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EUTECTIC TRANSFORMATION IN DUCTILE CAST IRON.

PART I - THEORETICAL BACKGROUND

SYMBOLS
Symbols Meaning Definition Units
a  Material mould ability to absorb of heat a=k,c, J/(cm*2C-s"?)
A Parameter Eq. (10) s”/m
b  Nucleation coefficient of graphite Eq. (58) °C
B Temperature parameter Eq. (14) -
¢ Specific heat of metal Table 1 J/(cm’2C)
¢n  Specific heat of mould material - J/(ecm®-C)
C  Carbon content in cast iron - wt. %
C.  Carbon content in graphite eutectic Eq. (2) wt. %
CT  Chilling tendency Egs. (67), (68) s rct?
oG Cabon e i Reh)  wn
D  Diffusivity of carbon in austenite Eq. (64) cm’/s
fer  Fraction of pre-eutectic graphite Eq. (1) -

* Prof., ** Ph.D., Faculty of Foundry Engineering, AGH University of Science and Technology, Cracow,
Poland; edfras@agh.edu.pl; mgorny@agh.edu.pl, ** Author is an award holder of the NATO Science Fel-
lowship Programme

*#%  Prof., Department of Materials Engineering, University of Wisconsin-Milwaukee, P.O. Box 784, Milwau-
kee, WI 53201, USA; hlopez@uwm.edu

113



F. Surface area of the casting - cm

F,, Half surface area chill triangle Figurell cm
k Coefficient Eqgs. (39), (43)
ko Heat conductivity of the mould material - J/(s:cm-°C)
I Size of S}lbstrate for nucleation _ em
of graphite
W Mean siz.e of substrates for nucleation B om
of graphite
L. Latent heat of graphite eutectic Table 1 Jem?®
Mg, Mass of graphite Eq. (31) g
my Mass of graphite in liquid Eq. (30) g
my Mass of graphite in austenite Eq. (35) g
M Casting modulus Egs. (11), (52), (55) cm
M,  Critical casting modulus Eq. (70) cm
N Volumetric nodule count Egs. (57), (62) cm™
N Density gf substrates for nucleation B om-
s of graphite
P,  Coefficient Eq. (66) (cm-°C"?ys'?
P Phosphorus content in cast iron - wt. %
qu Accumulated heat flux in casting Eq. (6) J/s
0 I;t:tiitnféux extracted from casting into mould Eq. (5), (50) s
qs Heat flux generated during solidification Eq. (7),(49) J/s
(0] Metal cooling rate Eq. (15) °Cls
R, Graphite nodule radius Figure 3b cm
R, Outer radius of austenite envelope Figure 3b cm
Ra ﬁ:lds:g(i)tgli;clgvelope radius at maximum Eq. (47) em
s Wall thickness - cm
Ser Critical wall thickness Egs. (71), (72) cm
Si Silicon content in cast iron - wt. %
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1. INTRODUCTION

Ductile cast iron is a modern engineering material whose production is continually
increasing. Hence, there are numerous reports related to the production of nodular cast
iron, some of which are of essential importance as they are linked to the solidification kine-
tics. In ductile cast iron, solidification is closely related to the nucleation and growth of
nodular graphite. Yet, nucleation is the dominant process at the onset of solidification and it
establishes the final nodule count. Accordingly, increasing the nodule count in a given cast
iron leads to:

— Increasing strength and ductility in ductile cast iron [1].

— Reduction of microsegregation of alloying elements [2, 3], and improving microstruc-
tural homogeneity. Here, the type of eutectic transformation (stable or metastable) is
also influenced due to the re-distribution of alloying elements.

— Reduction in the chilling tendency of cast iron [4, 5].

— Increasing pre-shrinkage expansion [6].

— Increasing formation of open and closed contraction cavity volumes [7].

— Increasing fraction of ferrite in the microstructure [8].

The chilling tendency (CT) of cast iron dictates their subsequent performance in di-
verse applications. In particular, cast iron possessing a high chilling tendency is prone to
develop zones of white or mottled iron. Considering that, these regions can be extremely
hard, their machinability can be severely impaired. Alternatively, if white iron is the desired
structure a relatively small chilling tendency favours the formation of grey iron. This in turn
leads to poor hardness and wear properties for the cast components. Hence, considerable
efforts have been made in correlating various factors of technological relevance (inocula-
tion practice, iron composition, pouring temperature, etc.) with the chill of cast iron.

In this work, a simple analytical model of eutectic transformation in ductile cast iron is
proposed. The model enables the determination of nodule counts in nodular cast iron, the
chilling tendency CT and chill of ductile cast iron.

2. ANALYSIS

Ductile cast iron is often hypereutectic, where the volume fraction of pre-eutectic
graphite f,, is given by

_ P: (C -C. )
for = e
100 Pgr — Cepl + C(pl - pgr)
where C, =4.26—0.30Si—0.36P 2)

The influence of carbon and silicon on the pre-eutectic volume fraction of graphite is
shown in Figure 1. From this figure it can be observed that for a useful C and Si range in the
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foundry practice f,, ranges from 0 to 0.02;
as a result, solidification of pre-eutectic
graphite can be neglected.

In this case, during solidification, heat
extraction leads to changes in the relative
energies of solid and liquid in two ways:

1) a reduction in the enthalpy of the li-
quid or solid due to cooling given by
AH = [cdl,

2) a release heat of the eutectic solidifi-
cation through the enthalpy contribu-
tion, known also as the latent heat (L).

Fig. 1. Effect of carbon and silicon on the volu-
Hence, the heat transfer process can  metric fraction of pre-eutectic graphite in hyper-
be described by the heat balance equation  eutectic cast iron

Ay =4q5 +4, €©))

Heat transfer during solidification can be very complex and analytical solutions are not
always available, so numerical methods are commonly employed. However, in sand cast-
ings, heat transfer is mainly determined by the properties of the sand mold as shown by
Chvorinov [9].

a) b)
P
[
g Ei T;
5 <
o
= AT, S
Ts metal
Tm
1 11

ts tm
Time —»

Fig. 2. Cooling curve for eutectic ductile cast iron (a) and temperature profile in the mold-metal
system (b)

Figure 2b shows the ideal temperature profile expected for sand-mould metal systems.
The heat flux going into the mold can be described by

T ky,

= 4
dm moy “)
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Taking into account the thermal diffusivity o, = k,,/c,, and the surface area F. of the
casting, Eq. (4) can be rearranged as

_akFT

dm = \/Tl:_t 4)
where a =,/k,,c,, .

The above expression neglects curvature effects associated with the metal-mold inter-
face. Moreover, it is assumed that the temperature distribution along the metal is uniform.
Hence, the accumulated heat flux in the metal can be described by

cV.dT
=< 6
9q dt (6)

The heat flux g, generated during solidification depends on the particular solidification
mechanism and in the present work it can be described by

dv
qs =L6NVCE (7)

where dV/dt is the volumetric solidification rate of eutectic cells (cm3 /s). During solidifica-
tion, two main stages can be distinguished (Fig. 2a).

First Stage

In this stage, the temperature of the melt decreases from T; to the equilibrium tempera-
ture for graphite eutetctic T with no solidification events (Fig. 2a). Accordingly, g, = 0 and
Eq. (3) can be rewritten as

Am = 4a )

Taken into consideration Egs. (5) and (6) and solving Eq. (8) for the initial conditions:
T =T,;att=0, the temperature during this stage is given by

T:Tiexp(—%] (9)

where:

(10)
VC
M = P (1)
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Differentiating Eq. (9) yields an equation for the cooling rate as

dr T; [ i J
= xp (12)

—_— = — e —_—
At 24M t AM

For t = t,, T = T,, and the time elapsed during the first stage can be found from Eq. (9)

ty= (A B M)’ (13)
where
B= ln;—‘ (14)
N

The metal cooling rate at the end of first stage can be calculated by taking into account
Eqgs. (12)—(14) for t = t,, T = T, condition and after rearranging, yieldingl)

2

d_T = Q = % (15)
dt TBc" M

Second Stage

During this stage, the solidification of graphite eutectic occurs in the ¢, < ¢ < ¢, time
range or in the 7, < T < T, temperature range (Fig. 2a). The initial segment of the cooling
curve where the eutectic transformation takes place can be defined as a function of the de-
gree of maximum undercooling AT,, = T, — T,, (Fig. 2a). The solidification temperature for
this temperature range can be described by [10]

T =T, — AT, sin o(t—t) (16)
where
B
0w=—— 17)
2(tm _ts)

Equation (16) is of empirical nature. However it has been shown to provide an excel-
lent description of the experimental outcome [10]. Accordingly, during second stage the
cooling rate can be found by differentiating Eq. (16).

‘;_f = AT, ocos[a(t — 1, )] (18)

D It is assumed that cooling rate has positive sign.
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Therefore at the beginning of stage II when ¢ = ¢, cosO = 1, the cooling rate can be
described byz)

dT
= = AT, (19)

Q_E m

Combining Egs. (17) and (19), and rearranging, yields

AT, _2
(tm_ s)_Tc (20)

At the onset of eutectic solidification (¢ = ¢), the cooling rates in the first and second
stages it can be assumed equal each other. Therefore, using Eqs. (13), (15), and (20), the
time for the maximum undercooling can be determined from

_mBc*M? (BT, +mAT, )
4 a* T

1)

m

Nuclei N of nodular graphite are formed in the casting volume of liquid V., and from
each nucleus rise a single eutectic cell of spherical shape. Hence, the volume of the eutectic
cell with radius R, (Fig. 3b) is given by V =(4 nRg)/ 3, while the differential volume
increment is given by dV =4 R22 dR,. Accordingly, taking into account Eq. (7) the ex-
pression for the rate of heat generation can be described by

4nL, NV, R} dR,
45 = & (22)

In order to determine the radius R,, as well as the growth rate of the cell, dR,/dt the
eutectic transformation in nodular cast iron will now be considered. Taking into account
diffusional transport during the eutectic transformation and assuming spherical geometry
(Fig. 3), the steady state solution for carbon diffusion through the austenite shell can be
defined by solving equation

2
D E§+d ¢ =0 (23)
rdr  dgr?

D It is assumed that cooling rate has positive sign.
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Fig. 3. Schematic representation of a Fe-C phase diagram section (a) and corresponding carbon
profile for a spherical eutectic cell (b)

The general solution to the above equation yields

Q

r

C=¢+ (24)

where r is the radial coordinate, R; < 7 < R, and ¢ and ¢, are constants which can be deter-
mined from the boundary conditions: C = C5 at r = R, and C = C, at r = R;. This yields:

R (C, -C
p=C,- 2= (s)

2Ry

RR,(C,-C
= 2(C-G3) (26)

Ry - Ry

Hence, taking into account Egs. (24), (26) the solute concentration profile in the auste-
nite envelope can be described by:

R (C-C3)(r-Ry)

=G~ r(Ry—Ry)

@7

Moreover, deriving Eq. (27) with respect to r yields the carbon concentration gradient
in the austenite envelope at the liquid — austenite interface.

dC_ R Ry (C-GC;) 28)
dr r*(Ri~R,)
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Also, at the austenite solidification interface » = R,, the concentration gradient be-
comes

4dC _ R(G-G) (29)
dR,  Ry(Ry-Ry)

Introducing a mass balance in the diffusional system (Fig. 3b) where (C,) is the carbon
content in the volume (4TER§’ )/3 prior to the eutectic transformation (when only liquid is the
stable phase). In this case, the mass of carbon in the liquid can be given by

4
ny =§ TCRS C4 (30)

After the eutectic transformation, the diffusional system is depicted by a graphite no-
dule of radius R and concentration C,, surrounded by an austenite envelope of radii R,
and R,. The mass of carbon in the graphite nodule can be determined from

4

=§an3€ (31)

m

8" 8"

A differential increment in the volume of the austenite envelope dV = Amr’dr causes
a differential increment in the carbon mass according to

dmy, =4 7 C(r) r’dr (32)

Also, the carbon mass in the austenite envelope is described by

RZ
my = 4n j C(r)rzdr (33)
Rl

Considering Egs. (27) and (33) and rearranging terms yields

4 1
my=3m [C3R§ ~GoR? —5R1 Ry (G5 -Cr)(Ry +R1)} (34)

In the above equation, the third term within brackets is relatively small and can be
neglected. This yields

4 3 3
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From the mass balance (m; = mg, + m,), based on Eq. (30), (31) and (35) R, is found as

c,, -C,

1/3

C, -Gy

Ry=Ry| ——=- (36)
8r

In addition, the condition for continuity across the liquid — austenite interface needs to
be taken into account. This condition using Fick law can be written as

dR, dC
C,-C;) —==D — 37
(C-G3) 5 iR, (37)
Combining Egs. (29), (36), and (37) yields
R,dR, = kDdt (38)
where
k= (C3 — CZ) (39)

C,. -C
(Ca-Co)| - 21
C,-GCy

The above expression can be correlated with the degree of undercooling, AT. Assum-
ing that the JE’, E’S” and BC’ lines for the Fe-C system (Fig. 3a) are straight the concentra-
tions in Eq. (39) can be given by:

ny
ms
my

where: m, , ms and m, are the slopes of the solubility lines JE’, E’S” and BC’ respectively.

123



For Fe-C alloys the following values
can be employed: C-» =4.26%, Cr- =2.08%,
my =275°C/ %, my=189.6 °C / %, and m, =
=113.2 °C/ %. Using this data, estimations
of k values are plotted in Figure 4. From this
figure, it is apparent that k tends to exhibit L 0.04
a linear trend with AT. Accordingly, k£ can be
described by

£ =0.00155, 91

0.06

0.02
k=B AT (43)

where B = 0.00155 °C ~!. Moreover, it can be 0 10 o0 - a0 =0
shown that the effect of Si on [ is negligible. AT o0

In addition, considering that the degree Fig. 4. Graphic plot of Eq. (39) function as
of undercooling AT = T, — T, from Eqgs. (16), a function of the degree of undercooling, AT
(38) and (43), it is found that

Ry dRy =B D AT, sin[ o(t—t)] dt (44)

Hence, integrating the above expression for the limiting conditions ¢ = ¢; at R, = 0,
yields

1/2
R, = {ZBDTAT’” [1-cos o(r—t )]} (45)

Differentiating Eq. (45) with respect to time yields the rate of eutectic cell growth

1/2
dRy _ B D o AT, " B
o _{2 [1-cos w(t—ts)]} sinfolr=)] (46)

Then, at the time ¢ = #,,, and by taking into account Eq. (17), expressions for the cell
radius, as well as the cell growth rate at the maximum undercooling are found:

1/2
2B D AT,
Ry, = (me) 47)

(48)

Ry, (BD AT, \'?
dt 2
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In addition, by taking into account Egs. (10), (13), (17), (21), (22), (47) and (48), the
heat flux generated during solidification at the time ¢ = ¢, is given by

3 1/2
¢M |BAT, (nBDAT,)
a T

N

g, =4L,NV,

(49)

Moreover, combining Egs. (3) and (21) for the same time ¢ = #,,, the heat flux going into
the mold can be described by

2 13/2
B 2F,a" T (50)

" meMBY?(naT, +T, BY/?

Att =t,, the cooling rate is zero and as a consequence the rate of heat accumulation g,
is also zero. Hence, the heat balance equation (Eq. (3)) becomes

ds = dm (51)

Finally, by taking into account Egs. (11), (21), (49) and (51) an expression for the
modulus of casting can be obtained.

1/3

a T.2
N
1/2 (52)

(DB)/?| 2 °/2BN L, * AT (m AT, +T,B)

In nodular cast iron, the pouring temperature, 7}, ranges from 1250 to 1450°C. Hence,
taking into account that T, = T}, typical B values (Eq. (14)) range from 0.074 to 0.223.

Figure 5 shows graphically the AT, ,,2, (Tc AT, +TSB)1/2 and z AT, ,,2,T sl/ 2 functions versus AT, -
for two extreme values of B.
From this figure it is evident that

AT? (m AT, +T, B)'* =2 1'% AT? (53)

where z = 0.41 + 0.93B (54)

Accordingly, taking into account Egs. (52) and (53), N can be simplified to the follow-
ing form

1/3
M L 1/2 1 s
DB 2122 BN L,AT? (55)
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Fig. 5. Influence of AT,, and B on the AT,,% (m AT, +B T, )1/2 (solid line) and z TS]/2 AT,,2, (dotted
line) functions for: a) B = 0.074; b) B = 0.223

3. NODULE COUNT

Eq. (55) can be rewritten as a function of the cooling rate (taking into account Eq. (15)) as

v cBl/z 0 3/2
= a 56
422z L, AT2 \ DB (56)

The nucleation of graphite during solidification is of heterogeneous nature, on prefe-
rential substrates of various sizes, /. The active substrate set is randomly distributed in the
undercooled melt and it can be given by the substrate volume density, Ny. A simple hete-
rogeneous nucleation model previously developed [11] is employed in this work. Accor-
dingly, the volume density of graphite nodules can be given by

b
N:NS exp(—mj (57)
where b = 47, 0 sinb (58)
L. (1)

Combining Egs. (56) and (57) yields

/2
b ¢ B2 0
N, exp| — = =_
’ ( ATm] 4 M5z 1, AT\ DB 9
From this equation, the maximum degree of undercooling can be determined from
b

= 60
" 2 ProductLog () (60)
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where

1/2 303 V4
N, L 2
y=b[“ — ) {BD E] (61)
Q

The ProductLog[y] = x is the Lambert
function®, also is called the omega function
and it is graphically shown in Figure 6. This
function is used to solve equation of the
type of y =xe*. Its exact values can be eas-
ily calculated using the instruction of the
ProductLog[y] in the Mathematica™ pro-
gramme. In our analysis typical values of
variable y are situated within boundaries
from 0.03 to 500, and in case if we cannot

¥ = ProductLog[y]

=
8]
4]

-

0.75

o
i

0.25

Fig. 6. Graphic representation of the
ProductLog/y] function fory = 0

use Mathematica programme its value can be calculated by means of elementary mathemat-
ics with an accuracy higher than 99% using the following equations:

— for 0.03 <y <1 range x= 0.232541y ;
~0.03066y> +0.204476y +0.235837

~ for 1 <y <5 range x = log(0.0855561)y*-22453 4 30313129488,

— for 5 <y <20 range x = 10g(0.06014) y*007% 4 3 29565, 0-135821,

— for 20 <y <50 range x =10g(0.038806) y 0047 +3.596720- 110107

— for 20 <y < 500 Y= 10g(0.059427)y_0'34418 +2'O3579y0.144835'

From Egs. (57) and (60) N can be given by

N= N
exp| 2 ProductLog(y) |

(62)

In metallographic determinations, the area density of graphite nodules N is commonly
measured at a given micro-section. In addition, in ductile iron the graphite nodules are cha-

9 See http://mathworld.wolfram.com./LambertW-function.html.
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racterized by Raleigh distributions [12]. In this case the volumetric nodule count (N) can be
related to the area nodule count (Ny) using the Wiencek equation [13]

NF = (.fng2)1/3

where f,, is the volume fraction of graphite in eutectic, f,, = 0.11.

(63)

According to the literature, the nodule count N, is influenced by the chemical compo-
sition and the superheat temperature and time [14]. Yet, in the industrial practice, a drastic
increase in nodule counts is usually obtained by the introduction of inoculants. In this case,
the nodule count depends on the type of inoculant, quantity and granulation, Mg treatment
and inoculation temperature, and the time after inoculation [14]. Also, it is well known that
an increase in the cooling rates causes a radical increase in the nodule count in castings.

From Eqgs. (60) and (61) it can be seen that among the various factors that influence the
final nodule count are:

— The diffusion coefficient of carbon in austenite, D depends on the actual temperature
and chemical composition of the austenite. The effect of Si, Mn and P on D is not
considered in this work as there is not enough information available in the literature.
An expression for the diffusion coefficient of carbon in austenite has been published
[15]

(64)

D= (0.004534— ﬁﬂ)

exp [15176.273(0.0002221 - % )] ,cm?/s

During the eutectic transformation, the
temperature, 7 ranges from 1373.3 to
1423.3 K, so the effective D values rang-
es from 3.2:10°t0 4.6:107° cm?/s. There- 150
fore, an average D value of 3.9 107 cm?/s
can be used without introducing signifi- a
cant error. In general, as D increases, the =
nodule count decreases as predicted by =
Egs. (61)—(11), (also see Fig. 7).
— Nucleation susceptibilities. Depending on

the graphite nucleation susceptibilities in 170

0 =10°Cf s
b =60°C

N, =5x107 co®

128

ductile cast iron at a given cooling rate,
various nodule counts can be achieved.
The nucleation susceptibilities of cast
iron (Tab. 1) are characterized by N, and
b. These coefficients (see Tab. 4, Part II)
depend on the chemical composition,
spheroidization practice, inoculation, and
holding time of bath and temperature.

32 34 36 38 4 42 44 46
O, crfs % 1078

Fig. 7. Influence of the diffusion coefficient
for carbon in austenite on the nodule count;
L, = 2028.8 Jiem®; ¢ = 5.95 J/(cm’°C);
B =0.00155°C™": C =3.71%, Si = 2.77%,
P = 0.0234%; T, = 1300°C; D =

=3.910%m’/s (vest of data see Tab. 1)



Table 1. Physical-chemical data for nodular cast iron

Latent heat of graphite eutectic L.=2028.8 J.cm™

Specific heat of the cast iron ¢=5.95J.cm™-°C

Coefficient of heat accumulation by the mould 2=01 Jem2s2.0C

material
Diffusion coefficient of carbon in austenite D=3.9-10°cm*s™
Coefficient B =0.00155°C™"

Equilibrium temperature of the graphite eutectic | 7, = 1154 + 5.25Si —14.88P

Cementite eutectic formation temperature T. =1130.56 + 4.06(C — 3.33Si — 12.58P), °C
AT, =TT, ATy, = 23.34 - 4.06C + 18.80Si +36.29P, °C
Eutectic density pe =0.926p, +0.074 p,,, gem™

Austenite density py=1751 g-cm™

Graphite density Pgr =222 gem™

Melt density p; =7.1gem™

Average temperature of the metal just after

pouring in the mold cavity T: = 1250°C

The influence of the nucleation coefficients on the nodule count is shown in Figure 8.
The calculations made for nodule count were based on Egs. (61)—(63). From Figure 8,
it is apparent that the nodule count increases when b decreases and N, increases. In
addition, it is well known [11] that for given cooling rate prolonged bath holding time
leads to reduction in N, and to an increase in b — parameter. Consequently, prolonged
bath holding time leads to a reduction in the nodule count.

— According to Eq. (15) the cooling rate increases as the ability of the mold to absorb
heat a increases and as the casting modulus M decreases. The cooling rate is also de-
pendent on the B parameter (Eq. 14), and hence on the initial temperature T; of the cast
iron just after pouring into the mould. It also depends on the equilibrium eutectic tem-
perature 7 and the specific heat ¢ (Eq. (15). Figure 9 shows the effect of B and of the
a/M ratios on the cooling rate at the onset of eutectic solidification. A schematic dia-
gram showing the role of various technological factors on the nodule count in ductile
cast iron is given in Figure 10.
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Fig. 8. Influence of the nucleation coefficient on the nodule count: a) Ny = 510" em™; b) b =60°C
(rest of data see Fig. 7)
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Fig. 9. Effect of B (T, T,) and a/M ratio on the cooling rate Q
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Initial Casting Mould Chemical Furnace slag Spheroidizing Temperature
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Ti M a practice of bath
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Technological factors

Fig. 10. Effect of technological factors on the nodule count in ductile cast iron

4. CHILLING TENDENCY

Since AT, =T,-T,, aplot of the function 7,, = f(Q) using Eqgs. (60) and (61) is given
in Figure 11. From this figure, it is found that the minimum temperature for the solidifica-
tion of the graphite eutectic 7, levels with the temperature 7. when the cooling rate, O = Q...
and AT, =T,—T.= AT, so below T, the solidification of cementite eutectic begins. By
taking into account this condition into Egs. (60) and (61) and using Eq. (15) an expression is
derived for the critical casting modulus M., = (V/F),, below which a chill is likely to deve-

lop in castings
M, =p. CT (65)

where the coefficient p,, includes the parameters (a, z, B T,) related to the cast iron cooling
4)
rates

3 1/6
S 66

Per=a
< 4 B2 B 12t (66)

» Influence of L, and ¢ can be neglected.
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Fig. 11. Influence of the cooling rate Q on the minimal solidification temperature T,, for graphite
eutectic (rest of data see Fig. 7)

CT is the chilling tendency for ductile cast iron

1/3
T= ! ! exp b
67
DpY? NSBAZSZC AT, (67)

From Egs. (57) and (67), for AT,, = AT,

Yo

CT can be simplified to

1 1 1/3
CT=—— | —— (68)
Dl/z(N BATSZCJ

]/2/ 0C1/3

Typical CT values range from 0.8 to 1.2's . The influence of the various terms

on CT, (Eq. (68)) can be summarized as:

— Diffusion coefficient, as D increases, CT decreases.
— The temperature range AT,. = T, — T,, depends on the chemical composition as

AT,, =23.34-4.07C+18.80Si +36.29P, °C (69)

In particular, carbon reduces AT while silicon expends it (Fig. 12a). The effect of this
range on CT is shown in Figure 12b. Notice from this figure that CT decreases with
increasing AT, ranges.

— The Nucleation susceptibilities of graphite depends on the resultant values of N, and b
(see previous section). In particular, CT increases with increasing b and decreasing N,
(Fig. 13).
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Fig. 13. Influence of N, and b on the chilling tendency of ductile cast iron; AT,. = 60°C (rest of data
see Fig. 7)

5. CHILL

In establishing the chill of cast iron, it is common to implement a set of chill tests on
castings, which consist of plates with different wall thicknesses, thus the critical casting
modulus can be determined from

V.
M. = # (70)

cr

where V. and F ., are chilled volume and surface area of casting.
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Fig. 14. Effect of technological factors on the chill and chilling tendency of ductile iron

Technological factors

For plates with wall thickness, s and lengths and widths which easily exceed s, M, =
=V,/F, =(s.F.)/(2F,.),and the critical wall thickness s, below which the chill forms is

Ser =2M,

and after using Eq. (65)

Sep =2 p. CT

(71)

(72)

From Egs. (66), (67) and (72) results a diagram showing the influence of technological
factors on chilling tendency CT and the chill of ductile cast iron is shown in Figure 14.

6. CONCLUSIONS

A theoretical analysis is proposed for the solidification of ductile cast iron which al-
lows to predict nodule counts based only on the knowledge of cooling rates and chemical
composition, the initial temperature of the metal just after pouring into the mould, the diffu-
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sion coefficient of carbon in austenite and the graphite nucleation coefficients. From
the proposed theory, expressions are derived for the chilling tendency and chill of cast

iron.

A summary of the present analysis on the nodule count of cast iron indicates that it

depends on:

[7]
[8]

[9]
[10]

[11]

[12]

The chemical composition of the cast, through D, N, and b.

The inoculation practice, the bath superheating temperature and time, furnace slag and
atmosphere, through N, and b.

Cooling rate, through M, a and B.

The chilling tendency CT of the nodular cast iron depends on:

Chemical composition through D, AT, , N, and b,
Inoculation and spheroidization practice, superheat temperature and time, as well as
furnace slag and atmosphere through N, and b.

In addition, the chill of the nodular cast iron is related to cooling rate Q and CT.
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