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ABSTRACT

AN INVESTIGATION OF COMPACTED GRAPHITE IRON PRODUCTION BY
MEANS OF THERMAL ANALYSIS TECHNIQUE AND OTHER PROCESS
CONTROL WINDOWS

El-mabrouk, Omar
PhD, Metallurgical and Material Engineering Department
Supervisor: Prof. Dr. Ali Kalkanl
January 2007, 123 pages

Compacted graphite irons have been proved valuable in many applications such as
exhaust manifolds, hydraulic valves, and diesel engine blocks, the process of
producing compacted graphite irons is not a straight forward process because of its
narrow processing windows and its high sensitivity to the section thickness,

treatment reaction time, pouring temperatures and charge composition.

In this thesis, compacted graphite was produced with minimum variations through all
section thickness and the effect of Mg/S ratio, section thickness, and treatment agents
on the graphite morphology, electrical resistivity property and fracture strength at

high temperatures was investigated.

The range of Mg/S ratio and the section thickness was from 2/3 to 7/1 and 5 mm to
40 mm respectively. FeSiMg and FeSiMg cermish metal were used as a treatment
agent.

Optical metallographic method was implemented to investigate the graphite

v



morphology change. For being a distinguishable characteristic for compacted
graphite iron over ductile iron, thermal conductivity changes at high temperatures
ranging from room temperature to 500 °C was examined by a suitable electrical setup
in the manner of electrical conductivity changes by measuring the electrical

resistance.

On the other hand, due to the higher values of mechanical properties of compacted
graphite iron over those of gray iron, tensile strength was also examined by means of

tensile test.

The relation between the compacted graphite shape and the alloy properties such as
fracture strength and thermal conductivity was investigated. The most important
controlling parameters to produce compacted graphite are Mg/S ratio and oxygen
activity. The relation between these parameters with both fracture strength and
thermal conductivity was established by means of multiple regression analysis

technique.

Keywords: Compcacted graphite iron (CGI), Mg/S ratio, oxygen activity, thermal

conductivity, tensile strength, regression analysis .
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KOMPAKT GRAAFiT DOKME DEMIR URETIMININ TERMAL ANALIZ
TEKNIGI VE DIGER SUREC KONTROL PENCERELERI KULLANILARAK
INCELENMESI

Omar, Elmabrouk
Doktora, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Prof. Dr. Ali Kalkanl
Ocak 2007, 123 sayfa

Kompakt grafilti dokme demir egzoz manifoldu, hidrolik vanalar ve dizel motor
bloklar1 gibi bir ¢ok endiistriyel uygulamada kullamilmaktadir. Uretiminde parga
kesit kalinligi, islem siireleri, dokiim sicaklig1 ve alasim kompozisyonu gibi pek ¢ok
parametrenin gozoniine alinmasin1 gerektiren kompakt grafitli dokme demirlerin

tiretim islemlerideki araliklar1 da ¢ok dardir.

Bu tezin amaci kompakt grafitli dokme demir yapisini {iretilen parganin biitiin
kesitlerinde c¢ikartacak {iretim parametrelerini belirlemek ve Mg/S orani, kesit
kalinlig1 ve yapilan islem tiirlerinin olusan grafit morfolijisi, malzemenin elektriksel

direnci ve mukavemetine etkilerini incelemektir.

2/3 ve 7/1 araliginda Mg/S oranina sahip numuneler 5 mm ila 40 mm arasindaki
kesitlerde FeSiMg ve FeSiMg cermish metal ile islem yapilan malzemeler

incelenmistir.

Grafit morfolojisinde meydana gelen degisimler metallografik yontemlerle
incelenmistir. Kompakt grafitli dokme demir ve kiiresel grafitli dokme demiri
ayirdedebilmek maksadiyla malzemenin elektrik direncini 6lgerek elektrik iletkenligi

tizerinden 1s1 iletkenligindeki degisimleri izleyebilen bir deney sistemi kullanilmistir.
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Diger bir yandan, kompakt grafitli dokme demirin gri dokme demire kiyasla daha
yuksek mukavemete sahip olmasi nedeniyle yapilan islemlerin mekanik 6zelliklere

etkisi cekme testiyle incelenmistir.

Mg/S orani ve oksijen aktivitesi kompact grafit Uretimi i¢cin 6nemli parameterlerdir .
Ayrica asirt soguma gibi en 6nemli Uretim degiskenleriyle kompakt grafit yiizdesini
iliskilendirebilmek i¢in ¢oklu regresyon analiz yontemi kullanilarak denklemeler

cikartilmaya ¢alisilmustir.

Anahtar Kelimeler: Kompakt grafit dékme demir(CGI), Mg/S orani, oksijen

aktivitesi, 1s1l iletkenlik, kirilma dayanci, regresyon analizi
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CHAPTER 1

INTRODUCTION

Cast irons are the ferrous alloys with greater that 2.14 wt % carbon, but typically
contain 3-4.5 wt % of C as well as other alloying elements, such as silicon (~3 wt.
%) which leads to decomposition of the carbide into iron and graphite as shown in

Figure 1.1

'] 1
Temperature C Temperature o
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Figure. 1.1 Phases in Fe-Fe;C system
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These alloys have relatively low melting points (1150-1300°C), do not form
undesirable surface films when poured, and undergo moderate shrinkage during
solidification. Thus, it can be easily melted and amenable to casting. The basic
types of cast irons are gray iron, white iron, malleable iron, and compacted graphite

iron (CGI).

The various types of cast iron cannot be designated by chemical composition because
of similarities between types. Table 1.1 lists typical composition ranges for the most

frequently determined elements in the five generic types of cast iron.

Table 1.1. Range of compositions for typical unalloyed cast Irons

Percent (%)

Type of Iron | Carbon | Silicon | Manganese | Sulfur Phosphorous
White 1.8-3.6 0.5-1.9 | 0.25-0.8 0.06-0.2 0.06-0.2
Malleable 2.2-2.9 0.9-1.9 | 0.15-1.2 0.02-0.2 0.02-0.2
(Cast White)

Gray 2.5-4.0 1.0-3.0 | 0.2-1.0 0.02-0.25 | 0.02-1.0
Ductile 3.0-4.0 1.8-2.8 | 0.1-1.0 0.01-0.03 | 0.01-0.1
Compacted 2.5-4.0 1.0-3.0 | 0.2-1.0 0.01-0.03 | 0.01-0.1

White cast irons are used where wear resistance is most important and surface does




not require ductility, such as extrusion nozzles. Some typical application of ductile
cast iron are agricultural — tractor and implement parts, automotive and diesel —
crankshafts. Malleable cast iron has similar applications of ductile iron; gray cast
iron is used in brake drums, clutch plates. Compacted graphite cast iron is a new
type of cast iron that has been added recently, this type of cast iron becomes a
suitable material for all the application in which both the high strength and high
thermal conductivity are the desired goal and there has been an increasing interest in

CG irons in recent years due to the following factors:

—_—

It is easy to optimize the properties of CG irons, and there is more effective use

of raw materials than that of ductile irons in production of CG iron (104).

2 Due to its high carbon equivalent, CG iron has excellent fluidity (104).

3 Solidification shrinkage is low so casting can be produced directly from gray iron

with only minor modifications (104).

4 As compared to ductile iron there is a significant improvement in the casting

yield (clean casting weight / poured weight) with CG iron (104).

5 The properties of CG iron as it will be illustrated in next chapter were found to be

intermediate between gray and ductile irons (104).



1.1 Casting Applications

Examples that can be given for CG castings are bed plates for large diesel engines,
crank cases, gearbox, turbocharger housings, and connecting rods, bearing brakes,
pulley for truck servo drivers, sprocket wheels and exhaust manifolds. Because the
thermal conductivity is higher than that of ductile irons, CG iron is preferred for
castings operating at elevated temperatures and / or under thermal fatigue conditions.
An application includes ingot moulds, crank cases, and cylinder heads, exhaust

manifolds and break disks.

1.2 Objective of the Study

The overall goal of this project is to determine and to demonstrate the effect of
magnesium to sulfur ratio on the compacted graphite morphology and specify an
appropriate treatment agent for the production of compacted graphite cast iron for the
given section thickness, taking into consideration both the oxygen activity values and

thermal analysis as process control tools.

In order to achieve this goal, a plan was put forward on the investigation of the effect
of treatment agents, the effect of Mg/S ratio, the effect of section thickness, the effect
of oxygen activity on the production of compacted graphite iron. Cooling curves
were analyzed; the characterization of the cast iron alloys was done by means of
metallographic examination combined with the tensile testing and thermal

conductivity measurements. Multiple regression analysis was implemented to



correlate the main features of compacted graphite cast iron, tensile strength and

thermal conductivity, with main parameters affecting its production.



CHAPTER?2

LITERATURE REVIEW

2.1 Production of Compacted Graphite Iron

The great limitation in the application of CG irons is due to the need for an exact
graphite morphology control upon processing. General specifications tolerate at
most 10-20% of nodular graphite particles and no flaky graphite in commercial CG
irons, R. Elliott [1]. Cornell and Loper [2] provided a detailed analysis of the CE

range for section sizes from 1.27-12.7 mm.

In addition to carbon and silicon, magnesium content should be monitored
conscientiously since residual contents out of the 0.005% - 0.008% range could
result in an excessively flaky microstructure for the lower Mg values or in an
exceedingly nodular one, for higher Mg levels. In this case, the use of lanthanides
combined with magnesium can compensate the deficiency in graphite morphology,

Cornell and Loper [2, 103].

Several methods have been experimentally implemented to produce CGI. For
instance, as reported by Monroe and Bates [3], it is possible to desulfurize the base

metal to attain very low values of sulfur and then allow for a rapid solidification.



The addition of controlled amounts of spheroidizing elements such as Mg or Ce can
also be used. Finally treating the molten metal with both spheroidizing and anti-
spheroidizing elements mainly Ti, at the same time provides optimum results in

many applications [103].

Indeed, this appears to be most reliable CGI production method with reliable results.
However, one important factor impedes the general application of this treatment:
Titanium has a strong carbide, and nitrocarbide formation tendency. TiC and
complex Ti nitrocarbides are very hard phases that diminish machining tool
lifetime. Whenever possible such phases should be avoided in CGI parts where

exacting or heavy machining processes are required.

Nofal et al compiled all possible alternatives for the production of compacted
graphite [4,103]. In Figure 2.1 the corresponding classification is shown. From this
categorizing it becomes apparent that most of alternatives deal somehow with the
addition of nodularizing agents such as magnesium, cerium and rare earths (RE).

[103].
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Figure.2.1. Classification of different methods for producing compacted graphite

irons, as indicated by NofaL, et al. (4, 103).

2.2 Graphite Morphology and Growth

Cast irons are eutectic or near-eutectic iron-carbon-silicon alloys that contain small
amounts of sulfur, phosphorus, oxygen, and nitrogen (13, 15, 16, 100). The
microstructure of these cast irons is comprised primarily of graphite particles in an

iron rich matrix.



Several different graphite morphologies can occur (13, 15-21,100), some of the

more common of which were presented in Figure 2.2 are listed below:

1. Type A flake

2. Type B flake (rosette)

3. Type C flake (undercooled)
4. Compacted (quasiflake)

5. Vermicular (wormy)

6. Spheroidal (nodular)

During the solidification of cast iron melts, graphite is nucleated by potent
substrates such as graphite particles (22-25, 100) and sulfides (15, 26-29,100), as
the melt undercools to temperatures beneath the eutectic temperature. The
subsequent growth of the graphite determines the graphite morphology and is
influenced by several interrelated factors. These include, the crystal structure of
graphite (30-36,100), whether the graphite crystal planes exhibit a faceted or
nonfaceted interface with the liquid iron and grow as a divorced or coupled eutectic
(39-44,100), the amount the melt is undercooled (20,100) and the composition of

the melt (21,100).



e) Vermicular graphite f) Spheroidal graphite

Figure. 2.2. Graphite structures and growth

The hexagonal crystal structure of graphite is illustrated in Figure 2.3 (14,100). Itis
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comprised of close-packed, high-energy basal planes, in which the carbon atoms are
strongly bonded, and low-energy prism planes, in which the carbon atoms are

weakly bonded (14, 33,100).

C-AXIS

A=AXIS
—

Flake graphite Spheroidal graphite

Figure. 2.3. The hexagonal graphite crystal structures in cast iron and the formation

of the spheroidal and flake growth direction (100).
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Spheroidal graphite which forms in ductile iron grows primarily along the c-axis by
the addition of carbon atoms to the basal planes (14,15,18,19,33,37,39,100); a-axis
growth by the addition of carbon atoms to the prism planes predominates for the
flake graphite that forms in gray cast iron (14,15,18,20,37,39,40,100) as shown in

Figure2.3.

Graphite flakes are comprised of long sheets of crystals with basal planes oriented
along the top and bottom of each sheet (14, 15,100). As carbon atoms are added to
the prism planes of graphite crystals, the graphite crystal twists and branches to
form the characteristic graphite flake structure shown in Figure2.2. These flakes are
interconnected within the eutectic cells that grow from separate nucleation events,
with the graphite within each cell being a single crystal (14, 15, 25, 41, 42, 100).
Graphite spheroids consist of several columnar graphite crystals radiating from the
center of nucleation (18,100). These crystals grow by the addition of carbon atoms

to the basal planes which form the surface of the spheroids. (100).

The amount of undercooling below the eutectic temperature which occurs prior to
the onset of solidification also greatly influences the graphite shape (100). The
greater the cooling rate and the poorer the state of nucleation of the melt, the greater
will be the undercooling (14-16, 20, 41, 43,100). The graphite morphologies are
listed above in order of the increasing undercooling associated with the formation of
each type of graphite. Thus, as the cooling rate and the undercooling are increased
for a hypo-eutectic cast iron, a transition in graphite structure from Type A to Type

B to Type C graphite will occur (14, 15, 20, 41, 44, 47, 100). Further increases in
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cooling rate will cause the cast iron to solidify as the metastable iron carbide-
austenite eutectic, and the resultant white iron structure will contain massive iron
carbides (13,100).

The flake graphite morphologies grow during coupled eutectic solidification (14,
33, 46, 100). Flake graphite is reported to grow by the addition of carbon atoms to
the prism face of the graphite crystal because sulfur and oxygen are adsorbed on the
graphite prism face and cause it to act as an atomically rough, nonfaceted interface
with the liquid iron (38,100). This reduces the undercooling needed for growth and
produces coupled eutectic growth in which graphite is the first phase to nucleate and
is the leading phase which grows out into the melt. Subsequently, the austenite
nucleates from the melt and grows cooperatively with the graphite (38, 46,100).
Cooperative growth with graphite growing on a nonfaceted interface with only
small undercooling is promoted by adsorption of oxygen and sulfur from the melt

onto the graphite (47,100).

Spheroidal graphite is produced in commercial ductile iron by the addition of
elements which deoxidize and desulfurize the melt (13-17, 33,100). It has also been
produced experimentally in high purity, very low sulfur content, iron-carbon-silicon
alloys which were solidified rapidly (41, 48-51,100). Sulfur and oxygen are
removed from the prism face by the addition of nodularizing elements. This results
in changing the interface between the graphite crystal and the liquid iron to an
atomically smooth or faceted prism face, causing spiral growth to occur on the
close-packed, basal plane. This produces a spheroidal graphite structure and results

in slower growth with more undercooling. The undercooling occurs because the
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basal plane has a faceted interface with liquid iron; although graphite growth is
enhanced compared to secondary nucleation conditions by defect controlled spiral

growth (38,100).

The graphite spheroids form in a divorced eutectic reaction and are isolated in the
melt during solidification (18, 41, 51-53,100). It forms in ductile iron that is slowly
cooled or slightly under-treated with the additions used to deoxidize and desul-

furize the melt (17, 54-58,100).

Compacted graphite is produced commercially by the addition to the melt of
subversive trace elements, such as titanium, in combination with elements which
deoxidize and desulfurize the melt (118,119,124). It has also formed in
undertreated ductile iron (59, 60) and from high nitrogen gray iron melts (61-63).
Compacted graphite forms at an undercooling intermediate between that of flake
and spheroidal graphite (21, 64). As the cooling rate and the undercooling (20), or
the amount of addition to deoxidize and desulfurize the melt (17, 21) is increased, a
transition in graphite morphology from compacted to vermicular to spheroidal will
take place. Further increases in undercooling will result in solidification by the
metastable iron carbide- austenite eutectic (100). Currently, the growth habit of
compacted graphite is not established. Although it is not universally accepted (20,
56, 100), it has been proposed (66,100) that the compacted graphite structure grows
primarily in the a-axis direction by the attachment of carbon atoms to the prism
faces. Basal plane growth occurs simultaneously, but at a slower velocity,

accounting for the rounded, blunted flake ends. It has also been suggested that
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compacted graphite initially grows by flake-like growth in which carbon atoms are
added to the prism plane, but the growth then changes to spiral, defect controlled
growth which produces the blunted, rounded shape characteristic of compacted
graphite (67,100). The interconnected graphite morphology (66,100) coupled with
its intermediate undercooling, suggests that compacted graphite forms by a type of
coupled eutectic growth. Results of a recent investigation have indicated that

compacted graphite solidified as a weakly cooperative eutectic (67,100).

As previously indicated, graphite growth is greatly influenced by the presence of
small amounts of certain elements in the melt. Free sulfur and oxygen adsorb on the
prism face and cause the formation of a nonfaceted interface with the liquid iron
(38,100). The prism face is then highly mobile and carbon atoms are primarily
added to this face. This promotes coupled eutectic growth and the formation of
graphite flakes (33, 38, 47, 68, 69,100). The removal of the free oxygen and sulfur
by the addition of nodularizing elements causes the prism face to be faceted.
Growth then proceeds by the addition of carbon atoms to the closer packed, faceted
basal plane, which is enhanced by defect controlled spiral growth (38,100).
Elements other than oxygen and sulfur may also have a subversive effect on
graphite growth from magnesium treated melts and can promote the formation of
graphite shapes other than spheroids. The subversive effect of these elements,
which include sulfur (21,39,52,74,75,100), oxygen (15,33,46,68,69,100), titanium
(21,43,70,71,100), arsenic (21,33,44,100), tin (21,33,70,71,100), antimony
(15,21,42,44,70,71,100), lead (15, 21,33,44,70,71,100), bismuth (21,33, 44,70,100),

zirconium (33, 71,100), tellerium (33,44,100), and aluminium (21,33,70,71,100) are
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known to increase with atomic weight, binding energy to graphite, and
concentration, and to decrease as the solubility of the element in iron increases
(33,100). The maximum permissible amounts of the subversive elements in ductile
iron have been proposed by various investigators and are listed in Table 2.1

(33,100).
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Table 2.1 Maximum permissible amounts of subversive elements treated with Mg-

Ce additions and with Mg additions in ductile iron (39,100)

Elements | Treated with Mg-Ce additions | Treated with Mg additions (wt %)
(wt %)

Bi 0.003 0.005 0.006-0.01
Pb 0.009 0.010 0.014
Sb 0.026 0.010 0.015
Te - 0.050 -

Sn 0.130 - -

As 0.080 - -

Se - 0.050 -

Ti 0.040 0.080 0.150
Cu - 0.400 -

Al 0.300 - 0.500

The following equation attempts to quantify the influence of the subversive
elements on the graphite structure in magnesium treated melts and an alloy

parameter K, is defined as follows:
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o HACATI) +2.0%AS) +2.3(Sn) +5.0(%Sb) + 290(%PD) +3.70(%B) + L6(%A) -
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The parameter K,is above 47.5 for gray iron, below 8.5 for ductile iron, and

intermediate value for compacted graphite iron (21,100). It is pointed out that the
accuracy of this formula is limited because it does not include the influence of
sulfur, oxygen, and cerium, the latter of which is important because it combines
with subversive elements and removes them from solution in the melt (15, 46, 72,

100).

Subversive elements have been hypothesized to influence graphite growth either by
concentrating at the solidification front and serving as a barrier to the diffusion of
carbon atoms, or by modifying the kinetics of carbon atom attachment to the

graphite faces (15, 33, 73, 74, 100).

Several reviews have been written (15, 33, 75, 76, 100) that summarize the
hypotheses which attempt to rationalize the various graphite morphologies. These
hypotheses can be divided into two categories: one based on thermodynamic
considerations pertaining to the changes in surface/interfacial energy, and the other
based on kinetic considerations pertaining to differences in the atom attachment
kinetics on the different crystallographic faces. Among these theories are the

following (100):

1. Graphite spheroids form as a result of an attempt to minimize the graphite-

melt interfacial area (48,100).
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2. Spheroid formation depends on the absence of certain surface-active
elements which alter the relative interfacial energies of the crystallographic faces of
graphite (77-83,100). Graphite, regardless of its morphology, grows by the addition
of carbon atoms to the crystallographic plane with the lowest interfacial energy with
the melt. Surface-active elements typically present in gray iron, such as sulfur and
oxygen, provide prism planes with the lowest interfacial energy by being adsorbed

onto them, and thereby, promote a-axis growth (79, 100).

3. A high surface tension of the melt is a necessary condition for spheroidal
graphite formation (83, 84, 100). The high surface tension is attained by the
removal of surface-active elements dissolved in the melt by chemical reactions with

nodularizing elements such as magnesium.

4. Spheroidal graphite grows by the extension of basal planes by a screw
dislocation mechanism. The adsorption of impurities at the steps of these
dislocations promotes the extension of the prism planes, resulting in flake graphite

(33, 47, 68, 69, 85-87, 100).

5. Sulfur and oxygen are adsorbed on the prism face of the graphite crystal and
produce an atomically rough, highly mobile nonfaceted interface with liquid iron.
Coupled eutectic growth and an interconnected flake structure is produced. Removal
of sulfur and oxygen by nodularizing elements results in the formation of an
atomically smooth, faceted prism face. Spiral defect controlled growth occurs on the

closer packed basal planes and spheroidal graphite is produced (38, 100).
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The first three hypotheses are thermodynamic arguments, while the fourth and fifth
are based on kinetics. It has been shown (88, 100) that the thermodynamic
arguments are not valid for graphite particles greater than one micron; the average
graphite spheroid in ductile iron is ten microns in size. Therefore, these theories, if
at all applicable, are probably operative only for graphite nodules less than one

micron in diameter (100).

The hypo-theses based on atom attachment kinetics appear to have more validity.
Crystal growth theory indicates that high energy, high index faces will grow the
fastest initially (89, 100) and that the crystal will be bounded by the low index, low
energy faces that grow by step sources. The particular growth mechanism that
provides the maximum rate of decrease of free energy per unit volume will be the
one preferred. A screw dislocation on the basal plane, apparently, provides the

necessary requirements (38, 90, 100).

The presence of the screw dislocation increases the mobility of the faceted basal
plane and carbon atoms are added preferentially to the basal plane in melts free of
impurities such as sulfur and oxygen. Impurities promote the formation of a non-
faceted prism plane; hence the growth rate of the graphite in the direction of the
prism pole is substantially greater than that in the direction of the basal pole (100).
The proposed interaction between the step sources and impurities are in substantial
agreement with the fundamental knowledge of crystal defect-impurity interactions
(91-97, 100), and are consistent with the large influence of trace elements in the

melt on graphite morphology.
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2.3 Thermodynamic Considerations of Cast Irons

The sulfur and oxygen dissolved in Fe-C-Si alloys promote the growth of flake
graphite (47, 68, 69, 100, 104). The virtually complete removal of sulfur and
oxygen by treatment with magnesium and rare-earth containing ferro-alloys
produces spheroidal graphite. Thus, it is important to determine if excess sulfur and
oxygen were present in the treated iron, or if the addition of magnesium and rare-
earth elements neutralized the effect of the sulfur and oxygen by chemical

combination to form oxides and sulfides (100, 104).

The thermodynamics of the reactions that form sulfides and oxides during treatment
of molten iron with magnesium and rare-earths indicate that the rare-earth elements
will react first to form an oxysulfide of the following composition: RE, O, S.
Because the oxygen content of molten Fe-C-Si alloys is very low, approximately
0.0005 to 0.008%, the amount of RE, O, S that forms is insignificant. The next
reaction product to form is a rare-earth sulfide. Several investigators have
established that RE; S, is the most stable sulfide formed in molten iron after
treatment with rare-earths. If excess sulfur is still present, then the sulfur will react

with magnesium to form MgS. Therefore, the following reaction sequence occurs

(100, 104):
1) 20+S+2RE=(RE,0;S) 2.2
2) 3S+2RE  =(RES) 2.3
3 S+Mg  =(MgS) 2.4
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As previously indicated, the amount of RE ,0, S formed is insignificant because of
the low oxygen content present in Fe-C-Si alloys. Therefore, reactions two and

three were used to determine the following equation for the excess sulfur, AS:

AS = final %S - 0.34(%RE) - 1.33(%Mg) 2.5

Two assumptions were made in determining the above formula for AS: 1) The total
rare-earth content of the iron was equal to twice the cerium content of the iron
because the rare-earth content of most ferro-alloys is equal to twice the cerium
content (72,100,104), and 2). The atomic weight of all the rare-earths is equal to
140, which is the atomic weight of cerium. This formula effectively normalizes the
magnesium and rare-earth contents of the iron with respect to the sulfur content by
considering the stoichiometry of the sulfides which form during treatment. A
positive value of AS signified the presence of excess sulfur, while a negative value
of AS denotes excess magnesium and/or rare-earth elements. It is pointed out;
however, that free sulfur can exist despite a negative AS value. This free sulfur is
the amount that remains dissolved in the molten iron and is in equilibrium with the
sulfides that have formed. The more negative the as value is, the further the
reaction to form sulfides will be driven to completion, and the less free sulfur will
exist in the melt. The free sulfur is important because it is free to influence the
growth of graphite in cast iron melts. The excess sulfur, AS, was used to determine
the relationship among graphite structures, sulfur, magnesium, rare-earths and the
denodularizing additions (100,104). It has been also concluded that the

recommended range for oxygen activity for the three types of graphite iron, flake,
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compacted and ductile iron are -220 to-130,-320 to -240 and -425 to -350 mV or
respectively at eutectic temperature ranging from 1110 to 1160 °C which equal to

0.0058 to 0.0250, 0.0011 to 0.0042 and 0.0002 to 0.0007 ppm at 1160 °C (102).

2.4 Overview of Thermal Analysis

In the production of cast iron, thermal analysis application has been instrumental in
the prediction of microstructure characteristics, chemical composition and
mechanical properties of cast iron, either gray or ductile. Thermal analysis ability
to detect events associated with solidification characteristics of the iron has been
largely utilized as an on-line quality control tool for cast iron foundries. While on
the one hand the values of critical temperatures are generally accepted as an
important quality control tool, M. D. Chaudhari et al [5], on the other hand the
cooling curve shape is also applied to cast iron characterization on a more

qualitative basis, Ryntz and. Janovvak (6, 103).

In the last decade, statistically based models were developed not only to typify
critical temperature dependence on chemical composition but also to predict
mechanical properties, metal penetration, shrinkage, chill tendencies and eutectic
cell count based on the iron chemistry, Levi et al (7). From the early works by
Humphreys (8), nominally carbon, silicon and phosphorus effects on the arrest
temperatures were studied by means of cooling curves. In that investigation, the
liquidus temperature is correlated to a linear combination of carbon, silicon and

phosphorus contents for hyper-, hypo- and eutectic alloys. Since then many authors
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(9, 10, 11, 12) have developed different models in an attempt to interpret cooling
curves based on statistical analysis of the correlation between critical temperatures,
e.g. liquidus arrest temperatures, eutectic temperatures, etc. and the iron chemical
composition. However, there is a major problem inherent to this method:
unaccounted variables concerning production methods, charge materials, etc. result

in models applicable only to particular foundries or even production lines. (103)

An additional obstacle is the lack of a standard thermal analysis method that would
allow a vis @ Vvis comparison among experiments in different foundries. Indeed,
different thermocouple cup types produce different sets of critical temperatures due
to their dissimilar heat conduction properties. As a consequence, a model
elaborated with a given cup type may not be appropriate for analyzing data acquired
with a different cup type. Hence, further development is needed in order to adjust
statistical models to a more general application either in terms of different

processing methods or thermal analysis procedures.

Moreover, the large amount of data collected during laboratory and industrial trials
will allow for a more thorough investigation of the statistical handling of those data.
Indeed, a more careful statistical analysis including mainly non-linear estimation of
the parameters would be of importance in order to produce a more efficient data

reduction and iron characterization.

In addition, not only the analyzed temperatures are being used as relevant

microstructural indices but also different undercooling differences were proposed as
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indicators of microstructural features. Therefore, thermal analysis can be able to

provide a better characterization of an iron melt on the foundry floor. (103)

2.5 Tensile Property of Compacted Graphite Iron.

The mechanical properties of compacted graphite cast irons have been reported as
being intermediate between those of high grade gray irons and nodular irons of
similar matrix structures (98, 105). Tensile and yield strengths of compacted
graphite irons are equal to, or exceed, those of high strength gray irons and may
approach those of ductile irons. Since the graphite particles are compacted and have
rounded ends, a higher strength than that of flake graphite iron is expected, and
because of interconnection of graphite, compacted graphite iron is not as strong as

ductile iron (105).

Even though the range of strengths varies depending upon chemical composition,
nodularity and section thickness, it is reported (98, 105) that tensile strengths are
45,000-75,000 psi at elongations of 1-6%. Higher strengths are associated with the
amount of pearlite promoting elements, higher nodularity and thinner sections due
to rapid solidification preventing carbon diffusion to form graphite, then leaving a

ferrite matrix (105).

2.6 Thermal Conductivity

The thermal conductivity of all cast irons appears to be controlled by the form,
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amount and distribution of graphite contained in compacted graphite irons enhances
its thermal conductivity when compared with ductile irons (104). Table 2.2 presents
some published thermal conductivity data for cast irons (98, 104) with different
graphite structure. The conductivity of compacted graphite irons was generally
lower than that of flake graphite. However for near-eutectic composition , the
conductivity was comparable to that of low carbon equivalent, high strength gray
cast irons, increased carbon equivalent, flake length, or ferrite content of matrix in
compacted graphite irons with a given nodularity increased the thermal conductivity

of metal (104).

Table 2.2. Thermal conductivity values for various cast irons (98)

Property Gray Cast Iron | CG Cast Iron Ductile Cast Iron

Thermal Conductivity 0.105-0.135 0.08-0.12 0.075-0.09
(Cal/cmsec °C)

Other studies (106, 107, 108, 109), gave typical values of thermal conductivity of
different gray and ductile iron grades via temperatures, Tables 2.2 and 2.3 represent

these values for increasing temperatures.

For gray irons, thermal conductivity decreases with temperature. This trend is
observed in many reports (106, 107, 108, 109), although there is no discussion on the

cause of this behavior.
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Table 2.3 Results of thermal conductivity for different grades of gray Irons (108).

Temr())erature Thermal conductivity (W/K.m)
(C)
GJL 150 GJL200| GJL 250 GJL300| GJL350| GIJL 400
100 52,5 50,8 48,8 47,4 45,7 44,0
200 51,5 49,8 47,8 46,4 44,7 43,0
300 50,5 48,8 46,8 45,4 43,7 42,0
400 49,5 47,8 45,8 44 .4 42,7 41,0
500 48,5 46,8 44,8 43,4 41,7 40,0
Table 2.4 Results of thermal conductivity for ductile irons (110)
GGG-35.3| GGG-40| GGG-50| GGG-60| GGG-70| 4 Si-Mo
100 °C 40.2 38.5 36.0 32.9 29.8 25.1
200 °C 43.3 41.5 38.8 354 32.0 27.2
300 °C 41.5 39.8 37.4 34.2 31.0 28.1
400 °C 38.8 37.4 35.3 32.8 30.3 28.6
500 °C 36.0 35.0 33.5 31.6 29.8 28.9

2.6 Multiple Regression Analysis

In the field of cast iron, multiple regression analysis was used to investigate the

relation between thermal parameters and chilling tendency, the results of a previous

investigation were reanalyzed using more comprehensive statistical method, the

reason of that was to provide a foundry men with a strong, accurate and

uncomplicated regression model (111,112), one that can anticipate a give base iron

chilling tendency on the foundry floor based primarily on thermal analysis

parameters (112).
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 WORK PLAN

3.1.1 Effect of Treatment Agents
The treatment agents either FeSiMgCe mish metal or FeSiMg were used by treating
the molten iron base metal with plunger treatment technique at 1450-1500 °C. The

composition of the agent materials are

FeSiMgCe mish metal

%Mg: 5 %$Si : 45 %Ce :2.5 %Fe :balance
FeSiMg
%Mg: 5 %Si : 45 %Fe :balance

3.1.2. Effect of Mg/S Ratio

In order to investigate the effect of Mg/S ratio on the graphite morphology and to
optimize a suitable Mg/S ratio at which compacted graphite dominates in the matrix,
Mg/S ratio was changed in the range 2/3 to 7/1 with each treatment agent, and its

effects on the graphite morphology were investigated for each ratio value.
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3.1.3. Effect of Section Thickness

For this purpose, a standard stepped blocks in a dimension of 50mm x 160mm with
thickness starts from 5mm and increases to 40 mm as shown in figure 3.1 was
produced in green sand molds. The percentage of graphite morphology at every
section was investigated and the optimum composition was identified based on the

formation and percentage of compacted graphite and within all section thickness.

3.1.4. Effect of Oxygen Activity

For being an important factor affecting the final graphite morphology, the oxygen
activity level which is suitable for production of compacted graphite iron was

identified.

3.1.5 Thermal Analysis

The solidification temperatures of the successful chemical composition heats were
determined to be used as a reference during the production process. These critical
temperatures are liquids temperature, solids temperature, lower and higher eutectic

temperature, under cooling and recalescence.

3.2. Characterization of the Cast Iron Alloys Produced.

The examinations and investigations of the effect of the type of treatment agents, the
Mg/S ratio and the section thickness on the compacted graphite morphology were

investigated based on the following:
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3.2.1 Metallographic Examination

Specimens were prepared by grinding and polishing. Percentage of graphite
morphologies were calculated due to simple quantitative approach on photographs.

At most 20% nodularity was accepted.

3.2.2 Tensile Testing.

Specimens were tested by means of tensile testing. Both tensile and fracture strength
in the range of 405-620 MPa for pearlitic iron matrix or 250-380 MPa for ferritic iron

matrix were obtained.

3.2 3 Electrical and Thermal Conductivity Measurements.

For being the distinct characteristic of compacted graphite iron, thermal conductivity
changes were tested by using of suitable set up because of the direct proportion
between the thermal conductivity and electrical conductivity, moreover electrical
conductivity measurements seems to be more practical to carry out, So for this
purpose specimens were machined to a standard dimensions and resistivity were
measured at high temperature as a means to determine the electrical conductivity

changes.

3.3 Regression Analysis.

In order to correlate the Mg/S ratio, the oxygen activity, undercooling, fracture

strength and thermal conductivity for all heats (in which 80% of compacted graphite
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was observed) multiple regression analysis was performed.

A step block casting in green sand with 5, 10, 20, 40, mm thick steps as illustrated in
Figure 3.1 were used to produce compacted graphite iron alloys to perform physical,
mechanical and metallographic investigations. The tensile test bar with a dimension
shown in Figure 3.2 and standard spectrometer analysis forms were produced with

different chemical compositions on the base of different Mg/S ratios.

In this study, Sorel and steel scrap were use as charge material, either FeSiMgCe

misch metal or FeMgSi were used as an agent material and Cu was used as an

alloying element to control the pearlitic matrix.
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Figure 3.2 Dimensions of the cast tensile test bar machined
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3.4 Charge Calculation

The main ingredients of the alloy charge used for induction furnace heats were Sorel
and steel scrap in the proper proportions to bring about the desired carbon content of
the heats. About 17 Kgs of charge was prepared at every heat. The silicon content
of the base iron was adjusted by the additions of 75% ferrosilicon taking into account
the expected silicon pick-up during post inoculation in addition to the expected
silicon recovery rate. All compacted graphite cast iron heats were treated with
Denodul FeSiMgCe misch metal or FeSiMg, and post inoculated with a 0.5% of 75%
ferrosilicon before delivery. A typical charge calculation is shown in Table 3.1

through Table 3.3

Table 3.1.Aimed values of carbon equivalent, total carbon and silicon

Aimed carbon equivalent 4.13 to4.47 %
Aimed total carbon 3.30 t03.90 %
Aimed Silicon 2.00 t02.70 %

From 12521 gm of Sorel, 549 gm of steel, 90 gm of FeSi, 380 gm of FeSiMg as
treatment material and 160 gm of Copper with 30 — 33 % Mg recovery we can get

the following tabulated values Table 3.2 and 3.3
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Table 3.2 .Calculated values of silicon, Mg/S ratio and copper

Carbon

Silicon

Mg/S ratio

Copper

3.90%

2.40%

4.4

1.16%

Table 3.3. Example for a charge used in experiments

Materials Amount.(gm ) | T.C (%) Si (%) Mg (%) S (%))
Sorel 9000 3.311 0.5698 0.00385 0.00931
Steel 533 0.011 0.0008 - 0.0008
Denodul 316 - 0.1125 0.01375 -
FeSi 78 1.36 - -
Post 0.5% of total 0.375 - -
inoculant weight

Cu 123 - - 0.497
Total 10.10 3.172 2.4181 -0.0324 0.507117

Based on the above example, a suitable Excel computer program was used to

calculate the required charge quantity containing different ratio of Mg/S.

3.5 Melting Procedure

Once the charge materials, Sorel and steel scrap, were prepared and calculated, they

were placed in induction furnace. After having molten metal, alloying materials such

as Cu and FeSi were added to the furnace. In the stage of spheroidizing treatment,

FeSiMgCe Misch metal or FeSiMg metal was added by plunging method with the

plunger ladle shown in Figure 3.3.

34




The treatment was made at temperatures of 1450-1500 °C. Post inoculation was
accomplished by adding 75% foundry grade ferrosilicon (lump size is between 1-2
mm) on top of the molten metal in the ladle. The post inoculation time was hold in
all castings. Holding time, post inoculation temperature and pouring temperature
were recorded as shown in Table 3.1.

In order to mark which specimen belongs to which particular casting, codes were

given to the samples. The sample codes are shown in Table 3.2.

3.6 Metallographic Examinations

3.6.1 Sample Preparation and Optical Microscopy Studies

The metallographic specimens were taken from each section of stepped block.
Specimens were prepared by using 120, 220, 320, 400, 500, 600, 800, and, 1200
mesh of abrasive emery papers and polished by the use of METASERV universal

polisher equipment as shown in Figure 3.4.

3.6.2 Image Analyzer Study

The specimens were examined by optical microscope which is shown in Figure 3.5,
and the prepared metallographic specimens were also examined by using CLEMEX
Image Analyzer System which is shown in Figure 3.6. By this system, the % of
graphite area was determined on the polished surface of the specimen and total
graphite area % was determined form different regions of the specimens. According
to the results, average graphite area was calculated in terms of total area for each

type of graphite cast iron.

35



Table 3.4. Treatment details

Code | Treatment | Treatment | Treatment | Holding time after | Pouring
No Method | Time (Sec.). | Temp. °C | treatments (Sec.) Temp. oC.

1A Plunger 300 1450 70 1425
4A Plunger 480 1455.6 100 1467.1
5A Plunger 330 1463.3 78 1435.3
8A Plunger 420 1450 90 1400
4B Plunger 360 1450 60 1400
5B Plunger 300 1465 75 1452.6

a) 540 1450 60 1430
6B* Plunger

b) 840 1450 60 1420
7B Plunger 420 1460 90 1425
8B Plunger 360 1467.1 90 1425
6B Plunger 400 1472 90 1473

3.6.3 Chemical Analysis

The chemical analysis of the specimens was carried out in ICF and in ERKUNT A.S

laboratories. OBFL spectrometer in Erkunt was used for chemical analysis which is
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shown in Figure 3.7, and the results were taken based on the average of four different

positions within the same specimen.

Table. 3.5. Descriptions of codes

Code Descriptions

Mg/S ratio is 0.50

Mg/S ratio is 0.70

Mg/S ratio is 1.00

Mg/S ratio is 2.00

Mg/S ratio is 3.00

Mg/S ratio is 4.60

Mg/S ratio is 5.30

Mg/S ratio 1s6.50

Trail made by using FeSiMg Ce mish metal as a Treatments agent
Trail made by using FeSiMg as a Treatments agent
5 mm section thickness

10 mm section thickness

20 mm section thickness

40 mm section thickness

0Q O P> 003 N W —

Example: 1Bg is a sample taken from 40 mm section thickness of the trial of FeSiMg

treatments in which the ratio of Mg/S is 0.50.

3.7 Oxygen Activity Measurements

The measurement of active oxygen was done on by Celox Foundry device
manufactured by Heraeus Electro-Nite Company shown in Figure 3.8. This device
with a sensor is used for measurements of active oxygen. It is carried out based on
the use of electro-chemical cell in combination with a thermocouple working with

the principle of Nernst’s law:
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13580 —10.08(E +24)
T

loga(o) =8.62 - 3.1

Where T is the bath temperature in °K, E is the EMF in mV and a (o) is the oxygen

activity given in ppm.

Figure 3.3 Plunger method used for CG iron production
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Figure3.4. METASERY universal polishers

Figure3.5. Optical microscope
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Figure 3.6. CLEMEX image analyzer system.

Figure 3.7. OBFL spectrometer.
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Figure 3.8 Heraeus Electro-Nite Celox foundry device with vibrating lance

3.8 Thermal Analysis

undercooling (TEU), solidus temperatures (TS).

Thermal analysis is the process of determining the temperatures at which the phase
transformation and a change in the atomic arrangement takes place by observing the

critical temperature such as eutectic temperatures ( TE), temperature of eutectic

difference between eutectic temperatures and temperature of eutectic undercooling
and recalescence which is the difference between the solidus temperatures and

temperatures of eutectic undercooling. These critical temperatures are shown in

Figure 3.9.
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3.9 Tensile Strength Measurements

The as cast tensile test bars were first machined into the dimensions as shown in
Figure 3.2 in order to get ready for tensile test, then the bars are subjected to tensile

test by using ALSA universal testing machine which is shown in Figure 3.10.

3.10 Thermal Conductivity Measurements

As a distinguishable characteristic of compacted graphite iron, thermal conductivity
changes with each heat and with temperature gradients ranging from room
temperatures to 500 °C were measured. This measurement was done in the manner

of measuring electrical resistivity of specimen machined to the dimension shown in

AT=TE-TEU = 1150 - TEU
Recalescence =TER-TEU

Figure 3.9 Schematic of cast iron cooling curve
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Figure 3.10 ALSA universal testing machine used for tensile test

The two point probe resistivity measurement technique shown in Figure 3.12 was
used for high temperature measurements. It consists of 30 cm long and 1.2 cm
diameter alumina tube. Figure 3.13 shows the scheme of the specimen fixing

mechanism used in high temperature resistivity measurements.

This tube has a window close to the bottom as the main part for charging the
specimen. Alumina insulation spaghetti at the bottom of the tube was fixed by
alumina cement. Insulation spaghetti which was able to move up and down was
attached to the open end by using a special mechanism made from brass as shown in
Figure 3.13. Two Pt-Pt/13% Rh thermocouples were passed through the spaghettis

and all these wires were collected at the open end.

43



Samples whose resistivity to be measured were placed between these two lines of
thermocouples and a pressure was applied to get better contacts. With that
mechanism, it was possible to measure resistvity of specimens simply by pumping 1
A constant current through the Pt-Pt/13% Rh wires and detecting the potential drop
in the specimen by means of voltmeter device. The specimen was held at each

temperature measurements for 1 hour to get equilibrium.

- =

20 mm

| —>
5 mm

Figure 3.11The dimensions of the electrical resistivity specimen
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Figure 3.12 The setup used for electrical resistance measurements (101)
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Ptwire | Pt-Pt/13%Rh

Pt.Pt13%Rh | | Pt wire

s

Alumina spaghetti

Alumina pipe

Sample

Alumina spaghetti

Figure 3.13. The sketch of the specimen fixing mechanism used in high temperature

resistivity measurements (101).

As it’s well known, the free electrons are primarily responsible for the electrical and

thermal conductivity of metals and alloys; therefore, the Wiedemann-Franz-Loranz
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Law can be applied to relate the thermal conductivity to the electrical resistivity.

(106) as
ﬂ, 21 2
Pe _ 7 Kz L, 3.1
T 3e

Where A is the thermal conductivity, T is the absolute temperature, p. is the electrical
resistivity, K is the Boltzman constant and e is the electron charge. The constant
72K 2 3.2

L, ==—=2.445x10"wQK ™
3e

The electrical resistance R and electrical resistivity p. are related and given by the

formula
33
R= Pl
A

Where L and A are the length and the cross-section area of specimen respectively.

Therefore, the thermal conductivity is

B 2.445x107 xT x L 34
Rx A

A

3.11 Multiple Regression Analysis

The multiple regression formula is defined as follows:

3.5

Where:

y = dependent variable

k = number of independent variables
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Xj=1 th independent variables, where [ = 1.....k

a = estimated intercept term.

A

b = estimated slope coefficient associated with variable X.

Since the actual computations of multiple regression coefficients can be rather

complex, the formulas and results are correlated and then they are discussed.

The individual steps to yield the formulas from data are not incredibly difficult, but
as the number of independent variables increases, the number of steps increases
very quickly. As a result these computations can become difficult to carry out by
hand. The large number of steps required makes manual calculations time-
consuming and prone to error. Fortunately, today there are numerous computer

software programs available to aid us in performing these calculations.

In this study, Microsoft Excel software program was used to perform multiple
regressions. The dependent variable is either the fracture strength or the thermal
conductivity and the independent variables are the Mg/S ratio, undercooling and

oxygen activity.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 The Effect of Mg/S ratio and the Cooling Rate on the Microstructures of

Heats, Treated with FeSiMg-Cremish Metal or Treated with FeSiMg

The technique employed for producing compacted graphite iron is the plunger
method, and the treatment materials used are FeSiMg cermish and FeSiMg. The
standard stepped blocks were cast and a wide range of graphite morphologies were

observed.

In order to investigate the effect of Mg/S ratio on these morphologies and to find the
appropriate Mg/S ratio at which compacted graphite dominates in the matrix without
the effect of section change, eleven heats were prepared in an induction furnace

having capacity of approximately 17 kg.

At lower Mg/S ratio which was defined by E. Sel¢cuk and Yasar (80) as spheroidizing

potential, Mg/S ratio equal 0.5, 1A heat with the chemical composition shown in the

Table. 4.1 was obtained..
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Table 4.1. The chemical composition of heat 1A

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed - - - - - - -

Calculated | 2.330 | 3.839 | 0.022 | 1.061 | 0.0111 | 0.009 0.0306

In this heat, the graphite growth mode was lamellar growth. At thin sections type E
flake graphite was observed. As section gets thicker, A type was observed. This is
due to low Mg/S ratio. Figures 4.1 through 4.4 show the microstructures of sections

varying from 5 mm to 40 mm.

As Mg/S increases, Mg/S being 2.0, heat 4A was obtained with the chemical

composition shown in the Table. 4.2. In this heat, the graphite morphology was

Table 4.2. The analyzed and the calculated chemical composition of heat 4A

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.03 |2.45 |0.009 | 0.96 |0.004 0.03 0.019

Calculated | 1.699 | 3.839 | 0.022 | 1.061 | 0.0111 | 0.009 0.0306

again in the form of flake graphite. Figures 4.5, 4.6, 4.7 and 4.8 show the

microphotographs of sections varying from 5 mm to 40 mm,; this is reflecting the fact
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that the Mg/S ratio was not sufficient to obtain the compacted graphite.
A 4B heat was made with the chemical composition shown in Table. 4.3. In this
heat, although all the treatment material was changed, the shape of graphite

morphology was also in the form of flake graphite.

Table 4.3 The chemical composition of 4B heat

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.20 |[3.99 |0.11 |0.98 |0.005 0.035

Calculated | 2.226 | 3.943 | 0.023 | 1.143 | 0.0113 | 0.0005 | O

Figures 4.9, 4.10, 4.11 and 4.12 show the microphotographs of sections varying from

5 mm to 40 mm at unetched condition.
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Figure 4.1 Microstructure of specimen, with 1Ad code, Treated with FeSiMg-
Cermish metal, Mg/S: 0.5, Section size: Smm, E type FG, Magnification x100,

Figure 4.2 Microstructure of specimen, with 1Ae code, Treated with FeSiMg-
Cermish metal, Mg/S: 0.5, Section size: 10 mm, E type FG, Magnification x100,
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Figure 4.3 Microstructure of specimen, with 1Af code, Treated with FeSiMg-
Cermish metal, Mg/S: 0.5, Section size: 20 mm, A type FG, Magnification x100,

Figure 4.4 Microstructure of specimen, with 1Ag code, Treated with FeSiMg-
Cermish metal, Mg/S: 0.5, Section size: 40 mm, A type FG, Magnification x100
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Figure 4.5 Microstructure of specimen, with 4Ad code, Treated with FeSiMg-
Cermish metal, Mg/S: 2, Section size: Smm, Type B and A FG, Magnification x500,

Figure 4.6 Microstructure of specimen, with 4Ae code, Treated with FeSiMg-
Cermish metal, Mg/S: 2, Section size: 10 mm, A type FG, Magnification X500,
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Figure 4.7 Microstructure of specimen, with 4Af code, Treated with FeSiMg-
Cermish metal, Mg/S: 0.2, Section size: 20 mm, A type FG, Magnification x500,

Figure 4.8 Microstructure of specimen, with 4Ag code, Treated with FeSiMg-
Cermish metal, Mg/S: 2, Section size: 20 mm, A type FG, Magnification X500,
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Figure 4.9 Microstructure of specimen, with 4Bd code, Treated with FeSiMg, Mg/S:
2, Section size: 5 mm, A type FG, Magnification x500,

Figure 4.10 Microstructure of specimen, with 4Be code, Treated with FeSiMg, Mg/S:
2, Section size: 10 mm, A type FG, Magnification X500,
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Figure 4.11 Microstructure of specimen, with 4Bf code, Treated with FeSiMg, Mg/S:
2, Section size: 20 mm, A type FG, Magnification X500,

Figure 4.12 Microstructure of specimen, with 4Bg code, Treated with FeSiMg,
Mg/S:2, Section size: 40 mm, A type FG, Magnification X500,
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Figure 4.13 Microstructure of specimen, with SAd code, Treated with FeSiMg-
Cermish metal, Mg/S:3, Section size: Smm, 60.7% CG, Magnification X100,

Figure 4.14 Microstructure of specimen, with SAe code, Treated with FeSiMg-
Cermish metal, Mg/S: 3, Section size: 10mm, 98.2.7% CG, Magnification %100,
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Figure 4.15 Microstructure of specimen, with SAf code, Treated with FeSiMg-
Cermish metal, Mg/S: 3, Section size: 20mm, 97.4% CG, Magnification x100,

Figure 4.16 Microstructure of specimen, with 5Ag code, Treated with FeSiMg-
Cermish metal, Mg/S: 3, Section size: 40mm, 99.1% CG, Magnification x100,
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The spheroidizing potential was further increased, and 5A trial was carried out with

the chemical composition shown in Table. 4.4. This further increase in spheroidizing

Table 4.4 The chemical composition of heat SA

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.24 |3.631 |0.010 | 0.881 | 0.003 0.029 0.032

Calculated | 2.01 |3.82 | 0.033 | 0.813 | 0.011 0.00090 | 0.04575

potential gives rise to graphite growth nucleated in the matrix tending to be changed
to spheroidal in thin section and compacted in medium and large sections . This is
due to the high cooling rate in thin section which resulted in reducing the carbon
diffusion and then restricts the growth rate. Figures 4.13 through 4.16 show the

microstructures of sections varying from 5 mm to 40 mm.

At higher spheroidizing potential, Mg/S ratio is equal to 3, with the chemical

composition shown in Table. 4.5. The graphite growth mode was again spheroidal

Table 4.5 The chemical composition of heat 5B

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.12 |3.590 | 0.013 | 1.09 | 0.005 0.033

Calculated | 2.512 | 3.888 | 0.034 | 1.261 | 0.0111 | 0.00057 | 0
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in thin section and compacted in medium and large sections. Figures 4.17 through
4.20 show the microstructures of sections varying from 5 mm to 40 mm. This means
that, under these conditions, compacted graphite iron could be produced in medium

and large sections.

The Mg/S ratio was further increased to 4.68 and 6B heat was made with chemical

composition shown Table 4.6. In this heat, beside the effect of Mg/S ratio on the

Table 4.6 The chemical composition of heat 6B

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.130 [ 3.51 |0.014 | 0.97 |0.003 0.031

Calculated | 2.804 | 3.760 | 0.050 | 1.140 | 0.0108 | 0.00097

graphite morphology, the effect of fading of magnesium on the graphite structures
was also investigated. A 2cm section thickness cast was produced with two different
treatment times, the first treatment time was 9 minute and the second one was 14
minute. Figure 21 and Figure 22 shows the microstructure of this heat. It’s clear

that, the graphite morphology was significantly affected by the treatment time.

The treatment material of the previous charge was modified and 6A heat was

prepared according to the chemical composition shown in Table 4.7. In this heat, the

61



Table 4.7. The chemical composition of heat 6A

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.88 |3.88 |0.012 | 1.26 | 0.0003 |0.031 0.07486

Calculated | 2.654 | 3.846 | 0.052 | 1.221 | 0.0112 | 0.00061 | 0.051

spheroidizing potential, Mg/S ratio equal to 4.648, gives rise to the spheroidal to be
dominating in graphite morphology in the smallest section 5 mm. As section gets
thicker, the compacted graphite morphology appears in the matrix, short stubby and
worm like with round tips. The microstructures of section thickness which are

varying from 5 mm to 40 mm are shown in Figures 4.23 through 4.26.

At higher spheroidizing potential, Mg/S ratio being 5.3 and with the chemical

composition shown in Table 4.8, 7B heat was made. In this heat the graphite shapes

Table 4.8 The chemical composition of heat 7B

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.22 [3.79 |0.018 | 0.85 |0.003 0.033

Calculated | 2.65 |3.90 |0.062 | 0.89 |0.0112 | 0.0001

were spheroidal in the thin section and compacted in medium and large sections.

Figures 4.27 through 4.30 show the microstructures of sections varying from 5 mm
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to 40 mm.

At highest spheroidizing potential, Mg/S ratio reaches to 6.5 and with the chemical
composition shown in Table 4.9, 8 A heat was attained. The microstructures of this
heat are shown in Figure 4.31 through 4.34 for the section size varying from 5 mm to
40 mm. In this heat, the spheroidal graphite shape appears in all sections, however,

as section size gets thicker the degenerated nodules are also observed.

Table 4.9 The chemical composition of 8A heat

%S1 | %C %Mg | %Cu | %S %P %CerMM

Analyzed |2.97 |[3.31 |0.019 |0.96 |0.003 0.037 0.041

Calculated | 2.757 | 3.75 | 0.066 | 1.298 | 0.0108 | 0.00088 | 0.0908

Another heat with the highest spheroidizing potential, Mg/S ratio being 6.5 was
prepared according to the chemical composition shown in Table 4.10. Figures 4.35,
4.36, 4.37, and 4.38 show the microstructures of the section varying from 5 to 40
mm. In section size 5 mm and 10 mm, there are some spheroidizing, however, in the
other sections, section size 20 mm and 40 mm, which are shown in Figure 4.37 and

4.38 respectively, the compacted graphite was observed in high percent in the matrix.
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Table 4.10 The chemical composition of 8B heat

%S1 | %C %Mg | %Cu | %S %P %CerMM
Analyzed |2.71 |3.55 |0.020 | 0.98 |0.003 0.037
Calculated | 2.835 | 3.782 | 0.071 | 1.134 | 0.0109 | 0.00071

In sum, according to the analysis of the metallographic examination of the specimens
having graphite morphology obtained by treating the molten iron either with
FeSiMg-Cermish metal or FeSiMg at different Mg/S ratio, it could be observed that
the graphite morphology is not effected as section changes from 10 mm to 40 mm
and at Mg/S ratio between 3.0 to 5.30 and with 5-7 min treatment reaction time, also
by using either FeSiMg-Cermish metal or FeSiMg as a treatment material, It is

possible to produce compacted graphite having section thickness between 10 mm and

40 mm.
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Figure 4.17 Microstructure of specimen, with 5Bd code, Treated with FeSiMg,
Mg/S: 3, Section size: Smm, 76% CG Magnification X100, Unetched

Figure 4.18 Microstructure of specimen, with 5Be code, Treated with FeSiMg, Mg/S:
3, Section size: 10mm, 95.2% CG Magnification x100,
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Figure 4.19 Microstructure of specimen, with 5Bf code, Treated with FeSiMg, Mg/S:
3, Section size: 20mm, 99.5% CG Magnification x100,

Figure 4.20 Microstructure of specimen, with 5Bg code, Treated with FeSiMg,
Mg/S: 3, Section size: 40mm, 98.9% CG Magnification <100,
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Figure 4.21. Microstructure of specimen with 6Bf code. Treated with FeSiMg,
Mg/S: 4.6, Section size: 20mm, 98.7% CG Magnification X100 and 9 minute

treatment time, 2% Nital etch

Figure 4.22. Microstructure of specimen with 6Bf code, Treated with FeSiMg,
Mg/S:4.6, Section size: 20 mm, 100% Type A FG, Magnification x100 and 14
minute treatment time , 2% Nital etch

67



Figure 4.23 Microstructure of specimen, with 6Ad code, Treated with FeSiMg-
Cermish metal, Mg/S: 4.6, Section size: Smm, 40.6% CG, Magnification X100,

Figure 4.24 Microstructure of specimen, with 6Ae code, Treated with FeSiMg-
Cermish metal, Mg/S: 4.6, Section size: 10 mm, 67.6% CG Magnification x100,
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Figure 4.25 Microstructure of specimen, with 6Af code, Treated with FeSiMg-
Cermish metal, Mg/S: 4.6, Section size: 20 mm, 80 % CG Magnification X100,

Figure 4.26 Microstructure of specimen, with 6Ag code, Treated with FeSiMg-
Cermish metal, Mg/S: 4.6, Section size: 40 mm, 95 % CG, Magnification x100,
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Figure 4.27 Microstructure of specimen, with 7Bd code, Treated with FeSiMg,
Mg/S: 5.3, Section size: 5Smm, 6.5 % CG, Magnification X100,

Figure 4.28 Microstructure of specimen, with 7Be code, Treated with FeSiMg, Mg/S:
5.3, Section size: 10 mm, 94.5% CG Magnification x100,
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Figure 4.29 Microstructure of specimen, with 7Bf code, Treated with FeSiMg,
Mg/S:5.3, Section size: 20 mm, 98.6 % CG, Magnification %100,

Figure 4.30 Microstructure of specimen, with 7Bg code, Treated with FeSiMg,
Mg/S:5.3, Section size: 40 mm, 99.2 % CG Magnification x100,
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Figure 4.31 Microstructure of specimen, with 8Ad code, Treated with FeSiMg-
Cermish metal, Mg/S:6.5, Section size: Smm, 100% SG, Magnification x100,

Figure 4.32 Microstructure of specimen, with 8 Ae code, Treated with FeSiMg-
Cermish metal, Mg/S:6.5, Section size: 10mm, 5.5 % CG, Magnification X100,
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Figure 4.33 Microstructure of specimen, with 8 Af code, Treated with FeSiMg-
Cermish metal, Mg/S:6.5, Section size: 20 mm, 40 % CG, Magnification X100,

Figure 4.34 Microstructure of specimen, with 8Ag code, Treated with FeSiMg-
Cermish metal, Mg/S:6.5, Section size: 40 mm, 50 % CG, Magnification X100,
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Figure 4.35 Microstructure of specimen, with 8Bd code, Treated with FeSiMg,
Mg/S:6.5, Section size: Smm, 78.9 % CG, Magnification %100,

Figure 4.36 Microstructure of specimen, with 8Be code, Treated with FeSiMg,
Mg/S:6.5, Section size: 10 mm, 82.7% CG, Magnification x100,
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Figure 4.37 Microstructure of specimen, with 8Bf code, Treated with FeSiMg,
Mg/S:6.5 section size: 20 mm, 96.3 % CG, Magnification x100,

Figure 4.38 Microstructure of specimen, with 8Bg code, Treated with FeSiMg,
Mg/S:.6.5, Section size: 40 mm, 99.7 % CG, Magnification x100,
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4.2 The Effect of Oxygen Activity on the Microstructures of Cast Irons Treated

with FeSiMg-Cremish Metal and with FeSiMg

In order to investigate the effect of oxygen activity on the graphite morphology and
to find a suitable oxygen activity level at which compacted graphite iron dominates
in the matrix and is not sensitive to the section thickness, a stepped-block casting
shown in Figure 3.1 has been produced with ten different heats having different
Mg/S ratio by treating the base iron with either FeMgSi or with FeSiMg-Cermish

metal.

Heat 1A was prepared according to the chemical composition shown in Table. 4.1.
The shape of graphite morphology was flake graphite. Type E flake graphite as in
the thinner sections, and A type in sections 30 mm to 40 mm .as shown in Figure 4.1

through 4.4

Heat 4A was obtained, in which the ratio of Mg/S is equal to 2, and with the
chemical composition shown in the Table.4.2. The oxygen activity for this trial was
measured as 0.7756 ppm and the EMF was -183.5 mV. The type of graphite
morphology was again flake graphite. Figures 4.5, 4.6, 4.7, and 4.8 show the
microphotographs of sections varying from 5 mm to 40 mm; this is reflecting the fact
that, the oxygen activity should be reduced more and the Mg percentage to reduce

oxygen activity should be increased.
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Another heat was made, heat 4B, with the chemical composition shown in Table. 4.3.
The oxygen activity was measured as 0.7766 ppm, and the EMF was -183.9 mV.
The type of graphite was flake graphite. Figures 4.9, 4.10, 4.11 and 4.12 show the
microphotographs of sections varying from 5 mm to 40 cm. This gave us an
indication that we have to reduce the oxygen activity more by increasing the

spheroidizing elements.

As a result of the pervious heats, the spheroidizing potential was increased and heat
S5A was prepared made with the chemical composition shown in Table.4.4. This
further increase in Mg/S gives rise to graphite shape in the matrix tending to be
changed to spheroidal in thin section and compacted in medium and large sections.
Figures 4.13 through 4.16 show the microstructures of sections varying from 5 mm
to 40 mm. The oxygen activity for this heat was 0.2562 ppm and the EMF was —
245.1 mV which means that this level of oxygen activity is suitable for producing

compacted graphite iron in section of 10 mm to 40 mm.

The previous spheroidizing potential was repeated, and heat 5B with the chemical
composition shown in Table 4.5. Figures 4.17 through 4.20 show the

microstructures of sections varying from 5 mm to 40 mm.

The graphite growth mode was again spheroidal in thin section and compacted in
medium and large sections. The oxygen activity for this trial was measured as
0.3903 ppm and the EMF was -235.3 mV. This means that, with this level of oxygen
activity we can also produce compacted graphite iron at medium and large section by

using FeSiMg as treatment material.
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Heat 6B is a special heat performed to specity the required level of oxygen activity to
produce compacted graphite iron and to also investigate the effect of treatment time
on that final graphite shape. The oxygen activity of the molten metal of this heat was
further reduced to 0.2396 ppm or and with EMF -255.9 mV by the chemical
composition shown Table 4.6. A 20 mm thick casting was produced with two
different treatment times, the first treatment time was 9 minute and the second one
was 14 minute, the microstructure of this heats are shown in Figure 4.21 and Figure

4.22 respectively .

It’s clear that, this level of oxygen activity is suitable for producing compacted
graphite iron at 20 mm section thickness at 9 minute treatment time, but it not
suitable for if the treatment time is increased to 14 minute, therefore, the treatment
time should be considered to evaluate the suitable oxygen activity for producing

compacted graphite iron.

Heat 6A was obtained, in which the ratio of Mg/S is equal to 4.6, and with the
chemical composition shown in the Table.4.7. In this experiment, the oxygen
activity was 0.082 ppm and the EMF was -319.3 mV. Figures 4.23, 4.24, 4.25, and
4.26 show the microphotographs of sections varying from 5 mm to 40 mm.
Compacted graphite dominates in the medium and large thickness section, however,

in the thinnest section spherodial graphite is still appears .
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At higher reduction of oxygen activity, the oxygen activity being 0.1975 ppm and the
EMF being -266.8 mV, heat 7B was attained with the chemical composition shown
in Table 4.8 .the graphite type was spheroidal in thin section and compacted in
medium and large sections. Figures 4.27 through 4.30 show the microstructures of
sections varying from 5 mm to 40 mm. It means that, this level of oxygen activity
could be included to the suitable level for producing compacted graphite iron in

medium and large section.

Having the chemical composition shown in Table 4.8, heat 8A was carried out which
results in reducing the oxygen to 0.0596 ppm or 3373.4 mV EMEF. In this heat the
spheroidal graphite shape dominates in all sections. Figures 4.31 through 4.34 show
the microstructures of sections varying from 5 mm to 40 mm. This means that, this
level of oxygen activity is not suitable to produce compacted graphite shape in small

or in large sections.

Heat 8B was carried out, with the composition shown in Table 4.10, by using
FeSiMg as a treatment material, the oxygen activity was reduced to 0.2396 ppm or to
-278 mV EMF. The graphite shapes which were attained at section size varying

from 5 mm to 40 mm are shown in Figure 4.35 through 4.38.

In the small section, 5 mm, the spheroid graphite still appears, however in the other
sections, the compacted graphite irons dominates in the matrix. This means that by
this level of oxygen activity is suitable to produce compacted graphite morphology in

medium and large section size.
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Two different treatments material were used, FeSiMg-Cermish metal and FeSiMg, it
was observed that, using FeSiMg-Cermish metal as a treatment material to produce

compacted graphite iron reduces the oxygen activity more than FeSiMg .

The reason for that is due to existence of both Mg and Ce as nodulizing elements in
FeSiMg-Cermish, while in the FeSiMg only Mg is acting as nodulizing element.

Figure 4.39 shows the influence of the type of treatment material on the oxygen

activity.
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Figiure 4.39 The effect of type of treatment material on the oxygen activity
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After presenting the results, it could be summed as below:

1. High level of oxygen activity results in producing flake graphite and low level
results in ductile iron. The level of oxygen activity required to produce compacted

graphite iron is in between that ratio of flake graphite and ductile iron.

In this study, the range of this level of oxygen activity is from 0. 2030 ppm to 0.0203
ppm and other chemical composition should be in the following range of 3.0-4.0 %C,

2.0-2.8%S1, 0.018% max. S.

2. Oxygen activity level necessary to produce compacted irons is very critical and is
difficult to be controlled; the reason is that, this level is highly sensitive to the liquid

alloy temperature. Increasing the melt temperature will increase the oxygen level.

3. Measuring the oxygen activity is an essential method to evaluate cast iron melts

and to increase the reliability of the compacted graphite cast iron production process.

4. The treatment material which contained more nodulizing elements results in
reduction of oxygen activity more than that which contain less nodulizing elements,
therefore the type of treatment material is also an important variable affecting the

formation of the graphite shape
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4.3 The Relationship between Microstructure and Cooling Curves

The solidification of compacted graphite iron is a function of many factors, such as,
the solidification rate, (section size of casting), chemical composition of the base
materials, and the amount of nodulizing elements (105). In this section, by using
Multi-Lab Quik-Cup device, the cooling curves obtained during solidification were

investigated and the critical temperatures were analyzed.

Heat 1A was prepared with the chemical composition shown in the Table. 4.1. In
this heat, the graphite growth was in the form of lamellar graphite in thin section, and
type E flake graphite was observed in the thinner section, and as section gets thicker,
in sections 30 mm to 40 mm, A type was observed, as shown in Figure 4.1 through
4.4. The cooling curve of this heat is shown in Figure 4.38. The under cooling, AT,

of this heat was -6 °C with a recalescence of 8.5 °C.

In the heat 4A, the cooling curve shown in Figure 4.41, the undercooling AT and the
recalescence were equal to -2.4 and 8.6 °C respectively with by the chemical
composition shown in the Table. 4.2. The type of graphite morphology was again in
the form of flake graphite iron. Figures 4.5, 4.6, 4.7, and 4.8 show the
microphotographs of sections varying from 5 mm to 40 mm; this is reflecting the fact
that, neither AT nor recalescence is suitable for production of compacted graphite

iron.
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Another heat was made, heat 4B, with the chemical composition shown in Table. 4.3.
The cooling curve for this heat is shown in Figure 4.42, it’s AT was -9.6 °C, and the
recalescence was 5.4 °C. In this heat, the type of graphite was type A flake graphite.
Figures 4.9, 4.10, 4.11 and 4.12 show the microphotographs of sections varying from
5 mm to 40 mm. This gave us an indication that we have to increase AT more by

increasing the spheroidizing elements.

As a result of the pervious heat, the undercooling was increased by increasing the
spheroidizing potential, and heat SA was made with the chemical composition shown
in Table. 4.4. Both the undercooling and recalescence were reduced to +6 °C, and 7.5
OC respectively. Figure 4.43 shows the cooling curve of this heat, this further
reduction of under cooling gives rise of graphite in the matrix tending to be changed
to spheroidal in thin section and compacted in medium and large sections. Figures
4.13 through 4.16 show the microstructures of sections varying from 5 mm to 40
mm. This means that, these values of AT and recalescence are suitable for producing

compacted graphite iron in the 10 mm section thickness to 40 mm.

Heat 5B with the chemical composition shown in Table 4.5 and with the previous
spheroidizing potential was repeated. The graphite shape was again spheroidal in
thin section and compacted in medium and large sections. Figure 4.13 through 4.16
show the graphite morphology for the section size varying from 20 mm to 40 mm
and Figure 4.44 shows the cooling curve of this heat. AT and recalescence were
calculated, AT was +4.5 °C and the recalescence was 8.2, °C, this means that, under

the other working conditions and by this value of AT and recalescence we can also
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produce compacted graphite iron at medium and large sections by using FeSiMg as

treatment material.

Heat 6B with the chemical composition shown Table 4.6 was carried out. A 20 mm
thick casting was produced with two different treatment times, the first treatment
time was 9 min and the second one was 14 min, the microstructure of this heat are
shown in Figure 4.17 and Figure 4.18 respectively, and their cooling curve are shown
in Figure 4.45 and Figure 4.46 respectively. The undercooling AT and the
recalescence for the solidified molten metal were further reduced to +4.8 °C and 6.8
OC for the 9 minute treatment time; on the other hand, these values were increased to
-12.0 °C and 8 °C for the 14 minute treatment time. This means that, the treatment
time has a significant effect on the value of undercooling and then effects the
graphite morphology, therefore, under this condition of Mg/S ratio being 4.64,
treatment time being 9 minute, AT being +4.8 °C and recalescence being 6.8 °C , the

compacted graphite iron could be produced at 20mm section thickness.

Another heat, heat 6A, was carried out with the chemical composition shown in
Table 4.7. Figures 4.23 through 4.26 show the microstructure of the sections varying
from 5 mm to 40 mm; the cooling curve for this heat is shown in figure 4.47. The
undercooling of this heat was +7.9 °C and the recalescence was 6.9 °C, considering
all the other condition together with this value of undercooling, the analysis of the
graphite morphology gives rise to the spheroidal to be the dominate phase in graphite

morphology in the smallest section, 5 mm.
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However, as section gets thicker, the compacted graphite morphology increases in
the matrix, short stubby and worm like with round tips, which again means that,
under these conditions compacted graphite could be produced in medium and large

sections.
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Figure 4.40 Cooling curve of heat 1A, Treated with FeSiMg-Cermish metal, Mg/S:

0.5, AT:8 OC, recalescance: 8.5

85



1400 w

1350 1

C

—
w
o
o

1250

1200 -

Temperature (

1150 -

1100 \ \ \ \
0 50 100 150 200

Time ( Sec.)

Figure 4.41 Cooling curve of heat 4A, Treated with FeSiMg-Cermish metal, Mg/S:

0.5, AT:8 0C, recalescance: 8.5
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Figure 4.42 Cooling curve of heat 4B, Treated with FeSiMg, Mg/S: 2, AT:8 oC,
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Figure 4.43 Cooling curve of heat 5A, Treated with FeSiMg-Cermish metal, Mg/S:

3, AT:6 °C, recalescance: 8.5 °C
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Figure 4.45. Cooling curve of heat 6B with 9 min. treatment time, Treated with

FeSiMg, Mg/S: 4.46, AT:4.8 °C, recalescance: 6.8 °C
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Figure 4.46. Cooling curve of heat 6B with 14 min. treatment time, Treated with

FeSiMg, Mg/S: 4.46, AT:-10 °C, recalescance: 8 °C
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Figure 4.47 Cooling curve of heat 6A, Treated with FeSiMg-Cermish metal, Mg/S:

4.46, AT:7.9 0C, recalescance: 6.9 °C

A higher reduction of undercooling developed out with heat 7B; the chemical
composition of this heat is shown in Table 4.7. T he graphite form was spheroidal in
thin section and compacted in medium and large sections. Figures 4.19 through 4.22
show the microstructures of sections varying from 5 mm to 40 mm, and Figure 4.48
shows the cooling curve of this heat. The value of under cooling and the recalescence
of this heat were measured, AT was +5 °C and the recalescence was 6 °C. It could be
concluded that, these value of under cooling and recalescence are optimum values for

the foundry men to produce compacted graphite iron in medium and large section.
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By using the chemical composition shown in Table 4.8, heat 8A was carried out, the
results show that, the value of AT is further reduced to +16 OC and the recalescence
was also reduced to 4.5 °C. Figure 4.49 shows the cooling curve of this heat and
Figures 4.23 through 4.26 show its microstructures of sections varying from 5 mm to
40 mm .In this heat, the spheroidal graphite form dominates in all sections .This
means that this level of AT and the recalescence are not suitable to produce

compacted graphite iron.

Heat 8B was done with the chemical composition shown in Table 4.10, Mg/S ratio
being 6.5, Figure 4.48 shows the cooling curve for this heat, AT, the under cooling
equal to +5.3 °C and the value of recalescence equal to 6.7 C°, and Figures 4.35,
4.36, 4.37, and 4.38 show the microstructures of the section varying from 5 mm to 40
mm. In section size 5 mm and section size 10 mm, there is spheroidal graphite in the
matrix, however, in the other sections, 20 and 40 mm which are shown in Figure 4.37

and 4.38 respectively the compacted graphite dominates in the iron matrix.

It is clear from the previous calculation of AT and the investigation of microstructure
that, there is strong relation between the undercooling of the solidified molten iron
and the graphite morphology of the cast iron, the negative value of undercooling, will
lead to flake graphite formation, on the other hand., higher value of undercooling,
higher than or equal to +16.0 °C, by using of FeSiMg-Cermish metal, will result in
ductile iron formation. The level of AT to produce compacted graphite iron should

be in between of those of flake graphite iron and those of ductile iron.
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Also from the cooling curves, it can be seen that, the recalescence is increasing as the
nodularity is decreasing. Also, when FeMgSi or FeMgSi-Cemish metal was used as
a treatment material, the recalescence was increased as the nodularity decreased.
Figure 4.49 and 4.50 show how the recalescence is increased when the Mg/S ratio is

decreased.

In sum, the analysis of these cooling curves and the microstructures for each group
are shown in Table 4.11. The variation of the undercooling of each type of graphite
could be explained based on the mechanism of compacted graphite formation, it was
concluded that, at low level of Mg/S ratio, the presence of free oxygen and sulfur in
the melt produces a nonfaceted graphite face. The nonfaceted prism is highly mobile
and the carbon atoms are added primarily to this face without much undercooling.
On the other hand high level of Mg/S ratio ties up the free oxygen and sulfur which
causes the formations of faceted prism, and high undercooling is required for the
carbon atoms to be added to this face. Compacted graphite can be considered as a
transition product between flakes and spheroid. In addition, there is a strong
correlation between the microstructures of the step blocks specimens with both the

undercooling and the recalescence in the cooling curves.
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Figure 4.48 Cooling curve of heat 7B, Treated with FeSiMg, Mg/S: 5.30, AT:5 °C,

recalescance: 7 °C
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Figure 4.49 Cooling curve of heat 8A, Treated with FeSiMg-Cermish metal, Mg/S:

6.30, AT:16 OC, recalescance: 4.5 °C
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Table 4 .11 Heat code, recalescence, undercooling and graphite form

g(?g:: Recalescence AT Graphite form
1A 8.5 -8 FGI

4A 6.9 2.4 FGI

4B 9 -8 FGI

5A 7.5 6 SGI and CGI
5B 8.2 4.5 SGI and CGI
6B1 6.9 4.8 CGI
6B2 8 -10 FGI

6A 6.9 7.9 SGI and CGI
7B 7 5 SGI and CGI
8A 4.5 16 SGI

&B 6.7 53 SGI and CGI
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In sum, the larger the undercooling, AT being greater than or equal to +16 °C, the
higher the chance to get spheroidal graphite iron, on the other hand, the smaller the

under cooling, AT being positive, the higher possibility to get flake graphite.

The undercooling for compacted graphite iron has a value between those of
spheroidal and flake graphite i.e., the AT range is +4.5 to +8 °C. Decreasing

recalescence is a good indication of the nodularity.

The type of treatment material being used is also has an effect on the behavior of the
cooling curve, i.e. the treatment material which contains more spheroidizing
elements can increase the undercooling more than materials containing few
spheroidizing elements Moreover, it was observed that, using FeSiMg-Cermish

results in reducing the under cooling more than FeSiMg treatment alloy.

4.4 The Effect of Graphite Morphology and Iron Matrix on the Tensile Strength

Due to the fact that the combined effect of graphite morphology and matrix structure
on tensile strength is one of the most important variables for engineering applications
of compacted graphite iron, therefore, the effect of graphite morphology and matrix

structure on the tensile properties is discussed below.

For all heats the tensile test bars were produced and tensile tests were preformed.
The alloying elements which are affecting the graphite morphology, such as
magnesium sulfur and copper, were considered to investigate their on tensile
strength. In all heats the iron matrix was controlled by the addition of copper to get

pearlitic matrix.
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Table 4.12 shows effect of Mg/S ratio and hence the graphite morphology on tensile

strength of the heat treated alloys either by FeSiMgCermish metal or FeSiMg.

It was also observed that, there is direct relation between the Mg/S ratio and the
tensile strength, this is due to the effect of Mg/S on the graphite morphology which
controls the tensile strength .As it was explained previously, there are specific ranges
in which the different types of graphite type could be obtained. Therefore, the range
of Mg/S ratio in which the spherodial shape of graphite is presented shows the

highest value of tensile strength.

Moreover, the type of treatment material is also an important factor affecting the
tensile strength. Using treatment material which contains more nodulizing elements
in its composition results in higher tensile strength. This is due to the increasing
number of the spheroidal graphite in the matrix where the compacted graphite is

dominant.

In the highest ratio of Mg/S, Mg/S being 6.5, there was significance difference in the
tensile strength, that’s due to the difference in the graphite morphology which was
completely spheroidizing in the cases of using FeSiMg-Cermish metal and
compacted graphite in the case of using only FeSiMg as treatment material. Figure
4.52 shows the relationships between the Mg/S ration and the tensile strength for

each type of treatment material.
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Table 4.12 Tensile test and matrix structures results

Trial code UTS(MPa) Matrix structures

1A - -

4A 123.9 -

SA 430.4 Pearlitic
6A 450.7 Pearlitic
8A 797.8 Pearlitic
4B 111.2 -

5B 420.5 Pearlitic
6B 424.6 Pearlitic
7B 428.2 Pearlitic
8B Pearlitic
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It was observed that, flake graphite showed the lowest tensile strength value, this is
due to the needle shape in which the stress concentration is the highest among the
other types of the graphite. The value of tensile strength was the highest in ductile
iron, this because of the sphere shape of graphite in which the stress concentration is
in the lowest value. Compacted graphite iron showed an intermediate value of

tensile strength between those of flake and ductile iron.

4.5 Electrical Resistance and Thermal Conductivity Measurements at Elevated

Temperatures

With the purpose of attainment of high temperature strength and high thermal
conductivity, the essential property for the exhaust manifolds, the producers continue
with their effort in the development of material in which those properties are
achieved simultaneously. First, ductile iron was the choice for the manifolds.
However, this type of cast iron requires tighter control in the foundry to minimize the
production defects such as casting cold shuts, misruns and undesirable carbide
formation. Therefore, compacted graphite iron was a suitable alternative while it did
not show localized distortion. Thus, the worldwide production of compacted graphite
cast iron has been significantly increased to be used in the production of automotive

parts such as, exhaust manifold, break drums and discs.

Thermal conductivity is a structure sensitive and varies with graphite shape and
temperature. Therefore, in order to qualify the effects of these factors on the thermal

conductivity, the samples from heats 4A, 6A and 8A, in which the graphite shapes
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are flake, compacted and ductile respectively, has been selected for the analysis,

based on measuring the electrical resistance against temperature.

As it was stated previously in chapter three, the temperature range is from room
temperature to 500 °C. The 500 °C temperatures was selected because it has some
significance in that, the surface temperature of components like piston rings and

exhaust manifolds are expected to be around 500 °C.

The measured electrical resistance against temperature for the specimens of 4A, 6A

and 8A is presented in Table 4.13 through 4.15 and Figures 4.52, 4.53 and Figure

4.54 show the thermal conductivity estimated by Wiedemann — Franze — Loranz law.

Table 4.13. The electrical resistance of 4Ad, e, fand g.

Temperature Electrical Electrical Electrical Electrical

(K) Resistance Resistance Resistance Resistance
x10°of IAd | x10°of IAe | x107° of IAf | x107 of 1Ag
Q) Q) (9) ()

298 0.119 0.121 0.123 0.125
323 0.128 0.13 0.135 0.136
373 0.154 0.152 0.156 0.158
423 0.173 0.176 0.176 0.180
473 0.193 0.197 0.199 0.204
523 0.216 0.218 0.221 0.223
573 0.238 0.241 0.246 0.251
623 0.258 0.264 0.266 0.272
673 0.281 0.286 0.289 0.295
723 0.296 0.304 0.312 0.316
773 0.322 0.328 0.334 0.338
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Table 4.14. The electrical resistance of 6Ad, e, fand g.

Temperature Electrical Electrical Electrical Electrical

(K) Resistance Resistance Resistance Resistance
x10° of 2Ad | x107° of 2Ae | x107° of 2Af | x107 of 2Ag
@ @) @) ()
298 0.199 0.171 0.168 0.161
323 0.215 0.185 0.181 0.175
373 0.235 0.211 0.209 0.200
423 0,28 0.241 0.234 0.229
473 0.311 0.266 0.264 0.255
523 0.333 0.292 0.289 0.280
573 0.373 0.319 0.316 0.306
623 0.408 0.348 0.341 0.335
673 0.428 0.371 0.366 0.360
723 0.457 0.400 0.392 0.384
773 0.516 0.425 0.422 0.410
Table 4.15 .The electrical resistance of 8Ad, e, fand g.

Temperature Electrical Electrical Electrical Electrical

(K) Resistance Resistance Resistance Resistance
x10° of 3Ad | x107° of 3Ae | x10° of 3Af | x107 of 3Ag
Q) Q) (9) (9)

298
323 0. 204 0. 203 0, 201 0. 195
373 0.234 0. 233 0, 23 0. 222
423 0. 264 0. 266 0. 257 0. 253
473 0.294 0. 292 0. 289 0. 279
523 0.321 0.321 0. 316 0. 308
573 0. 355 0. 351 0. 347 0. 338
623 0. 383 0. 375 0. 377 0. 365
673 0.414 0.41 0. 404 0. 395
723 0.441 0. 438 0. 430 0.422
773 0. 467 0.461 0. 457 0. 447
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After presenting the results, it is seen that there is a good agreement between
these results with the results reported in the literatures (107,108,109,110),
Moreover; graphite crystallizes in a hexagonal structure. It exhibits anisotropic
thermal properties; the thermal property parallel to the basal sheet is 100 times more
than that perpendicular to the basal sheet (0.6 vs 0.006 cal.cm /C.cm s, respectively).
Flake graphite is characterized by the predominance of growth on the prism faces,
where as spheroidal graphite characterized by spiral growth on the basal face.
Compacted graphite can be considered as a transition product between flakes and
spheroid. However, the small variations can be attributed to the contact problem
between the samples and the thermocouples. This contact is becoming week
especially at high temperatures resulting in increasing the electrical resistance

and then decreasing the thermal conductivity, consequently the following points
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could be concluded.

1. The flake cast iron has the highest thermal conductivity followed by compacted

cast iron; ductile cast iron exhibits the lowest thermal conductivity.

2. Avoiding high nodularity in compacted graphite iron is critical and crucial,
especially in the application in which the thermal conductivity plays an effective

role.

3. The existence of flake graphite within the compacted graphite cast iron affects the

thermal conductivity positively.

4.6 Regression Analysis

The multiple regression analysis models is simply a correlation between the main
characteristics of compacted graphite, the tensile strength and thermal conductivity,
with the main production processes variables required to produce compacted graphite
iron, the Mg/S ratio, undercooling, and oxygen activity. Table 4.16 shows those

variables with the corresponding properties.

Table 4.16 Thermal conductivity, tensile strength, Mg/S ratio, undercooling and

oxygen activity required to produce compacted graphite cast iron.

Thermal conductivity | Tensile strength | Mg/S Undercooling | Oxygen activity

(W/mK) (MPa) Ratio oC- (ppm)
37.4 430.4 3 -6 0.2667
35.06 450.7 4.64 -7.9 0.0827
39.87 420.5 3 -4.5 0.3963
36.8 424.6 4.64 -4.8 0.2396
39.43 428.2 53 -5 0.1975
38.55 438.2 6.5 -5.3 0.148
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In this study, the excel software with 95% confidence level was employed for this

analyzing both characteristics with their variables.

4.6.1. Multiple Regression Model for Tensile strength

From the over all analysis of regression study, the following model was attained to

predict the tensile strength based on the Mg/S ratio, undercooling and oxygen

activity.

0r=312.97+7.34 Mg/S +12.37 AT + 76.08 O (4.1)

Where o; is tensile strength in (MPa), Mg/S is the magnesium to sulfur ration, AT is
Undercooling (in °C) and O is oxygen activity (in ppm). The detailed parameters list
is given in Table 4.17 and Table 4.18 displays the predicted tensile strength obtained

from the estimated parameters.

Table 4.17 Linear regression parameters estimated for tensile strength

Coefficients
Intercept 312.97
Mg/S ratio 7.34
AT Undercooling 12.37
Oxygen activity 76.08
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Table 4.18 The predicted tensile strength obtained from the estimated parameters.

Observation Predicted tensile strength (MPa)
1 429.56
2 451.12
3 420.85
4 424.68
5 428.80
6 437.56

From table 4.17 and 4.18, we observed that, the intercept is 312.97. This means the
tensile strength when all the independent variables are equal to zero. Multiple R was
0.99 which means that, this model is good in representing between the tensile

strength and the variables

4.6.2. Multiple Regression Model for Thermal Conductivity

The regression model obtained for the prediction of thermal conductivity is also

includes the Mg/S ratio, undercooling and oxygen activity. The detailed parameters

are listed in Table 4.20 and the model was found as

A =22.50+1.496 Mg/S + 0.45 AT +27.37 O (4.2)

where A is thermal conductivity (W/m K), Mg/S is the magnesium to sulfur ratio, AT
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is undercooling (in °K) and O is oxygen activity (in ppm). Table 4.20 displays the
predicted thermal conductivity obtained from the estimated parameters. From tables
4.19 and 4.20 we observed that, the intercept is 22.50. This means the thermal
analysis when all the independent variables are equal to zero. Multiple R is 0.87
which means that there is also a good linear fitting between the thermal conductivity

and its variables.

Table 4.19 Linear regression parameters estimated for thermal conductivity

Coefficients
Intercept 22.50
Mg/S ratio 1.496
AT Undercooling 0.45
Oxygen activity) 27.73

Table 4.20 The predicted thermal conductivity obtained from the estimated

parameters.

Observation Predicted thermal conductivity
(W/m.k)

1 37.00398

35.27908

39.87477

38.10046

2
3
4 38.1749
5
6

38.6768
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CHAPTER 5

CONCLUSIONS AND SCOPE OF FUTURE WORK

5.1 CONCLUSIONS

In this study FeMgSiCe mish metal and FeMgSi were used to produce compacted
graphite cast iron with different Mg/S ratio. A plunger treatment technique was
implemented and the effect of section sensitivity on graphite morphology of

vermicular/ compacted graphite cast iron was investigated.

Based upon experimental results and discussions of the production of compacted
graphite iron process it could be concluded that, this process has narrow processing
windows and its very sensitive to Mg/S ratio, section sensitivity or cooling rate,
undercooling, oxygen activity and treatment time. Therefore, the following points

are concluded

1. Lower ratio of Mg/S results in producing flake graphite and higher ratio results in
ductile iron. The ratio of Mg/S required to produce compacted graphite iron is in
between that ratio of flake graphite and ductile iron. In this study, this ratio was 3 to

5.30 considering the other variables such as treatment reaction and oxygen activity.
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2. Graphite morphology is not much affected by section sensitivity at section higher
than 1 cm, therefore to produce compacted graphite iron in thin sections like exhaust
manifolds thickness (1 cm) it is not better to use compactizing alloys such as FeSiMg
or FeSiMg-Cermish metal, however, FeSiMg; or FeSiMg Cermish metal could be
successfully used to produce compacted graphite irons for heavy and medium

section.

3. A strong correlation exists between the graphite morphology and the cooling

curves. This relationship can be summarized as follows:

a). When AT is equal to + 16 °C, ductile irons can be produce

b). When AT is negative, the flake iron is expected

¢). The values of AT to produce compacted graphite iron are in between
those which are required for ductile iron and flake iron. The range of

these values is in between +4.4 °C and +7.9 °C

4. The tensile strength property of compacted graphite iron produced either by using
FeSiMg or FeSiMg-Cermish metal might be reported as intermediate between the
tensile strength of ductile iron and flake iron. Nevertheless, this property could be

controlled not only by the graphite morphology but also by alloying element.

5. It was found that the oxygen activity in the solidifying melt is critical to the
formation of compacted graphite. This hypothesis is supported by measuring the
oxygen activity of the molten iron and investigating the graphite morphology of the
solidified iron. Higher value of oxygen activity produces flake graphite. On the
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other hand, lower values of oxygen activity produce ductile iron. Compacted
graphite forms at intermediate levels of oxygen activity. The range of this level of
oxygen activity is from 0.203 ppm to 0.0203 ppm. Moreover; oxygen activity level

necessary to produce compacted irons is very critical and is difficult to be controlled.

6. Due to the fact that both electrical and thermal conductivity are material
characteristics and are directly proportional to each other. Measuring the resistivity
at high temperatures can give clues about the thermal conductivity at those
temperatures. It was observed that increasing the temperatures results in decreasing
thermal conductivity and that’s due to the graphite separation and formation of
cracks in the graphite phase. These statements are in agreement with the results of
other researches considering the effect of temperatures on the properties of

compacted graphite irons.

7. From the application of multi regression, two models 4.1 and 4.2 were built to
represent the relation between the facture strength and the thermal conductivity with
the Mg/S ratio, undercooling and oxygen activity which are the most important
variable affecting the production of compacted graphite irons. It could be concluded
that, these models are good agreement with the relation ship between the tensile

strength and thermal conductivity with 99% and 87% respectively.

5.2 SCOPE OF THE FUTURE WORK

1. In all heats which were performed in this study, the compacted graphite iron
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was only dominated in the medium and large section thickness, therefore, producing
compacted graphite iron in small section thickness is needed to be considered in any
further development of the treatment material required to produce compacted

graphite iron.

2. The cooling curve features to produce compacted graphite iron, such as
undercooling and recalescence, by using treatment material other than FeSiMgCe
mish metal and FeSiMg should be considered. In addition the other feature of the

casting production process such as oxygen activity should also be investigated.

3. In this work, the behavior of thermal conductivity was investigated at
elevated temperatures; and the tensile strength was examined at room temperature,
however, due to the increasing demand of compacted graphite material in different
region through out the word, the behavior of thermal conductivity and the fracture

strength at other temperatures should also be studied.
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