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ABSTRACT
SOLUTE REDISTRIBUTION AND DENDRITE MORPHOLOGY IN
IRON BASE ALLOYS
by
RICHARD VINCENT BARONE

Submitted to the Department of Metallurgy on August 22, 1966
in partial fulfillment of the requirements for the degree of
Doctor of Scilence.

Microsegregation and dendrite morphology were studied in
detail for a series of unidirectionally solidified iron-nickel,
iron-phosphorus, iron-copper, and iron-carbon-nickel alloys.

In the iron-nickel alloys, over the range of compositions
studied, the solidification morphology shifted from cellular
to highly branched dendritic as the solute content increased
and/or the solidificatlon time increased. Primary dendrite
arm spacing in the iron-nickel alloy system was found to in-
crease with increasing solute content and to increase approxi-
mately with the solidification time ra‘sed to the 0.5 power.
The addition of up to 0.4 per cent carbon in iron-nickel al-
loys increased the primary arm spacing and increased the ten-
dency for higher order branching. In the iron-nickel alloys
over the range of composition studied, the secondary dendrite
arms ranged from being unobservable in the iron-10 per cent
nickel alloy near the chill to well formed for slower cooling
rates and/or higher alloy contents. The series of iron-26

per cent nickel alloys containing various amounts of carbon
had approximately the same secondary spacings and were all
slightly larger than the 26 per cent nickel alloy containing
no carbon. The iron-25 per cent copper alloy exhibited branch-
ing and a cruciform structure in horizontal sections adjacent
and parallel to the chill. Rather than forming higher order
growth forms, the cruciform structure persisted and became en-
larged as the distance from the chill increased. The secondary
dendrite arm spac.ngs measured in the iron-copper alloy were
finer than in any other alloy studied. The iron-4 .0 per cent
phosphorus alloy exhibited a strong tendency to form branched
dendrites; the structure of the alloy ranged from slightly
branched for rapid cooling rates to highly branched dendritic
for slower cooling. The secondary dendrite arm spacings in
the iron phosphorus alloy were almost identical to that of the
iron-26 per cent nickel alloy. The primary arm spacing in the
iron-copper and iron-phosphorus alloys also increases approxi-
mately with the solidification time raised to the 0.5 power.
Two characteristics of all the secondary dendrites observed
were that (1) wherever the secondary dendrites were well formed
their spacing was less than that of the primary arms, (2) the
increase in dendrite arm spacings with solidification time was
never as rapid for secondary as for primary arms.
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ABSTRACT (Continued)

Microsegregation ir several 1ingots was measured using the
electron beam microprobe analyzer. The room temperature segre-
gation ratio, S°, which is defined as the ratio of the maximum
solute content, CJ to the minimum solute content, CQ, in iron-
10 per cent nicke% alloys varied from 1.32 to 1.38; S© in iron-
26 per cent nickel alloys varied from 1.15 to 1.28; in iron-26
per cent nickel-O.4 per cent carbon S© was about 1.16. 1In
iron-4.0 per cent phosphorus alloy, the minimum solute content
measured was approximately 1.8 per cent and the weight fraction
of the eutectic measured by quantitative metallography was ap-
proximately 26 weight per cent.

A new computer progrann was developed to analyze solute re-
distribution during solidification, during cooling to room tem-
perature and/or during post-solidification heat treatments.

The program simulates solidification by making a series of in-
cremental mass balances and by computing solid diffusion by a
finite difference technique. The program may be applied with
facility to either eutectic, peritectic or complete solid solu-
tion type binary alloys and will account for large amounts of
diffusion in the solid. 1In this study, computations were made
for the iron-nickel and iron-phosphorus systems for both a
plate-like and a cylindrical volume element, and for linear

and parabolic volume growth rates.

The amount of solid diffusion during solidification, and
thus microsegregation, was shown to depend for a given alloy on
the parameter n = ©¢/72 (where & = one-half the dendrite arm
spacing and 6f = solidification time). Extent of microsegrega-
tion in all alloys studied (as measured by the minimum composi-
tion, the segregation ratio, or the welght fraction eutectic)
required the presence of solid diffusion during solidification,
and, in qualitative agreement with theory, extent of micro-
segregation changed only slightly with distance from the chill
(hence with increasing solidification time). Good quantitative
agreement was obtained for the iron-nickel binary system by
correcting the experimentally measured primary dendrite spac-
ings by a factor of .127 for the Mass Balance Technlique - plate
model and .165 for the Mass Balance Technique - cylinder model.
The correction factor for the iron-26 per cent nickel alloy for
secondary arm spacings was 0.303 for the Mass Balance Technlque
plate model and 0.378 for the Mass Balance Technique - cylinder
model. The correction factor necessary for the iron-phosphorus
alloy was 0,193 based on primary arm spacings and 0.556 based
on secondary arm spaclngs.

Thesis Supervisor: Merton C. Flemings

Title: Assoclate Professor of Metallurgy
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I. INTRODUCTION

The quest for maximizing material properties consistent with
process and economic feasibility 1is of utmost importance. Alloys,
casting techniques, and homogenization procedures which endeavor
to achleve the ultimate in a material's capability are perpetually
sought.

Microsegregation resulting from solidification has been proven
to have a pronounced effect on many phenomena including hot tear-

1 casting fluidity,2 banding in wrought materials,B’u stress

ing,
corrosion,5 mechanical properties of cast and wrought materials.6’7
The microsegregation in a cast material is caused by solute
partitioning and transport between and within phases both during
and after solidification. Treatments of this solute partitioning

for the case of plane front solidification8

for both equilibrium

and normal nonequilibrium conditions have been devised and éxploited
in the crystal growing and the semiconductor field. The analysis
for the equilibrium case assumes perfect diffusion in both the

solid and the liquid states, and solid and liquid interface compo-
sitions given by the phase diagram. The result is the familiar

lever rule:

where:
Co = overall alloy composition in weight per cent
CS = composition of the solid in weight per cent



weight fraction solid

&)
(V)]
]

CL = composition of the 1liquid in weight per cent

)
e
n

weight fraction liquid

The classical nonequilibrium case originally derived by
Sche119 assumes perfect diffusion in the liquid but no diffusion
in the solid and equilibrium at the liquid solid interface and re-

sults in the following expression for a constant partition ratio:

-1
cs =k Cy (1 - 1‘-'3)k (2)
where:
C§ = solid composition at the solid-1liquid interface
k = equilibrium partition ratio

Since no diffusion in the solid is permitted, isoconcentration
contours (after as well as during solidification), enclose weight
fractions of solids given by equation (2), up to the limits of
solid solubility. The Scheil analysis may be rewritten to yield

the fraction solid as a function of temperature. The result 1s:

1
mL co

fs=l—[T;-n_—T] (3)

where:

m = slope of the 1liquidus line

Tm = liquidus temperature
T = temperature
Techniques for handling microsegregation in the case where

limited solid state diffusion occurs, and their application to



3
castings which solidify dendritically have recently been investl-
gated by Flemings et a1°10,11,12 In that work, microsegregation
in structures solidified at different cooling rates was quantita-
tively measured and shown to be relatively insensitive to cooling
rate. Dendrite morphology was examined and shown to be remarkably

platelike.

The effect of homogenization treatments on microsegregation
was also examined analytically and experimentally with good re-

sults.lB’lu

It was predicted that a low alloy steel casting
solidified at a moderate rate requires at least one hour at 2500°F
(or much longer at lower temperatures) to achieve significant homo-
genization of elements other than carbon. This was verified by
microprobe analysis and its importance in practice was demonstra-
ted in the work of Ahearn and Quigley15 who showed that a remark-
able improvement in properties could be obtained from high tempera—
ture homogenization. Their experimental measurements illustrated

that reduction in area 1s increased by up to a factor of 7 at

180,000 psi yield strength in a low alloy steel.

It is clear from the foregoing that significant microsegra-
tion exists in cast steels, that usual homogenization treatments
do not eliminate it, and that it significantly affects mechanical

properties of cast alloys.

Because of the engineering importance of microsegregation in
iron base alloys, this work has been undertaken to develop im-

proved analytic and experimental techniques for quantitative
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determination of the important variables influencing it. A high

speed digital computer is employed to quantitatively evaluate the
effect on solute redistribution of (1) solidification variables
such as cooling rate and solidification time, (2) material
variables as diffusivity, alloy content, and phase diagram con-
figuration, and (3) structural variables as dendrite morphology
and dendrite arm spacing. The computer technique may be applied
to the solidification process, post solidification cooling or
homogenization treatments. The quantities evaluated include CM
and Cm,the maximum and minimum solute contents, S, the segrega-
tion ratio, fE, the amount of nonequilibrium eutectic, and On> @
parameter which indicates the deviation of solute distribution

from the mean alloy content.

The technique is an extension of a previous analysis origi-
nally devised for eutectic systems using a plate-like model.
The new solution offers increased versatility featuring:
(1) operability on both ferrous and nonferrous solid solution
and peritectic alloys as well as eutectics; (2) choice of a
cylindrical or spherical solidification growth form in addition
to the plate; (3) applicability to systems in which considerable
diffusion takes place in the solid.

To substantiate the validity of the analysis, microsegrega-
tion predictions on both the solid solution type iron-nickel and
iron-phosphorus eutectic system were compared to actual sclute

distributions measured by electron microprobe analysis.



II. ANALYSIS: MICROSEGREGATION IN IRON BASE ALLOYS

A. Introduction

In this section solute redistribution in iron alloys is
related to the phase diagram and to the casting parameters
dendrite arm spacing and solidification time. The solidifica-
tion process is idealized for the analysis, by the selection

of microscopic transport conditions and a growth model.

In previous work, microsegregation has been described suc-

cessfully for eutectic type aluminum alloys16

using a plate-
like growth geometry. In this work, the analyses have been
extended to apply to an increased number of system types, e.g.,
solid solution alloys, and to cylindrical growth

geometries as well as plate-like growth geometries.

The computer analysis of microsegregation on systems such
as iron-nickel differs significantly from that of the previous-
ly studied aluminum alloys in two ways:

1. The absence of significant eutectic or other phase
solidifying at a single temperature and composition
at the end of freezing.

2. The presence of much greater diffusion in the solid
both during and after solidification than that en-

countered in most aluminum alloys.



Major characteristics of the model employed are similar to those

used in previous studies.12’17’18

1. A characteristic volume element of simple geometry selec-
ted such that growth and transport within that volume
element 1s representative of the rest of the two phase
region. The dimensions of the volume element will be
the same as the dendrite arm spacing.

2. The gradients and concentration differences are for the
local areas where distances are on the order of the den-
drite arm spacing.

3. Negligible undercooling prior to the nucleation of the
solid phases.

y, Negligible supercooling at the solid-liquid interface due
to kinetic or curvature effects.

5. Perfect diffusion in the liquid over distances the order
of dendrite arm spacings.

6. The equilibrium partition ratio applies at the interface.

7. Solute conservation within a dendrite volume element;
i.e., no macroscopic segregation.

8. Solidification occurs by the continuous thickening of
dendrite growth forms.

9. Evolved time may be described by:

o= () o

where h is 1 for plate, 2 for cylinder, and 3 for sphere models

with a linear volumetric growth rate; or where h is 2 for a

(%)



plate, 3 for a cylinder, and 4 for a sphere with a parabolic

volumetric growth rate.

The above for a plate model results in:

Linear growth: Ay = ue (5)

Parabolic growth: r», = y YO (6)

1

where u and y are constants.

10. Temperature is uniform throughout the growth element.

11. Solute transport in the solid phases by volume diffusion
which may be described by Fick's equations.

12. Liquid and solid densities are equal and constant; thus

neglecting volume changes.

These assumptions have been discussed and justified by Bower,
Brody, and Flemings12 for dendritic solidification of aluminum
alloys. Similar considerations for iron-base alloys are dis-

cussed further in the text.

Through application of mass balances and numerical analysis
techniques, macroscopic parameters such as the solidification
curve and the average composition of the phases may be computed
and detailed analyses made of solute distribution within the

dendrites (i.e., microsegregation).

Previously, laborious hand calculations were necessary to

carry out this type of analysis for any but the simplest assump-



tions and for any alloy systems but those having a constant
partition ratio. The availability of an I.B.M. 7094 digital
computer made 1t feasible to carry out these analyses for
alloy systems such as iron-nickel and iron-phosphorus to ac-
count in detail for casting parameters such as diffusion in
the solid phases.*

Computations are based on the iron-nickel phase diagram19

20 drawn

drawn in Figure 2-1 and the iron-phosphorus diagram
in Figure 2-2. These phase dlagrams are compiled from the best

data presently available in the literature.

Data for the diffusion coefficient used in calculations
for iron-nickel alloys are from Goldstein21 who showed the
diffusion coefficient for the phase varies with both tempera-
ture and nickel content according to the relation,**

38,380 - 5.85 Xyy

DS = exp [0.0519 xNi + 1.15]1exp !l - Tk

(7)

where XNi = atomic per cent nickel

Tk = temperature, degrees Kelvin

*The work was carried out at the M.I.T. Computation Center, M.I.T.
Cambridge, Massachusetts.

xxGoldstein reports the above expression to be in agreement with
his measured values of Ds within ten per cent for nickel con-
tents up to 50 per cent in the temperature range of 1000°C to
1288°C.  In the work equation (7 ) is employed for composli-
tions up to 68 8er cent nilckel and in the temperature ranges
800°C to 1469.5°C.



Data for the diffusion coefficient used in the calculations
for the iron-phosphorus system were taken from Se:l.be122 who
1ists the following expression for phosphorus diffusion in o« or
6:

Dy = 2.90 exp [ - 2%%39 ] (8)

where R = gas constant.

To evaluate the amount of microsegregation, in single phase
alloys, two parameters have been defined, the segregation ratio
and the composition deviation index. Both parameters are
readily determined empirically by measuring concentration
gradients and extremes of concentration in local areas where

distances are the order of the dendrite arm spacing.

The segregation ratio is defined as
C
M
S - (9)
n

where CM = maximum solute concentration in the solid dendrite

Cm

minimum solute concentration in the solid dendrite

To supplement the information given by the segregation ratilo

the composition deviation index, o_, was devised. This parameter

m
evaluates the average deviation from the mean composition. It
will distinguish between two alloys of identical S, one possess-
ing a mildly sloping solute distribution and one which contains

a very steep concentration gradient. The composition deviation



10

index is defined as:
Vi

om=12:f lc, - Cgl d Vg (10)
0

where Co = the average alloy solute content

Q
]

s the composition at any point

Vf = volume fraction at which C equals Co

Om is normalized by dividing by the overall alloy content.
This allows comparison of alloys of different composition, 1.e.,
a 1 per cent absolute variation in a 25 per cent alloy is not
considered as segregated as a 1 per cent variation in a 2 per

cent alloy.

These parameters may be evaluated at any temperature; how-
ever, two cases are of special interest. These are: (1) at
the solidus after solidification and prior to cooling to room
temperature, and (2) at room temperature. Special symbols

have been defined for these cases:

S' = segregation ratio at the solidus temperature

06 = composition deviation index at the solidus temperature
SO = segregation ratio at room temperature

a; = composition deviation index at room temperature

Both s° and o; will usually be less than S' and c& because of
solid state diffusion which occurs during cooling from the

solidus to room temperature.
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For eutectic systems or ﬁhose in which a second phase forms,
the amount of nonequilibrium eutectic or amount of nonequilibrium
second phase are commonly used as a measure of extent of micro-
segregation, Here the amount of eutectlc present, :E, is com-
pared to the amount which would form during equilibrium solidi-
fication (that predicted by the phase diagram).

For the idealized plate morphology, the segregation parameters
S, Om and fE, are single valued functions of the dimensionless
product ok = (Dsef/ 22)(k) where Dg is the solid diffusion co-
efficient, Of is solidification time, ¢ 1is one half the plate
spacing, and k is the equilibrium partition ratio. For o k << 1,
segregation ratio is a maximum; for o k > > 1, compositions in
the primary phases approach homogeneity. For a given alloy sys-
tem, microsegregation may be considered as a function of Of./:z,2
since the expression for DS and the phase dlagram from which k
is obtained are identical. This quantity occurs repeatedly and
is so important that it is given the special designation n .
Thus

(11)

Empirical observation of the variation of dendrite arm spac-
ing with solidification time indicates that it may be represented

by the expression:22s2%,25

L= 'YQ? (12)

where v and n are constants. Substituting this o becomes:



D

72

g =

For the special case where n = 0.5
_Ds
o =
72

Thus 1if the dendrite arm spacing 1s proportional to the
square root of the solidification time microsegregation should
be independent of solidification time and the segregation
parameters will remain constant. Similarly microsegregation
can be decreased by (1) increasing the solidification time if
n is less than 0.5, (2) decreasing the solidification time 1if

n is greater than 0.5.

B. Classical Analysis

Minimum segregation, a«k > > 1, occurs in the ideal
"equilibrium" freezing; i.e., complete diffusion occurs in both
solid and liquid phases, with the interface compositions as
given by the phase diagram. Consider an iron-26 per cent nickel
alloy. The first solid forms at the liquidus temperature and
is 19.3 weight per cent nickel; the alloy is completely solid
at the equilibrium solidus (1456°C) and the solid is uniformly
26 weight per cent nickel. The solidification curve for the
equilibrium case (temperature versus fraction solid) is drawn

for an iron-26 per cent nickel alloy in Figure 2-3 and the

12

(13)

(1%)
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interface composition of the solid is plotted as a function of
the fraction solid in Figure 2-4. Similar plots for iron-10

per cent nickel are shown 1in Figures 2-5 and 2-6.

For equilibrium solidification the segregation ratio 1is
unity (S' = 1, s° = 1l). From measurements of microsegregation
in slowly cooled samples25 and unidirectionally cast ingots
(Chapter V, this thesis), it is known that the segregation ratio
in as-cast iron-26 per cent nickel alloys differs from unity

and is about 1.25.

The maximum segregation ratio, for ok < < 1, is calculated
by the classical treatment of nonequilibrium solidification;16
i.e., complete diffusion in the liquid, no diffuslon in the
solid phases, and equilibrium at the interface. The solidifica-
tion curves based on these assumptions are plotted in Figures
2-3 and 2-5. The interface compositions of the solid are plotted
as a function of fraction solid in Figure 2-4 and 2-6. Since
the classical treatment allows no solid diffusion this curve also
represents the final solute distribution. The alloy is not com-
pletely solid until the temperature reaches the minimum point,
1436°C. The first solid to freeze is 19.3 per cent nickel and
the last solid to freeze is 68 per cent nickel. Thus, for normal

nonequilibrium solidification S' = s° = 3.5 again in poor agree-

ment with experiment.
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C. Model for Solidification of Iron Base Alloys

For iron base alloys a k 1s neither very large nor very
small compared with 1, and diffusion in the solid must be con-
sidered in the calculation of the segregation ratilo. (For ex-

ample, for iron nickel alloys a typical value of o k 18 0.1.)*

Other assumptions of the classical analysis, however, re-
main valid. Diffusion in the liquid over distances the order
of dendrite spacings 1s essentially complete when D1p=DLQf/12 >> 1,
where DL = diffusion coefficient of solute in the liquid phase.
For iron base alloys such as iron-nickel a typical value of
DLGﬂ/ 22 1s 100.* The "characteristic distance"** for diffusion
from the thickening dendrite arms is about 100 times the dendrite

spacing.

In dendritic solidification of alloys, temperature gradients
provide a source of solute redistribution. As a result of the
temperature gradient there is a composition gradient in the
liquid increasing from the bulk composition at the dendrite tips
to the liquid composition of the nonequilibrium solidus tempera-
ture at the root of the dendrites. Thus, there is a potential

Dg = 10'8cm2/éec; 8p/ 2 ~107 sec/em®; k ~0.7; Dr, ~ 1072 em?/sec

**mhe "characteristic distance" 1s the distance at which the
solute build-up decreases to 1l/e of its original value.
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f1lux of solute across the liquid plus solid "mushy" zone and

into the liquid in advance of dendrite tips. It has been shown

6

previously that such a flux can be neglected” for b < < 1;

where b 1s defined:

G.D
L°L
b = gl (15)
Remy,
and
GL = temperature gradient in the liquid at the dendrite
tips (°C/cm)
R, = rate of advance of the dendrite tips (cm/sec)

m; = slope of the liquidus 1line (°q/z)

For iron-nickel alloys, a typical value of b is .018.*

D. Diffusion in the Solid; Analytic Solution

A simple plate-like model, as depicted in Figure 2-7 is
taken for the solidification element. The growth forms are con-
sidered to be dendrite plates separated at their centers by the
final (dendrite) spacing 2 2. The plates start to grow smoothly
at the liquidus and each face advances a distance 2 within the
solidification time Of. Growth may be either linear (propor-
tional to Qf) or parabolic (proportional to 16;).

*Values used to evaluate b: D, = 1072 cmz/sec; R, = 1072 cm/sec;
m = 2°Cc/wt. % ; Gy, = 35°C/em.
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26 devised a solute balance for an infinlitesimal in-

Brody
crement of solidification as follows: conservation of solute

within the volume element of constant weight fraction requires:
d(f;, ¢y) + d(fg Cg) = O (16)

where

d(fg Cg) = £,4Cg + Cgdfy (17)

if the solute increase in the solid is given by the atom trans-
port across the liquid-solid interface, and this diffusion flux

for a one-dimensional model is represented by Fick's Law as:

dcC dC
s s 1
azr=-Dsa—qA-§ (18)

where:
A = the liquid-solid interface area

volume diffusion constant for the solute in the solid

\”,
N

s
Ay = the position of the liquid-solid interface
og = the density of the solid

and the approximation made that the diffusion that does occur
does not change the composition gradient in the solid at the
interface significantly, then the following equation which

places an upper 1limit on diffusion may be written as:

dCS dC§
(37—) = 37; (19)
A=Ay

Allowing A = 1/531 where 2 = one half the dendrite arm spacing
and f; = (1 - fg) then combining expressions (16) through (19)



17

results in the following differential expression involving

the solid interface composition C§:
(c, - Ca) df, = (1 - f£4) dC L 2590 4 (20)
L - “§) dig = s) 9L + T 7 9“8

The differential expression (20) may be written for the special

cases of linear and parabolic growth as follows:

A .
35 = constant: (Cﬁ - Cg) dfg

«dCy + (1 - fs) dcy, (21)

d) _ constant, (C# - C&) af
3= 5 - L Us

2afgdCY + (1 - fs) dCy, (22)
where

D.©
. = ___321‘ (23)

For constant partition ratio, k, and constant diffusion co-

efficient, Dg, (21) and (22) may be integrated to yield:

£ k-1
%é = constant: C§ = kC, [1 - II%E] (24)
k-1
d) _ constant, -
- SRS C§ = kCy [1 - (1 - 2ak)fg] (25)

In the case of a eutectic system solute diffusion during
solidification decreases the amount of eutectic, and the primary
eutectic phase boundary recedes into the eutectic. Brody(26)

derived the following expressions for the increase in primary
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phase for a system with a constant partition ratio at the eutec-

tic temperature, TE:

1 -°f

g—% = constant: fS(TE) = ak [ﬂT?—Tg] (26)
2
%% _ constant, fS(TE) = ak [ 11' fsﬁ ] (27)
/é— - ( -2 a )IS

In agreement with the previous presentation, equations (24)
through (27) demonstrate the dependence of the extent of micro-

segregation on the structure sensitive property o .

The more general case of curved phase boundaries (non-
constant partition ratio) and nonconstant diffusion coefficlent
is solved with the aid of a computer. The phase boundaries are
represented by a series of straight line segments that approxi-
mate the actual phase diagram within experimental accuracy.
Within any small region that the solidus and liquidus are
straight lines, the solid and liquid compositions at the inter-

face are represented by an equation of the form

C§ = AC, + B (28)

Now equations (24 ) and (25) can be successively integrated
over narrow increments from the liquidus temperature to the
temperature of interest using (28) to express the relation be-
tween CL and C§ and using the proper value of the diffusion
coefficient DS(T,C§) .
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The differential expression (24) has been evaluated for
an iron-26 per cent nickel alloy and the results are plotted

=]
for several values of the parameter n ( = :%) in Figure 2-8.

E. Diffusion in the Solid—The Finlite Difference Method

The analytic solution predicts only the interface composi-
tion, Cg and does not yield a detailed description of the con-
centration profile within the dendrite. For example, for a
given n, the results yleld the value of the maximum composi-
tion at the end of freezing Cﬁ but does not predict the mini-

]
mum Cm'

The first technique which was employed to rectify the
above defilciencies followed the analysis previously applied
to aluminum alloys and 1is as follows. The growth element is
considered to be divided into a number of equally spaced
slices each 4)x 1in thickness. Solidification is allowed to
occur as the liquid solid interface progresses in steps from
A =0 at time 6 = 0 to A = Ai at time ©; where © is given
by one of the simple growth expressions (5) or (6). After
each increment of solidification diffusion 1is allowed to oc-
cur for a time 40 in the already formed solid using Fick's

Second Law.

C
1 = & (D5 57 (29)
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which is transformed by the finite difference27 method to

c + C (M,, - 2) +C
S S Jk S,_ _
CSJ . - J+1l,k-1 Jﬁk-l J-1,k-1 (30)
’ Jsk
where
M = STTCTTD : (31)
'vs A

and the subscripts j refer to steps in the A direction and k
to steps in time, and 4@ is the difference between the times

when the interface is at Ai and at ki - AX

The finite difference approximation is most accurate for

large values of M and the solution will be unstable for values

of M less than twoas. For this reason whenever nA%rc was less
S 2
than 4, diffusion was considered to take place over p 2 %3%—5
S

2
time increments each 4t in length, such that g = 4 and
S
pat = a©. The solution for the incremental time period © 1s
then attained by repeating equation (30) over all slices J, p

times.

In this first method the initial and boundary conditidns

during solidification when T = T;, © = O; Ay =0 and Cs(ki) =
BCS .
kC, at A= 0, 37— = 0; A= N cs(xi) = C§ where the values of

C§ which form the envelope of the solution are given for a par-
ticular value of Ay by solution of the appropriate analytic

expression (21) or (22) and for the appropriate value of n.
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Such a procedure was shown to be satisfactory in nonferrous
systems when ok was sufficiently small and Cﬁ was fixed by an
invariant transformation at the end of solidification (e.g.,
in eutectic formation). For ferrous alloys and specifically
for the iron-nickel alloys considered here, o k 1is larger and
the maximum solid composition is not confined to one value.

For improved accuracy of results 1t is desirable to rewrite equa-
tion (19) introducing a factor w to compensate for the effect
of diffusion on the interface composition and thus obtain a
more realistic envelope. The result is:
9Cqg acy

(577) =W (317) (32)
A=)\1

Note that this is identical to the previous case if w equals 1.

The procedure adopted was to combine the analytic expres-
sion and finite difference solution and then to require that
solute be conserved during solidification. This was done in
the following way. The differential mass balance, equation (20)
is integrated assuming an arbitrary average value for w. The
envelope (C§ versus fs) obtained is next employed in the finite
difference techniques to compute the solute distribution in
the solid dendrites. The solute content of the dendrite 1s
then computed after the solidification computation. If the
solute content is different from Co’ a new value of w 1s selec-
ted and the computation is repeated. New values of w are tried

until one value is found that will conserve solute.
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Valuesof w for several values of n were obtained as des-
cribed above for the iron-26 per cent nickel alloy. The cor-
rected envelopes of interface composition are drawn in Figure
2-9, Comparison with Figure 2_-8 shows that these envelopes lie
somewhat above the uncorrected values. When incorporated 1in
the finite difference solution, the higher envelope gives rise
to larger gradients during solidification and thus more diffu-

sion. Minimum diffusion occurs with w = 1.

As the amount of solid state diffusion increases and even
though w helps to extend the range of applicability, the as-
sumption that the solute increase in the solid phase may be
approximated using the change 1in the solid interface composi-
tion to estimate the solute flux (equation 19), grows progres-
sively worse. The procedure becomes increasingly tedious as
w is nelther a constant nor an obvious function of n. Thus,
for a given ,, a new solute envelope must be calculated prior
to applying the finite difference solution. If solute 1is not
conserved, another w must be chosen, a new envelope calculated,
and the finite difference solution repeated. This procedure
usually requires several cycles when appreciable diffusion 1is
involved. These facts suggested great value to any approach
avoiding these pitfalls, and led to the Mass Balance Technilque
(MBT) .
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F. The Mass Balance Technique

The assumptions and boundary conditlons for the third and
final technique employed are identical to the previous computa-
tions except that the composition Cg at the interface (1 = Ai)
is independent of any other solution and is derived by making
successive mass balances to determine the liquid composition
after solid diffusion has taken place. The composition allowed
to form in the slice at the interface is then the composition
in equilibrium with the 1liquid. The mechanics of the computer

solution are illustrated in Figure 2-11 and are described below.

The Solidification Interval:

(1) Consider the composition distribution in the solid of a

plate-like dendrite to be approximated by the heavy line

(c ) in Figure 2-11. The composition of the liquid 1s cal-
S1.x

cula%ed from the mass balance

c 1 I
[} 3=1 J,k
CL = — (33)
k (1 - fs)
where
A
fg = — (34)

(Note: for the first step C; = Co.)

(2) The interface is advanced a distance ax by transformation
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of an increment of solid of composition C§ which is in equil-
k+1
ibrium with the 1liquid CLk.

(3) The temperature of the volume element 1s determined from

the phase diagram and the value of CLk.

(4) Diffusion is allowed to occur in the solid for an amount
of time 40 which 1s the time elapsed as the interface moves
to

from A The finite difference method (30) is used

1 S
as described above: the time may be computed by a growth ex-
pression such as equations (5) and (6)or by acoollng curve that
relates temperature and time. The diffusion coefficient may

be re-evaluated, if necessary, for every iteration of the algo-
rithm (30) as a function of the temperature and composition.

The boundary conditions for this computation are:

A=O,g-§-=0; A=y Cg = C§ (35)
k k
where C§ is given as a result of the mass balance (steps 1 and

2).

(5) After diffusion has occurred for a time A9 and a new
composition distribution has been computed steps 1 through

4 are repeated; a new liquid composition is computed, the com-
position of a new solid increment and the temperature are
found from the phase diagram and diffusion 1s again allowed

to occur. The above procedure 1is repeated until the alloy
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is all solid or until a eutectic composition is reached 1n the

liquid.

(6a) Eutectic Systems: During solidification of an alloy in

a eutectic system, if the liquid composition reaches the eutec-
tic composition at a time OE, diffusion is computed in the
primary phase at the eutectic temperature until solidification
is completed, 1i.e., 40 = Or - OE. As a result of diffusion

of solute into the primary phase, some eutectic must disappear;
and this shift in the primary phase-eutectic interface 1s
monitored throughout the calculation. The following boundary

conditions are used in the computation from time QE to Of:

A =0, g% =0; A =1ig, C§= Cg(maximum solubility) (36)

where ‘g represents the distance to the eutectic interface.

In the special case that the last increment of solidifica-
tion is reached (i.e., Ay = - M ) and the liquid composi-
tion is less than the eutectic composition and greater than the
maximum solubility limit some eutectic 1is considered to have

formed and the amount 1is given by

f, =

Cp, - Cg (maximum solubility)
et (maxImoR SoTwbTITEyT  (p) (37)
E S 2 L



26

fE weight fraction eutectic

C
E
CS(maximum solubility) = composition of the primary phase at

composition of the eutectic at the eutectic temperature

the eutectic temperature

In the above two cases the nonequilibrium solidus temperature is con-

sidered to be the eutectic temperature.

In the case that the last increment of solidification is
reached and the liquid composition 1s less than the maximum
solubility limit, the computation is handled in the same manner

as a single phase alloy.

(6b) Single Phase Alloys: Since the compositions gradients
near the end of solidification are usually steep, the average
composition of the last increment to freeze may not be a good
indication of the nonequilibrium solidus temperature. It 1is
often desirable to look at the last slice to freeze in more
detall (and in the time sharing version of this program the
decision 1s left to the human operator). When desirable, the
last increment to freeze is divided into smaller slices and
the composition distribution within that increment calculated
in greater detail. The last increment is broken into one fifth
the number of slices that were used in the original computa-
tion and the analysis repeated for the new Co, £, and Of.
The factor of 0.2 was found to be adequate to describe the

final solidification and the computer time reasonable. By
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reducing 2 and Of, the n 1s increased and for this reason

the process of breaking up the final increment does not re-
sult in an ever higher final CS if continued for several cycles.
This is because as n increases,equilibrium is approached and
thus a concentration gradient in the final solid becomes in-
creasingly difficult to maintain. For example, if 100 spaces
are chosen, then the final increment or 1 per cent of the
material will be broken up into 20 parts each part equal to

.05 per cent of the original material and the new solidifica-
tion time will be .01 of the original. The effective n for
the last space will be smaller by two orders of magnitude.

The composition of the last solid to freeze in this final cal-
culation is then used to define the nonequilibrium solidus tem-

perature.

Cooling from the Nonequilibrium Solidus:

Following the completion of solidification, the change in
solute redistribution that occurs on cooling from the non-
equilibrium solidus to room temperature may be computed using
the finite difference technique. The cooling rate relation
may be input to the computer from hypothetical or empirical
tabular data or in the form of an expression. The cooling rate
relation defines the time for diffusion within each temperature
interval and the diffusion coefficient 1s calculated on the
- basis of the average temperature within the temperature inter-

val. The amount of diffusion 1s computed by evaluation of the
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algorithm (30) at each slice j within each temperature inter-
val and the size of the temperature interval is chosen to keep
M greater than 4. The initial conditlon 1s the solute dis-
tribution at the solidus temperature. The boundary conditions

for a single phase alloy are

7‘=0;3_7\=03)‘=2”3T=0 (38)
and for a eutectic alloy

A = 0; g% =0; a=2e(1-fg), C§ = Cs(max.solubility) (39)

Computations are continued until room temperature 1is reached
or until the effect of diffusion on microsegregation becomes

negligible.,

2. Program Operation and Features

A schematic diagram of the executive program (MAIN) used
for the calculations is given in Figure 2-10. This describes
the major roll played by the subroutines which comprise the

program.

Cylindrical Geometry:

In some cases a cylindrical volume element may be of more
interest than a plate-like volume element. In such a case the
axis of the cylinder is considered to coincide with the dendrite

spine and the liquid solid interface advances from the axis at
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time © = O to a radius of & at time O, where ¢ 1s one half
the dendrite arm spacing and Of is the solidification time.
The rate of advance of the interface may be given by a linear

volume growth rate or a parabolic volume growth rate:

%% = constant: ry = u /o (%0)
%% _ conigfnt: r,=a L7y (1)

where ry denotes the position along the radius of the solid-
liquid interface and u and a are constants. In addition, as
with the plate-like model, the position of the interface may
be calculated from a cooling curve. In cylindrical coordinates

Fick's Second Law is written
2
dC _  (d°C , 1 3¢
35 =D (ar2+r'5?) (42)

which is transformed by the finite difference method

0. 0.
‘= (1+59) cyp + ;M-Q)CJ + (1 'I:%)C;L:_l. (43)

The mechanics of the solution are the same as that used for
the plate-like model except, now, equal slices are taken along
the radius, the algorithm (43) is used to evaluate diffusion
in the solid and the rate of advance of the interface 1is given

by expressions such as (40) or (41).

Results of the computation may be expressed by the computer
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program as: The solute distribution and fraction eutectic at
any time during solidification or on cooling to room temperature,
as an instantaneous value of the segregation ratio, the maximum
and minimum composition in the solid, and/or the fraction solid,
or as the nonequilibrium solidus temperature. Operation and
special features of the program are discussed in section II-2
and some results for iron-nickel and iron-phosphorus alloys

are presented in section1I-3.

Element Size:

The finite difference numerical analysis technique involves
approximating a continuous function by a series of element steps.
Mathematical operations such as equation (40)and (41) are applied to
ad jacent steps to predict variations of a step with time. The
error involved in this approximation is dependent on both
element size and curve shape including the steepness of the
gradients in the curve being evaluated. Too many steps lead
to superfluous numerical computation while too few yield a
poor approximation. The effect of element number on the Mass
Balance Technique was investigated by applying the program to
an iron-26 per cent nickel alloy for a 25, 50, and 100 element
plate model for a dendrite arm spacing and solidification time
close to nonequilibrium (n = 4 x 106). The greatest deviations
would be anticipated in this region, for as equilibrium 1s ap-
proached, the gradients decrease and the effect of element

size becomes minimal. A plot of the solute distribution for
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the 25, 50, and 100 element plate model is shown in Figure
2-12. Good agreement between the three results 1s evident.
This information coupled with the computer time requirement
of each lead to dividing the unit volumes used in this analy-
sis into 50 divisions.

Cooling Curves:

Since diffusion can be described in terms of n values
it 1s convenient to choose a one second solidification time
and to vary the dendrite arm spacing in order to get the
microsegregation parameters in terms of n . If actual cool-
ing curves are to be used, this procedure necessitates the re-
ad justment of the data to produce a meaningful result. The
previous analysis by Brodynan the aluminum-copper system did
this for both linear and parabolic growth assuming a continuous
rate of heat extraction, by equating the rate of heat extrac-
tion in cooling from the solidus, i.e., specific heat, to the
rate of heat extraction over the solidification range, i.e.,

the specific heat plus the heat of fusion:

e - 9
Linear: A = ud T = Té - g' ( 5 £ (44)
Pg f
g P - %
Parabolic: n=a /& T =T{ - ( ) (45)
S C
ps /¢

where:

H' = heat released during solidification
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C = specific heat of solid

Té = nonequilibrium solidus temperature

To evaluate the cooling rates for various value of n ,
the six thermocouple measurements taken at various distances
from the chill in an iron-26 per cent nickel alloy and des-
cribed in Chapter IV were plotted in a special way. First,
the solidification range was taken to be 25°C. The time to
drop 25°C was measured from each cooling curve and the six
values defined as the solidification times, Gf, Temperature
readings were then taken from each curve at multiples of its
own Gf and plotted. The resulting curves overlapped and de-
viated less than + 15°C down to 1150°C and approximately 18 ©g.
Three overlapped i_lo°c all the way down to 1000°C. TIhis al-
lowed the master curve of temperature versus Of to be made
which ranges from 1469.5 to 1000°C and is shown in Figure 2-13.
These values were then used for all n 's in the iron-nickel

system as follows:

(1) The temperature of the zero time point of the master curve
and the liquidus point for the alloy were made to coincide by
shifting the master curve.

(2) The solidification temperature range for a given n 1s
taken from the computer solution after solidification has oc-
curred and a solidification time 1s obtained from the liquidus
and solidus temperature, and the cooling curve. The solidifica-

tion time is then compared with the assigned value, 1.e., 1 second
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and the remaining times in the solidification curve adjusted

by this factor.

(3) In the iron-phosphorus system cooling rates of 200°C/sec

and 800°Q/sec were used in conjunction with a 1 second solidifica-

tion time.

Aside from the reduced computer time, optional geometry,
solidification paths, and cooling curves which are possible with

the new program, the following refinements are noteworthy:

(1) Increased accuracy - if p 1s greater than 1 during
solidification the temperature interval between the new and the

old time is calculated and the temperature is incremented by

Ty = Tyi1 | (46)

T = P

where k refers to incremental steps in time.

(2) A punch option to produce cards containing solute distribu-
tion information which may be used as input data for plotter,
computer display or further processing.

(3) Added run flexibility - any number of systems, compositiocns
and/or dendrite arm spacings and solidification times within a
system may be run in sequence.

(4) Output flexibility - choice of the time intervals through-
out solidification at which the solute distribution may be
viewed. Variable output frequency during any post solidification

heat treatment.



(5) Provisions for insertion of schemes to account for shrink-

age during solidification.

Evaluating Microsegregation:

The computer program is written to evaluate the critical

microsegregation parameters as follows:

(1) Segregation ratio: The ratio of the maximum composition

to the minimum composition is calculated and its output fre-
quency is optional and may vary from once after each solidifica-
tion step to only once after solidification is complete. This
may also be calculated for each A© in cooling to room tempera-
ture or only once after the cooling from the solidus is com-
plete.

(2) The composition deviation index: Equation (10) 1is evalu-
ated for the solute distribution at the end of solidification
and after cooling is complete. The form of equation (10) is
possible because solute 1is conserved throughout the analysis,'
hence, in a plot of composition versus volume fraction having
that composition the areas enclosed by the distribution curves
and Co must be equal. The advantage‘in taking twice the area
below the curve is that the calculated value for Cy which is
partially dependent on element size is eliminated from the solu-
tion.

(3) Fraction eutectic: Eutectic formation is monitored as

previously described and output frequency is optional, rang-
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ing from once at the end of solidification and once at the end
of the program, to once at the solidus and once after each

iteration while cooling from the solidus.

3. Computation Results

Solid Solution Alloys - Iron-Nickel.

In order to compare the results of the three techniques,
the predicted segregation ratios at the solidus, S' were com-
puted and the results plotted as a function of n for an iron-
26 per cent nickel alloy for a plate model and the ASFD with
and without the provision of solute conservation and for the
MBT in Figure 2-14. Although the resulting curves are of
similar shape, the predicted n from the MBT 1s lower at the
solidus for a given segregation ratio compared to either of

the ASFD results.

The ASFD solution - uncorrected envelope predicts values
closest to the MBT but lackg the important feature of solute
conservation. This deficiency is most prominent for very
slow solute redistribution involving a great number of numeri-
cal iterations. The difference at the solidus 1s due entirely
to the analysis technique. In cooling from the solidus for
identical cooling curves any differences between the analyses
observed at room temperature are caused by the residual dif-

ferences which originated in the solldification range. This

B T T i B R O R T P . Ter st e L e e b cesam o o e



is because identical numerical analysis technique is used from

the solidus in all three methods.

The results for Cﬁ, Cﬁ,

di cted by the MBT plate model are plotted in Figures 2-15 for

Cﬁ and C; as a function of n pre-

an_iron-26 per cent nickel alloy and 2-16 for an iron-10 per
cent nickel alloy. The CM values vary much more than those of
Cm‘ The reason for this is found in the distribution curves
examples of which are plotted for several values of n in
Eigure 2-17, which show that the steepest gradients form at
the end of solidification in the region of.maximum solute.
Thus greater solute transport occurs in these regions. The

minimum areas all have relatively flat composition gradients

and thus minimum diffusion potential.

Geometry - To evaluate the effect of geometry while

negating any element size effect, a 25 element plate was com-

36

pared to a 50 element cylinder as the size of the final elements

are of essentially equal fractional volumes. The result shows
that more diffusion does occur in the cylinder predicting a
lower maximum solute content, CM’ i.e., for an iron-26 per
cent nickel alloy with n = 4 x 106
plate, Cﬁ = 39.5 for a 50 element cylinder. This geometric
difference is decreased while cooling to room temperature be-
cause of the higher gradient at the end of solidification
established in the plate. Thus at room temperature the total

difference between the cylinder and the plate is less than 3.0

, Cy = 48.4 for a 25 element -
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per cent nickel for , =4 x 106. A plot of the predicted

solute distribution at the solidus temperature for a 50 element
plate and a 50 element cylinder experiencing linear growth
versus the fractional distance along a dendrite arm, /%

is shown in Figure 2-18 for n = 4 x 106. The areas enclosed
by the distribution curve and Co above and below Co do not ap-
pear equal in the case of the cylinder because fractional

2 rather than r.

volume is proportional to r
Plots of the segregation ratio as a function of n cal-

culated by the Mass Balance Technique for both plate and

cylinder models are plotted for an iron-26 per cent nickel al-

loy in Figure 2-19 and for an iron-10 per cent nickel alloy

in Figure 2-20. Corresponding segregation deviation parameters

from these analyses are plotted in Figures 2-21 for iron-26

‘per cent nickel and 2-22 for an iron-10 per cent nickel alloy.

These parameters will be discussed and compared to experimentally

measured microsegregation in Chapter 6.

Growth Rate - Calculations for an iron-26 per cent nickel alloy
with n = b x 106 were made for a parabolic growth rate.
and the solute distribution at the solidus included in Figure
2-17. The reduced maximum solute content compared to the
linear case occurs because more time is taken to solidify the
final elements in parabolic growth. This means more diffusion
time when gradients are more fully developed and results in

more solute lost from the liquid, and thus a lower C§. The



effect of growth rate is negligible after cooling to room
temperature. The predicted difference for the above case is

only 0.1 per cent.

Eutectic Alloys - Iron-Phosphorus - The results of the
Mass Balance Technique - Plate model calculations of weight
percentage eutectic for iron-3.5 and 4.0 per cent alloys as
a function of n are plotted in Figure 2-23 and 2-24 respec-
tively. Cg is plotted as a function of n in Figure 2-25
for both the 3.5 and 4.0 per cent phosphorus alloys. These
show that fE decreases and C; increases as either the solidi-
fication time Of increases and/or the dendrite arm spacing de-

creases.

Summary

A computer solution for solute distribution was devised
for the case of solidifilcation and post solidification ther-
mal treatment. The analysis known as the Mass Balance
Technique 1is an extension of previous work to include cylindri-
cal geometry and solid solution alloys as well as eutectic
systems. The Mass Balance Technique is similar to the Analytic
Solution Finite Difference method in that it requires the
interface composition for each increment solidified. This
quantity 1is now a dynamic calculétion based on solute dis-
tribution just prior to the incremental freezing and eliminates

the approximation that the chemical gradient in the solid at

38
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the liquid-solid interface is unaffected by solid state dif-
fusion. This permits using the MBT program in system which

undergo considerable diffusion.

Resulting segregation ratios predicted by the MBT are
lower than those obtained by the ASFD method. MBT calcula-
tions also predict less segregation for a cylindrical model
than for a plate. A qualitative synopsis of the quantitative
predictions by the Mass Balance Technique is:

Increasing n will result in the following:

Solid solution alloys or eutectic alloys 1in which eutectic
is absent:

Decrease: S', S°, Cﬁ, Cﬁ, aﬁ, cﬁ

Increase: C&, c®

m T$

Eutectic Alloys in which eutectic is present:
Decrease: fE’ S', s®
, . o
Increase: Cﬁ, Cm
The qualitative and quantitative results from both the
MBT and ASFD are compared to actual experimental measurements

in Chapter VI.



40

-weadeip aseyd [adTU-uOaT (-2 2andTd

JINOIN LN3D2H3d LHOIIM

00l 06 08 0. 09 0S Oy O O¢ o O

T T T T T ITT T 1T T 1 T 1 1T T T T T e
89|

WVH9VIQ 3SVHd !N-2d
09€6!

0104

o0&Vl

000G |

Do) HNIVHIAWNIL

St



TEMPERATURE (°C)

ATOMIC PERCENT PHOSPHORUS
10 20
1536°

1500

Y —-

Fe -P PHASE DIAGRAM

2.8 10.2
1000 ]
910°

€(FesP) —=

1 l | l ] l

Fe 5 {0 1S

WEIGHT PERCENT PHOSPHORUS
Figure 2-2. Iron-phosphorus phase dilagram.
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Plate growth model used for calculations.
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(MA LX)

EXECUTIVE ROUTINE

(START )

CALL SUBRUUTINE READIN:

CALL SUBRUUZ TR RrAZ S:
KEADS INTO MEMORY ALL EXECUTIVE
INFORMATION AND INPUT DATA

I
CALL SUBROUTINE PRINT]:

CALL_SUBROUTINE DIFPRN:

LABELS OUTPUT AND INDICATES
SCOPE UF CALCULATIUNS
T

\ISOTHERMAL SOLIDIFICATLON OPTIO!

IDENTIFY ANY SPECIALIZED FUNCTION
FIR GRIWTH, COOLING, DIFFUSION,
DENSITY, UR HEAT CAPACITY

DECIDE UN VALUE OF ISOTHM IF -~ /BECIDE ON VALUE OF CEU IF
SCOPE OF COMPUTATION INCLUDES hib) CALCULATION IS FOR A EUTECTIC

(R _PERITECTIC SYSTEM

1 SET: i
i
CLISO > 100.0 ! CLISu 3 CEU |

¥ T

. CALL SUBROUTINE SLIDFY:

COMPUTES SOLIDIFICATION PATH AND
CONCENTRATION GRADIENTS IN
BINARY ALLOY FROM LIQUIDUS TO
SOLIUS OR TO_ISOTHERMAL HOLD

RO DECIDE ON VALUE OF IWRONG [F
lcnmm._xgou SHOULD CONTINUE )/

CALL SUBROUT. FAC:

COMPUTES INTEGRATED SEGREGATION
FACTOR

CYES )
CALL_SURROUTINE ISOTRM:
COMPUTES SOLIDIFICATION TIME AND
CUNCENTRATION CRADIENTS OURING

ISOTHERMAL HOLD UF A TWO PHASE
MINTURE

[CALL SUBRGUTINE SEGFAC: |
e

)
DECIDE ON VALUE OF [SOTHM IF SCOPE DECIDE ON VALUE OF I
OF COMPUTATION INCLUDES ISOTHERMAL IF EUTECTIC LIQUID R
OPTTON

CALL SUBROUTINE FINAL:

SPECIAL TREATMENT OF LAST MATERIAL TO
SOLIDIFY IF NO ISOTHERMAL SOLIDIFICA-
TION OCCURS

o)
=

CALL SUBROQUTINE LUTEK:

COMPUTES CHANGE [N CONCENTRATION
GRADIENTS DURING EUTECTIC
SOLIDIFICATION

T

{
DECIPE ON VALUE OF ICOOL IF SCOPE 1
0

Ca0 ) oF COMPUTATION REQUIRES COOLING T
ROOM TEMPERATURE

5

L
CALL SUBROUTINE ADIUST

ADJUST COOLING CURVE DATA TCII
! RELATIVE TIME SCALE

CALL SUBROUTINE RMTIMP
COMPUTES CHANGE IN CONCENTRATION
GRADIENTS ON COOLING TO ROOM TEMP-
ERATURE

T

CALL SUBROUTINE SECFAC

1

DECIDE ON VALUE OF HOMOG [F SCOPE
OF COMPUTATIONS INCLUDES SOLUTION
TREATMENT

Cres>

CALL_ SUBROUTINE HOMOG :

COMPUTES CHANGE IN CONCENTRATION
PROFILE DURING SOLUTIUN TREATMENT]

1
ON VALUE OF IPUNCH IF IESULTS}_G?S\
\ARE_TO BE STORED ON PUNCHED CARDS —
<>

SET CALCULATED VARIASLES TO ZERO
AND RETURN FOR ANOTHER SET OF DATA

]

49

Figure 2-10. Flow dlagram for executive computer program (MAIN)
for the Mass Balance Technique.
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SOLID LIQUID
~ CL(k+1)
7777, o L L L
CLk)
CS(J.kH) C*
| S(k+1)
C | cr
J L S(J,k)= | S(k)
|
AN L
o
o
A L
A ()|
)‘l(k-f-l)————’i
A =0 A=1§

Figure 2--1. Schematic diagram of the sequence of steps
in the Mass Balance Technique for calculating
solute redistribution in an ailoy solidifying
into a single solid phase of variable composli-
tion.
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III. INGOT PREPARATION

A. Alloys Investigated

A number of alloys were prepared in the iron-nickel iron-
phosphorus, and iron-copper binary systems, and the iron-
nickel-carbon ternary system for study of microsegregation
and dendrite morphology. A 1list of the alloys cast, the charge
compositions, and the results of chemical analyses are given

in Table 3-1.

B. Melting, Molding, Casting

All heats were induction melted in clay graphite crucibles
with rammed linings of magnesite. Melts were deoxidized by
additions of 0.5 per cent aluminum. Part or all of the alumi-
num was added prior to tapping at 3000°F. In all cases the
temperature of the melt was measured using an optical pyro-
meter prior to tapping. No further temperature measurements

were made before pouring.

All of the ingots were cast in plate molds 1 inch thick
by 5 inches wide by 8 inches high topped by a riser which
tapered from S inches by 1 inch to 7 inches by 3 inches over
a distance of 4 inches. A schematic diagram of this mold 1is

shown in Figure 3-1. The mold was a composite of CO2 sand and
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a high temperature exothermic molding material. The exothermic
sleeve was 1/2" thick at the chill and had a 5/24% in/in taper.
The exothermic material ignites and heats to a temperature
above that of the melting point of steel. Either of two com-
mercial exothermic materials was used: Exomold E or LD Exo-
thermic Material. To avold gas pick-up the cope sections were
all baked for a minimum of 24 hours at 600°F. The drag portion
of the mold consisted of a water cooled copper chill block

which was given a light zircon wash and supported by 002 sand.

Although the casting weighed 20 pounds, 40 pound heats
were always melted in order to improve chemical and temperature
control. The iron-phosphorous alloy was melted under argon
gas to minimize phosphorous oxidation. All of the heats were
skimmed, killed, tapped at 3000°F, and then top poured direc-
tly into the mold. The exothermic mold was not ignited before
pouring. Hot water was first run through the chill until the
molten metal was poured into the mold at which time cold water
was used. Thils procedure prevented condensation on the chill.
After filling the mold, the casting was capped with additional

exothermic material to reduce top heat loss.

Structures of the castings poured were fully columnar with
the columnar grains, extending from the chill up into the riser.
Typlcal microstructures are shown in Figures 5-2 to 5-17 and

are discussed in Section V.
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Heat
Number

10

%

10.0

15.0

20.0

26.0

26.0

26.0

26.0

26.0

TABLE 3-1

Chemical Analyses of Ingots Studied
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Nom;.gal % Cu Z N1 QTACtuZa é:; 2P 7 Al
- - 9.86 - - - 0.06
- - 14.7 - - - 0.04
- - 19.9 - - - 0.21
- - 26.0 - - - 0.24
.12 - 25.0 0.12 - - 0.14
.33 - 24 .1 0.33 - - 0.24
A2 - 24 .6 0.42 - - 0.18

- - 25.8 - - - 0.47
- - - - - 3.1-4.1 -
25.0 25.0 0.005

*Chemical analyses were taken at approximately 1/2 inch from the
0.5 per cent aluminum added as deoxidizer to all heats.

chill.
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IV. THERMAL MEASUREMENTS

A. Introduction

Polich, Nereo and Flemin3328 have estimated from heat
flow analysis the rate of advance of the dendrite tips 1n a
unidirectionally solidified ingot with an exothermic sleeve.
In addition, they experimentally measured the rate of advance
of an isotherm in the solid-liquid zone (a2) in a plate cast-
ing having an exothermic sleeve with a 7/32 in/in taper and
(b) in a plate casting having an exothermic sleeve uniformly

1-1/2 inch thick. Thelr results comply with the following

expressions:
7/32 in/in taper X= .20 Y6 - 1.80 (47)
1-1/2 inch uniform X= .16 Ye - 2.0 (48)
where X = position of isotherm, inches

@ = time, seconds
Their experimental results are 1in good agreement with estimates

made from heat flow analysis.

Thermal measurements were made for a unidirectionally
solidified ingot of the design employed 1n this investigation
for the following reasons:

(1) The geometry of the exothermic sleeve used here was
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slightly different than that used in the previous investiga-

tion328.

(2) A binary alloy, iron-26 per cent nickel, was used. The
thermal properties of this alloy may not be much different
from the 4340 alloy studied previously., however, in this
instance, a reasonable value of the nonequilibrium solidus
can be computed (using the equilibrium phase diagram and
the computations discussed in Chapter II). Thus, a good
estimate of the solidification time is possible.

(3) Use of a thermocouple design capable of rapid response al-
lowed measurement of cooling curves all the way to room

temperature at positions relatlvely close to the chill.

B. Experimental Procedure

Thermal measurements were made during the solidification
and cooling of an iron-26 per cent nickel ingot (ingot No. 8)
cast in a mold of the design discussed in the previous section
and drawn in Figure 3-1. Twenty mil platinum-platinum-10 per
cent rhodium thermocouples were inserted horizontally through
the exothermic sleeve in the 5-inch direction at distances from
the chill of 1 inch, 2 inches, 3 inches, 4 inches, 5 inches and
6 inches. Each thermocouple was protected by 1/16-inch I.D. and
1/8-inch I.D, fused silica tubes. In addition, a 3/16-inch
fused silica protection tube was used where the thermocouple
penetrated the exothermic, and a layer of 002 sand about 1/4

inch thick separated each thermocouple ensemble from the exo-
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thermic material. The thermocouple wire was brought out to an
ice bath cold junction and connected to the recording instru-
ments by copper lead wire. The output of the two thermocouples
closest to the chill were recorded continuously on a Moseley
model 1100A two pen strip chart recorder. The remaining four
thermocouples were read at thirty second intervals on a Honey-
well Electronik 16 multipoint strip chart recorder. Prior to
pouring of the ingot, recording channels were calibrated indi-

vidually.

Inserting the thermocouples through the long horizontal
direction of the plate and separating them from the exothermic
material by a layer of 002 sand minimized both the effect of
heat from the exothermic reaction on the temperature of the
thermocouple Jjunction and the effect of the thermocouple as-
sembly on thermal conditions within the ingot. By using such
thin protection tubes the volume occupied by the thermocouples

was less than 4 per cent in the first six inches of the casting.

The response of the thermocouple ensemble was determined
in a separate run by measuring the time for a cold thermo-
couple to reach the temperature of a steel bath poured around
it. The thermocouple ensemble used here reached 1500°C in 8
seconds. This can be compared roughly with the thermocouple
design used previously28 which required 58 seconds to reach

1500°C in an analogous experiment.
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After the run, the ingot was sectioned and the positions
of the thermocouples were measured. These measured positions
listed in Table 4-1 are used in the plots and calculations
that follow.

C. Results of Thermal Measurements

Cooling curves measured for a unidirectionally solidified
ingot are shown in Figure 4-1. The sharp change 1in slope of
each curve indicates the time the dendrite tips reach the posi-
tion of the thermocouple (due to the higher thermal conductivity
of the solid). It is clear that the solidification front pro-
gresses unidirectionally from the chill. The breaks measured
at thermocouples 3, 4, 5 and 6 occur at very close to the same

temperature, namely 1468°C.

The position of the solidification front, XL, identified
by the thermal breaks is plotted as a function of the square
root of time in Figure 4-2. Also plotted is position of the
solidus, X (taken as 1liquidus minus 25°C).* Using least
squares analysis, straight lines were fit to the data. The

following expressions result:

Xy = .153/—e£ - .239 (49)
Xg = 1457 o4 - .238 (50)

*This solidification range was predicted as the difference be-
tween the liquidus and nonequilibrium solidus temperatures to
yield a segregation ratio of 1.20.
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with time expressed in seconds and distance in inches.

The solidification time, Of, as a function of distance
from the chill may be derived from equations (49) and (50) as
the difference between the arrival of the solidification
front and the time to cool through the solidification range
and reach the nonequilibrium solidus. The resulting expres-

sion 1is:

2
Op = 4.84 X° + 2.22 X + 0.25 (51)
The square root of the solidification time, Of, is plotted
as a function of distance from the chill in Figure 4-3. Note
that extrapolation of this curve to points close to the chill

is not possible since here interface resistance governs heat

flow and thus controls growth.
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Thermocouple Number Distance from the Chill
(inches)
1 1.13
2 2.17
3 3.15
N 4 .17
5 5.36
6 ' 6.53

Table 4-1. Thermocouple locations with respect
to the chill surface after solidifica-
tion.
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V. MORPHOLOGY

A. Introduction

The dendritic structure observed within cast grains (upon
etching after solidification) results from microsegregation.
Generally, the etch delineates lines of approximately equal con-
centration. In the absence of solid diffusion these 1soconcen-
tration lines (and hence the etched structure) are an accurate
representation of the liquid-solid interface at various stages
of solidification. Solid diffusion modifies the apparent den-
drite morphology somewhat but the final apparent morphology re-

mains an indication of the growth morphology.24

The terminology
used in this thesis follows that of Bower and Flemings12 as fol-
lows. Classically, dendrites have been represented as "rods".
Rods that form the primary axes of dendrite elements are termed
primary growth forms (primary rods, primary dendrite arms).

Rods which grow perpehdicular to the primary rods are secondary
growth forms (secondary rods, secondary dendrite arms). Ter-
tiary and quaternary growth forms may also be present (see

Figure 5-1).

In many systems at some stages of growth, dendrite morpholo-
gy 1s at least partly plate-like or sheet-like. Interstices be-
tween primary and secondary "arms" tend to "fill in" at an early
stage of solidification; the sheets which form in this (or other)
way are termed primary plates or primary sheets. Sheets oriented

parallel to secondary arms and perpendicular to primary sheets
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are termed secondary sheets; sheets contalning two tertiary arms

and parallel to a primary sheet are tertiary sheets.

When no secondary branches at all occur the resulting struc-
ture is sometimes termed "cellular". Several researchers have
indicated that cellular structures; instead of dendritic struc-
R 1/2 is sufficiently low,

ot
where GL is thermal gradient in the liquid, co is initial alloy

tures, are found when the value G k/C

content, k is the equilibrium partition ratio, and Rtis growth
rate of the dendrite (or cell) tips.>°

B. Procedure

The specimeng for metallographic morphology studies were
taken from the plates in one-half inch increments in planes para-
l1lel to the chill surface (transverse sections). Longitudinal
sections were also taken from these same specimens across the
one-inch dimension of the plate and near the center of the 5-
inch dimension. The etch used for all iron nickel alloys was
a dilute Marble's reagent; iron phosphorus and iron copper were
etched with Stead's reagent two followed by a mixture of ammonia,
hydrogen peroxide, and water to remove the copper precipitated

from the Stead's etch.

Phoﬁomicrographs of areas 1, 2 and 4 inches from the chill
surface and parallel to it and areas between 1 to 1-1/2, 2 to

2-1/2 and 4 to 4-1/2 inches from the chill surface and perpendicu-




80

lar to it are illustrated at both 7.6X and 34X magnification in
Figures 5-2 to 5-15 for iron-nickel alloys; Figure 5-16 for iron—
copper at 64X; and Figure 5-17 for iron-phosphorus at 34X.

C. Observations

In unidirectionally solidified castings, freezing time (time
for a given location in the casting to go from liquidus to soli-
dus temperature; note Figure 4-3) is approximately proportional
to the square of the distance from the chill. Hence examination
of such castings at different distances from the chill permits
qualitative and quantitative correlation of structure with cool-

ing rate.

A general observation from this work is that the dendrite
structure tends to be more fully developed with increasing solidi-
fication time. In the iron-10 per cent nickel alloy (Figures
5-2, 5-3), for example, the structure appears fully cellular near
the chill, with no evidence of side branching or preferential
lateral growth 1in crystallographic directions. At distances re-
moved from the chill, crystallographic effects begin to become
evident with formation of the typical "cruciform" cross section;

side branching also becomes evident.

The tendency to cell formation or minimal side growth at
high cooling rates was ‘noted in all of the alloys studied al-
though the structure at any given cooling rate also depended on

alloy content as discused below.
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The photomicrographs of ingots 1, 2, 3, and 4 (Figures
5-2 to 5-9) which contain 10, 15, 20 and 26 per cent nickel
respectively, illustrate the effect of nickel content on soli-
dification morphology. At a given cooling rate, increasing
alloy content results in more completely formed dendritic struc-
tures. For example, the iron-10 per cent nickel alloy near
the chill shows no apparent tendency toward preferential growth
in crystallographic structure. As nickel content increases,
the horizontal section near the chill shows a gradually more
angular structure until at the 26 per cent nickel alloy, well
developed cruciforms are seen, with side branching evident in

the vertical section.

The ingots containing carbon (ingots 5 to 7) all exhibited
larger grain sizes, dendrite spaciﬁgs, and higher order growth
forms than the ingot of equivalent alloy content (26 per cent
nickel) that was free of carbon. Transverse sections nearest
the chill contain practically no rounded cell type dendrite
elements in the center of grains—even in the 0.12 per cent
carbon alloy. Carbon also promotes tertiary growth. Within
each casting the trend toward increasing dendrite complexity

with increasing distance from the chill is evident.

In addition to the iron-nickel and iron-nickel-carbon sys-
tems the morphologies of iron-3.5 per cent phosphorus and iron-
25 per cent copper were studied. Photomicrographs of these are

shown in Figures 5-16 and 5-17. Both binary systems exhibit
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stronger tendencies to form cruciform shapes at equivalent cool-
ing rates than the iron-nickel alloys, although the phosphorus
alloy contains less than one half the solute content of the

lowest iron-nickel alloy.

The iron-copper alloy resembled the iron-nickel alloys as
areas perpendicular to the heat flow direction exhibited a well
defined cruciform structure and few noticeable tertiary arms.
The iron-copper alloy exhibits clover leaf shaped crosses which
grow larger rather than branch as the distance from the chill
increases (decreased cooling rate); the most favorably growth
oriented dendrites growing and stifling the others. 1In con-
trast, the iron phosphorus alloys show considerable elongation
of the arms of the original cruciform and branching from these
arms. Extenslons appeared random in that cruciforms with one,
two, three, or all four arms extended were observed in horizon-
tal sections. Because of this the dendrite structure was quite
complex and primary dendrites difficult to distinguish—especial-

ly at slower cooling rates.

D. Dendrite Arm Spacing Measurements

Two methods were used to obtain primary dendrite arm Spacing
measurements from transverse 12X magnification photomicrographs

of samples taken at one-half inch increments from the chill.

The linear method involved finding representative areas and
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measuring the average distance between cross centers of adJjacent
dendrite elements whose arms were aligned. Cellular areas were
measured by averaging the distance between cell centers. For
regions consisting of complex, higher-order growth forms, and
larger spacings, where primary dendrite crosses were not easily

distinguished and usually unaligned, the area method was used.

The area method consisted of counting the number of primary
arms contained in a given area (2 centimeters square) and cal-

culating the spacing by assuming a simple cubic array.

Secondary dendrite arm spacing measurements were made on
12X magnification photomicrographs of longlitudinal sections
which exhibited regions passing through a primary dendrite core
at a slight angle or those which showed the secondary arm at-
tachment to the primary stalk. The spacing taken was that ad-
Jjacent to the primary stalk.

Results of the dendrite arm spacing measurements are plotted
in Figures 5-18 to 5-20 and given in Appendix B. The primary
dendrite arm spacing for the 10, 15 and 20 per cent nickel al-
loys were very nearly the same at corresponding distances from
the chill. The 26 per cent nickel alloy exhibited an increase
of approximately 1.5 times the spacing of the first group.

The addition of carbon generally increased the primary spacings.

Not all castings made possessed measurable secondary arms.
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In those that did, alloy content had little effect on spacing at
locations in the first several inches from the chill. Addition
of carbon tended to increase the secondary arm spacing, particu-
larly at distances removed from the chill, Figure 5-18. The
secondary spacing was not affected by cooling rate as much as

was the primary arm spacing.
The 1iron-25 per cent copper alloy exhibited a finer den-
dritic structure than any other alloy while the phosphorus pri-

mary spacing was largest of the binary alloys examined.

E. The Power Law

Based on the dendrite arm spacing measurements, solidifica-
tion times and equation (12) 2 = 70?, the effect of cooling rate
on microsegregation can be predicted qualitatively. The expo-
nent n in the case of iron-26 per cent nickel alloy was found
to be approximately O.4 by plotting log d versus log Gf where
d is the measured dendrite arm spacing. Since n is less than
.5 less segregation would be expected at slower cooling rates,

i.e., farther from the chill.

The iron-phosphorus alloy data could not be plotted direc-
tly as the solidification times were not measured for this alloy.

This may be surmounted by using the relation:

Xy = ClV ° + 02 (52)



85

where C, and C, are constants. Combining equations (12) and (52)

results in:
2n
d = 03 (x - Cu) (53)

where Cu and 05 are constants. Thus if log (d - C5) is plotted
versus log X the slope will be 2n. Plots of log d versus log X
were not llnear but 1f X was shifted by altering corresponding
to Cu then linearily improved X by a constant. The resulting
locli of points could all be approximated by lines whose slopes
were between 0.8 and 1.1. Thus, n, the exponent in all cases
was very nearly 0.5. This predicts little change if any in
microsegregation with cooling rate, i.e., distance from the
chill. The validity of this prediction is compared with actual
microprobe segregation measurements in Chapter VI for iron-

nickel and iron-phosphorus alloys.

F. Summary

The foregoing morphological study shows that the structure
found in the iron-nickel iron-phosphorus, iron-copper and iron-
nickel-carbon alloys is considerably more complex than the simple
flat plate growth assumed in Section II for microsegregation
analyses. The structure of the binary iron-nickel alloys tends
to be cellular at low nickel contents and at rapid solidifica-
tion rates (near the chill). At higher alloy contents and
greater distances from the chill crystallographic effects become

apparent with formation of the typical "cruciform" cross section,
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and dendritic side branching. Dendrite arm spacing generally

increased with increasing alloy content.

Addition of carbon (.12 per cent to .42 per cent) strongly
influenced the dendritic structure. The carbon increased the
primary and secondary dendrite arm spacings appreciably and
resulted in dendrites with higher-order growth forms at a given

cooling rate than in the carbon free alloy.

Iron-phosphorus alloys have strong dendrite forming ten-
dencies as secondary growth was observed adjacent to the chill
surface. The iron-phosphorus alloy more closely resembled the
iron-nickel-carbon alloys in forming higher-order growth forms
while the iron-copper alloy was similar to the iron-nickel

group.

Results of the dendrite arm spacing data, d, and solidi-

fication times, ©,, and/or distance from the chill, X, indi-

f’
cate that values of n are close to 0.5 so that little varia-
tion in microsegregation is predicted with varying cooling

rate—distance from the chill.
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Figure 5-8 Iron-26 per cent nickel alloy. Photomicrographs
at 1", 2", and 4" from the chill. Casting 4, 7.6X.
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Figure 5-9 |Iron=25 per cent nickel alloy. Photomicrographs
at 1", 2", and 4" from the chill, Casting &, 3u4X.




Figure 5-10 Iron-26 per cent nickel-0.12 per cent carbon alloy.
Photomicrographs at 1", 2", and 4" from the chill.
Casting 5, 7.6X.



Figure 5-11 Iron-26 per cent nickel=-0.12 per cent carbon
alloy. Photomicrographs at 1", 2", and 4"
from the chill. Casting 5, 34X.
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Figure 5-13 |Iron=-26 per cent nickel-0.53 per cent carbon
alloy. Photomicrographs at 1", 2", and 4" from the
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Figure 5-15 |Iron-26 per cent nickel=-0.,42 per cent carbon
alloy. Photomicrographs at 1", 2", and 4" from
the chill, Casting 7, 3uX.



Figure 5-16 Iron-25 per cent copper alloy. Photomicrographs
at 1", 2" and 4" from the chill. Casting 9, OUX.
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Figure 5-20 Secondary dendrite arm spacing versus distance

from the chill for iron-nickel-carbon alloys,
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VI. MEASUREMENTS OF MICROSEGREGATION IN IRON-BASE ALLOYS

A. Procedure

The chemical segregation existing in the binary iron-26 per
cent nickel casting, iron-10 per cent nickel, and iron-phosphorus
alloys was determined experimentally by electron microprobe analy-
sis. Microprobe traces were made on samples taken in a plane
perpendicular to the primary growth direction (parallel to the
chill surface). The maximum and minimum solute values were
measured, the segregation ratios calculated, and a number of com-

position deviation indices measured.
1. Electron microprobe measurements

Microscopic chemical analyses were performed on either of
the following commercial electron microprobe units:
(a) Applied Research Electron Microprobe Analyzer with
two 52.5° take-off angle spectrometers.
(b) North American Phillips Microprobe with a single

l5° take-off angle spectrometer.

To obtain values of Cﬁ and Cﬁ metallographic samples were
etched and microhardness marks made as references. The samples
were lightly polished to remove the etched surface and then
probed. Probe paths were chosen pafallel to the cross arms

forming the central portion of the dendrite. Since the maxil-
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mum solute content may deviate from the center of the inter-
dendritic region, the initial path was hand scanned until a
maximum was reached; then at this point a path perpendicular

to the original was run to find a maximum in this path. Ortho-
gonal paths were continually made at sach maximum urtil the
actual maximum was determined. A similar scanning process

was used for obtaining Cﬁ. This procedure is 1identical to

that used by Kattamis.ll

For the 26 per cent nickel series, iron and nickel con-
tents were determined simultaneously on the ARL probe, thus
providing a means of distinguishing the true minimum nickel
values from low nickel readings caused by pores or inclusions.
A set of standards of known chemical compositions including
samples of pure iron and pure nickel were run prior to prob-
ing each specimen. A check for probe stability was made by
at least running the pure nickel and pure iron after each
specimen and allowing no more than a 5 per cent drift in in-
tensity. When two or more specimens were run, the standards
were run alternately tQ provide good working curves in addi-

tion to checking for probe stability.

A fixed 30 second accumulation time, which amassed a total
of between 20,000 and 40,000 counts for the unknown, was used
in combination with scanning steps varying from 2 to 8 microns
depending on the concentration gradient. The minimumsin all

cases had more shallow gradients than the maximums, permitting




the use of larger scanning steps. Maximum and minimum values

were determined 1n several positions within the sample.

The 1iron-10 per cent nickel and iron-phosphorus alloys
were run on the Norelco. probe. The intensity of the Ni K a
line was both point counted and recorded continuously while
traversing tﬁe specimen to obtain maxima and minima. The in-
tensity rétios measured were converted to welght fractions

using the empirical technique developed by Ziebold.31

The iron phosphorus measurements were obtained by measur-.
ing the intensity of the P Ko line following the same experi-
mental procedure used for ifon-]&)per cent nickel alloy, of
point counting and continuous recording. The intensity read-
ings for the iron phosphorusAalloy were converted to weight
fraction based on the intensity of an iron-nickel-15 weight
per cent standard and a linear relationship between intensity

ratio and composition.

The composition deviation index, o;

samples on the Norelco probe. Several long scans across the

s was measured for all

sample were made, plotting on the chart paper composition (in-
tensity) versus distance. Then isoconcentration lines were
drawn on the chart, the fraction of the distance with a compo-
sitlon on or below the isoconcentration line was recorded, . and

a cumulative frequency plot made, composition versus volume

fraction. The composition deviation index was defined, accord-
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ing to equation (10), as éL times the area enveloped by the

o
isoconcentration line at Co and the distribution curve between
the ordinate and the point where the distribution curve reached
Co.

2. Quantitative Metallography

The volume per cent eutectic in the iron-phosphorus sys-
tem was found metallographically using a Two Dimensional Sys-
tematic Point Count Analyslis. Using this method a.polished
and etched surface was projected on the ground glass screen
of a metallograph at 50X. A grid of 63 points was placed over
the fileld of view, and the number of points that fell on the
eutectic phase were counted. Between 30 to 60 grid positions
were counted for each sample so that between 2000 to 4000
counts were amassed. The ratio of points falling on eutec-
tic to the total number of points yields the volume fraction
eutectic. Error was approximated using the technique of

Hilliard and Cahn29 and is included with the results.

B. Microprobe Results and Comparison with Theory

Iron-Nickel System

Segregation Ratios

Results of the electron microprobe analysis are listed in
Table 6-1. Minima (at the center of dendrite arms) were essen-
tially constant at locations from 1/2 inch to 4 inches from the
chill. In the 26 per cent nickel alloy maxima (at interdendritic
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regions) decreased slightly with increasing distance from the

chill and so segregation ratio, S°, decreased also.

The minimum nickel values in Table 6-1 are significantly
higher than those estimated by the equilibrium phase diagram
for alloys of 10 per cent nickel (C; = 5.7 per cent nickel) or
26 per cent nickel (C; = 19.3 per cent nickel). This devia-
tion must be due to solid state diffusion which occurs both
during solidification and while cooling to room temperature.
Comparing segregation ratios rather than maximum and minimum
compositions minimizes overall chemistry variations (Cés) from
the different heats. Specifically, comparison is made of
measured segregation ratios, SZ,
as determined from Figure 2-19 and 2-20. As in

with calculated segregation
o
c’
the previous ASFD analysis6 the MBT method provides qualitative

ratios, S

agreement with the experimental results but a correction factor,
g, 1s necessary to obtain quantitative agreement. This factor
compensates for factors such as kinetics, data inaccuracy,

multi-dimensional diffusion, and model geometry.

Correction factors were first calculated for the iron-26
per cent nickel and the iron-10 per cent nickel alloys iﬁdi—
vidually for both plate and cylinder models. The resulting
correction factors are listed in Table 6-2. Because of the
excellent agreement between the correction factors, an average
value was used for each geometry in calculating the segregation

ratios. Results for two cases are listed in Table 6-7 for an
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iron-26 per cent nickel alloy using the Mass Balance Technique -
plate model, and Table 6-4 for an iron-10 per cent nickel al-
loy using the Mass Balance Technique - cylinder model. The
original development of a cylinder model was prompted by the
rod-like cellular morphology exhibited in the iron-10 per cent
nickel alloy and discussed in Chapter V.

In spite of the radical difference in morphology, the
correction factors for the 26 per cent and 10 per cent nickel
alloys were in excellent agreement. Three possible explana-
tions are (a) that other characteristics of the material be-
sides diffusivity, phase relationships, dendrite arm spacihg,
and solidification time play an important role in determining
solute redistribution, (b) that these variables may need to
be measured more accurately, and (c) that geometry does not

play a major role in solute redistribution.

The reason for the necessity of any correction factor 1s
probably due to data 1lnaccuracy. For example, the high tem-
perature diffusion data, which is an extrapolation of data
measured at temperatures below the solidification range, might
not be valid. This would be so if many vacancles were quenched
into the so0lid during the transformation and resulted in a high
diffusivity until the excess vacancles were eliminated. Any
phenomena such as this would necessitate the introduction of

a correction factor to obtalin quantitative agreement.
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For both the iron-26 per cent nickel and iron-10 per cent
nickel alloys, the dendrite spacing 1s very nearly proportional
to solidification time to the 0.5 power and, in agreement with
theory, the segregation ratio changes only slowly with distance
from the chill.

The Effect of Carbon on the 3egregation Ratio of Iron-Nickel.

Measurements of segregation ratios were made on two iron-26
per cent nickel alloys to which additions of .33 and .42
carbon had been made. Specimens were taken 2 inches from the
chill, to determine the effect of carbon on the nickel distribu-
tion. The results are listed in Table 6-5 and show a decrease
in the segregation ratio with increasing carbon content. Thus

the addition of carbon enhanced homogeneity in the samples tested.

Composition Deviation Index

The composition deviation index was measured for three
of the iron-10 per cent nickel specimens taken 1/2, 1, and 2
inches from the chill and the iron-26 per cent nickel which
was 2 inches from the chill. The results of the measurements
and those predicted theoretically for the MBT plate are listed
in Table 6-5. Plots of the composition deviation index as a
function of n as calculated by the Mass Balance Technique are
shown for the 26 per cent nickel alloy in Figure 2-21 and for
a 10 per cent nickel alloy in Figure 2-22.
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_ The calculated values for the composition deviation index
at n/b (where n 1is the value of n that gives the experimental
value of the segregation ratio), are larger in each case. The
reason for this is that the correction factor 1is based on the
segregation ratio which 1is determined only by the maximum and
minimum solute contents and not the shape of the curve. The
measured shape and that predicted at room temperature are dif-
ferent. A typical measured curve, Figure 6-1, does not exhibit
the same shallow slope predicted by the analyses at either high
or low volume fractions, thus the discrepancy in a;s for identi-

cal segregation ratlos.

The results suggest that further work would be useful in
the development of this parameter and to determine the reasons

for the shape of the observed curve.




Iron-Phosphorus System
The amount of eutectic in the iron phosphorus alloy was
measured at various distances from the chill and the results

listed in Table 6-6.

In agreement with theory, the eutectic measurements at dif-
ferent distances from the chill do not vary significantly. The

minimum alloy content values, c®, were also measured and are

m,
listed in Table 6-7. Again, these do not vary significantly,

agreeing with the theory

The wet chemical analyses of the iron-phosphorus alloy,
1isted in Table 6-8, are not as consistent as one would expect.
The explanation for this variation was not obvious metallographi-
cally, e.g., as segregation in the form of nonuniformly dis-
tributed eutectic. For this reason the computer programs were
run for both 3.5, Figure 2-23, and 4.0, Figure 2-24, per cent
phosphorus. The amount of eutectic measured metallographically,
when combined with the Mass Balance Technique - plate model pre-
dictions of n versus weight per cent eutectic for the 4.07per

6 sec/'cm2 for an al-

cent phosphorus alloy, predict an n of 6x10
loy containing 28 volume per cent (26 weight per cent) eutectic.
For the 3.5 per cent alloy MBT results predict less than 26
welight per cent eutectic even for nonequilibrium solidification -
no diffusion in the solid. Based on this, the wet chemical re-
sults, and overall chemical analyses made with the electron

microprobe, the alloy will be assumed to contain 4 per cent

116
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phosphorus. The minimum solute content predicted by the Mass

6 sec/'cm2 is

Balance Technique - plate model for an n of 6 x 10
1.36 weight per cent phosphorus. This is lower than the ex-
perimentally measured values listed in Table 6-8. Taking into
account the fact that the overall estimates of alloy composi-
tion found on the probe are higher than the wet chemical analy-
ses and the possible experimental error which may be encountered
in electron beam microprobe analysis, the experimental measure-
ment is not too different from that predicted by the computer
analysis. Conversely for a 4 per cent phosphorus alloy the n.
for C; equals 2.0 is 4 x 107. This n in turn predicts that 21
welght per cent or about 22.5 volume per cent eutectic will be

found in the alloy.

The measured C; is considerably higher than the 0.67 weight
per cent phosphorus content which is the composition of the
solild which first forms from the 1liquid according to the phase
diagram. It is in fact fairly close to the room temperature
solid solubility of 1.9 per cent phosphorus given in the phase
diagram. The corresponding fraction eutectic is not in agree-
ment as 15.3 weight per cent eutectic would be expected for
equllibrium conditions. This discrepancy indicates that solid
state diffusion should be taken into account in order to predict
more accurately the solute redistribution in this iron phosphorus
alloy. It would be expected to be necedsary for other alloys 1in

this system as well.
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Based on the dendrite arm spacing measurements made
and the solidification times measured in the iron-nickel al-
loys which may be assumed proportional to the actual soli-
dification times in the iron-phosphorus system, a comparison
of calculated and experimental data is listed in Table 6-9.
The resulting corréction factors for the iron-phasphorus al-
loy were 0.193 based on primary dendrite arm spacing and
0.556 based on secondary deﬁdrite arm spacing. Correlation
should improve if actual solidification times are measured
for this alloy because of its large solidification range com-

pared to the iron-nickel alloys. >
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TABLE 6-1

Electron Probe Microanalyzer Results

Disganci f;om Cn C: Sg
chill nches &
’ (zN1) (% N1) 0 /n0
; CM/'Cm
Iron-10 z Nickel
1/2 11.6 8.59 1.35*
1l 11.3 8.58 1.32+
11.6 8.40 1.38%
4 11.6 8.40 1.38%
Iron-26 % Nickel
1/? 32.6 25.5 1,28
1l 30.0 24 .5 1.26%=
2 29.5 25.2 1,17
y 29.8 25.2 1,18%»

*Measured on the Norelco Microprobe Analyzer.

* %
Measured on the Applied Research Laboratory Milcroprobe
Analyzer.
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TABLE 6-2

Comparison of the Correction Factors for primary dendrite arm
spacings calculated for the Iron-26 per cent nickel alloy

and iron-10 per cent nickel alloy with the Mass Balance

Technique:
Alloy Plate Model Cylinder Model
Iron-26 per cent nickel 0.125 0.164

Iron-10 per cent nickel 0.129 0.167




122

¥
2 =%
o (o)
*gT-6 2an31d ‘Sutoeds way Arewtad vmn:mmmzApv

-02-G aan3Td ‘ButoedS way AIepuoosS peansesn(d)

.mﬁmu Lxepuooas a0J €0£°0
pue sure Axewtad aoJ L2T°0 29 03 ¥3)
punoj 10998y UOT4031100 ® ST 3 ¢ mM||| = u

R T ¢ N € 2an3Td WL} USNEL ()
GO'T 8T°T L €€ 08" 0€ 0T 9°98 f
8T°T ALU°T 6°61 0T° 8T 2L T°42 2
62°T 22°T €21 02° 11 16 €1 1
Sh°'t 82°1 8°T. GG'9 ot 9°2 2/1

(a) (e)
:3utoeds way A1epuooag Uo pased SUOTIBINOTRD
12°T 8T°1 2 L1 gle" 0GE 9°98 f
GT°T LT°T 1°€2 yLl€" 091 142 2
€2'T 221 6°GT 162 oTT €. 1
62°T 82°1 T2t G6T" €l 9°2 2/1
(p) (o) (a) (e)
(. otx_ wo 038) (._OTX, wo 09s8) (Lot x wo)
0 = @l c- MI e 1 J c
oS 'S ° 5 ¥ g ‘ButoedS (spuooes)O ‘SUTL (rut) X
u u way a3 t1apuad UoT3BOTJTPTITIOS  UO3EI0T]

:3uToeds way Aaewiad uo pased SUOTIETNOTED

19POW 23e1d - @anbtuyoal souered ssel - AoTTV ,
TOYOTN 3ua) Jad 92-uoal ‘soried uoTqeBaadag TeOT33409Y], pue paansesW JO uosTaeduo)

£€-9 T4Vl



123

‘pajsaq s£oTT® 3yj3 40J Tapouw JIpuirThd

- anbTuyoa], @ouered SSeW ayj Jursn
suae Arewtiad J03
G9T°0 @q 03 punog

J0398] UOTQ03aa00 _3

4

afegaae ue s1 3 ‘=

m =

u

“ (p)

A

I, ~ " (9)

*gT~G aan3td ‘Sutoeds wae Lxewtad umazmamzAnv

‘€~ 2an3Td wouy coxmaﬁmv

* aTqeIns B

qou oxoM swxe ALrepuooas se Ltuo s3uroeds wae ALrewiad uo paseq opew aJ3aM mCQﬂpmﬁaono*

l2°1 8E°T L2 GE9- gee 9°98 f
GeE'1 8E°T1 € 02 966 * L2t T°he c
2E°T 2€°1 9°€1 8hs " €l £l T
€61 GE'T G*Gt cEh” 64 92 2/1
(p) (0) (a) (®)
(_otx_wo/oes) (. orx,wo/o98) (, 0T x wd) :
) P) 9- c 9- c f \J
S S . 4 ¢ ‘BuroedS (spuooas)’e ‘auTl (rur) X

2
u

9

u

way oaj3tapusd

UOT3BOTJTPTIOS UOT3E00T

(#°Butoeds wae ALrewtad uo paseq m:oapma:oﬁmov
19POW J9puttf)y - anbtuyosl souered SSel - T[3HOIN
quad J8d QT-UOJI ‘SOT3Ed U0T3edaaldas T[EeDF3}aA09YL Pue paansesph Jo uostaedwo)

-9 TIAVL




124

TABLE 6-5

The Effect of Carbon on Microsegregation in an

Iron-26 Per Cent Nickel Alloy - 2 Inches from the Chill
Chemical o o o
Analysis CM cm Se
Wt % C Wt.ZN1 Wt % N1
- 29.2 23.9 l1.22
.33 26.8 22.4 1.19

A2 26.4 22.7 1.16
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TABLE 6-6

Measurements of the Composition Deviation Index, o; and
Results Predicted by the Mass Balance Technique - Plate
Model Based on Primary Dendrite Arm Spacings

Alloy Position a;c a;e Ne
(a) (b)

Fe-10 % Ni 1/2 in. 0.32 0.052 3.2

Fe-107% N1 1 in. 0.32 0.056 4.0

Fe-10 % N1 2 in. 0.32 0.067 4.3

Fe-46 ZN1 2 in. 0.06M4 0.042 2.38

(a) Obtained from plots of o; versus n by using n c values where
ng = 0/(81)2.

(b) Calculated by graphical integration of composition distribu-
tion curves.
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TABLE 6-7

Volume Per Cent Eutectic Measured Metallographically at
different distances from the chill.

Distance from the Chill Volume Per Cent Weight Per Cent
1" 28.3 + 1.5+ 26.4
2" 28.5 + 1.5 26.5
3" 27.5 + 1.5% 25.7
y" 27.0 + 1.5+ 25.2

*Estimate of statistical error for a coarse mesh two
dimensional systematic point count analysis.
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TABLE 6-8

Electron Microprobe Analysis for Minlimum Phosphorus Con-
tents at Different Distances from the Chill

Dﬁstance from Minimum Solute Content
the chill o
X,(inches) Cm (wt. 7 P)

1/2 2.2

2 2.1

y 2.0
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TABLE 6-9

Results of Wet Chemical Analysis on the Iron Phosphorus Ingot

Distance Analysis Analysis Analysis Analysis Analysis

from the
Chill
1 * * % L§xx * %

X(1inches) wt.Z'*P wt_:az P wt,BzP wt. %P wt?% P

1/2 3.30 3.14 4 .04 4. 08 4.3

4 - 3.59 3.93 4.1

7-1/2 3070 3.01 3.80
3.20

*Analyses performed at the M.I.T. Analytical Laboratory by the
Same analyst.

**Analyses performed at the Arnold Greene Testing Laboratories
by different analysts.

***Analyses performed on an electron beam microprobe analyzer.
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VII. Summary and Conclusions

(1)

(2)

(3)

A new computer program, the Mass Balance Technique, was
written to simulate solidification and post-solidification
heat treatments by using numerical analysis techniques.

The program may be applied to eutectic alloys as well as
those in which (a) the final solidification temperature
and composition are variable; and (b) substantial diffu-
sion occurs in the solid both during and after solidifica-
tion. Featured are the options of a cylinder or plate
model, a growth rate in the solidification range which

may be linear, parabolic, or determined by a cooling curve,
or cooling expression, and the use of any desired cooling
curve or cooling expression from the solidus temperature

to room temperature,

The amount of microsegregation measured in iron-nickel al-
loys and the iron-phosphoros alloy, did not conform to
calculations for equilibrium solidification or normal non-
equilibrium solidification. The discrepancy occurs because
diffusion in the solid state is neither perfect nor non-
existent during solidification and cooling to room tempera-
ture. Solid state diffusion occurs on a limited basis and
must be taken into account to obtaln a more accurate result
in an analysis of solute redistribution.

In the iron-nickel system the segregation ratio varied
from 1.15 to 1.38 depending on solidification conditions

and alloy content. Segregation ratios for the iren-10 per



(4)

(5)

(6)
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cent alloy ranged from 1.32 to 1.38 while for the 26 per
cent nickel alloy, they varied from 1.15 to 1.28, exhibit-
ing a slight increase with increasing cooling rate.

The effect of adding carbon to iron-nickel binary alloys
was to decrease the nickel segregation slightly. S°
averaged approximately 1.22 for iron-26 per cent nickel
alloy containing no carbon, and this decreased to about
1.16 with addition of 0.42 per cent carbon.

The computer results and the experimental measurements in
the iron-nickel and iron-phosphorus alloys studied are

in good qualitative agreement as the predicted and measured
microsegregation varied only slightly with cooling rate
(distance from the chill). To obtain quantitative agree-
ment the measured dendrite arm spacing must be multiplied
by a correction factor. In the iron-nickel alloy system
based on primary dendrite arm spacing for the Mass Balance
Technique a factor of 0.127 must be used for the plate
model and 0,165 for the cylinder model., Based on secon-
dary arm spacings measured 1n the iron-26 per cent nickel
alloy, the correction factor is 0.303 for the plate model
and 0.378 for the cylinder model. For the iron-phosphorus
alloy, to obtain the correct fraction eutectic, the
primary arm spacing must be multiplied by 0.193 and the
secondary arm spacing by 0.556,

Computer analysis shows that the effect of parabolic growth,
as compared to linear, is to lower the segregation slight-

ly for equivalent solidification time. This is because



(7)

(8)

(9)

longer diffusion periods are allowed at the end of
solidification when the concentration gradients are
steepest, and hence diffusion greatest.

More diffusion 1s predicted for a cylindrical model than
for a plate.

Dendrite morphology was examined in iron-nickel alloys
containing 10 to 26 per cent nickel, iron-nickel-carbon
alloys containing approximately 26 per cent nickel and

up to 0.42 per cent carbon and iron-#.( per cent phos-
phorus, and iron-25.0 per cent copper. "Cellular"
structures resulted in the iron-nickel alloys studied
which were of low alloy content and solidified under
conditions of high cooling rates. Lower cooling rates

and higher solute contents produce more complex dendrite
structure including secondary, tertiary, and even quarter-
nary branching. The phosphorus had a strong tendency to
form higher order growth forms even adjacent to the chill.
The iron-25 per cent copper alloy exhibited branching and
a cruciform structure in planes parallel and adjacent to
the chill surface. Rather than forming higher order
growth forms, these cruciforms enlarged as the distance
from the chill 1lncreased retaining a clover-leaf shape.
The alloy structure in the irone-nickel and iron-phosphorus
alloys increased in complexity as the cooling rate decrease,
Primary dendrite arm spacing in the ingots studied ranged
from about 40 to 700 microns, depending on the alloy

analysis and cooling rate. Dendrite arm spacing was found



(10)

(11)
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to increase with (a) decreasing cooling rate in the iron-
nickel, iron-nickel-carbon, lron-phosphorus, and iron-
copper alloys studied, and in addition in the iron-nickel
system with (b) increasing nickel content (at least in
the range 15 to 26 per cent nickel), and (¢) carbon addi-
tions.

Secondary arms in the alloys examined ranged from unobserv-
able for the cellular structure found near the chill in
the iron-10 per cent nickel alloy to those well formed.
The latter were found to be promoted by (a) higher alloy
contents, (b) carbon additions, and (c) slower cooling
rates. The well formed secondaries within each casting
always had a smaller spacing than the primary measure-=
ments in equivalent positions with respect to the chill,
The secondary dendrite arm spacings measured, all of which
fell within the 40 to 200 micron range, were not affected
by the cooling rate as much as the primary arm spacings.
This was shown by the flatter curve obtained by plotting
secondary dendrite arm spacing versus distance from the

chill compared to a plot of primary spacings.
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Compilation of data by electron beam microprobe analysis

the solid distribution that it had at the solidus
temperature while the other diffuses in the solid,

(b) For systems in which both solute components diffuse

VIII Suggestions for Further Work:
(1)
of other ferrous and nonferrous binary aliloys including
several eutectics, such as magnesium-zinc, and applica-
tion of the Mass Balance Technique computer program to
predict the proper segregation parameters.
(2) Development of the Mass Balance Technique to include
ternary systems:
(a) For systems in which one solute component retains
i.e., iron chromium carbon.
in the solid.
(3) Investigation into the significance of the shape of the

(%)

(5)

measured composition deviation index including a statis-
tical interpretation of the electron beam microprobe
analyzer data.

Work on the high temperature properties of the systems
studied including diffusion, and solidification ranges

and times, to attempt to explain the reason for the neces=-
sity of a correction factor so that it may be eliminated.
Insertion of steps into the computer program which will

account for solidification shrinkage.
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APPENDIX A

List of Szmbols

Iiguid solid interface area
Analytic Solution Finite Difference Analysils

(ASFD)-(SC) Analytic Solution Finite Difference analysis using

fe}
Cm’cl;)’cm

Cp» Cpts O

Ct, Cf

a solute corrected envelope
GyDp,

Remy

Cylinder

Minimum solute concentration in solid dendrite at
any temperature the nonequilibrium solidus and room
temperature, respectively

Maximum solute concentration in solid dendrite at
any temperature the nonequilibrium solidus and at
room temperature, respectively

Concentration of solute at the interface in the liquid
and solid, respectively

Initial allcy content

Heat capacity of solid

Composition at some point within the solid phase
Average composition of the solid phase

Dendrite arm spacing

Diffusion coefficient of solute 1in solid and liquid
phases, respectively

Fraction eutectic present

Weight fraction of solld and liquid phase, respec-
tively



Hl

J subscript
k subscript

k

2
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List of Symbols (Continued)
Geometric correction factor
Temperature gradient in the liquid at the dendrite tips
Exponent in the evolved time relationship involving
A, %+, and Of
Average heat released per unit welght of material
solidified
steps in distance
steps in time
Equilibrium partition ratio

One half the plate spacing

A)\z

E(T,CS)A e

Slope of the liquidus line

Mass Balance Technique

Exponent in the dendrite arm spacing solidification
time relationship

Total number of counts taken on the electron micro-
probe analyses from sample and standard, respectively
Number of incremental time periods to keep M >> &4
(Finite difference solution)

Plate

Position the liquid-solid interface along the radius
of a cylinder growth model

Rate of advance of the dendrite tips

Segregation ratio at any temperature nonequilibrium
solidus, and room temperature, respectively

Eutectic temperature
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List of Symbols (continued)
K Temperature, degrees Kelvin
TL Liquidus temperature
TS, Té Equilibrium solidus temperature and nonequilibrium

solidus temperature, respectively

u Rate of growth of dendrite plate

\'4 Volume

Vf,Vf Volume fraction, volume fraction at which C equals Co
X Distance from chill

Xy Position of metal interface

XL Position of liquidus isotherm

XNi Mole per cent nickel

XS Position Of nonequilibrium solidus isotherm

Xt Position of dendrite tips measured from chill

w Relative change in the concentration gradient in

the solid at the interface due to diffusion

DL©
” S £
2
2
] Time from the initiation of solidification
Of Solidification time
QE Elapsed solidification time until the liqhid reaches
A eutectic composition

Distance from centerline of plate
E Distance to the eutectic interface
n Position of the liquid solild interface



141
List of Symbols (Continued)

PLPg Density of the solid and 1liquid respectively
cm,aé,o; Composition deviation index at any temperature
at the nonequilibrium solidus, and at room tem-

perature, respectively
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