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Formation of

Synopsis 

  It has been shown that the peritectic reaction does not influence the size 

of the equiaxed zone in iron base alloys cast at low superheats. The 

equiaxed zone size did increase with alloy content but this could be at-

tributed to the decrease in the liquidus temperature and its influence on the 

survival of nuclei from the " big-bang " mechanism. 

  At high superheat (-'90°C), the larger equiaxed zone size in the 

peritectic alloys can be partly attributed to the peritectic reaction for its 
influence on the survival of nuclei from the " big-bang " mechanism and 

partly to the greater resistance offered to resolution of the nuclei generated 
by dendrite arm remelting. 

  It is interesting to note that two mechanisms for the formation of equiaxed 

crystals must operate in order to explain the different behaviour patterns at 

the two superheats.

I. Introduction 

  The columnar to equiaxed transition during the 

solidification of castings and ingots has attracted con-

siderable interest in the last few decades. The effect 

of a number of factors, such as casting geometry and 

type, position of the feeder head,l,2) pouring tem-

perature and solidification rate,3-6) and various dy-

namic processes of agitation and stirring,6-25) on the 

volume or grain size of the equiaxed zone have been 

investigated. 

  Inevitably, a number of mechanisms for the forma-

tion of the equiaxed zone have been postulated.5,26-29) 

At the present time, two mechanisms, namely the 
" big -bang " and the dendrite arm remelting mech-

anisms, are widely favoured.6) 

  Earlier work4> on steel castings showed that a 

change in the alloy composition did not influence the 

size of the equiaxed zone. However, this work dealt 

with only a limited range of compositions, and more 

recent work3o-32) has shown that variation in composi-

tion can produce significant changes in the volume of 

the equiaxed zone. These changes were attributed 

to the presence of a peritectic reaction rather than to 

composition per se. In the latter work, the superheats 

used were varied in a non-systematic way and the 

multiplicity of compositions used somewhat confused 

the situation. 

  In the present work, two simple systems of iron 

base alloys were investigated in order to clarify the 

role of the peritectic reaction in the formation of the 

equiaxed zone at constant superheat.

II. Experimental 

  In order to afford a comparison with earlier 

work,3o-32) the same basic technique was used in this

investigation. 

  A series of horizontal castings, 108 mm square in 

section and 250 mm long, were made in bentonite-
bonded sand moulds that were run and fed at one 
end from a whirlgate feeder head. Iron-manganese 

alloys and plain carbon steels of different compositions 
were prepared by induction air melting of Japanese 

and Swedish pure irons in suitable proportions, mak-

ing the necessary alloy additions and deoxidising the 
melt with silicon. Prior to teeming the melt into the 

ladle, a sample was poured into a cylindrical shell 
moulded sand mould and the liquidus temperature of 

the alloy was determined using a single pen flat-bed 
temperature recorder. The metal was then teemed 

from the furnace into a ladle and the temperature 
immediately prior to casting was measured using a 

dip thermocouple. The difference between this and 

the liquidus temperature was taken as the degree of 
superheat, which was maintained constant at a value 

of 50°C for one series of castings and at 90°C for a 
second series. A cooling curve was obtained from 

each casting by placing a sheathed Pt/Pt-13 %Rh 

thermocouple on the centre line of the mould at the 
mid-length position and recording temperature as a 

function of time. 
  The cast structure was examined by sectioning the 

casting transversely at the centre of the block, surface 

grinding and etching suitably in copper ammonium 
chloride or hot-mixed acid solutions. The area of 
the equiaxed zone was measured and recorded as a 

percentage of the total cross-sectional area of the 
casting.

III. Results 

  Table 1 presents a quantitative description of the 
results obtained and includes the equiaxed zone size 

for each of the alloy compositions shown. For a 

superheat of about 50°, the equiaxed zone size in-
creases as the carbon or manganese contents increase. 
At 90°C superheat, the relationship is not so clear. 

The plot of equiaxed zone size res. carbon or man-

ganese (Fig. 1) shows the more obvious relationship 
at 50°C and the curve at 90°C. It should be re-
membered that the peritectic limits are at 0.51 and 

8.Owt% in the Fe-C and Fe-Mn systems, respectively. 

Thus at low superheat, the peritectic reaction has no 
effect and the equiaxed zone size increases as the car-

bon or manganese increases. However, at 90°C,32) 
the equiaxed zone size increases with carbon up to the
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limitt of the peritectic reaction, when the size de-

creases again. Clearly, in the latter case alloys that 

do not undergo a peritectic change have a smaller 

equiaxed zone. The curve at '90°C is the one ob-

tained by Bibby32~ and the form of the curve is con-

firmed by the present work. 

  The macrostructural difference between the trans-

verse sections of the ingots of the peritectic and non-

peritectic compositions of the two systems is shown 
in Photo. 1. The basic structure is similar in all 

cases, with differences in the extent of the equiaxed 

zone formed. Columnar growth was most marked 

from the top surface and it always extended to the 

centre of the casting. An increase in equiaxed zone 

size occurred at the expense of the columnar growth 

from the bottom and the bottom portion of the sides. 

It was also noted that as the liquidus temperature 

decreased the general structure appeared to be finer. 

  Cooling curves taken directly from the thermo-

couples in the moulds have been used31 to indicate 

the presence or otherwise of a peritectic reaction.

This is not always a true indicator, as is shown in 
Fig. 2. In the Fe-Mn alloys, which contain only 

very small amounts of carbon (Table 1), no peritectic 

arrest can be observed. In this case, only a liquidus 
arrest is observed. However, at relatively slow cool-
ing rates such as those found in the plain carbon steels, 

a second arrest at about 1485°C was found. The 
main difference between the Fe-Mn and Fe-C series 

is that the latter have a wider freezing range, and of 

course (Fig. 2) these show the arrest. Therefore, 
when the freezing range is narrow, a peritectic arrest 
may not be observed, and in addition, the higher the 

cooling rate the less likely it is that the peritectic 

arrest will be observed, particularly when the amount 
of peritectic reaction occurring is small.

Iv. Discussion 

  The idea4~ that the ` falling crystallites ' can be 

responsible for the formation of the equiaxed zone in 

castings is now accepted. It has also been generally 

agreed that there are two principal mechanismss~ for

Table 1. Quantitative analy sis of results.

Fig. 1. Variation in equiaxed zone size with composition. Fig. 2. Thermal analysis curves.
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the production of such crystallites. At low super-

heats, most of the equiaxed grains are formed from 
the crystals which nucleate on the mould wall at the 
time of pouring by the " big-bang " mechanism.5~ 

When the superheat is higher, another important 

source of the nuclei for the equiaxed zone may be the 
crystal multiplication mechanism operating by local 

remelting of dendrite arms.27 The latter requires 
the build-up of solute at the junctions of main arms 

and side arms and a local temperature rise to produce 
remelting. Temperature fluctuations of sufficient 

magnitude are produced by convection in the liquid 
or the local retardation in the growth rate,27~ so that 

the dendrite arms can melt off under normal condi-
tions of growth. Many of the crystallites formed in 

either of the above mechanisms are transported to the 
interior of the casting by the pouring turbulence and/ 

or convection, and if they are able to survive that

period in superheated liquid, they would grow to con-

stitute the equiaxed zone. The size of the equiaxed 

zone under given solidification conditions will thus 

depend upon how many of such nuclei are capable of 

surviving to grow. 

  At the lower superheats, nuclei are protected from 

remelting by constitutional supercooling in the liquid. 

The survival of the crystallites under such conditions 

would depend upon the degree of constitutional under-

cooling present, and the model envisaged would be 

similar to that proposed by Winegard and Chalmers26~ 

without the requirement of separate nucleation. The 

advancing solid-liquid interface temperature is de-

pressed below that of the bulk liquid and the tem-

perature of the latter quickly falls such that the entire 
liquid is constitutionally undercooled.5~ The number 

of nuclei which will survive in this supercooled region 

will be greater for a lower superheat since the con-

Photo. 1. Macro-etche d transverse sections of iron b ase alloys.
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stitutionally undercooled region is more extensive. 

Alloy content will also be an important factor, for if 

this is increased a lower solid-liquid interface tem-

perature results, and whilst the superheat is the same, 
the actual casting temperature is also lower. The 

heat input into the mould is correspondingly de-

creased, resulting in a more rapid heat extraction 
rate. Therefore, during the period in which the sur-

vival of " big-bang " nuclei is critical, the temperature 

gradient in the liquid while superheat is being lost is 
decreased and the constitutionally undercooled region 
increased. Thus for a given degree of superheat, the 

constitutionally undercooled region extends further 
into the liquid as the alloy content is increased.5~ 

  The above explanation is in accordance with the 
results shown in Fig. 1, where the equiaxed zone size 

increases with alloy content. At the lower superheat, 
the peritectic reaction does not appear to be impor-

tant, since it is difficult to conceive of a mechanism 
which would cause the equiaxed zone to become 

smaller in the peritectic region. 

  At higher superheats, nuclei produced by the 
" big -bang " mechanism and/or dendrite arm remelt-

ing will decrease in number rapidly as they remelt. 

The problem of the survival of these nuclei at such 
temperatures is more critical since, for a given alloy, 

the time taken for the whole of the liquid to be super-
cooled would increase with increasing superheat, and 

there is an increased probability of the remelting of 
these crystallites before the temperature of the liquid 

falls to a level at which growth could occur. Ob-
viously, the size of the equiaxed zone at higher super-

heat is therefore smaller (Fig. 1) than that at lower 
superheat. However, it varies with the composition 

and, in general, equiaxed zones in alloys undergoing 
a peritectic change are much larger in size than those 

in non-peritectic alloys. 

  This difference in the size of the equiaxed zones 

may be attributed to the differential resistance offered 

by the respective groups of alloys to the remelting of 
equiaxed zone nuclei in the superheated liquid. A 
mechanism by which this can occur may be envisaged 

as follows : In the case of the alloys undergoing a 

peritectic change, nuclei generated by the " big-
bang " mechanism would transform from o to v on 
the mould wall before moving into the bulk liquid. 

On remelting of such nuclei, the change from v to o 
must occur, and therefore an envelope of o will form 

initially around the v. This envelope may provide a 

greater barrier to re-solution than if the v and the 
liquid were in direct contact. The delay so caused 
in remelting would result in an increase in the num-

ber of the surviving crystallites and therefore a larger 
equiaxed zone. Further, as mentioned earlier, a por-
tion of the nuclei forming the equiaxed zone may be 

also provided by the dendrite arm remelting mech-
anism. Such nuclei would be those which form and 

drift away into the bulk liquid during quite early 

stages of solidification. In case of peritectic alloys, 
these crystallites will be in the form of o and would 

therefore provide greater resistance to re-solution (due 

to their higher melting points) in the superheated

liquid. The above two processes might thus con-

tribute together to the increased number of surviving 
crystallites and hence the greater equiaxed zone in 

peritectic alloys. In case of non-peritectic alloys, 
nuclei generated by either of the above mechanisms 
redissolve more easily, and this tendency increases 

further as the carbon content of these alloys increases. 
  In neither of the superheats can the results be ex-

plained in terms of freezing range. In the low super-
heat case, the equiaxed zone size does increase with 

freezing range for Fe-C alloys, but in Fe-Mn alloys, 

the freezing range does not change appreciably as the 
zone size increases. Here, the strongest correlation 
is with liquidus temperature (Table 1). At high 

superheat, the zone size decreases as the freezing range 
increases in the Fe-C slloys, which is contrary to ex-

pectations.

V. Conclusions 

  (1) The influence or otherwise of the peritectic 
reaction on the size of the equiaxed zone in iron base 

alloys depends upon superheat: 

  (i) At low superheat (N50°C), no effect of the 
  peritectic reaction is observed but rather the 
  equiaxed zone increases with alloy content. 

  (ii) The size of the equiaxed zone is generally 
  smaller at higher superheat (~90°C), but alloys 

  which undergo a peritectic change have larger 
  equiaxed zones. 

  (2) The observed effects may be explained in 
terms of existing theories. An enhanced constitu-
tionally undercooled region is thought to be respon-

sible for an increase in the survival chances of nuclei 

provided by the " big-bang " mechanism at low 
superheat. 

  At high superheat, the role of the peritectic reac-

tion is postulated to be in increasing the number of 

surviving crystallites generated in the " big-bang" 
mechanism by delaying their re-solution. Nuclei 

produced by dendrite arm remelting may also partly 
contribute to the increased equiaxed zones in peri-

tectic alloys through their higher resistance to resolu-
tion in the superheated liquid. 

  (3) Freezing range is not considered to be a sig-
nificant variable in the context of the alloys studied. 

  (4) The entirely different behaviour patterns at 
the two superheat temperatures show clearly that it 
is necessary to have two mechanisms by which 

equiaxed crystals can be produced.
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