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ABSTRACT

The work 1In this thesis is divided in two parts.

i1guid to solid btransformsa

In Part I two experiments were carried on the

solidification of nodular iron in order tc determine

!3
()
Q.

Small specimenswere melted in a specially designed

inductlion furnace and gquenched in a2 brine scolution from
various points on the cooling curve. The temperature
was recorded by a thermocouvle connected tTo the Spesdomax

microscope.

The results indicate that the graphite nodules

formed during the "horizontal" portion of the cooling cux

The nodules grow during the so called

although strictly speaking entectic solidification do

}-te

o]

occur In nodular iron. The graphite nodules are sur

¥
§

tions

1anism of the formation and growth of gzraphite svherulites.
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rapihite nodule grows in a shell of austenite, as the
liguid transforms to solid. As a result of this in-
vestigation a new theory for the formation and growth of

graphite spherulites is vproposed.

& dry argon atmosphere and transformed at various temperatures
in liguid metal baths. Thse Specimens were duenched in water

after various intervals of transformation and observed

As a result of thesse experiments four T-T-T diagrams
are presented together with the lig, M, and the two critical
temperatures for each slloy. The effect of homogenization

and ncdule count is also indicated. Isothermal reaction

photomicrograpns are included in this text. Hardness of
completely transformed structures is given in the tabie.

the hardness of the

Fh

A graph indicating the comparison o

h
matrix and the overall hardness of the nodular cast iron
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No. i for completely transformed structures vs trans-
formation temperature 1s alsco presented. The results

£ the matrlx is abcocut six
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Cast iron is a complex alleoy consisting primarily

of iron, carben asnd silicon in which the carbon appears - ..
as graphite and/or as carbide. Cast iron alsc contains
minor alloying elements or impurities such as mangsnese,

to

s
ot
w
[44]
ct
]
ol
(9]
i
o
+
(¢7]

sulpnur, and phosphnorus which modify

implicity anéd prectical purposes cast

W

some extent. For

b4y

. . .
dered as g ternary a2ilcy of ireon, carbon

i g

e

ons
and silicon.

A common definition of cast iron is steel plus
grapnits and/or carblide. This deflinition is quite
eppropriate since the matrix of cast iron is similar in
its behavicr to steel of

the case of steel, special alloying elements such as

nickel, molybdenum chromium, etc., may be added to cast

(B

ron to produce specific propverties. The main difference
between steels and cast ircn as far as composition is
concerned is that cast irons have more carbon and silicon

than steels. Steels range from 0-1.5% carbon while cast

ircns range from 2-L.5% carbon although there is no

definite demarkation line between steel and cast irons

wnich would indicate where steels end and where cast irons
begin. Cast irons which are less than eutecitic in composition
are called hypoeutectic, while those greater than eutectic

composition are called hypereutectic.
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Cast irons may be conveniently classified under
four groups, nemely:

1. Cray Cast Iron

2. White Cast Iron

3. Malleable Iron

L. Noduler Cast Iron, also know as ductile iron, etec.
Gray cast iron contsins a large percentage of its carbon in
Tne mechsnical

the form of flsgks

properties depvend to a great extent upon the amount, shape

o

F

and distribution of the graphite as well as upen the
characteristics of the matrix. The low strength of graphite
makes 1t act as voids (with a notch effect} in the structure
when & tensile gtress is applied, and for this resson gray
cast iron has a low tensile strength and is considered a

weak material, However, gray cast iron hes s gecd compressive
strength. Structurally gray cast ircn may be ccnsidered as

a matrix of hypoeutectoid, eutectoid or hypereutectoid steel
with flakes of graphite in it.

Gray cast iron is the most widely used of all cast
irons and 1ts tonnage production excseds all cast irons
combined. The reason for its wide industrial use is its
gocd corrosion resistance, good machinability, good damping

properties, fairly gocd wear resistance and above all it is
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the cheapest of all industrial alloys. Although its
strength and its toughness are not too good, nevertheless
they are good encugh for most industrial applications.
Cray cast irons are widely used 1n automotive industry,

fittings, as well

ks

agricultural equipment, pipes, flan ges,
&8s in manufacturing, transpor tation, mining ard household
appliance industries. Chemicsal composition of gray cast
irons ranges from 1-3% silicon and from 2.5-3.8% total carbon,

and their tensile strength from 23,000-70,000 psi. Slow

ctes carbide formatlion. Therefore proper combingtion of
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cooling rate and composition

iron.

ct

White cast ircn is extremely hard and quite brittle
because practically all of the carbon occurs as iron carbide.
For example, 3.3% carbon would give a siructure whilch would
be approximat ely 50% iron carvide, and for that reasocon white
iron has properties similar to iron carbide. nite irons
are used mainly where high hardness ang good wear resistance
are desired and where low strength is permissible. Because
of their brittleness ard non-machinability white cast irons
have a very limited use. Another use of white cast iron is
in the production of malleesble iron which is described below.

The chemical composition of white cast irons differs from
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gray ircn in that white ircns have low silicon content,
usually less then 1%. Low silicon content, high content
of carbide stabilizers, and fast cooling rate favor the
formation of white iron. The microstructure of white cast
Iron is massive cartides in the matrix of one or more of
the transformation prcducts of austenite.

Malleable iron is produced by annealing white cast

ircn of the proper chemical composition. The microstructure

of standard malleable iron is composed of temper carbon in

ot
[¢1]
tn

a matrix of ferrite. Temper carbon consists of aggregat

of graphite which sare Iormed during annealing of white cast

v
4

* = .
3 n Aoy Farmnas AT
ossible to have cther types of mal

P
(B
jdo
(¢}
(o}
(84

o o PR o
0.5-1.6% silicon and 2-3% carbon. The vercentage of s

should be low encugh to prevent precipitation of graphite

Py

during cooling, and high enough to give fairly rapid de-

composition of carbide during anneslin The anneeling
temperatures range from 1500-1700°F for several days in

order to convert carbide to temper carbon and sustenite.
The whole process of slowly heating to annealing temperature,
holding et annealing temperature and slow cocling to room

temperature takes about one week, and after that cycle is
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complete, standard malleable iron is obtained. During
slow cooling the austenite is converted to ferrite and
graphite and this process is known as subcriticsl graph-
itizaticn. The mest common alloying elements that are
addsed to mallesble cast iron are copper and molybdenum in
order tc Increase the tensile strength.

ilalleable iron has higher ductility and higher tensile
strength then gray cast ircn and 1Is used where greater
strengtnh and higher resistance to shock is required. It

is easily machinable, soft and has poor abrasion resistance.

Its uses are similar to these of gray cast iron outlined

its much greater cost due to long heat treatment cycle, and

for that reascn it is not used as extensively as gray cast

iron.

to gray cast iron and it only differs in that graphite is

in spheroidal form instead of flakes. Ncdular irons are
produced by adding & smaell amount of magnesium and cerium

to cast irons containing from 1.5-3% silicon and about 2.5-4%

carben. The magnesium content of these cast irons is very

iron contains svheroids of graphite in a matrix of pearlite,
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or both in th
content
content and t©
is present.

molten metal

and the cooling rate.

ne slower the cooling

¢ as cast condition depending on the

The higher the

rate the more

¥Magnesium 1s added to the laddle con-

before metal is pvoured and the temperature

ust advove fr

/4]

eezing point, since at

[ %)
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gfficiency

ct

seriously as in

that re

i

},.h

graphite

as flakes or

interrupting the continuity of and thus making

the iron brittle and weak. As pointed out esrlier mallesble

cast too weak and britt

§=lo

rons are
Nodular irons possess the good properties

of both irons and 4o not require the long and expensive heat
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treatment as do malleavle ircons. At the present time how-
ever the cost of modular iron is greater than that of
gray iron hecause the foundries have little experience in
its production, and therelore have difficuliy in meetin
certain specifications. This iIs expected to be only
temporary because the first publications on the production
of nodular iron by the addition of cerium or magnesium
appeared only about six years ago.

Since the subject of this thesis deals primarily

with nodular iron, it will be discussed in more detail

] -~ TV b N N -~ b - s : ] (]
later. For the present only a brief introduction was
given in order to show the reslationshin of nodular scast
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cast irons. It should be vointed out thabt mechanlsal

properties are also influenced by the type of microstructure
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of the matrix. 7

some extent whether the matrix is ferritic, martengitic
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as steel of similar composition. The microstructure of

the matrix in cast iron as in the case of steel will

rix

depend on the coceling rate from austenitizing temperature

and on the composition of the matrix. In order to
rredict the microstructure of the matrix at some definite

cocling rate Oor To obvTain & certvain desiresabl iCTro-

}-h

(¢}

1§}

structure 1t is necessary to know something sbout the

ot

Kinetics of austenite decomposition at various temperatures.
This information is most resdily obtained from curves
for the isothermal transformation of sustenite. These

o~ At o Ve s o ot
SUTVES are Iommlon.Ly nAnOWn &S S SUTVES

are not definitely defined but start is usually taken as
1% transformed and finish as 95-99%
;O% or any other percent of transformation is recorded.
In the case of steel there are thousands of such curves

in literature and their use is well known in heat treating

rcles. T-T-T curves are just as important in heat

i

Cc

treatment as ecquilibrium phase diagrams are in interpreting

ry * =

the number of phases in a given al

.
L.

<t
o

§t

oy a guilid®

From a T-T-T curve one can tell at a glance what

¢

will be the microstructure at a given temperature and how
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long it takes to obtain that microstructure. It is

possible to select a proper temperaSure in order to get

a desired microstructure. It is also possible to predict

approximately the type of microstructure that could be

For this reason the

3
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obtained at a give

0q

rmal transformations is very lmportant in
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urgy and is now being applied to many non-ferrocus

fod

etal

21

1loys such as titanium and zirconium base alloys.

{0

By applying isothermal treatment to alloys nany
fundamental principles have been clarified and many more

R )
vire

o
1

will be explained
thesis an extensive use was msde of the iscthermal
treatment in both solid-solid transformations and in

1 d-3clld transformations in nodulsr cast irons.

pas

3113
e
S

Fie
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THEQRIES OF GRAPHITE AND CEMENTITE FORMATION

The appearance of graphite in cast irons has

uzzled most of the early Investigators end many

o]

explanation accounting for the formation of graphite in
mmmt T ermrmem A anwmld Ia T ofanlo verasea  mes s o o 2 T
CasST LIN 18 8NG CaIToiGE LIl Sveg.as TL0 PMPIUVUIUSTAe Eill g 28 3

at the present time there 1s little reliable experimental

evidence which would explain why in one case we get
carbide and in another we get grapnite. The mosbd

cormonly accepted explanation at the present time

=t

postulates thet the true and stable equilibrium disgram
should be iron-graphnite and that iron-iron carbide

agram 1s mevastable and tnerefore is not a brue

(o7
fole

S

guilibriom diagram Wb

- - -—alil

(1]

£ a metastable dizgram whers
cementite is quite persistant. There have been several
exvperiments designated to show that cementite is unstable
from a thermodynamic point of view below the eubectic
temperature. However the a@aithors that carried out these
experiments arrivsed at various conclusions, some claiming
that cementite is unstable below the eutectic temperaturse

1 -

while others claim that it is unstable only below the
eutectoid temperature but stable abeve the eutectolid
temperature. Some also claimed that cementite is stable
below the esutectic tempersbture but becomes unstable in

the presence of silicon, as in the case of cast ironse.

It is a well known fact that if there is more than 1%
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silicon present in cast irons the decomposition of
cementite is very raprid and the stable system is iron-
graphite and not iron-lron carbide, . This fect is not

f silicon and in pure low

0

too apparent in the absence
carbon alloys. However the present trend is to consider
iron-iron carbide as metastable and iron-graphite as

stable even 1n pure iron-carbon alloys.

el
vl

In order to have a better understanding o
transformations in cast iron a brief discussion of the

1ilivrium dlagrams

¢
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is iIn order. An excellent discussion of these two systems

4
is in the ook by Samuel Epstein®.

A T ammr o T a1 3 2 R
Selected Iron-Iron Carbide Diaszvams:

This diagram is based on many experiments of
authors and the most probable values were seclected for
plotting this diagram. It should be pointed out that the

based only on experimental evidence and no

H
b

diagram is

consideration was given to thermodynamic calculations.

Tne thermodynamic calculations were omitted because data
on which they are based are nct too reliable. The value
and sign of the free energy of formation of cementite is
still a controversial point. Factors such as, purity of

materials, degree of attaining equilibrium and the
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precision of measurements used in experiments are very

impertant in determining equilibrium diegrams. -
There are many regions in the iron-iron carbide |

dizgram that are not too well established and some of

the most important ones are, the curve denoting maximum

ub d iron, the liquidus

}.lu
o

Te in it

au

foot

3=
1%

A

o

Fal
y CI Cceme

T

P

Y
37
[N N

4]
Pt

and solidus curves are not too accurate, and the contour
of the curve denoting the maximum solubility of cementite
in austenite.

From practical viewpoint metallurgists are

te of aporoach to ecuilibrium

(6]
4]
¢t
(@]
o7
3
QO
-
®
Jdo
s
ct
iy
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inter
rather than in true equilibrium and sltho ough detsrmination
orf equilibrium in very pure iron-carbon alloys is of

1ittle practical importance in the neat trestment of
commercial alloys, it is nevertheless of prim ry importance
because the true equilibrium diagram may clarify some of
the fundamental metallurgical problems and give us better

picture of the effect of alloying elements.

The Iron-Gravnhite Diagram:

The iron-~graphite phase diagram originated from
the concept of the metastability of cementite rather than
from experimental work. The concept of metastability was

introduced in order to explain the formation of grapnite
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in cast irons. Early investigators such as Charpy,
Heyn and others concluded thnat the least stable form is -+
the first to appear on solidification or on precipitation

from a solid solution, and that the metastable phase h

and transformation temperabure. Thse

T

8 lower freszin

0q

stable phase 1s also less soluble in liquid and soligd

solutions than the metastable phase. This concevt offers
a convenient means of representing the observed behavior
in cast irons and it is generally conceded that graphite
is more stable than cementite. Although this concept

imple and appears to be quite sound, nevertheless thers

-

]

are s fter the propcnents failed to
establish experimentally beyond any doubt the contour of
the iron-~gravhite diagram.

There are many difficulties in establishing

undaries of iron-grapnite system,
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for example, cementite is quite persistent in pure iron
caroon a&lloys, and the outline of the iron-carbon diagram

appears to be only slightly displaced from the metastable

diagram end the displacements are of the same magnitude
as the uncertainties in the locstion of the iron-cementite

diagram. Although the iron-grapnite diagram has nct been
established experimentally there is some evidence to

supportv 1its existence, and the existence of graphits
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eutectold and graphite esutectic is generally conceded.

In the most recent investigation on graohi

cys is at about 740°C and at .7¥ carbon end

- n s

& eutectoid. Since cementite is

establie above
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this temperature Wells™ proposed a modified stable iron-
carbon equilibrium diagram.

The two equilidbrium diagrams iron-grachite and
iron~iron cartide diagrams are usually superimnosed and
the results is known as the "double diagram". Among the
earlier investigators that supported the idea of a double
diagram were, Roozeboom, Charpy, Bendicks, Hevyn snd Upton.
Cther investigators such zs Honda, Sauveur and Hatfield

ectl

Pl

maintained that if graphite never fovrms dire
Ly

}..h

)

Ly from the

te lines should not be included in

“

I [ T L S SO .
melt the iron grapn

8

the equilibrium diagram. HNany other investicators such

2s Bolton, Northecctt, May and Heike conciuded that graphite
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forms only upon decomposition of cementite but did not
teke a definite stand against the doubtle daigram.
Although the argument for the double diagram is

s in support

e

tled the

ot

ot completely se regent tendency

3
3

of the double diagram and iron-iron carbide dilagram is
considered metastable. Also it is generally conceded
that grephite may form directly from the liguid and this

eliminated the chiefl objection to the double diagrem.

Discussicon of Graphite Formation

In the past metallurgists neglected the study of

cass irons were considered as cheap and brittle gailoys
which could be imprcved very little by heat treatment.
For this reason very few precise and conclusive date

are available and the whole subject is highly controversial.

4s pointed out earlier, cast irons mey be considered as
ternary iron-carbon-silicon alleys, and thet silicon is

very important facter in graphitizaticon ard causes
graphitization tc occur rapidly enough for commercial
utilization. It is a well known fact that silicon speeds
up graphitization but the mechanism is not clearly under-

stoed. Hatfleld considered that some of the silicon is
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present in the carbide and thus causing the carbide to

decompose readily. A

3

mallesble ircn and hest trezstment of duetile irons.

I
+

(WS}

Seltz, McDonsld and Wells” from thermodynsmic considerations
arrived at conclusions that cementite is unsteble in the
presence of austenite saturated with carbon and free
graphite below 1200°C and that cementite is unstable

below 800°C ané stable sbove that temperasiture relsitive

to pure austenite and pure graphite. This would explain
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kes place from both, sclid solution

a
end carbide, and 1t would be interesting to know whether

silicon speeds up graphitization by making carbide less

stable, acting as catalyst, or having some influence on

. .
tion from =clid sclution.

J=de
O

the decompos
Norburyh believed that both finely divided graphite
and the coarse grephite flakes form directly on sclid-

ification. The finely divided graphite forms on super=
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cooling and the coarse flake graphite on normel slow
coccling. Kase on the other hand concluded from his
experiments on solidificstion of cast irons that only
cementlite forms on sclidification and that graphite flakes
form as a result of decomposition of cementite., Hanemann
and more recently Boyless have shown that graphite forms
directly during the solidification arrest or interval and
thet graphite flaskes extend into ledeburitic sress.
Hanemann alsc showed that the time of graphite formastion

e

at the eutectic temperature of chilled and then rcheats

2
A S

m

samples up to the melting point takes 3,500 sec. while

grephite Iforms in 50 seconds during solidificastion from
liquid. This would seem to rule out the possivility that

the graphite that formed during solidification resulted
from the decomposition of cementite. Although the iron
grapvhite eutectlc has not been defin 2itely established, at
least eutectic-like structures are observed but nc one
however has shown satisfactorily the appearance cof the

iron graphite eutectoid. HMany investigators have tried

to show the exlstence of graphite eutectoid but their

Kechanism of Freezing of Gray Cast Ircons:

Mechanism of freezing of cast irons is discussed

in detail by Boyles”? and some of the important features
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are outlined below in order to show the similerities
btetween these irons and ductile irons discussed in the
experimental section of this thesis. In hypoeutectic
alloys freezing begins with the formation of dendrites
cf primary austenite, followed by crystallization of
eutectic liguid from independent centers within the
interstices of the dendrites. This is similar to other

2lloy systems in which eutectic appears. The dendrite

18

grow until the eutectic solidificstion stawnts. Crystallization

like structure. Ths

=0
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graphite {lakes do not appear until this cellular structure
starts forming, that iIs until eutectic starts to fresze.
The flakes grow rodially from the centers of eucectic
crystallizstion, forming colonies of graphite flakes and
austenite. After the solidification is complete the

flake structure is established and is not changed apprrecizb
during cooling to room temperature. Graphite flakes grow
accerding to their natural inelinaticns and the austenite
component of the eutectic is traiiing along obediently.

As The graphite flakes grow outward and become more
separated new centers of graphite are nucleated in the

Spaces bpetween them. Each graphite crystal has a nucleus

iy

and the number of graphite nuclei formed along the advancing
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front of so

graphite flakes formed in a given coliony.

i
9%

iidification determines the total number of

)

The size of

the flakes depends on the rate of nucleation and the rate

of growth.

relative to

crystals,

impertant

If the rate of nuc

he rate of growth of the individual graphite
small flakes will be produced. There are three

and independent types of nucleaticn during

Treezing of gray cast irons.

1} Nuclei of primary asustenitic dendrites
2} Huclei of centers of the eutectic
scilidification which give vise to
cellular structure and to a colony
of graphite fliakes
3) Xuclei of the individual graphite flakes
which form during growth of the eutectic
cclonies.,

The chearacteristic graphite patterns found in gray
cast iron are classified by the American Society for
Testing HMaterials and illusirated on the chart by ohoboe
micrographs designated as Types A, B, C, D, and E.
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In type A graphite 1s of uniform distribution snd
random orientation and is the most common type of structure
found in gray cast iron. In this type of structure the

saustenite formed during eutectic freezing merged with that

5 . 3 IR | 3 ® $ v
of the primary austenite dendrites to form a continuous

mass., MacKenzie demonstrated by medels that the graphits
flakes formed in this type consisted of "whorl™ :iype

resembling & motor bost propveller or a fan. This would

[
]

dicate that the graphite flekes do not form a continuous

path of weakness through the metsal as often loosely stated

rosette represents a center of crysbaliization of euteciic

liguid and is & result of rodial growth of eutectic
g

center of each rosette is the center of the cell described

In type C graphite consists of superimposed large

fizkes which are sometimes called kish flalkes over small

flakes. Both types of flakes are of random orientation.
Type C is usually found in hypereutectic alloys and
freezing for these alloys is somewhat different. Whether
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kisn rlakes (large long flakes) form  directly from

the melt or whether they form from decomposition of
cementite is not settled as yev, bub the important thing
is that they exist as graphite in the melt just before
freezing of the eutectic. The mechanism of solidificasion

in the same way as described vreviously for hypoeutectic

Type D consists of very small graphite flakes

of graphite is ususal

sidered to form directly from the licquid as described

and outlines the primary dendrites by in

I ct
C(i
43}
ct
- 3
Q
w3
1
[
L

segregation. These cast irons ars usual

rypoeutectic and therefore the primary dendrites are

+
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crowded together. It is believed thet bscause of this
the graphite fisakes formed during freezing of the esutectic
were forced to develop in the narrow svaces between the
dendrides which resulted in preferred orientation.

In the case of nyvceutectic irons it may be saild
that constituents formed during freezing of the eutectle
occupy the interstices of the primary dendrites, and for

this reason the gravhite flakes and the rheosphide sutectis

Segrezation During Freezing of Cast Irons

in nedular ivons will be demonstrated by the experimentsal
evidence in this thesis. In order tec understand this
problem better it is necessary to point out that Segregation

during freezing takes place in two stages.

1) Segregatlon between the primary dendrite

and the liguid

N
Sprd

Segregation due to cellular growth of the
eutectic during freezing. This segregation

takes place from the crystallization centers
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of the eutectic outward inte the boundsries

of the cells.

7]

Boyles® has shown that sulphur and phosphorus

/7]
o7

ate in ths boundaries of the eutectic cells an
this results in increase in the amount of pearlite in

these regions. He alsc pointed out that subsequent

recrystallization as the iron passed through thes trens-
formation range did not alter the distribution of the
sulphide. If 13 imporiant te point cut that many

impurities and alloying elements may segregabte in cell
toundaries or between tue dendrlilites and nave an important
effect on the rate of isothermal transformation. He also
found that in csst irons containing manganese where the

structure was partially ferrite and partially pearlite,

structure and as the content of manganese increased

more vearliite formed.

P S, )

13 and wnich
here in detail. Besides those that behave in the orthodox

manner such as composition, other factors which are less

understood such as inoculation, effect of gases or
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atmosophere, inclusions, effect of undercooling, and effect
of minor alleying elements are very important and any

one or mere cof these may change the structure completely.
The reascn why they are so important is that these
factors have great infiuence on the nucleation of eutec
cell, graphite, and cementite. Also the stability of

cementite, surface energy or tension, and diffusion may
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grow during freezing. The whole vroblem is so complex
and so undeveloped that no further discussion will be
given to This topic except to point out that it is very

important in dealing with cast irons.

Nodular Cast Iron

History:

It is rather difficult to establish who was the
first investigator that discoversd how to produce nodular
iron, and the origin of the nodular graphite may never

be definitely established. There are several referesnces
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of the occurence of nodular iron in prewar German and
American literabture and patents. It is true that there

have been several rhotomicrographs of perfect nodules

o

produced before World War II and one of them is found in
Volume II of the book entitled "Metals" by Carpenter and
Robertson. Howsever the information in prewar literature

-

is not too definite and the production of nedular iron
in thess references is believed to be accidental.

The first definite and detailed publication of

+

the production of nodular cast iron was an article

titled "Graphite Formation in Cast Irons asnd Niekel-
Carbon and Cobalt-Carbon Alloys, snd Nickale -Iron-Carbon
Alloys", by lNorrogh and Williams published in the Journal
teel Institute Volume 158, March, 1947.

In this article the discovery of Cerium process was

..Jo

presented. It may therefore be stated that the hist Ty
of "nodular iron" began in 19547 and "nodular iron" is
only several years old. The Cer*um Process was described
and illustrated by Horrogh in three papers published
during 1947 and 1GL8

In the discussion of papers by Morrogh and h

'-Il

]
associates the American "magnesium process” was inbtroduced.
In 19@8 there appeared also itwo papers in Germany

one by Piwowarsky and one by Adey. Finally in 1943 the

"magnesium process™ was described end illustrated by
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n the Iron Age February 17,

o

(3

Gagnebin, #ills, and Pillin

1949 snd by Donche in the American Foundryman February,

Theories of Nodular Iron Formstion

There are mecre than a dozen theories on nodular

iron formaticn but none of them are too convi ncing and they
are not supported by experimental evidence. Very little
precise work has been done on scolidificstion of ncdular

iron and tempersture conircl in many experiments was not

s . . . .
Ol Them can be reccnciled. At the present time there is

" Thonwvy +la+ 1 A

N PRSIy Taat can . o2 accspiszble.  Delvort® revortings on

at that time under three hypothesls as follows:

1) The nodule maekes its appearance in the

solld stats by decomposition of ledeburitic cementits.
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1) The solidification of dendrites of austenite
beginning at the liguidus ftemperature and continuing to the
temperature at which the normal eutecticoeoonslsting of flske
srapnite and austenite would occur
) Suppression of tne normal I'lake graphite eutectic

during which interval grapnite preclvpltates from localized

regzions of supersaturated interdendritic ligquid in a
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3} Solidification of the remaining eutectitic licuid
as an austenite iron carbide complex, and rapid malleabilization

cf the structure resulting in growth of the graphite particles.

g g
They also concluded from theilr experiments that nodules form
during very short time corresponding to the beginning of the
horizontal part of the cocling curve, immediately prior to

the start of the eutectic reaction, and that locaslized pocls

hypereuteciic melts. They claim that no nodules form during

Krynitsky! and Stern concluded from their experiments
that nodules are formed in the melt during solidification
and grapvhnite patches are produced after solidification by

decomposition of carbides and this is simi
views. They also observed radial and non radial structures
of graphite and cores consisting of inclusicns.
Titakad advanced the theory that six sided columnap
crystals of graphite are produced from nuclei under free

growth conditions at high temperature. These crystals are

a

-

weak and break by siipping along their sal planes
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because of the relative movement of the graphite and the
molten metal. This gives flake graphite. On the other
hand crystals which do not break by slipvage grow into

granules and lumps. These lumps are plastic at high
temperature but their surface tension is insufficient

to cause them To become globular. f however magnesium

-

G

or cerium 1Is present in the iron in amounts grester than
the solubility at solidification then the excess separating
as vapcr is absorbted in part by the growing graphite.

The increase in surface tension resulting from absorption
of' the metal vapour causes the graphite to become globular.

Bounin and Ivantzoff9 conclude from their experiments

interval whereas in magnesium treasted irons the grachite

P
%

ct

scle

1

e wh

'Ja

=
<

{n

particles grcew in an envelope of austenit
them from the liquid metal. The space required for growth
of the graphite is provided by self diffusion of the iron

atoms within the austenite. This self diffusion is

increased by the addition of silicon because of the
difference in size between silicon arnd iron atoms which

results in weakening of the stomic bonds in the austenite
and elters 1ts srace lattice.

Just recently De Sle propcsed a similar theory

(D

v

tc the one outlined above. He also claims that spherulite
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criginates and grows in a supersaturated austenite and
since austenite in the vicinity of the nodule may be
considered homogeneous single phase the grewth would be
equel in ell directions which would result in spherullitic

elf diffusion of iron 1Is much
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graphite would be controlled as stated bv Bunin by the

2

sveed of evacuation of the iron atoms enveloping the
graphite, and since self diffusicn of iron atoms in
homogeneous phase is equal in all directions the graphite

-« s -
The ncdular iron is

n

will have spheroidal share

.'(J

beiieved To solidify without the eutectic but in a

L)
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ixed crystal system ng supersaturated austenite
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certain degree of supersaturation and spherulitic gravhite
growth follows by a periteciic transformation reaction.
The carbon is continually withdrawn from the austeni
sclution and replaced at the exprense of the carbon in

the melt. Thus carbon migrates from liguid through the
austenite surface layer Lo the grapnite spherulite. For
magnesium treated cast irons austenite is believed to

be highly supersaturated as indicated by the cooling

curves, (high sup ercooling of eutectic and freezing takes

prlace at a much lower temperature). Nagnesium decreases
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graphnite nucleil formation by eliminatin ng gravhite nuclei

mainly through reduction of silica particles which in
turn results in supercooling and austenite supersaturation.

T experimental evidence on solidification of

Ly
(0]

ductile irons in this thesis seems to support part of

b

Bunin and De 3y and is discussed in ex-

l~;]
el
[}

rerimental section. The experimental evidence that
De Sy furnishes in support of his theory is the fact

that magnesium treated nlgnly hypersutectic iron does

not reject kish (spherulitic) graphite while the ordinary

irons reject large guantitilies of kish grapinite. Although
the nodular irons show definite spherulite flotaticn as

shown by the micrographs consisting of clusters of nodules

of small austenite
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i) There is a central spot present in

many nodules which is not graphite and

4

which has properties much different

from the surrounding graphite.
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2) Nucleus is probably associated with
each ncdule.
3) The nuclear material is quite hard,

and has a strong tendency to chip or

L'} The nucleus usually has 8 somewhat
distorted regular pclygonal form.
Elongeted or rectangular, nuclei ars
rerely fcund.

5} The nucleus is rossibkly of hexagonsl
habit.

A T £ T I o e -

(O e diwbaBdS 4S5 abparenuliy unailiected by

m < P -4 -
7) The graphite of which the noduls iIs com-
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cut is
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It should be pointed out that the vressence of

ulitic nodules has not been
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vroven, although there are many articles on this subject.
Scobiel? in i It1ga ; ~ -
coble in his discussion of Nedular Iron

Sympesium attended by nearly 100 metallurgists in

7]

eptember 1950 brought out the following controversial
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1) (a) Nodules form
form around & small non-metalliec in-

ecipitate on graphite
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do not contain a nucleus.

hat the theory of nodular
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It is clear there
ireon transformations is in its infancy abt the oresent
time and much more experimental evidence is necessary in

sxplain some of these phenomena.
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In ordinar

treatments such as "ferritizing", spherodizing, martempering

~

OF neat treatment does noit improve its proper
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This perhaps accounts for the fact that very little work
nas teen done on the isothermal trensformations in csas

»ons are available in

[ aad

irons. Notmany "S" curves on cast

literature and even those that are pucllished, are incomplete
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just as they have been used in the cases of stsel. Because
of thelr susceptability to heat treatment, there probea
w1ll be more demand for nodular alloy cast irons in the

future. 1In order to carpry oubt properliy any particular heat

treatment such as sustempering, martempering and sphsrodizing

(“2

t 1s desireable to know the rates of transformation and

[

he type of microstructure produced at some given temperature.,

ct

=)

l—h

nis facilitates the task of choosing & correct temperature
and time for a particular heat treatment. This type of

information
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curves ("3" curves) for that particular material. Since
no complete "S" curves have been produced up to the start
of this Investigation as far as the author knows, 1t was
decided that research of this type would be quite useful

from a practical as well as a theoretical point of view.

LT was aniticipavsed Taat & det

)

£
o

=

e

scthermal study would
shed some light on such basic fundamentals as the existence

of = graphite eutectoid, the mechanism of subecritical

graphitization, and the effect of some of the principal

O

alloying elements in nodular cast iron on isothermal

transformations.
Ancther part of the reseaprch which was undserisken,
was I'or the purpose of solving the basic problem of how and

because it has not been established whether the nodules
form from the decomposition of cementite, sunerssturated
austenite, or directly from the liquid. This information
is of vasic fundamental Importance and any experimental

evidence in this Tield may aid in settling the old argument

as to the mechanism of graphite formation in cast irons.
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LIQUID 70 SOLID TRANSFORMATICNS

‘.

sldered as a liguid to solid type of a reaction. This

type of a reaction involves the nucleation of one or more

of the solid phases and the growth of these phases by
diffusion of atoms from the liquid to the solid. The

rate of solidification depends on the rate of removel

of neat, and the temperature at which solidification takes
vlace depends on the cooling rate and the rate of nucleation

-

f a s0lid phess., If the rate of nuclestion of a solid phase

- I < ] ~; T A3 S 3 e - ol e
€ resulvs in e lower sclidification temperzture bscause

3
7
ct

there is not enough time for the nucleation of a solid

By

hase at the higher temperature, and the solidification

'3

begins at some lower temperature because at that temperature

)

there is sufficient time for the formation of nuclei of
a 8301id phase. BSecause of ths low rate of nucleation of

most of the solids, the liquid metal may be supercooled
below their egquilibrium solidificaticon temperature. Once
the metal staris to solidify in the supercooled ligquid the

solidification 1is very rapid and the evolved heat of

@
o)
"

solidification tends to raise the temperature of th
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The remaining liquid then may even freeze at the equilibrium
solidification temperature if the cooling rate is sufficiently
lowe.

In the process of freezing there is an interchange

of atoms between sclid and liguid at s selid-liquid inter-

}
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e difference of the rates at which stoms
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Chalmers is
lesave the surface of ths solid and join unto the surface of
the solid from the liquid. If the two rates are egual the

interface between the liquid and the solid is stationary.
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iIs very important in liquid

absence of impurities which act as nuclei, most of the
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case of cast irons supercooling determines whether the
cast iron will freeze according to the stable or meta~
stable system, what crystal size and shape will be and

-

the distribution of chemical elements, cavities

-

In freezing of eutectic systems where two solid

phases may form, the phenomena of nucleation is complicated
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because one phase may aid in nucleation of the other. In
the case of complex alloy systems where several phases may
form during solidification the whole mechanism of freezing
is vér“ gomplicated and only the theory of the binary

eutectic freezing is well developed. Little is known about

e P - P J e vmym o v -—
wnism ¢f Ireezlng Or The ternary and quaternary

The mechanism of the solidification of cast irons
Is even more complex because cast irons may solidify
according to either the stable and/or the metastable system.

naticn elther in nodular or

has been shown experimentally by Boylesg and other that
tyve A and pype B flake graphlite are formed directly from
The liguid during the eutectic interval of solidificatiion
and that the mixbure cof austenite and flake graphite may

-

be considered as a eutectic product.

known procedure of quenching intc water or cold brine

solutions. In order to explain some of the phenomena
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such as reproducibllity, eliminaticn of flake graphite,

po
o]

deslgn of Induction melting furnaces etec. All furnaces

this investigation were designed and made by the author in

order tc meel certain requirements in these experiments.
~ L ) g 2 - N - -~ - . - . - .
£ 50 kilowait Tocceo induction unit was used in melting the
ircn for this investigation.
T investigation,

4s a result of thess preliminary investigations,

1) The best results were obtained when the
magnesium alleoy was added at a low temperature just above
the freezing point of the cast iron. This gave pure nodules
Awith minimum addition of the magnesium alloy.

2) The nodules formed in the vicinity of the

ceuftectic tempersture. This conclusicn was reacnhed after

cuenchning small specimens having 2 radius of C. in
large coid copper mold. The nodules were present in large

uentities only when the metal was poured from s temperature

at which it was in a 'pesty™ condition, and that temperature
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Sample (&), quenched from the point {(a) on
vhe cooling curve. Fine structure of ledeburite.
Heat tinted. 100 X.
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486

Semple {b), quenched from the point (b) on the cooling

curve. This sample was heat tinted first and Then re-
polished for a short time on the last wheel in crder to
show more contrast between primary austenite dendrites
and ledeburite. The structure shows only austenitic
dendrites and fine ledeburite. 100 X.
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- . PN - s s - .
Sample (c/, quenched from the point (c){Fiz. 2). The
structure consists of s2usitenitic dcndri:es: fine ledeburite

L) - - S 1
a;a_only several very small nodules. Wo nodules are
V}s1b1e in this photomicrograpn but they are visible in
Fig. 8. Heat tinted and repolished. 100 X.

FIG. 8

The sample sample as in Fig. 7 except it was slightly
repolished after heat tinting in order to get better
it

contrast between dendrites and ledeburite and to reveal

Lo

the small nodules which could not be noticed easily before
gepolisnlng. The two nodules are encircled on the diagram.
3

-is the first voint where the nodules begin %to gppear.
1{ >
e Ty P

LGy

e s g
P g - -
T ey 25@?@@5&5L;‘.“, S NS L AR
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FIG. 9

Sample (d), quenched from the point (d)(Fig. 2). The
structure consists of austenitic dendrites, ledeburite

ana many small graphite nodules surrcunded by an austenitic
shell. Heat tinted. 10C X. ’

. FIG. 10

The same §ample as in Fig. 9 except repclished after

Egat tinding. Repolishing gives a better contrast between
viie iegeourice, the austenite dendrites and the austenitic
shells surrounding t hi n
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FIG, 11
The same sample as in Figure $., The sample was tempered
for one minute at 750°F and etched with nital. The

structure showsthe graphite nodule and the austenitic
shell around it at a high magnification. The shell in
turn is surrounded by ledeburite. 2,000 X.
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FIG. 15
Sample {(f), quenched from the point (f) (Fig. 2}.
The structure shows that the nodules have a2 tendency
to form nesar the dendrites and usually lie in a straignt
or slightly curved line. Heat tinted. 100 X.
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FIG. 16
Sample (g), quenched from the point {(gi{

~\

Parltly B
structure shows the growth of nodules and "shells" of
austenite near the dendrites. Heat tinted. 100
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The same sample as in Fig. 17 but at a higher magnirication.
A detailed structure sho“unc a graphite nodule and an
austenitic shell around it in a matrix of ledeburite.

The structure does not show any formation or deccomposition
of cementite before quenching. All cementite was formed

on quenching and consists of eutectic cementite. Heat
tinted. 1000X,
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FIG. 20

Sample (i), quenched from the pcint (i)(Fig. 2). Many
cellis have already compbined to form large cells, and the
celiular grewth is quite evident. Heat tinted. 100 X.
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(3 rom he point (j)(Fig. 2). The
icatlon is ‘nea rly complete and no more new
noaules form from the 1ig Uld- The liquid 1is at the
cell boundaries, and the concentration of impurities in
this ligquid is responsible for the slow ferritization
in these regions. Heat tinted. 100 X.
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FPIG. 22
Sample (%) gquenched from point (k) {(Fig. 2). Some
liguid still present in cell boundaries. Solidification
is almost complete. Heat tinted. 100 X.
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IG. 23

Sample (1), quenched from point (1){(Fig. 2). Solidification

is complete. The structure shows segregabtion in the cell
boundaries.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

ne
L2

Py

w

4

until

rn

o)
never

e

)

a

are

v

tempersa

-
3

§

(V33

o]

nave a

-
*

o3

ormea

.

reezing ana we

ol

RN
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Q) The first and earliest indication of the
formation of a graphite nodu

T Al et i - - 2
wiicn consists of a very small graphite necdule surroundsed

Fad +
before quenching nor of decomposition of cawhide fo Sam
an Mo it AT v a Lo ilD
graphite nodules.
113 The lask 13 id %o 1a3 e
=44 Lng last liguid To s0lidify frozs in the cell
houn »ia w . . -
undaries and few if any new nodules were formed in these

12} The number of nodules increased with the time
Surirno t’ n b + 3
curing tne norizontal interval but the rate of nodule

Tormation decreased rapidly after S0% solidification.

12)  As &l i i
As th vhite ncdule grows in si
3) fe grapnite nodule grows in size, so does
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the diameter of the nodule

Je

s increased three times, then

pote
b

the width of the shell 1s also increased approximately

T O 4 o~ -2 Y o PR - I ~ yaela el =T
LL} I¢ was 1mpossibls TO €5vEDL1I1340 Wihstnier The

3 3 - R To ettt £ Ovmy i
e In 1US8 Vvery S28riy Svate 0L 10rIrmacvion

precipitates from the liquid or from the supersaturated

3 A ATt i+g orizin of formation was not
- rl ."1.:.114.;\.“46'.; AV - l:'__’.xx N i A N SEACA e AL [ >N b AL s

estaeblished, the exceriments did show that as soon as the

nodule is larce enough to be resolved under the microscope

it grows in the austenlte and not in the licuid.

In the second experiment the graphite crucibls was

)
l.-l
wn
v
I...
C
®
U

o cylindrical in shape but somewhat larger.

inches nign, 3 inches in outside diameter and 2 inches

-

other touching the side, both in the same horizental plane.
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The procedure of melting and preparing

described previously.
this sample was the same as the one describsd in the first

=~

experiment up to the time when the cooling curve was started,
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The cooling of this sample was adjusted so that the metal
started to freeze on the outside first, and the outside
was completely solid before the inside or the center of
the bar started to solidify.

Sincs one of the thermocouples was indicating the

ocut-
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ChnermGeouple recording onse ouiside temperature indlcated
that th solidirf: t1 y slete g ids th

cné&v tne solidirlcation was complete and the insids thermo-~

couple showed that the center is £111 liguid, the sample was
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The sample was polishe

structure observed under the microscope ranged from no

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fop)
b

representing varlous stages of solidification were
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the development of nodules from the center of the mold to

NG photomicrographs are irncluded from this
exveriment because they are identical to those for the

irst exveriment. In traversing from the center to the

ra il A £ ~ 3 S~ a= 3 3 3
outside ol the casting, the center consisted onlv of
edeburi - . s . .
ledeburite, followed by a matrix of ledeburite containing
small dendrites which beca larg i 1 i
i waLlsd decame larger Iin size until few traces

acjacent to tne dendrites. Farther away from the center,

h NI s )
the dendrites became larger and the number of nodules

gencrites and ne&ar other nodules. Nodules also were not
evenly distributed but were concentrated in long banded
zones. The nodules in all cases were surrocunded by austenite

and there could be cne, two or» more nodules in one saustenitic
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reezing of The ligquid. It should be pointed out that

the discussion in this paper pertains only %o the eutectic
and hypoeutectic irons since no experimental work was done
on hypereutectic irons. It is ogulte possible nhowsver that

the same mechanism may be applicable to the hypereutsctic

cast irons.

Let us discuss some of the hypothesis that appeared
in literabture regarding the nodule feormation with reference
A Fhs Alimaseratd a3 T o mom o se
vl VS UOSEerVavilIlsS LIl villiS Talfer.

1) Cne of the hypothesis, which will be called

the first hypothesis, states that ths nodule mekes its

o]
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The experimental rssults in this paper definitely
prove that the nodule avpears when the licuid is on

-

1
partially solid and that it does not form from the decompo-

sitieo ledeburite. The indiecstion that the nodule Apeg
£ v AP SR b L - PO L5 R S VRS S S0 A Wil v wil'D 2 LR LT —~ Pwaihe)
not form from the decomposition of cementite is shown by

the fact that even if some of the ledeburite had forme

orior to the guenching, then this ledeburite would be of

s

— muchr coarser structure thamr the ledeburite formed during

3

quenching. Also btne Tirst ledeburite would probably have
a different crientation than the one formesd durins the

ol
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believe that the nodules originate in the suversaturated

austenite because if theyv did then most of the nodules

not inslde the dendrites. The author helieves that it is
not necessary tc vostulate the condition that the nodules

originate from the vrecivitetion of sunersatumated sustenite,

The Sclidificaticn of Nodular Iron® by H. lorr ogh rublished

until the eutectic transformation when they become en-
velcped by austenite. He also velleves that hyper- an
hyve-eutectic necdular irons solidify by analogous mechanisms.
The bthnrse mail nypcthesi ”
Tt aree maln nypecthesis of nodule formation and

their growtn have veen discussed above, with reference to

sequence of nodule formation and growth is vresented celow,
tased on the experimental results in this thesis end the

extensive literature on this subject,
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The first sclid phase to form From the liguid is
austenite. The skeleton crystals of primary austenite
dendrites separate cut on cooling and grow down tc below

the eutectlc temperature, depending on the amount of
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The nucleation of graphite may also occcur away from the
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dendrites bscause of lceczalized ¢

+

nuclei. As soon as graphite precipitates on one of these
nuclel 1%t depletes the liguid of its carbon content around

gracvhite. This condition induces the nucleation of
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-

austenite in the zone of the liguid which is depleted

of carbon. The newly nucleated austenite grovs very ravidly

Zone because

p..:.

(almost svontaneocusly) intoc the depleted 11

the liguid in the depleted zone is extremely supercooled.
This suvercoeling is dus te lower carbon content and not

to any temperature difference of the two liquids. For
example & liquid cof 1% carbon is superccoled at the eutectic
temperature while the liquid of eutectic composition at

the eutectic temperature is not supercocled.

The austenite grows much more rapidly in the

3 . R - ) - e vy v o~ - -~ .
depleted zone than grephite and it scon surrounds the

L3 o 2 i b o & b4 3 a2 PR T8
graphlite and isolates 1t from the remaining liguid. If

The growth of austenite shell therefore is very rapid at

thre beginning because the supercool ing with respect to
austenite is great. The amount of supercocling is given

because the austenite in contact with the graphite is much
lower in carbon content than the austenite in contact with

the liguid as shown on Fig. 2, where point
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compositicn austenite in conbtact with the graphite and
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AT high temperature the self-diffusion of iron
avoms 1in austenite is quite racid and nodules can grow
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47Ter the formation of the sustenite shell arocund

the grarhite, the carbon from the liguig diffuses through

the austenite and occuvies the space vacated by selfl

s mp s . . , e
diffusion of iron atoms at the austenite=-gravhite inter-

P _— ; - X
itace. Thus the graphite nodules grow and the heat liberated

mair i Ll muerature which 3 - 3 g 4 .

aintains the temperature which is arproximate to the one
R MmN 7 . - s s 4 -

marked "T" (Fig. 3} and which is the horizontal line on

= B R T 3 Y » ] o
the cooling curve, (Fig. 2} or sometimes called the sutectic
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around the austenite shell. Thus the austenite shell and

the graphite nodule grow simultanecusly from the liquid

£

uring the horizontal part on the cooling curve, and this
temperature is any place between temperatures "S" ang "g"
{(Fig. 3). At the austenite-graphite interface the com-
position of austenite is given by "I" and the composition
of austenite at the liquid-austenite Interface is given by
"G". The concentration gradient for the diffusion of
carbon from the liquid through the austenite is given by

"G-I". The austenite grain enteining a graphite nodule

0

1s called a cell because of its cellular growth. Many such
cells originate at the beginning of the horizontal
(sclidification) and some of these cells form beside the
dendrite arms while others form independently. Socon these
cslls begin to impinge and merge together.

This cellular growth results in segregation of
alloying elements and impurities znd is quite important
in heat treatment of nodular cast irons as will be shown

B 1

later in the experiment on "S" curves. Finglly all the

cells merge and the remaining liquid solidifies in the
cell boundaries. The final composition of austenite at
the end of solidification is given approximately by point

"IM (Fig. 3).

This progress of nodule formation and growth is
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1llustrated by photomicrograrhs and the cocling curve on

Figs. 2-22.

The questicon neow arises regarding the functicn of

)

magnesiwn in the formation of nodules. This guestion is
not an easy one to answer and no exverimental evidence which
would shed some light on the subject is available. How-

ever it is wsell known that the addition of magnesium to
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wihnen magnesium 1s added to cast iron, it inhibits the
nucleation of graphite from the liquid phase either by
removing the foreign nuclel on which graphite may form and/or
Iinhibiting the formation of graphite nuclei from the ligquid.
There is some literature(7)(11)(12)(15)for, and
some against foreign nuclei in nodular iron. The author
believes that although some nodules do have foreign nuclei
(material) in them these foreign nuclei are not essential
and many nodulss do not have them. If there is a suitable
t

. . .
he liguid on which

ct

foreign material in

V""C:“

te is facilitate 1 act as a graphite

e

of grapn

ch
-
[ ®
o 3
Y
(4
3
[
bt

a
nucleus, and graphite will p ipitate on that material.

iz
Q

wever this condition is not necessary and it is belisved

that the graphite may precivitate from the liquid without
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the aid of any foreign nuclei.
In addition magnesium mey lower the temperature
for the formation of carbilde eutectic or inhibit the
nucleation of cementite. This would result in greater

and metastabls

N
fie
)
o
[
[¢]

o

Cf’

ference ween the sta

O]

[ .
temperature . e

£

eutectis, which would be desireable for the oroduction of

nodular iron because the liguid could be cooled to a lower

temperature without anyv cementite fo

0]

The most essential condition for the production

. s s * e o
of nodular iron as postulated in this theory requires ¢

low temperature and no nuclei at high temperature.

Strictly speaking the eutsctic reaciion (Liquid

to Graphite + Austenite) doss not take pla in the
solidification of nodular iron. When nodular Iiron solidifies

there are several reactions going on sirualtaneously during
the horizontal part of the cooling curve which is some-

times loosely termed the eutectic solidification becsuse

the shape of the cooling curve resembles the eutectis
sclidification, and the temperature is in the viein ity o

.

the eutectic temperature of cast iron. First, the liquid
L

precipitates graphite, then therse is a rapid growth of

austenite around the graphite and finally the carbon

.
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diffuses from the liguid through the austenite and 1is

deposited on the graphite while the remaining liquid

]

or grephite nodules to grow

gives austenite. In order
iron atoms must be removed from the austenite=graphite
interface and this depends on the rate of seilf-diffusion
of iron atoms at that temperature.

The mechanism of graphite spherulite formation

and growth in hyposutectic irons as discussed akove is
illustrated schematically on Fig. lL.
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SCHEMATIC DIAGRAM FOR THE FORVATION AND GROWTH oF
“RAPHITE SPHERULITES (NODULES)..
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FORHATION OF FLAKE VERSUS NODULAR GRAPHITE
IN HYPOEUTECTIC IRONS

Let us compare the two mechanisms of graphite formation,
namely coarse flake graphite of types A and B as described
by Boyless and nodular graphite as described in this thesis.

In both, gray cast iron consisting of flake graphite
and ncodular cast iron consisting of srheroidal graphite,
solidification starts with the formation of skeletons of
primary austenite dendrites. As the cocling progresses thess
dendrites grow. VWhen the temperature of iron-graphite

eutectic marked "S" on Fig. 3 is reached, or just below that
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carbon content in the neighborhood of graphite and results
in nucleation of sustenite beside the graphite. Since the
. supercooling is not too great austenite dcoes not grow too

rapidly relative to graphite'and therefore graphite is

not cut off from the ligquid. This austenite restricts

the growth of graphite and forces the graprhite to grow

into the liquid while the austenite grows slowly beside

the graphite. This results in the formation of flake graphite.

Thus we have edgewise growth of austenite and graphite side

fe=

by side pushing the ligquid interface in front of them.

4.3

Carbon 1s deposited directly from the liguid unto the

graphite and the graphite is always in contact with the
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because ol the large amount of supercooling which is equal
to "Z-Y" as shown on Fig. 3. After the nodule is entraped

by the austenite it is no longer in contact with the

atoms at the austenite-graphite interface are removed
equally in ail directions in order to make room for the
-graphite. The grarhite therefore grows equally in all

directions and becomes spherical in sharye.

4As soon as precipitbation of gravhite From the liguicd
= oA
~ R

the solidification proceeds by cellular growth until the
metel is solid. Small quantities o the 1iguid which is high
in alloying elements and impurities such as phosphorus

solidify in c¢ell boundaries at = Temperature below the
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SUMMARY OF SFHERULITIZ FORVATION AND GROWTE

IN HYPCEUTECTIC NODULAR IRONS

In order to illustrate the mechnanism of noduler

grapnite formation let us take an alloy of composition
"X'" shown on Fig. 3 and follow chronologically whet happens

N

Llthough Temperature "S" is the iron-grachite eutectic
temperature and iron gravhite eutectic should start forming

on further cooling, the gravhite is not formed at this

by the addition of magnesium. Thersfore ccoling through the
temperature "SY and down to temperature "V" ocnly asustenite

gradually to that of "G" while the comvosition of the liauid
cnanges to that of "H" at the temperature "T". AL the
e precipitates from the liquid

g a 1liguid around the graphite

= = ol

composition "Y' or "Z". The liquig "g'

that temperature. Because of this grezat supercccling, the
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SOLID TO SOLID TRANSFCRMATIONS

The subcritical transformations in nodular cast
iron may be considered as so0lid to solid reactions and
there are several reasctions thsat méy occur depending on
the temperature of the transformation. The various
reactions that occur below the critical temperature

(eutectold temperature) are listed below.

1) Austenite to Ferrite + Graphite

2) Austenite to Ferrite + Carblde (pearlite)
3) Carblde to Ferrite + Gravhite

&} Austenite to Bainite

5} Austenite to lartensite

&) Bainite to Graphite + Ferrite

7) lartensite to Ferrite + Graphite

8) Nartensite to Ferrite + Cementite (spherocidal)

Reactions- 3, 6, 7, and 8 are secondary reactions,
that is the austenite is first transformed to martensite,
bainite, and/or pearlite, and they in turn are decomposed
into graphite and ferrite if the temperature is high

enough. The investigation described in this thesis deals
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o

primarily with reactions 1, 2, 3, L, and 5.

Solid state reactions are conveniently investigated
by isothermal transformation studies which have been well
developed and extensively used both in ferrous and non-
ferrous metallurgy in recent years. There are many ways
of determining the progress of an isothermal transformation.
The methods most commonly used are optical metallography,

dilatometry, hardness measurements, x-ray diffrection,

their original study of steel is the most commonly used in
the determination of "3S" curves which are slso called
a

sothermal transformetion disgrams {(I-T dizgrams) an

-t
2]

cr

emperature-transformation diagrams (T-T7-T diagrams).

£,

These dilagrams usually show the time for the beginning an
end of transformation of austenite at some constant temperature.
The beginning and end of transformation are arbitrary values
and there are no universally accepted standards that would
define definitely the percentage of transformation necessary

s

his

I

for the beginning and end of transformation. For
reason the values used for the beginning of transformetion
range from just a trace of transformation to several percent,
while the end of transformation is even less definite and

the values range from 95-100% of transformation. The most
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accepted values for the beginning of transformation in
steels range from 1/2-1% and those for the end of trans-
formation range from 97-99%.

In this Investigation the beginning and end of

2

23
n the I-T di

LA

matio =¥

o
"3

enragentad
gepregsents

- A

curves) were determined by optical metallography. For t
beginning of transformatlon the valus of 1% was used and

d the value of 97=100% wa

used. The procedur

[}

-

4

used in the determination of the "S" curves in this thes

is described below.

T-T-T diagrams, were obtained from 1% x 6" keel bloecks.
The charge for making these keel blocks was composed of
Lyle pig, steel vunchings, nickel shot, ferromolybdenum,
50% ferrosilicon and 80% ferromanganese, and was melted
2 basic lined 150# induction furnace. Spherulitic
graphite was obtained by the standard Inco techniques.
The analyses of the four cast irons used in this

investigation are as follows:
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Cast Tron IC Mn 51 NI Mo Cu S B
No. 1 3.56 0.35 2.12 3.70 0.0 0.016 0.020
No. 2 3.2 0.75 2.25 3.67 0.0 0.01; 0.014
No. 3 3.52 0.25 2.1k 3.88 1.26 0,016 0.030
No. It 3.40 0.3Lh 2.82 0.52 0.0 0.38 0.015 0.918

nicrostructure of the keel blocks is accicular and very

4

hard. Cast iron Ne. L is a typical low alloy cozxmercisl

L

nodular cast iron and the microstructure consists mostly of
ferrite and some pearliite.

The legs of the keel blocks were cut off giving
1" x 1" x 6" bars of cast iron from whieh thin specimens
were machnined for heat treatment. Small specimens (about
Ll em. x 1 em. x 0.3-0.4 cm.) were cut from these legs and

e

a small hole was drilled at one corner of each svecimen in

(OV)

order to fasten it %to = nichrome wire. Cast iron No.

e neat treated at 1200°F

"

1 3 3 = - =P PO S L -
vnich contained mclybdenum had to

«;

je

n order to soften it for machining. The specimens were
then numbered and homogenized in batches of 50 at a time

in & dry argon atmospvhere. The argon from the tank was
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first bubbled through concentrated sulfuric acid in order
Lo remove molsture. It was then passed through a tower
raecxed with glass woel in order to remove bubbles of scid.

In ¢rder to remove the last traces of COs and acid geses,

soda lime. Oxygen was removed next by passing the argon
tarcuzh & tube tightly packed with copper turnings held at
about ©CGU°-300°F. The last traces of molsture were finally

N et e - s
tube furnace which was used for homogenizing and austenitizing.
P R Rt i = I Tt P P oo 1 o LU S ) -~ &y ~

AL CET LEAVLInZ vie rurnace the argon was tubbled through sbout

higher pressure inside the furnace than the atmospheric

pressure, so that even if g small lezk developed, there

wonrld e less chance ¢f contamination with air and leaks
could alss be dstected more easily. After passing through

concentrated sulphuric acid the argon was exhausted to the

air.
The samples treated in this dried argon atmosphere
sacwed no oxidation, or decarburization even after one

week of treatment. If argon or nitrogen is not treated

Q

or dried some decarburization is noticed after prolonged
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holding. The specimens were always pclished and free
from oxide just before they were placed inside the tube
furnace for homogenizing or austenitizing.

Fifty specimens were placed in & nickel boat and
homogenized for 50 hours at 1700°F under & dried argon
atmosphere in a tube furnace. One inch fused silica or
Vycor tubes were used in the furnace. The inside thermo-
couple whicn was always in contact with the specimens gave
the temperature inside the furnace, while another thermo-
couple was placed near the heating elements of the tube

+ _
furnace 2nd was connected

0]

temperature was maintained at all times. The temperature

TS - o
a Micromex recorder. The specimens were

»
n
H
i}

Q
o]
ry
[o R
[4)]
(ol
o]
]

placed inside the furnace and the furnace was then sealed
with a fast drying lacquer. After the lacquer dried the
argon was turned on and the whole system flushed for
several hours in order to drive out all the air. After
fiushing, the furnace was turned on and brought to
temperature. After fifty hours at 1700°F the svecimens
were taken out and quenched in water. This treatment
gave a fairly homogeneous austenite. Complete homogenization
was not attained even after 100 hours.

The austenitizing was carried out in the same

furnace, using the same system for drying the argon. The
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specimens were cleaned of any oxide film that might have
formed during storing after thes homogenizing treatment and
fastened to & nichrome wire by passing the wire threough
the hole drilled at one corner of the specimen. One wire
was used for esch specimen. The 18 gage nichrome wire was
thick enough to be rigid when the sample was quenched in

a lead bath. OCne, two, three, or four of these specimens
vere placed in the tube furnace which was at 1650°F, and

held there for three hours. Since the specimens were thin

oo

and small, they reached the temperature of the furnace in
a snort time. When the specimens were placed in the furnace
a slight contamination of the argon atmosphere resulted.
This contamination was not serious because the pressurs of
the atmosphere was greater than the atmospheric pressure.

Another reason was that the volume of the tube and
the system was small so that very little oxygen could be
present. The small amount of oxygen that did get in during
the short time of loading the furnace was absorbed right
way by the hot copper turnings after the furnace was
closed and as a result no damage was done to the specimens.
Austenitizing under these conditions gave better results
than austenitizing in neutral salts.

After three hours at 1650°F the specimens were

rapidly guenched in a lead bath at a constant temperature,
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and held there for various lengths of time in order to
determine the beginning and end of transformation at that
particular temperature. The specimens were pulled out

of’ the austenitizing furnace by holding the cocol end of

the nichrome wire and then rapidly immersing the specimens
in & lead bath heated in a Hoskins electric resistance

pot furnace. The cool end of the nichrome wire was than
tent and a weight (silica brick) placed on top of it in
order vo keep the specimens immersed in the lead bath.

The nichrome wire was rigid enough so that it did not bend.
The specimens immersed in the lead bath were always near
the thermocouple. The tip of the chromel-alumel thermo-
couple was protected by a specially made iron tip which
made a tight fit with the thermocouple insulator. With
this protection the thermocouple lasted for more than a
month. The thermocouples were changed periodically depending
on the temperatures used, in order to avoid failures during
the runs which sometime lasted for a week. 3By changing
the thermocouple befors it actually failed a lot of time
was saved. Another thermocouple was placed near the
heating elements of the pot furnace and connected to the
controller. The temperature of the isocthermal baths was

measured by & potentiameter and was maintained within + 5°F,
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The isothermal baths consisted of pure lead for
temperatures from 800°F to 1500°F. The molten lead was
covered with a layer of charcoal to keep it from oxidizing
at higher temperatures. For temperatures of 500°-800°F,

& binary eutectic of lead-tin was used. The isothermal
bath for temperatures lower than LOO°F consisted of a

-y
?

qQuaternery eutectic alloy containing 50% bismuth, 27% lead,
13% tin, and 10% cadmium., This quaternary alloy or
"Wood's Alloy" was also used for quenching bvathsin martensite
determination experiments. The volume of the isothermal
metal baths was large enough so that only a slight change
in the bath was observed when the hot specimens were
quenched in it. Metal baths like the ones deseribed above
are well suited for this type of work because they provide
a neutral atmosphere (protect the specimens from oxidation
or decarburization ete.), and give rapid quenching because
of their excellent heat conductivity. Thus the specimen
wnen quenched in a molten metal bath reaches the tenperature
of the bath sconer than if it were quenched into & molten
salt batn. Alloy cast iron pots were used as containers
for metal baths

The specimens were removed from the bath after

various intervals of time and quenched in ice cold water.

They were then ground on a wet belt grinder in order to
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remove atout one sixteenth of an inch of metel and finished
cn Nos. 1, 1/0, 2/0 and 3/0 emery papers before being
electropolished on a Diss Electro-Polisher for 5-15 seconds.

The electrolyte used in polishing was of the following

composition:
15 ml of 60% Perchloric acid (Sp. Gr. 1.5hL)
00 g of Sodium thiocyanate

._\J

\n

he
o}
=
Q
f=te
ot
]
Je
Q
o
&)
| e
jo¥

800 ml of Ethanol
180 mi of Propancl

*epclished on a

[
*.Jo
a3

x
ot
)
[0}
(7]
5
h

i
fod
[0}
/)]
o
]
o)
K

silk~covered lap or some other suitable cloth such as
Miracloth for about three minutes. The specimens were then
etched with nital or picrel, or a mixture of both, and
examined under the microscope. The percentage of trans-
formation was recorded and as a result of these observations,
the beginning (1%) and end (97%) of transformation at a
given temperature were plotted on semi-log. graph paper.

The results of these experiments are shown on the four

T=-T-T diagrams in this thesis.

In order to determine the martensite start(iig) and
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finish (Mf) temperatures the specimens were homogenized

and austenltized as described previously. The specimens
were then quenched in liquild baths, such 8ss woods metal for
temperatures from 200° to 500°F, mercury fro 50° to 200°F,
and in alcohol cooled with dry ice and liquid air for

0° to =200°F. The specimens were held at the liguild bath
just long enocugh for the specimen to reach the temperature
of the bath. This time was less than a minute for

temperatures above O°F and & little over a minute for

temperatures below 0°F. The specimens were then immersed

in a lead bath at a temperature of 750°F. The specimens
were held at this temperature for avbout 30 seconds just
iong enocugh to temper the martensite which formed during

the first guench. The specimens were finally taken out and
aquenched in ice cold water. The tempered martensite when
obgerved under the microscope is black while the untempered
martensite or retained sustenite are white. The Mg represents

martensite and Mp represents 97% martensite. Both of

-
~ O
oR,

tnese holding times were too short to form any visible
bainite because bainite in these cast irons does not begin

to form at these temperatures until much more time is allowed.
This metallographic method of martensite determination wsas
developed by Greninger and Troianolb.

Nedular cast irons are complex alloys of iron and

therefore the eutectoid temperature (critical temperature)
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is not one definite temperature but is a range of temperature.
Thus ferrite starts forming at some higher temperature and

the transfermation of austenite does not go to completion

at this temperature no matter how much time is allowed. The

o ko

on does

(S

react

g
The same may be said about the heating of nodular iron;

at a lower critical temperature conly a trace of austenite

gher critical temperature the

(¢

* .
] b
- vk

e
O

is formed, while at the h
steel matrix is all austenite. The upper critical temperature
is called in this thesis "the upper eutectoid temperature”

and the lower critical is callied "the lower eutectoid

144 33 + 3
temperature’ . Thesec temperatures were obtained by heating
by . > . : s . - -Ar\OQ.—. s
homogenized specimens to some tempersiture above 12 F and

holding there for 5 hours in order to determine the amount,
if any, of austenite formed. Cold homogenized specimens
were atteched to cne end of a nichrome wire and placed in
lead baths held at various constant temperatures ranging
from 12C0°F to 1600°F. The specimens were held in these
baths for 5 hours before quenching in water. The specimens
were then prepared for metallographic cbservations as
described previously. Any austenite that formed during

holding at these temperatures transformed to martensite

upon quenching in water, and this martensite could eesily
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be detected. The temperature which gave about 1% of martensite

(transformed austenite) was called "the lower eutectoid

that

v3

temperabure"” and was marked on the T-T=-T diagrem fo

alloy. The temperature which gave 99% mertensite was

1
e

and it gliso was

¥
H

u

(P8

called "the upper esutectoid tempera
drawn on the T-T-T diagram. The determination of these

critical temperatures upon cooling gives somewhat lower

- PR - 5 4= o~
oth of %the

- < —
dies8 107

fhL

g

ar o~ J T VR S
YO LG O8 SRS TuEl s

(4]

a

cr

Vel
Finally after the T-T-T diagrams have been determined
Rockwell "C" and Rockwell "B" hardness measuremenis were
taken on all specimens which represented the end of trans-
formation. The hardness values at 100°F intervals were
tabulated for the four cast irons and they represent the
hardnesses that may be attained on complete transformation
of austenite at thsat temperature for that particular sallcey.
If the transformation was not complete at the end of a
week, then no hardness measurements were taken of the
partial transformation. Besides taking Rockwell "C"™ and
Rockwell "B"™ hardness measurements XKnoop hardness measure-
ments were taken on the steel matrix of cast iron No. I
with a Tukon hardness machine in order tc show the relation-

ship between the overall hardness of cast iron as shown

by Rockwell readings and the hardness of the steel matrix
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of the same cast iron. The Knoop hardness numbers were
converted to Rockwell "C" or Rockwell "B" for comparison
purposes. An aversge value of five hardness rcadings was
The results of these experiments are exsmplified
by "S" curves (T-T-T diagrams) photomicrographs and other

pertaining data in this thesis.
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DISCUSSION CF THE EXPuRIMENTAL R=SULTS

The major portion of the results from the sub-

critical transformation experiments is presented in the

form of T-T-T diasgrams and graphs (Figures 2l to 35). The
establishment of accurate T-T-T diagrams for nodular iron

1s rather difficult because of the inhomogeneities in cast
iron. These inhomogeneities can be eliminated to some extent
but not completely by & long heat treatment. The segregation
of slloying elements and impurities which give rise to an

inhomogeneous material is a direct result of the solidification

O
]
D

T . - i .
3 - T3 Srrrra At Aarm T mARITTasm Aanae
the cast Iron. The segregaticn in ncdular cas

(

stated in Part I of this thesis consists of interdendritic
and csliular segregation. The interdendritic segregation

is net too sericus in noduler cast irons and is read

s
| d
oq

eliminated by heat treatment. However cellular segregation
which usually outlines the cell boundaries is very persistant
and 1s not eliminated completely even by long heat treatments,
especially in alloy cast irons. The cellular segregation

as was shown in Part I is formed during the so called
"eutectic solidification" of nodular cast iron or during

n and growth of the nodules. The last ligquid

ct
[y
®
-
(o]
H
=3
V]
ct
(B
O

which freezes in the cell boundaries contains a very large
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amount of carbide stabilizers and impurities, and this
liguid 1s responsible for the segregation. For this
reason when an unhomogenized nodular cast iron is heat
treated to produce ferrite and graphite, the ferrite Forms
in "shells" around the nodules and even in spherical zones

de. Therefore some

i

ns

»:ﬁd
£
[

¢ not contain any graphite
authorsl? nave concluded that during the subcritical heat
treatment the ferrite must start to form around the graphite
nodule and grow ss a shell of ferrite because graphite 1is
deposited on the existing nodules and the austenite around
the graphite nodule is depleted of its carbon content. Thus
there is a carbon concentration gradient which is radially
awvay Irom the nodule and the ferrite shell grows as more

b}

carbo § removed. Under this hypothesis the Ferrite would

5
fote

always form around the graphite nodule. Brown and H wkest?

claim that the reaction of austenite to ferrite and graphite

svherical shells around the nodules. This fact, they clainm
permits the measurement of growth of the ferrite shells

as well as the rate of reaction. They measured the thickness
of the ferrite shells as a function of time and derived

an equation for the reaction. Using this equation and their
experimental resulis obtained from thickness measurements of
the ferrite shells they arrived at the conclusion that the

reaction is diffusicn controlled.
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The author dees not completely agree with the
above theory because in the four noduler cast irons studied
the ferrite did not form shells around the nodule as they
claimed but formed in grein boundaires, slip planes and also
at iron graphite interface, and the austenite to graphite

on could not be controlied to give only

'.Ju

te

1

*e&act

e

pilus fe
shells around the graphite nodules. The author does agree
that there 1s a carbon concentration gradient as described
above and that in very low alloy (non alloy) and unhomogenized

nodular cast irons the ferrite forms usually in shells around

the nodule, bub thls iIs due to segregation of alloying

rhon con-

rather than to the ¢

»

elements and Impuritie

ﬂ)

centratlon gradient alone. ‘When nodular cast iron solidifies

11 that grows around the graphite is at

m

the austenitic

first low in alleying elements and carbide stabilizers and

$rie
-~
futo

as solidification progresses the carbide stab zers are

concentrated away from the nodule. Later when nodular iron

1=

s neat treated to produce ferrite and graphite the regions
which contain low amount of alloying elements and carbide

stabilizers form ferrite first, and these regions are usualiy
iy

formation of

round the gravhite nodule. Thus the mode o
ferrite is also dependent on the segregation in nodular cast

irons and not only on the concentration gradient of carbon.
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108

experiments show that nodular cast irons behave
to steels in their subcritical transformations

xample, although nodular

For

)

-

the

high carbon conte

*
Aa

€,
temperatures is not carbide
0oid steels but ferrite as in hypoeutsectold steels.
action may go dirsctly from austenite to ferrite

a s

)

§
3

from austenite without
15C° %o
eustenite may transform
ferrite and grapnite without any formation
is gquite small, about 25 to 5C°F. There is

ge at & little lower temperature where pearlite
form simultaneously from austenite. The ex-
now that austenite may transform directly to

raphite but the experiments failed to establish

(0]

graphite nuclel were formed during the trans-

The observations seemed to indicate that very
new graphite particles were formed and the

5 deposited on the 0lid graphite noduies. This

r sometimes was demarkated from

nodule by a black thin line and usually this
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second layer was less compact than the original gravhite
nodule. This gave the appearance of "duplex" nodules or
nodules with shells or crowns of relatively uncompact graphite.
It should be pcinted out that not every nodule showed this
effect, some were unchanged.

In the range of temperatures where pearlite and
ferrite formed simultaneously from sustenite, pearlite
usually formed away from tne nodules in segregated regions,
that is in areas outlining cell boundaries which were
mentioned previously. This supports the assumption that
these areas contain more carbide stavllizers. Pearlite in

these regions is very persistant and that is why the last

brie

10-20% of pearlite takes much more time to decompose than the

~ o

first 80%. The lzs

ct

traces of pearlite are always in the
cell boundaries.

The reaction of austenite to ferrite plus graphite
increases with decrease of temperature, until it is interrupted
by the reacticn of austenite to pearlite. The reaction of
austenite to ferrite plus grapnite is more rapid than the
reaction of pearlite to ferrite plus graphite, provided the
correct temperature for the rezsciion of austenite to ferrite

lus graphite is selected. This temperature is the lowest

o]

temperature above which pearlite will not form, or the

temperature at which only a trace of pearliite forms. This
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-

temperature 1s approximately 125° to 175°F above the nose
of the "S" curve. Thus the T-T-T disgram is very useful
in selecting this temperature. This temperature is in the
vicinity of the intersection of the twe curves which are
labelled "end of graphitization of austenite" and "end of
graphitization of pearlite” on the T-T-T diagrams {Figures
21-27). Another interesting phenomenon that occurs in
isothermal transformation of alloy nodular cast irons,

is the appearance of needles of ferrite Just below the nose
of the "S" curve. This needle-like ferrite amounts to
about 10=15% in the molybdenum-nickel iron {X¥o. 3} and

-

2). This

(]

about 5% in the nickel-manganese iron (X
!

phenomena is illustrated by photomicrographs in Figures 52,

1y speaking the microstructures of

v

S, b6, and 07. Genersall

o

the steel matrix of the nodulsr irons which were studied in

'-Jt
o
=0

this thesis are = lar to alloy steels such as L1L0 etc.
These microstructures will be discussed in more detail
later.

The effect of homogenization on the isothermal
transformations in nodulsar cast irons is shown in Figure 28.

nning of the trans-~

I.h

@
o’

1504
= =35

In less homogeneous cast iron th eg
formation curve is shifted to the left (shorter time)
and the end of transformation, especially in the bainitic

reglons, is shifted to the right (longer time). The end
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pone
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P =

of graphitization curves, namely the "end of graphitization
of austenite"” and the "end of graphitization of pearlite"

ed to the »

ji+]
H
o
o
(0]
ot
ny
[47]
15
(B4
-4
(-1.

ht (longer timel.

[0
fie]

£ "nodular count® (number of nodules

D
5
la)

oct

@)

per square inch at 100 magnification) is illustrated in
Figure 28. The nodule count deces not affect the trans-

fermation of austenite to pearlite and bainite spprecisably,

at the beginning, and therefore the beginning of bainite may

curve 1s essentially unchanged by nodule count.
Nodule count, however does influence the rate of grsasphitization
of both austenite and pearlite. The end of graphitization
of austenite and the end of graphitization of pearlite are
both shifted to the left (shorter time) with a higher nodulse
count. The shift is not too great, and the shift due to
the alloying elements 1is more important.

The effect of alloying elements has a profound
effect on the beginning and end of transformaticn and also
on the rate of graphitization. For exampie cast iron Ko. i
which has 0.7% more silicon and sbout 3.2% less nickel than

cast iron No. 1 shows a great shift of the "S" curve to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



left, higher Mg and My temperatures and en upward shift of
the whole "S" curve, approximately 100° to 150°F. The nose

s 150°F

’..h

cf the "S" curve is shifted 100°F higher, the Mg
higher, and ths critical temperstures (upper and lower
eutectoild temperatures) are each 150°F nigher. This upward
shif't, which is due to higher silicon and lower nickel

contents, has a profound effect on the rate of ferritization.

The rate of graphitizaticn is affscted in two ways. 1}
Graphitizaticn may take place at higher temperatures (150°F

igher) which gives greater diffusion and thersfore greater
graphitization rates. 2) The stability or persistance of
austenite and carbide is affscted by the alloying elements
of silicon and nickel. Looking at the two T-T-T diagrams
it is noticed that the curve representing the end of
graphitization of pearlite is not changed eporeciably and
is shifted tc the left only slightly while the curve
representing the end of graphitization of austenite is
shifted 110°F upward thus causing the intersection of the
two curves at short time values. Because of the inter-
section of the iwo curves at short times, the complete

grapnitization of No. li is more rapid than of No. 1 since

e}

fo

best temperature for graphitization is in the vicinity
of the intersection of the two curves. Thus any alloying

element which lowers the end of the pearlite graphitizstion
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curve and raises the end of the grephitizetion of austenite

curve, will increase the rate of graphitization in cast

je

ron.
Manganese as shown in Figures 25 and 29 shifts the
"S" curve to the right (longer times), lowers the critical
temperstures and lowers Mg and My temperatures. It also
lowers the curve for the end of graphitization of austenite

- 2 2 - 2 . Fal
vaphiitization of

)
(I}

e end © pearlite curve. Doth
of these effects decrease the rate of graphitization. Thus
by decresasing the manganese content by 0.30% the grapnitization
rate i1s increased by li times and the transformation of
austenite to pearlite by 2 times.

Molybdenum hes a profound effect on the isothermal
transformations in nodular cast iron and its effects are
illustrated in Figure 20 and photomicrographs (Figures 56
to 72). Molybdenum snifts the pearlite curve, both for the
beginning and end of transformation, to the right. The
beginning of pearlite transformation is more than ten times

longer for one percent of molybdenum while the end of vearlite

iy

o

transformation is about 200 times longer. The start of
ferrite curve is also shifted to the rignt but to a small
extent, and this results in the nose of the ferrite curve
being more to the left then the nose of the pearliite curve.

The micro structure of the pearlite is alsc different and
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will be discussed later. Molybdenum has the greatest effect
on the transformation rate of the "intermediate product!
or balnite which form at higher temperatures and which is

f~e 1t Th

sometimes called constituent "X". 8 product is described

[

under section on microstructures. The start of constituent
"X" is retarded about 300 times for one percent of molybdenum

and the end is not known but at the end of one week st

~

!

9CC°F and 300°F only about 15-20% of con-
stituent "X" is formed. Another phenomenon that occurs at
these lemperatures is the formation of needles of ferrite,
These needles begin to form before constituent "X" and at

tne end of & weex amount to about 15% or about one half of
the transformation products. The acicular bainite curve isg
shifted very little to the right. An addition of one

percent of molybdenum increase the time for the beginning

of the acicular bainite by four times. This product forms
quite readily at temperatures betwseen LLOO°F and 550°F because
at these temperatures the end is only slightly shifted to

the right. The critical temperatures and the Mg temperature
are not affected appreciably by one psrcent of molybdenum

and remain essentially the same. The martensite finish {Mr)

temperature is lowered, however by about 200°F in the alloy

studied. The high temperature pearlite is not composed of
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nice coarse lamellar pearlite, but consists of a matrix of
ferrite with short and widely separated carbide particles.

-

Also the reaction of austenite to ferrite plus graphite does

0

not occur as 1In previocus alloys because the ferrite that

i

is formed in this alloy has amall particles of carbide
distributed withirn it, resulting in a staining of the ferrite
on etching. Thus at no temperature does cast iron No 3
(nickel-molybdenum} give pure clean ferrite as do the other

three alloys. For this reason the curves denoting the end

some Very stable spheroidal carvides ¢of molybdenum from the
rather clean ferrite grains without any precipitated carbides.
-

in The other cast irons. Cast iron No. 3 had scme complex

carbides in the cell boundaries in the as cast condition and

1,

this carbide co

-4

uld not ve completely eliminated even after
four days at 180C°F. The other cast irons No. 1, No. 2
and No. 3, had no massive carbides in the cast condition.
The nodule count was the same for all cast irons and at 100
magnification there were 5 nodules per square inch.
tyvical reaction curves are shown in
Figures 30, 31, 32 and 33 for the four alloys in this

investigation. Generally spezgking the reaction curves in

these figures are typical isothermal reaction curves for a
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nucleation and growth process. The shape of the curves for
the cast irons No. 1 and No. 2 are identical for all
temperatures except that the corresponding reaction curves
in the cast iron No. 2 are shifted to the right (longer
times). At 1100°F the slore of the reaction curve for the
cast irons No. 1 and No. 2 is guite high and the resction
goes to completion in a shert time. The slope of the reaction
curves 1s lower above 1100°F and below 1100°F as shown in
Figures 30 and 31. The slope of the curves below 110Q°F
becomes lower with lower temperatures until 500°F where the
81ope Increases considerasbly and is much higher than for

s only

o

0 and 31). The .

n

n
600°F (Figure: lops for LOO°F

< s =

\u
¢

slightly higher than for 500°F (Figure 31). Below L00O°F the
slope of the reaction curves agein becomes lower as the

temperature drops.

m 4 1 3 —~ "y < S
The reaction curves for the cast iron No. 3 are

}Jo

all shifted to the right as would be expected from the T=-T-T
curve for that alloy (Figure 26). The curve for the 1100°F

has also the highest slope (Figure 32). Relow 1100°F the

£

slope of the curve drops drastically and is lowest for the

21,

0
N

transformations at Q00°F, 800°F, and 700°F (Figure
Below 700°F the slope of the curves rises and becomes cuite
high for 500°F and LOOC°F (Figure 32). Below lJO0°F the slope

5

again drops as the tempersture drops.
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Generally speaking the slopes of the reaction
curves for the cast iron No. L are nigher than for the
previous three alloys. In the cast iron No. | the highest
slope occurs at 1200°F which is the nose of the "S" curve.
Below and above 1200°F the slopes become lower figure 33,
n the four cast irons studied in this investigation the
highest slope of a2 reaction curve occurs for the trans-
Foermation at the nose of the "SY" curve.

Curves in Figure 34 show the amount of martensite
formed at a given temperature for the four allcys studied
in this investigation. As can be seen all four curves are
similar in form. They differ only slightly in slope and this
difference is greater near the end of transformation or

affter 735% of transformation. There is less martensite

formed per given drop of temperature at the veginning until

about 10-15% of martensite. Very little martensite is formed

for a given drop of temperature after 90-35% of trans-
formation (Figure 3L) and the curves approach 100% trans-

formation assymptotically. This is especially evident in

the cast iron No. 3. The Temperabture interval between the

ct

inish varies butl the range

O

martensite start and martensite £

for the four alloys is between 350° to 500°m,
Hardness measurements were taken of all iscthermally

transformed structures just after the end of transformation.
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Rockwell "C" and "B" hardness numbers for completely
transformed structures at 100°F intervals are given in
(Table I) together with the corresponding temperature of the
isothermal transformation. These tables show the hardness

of the structure which forms at that particular temperature
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hardness measurements were taken of the steel matrix on a
using & load of one kilogram. HNodular cast iron
No. Ii was selected for this test tecause completely trans-
formed structures were available for all tempersatures of

transformation. The results of this test are given in Table

ther with the conversion of the Knooo numbers to

(»

IT toge
Rockwell numbers. The overall Rockwell hardness valucs forp

also given in the same table. The

o

O

re

the same material
comparison of the hardness values of the mabrix and the

-

overall hardness values shows that the hardness of the
matrix is higher by approxima ately six Rockwell numbers than

m

the hardness of the nodular iron (overall hardnessj. The

¢

difference between the hardness of the steel matrix and
the hardness of the nodular iron for various transformation
temperatures is clearly illustrated by curves in Figure 35.

The open circlss give the overall hardness values of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dd 9g
g4 99
g4 2g
04 b2

g4 16 da 06 qM L9
i ) a4y 06 a4 9¢ Ly
dy €0 gy 26 g4 6 gy 06
oM T¢ ol Q2 U Se
gy og gy 96 ay Lé gy €6
0¥ 0t DU 62 oy 2¢ " o€
oy e oy L2 o8 T€ ¥ g2
D 92 ou £¢ o4 62
wm MM oY mm 0¥ o€

0

o M: q e o4 €€
0y oy of AL oy L
DY T oY 61 04 6T oY mm
04 29 0
o4 Lg
04 09 DY g$
04 09 0¥ LS 04 1§ ou QS
T oN € "OoN ¢ ‘ON T "ON
*I°0 ) "I ‘10

SEUNCUYH TTaIMIo0M

00
056¢T

00€£T @egtaasy
00€T ®3TTdeOg
0521

geet

00CT ©47Taae,
002T ©37TaI9y % 03T[I80g
00TT ®©3Taas,
001T ®3T14Bad
000T

006

00Q

00.

009

00§

00

0S

00¢

00¢

00T

0

de UOTYBUIOTISUB],
Jo sangeaedwsy,

STUNLONULS WHIMOISNVYL XTALITINOD 40 SSHNTYYH

I 97qey,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE IX

COMPARISON OF THE OVERALL HARDNESS VWITH THE HARDNESS
OF THHE MATRIX FOR CAST TRON YNo. 4.

-

Temperature of Hardness of the Overall Hardness,
Transformetion; °F. Matrix;Kncop Nos. Knoop Nos. (Con-

verted from Rockwell

Nos. 0 Knocop Nos.!.

ige 880 732
3G0 700 576
400 8680 558
500 Sicte 3526
6CC 51C 438
7C0 425 342
500 S7G 518
Siele 320 204
1,000 2938 268
1,10C peariite S50 304
1,10C ferrite 215 184
1,200 pearilte 375 325
1,200 ferrite 190 173
1,3C0 pearlite 35C 304
1,300 ferrite 185 17C
1,350 210 184
1400 22C 192
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nodular iren, while the closed circles give the hardness
values of the matrix. The dotted curves give the hardness

values of ferritic structures between 1100°F and 1400°F.

)

As can be seen from this graph the Fferrite formed at 1400°F

and 1100°F is slightly harder than the ferrite formed at

)
))J

<

'00°F. Another rather striking observation is that
128

[on
}«I
)

y O an

b=

30

<

the "S" curve

Coe
<
w
ot
o
el
f
[e)
=
<t
oy
o
o]
@)
[7¢]
®
Q
-

the »roducts formed
are softer than the fine pvearlite formed at the nose of ths

"S'" curve. The nose for this "S" curve is 1200°F and the

while those formed at BC0°F have about the same hardness as
. The softest products

are formed at 1000°F. This behavior is different than in

(¢]

plain carbon stesls where the transformation productsbelow

the nose of the "S" curve are always harder than fine vearlite

v

-~ i~ P —~ -,
formsd at the nose.

-3

ne microstructure for the itrans-
formation products formed at 1000°F shows that the structure
consists of a light eteching material which is called

.

onstituent "X" in this thesis and is deseribed in more

[¢]

the next section under the microstructure. This

o))

etail 1

a3

©
'Jn

te which

dd

an viOI1 S OT

~

2 Fvanrmaeal B
VITRIAO &

[1/]
ble
ta

tructurs

$

cture between pearl

forms atehigher temperature and acilcular bvainite which forms

1

atalower temperature and which readily etches dark.
The graphs in Figure 35 help to sxplain the Phenomenon

that often nodular cast irons when observed under the
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microscope gppear to be martensitic and yet give low
hardness values which would indicate bainitic structures.
This is due to the presence of graphite nodules which lowers
the hardness. For example the Rockwell "C" hardness of
completely martensitic nodular cast iron No. u is 60 RC

1 o e * N
T

o~ = o g Y
e mauvrix oI e same p 5

<t
o
[¥N
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‘.Jn

65 RC. Thus the steel matrix of martensitic nodular irons

is about 5-b RC units higher than the Rockwell hardness

value of the same materigl.
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DISCUSSION OF THE MICROSTRUCTURES PRODUCED

I
g
]
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H
G
B

ISOTHERMALLY BELOW THE CRITICAL T

The microstructures of the matrix in nodular cast

3

er from the microstructures of plain carben steels

te
feds

o
RS

by

ron 4
in the region which separates the lamellar pearlite products
from the acicular bainite products. This region is often

called the "transition zone" between pearlite and baini

on products”

)
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acicular ferrite” and "constituent X". The occurence of
tructure is gquite common in alloy steels and the
above mentloned names for this structure are found in the
literature on alloy steels. The nodular cast irons studied
in this thesis are similar in microstructure to the alloy
steels such as SAE-AISI grade [1140.

Generally speaking the microstructures of the four

alloys studied appear as follows:

At high temperature, just below the critical, ferrite

aprears. This ferrite may be equiaxed ferrite formed in

/

A
chss and/or

round gfap 11Te noduies, grain boundary

ﬂ)

ferrite and widmanst¥tten ferrite. At lower temperatures

coarse lamellar pearlite forms; the structure becomming
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finer as the temperature is lowered until some temperature
just below the nose of the T-T-T diagram. At this
temperature another structure appears which is called

constituent "X" in this thesis {(Figs. Lh, 5k, 71 and 8L).
1S o ol ] »

-
(S

This structurs occurs about 100°-200°F below the nose of
the T-T-T diagram and 1t separates the lamellar products
(pearlite) from acicular bainite. Constituent "X" is light
etching structure which becomes specltled ss more of
forms. At high magnefication the structure appears to
consist of 2 white matrix with black dots and short dark
lines and lcoks as if it wers ferrite with precipitated
carbides. The constituent "X" at first appears as rounded
needles, light etching feathers or acicular in nature.

At lower temperatures this structure becomes more feathery
and gradually etches darker. It also becomes more speckled
in appearance with the black dots becoming smaller and
smaller as the temperature is lowered, until it no longer
may be resolved by an crdinary microscope.

Just below the ncse of the "S" curve clean white

ferrite needles formed together with consbtituent "xW

0121
J-te

gure 0G). These ferrite needles formed before con-

”~

stituent "X" in cast iron No. 3 (Figure 57) and amounted

to about 15%. Cast iron No. 2 had some ferrite needles
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present but not as much as No. 3. Nodular cast iron
No. 1 had only a trace of needles and sometimes there
were no needles at all.

As the ccnstituent "X" became darker with lower
temperatures it gradually blended inte dark etching ascicular
bainite. This acicular bainite consists of feathers or

coarse needles of dark etening structure. These needles
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etching needles. At the g temperature bainite consists

of very fine, thin dark etcning needles. Martensite
needles which appear at the g temperature are much coarser
than bainite needles. The martensitic structure is the
same as for steels (Figures 75 and 39) and need not be
discussed here.

The microstructures as they appear at approximately
100°F temperature intervals for the four nodular cast irons
studied in this investigation are presented below togzether
with comments under each photomicrogreph. The micro-
structures of cast irons No. 1 and No. 2 are the same for
a given temperature and the cnly difference is in the
vercent of the transformation at a given time interval.

Therefore in order to avoid duplication, the microstructures
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of caest irons No. 1 and No. 2 are treated together.

Isothermal Transformations in Cast Irons No. 1 and No. 2

& weelkk 1s necessary to get a completely ferritic structure.
A Typical microstructure is shown on Figure 36 in order o
illustrate the formation of ferrite in the grain boundaries.

At about 125C°F ferrite forms in the grain boundaries,

arcund the graphite nodules and alsc aleng the slip planes
—— . T~ N Y . -~
(Figures 48 and ii19}. There is more tendency for the

ferrite to form along the slip planes ir No. 2 than in

2 2 &
LT a48C iorms more

(Figures 37 and L8). The

H
©
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ct
)
Ble
3
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3
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grains of ferrite formed at 1250°F are equiaxed and show

no substructure (Figure 39). At 1200°F the austenite is
transformed mostly to coarse pearlite bub some ferrite is

formed directly especially in No. 1 (Figures 37 and 50).
The grains of ferrite which are formed from the decomposition
of pearlite show substructure and strai ining (Figure LO,

6lt and 81). Ferrite formed at 1100°F by the decomposition

of pearlite shows straining and substructure (Figure Loy .

The formation of fine pearlite at 1100°F and 1000°F is
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illustrated in Pigures 51 and 52. At 900°F both the- con-

]

ituent "X" and fine pearlite may form simulteneously.

carlite forms iIn the grain boundaries and is dark, while

]

v

a light etching speckled structure
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12 and 53)}. Constituent "X" which forms at S00°F
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acicular or coarse feathery bainite is formed as shown in
Figures L5 and 55. As the temperature is lowered the
feathers become smaller until they loock like fine needles.

The microstructures for the aciculzar bainite formed at

5, Sb: LT,

5C0°F, LOC°F, and 300°F are shown

Fi

Ld

[N

-
&y and b X LOWE n gures 4
[odlar
- I SO T P RN T 2 LYmn N et Toae e
isothermal Transiormations in the Cast Iron No. 3.

Formation of ferrite begins at about 1350°F in the
grain boundaries of austenite but the reacticn does nct
go to completion until sbout 1275°F. The grain boundary

formation of ferrite 1s shown in Figure 58. At 1250°F

e

the ferrite that forms stains readily and contains many
dispersed small spheroidal carbides. At 1250°F, 1225°F
and 1200°F, ferrite and very coarse semi lamellar and

spheroidel pearlite forms {(Figures 59, 60 and 62)}. his

semi lamellar pearlite is in turn spherodized and decomposed
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and the ferrite formed at these temperatures stains

readlly and contains many fine spheroidal carbides

1]

2. At 1100°F which is the necse cf

O‘

(Figures ©0 and
the T=T=T diagram, dark unresclvable pearlite forms in

the grain boundaries and after some time this dark peariite
beccmes surrocunded by & white constituent which appears

to be ferrite. This light constituent separates pearlite

T the end

P v
a~

<o
EAEeTE g

o9
£

+ + [k \ A
from the untrans ustenits (Figure 63). A

of a week the structure is all ferrite which shows straining

n.a

and is stained very easily on eitching. The grain boundaries
e

are not clearly revealed by etching

je

of this ferr

(Figure ©it}. At 1000°F a white structure forms in the

i}

s

chn

ct

grain boundaries that locks like a "light e ng pearlite
(Figure 65). It is not certain whether this white con-
stituent that forms in the grain boundaries is a type of
ferrite or pearlite. As more time is zallowed for the
transformation the structure changes and becomes similar to
that formed at 1100°F. The structure for 5,000 minutes

at 1000°F {Figure 66} shows pearlite (black), ferrite (white)
and martensite {(gray). The first phass to appear at 900°%

-

consists of many needles of ferrite (Figure 67). This

?
.

ferrite is different from the one formed at 1000°F ard 1100°F.

After the formation of these ferrite needles a light etching
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constituent forms in the grain boundaries. This con-
stituent darkens somewhat after prolcnged etching. The
transformation at this temperature is very slow and at the
end of a week only about 15-20% of the austenite 1is
transformed (Figure 68). The structure at 800°F consists
of about 15% of large white needles of ferrite and about
15% of light etching constituent "X" (Figure £9). At
700°F the ferrite needles disappear and conly constituent

orms. The formation of constituent "X" is very slow

gl
Hy

(Figures 70 and 71). The cconstituent "X" disappears at

©0C°F and & new phase which is dark etching feathery or
acicular bainite appears (Figure 72). This phase forms

ituent "X". However its

t
formation 1s not so rapid after about 30% of transficrmation.

-3

These feathers of bainite become finer as the temperature

W

t
is lowered, until at 300°F they look like very fine black
needles. This acicular bainite forms usually along
crystallographic planes. The acicular bainite structures

formed at S500°F, LOO°F and 300°F are illustrated in

Figures 73 and 7li. The amount of martensite that forms

D

at 200°F is illustrated in Figure 75.

Isothermal Transformations in the Cast Iron No. I

Ferrite starts forming in the grain boundaries and

arcund graphite nodulss at about 1500°F. The reacticn
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pouk

Cud
(.7



o
$ad
o

goes to completion at about lh10°F. The ferrite forms
directly from sustenite. The ferrite grains are equiaxed,

clean, and fairly large at higher temperatures. Figures

¢
t

76, 77, and 78 illustrate the formation of ferprite at
1L50°F, 100°F and 1350°F respectively. Figure 77 shows
clearly the formation of ferrite directly from the austenite
together with the formation of nocdules of coarse lamellar

pearlite. At lower temperstures ferrite forms around nodules

joie
ct
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while at higher temperatures

e
to

33 il Rdd=d 101
e T ¢ UL S

the grain bounderies. There

'

o]

than ferrite at 1300°F. The ferrite is usually aroun
graphlite nodules. Figure 7§ shows pearlite and martensite

with a few grains of ferrite around the graphite nodules.
The ferrite and martensite both are white in this picture.
Figures 80 and 31 show the difference between the two

types of ferrite formed at 1300°F and 1200°F respectively.
As stated previously the ferrite formed at low temperatures
shows straining and substructure (Figure 81) while the
ferrite formed at higher temperaturesdoes not (Figures 76,

s equiaxed and without any

e

77, and 80}. At 1300°F ferrite

4

P it has a substructure. Figure
382 shows the formation of pearlite nodules at the nose of
the T-T-T diagram (1200°F) and Figure 83 the formation of

pearlite at 1100°F. At 1000°F the structure consists mostiy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of light etching constituent "X" and some pearlite (dark),
as shown in figure 8L. The structure at J00°F is a

transition structure between the constituent "X" and

bainite. This structure shows both, charscteristics of
acicular bvainite and constituent "X". It etches dark more
easlily than the constituent "X" but not as easily as
aciculer bainite. Figure 85 illustrates this transition

structure. Structures st

8QQ
feathers of bainite. The feathers apvear to be mostly

At lower temperatures the feathers beccme finer until the

=

structure consists of many small needies. This is

e
[ Rad
o

ustrated on figures 37 and 88, which represent the
structures of bainite formed at 700°F, and S500°F respectively.
Figure 39 shows the amount of martensite that is formed at

200°F.
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PHOTQO

ICROGRAFPHS OF TRANSFORMATICN
STRUCTURES FCR THE CAST IRUN NO. 1

The structures were obtained after austenitizing at 1850°F,
quenching and holding at the temperatures and times
indicated, and finally quenching in water. The specimens
were etched with nital.

Transfoyrmed at 1275°
and martensite (gray

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Ferrite (white)
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FIG. 28
Transformed at 1250°F for 1,00C minutes. Large and
small ferrite grains. 1000 X.
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Transformed at 125C°F ¢ L

gfremaoimal Pammd o Emp;- - AT 313} i L‘arge un=
sIralnec ierrive grains. NO substructure. Compare with
BoLE S .n TAANAN v et
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FIG. L0
Tran
fer

sformed at 1100°F for 10,000 minutes {1 week).
rite grains showing substructure and stra

ining.
- Y

7
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15 minutes. Fine pearlite
ay). 1000 X.
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FIG. L2
Transformed at Q00°F for L0O0O minutes. Fine pearlite
(dark) in the grain boundaries and constituent "X"
(speckled). 1000 X.
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FIG. 43
Tranaformed a2t 300°F for 70 minutes. Feathers or needles
of cons

tituent "X" in a2 matrix of martensite. 1000 X.
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FIG. Lk

Transformed at TO0®F for 1,000 minutes.
llxﬂ ( Spe
martens

Constituent
ckled) and several large white grains of
site. 1000 X.
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FIG. L5
Transformed at HOOC°F for 2,000 minutes. Feathers of
bainite (dark) and martensite (white). 1000 X.
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Transformed at 500°F for 65 minutes. Needles of
bainite (dark) and martensite (gray). 1000 X.
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FIG. L7
Transformed at LOO®F for [ ,000 minutes. Fine scicular
oalnlue‘(dark) and traces of martensite or untranzformed
austenite {white). 1000 X.
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PHOTOMICROGRAPHS OF TRANSFORMATION STRUCTURES
FOR TaE CAST IRON NC. 2

The structures were obtained efter austenitizing at
1650°F, quenching and holding at the temperstures and
times indicated, and finally quenching in water. The
spegimens wer% eteched with nital. . 4

= a1

0,000 minutes (1 week).
nat the time of transformatiocon

Transformed at 1250°F for
Similar to Fig. L7 except
was longer, resultin% inm

and martensite (gray).

1
tna
o Ferrite (white)

re ferrite.

1000 X
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and martensite (gray). 1000 X.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52

FIG. 52
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FIG. 53
Transformed at GOO®F for 500 minutes. Fine vpearlite
(dark), needles of ferrite (white), constituent "}"
(white and speckled) and martensite (gray). 1000 X.
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FIG. 5l

Transformed at 700°F for 700 minutes. Constituent "X"
(speckled feathers) in a matrix of martensite (light
gray). 1000 X. -
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IG. E5

Transformed at 600°F for 10,000 minutes (1 week).
Feathers of bainite (dark) and martensite {(white)}. 1000 X.
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FIG. 56

Transformed at 500°

P
and martensite (white)

or 1350 minutes. Bainite (dark)
. 1000 X.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tordh
=]

PIG. 57
Transformed at 300°F for 6,0
bainite (dark) and martens

it

Needles of
1000 X.
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PHOTCKICROGRAPHS

18 CAST IRON NC. 3

v
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and
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ater.

iz
mperatures
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1 wee
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grain boundari
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2t 1300°F fo
te) along

rensiormed
Ferrite {(whi
(gray). 1000 X.
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Transformed at 300°F f
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*IG. 09
Transformed at 300°F for 7,000 minutes. Ferrite needles

(whéte), constituent "X" (speckled) and martensite (gray).
1000 X.
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ransfl da at 7 or §5,;
"X"™ in a martensitic matrix. 1000 X.

FIG. Tl

g N : g . -
Transformed at TO0CF for 20,000 minutes (2 weeks).
Constituent "X" (speckled) and martensitic matrix.
T Aanm Y
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FIG. 72
o~ - ~ O~ -~ ~ NN L] - Ay = TV o~ L3 N —~ LY
Transformed at 600°F for 2,000 minmates. TFeathers oI
vainite (dark) and martensite (white). 1000 X.
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Transfocrmed at 500
and martensite (
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mpansformed at #00°F for &,00C ~inutes. BRainite (dark)
ood mants or untrensformed austenite (white). 1000 X.

and martensite
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and held for two minutes; then tempe
< QLill LAl T L & v [V £ RO A S S L ) 1
2 1 1 ne 1
at 750°F for one minute. This f:égure shows the amount
martensite {dark) present at 200°F. 1000 X.
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MICRCGRAPHS OF TRANSFORMATICN

STRUCTURES FOR THE GAST IRON NQO. L

The structures were obtain
1£50°%, guenching and hol
end times indicated, and

The specimens were stcne

'1_j

2IG. 75
Transformed at 1450°w for 330 minutes. lartensite

(éray) and ferrite (white) along the grain boundaries
end around the graphite nodules. lOOO X,
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FIG. 77
£ 1L00°F for 15 minut Ferrite {white)
Transformed at 1400°F for 15 minutves. - ] wwhites, )
nodules of coarse lamellar pearlite and martensive (grayl.

1000 X.
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FIG. 78

Transformed at 1350°F for 5 minutes. Ferrite {(white)
and martensite {(gray). 1000 X.
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¥IG. 79

Transformed at 1300°F for 1.5 minutes. Pearlite (dark)
several grains of ferrite {(white) near the graphite nodules
and martensite (white). 1000 X.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tpransformed at 13CQC°F for 1300 minutes.

ferrite greins without
Fig. 61. 1000 X.

Transformed at
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FIG. 8L

?rﬁnsformfd at 1C000°F for 10 minutes. Mostly constituent
X (spgcgled), some pearlite (dark) and several grains of
martensite (large white aress). 1600 X. '
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FIG. 85

Transformed at 300°F for 20 minutes. 4 tramsition
structure (dark) between constituent "X" and bainite.
Wwhite areas are martensite. 1000 X,
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PIG. 86
Transformed a2t 80Q0°F for £0 minutes. Fezothsers of be
{dark) and martensite or untransformed austenite {(wh
1000 X.
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Transformed at 70C°F for 200 minutes. Bainite {dark)
mostly along crystallographic planes and martensite or
untransformed austenite (white). 1000 X.
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?IG. 38

Transformed at S500°F for 10 minutes. Fine bainite
needles {dark) and martensite (white). 1000 X.
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FIG. 89
[ TT e, SIUIRS. [ I ANNOTN A 2 aT A A Arvma vl vt s Fhan +amnarnan
QUEencnea ovo 4uv F ana el 16 Crnie mMLnuTe Tien ©onmpeilred
at 600°F for 30 seconds. This figure shows the amount
of martensite (dark) present at 200°F. 1000 X.
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PHOTOMICROGRAPHS FOR CTHE
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FIG. 9O

Cast Iron No. 1. Homogenized at 1800°F for cne week in
order tc produce small "semispheroidal' nodules and
transformed at 1250°F for 10 hours. Ferrite (white] and
cany small "semi-nodules" of graphite (dark). Eiched with
nital. 1000 X.
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FiG. 92
Cast iron No. 1 which was anncaled inothe ag cast
. . : N
condition (lamellar pearlite) at 1300°F ;npa lead
for 150 minutes. The structure consisvs ol large
grains {(white), small martensite grain

poundaries (gray) and zones of spherodiz
Etened with nital. 1000 X.

bath
ts © ferrite
s in the grain
ized

pearlite.
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"IG. 93

GCast iron No. 3 whnich was annealed 1in the as cast
condition (bainite and martensite) at 1200°F for one
hour. The structure consists of spherodized pearlite
and massive carbide (white) outlining the cellular
structure. IKtched with nital. 200 X.
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FIG. QL
Cast iron No. 1 unetched. Lxamined under sensitive
Nodules show radisl structure. 1000 X.
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CONCLUSICONS

1} Ferrite may form directly from the austenite
at temperatures of about 150°F sabove the nose of the T-T-T
diagram.
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ztions, namely, aus
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}  The thr
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plus ferrite, austenite to pearlite, and pearlite to ferrite

and gravhite may go on similtaneously at temperatures of

I

approximately 100°F above the "nose" of the T-T-T diagram.
3) There is a range of about 100°F where sustenite,
ferrite and graphite can co-exist withoubt the complete

Pther ferrite or austenite
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i}  The reaction for graphitization of pearlite is
slower than the reactiocn for graphitization of austenite
below the critical temperature.

5} TFerrite formed from the craphitization of pearlite
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shows a substructure and straining wh

not show a substructure or

’ -d»
ct
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M
[}

directly from austeni

6) Ferrite in nickel-molybdenum alloy cast irons
stains readily and aprears to have dispersed stable carbides.

7)

T-T-T diagram in nickel-molybdenum and nickel-manganese

]
=«
]

edles of ferrite appear below the nose of the

alloy cast ironse.
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) Manganese moves the T-T-T dlagram to the right
and slows down graphitization of both austenite and pearlite

cal temperature.
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below the

9} An increase of manganese increases bthe time

necessary for the beginning of the formetion of constituent

rhe haoi 1ng of pesriilEse
ne beginning of pearliite

the T-1-T diagram uvpward and to the left. The curve for

©
o
o}
Q
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-y

the end of gravhnitiz austenite is moved upward

3 RS SN 4 < “ - 3 p T, L
considerably while the curve for the end of graphnitization

&

of pearlite is not affected appreciably. This results in
the formation of ferrite at higher temperatures and shorter
times. The critical temperatures and the ¥g and My are

aisc raised.

11) The constituent "X" type of structure forms very
slowly in nickel-molybdenum cast iron and as a result the
T-T-T diegrem has a prominent "nose" and a prominent
" 4

chin®,

12) Many small "semi-nodules" of graphite are formed
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as shown in Figure 90.

13) The longer the austenitizing or homogenizing

reater the number

<t
o)
oy
0Q

time and the higher the temperature

Nediilar cast ireons are guite unnomogeneous and
show concentration of alloying elements and impurities in

the zones that outline the cellular voundaries. Pearlite

in these zones is very difficult o decompose ©o gravhite
and ferrite.
15} The unhomogeneous zones due to Ttheir nigher

alloy content have a much lower Iip Lemperature then the
rest of the material. This may result in retained austenite
in these zones even in low alloy cast irons.
1o} The unhomogeneous zones are usually away from
the nodules and may contain some carbide.
17} The last 10% of pearlite takes a very long btime

this is usually due to the unhomogeneous

c
o}
o)
o
o
Q
2
o]
o}
)
Q
o
ol
0,

zones that contain carbide stabilizers.

13} If nodular cast iron spvecimen 1is austeniiized
and homcgenized in air, there is some decarburization, and

the surface zone of the svecimen beccmes depleated of
carbon. The surface zone transforms more rapidly because

erefore erroneous results

ry-

of its lower carbon content, anad

may be cbtained for the "beginning" and "end" of transformation.
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