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showed a AaR~ and a AaR~ relationship in the iron-graphite and

iron-iron carbide eutectic systems, respectiveiy.
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CHAPTER 1
INTRODUCTION

Although eutectic solidification has been studied for many
years with a view to clarifying commercial processes,it is only in
the last decade or so that basic scientific principles have been
brought to bear on the subject. This is especially true for the
iron-carbon eutectic in the cast iron alloy system, where the emphasis
has always been on technology.

Early literature on eutectic solidification is extensive but
is mainly empirical in nature. Although the microstructure differs
from system to system, certain morphological patterns are repeated.
Early classification of eutectics was therefore based on morphology.
This mods of classification was a worthwhile preliminary step. How-
ever, the lack of high éuriéy materials and close experimental control
invalidated most such observations as material for theoretical analysis.
Again, this is especially true of cast iron metallurgy in which econo-
mics dictate commercial purities and solidification conditibns have
been established empirically.

The research project outlined in this thesis has been designed
to clarify the eutectic solidification process in cast iron. Eutectic
iron-carbon alloys of high purity have been solidified under care-
fully controlled conditions over a wide range of rates. The experi-
mental apparatus, an electron-beam floating zone unit, has been chesen

1



to minimize sample contamination and to provide sufficient flexibility
in growth conditions that both the stable iren-graphite and metastable
%ron-iron carbid§ systems can be investigated,

The stable to metastable transition and the mérphologico in
both of these systems and in ternary and quaternary modifications have

been investigated and related to the constitution diagrams,



CHAPTER 2

EUTECTIC SOLIDIFICATION

2.1 Introduction

The eutectic roactién consists of the decomposition of a
liquid phase, L, to produce two solid phases, a and 8, at or near
the eutectic temperature, Tg, as indicated in the schematic eutectic
phase diagram of Fig. 1. The spatial arrangement of the two solid
phases can vary greatly so that metallographic observations of binary
eutectic alloys exhibit a vervaidc variety of microstructures, One
widely accepted classification designates eutectic structures as
(i) continuous or (ii) discontinuocus,

Continuous eutectics are said to occur when both phases can
be traced along some unbroken path from the beginning of the solidi-
fication process to its completion. This continuity in the growth
direction is characteristic of lamellar and rod-like eutectic struc-
tures, After fhc initial nucleation evont..grouth of both product
phases contiﬁunl at the solid-liquid interficq.

Discontinuous eutectics occur when one of the phases is
dispersed in the second phase as discrete particles and there is no
continuity in any direction. Nucloat;on of the discontinuous phase
at_and ahead of the solid-liquid interface plays an important part
in the formation of these structures. 6utstanding examples are the

3



acicular A2-Si and nodular Fe~C eutectics.

2.2 Lamellar Eutectics: Theoretical

2,2,1 Introduction

In high purity eutectic alloys solidified over a wide range
of conditions, a lamellar eutectic array similar to the schematic
phase model of Fig., 2 is usually formed. Both isothermal trans-
formations and controlled transformations in a temperature gradient
can be treated with the same theory if it is assumed in the latter
case that the interface is isothermal. Originally developed for

(N using dimensional

(2)

the isothermal pearlite reaction by Zener
analysis and later calculated more precisely by Hillert “°, this
so-called Zener-Hillert theory provides the basis for the current

theoretical interpretations of lamellar eutectic growth,

2.2.2 The Zener-Hillert Analysis

During the steady growth of a lamellar eutectic afray
depicted in Fig. 2, solute (B) atoms must be transported from the
edge of each a lamella to the edges of the heighbouriﬁg £ lamellae
" and this diffusion is ansumgd to go only through the liquid phase.
If the liquid~a and 1liquid-B interfaces were planar, the concentra-
tion difference which provides the driving force for diffusion would

be Cg - cg, where ¢* and CE denote the equilibrium concentrations

L
accordihg to the phase diagram of Fig. 1 of liquid in contact with

o and 8 phases, respectively, This concentration difference will



be decreased by the effect of capillarity due to the a-8 boundaries.
The mean pressure acting on the product phases is.?gaalx where o,
is the phase boundary energy per unit area and A 1shtho interlamellar
spacing. The Gibbs-Thomson formula suggests a correction to the con-
centration difference proportional to this mean pressure such thaf
the concentration difference for diffusion will be of the form

A

€ -chHa- 5 (1)

where Aé is a constant representing the critical lamellar spacing
for zero concentration difference. chcr(7)_has suggested that the

effective diffusion distance 1s'proportiona1 to A, and the proportion=-

8
ality constant a is close to 1. Therefore

ac « - cf) A
8

= 1 _ e
J"DK-;D-—T—-‘I r) . | (2)

The mass balance requires that this lateral flux be equal to the

accumulation by the 8 lamcllao-growing at a steady rate R so that
J = «R(C" = CE) . . (3)

Assuming the achievement of equilibrium amounts behind the interface

L I

and no volume‘change accompanying the reaction, the lever rule gives

XX
a "B . B'a B .}
AglCp = €M = agte® c oy = B2 P e
Combination of (2), (3) and (4) yields
a B '
5°3 S Tl S R (s)
: alaxs (CB-CQ) A A



(2) (7)

Hillert has obtained essentially the same result as Zener's

given above by a more precise calculation.

(1)

Tiller has observed that the undercooling, AT, is related

to the slopes of the solubility lines, n, and Mgs and the concentra-

tioﬁ difference by

c® . B

11 '
L L= AT (;—-a—) . (6)

8

Equation (5) can therefore be rewritten

1l 1 :
2 m m A ' A
R_1.2 8 a 1 c 1 (-]
E = D (1 = o=) = BAT (1 = ) (7)
P a Xty (CB % by ) by X

to relate R, AT, and A, It is clear from this that the diffusion
analysis does not uniquely specify the growth rate and the spacing but
yields only a relationship between them. To uniquely define the

~ stable state, a suitable stability criterion must be determined.

(7

Zener postulated for the pearlite reaction that the growth
rate is maximized with respect to variations in'apacing at constant
undercooling, Differentiation of (5) leads to the optimum

A= 2A¢ i (8)

which in combination with (5) uniquely determines the syitcm. This
result is at least qualitatively in agreement with the experimental
observations for the isothermal pearlite rniction(7).

For controlled eutectic solidification in a temperature gradient
for which the undercoocling and spacing vary at constant growth rate, |
a different stability criterion must be postulated. This will be
discussed in the following sectioms.

The shape of the interface between austenite and pearlite as
calculated by Hilleft(z) is shown in Fig, 2, Analysis by electriec

(3)

analogue by Jackson et al has indicated a similar shape for the



solid-liquid interface in eutectic systems.

2.2.3 Tiller's Analxsis and Postulatc(l)

Tiller'®)

has re-derived equation (7) by noting fhat the
undorcoéling at the interface is attributable to‘t:o effects:

(1) solute pile~up during steady-state diffusion in the liquid
ahead of the interface and

(2) capillarity due to the incorporation of a-8 phase boundaries
in the solid.

‘For the eutectic system shown in Fig, 1 we first calculate
the first term in the undercooling AT . .The concentration of solute
in the liquid in contact with the a¢ and B phases will be C: ahd Cﬁ,
respectively,and at the a-8 boundary the concentration will be CE‘
For a system growing at a steady rate,R, the amcunt of solute
rejected from the tip of an a lamella per unit area is R(cE - ca).
Of this material, R/2(CE - Ca) will diffuse laterally in each
direction on the gradient (Cg - Cg)/(k/2) where A is the inter-

lamellar spacing. Thus the lateral flux J is

e - Byd R -0y
3=} - i = Feeg - e (9)

From the geometry of the phase diagr&m (assuming straight solubility

lines)
= em (C® - C) = - B |
aT, = -m (Cf = Cp) = my (Cp - CF) (10)
and
a B _ 11, - , |
CL—CL-AT {-'-n-s--i-a-} . (6)

where m, and mg are the slepes of the phase boundaries. Substitution

of Equation (6) into Equation (9) gives



AT = g . (11)

Equation (11) can be rewritten and generalized to

RX N
=ﬁ(1—kgr)CE 2\ {
e - L

ms l'llc

AT (12)

where k, = ca/CE by definition and v is a correction factor due to
the fact that one phase in general will be leading the éther.’ Tiller
has estimated %-< y <2, Because of the approximate nature of the
" diffusion analysis, AT can at best represent an average undercooling
over the interface. |
An additional undcrcobling of th§ liquidlis required to

balance the energy increase in the solid due to a-8 interfaces.
When unit volume of eutectic liquid solidifies at a constant rate
to a lamellar solid of spacing A, the total a-8 phase boundary
produced is %-assuming no volume change on solidification. If LI
is the energy of the boundary per unit area, the Gibb's free energy
of the boundary is ‘

AF = 20, /A : | (13)
To provide the energy AF, the eutectic liquid must be undercooled
ﬁelow Ty by an amount ATB.' The free energy change per unit volume
of liquid due to this undercooling is |

. ATy ‘ ‘
AF = T;' pL (J}t)



where L is the latent heat of fusion per unit mass and p is the

density of the liquid. Equating (13) ;an‘d (14) gives

aT, = 29,8Tg/L00 (18)

The total average undercooling is therefore the sum of ATB and
AT . To remove the degree of freedom associated with the non-
uniqueness of the expression relating undercooling and spacing,
Tiller has invoked the criterion that the undercooling should be
minimized with respect to spacing. This yields the expression

1 1
8o TD(;—-{F}

a8 'E ‘
8 a_ .
TR ka)a}: constant | (16)

A2R =
In nearly all eutectic systems studied to date the fune-
tional dependence of Equation (16) has been verified and the order
of magnitude of the derived constant appears to be right, A summary
of iecent results is given in Fig. 6. Recently, 'Tillor(“) has
generalized Equation (16) by c&uid.ving molecular attachment kinetics
to give '
A = const. R " (17)
where n < 0.5, |
Although this analysis shows satisfactory agreement with
experiment, some thoomticai weaknesses must be recognized, Firstly

the diffusion analysis is crudely approximate and secondly the choice

of minimum undercooling as a stability criterion appears arbitrary.
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2.2.4 Jackson and Chalmcrs'Analxsis

The anal?sis of Jackson and Chalmors(S) is an attempt to
circumvent the arbitrary character of Tiller's variatienallanulysis
mentioned above, It is claimed that the nac&ssity for use of an
extremum principle has been avoided by studying the beﬁaviour of
terminations of the lamellas (see Fig. 4). The assumptions implicit
in this analysis are an isothermal solid-liquid interface whose under-
cooling is composed of two separate undercoolings, one due to the
curvature of the interface, and the other due to the diffusion field
ahead of the interface and a rather idealiszed growth morphology. The
analysis consists of calculating the undercooling where a termination .
interaccti the solid-liquid interface and at a position away from the
termination in a region of perfect lamellarity. Equating the two pro-
vides a second relation between undercooling and spacing so the latter
are uniquely detarmined. | | |

' Consider the cross section of the lamellar array normal to
the interface boundary shown in Fig. 3. Resolving fho suffaco tcnticﬁs

vertically, we obtain

20, cos -29- 2 040 ¢ (19)
Also, from the geometry

-3-,= T cos g— ’ o (19)
'and th§rofoge

cosgd;?—'%;. | - (20)



or

=k o8, : (21)

The undercooling due to steady-state diffusion in the liquid ahead

of the interface was calculated in the Tiller analysis and given in

Equation (12)., Because of the idealized case chosen where m, =-m,

and neither phase is leading, Equation (12) can be written
RA
AT =m(l-ku) CB my e | (22)

From the Gibbs-Thomson formula, the undercooling at the centre of
a lamella of curvature r is given approximately by
T, |
ATI‘ ’CGL r; . » (23)
Substituting from Equation (21) gives
20 ' '
af . '
AT!‘ 2 - . | (?“)
In additionm, AT, and AT can be calculated at the position
of a termination shown schematically in Fig. 4, The terminatien
has curvature in two directions so | '

4o TE

2 .08 :
AT!‘ - ‘ (28)

The amount of solute rejected by the half-cylinder of the termination

per wnit timo'is

" xz
(1-ka) CERTTS' : (26)

11
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which diffuses to the continuous 8 phase across the semi-circular

interphase boundary. The diffusion equatioen is

a
(1) ¢ R % -};: D (cb;cg) PR RE ¢
L
or
(ef-cp) = (l‘),‘;;;? e  (28)
giving
a1 = 8 (1—);%_)503 = . (29)

On the assumption of an isothermal interface, the sum of
Equations (22) and (24) can be equated with the sum of Equation (25)
and (29) to give

320 T. D
A2R =z -——%E-E-E-ﬁ—r = constant (30)

mu-aE

This relationship Aiffers from Tiller's result by only a constant.

Jackson and Chalmer s" claim that they have succeeded in
obtaining the experimentally obseivod relationship withogt any
arbitrary extremum principle is open to question., Actually, they
have done nothing more than conceal the principle within theiﬁ
assumption of an isothermal interface. They are saying, in effect,
that in a directional heat flow system, nature abhors lateral

gradients which may be a corollary of a diasipation principle.

2.2.5 Stabiiity Criteria

In this section, a brief outline of the need for stability

12

criteria will be given. No attempt will be made to critically review
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this area of theoretical interest and only a few contributions related
directly to eutectic solidification will be referenced.

In the previous sections, the three variables characteristic
‘of lamellar eutectic solidification have been mentioned. These are
the lamellar spacing, A, the undercooling at the interface, AT, and
the rate of solidificaticn. R. In most, and indeed in this investi-
gation of eutectic solidification, the rate, R, is fixed at some steady
value by the experimental procedure. However, the other variables,
A and Af, cannot be fixed experimentally and are related by diffusion
theory by a single relation only (see Equation 7)., The remaining
degree of freedom necessitates a further relation between ) and AT
to uniquely determine the systém at constant R, A possible source of
such a relation may be found in a variational principle which defines
| the stability of a heterogeneous steady state system,

(1)

For example, in Section 2.2.3, Tiller chose minimum under-

(7)

cooling and in Section 2.2.2, Zener chose maximum growth rate as

the stability criterion. However, these choices are arbitrary., More

fundamental and universally acceptable principl.a may be found in the

thermedynamics of irreversible processos(lo).

" The principle of minimum entropy production has been applied

(8) (9)

and by Li and Weart "', Tiller(a)

to eutectic solidification by Tiller

finds that this is equivalent to minimum undercooling for a broad range
(96)

of experimental parameters. Kirkaldy » on the other hand, finds
that the experimentally observed relations for both isothermal and
controlled eutectics can be derived from a principle of maximum entropy

" production. Opinion on the validity of these calculations still
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remains divided so that the question must be regarded as open.

2.3 Lamellar Eutectics: Experimental

The relationship
1l
‘7

Aa R (16)

(1)

which was first developed by Tiller ~’, has been observed in most pure

eutectic alloys to within experimental error., This may be regarded as
empirical evidence in favour of the principle of minimum undercooling.

()

In his investigation of the Af-Mg eutectic, Yue has shown that the

temperature gradient in the liquid has no observable effect on this

relationship. The R -1’2 law is found for Pb-ca’’®?, pb-sn{70),
AL-z0¢7%), CnAlz-Az(7°), zn-5n‘"1, As-4g'®), ana ca-zn'"1) as shown
(72). In addition to these

in Figure 5 which was taken from Tiller

(37)

results for low temperature eutectics, Lakeland has confirmed the

-1/2

R relationship for the Fe-C, Ni-C, and Fe-C-Si eutectic systems

for which the eutectic temperature exceeds 1000°C,

(26)

However, the results of Wilkinson and Hellawell in the

Fo-Feac system indicate an-.R.-l/3

(92)

relationship. Furthermore, Cooksey

et al have reported values of the exponent, n, .in Equation (18)

. equal to 0,36, 0,35, and 0,40 for the At-Zn, Ag-Cu, and Mg-Al

(73)

eutectics, respectively. Whelan has attributed these deviations

from the Rfl/?

law to convective effects on the transport of solute.
A critical experiment involving the solidification of both the Fe~C
and the Fe-Fe,C eutectic systems of the same composition in the same

apparatus will be discussed in this thesis,
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In the Tiller analysis, the combination of Equation (16) and

the sum of Equation (12) and Equation (15) leads to the relation

1

AT o R? (31)

where AT is the undercooling at the interface with respect to the
equilibrium eutectic temperature., Recently Hunt and Chilton(7“)
have observed such a relationship for the Pb-Sn eutectic system

although the growth conditions in their experiment were not strictly

steady~state.

2.4 Continuous Modified Eutectics

In discussing modified eutectics, the classification due to
Chadwick(S) will be followed. The term "modified eutectic" will be
used to describe any change in structure from the regular lamellar
which arises from the presence of small amounts of impurities. This
classification includes the commonly observed colony and rod-like
structures, | .
(11)

The colony structure observed by Weart and Mack and the

accompanying cellular (non-planar) interface is analogpus to fhe
cellular structure in single-phase binary alloys(l2). In the eutectic,.
" when an impurity element is rejected by both growing phases, a con-

stitutionally supercooled region is built up ahead of the interface.
The plane interface iz no 1ongar>stab1. since any perturbation will
tend to grow to relieve the supcrcooling. In the s&oady-stata, a

-coiony structure results in which the impurity is rejected to the cell

. boundaries on a macroscopic scale. The morphology within each cell
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remains lamellar,

When the distribution coefficients of the impurity element in
the eutectic phases are sufficiently different, the lamellar struéture
can become unstable and be replaced by a rod-type structure. Chadwick(S)
has explained this lamellar to rod modification on the basis of short-
range constitutional supercooling in which one phase grows into the
constitutionally supercooled liquid ahead of the other, and the
lamellae of the lagging phase break up into very small cells surrounded

Yuc(ls) has observed the lamellar to rod transi-

by the other phase.

tion in the AL-Mg eutectic system as the impurity content is increased.
An intermediate structure can also develop in impure eutectic

alloys growing with a cellular interface. This structure consists

of a regular lamellar morphology at the centre of cells but a rod-like

morphology at the cell boundaries. Such a structﬁre can be ration-

alized if the distribution coefficients of the impurity element in

the eutectic phases are equal at low impurity concentrations as at the

cell tips but different at higﬁer-concentrations corresponding to the

(s)

cell boundaries. The explanation of Chadwick outlined above then

applies.

2.5 Discontinuous Eutectics

In the lamellar type of eutectic and in its modified forms,
each phase grows continuously so that repeated nucleation is not
required. A discontinuous eutectic is one in which one of the phases
must renucleate repeatedly due to the termination of growth of crystals

of that phase, A typical discontinuous eutectic is the AL~-Si eutectic
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in which individual crystals of Si are dispersed in an A% matrix., The
Fe-C discontinuous eutectic, ncdular cast iron, has many similarities

to the AR-Si eutectic.

(1%) (s)

Recent reviews by Bell and Chadwick have elucidated
the formation of the AL-~Si discontinuous eutectic which forms under
conditions of high growth rate or modification with small amounts of
Na. The analogous modification of the Fe-C eutectic will be dis-

cussed in Chapter 4 in a review of cast iron literature.

2.6 Summarx

The classification of eutectic morphologies as either con-
tinuous or discontinuous has been chosen because of its simplicity
and its lack of ambiguity, particularly in the iron-carbon eutectic

(75) classification into normal, anomalous, and

systems, Scheil's
degenerate eutectics exhibiting simultaneous growth, less coupled
growth, and no coupling between the two phases, respectively, is
much more ambiguous.

Current theories of lamellar eutectic growth have been out-
lined and have been compared with experimental findings. Since only
the moét idealized growth models can be treated analytically, con-
tributions to the theory of modified and discontinuocus eutectics

remain descriptive, For this reason, a discussion of nodular cast

iron will take the form of a 1iteraturo review,



CHAPTER 3

THE IRON-CARBON PHASE DIAGRAM

3.1 Introduction

The stable iron-graphite phase diagram which is necessary
for an understanding of the solidification of cast iron is well

known in the eutectic range. The 19u8 compilation due mainly to

(1s)

Mehl and Wells has been modified and brought up to date by

Hansen(IS). A more recent revision has been carried out by Kirkaldy

and Purdy(17). This later modification is confined mainly to the
eutectoid region and differs only slightly from the Hansen version
in the eutectic area. The metastable Fe-Fesc system is also well
established except for the liquid -Fbac solubility line. This is

indicated by full lines in Fig. 6 after Kirkaldy and Purdy(l7).

3.2 Thermodynamics of Iron-Carbon Alloys

The phase diagram of Figure 6 represents the oquilihrium
phase relationships. For systems removed from equilibrium, such as
during solidification, knowledge of the metastable boundaries at

(18) has

temperatures below the eutectic is desirable, Hillert
facilitated the extrapolation .of the stable boundaries to lower
temperatures by fitting analytical oxﬁrossién-. In the liquid phase,

‘he has represented the activity coefficient, v, by a series expansion

18



an Y © K + ax, + bxc2 (32)

where X, is the concentration of carbon expressed in atom fraction,
The temperature dependence, K, is accounted for by the empirical
relation

K=T‘|‘B. (33)

In the austenite phase the following expansion was chosen,

n Y, * K - %-a t¢n (1 - 2xc) (34)

vhere K has the same temperature dependence as for the liquid,

By fitting the equations to several well defined experimental

(18)

points, Hillert was able to summarize the thermodynamics in the

eutectic region in four equations. Based on standard atates of pure

liquid iron and pure graphite, the results are:

fn a, =tnx, 3.5 n (1-2x ) - 2.0968 +

SuOS, 4
c i

(35)

L

L L ' L.2 2333,.0
£n a = n x, t 17.702 X, = 3y, 173 (xc) - 1,8977 + —

(36)

tn a, = -6 zn(l-xc) +3.5 ln(1-2xc) - 7.,5524 ¢ 0 T # (37)

101.4
Fe T

, . L L L2
£n ap, 49,644 &n (l-xc) 50,644 X, - au, 173 (xc) (38)

vhere a = Yx, represents the thermodynamic activity of the species
denoted in the subscipt. The superscript, L, indicates the liquid

phase. From Equatiocn (35) to (38) and the thermodynamics of

(19)

cementite (FeSC) tabulated by Darken and Gurry » the equilibrium

19



lines in the eutectic region have been calculated(2l). Figure 7

shows the result., The dashed lines represent the metastable system

vwhile all the thick lines, full as well as dashed, were calculated,

(16) phase diagram and differ

(17)

The thin lines were taken from Hansen's

only slightly from the Kirkaldy and Purdy compilation of Fig. 6.

20

Two interesting features of Fig. 7 are apparent. The melting

point of fhsc is predicted to be 1480°K (1207°C) in contrast to

published values as high as 1837°C (20). Because of the low melting

point, the Feac-liquid solubility line is much more horizontal than

previocusly thought and intersects the graphite~liquid solubility line

at 1415°K (1142°C), only 11°C below the temperature of the stable

(21)

eutectic on the Hansen diagram, Hillert made these predictions

some ten years ago.

3.3 Consequences of the Double Diggg;m

From the iron~-carbon phase diagram, it would appear that
eutectic liquid, when cooled llowiy (at small undercooling), would
solidify to produce the stable iron-graphite product. This is
certainly the case for undercoolings of less than 6°C because.in
this temperature range graphite is the only possible product. How-
ever, below the Fe-Fe3C eutectic temperature, eutectic liquid is
supercooled with respect to both the stable ironographite and

metastable iron-iron carbide eutectics. In this region, Fe.C can

3
grow if nucleated but the euxoctic'liquid is more highly super=

‘saturated with respect to graphite than carbide. At a temperature
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below the intersection of the graphite~liquid solubility lines, the
carbide phase becomes the thermodynamically stable phase with rcséect
to supercooled liquid. This is shown schematically in the free
energy-composition diagrams of Fig, 8 which are similar to those of
Hillert! 7S,

Fig. 8(a) shows schematically the double diagram and Fig.
8(b) - (f) indicate the free energy - composition curves at the
temperatures shown. When the temperature falls below Tl’ graphite
can start to form but cementite camnot. At underccolings greater than
T2, the formation of cementite is thermodynamically possible but
the supersaturation with respect to graphite is greater than that
with respect to cementite. Fig, 8(d) shows an intermediate tempera-

ture, T The fact that the two phase boundaries intersect at Tu

3
reveals that, with further decrease in temperature, saturation
with respect to cementite increases more than with respect to
graphite., Below the intersection at TS’ cementite becomes the stable
phase with respect to supercooled liquid,

In the iron carbon system, one would expect to find the
stable iron-grgphite eutectic at slow freezing rates., As the freezing
. rate increases, a transition from graphite to carbide seems probable
a£ undercoolings greater than 11°, Furthermore, since the carbide
to graphite transitionArglies upon a nucleation step, carbide may
also bobthe observed phase at undercoolings between 6°C and 11°

below the graphite eutectic temperature if conditions for graphite

nucleation have been avoided.



3.4 Summarz

From the accepted phase diagram and the thermodynamic

predictions of Hillert(ls’ 21, 76)

s @ transition from a gr_aphite
to carbide sutectic phase should take place in this system at an
undercooling of about 11°C below the Fe-C eutectic temperature.
In this investigation, an attempt will be made to observe and

measure the undercooling of such a transition.
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CHAPTER &4

REVIEW OF CAST IRON LITERATURE

4,1 Introduction

As observed in the previous chapter, the double eutectic
diagram indicates the possibility of solidification of cast iron
in two thermodynamic systems. The product is called white cast
iron if carbidic and grey cast iron if graphitic., While early
researchers studied cast iron mainly from a technological and
industrial point of view, currént interest has turned to the more
fundamental aspects of cast iron solidification, - The post-war

(22)

review paper of Morrogh and Williams is a comprehensive com~

pilation of the early work and will therefore be taken as a base

line for this review, Reviews of more recent work have been

(17) (5) (23)

compiled by Kirkaldy » Chadwick ™ °, and Hughes

4,2 White Cast Iron Solidification Structures

'The formation of carbide-austenite eutectic structures has
récently been studied metallographically ﬁy Rickard and Hughes(zu).
They have observed that white cast iron may solidify with either
the well-known dendritic‘ledeburite structure or with a plate-like
structure as shown in Fig. 9. The plate-li?e structure is promoted
by a decreased nucleation rate such as oécurs in superheated melts.

* The tendency of reac to form plates was also noted by Hillert and

23
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Steinhauser(zs) and the structure was studied in detail. An artist's
conception of growing ledeburite eutectic cells is given in Fig. 10.

(26) have studied the carbidic eutectic

Wilkinson and Hellawell
solidification of pure alloys under controlled conditions. Direct~
ioﬂal‘sclidification produced a regular lamellar eutectic structure
at high solidification rates but ocbtained a mottled structure at |
rates less than 40 mm/h apparently due to spurious nucleation events
at the contact between the horizontal mold and ingot., Brigham et
31(27) have also reported lamellar carbide structures in pure iron-

carbon alloys solidified under controlled conditions,

4,3 QGrey Cast Iron Solidification Structures

(28)

Bunin et al suggested that the graphite in each grey

iron eutectic cell forms a continuous network which frequently
branches, in contrast to the idea that each graphite flake was

individually dispersed through a metallic matrix, Morrogh and 0ld-

(29)

field have substantiated this model by deep etching techniques.

Fig. 11 shows the artist's conception of a typical extracted cell(SO).

(31)

Oldfield has presented a stereo-photograph of a deep-etched

micro-specimen showing vividly the three dimensional nature of the

branched graphite skeleton. The cooperative growth of the graphite

and austenite to form the eutectic is now well understood(az’ 33, 30).

An increase in the solidification rate or increased under-

cooling causes an increase in the frequency of branching and therefore

(34, 36) (35)

a much finer structure known as lacy or ASTM D=-type



graphite. In controlled solidification experiments, high purity
eutectic Fe~C and Fe-C-Si alloys have been solidified at various
steady rates giving graphite morphoclogies ranging from coarse
directional flakes at slow rates to a fine lacy structure at high

rafes(37' 27).

Oron and Minkoff(77)

have investigated graphite dendrites
from the analogous Ni-C eutectic system and have determined that
these are bi-crystals growing in a twinned orientation. However,
the concept of flake growth by the edgewise extension of basal
planes is still acceptable for at least part of the flake and the
crystallographic requirements for branching in thé twinned structure
are greatly reduced. The intefnal substructure in the branched
flakes could ;esult from mechanical distortion of the leading

graphite phase by convective currents in the liquid. The wavy

appearance of individual flakes can be explained in a similar manner.

u,4 Grey or White Iron Solidification

3

4,4,1 Effect of Coolinngate

The effect of cooling rate on the solidification of pure
iron-carbon alloys was discussed above in Section 3.3. It was noted
that slow cooling rates promoted grey iron solidification and rapid
cooling promoted white, Quantitative measurements of the solidi-
fication temperature as a function of rate of heat extraction in

commercial cast irons have been made by Oldfield(SI). In that

25
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investigation, the temperature at which the Fe-C eutectic solidified
decreased markedly with extraction rate while the solidification
temperature of the Fe-Fesc eutectic remained almost invariant,
Extrapolation of the two results to zero extraction rate agreed with
thé equilibrium melting point of both the stable and metastable systems,
Whether the stable graphite phase forms directly from the m?lt

or indirectly by the decomposition of Fe.C has been questioned. How-

3
ever, coarse flake and lacy graphite morphologies were observed in
cast irons which were solidified between the stable and metastable
eutectic temperature showing conclusively that these forms of graphite
precipitate directly from the melt(al). Commercial cast irons there-

fore appear to solidify in accordance with the double diagram.,

4,4,2 Effect of Alloy Additions

In the jargon of cast iron technologists, chill is said to
occur when solidification of the grey iron eutectic is suppressed
and white iron solidification occurs,while mottle is the term used
to designate an area in which both graphite and carbide solidifi-
cation structures occur, The effect of alloy additions on chill and
mottle formation in cast irons has been studied extensively and has
been reviewed recently by Boyes and Fuller(ae).

Investigations of chill have been carried out by casting
the irén into vertical sand molds approximately 1 1/8 inches wide,
5 inches long and 9 inches high standing on 1 3/4 inch steel chill

(32)

blocks to provide an initial rapid solidification. The depth
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to which chill and mottle occurred was measured by direct observation
of the broken casting. Because solidification in all castings occurred
under similar conditions, the chill depth is a qualitative guide to

the effects of various additioms.

Among the major elements found in cast iron, increasing amounts

(40) (39) (38)

of P s Si » and carbon decrease the chill depth while excess
S(us), excess Mn(“u), and Cr(ul) increase the chill depth, 0Oldfield
has shown that the effects of Cr(ue) and Si(u7) have a purely con-

stitutional effect in changing the chill characteristics of the melt
in contrast to inoculation effects which will be discussed later, As
shown in Fig. 12, an increase in the Si content increases the temﬁer-
ature difference between the stable graphite-austenite and metastable
ledeburite eutectic equilibrium temperature and the temperature range
wherein only graphite can grow is expanded, Si therefore stabilizes
graphite and reduces chill formation., Cr has the opposite effect
and increases chill formation by decreasing the temperature difference
between the stable and metastable equilibria., The partition of
alloying elements between the phases has not been investigated with
the exception of Cr, which segregates to the carbide phase(78).
Maﬁganese and sulphur are elements commonly used to control
chill depth but because of their reaction in the liquid state, the
effects of individual elements is not clearly understood. Excess

Mn‘uu), above that necessary to react with the S, increases chill,

probably by a thermodynamic effect similar to that of Cr(us). Excess

S(us) also increases chill depth but the observations of Oldfield(al)
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indicate a different cause of the effect, Oldfield(3l) found that
at a constant rate of heat extraction an increase in S content

~ increased the amount of undercooling in the melt and consequently
stabilized carbide formation. Because the nucleation characteristics
of the melt were unaffected by § concentration,.the increased under-
cooling occurred because S reduces the growth rate of each eutectic-
cell. The addition of Mn to high S melts initially reduces chilling
by reacting with excess sulphur but an increase in Mn beyond a cer-
tain level leads to increased chill depth because of the excess Mn.
The empirical relationship for a balanced iron is one in which % Mn
=1.7x %S,

(42) has proven to be one of the most powerful elements

Beron
for increasing depth of chill, Addition of as small as 0.05 % B
may be used to give a uniform mottled structure irrespective of
section size while 0,20 % B produces predominantly white structures
although some very fine mottle may be obtained.

The chill effects of most of the minor elements found in

cast irons including dissolved gases have been reviewed(SS).

4,4,3 Inoculation Effects

The phenomena discussed above are due to the persistent
effects of alloy additions rather than to transient inoculation effects

(43) has

associated with last minute additions to the melt, Fuller
shown, for example, that AL increases the rate of nucleation of graphite and

so decreases the depth of chill in test castings.
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The only effect of increasing AL content in the melt is an increase

in the degree of nucleation whether AL is added to the cold furnace

(u8) (50)

or to the ladle. Lux and Tannenberger and Dawson have shown

that commercial ferrosilicon containing Ca and AL impurities acts as a
strong inoculant and decreaseschill depth, presumably by supplying
heterogeneous nucleation sites for graphite. High purity ferro-

silicon has no inoculation effect(us). Merchant et a1(79)

have shown
that ferrosilicon inoculation is most effective in irons of low
carbon content. In addition to ferrosilicon, graphite, calcium
silicide, and silicon-manganese-zirconium alloys increase the degree
of nucleation of the iron and consequently reduce the depth of chilL(ss).
Any process which destfoys heterogeneous nucleation sites
provided by inoculation will have the effect of increasing the chill

(49) has shown that the number of eutectic cells

depth, Fuller
decreases with increased holding time and temperature in the furnace.
Bubbling an inert gas such as nitrogen through the melt has a similar

effect(ss).

4,4,4 Inverse Chill and Inverse Greyness

The phenomena of inverse greyness (a grey rim on a white
casting) and inverse chill (a white core in a grey casting) have been

(51) .nd by Hil1ert5?), Hillert

investigated by Hughes and Oldfield
considers these transformations to be related phenomena and he
explains them on the basis of the nucleation of carbide under the

changing conditions of casting solidification., In castings exhibiting
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inverse chill and inverse greyness, the first product of solidification
is grey iron which is nucleated at the surface, At some time during
the growth process, the conditions for nucleation of white iron may
become favourable in the remaining melt. Local enrichments of carbide
stabilizing elements caused by macro- or microsegregation between the
growing graphite eutectic cells or a local temperature decrease
associated with a thin section may lead to the required conditions,

(52) has shown that after cementite is nucleated, ledeburite

Hillert
will grow with considerable speed and spread to all the remaining melt
although this may have a higher temperature or a less favourable com-
position. This initial grey but subsequent rapid white iron growth
results in castings with carbidic centres and graphitic rims,

The investigation of Hughes and Oldfield(51)

(52)

produced results
which are not inconsistent with Hillert's suggested mechanism.

These authors have shown that the factors promoting inverse chill are
high and unbalanced sulphur confent, high hydrogen content and a low
degree of nucleation, Limited graphite nucleation confines graphite
growth to the rim of the casting and prevents general precipitation

of graphite. As discussed earlier in Section 4,4,2, Boyes and Fuller(as)
have shown fhat sulphur and hydrogen stabilize carbide and promote
chill formation, The local segregation of these elements during

initial grey solidification may be responsible for the observed changes

in solidification mode,
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4,5 Nodular Iron Solidification

4,5.,1 Intreduction

Prior to 1947, the spheroidal graphite morphology in cast

iron had been produced only by the solid state decomposition of

(53) (su4) independently

carbide., At that time, Morrogh and Gagnebin
demonstrated that ;uch structures could be produced in the as-cast
condition, the former by the use of cerium additions and the latter
by the introduction of magnesium, The mode of formation has been

(55) who observed that nodular

demonstrated by 0ldfield and Humphreys
iron formed between the carbide and graphite eutectic temperature,
The mechanism by which nodular iron is formed is well known and

(34, 55, 56) have demonstrated by quenching from dif-

several authors
ferent points on the cooling curves that the eutectic grows in the
manner shown schematically in Fig. 13. Nuclei appear in the liquid
and the intermediate structure consists of a layer of austenite

surrounding a single graphite spherulite. Growth occurs by carbon

diffusion through the austenite envelope.

(53, 57, 22) (58)

Polarized light microscopy and X-ray analysis

have shown that the graphite spheroids are bounded by basal planes,

Patterson and Ammahn(ao)

have drawn attention to the strong aniso~
tropy of the graphite surface fﬁ§§ energy and have suggested that the
spheroidal gréwth morphology is adspted to minimize the free energy
of the system. The anisotropy exhibited by the surface free energy

of graphite should similarly be observed in the interfacial energy
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between graphite and liquid or austenite., The totalrfrni energy of
the system is decreased therefore by the spheroidal morphology exhibit-
ing only low energy interfacial boundaries,

Unfortunately, the above argument is difficult to sustain
siﬁply on the basis of a lower surface free energy since the flake
morphology also exhibits low energy interfacial boundaries, In
addition, a large number of spheroids is necessary to accommodate
the volume of a single flake so that the spheroidal morphology may

not in fact minimize the total surface energy of the graphite.

4,5.2 Factors Determining,ﬂodular Iron Formation

(81) have pointed out that a spheroidal graphite

Bolotov et al
morphology results after a cast iron has been treated under specific
conditions with one of the following elements: Mg, Ce, Ca, Li, Bi,

(82) has indicated that

Na, X, Te, Se, Ba, Sr or Zn. However, Barton
the only method of attaining satisfactory structures on an economic
basis has been by the addition of magnesium, either as pure Mg or as
one of its alloys. Magnesium in combination with cerium in the form
of mischmetall has also been successfully used,

Nﬁmerous mechanisms for explaining modification by the above
elements and for spheroidal growth have been offered. Loper et 31(83)
have summarized these aQ follows:

| 1. The modifying element alters the surface tension of

the melt. The contact angle of the two solid phases

in a cooperative eutectic is said to be altered in such
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a way that overgrowth and isolation of one of the phases

occurs,

2. Substrate nucleation. Some particle in the melt provided
by the modifying element serves as a substrate for nucleation

and determines the spheroidal crystal growth morphology..

3. Adsorption of modifying elements. The modifying element
is adsorbed on the surface of the growing phase and thereby

alters its growth kinetics and morphology.

4, The phase diagram is materially altered by the presence
of very small percentages of the modifying element and
the resulting phasé system inherently produces a sphercidal
mérphology.

5. Gas bubble theory. The modified phase grows within gas

bubbles generated by the modifying element,

6., Supercooling. The modified element causes substantial

undercooling resulting in the spheroidal phase morphology.

None of the theories mentioned above has been able to attain

universal acceptance and several can be dismissed immediately. The

(8u, 81)

gas bubble theory of Gorshkov is one such theory. Theory 4

is also rather dubious on the basis of Scheil's(BS)

investigation of
Na modificatiqn in the analogous AL-Si system which shows that a Na
concentration sufficient to produce modification depresses the eutectic
temperature only a negligible amount,

As an introduction to the discussion of the mechanism of modi-
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fication we note the following common feature of allathe modifying
agents listed above. Each of the elements has a high affinity for
sulphur and forms a very stable high melting point sulphide, This
is especially true of Mg and Ce which are used commercially. Other
eléments, such as Mn, form stable sulphides but do not lead to modi-

(82) has shown that the amount of Mg added to a cast

fication., Barton
iron to produce a purely nodular structure is directly proportional
to its sulphur content, If the sulphur content is greater than
0.015%, 0,035 - 0,040% residual Mg in soclution and in the form of

| sulphides is required, but if the iron contains less than 0.015% S,
less Mg is required. Desulphurizing practices for cast irons(ss)
before the addition of expensiQe modifying agents are economically

(82, 86) for this reason.

feasible
Each of the theories, 1 through 3, mentioned above can now
be discussed as a possible factor in the formation of nodular graphite,
We must from the start discount 6 since although a high supercooling
is a common feature of commercial melts which solidify with a
spheroidal graphite morphology, this characteristic is caused by
rather than being a cause of the solidification mechanism, As shown
schematicaily in Fig. 13, the growth of the graphite spheroid relies
on carbon diffusion through the thickening austenite envelope. A
temperature decrease beléw the eutectic temperature increases the
carbon ﬁradieht in the austenite layer (see the extrapolation of phase

boundaries .to lower temperatures in Fig. 7) and consequently increases

the carbon flux to sustain the graphite precipitation reaction. A
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high supercooling is therefore expected since carbonvmust be "driven"
through the austenite layer by solid state diffusion at a rate suffi-
cient for the heat of reaction to equal the rate of heat extraction
from the melt. Thus, the supercooling is associated with the solidi-
fiéation mechanism but is not the cause of medification,

Substrate nucleation undoubtedly plays an important role for
it is a known fact that stable high melting sulphides will be present
in the modified melts. These heterogeneous nuclei are very effective
as shown by the much higher rate of nucleation in modified nodular

melts than in melts with a flake graphite morphology(ssl. Lyubchenko

(64)

et al have observed a central nucleus of high Ce content in

graphite nodules indicating nucleation on a cerium compound, possibly

CeS. In commercial cast iron treated with nickel-magnesium, electron

(93, 9u) have indicated a nucleus rich in Mg and

(95)

microprobe studies
Si and electron microscopy has been used to identify the compound
3Mgo ., 28102 . 2H20 . Although there is conclusive evidence that Mg

and Ce compounds act as effective h;torogeneous nucleation sites for

graphite, these nucleation events, per se, can in no way be linked to
the subsequent growth morphology.

An’important role for surface tension effects in nodular iron
formation has been proposed by many authors, presumably based on the
theory that graphite grows with basal planes out to minimize the
surface energy(so). To sustain the argument, the initial stage of
graphite envelopment by austenite must be explained and must follow

from the fact that graphite is the leading phase in the flake morphology.
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The effect of sulphur on the surface properties of cast irons

(60) 1 ave shown that

is well known, For example, Kozakevitch et al
increasing sulphur concentrations greatly reduce the surface tension
or surface free-energy, °Lg’ of Fe-C alloys while Khranov and Cherno-

(62) have observed a similar change in surface properties

brdvkin
accompanied by a decrease in contact angle of cast iron wetting

graphite. A surface tension balance is given by

°sl = °§g - GLg cos O

vwhere 9, is surface free-energy of a solid-liquid interface, dsg

is the kurface free-energy of a solid-gas interface and czg is the
surface free-energy of a liquid-gas interface/;nd 8 is the contact
angle. For a system consisting of liquid cast iron on a graphite
block in a neutral atmosphere, the addition of sulphur to the cast
iron should not change o’g, but clg and 6 decrease as mentioned above
(s0, 62). The result is a decrease in oy ¥ith increasing sulphur.
Therefore, the addition of Mg or ée; which reduce the sulphur content

of the melt, will cause an increase in o This means that the

s’
graphite is not wet by a iow sulphur (high Mg) melt so the possi~
bility that austenite can overgrow and envelope any graphite nucleus
that forms in the solidification process is increased and the formation
of a flake morphology is suppressed. Sidorenko and Tsarnvskii(sl)
have observed similar changes in the surface properties of the
analogous Ni-C system and they have oﬁcerv.d a change from spheroidal

to flake graphite morphology with increasing sulphur content,
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Modification by the adsorption of modifying elements has been

(59) based on observatins in the Ni-C system con-

proposed by Minkoff
taining trace amounts of impurity. His observation of fern-like
intermediate graphite morphologies led him to the conclusion that a
continuing flux of impurity is necessary to maintain the spheroidal
form, Adsorption of impurity atoms on selected plancn which "poisons"
the normally fast-growing crystal facets to produce a structure bounded
by'basal planes has been postulated. Autoradiography has shown that
the nodularizing agent is uniformly distributed throughout the graphite

(63, 64, 81) and that the sulphur content of nodules is very

(81).

spheroid
low compared to the enrichment of sulphur in graphite fiakes
The screw dislocation growth mechanism of Hillert and Lindblon(sn)
also supports the adsorption model for modification although it is
not clear to this author how a continuing flux of modifying element
can be maintained through a thickening austenite envelope.

A model based on the adsorption of sulphur rather than modi-
fying agent can explain the experihontal observations, In this case,
the role of the modifying agent is to control the sulphur by forming
sulphides and reducing the residual sulphur content of the melt. The
proposed model is outlined schematically in Fig, 38.

As indicated in Fig, 38(15, initial nucleation of graphite
occurs at several points on a heterogeneous nugleating substrate
with basal planes parallel to the substrate, These nuclei grow
laterally until they impinge as shown in Fig. 38(2). Thickening of
the graphite takes place at a repeatable step provided by a screw

dislocation mechanism as proposed by Hillert and Lindblom(eu).



38

This nucleation mechanism and primary growth stage is a common feature
of both flake and nodular graphite growth,

For nodular growth, in which sulphur is well controlled by
modifying agents, thickening of the graphite continues by the screw
diélocation mechanism and the spheroidal morphology persists as shown
in Fig. 38(3). Subsequent envelopment by austenite produces the
nodular morphology of Fig. 38(4) which is indentical to that formed
by the accepted growth mechanism shown in Fig. 13,

On the other hand, adsorption of sulphur on the basal plane
has a cumulative effect in blocking the screw dislocation mechanism
by which the graphite plates thicken. When growth inhibition occurs,
graphite growth kinetics rather than carbon diffusion to the graphite
will become rate controlling. Consequently, a local supersaturation
of carbon at the surface will occur which is expected to lead to a
non-planar interface analogous to interface instability in consti-
tutionally supercooled alloyn.A The re-nucleation of graphite with
a different orientation at an imperfection such as a sub-boundary can
therefore be postulated. This proposed mechanism leads initially
to the structure illustrated in Fig, 38(5) and finally to the true
flake morpﬁology of Fig, 38(6). Flake growth is not inhibited by
sulphur because no cumulgéive growth blockage occurs during the edge-
wise extension of graphite plates.

The lbw sulphur content of graphite nodules as compared to

(81)

the enriched sulphur concentration in flazkes and the intermediate

(59)

fern~like morphology are features which are consistent with this
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model, Fern-like structures which result from insufficient modifying
agent additions (and poor sulphur control) can be explained on the
basis of localized adsorption resulting from the transport of sulphur
through ruptures in the austenite envelope. Again, local super-
saturation of carbon and re-nucleation of graphite can be postulated.

A continuing flux of the adsorbed element through the austenite
envelope is not requireq to produce the spherocidal graphite morphology.

Although Minkoff(sg)

(65)

discounts the role of surface energy
changes, Khrapov considers that an increase in surface tension
is a necessary but not sufficient condition for nodular growth, Of
the theories for nodular growth summarized above, the first and

third seem to agree most closely with experimental findings to date.

4,6 Sumr!

The literature in the cast iron field is extensive but to
a large c#tent lacks a sound scien:ific basis. Observations of cast
iron solidification have been made on complex multicomponent systems
without a knowledge of the behaviour of pure Fe-C alloys for com-
parison. Sand castings have supplied interesting empirical results
for chill and mottle formation but close experimental control over
growth conditions has been lacking. This suggests that a better
understanding of the proéels may be gained by studying a carefully

controlled experimental system of precisely known composition.
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EXPERIMENTAL APPARATUS

5.1 Introduction

The central aim of this research project was to study the
solidification of the pure iron-carbon eutectic under carefully
controlled conditions,

Contemporary investigators have studied the cast iron systems

using induction heating in a water-cooled copper boat(zs) and

radiative heating in a recrystallized alumina boat(37). Melting was
carried out in vacuum and purified argon, respectively, Although
uncontaminated by the atmosphere, reaction between the molten alloys
and their containers at 1150 to 1200°C undoubtedly takes place, In
this investigation, the need for a container, refractory or otherwise,
was eliminated by the use of a "floating zone" technique. A molten
zone was established between two vertical cylindrical rods of the
cast iron eutectic material and was supported by the surface tension
of the liquid., Liquid was in contact only with vacuum and solid
iron~carbon alloy of the same composition.

Clese control was also afforded by the floating zone tech-

(26, 37) in which nucleation

nique. Unlike the previous investigations
occurred on the mould walls, the floating zone technique eliminated

heterogeneous nucleation sites ahead of the solid-liquid interface and
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growth was confined to that interface.

Because a vacuum of better than 10"“ mm of Hg was attainable
and the evaporation loss of the eutectic liquid was low due to the
low vapour pressure at the eutectic temperature, heating by electron

(66), who recently

bombardment was chosen. As pointed out by Schadler
reviewed the use of the floating zone technique for growing single
crystals of high melting point materials, electron bombardment affords

better control over zone length than either induction or radiation

heating.

5.2 AEEaratus

A photograph of the electron-beam floating zone melting
apparatus is shown in Figure 14, Construction was carried out at
McMaster University by Mr. H. Walker under the direction of Dr. G,

R, Purdy. The electrode assembly was designed and built by the author,

5.2,1 Vacuum Chamber

The chamber was constructed from a cylindrically shaped seam-
less mild steel pipe 1l inches inside diameter with a % inch wall and
6% inches long. The inside surface was machined round and honed to a
bright scratch-free surface. "O"~ring grooves were machined in the
front and back of this cylindrical pipe. The-top and bottom were
milled flat and circular holes 2% inches in diameter were milled in the
top and bottom with their centres 2% inches from the rear edge. These
holes, covered by square brass plates X% inch thick containing "0"-ring

grooves, facilitated the introduction of the electrode assembly which
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will be discussed later, The back was machined from a 7/16 inch

mild steel plate and contained a 2 inch vacuum port and two holes for
electrical leads. Vacuum sealed high voltage electrodes supplied by
Edward's High Vacuum were used. The vacuum pumping system, which was
connected to the chamber by 2 inch diameter wrought copper pipe, con-
sisted of a 2 inch water-cooled oil diffusion pump backed by a
mechanical pump with a capacity of the order of 50 litres per minute,
A typical vacuum maintained throughout the solidification runs was

5 x 10-“ mm Hg as measured by an ionizétion gauge,

The front of the chamber was covered by a % inch thick
aluminum plate which was hinged to facilitate entry when air was
admitted, An 8 inch viewing port was included in the front panel
to facilitate close observation of theizone and measurement of the
rate of solidification, This port was covered by 3/4 inch thick
"armour" glass, capable of withstanding open-flame temperatures as
high as 500°F, An aluminum foil radiation shield could be manipulated
from outside the vacuum system.

A drawing of the electrode assembly is shown in Figure 15,
In this apparatus, the sample remained stationary and the electrode
moved relative to it on a twin I - beam track, The idler wheels were
equipped with ball bearings and the assembly traversed both up and down
very smoothly and with close tolerances, Motion was transmitted by the
windlass assembly shown. The drum on which the dead-soft copper wire
was wound was powered by an electric motor and variable~speed trans-

mission. The shaft entered the vacuum system through a Wilson seal,
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Traverse speeds from 2 to 10,000 mm per hour were attainable although
rates higher than 800 mm per hour were used only during the process
of setting up and sample adjustment., The rate of 800 mm per hour was
the maximum at which a stable zone could be maintained. A catheto-
meter was used to measure the traverse speed for each run,

Teflon was chosen as the structural material for supporting
the electrode because of its excellent dielectric, vacuum and thermal
properties. The choice of materials is very restricted because the
structure must withstand temperatures of the order of 200°C and
potentials of 2000 volts while under vacuum, Evaporation "umbrellas"
were placed on both electrical leads through the teflon so that
evaporated metal films would not short-out the filament, A radiation
shield was placed between the filament and the teflon, After con-
tinued use, evaporated deposits built up to the point that discharge
occurred but the teflon was not damaged. Initially, fired pyro-
phyllite was employed instead of teflon but electrical discharge
quickly impaired its dielectric propertiéa and rendered it unservice-
able,

The cathode consisted of a 0,010 inch diameter W wire of a

(67) clamped at both ends to vertical

design similar to Calverley et al
1/8 inch drill rod electrical leads. Molybdenum focusing shields were
clamped above and below the filament and were independently adjustable
on the drill rod binding posts. This increased flexibility enabled

adjustments to be made after initial stress relief and high temperature

creep of the filament without disturbing the embrittled tungsten,
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The samples were held in aluminum spring-loaded V-blocks
mounted on Alnico horse-shoe magnets, Bolt holes were spark machined
in the magnets. The magnetic sample holders provided great ease of
handling and alignment, especially with bent samples, and facilitated
the removal of the melted rods. The magnets were insulated from the
chamber by asbestos tape and the sample current was monitored on a

milliammeter,
5.2,2 Electronics

A block diagram of the electrical circuit required for
electron~bombardment melting patterned after Calverley et a1(67) is
shown in Fig. 16. The essential features are the emitter and focusing
arrangement already discussed, the high voltage power source, the
filament power source and a means for controlling the power, The
latter is achieved via the bombardment current which is controlled in
turn by the thermionic emission from the cathode with voltage fixed,
or by voltage control, wherein the bombardment current is held con=-
stant and the voltage varied. The first approach is simpler and has
therefore been almost exclusively used,

The emission current is controlled by comparing it to a
standard potential which is in turn controlled by the operator, The
amplified difference in potential controls the filament power through

a control circuit., A thyratron circuit after Calverly et al(67) is

(66)

shown in Fig. 17. In addition, a saturable reactor and a motor

(68)

driven Variac control system have been used in the past. The



(67) was chosen because of its

thyratron control of Calverly et al
simplicity and its rapid response to changing conditions such as gas
evolution from the sample,

Although the circuit is self stabilizing, power regulation
was found to be necessary in order to achieve long time stability
of the molten zone, A Sola constant voltage power transformer was

used with excellent results to supply power to the 2 KV high voltage

transformer, the power transformer, and the control circuit,

5.3 Summagz

The block diagram of Fig, 16 and the control circuit of

Fig. 17, both after Calverly et a1(67)

s Were readily converted to
North American power supplies., The high voltage supply was a variac
controlled full-wave rectified circuit using 866 A rectifying tubes
while the 0-300 V D,C. control voltage was supplied by a solid state
rectifier circuit., The thyratron control circuit was identical to
Fig, 17 with the exception of 5557 thyratron tubes.

With the incorporation of a Sola line stabilizer, stability
was excellent and control was accurate and rapid. In this apparatus,

close experimental control of the solidification variables was reali-

zed while at the same time the purity of the specimen was maintained.
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CHAPTER 6

EXPERIMENTAL TECHNIQUES

6,1 Materials and Sample Preparation

The base materials, iron and carbon, were chosen to produce
melts of high purity with reasonable regard to economy., Initial
experiments were carried out with cast iron produced from Armco’ iron
and semiconductor grade graphite (National AUC grade)., Table 1
gives the composition of the resultant alloy. In addition, a melt
of Westinghouse "Puron'" and graphite was prepared, Table 2 gives
the composition of this alloy.

In the preduction of Ni-C alloys, nickel of 99,9% purity
was used with the AUC graphite to produce an alloy of eutectic com-
position., Ternary Fe-C-Si alloys were prepared by the addition of
99,9% purity Si, with the main impurity being iron to an Armco melt.
The composition of the Fe-C-Si alloy is given in Table 3,

All of the alloys were melted in graphite crucibles heated
by induction heating., Fig. 18 is a schematic illustration of the
apparatus and experimental arrangement used in producing the alloys.,
The crucible was 5 1/8 inches in diameter and was made of high purity
"National AUC" grade graphite. A two inch hole was machined in the
graphite block to receive the iron melting stock. Heating was accom-

plished by the 3000 cycle induction ceoil shown, with the graphite
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serving the double purpose of susceptor and carbon source, Melting
was carried out under argon in the graphite hood shown. The vycor
top plate facilitated visual scrutiny of the melt preparation.

After the iron was molten, the melt was maintained at a
temperature slightly above the eutectic temperature until carbon
saturation occurred. The temperature was then decreased slowly so
that the kish (hyper-eutectic graphite) could precipitate and float
to the top. The eutectic temperature was detected by observing the
initial solidification of the eutectic alloy., Initial freezing
occurred at the top of the melt where radiative heat losses were
greatest. The alloy was ‘then superheated about 50 to 100%,
the kish was skimmed with a graphite "spoon', and samples were taken.
Reference to Fig. 7 indicates that the graphite-liquid equilibrium
solubility line has a very steep slope so that the slight super-
heat results in a composition which devia;el from the eutectic value
by a negligible amount,

Specimens for melting by the f1§ating’zono tcchniqua must be
long straight cylindrical rods with sméoth surfaces and a high degree
of long-range chemical homogeneity, A diameter df 1/8" was chosen
as the most suitable for the apparatué discussed above., Eutectic
Fe-C, Ni-C, and Fe-C-Si rods were prepared by sucking molten eutectic
liquid into evacuated pyrex tubes followed by quenching in water,

In the case of the binary Fe-C alloy, the product was a white cast
iron, The Ni-C alloy solidified with a graphitic morphology because

there appears to be no stable carbide at 1 atmesphere pressure(eg)
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and the Fe-C-Si alloy had a mottled structure, All specimens had
the required physical, chemical and surface properties and were

subsequently used in the "as-quenched" condition,

6,2 Electron Beam Meltigg

A solidification run was started by establishing a molten
zone in the 1/16 inch gap between the two cast iron reds held verti-
cally in their V-block holders. The gap between the two rods tended
to reduce buckling of the sample due to thermal expansion and main~
tained the volume of metal in the zone at a manageable size. In the
Fe-C alloys which were completely carbidic, solidification in the
metastable (white iron) mode was achieved by accelerating the zone
to the desired rate immediately after establishment of the zone,

To investigate grey iron solidification, the molten zone was held
fixed for : % hour in order to produce a graphite substrate through
the solid state decomposition of cementite, upon which graphitic
eutectic structures would nucleate and persist, The mode of solidi-
fication, either white or grey, was clearly evident from the surface
quality of the sample, being highly reflective for white but rather
dull for grey iron solidification.

In all experiments, the zone was passed in the upward direction
in an attempt to minimize convective mixing at the solidifying (lower)
interface, This mode presented no problems of zone instability,
presumably because of the high surface tension of the alloys. Cast

iron rods produced in the manner mentioned above were relatively free
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of blow holes and dissolved gas so that an initial degassing pass was

not necassary.

6,3 Metallographic Preparation

The metallographic preparation of grey cast iron can present
difficulties due to the erosion of the soft graphite flakes during
abrasion and lapping. The most important feature of the polishing
technique is the minimization of polishing time,

All the iron base specimens were mounted in bakelite and
were abraded in successive steps thrbugh 220, 320, 400, and 600 grit
silicon carbide paper with water lubrication. Initial lapping was
carried out with 8 micron diamond paste on a short napped cloth with
kerosene as a lubricant. The second stage consisted of gentle hand
lapping under similar conditions with 1 micron diamond for a pericd
of 30 seconds to 1 minute. The final polish was obtained on the
"Syntron" using 0,3 micron alumina slurry for periods from 15 to 30
minutes, In the nickel base alloys, the 1 micron diamond polish was
not used but the alumina slurry treatment was extended to one hour,
The graphitic samples were not etched.

The white iron samples were polished using standafd metallo-
graphic techniques. After abrasion and an 8 micron diamond polish,
the samples were placed in a 0.3 micron alumina slurry in the "Syntron"
for pericds up to 3 hours, Five percent nital was used as etching
reagent,

In the series of experiments to determine interlamellar



50

spacing as a function of growth rate, the above metallographic
techniques were used. The samples were polished on a plane perpendi-
cular to the growth direction so that the lamellae intersected the
polished surface at right angles. The number of lamellae cutting

the surface per unit length was dotermined at 10 points on each
section polished and these results were averaged and accepted as one
result. Distances were measured with a double cross~-hair eye-piece
calibrated with a stage micrometer. The sample was abraded and pol-
igshed 10 times and spacing measurements were taken each time., The

standard lo deviation was calculated from the 10 averaged results.

6.4 Electron Microscopy

Transmission electron microscopy of extracted graphite
nodules was carried out to determine the growth front orientations.
Extraction of the spheroids was achieved by dissolving the metallic
matrix in acid and decanting the excess liquid, The Ni-C alloys
were dissolved in a 33 percent solution of nitric acid by volume in
- ethanol while the Fe-C~Si alloys were dissolved in an aqueous hydro-
chloric-nitric acid solution. After complete dissolution, the acids
were decanted and the spheroids were rinsed with distilled water.
Spheroids were sprinkled on a formvar substrate and examined in a
Siemens electron microscope at 100 KV,

Because of the spheroidal shape and large size of the graphite
npdules, electron transmission occurred only at the periphery of the

equatorial plane of each nodule where the spheroid was thinnest,
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Selected area electron diffraction was carried out and diffraction
patterns were related to growth facets observed in electron micro-
graphs of the same areas., The crystallographic orientation of

graphite in the nodule was determined in this way.

6,5 Temperature Meagurement

An attempt was made to measure the undercooling at the solid-
liquid interface as a functionof solidificétian rate. Because of
the hot tungsten filament in the electron bombardment apparatus,
optical pyrometric techniques could not be uséd and because of the
electron bombardment, a thermocouple could not be mounted externally
on the samples.

To overcome these difficulties, the 1/8 inch white iron
rods were graphitized and a 0,055 inch hole drilled down the centre.
Graphitization of the white iron took place by the solid state decom-
position of Fe3C at 1050°C in an inert argon atmosphere provided by
sealed-off quartz capsules, A platinum-platinum 10% rhodium thermo-
couple and quartz protection sheath were inserted in the drilled hole
so that the complete molten zone passed over the thermocouple bead
and the temperature profile of the whole zone was given., The quartz
protection sheath was hand drawn capillary tubing about 0.050 inches
outside diameter and 0,040 inches inside diameter. The 0,005 inch
thermocouple wires were separated by a single bore mullite ceramic
insulator 0,031 inches outside diameter and 0,020 inches inside diameter,
The thermocouple and protection sheath assembly is shown schematically

in Fig. 19,
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The thermocouple emf was backed off with a variable direct
current supply from a storage battery and displayed on a recorder
with a scale reading from 0 to 1 millivolts. The interface temperature
was identified by a change in slope on the recorder chart and was
measured for a series of rates. In this experiment, the absolute
temperature was not measured because of the difficulty of introducing
a standard thermocouple into the electron-beam melting system, In
addition, the variable bucking emf necessary to display the thermo-
couple output on a recorder scale which covered the range 0 to 1
millivolt presented further difficulties in measuring the true temper-
ature, However, because all the profiles showed identical character-
istics at the melting interface, the temﬁerature change, AT, was
determined by comparing the temperature of the freezing interface to
the temperature of the melting interface which remained unaffected
by freezing rate and thus indicated the true eutectic temperature.

In all cases, care was taken to ensure that the same material, either
graphitic or carbidic, was melted and solidified so that the AT values
represent the undercooling below the eutectic temperature of the
appropriate mode, A copper cooling block was silver-soldered to the
lower half of the rod in order to steepen the thermal gradient and
cause a more abrupt éhange in slope at the solid-liquid interface,

Reaction between the quartz protection sheath and the melt
was not a serious problem because of the short exposure time and the

slow kinetics of the reaction
8102 + 2C = Si + 2C0

at 1155°% (87). Indeed, no evidence of CO evolution was observed in

this system,
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| 6.6 .The Temperature Profile

As outlihed above, the temperature profile of the whole zone
was obtained in attempting to measure the undercooling at the solidi-
fying interface. Fig. 36 is a reproduction of the strip chart indi-
cating the emf from the thermocouple as'a function of distance in the
sample for one of the experiments carried out,

| Several featnrei of Pig.vas are of interest, Firstly, fh‘
upper gnd of the molten zone is approximately isothermal and secondly, -
the temperature gr&diQnts in the solid are steeper than in the liquid,
Since the latent heat is small and since the thermal conductivity in‘
the liquid is smaller than in the aolid,'wc expect the opposite
behaviour if thermal conductivity is controlling. At the low temperatures
associated with molten cast iron, radiation heat loss is not appreciable
80 we are unable to attribute the unusual temperature distribution to
this cause. These observations can be rationalized only on the basis
of strong convective mixing in thi molten zone which acts as a heat
flow mechanism in parallel with the conductive flow, Indeed, strong
convective currents have Eenn observed in the zono'by watching the
motion of alumina'particlca adhciing to the surface of the molten
liquid. The result is a flattening of the temperature profile in the
liquid to the point that the gradients are less there than in the
~ solid where conduction is the primary heat transport mechanism.
Although the conductivity coofficiint.in the solid is higher than in
. the liquid,leading to lower gradients in the solid, the parallel heat

flow characteristics of the liquid are sufficient to reverse the trend
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— and flatten the gradients in the liquid, In Fig. 37, a schematic
drawing of the cross-section of the system is used to indicate the
manner in which convective mixing'can occur, On the right of the
drawing, approximate isotherms are indicated and on the left, the
direction of mass flow is indicated. Convection is initiated in the
upper half of the zone as a circular motion driven by the lower density
of the liquid at the hot centre. Viscous coupling in the liquid leads
to convection of lower intensity in the bottom, The result is a
system consisting of two vortices of molten liquid as shown on the
left of Fig, 37.

The resulting smoothed temperature profile (cf, Fig. 36)
showing rather small inflections made the location of the solid-liquid
interfaces in relation to the temperature very difficult, In esti-
mating the undercooling, the interface has been located as the tem=~
perature points where the curve begins to deviate strongly from the
linear behaviour expected in the solid. This point was not too
clearly defined at the melting interface but a distinct inflection
was usually observed at the solidifying interface.

Some variation in the liquid temperature gradient was observed -
between ruﬁs due to variations in the physical arrangement of the
system, There is no theoretical reason to believe that this should

(6) has shown that the

have any effect on the spacing, Indeed, Yue
temperature gfadient in the liquid in- the range from 9 to 50°% per
centimeter has no effect on the ihterlamellar spacing in the Ag-Mg
eutectic system, We suppose here, even though our gradients are

much higher, the same independence of spacing and liquid gradients,



CHAPTER 7

RESULTS AND DISCUSSION

7.1 Morphology

7.1.1 Morphology of Fe-C Eutectic Alloys

The solidification morphologies in both the eutectic Fe=C and

Fe=Fe,C systems have been studied as a function of growth rate using

3
alloys with the pubitics listed in Tables 1 and 2. Studies of the
Fe~C system have been confined to the range 2 mm/h to 110 mm/h
because the first figure represents the slowest growth rate attain-
able with the apparatus discussed above and the second figure is the
rate at which the stable Fe~C system transforms fo the metastable
Fe-Feac system. This transformation will be discussed in Section 7.5.
Fig, 20 is a photomicrograph of the graphite-austenite
eutectic solidified directionally‘at 2.0 mm/h, The high degree of
directionality of the graphite flakes parallel to the growth direction
is immedi#tely apparent. »Although some branching and flake distortion
has occured (probably due to instability in the apparatus), this
 structure appears to be a continuous lamellar array of graphite flakes
and what was initially austenite, Upon increasing the solidification
rate, the regular lamellar structure of Fig., 20 becomes more highly

branched and looses directionality. Fig. 21 shows the result of these

latter tests corresponding to 18,1 mm/h for the alloy of Table 1. This

55
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lacy graphite morphology is observed up tb.solidification rates of

110 mm/h with the structuie becoming increasingly fine. The appearance
of strips of graphite enrichment in Fig. 21 arises from the fact that
the alloy could not sustain a stable planar front under steady=-state
growth conditions., The interface has accordingly developed a cellular
character, agcompanied by the segregatién of carbon to the cell
boundaries. The cell boundaries are outlined by the graphite enrich-
ment appearing in Fig. 22, which was prepared from a section at right
angles to the growth direction., These lacy graphite structures are

(36)

similar to those reported by Lakeland who attributes the instability

to trace amounts of sulphur(aa). This indeed seems to be the case
because Fig., 23 represents a sample of lower sulphur content (see
Table 2) which shows a less pronounced cellular structure when grown
at 60 mm/h. A cellular structure in this purer alloy was not observed
until growth rates of the order of 50 mm/h were attained. Morphology

results in the Fe-C system were reported concurrently by Lakeland(37)

and ourselves(27).

In addition to the Fe-C system, observations in the maetastable
Fe-FeSC system have also been carried out with results similar to those
of Wilkinson and Hellawe11(26). Over a wide range of growth rates
from 50 to 600 mm/h, a regular lamellar structure has been observed.
Fig. 24 represents a typical result in the Fe-Fhac system corresponding
to a growth rate of 60 mm/h, It is important to note that the structures
of Figs. 23 and 24 were produced under identical steady growth condi-
tions using the same alloy and the same apparatus. Their history differs

only in their initial conditions. The carbidic structure of Fig. 24
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was grown from the as-cast white iron subgtrate while the graphitic
struéture of Fig. 23 was grown from a graphite nucleus provided by

the decomposition of Fb3C in the high temperature region adjacent to

the molten zone. At rates less than 50 mm/h, Wilkinson and Hellawell(zs)
observed a mottled structure. In this invastigatiOn of the Fb-Fbac

system an instability at low growth rates was observed which will be

discussed in Section 7.5,

7.1.2 Morphology of Ni-C Eutectic Alloys

A high purity Ni-C eutectic alloy has been solidified direction=-
ally at growth rates ranging from 20 to #50 mm/h. Solidification of
this alloy has many characteristics in common with the Fe-C alloys
but is less cémplicated because there is no metastable phase at atmos~
pheric pressure and the austenite does not undergo a low temperature
phase change analogous to the pearlite reaction in the Fe~C system.

Fig. 25 shows a typical directional lamellar graphite flake
morphology obtained by solidification at 24 mm/h., The degree of per-
fection of this sample is very high and compares favourably with the
lamellar Fe-C morphology df Fig. 20 which was grown at a rate which
was slower by a factor of 10. An increase in solidification rates
causes a transition from a lamellar to a lacy graphite morphology
analogous to the Fe-C system. Fig, 26 is a typical lacy graphite mor~
phology in the Ni-C system. In this structure, the graphite is a
continuous phase but the degree of branching is very high and the
structure shows almost no directionality when solidified at a growth

rate of 180 mm/h,
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A further increase in growth rate beyond 330'mm/h is accompanied
by a.sndden change to a discontinuous nodular graphite morphology. Fig.
27 shows a typical nodular morphology consisting of well formed graphite
spherulites obtained at a solidification rate of u40 mm/h, It is
interesting to note that modification in the Ni-C eutectic system can
be brought about simply by an increase in solidification rate and wifh~'
out the addition of a nodularizing agent. Similar experiments suggest

themselves in the Fe<C eutectic system.

7.1.3 Morphology of Fe-C=-Si Eutectic Alloy

As mentioned above in Section 7.1.1, the graphite-austenite
eutectic mode tran#forms to the metastable irbn carbide-austenite
eutectic mode.at solidification rates greater than 110 mm/h., There~
fore,'in order to study graphite morphologies at high solidification
rates, a ternary Fe~-C-Si eutectic alloy was used with the composition
givﬁn in Table 3. The Fe-C and Fe-C-Si alloys have identical lamellar
and lacy graphite morphologies at slow solidification rates. Figures
28 and 29 show the morphologies at solidification rates of 670 and 860
mm/h respectively, Altﬁough the structures are maiﬁly lacy graphite,
some nodules appear at both rates with a higher proportion occurring
at the higher rate., A comparison of Figures 28 and 29 indicates that
the lacy graphite of Fig, 29 is less continuous and has some similarities
to the modified structure. Although 860 mm/h was the maximum solidi-
fication rate at which the melting zone could be kept intact, these
results indicate that an increase in solidification rate alone can lead

to a spheroidal modificatiqn.
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Since the surface free-energies are not expected to change
with growth rate, modific;tion probably results from a change in growth
kinetics of the graphite in the system as discussed in Section 4.5.2.
As the solidification rate is increased, the partition of pulphur to
the graphite phase becomes increasingly difficult. When the sulphur
content in the graphite drops below a eritical value, the thickening
of graphite plates is no longer inhibited sufficiently to produce
supersaturation and re-nucleation of graphite with a new orientation on
the original graphite nucleus. This condition of inhibited basal plane
growth under which lacy (or fine flake) graphite is produced is pro-
gressively removed with increasing solidification rate and the spheroidal
morphology results at high growth rates. This is certainly the case in
the Ni=C eutectic ;ystem where complete modification was observed with
only a change in growth rate. In the Fe-C-Si system where only partial
modification resulted from an increase in growth rate, the same agru-
ment applies although the possible role of surface fres-energy changes
cannot be discounted without further evidence. The great effect of:
sulphur on the surface tension of cast iron has already been pointed
out (60 |

Desulphurizing experiments were carrried out in a static system‘
in which a molten sphere of cast iron was suspended by surface tension
from the end of the top rod in the electron bombardment apparatus., By
rapidly turning off the electron-beam, these molten masses solidified
at an estimated rate of 500 mm/h from both the tob and bottom. Un-

treated as-quenched samples had a structure similar to Fig. 28,



60

Desulphurization was carried out using Na20 (89) and solid

which are strongiy desulphurizing slags under the conditiéns
imposed and capable of reducing the sulphur content to approximately
0.003% .(_g%eithor treatment affected the morphology greatly_, although
the density of nodules was increased slightly so that a structure
similar to Fig, 29 resulted. On the other hand, when sulphur was
added in the form of FeS, a completely lacy structure resulted at a
solidification rate of 500 mm per hour with no nodules appeariné in
the microstructure. On the other hand, the addition of cerium in the
form of pure metal resulted in the completely nodular structure of
Fig. 30,

The conditions under which modification in the ternary Fe~(C-Si
takesplace are now quite clear. The nodularizing agent performs the
function of reducing the residual sulphur concentration in the solution
and thereby changing the growth kinetics of the graphito. A reduction
of residual sulphur to 0.003% by desulphurization is sufficient to

(80) but does not affect the

change the surface tension appreciably
morphology. The effect of sulphur in inhibiting spheroidization has
been demonstrated and the proposed mechanism of inhibition accounts for

(82) observation that a low sulphur

the experimental findings. Barton's
content is a prerequisite for modification has been confirmed. The
role which sulphur plays can not be attributed to its marked effect
on the surface tension of cast iron(SO).

We must concur therefore with'Minkoff(sg)Athat a change in
growth kinetics is the important factor in nodular graphite producticﬁ

although the proposed mechanisms differ., The surface free-energy
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change resulting from the addition of the modifying agent is of secondary
importance and only a consequence of the reduced sulphur concentration
brought about by reaction of the sulphur with the modifying agent to
produce stable sulphides, Although the Ni-C eutectic system can be
modified by growth rate alone, the nodularizing agent is an essential
feature in the Fe~C system where unreasonably high growth rates have

produced only a partially modified structure,

7.1,4 Summary of Growth Morpho;ggies

In the iron carbide-austenite eutectic, white cast iron,
regular continuous lamellar structures were observed at all growth
rates greater than 50 mm/h., The decrease of interlamellar spacing
with increasing solidification rate will be discussed in Section 7.3.

In the graphitic Fe-C, Ni~-C and Fe-C-Si alloys, an increase
in growth rate was accompanied by a morphology change from lamellar
flake graphite to a fine, highly-branched, lacy graphite structure.
In the Ni-C and Fe-~C-Si alloys, a further increase in growth rate
resulted in a completely nodular and a partially modified graphite
morphology respectively.

The addition of Mg or Ce to eutectic cast iron leads to modi-
fication of the graphite morphology by reducing the residual sulphur
concentration to the extent that thickening of basal planes by a screw
dislocation mechanism is not inhibited and these planes dominate the
crystallography and produce a spheroidal morphology. A low sulphur

(82)

concentration is a prerequisite for nodule formation ut desul-



phurizing experiments have shown that the resulting change in surface
properties with decreasing sulphur concentration cannot be considered

important in the formation of nodules in cast iron,

7.2 Electron Microscopy of Graphite Nodules

The observations in Fe-C-Si and Ni-C that a nodular morphology
results from a high growth rate made a determination of the crystallo~
graphic orientation of the graphite in the nodules advisable. Under
the condition of high growth rate, a nodular ﬁorphology bounded by
high index fast-growing planes seems intuitively more reasonable than
a similar structure bounded by low index slow-growing planes although

the latter structure was determined by X-ray diffraction(SS) and

polarized light observations(ll).

Because the nodules are roughly spherical and exhibit radial
symmetry, a determination of the crystallography at the periphery of
the equatorial plane is sufficient to determine the whole structure
since the nodules are randomly orientated on the electron microscope
grid. The observation of an [00.1] zone diffraction pattern would
indicate a nodule bounded by high index planes while the observation
of an [uv.0] zone diffraction pattern would necessitate relating the
electron diffraction pattern to an electron micrograph of the same
spot,

Fig. 31 is an electron micrograph of a graphite nodule which
presents a projected profile of the shape at a magnification of 20,000

times, Nodules extracted from Fe~C-Si and Ni-C alloys have been

studied and the characteristics shown in Fig, 31 are common to all
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nodules. These features include the approximate projected hexagonal
shape with 120 degree corners and pyramidal growth facets on the
otherwise flat sides. Selected area diffraction was carried out on
these growth facets since the sample was thin enough at these points
for electron transmission,

Fig., 32 is a diffraction pattern taken from the facet of
Fig., 31, Diffraction is uneven because of the sample thickness and
many of the extra spots result from diffraction by other crystals.
Multiple diffraction is to be expected in polycrystalline graphite
nodules. Nodules from both the Fe-C-Si and Ni-C alloys ?roduced
identical diffraction results. Because the diffraction pattern of
Fig., 32 does not represent an [00,1] zone, the spots wére indexed as
shown in Fig., 32 in an attempt to relate the diffraction pattern to

(91) has facilitated

the electron micrograph of Fig. 31. Shapiro
relating the diffraction pattern to the electron micrograph by deter-
mining the angle of rotation between these two images in the Siemens
electron microscope at McMaster., At a magnification of 20,000 times,
the electron micrograph is rotated clockwise with respect to the
diffraction pattern by an angle of 26 degrees. When Fig. 32 is rotated
clockwise by an angle of 26 degrees, the [0004] direction of the
diffraction pattern is perpendicular to the planes bounding the growth
facet, The growth facet is bounded therefore by (OOOl)»planes which
supports the original observation that graphite spheroids are bounded

by basal planes,

As stated above, similar growth shapes and electron diffraction
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patterns were obtained with nodules extracted from both the Fe-C-Si
and Ni-C alloys. It therefore seems probable that the growth mechanism
of graphite nodules is the same in both systems with growth occurring

in such a manner that the resulting nodule is bounded by basal planes,

7.3 Interlamellar Spac;EE

The results obtained for the interlamellar spacing as a function
of growth rate are summarized in Fig, 33 for both the stable Fe-C
and metastable Fe—Pbac eutectic systems, The numerical results are
tabulated in Table 4. The experimental points with error bars were
obtained in this investigation while the other results were taken from

(37) (26)

Lakeland and Wilkinson and Hellawell for the Fe-C and Fe~Fe.C

3
systems, respectively. The agreement in both cases is excellent.
In the ré-c system, the results of Lakeland(37) have been

fitted statistically to the relationship

yielding a value of the exponent n = 0,495, The limited number of
experimental points determined in this investigation give a value of

n = 0,59, as shown, but reference to Fig., 33 indicates that all the data
are consistent. Because of the larger number of determinations by

Lakeland(37)

s @ value of n = 0,5 is probably representative of this
system, It is interesting to note that Lakeland's results were obtained
with Fe-C eutectic alloys solidified in a horizontal refractory boat
while in this investigation, solidificatien occurred in a vertical

system with no crucible. The rate of 110 mm/h at which the Fe-C
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eutectic transforms to the Fe-Pesc eutectic system is indicated on the
diagram,

The results of Wilkinson and HellaWell(zs) in the Pe-?e3c
system are best described by an exponent value of n = 0,35 while the
results of this investigation indicate n = 0,38 over the range of
growth rate from 60 to 600 mm/h as shown in Fig. 33, At growth rates
less than 60 mm/h, uniform interlamellar spacings were not observed
throughout the whole sample., At these slower rates, a gradation  from
fine to coarse spacing was observed from the outside to the centre
of the samples and in some cases the centre was graphitic. These
results are completely consistent with Wilkinson and Hellawell(zs) who
ocbserved graphite in samples grown at rates less the 40 mm/h. In
addition, their results plotted in Fig. 33 show a wide scatter at slow
growth rates indicating an instability associated with these growth
conditions.

(92)

Cooksey et al have reviewed the published date on

directionally solidified eutectic systems and have found only four

systems, AL-Zn, Ag-Cu, Fe-Fe,C, and Mg-A%, in which the exponent, n,

3
approximated to 0.35 in the above relationship. In all other systems,

a value of n = 1/2 has been approximated in agreement with the theoreti-

cal development of Tiller(l). The present investigation is unique in

that two eutectic systems, the Fe~C and the Fb-Feac systems, were
studied using materials of the same composition and purity at the same

temperature under identical experimental conditions. In these systems,

-1/2 1/3

the two rate laws, R and R /Y, have been observed (see Fig. 33).

1/3

One must therefore conclude that the R~ relationships are signifi-
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cant and not just the result of some experimental variable such as
convective mixing of the melt(73). Although convective mixing has
been observed in the electron-beam system, it was noted in Section 6.6
that this transport mechanism is minimized at the freezing interface
by solidifying the samples upwards in a vertical system., Under these
conditions, the width of the stagnant boundary layer at the lower
interface is expected to be sufficient to eliminate convective effects,

1/2 relationship in the Fe-C system

Indeed, the observation of an R
confirms this expectation.

This result is of great interest in the light of the theoretical
approaches outlined in Chapter 2. At that time, the limitations of

1/2

the theories leading to the R~ law were pointed out, It now

becomes clear that the theory of lamellar eutectic solidification must
be detailed enough to account for the two rate laws, R -/ and R-l/3,

which have occured in the two iron-carbon systems under identical

growth conditions,

7.4 Undercooling at the Solid-Liquid Interface

In addition to determining the interlamellar spacing as a
function of solidification rate, the undercooling at the solid-liquid
interface was measured for a number of rates. The results are shown
in Fig., 34 and Fig, 35 of the Fe-C and Pe-Feac systems, respectively,
A reproduction of a typical strip chart from which the undercooling
results were obtained is given in Fig, 36, indicating emf (which is

directly proportional to temperature) as a funetion of distance.
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Several features are immediately apparent from Fig, 36, The first and
probably most interesting feature is the very small amount of super-
heat to which the molten zone is subjected. The temperature of over
half the molten zone is approximately 2°C above the eutectic melting
temperature, which is indicated on the chart by the change in slope.
This uniformity of the temperature profile undoubtedly results from
convective mixing in the upper half of the zone where an inverse
temperature gradient exists as discussed in Section 6.6. In the
lower half of the zone, the temperature decreases gradually to the
solid-~liquid interface temperature which is indicated by a change in
the slope of the graph., The temperature gradient was maintained as
steep as possible by the use of a copper cooling block in order to
accentuate the change in slope at the interface. However, it is
obvious from Fig, 36 that a considerable error could result in choos-
ing the interface position and this error would in turn be present in
the undercooling measurements, In Fig. 34 and Fig, 35, the estimated
error in recording the undercooling was indicated on the graphs. These
errors are subjective estimates based on the accuracy to which the
inflection in the chart record could be pin-pointed. The accuracy

of the undercooling measurements decreases with increasing solidi-
fication rate up to 200 mm/h, which is the upper limit for this
technique, At rates greater than 200 mm/h, mechanical instability of
the zone was frequent and the interface position could not be estab-
lished accurately., Solidification rates were measured independently

with a cathetometer.
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The shape of the temperature profile shown in Fig, 36 differs

(74) who measured the

markedly from the results of Hunt and Chilton
undercooling at the solid-liquid interface in the Pb-Sn system,
However, the definite inflection which these authors observe in the
temperature profile can be resdilyrecognized although it is not
entirely consistent with steady-state heat flow considerations. On
the other hand, Fig. 36 represents a true steady-state heat flow
profile but presents the serious difficulty of determining the inter-
face position accurately.,

Fig. 34 and Fig. 35 are not inconsistent with a parabolic

variation of undercooling with rate of the form:

ATaR1/2

predicted by Tiller(l) and observed by Hunt and Chilton(7“) in the

Pb-Sn eutectic system, Thus, the results obtained for the stable Fe-C
system in this experiment can be reconciled with existing postulates

and the resulting equations. However, inconsistency is apparent

if both the Fe~C and Fe-Fesc eutectic systems (which were found to

obey the relationships A2R = const and AaR = const, respectively) do
indeed obey an undercooling versus rate relationship of the form
ATch/2. As indicated above, a more penetrating theorﬁtical description

is needed to explain the experimental observations,

7.5 Transformation of the Solidification Mode

A tpansformation from the stable Fe-C to the metastable
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Fe-Fe ,C eutectic mode with increasing solidification rate was antici-

3
pated in Section 3.,3. The results of this investigation have been
summarized in Fig. 33 and Fig; éu. The transformation has been observed
to occur completely reproducibly at a steady solidification rate of
approximately 110 mm/h.

The product of this transformation from fine lacy graphite
is a regular lamellar array of carbide and austenite phases with an
interlamellar spacing characteristic of the transformation rate.

After carbide nucleation, the metastable phase grows rapidly and
dominates the morphology.

Although the transformation from the stable to the metastable
mode occurs consistently in the pure eutectic iron-carbon alloy, the
transformation is not reversible, When the Pe-Feac eutectic system
is solidified at rates less than 110 mm/h, the morphology and solidi-
fication characteristics are similar to those at high solidification
rates. This is true to solidification rates of the order of 40 to 50
mm/h, At slower rates, instability of the regular lamellar carbide
phase occurred. In this investigation, interlamellar spacings could
not be measured at rates slower than 50 mm/h because of the onset of
non-uniformity in the specimens. Reference to Fig. 33, in which the
interlamellar spacing versus rate results of Wilkinson and Hellawell(ze)
are shown as full circles, indicates a large scatter in the experi-
mental points at slow rates, also indicative of instability. These
authors also observed mottled structures at solidification rates below

40 mm/h, In this investigation, graphite was also observed in the

centre of carbidic samples at slow solidification rates.
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The explanation for this instability can be found in the
undercooling results (Fig, 35) and the phase diagram (Figs, 6 and 7).
As indicated in Fig. 35, the uﬁdorcooling at the interface in the
Fe-Feac system at a solidification rate of 40 mm/h is approximately
59C., Reference to the phase diagram (Fig, 8a) and the free energy-
composition diagrams (Fig, 8b-f) indicates that this undercooling is
approximately equal to the temperature difference between the fb-Feac
eutectic temperature and the intersection of the liquid-graphite
and liquid-cementite solubility lines, temperatures T2 and T“,

respectively. As discussed earlier in Section 3.3, both the Fe-C

and Fe-Fe,C modes can occur in this temperature range from Tz( 11u49°¢C)

3
to Tu(lluu°c) but the Fe~C mode is more probable because of its
higher supersaturation. Graphite has been observed to nucleate at

(26, this investigation) which exhibit undercoolings

the slow rates
characteristic of this temperature range,but the growth of graphite
seems to be the controlling factor in this metastable to stable trans-
ition with decreasing solidification rate. Because after it is
nucleated graphite does not grow rapidly enough to dominate the
morphology, a mottled structure results with the graphite discon-

(18) has already drawn attention

tinuous in a carbide matrix, Hillert
to the ease of nucleation but the slow growth characteristics of
graphite in cast iron.

The conditions under which both transformations occur can be
completely understood on the basis of this investigation. Although

the stable to metastable transformation is irreversible with respect

to rate, undercooling results indicate that both the stable to meta-
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stable and metastable to stable transformaticns occur at the same
temperature; the intersection of the liquid-graphite and liquid-
cementite solubility lines. The first transformation is kinetically
favourable and goes to completion while the second is kinetically
unfavourable and only the nucleation and initial growth products are
observed in the resulting structure, The transformation is not
reversible at the solidification rate of 110 mm/h because eutectic
temperatures for the Fe-C and Fe-FeSC modes differ by 5°C (Fig., 7)

or 6°C (Fig, ©) while the undercooling as a function of rate is almost
identical in both modes.

In summary, the temperature at the interface in the Fe-C
eutectic system decreases ffom 1155°C to 1144°C as the solidification
rate is increased from 0 mm/h to 110 mm/h., At this solidification
rate, carbide is nucleated and grows to dominate the morphology,but
at a temperature of approximately 9°C below the Fe-Feac eutectic
temperature taken to be 1149°C (see Fig, 35). The stable to metastable
transformation at constant rate is accompanied by a 5°C decrease in
temperature of the whole system., When the solidification rate of
white iron is decreased to 40 mm/h, the temperature at the interface is
1144°C which is characteristic of a 5°C undercooling., At approximately
this temperature graphite has been observed to nucleate but the
metastable to stable transformation does not dominate and the Fe,C

3
mode is retained to even slower solidification rates.

7.6 The Iron-Carbon Phase D;egram

The iron?carbon phase diagram has been determined except for



the liquid-cementite solubility 1ine(16). As outlined in Chapter 3,

Hillert( 18, 21)

has predicted that this solubility line is much more
horizontal than previously thought due to the low melting point of
Pe3C at 1207°C, Based on this low melting point, the intersection
of the liquid-graphite and liquid-cementite solubility lines was
predicted to be 11°C below the iron-graphite eutectic temperature,
Due to experimental difficulties in the production of pure
Fe3C as a bulk sample and with the high temperature decomposition of
this metastable phase, an experimental measurement of the melting
point of Ee3C has not been made, This investigation has shown that
the stable to metastable transformation occurs at approximately 8°C
below the iron-graphite eutectic temperature and this has fixed the
intersection of the two solubility lines at a location which is in
good agreement with Hillert's(le’ 21)
the eutectic points, the experimentally determined intersection of
the solubility lines can be used to indicate the slope of the liquid
- Feac solubility curve and to fix the melting point of Feac. The
occurénce of the metastable to stable transformation at a rate of
approximately 40 mm/h corresponding to a undercooling of 5°C below

the metastable Fe-Fe3C eutectic temperature is further confirmatory

evidence for the low melting point of Feac.

7.7 Test of the Zener-Hillert Model

The results outlined above have led to a qualitative under-
standing of eutectic solidification in the iron-carbon systems. It

remains to be seen whether the results agree in a quantitative manner

72

predictions. In combination with
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with predictions of the Zener-Hillert theory.

To make this test, the interfacial tensions, Oup? will be
calculated for the two systems from the theoretical equations of the
Zener-Hillert analysis (Section 2,2.2) using the Tiller (Section 2,2,3)

minimum undercooling stability criterion. Equation (7) can be written

R 1 A
5= BAT 1 - (7)
where
1 1
g =Lp A2 ('-"; a:’ (39)
a " XX ?EB - %

The quantity, Ac' can be evaluated from free energy considerations as
in the Tiller analysis (Equations 13, 14 and 15). The free energy

per unit volume, AFV, can be estimated as

AHVAT 2003
S 2 mube walll (40)

Since the velocity and free energy difference vanish together where

A= Ac ’
2°aBTB
A= R (41)
c KHVAT

Substitution of Equ. (41) into Equ. (7) gives

2 , T
. RA a8 ‘E
TPt ham, (42)

Application of the minimum undercooling criterion yields

= RA2 AH

E

c (43)

aB
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Substitution of A from Equ. (43) into Equ. (42) leads to

_am)? M8

a8 8K (44)

o
E

Experimental values from the two independent experiments can be sub-
stituted into Equ. (43) and (u44) as a che¢k on the internal con-
sistency of the theory and on the reasonableness of the surface tensions
obtained,

The numerical parameters used are as follows:

. w Fe~-Fe 3c System
R = 110 mm/h 110 mm/h
A = 6 x10™° em (Fig. 33) 3 x 10™% em (Fig. 33)
a = 0.85 0.54
MM, = 291 car/ec’® 300 cal/cc'1®)
T, = 1428°K 1423°K
D = 3x107° cm?/sec 3 x 107° cm?/sec
8 = 0,0018 0.0408
AT = 8°C (Fig. 3u) 9°Cc (Fig. 35)

The values for 8 were calculated from the phase diagram (Fig. 6) using

1o(2)

values of "a" suggested by Hillert's calculations., From Equations

(43) and (uu4) , % for the stable reaction was found to be 880 and

B8
{299 ergs/cm2 respectively., The corresponding values for the metastable
reaction were 990 and 1115 ergs/cm2, respectively.,

These % values are of reasonable magnitude and the agree-
ment of the results obtained from the independent measurements appear

to be within the experimental errors and the errors implicit in this

approximate theoretical analysis.



CHAPTER 8

SUGGESTIONS FOR FURTHER WORK

1. - The solidification of cast iron with a nodular graphite mor-
bhology is of such practical importance that more work should be done
along these lines in order to understand the mechanism of modification.
Recent investigations have produced a better understanding of the
factors involved but a novel approach is mssential. One possible
avenue is the use of transparent organic eutectic systems which
solidify like metals in order to make direct observations of the

solidification process. Jackson(97)

has observed many of the features
of eutectic growth which are characteristic of metals using these
materials and it might be possible to find suitable additives which

 produce spheroids in these systems.

2, Of more theoretical interest is a more detailed investigation
of the undercooling in the iron-carbon systems as a function of rate.
Samples could be solidified either of two ways. Firstly, solidi-
fication in a steep temperature gradient with forced convection or,
secondly,solidification in a low gradient with no convective mixing
would accentuate inflections in the temperature profiles and increase
the accuracy of the results, A very careful investigation of the

-1/3

Fb-Fbsc system which exhibits the R relationship between solidi-

fication rate and spacing might be fruitful,
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3, A more penetrating theoretical description is needed to

explain the experimental observations.

4, A direct measurement of the melting point of Fe3C would be

of interest if experimental difficulties could be overcome.
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1.

2.

3.

LS

5.

6.

CHAPTER 9
CONCLUSIONS

In Fe-C, Fe~C-Si, and Ni-C eutectic alloys, increasing solidi-
fication rates result in a modification of the morphology from

regular lamellar to lacy to discontinuous.

An adsorption model for flake and nodular graphite growth which
explains the experimental observations has been proposed. Cﬁanges

in surface free-energy are of secondary importance.

Transmission electron microscopy has been used to elucidate the

crystallographic growth habit of graphite nodules.

1/2 and anvil'l/3 relationship between interlamellar spacing

An R
and solidification rate have been observed in the two iron-carbon
systems under identical conditions which cast doubt on the early

theories of lamellar eutectic growth,

The undercooling at the solid-liquid interface has been measured

in both systems and has been found to be consistent with a parabolic

relationship as a function of growth rate,

The anticipated stable to metastable and metastable to stable

transformations with increasing and decreasing rates respectively

‘have been observed in the iron-carbon systems,
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TABLE I Chemical Analysis of Alloy B

s & : ® & 9w =m0

0.019 0.001 0.004 0.06 0,001 0,065 0,009 0.025

TABLE 11 Chemical Analysis of Alloey C
g i 4 Yo Cr cu Sn Ni

0.008 <0,001 <0,001 <0,002 <0,0008 <0,002 <0,001 <0,004

TABLE IIX Chemical Analysis of Alloy Si
S si E ¥n Cr Cu s Ni
020 3.24 0,004 0.06 0.001 0.065 0.009 0,025
TABLE 1V Table of Interlamellar Spacing Measurements
Fe- Fe3C Fe-C
R'mm/n Atlo mm x 10°° R mm/n Atlg mm x 1073
560 1.67 ¢ 0,05 91.7 0.63 ¢+ 0,082
282 : 2.12 ¢ 0,13 19.6 1.58 ¢ 0,03
118 3,03 2 0,12 5.0 3.77 ¢+ 0,20
82.d 3.31 ¢ 0,08
58.4 3.89 ¢ 0,27
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Figure 2 Schematic configuration of lamellar eutectic growth,

Liquid

Figure 3 Schematic configuration of lamellar eutectic growth after
Jackson and Chalmcrn(S).
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Figure 4 Schematic configuration of lamellar eutectic structure at

a termination after Jackson and Chalmers'),
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Figure 8 " Free energy-composition diagrams of the iron-carbon system
at various undercoolings.



Figure 9 ~ Photomicrograph of plate-like cementite structure after

Rickard and Hughes'2*) (X100) (Picral etch)

Figure 10 Artist's conception of growing ledeburite eutectic cells.
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Figure 15 Electrode assembly in electron-beam melting apparatus.
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Figure 16 Block diagram of the electric circuit in the electron-beam
(67)

melting apparatus after Calverley et al
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Figure 19 Minature thermocouple and protection sheath,



Figure 20 Micrograph of lamellar Fe~C alloy solidzfied at 2.0 mm/h.

Arvow lndlcates the dxrectlon of solidification.(X83)
(unetched)
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Figure 21 Micrograph of lacy Fe-C alloy solidified at 18.1 mm/h,

Arrow indicates the direction of solidification.(X224)
(unetched)



Figure 22 Micrograph of cross-section of Fe-C alloy solidified at
18,1 mm/h. (X224) (unetched)

Figure 23 Micrograph of lacy Fe-C alloy solidified at 60.0 mm/h.
Arrow indicates the direction of solidification. (Xu10)
(unetched)
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Figure 24 Micrograph of lamellar Fe—Feac alloy solidified at

60,0 mm/h., Arrow indicates the direction of solidification.
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Figure 25 Micrograph of lamellar Ni-C alloy solidified at 24.0 mm/h,

Arrow indicates the direction of solidification.

(unetched)
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Micrograph of lacy Ni-C alloy solidified at 180 mm/h.

Figure 26

(%X3u40)

Arrow indicates the direction of solidificati

(unetched)

Micrograph of nodular Ni-C alloy solidified at 440 mm/h,

Arrow indicates the direction of solidi
(unetched)

Figure 27
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Figure 28 Micrograph of lacy Fe-C-Si alloy solidified at 670 mm/h.
Arrow indicates the direction of solidification. (X460)
(unetched)
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Figure 29 Micrograph of lacy Fe-C-Si alloy solidified at 860 mm/h.
Arrow indicates the direction of solidification. (Xu60)
(unetched)
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Arrow indicates the direction of solidification.

Micrograph of cerium-treated nodular Fe-C-Si alloy solidified
(X224) (unetched)

at 500 mm/h,

Figure 30
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Figure 33 Plot of R v8 A for Fe-C and Fe-Fe,C modes. Full circles

3
» half-full circles after

» and open circles from this investigation.

after Wilkinson and Hellawell(26)

Lakeland(37)

‘ The solidification rate of 110 mm/h at which the Fe-C mode

transforms to the Fe-Pe3C mode is shown.
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Figure 34 Plot of R vs AT for the Fe~C mode.
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Figure 36 Reproduction of strip chart from which AT values were
obtained. The estimated error in determining the temperature
is indicated at the melting interface.
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Figure 37 Isotherms and convective flow pattern in the molten zone.



Nucleation 9
Su;strolte /@“ 0
@ (2)

With Sulphur No Sulphur

(5) »\/J/< (3)
i3

l

(6) b (4)

Y

Figure 98 Schematic illustration of graphite growth forms with and
without inhibition by sulphur.
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