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ABSTRACT

TIT.E : DESIGN AND CONTROL OF COGOLING RATE FOR IMPROVING
THE STRENGTH OF GRAY CAST TRONS

BY ¢ KITTIKHUN SEAWSAKUL

DEGREE  : MASTER QF SCIENCE

MAJIOR : PHYSICS

CHAIR : ASST.PROF.UDOGM TIPPARACH, Ph.D.

KEYWORDS : COOLING RATE / TENSH E STRENGTII/ GRAY CAST [RON/ X-RAY
DIFFRACTION

The quality of gray cast iron was enhanced by controlling the cooling rate of cast ivon
in the manutacturing process. We have investigated the struclures and properties of the gray cast
irons obtained the control of the cooling rate with different mold wall thickness. The casl iron
specimens wete made by controlling e cooling rate in the solidification process.  The mold was
cylindrical in shape and made of sand. The process of the heat transfer of the matetials was
investigated. The heat transfer rate was considered us the radial thickness of the mold wall,
The X-ray diffraction (XRD} technique was used to identify the phase and optical microscope
wicd to study the microstmucture.  Optical crmission spectroscopy was employed o cxamine
the constituent of the specirmens, Three pray cast irons with the mold wall thickness of 0.7, 1.5,
and 2.8 inches, respectively, were castcd and tested for tensile strength. The resulis showed thal

the specimens made of 1.5 ineh radial mold thickness yislded the highest tensile stromgth,
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CHAPTER 1

INTRODUCTION

1.1 Motivation and backgraund

Gray cast iron has beeome a popular cast metal material which is widely applied in
maden industrial manufactares due (0 its good castability, wear resistance, low melting point,
machinability, high damping capacity and low cost. The micrestructure of the gray cast iron is
characlerized by graphite flakes dispersed inte the matrix [1].

Industrizl casting practice ¢an influsnce nucleation and the growth of araphite Makos,
so that type and size increase the desived properties. The amount of the graphilc and size,
morphology and distribation of the graphite lamellas are essential in delermining the mechanical
quality of gray cast iron [2-3]. Thus, it is important to control the flake graphite momphology that
has a direct influenee on the properties of dhe gray cast iton, The structure of gray cast iron
depends on chemical composition, inoculants, and cooling conditions |3]. The gray cast iron in
general, is composed of the following material: carbon 2-4 percent, silicon 1-3 percent,
manganese 1-1.5 pereent, suliur about 005 percent and phosphorus under (U5 percent.
The morphology of the gruphite flakes can be modificd by incculating the iton melt to Improve
the fracture toughness or impact toughness and applying austempering heat treatments o improve
the [raclure toughness or impact toughness of monolithic gray cast icon [4-3]. The inoeulalion
lechmigue was an effective method Lo mprove mechanical properties of gray cast iton parts [6].

In the case of gray cast iron, the graphile flakes are embedded in a metallic matrix,
which may consist of any combination of five metallurgical constituents: Pearlite, Femile,
Austenite, Ceomentile (Jron carbide), and 1.edeburite,  Since these micro-constituents have
different properiics. The metallurgical are apparent that if the form and relative amounts of the
sttucture i the matrix ¢an be controlled as desired and distribution can also be controlled, the cast

iron is treated by controlling a cooling rate and constitucnis [7].
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Fipure 1.1 Shows a metal that has two constituents [9].

Lhe cooling of the melt produces a curve somewhat likes that of a pure metal. Ay the
tetnperature al which freezing starts, the first solid that forms are richer in that constient who
has the higher freezing termperature (Figure 1.1). As fhe temperalure at which the last freezing
takes place, the metal was richer in Lhat constituent which has a lower freesing point,  The high
conling rales in producing fine structures results in increase of high-strength cast alloys.
The undercooling of a mell o a lower temperature increases the nutnber of effective nuclei
relative W Lhe yrowth rate and the final being resiricted by the rate at which the latent heat of
arystallization can be dissipated [8]. The refining influcnce of an enhanced cooling rate applics o
grain size and to substructure [10].

Hence, this work presenled the effect of cooling rate control with different sives on
the tensile stength, morphology, and microstructure of the specimens obtained from nclustrial
castitgs made of gray cast iron, and produced by different radial thickness of the sand molds,
The cooling rale was used to control the graphite flake morpholusgy,  Then, the mechanical

propertics of the pray cast iron were tested.




1.2 eray cast iron

The metal alloys are often grouped o two classes; ferrous and nonferrous
(Figuee 1.2}, The nonferrous metal is any metal, including alloys, that does not contain iron in
gppreciabie amounts. Generlly more expensive than firous metals, nonfereous metals are used
because of desirable properiies such as low weight, higher conductivity, non-magnciic property or
resistance to corosion.  Some nenferrous materials are also used in the iron and steel industries.
Ferrous alluys, those in which iron was the principal constitucnt, include the steels and the cast

irans.

Fenal al ays
L i Mo
el Casl i
- allay Cray Pucrile Wil tlalleal's:
irnn [nadulzr) ivoh Iredn i
g aliny
Lot-Lae e *edinm.cataon 1 gh-ceiun _
Plzin Hich sorenigth.  Fiain il Fain laol Sk hes
Teras Allery Lreans Bl

Figure 1.2 Classification scheme for the various ferrous alloys [11].

The cast irons are a class of ferrous alloys with carbon contents above 2.14 wi%,
however, must cast irons contain between 3.0 and 4.5 wit% carbon.  Tor most the cast inoms,
the carhon exists as graphite and both microstruciure, and mechanical behavior depend on
compesition and heat treatment. The wndency to form graphite is regulated by the composition
and rate of cooling. Graphite formation is promoted by the presenee of silicon in concentrations

grealer than about 1 with, Also, slower cooling rates during solidification favor graphilizalion




ithe fermation of graphite), "The most common cast iron (ypes are Gray east iron, Ductile Tron,

Maullegble cosl iron and White cast ron.

Tahte 1.1 Types of Cast Iron,

Type of Iran Carbon Silicon Manganese Sulfur Phosphorus
(Gray cast iron 250-400 100-300  020-100 002-025 002-1.00
Ductile Iron A00-400 1TR0-2R0 030-100 001-003 0 001-000

Malleable cast irgn 200-290 090-190  (L15-1.20 002-020  002-024

White cast iron LED=-3.60 050-1.90 0.25-080 0.06-020  0.06-020

The gray cast iron is 3 class of cast irons with carbon and silicon cantents between
2.5 W 4.0 wiS and 1.0 to 3.0 wi%, respectively (lable 1.1). For most of these cast irons,
the graphite exists in the fonn of flakes, which are normally sumounded by a fernite or pearlite
matrix. The microstruciure of 3 typical gray cast irom, as shown in Figure 1.3, Beeause of these

graphite flakes, a fractured surface rakes on a gray color appearance, hence 1ts name.

Territe

Pearlite

Graphite

Figure 1.3 Gray iron: the dark graphite flakes are embedded in a ferrite matrix,




1.3 Mechanical propertics of gray casi iron

The tensile sirenglh measures the force required to pull something such as wood, iron,
or a structural beam o the point where @t breaks, By pulling on marerial, examiner will very
quickly determine how the material will react to forces being applied in ension, Ay the malctial
was being pulled, examiner will find jts strength along with how much it will elongaie.
The tensile strengh of o material was the maximum amount of lensile slieess that i can ke
betore failure, for example breaking. The tensile strength can be quoted as either true stress or

engineering stress, but engineering stress was the most commonly used [12].

Stre:r.s‘rk e X

HEshe reion -
IGshe reqian Fracture

Elastic region

Strain

Figure 1.4 The siress and strain curve,

The hardness is the properly of a malterial that enables it 1o resist plastic deformation.
However, the term hardness may also refer to resistance (o bending, seralvhing, atrasion or
cutting.  The usual method 1o achicye a hardness value is 1o measure the depth or area of an
indentation lefl by an indenter of g specific shape, with a specific foree applicd for a specific time.
'I'here are [our principal standard test methods [or expressing the relativmship betweon hardness
and Lhe gixe of the impression, these being Brinell, Vickers, Knoop and Boclwell.

The roclowell hardness test, this hardness test uses 1 direct reading instruinent based
on the principle of differcniial depth measurement.  The test was carricd out by slowly 1aising

the specimen against the indenter unti] a fixed minor load has been applied {Figure 1.5). Then




thi: mujor lowd was applied through a loaded lever system.  After the dial pointer comes to rest,
the major load was removed and with the miner load still acting, The Rockwell hardness numbier
was read on the dial pange. Since the arder of the numbers was Teversed on the dial gaugee, a
shallew impression on a hard material will resull in g high number while o deep impression on 3

soft material will result in a low amber,

Figurc 1.5 Rockwell hardness tester.

1.4 Research objectives

The objective of this work was to increase tensile strength of the yray cast iron,
‘The tensile strength can be determined by the cooling rate of the mold.  The cooling rate of the
mold can be coturolicd by modilying the thickness of a sand mold to get the solidification process
(o improve the mechanical properties of gray cast iron. The measurement of the cooling rate was
carried out using a digitsl moltimeter equipped with a type K thermocouple,  ¥-ruy diliraction
(XRD}. optical micrascope, and scanning clectron micrascopy (SEM) were used to characterize
the gray cast ron,  The tensile strength was messured and compared when different mold

thickness were used in the mynulacturing process.




CHAPTER 2

TIIEORETICAL AND LITERATURE REVIEWS

Iu this chapier, we revicw the thearetical background of gray cast iren strueture and

mwechanical properties. We infroduce heat transfer of casting process and related researeh works.

2.1 Moctallic Crystal Structures

Mosl element metals (about 90 pereent} erystallize upon solidification into three
densely packed crystal structure: body-cenlercd cubie (BOCY, face-centered cubic (FCC), and
hexagonal close-packed {IICP) [1]. Many of the common metals have cither a body-centercd
cubic or face-centered cubic eryslyl siructure [13]. It can be cbserved fiom binary phase
diagrams that intermetallie compounds with a pariicular crystal simeture are often aceompanicd
by compounds with certan other erystal structores at other compositions [14]. Table 2.1 hsls
threp important factors,  That this diseussion describes the behavior of nearly perfect single
crystals. Most materials were scldom single crystals and always contain large numbers of defeets.

Since different crystals or graings are orienigd in different random directions.

Figure 2.1 Principul metal erystal structure [1].




Tahle 2.1 Summary of factors afteeting slip in metallic stuciares [15).

Factor FCC BCC HCP
Critical reselved shear stress (psi) “ 30— 100 5,000 - 10,000 500100 .
Number of slip systems 12 43 3"
Cross-slip {an ocour Can occur Cannot ocour "
Summary of propertics Ductile Strong Relatively briutle

* For slip on basal plancs.

By alloying or heating Lo clevated temperatures, additional slip systeimns are active in HCP metals,
permitting cross-ship to oceur and thereby improving duciility.

]

2.2 The metallic bond

The metallic bond can be described in a similar way as the eovalent bond, The main
difference between these lwo bond types is that the ionization energy for electrons occupying
the cuter orbitals of the metallic elements is much smalier. Tn typical melals, like the alkali
metals, these outer orbitals are sphetical s-orbitals allowing overlapping with up to 12 furtier
s-orbilals of the surrounding stoms. Thus, the well-defined electron localization in bonds
connecting pairs of atoms with cach olher loses its meaning,  Quantum-mechanical calculations
show that in large agglomerations of metal atoms the dolocalized bondimg clecinoms oceupy lower
energy levels than in the free atoms; this would not be true for isoiated “metal molecules”,
The metallic bond in typical metals is non-directional, favoring structures corresponding o
closest packing of spheres. With inercasime lucalization of wvalence electrons, covalent
interactions cause deviations from spherically symmetric bonding, leading to more complicated

structuncs.




00 GEU

m fptd) n fd+d)

Figure 2,2 {a) Bonding and (b) anti-bonding molecutar orbitals of the I1,, molecule.
() Schematic drawing of the building of the most important molacular orbitals from
alymie orbitals and (d), () examples ot molecular orbitals {bonding: O, T and

anti-bonding O * 70 * [16].

1.3 Solidification

The structure and properties of the gray cast iron are largely determined by what
happens during solidification and subscguent cooling,  [n the case of steel, the ron-carbon
cowilibrium dragram, uws shown in Figure 2.3, can be used to interpret stoucture, under conditions
of slow or near equilibrinm transformation. The cast iron, howewer, may solidily cither as

the stable cutectic consisting of graphile, or as the metasiable cutectic comsistng of ron carbide
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and auslenite.  Trots with graphite in the structure are termed gray cast iroms, as on breaking
the fracture cocurs along the graphite and exhibits a gray fracture. When there is no graphite in
the structure the iron breaks with a white fracture and is termed a *white® or *chilled” cast ivon.

Chill eftect: when molien metal contact the ¢old walls of 4 mould, the melt superheat
is removed from the liquid and it hecomes locally supercooled. The number of nucleation centers
inerease and oucleation tskes place catastrophically in the liquid. Techniques such as splat
cooling and die casting, as well as apphcatioms wsing chitls employ (this approach with varying
efficiencies according to the sample sive.

As shown in Fipure 2.3, the cuieclic of iron and carbon oceurs with a carbom contlent
of about 4.3 and melting point of 1130 %C. A binary eutectic consists of two solid phascs
praduced by solidification at constant ternperature,  The eutectic alloy has the lowest lreexing
point it the system. Additions of silicon and phosphorus lower the percentage of carbon in
the eutectic by about .33 percent for cach 1 perceni present.  These effoels can be mmeorporaled

intn a lormula which gives the carbon equivalent of the iron.

) o
Carbon equivalent (CE) = C% + (Si%+P%)

When the: carbon equivalent is 4.3 the alloy is sutectic.
When less than 4.5 the uray cast iron is hypo-eutectic

When more (han 4.3 the gray cast tron is hypereutectic,

The carbon equivalent value describes, therefore, bow elose 4 given analysis is to that
of the cueetic composition, Thas, an iron with a total carbon content of 3.2 percent, siticon 2.0
percent and phosphorns (4 percent, bas s CH value of 40 and is hypo-sutectic. As the carbon
cquivalent value deercases, the strength of' a gray cast iron will increase-becanse less of the malnx

will be interrupted by graphite [7].
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The microstruciore of cryslalling materials s delined by the lype, structure, number,

shape and topological arranpement of phases andfor laltice defects which are in most cases not

part of the thermodynamic cyuilibrium structure,
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Table 2.2 Constituenis commonly found in cast iron microstructures, and their general effect on

physical properties [18].

Constituent

Characteristics and effects

Graphite

{hexagonal structura)

Free carbon; soft; improves machinability and damping propertics:
reduces shrinkage and may reduce strength severcly, depending om

shape.

Austenite (Yf-iron)

Face-cenlered cubic erysial stmicture. The character of the primary
phase, which solidifies rom the oversaturated ligquid alloy in
dendrite fonm, is maintained until room temperature.,  Austenite is
metastable or stable equilibrium phase {depending upon alloy
cumposition).  Usually transforms into other phases. Seen only in

cerlain alloys, Soft and ductile, approximaiely 200 HR.

Ferrite ({(R-irqn}

Bruly-centered cubic crystal structure. Tron with elements it solid
serlutiom, which is a stable equilibrium, low-temperatare phase.

Soft, BO-90 HBE; contributes ductility bug little strengti,

Cementite (Fe,C)

Complex orhorhombic erystal strugture,  Hard, intermetallic phase,
2001400 IIV depending upon subsbilution of eclements Tor Fe;

imparls wear restslance; reduces machinability.

Pearlite

A metastable lamellar aggregate of lerrite and cementite due to
culcetndal transformation of austenite above the bainite region.
Conitribules strenigth without brittleness; has good machinability,

appraximately 230 11B.

Ledebuyrile

Massive cutectic phase composed of cemnentite and auslenile;

austenite.  Transforms to cementite and pearlile on cooling,

Produces  high  hardness and  wear  resislunce;  vietually

urnachinable.
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2.4 Graphite

The properties of the gray cast iron are imfluenced preatly by the sige, amount and
distribution of the graphite flakes, which occur in the siructore. These faclors ame controlled
mainly by ihe composition, cooling tate and degree of nucleation of the inn.  Slow cooling,
higher carbon, silicon contents tend to produce more, and langer graphile flakes, a softer matrix
slrctore, hence and lower strength [7]. The ASTM have developed a convenient standard for
graphile (ASTM A247) [19], defining shape, sizg and distibulion, and a similar standard has
been issued by the International Standards Organization n 150 9451975 [20]. In ASTM 247

ihe fladee geaphite Trm has classified nito five types, A through to E as shown in Flgure 2.4,

Figare 2.4 Relvrence diagram for the distribution of graphite [21].

Type A jraphite has uniform disttibution and an apparent random oricnlation. It is
the commmonly prelerred (ype of graphite piving optimum strength propertics.

Type B graphile is in rosette groupings. The rosette pattern is typical of a moderaie
rate of cooling and is not uncommon m the more rapilly cooled surface areas of castings.
The conevs of rosettes generally contain fine graphiic that formed because the start of

solidification was temporanly undercooled.  The latent heat of solidification raised (he
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lempetature and solidification then continued in the nonnal manner with graphite flakes growing
outward into the remaining liguid,

Type C graphite ocours in hypercutectic irons in which graphite forms in the liquid
iron before auteetic solidification begins and is generally known as Kish graphite. Tt is
characterized by coarse plates in heavy scclions, and star shapes or chusters in light sections,

Type D graphite is often referred to as undereooled graphilc and s normally
assaciated with rapid vate of cooling and is padticulaly commmon in thin sections and surface
regions. Both Type 1) and Type B are trequently associated with ferrite rather than peatlite, since
the larger swlface arca of graphite available reduces the distance required for carbon diffusion
during transformation from austenite in the ctitical temperature range.

Type E graphite ocenrs in strongly hypo-caleetic irons of low eurbon equivalent with
a dominant primary stoucture of austenite and a relatively lower amount of cuteetic. The graphiic
formation is confined to the interstices between the austenitic dendrites so the graphite is
deseribed as interdendritic with preferred odentalion.

Type A flaky graphite led to better erosion resistance than type D and, on the wholg,
spheroldal graphite lod to better erosion resistance than flaky graphite. Tor (hose with Lhe same
graphite morphology and distribuiion, ferritic matrix results in less wear loss when eroded under
large-angle itupact; martensitic matrix results in less wear loss uoder oblique impact. Britdenoss
effeel of both martensitic matrix and flaky graphite witl cause maxitum crosion fate to oceur at
higher impact angles [22],

Because of diffcremt graphite morphologies and dishiibutions, graphite flake cast iron
his higher damping capacity and heat conductivity but bower strenpth and tougimess than
spheroidal graphite cast iton [23], These cast irons are ofien used in faeililics that cneonnter
particle crosion (e.g., automalic melding machine in casting industry, ait pressure purmnp and gus
delivery pipes).  Howewver, according to the authors’ knowledge, lilersture reporls on particle
erosion .ol these ecaslt iroms are el limited. The limited reports mentioned above have al]
indicated that the eresion behavior of a casl iron is affected by its matrix structure. Tlowever, cast
iroms of different graphite morphologies and distribulions may show diverse effects of matrix

stricture,




Figure 2.5 ASTM A-247 provides also a standard for evaluating the size of graphite. A chart

shows standard graphite size from one 1o cight for one hundred [24].
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bMany methods to control the morphology, size and distribution of graphite flakes
wore wsed 1o improve ihe moechanical properties of the gray cast iton, such as modification,
spheroiding, alloying and cooling rale, cte, [25 28]

Graphite is essentially an inert maferial and is cathodic to iron, consequently the iron
will suffer rapid attack n even mildly commosive atmospheres. The gray cast fron s subject Lo
a form of corrosion known as graphitization, which involves the sclective leaching of the on
matrix leaving only a praphite network. Even thoeugh no apperent dimensional change has 1aken
place there can be sufficient loss of section and sieengih e lead 1o failore, In general gray cust
iton is used in the same cnvironment as carbon steel and low-alloy siecls, althowgh the comesion
tesistance of gray cast iron is somewhat beller than that of carbon steel. Corrosion rates in rual,
industrial, and seacoast eonvironments are gencrally acceptable, The advantage of gray casl ron
vver earbon steed in certain environments was the result of a porous graphite iron cortosion

product film that forms on the surface, This Glm provides a parlicular advanlage under velocity
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conditions, such as in pipe lincs. This is the reason (or the widespread use of underground gray
cast iron water pipes [29].

The gray cast iron is not resistant to comosim in acid except for concentrated acids
where a protective film is formed (Figure 2.6). 1t was not suitable for wse with oleum (fuming
sulfuric acid) because il has heen known to rupture in this service with explosive vielence.

The gray cust iton cxhibits good resistance to alkaline solulion such as sodiim
hydroxide and molien cavstic soda. Likewise it exhibits good resistance to alkaline salt solutions
such as cyanides, silicates, carbonates, and sulfides. Acid and oxidizing salts rapidly allsck pgray
cast iron.  The gray cast ivon will contain sulfor at temperaturcs of 149-205°C (350-400°F).

Molten sulfur must be air free and solid sulfur must be water fee [30].

. Rusts Furmation
o

T Fet + MOH )= Fe(OH),
s {precipitated onlo surfaces)

Anade Reaction ™ iy
Cathode Reaction

3o +3H,0+%5,0, = J(0H)

Fe = Fe?+3 ¢

Figure 2.6 The difference in electrode polentials between the ferrite/iron carbide nialrix and
the graphite {lakes is very large. This results in mini-galvanic cells with graphite as
the pathode and the ferritefiron carbide malrix as the sacrificial anode, which is

the primary cause of the very poor corrosion resistance of gray cast ivon [31].

The gray cast irom linds application in flue pas handling such as in wood, coal-fired
fumaces, and heat exchangers, Largs quantities are also used to produce piping which is buried.
Normally gray cast iron pipe will outlasl carbon stegl pipe depending upon soil Lype, drainage,
and other factors,

The micrastructure of gray cast iron comprises free carbon in the form of graphite
[akes and a ferritic or peatlitic matrix. The graphite flakes are formed duting the solidification

process and basically control the mechanical properties of the gray cast iron. The pruphite fakes
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confer low strength and touglmess o the gray cast ron. There are several ways to change

the wiechanical properties of the gray cast iron.

2.5 Chemical compasition

Chemical compasition 3% another importanl parameter that influences the heal
treatrment of the gray cast irons.  Silicon, for example, decreases carbon solubility, increases
the diffusion rate of carbon in austenite, and wsually accelerales the various reactions during heat
treating, Silicon also taises (be austenitizing temperature significantly and reduces the combined
cathon contenl {comentite volume), Manganese, in contmast, lowers the austenitizing temperature
and increases hardenability. It also increases carbon solubility, slows cartbon diffusion in
austenite, and increases the combined carbon contenl.  In addition, manganese alloys and
stabilizes pearlitic carbide and thus increases the pearlite content [32].

Sullur in cast iron mast commercial gray cast iron contain between 002 and .25
percent of welght. The effect of sultir on the form of carbon 15 the reverse of silicon, The higher
the sulfur conient, the greater will be the amount of combined carbon, thus tending to produce
a hard and brittle. Aside from producing combined carbon, sollur tends to react wath iron to form
irom sudfide (FeS) This low-melting compound, present as thin inter dendritic layers, increases
e possibility of cracking at elevated temperatures. Iligh sultur tends to reduce fhuidity and often
is responyible fur the presence of blowholes (trapped air) in castings.

Manganase has a greater alfinity lor suliur than drom, forming manganese solfide
{Mn%). The manganese sulfide particles appear as small, widely dispersed inclisions which do
nol impair the properties of the casting. It s comumon comumercial practice to use 3 manganese
eontenl of two io three Wimes the sulfur content,

Manganesc is a carbide stabilizer, lending o mercase the amount of cormbined carbon,
bul i1 s mueh less poteni than sollfur,  [f manganese is present in the correct amount to fomm
mangamese sullide, its effect is to reduce the proportion of combined carbon by removing
the effeer of sellyr, Tixcess mynganese has little effect on solidification and only weakly retard
primary graphitization,

Phosphoriay in gray cast irons contain between 002 and 0015 percend ol weight,

Most of the phosphorus combines with the iran o for iron phosphide (Fe,P). The condition
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teduces toughness and makes the gray cast iron brittle, so that the phosrphorus content must be
carefully controlicd o oblain optimum mechanical properties. Phosphorus increases fluidity and
cxiends the vange of eutectic freezing thus increasing primary graphile when the silicon content is
high and phosphorus content is low. It is therefore useful In very thin castings where a less fluid
iton may not lake a perfect impression of the mold. I the silicon, sulfir, manganese, and
phosphorus contents are controlled at proper levels, the only remaming vanable affecting
the strengih of a pearlitic gray cast iron is the graphite Makes. Sinee graphite is extremely sofl
and weak. il size, shape, and distribution will determing the mechanical properties of the cast
iron. It is the reduction of the size of the graphite Makes apd the inerease in their disiribulion that

have accounted for the improvement in the qualily of the gray cast iron [24].

2.6 The induciion furnace

The induction furmace is a type of melting furnace that wses cleetrie currents W mel
metal, The induetion furnace operales on o pringiple similar (e g ransformer where the lurnace
coil 15 the primacry winding and the charge the sceomdary winding,  There are several wms w
the furnace eoil whilst the charge is, in cllee, 3 single short-cireuited loop so that an gltemating
current applied to the coil will induce a much larger one in the charge, The resistance of the
charge to the passage of the induced current produces a substantial heating effect.  There is also
a smaller heating effeel due o mupmetic permeability in magmetic material [33]. The cleclies]
coil 15 placed around or inside of the cougible, which holds e melsl W be melied. Ofen this
crucible is divided into tern different pants. The lower secliom holds the melt in itz purest Torm,
the metal as the manufacharers desire i, while the higher section is used to temove the slag, or

the contarminanis that fisc 1o the surface of the el
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Fignre 2.7 Crucibles may also be equipped with strong lids to lessen how much air has acccss to

the melting metal wtuil it is poured out, making a purer mell.

2.7 Mechanical properties of gray castiren

Mechanical propertics of the gray cast iron are lhe body of knowledge which deals
with the relation between inlernal forces, deformation and external loads, In the general method
of analysis uscd in mechanical properties of the gray cast iron the first step is to assume that
the structure was in equilibrium, The cquation of static equilibrium were applied to the forces
acting om some parl of the body in order to obtain a relationship between the external forces
acting on the structure and the internal forves resisting the action of the external loads.

The composition of the prey cast fron s subject lo quantitative changes of ils
components, cven so, the mechanical properties of the work picees obtained should be stable [34]
so that the subsequent machining prucess docs not produce any problems. A wsual practice in
the cast iron manufacturing process was to leave the choice of chemical compusition in the hands
of the foundry man, whe will choose the one which adapts best to the needs of the cliem, without
forgetting, of course, that the requiremerus of his own foundry installslions were determinant in
order to oblain the desired properties [35]. 1t was largely done this way because in the casl iran
manufacturing pracess, especially in the grey cast iron, the mechanical propertics were not only
affected by the chemical compesition, bul also by other factors such as: cooling speed, which can
include the 1ype of the mold used, the size of the (ask, the time spent in the mold once the work
piece hias been poured, and 1he grade of sand removal once the work picee has been taken out of

the mold [36].
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The strength ol the pray cast iron was determined by (he strengih of the sieel-liko
matrix structure and the form and disteibution of the graphite within it. ‘Uhe strength increases as
the quantity of graphile decrcases, as the carbon cquivalent value decreases and as the eutectic
cell nunber increases with inoculation. "L'he strength also increases as the gaphite Makes become
finer and as the quantity of ferrite present in the matrix structure decreases, strength decreases as
the cast section size increases and as the cooling rate decrensgs,

270 The Importance of conling rate and section sensilivily

The structure and properties of the wray casl iton were sigmificantly alleeted
by cooling rate from the solidifcation lemperature.  There were two critical periods. First,
the solidification range of 1230-1130 °C, during which graphite, austenite from and onder certain
circumstances white iron (cementite or chill). Second, the rumge between TH) and 850 °C when
the matrix transfonms into pearlite and/or fermite.

The conling rate of a casting is affected by several factors:

(1) The initial pouring temperatuze,

{2) The ratio of the surface area of the casting to its volume or mags.

(3} The thermal conductivily atd the heat capacilies of the moulds and cores.

All of these factors were interrelated and aflect propertics amd struclure. Rapid
coaling at the solidification temperature, for example in very thin scetion, ot by he use of chills
in the mould, promotes fine graphitc and possibly white iron or chill.  Continued rapid costing
through the critical temperature range of 720-650 “C, will promote 4 fine fully pearlitic malriz.
ITowever, the same iron, cast inte a heavy section will solidify slowly, giving coarse graphite
flakes. Very slow cooling though the critical range may cesult in full femitic matrices. T'he latter
situalion sumelime accurs when castings are stacked closely together after knockout, since partial
anneahing takes place as a result of very slow cooling.

The sirength of the gray casl iroms was mainly governed by the amounts and
lorm of graphite (lakes. Hence, streneth depends on composition and the cocling rate of the laitker
boing siromgly alTected by scotion thickness,  The term used for this latter effect is section
sensitivity, Section sensilivily wius parficularly itnporlant when desipning castings, If the effects
are not recognized the variations in lensile stength may result in inadequate properties in some

sections or even failuge,
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2.1.2 Thardncss and its relationship with tensile strength
The relationshin between hardness and tensile strengih for the gray cast jron as
shows in Figure 2.7, There was a scalter of approximately + 10N/mm’. The relationship needs to
e established in each toundry and was only valid when the hardness determination was carried

ot at a constant position on a casting or test pece.

L
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Tensile strength, N/mm?

225
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Brinell hardecss (HB 13000

Figure 2.8 Approximale relationship between tensile strength and Brinell ITardness of rons

produced in one foundry | 7).

2.8 Heat transfer and solidification

The casting process was generally driven by Lhe cxtraction of hear from the melt and
the first section deals with heat flow during conventional casimy, dircetional solidification, and
rapid solidification processing. MNext, the fundamentals of the Beeming process were treated under
the headitgs.  When hot metal was poared into a moeld, the rate at which it can lose heat is
cantrolled by a number of thermal resistances,  Tigure 2.9 shows schematically the thenmal
conditions for a simple geometry of solidifying metal. In differen parts of the sand mold system
heal lransler may occur by conduclion, convection or radiation.  The formal reatment of this
problem involves cousiderable complexity as a conscquenee of the continoous generation of
latent Lieat at the moving solid-liquid interface and the variatim of he physical properies of

the mctal-mold system with temperalure.
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Figrure 2.9 Thermal conditions for solidifcation of a simple geometry of a pure superheated
liguid melal. 1o the figure, K corresponds to heat transfer by conduction, W o
Mewtonian heat transter across the metal-mold interface, C o conveelive heat

transler, and R 1o heat ransier by radiation [§6].

Nucleation during solidification can be defined as the formation of a small crystal
from the melt that is capable of contimued growth. Trom g thermodynamic point of view
the establishment of a solid-Tiguid inlerface was not very easy.  Although the solid phase has
a lower free encrgy than the liguid phiase, a small solid particle is not necessarily stable because of
the fiee energy associated with the solid-liquid isterface.  The change in fres encrgy
corresponding to the liquid-solid transition must therefore include not enly the change in free
encrgy belween the two phases but also the Fee energy of e solid-liguid intertace.

The primary phase beging at the lquids iemperature with the nueleation of avstenite
that grows in the form of dendrites, which develop and form the solidification units named
primary grains ot crystals [317-39]. Nucleation of the crystals takes place at the mold wall and in
the inner melt originaiing the columnar and equiaxed grains respectively. Each grain is composed
of one dendrite and hus the same erystallographic orenlation all over [39, 440].

After the passage of the solidification frond, & varalion of composiion rémains in

the solid on a length scale characteristic of the dendeitic growth that is called microsegregation.
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This microsegregation pattern typically remains frozen in the solid due lo the small ratie of
the solute diffusion coefficients it the solid and liquid. "The focus of (his scetion is the prediciion
of the spacing associated with dendritic growth and the degrev of microsegregation produced by
that growth {Fipure 2.10). These spacing arc important in the selection of heat treatment times
ang temperatures for the homogenization of ingots 45 well as the properties of as casl materials.
Thus the prediction of the microsegregailon patlern is a fundamental goal of solidification
modeling. Control of practical casting dufiocts such as macrosegregation, porosily and hot tearing

must stact from conlrol the cocling rate of casting process.

OVERGROWTH STABLE GROUTH OF TERTIARY ARM

Figurc 2.1¢ Schematic illusitation of primary spacing adjustment mechanism for dendrites [16).

A dendrite in metallurgy is a characteristic tree-like structure of crystals growing as
molien metal freczes, the shape produced by fasler growth along energetically faveruble
crystallographic directioms, This dendritic growth has large consequencss in tegards in material
properties [411].

In the production process of the steel [42-47], the continuous casting process [48, 49]
was an important ong, which determines the quality of the stecl. A reasonable cooling system of
the continuous casting process will be helpfil o improve the slab energy retention, to reduce
the surface thermal siress and inner gracks, and 1o avoid the phenomenon of bulging.
bMany scholars have shown greal imlerest in the analyses and opumizations for the cooling
systems of continuous casting processes. Chen et al. |54, 51] buill the coupled heal and stress
madels for soliditication heat transfer processes, and optimized the cooling parameters [or beamn
blank and hillet contituous casting, respectively.  The results showed that the cracks of
the casting Blanks alter optimizations were reduced by 4.5% and 6%, and the water consunmplion

in secondary cooling zone wore reducesd by 12.4% and 23%. respectively,  Wang et al. [52]
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developed a mathematical maodel for solidification heat transfer process based on actual
distributions of the rollers and spray mnozzles, and optimized the water consmmption of
the seeondary cooling zone by using an advanced control strategy. The results showed that the

water consumption preformed a trend of reduction, mnd the direct hot rolling temperature of

the slab was increased.




CHAPTER 3

EXPERIMENTAL

In this thesis, 1 will describe the casting process wsing the induction furmace and
pouring in molds. The mold was of eylindrical shape and made of sand with 2 mold wall
thickness of 0.7. 1.5, and 2.8 inches. Aler that, the gray casi iron will be studied hy N-tay
diffraction (XRDY), Scamming Electrun Microscopy (SEM), Emnission Spectrochemicul analysis

and mechanical wsting.

3.1 The casting process

31,1 Camposition of gray casi iron
The wray cast iton contained carbon, silicon, manganese, sulfur and
phusphotus. Chemical compositions are normally to usc [or casting and the percent of weight is
shown in Table 3.1. The raw material of melting is the iron scrap and mixed with inoculants

betore pourmg iron melts into sand molds.

Table 3.1 Chemical compasition (in wi%) of gray cast iron.

Compositivn Carbon Silicon Mangancse Sulfur Phosphorus

Peoreent
2.50-4.00 L0 -3.00 0.40 - 0L80 0.02-0.25 002 -0.15
af weight

Table 3.2 Chemical compounds of inoculants.

Composition  Silicon  Strentium  Zirconium  Calcium  Aluminium  Tron

Percent
T3-78 06 1.0 10— 1.5 Max (11 Max 0.5 Balance
of weight




Figure 3.1 {a) The iron Scrap, and (b} Inoculants.

3.1.2 Induction furnace practice

The melting process by Induction Furnace, operates on a principle similar to
a transformer where the fumuee coil was the primary winding and the charge the sceondary
winding. Therc were several tams fo the furnace coil {electromignetic induction) whilst
the charge was effected, a single short-citcuiled loop so that an alternating current applicd 1o
the coil will induce a much larger one in the charge. The resistance of the charge to the passage
of the induced current produces a substantial heating effect. There were also a smaller heating
effect due to magmctic permeability in magnotic materials. During induction, an electric current
was passed through & metal coil which creatcs a magnetic field. When metal was introdueed into
the magnetic field, an electrical current passes through the metal and causes it (o heat.

The corcless induction furmuce has copper coils that were protected by a sleel
and magnetic shichkd, and kept cool by water eireulating from a spevial cooling tower, A layer of
refraciory or difficult to melt malcrial was placed above the coils and heated 1o the desired
emperatare. A crucible, which was a melting pul made of heat resistant material, was above
the refractory. The miclal 1o be melted was placed in the crucible and the heat produced by
the clectromagnetic charge melts Uie scrap.

After melting, the mollen metal was powred into a mold.  Some pouring
methods were fully operated by human hunds. Ows is mechanical with human imervention,
while others are fully automated. Mechanical systems were more efficient for large scale

projects, while manual pouring methods were tuore suited to low volume production lines.
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Figure 3.2 Starting the pouring process for the melted iron.

3.1.3 Ml preparation

In this process, the mold was made from river sand mixinre with bentonile clay
ang water. The bentonite clay help to harden and hold the mold shape to withstand the pressurcs
of the molien metal, The mold was of eylindrical shape and with a wall thickness of 0.7, 1.5, and
28 inches. Hach size of mold wall thickness was prepared a set of sample, 5 samples of cach
mold size were made. When molten metal was poured nto a mold, a pressure is excricd on
the mold surface which depends on the dimensions of the mold. At a later stage, the gray cast
iron cxpands on solidification, exerting a further pressure due to that expansion. After the sand
custing was removed from the sand mold it was shaken out, all the sand was otherwise removed
from the casting, and the gating system was cut off the part.  The parts then undergo further
processes such as machining and metal forming. An inspection was always carried out um

the {inished part 10 cvaluate the effectiveness and satisfaction of its manufaciure.
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Figure 3.4 The wall thickness of 0.7, 1.5, and 2.3 inches.

O spectfic interest to sand casting would be: the eftect and lissipation of heat
Uaough the particular sand mold mixture during the casting solidification, the effect of thu flow of
liguid mctal on the integrity of the maold and the escape of gases through the mixture. The sand
vsually has the ability w0 withstand extremely high temperature levels, and generally allows
the escape of gases quite well. The maisture content was between 5 and 8 % used [or making
molds. This is because the sand mold has bonding power, but still absorbs ahnost as much water

a% active sand mold.




3.1.4 Thermocouple
‘The cooling rate of the solidificd of gray cast iron was measured by using
a digital multimeter equipped with K-type thermocouple.  When the molten gray cast iron is
pourcd into each mold it will start eooling. The thurmocouples as the mald cools ofT are obtained

from the thermocouple reading. A plot of temperature against time van then we analyzed to

obiain the conling rate for each mold thickness,

Compesition of gray cast iron

}

Tngduetion Furnace

Maold preparation

Tnoculants ——- l -+

Poured T

l Theymocouple

Solidification

|

Shaken out

!

Machining and metal forming

}

Testing

Figure 3.5 Diugram of casting process.




3.2 Process of mechunical preparation

3.2.1 Tensile strength
‘The ensile lest of the speeimens was carticd out according to ASTM E8-04
standard as shown in Figure 3.6, The cngineering siress on the bar is equal to the average
uniaxial tensile foree on the bar divided by the original cross-section arca of bar.
I
o=
A
where @ is Enginecring stress (MPa).
T is Average uniaxial tensile foree (N},

A 1s Original cross-sectional ().

R ]‘}mm. !D1L15-5 mm.

- |

-~
Ili‘..f:l:ﬂ.‘i‘.mm "" =T

"\\

[« 190 men. 1 I

. 200 ma. d| ‘

ASTM ES04 [Tensile]

Figure 3.6 Dimensions of the tension test specimen.

3.2.2 Percentage elongation
Elongation is inversely proportional to tensile strength and hardness. The load
necessary 1o cause this clongation was obtained from the clusiic deflection of tensile testing,
which measured by using hydraulic methods.  The amount of elongation is expressed as
a percetiage of the elongatiun compare with the original gauge length.  In reporiing percent
elongation, the original gauge length must be specified sinee the percent elongation will vary wilh

vauge length. Tt 13 given by




L-L
Percentage clongation = [ D 5100

i

where L is Final gauge length.

L,is Original gauge length.

Figure 3.7 (a) The gray cast iron from the casting process, (b) It has been mrning by a CNC

machine, {¢) Testing tensile strength and Percentage elongalion.
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3.3.3 The Rackwell test
The Rockwell test was used to determine the harduess by measuring the depth
of penctration of an indenter under a Jarge load compared jo the penetration made by a preload.
The Rockwel! B scale use consisis of 2 hand-operaled vertical hydraulic press, designed to force
4 ball indenter into the wst specimen, Standurd procedure requires that the test be made with

a hall of 10 mm diameter under a load of 150 ke,

Rockwdl 1 rumher = 130 depth of indentatio o

0,002

Figore 3.8 The steps in mcasurement of hardness with a sphere of stecl and showed

Rockowell scale hordness wester model: AR-1{),

3,34 The heat transfer
Conduction heat transfor is the normal wransfer of energy within solids.
Conduction heat transfer also ocours through gases and liquids, but it then only predominates il
the gases or liquids are stagnant or move slowly. The mathematical model for conductivn heat

wransfer is Fourier's Taw of conduction,




Q, =-« ax

where ()_is the heat transter in the x dirgetion of an arca A due to the temperamure pradient
O1iCx. The thermal conduclivity K is an index of ability of a material to conduct heal due w
a temperature gradient in that material [53]. Tn ST onit, thermal conductivity is usually cxpressed
in W/mC and the heat transter is Wim'. The thermal conductivity of the mixture of sand and

clay was 0.31 W/m-C,

3.3 Emission Speciromeier

Emission Spectrochemical Analysis is @ method of chemical analysis that vses the
imtensity of light emitted from a spark at a particular wavelength to delermine the quantity of
elements in a sample. The wavelength of the atomic speciral line gives the idenlily of the element
while Lhe intensity of the emitted light is proportional to the nunber of atotns of the element.
The samples were prepared by chill casting process and the metal formed was shawn inn Figure
3,10 {a). Nexi. the samples test with ARL 3460 Fisons Inmsituments, shown in Figure 3.9,
They were grounded with graphite 1o tmake them conductive. In traditional spark spectroscopy
methods, a sample of the solid was commonly ground up and destroyed during analysis as shown
in Figure 3. 10 (b}, An electric arc or spark was passed through the sample, heating il to a high

temperature fo excite the aloms within it.

Figure 3.9 ARL 3460 Fisons [nstruments.
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Figure 3.10 {a} The samples before testing and (b} after testing,

3.4 Preparation of metallography and microstructures

341 Microstrocture
Inn preparation, the samples were cul from the bulk the gray cast iron by CNC
means of removing a par.. Small parts may requite only onc cut and kepl clear of the arca of
concern, In this case, the desired plane of observation is reached by carclil cutting and pohshing
from heat cffects. So, the coolant flow must be adequale to cool the sample. Fine grinding is
usually performed with 240, 320, 400 and 600 grit abrasive papers. Fine polishing of the surface
was carricd put using a napped cloth which was moisturized with distilted water and charged with

a very fine aluminum oxide powder {1 and 5 e,

Figure 3,11 (a) The samples with polished surface and (b) Use of rotating wheel polisher.




A5

Polishing could caust 1he microsoruclure to be less clearly defined, theretore
more dilficult to analyze. Fiching is a technique vsed to restore the mucrestruciure. The method
requires a combination of solvent and chemical reagents. We preparcd the etching process by
nsing Nital (2% nitric acid in ¢thyl aleohol, HNO3 1-5 mi, and Ethyl aleehol 100 ml) which helps

selectively show various [eatures of the microstructure and makes il visible through a microscops,

Figure 3.12 Ftching by Nital in Chemical Fume Tlood.

Figure 3.1} The microscopes connecled with cotmnputer.




Sample culling

!

I'ine Grinding

|

Fine polishing l

!

Etching

!

Microscopes

Figure 3.14 Diagram of Metallurgical specimen preparation

Fotation of the wheel

Figure 3.15 Dircction of polishing on a rotating wheel.

3.4.2 Scanning Electron Microscopy (SEM)~
The microstructurss of gray cast jron specimens were siudied by using
Scanming Electron Microscopy. SEM analysis was carried ont by wsing JEOL JSM-5410

Scanning Electron Microscape equipped with ENS lor guantitative elemental analysis.
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Figure 3.16 A JEOL JSM-5410 Scanning Clectron Microscopy.

3.4.3 X-ray Dillraction Analysis (XRIN)

X-ray diffraction (XRD) tcehnigue was used 10 cxamine crystalline phase
identification. The pusition of a diffraction line {peak position} and the shape and width of
a dilfraction line, the so-called dillraction-line broadening (peak width), can be used to determine
many important microstucture paramelers, such as the conceniralion of the gray casi iron clement
issolved in the matrix phase, the crystallite size (ol the precipiiating phase) and the concentration
of defects as vacancies und dislocations. X-ray data were collected by using PUILIPS X’ Pert
MDD Xeray diffractometer at 40 kV and 30 mA and using Cu Ky radiation with the wavelength
of 1.54 A.

Figure 3,17 PHILIPS X 'I'ert MPD diffractometer.




CHAPTER 4
RESULTS AND DISCUSSION

The results of cooling rate and mechanical property will be present in this chapter.
The ermission spectrochemical technique, microstructures, scatning electron mictoscopy (SEM),

and x-ray dittraction (XRD) will be analy«ed and discussion,

4.1 Mechanical property

Tensile tests were porformed on the gray cast fron specimens.  Table 4.1 shows
the averape tensile test results of three specimens made of 0.7, 1.5, and 2.8 inch mold wall
thickness. As shown in Usble 4.1, the results revealed that the lensile properties of the gray cast
iron improved due to low cooling rates.  The maxinum of tensile srength, hardness and
perecntage elongation were 2535.06 MPa, 210 Brinell and 0.82% of specimens with 1.5 imches
mold wall thickness. The heat transter of specimens r:astf:d. with 0.7 inches mold wall thickness is

501,66 watts greater than (hat of 1.5 and 2.8 inch mold wall thickness.

Table 4.1 The average of the mechanical testing.

Bizn Tensile strenygth (MPa)  Elongation at break (%) HB (Brincll) 0, W)

0.7 inches 24392 .71 210 501.G6
1.5 mehes 255.06 0.82 210 476.57

2.8 inches 25331 0.80 205 453.65

The plots of the cooling rate curves as a funcilon of time were shown in Figure 4.1
Constant temperalute ranges were 668 “C, 680 °C, and 719 °C for 1.5, 0.7 and 2.8 inch mold wall

thickngss, respectively,
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Figure 4.1 The plots of the cooling rate curves of the different mold wall thickness ablained.

4.2 Emission spectrochemieal technique

The sample was clamped in place and sparked to gencrate a spectrum, which leaves
burn marks on the samples and sparked tliree times on the surface. The results of the analysis of
the gray cast iron were shown in Table 4.2, Higher carbon irons were Jess likely 1w shrink and
have better fluidity than lower carbon irons. On the other hand, atlempting to correct shrink with
higher carbons can lead to other prublems, especially in i—n’g castings. High carbons and slow
caoling rates can lead to a condition called carbon flotation. Graphite typically lorms first during
solidification and was Hyhicr than iron.  [f the solidification of the cntire casting was slow
enough, the graphite tloats toward the surface of the casting.  Silicon was like carbon in many
respects, While silicon control in a cupola can be difficult, in induction melting it was rclatively
easy. Also like carbon, the higher the silicon the morg likely larger graphite will occur as wizl] s
more forrite in the mateix, When silicon becomes very high it hardens the ferrite and can increase
the hardness of the iron. With silicon comtents over 3% that temperature can be raised so high

thist castings will be brinle al room temperature,
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Table 4.2 Chemical compositions of the gray cast irom.

Weight percent (Wi%a)

Elemenis
Position 1 Position 2 Positien 3 Average

o C 3185 3.112 | 1126 3141
- i 2.652 2.638 2.68] 2.657
B Mn 0.364 0,367 0.307 0.366
r 0.077 0.079 | 0,075 0079

B 5 0053 {060 0.058 0.057
Cr 0126 0.128 0,128 0.127

Mo ) 0.017 ﬂ..ﬂl’.-' 0017 0.o17

o Ni {}.leQ LO77 0.020 0078
Al 0.008 0,005 0.00% {.005

Ay 0.002 0.002 (0.002 0.002

Fe | 93,149 93,220 93157 93.175

Carbon couivalent (CEY=C% + -{Si%;ﬂ
=3.141+ @?;w

—4.053

The carbom equivalent was 4.053 which mean that the gray cast iron was
hypo-eutectic. The solidification of hypo-eutectic of the yray cast iron starls with the nucleation
of primary austenitc crystals. A solid solution of carbon in austenite which ¢rystallites in

the fonm ol dendrite.
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4.5 Metallography and bicrastructures

The graphite flakes of the specimens were observed using an oplical microscope afier
pulishing and etching ws shown in Figures 4.2 - 4.4 for type a graphite. The large graphite Jakes
sericusly interrupt the continuity of the pearlitic mairix, thus reducing the strength and ductility of
the gray iron. The small graphitc flakes were less damaging and therclore generally preforred.
Flake graphite was subdivided into [ive types (patterns}, which were designaicd by the letters
A ttrongh E. The oricntation disoribution of Type A graphilc is random. [t was the commonly

preterred (ype of graphite giving oplimum strength propertics.

Figure 4.2 Microstructure of solidificd gray cast iron from the moid wall thickness 1.7 inch.




Figure 4.4 Microstructure of solidifiud gray cast iron from the mold wall thickness 2.8 inch.
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TerTite is a relatively soft constituent and is (herefore undesirable when high strength
and good wear resistance is required. A subsiantial amount of ferrite can be associated with fine
furms of graphite, such as undercooled and resette forms. Ina mixed matrix siracture, territe will
often oeeur adjacent to graphite because the carbon that was in solutien in the ferrilic arcas can
ditfuse to precipitate on the existing graphite fakes during coeling. Pearlite consists of alternate
lamellae of soft ferrite and comentite.  The hardness of pearlitc varies within the range of
approximately 170-300 11B. It is a desirable constituent when high strength and good wear

resistance arc tequired. Mardness increase with incrcasing fineness of the laminations,

4,4 Scanning electron microscopy analysis

Figures 4.5, 4.6 and 4.7 show the tensile fraclure swrfaces of the gray cast iton
specitnens, Figure 4.5 (b) shows the fracture surface of the gray cast iron similar to flowers.
The dendrite in metallurgy is a characteristic tree-like structure of crystals growing as molicn
metat freezes, as shown in Figure 4.5 (a} produced by fast growth along encrgetically favorable
crystallographic directions. The dendrite has been established that erystals grow wilh the highest
rate along the plancs and directions where atoms are packed more closely, Thus, long branches
crow first, which are called the first-order dendrite axes. Then second-ordet axes branch of from
them and Lhird-order axes {rom (he sccond-order ones, and so on. Finally, the metal remaining
between dendrite axes solidifies. If there is cnough liquid melal to £5) in inter axial spaces or
openad end of 2 mould where a shrinkage caviry fomns, some crystals may retain the dendriee

shape. ‘This dendrite growth has large consequences inregards to material propertics.




Figure 4.5 Tensile fracture surlaces of the mold wall thickness of 0.7 inches.
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Figure 4.6 Tensile fracture surfaces of the mold wall thickness of 1.5 inchos,

The main part of the fracture surface is the houndary betwecn the graphite and metal
mairix. Figure 4.5 and 4.6 show the lraclure surface of graphite. The total elongation of the gray
cast irom is about 0.71-0.80 %. ‘The low valuc of tota! elongation yiclds a result in low tensile

sircngth that causes low ductility and is brittle.




4.5 X-ray difflraction paiterns

The XRD patterns of the specimens were shown in Figure 4.8, The XRD panerns
show a single phase of cubic Im-3m (ferrite) space groups. The data analywis reveals that
the: lattice parameter of the specimens was 2.856 A. The optical emission spectroscopy lest shows
that the speeimens are composied of Fe 93.17%, C 3.14 %, and §i 265 %. [m-3m (ferrite} space
groups are a soft and ductile phase. Basically, this was a BCC iron phasc with very limiied

selubility of carbon,
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Figure 4.8 XRD pattern of the gray cast iron specimen.




CHAPTER 5

CONCLUSIONS AND SUGGESTION

We have succeeded in controlling the cooling rate to inercase the tensile strenath of
yray cast iron, The evaluation of the gray cast iron with different cooling conditions shows that
the cooling mate has an effect on (he tensile sirength, microstructure and hardness Brincll (11B).
We preparcd the mold wall thickness of 0.7, 1.5, and 2.8 inches to detenmmine the coolimg tale,
The results of this work indicate that the tensile strength, hardness and percentage clongation of
the gray cust iron is optimized when the mold wall thickness ol 1.5 inches was used. The lowesl
of the tensile sirength and the perecntage elongalion were 243.92 Mpa and 0.71% of specimens,
respeetively with 0.7 inch mold wall thickness.  [lowever. the heat transfer of the specimens
casted with 0.7 inch mold wall thickncss is 501,66 walts greater than thal of 1.5 and 2.8 inch mold
wall thickness. Thus, the structurc of the gray cast iron was cast wilh 0.7 inch mold wall
thickness has characteristic dendrite siructure. The large dendrile prowth causes the decreases of
iensile strength and percentage elongation,

The siructures of all speritens are single phase of iron with cubic Im - 3m space
group. 1L was body - centered cubic {BCC) erystal structure or ferrite. This cryslalling stracture
the gray cast iron has magnetic properties and was the classic example of a ferromagnetic
material,

The graphite flakes of all specimens were present in type A, Thy large graphite {lakes
seriously interrupt the continuity of the pearlitic marrix that result in reducing the strength and
ductility of the gray cast iron. The small graphite flakes arc less damaging and thercfors
generally preferred. The oricntation distribution of Type A graphile was random. It was the
commonly preterred type of graphite giving the oplimum strength properties.

STM images with 0.7 inch mold wall thickness show that the solidification of ake
and graphite were dominaled by the arowth of the dendrite forming 1he grain pattern similar to
that of most gray casl iron.  This gives additional support (o the solidification mechanisms

nroposed earlicr,
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Suggestion for the casting process is the mold wall thickness between 1.5 and 2.8
inches casiing processes (Lhe mold made from sand mixing with betomes) can be used in
foundary manufactures. These sives of the mold thickness help to control the cooling raie to get
gouod tensile strengit and hardness, The addition ol inoculants in ligid ¢ast iron grey cast irons
helps o improve the homogeneity of the cast iron structure, cabance mechanical propertics and

deerease the failure of gray cast iron products.
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Abstrael

We have investigated the structures and propertics of cocling-rate controlled gray cast
irons by different mold wall thickness. The cast iron spechineds were made by controlling the
vonling rate in the solidification process. The meld was cylindrical in shape and mude of sand.
The process of the heat transler of the materials was investigated. The heal trngfer rale was
considered as the radial thickness of the mold wall. The X-ray diffraction (XRD) technigue
was used to identify the phase and optica! microseope used 1o study the microstructure. Crptical
cmission speciroscopy was emploved lo examing the congtituent of the specimens, Three aray
cast irons with the mold wall thickness of 0.7, 1.5, and 2.8 inches were casted and tested for
tensile strength. The results showed fat the specimens made of 1.3 inch radial mold thickness
yickled the highest tensile strength.
Koyvwords;  Cooling-rate, Vensile Strength, Gray Caxt Iroa, X-ray diftraction
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1. Introduction

Liray cast iton has become a popular
cast metal imaterial which is widely applied
in medem indusicial manufacture becanse
s good caseability, wear resistanee, low
melting puint, machinability, high damping
capacity, 2nd low cost. The microstracture
of pray cast aron is characterized by
graphite flakes disperscd into the marrx.
mdustrial casting practice can influenes
nucleation and growth of graphite flakes, so
that types and sizes increase the desired
propetties, The amount of praphite and
distobution ol graphite lamegllas  are
essemlial in determining the mechanical
quality of gray cast iren {L. Collind. et al,,
2008; LR, Davis et al., 1985) Thus, ir is
important 1o contrel the flake graphite
marphology that has direct influence on the
propettics of pray cast iron. The structure of
gray <ast iron  depends on chemical
composition,  inoculants  and  physical
properties, Some researchers have studied
the unidirectional solidification process 1o
improve the mechanical properies of gray
castron, Far example, B.A Ceccarelli et al.
{2004) and J. V. Diiacchi er al. (2007} have
madified the morphology of graphire flakes
by moculaling the iron melt 1o improve the
fraciure toughness or inpact wughness ang
applying austempering hear frestments to
improve the  fractute  touphness  of
menolithic gray cast iren.

High cooling rates in producing fine
sirucrures resulted in increasing of high-
stength cast alloys, The undercooling of a
melt 1o a Jower temperaturs inereased the
number of effective nucler relative 1o the
growth rates and the final being restricted
by the rates at which the latent hem of
crystallization can b dissipated. The
refining influence of an enhanced cooling
rales  applied to  grain sizes and o
substructures.

This wark presented the effect of the design
of the cooling rate contrel on the tensile
strength. mopholosy, and microstructure
of the specimens extracted from industrial
castings made of gray casl iron, and
produced by different wall thickness of the
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sand molds, The cooling rale was used to
contre] the flake graphite murphology.
Then, the mechanival properties of the gray
cash iron were testad,

2. Research Methodabogy

2.1  Materials  and
procedores

The specimens of gray cast iron
were casted with 6.7, 1.5, and 2.8 inch wall
thickness to obrain different cooling rates,
The specupens with  the  composition
(mass percent) oft C 3.141% 51 2.6537%,
Mn .366%. P 0.079% , 5 0.057%, and
olthers. The casting was made at 1350- 1404}
*C. The molds were designed in cylindricul
shape and made by river saml, K-type
themmocouples were maounted in the middle
of extindrical shape Lo measore real cooling,
rate femperalures. Afler the mehed cast fron
was poured into the molds the cast iron
samples were covled Lo room temperalure
naturally, The temperatures of the cooling
rates werg collected as a function of time.
The specimens of  metallographic
cxaminalion using an optical microscope
were prepared o examine the flake
morphalogy and matrix microstructure of
the composites. The surfaces of the
metallogtaphic specimens are prepared by
methods of polishing and etching, Atter Lhe
preparalion, the distribution of graphite
flakes was examined under an oprical
microscope at & magnification of 100=.
HKRD method using X'Terd plus with
wavelength or 1.54 A was used to study
phaze and microstructure of the specimens.
Optical Kmnission Spectroscopy was used to
probe the constituent of the specimens.

casting

1.2 Mechanical pmpe_rlilés
I. Tension tests of the specimens were
carmied oul accotting w ASTM EB-M
stamclard as shown in Fie .

e 7

1
ANTM L4 [Thale]

-~
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Figure 1 Dimensions of the lension test
Spoecimen,

The enpineering stress on the bar 15 equal to
the average untaxial ensile forse on by bar

divided by the original cross-seetion area of

bar.

Gc=— (1)
A

Where o is Engineeting stress {Mpa).
F is average uniaxial tensile force (N
A is oniginal cross-sectional ()

2. Glongation is inversely proportional o
tensile strength and hardness. The amount
of elongation is expressed as a percentage
of the eriginal gauge length. Given by

L-L
Percentage chngation = T"D- *1600)

where L. 15 final gauge length.
Lais origmal gauge length.

3. The Rockwell tesl s used o determing

the hardocss by measuring the depth of

penetration of an indenler under a larpe Joad
comparad to the penelration made by a
preload.
]
§

- 3
1 i

Figure 2 The steps in measuvrement of
hardness with a sphere of stecl,

: 13 =
Fowzkwill 13 number o0

t,'il.‘]-dgg_)_ﬂ*l__ﬂ_:rf pdertatio n

Conduction heat transfer 15 the mommal
transfer  of  enerpy  within  solids,
Conduction  heat  transier  also  occurs
through pases and fguids, but i1 then only
predominates i whe gases ot liguids are
stagnant or move slowly.
The wmathematical model for conduction
heat transfer 15 Fourier's  Law  of
conduclion,

SN

Q Fx {4)
where Q. is the heal transfer in the x
direction the normal area A due to the
temperature gradient &T/8x. The thermal
conductivity x is an index of ability of a
material 10 conduct  hear  due
ternperature gradient in that material.

W oA

4. Research Outcome

4.1 Tensile (st resilts
Tenstle lests were performed on the gy
casl jron specimens. Table 1 shows the
lensile test rasults of three specimens made
of of 0.7, 1.5, and 2.8 inch mold wall
thickness. As shown in Table 1, the results
revealed that the tensile properties of the
gray casi iron improved due o low cooling
rates. The maximum of tensile strength,
hardness and perceniage clongation werc
25500 MPax 210 Brinc!! and 0.82% of
specimens with 1.5 inches mold wall
ihickness, The heat transfer of specimens
casted with 6.7 inches mold wall thickness
is 501.66 watts greater than thal of 1.5 and
2.2 inch mold wall thickness.
The pluts of the cooling rate curve as a
function of time are shown in Figd
Constant {emperature ranges are 668 °C.
6B0 °C, and 719 *C for 1.5, 0.7 and 2.8 inch
mold wal]l thickness. respectively,
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Table 1 mechanical testing.

— — ’. e - (—
Size Tensile strength Elongation I:IB Q. |
{MPa} At break {%a) {Rrineit) (W) .
0.7 inches 243.92 0.71 210 50166 |
| _}.5 inches 25306 . os 210 476,57
2.8 inches” 25331 os0 | 208 | 45365 |
LU |-; } 4 & inghes :: o
'g' - 1 Enchua 5 7E0iInches &
ﬁ e | - . & N Jnches e ﬁﬂhrﬂﬁl*mw*ﬂ' :
B s :
£ | N _ I - -
= . v = : E =
2 | o = \ = 1hhwches T
g . B MMMMMM
e = 5
i S - g
nﬂ : * '.mI:m.r-ulu: # * * “’i A / A e “.U“ D‘.-mum."h" W ot
Figure 3 The plots of the cooling rate curves ' '
of the different mold wall thickness A A p 0 weoow

nhtained

4.2 Microstructure

The XRD patierns of the specimens wene
shown in Fig xx. The XRD patterns show »
single phase of cubic Tm-3m space groups,
The data analysis reveals that the lattice
parameter of the specimens is 2.86 A. The
oprical emission speciroscopy lest shows
that the specimens ame composted of Fe
93.17%, C 3.14 % 8§ 2,65 %, and uthers,

24

Figure 4 XKD partern of the gray cast iron
specimen.

The graphite flakes of the specimens were
abserved using an oplical microscope after
polishing and etching as shown in Fig.5 (A,
13, ) The large graphite flakes seriously
interrupt the continuity of the pearlitic
matrix, thus reducing the strength and
duetility of the gray iron. The small
praphite flakes are less damaging and
therefore  generally  preferred.  Flake
graphite is subdivided into fpe Lypes
{panerns), which are desirnated by the
letters A through E. Fig5 (A, B, ()
graphite flakes presend in ype A, The
orientation distribution of Type A wraphite
is random. It is the commonly preferred
ivpe of graphile giving oplimum strength
properties.
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Figure 5 Microstruciure (A3 0.7 inch (B}
1.5 irch and (C) 2.8 inch,

4.3 5EM observation
Fips. &, 7 and § show the tensile fracture
sutfaces of the gray cast iron specimens,
Fig. 6 (b} shows the fraciure surface of the
gray cast iron <milar 1o Jowers. The
dendrite in metallurgy it & charscleristic
ree-like strocture of crysials growing as
mallen metal freezes, az shown inFig 6 (A)
produced by fast prowth alonp energetically
favorable crystallopraphic directions. This
dendrite growth has larpe consequences in
repards 10 material properties.

Figure & Tensile fracture surfaces of the
mold wall thickness ol 0.7 inclez.

The main part of the fracture surface is the
houndary hetween the graphite and melal
matelx. Fig ¢ and 7 show the fraclure
surface of graphite. The 1otal clongativn of
the gray cast inon is about 0.71-0,80 %, The
low value of tolal clonpation yields a result
in low tensile strength that causes low
doctility and briile.

5%
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Figure 7 Tensite fracture surfaces of the
mold wall thickness of 1.5 inches.

Figure § Tensile fracture surfaces of the
mold wall thickness of 2.8 inches.

5. Discussion

The evaluation of the gray cast iton
with difieremt cooling conditions (the mald
wall thickness of 0.7, 1.5, and 2.8 inch )
shows thet the cooling rate has an elfect on
the tensile properlics, microstroctore znd
hardiiess bonell (HB), All specimens are
single phase of iron with cubic n-3m space
group. The resulls of this work indicaies

that the tensile propenies and hardness of

the gray casl iron optimize when the mold
wall thickness of 1.5 inches were casted.

The 4% LEBRL imernational Researeh Conlerenee,

Ao Emiepraan of ASEAN [Local Wisdom te Lnkcraational.

The tensile fraciure of the specimens made
with the mold wall thickness of §.7 inches
has dendrile structure produoced by tast
cooling rate. This dendritic growth has
large that resubts in low tensile strengtbn
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resign and Centrol of Cooling vate for improving The strength of Gray cast iron
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ABSTRACT
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