q. Although the 

0 uple nearesl. the botkcirio did not record eas temp 

reading until I minute 15 seoonds after pouring, il,  

probable that even if 11, had, no defAnite arrest would have 

been recorded, owing c the rapidity of solidification cloae 

to the wall, After 2i minu uses  the temperatul;e of couple,  g0  

1,11° from the botom, fell below the liquidus arrest 

temperature. The other curves, however, did not depart at 

more or leas regular time intervals from the horizontal arreat 

temperature as in the eerie described above. Instead, after 

al-rout 3 minutest, the temperature at all these positions fell 

slowlys  at approximately the same rate, until about 4 ro131u.'(,es 

after pouring when ttke curves brandhed apart. This indicates 

that the :eate of cooling was different at different positions, 

1,15atY tne piEttectic t-uperature of about 1400°C w reached. 

Taking Me °arbitraxy solidus° 	1472°G, it ma7 

be oaaa that final solidification took place progressively 

from the bottom towards the tops  the Ames bei gag as follu082 
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!ace from Head 

,S,670" 

Distance from Bottom Wall Time. 

3 mine. 12 0605. 0.370  

3,890  1011°  4 qv 54 39 

3.1Y 1.,87° 6 m 3 m 

2,40"' 2,60" 6 42 " 

10637' 30370  7 w  18 

0.88" 4,12° 8 k 
0 

0.20° 4.80" 6 w  48 

The anomalous fall in temperature in the early 

stage of curve 5 ie probably due to a Slag inclusion 

attaching itselff to the silica Sheath of the therm*couplev  

07 to the formation of a gavitj. 

C,VIti12&21 --(21gA9)- 

Cooling curves were obtained from a eriee of 

thermocouples situate,i. across hol-Aom-fe,  vertical block„ 

approximately halfway up the casting. Your couples were 

employed, spaced at intervals of 0036". One was 0.13" from 

the wall and another was on the verticel axis of the block. 

Althcmgh the thermocouples were placed 	imiler positions 

to those in casting Alt  the cooling curves obtained indicate 

certain important differences. The thermocouples situated at 

0,13° and 0.50" from the ide wall did not record a horizontal 

aweet temperature, whereas in casting Al, only the couple 

plaroed at Oakr froTo the edu,e felled itD Show en arreat, 

"ftrberi-Avrep in the bottow-fad oaetings the rate of cooling 



4 

TIME- MINUTES 

3 

49 

N TinNTE ,,T - 	0.27, 

Pi L;RiT47 TEMPERATURE- 1 -75 °-- 

ICWIDUS 	 15c1°C 

S 	 1-0--&°C 

SUPERHEAT - 	 74°C 

PC SIT IC N CF THERMC-CrJPLES 

042' FROM St DE WALL . 

w 
O 

i45 
w 

D 

x1440 

w 

w 
430 

:53C 

1 7 2C 

41  -4 
r 2" 

 

FIG.81 	C_C)r)L 	 S 	AT PCEI 7  k_NS • ON T RAN:7ERSF SECTION  

or BOTTOM FED VERT!' AL BOCK APPkG/..  2.4 ilk' 	:-.EA;;, 



for the 0050" position was faster they for the corre onding 

position in the top fed bl sk. 

Couple 3 .(086" fro the s; 3.) 7,t-Joned an 	reat 

1F„sting 2 minutess  and couple 4 	the centre of the block s  

after undercocling by 20  - 3 Cs  showed an evroet 1 .ting 3 

gamtes. These time a7-.; both shoxter than for the 

co-ya.esponding poodia 9 in casting Al. 

A auming en Ic'erbitrar,7 solidus" of 14660C, 

solidifivation was completed at thci 	t'ANT,Q5- 

0.1Y' from the Tall 	3 ximtes 36 8 sonde 
0, bon 	zo 	n 	n 	4 
0.86" 	m 	42 
1,23" 
	

Clt 
	

5 	J1 	57 

C mpared with the corTesponding timee of complete. 

solidification for casting Al s  the above e0_dence indicates 

a 	star rate of solidification 'or examples  solidification 

at the centre vas completed 1 .milaute e Tiler in the b ttum-fed 

We of block than -,7a the top-fed Vpe, 

A further sezies of cooling curves as obtained 

from couples across the bloCk approxAmstely laza-Away between 

the esd and the top faoe They were eitueted at intermediate 

positions to those An casting JU s  one heis 032" from the 

side wall and the middle two betng equidistant from the 

ventral axis. This 51rrewigement was similar to that employed 

for cs ting A2. 

e 	,.yea obtained wer beeline:11y eimilr 
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to thoee of casting TiVe 0ng to rapid solidification from 

the wallsf  no definite arrest wae recorded by the couple 

placed 0,32" from the wall, and as might be expected from 

the position of the coup:Lev  the form of the cooling curve 

was approximately intermediate between thoee of curves 1 and 2 

in easting Ely After undercooling about 20C the temperature 

of the couple situated 070 from the wall fell below the 

liquidue arrest 2i minmtee after pouring, The temperature 

of the couples situated equidistant from the central axle 

left the lig idue arrest almost simultaneouslyp ioe,, after 

04 and 3 minutes respectively In ell casesv  the rates of 

000ling were similar to those found in oasting El, 

Assuming en "arbitrary soliduen value of 1468°C, 

the times of complete solidification were: - 

0.32" from wall 	3 minutes 57 eeconds 
0070" 0 0 	5 0 27 0 
1,06" n 	 5 ° 54 
1.06° 	n  other wall . 5 	m 	57 	0 

Theee times indicate a t'a,ater rate of solidification than for 

the corresponding positions in the topefed casting. This is 

in agreement with the comparison made between the 

solidifieation times of castings Al and El, 

Castinii E3( (Fig,82) 

A similar eet of cooling curvet was obtained 

during the eoliditloation period, along the central axis of 

bottomp-fed iertioallyeeast block, One couple was placed 

0 3" from the top well 	6? from the head) and another 
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O52 0  from the feeder head; the remaining (five) oouples 

woJceplaed at 0 ” 75° intery al s al ong the axis 

All the couples Ith the exception of the one 

nearest the top well, recorded a liquldue arrest within 

minutes after pouringc. It may he seen that close to the top 

wall, solidification was so rapid that the arrest a not 

recorded 

After 2/ minutes the temperature of the couple 

placed 4,11° from the feeder head (0.69" from the top well). 

fell below the li qui dus arrest 2  followed later by the other 

couples along the axis. Solidification began in some of the 

lower positions before those higher up in the bloCk end for 

this reason the llquidue a7rest at the different positions 

was not completed in regular succession along the block 

towards the feeder head. However, if the "arbitrary solidus° 

welue is taken as 14680C„ it appears that the completion. at' 

solidification progressed continuously towards the feeder head 

from the end wall he times of complete solidifivation werel_. 

Distancefrom 	I tame from iiid Wail Time<,  

  

406'P' 
4,11° 
3.69° 
2.70° 
1,91° 
1,20° 
O52° 

0,530  
0,89° 
1063° 
2,30" 
3, 09"-  
3,,80" 
448° 

2 
4 
4 
5 
6 
7 
7 

min, 
0 
0  
" 
w  
0 
m 

39 
0 
48 
54 
33  

24 
3 

seue. 
° 
0 
0 
w 

n 

The results confirmin those of casting El in showing that 

e' totbE 6olidatio6tkorr"time' o/ the boUom-foe casting was 

1 minute 1e88 than that for the casting fed at the top 
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(aeating A3) 4age 124). 

etWROuw.-out''' Teete. 

Aelvaa otated earlier;  to 	Vertioel oastinge 

were uzed for the °I)onr,--eu1 	1h. 	re bled ei-; 

thr&e of one;  twoy three end four minute after pouring 

and dam the approximate extent of eolidifi*ation at theEgl 

timeao 

The oszting bled Cter OUB tmute (t8) 

o9neiste of a hell of meta1 approximaWcy 0040P' 1hiolf4 whioh 

Taz4 aolidified around the mould well in a coluMnar type of 

oryetallioation. E120; 5olidified eb.eil had x'etain d the eontoDr 

Qf the mould Vial oompleteL-  inoludin,  that of the bottom fatne, 

The interior annlfaeo of the oagting was relatively mooth. 

The oaMting bled J.ter to minutee (F1 g484) 

thawed that solidification h progreaged to a depth of 

pproximately 00 	Although the otruc.:ture waa mainly nolulanar 

there were mall ea6 of nuaear or fine 'equiaxial orystalo 

adhering to the Amter extumity of the eolumner oryatals. 

This gore the interior of the mating a rou8hened surface. 

1-.ae bottom of the block there woo a leyer of equiaxial-

oleax Qryetals;  eupextmppeed on a thin lajer of colamar 

orystala2  to a total depth of about ooe50. 

the oatoti bled after three miuuteo 	et)), 

enoT;3ed ht olumar oryetalIt!,lation had ceased after two 

Ainu14aP4 PhauXing to a nuelear or fine eviaxial a,.ryptallizatiw 
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The columnar aad fine equiaxial/nucleer crystals had a 

total thickness of about O°75'9, One indh of metal had 

solidifled at the bottom of the block 

The etiAmture of the casting bled after four 

minut4a /;Fig 86) indicates that a mans of pai.-- Ay solidified 

;R en towards the head, leaving several oevities 

ir •central portion of the block. There was no 

solidification front such. 83 was found in the previous 

castings, From this structu:re it would appear that th.. mixed 

equiaxial/nuclear crystallization. ht,d progressed, though by 

no means to completion, throughout 	whole central portion 

from numerous independent nuclei. Li the .:book had been left 

to solidify under normal conditions, this oryTtallites would 

h. ,fie multiplied and developed until the w:lole mass was solid 

reSulting in the structure shown_ in castinE WOX6A. (F1ge.52957), 

The 'epourk-out" results, however 	not giVe a 

true picture of the progress of solidification -lecause of 

the presence within the cry to .liter of entrapped liquid 

which solidified after the oar Ling had been bled. 

The results are coneidered in relation to :hose 

of the corresponding temperature determinations in the pL,J, 

section. of the thesis. 



Fig, azc, Bled after 1 Min, 

Pig 84, Bled &'ter 2 minec, 
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DISCUSSION. 

1- Inttion. 

It was shown in section one of the thesie that the 

medheniem of solidification of metals and alloys has - been 

the sublee. of way investi -tione, and althuu6h certain' 

bas141 principles have been firmly established, end the main 

ontrolling faoto:cs determftiled, there remain rany as.ipeots 

of the subject requiring more detailed study 

In outline, the solidifiion of any metal or 

Lu 	be reared ae a -t 	Amacese in wbion there 

is an initial nuaeetion of a sold phase frre a liquid, 

followed by a period o growth And development leading t 

the elimination of the liquid phan. e. 

The i'otoe wh.lah 	he mode o: oi1d1ot.o. 

may be braadly divtled into tvo mato. gro7;Apeg- (a, Ce.rteiJci 

inherent ar.,5 	p7operties of the metaloralloY, 

ecg, oxystallization hit, freezing point or freezing 

range (in the °ass of alloys the phaee relattonehtp 1)etwea 

the liquid and solid a-s elel'ined by the :e1 wit pna5e eclweif0 5  

spw4iflo heat thermal cau0.2otivityp lal;eat hr,i:ut of .177e4ink,„ 

and enxfmkage. 	(b) Certain ex-  new faotore eu oh  a7a 

v ga.771 i3:1; cw. z n the thermal ,3nditionii p 41"e4 OA *9444" mold 

materielap mould design, easting temperature id to 'F-1 tartain 

extent by the influenos of nuaeating agents apd 

The remits of previous inveetigEltAons r,,f the 
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aolidifivation of eteal caetinge have clearly ehoii that 

the thermal conditions, have important effects on 

otruwture and the rate of eolidifiaation but the paxIjimular 

effevte of the individual thermal factors has not alwaye been 

fully deecribed end dietinguiehed In eome we the fa©tora 

intluenaing the thermal conditione and hence the eolidifioation 

proceee mAy act in oppoeitio7a, Por examp1e9  ae a general rule 

an increaee in the uaeting temperature (degree of euperbeatin 

flwoure lnoreaeed columnar development and an increae in the 

time of eolidification. However other factore which them- 

1eo influenc;e the thermal conditione may act in oppoeition 

to the normal effect of (meting tewperature. Thue a eared 

.k;eetiag with a large feeder head, poured at a relatively low 

oasting temperature c:incasting fl ig091),between pages 139-140 

may eho'n the oame type of otruioture 	one with. a mailer head 

but poured. at a higher caeting temperature° (vfakiting SUA29  

Pi ,63 , between page 108-109 The method of feeding le 

another factor which affects the mode of eolidifigation. A 

bottomfed ©eating, for example, ha e a different oryetal 

etruottlre Tito a top-fed e:,eting poured with the enure degree 

of superheating. 

Clorrect differentiation between the verioue 

fawtore ie ther fore eential in etudying the -oleolintom of 

solidifioation. The eigalfiQmoe sad importanoe of these 

favtora te eoneidered in detail below in the light of the 

reeulte of the preeent inveatigation 
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	 aud  	gisijksEtuze. 
The resulte of previous investigations( 42 16 „ 64) 

hwe shown that athough the superheat of molten metal Et 

TE9j, day .1,(ThJt .tvb.en the metal is poured into a mouldi: it 

newertTrieleea has a T,Yrofound effect on the nucleation and 

rate of, soli. difioattor. of the meta,7,„ Faid henoe on the final 

st.T:ucture, : 	e present investigation it hats baeo 

abown that by sy 	",(13 51:ELT incre alw: the oasting 

atrkee of kirtxlatrt-0.:,, ,w. 	iin 00 0 7aess i 	b t 	e d 

(18G 62 	np fatAing pc109), ratigiry1/45 f'."rom a fine nnolenx 

etractore with zem mperbeet, to equiawiel dendritio wqrutNio 

and pronounced molumnall growth for higher casting 

tempegiatus 

A coneideration of Tammann' e orig),nal laws of 

xmaeation would suggest thf.it the ftge nuclear utructurey, 

produaed by a low casting temperature :  waf:: the result of 

undercooling of the liqUid metal prior tc nuoleation. 

Su be ego ent work,-  F, how evi e has ehown that r el at iv ely large 

masses of metal do not wadercool to af;,,y mfarked extent. The 

greatest degree of under000lg zeported in the literature 

Zor amatiS of ateel of about the eize of the present caettrig 

is ViOi for smaller experimental- melts undercooling of th.c;) 

order of 5°  3.30C hae been reported for ateel f, depending r:,m. 

the degree of superNeat. Ae a generaT rule t  the greate:e 

superheat the greater the degree of under000lirg„ in th 
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present inveatigatied the maNimum urder000iing observed 

was of the ordite OT 3°C for a superheat of 75°0 (,g80) 

Xt appears, therefore, th the crystal struotures of 

o,:astinge oannot be adequately explained in terms of ander-

oosling phonomen only; in fact the experimental evidence 

suggosts that if uudercooling i- an important fegtor, i' 

affect to the opposite of That one 7ould deduce from Tammann's 

law, 1u the greater the degree of under000ling the coarser 

ie the struoture obtained 

haciel formed)e 

One auggasted 

solidifioation is started 
a 

pre-elzisting nuelei„ each  

tte smaller the number TY:7 

explanatiov of the way :L whiob 

is that nuoleation is initiated b 

ae sand and oxide particles 

suspended in the 11 uid, Thrmodynamic considerations have 

state after molting aud may initiate auaation on cooling 

(eee page 25) 	tems of-this theory, it is possible t 

account for some features of the straGtures of gastings,  For 

example, the lower the superheat the more aumarms are the 

%are-exlietine nuniet Thus, should a (.61.sting be raaa,  from 

metal which has been melted and poured without being sup,r-

heated, a large aumber of naoki.,1 will be roteJned and 

onsequently a very fine type of nuciear stxuctur.a will 

result of. dtin U1 Pig,62, facing wage 109), if 

however, the melt. is superheated, the areas of c'lons range 
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erderw ,_11 be gradually eliminat 	the sand or 

oxide particles 	persed or taken into solution, During 

subsequent coolivg and solidification in the mould the 

br, 
reletiely amala number of pre-existing nuclei will result 

in a reasAavely coaxe strucAure. The results of -the present 

inswestiga*ion (Pigs >62-6) suppvrt this theory, Thus, ae the 

supexheat is raised and the number of nuclei diminished, 

there le a tranoitivo from a lane und17,veloped DU 01 ear 

e tTu* tu xn to a w ell-d ev el ep ad dendriti c form typifi ed by 

•cetjn ;3aA6, 7ig, M Possibly?  however if the metat were 

superbeate to a auffirleotly high teppersture so that all 

the "'pre-existing" nuclei ware daatroyed, and pore pronouneed 

under000linE welt be caused, aid a fine struuture might 

rt:sk4,, 

The formation of columnar crystals and increase 

in their length, as a result of an increase in superheat, I 

not oonsidered to be due to the remoal of audlei. etc ;  bUt 

to a ehenge in the nature of the thezmal conditions existing 

between the solidifying metal and the mould Tbis lo discussed 

later on page 

, Gonve, tion currents and Mould Arrangement  

Interest in the possible influence of convection 

(.urrents was first -aroused by GrwA*4), who found that wid 

different crystal strzi •tures were obtained upon varying the 

pooition of the feeder head and the arrangement of the bloc 



This, he oonsftdered to he due to the effect of, or abeence 

of9.csnaveotion ourrente in the liquid meta&.,, Po T example, in 

a horA4ontal block where feeding was from one end, convection 

rents were considered to be almoet absent, owing to the 

small vertioa 

 

tc,  In a vertical block which was top fed ‘6,] 

  

and. bottOm run the currents mid b more pronounced since 

het - steel. which was in the bottom of - the mould when casting 

wae cnompleted, would rie to the top when the turbulence had 

eeased Gonve<=tion currents ware considered to be strongest 

in a casting which yea bottom poured and bottom fed. hot 

metal from the bottom of the casting and the head would 

Pontinue to re to the top until freezing Imo aXmoat 

completed° It as sweet,d that this action would delay 

solldirtation and result in a coarse cwnfUeed deadritic 

1) As lom6.,  stated on page 33p Schaumm 6 found, by 

direct taapemture measuremen,te, that if grey Pa St ArOKI ae 

sufficAently superhe.ted, a vertical r';asting could be inveKte 

three times. after the metal had been poured„ each inversion 

being followed by a. movement of hot metal from the botto of 

the caSting to ei-de the top, The movemeat of the hot metal 

ceased when the liquidue temperature was reached° Sohammn 

Qonsidered that -the temperature changes folioNing the inversio 

of the casting were due to -the arntion of convection currents, 

Although it bola been auggeeted that the temperature reversals 

mi_h% be the result of turbulence, the similarity between tie 



foxm of. the temperisItare WYTI following the in-Wereion —t 

the oaoting and thai, o7Aained mm dlate1y ter pouzingv  

eeem to indioate that the temperature obaugee are due to 

the mame effeot 	u rnte. 

Altho 
	

Sdheamn,  work indio4tee that comeo 

onrrentg do aTioe 	. -vortioal gaattuvap there to doubt.ev to 

their aotaal influence on the prooeoe of 4olidifigationQ 

Hawevery ma exemination. of the atruotures 	the' eexiee of 
• 

oaotinga deaoribed 	et o11 „Two 3'.1.goo 29520pliwIZ9 auggeete. 

that the promotion of o nvegtion oux:_ento by different mould 

orrengementa resated In a waxiced ohay.40 of oryetallif4ation, 

casting Al Pig02, which lime deeigned.to reduoe oomeotton 

oarrente to a minimum by plaoin the fedmo head yer.tial7 

over the Mott 2  a fine nuelear etruoture s r obtelned9  wher 

An oda:et:La 	1;:.k.g,159  in which oenvegtion gurrento veTe 

increased to-o ma:1mm by plaoing the hot 6032ZPO of meter 

vTottoally below the blodk .a goaree dend.xitia etructure 

r eau k.. edb C .t tin S q  Cl. end M c) 	aad 119  which we  :14,0 

e.rrangad t intermediate 'oeitionce i, and therefore erabjeoted 

to iiacreasing comweotive eff of 3g  had trenvitional etruotmreg 

ly4weenhe nuoleatform of 
.Aland the dendritio form of Fa. 

'Aa all other oonditione5. va6h ae ceetmg tewerature and 

c5o positionv  we the ems;  it vight o.;eam reaponable to 

conolnd therefore the, the  feet of con ection.gurrente ae 

to reduce the nuoleation rates, Vine providing time for the 

ervAtallites to develop deadxitically before 10,thitg 	Y 4,ratned 
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by the prior" of neip'bouring crystals. 

it muerL be borne in mind, however, that the 

position of the feeder head will have an effect on the 

number of °free crystallites eettling through the blank: 

towards the bottom° 7f the head 	at the top and ie 

ele:lively small so that it begins to freeze over before 

sclidifioation le far advanced inthe block, free crystallites 

may beeroec:ted to sink from the head into the block, adding 

to axoy that may develop in the block itself; new aryetallites 

will tend to interfere with dendriti growth, iDolumnar or 

(agate:dal, in, the block and therefore favour the f Traction 

or a nuClear structurev On the other hand, where the head ia 

at the bottom, the only free crystallites available to affect 

the structure will be those-formed in the blook and many of 

them will be able to settle out of the block into the feeder 

et the bottomQ 

The intermediate aastings 	Cl end Dl) ehamed 

a progrewaive transition from the nuclear struotwre of Al to 

the dendritio structure of EL, Thie mi _t be aeoribed to the 

effect of increasing corimention currents, though it is 

diffloult to see how Efaoh currents could produce these effeQta, 

It eeeme more reasonable to suppose that the progreskqe 

lowering of the feeder heef4 and changing inolination of the 

block,- resulted in a progressive transition from a condition 

faRouring the feeding of crystallites from the head into the 

bloc k to one favouring the escape of crystallites from the 
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be expected to have an effect similar to that of a higher 

iasting temperature, partly beoause a greater store of heat 

would be available for conduction into the block, and partly 

beause as the block cooled and contracted, hot metal would 

be drawn by it from the large reserfoir of molten metal in 

the head Moreover, as the head would remain molten till a 

late tage in the solidification of the block, it would nut 

feed solid crystallitea into the biock even in the aee 

the top-fed vertiGal casting, For these reasons one would 

expect the second aeries of castings to have coarser 

otruturea than the rirat series, with longer columnar 

crystals growin from the walls, and equlaxiel rather than 

nulear crystals in the interior, Comparison of the two 

eeriee of k(astings shows that the variations in their 

strutures are in general in accordance with the above 

reasoning Caoting E2 is the outstanding exceptions, but as 

was stated earlier its structure is so anomalous that it 

seems nev.eseary to reject it 
4, Size Effect_ • 

The structure of the aeries of small blocks ast 

i.e the laboratory, were basi,Jally in egriknt with those of 

the two larger commercial series (These structures ark? 

described in detail on Pages 97-104, Pig b2-61L The smell 

vertial top-fed block A (Fig,52) consisted of a columnar 

Snell surrounding a contral area of nuclear and squiaAlsI 

crystals - a struoture that is -Intermediate between those of 
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castings A), 	and A2 (F1g.19), It appears, therefore, 

that in the small casting A, the heat content of the head 

relatl,ve to that of the block wee greater then in the large 

casting Al but less than in casting A2. 

The vertic51 bottom fed block (Ylg 56 consisted 

vompletely of columnar dendrites which have developed at 

right eagle to the mould wall- This type of structure, with 

the absence of equiaxiaa orystals, hae the appearance of a 

typioal chilloast structure, and indeed temperature 

measurements (eee tabulated data on pages 124 and 127) 

indicate that bot,tom-fed castings solidify more rapidly 

than similar top-fed castings, However, the difference 

between the small bottom-fed block (WX30 Fig.56) and the 

large block of similar type (.il. Fig.]5) is not difficult to 

enderetend If the width of casting WX3 was progressively 

inereased from 2-i° x 3° towards that of the large casting 

(4 x 6°, one would not 6,24-peat the length of the columnar 

crystals to inrrease indefinitely so ac.aIways to meet e,t 

the centre line, When the block width exceeded a certain 

eguiaziak crystals would begin to appear in the 

interior,  As the length of the columnar crystals in th,, 

large block ( 	is li° 	, and the casting temperature 

was about the same as for the small casting , it would seem 

that the °itioel°maximum width for the production of a 

wholly columnar straoture in this type of casting would be 

not much more than aitt'l 
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An investigation of the effeat al7 variation in 
the size and theme' contant of the feeder head itn  the 
solidification of vertically cast top-fed bloke was made 
by Reynoide( 66)o  Two series of castings were made. Al_ 
the castings were poured under identioal conditions, but 

the dimensions of the heads were varied both vertically and 

laterally from block to block The dimensions of these two 

aeries of experimental blocks were the name.  as those of the 
oastings in the present work, viz" 12° x 6 x 4 and by' 

x 2fr 	The aing temper;ture was also the lame, so a usefuJ, 

comparlsca of the structures may be made The struotures are 

shown in Fie 87 and 88, together with particulars of the 

approxtmatAv weights of the heads and blodcs, 
Reynold 's results show that althougn the casting 

temperature and position of the h 	remefined unchanged, the 
size of the head had a marked effect on the r_xystaiIization, 

pactic;uJa:i-.y in the smaller seriee 

An inorease in the -vertical height of the head 
c'aused a change of struature in the block from a maJnly 
nuclear forms  with a thin aolumnar shell (as shown by 	 tinae 
X1 and Ylc Pig 67) to au equlaxial dendritio structure 

enclosed by a thick columnar shell (represanted by castings 

X and Y3 This transition la similar to that caused 'by au 

increase it casting temperature, p..1:51, 
The effect of an im;rease in the diameter of the 

head on the crystal stucture however la less pronounced° 
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as explatued below is probably due to the greater 

cooling area (euxfae area) per unit volume obtained by 

Licir.reasing 

 

the diameter o the head 	Qaatings X1 end Yl, 

aDd also X,3 Y3 and Zt3), 

1,--tamnation of the larger series of castings 

(fi 80 shows the, the orystallization in the block was 

prav'tically aaaffected by an increase in the size of the 

heads  either vertically or laterally- The str=ture coma tc 

basially„ of a oolumnar shell containing a central area of 

nuclear and equiazial crystals, with the equiaxial 

ocupying the lower portion of the blocic. rile extent of the 

upper nuclear zone varied slightly with the size of the bead 

It is reported by Rue )  that ahvorinov(20), 

Janxo(67)  and Caine(60  hawe oonaidered the ratio of the 

surface area to the -volume of a casting to be significant in 

e.4 easing the solidification eharacteristics. The ratio le 

known ae the '9coin faotoro 1:f the ''cooling factor is 

large (1.eo large oling eurfacoc) then cooling is 

oorreeponding)q rapid; whereas, if it Ic small cooling and 

,E0lidifioation are slower On this basis it Ic possible to 

deducae the probable inflmenoe *I' the size of the head on the 

orystal structures of Reynolds' castings 

Consider the castings to be divided into two ptIxte: 

the feeder head and the block. If the 000ling faotorw  is 

determined for the two Eazes of block, It is found. that the 

amen block corresponds to a Value of 	whereas the 



large b1o5k has a 	f0, , Consequently the larger 

block, by virtue of its dimensions- v  Should take longer to 

eolidify than the smaller, This would be expetted to result 

in to rear, dLtcerystallisation However, by fitting 

heade of different dtWansione to the blocks, the 

eolidification rates have been toryeepondingly altered0. 

nase of the em.eilller aeries of eastings, tbe,cetOoling 

factor varies from 1.86 to 1c04, and in the largor aeries 

from 0,,9.6 to ;0i54 These variations possibly refloet the 

dAfferentesin structure obtained throughout the two series 

of oastings For example in. the ease of tasting Xl v  with 

a "tooling factor" of 1,32, a finer structure is obtained 

then in oasting X29  where the "tooling factor" 	leas (1.09) 

Sipliarly, the structure of tasting X2 ie finer thau that 

of casting Y3 whidh he a "cooli,, faotor" of 1.0L SiO 

the "tooling faotoW of the larger earieo of castJnge are 

leas 

 

then for the smaller series.a oaraer 	structure 

1,o to be expected. Thi*3 is probably oorreot, but without 

photogTaphe of the 7r:astrmetures it le difficult to verify 

tbie observeaonc A eomparieon between the "000ling factors°  

of the le end emea3 seriam aIso indicateek that below a 

certain vanes  approximately 1, a decrease in tlip rate of 

cooling hes may a limited effeqt in the 	atent crystal 

stractureo 
(St is interesting to observe that if the "cooliylg 

feotor" Ic determined f r casting Z1, the value ohtained 



1n86) is larger than that for the block alone 

(ite 1067), The effect of the head, therefore, hae been 

to increase the rate of cooling of the casting possibly 

accounting for the apparently anomalous c,ry tal structur0 

17t is also of intere t to compare the structures 

of the r t nge made in the course of the present inweetigatios 

with those made by Reynolds. Certain unexpected difficulties 

ean be observed for example the stru tares of castings Al 

(Tlig2) and A2 (Figa9) are different from those of Reynolde,  

corresponding block of siMilar dimensions (Pig88 casting v1 

Although the size of the head, (50 ibe) of the nuieer vasting 

Al was simil r to that of casting Vi (a lbe) (Fig.,88) s  the 

structure With very differant# Similarly, althon rthe size.  

of the head (122 ibe) of the completely dendritic oasting A2 

approimates to that of costing V2 (138 lbe) (Fig.88)p Vote 

structure of the latter is definit ly finer and contains a 

relatively large region of undeveloped nuoloar ore ales  

However, on. the basis of apparently all experimental 

differences, it ie possible to give satisfactory explanations 

of these anomalies. The heads of coatings A2 and V2 are 

similor in size, bUt 1 lb, of exothemto compound WEIR added 

to the head of casting A2, immediately after pouring It ie 

posSible that the effect of the ezothermic addition hae been 

to eliminate, or greatly reduce, the feeding of "ry tallites" 

from the head into the blonk, thus allowing the prystals in 

t;he Vlook to develop dndritinally. Although this addition 

47 
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probably delayed the solidification of the head it need 

not necessarily have delayed the solidification of the 

block appreciably, 

in the case of castings Al (F1g,2) and V. (Fig,88) 

although the hiaad0 were of similar size they were run in a 

different manner, In the.top-run casting Al, the metal 

entering the mould was probably chilled to smith an extent 

as to promote spontaneous nucleation It 18 possible also 

that as the head 000ied solid crystallites were fed from the 

head into the block, in the bottom Led casting however, such 

aa Vi the metal initially entering the mould was likewise 

chilled but this was displaced into the head by fresh hot 

motel entering the mould at a later stage, This effect has 

probably prevented spontaneous nucleation within the block 

during the early stages of sdlidification, thus permitting 

the crystals to develop dendritically, Later however, 

"arystellitee which have settled from the hoed hare 

probably hindered the dendritic growth with the result that 

a mixed equiaxial/nuclear crystallization le obtained. 

Gray(76)  has found that the structure of a large 

top fed cylAndrical casting (measuring approximately 42 

x 6 diam,) was largely =clear if the head 'HOB severely 

chilled by the insertion of heavy steel chills, it ia 

considered that the mode of solidification was similar to 

that described for casting Al, that is to sy, it iwysived 

the settling of solid crystallites from the head into the 
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cZhe structare of a simlIsT block' cakit from the 

same melt under exactly the same condiiions of temperature 

but without vhilling of the head conoisted of the normal 

mixed col4amnar equiaxial and nuclear structureo 

From the ab v dionseion 1 maw be concluded 

that although the wIze of a casting hae an important 

influence on the rate of so1idificatimf and hence the 

resultant form of orystallization, this le also largely 

affected by such as:pots as the method of rumingp feeding 

and the mtio of the surface area to the volme of the 

casting, 



5. THE  MECHANISM OF SMIDInCATION. 

(a) gTh orles of  golAdification 

It is of intereat to consider in detail the 

mechanism of solidification of nand eastirigs and to attempt 

to develop a gmeral theory in texmc of =31-linh the effects 

of indlvidna factors previously diecus,sed may be eaplailled, 

In • the following discussion Aome of the main theories 

suggested by previous workers axe considered in the light 

of the 1-mesent results, 

Reggie(32) has su6gasted 	solidification 

t3,327.vs in the following manner; - 

Immediately after pouring the meta in contact 
with the mould walls is cooled rapidly to a temperature 
below the liquidus with the result that repid columnar 
rystallization occUrs under conditions of steep temperature 
gr,e,it« In meny alloy systems particularly those with. a 
vide freezing range,,  a concentration gradient may sexi4t in 
the ,,.acting under these conditions As solidification 
proceeds and the mould tends to become saturated. with heat 
the rate of heat extraction decree. es, Consequently the band 
of freezing (i-13„the interval between the liquidue and 
solidus isothermals)2  becomes wider as the teaperature 
ga7adiente become isha lowers  until a state of dynamic heat 
bala,Aoe is set up .thereafter the width of the band remains 
constant. In the atete of dynemio heat balance the amount 
oat Ilveat evolved by aryfnallization is equal to that removed. 
at the inner surface by the mould; instead of a gradual fall 
in temper Lure from the liquid centre of the carting to the 
solidus isotherma) (or the mould wall), thre is a band of 
freezing which proceeds towards the centre, while the 
temperature of the remainder of the liquid remains et or 
pat below the liquidue temperature 

Bleggie ,Doncariviee -that equiazital (aryetallization 

al m !Roe, 3..if“ely to 0 OaLlr '4;4/%1 the
y 

 bend of freeelsag la wide 

end the tempera-tar grace arse aeal c, or whe) the etetz',) 
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dynamic heat Talaxe is attainecL He considers that in 

quiaxisa, crystallisation it is essential for "free" 

crystallites to.form outside the range of influence of 

e4tfteting columnar dendrites but he does not suggest a 

satistactory mechanism by which this can occur Ao r• 1'4 zda 

the effect of the dynamic heat bainrce ae indicated by an 

isothermal lividus arrest, it iTiv be pointed out that it 

was found in the print investigation that in spite of the 

attaioment of this condition, a structure consisting of 

columnar crystalx:i xtendlrig right across the block from the 

mould walla to the centre of the casting might be produced 

(ef,, for ezemple Fige,56, 60 end 81). The abs4ace of a 

tral awie of equ1axial crystals from this structure is 

prkAaDly due, to gravity settlement of the free crystallites 

into the =„owe lz pert of the casting permitting unrestricted 

columnar wall growth, This is an iDportent factor that Heggle 

oerDtooked, 

Matuempha *I attempted correlation of the 

thermat moditiona and macrostructares of a series of fotee-1 

ingots, and suggewted that the precia moment at wailth 

6termai uquAlibrum is establishod determinno thrT tranolU31, 

Crom the columnar to the equieAlal form of crystalIlatioxi, 

Ae did oot attempt to explain how this tranultion occure 

AjLthougll Matnsohka"s observations are in general 

agreement with the results of the present investigation of 

thermal conditions desorlbed on Pagee 119-1279  it is 

vonsidered that owing to the inflpenr9e of other faciiors, 
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Lf=P 

,t6 

suoh ae the sett.4.3x,g abwra4terisUce o .xdepect mat 

crystallites, aa "zact o,orrelat5,on with the macrostructure 

cannot be mad, 

ortheott' 	discussed the relationship between 

temperatu e and compoelltion grad: ents° His suggested 

explanation of the formation and growth o independent 

4ucael ahead of the columnar mould—wan cryatallization 

ia aummarig3ed beiow 

Using the results of the oathematiQa1 determ 

bons of lightfoo (120  and Vac evideuce supplied by 

Matuadhka(31) 	2 w constructed, shawing the 

temperature diatribution in a. aolidifying casting. 

Idquidus 

Di.qtan,oe from M.ruld Wall 

Pig, sc f 	 a1. 	Ditribution in Solid and 1,114 
31-,e1 .4x 	9arly) tc 	(late) 
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The carves indicate that the gradiente decrease with time, 

8,na throughout the centraj. portion ot the casting, there is 

no appreciable gradient for the greater part of the 

clid ifi ati on time. 

GenerFaly l.a ::a.stings the cooling rate 'is too 

rapid to allow for the attainment of equilibrium by 

diffusion of the alloying elements and impurities,: From a 

con.sideration of theequilibriam diagrem of a typical solid 

solution alloy. Northcott snowed how concentration gradleats 

could arise under nc.n-equilibrium conditions,. Thus the 

liquid in contao-t with the solidification front would be 

highly eegregated„ while otAy a short distance HIV ay it will 

possess the original compositionH. As the Llguidu8 temperature 

16 determined by the composition of the liquid:„ it would vary, 

at any given time during solidification, with the distance 

from the mould wall; according to Northcott this variation 

c.an be represented diagramati.cally by a curve such as that 

ehowi in 1ig-90,pAbiif this curve is superimposed on the 

approAimate temperature - distribution curve ()l6. 89) „ the 

two curves may, in certain circumstances, intersect at two 

places. This means that conditions would then be favourable 

for solidification at two positions simultaneously within 

the casting. 

.Noit.hcott considered typi.e.al  sets of cconditions 

as illastrati.ons 	the di, 1: or ent, modes of solidification. 
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•b)) lqomaleast,71,Tepperaturec, phillMoull; Under these 

conditions the temperature gradients are initially steep 

bat flatten az sol'Aification proaeeds, Thing the early 

stages, when the temperature gradient i eteep the 

temperat re distribution curves out the "variable liquidus 

cl..,.urve° at one plaoe only, with the resulting formation of 

wlwanar ozystals as described above Rowevei% at a later 

stage the temperature gradient decreases and there is an 

instant when the ourve orosses or meets the °variable llquidus 

ourve° 

 

at two .positione simultaneously?  This results in 

Glidification at two plaoes)  0A0 o which is Independent of 

the so]idifivation front whioh hae devtloped from the mould 

wallL. The pre,4wae of the °free crystals will restriot the 

oolumuar growth and under normal oircumstanoes equiaxial 

crystals will develop in the remaining liquid. 

SandCastialti9,2 Northcott considers that in the 

CT, olidifioation of sand castings the tenperature gradient 

remain fairly sh.allow throughout the solidification prooess w  

and the temperatare-distribution curve persistently mate the 

°11equidue ffurve at two places simultaneously, This would 

correspond, according to, Reggie sad Matueohiga t the rapid 

attainment of thermal equilibrium eonditionsp with the result 

that independent nuclei would soon form and grow in the manner 

outlined in the preceding paragraph, According to Northoott 

the solidiftation of the central mass of liquid is 

associated with the establishment of a series of concentration 
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gradients,, During this tikle the casting is in a "mushze 

state, due to the formation and development of equlaxial 

crystals in thle in 	area, 

It ie important to note, however that more  

re sent tempara-nre measurements in solidifying castings 

made y Bishop s, Brandt and Pe:11in/(6364) f  and also in the 

presezl inveoti ation, have indioated that the central mass 

of liquid cools relmtively rapid14 tothe ,iv dusty 

temperature;  thereafter the temperature gradient in this 

liquid 16 negligible° In the light of these results it is 

necessary to modify the theory propose, by Northeott since 

hie temperature curves show the temperature o the °antral 

mas of Xi .id to be appreciably 6bove the liquidus. The 

neoessary modifieatiorm however m&e no essential difference 

to the theonr. 

Although ishop Brandt,  and Pellini 63964)  have 

rot considered the coluatnar equiaxia transition in their 

investigationer  the remits of their tmperatmr0-..me urement 

v4pariments cm send and chill castings indicate two different 

modes of solidifioation which are presumably associated with 

the different modes of crystalijmation. They consider 

solidifioation to be basically a problem of heat transfer 

and have studied the methods by which the total heat oDntent 

of the liquid met  el is extracted b. different mould materials, 

In the ease a solidification from a Chill mould v  

there 	a high rate Of heat extraotion and eteep temperature 
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gradients were a t,_ed thr oughout the solidifying ni et al 

Under these conditions a narrow band of freezing travelled 

from the eurfacpe of the casting to the centre<, (The narrow 

freeoir.kg band is a direct result of the close proximity of 

the liquidus .and solidus leothermae) c, With this type of 

solidification9  it, was considered probable that the rate of 

extraction of the superheat wa.s insufficient to satisfy the 

chilling effect of the chill mould,) Consequently a considerable 

amount of latent heat 'wee ecoerec from the metal in contact 

with the mOuld wall, 'Under these conditions The state of 

dynamic balance was not attalned„ 

Honive.“:?r,, in the case of eoiidifioation from a and. 

'ea), „, the rate of heat extraction was much lower. Consequently 

the temperature gradients induced in the solidifying metal 

were much ehalov,i,er and the final solidification time gr6ater:, 

Under these conditions it was found that although solidifi-

cation proceeded progressively across the block from the wall 

towards the centre,)  crystallization began at the centre of 

the casting befor4;-3 solidification had been completed at the 

mould wall, be rate of heat extraction by the could was so 

small that the mould/metal interface temperature was inairt 

tairaed above the solidue temperature by the eq 011,3 tion of 

latent heat from the interior of the caztirig. 

Texiaperature determinations obtained during the 

solidification of representative sandap-ad chill castings 

illustrate these various feal.Wirei.)„ 
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(b) Conelderation of the Raaulta t the Tzmpcture  

Meauurem,,nts oltained durirjs t5mad Eplasttaa  

in r-Plation to he Solidification Process, 

By consilering the temperature distribution in 

solidifying castirs, as determined by direct measurements 

in the present inqestigations, it is possible to picture the 

aide of saidifi,ation and crystallisation of 

stuns)  and -t see how this accords with the -%iews suggested 

iiy fleggie, NorlAcott and Bishop, Brandt & Pellin1 . 

Let us consider the vertical top-fed and bottom-fed 

the thermal investigation of which hes been described 

la pages 109 - 129 

To1,-fed Block° 0(Jr1.1,ing (r:trwes for vax"Loms positions 



across this type of block were shown in Figs 77 and 78 

Vtow these curves the upper series of diagrams in Figs. 

92 and 93 h vs been dawn. They repreeent the tamperature 

gzadiAat awierting in the solidifying castings at different 

time after pouring .2nt3,1 the completion of solidificatIon, 

The middle series of diagraos (Vl1g92) and the 

:lower ones to. Ing.93 show he percentage of soild existing 
at any given distwace from the side walls at different 

time's atter pouring Mere values were 4,a1golated from the 

equilibrium diagram (i 7) and the teptratu.re gradients 

Th,n,  bottom lire as in 	represent the 

results of the '''pourE-out" exper 	it And Show the approxtmats 

extent of solidification after on,• 	three and four 

minutes, 

These diagrams., interpreted in conjunction with 

the appropriate tooling curves, muget the manner in which 

the colidifiation of casting proQesded, 

The absence of airpidUs arrest in the tooling 

curwie recorded by the couple placed close to the mould wall 

Oftg.77, p120 - (lArTe 1) indicates that the metal in 

contwt with the mould well solidified rapidly after pouring, 

Moreower, the temperature fell to the liquidule value through-

out the casting in Aess than e minute after poloring, 

Cnvf&deration of the top and bottom diagrams in Fig92(A) 

shows that the columnar wall growth developed under conditions 

of ateep tenaperature radi 	within the hand of freeoing, 



viz, 140°C par inch After one minute (Fig 9 A) the 

columnar crystals extended about 0,5" tntc the liquid. The  

metal had completely solidified to a depth or 0,05" from 

the mould wall, whilst in the plaAe of the tipe of the 

dendrites the proportion of 'liquid approached 100% (as 

indicated by the miAdie diagram) 

These results thow that the apparently solid 

70.1 indi.ated by''pt:narout" teste„ actually consisted of 

Eaving peraentages of liquid and solid there being in fact 

only about 5S solid at the inner surface of the "solid" w&].. 

On up-eading the caeting, the liquid had remained entrapped 

betweeri the dendritio arms and Dranchea„ 

After two 	oling solidification had 

proceeded to a distance of CL,B" from the ould wall as 

indicated by the top and middle diagram in Vig,9278. The 

temperature gradient was lees steep during this period, 

though still sufficient to produce columnar crystals; the 

gradient shown in the diagram corresDonds to approximately 

66°Cf" Judging by the section of the hied casting 	-,84 

or 92B) it might be imagined that solidification had 

progressed to completion to a depth of 0,6", but in fact the 

completely solidified shell of metal. extended to only about 

0,g75" from the mould wall, and ac comparison of the middle 

and lower diagrams 0:laws, all the mAterial olier 5% solid was 

retained at the wele when the casting was up-ended, 

Ntring the third Minute solidifioation proceeded 



with the formation of small nuclear or equiaxial orystale 

in place of the colummw for41, under conAitlons of relatively 

shallow temerature gradients; the meaa value of the gradient 

between X rand Y1  Fftg(92C, top dlegram is 19°C/". At the end 

of this period, solidifiction had progressed to a depth of 

1,00", the completely solid ahell of mess 1 extending for e. 

distance of 0.125" from the mould wall Upon up-ending the 

all materisJi. more than 15% solid adhured to th 

solidit/ing 	The increased pft.,rcentage of so/id ill the 

met&L bled a 64-  was probabl due to the comparaUvely loose 

peoking of the nualeailequiaxiaI crystala The inner surtace 

of the bled casting (VigA35) s. had a rough appearance, 

indiaative of the to 	nualearieguiaxiaA type of 

or. thawa the thickness of the "solid" ehell varied 

consiOarably, posoibIty as the result of the me agent of 

all cryaitals towards the head during taa up-auaing process, 

After ;!'oar minutees  solidification was proceeding 

arose •the entire section of the block ?  the temperature at 

the centre of the block having fallen 1 C below the liquidus 

7.yalue. (Fig921)), Moreover Fig.79 (p.122) shows teat after 

four Winutes the liquidus arrest he been completed along the 

length of the block, end hence solidificatXon was proceeding 

throughout the whole casting and a0179 mly across the 

horioontal section to which the upper diagrams in Ft g,92 

refer The Upper diagram, figure 9213 euggesto th, during 

the prelous minute the temperatkare gradient in the coAtral 
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portion of the bioci ha4 been compaxatiwely shallow; the 

resulting crysta structure was of the nucleariequiazial 

form, The completely eclad 	of metal extended to a 

depth of 0,2" from the mould wall, Up -ending of the o sting 

under these conditions resulted in the movflment of a portion 

of the partially solid mass towards the head leowing 

-ewoitice, in the central portion of the block (Ft ,66), 

Vetween the fourth and sevellth minutes after 

pouring further cooling re united in the ',progressive 

completion of eoliditication from near the mould wall to 

the centre of the block. Flee 932  EvF,GgEt show tlmt, the 

mean temperature gradient under which the centra,1 nnoloar/ 

egui=ial arystale developed increased fron 240c/r after 

five minutes to 370Ci" after eix and a half minutes, 

Another intereeting feature revealed by rig.93 

3 P034 1 the findi rapid solidifiaatlon at the ceotre 

of the block,  This is dinar shown by the data tahllated 

below. 

Time After 
Pouring,  

112M—P-1K,qcq,PLY 
Solid Met61 

kgoild at Qoatre  „ 

of blook, 

5 minutes 0:35° 35 

6 re 0,,62” 4a; 
if 0,90° 57% 

7 1.25" 104 
JVKJITC,"•.1,01••• 	••••c•I 
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The cooling curve obtained from the readings of 

tbermoaouple plaed at a position near the head (q'79 

p123, Curve 	shows that the solidus temperature and 

hence final solidification of the block, was reached 8 

nutee 48 seconds after pouring 

Let ue consider now the evidence provided by 

the differential temperature measurements, The temperature 

difference curves obtained between positions on the trans- 

erse section of the top-fed vertical block (g. 74. p,1a4) 

indicate that Othough initially conditions ware turbulent 

within the interior of the casting, there was a rapid removal 

cr h-  at from the metal in contact with the mould walj, 

followed later by a series of increases in temperature 

difft..4rence between successive pooitions as solidification 

pmceeded across the. Wock, These results accord with the 

mode of solidifivation indiated by the direct temperature 

meamurements (Fig77) and are discussed in detail betaw, 

A consideration of the direct temperature meaBure-

manta (1tig.77) shows -th during the firet hair minute or so 

the temperature of the liquid fell to the !iquidu6 value. 

Hewe err, during this time the temperature indicated by the 

thermoouple placed close to the mould well (Fig.77, position 

and Fig'74 position d) fell rapidly on the other hand 

that of position 2 (Fig:77) or C (Fig-74) remained at the 

liquidus value for almost one minute, Consequently during 

that minute the temperature difference bstweeti positions "c." 
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aud wdf,  (Fig. 74) covtimed to i norease. After appro7zimately 

oinutee, 0oXidification had commenced at poeition 99e (ae 

ia 	ndicated by the 5n1 of -the liquidue arraat ((urve 29  

Yig ',17) end as• a remit the temperature differenoo betwean 

c'e and nIV inereaaed ae poeition 	cooled and solidificatiOn 

proceeded toworde 	thie is indiCated by the rise o Curve 2 

(PAg.74) t about 2* winutee after pouring. klowever as the 

aOliditk*ation frlant proceeded between 	aad 'br' the 

temptwature of both "e and c'd" oontinued 

 

t fell. (See direct • 

cur7ea 1 and 2 Pig.77) If the temperatura a each of these 

pione fell at a, uniform rate the difference curve woOld 

b horizontal, but ±f tha poeition cvdcI cooled faater than 

the temperature difference curve would continuo to rlee. If 

d° cool ad ?zCl.owar than 	the carve would fallv) Curve 3 

(,11,g74) alOwly r000 after. solidifioation had reached poeition 

"0 thou remaiid aanatant for a while and Xinally fell Thia 

indicates the, poeitiot °W/ cooled A lIghtly Tamter then oe 

up to a time of 0* minutee after pouxtn then et the pame 

rate until about 8 pillutea and finally elower, 

SimilarlY the texPerature difforenee our 	thow 

that ao aolidifieEtion wag proceeding between pooAtlons 'ub" 

and "e' ponition "0 -continued to pool elightly 'teeter than 

paition 	until about 7 minute after pouring Thereafter 

it cooled at a slower r 

 

to ciwo/a though the tomperature of "e ,1P 

 

V.  8 lower then it of' 

When too olldifioation front arrkeed at the amtTee 
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Qf Vae Wook N'') about 4 minutet,  after povaing, curve 1 

Ilig,V4) indicates 4i,hat the temperature-difference between 

anQ °W 17450 constant for about two rat',nutes. It then 

inc re 	to a max.I.D-pm after 7* minutea and finally deoreased, 

it is of intz,est to note that during tb time 

latlarit,  the ,,olidification front was proceeding between poaitiov 

c'e and '11W,, the direct tempdrature curves (Pi .77) indicate 

that positions 'a't and n,bar  were at the J.icluidne temperatu:t7e 

The differernoe curves howemer T  indicate the ewistence of a 

tewerature difforence of 20  or s G between. Lee' pQinte. 

This As considered to tv due to aNperldatertal errory which 

could not be eliwinated 

Comparison between the 	and difference 

ourves euggeete that the change in the eiope of the diffetano* 

MATVe0 after approximately 9 minutes correeponde either with 

the c(m4Aetion of sol- di-Mcation after 7 thutee or the 

periteoti4; transforwetion after et mlnuteso Sinoe the 

peritectio ha a marived effect on the slope of the direct 

cluTee, whilet the eolidue hae none it is omeider0 that 

the discontinuity recorded in the difference curves is Vhs 

poritectiic trenefoimation. 

The temperature,  difference oui 	ob ned for 

poBitions along the oentral aria of the tap-fed h1oo1 (Fig72, 

pal0) are beAcally similar to those obtailiv)11 from the 

traneATerse povitionc 	considering thew in relation to the 

aret „mrves9  it is possible to traae solidification along 



.11!,e7.5„, 

the length of the baock, begining at the end wall and 

conauding at the he& 

The to turtuleno 	A the rapi-  fall in 

temperature of the interior of the oasting to the liquidu 

teMperature, there was an initial.  period of vaxiatie 

temperature difference. This lasted for aout two Mir UtPE 

:th the upper half of the bioe •and for about one minute In 

the lower. However, half a minute after pouring, '-3urve I 

.72) indloates the. ae solidification proceeded from the 

hot tom ;rs ll the tmperature oJ. position "g° fell rapidly, 

while that of position 7:r remained at the liguidue temper-

ature. After a - 3 minutes, ouive 2 shows that a temperature 

difforenae arose between "V and u " s the 	indicating that 

solidifiation w 	roce ding between " and "el. While this 

was occuring, 000i'Zdinl 	contlmed to cool faster than If' 

aad as a. result curve I 'continued to ice • Finally 'after 4 

mizutes solidification had progreeeed to position '9 e* and. the 

temperature difference between 'vg° and J!''' at 	a, maltimum, 

after whioh 	000led faster than 	although it remained 0 el 

hotter thancve. 

The'prooess of solidification continued iP 

similar manner along the axte of the block towards the head 

After about 8 minutes when wlidifiowtion (or the periteotie 

arrest) was almost complete in all parte of the block there 

e=isted a gradually increasing temperature gradient tram  e 

head to the blyttoM of the blook This ateadil decreased as 



poollIng pwooesded to rom tewperatare. 

During tha saidifioation. proeeskl the rate 0X 

entraotion og heat by the wad mould deoreened s Thin .i.e 

refleoted in the differenue eurvev by the deerease 	the 

waximum v6aue c? the temperaturdifferennes between each 

oet of positionsp ae solidifioatiola propeeded along the 

length of the bloa7, 

An was mentioned al page 1U, tin ourves 40  5 and 

6Mg.Y2), the temperature ftfferenoes deAreaead before 

finally inareetan to a 7ataximum. The resson for thie le 

probably that solidifiation wac ooeurrin8 throu out the 

onaltra portion of the blook (due to sulidifioation from 

the side walls). That 71e to sehyp ealdifie,ationWOB 000urring 

ahead of the main solldifioation front from the bottom wall 0  

0 this resulted in a temporary temperature reversal ae 
Jetiolated by dip in the owrves The tact that orystalliz 

oldtan 	craou.7rine ,r0Pelotat -'ghe interior of the bloc:7T 

rale5ively early in the pnneose, well abets d of the arrival 

of the main soliditiontion 1:ront from the bottom0  ie 

illustrated i_ 	.79 v  p.1227  by the general eomplatiou of 

the liquidne axrest at ali tevele above that oorresponding 

to, eurve 29  within about 4 minutes. Weverthelesep final 

solidifi*ation prooesded progressi,fe34 from the bottom of 

the block towards the head. 
The strvatures of the bled Gavtings he to 

illustrate the manner of solidifieezlou aong the lengeTh of 



the block a 	m the eAd Iva' towards the hea4,(Figs,83-86, 

lig),  It might be expevted that the depth of solidified 

motel would b,6 decidedly greater from the bottom and then 

fro the eiders:11s, because of t'settline action of the 

1-xyglitallites and more rapid removal or heat remote from the 
heath However7  the results show that this is not the case 

the difference being quite snail. See 1ig,92 	B and C-. 
It will be ses n, howesier, by compwing seetion B with 

section A. that the fo of qrystallisation-had changed afte 
fiP ane minute to a nucle r equiexial type the impression 

gtten by the structure being that crystallites had settled 

tOWET'd the bottom of the sasting preventlng further oolumner 

grvtlth from the bottom well 

Bottom red  Bloak, 

The process of solidification of this type of 

oasting is illtAntrated by Fige, 94 and . 95 in which the 

upper disarms Whow the temperature gradients existing 

horizontal across the bio9k c midway between the top well and 

the feeder, t a series of time intervals. after pouring Thes 

diserame hae been derived from the eeriee of cooling curves 

in Fige, 80 eo 81, and the lower diagrams have been derived 

from those above by means of the equilibrium diagram 

'St is evident from curve 1 (Fig,., 8O} that the 

mita(' metal in ontact with the side wall must have begun 

to solidify very 000D after the mould was filleth at posityr 

`JL 0,13v from the vall, the temperature hud fellen how 



Dtigui lu walue lui ie than half a minute. With-in a minute?, 

aUL the 111412.11d right through. to the centre of the blook 9  had 

cooled to the liquidue temperature.,,, It was not praotica.ble 

to bleed the bottom-fed castings, but the maciroatructure of 

a eimiaar io 	.a.tist under the awe conditions (Fig.56) 

ehowt that oolu:07.a.ar Qrystal3 grew horiZontally trom the side 

wal.11,s,meeting in the centre •••tif the block.,.; 

Refezence to 71g.94A shows that tifter one mixiute 

the tips of the columnaT,' ar'y le extended about 0,>5'' into 

the liquid:, A moderately.  ateep temperature p.-adierit existed 

within the band of free2-;ing of the order of 5f5°,/ 	E.xtra-

polation of the teinperature gradient on.7-eves from the poeltion 

of the eouple nearest the mould. wall to the metal-mould 

interfaeo euggeote au interface temperature of approximately 

1.478C....This temperature 	above the eolleus value of the 

eteel (1464°C) which meene that the KI;e1,;a1Jn oontaot with 

the mould .wae only.  75% 	(lower diagram Flgr,94A), 

Af ro two minute l'„ooling?  the colu-nnartale 

extended to a distance of 0,,75" from 'the mould wall (Fig.94B),., 

The temperature gradient remainea a.pproxima,tely the same ae 

for the first minute„ -Az," 50ctin„Riztrapolation of the 

temperature-distxibution. ou e euggeets i Metal/mould interface 

temperature of 14700C 9  hith. is etill above the solidus v&ue 

and :Dorreeponde to 92% o1I (lower di ram, 

A the completion of the third minw :4; the columnF. -t. 
Q.-ryetal ',cached ncaily to the centre of the block9  and the 



", 67. 

pletaI at the interfwe was QQ1atp1otely solid. The temporaturr 

gradient in the band of freezing near the mould well was 

almost 

 

a steep ae beforeo  viz. 4430C/upbut towax"de the 

centre it was considerably eballower. The cooling uxwe in 

Pig,80 and 81 indicate that the columnar Qryetale reached the 

centre of the block about 3* minutee after pouring but there 

were still some r'Ione completely liquid lower down in the 

blonko 

 

near the /eeder, ae is ehown by the curves in Fig.82, 

After roux minutes (Fig,96D) the ompi tely solid 

eholl extended to about 0,2(/ from the mould wall, end the 

meta at the centre was 15% solid,. Figure 82 p,126 indieatea 

that solidifination was now proceeding throughout • the emoting,. 

right down to the bottom of the block, 

During the newt two minutee, solidification 

pro©esded to aompletion at a rate that steadily increased 

bec:amOe of the rapidly decreasing volume of liquid remeinin6 

at the centre of the cweting, (7V4-i-e 

Figure 95 howe that at the 

end o,11: ire minutes the complotay eolid hell extended 0,V 

from the mould well,  The meta et the c;entre wFtei 3b solid 

Simi 1 arly fi gm re 90:0  ehow a that after a further half minute 

the solid ehell wae Q7c. Vaok and the centre 50% solid, 

Although this section of the hook was completely solid at 

the end of the 6th mlnute, Fig,82 show that the solidification 

of the lower portion of the block wee not completed until 7 

minutee 24 sec:Olds after pourilago 
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ro' est 
	

in an investigation of the thermal 

distribution withAn horizontal steel blocks oast under 

different conditions of slaperhoat, composition and chilling 

ftund that when the depth at which tho 	Idris arreet was 

completed was plotted against the aware root of the ttme5  

the points lay in t4 o approximately Dtraight lince represent, 

solidification from the top and bottom eurroo ee respectively. 

These linos agreed well with the results of "pour-out" experi- 

anto made o similar blocks east under the same Wnditione, 

It was concluded from thie that the results of 'pour---outc' 

experiments represent a atate of solidification corresponding 

to the formation of a close network of dendritlo solid. If the 

results of the present thermal detemAnatlons ere plotted in 

a similar,  manner (Ylgo,9,6 and 9?) the points as°. lie in a 

straight line for the early etajee of solidification fro the 

side wall of a r1,ic al =block 	In the later stages, howc4er 

ae solidification proceeds' towards the centre, there in marked 

dwiation from the linear relationship., a the rate of 

solidification increases. The. solidification con Wats k and o 

ae determined from the Slope of the straight line portion. of 

the curves are also Similar to those found by West, 

A plot of the depth of complete solidiaoation (i,e, 

the depth of the solidus isothemel tezmperature) against the 



square root of the time shows little evidence of a straight 

line relationship 	 eu during the eatlier stages of 

soliaifivation, In the later stages the rate of solidification 

is considerably inareased. ae the remaining volume of liquid 

in the central portion decreases, 

The curves indicate that th.ere exists a wide band 

of freezing during the solidification of sand castings This 

is in agreement with the results obtained by Bishop Brandt 

and TelIini, (described on Page 153) Furthermore, the width 

of the freezing band for the top-fed block (Fig 9) le wider 

than that for the bottom-fed block (Fig 9n in the later 

stages of solidification,  Thie is consistent with the wiew 

that nueleariequiaxial arystals tend to form when the band of 

freezing is wide and the temperature gradient sliallow, whereas 

a narrower band of freezing and steeper gradient favours 

columnar growth, 

(c) "Pour-Out"  Epiineii r.  

The results of the present investigation bwre 

confirmed the view that the t/solidc' shell seen in a section 

et a bled casting actually consisted largely, at the time when 

the casting was bled, of a network of dendritic axes and 

branchasf  enclosing a considerable amount of interdendritic 

Ilquid, which was retained by the network during the pouring-

out and which solidified in situ. In the case of columnar 

growth, the amount of 1iquid retained within the crystal axes 



170., 

and networX at 

(P.157) at the 

the mould wati 

whereas in the 

maximum amount 

the time of "pour-out" can be as much as 95% 

inner surface of the shell, decreasing towards 

and reaching zero at the solidus isothermal9  

looser nuclear/equiextal type of formation the 

of livid retained le lower, about 85% (P.158) 

If e. casting having a wide solidification front, 

associated with central awls:midi/nuclear crystallizations 

.t bled, little liquid is removed, the main effect being the 

movement of the partly solidified steel towards the draining 

exit (Pigs 869  92D) This fact has been noted by previous 

workers, including Nelson(1)  and Schwartz(24), They found a 

quantity of "mually materipl inside castings which had been 

inverted in the later stages of solidification, 

t may be concluded therefore, that the "pour-out" 

m(e.Hthod for determining the progress of solidifiilation is 

liable to give misleading results, particularly in the later 

stages of solidification, 

Interfac.e_Teeporature  and 5!4p2rheat. 

As was pointed out on page 166, an estimate of tfte 

approximate veriue of the sand/metal interface temperature tan 

be obtained by extrapolating the tempurature-gradient curves 

in Figs.-Ok795 7or the toP-fed 	castlng, ono minute 

after pouring, it is approximately -1465°C and for the bottom-

fed 1$ ,, t1cal casting 1478°C. These temperatures are high, 

especially the latter, whith 18 actually above the solidus 

temperature of the steel As it appears that the superheat 



and Interface temperature of a casting are aosely related, 

end t1151 bcth haye an important effect on the mode of 

solidifioation and orystalliation, :L1 is necessary to 

consider this question in some detail. 

Interface TemToerature. 

Interface temperatures quoted in the literature 

show considerable veriance, Briggs aad Gezelius°9)  give a 

\value o approximately 1300
0
Ci Chvorinov 	1458C for a 

0.24% carbon steel. West(16) rep*rted a temperature of 

1413°C. This was recorded by a thermoPJouplee.--nclosed in thin 

silica tubing and placed in contact with the mould wall. By 

extrapola:Uon of readings obtatned from a sertee of thermo 

couples placed in .the aolidiAying metai„ be estimated that 

the interfarae temporature less than I minute after uring„ 

was 1482C for a 0,47% carbon etea Cast with a superheat 

of 127°C. teeley(70)  has also - shown that the interface 

temperature 

 

le dependent on the casting temperature and 

motes a figure of 14420G for a casting temperature of 1575°C 

From the above evidence it appears that whil et a 

temperature of 1465°0 may be reasonably expected., the value 

of..1476QC obtained for the bottom fed block is somewhat high, 

However, if the manner in which the metal enters the mould is 

considered, it seems possible that 14780C may not in fact be 

too high During priig< the metal entering the bottom-fed 

block rises gradually from the base to the - highest point, 

hetting the mould walla ac it passes over them, Freeh hot 
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metal enters and forces t cooler metal towards the top. 

Thus at the end of pouring the mould walla are conziderably 

preheated by the paeeege of hot metal over the surface. In 

the eee of the top-fed bloc the metal immediately fills 

the bottom of the -mould fresh metal entering from the head 

until the mould ie full without .effectively dioplacing the 

chilled liquid from the lower paxt of the block„ 'Under those 

circumstances there ia no opportunity for the mould w1311 to 

be preheated, end one would expect the interface temperatur* 

to be lower 

As a reault or the preheating effect of the passage 

of liquid metal(eUperheated about 70°C) over the mould walla 

in the'bottom-fed castings, the rate of heat extraction is, 

auffiCiesitly low to allow the interface temperature to remain 

for some time above the liquidus Value. Thue the final 

solidificatioA at the surface does not occur until the 

solidification front - has progree ed appreciably towards the 

centre Of the casting In the case of the solidification of 

the top-fed castings, the would walls axe not 4pre=heated 

and the supetheat is insufficient to maintain the interface 

temparatur.e above the solidue On the baale of Matuschtca's(31)  

explanation of solidification the latent heat of solidifi-

cation is extracted so rapidly that The atate of dynamic heat 

equilibrium ie not attatnedQ Oonsequently a narrow band of 

freezing proceeds across the casting from the would wall 

towards the centre, 



However although the initia0 rate of heat 

extraction 1.Q. probably greater in the• top-fed blocks than 

in the bottom-fed type it was found that the columnar 

crystalliation(nomally assOciated with. high rates o heat 

extraotion and steep temperature gradienta) extended to the 

centre c the bottom-fed casting and rather leas than half 

way to the centre in the case of the top-fed casting. 

Tearthermore the latter had a longer solidification time_ 

than the former. This apparent anomaly is difJacult to explain 

fully 4  although it is probably due to two effects - (a) 

settling° of crystallites and “)) the nature of the heat 

tufe: in the eystem 'Unhindered settlement of the c.,.yetal-

lites into the feeder of the bottom-fed casting (discussed 

more fully on page 177) apparently enabled the columnar 

crystallization to dewelep unrestricted by nuclei present in 

the interior of the casting. In the top-fed type 	1;14 

crystallites would pile up Al the bottom and would. also 

probatly-be fed continuously into the block from the head 

Such an explanation does not satisfactorily explain the 

different times of solidification which are governed by rat e  

of extraction of heat. A comparison of the mould designs, 

however, shows that al hough the weight of metal employed foa 

aaah casting was approximately the seme9  the sarface area of 

the bottom oaeting was much greater Consequently, while the 

latter type of casting was being poured a greater proportiw. 

of the superheat would be absorbed by the mould wello.Support 



for thie view le provided by the fact that it was impossible 

to keep the head open for a sufficient time to feed the block 

efficiently (Castings W117; WX1, 	Fig.56) without employ- 

ing exothewrmie cores to prolong the solidific;ation of the 

feeder head. Thus, although the bottom method of feeding 

produced °preheated" moulds the final rate of solidification 

'wee faeter than the of the top-fed block. 

4_11JMN2SktPt 
The effect of Superheat in relation to nucleation 

snd. growth within a. solidifying casting was discussed in the 

eera.ier section (Page W2)c it was concluded that one 

important effect of superheating rail to eliminate one of t11. 

°potential" nuclei in the liquid t  with the result that when 

the metal was (ms07, a coarse crystal structure developed from 

the reMaintag nuelei Consideration of the effect of superhe 

on the columnar/ quiaxial transition was deferred until the 

basic mechanism had been deacrlbedo 
Refs, 

There is experimental evidence (l6053364) to 

suTTert the view that superheating prolongs the solidificate 

tAllie of a c,a9ting, hits is not necessarily the result of a 

decrease in the rate of solidification but is due rather 

an increase in the initial lag before solidification etart 

at, the surface. The initial lag is the time necessary for th 
removal of the superheat 	the excess heat present in the 

system) from the liquid metal. 
- f?o\ AR. was uketioned above, Beeley. 	cud othere 
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have shown that en increase in the superheat results in an 

increased interface temperature. 

J the present investigation, it was found that, 

in the ease of vertical castings (Figs.62-71) increased 

superheat resulted in a greater development of the columnar 

growth and a coarsening of the •central crystal zone( This 

ma/ be explained as follows 

The effect of increasing the 

molten metal is to increase the thermal 

casting as well as to eliminate some of 

This, in turn7  results both in the heaa 

superheat of the 

content of the" 

the "potential nuclei", 

taking longer to 

freeze over and the block longer to solidify Thus the 

number of solid or "freecryStallites fed into the block 

during the early stages of solidification is reduced and the 

columnar crystals develop to a greater length from the mould 

wall before their growth is restricted. Furthermore, since 

the number of ''potential nuclei" in the molten metal is 

reduced the number of crystals formed in the interior of the 

casting will be _educed, This in turn results in the 

individual crystals developing to a greater size before being 

restricted by neighbouring crystals. 

In 30Me cases the "free" crystal:1s are not 

sufficiently rumerous to stop the grovth of all columnar 

arystals with the result that there is a gradual transition 

between the columm:Ar and equiaxial zones, This is illustrated 

by ewting 3HA6 (Fige.66,71). 
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While the degree of superheat in low numerous 

"potential nu.clel'' are praent and the thermaa oontent of the 

aasting ia amaller, 	The head of the casting freezes over 

rapidly with the reault that °free" crystallites are formed 

and t 'd to settle from the head, adding to,  those which have 

already deweloped from the 6potential nuclei" in the blook 

itaelf Since thie aotion probably occurs before solidificat-

ion is far advanced into the block from the mould w&a.s the 

columnar growth is interrwted and restricted resulting in. 

the formation of a nuclear or tine equiaxial struature, The 
vs 

Xower the superheat the more abundant will be the free 

trystallites the smaller will be the cryatkte and the 

greater will be the restriotion to the columnar growth. 

This effect la illustrated ii aetin SHL2 (Pig.6366) by the 

char demarcation between the columnar an, nuclear zones of 

crystallization. 

In the superheat ueriee of castings 
	

6452, 

6566) there is an intereetl,ng variation 	the position of 

the equiaxial arystaa zone iA•the central portion of the 

asting, In. canting 513A3 (Fig,64), poured ?At a low superheat, 

the equiaxia:t zone exteada down the side of the block, in 

contact -with the columnar crystals; in castings SRO and SHA6 

(Y1gs_656 	poured at higher superheal,a, the equiaxial zones 

are eltuated in the bottom portion of the camting. The reason 

for the ec,areenllag of the etrwAure has Aready been discueeed 

but no satisfacto.17 explanation of the ctange of position of 
the onee een be ai4gge:Ited 
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The theory of the gravity settling of crystallites 

dirine7 the solidification process 11.as been adopted by a 

number of iymestigators to ex:plain the orystal structure 

of steel castings. The earliest application of the theory 

was to explain te ocinical 5014 of purer nuolear/equiaxia 

ai crystals found in the lower regions of steel ingots 	and 

(60) caetin s\ 	Further applications of the theory were made 

In papers by the Melting and Metallurgical Committee of 

and by Wet( 
	r.

' to account for the 

existence of a tone of nuclear aryatals in the bottom half 

of horizontal oastingsp and for certain variations in 

chemical composition within the castings, 

Essentially the theory staggests that *free" 

crystalittes, which form ahead of the main solidification 

fronts from the mould walle, can settle through the still 

liquid portions of a casting towards the bottom.* 

The discussion of differential solidification on page 

indicated a possible mechanism whereby such °free* crystal- 

lites can 1e forwd ahead of sal advancing columnar growth. 

They will he formed, of a purer material than the liquid from 

which they grow, sad will also be purer than the average 

composition of the columnar growth by virtue of the fact that 

the columnar growth takes place in liquid Which becomes 

increaskngly segregated as solidification proceeds, 

* It may be Shown by Vne application of Stokes Law9  that a 
crystallite of 0.01 m,m‘; diameter would have a settling 
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velocity of 18/minute, assuming the specific gravities of 
liquid and solid steel to be 7,0 and 7,5 respectively° 

In the B. 	RA report(573  it was shown that 

the upper half of a horizontel casting is typically columnax, 

whale the structure of the lower half is generaLly partly 

equiaxial and pertly nuclear. The reason why the two halves 

differ in structure is that Colular crystals can grur down-: 

ward from the top wal unrestricted by the presence of vgfree' 

crystallites, whereas columnar growth from the bottom surface 

tende to be inhibited by the formation of "free crystallites 

"in situ' and by the settling of other crystallites from the 

upper portion of the casting. If the superheat is high, the 

number of crystallites formed is limited, (Page 1'7). and the 

lower ki63f of the casting tends to be mainly equiagiel, whereof, 

with .f-,A low euperheat many more nuclei are preseat, so that 

large numbers of crystallites are formesf3 and a predominantly 

nuclear type of structure is obteined, 

Although columnar growth from a vertical face Is 

aut retric.tecl by crystallites formed "in situ n It is 

nekertheless, iniluenoed by those that settle from the upper 

portions of the casting aur oy the relative positions of the 

other solidification fronts. For example, columnar growth 

from the portion of the 7•?ertical face near the bottom of the 

casting is ljeMe ±o he restricted by the presence of a vase 

of neettle oa:':yatallites; on the other N,And, towards 1 	top 

of the castirgc  columnar growth from the vertioa wells  is 
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relatiNely unrestricted the "free" crystallites having 

settled tiawardo the 'lower portions of the eaeting, 

To illuStrate the settling theory, typical 

exerwaes of nuclear crystallizations and segregation 

obtained in the present investigation are considered below. 

(a) 	A conical pile of nuclear crystals is found at 

the base of the vertical block El (Fig15, Section 1P-V"), 

extending from the bottom of the feeder (apart from a thAsi. 

layer of chill crystals) vertically into the block. The 

ctemical composition (Table V) shows that the nuclear crystal 

zone is considerably purer than the other crystal areas and 

the sulphur print (Ftg.18) indicates that the areas of 

segregation are limited to the squiaxial zone of crystalliz-

ation in the area of the casting last to freeze, This is in 

agreement with the view that the purer "tree" crystals have 

settled towards the bottom of the casting, leaving the coarse 

segregated equiaxial area denuded of nuelei 

Composition of Nuclear Zone z C 0 =56 
S 
P 0.042- 

Composition of Blockz 
(exeluding Nuclear zone) 

	
C 0,39 - 
S 0,044-
P 0.047- 

(The greater segregating tendencies of S and P are 
Illustrated by these results). 

A similar conical pile of nuclear crystals is 

observed in the base of castings ¶X1 and WX3 (Fig56) 

it is apparent that the mass of settled crystallites he 

0,38 % 
0.042% 
0.044% 

0,46 % 
0.049% 
0,049% 

also 
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reotricted the columnar growth from the bottom surface of 

the mould, Towards the top of the "pile", that is to say 

the part formed during the later stages of solidification, 

the influence of the settling effect is less and the columnar 

growth is longer.  

(b) 	The results of chemical analysis of the different 

crystal zones in the horizontal casting Cl (Fig,8 and Table 

III), confirm those published in the Pirst Report of -the 

B.I.S.R,A. Melting and Metallurgical Committee(57)  and later 
that 

by West(58). 	Fig..8 shows /there is a zone of columnar 

crystals extending from the upper face towards the centre of 

the casting, whilst the central, position COUBii3-te of a 

oegregated equiaxial region which merges into the nuclear 

zone at the bottom, This latter transition suggests that as 

solidification proceeded, most of the crystallites developing 

from the nuclei in the central portion, asd entering; th.f 

central region from abo'1,, e settled into the bottom of the 

block; relatively few nuclei or crystallites wore left to 

develop in the central region, so they were able to grow 

comparativody speaking unhindered, into equiaxial crystals. 

As would be expected, the average composition of the nuclear 

crystals is purer than that of the columnar and eguiaxial 

this is shown by the following results:-- 

C S P 
Puclear Crystals T5738% o77646% 0;b44% 
Columnar Crystals 0A3% 0.045% 0049% 
Egiaxial Crystals 0,41% 0:.045% 0.046% 
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Both the sulphur prints of the horizontal 

castings Cl and C2 (Figs. 10 and 27 respectively) and to 

a certain extent the etched structures (Figs.9a and 26a 

respectively) show ;that the areas of segregate are 

restxieted to the central equiaxial portion of the casting, 

i.e., the part of the casting last to freeze. 

(The pipe present in casting Ci (Pig.9a) is of 

interest in that it illustrates the relatively loose net-

work of equiaxial crystals obtained towards the end of 

solidification) 

The transverse sections CE and CH (Figs, 8) 

illustrate the effect of the settling action of the crystal-

lites on the columnar growth from the vertical side walls. 

In the upper part of the casting, where growth is unhindered, 

the columnar growth proceeds from the wall to the centre of 

the casting, or until restricted by the columnar growth from 

the upper mould wall. On the other hand in the lower half 

the side wall columnar growth is considerably limited by the 

mass of "settled" crystallites. Similar structural effects 

can be observed in other castings, particularly in sections 

B2H 	C2H (Fig.25), D2E, D2H (Fig.28). 

(c) 	Analysis of the nuclear zone in the inclined block, 

casting B1 (Fig.5 and Table 11)9  shows that the crystals that 

have settled towards the bottom during the earlier stages of 

solidification are purer than those formed later. This is in 
agreement with the "settling theory". The crystallites that 
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develop during the later otages of solidification, although 

possibly _forming ahead of a solidifiCartion front, do so from 

-a partially segregated ligaid, particularly when the nuclear 

zone occupies the majo,r.lartion of the r,:Aesting, For example 

considering casting B]. gain. it will be found not only that 

the lower nuclear crystals in sections BE and Till are purer 

than. those reaper the top of the nuclear pile, in the same 

sections, bat also that those in. the section nearer the 

bottom of the casting (Be) are purer than those towards the 

head (BH). This is:because the block Solidified directionally 

from the lower end towards 	head. The analyses are 

tabulated. below: 

S P 
Section BE. Upper Nuclear 0,39% 0044 0.046% 

Lower Nuclear 0,37% 0,039% 04045% 
Section BL Upper Nuclear 0„42% 0-.044% 0.046% 

Lower Nuclear 0,40% 0.038% 0,046% 

The sulphur print of casting Bl (F1 ,7) and to 

a ce/ 	ain extent that of casting B2 (Fig.24), shows that the 

areas of segregate which are assumed to be associated with 

the portions of the casting last to ruveze, are concentrated 

in the central equlaxial regions in. contaotwith the upper 

columnar growth. 

In casting 101 (Fig,11 and Table Iv) which is also 

inclined at 453  to the vertical the "settling effect" is 

complicated by the fact that the lower portion of the casting 

solidified after the upper, whereas the solid crystallites 
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oontinued to settle towards the lower portion at the bottom 

of the .ating“ As a result, the areas of segregate 

illustrated by the sulphur print (Figa4) and the chemical 

analyses (Table IV) - occur in the lower central portion of 

the block and continue into the feeder head The macrostructure,  

(11g.11, Section H - Fr) however, reveals a nuclear one in 

contact with the lower face the formation of which is in 

accordance with the principle discussed above. 

The Lower half of oasti.ag D2 (Flg028) contaLne a 

tone of "settled" nuclear type crystas, This has restritod 

columnar growth from both the 'bottom mould wall and the lower 

portion of the side walls. 

The areas of segregate are concentrated in the 

central equiaxia1 area in contact with the upper columnar 

wall growth. 
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, 	..)A„AUINATI03, 

Spectmens taen from representtive orystal zones 

Etefv.:61 castings were -fiemined roloopiolly, A brief 

account of some of the strue%res observed iz given blow

tl Al. Tills was a top-fed vertice block 

(Pig, whiob b a nuclear structure throu wut This 

rostuature (Figs. 98 and 99) ooralleted cf a more or left'',  

continuous network of ferrite (which gaeorp(t 1 outline the 

b.vmdaries of the originea wstenite grainS) enaosinics areas 

of pesrlites  vihich contained neathere fete. 

Castingia, This w a bottom-:ied vexties1 block 

(Vig.15) and in its macrostructure there wa -4a. tarin shell of 

obill cl:yeta:.s enclaine a zone of oolumner orystels, with 

em.tax-Jel crystals in the k;lentrsi portion of the blook and 

some nuolea7 Drystale at the bottom,. Fig,100 is typicel of 

tte microstructure of 4he ebill crystals 2 09X0ePep 0.0Be to 

the surrafJo, ,A.Jch was partly decarburAged;  the structure 

consisted of massive, an somewhat, rowlded, ferrite in a 

poaxlite matrix that coritainea some I'VdmanstAtten ferxdJe, 

In the columna-r and 	zones (11gs.101 and 102), there 

were ne.:morks of ferrite whial seemed to outline the branches 

of the original derdrite s : these branohes were representeii by 

areas of peaxlite •uontaining 'feathery" f)nO Widmanstatten 

ferrite, 

This was the bottom-fed vertiefe 

hook (1?ig.31) that had an anomaoms struotare it was Sil 



nuclear except for an "island" of dendritic columnar and 

equiaxial crystals. The microstructure of the nuclear acne 

consisted of relatively coarse ferite in a pea/lite matrix 

(Ylgs 103 and 104) T.n the dendritic•zone, the microstructure 

seemed to consist, at first sight, of ferrite occupying the 

positions of the `ruches of the original dendrites, with 

peaxlite filling the spaces between. the branches (igs.105 

and 106), As howvver, the non-metallic inclusions were 

concentrated in th(! ferrite and absent in the pearlite areas, 

it is evident thte, the regions now occupied by ferrite were 

last to solidify,.icye. that the pearlite areas represent the 

positions of the dendritio branches and the ferrite represents 

the material that had filled.  the spaces between the branches, 

nis is the revere of the structure that one would expect 

to find because, owing to selective freezing, the branches 

suet originally have contained less carbon than the solid 

deposited later in the spaces between them, This reversal 

of the expected arrangements is also evident in most of the 

other microstruc-Ares, e,g Figs. 99 - 103 : in all these the 

non-metellic inclusions are associated with the massive or. 

network ferrie, which must therefore represent the solid 

formed from aggregated liquid.. 

Tito reveres. of the ferrite/pearlite structural 

relationships aae observed and discussed by West(16), whO 

concluded thaw there were two causes : (i) diffusion of carbon, 

during coolint frQlr the solidification temperature to the 
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upper critical point, frpm the regions where the concentration 

of phosphorus in the austenite was high, i,e from the 

segregated regions which were originally rich in carbon as 

well ac phosphorus, into the regions where the phosphorus 

contnt was low, viz, the branches of the original dendrites, 

nd (ii) the fact that phosphorus raises the Ar3, temperature ,  

eo that in passing through the critical range, fenrite is 

precipitated first in the regions where the phosphorus 

concentration is highest, viz. the segregated areas between 

the branches of the dendrites, The structures described 

above confirm West& observa-tions., 

The only other feature of the microstructures of 

the castings that seems to merit comment is the fact that 

the microstructure of the nuolvar zone of the "anomalous" 

casting E2 (Fies104) is itself amewhat anomalous, It 

resambles the typical structure of a chilled zone (g100) 

much more than that of the nuclear zone illustrated in Fig,99 

Bsth the macrostructure (ignoring the small isolated 

dear3ritie "island") and the microstructure of the anomalous 

casting are consistent with the assumption that the metal 

was cast cold, e.g by teeming through a cold stopper l  but 

it seems that this explanation must be ruled out because 

23 cwt of steel had been teemed from the ladle before 

casting E2 was poured. 
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Summary of Ooneluslonsi 

kNo,te:, The following conclusions refer to sand-cast stes'i 
blocks hwin roughly the following dimensionex-

x 5" x 4J9  to 12" x (" x 4"-) 

The mode of solidification of a steel Casting lu 

largely determined by the distribution of the centres of 

arystallization and the temperature conditions existing 

during the solidificeAion process, 

2 	The distributi.on of the centres of crystallization 

and the temperature conditions are largeiy influenced by 

four facto.taz 

( a) Superheat and eastiog temperott 

Mould arrangement and convection clxrrents, 

-t.cq Size relationship between the casting and 
feeder head, end in particular the relati-*e 
surface are 

(d) The settling characteristics of crystallites 
under the influence of gravity, 

7 
0 The effects of superheating ire:. 

(a) To eliminate some of the potential nuclei in the melt, 
thus producing a. coarser crystalline structure. 

(a) To Ilrelong the solidification time of a casting 

The effeat of the rwluction in the number L.f 
"potential nuclei" and "free" crystallites 
raklults in a thicker columnar development from 
the mould walls, 

4,, 	The crystal etzacturs of the block can be altered 

from a wholly aualear form to a wholly deadritic type by 

varying the position of the feeder head.. This effect 

probably due partly to the influence of convection currents 

but mainly to the settlement of crystallites, 
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5, 	The probable effect of 	uettlement of c,'.zweta.11.1tee 

orx the structure of the block 7.118,71 be ettlaraariZed a followw;- 

When. a top-fed block is fed from a small head 
the head freezes over before 3 olii;tification 
hae,  far advenced in the blocky with the result 
that free cryatallitea sinking from the h9ad. 
will tend tb . interfere with deadritic groeith 
within the block and favour the "formation of 
a nuclear structure„ 

(o) When. A top-fed black is fed frog a large head, 
the head remans molten till a later stage in 
the Q0:1-idi ti Cation of the block with the 

that free ory, atellites are not fed into 
the block: Ithie will pemit the equia2d.al end 
solnyanar crystals in the block to develop till 
hindered by growth of neighboart.ng orystals 
formed"in. Etittl" This will favo?..,r a wares 
dendritic strocture,, 

in a bo ttom- fed vert1l 1c ek the only 
crystallites which can affect the etruc'.4or 
are formed in the b)ock arid many of these tend 
to settle into the feeder at the liottom:. 

(d) .in intermediate castings etweeu 	and. 
bottom-fed types the lowering of the feeder 
3.-estate in a transition from a condi_tion 
favouring the feeding of 4ryetallit..9'zs from the 
head into the block to one fainatarin?, the 
settling of crystallites f 'oxrt the block into 
the feeder„ 

6, he independent cz&litt 	i.ch 	 during the 

early stages of solidifior4j on Et a higher temp.erature 

aye purer then those which foxm 	in-the procleas at 

a lower temperattlre, The fcrmer3t.litee tend to 

settle towards the lower regions ..)f i.e castings and 

..irfrequentLy reeulte in s, xo),-.).eof nucler oryetaite purer 

then -",thoee crystaas preemt 	&eas which 

req:iliesittied l'alnit a llaro rtekvreg.ated 

(a) 

) 
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The influence o conveytion currente ie probably 

strongest in bottom-fed end Oottom-poured castings and 

weakeet (or non-exdatent) in top-fed, top-poured types, 

Typical structurea of blocks fed in different ways 

may be summarized ae followag- 

(a) Top-fed .vertical block: A vent.val area of fine 
eqaaaxiaA or nuclear 

crystals ourrounded by a columnar growth from the 
mould wells, the relative e;tent of the different 
areas depending on the oasting temperature and 
the dimensions of The block. 

Top-fed block incLined at 45°  to the vertical: 
A columnar wall growth 
in the upper portion and 

a nuclear and reduced columnar growth in the lower 
regions- The central area shoTio A transitional 
equiexial/nuclear form of crystalization. 

Side-fed horizontal blookg In the upper half a 
colminar wala growth 
which ex- ends to the 

geometric centre of the casting and a lower region 
of a nuclear crystallization,_ These two zones are 
separated by a transitional zone of nuclear/ 
equialcial cretals. 

(a) Bottom-fed block inclinec. at 4450-Lo the vertical 
• is columner. wall growth 
.,rom all the mould faces. 

The columnar crystals arE more developed in the 
upper regione of the bio(K. Tie central area 
between the columnar wall growths consists of 
equiaxial orystals and there are frequently areas 
of the nuclear type in cont et with the columnar 
crystals along the bottom surface of the casting 

(a) Bottom-fed vertical block: An extensive columnar 
wall trowth enoloeing a 
central: area of coarse 

•equiaxial crystals, or extending to the centre in 
email castinge, 

9 	The areas) of segregate are associated with the 

portion of the casting last to freeze, The degree of 

(b) 

(0) 
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dispersion of the eegregate iE related to the crystal 

zone .1::? which it is situated. If final solidifieaton 

oura by egyiaXial crystallization throughout a laxge 

area of the casting the segregate areas are widely 

dispersed; whereas, if solidification is limited to a 

small area. between two columnar growths the segregate 

areas are concentrated at the extremities of those 

crystals. 

10, 	The ratio of the volume of surface area of a casting 

to an artitrary measure of the solidification rate of a 

casting and the consequent crystal structure. 

I/. 

 

The addition of exothermic compounds to a feeder 

head has an effect similar to that of increasing the size 

of the head, Solidification is delayed and a coarser 

structure is obtained. 

12. 	The temperature measurements shQw that during the 

early stages of oolidifieation the eperheat of the metal 

is rapidly extracted, the temperature of the metal through,-

out the cwAing cooling rqpidly to an isothermal liquidus 

-salue,_The metal in contmot with the mould walls solidifies 

immediately after pouring„ the temperature falling rapidly 

below the liwidus temperature. 

Under certain aircumoltances it Ia possible far the 

sand/metal interface temperature to remain above the 

solidus for an appreciable period of time, This indicates 

that complete solidification is not always immediately 

obtained at the mould weals. 



During the normal solidification of a steel casting 

there exists a band of freezing which corresponds to the 

interval between the liquidus and solidus isothenmals, 

This band starts at the mould wall and progresses across 

the casting as heat is extracted by the mould walls- The 

width of the band of freezing is largely dependent on the 

rate of heat extraction and the temperature difference 

between the liquidus aad solidus temperatUres,. 

15„ 	During the early stages of solidification there is a 

paTabolic relationship between the distance solidificat on 

has progressed (as indicated by the end of the idquidus 

arrest) and time. However, thr rate of solidification 

increases during the final stages and the parabolic 

relationship is no longer mOntained, There is no peraboli 

relationship between the depth of complete solidification 

(as indicated by the solidus isothermal) and time 

l6. 	The depth of solidification as indicated by "pour—out° 

tests corres“mds to 5% solidification, in the case of 

columnar crystallization, within a casting, and 15% 

solidification in the case of equiaxial growth 

17 	Colnmnar crystallization is accompanied by a narrow 

band of freezing aid is favoured by rapid rates of 

unidirectional heat extraction under conditions of step 

temperature gradientT, 

13, 	Equiazial dendritic crystallization is accompanied by 

a wide- band of freezing which frequently extends throughout 
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the inter; &f a asting during the latter stages of 

solidifieedon, The equlaxial growth is favoured by 

slow rates of Multtdirectional heat extraction under 

oonditione of shallow or negligible temperature gradients. 

l9 	- The for. ation of areas of nuclear cryetals is favoured 

twee 

(a) The settling oharacteristics of "free" cryetalliates, 
nucleated in the interior of a casting9  which settle 
towards the lower regions. 

The presence of "potential" nuclei within the melt. 
These are removed by supetheating 

20.. 	The eolumnar/equiaxial crystal treneition found in 

some castings is probably caused by the restriction and 

interruption of the columnar growth by the presence of 

"free° crystallite?, ahead of tbe main solidifieetion front, 

and ia influenced to a large extent by the rate of cooling 

and solidifieetion, When. the rate of 000ling is rapid it 

ee probable that the columnar wall growth will extend 

a eensiderable distance from the mould wall before being 

eeeeeeeupted by the "free" crystallites. (in small caetings 

the columnar eryetals may not be interrupted add may 

therefore extend to the middle of the casting). When the 

rate of cooling is slow the "free" crystallites will 

probaoLy r strict the columnar development early in the 

solidification py2Dosss 
The majority of the "free" crystal/tee are ooneidered 

to hawe settled from a zone of solidification in the upper 

portion of the casting, ooh as the feeder heap 
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A comparison of the macro - and microstructure of 

repesentative crystal zones agrees with West's(16) 

observations concerning the unexpected relationship 

between the primary structure and the distribution of 

ferrite and pearlite, 

The non-metallic inclusions, which indicate the 

position of the solid formed from segregated liquid, are 

associated with massive in network ferrite, whilst the 

axes of the dendrites which represent the solid formed 

(luring the early stages of solidification from a purer 

liquid, are associated with a pearlite gad 'Ifeathery" 

ferrite. The reversal of the ferrite/pearlite structural 

relationship is probably due to two causesg 

(i) diffusion. of carbon during cooling from the 
solidification temperature to the upper critical 
point, from the regions where the concentration 
of phosphorus in austerite is high into regions 
where At is low and 

(ii) the fact that phosphorus raises the Ar3 temperature, 
with the result that in passing through the critical 
range, ferrite is precipitated first in the region 
where the phosphorus concentration is highest. 
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APPENDIXA, 	Stallphur rintin& 

The following procedure was found to give 

satisfactory sulphur prints of the large 12" x 6" x 4" 

Steel surface carefully dry ground and 
cleared of grease with successive applications 
of benzene aad, either ether or alcohol, 

Light matte duplicating type photographic 
contact paper soaked for two minutes in 2% 
sulphuric acicL 

Paper dreAned on an inclined glass plate until 
uniformly damp but not visibly wet; excess 
acid remo-ved with a smell brush. 

Paper carefully laid on the steel surface; 
rolling it on from one end so that minimum 
amount of air entrapped.. By wiping the back 
of the paper with a flexible rubber squeegee 
Intimate contact could be obtained between 
the steel surface and the photographic paper 
(This action is facilitated if the width of 
the squeegee is greater than the width of -the 
specimen), After laying the paper on the steel 
urface the back of the paper should be 
moistened with 2% sulphuric acid as this is 
helpful in. ensuring an eten contact, 

Paper carefully removed after a pre-determined 
time (about 30 - 40 seconds) and placed in a 
fixing bath of 20 hypo After 15 minutes 
fixing, paper washed for one hour in water and 
finally air dried, 

( e) 

By employing the above method the first print 

taken was quite clor and satisfactory and it was unnecessary 

to take a second print with accompanying loss of fine detal, 
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APPPITDIX 11 	chi els 'T earl Tee. 

(a) Oberhoffers erxr, 

The etehing teobnique finally employed after 

numereus teats was Oberhaffer,s (Copper) Reagent; the 

eompoeition of which is given below. This reagent was 
(-eel 

employed by West‘'i and wee found to reveal both the fine 

and coarse structures present in a section of a caetine 

without exceesive pitting-. After inking, the structures 

obteened were sufficieetly olear to te photographed. In 

order to obtein a eatisfeetory etch on a 12 x 6 seotion 

the following procee3ure was adopted_ 

After sulphur printing the steel eection wes 
pla(ned in e deep paxaffin-wax tiried tank9  with the prepared 
surface lappermost2  and immereed in fresh Oberhoffer'e 
eeeeeele, The surface wag coeered to a depth of about half 
an inch. It wae found necessary to agitate the solution and 
to swab the surface of the specimen to prevent une-en etching, 

When the grinding marks had been removed, the 
section was taken from the solution, wetted and sorubbed 
leghtly with a commeroial cleaning powder, After drying with 
aleohol the condition of the etch eould be examined and if 
neeeesary the surface was re-etched until the required depth 
as achieved. 

V482 found that if the surface was only 

ewabbed sfter immersion the macrostructure we.: rather obscure 

and unsuitable for photographing. Whereas if it was scrubbed 

it w found that the tuli detail could be seen, but  lacked 

ontjoeet necessary for photographic reproduction. This wen 

overoome by applying a wash of Indian ink evenly over the 

ecrubbed eurface, and allowing it to dry. If it WaR tn 
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carefully polieheo rritb emery paper;  the crystal detail 

was clearly detined aod of sufficient contrast to be 

photographed (In removing the ink;  smears were liable 

to fwvi but these cmild be avoided by backing the polishing 

block with a yielding baize material) 

Comosition. o“berhofferis. Reement, 

Cupric Chloride 8.5 gm e Ethyl Alcohol 290 mls 

Perric Chloride 195 gins Hydrochloric Acid 195 mis 
(s.0. 	1,1.6) 

5t9onous. Chlor1de 3.25 gme Water 620 !n.18 

_1 Litre 
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