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REFLECTION

There is a land beyond the stars,
Glory Land, hright Glory Land,
Beyond the sunset’s erimson hars,
A Landd of peace without Alloy,
Of joy bevond all carthly joy,

Ant nanght its calm can ever destroy

The city of our God is there,
Hs Jasper walls with heanty Tair,
s Gates of Pearl like Silver pleam,
Its skies with Tadeless sunlight beam,
And throngh it volls life’s erystal stream,

Glory Land Bright Glory Land.
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ABSTRACT

An investigation has been carried out on the effect of silicon level on austempered ductile
iron in order 1o determine the suitability of the material in the development of structural
materials that can be uwsed in the preduction of auwmoebile and machine pﬂJ‘l; thai
undergo constint eyelic leading. This is in response 10 pressures on enginecring and
automobile industries 10 produce components that provide improved properties and
perfonnance, save energy cost or reductions in overall manufacturing cost and also o
further increase the opportunity for wider commercial exploitation of cast irons. The
study invaolved initial production of three ductile iron alloys containing different levels of
silicon. The effect of mistenitising temperature (850, 900 ad 950°C for 1hour) and rapid
guenching and holding in a salt bath maintained al pustempering tempemiure (280, 300 or
3507C [ur different time niervals 15,30,60,90,0r 120) on the mechanical properties were
subsequently investigated, The silicon level sensitivity on the [atigue strength, impoct
tougliness and the hardness properties of the three alloys containing increasing silicon
levels (2.0%, 2.6%, 3.0%) were characierized using oplical micrography and the resulis
were used o cunelate the phase relationship with the mechanical propertics, Compuler
modeling was used 1w messure (he volume fraction of retained austenite. The
auslemperiag apphed w the ductile east ‘ron alloys produeed different bainitic structures,
ps o function of heot treatment conditions thut ked o an attractive combination ol
mechanical propedies. These reider the fow sificon, medium silicon and the high silicon
austempered ductile iron useful 19 the production of automobile aud machine parts as an

cconomical substitute Tor high strength steels. While the bainitic transformativ: in steels



il

pave a mixture of ferrite and carbides, the presence of silicon in the ductile iron led w0
significant austenite volume fractions being retained in the microstructure. The best
overall results were obtained from a high silicon alloy austenitised at 950°C and
austempered at 350°C while optimum impact energy of 70 and 115 Joules respectively
was obtained from the medium silicon allovs and high silicon alloys austenitise at 930"C
and austempered at 350°C. Both alloys have the same optimum values for fatipue limits,
450Nmm™ at these austempering conditions. The results show that alloys of differem
silicon levels can be uwsed to produce machine parts by altering the austempering
paramelers. The model developed to predict the fatipue limit from the impact toughness
value and the opening and closure of the processing window can be used to optimize

production processes in foundries.



CHAPTER ONE
LO INTRODUCTION,
Austempered ductile iron (ADI) has been recognized as an important engineering iaterial
because of its excellent properiies. Only recantly, there has been an increasing demand for the
introduction of austempered ductile ron (ADI) as a new engineenng material because 1he
material has & good combination of high strength, ductility, toughness, latigue strength and wear
resistance over other ductile irons, (Aranzabal et al, (1997); Prasad and Putatunda, (1990} Shieh
el al, {1995)), Several orpanizations worldwide are now muking use of the wide rmnge of
properties offered by ADI
Austempered Ductile Tron (ADM) 15 a malenal thal is composed ol bamite and austemie malrix.
According to Dommace et al, (2001), ADI matrix microstructure contains up o 35 - 40%,
anstenite, that may translform in service by mechanical solicianons Banitic matrix o ductle
iron can be obtained in two ways: (i) in as-cas! form where bainiic transformation is achieved by
judicious alloying, and (i) by sobjecting normal ductile iron castings (0 @ specialised heal
treatment known as "austempenng”. Austempercd Puctile Iron offers to the engineer the typical
benefits of conventional ductile iron in addition to enhanced mechanicul properics
Researching and developing ADI became promiment in the 198005, although ADI has been
around for some time and avstempering as 2 treatment for alloy steels was discovered n the
19305, Today, the resesrch dedicated to ADL lechnology bas made it a widely sccepted
engineering material with a worldwide production thal is expected 1o exceed 10 tons by the new

millennium, (Trudel and Gagne, (1997); Neuman (1965) Smith (2001 ).



The production of bainitic matrix structures using austempering heat treatments was first
demonstrated in the early stages of the commercial development of nodular graphite rons. Such
treatments were shown to produce materials with desirable combinations of properties including
high strength, ductility, toughness and wear resistance. Until the last decade, however, little had
been dong to exploit commercially the material properties that could be achieved.

Having a lower weight than steel and a higher capacity to absorb vibrations, some ADI varieties
can also reach mechanical properties only comparable 1o high-resistance alloved steels,
{Harding, 1986). Hence, the materal can provide an alternative to the use of steel in a number of
demanding applications, with the added advantage of being cheaper to produce in the form of
complex shapes. ADI exhibits remarkable machinability and resistance to wear in conjunction
with design flexibility and low cost, (Roberts (1992), Bhadeshia (1992)).

One of the restraints in the widespread availability of ADI has been the need 1o subject the
components 1o a very carefully controlled heat-treatment defined to obtain the required
properties. Of particular importance is the As-Cast quality of the castings subjected to
austemperng as the heat-treated castings remain sensitive to casting defects. The opportunity for
wide commercial exploitation of these materials has risen in response to pressures on
engineering and automobile industries to produce components that provide improved properties
and performance, or reductions in overall manufacturing cost.

It is known that steel component either in the casehardened or forged-condition can be heat
treated and alloyed to obtain a beneficial change in the matrix structure and hence provide a

range of useful properties. The beneficial use of this heat treatment had encouraged many

E-d



researchers to apply this (o ductile iron 50 that it coukl become o tougher, corrosion reststant,
wear resistanl and stronger material, (Haseeh et al (2000), Kobayashn (1959)).

Ductile 1ron subjected to austemperimg treatment 15 often refermed o as "AUSTEMPERED
DUCTILE IRON" {ADI) in most mternational forums. The term "Austempered Ductile Iron'
therefore describes a family of materials whase properties can be varied over a wide range by the
correct choice of heat treatment variables, 11 is now known that ADT offers an ideal combination
of strength, ductibity and wears resistunce, with a maximum lensile strength of 600N mm and
high hardness. Materials of lower hardness having tensile strengihs of 900 (o | 200N /mm” and
clongation of up to 14% can also be produced for engincennyg apphcations where considerable
ductility is required, (Bahmani and Elhot(1994); Bayati and Elliot { 1987)).

AUSTEMPERED DUCTILE IRON VERSUS STEEL = NO CONTEST

Whether specifying a new casting, forging or fabrication or improving an existing one, the
potential benefits of Ductile lron over steel are clear: Improved strength 1o weight ratio;  better
surface definition and finish; easier machinability and a reduced mochining allowance; reduced
component weight; (Ductile iron is appm:-:.iumh:]y [0%% lighter than steel); and reduced
component cost. ADI with high strength, impact energy and wear resistance 15 used 1n gears,
crankshafls, rollers and wheels, gravel crushers, muning doll heads, wear plates, cam-tracks,
brake rotors, heavy machinery, diggers and agricultural machinery, and many other applications.
In the abrasive wear mode, the wear rate of AD1 is comparable to that of alloyed hardencd Alsl
4340 steel, and approximately one-half that of hardened medivm-carbon AISE 1050 steel wnd of
white and alloyed cast iron. The excellent wear resistance of ADI 15 attnbuted o the strain

affected transformation of high-carbon austenite to martensite that takes place n the surface



layer during wear tests, (Ahmadabadi et al, (1999)). Ductile iron castings have production and
machining cost advantages over steel fabricalions, forgings and castings within the limitations of
the ductility and impact properties and have strength (o weight advantages over grey wran where
breakage 15 a problem,

Some applications of austempered duetile iron that have been successiul are: Automobile
crankshafls and camshafis replacing steel forging, gear rings and drive rings replacing
fabrications, castings and forging; shear-pin housings e drive couplings replacing steel
castings; main shafls and rotors for machinery drives; brockets replacing fabrications; thin
section castings replacing fabrications for covers, delivery chule, housings and other machinery
components. Gearwheels produced in ductile ron that 18 hardened or anstempered give greater
frecdom of design than steel forging. Rolls for pelleting prosses produced in Austempered
Ductile Tron 15 a competitor to lool steel. Moulds for aluminium inpgois cast in ductile won have
superior cooling characteristics and life than the normal grey ron moulds, Magalhaes et al,
(2000). As engincering design practices hecome increasingly  sophisucated and  service
conditions more demanding, the need for engineering materials und components, particularly in
conditions of high dynamic loading is expecied to increase.

Materials for making machine elements generally referrad 1w as structural malerials ure
characterized by a large diversity of shapes, dimensions, and operating conditions, These
matcrials operate at static, cyclic and impact loads, high and low teipertures, and in contact
with vanous aggressive media. These factors lshapn.: the requirements set forth to structural
materials, which can be divided into three main groups: operating, technological and economue,

Operating requirements are of prime imporance. A structural material must have a high



structural strength in order to ensure the serviceabilily of particular machines. The structural
strength is a complex of mechanical properties of a material, which can ensure reliable and long
operation of the material under specified operating conditions. The required values of
mechanical properties of a material for a particular element depend not only on the force factors,
but also on the effects of the working media and temperature. The medium in which an element
has to operate may be liguid, gaseous, iomzed, irradiated, ete. and can produce an essentially and
mostly negative effect on its mechanical properties and reduce the serviceability of the elements.
In particular, the working medium can cause damage to the surface of the elements due to
corrosion cracking, oxidation or scaling material in the surface layer resultant from saturation
with unwanted elements (for instance, hydrogen which causes embrittlement in metals), To
withstand the action of the working medium, a material must possess proper mechanical
properties: resistance to electromechanical corrosion, heat, radiation, moisture, capability for
operating in vacuum eic.

Depending on the technological processes employed, the term workability may include
machinability, deformability, weldability, castability, hardenability, liability to deformation and
buckling on heat treatment, ete. The workability of a material is of prime importance, since it
determines the productivity of manufacture of machine elements and structures.

Traditional areas of application of ADI are the production of engine and other components which
could raise fuel efMiciency. According to Hemanth (2000), the major users of ductile iron
components include the automobile and machine tool industry,

Compared to steel, ADI exhibits superior functional properties in terms of machinability, better

resistance to contact fatigue, damping capacity and hence better noise attenuation, amenability 1o



heat trestment. lower densily and hence better weight reduction, energy and other cost
requirements from molten metal to finished product. Alse ADI castings can have uniform
properties even with complex shapes, a charactenstic not always possible with steel forging or
weldments, Hemanth, {2000}, Dommarco et al, (2001); Fan et al {1993).

Developments in ADI have made it possible to replace such costly enging components as
camshaft, crankshafl, connecting rods, axle shafl, steening knuckles and tractor parts of forged
steel with nodular iron castings. The prospects of ADI as allemative material (o the rather
expensive, forged, casehardened steel in other critical components operating under severe
dynamic conditions such as hypnoid nng, pinion gears, bearing and toothed gear power
transmission (since it is significantly machinable for the teeth to be cut after the heat treatment,
thus giving the best possible dimensional accuracy) is expected to open new vistas for cast iron
production. Furthermore, major engineering components réquiring complicated manufacturing
from high-grade steels by, for example, forging, rolling, welding, and surface hardening, all of
which may preclude the use of normal machine tools, can now be made in near-net shape casting
m austempered nodular cast iron. Nevertheless, as for other engineering materials, the production
parameters have a significant influence on the performance of ADI castings. Of particular
importance is the as-cast quality of the castings submitted o austempering, as the heat-treated
caslings remain sensitive to casting defects.

some of the restraints on the widespread availability of AD] according to Trudel and Gagne

1997; Imasogie et al, (2000), Putatunda, (2001} include:



1. When compared lo grey iron the sensitivity of a DI component 1o ils chemcal
composition 15 very high. Therefore the careful selection of the charge matenals s
critical.

2 Special attention must be paid to the spheroidization practices, which control the
crystallizaton of spherullitic graphite particles. In order to obtain high-level quality DI
components, the maximum possible level of these must be achieved.

L3 The need to subject the components to a very carcfully controlled heat treatment regime
to obtain the required properties and the need to establish a process technology capable of
sustaining high volume production of castings of the required integrity.

4. There has been limited metallurgical data available to explain the relationship between
microstructural features of ADI and its mechanical properties.

-} There has been insignificant fatigue and 1impact toughness properties’ data available to the
design engineer for development of structural application.

Conversion-cost reduction is & common motive for switching to ductile castings. Imasogie,

{1994}, reported that manufacturing costs were slashed 69% in converling a two-piece

fabrication of a steam turbine govemor case, formally made from a steel bar stock steel tubing

Joined together by welding to a one piece ductile iron casting. Remarkably, the one-piece casting

exceeds maximum engineening requirements. Another notable case involved a conversion from a

steel forging. Primarnily, as a forging, the part, a wire rope clamp for conveyor idler and support

stard, cost 52,31 per unit to manufacture. But by going to a sandcast clamp of an 80-55-06 grade
of ductile iron, it became possible to save part cost by 91%. Also, the castings had more than

adequate strength and toughness while eliminating machining because functional surfaces had



sufficient accuracy in the as-cast condition. Another special case involves the use of the 65-45-
12 grade of ductile iron casting lined with Teflon. The complex plug valve, which controls the
flow of extremely corrosive liquids in chemical processing plants, was formerly made of a
variely of exotic materials, including type 316 stainless steel, Monel alloy, Castelloy B, titanium,
and tantalum. In some specific cases, unil cost ran as high as $229, the item is now down to 79
with cast recesser and machined grooves m the body and plug locking the Teflon in place
preventing il from collapsing even in a high vacuum or during thermal cyeling. In addition 1o
cost, other consideratiens such ns mechanical properties, corrosion resistance, welding and
thermal (spalling) gualites, reconnmend ductile irons over and above all other materials.
Specifically, the oil manifold for earth-moving equipment is. presently made of ductile won
hecause the application called for a combination of high strength and good ductility, (Dommarco
et al, (2001)), Ductile iron pston for diesel locomoetive engines is stronger and has more wear
resistance than previously used types. Reduction in weight (by 50%) also means less siress on
olber parts, such as bearings. Duclile iron has the polential 1o replace costhier malenals in many
significant engineering apphicabwons. The requirements concerning safely and reliability are
always on the increase sl therelore resistance o [aligue and impact toughness is ever more
erucial. In view of the paucily of dma on the fatigue and impact toughness of AL, the present
research is intended 1o G the voud,

The method of obluining ADI with excellent properiies depends on the effective control of
metallurgical and process vanables. Hence in corsidering the technological implication of ths

mvestigation, special emiphasis is placed on the production process of the ductile iron and the test



nrameters, Results obtained are expected o indicate whether these irons have improved
moperties such as would recommend them for applications pertinent lo those earlier mentionesd.
The project is approached m the following ways:

|. Production of Ductile lron samples with varying levels of silicon. Yan (1995) reported that
during awstempering, silicon restrains formation of carbide and makes carbon atoms saturate in
retained awsienite when bainitic ferrite grows, so that the stability of supercooled austenile is
mproved. In a eertain range, the volume raction of relained austenite increases with the content
of stlicon. Silicon s one ol the cleinenis contracting the austenite zone of phase diagram. It
reduces the transformation rate of asstenitising. Furthermore, silicon shifts the eutectoid point in
thase diagram to lower carbon comtent and decreases the carbon solubility in austenite matrix.
However wilh excessive silicon content, the carbon content in austenite may be eut down and the
refained austenite reduecd. An increase in the amount of silicon in cast iron reduces the amount
of pearlile but increases that of ferrite. In iron with a very high silicon content, the mainix
becomes completely ferritic (silico - ferritic). Due (o ils large affinity for oxygen, silicon easily
orms protective oxide [ilms (5i0;) on the surface of castings and also increases its heat
estslance, (up lo 5 -6%)

Silicon has a key role 1o play in the development of microstructure of austempered irons. Hence
the sensitivity of silicon level 1o the fatigue strength and impact energy of austempered ductile

wornt will be considered, =0 also iz the interdependence of austenitising temperature and silicon

content.



2 Developmg and myvestigating an ADTD with diferent silicon content with the aim of improving
the latigue strength through the effect of isothermal transformation. Accordimg 1o Putatunda and
Sing, (1995}, the yicld swength of ADT depends on the finess of ferrite and austenite, and the
fracture toughness of ADD depend on austemtie carbon contenl. Hence by combining the effec
of silicon with austempering holding time and temperature, il is envisaged that there 15 the
pessibility of obtaining an ADI with high fatigue strength and impact toughness. Dunng the
suslempering process, fermle lorms oul of austenile by nucleation and growth process, Bahmani
aml Eflial, (1994), When lemrite forms oul of austenite, carbon is rejected from lerrile and
diffuses into the surrounding avstenile, Since nucleation depends on the supercooling, very fine
fermite s awstenile will be produced when sapercooling is high, 1e. when ADI s quenched Lo a
lower austempering temperature from the austenitizing temperature, It is expecied that silicon
will affect the diffusion of carbon at a faster rate, This is expected o produce a material with
mproved [atigue and impact toughness. The austempering time is selected to ensure that the
formation of baimitic fernite adequately enriches the residual austenite with carbon, allowing
much of it to be retained 1o room lemperature.

I is expected that the research Ondings will be useful to the foundry industry in the following
Wilys

{11 As o tool for the optimisation of the production process.

(biTo attam the desired mechameal properties in crankshafls and gears through selection of a
specifie alloy composition and heal (reatment parameters,

(e} As a guideline for the production of AL alleys which can be a subslitute for existing steel

alloys used in automobile and machine pars

1



The primary objective of this research is to develop ductile cast iron alloys suitable for the

production of awtomobile and machine parts.

Specific objectives of the research are lo;

1]

]

Investigale the cffect of silicon on the microstructure of austempered ductile iron.

Evaluate the elTect of ausienitising lemperature, austempering lemperature and time and
silicon level on the impact and fatigue strength of austempered ductile iron.

Use computer models tor the prediction of the amount of the retained austenite and the
mediction of the Tatigoe honl from iopact stveagth data in ADD as a function of austempering
varialies.

Inveshigate the relationshop bebween microstruclure fealures and impact :1_n:! latigue strength
al ADI

Establish an optimum sel of compositional and heat treatment vanables for the production of
ADI of high impact and Iatigue strength, suitable for the manufacture of automotive and

other machine components.

The greal interest in wsing A i sy applications requires a more comprehensive database on

the fatrgue and other mechameal properties of ADls: The published data regarding the effect ol

silicon level and austempering lemperature on ADI fatigue properties are still limited, thus

providhing a need for Turther expernimental work. The present sludy is inlended to increase the

database and wnderstanding of ADIE's impact toughness and Tatigue properties, The aim is 1o

charscierise the effects of silicon level and austempering lemperature and time on the impact

oughness and [atigue propertics of ADD by syslematic experimental studies on specimens.



CHAPTER TWO

LU LITERATURE REVIEW

11 AUSTEMPERED DUCTILE CAST [RON.

The history of Austempered Ductile Iron (ADI} has been influenced by a number of technical
developments that have resulted in new business opportunifies for the foundry industry.
Austempered Ductile Tron has eamed what could be termed a unique position among engineenng
materials. No other ferrous material can matech its combination of castability and mechanical
propertics.

The presence of graphite contributes directly to lubrication of rubbing surfices and provides
reservorrs 1o accommodate and hold lubricants. This means good resistance to mechanical wear.
(raphite also contributes to machinability because it acts as a lubricant during cutting, In their
studies, Magalhaes et al, {2000), carried out experimental observations of contact fatigue crack
mechamsms for austempered ductile iron discs. They concluded that superficial graphite nodules
that lie just beneath the surface and covered by very thin layer of material do not have negative
effect on the fatigue fissures but the graphite enrichment of the lubricant resulting from the
voiding of these nodules is noticeable. Like grey iron, ADI has inherent corrosion resistance,
Hemanth, (20007, The material can be referred to as being versatile because it can be tailored to
fit an unusually broad diversity of needs. It has for instance been chosen over and above cast
steel, steel forging, steel fabrications including weldments, in parts ranging from a fraction of

kbiograms (e.g. pump cylinder), to mill rolls.



In Austempered Ductile lron, the Free graphite s in the form of disereel nodules or spheroids,
Ihe matrix may be [erritic, pearlitic or a mixture of the two. The discrete form of the graphite
midules in comparison lo e planes of weakness of the graphite akes in grey iron means Lhal
the properties of ductile iron are determined more by the matnix of the material than the form ol
the graphite. Thus ADI has lugher strengths, preater elongation and beller resistance to impact
than grey irom.

In the as cast condition o range of properties from high ductility lo comparatively high strengths
gt be produced by control of the chemical composition and production process, Tlas range of
properties may be extended by aflov adjustment and subsequent heat treatment including surface
fardening and through hardenmg by guenclhmg and tempenng. Whilst the production of ductile iron
more invelving than grey iron, it is still possible to produce complex shapes which are more
easily machined than steel. The wide range of properties means that the various grades of ductile
wan ¢ould be wsed 1 oa variety of applications.

ADL & o prominent cast ferrous alloy, where conversion of carbon to graphite of spheroidal
shape with a matnx of pearlite imparts enhanced ductility, that is capacity for plastic deformation
prior i fracture, Such improved ductility therefore opens the possibility of Torging parls made of
ADL In thas way energy consumplion can be reduced by finish forging of readily castable rough

shape mn certain parts. The other route to obtain high strength and ductility in Auvstempercd

Ductile Iron is by menns of sustempering heat treatment, Stadies conducted by Prasad (1988) of
e Inhan Institute of Technology conceming the upset forging behaviour of ADI clarily
conditions under which it can be hot forged. Hence utifizing cast billets of ductile iron, as stock

lor forging is less attractive than austempering,
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- Two types of Ductile cast rons are recommended for ADI production: the lerritic grade and the

pearlitic grade, These two erades differ maimly by their chemical composition, Tables | - 4

LI CASTINGS TECHNOLOGY AND CONTROL FOR ADI PRODUCTION

The casting technology (o prodice neamet shape components of consistent dimensions is well
established, and several altematives are available. These include die-casting, the use of semii-
permanent moulds, investment casting and cerfain sand casling processes in which moulds of
high rgidity and excellent delinilion are pooduced, In the laller context, the use of zircon as
oppased 1o silica sands con ofTer considerable advantages, the higher initial cost of the zircon
saned being ofTset by ils reclumation and re-use in a closed-loop system. Such systems have been
operated with considerable success in foundries for at least twenty years, to produce components
of very consistenl dimensions, (Briggs, (1986). Kiavze el al (1988), Neuman, (1965)).

To prevent the contaminalion ol the castings by cerfain alloying elements found i steel and to
mainiain a high level of consistency of the microstructure, the charge matenials must be carefully
selected, (Tmasogie (1994)). Briges (1986) conlirmed that non-metallic inclusions adversely
affect the serviceability, machinabilily and appearance of Fe-castings. These inclusions come
from slag and dross genernted duning the melting, alloying and pouring of cast iran, Frequently,
they enter the moeld cavity throngh the gating system. Indeed, the primary method used lo
prevent inclusions in the casting is o carefully desi gned galing system, oflen wilh elaborale slag
raps. Recently, ceramic lillers have heen developed that are applied lo the gating system 1o
emove slag ond dross from the mollen Fe and so reduce the opportumity for non-metalbic

mclusions to find ther way imto the casting,



Tahle 1. Grades of Ductile Iron.

Gradle Tensile stiength | 0.7% Proof | % Elongation | Matrix’
{min}), Mi*a slross
= o), bika -
350 /22 350 220 122 Ferritic
420/ 12 420 270 |12 Mainly feritic
1 = . 330 i TemperedFerrite and pearlite
| BO0 /2 BOD 480 |2 Marlensite

Table 2. Typical Mechanical Properties and Applications of Ductile Iron

Alloy Type | Chemical | Condition | Microstructure | Typical Application _"I

' Composilion,
e )
Pressure casting such as valve
 Ferritic 350-225 | Anncaled Ferritic and pump bodies . _
Cenched and Pinions, gears, rollers and
| Martensitic | 3.5C-2.258i | Tompered | Vartensitic slides.
Ferritic - | Crankshafl, gears, rollers.
Pearlitic 35C-2.285i | As- Casl Pearlitic.

Table 3. ASTM Standarnd BU7M-M for ADI grades

Grade Tensile Yield Strength | % Impact energy | Typical Hardness
Strength MPa Elongation Toules. BHN
MPa

125/80010) 850 30 10 100 269 to 321

150/ 100v7 11510 e K 80 302 to 363

7812574 | 1200 850 i 60 34110 444

2004 155/1 [RLLY | 1) 1 32 IBR 1o 477

23041 B5/- 1600 [ 1300 N/A N/A 444 {0 555




Table 4. Range of Chemical Composition for DI castings

Element | Ferrritic | Pearlitic Funetion Remark
grade % grade %a
IC__ |30 40 |10w4a0 | Constituent of the spheroids
| §i 108030 | 1.8102.75 Graphitizer, ferritiser Excess causes
f . graphite location
| Mg (.03 to | 003 10 0.08 | Spheroidiser Control as  casl
. |ooe | | i — pearlite
| Ce (L03 max | 003 max Promotes formation of spheroids | Excess promotes
. in combination with Mg -
5 0015 max | 0415 mas Combines with Mn sulphur removal is
o essenlial
Mn (1.2max 1.7 max Pearlite former Excess  promoetes
- o carbides
[P 0.035 max | 0.05 max | Embrittles structure Pearlite stabilier
Lr 004 max | 0.1 max | Very polent carbide former Retards annealing
Cu 0.03 max | To Strenglh, hardness Potent pearlite
L : _| specification. slabiliser

Such castings reduce casting defliects and Facilitate gating svstem simplification. In comumercial

practice the softer grades of ductile ron are made of a composilion that is low m pearlite

stabilizing elements such as manganese o mimmize the combined carbon contenl. The slow

cochng of thick metal seclions can inlluence the casling properties in three ways: (a) cause

araphite Moalation in high carbon iron {this can be avoided by maintaning a lower total carbon

conlent). (b} Form a large cell and increase segregation (increase segregation at cell boundaries

reduces the strength and ductility). (c) Formation of ferrite with a relatively low hardness and

strength. The mechanisimis ol fomation of graphite in pure Fe-C alloys investigated by Kmauze el

al (1988) established thal the fonm of graphite 15 determined by the stability of the liquid phase,

Az a means of controlling the nature of the hguid phase, such factors as refiming of the melt, the

rate of i1s cooling, superheating, inoculation, and contrel of chemical composition (separalely or
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combined) affect the forining of graphite  through  thelr action on the stability of the melt,
These findings are of great importance for the production of high strength spheroidal graphite
east iron, making il possihle (o select inoculant and methods of inoculation on a sound basis. The

mature of their elfect on the stability of the liquid phase must be taken inlo account.

LAIPROCESS TECHNOLOGY FOR INTRODUCING SPHERODISING AGENTS.

Une of the greatest practical difficulties in the production of ductile iron is geiting the required
meunt of nodulizer mio the mell with the necessary degree of consistency and assurance,
combined with freedom from risk of danger. The practical difficultics are quite enormous due lo
the speed of reaction and the accompanying viclence. Magnesium, for example, boils at about
1207'C and when plunged into the molten cast ‘ron at lmt}"ﬂ, Mg metal melts and vapourises
imstantaneously, escaping with violence and carrying with it some of the cast iron, Successhul
Magnesium treatment requires sn emulsion of ll'rmgur_-.v.imn vapour and liguid cast iron. To obinm
an mtimale emulsion, liberation ol the Mg should occur over a period of time and at many places
in the molten iron, For this ressons the maost popular methods of producing ductile iron rely on
some form of carvier or mddirest method of introducing (he nodulizer, To improve the dissolution
hehaviow of nodulizing mixtures and consequently, the structure homogeneity of the castings,
several methods had been adopied.

I Spherodizing treatment inside the mold is one of the recent achievements. in the production of
5.0 iron castings. I efTers several economical and leclmological advantages that recommend ils
application, particularly o the mass-production of 5.G. iron castings. Shaker and Salamons,

(1988 ), in their contribubion in this area attempied to add sawdust to the mixture. Their result



clearly shows that an addition ol approximately 5% of sawdust to a podulising mixture of granular
Mg and FeSi 75 in the compressed form at 7M/em” improves both Ilﬂdll.llEIIiEiﬂg characterislics
and hommogeneity of the casting struclure,

2. Treatment of cast iron melts with magnesium wire and inoculating wire for mass production of
cast iron parts with spherical graphite was atterrpted by Best, (1989).

3. Vanous ladle provesses had been adopled for mixture additions: The pouring over system 1s
the oldest technigue. The treatment alloy is lower in densily hence il tends to [Toal on the surlace
of the bath. The sandwich system i used, the basic idea being to teap the alloy in & boltom
chamber of the ladle and hold it down whilst the molten metal is poured mto the Jadle i such «
manner as to disturb the sandwich as litlle as possible. This ensures thal the magnesium alloy has
o lravel up throngh the ligquid ivon bath - treating it as it goes. The trigger process 1s a vanant of
the sandwish process and the aim is to inlubit the magnesium reaction in such a manner that 1t
can be controlled or initiated by external factors until it is desired that the reaction should begin,
The cover 15 usually calcium carbide, sand or cast won borings. This achieves delayed treatment
and defayed nucleation, both desirable leatures, The tundish ladle process incorporates a
preamatically operated lid on o (undish (or a pouring basin) with a carefully controlled orifice so
that the time to G (he ladie with base iron is equal to the reaction time of iron with the
noedulizing treatmenl.  The plunging technique is believed to give particularly clean iron by
virtue of the purging action ol the ascending magnesium vapour bubbles which collect impurities
and lifl them 1o the surface of the ladle. Other techniques include the holding process; the T-

MNeck process; the Florel process and the In-Mold process,



Sinoe Magnesium metil boils ol about 1120"C, it requires a pressure of about 10-12 atmospheres
in order 1o offset this elfcet ol normal cast iron ireatment temperatures {!45{]45!:]4]“!.'_‘}. In view ol
this, various {ypes of processes had been developed which are based on pressure reatment using
cither metallic magnesivin or high magonesivm contenl alloy. Such a vessel includes the
mvertible pressure vessel and the Fischel vessel.

The efficiency of Mg recovery depends on a number of factors, such as temperature, ladle size,
method of use, sulphur content of the iron and residual magnesium required.

A mnge of magnesion -lerrosilicon iz available containing from 3 1o about 15% Mg with
approximately by 45% Si. Other malerials inchide a magnesium-impregnated coke (Mag-Coke)
or compaction formed lrom granular mixtures of iron and magnesium. This latter material avoids
the progressive pick-up of sthicon from magnesi i Ferresilicon and which eventually leads Lo the
secrmulation of large amounts of unusable back-scraps; Ni-Mg alloy with 5 -15% Mg); All these
materials can however be nsed inany of the alloying systems.

Sohdification of ductile von was examined in detail by Dumpy and Pellini, 1968. They found
that & large mumber of small graphite nodules were formed at the beginning of the eutectic arrest.
Ciraphite nodule counts showed their numbers 1o be fixed al the starl of euteclic freezing. The
principal Factor is the stactural role played by spheroidizing elements when incorporated in a

graphite lattice and 1ts effcets on the growth

ZA DEVELOPMENT OF AUSTEMPERED NODULAR CAST IRON
Anslempering as a treatment [or alloy steels was discovered in the 1930s. The main advaniages

are that although the simcture formed  (bainite - acicular ferrite with carbide nodules) is not as

"



herd as martensite which forms during a conventional quenching process, the structure 15 much
tougher and because the cooling 15 intermupted, there is less distortion, Ahmadabadh et al, (1999).

The morphology of bainite and techniques for producing bainitic ductile irons, structure property
relations etc., have also been studied during recent years, Harding, (1986), Bahmam and Elliot,
(1994), Dai et al, (2000), James and Thomson (1999) developed a model that indicates the
volume changes during eutectic solidification of ductile iron. Their mvestigation reveals that
chills are essential during solidification to eliminate shrinkage defects and o make the castings
sound, In his work on the effect of Cu, Mo and 5i on the content of retained austenite of
austempersd ductile iron, Yan (1995), observed that high silicon content suppresses the
precipitation of the carbide phase associated with the normal bamitic transformation in steels and
a lamellar structure of acicular ferrite and high carbon austenite is formed. Also, Bhadeshia,
{1992) confirmed that the austenite is progressively enriched by the carbon rejected from the
growing bainitic ferrite units. With unalloyed irons, very rapid quenching from the austenitising
temperature - even of small section thichnesses - is necessary (o avoid the precipitation of ferrite
or peatlite. By incorporating alloving elements that lengthen the fernte and pearhie
transformation times, slower cooling rates, such as can be obtained by salt quenching or forced
air cooling, can be used. The most effective alloying addition: is molybdenum. The material
retains the nodular graphite distribution of ductile iron, but the matrix is acicular ferrite in a high
carbon austenite. The advantageous mechanical properties combined with the ability to cast paris
means that these irons are replacing plain and low alloy steels for many components, UTS values
of 800 to 950 MPa with elongation of 8§ - 10% are readily obtained, Angus, (1976), "Marks',

(1996).
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It has been proposed by Krauze et al, (1988) that the growth of spheroids in Mg treated iron
occurs because of diffusion of carbon atoms through the austenite shell. However, some authors
suggested that the graphite grows whilst essentially in contact with the ligmid. This argument 1s
based on the premise that the growth of phase in an isothermal melt is determined by the
mechanism that leads to a maximum freezing velocity of that phase or of the eutectic gramn and
reference has been made to results obtained, which showed that the diffusion transport of carbon
in the liquid phase was almost 20 times more rapid than in the austenite phase. Various theores
have been advanced to explain the reason why graphite grows as a spheroid, these being: (i}
graphite growth in the spheroidal form because of the protection offered by the austenite shell;
(i) spheroidal growth formation under cooling of the melt due to Mg treatment promoting

spheroidal growth, Imasogie, (1994).

2.5, AUSTEMPERING PARAMETERS

1.5.1 Metal Composition.

A requirement for the production of anstempered ductile irons having optimum combinations of
properties is that pearlite formation should be avoided during quenching.

The primary aim of alloying elements in ADI is to provide sufficient hardenability to the matrix.
The role of copper. manganese, molybdenum, nickel and cobalt had been 1dentified.
Experimental work, Dorazil, 1982 on cylindnical test bars shows that, with unalloyed irons, the
maximum diameter that could be transformed without pearlite formation can be increased from
15mm at a temperature of 450°C to 30mm at a temperature of 250°C. As the bar diameters were

mcreased beyond these values, pearlite formed at the centres of sections as small colonies
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associated with graphite nodules, and fully pearlitic matrices were obtained in 30mm diameter
bars austempered at 250°C.,

In studying the effect of pearlite formation on mechanical properties of austempered ductile iron,
Bahmani and Elliot (1994 ) observed that the presence of pearlite wiall generally be detnmental w
the mechanical properties, although its effect has not yet been fully quantified. When a high
enough quenching rate cannot be achieved to prevent pearhte formation in heavier sections sizes,
alloying additions must be made to the iron to delay the start and finish of the decomposition of
austenite to pearlite and bainite. An addition of (.3% molybdenum approximately doubles the
bar diameter, which can be satisfactorily austempered, The maximum section size can be further
increased by larger molybdenum additions although, when such additions exceed approximately
0,5%, significant segregation occurs at the cell boundaries and results in stable carbide formation
which has an embnittling effect, Elliot (1997), Tizianmi et al, (1988), Juncja (1989), Imasogie,
(1994}, Trudel and Gagne,(1997).

-Carbon

Ductile irons produced commercially usually have carbon contents, which fall into a relatively
narrow range around 3.6%. A systematic investigation at BCIRA has shown that increasing the
carbon content from 3 to 4% resulted in a progressive reduction in the tensile strength and proof-
stress values after any given austempering treatment, whereas elongation at failure and hardness
were attributed to the increase in graphite volume fraction and consequent reduction in the Toad-

bearing cross-section as the carbon content increased.
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-hManganese

Manganese has been identified 1o have two-fold elfects: in small section castings. It has been
shown to favour the formation of eutectic carbides whose presence require cither a longer
astenitizing time or an annealing of the casting prior to austempering, Gagne, (1984). In
castings solidifving al an miermediate or slow rate, manganese segrepates at cell boundaries,
causing the precipitates of intercellular complex Fe-Mn carbides. These manganese-stabilized
carbides usually remain as a highly brittle phase in the structure afler the austempering treatment.
The elMects of manganese content on the tensile properties of irons austempered for 1 hour in the
rmge 300 to 400"C have also been established, Gagne, (1934); Harding, (1986). Il was found
that wilh manganese conlemts of about 0,9%, tensile and 0.2% proof strengths fell progressively
at all anstempering lemperatures, and ductility was always within the range of 1-3% clongation,
even afler austempering ol higher lemperatures. 1 is therefore suggested that the mangancse
voment in ADI castings should not exceed 0.3%. Bevond this limit, the as-cast quality of the
material as well as the kinetics of the solid state reactions ocourring during austempering will be
affected.

Segregation of manganese at cell boundaries alse results in a heterogeneous hardenability of the
matrix by increasing the stabilily of the inlerce lular ausienite. These segregaled regions may
either transform 1o marlcnsmite afler cooling from the austempering lemperalure, or remain as
large unrcacted austenite srcas. The effect of manganese content on the guantily of such
micrcellular phases in the mistempered compenent and on the austempering ime needed o avoid

marfensite formation had been evaluated, Gagne (1987); Faucher (1987). These intercellular

phases severely affect the mechamical properties of ADI castings especially the faclure
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loughness. With the heavy segregation which can ocour in irons of high manganese conlent, the
mtercellular austenite 15 slable over the normal range of austemperning lemperatures and will have
an M; temperature of around 150°C On air-cooling after the isothermal heat treatment, therefore,

much of the intercellular retained sustenite transformed 1o mardensile,

~Muolybdenum
Molybdenum has been thscovered as the most potent hardenability agent in ADI. Like
nunganese, it alse sepregates al cell-boundaries during solidification to form carbides, Gagne
and Fallo, (T986), Ellet, (1996), Tizian, et al { 1988), The Mo-rich carbides serve as nuclealion
sites as well as propagation paths Tor cracks, ADI casting containing 3.6%C, 2.5%581, 1%%Cu,
(1. 2%Mn and 0.25%Mo was observed 1o have ruplured after only a 2% tensile elongation. The
nse of melybdenum should be lmted o the minimum concentration needed 1o obtain the
required hardenability for o piven section si:la,ﬂ For practical purpose, molybdenum should b
used in combmation with mickel snd/or copper and its combination should not, in any situation
exceed 0.02%, Tensile stengtly, honlness, and clongalion fell progressively as the molybdenum
content was increascd, sl these effeets were particularly marked al molybdenum contents above
.2%. This reduction 15 due to the segregation of molybdenum during solidification, resulting in
the formation of martensite in the scgregation regions. In this latter respect, molybdenum acis in
i simdlar manner o numgancse. The influence of molybdenum on austempermg behaviour of
ductile iron was extensively studied by Yazdani and Elliot, (1999). Austempering kinelic
measurements and mechanical property measurements of a ductile iron of composition Fe-

1.560C-2.775i-0.25Mn-0.45Mo-0.43Cu-0.04Mg  (wi-%) afler austeniising at 870°C  and



austempering at 400, 375, 320, and 285" C show that increasing the Mo content of the iron with
the aim of increasing the hardenability, does not delay the austempering reaction sigmficantly
and the processing window is open for all temperatures studied. The mechanical properties
determined for austempering temperatures of 400 and 375'C show that the higher ductility
grades of the austempered ductile iron standards can be satisfied as predicted by open processing
windows. The ductility of the 0.45% Mo austempered iron is reduced compared with that
measured in 0.13% Mo and 0.25% Mo iron austempered under the same conditions. This 1s
attributed to an increased amount and continuity of intercellular carbide as the Mo content
increases. It is most likely that increasing melybdenum additions, owing to the segregation
effects noted above will also reduce these properties, but this is still to be confirmed.
-Copper

There is no evidence to suggest that copper affectithe amount of retained austenite in
isothermally heat-treated ductile irons, It has been suggested that copper additions suppress the
formation of carbides in lower bainite and this would account for the enhanced ductility of
copper-containing irons austempered at temperatures of 350°C and below, Elliot, (1996). A
study was made to determine the influence of intercellular segregation during tempering on the
microstructure of austempered ductile iron in unalloyed and alloyed ductile iron. It was
postulated that the acquisition of a first stage matrix exclusively composed of ferrite and carbon
enriched (or stabilized) ausferrite needs a rigorous control of the following heat treatment
parameters; austenitization temperature and holding time, amounts of alloying elements and

thickness of the piece (cell size). The most significant influence of the intercellular segregation 13

25



lhe formation of a heterogeneous upper bainite composed of ferrite and enriched ausferrite with
martensite and retaincd austenite located in the solidification cell boundaries.
~Copper and nickel

Santos et al (1991) demonstrated that Copper” addition alone does not provide sulTicient
hardenability to successiully austemper a casting of 2.5cm diameter, although this could be
achieved by combining nickel and copper, As little as 1.5 % Ni in combination with 0.75% Cu
were sullicient Tor the sustempering of 2.5cm diameler castings, Tiziani et al (1985), suggested
that increasing the nickel s or copper contents improves the hardenability bul not sulficiently
o avoid pearlite formation at the center of castings.  Boutorabi, (1998), mvestigaled the
mechanical properties and microstructure of Cu and Ni alloyed ductile iron and stated that the
tensile strength and elongation are significantly affected by austempering temperature and time,
winlst the change in hardness appeared 1o be more dependent on the structure produced by
austempening lemperature. The mechanism of bainilic reaction of austempered duclile iron,
mecluding nueleation and growth of ferrite, and decomposition of retained austenite are similar to
those found in asstempered ductile-5i east irons . The addition of small quantities of Mn and/or
Mo is necessary to lully sustemper such castings.

Combined ellect of C'u and Mn on the properlies and fracture characteristics of ADI {containing
3RO, 2.7 1o (155 Mo, 0.8Cy, 0.0065 to 0.052P, 0.07Mg) was studied by Jungja el al. The studics
revealed that a lugh volune fraction of austenite with increased tensile strength (1150MPa) can
he obtained by decreasimg the austenitizing temperature from 2007 1o 850°C and austempering
from 400°C 1o 300°C. However, a low ductility of 3 - 4% elongation remained unaffected by the

heat treatment conditions, A material of such composition would however contain about 15%
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pearlite at the center of @ 5. Tem dinmeler austempered casting bul can be fully pearlite at 0.5cm
wider the surface of 7.0um dinmeler casting, Increasing the nickel andior copper conlents
mmproves the hardenability but not sulficiently (o aveid pearlite formalion IaL the center of 5.1cm
diameter castings. The addition ol small quant ties of Mn and / or Mo is necessary lo fully
austemper such castings, Acconding 1o Viau e al [:HJR?], Major advantages of using mickel and
eopper in order 1o minimiize the concentrations of Mn and / or Mo are:

l. To aveud the segregation ol the Iatter elements to the cell boundaries; and

L. To shorten the time reguired completing the avstempenng reaction,

2.5.1. Austenitizing Temperature and Time,

The austenitization of Ductile lron castings of suilable chemical composition is the first step of
the ADI treatment. The nustenitizing lemperature controls the carbon content of the austenile,
which in turm affects the structure and properties of (he austempered castings. Viao et al (1987}
has shown that austenitizing at 900"C delays the first stage of the austempering reaction and may
resull in the Tormation of marensile i the austempering time is oo short. However, austenitizing
af higher temperature Tvours the redistribulion of segregated elements and the decomposition of
intercellular earbides when present,

The austenitizing time should be the minimum required ensuring that the casting has been
completely transformed 1o carbon-sattrated austenite, One hour is usually appropriate at 900"C
for a 2. 5cm diameter casting, Nevertheless, al lower temperatures, up o 3h are recommended o
ensure the reduction of the microsegregation of alloving elements. As for steels, the austenitizing

hime and temperature have (o be adjusted as a function of the section size,
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2.5.3. Austempering Temperature and Time,

Austempering provides ductile irons with a wide range of mechanical properties. Austempering
15 an 1sothermal heat treatment process consisting of austenitising components at approximately
a00"C, followed by rapid quenching from this high temperature into hot oil or molten salt baths
or fluidized beds. Austempering of components 15 carmed out at a lower lemperature (250 1o
450"C) and held at this temperature for a specified period of time afler which the components
are cooled. During the holding period, ‘austenite transforms isothermally to bamite. For most
tremtments the transformation is incomplete, so that varying proportions of martensite and
retained austeniie are also present afler cooling to ambient temperature, The hardenability of the
ductile iron casting to be austemperad and the severity of the cooling from the austemitizing to
the austempering temperatures must be sufficient with regard to the casting section size to avoid
the formation of pearlite. The structure and properties of the casting will be determined by
austempering at a given temperature for an optimized time, Over the austempering temperature
range, (between 250" - ¢SD'}C] transformation starts by the nocleation of baimitic fermte at
interphase and grain boundaries. A high austempering temperature produces a strong casling
with excellent ductility and dynamic properties while a low one results in a part with a very high
strength and wears remstance. The effects of the austempering temperature are related 1o
microstructural changes. A high austempering temperature (360°C) results in a coarse
microstructure with a fairly large amount of austenite, Reducing the sustempering lemperature 1o
310°C favours the formation of a finer microstructure with smaller isolated anstenite islets, A

lower austempering temperature therefore results ina large undercooling of the austemite and &
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slow diffusion rate of carbon. The nucleation of ferrite plates rather than their growth is favoured
resulting in a liner structure, (Rao and Putatunda, (1997)).

Once the auslempering temperature has been selected fo oblain the desired properlies, treatmenl
bme has 1o be optimived. Martensite forms in the austempering structure afler short
nustempering times because of either the higher hardnenability of Mn-segregated areas and / or
because of the lower carbon contenl of some austenite regions. The austempering has to be
sufficiently long 1o eliminate the uniransformed austenite and consequently the mariensite that
might form. Although a long austempering time ensures the avoidance of martensite due to the
presence of manganese, Fwpe unreacted avstenile areas may remain and embrittle the castings.
An extreme austempering lime would cause the decomposition of the stabilized austemile o
ferrite amd carbades, moking the structure briltle. Tiziam ef al (1988) confirmed the effect of
thifferent content of Nickel, copper and molybdenum on the austemperability, which is typically

i baimitic microstracture even i larger seclions

LOSTAGE TAMNB STAGE I BAITNITIC TRANSFORMATION

The kimetics and mechanism of the {tmnsformation of austenite o bainite have nolt been widely
studied for austempered ductile rons but, nevertheless, a quantitative understanding has been
achieved. Over the austemipering lemperatpres range (250 to 450°C) transformation starts by the
nueleation of baimitic feoiie ol inlerface and prain bounderies.  The bainitie transfonmation 15 an
meomplete reaction in which the volume fraction of ferrite and the final carbon content of the
remaining austenite depemd both on the composition and the treatment conditions, Bhadeshia,

{1992). When the Bainitic formation ceases, the austenite can have a carbon content high cnough
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lo be stable on guenching to room temperature, Aranzabal et al, (1997) reported that ihis
structure 18 not stable, manly al high femperatores, and on increasing the treatment time, when
the austenite can decompose to lerrile amd r.nlrnplex carbides. This constitutes the stage 11 of the
trmsformation. For short reatiment times, the volume of bainite being formed is small and as a
consequence, e austenite is relatively unstable and transforms at least partially to martensile on
guenching. This 1s the so-called Stage | of the transformation.

Changing the treabment conditions results in different distribution of bainitic fernte and
austenite, High temperatores el o ihe formation of relatively low bainite volume lractions and,
comsequently, large pools of sostenite are present in the microstructure. Al low lemperatures,
when the diffusion of the carbon from the bainitic units is difficult and the driving force for the
transformation 18 higher, o hner microstructure 15 formed with a higher volume fraction of
hamitic ferrite. According to Janowak (1983 and Trudel (1997), the austempering heat
treatment consists of complele austenitizing of the eastings and quenching to the austempering
tepperature and holding For a given time al (he austempering lemperature followed by cooling o
A oom tlemperature, This temiperatire i3 lower than the pearlitic transformation temperature bul
higher than that for martensite imnslormation. As a result o high ¢oncentration of carbon and
sihcon in DM, the solid-state trslormation of the austenite during austempering differs from
lhose observed in steels, Janowak (1983).

Figare 1. Prescnts schomatically the structural changes occurting  during  ausiempering.
Individual plates of fernte, sepurated from each other by layers of carbon saturated auslenile,
mucleale af austenite grain boundaries and grow. As the reaction proceeds, the carbon diffusion

ahead of the ferritic plates becomes more difficult and the growth of the plate ceases, resulting in
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a duplex ferritic-austemitic matrix, called ausferrite. The high carbon content of DI favours the
formation of such a structre by slowing down the growth of the lerrite plates and stabilizing the
austenite. Because ausfente is metastable at low temperature, it will eventually transform to
fermite and very fine globular cementile, This transformation is however delayed by the high
stlicon content of the alloy, which retards carbide formation. Therefore, the austempenng
reaction can be considered as a two-stage solid state transformation of austenite,

0= by

iy =+ Fe

where y is the primary ausicnite and vy ¢, the carbon enriched austenite,

(MR, an ansferrite stmicture 18 a fernte plate in carbon enriched austenite, Janowak, 1983).

Al isothermal lemperatines below aboul 30T, growth rates of the lerrilic needles are high and
as the rate of carbon difTusion is refatively low, this results in high carbon contents in the bainitic
{fermite, which can initially, have a distoried tetragonal crystal structure. At an early stage of the
anstempering teatimend, this carbon 15 rejected rom the ferrte and precipitales as g-carbide
(Fer 4O) in the Fervite vecdles, mul this is oflen referred Lo as hainitic carbide'. As litlle carbon is
rejected from the bamitic Territe into the residual austenite, transformation can procecd
confinuously so that, aller sustempering treatments of 0.5 to 3 hours, ﬁni}r small quantities of
retarned austenie are present alter cooling lo ambient temperature. This structure is referred 1o as
Tower bainite’. Figure 2(a). Al higher trestment temperatures (above about 3_'1(}”{'3] a different
transformation mechamsm operates, resulting in the formation of upper bainite, Figure 2{b).
Corbon diffusion 15 more rapidd =0 most of the carbon is able to diffuse out of the growing bainitic

fernile plates, enniching the residual austenite, particularly between the growing ferrite plates. If
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the austempering process is halted ot an early stage, the martensite start (M,) temperature will
still be above ambient lemperature and the residual anstenite will transform at least partially o
martensile during cooling. As the sothenmal reatment s prolonged, the carbon content of the
resilual austenile will increase and eventually reaches a level {approximately 1.5 to 1.7%C)
where the bainitic transfoomation is inhibited, Furthermore, the high carbon content depresses the
M, temperature, resultmy m austenite being reteined afler cooling to ambient temperature. This
retained austenite can be stable down to at least -120°C. According to Wen and Lei, (1999}, the
corresponding temperature (('C) of the beginning of martensite transformation M, can be
estimated using the following equation;
M, =400 - 20005, ... A3}, where C; = carbon content of the residual austenite,

In studying the mechamcal properties of a low alloyed austempered ductile iron in upper
ausferrite region, Wen aml Ler observed that the structure of upper bainite in ductile irons after
apstempering beatments of 0.5 1o 3 hows consists of relatively coarse fermte and retamexd
mstemite; this latter phase con aceount for up to 40% of the matrix struciure. The presence of
birge guantities of retmne | anstensie is believed 1o be responsible or the high levels of ductility
and toughness obtaimable i uppor-bainitic ductile irons.

When the transformation fuve s prolonged beyond aboul 4 hours, iron carbide (FeiC) is
precipitated [rom the residual anstenite, As the austenite carbon content is thus lowered, further
tramaformation o bainite ferrte occurs. The final microstmicture afler cooling to room
emperature will be formte plates, carbide and slrmlll amounts of refamed austemte, Such
prolomged transformation time can lead to embrittlzment, but it is not clear whether this 15 due (o

the presence of carbudes betv cen the formite plates or 1o the low level of retamed austenile.
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Figure 1. Schematic illustration of the solid state transformation of austenite during
austempering. Plates of ferrite are separated from each other by layers of carbon

saturated austenite.
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The effects ol isothenmal holding time on the proportions of retained avsiemte afler treatments il
various temperatures wis alieady studied by Dorazil, (1976). Also the influence of temperatine
and time of austempering on a wodular cast iron austenitised for 30 min at 900'C was
mvestigated by Aranzabal o al, (1994).

It has been previously reported, Aranzabal et al, (1997), that the plastic stability of retained
austenite is determined by the surrounding copditions and the size of retained austenite rather
than by the stahility of the retained austenite Asell The evolution of the bamnile formation durning
austempering treatment may be vepresented by the scheme in Figure 3. Bainite forms around the
graphite nodules. W e trnslomation is imlerrupled in the early stages, the remaining austenile
translorms o mafensile on cooling, bot i the treatment lime 15 long enoagh, the bamite
rans[ormation affected rewions (fernte + austenite {ilms between subumits + small Austemite
regions  between sheaves) can be represented by spheres centered at nodules. AL low
lemperatures, the volime fraction of bamlic ferrite 18 high and the spheres impinge each othor.
I this case, an additiom to the austenite lilms between ferrite subunits, only relatively small
mustenite poals hetween bamite sheaves can ke found.

At high temperatures, the sustenite morphology changes. The volume fraction of ferritic bainite
15 lower amnd the bpimite reaction 15 interropted, leaving large unaffected austenite regions,
Aranzabal et al, 1997

he bainitic ransformanon is an incomplete reaction in which the volume fraction of ferrite and
the final carbon conlent of the remaining awstenite depend both on the composition and the
treatment condilions, Bhadeshia, (19921, When the bainitic formation ceases, the austenite can

have a carbon content high enough to be stable on guenching to room temperature. However this
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structure, as reporicd by Aranzabal, et al {1997), is not stable, mainly at high temperatures, or on
increasing the treatiment time, when the ausienite can decompose to ferrite and complex carbides.
[his constitutes the stage 1ol the transformition. For shor treatment times, the volume fraction
of bainitic Territe being formed s small and a5 a consequence, the austenite is relatively unstable
and transforms, al least partially 10 mariensite on quenching. This is the so-called stage | of the
translormation.

Changing the treatment conditions results in different distributions of bainitic fermite and
sustenite. High tempertones lead to the formation of relatively low bainitic volume fractions amd
i consequence, laree pools of anstenite are present in the microstructure. Al low lemperalures,
when dilTusion of the cartbon Tom the baimbic units is difficult and the drving force for the
transformation 15 hieher, a finer microstructure is formed with a higher volume lraction of
bainitic ferrite.

L7. FACTORS AFFECTING FATIGUE STRENGTH AND ADI COMMERCIAL
EXPLOITATION

The opportumity for wide commercial exploitation of ADI materials has arsen i response
pressures on engincerng aml automohile mdustiies o produce components thal provide
improved properiies and performance, or reductions in overall manufacturing cosis, 11 is
naportant that a much wider rmge of mechanical properties is determined and in particular there
15 an acule peed for high-quality fatigoe and fracture - loughness dala. As an example, gear
design vses bemnding and contact fatigue strength criteria, Many components in service are
sibyecied to high frequency eyehic or fluctuating stresses. When this happens, the componenis

il in a britile fashion ol siresses which are very much less than the maximum strength of the
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matcrial under static loading conditions. Fatigue damage increases with applied load cycles in a
cumulative manner, which may lead to fracture, Cumulative fatigne damage analysis plays a key
role in life prediction of components and structures subjected to field load histories. To avoul
sudden failure in operation, it 15 essential o consider the crack resistance of a malerial. The
processes of gradunl accumulation of defexts in a material under the action of cyclic loads,
resulling i changes of the properties of the material, nucleation and propagation of cracks, and
final failure 15 called fatigne, In other wonds, failure of metals under alternating stress and the
ability 1o resist these processee is referred 1o as fatigue strength or endurance. According to Gy
and Hren, (1974), fhetors allecting fatigue strength inclode the surface condibions, mange of
siress, complex stresses (n dochile matenals the significant stress 15 determined by the
combination of all the principal stresses that acl on the specimen), section size and temperature
frequency. Figure 4 illustrates types of stresses that can cavse breakage or spalling. Since futigue
failures originate al the surface of metallic Specimens, strengthening the surface generally
iproves the fatigoe Nife. Most Tatigue falures in actual engineering structures are the result of

macroscopic stress ratsers, wlhirch were wnntentionally incorporated in the object that failed.

LB INFLUENCE OF AUSTEMPERING PARAMETERS ON THE MECHANICAL
I'ROPERTIES.

2.8.1 Tensile Properties O The Duplex (Ferrite + Austenite) Microstructures.

Aranzabal et al {1997} presented work concerned mainly with a more detailed study of the
lensile properties of the duplex (¢ + y) mcrostructures with a special emphasis on the

Iransformation-induced plasticity (TRIP) effects. 1 was observed that shorl treatmeni times
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produce the partial formation of hainite, and high volume fractions of martensite are found for all
the temiperatures. They observed that intermediz te treatment times lead to the microstructures of
a duplex lerrite / avstenite structure, amd also (hat the differences in austenite distnbution and
slability are dependent on susteimpering temperatures. High-temperature treatment leads o the
decomposition of austenite mto Territe amd carbides. The decomposition sequence was also
reporied lo occur i more than one step, The homegenous precipitation of quasi-coherent epsilon
carbides in austenite for relatively shor times {120 minutes, 410°C) scems to be the precursor for
the formation of complex carbides that leads o the overal] decomposition of the austenite.
Results by Aranzabal et al (19971 in studying the influence of heat treatment parameters on the
mechanical properties show (hat the proof stress and the UTS increase with decreasing
lransformation temperature {or austempered ductile iron and in general for bainitic sieels.
Strength in steels depends on grain size. However in ADI, austenitise under the same conditions,
the mntial avstenile grain size remains constanl. Schryvers el al (as reporied by Aranzabal)
nhserved that structural relinement 15 believed to be the main factor controlling the strength and
fmm microstrocture observalions it was apparenl thal there s an imporiant structural relinement
of hainitic structure. As e reatinent lemperaturs decreases from 370°C or 410°C 10 300°C, the
lathe size 15 reduced from 0.3 10 0 Lo, respectively. However the carbon content of both the
austenite and the Ferrite amd the austenite volume fraction play important role on strength. The
earhom content contnbutes to the sohd solution strengthening and the austenite distribution, and

stability can afTect the strength in different ways. Also Kobayashi and Yamada (1996), studied

lhe effect of holding time in the (4 y) temperature range on toughness of specialty austempered
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Figure 3. Scheme representing, in a simplified form, the evolution of the bainite formation
mainly nucleated around the graphite nodules. The hatched region around graphite nodules

corresponcds to the bainitic structure formed by ferritic bainile, austenite films between sub units

and small austenite pools between sheaves oriented in different directions.
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duetile iron, They concluded that the increase i toughness with the holding time was caused
mainly by the incrense in ductility due to the decomposition of carbide. In their work on
comparative study of fracture loughness of austempered ductile irons with upper and lower
ausferrite microstructures, Putatunda and Rao { 1998) confirmed that the acicular ferritic structure
resulting from the low austempering temperature leads to higher strength. For all heat treatment
conditions, tensile toughness was estimated using the relationship:

Tensile tonghness = (a4 o, mdd L. (4)
where o, and oy are the yield strength and ultlimate tensile strength respectively, while ¢ 15 the
fraeture strn, The strain-lndening coeflicien: was estimated using the Hollomon relationship

F=ke e d5)

where a is the true siress, ¢ is the stiain, n is the strain hardening coefficient and k is the constant
of proportionality. Higher avstenite content and higher carbon content of the retained avstenite at
the higher sustempering temperalure resull in higher strain hardening capability.
Rap, (1995), studied the influence of heat treat nent paramelers on the microstructure and lensile
behaviour of an austempered ductile iron contiming 1.4 wi% Ni and 0.6 wi% Mo, It was
discovered that there wos an cxtensive carbide precipilation at higher austempering temperatures
leaddimg o loss of strength (of lower austenitising temperatures and time), as well as ductility.
Ihe formation of martcissile during austempering reduced the mechanical properiies of ALY but
these properiies could be inereased by a lempering treatment al 200°C afler cooling to obtan
mare ductilily and toughness as compared wilh that undergoing single heat treatment.
Petatunda et al, (1999}, examined the inflluence of austenitising temperature on the resultant

microstructure and mechanieal properties of an unalloyved and low manganese ADT and with an
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as cast (solidified) [ermitic structure and also the influence of austenitizing temperature on the
Fracture toughiness. Compact and round eylindrical tensile specimens were prepared from a
nodular cast iron without any alloying elements (e.g. nickel, molybdenum or copper) and with
very low manganese conlen! and with an as cast (solidifed) ferritic struclure austenitized at
several temperafurcs ranging  from 871"C 1o 982°C and then austempered al a constant
austempering temperalure of 302"C for a fixed time perod of 2 hours. Both volume fractions of

austenile and 1ts carbon content increased with anstenitizing temperature,

2.8.2. The Role of Austenite in Promoting Ductility

The role of austemitc m promoting doctility in an avstempered ductile ron was mvestigated by
Bayalr and  Elhol, (1997, aller F-!I'th'.l and  stepped  austempering  treatments  following
austenitizing al 92070 The kinctics and tensile data were analysed to show how the thermal and
mechanical stability of the austenite phase varies with austempering tréatment, Both the thermal
and mechanical mstability ol the anstenile phase liont the activity achieved in single
austempering treatments al 375 and 400°C to sueh an extent that the impact energy fails (o satisly
the ASTM standard. Stepped austempering treatment improves both the thermal and mechanical
stablity of the anstenite phase amd iiercases the impact energy to such an extent that the ASTM
standard is satisficd over a wide range of auste mpering conditions, A well-defined relationship is
shown fo exist betweoen impact energy amd the ausienite carbon conlent for different

i BoE i
austempering treatments afler austenitizing al 9207C,



283, Austempered Ductile Iron and Automotive Technology

The use of Austempered Ductile Iron (ADI) in machine parts for the automotive industry is
becoming increasingly important. The advantages of using these alloys are clear:

a) Near form cast products, with the attending reduction in machining costs.

b} 10% lower density than forged steels with comparable strengths.

c) Lower prices, etc.

Most of the production i1s used satisfactorily in elements subjected to dynamic and cyclic loads,
fatigue and also rolling contact fatigue.

Automobiles are subjected to a full range of loads including shear and bending (due to the
vehicle mass and loads being distributed), torsion (caused by irregular road, putting a wheel on a
curh), lateral loading (caused by comenng), and fore and aft loading (caused by acceleration and
deceleration). In practice these oceur in combination together with dynamic / transient effects.
Typically an automobile structure will be designed so that under the worst envisaged dynamic
load condition there will still be a factor of safety based on the yield strength of 1.5, (Happian -
Smith, 2001}, This is usually adequate for guarding against fatigue failure, but fatiguc
caleulations are still used where stress concentration effects are likely 1o be significant, In
practice, vehicle design is normally governed by stiffness requirements rather than maximum

permitted stress levels.

1.8.4 Cast Iron for Crankshafts.
Crankshafts suffer cyclic loading so the fatigue endurance strength of the material is critical to

their performance. For cast irons, a key factor determining the fatigue performance is the
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distrbution of e graphite i the structure. In grey or flake irons, the graphite is distributed s
long thin Nakes, many of which are exposed on machine surfaces, thus providing im-buill surface
defects from which fatigue cracks can grow, Hence the fatigue endurance strength of such irons
15 quite low, (Smith, (201},

Fatigue testing of Terrous materials indicales a stress level below, which no failure pcecurs,
however many the load eycles applied. This is called the fatigue endurance strength or endurance
limit. Mormally the number of eveles (o reach this limit is between 10" and 107 and if a test piece
lasts this long 10 is assimed that o will last indzfinitely. However some failures of cast iwon have
aceurred after more thim 107 load cyeles, Consequently, Fatigue lesting carnied out by BCIRA is
done on the basis of 2 5 100 eyeles, (Smith, (2001,

The ratio of fatigue endurnce strength / UTS for cast iron in reversed bending is between (.33
amd 0,47, (Smith, (2001}, Alloving additions and heat treatment, which raise the UTS, will
normally not improve toes ratio but fillet rolling / surface rolling improves the fatigue
performance

For many appheations noduliae irons are superior o other types of iron and can be processad 1o
have mechanical properties sumbar o those of low and medium carbon Steels (UTS: 370 - 804
MPa, 0.2% proof stregs: 230-460 MPa, (Smith, 2001), This has resulted in considerabls increase
i the production and use of nodular irons Tor items such as crank-shafls for car engines where
reasonable strength combined with the capability fiv economically large production is somewhat
more important than abtaining the maximom possible strength,

e mechamenl propertics of grey cast iton depend on the properties of the metallic matrix and

more subslantially, on the concentration, shape and size of graphite inclusions.
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Elhot, (1997), Waaders et al, (1998), and Guoo et al, (1998) confirmed that the mechamcal
properties ol austempered doctile iron are refaled to three microstructural vanables: the bamite
morphology, the proportion of retained austenite and the formation of martensite. The strength,
hardness and wear resistance of cast irons increase with increasing concentration of pearlite in
the matrix, which in s structure 1s similar to steels, Owhadi et al, (1998). The decisive effect of
graphite 15 due to the fact that graphite lamellae, whose strength 18 very low, transverse the
metallic matrix and set as nolches or cracks. In tension (which is the most ngorous kind of
slressingl, fractured nueler form easily at the ends of graphite lamellae. For that reason, grey cast
non works poorly in tension and has low values of strength and ductility. The relative elongation
i tension does not exceed (L5% imespective of structure of matrix. The rupture strength of grey
cast iroms is lower when graphite inclusions are larger and have more elongated shape, On the
contrary, liner amd less concentrated graphite inclusions produce a less adverse effect. Spheroidal
graphite is a less severe stress concentiator than lamellar graphile and therelfore does nol worsen

so substantially the mechameal properties of the metallic matrix,

LAS. High Strength Cast lrons

Cast wons with sphereidal graphite possess a ligh strength and a certain degree of ductility. High
strength cast irons are graded according to their ultimate strength and relative elongation, High
sirength cast drons have [ound wide wse m parts of machinery and agrncultural machines
crankshafis, gears, ¢le. 11 has been demonstrated that spheroidal high strength cast iron can be

used suecesslully and with veonomie benelil as a substitute for steel (forged or cast) in some

kinds of machine pinis. The lack of documeniation available and the difficull operating
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conditions which gons usnally undergo have nol encouraged the spread of their producthion m
thetile iron.

Trippode et al {19858 worked on the evaluation of mechanical behaviour of austempered nodular
iron for possible use i gears. They sugpested the possibility n!'rr:p]ac:inlg gears in nitriding stecls
with austemipered ductile iron (AD1), since both exhibit equal fatigue strength and ADI exhibits
hetter toughness, Also, Juneja et al, (1989) has reported the combined effect of copper and
mangancse on the properties and Gactore characteristics of austempered duchile won. By
deereasing (e tempurature of austenitizing from 900 to 850°C, a high volume fraction ol
mustenite with increased tensile strength (11530 Mpa) was obtained. However, a low ductility of
3-4% elongation remaimed unalTected by the heat-treatment conditions,

Prasad (1988), compared the mechanical properties of hot forged SG iron requirement for the
production of avstempered ductile irons having optimum  combinations of propertics, and
concluded that pearlite formation should be aveided during quenching. Experimental work on
eyhimdrical west bars wth wnalloyed irons, showed that the maximum diameter that transformed
witheut pearlite formation inereased from 15mm al a temperature of 450°C to 30mm at a
lemperature of 2507C. This is due o a higher quenching rale al a lower lemperature. As !]H: har
diameters were ingreased bevond these values, pearlite initially formed at the cenler of seclions
as small colomies associated with graphite nodules, and fully pearlitic matrices were obtained in
mm diameter bars austempered at 250°C The presence of pearlite will generally be
detrimental 1o the mechamical properties, although its effect has not yet been fully quantified.
When a high enough quenching rale cannol be achieved lo prevent pearlite formation in heavier

section sizes, alloying adiditions must be made o the iron (o delay the start and linish of the
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decomposition of austenite 1o pearlite and bainite, Molybdenum, nicke] and copper increase the
section size, which can he austempered without the formation of pearlite. An addition of 0.3%
malybdenum approsunately doubles the bar diameter, which can be satisfactorily avstempered,
The maximun section sizes can be funber increased by larger molybdenum additions although,
when such additions exceed approxmmately 0,5%, significant segregation occurs at the cell

boundancs amd results in stable carbide forration, which has an embriithing effect.

2.8.6. Austempered Ductile Ivon and Wear Resistance Properties

A detailed review ol wear resiskince properties carried out by Lerner and Kingsbury, (1998) was
undertaken 1o examine the polential application of ADI for wear parts, as an alternative o steels,
alloved cast wons and while cast irons, brorzes, and other competitive materials. Two modes of
wear were sludied: adbesive (frictional) dry sliding and abrasive wears. In the rotating dry
shiding tests, wear hehaviour of the base malterial (a stationary block) was considered in
relutionship lo counter surface (stecl shaft) wear. In this wear mode, the wear rate of the material
was oilly one hilth thal of pemhitic ductile ron grade 100-70-03; the wear rates of aluminium
bronze and lead-tin bronze, respectively, were 3.7 and 3.3 times greater than that of ADI, Only
the quenched DI wiili a fully martensitic matnx slightly oulperformed ADL No signilicant
difference was observed in the wear of steel shalls running against ADI and quenched DI The
excellent wear performance of ADI and its connter surface, combined with their relatively low

friction coelficient, indicate potental for dry sliding wear applications.
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Previous research on the characterization of the mechanical properties of ADI over a range (220
- 360"(‘] of austempermg temperatures, Dommarco et al 2001, have shown thal wear resistance
increases for matenal treated at lower austempering temperatures. Other mechanical properties
evaluated (UTS, elongation, hardness and toughness) and wear change with the austempering
lime according to the degree of transformation. This makes it beneficial to carry out a specific
analysis for each application in order to find oul the optimum combination of properties for the
intended use. Field tests on soil plowing toels by Capurro et al, 1996, revealed that the wear
resistance of ADI increased as austempenng temperature decreased, although 1t never exceed the
wear performance of hard faced steel tools. However, ADI was clearly superior in rocky
conditions where failure by fracture often occurred. Recent field-tests by Farina et al, 1998,
illustrated that AD] was superior to steel when used for chisel tips. Seetharamu et al, 1993,
reported that the abrasive wear resistance (ASTM G65-91) and hardness of permanent molded
ADI castings can be increased by raising the austenite level through a reduction in silicon
content. Also an optimum hardness / microstructural condition that provides the highest wear
resistance ¢an be achieved at intermediate austempering temperatures.

Studies have been conducted previously, with a single pass grooving pendulum, to evaluate the
potential use of ductile iron in earth moving equipment parts, Velez and Tschiptschin, 1995, The
results show that ai constant austempering temperature, the wear resistance increased for the
austempering time, which produced the highest austenite content. For different austempering
temperatures wear resistance increased with hardness, while austenite levels decreased. It was
also reported, (Zhou et al, 1993; Haseeb et al, 2000), that the wear behavior of ADI is closely

related to the retamed austenite content, which behaved differently under different wear
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conditions. In analyzing factors affecting ductile-brittleness transition of fernite in spheroidal
graphite cast iron, Vavatuk (1988) studied the influence of graphite nodule number on the
fracture behaviour by means of Charpy V-notch impact 1ests and scanning electron microscopy.
Specimens either in annealed or in quenched and tempered conditions were tested at temperature
from 25 to -196"C. Annecaled Fe with higher nodule count presented low Charpy value at room
temperature and lower transition lemperature,

The wear behaviour of 1.5Mn ADI studied by Owhadi et al, (1998), revealed that impact
resistance is affected adversely by untransformed austenite volume but this parameter improves

the wear resistance of high Mn ADI. L

1.9 LOW CYCLE FATIGUE OF ADI1 i)

As the application of ADI as engineering components involve using castings of various gealimrr}r
and section sizes subjected to long-term mechanical variable loads, it is important to understand
the fatigue behaviour of ADI in different section sizes. As reported in literature, mechanical
properties of ductile iron usually deteriorate as the cast section size increases. Similar lendency
was also observed in ADIs. Such degradation of mechanical properties in heavy section castings
was mostly attributed to the increasing effects of nodule morphology, segregation of alloy
elements, and other casting defects associated with the last to freeze volumes, Lin and Fu,
{1997). The microstructural characteristics of ADIs with different auslempering treatment and
their effect on mechanical properties have been the topics of many previous studies, vet research
of their effect on fatigue properties is not quite much. Lin and Fu (1997) reported that the

mfluence of ausferritic structure on High Cycle Fatigue (HCF) and Low Cycle Fatigue behaviour
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of ADI were different. ADI with larger velume fraction of retained austenite showed better HCF
resistance but poorer LCF performance. This was related to the stability of retained austenite and
the associated fatigue loading modes during fatigue test. In this regard, it might not be
appropriate to use the HCF strength data of ADI as reference to select proper austempering
conditions for AD] components subjected to strain-control loading. Therefore, in other to better
predict the fatigue life of ADI components i service, a more complete data on the fatigue
properties of ADI is required.

Many service fatigue failures of castings oniginate at a geometric stress concentration that 15 part
of the casting design, The local high stress area is undergoing strain-controlled deformation.
Therefore, strain-control approach of LCF in the finite life range has been usually applied to
evaluale stress concentration effect on the fatigue behavior of structures, Bannatine et al, {1990),

The effect of Si, Al and Bi on the microstructure and mechanical properties of as-welded and
austempered ductile iron weld metals was studied with SEM, TEM, X-ray diffraction, image
analysing svstem tensile and other test methods, Sun et al, (1996). Results show that increasing
weld with Si, Al and Bi content favours improving the chilling tendency of as-welded ductile
iron weld and mechanical properties of austempered ductile iron weld. On this basis the optimal
chemical composition of weld is determined.

2.10. INFLUENCE OF FOUNDRY DEFECTS ON CRACK FORMATION.

The position of major wears in iron castings can also be attnibuted to concentration of matrix
defects. Typical foundry defects are usually found inside the contour cracks of spall loeations,

The presence of foundry defects (practically inevitable) may be of extreme importance regarding
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surface failure. Affected sports near the surface are preferential crack-initiation sites, Figure 7.
Magalhaes et al (2000} while studying the influence of graphite nodules on crack propagation
observed that most nodules are totally spherical, but some elongated forms could also be found.
Although graphite nodules tend to act as crack-arrest systems when cracks are relatively small,
many situations could be found where:

. cracks propagate without deviation having nodules very near the surface;

. cracks can pass through nodules as if they are not there;

. cracks arrive 10 a nodule and then multiply, originating several microcracks that propagate in
different directions;

. cracks enter nodules in a direction and exit in a different direction;

secondary small cracks tend to be attracted to graphite nodules and many times stop their
propagation when they get there.

Magalhaes et al, (2000), concluded that the presence of graphite nodules under the surface of
ductile cast irons may be the cause for the growth of typical fatigne cracks, resulting in
charactenistic surface damage. Nodules acts as local stress raisers and are preferentially sports for
crack imitiation when operating conditions are severe enough, This 15 assumed to be the
commonest contact long-term failure. According to Magalhaea et al (2000), conditions for crack
propagation modes depend, among other things on factors such as graphite nodule size, matrix
constitution, contact pressure, sliding rate, surface roughness, and of course the depth at which
nodules are. Depending mainly on the depth at which nodules lay under the surface and on local
stress field condition, at least two other different forms of crack evolution can be found, Figure 4

schematizes both situations.
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Figure 4. Typical evolutions of eracks around graphite nodules near the surface of an ADI
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Figure 5. Schematic simplified diagram showing the possible orientation relationships between

sainilic ferrite laths and the applied load direction.
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LILTRACTURE TOUGHNESS OF AUSTEMPERED DUCTILE ITRON

The nfluence of casling size and graphite podule refinement on [mclure toughness of
mstempered ductile ron was investigatod by Lf_‘.l;.‘ of al, (1998), They observed thal casting size
iffects the salidification cooling rate and microstructure of casting materials. Graphite nodules
evisting in the structure of ductile iron are inherent and inerl second phase that cannot be
modified in subsequent heat treatment processing. The matrix and the Oneness of the second
phase undoubledly have some impact on the fmcture toughness of the as-cast material, as does
lhe subsequent heal treatment, as it alters the microstructure. This research applied austempering
heat treatment o ductile iron of dilferent section sizes and graphite nodule [neness. Putalunda
ind Rao, (1998) estimaled the defect tolerance of austempered ductile iron malerials. For an
mfinite plate containing a sharp crack of length 2a, the cntical value ol [racture loughness e
Wwas g1ven as:

K= oY (na)'? i erasvacliE)

where ¥ is equal to unity. Nominal applied siress o depends on the appropriate design code, ac 15
the eritical crack length at different austempering times. From the design point of view, ADI can
eastly be used for structural applicalions.

The properties of Austempered duclile iron as a gear malerial was extensively studied by
Tnppodo et al, (1988) and Magalhacs and Scabra, 1998). There is now the possibility .DF
replacing gears in nitriding steels with austempered ductile iron (ADI), thanks to both the equal
fatigue strength and the belter toughness shown by the cast iron.

It has been reported that the yield strength depends on the finess of the ferrite blades, Putatunca

and Rao, (1998) showed that the yield strength of ADI could be expressed as
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By =Gut Ad AV BE: e kT

where o ig the ferite particles size, X, 15 the volume fraction of avstenite and o, A, and B are
constanis
112, INFLUENCE OF AUSTENITE AND BAINITIC FERRITE ON MECHANICAL
PROPERTIES,
Aranzabal et al, 1997 caried ot a stedy 1o estimate the influence of austenite and bainitic
ferrite on the mechamical propertics of ADL They ealculated the proof stress of bainitic fermte
through a relationship that takes inte aceount different components:

GunpalMpa)— oy + 1722(%CY 3+ 115 d" + 734 x 107p i (B)
The first term represents the mirimsic contribution of the pure iron i a fully annealed condition.
The second term takes into account the sirengthening due o the carbon dissolved i interstitial
solution, %aC, which 15 asswmed 10 be 0.03% in Iw-u'uitic ferrite. The coniribution of these wo
terms can be caleulated 1aking sccount of the matzrial composition. The third term corresponds
lo thie lath size effect and o is the walth expressed in pm {dy - = 0. 0pm and dym ¢ = dyge

I 3

The eifect of the dislocation density, p, generated by the translformation is expressed a3

log (p) =9.2840 + 6880.73/T - 1780360/ ......ove. {9}
where T is the transTormation temperature in Kelvin and pis in m™ (T varies from 570 to 920K
Aranzabal et al Farther reporied that the sustenite proof stress can be calculated in the same way
by using the relationship propescd by Pickering that includes the effect of carbon, of
whstitulional selutes, as well as the grain size contributions:
ferdMpa) = 15.4[4.4 + 23(C) + L3S+ 0.9Mo) + 046D, ... (10)
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where C 15 the austenite carbon content in solution, in weight percent, and D 15 the austenite
grain size. The silicon contribution predicted by this equation is close to 50Mpa, The onginal
auslenile grain size 15 estimated to be close to 30um;, this gives a contnbution of about 40Mpa to
the proof stress.

113. DEFORMATION PROCESS AND FAILURE MODES OF ADI COMPONENTS

The deformation process under uniform strain of steel having a mixed structure is generally
considered to happen in three stages:

a) The preferential deformation of the ductile phase (austenite),

b) The development of a geometrical dislocation array at the interface between the two phases,
and

¢} The associated deformation of the two phases.

If the (¢} stage were assumed to control the entire deformation process, the strength would follow
the law of mixtures. The law of mixtures assumes that the proof stress should vary as a function

of the austenile volume fraction, f, as

Goam = froas + (1-f JOan2s ERNPES i

The modified law of mixtures with an exponent 1/3 affects the volume of the softer phase, which
has been apphed to fernte plus pearlite;
Ooam =" Oyaam + (1 " 10an2% PR LAIRCCHA (12)

[t is clear that the austenite controls the proof stress in those cases where this phase is distributed
mn the microstructure in a continuous blocky way m addition to inter lath films. When the ducule

iron is austempered at a temperature in the range of the lower bainite, the structure 15 more finely

distributed and the proof stress appears nol to be controlled only by the austenite.
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According o Fan and Smalliman ( 1994), the matrix of ADI is a rather complex mixture of bainite
ferrite and austenite. Austenile is the basic phase. and on austempering, the austenile transforms
into bainitic fermile and associabed agh cm'hr;n stabilized anstemte.
Several bainitic fermite laths of platelets may have the same orientation, forming a clusier of
hainitic ferrite laths or platelets. Commercial ADI g polyerystalline and consists of agpregates of
such clusters. Each of them has a particular orientation. IF an external load is applied the
orcnlation relationship between the bainitic fertite faths and the applied load direction can be
classilied into three types:
L, The longitudinal direction of & cluster of bainitic ferrite laths is parallel o the loading
direction, Figure 5{u).
2. The longitudinal direction of a eluster of bainitic ferrite laths is normal to the loading
direction, Figure 5(h)
3. The lomgitudinal dircction of a cluster of bamitic ferrite laths makes an angle © with P, Figse.
Mast clusiers of bainitic ferrite laths belong to the category of Fig, 5¢ but with different angles.
Fan and Smallman, (1907) fmther observesd that precipilated carbides in the matrix of ADI
mluence the lracture el actenistics of AL In order to analyse the situation we can assume that
there are two clusters of hainitic lernite laths belween two graphite nodules, one nearly parallel to
the applied load directiont, the other nearly perpendicular 1o the applied load direction. The
elfects of carbides on the crack propagation path and the fracture mode of ADI can be classified
o three models, (Figure 6). Model 1 - without cazbide in matrix; Model 2 - with carbide
m bainitic ferrite laths or platelets: Model 3 - also with carbides al the austemite / ferrile

imernees.
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Figure 6. Models of crack propagation
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CHAFTER THREE

AOTHEORETICAL BACKGROUND AND MODEL DEVELOPMENT

3.1. Failure Mode Predictions

The design of components subjected to variable loads requires reference values that are currently
scarce of unavailable, With the advent of modem steel manufacturing technologies, 1.e. cleaner
materials, subsurface nucleated filures imtiated at metallic and non-metallic inclusions have
diminished. Modem power trains require higher transmitied specific power, which stresses
material 1o its endurance lhinit, According (o Dommarco et al, (2001}, these severe mechanrical
solicitation lead 1o metallic comact (micro-asperities and debris interactions), and have shifled
the failure mode [ o subsufice o a surface - dominated one, The failure mode can be
predicied vsing the value of the specific film thickness Lambda factor (1), This paramieter is the
ratio betwesn . the minimuom oil film thickness and (o + n;}”{ the compound roughness of lhe
machining surface. For & =2 the oil film is thick enough to completely separate the confacting
surfaces and the Farlue mode will be the 5ui15m face type; For A < 2, the failure mode will b
surface conlrolled. Dovwnarco et al {1998) studied the rolling contact fatigue resistance of AN
Mhey considered the clagtic kinematics plastic response under lension = compression cyclic
loading and also conducted lests at loads above the shakedown limit i.e. po/ke = 4, where py, 15 the
maximum Herlz stress and ky the kinematics shear yield Stress. The kinematics shear yield
strength for the ADI was obtmncd from the bysteresis loop measured durning cyclic tension-

compression loading tests, ropiesonted schematically in Figure 7. They suggested that the fatigue
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life in components subjected to rolling contact loading is composed of two distinet stages, i.e.

nucleation and propagation.

1.2, Model Development for Fatizue Limit Prediction

It has been suggested that the fatigue limits of several ductile irons inchuding A depended

mainly on the graphite nodule size, An empirical equation between fatigue limit and graphite

nodule size was then introduced for ADI, (Tanaka et al, 1995 as reported by Lin and Wei, 1997 ).

Similar concept is applied to the current study to generate the relationship between fatigue limit

and nodule size for ADI's

According to Tanaka et al, given an austempering treattent, the fatigue limit decreased linearly
with an increase in mean nodule diameter on logarithmic scales. The correlation coelficients of
the fitting curves are = (.91 and 0.84 for austempering temperatures of 350 and 300°C
respectively. Therefore given a mean nodule diameter, the fatipue limit of ADI austempered at
350°C is distinctly greater than that austempered at 300°C. The degree of sensitivity of ADI
fatigue limit to the nodule size is different as the austempering temperature changes. In order to
find a universal equation for predicting fatigue limits of ADIs obtained from different
austempering treatments, other factors needed to be considered. Tanaka et al (1995} suggested
using Vickers hardness value of the matrix to relate to ADI fatigue limit. However as mentioned
by other authors, [atigue limit was not dependent on either tensile strength or hardness for any
given graphite nodule morphology.

Therefore it is considered to be more appropriate 1o use impact toughness value instead of

hardness to correlate with ADI fatigue limit. Therefore the impact toughness value is proposed in
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the present study to combine with the mean nedule diameter 1o correlate with the fatigue limits

ol ADIs tested. This can be expressed as follow:s:
Se=k*1"*d", ...........013) {Tanaka el al {1995)).
where 5, is the Ftigue Hinn (Nmm W1 s the impact toughness (1), and d is the mean nodule

diameter, (pm). The resalis of fatigue himil predictions are presented in Table 10 and Figure 39,

LY. Empirical Formulae Embodying Experimental Fatigne Test
The moest satisfactory eoypirical fmmwular embodying experimental [atigue lest data is die o
Gerbser and may be woilten s,

Siin=RI2+ (G — RS Lociiiiii (14}

Where S;pee 18 the maximum stress durng cach cyele at the fatipue limit, B is the stress range, 5,
15 the nominal static ultimate tensile stress mud n is a material constant.
Gondman sugeested a simple straight-line law relaving stress range and mean siress:

Y W
p=20-2y A1SY
) 1T,

where S, 18 (e menn stress.

the Sy, 5 the mean stress and S, the variable stress are defined as [ollows:

B = W { Binex + S ) 21

o = W {Bhas = Bain )= R20 ca10)

the most commonly vsed empirical fatigoe failure equations defining the relationship between
the mican and variable stresses are writlen as;

| Gerber parabolic eguation:
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2. Maodified Goodiman equation:

i L T

o [ R e P 1 2.1
i, S )

3. Soderberg Relationship;

el i L ey (199
Se-  Sp \

where 5 is the fatipue strempth for completz strength reversal; 8, 1s the static yield stress,

34, Effect OF Avstenitising Temperature in Modifying Fe-C Phase.

When ductile iron is heated 1o the avstenitizing temperature, it enlers the austenite plus graphite
regions of the Fe-O' phase disgram Figures 8, 9 and 10. Figure 10 is used lo determine the
maximum carbon content that dissolves in the sustenite al the solution treatment temperature.
Austenitizing tempeitone is an mmporant hzal reatment parameter as il delermines the malrix
carbon content Wl dissolves in the austenite ad has a significant influence on the kinctics of the
first stage transformation reaction. I ean be seen from the [ree energy diagram (Figure 9) that
there is a corresponding increase in the driving force for the transformation of austenile o the
tetastable product Territe plus carbon enr ched avstenite, (Grech and Young, 1984). The
resulting higher doving force (b-b=a-a) increases the number of ferrite nucled. The activity
gradient driving the carbon in the austenile, in advance of the growing ferrite plates is also

mereased, thereby increasing the diffusion rate of carbon. Thus the transformation to ausferrite
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occurs more rapidly due to a combination of betler fermite nocleation and growth, This leads (o a
reduction in austemnpering  time needed w0 atlain optimum  properties and more uniform
micrestructure which in lum has a positive influence on the mechanical properties, Auslenilising
temperalure 18 an imporiant fmctor in anstempering, Auslenilising within the range of %K 1o
950°'C enables [iner bainite morphology to be obtained and also prevents the retention of prior
austenile due to carbon segregation al cell boundaries, A network of retained prior austenile is
undesirable because i can iranslorm to martensite under strain. The presence of this strain-
induced mariensite will lead 1o a loss of loughness and reduction in faligae strength, Gundlach
and Janowack reported thad, in order (o obtain good ductility, the austempenng lemperatuore must
be such that an oplimom amount of retained avstenite is formed, say about 40%. As the
austenitising temperalure 1s raised, this will necessitale a reduction in austempering temperature.
The present work stwdies the influence of austenitising temperature on the faligoe and impact

tosighness of austempered ductile irons.

3.5, Relationship Between Aunstenitising Temperature, Silicon Level And Austenite Carbon
351 Estimate OF Austenite Carbon in Equilibrium with the Graphite.
The [ollowing equation

R BT
Co=Ty - 218 _gos . 4
Y 20 o

where Ty is in "C and 51 in wi %
provides an eslimate of austenite carbon i equilibrium with the graphite, which decreases with

decreasing Ty and increasing silicon content,
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352 Carbon Equivalent
The carbon equivalent for the various cast alloys were calculated using the following equation:

B, =WE +REIT 3 iiheiasiinm (21}

3.6. Defining the Processing Window for Austempering Conditions

Austempenng basically consists of austenitising the ductile iron, quenching to the austempering
temperature, holding for a controlled time and then cooling to room temperature, The
austempering process is conventionally defined in two stages, figure 11. In the first stage, the
initial austenite decomposes into femte and high carbon or transformed austenite, Ferrite s a
stable phase but carbon enriched austenite is a metastable phase, When this transformation is
completed, the ansferrite exists metastably for only a certain time. It thus becomes difficult, if
not mpossible, to define an ideal austempering time for the whole of the cast ron component.
The processing window of ADI is derived from microstructural features, mechanical properties
or predicted by measuring the volume fraction of retained austenite. The optimum mechanical
properties can be achieved when setting the holding time of austemperning within the range of the
processing window. The processing window can be calculated from the graphs of various tests
with austemperning time. This calculation can be achieved by drawing a line parallel to the time
axis on the above relationship at a level of about 90% of the maximum. The line intercepis the
curve at each side of the maximum at times 1, and 1. The time t; cormresponds 1o an austempered
microstructure that contains insufficient carbide for it to be detrimental to the desired mechanical
properties and the closure of processing window can be calculated from the equation:

Laty={nt, b} .cooiirainiaesarnrs (20)
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The determination of the processing window for austempered ductile iron is of great interest nol
only academically but also very important in heat treating industry. An accurale processing
window provides both the accuracy of controlled mechanical properties and the efficiency of
heat-treating. A series of studies of the mechanical properties of austempered ductile iron were
conducted to investigate the applicability of processing windows defined from curves of fatigue

strength, impact toughness and retained austenites.

3.9 RETAINED AUSTENITE ESTIMATION:

Many of the properties of austempered ductile iron depend on the austenite, which 15 retained
following the bainile reaction. A model 1o calculate the amount of retained austenite as a
function of all austempering variables was adopted, using a neural network technique, using
expenimental data to model the retained austenite content. The model allows the quantity of
retained austenite to be estimated as a function of the chemical composition and heat treatment
parameters.

A neural network is a general method of regression analysis in which a flexible non-linear
function is fitted to experimental data, the details of which have been reviewed extensively
(Mackay and Cenack 1997; Eberhart and Dobbins, 1990,

The heat treatment parameters used are T, = 8§50, 900 and 950°C, t,= 60 minutes, T, =250, 300
and 350°C and tx = 15, 30, 60,90 and 120 minutes. In order to predict the quantity of retained
austenite a set of variables are chosen, which implicitly contain all the information, needed for

the estimation.
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310, MICROSTRUCTURAL EVOLUTION.

[n discussing the microstructure, there is need to distinguish between the volume fraction of
residual avstenite (Vy), which 15 the untransformed austenite at the austempenng temperature,
and the volume fraction of retained austenite (Vy,) which remains untransformed at ambient
lemperature,

The evolution of volume fraction with time in nucleation and growth reactions follows signoidal
behaviour, This is because the bainite reaction associated with the first stage of auslempenng,
and mndeed, the subsequent decomposition of the austenite in stage two, should both follow an
Avrami type of Equation with

C=1-exp {-kat"), .{23)

where C i5 the fraction of transformation. The detailed values of the Avrami parameter k, and the
time exponent n will depend on many different factors, as reviewed by Christian, 1975, I £ 15 the
fraction of bainitic fermte then V; =1 - £ during stage 1, so it 1s expected that

In § -0 Vel} ~In {ta}. 024y

It is natural to use In{- In {Vy}] as the output parameter in the model analysis, rather than V,
directly. The former is physically justified on the basis of the Avrami equation, bul is
additionally important because V., and its associated error calculations become bounded between
zero and one for all positive values of t, as they should be. On a similar rationale, the time
parameter in the input set should be In{t,] rather than ta.

The C content of the low C austenite, C,”, formed during austenitizing depends on the iron
composition and the austenitizing temperature. This dependence has been expressed by the

equation:



C,' =-0435 +0335x 10 TE 4 161 % 10T + 0.006(Mn wi %) — 0.11(Si wt %) — 0.0T(Ni wi
%) + 0.014(Cu wit %40) - (hOI Mo wt %) .ooiiiiiaiioaiens (15)

During austempering the carbon is redistributed between unreacted auvsienite, baimbic fernile,
high € austenite and carbide. A mass balance equation:

G =X Cp + X7 B + X Gy b X G5 isiiannniniiin i £ 203

Where X, X.", X, . %o are the amounts ol high C austenile, low C austenite, bainilic lerrite and
carbide, respectively, and where €, , )" ,C,. and Cr are the carbon content of high C austenite,
low C austenile, hanitic Terite and carbide, respectively, As the value of C; is sinall, the term
Ko Uy can be neglected, reducing equation 2 6lo:

e N B NN e Uy srnassanalEN

L1 Maodel Analysis for Estimation of amount of Retained Austenite.

The general form of the model is as follows, with ¥ representing the output variable (normalised)

amd x; the sel inputs.
y = E'H'" m"". o L {28); whereh, = lanhl[w,rr".rI FOENT vierarnnes {29)

I'he subscript 1 represents the hidden units, the 0 lerms are biases and o, the weights, Thus, the
statement of cquation [ 25} towether with the weights and coefficients defines the funclion giving
the output as a function of the inputs. (Computer programme and graphic in Appendix 1 - 111},
All the variables were normalised within a range of + 0.5 as follows:

B 1_.1.' —

Vo = : —"""-; U5 M) (Yesoas ef al 2000).
A _'1'.1|-1
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CHAPTER-FOUR.

4.0 METHODOLOGY

A1 Preliminary Investigations

The research work was caried out in stages. The first stage involved preliminary investigations
carried out on commercially available ductile iroms. Preliminary investigations were carried o
by werify the desirability of the project for industrial applications, Incessant machine breakdown
due 1o metallurgical Tailures and the need 1o [I-I'ﬂ.[Tﬂr solution has necessitated this research. A
failed goar, oblmned from (xdua Textile Mills, Ado Bkiti, was subjected to visual, macroscopic
andd chemical analysis, Chemical analysis revealed thal the material is a ductile cast iron going by
the composition and the microstructure: 4,09 wi%s C, 1.80 wt % 51, 0.552 wit% Mn, 0.025
witile, The chemical composition of ductile iron samples of a pump casing and water valve
[rom Ondo Siate Water Corporation was also delermined,

From all the investigations it was clear that there was a need to develop suitable alloys which
wonlid be readily availahle locafly for the manufacture of replacement components for
machimery.

42 FRODUCTION PROCESS

Various alloys of ductile iron with different silicon levels were produced. The production
processes are as follows: (1), Selection of east iron scraps (automobile cylinder heads, foundry

relums, good quality low M sieel scrap, high purity graphite as carburniser and lerrosilicon).
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{2}, Production of casting pattern and sand moulds {Moulds were prepared using silica sand with
% beptonite os hinder ad 5% moisture).

{3) Charging of materinls into the fumace for melting;

{4). Addition of inoculantz (FeSi. CaSi

15). Addition of spheroidisme agents (Mg Ce ), (Sawdust addition of approximately Swi'y of
sawdust to a nodulizing mixtore of Mg and FeSi-75 in the compressed format was made).

(6, Pouring, casting with lnle inoculation;

(7). Removing the custing Trom the mold, shake out and fettling.

Three different silicon level ductile alloys were produced and designated as low silicon (LS),
meihm silicon (M5 Fband High silicon (HS) alloys. The amount of ferrosilicon added determimed
the quantity of selieon e the olloy,

Each alloy was cast mito vods of 200 diameter and 500mm length. From the rods, test samples
were machined and prepared Tor varions mechanical tests: [atigoe, impact and hardness. The
allovs generally contmn 3,19 10 3.28% C-and 2.0 - 3.0% Si. The composition of the various

alloys determined spectrometrically at the Migerian Foundries Lagos, are shown in Table 5.

43 HEAT TREATMENT]

In order to determine the sensitivity of silicon content 1o heat treatment variables and mechanical
properlics, each sample was subjected lo austempering heal lrealment. Austempermg heal
treatment was carnied oul m two stages viz

I Heating the casting to the austenitising temperature of 850, 900 or 250°C for one hour,
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2. Rapid quenching and holding in a salt bath maintained at temperatures of 280, 300 or 350"C
for different time intervals, (15.3060,90,0r 120). The heal-treated samples were laler subjecied
to mechanical tests vsing standard procedures.

The three-auslenilising and avstempering lemperatures with varying austempering lime were
conducted to generale the oplimum strenglh and loughness and lo’ determine whether faligue
resistance of ADI with different silicon levels is directly related to the impact toughness.
According to Lin smd Wei (1997), different matrix structures in ADI and the associated
mechanical propertics can be obtained by choosing proper combinations of heal (reatment
variables, mcluding sustenitising temperature and time and ausiempering temperature and lime,
The austempering fime 15 selecied lo optimize the mechanical properies for a parlicular
austempering and avstenilising temperature,

The austempering cvcle involves soaking the metal above the critical temperature
faustenitisation) followed by a guench that is fast enough to prevent the transformation of
austenite (v} to pearlite and an ispthermal hold in the bainitic transformation temperature range to
transform the austenite to ferrite and stable high-carbon retained austenite, (Harding, 1996) In
the Arst stage, the imlial austenite (y) is expected (o decompose into ferrite () and high carbon
or transformed austenite (). The austempering temperature and time are selected so as 1o
prevent a secomd reaciion slage from laking place. During the second stage reaction, high-carlon
austenile decomposes into [errite and carbide in which ease the structure of the alloys will
confain o carbide, which makes (he material brittle, {Gagne and 'I."ru-:le‘r, 1997). To obiain
optimum values of the desired mechanical properties, this reaction must be avoided. According

lo Putatunda, 2000, the best combination of mechanical properties is obtained in ADI afier the
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completion of the firsl reaction but before the onsel of the second reaction. Thal 1s the operation
sl remain within the teme interval, selerrad o as the Aonstempering-Processing Window,

Figure 11. Figurel2{a) is the schematic diagram of the austempering process,

4.4 SPECIMEN PREPARATION

Specimens for the microstructure study of the low, medium and high silicon ductile irons were
cul from the Lest specimens away from the fractured surfaces. The cutting operation was camed
out slowly and under liberal cooling to minimise heating and machining stresses. The specimens
were ground to 1200 grude vsing water lubricated silica carbide paper and then etched in 90%
hydrogen peroxide plis 10% concentraled sulphurie acid for 10-15 minutes. This technigue
removed the work-allecied surface and at the same time minimised the occurrence of a textured
structure, Surlace grinding remioved any decarburised skin, which may have formed during heat
treatment. To avoid the trapsfonmation of any melastable austenile lo martensile the depth of cut
and grinding speed were kept as low as practicable. Metallographic samples cut from each
selected posilion were propares]l for microstruciural observation, using optical microscopes.
Cirinding and polishing of specimens were carried out using the electromet 11T etcher and cell
Automet [T belt surfacer, Ecomet 11 polisher / grinder, Handimet stop grinder, specimen dner and
melaserve mmiversal polisher, savailable al Federal University of Technology Akure and Obalony
Awolowo University, le-1le. The etched samples were used to take micrographs wsing oplical

microscope. These micrographs were later ussl for microstructural analysis.
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4.5 MECHANICAL TESTING

Test specimens were machined from the castings into standard Fatigue and impact toughness

samples. The fatigue tesis lor all specimens were carried out using Avery Denison 7303 bi-axl

fatrgue testing machime al the Obafenu Awolowo Universily, le-lfe. The [atigue lest was

performed on all the specimens ol varyiog bending stresses. The number of cyeles (o Tailure for

each specimen and the bending stresses for the specimen was plotted against the number of

cycles. The highest bending stress al which a run-out (failure) is obtained was laken as the

Fatigoe Tl Nelched Clharpy impact lest preces were | Omm square cross sechion, 55mm long

with a 2mm deep v-notch prepared in accondance with the normal standard. Appropnate

specimens were preparcd Tor hardness testing

Table 5. Key To Specimen [dentification.

[ AUSTENITISING!
ALSTEMPERING
TEMPERATIIRES

IENTIFICATION

L5820 - Low Silicon Alloy with average 2.0% silicon.

MBE20 — Medium Sihieon Alloy with (average 2.6% silicon).

HE[I

250

L

RO

12

LATHY

1500

13

O Sy LT Q5
2840 ELHI 150 2810
T 22 23 31

12

Q50

A0

oA

15[}

HS30 - High Silicon Aoy with {(average 3.0% silicon}.

Austempering Time (Minutes): 15

!
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{11
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Tahle 6. Chemical Composition of charged materials.

Material C
FeMn 0.12
S%Mg. FeSi

FeSi 75 -
Mg

51 Mn My Ce Ti

- B2.5 5 x .

4200 - 533 00 =

T2:29 - = = .
Analytical grade.

Table 7. Chemical Composition of As-Cast Ductile Iron Alloys.

Alloy C 51 Mn

L520 328 2.00 0.29
MS26 320 265 033
HS30 319 300 034

S P Mg Cu Ni
001 0045 0032 042 046
hal 0.01 (i 0.4 0.5

0.01 001 005 048 048

17

Mo

(16

Fe

Bal

Bal

Bal.
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Bal
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CTHATTER FIVE

S0 RESULTS AND DISCUSSIONS
The temperatore and bme of the isothenmal rsfemurtion of austempered duchile wons have a
marked inlluence on the relative amounts of baiuie and retained avstenite as shown in the tables
amd graphis, Table 7 containg data on the compozition of the alloys preduecd. The sulphur and
phosphorows levels were kepl low because they are surface-selive elements that temd o reluee
graphite-iivn mteefacial encrpy therchy: promoting interfacial clorsctensties of Noke. graphiie,
IThe role of inoculants and spheroihizers therelore is 1o promote sphomadization by their renclion
with surface- petive elemcits Uws preventing their segregation at the graphile-iren mterfaee. Plale
| ghows the as-cast struchee of (he three alloy:. Nodules can be seon Baiely distinetly m the lagh
and m, Bum silicon alloys, Talble 8 shows the varistions of ren carbon comtents and equivnlenl
carbon conlents and austomite carbion content (wi™) with avstenitising lemperatore and silicon
contenl. 1 ois obserbved thal auslenile earbon conlenl increises -oith inereasing austenilising
temperature but decreasos with tnoreasing silicon content. Thos confimns earher sugpeshion on
the intesdependence of austente corbon content and silicon content. Table 9 shows e silicon
level sopaibivily and fatigue Tl as a Rnction of sustemperiog tme. 10 s elens oo e dik il
stlicon content affects 1|.'u..: Fatrzue Tt of austempencd alloys.

Phe oplical mucrograph  (plalesI-14) show some exinples ol the  most L'uqu'u:;::ul;tli'n.'c
nuciostrachives exinbited by 1he anstempered stmples. The eflccla of clauges in austempering
parameters (lemperature amd tine) on e g | loughness, Btigue steength, volume Haclion ol

retained austenite and hardness are presented in Figures 13 1o 39,
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The interdependence of [atigue strengih on the silicon level obtamed lor the three austempered
alloys are Ehm-.-'l'; in Tuble % It can be seen that alloys with lugh [atigue strengths are produced
when heat-treated at high aostenitising temperature ud austempering lemperature (950"C and
350°C), Table 10 containg resulls of models developed 1o predict the Batigue limit rom the

et strength dati.

Table 11 shows the eptunum values of faligue Hmits. impact toughiness and the amount of the
retnined austenite as a function of austemy ering Uime. The efTect of austcmpering on handivess of
the alloys is shown in lable 12, Tuble 13 and 14 establish optimum set of compositional
viiebles for the production of ADL of high fnpact and Catigue strength suitable [or the
pranulaciure of amtonwotive and othor machine componciis.

S.1. Elfects of Silicon on (he Microsfructure,

The nnportant microsivsctunal [eatures obtaued are the morphology of the femite, the retamed
ausienile content, the carbon content of the sctained austentle and the jresence, or abscnce of
carbide in the austenite or ferrite, The dilTerenl microstructores gencraled depending en silicon
bevel, lemperatore ond time of cansformation, deswnstiate how the silicon level aml heat
teatment affect the mechanical proapetties: impact, Gigoe and hardness of the Tow, mediom and
high silicon:alloys, As can be scen lrom Tuule 8, the mmount of austenite carbon conlenl in
ciguilibimm with graphite decresies with increasing austembizing temperature and mercasimg
siivcon level. T, valass are ouly approximate, as it does not lake inle consideralion the
mangwiese contenl. However since the mang...cse content is moderste, it is cxpected o give a

Faisly approximate valoe. 1L follows ther Tere that in irons containmg high silicon, sufficient
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matrix carbon content can only be obtained when austenitising at 950"C, a fact that may explain
the superior fatigue strength and impact tonghness obtained under these conditions.

Plate2 shows the micmostruciure of high amd medium silicon alloys austemitised at 950°'C for 6
mintites and austempercd at 33070 for 90 minutes. The microstructure contains no pro-euteciod
ferrite but a mixtwe of comse and Tine lerite platelets and uniformly distributed retined
auslenile. The coarse fermte phitelets oceur a3 a result of high austempering and austenitising
temperatures, while the fonmation of a finer ferrite structure is promoted by the high local
concentration of silicon, purticelarly in dendriles and near the g::ﬁphiie: nodule surfaces. The
presence of silicon suppresses the carbide formation. When ferrite forms within the austenite the
carbon rejected from these regions goes milo sn!luiiml in the surrounding austenite. As more and
mare ferrite fonms e carbon content of the austenile increases. Since this high carbon austenite
i5 stable al room lewperatore, the resulling microstructures consist of Ferrite and  retained
avstemte, This is the desired mcrostructure, Plated shows the microstructure of high silicon and
miedium silicon alloy austenitised at 950°C for 60 minules and austempered &l 350°C for 60
minules, Baimitic moiphology 15 seen as feather-like bainite and bainitic lath. In low silicon
alloys austenitised al B507C for 60 minntes, aller an austempering time of 15 min and 30 min at
3507 C. the microstructure, (as shown in plate 4), containg closely parked acicular ferrite plates
and high carbon austenite distribuled uniformly between the plates. Tn comparison in plate 5, the
same alloy austenitised at 950°C for 60 minutes and austempered at 350°C for 15 and 60 minutes
show a confinuous neiwork of unreacted me:astable avstenite (a) and feather like bainite (b).
Microstructure of high and medium silicon allovs avstenitised at 900°C for 60 minutes and

austempered at 3500 for 9 minutes are shown in plate 6, Most of the original pearlitic areas
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had transformed, bl the femme areas surromuding the graphite nodules had only started to
transform. The structore reveals lower bainite, upper bainite (ausferrite), retained austerile wvl
graphite. Samples austempered al 300°C showed free ferrite characteristics of the lower
ausferrile microstructure as revealed in plate? for high and medium silicon alloys austenilised al
B50"C Tor 60 minutes and austempered at 300°C for 60 minutes, while those austenitised ol
U50"C and austempered i 300"C 15 shown in plate 8. The microstructure reveals grain boundary
lower hainite. Al o lower value of austenitising temperature of 850°C and high austempering
tetperalure, high and medinm silicon alloys have structures containing varous proportions ol
proeutectoid ferrite, bainitic ferrite and retained austenite, (plate 9). Plate 10} shows the structure
of low silicon alloy ausienitised al 900 and austempered at 350°C. Proeutectoid ferrite oceurred
as o resull of low austenitisimg temperature. Al low auslembising and low austempering
temperalures, the microstructure of the alloys revealed baimtic fermite and untransformed
austenite as evidenced in the microstiicture of samples of high and medium silicon alloys
austenitise al 900°C and avstempered at 280°C for 60 and 30 minutes as shown in plate 11. Plate
12 reveals the mictostruciure of low silicon alloys under the same austempermg condition. In
plate 13, the nucrostructures reveal the so-called "pearlitic” bainite, (Bhadeshia, 1992), which is
pearhte with alloy carbide formed as a result of low austempering temperature.

Plates 14 show the formalion ol columnar bainite in high and low silicon alloys austenitised at
950°C and austempered at 280°C, Colummar bainite is a non-lamellar aggregate of cementite and
ferrite. The overall shape reveals an irregular and slightly elongated colony.

These structural features are conlrelled by the susiempenng kinetics. Figures 33 and 34 show

that the maximum retaimed avstenile volume is estimated at 30 - 4]1%%.
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The results ol the estimated amount of retained austenile are shown in Figures 33 1o 35.

The vanation of volume lraction of austenite was lound to depend on the silicon level,

auslenitising temperature and austempering temperatures and time. The high growth rle of

bainitic ferrite needles and low diffusion rate of carbon results in a low retained austenite content

al the low austembising and avatempering temperatores. For low, medium and high silicon alloys

austenitised at 850"C and austempered for 300°C, the amounts of retained austenile are 10.03%,

19.96% and 26.797% respectively (Table 11), At higher austenitising temperature of 950"C and
anstempering lemperature of 350°C the higher diffusion rale of carbon leads to carbon
enrichment ol the asstenile region between the bainitic ferrite needles. Because of the higher
matnx carbon conlent, sufficient carbon build up takes place ahead of the growing bainitic ferrite
needle. This leads 1o appreciable retention of austenite hence the amount of retained austenite
mereased 34.92% lor low silicon, 41.66% for nedium silicon and 40.95% for high stilicon. Thus
the amount in¢reases gradually with increasing silicon conlent and austempering temperature,
For short treatment tines, ol each lemperature, the bainite reaclion is incomplete, and a pool of
residual austenite subscquently transforms fo martensite on cooling. For intermediate treatment
times, afler fransformation al 300'C, the retrined austenile occurs mainly as inter-lath films, and
some isolated pools of redueed dimensions appeared in the structure. Treatment at 350°C lead 10
an increase in the amonnt of refained austenite volume fraction. This austenite, remaining alter
partial transformation ol the ongzimal anstenite, separates the ferrite plates from each other within
a given sheal of bainite and is also present as large pools called “blocky anstenite™. The
differences in the amount of volume fraction of austenite on microstructures generated have an

important influence on the properties.



TABLE 8. Relationslip between austenitising temperature, silicon content, and austenile carbon
content {wI:): iron carbon contents and equivalent carbon contents.

___F o Aastenile carbon content, wite
=1 conlent L L
| Wil Cowit wi%  8%0°c s’c 950°C
2.0 VIR J.25 0.733 0.853 .97
2.60 3.2 SHL (63 0.778 0.368
- R L N 0,563  0.68 0.8

5.2. Effect of austenitising temperature, austempering temperature and time and silicon
level on the impact and [atigne strength of mlﬂlempered ductile iron.

Figures 16 o 21 show the elfect of silicon conlent on the impact toughness. The graphs show
that siticon alloys are seositive 1o changes in austempering conditions. It is apparent that each scl
of treatment conditions gives dillerent combimnations of impact, fatigue and hardness values.

For alloys heat-treated al 3507350, shorl ausiempering time al low austenitising and high
austempering temperatures lends o Tavour low silicon and medium silicon alloys, They reach
their peak within 3% minutes ol austempering whereas, high silicon alloys take about 60 minutes
to reach the optimum value wilh a higher value of impact toughness (90 loules) than low and
medium silieon alloys, Figurelt, An increase in the amount of silicon in castings reduces the
aimoninl of pearhife but increase that of ferrite. In iron with high silicon content the matrix
becomes commpletely ferritic {Silico-ferritic). Hence for alloys having high silicon content, more
soakimg lime or austenitizing temperalure is required o achieve the desired carbon dissolulion
and hardenability, From Figure 13 it is evident that low austenitising temperatures (850-200°C)
and high austempering temperature with shorl austempering time (15-30 minutes) Ffavour
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increase in impact of low silicon alloys, 'The highest impact toughness value for low silicon alloy
(B0 Joules) was obtained for alloy austenilised al g507C and austempered ai 350°C for 30
minutes. For all the afloys, impact toughness is observed to be low at low auslempering
temperatures and short sustempering time, but increases with increase in austempenng
temperatures and time, (Figures 13,14 and 15), At low austenitising temperature (850"C), high
austempering lemperature (350'C) and short austempering time (30 minutes), both medium and
low silicon alloys exhibil virtually the same impact characteristics (Figurel 6). At austenitising
temiperatire (900°C) and high austempering temperature (350°C) and short austempering time
{30 minutes), both high and medium silicon alloys have approximate the same value, 80 Joules,
Prolonged austempering however increase the impact toughness value of high silicon alloys o
105 Joules but the medium and low silicon alloys do not show any appreciable increase (Figure
I'7 and 18).

Austempering al low temperature (300"C) takes longer time for high silicon alloys to reach the
opimum impact value, The impact values are generally low for all the alloys al low
anstempering temperatures, (Figires 1910 21), Low silicon appears more stabilized al prolongeid
anstempering time than wedim silicon. High silicon alloy takes a longer time {0 reach optimum
value but lias a higher impaet valne. Al austenilising temperature of 900"C, the distinctions in
changes in impact value are yery apparent,

The eflects of changes m auslempering paramet2rs on the fatigue stress for low silicon, medium
silicon and high silicon alloys are shown in the S-N curves in Figures 22 to 29,

The number of cycles 1o failure Tor cach specimen was plotted against the bending stresses for

the specimen, The lowest bending stress at which a nim-out (failure) is obtained was taken as the
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fatigue limil. The wvarialions of fatigue strength of austempered alloys with silicon level are
shown in Figures 30 0 32, Comparing the effects of austenitising temperatures and austempering
lemperatures, 11 s apparen! that cach treatment condition gives difTferent fatigue strengths. In high
silicon alloy the highest fatigue strength (400 Nmm™) was obtained from an alloy austenitised al
9s0°C and austempered st 350"C (Figure 30), Similarly, medium silicon alloys austenitised al
950"C and austempered a 350°C also produce the highest fatigue strength, (Figure 31 and 32). In
general 1t s ohserved that the [miigoe strength increases with increasing austempering time, just
s Lhe retained austenie also mereases wilh anstempering time, {Figures 33 1o 35). It can be scen
that at each of the austenitising lemperatures, as the austempering time increases from 15 1o ™)
minutes. the fatigue strength increases. Al constant austempering l':mel the effect 1s greater the
higher the austenilising temperatire,

For the high silicon alloy, the austenitising temperature (950°C) and austempering temperature
(250") that produce the oplimem value of iu‘:p;m:t toughness (115 Joules) and fatigue strength
{400 Nmm 7y is the sae U prisuce the highzst amount of retained austenite (40.95%). For the
methim silieon, the ighest value ol retained aostenite (41.60%) was obtained al austenitising
temperature of 950"C i avstempering tempzrature of 350°C, however the optimum value of
the impact toughness (52 Joules) was obtained al isothermal temperatures of 900°C and 350°C,
For low silicon, high austenitising and avsiempering temperature (9506350°C) [avours the
amoutil of retamed austemite gencrated (34.92%), but low austenitising with high avstempering
temperature (85073507 temd 1o Bvour impact toughness of low silicon alloys hence the value ai

s isothermal condition s 80 Joules, Initial increase in hardness afler austempenng,
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corresponds 1o the transfommation of the as cast matrix structure to austenite, The hardness
decreases at longer avstempening mes as the anslenile grain size moreases, The responses of
various alloys to handness alier austempering are shown in Figures 36 o 38, From these figures
it is evidenl that the alloys respond to hardness differently, The behaviour of the alloys 1o
chimges in austemperng parameters 1s very complicaied. Within the austempenng period of 30
to 60 minutes, hardness decreases with increasing austempering time and temperature as shown
m Figure 36 for low sitheon allovs, in Figure 37 for mediom silicon alloys and in Figure 38 for
hagh silicon alloys. While the hardness decreases, the fatigue strength increases. The gradual rnse
i hardness can be attributed o carbide precipitation, which cavses reduction in fatigue strength

The low Fatigue strength and impact [oughness at low auslempering lemperature and shorl
austemperitig tines can be alirtbuted to the embrittling effect due to the presence of martensite at
prior ausienite greamn bowndaries. The changes can also be related to the amount of retained
austenile, The higher the austenitising temperature, the hardness is expected to be lower.
However the hardness inerement of the specimen can be attributed to work hardening aml phase
transformation into martensite.

5.3 Fatigue Limil 'rediction from Impact Toughness Data

Table 10 shows the fatipue it predicted using the impact value and the estimated diameter of
the nodules. Figure 38 is a graphical representation of the predictions.

It could be concluded 1T

|, Fatigue limit of the varions slloys is between 300 and 400Nmm?,

2. Fatigue limit incresses with increasing austempering temperature.

3. The impact toughness and fatigue strenglh are closely related and the model can be used to

e



predict the fatigue limit from any given impact values irrespective of the silion level and
austempering parameter employed.

4. The model indicates that ADI fatigue limit increases with increasing toughness and
decreasing nodule size. This implies that toughness and nodule size are the two major factors

controlling the fatigue limit of ADI.

TABLE 9 Silicon Level Sensitivity and Fatigue Limit as A Function of Austempering Time.

Austenitising | Low Silicon Medium Silicon | High Silicon |
Austemperin Auvstempering Time Anstempering Tome Austemperng Time
Temperatere {Mimutes) Fatigue limat { Mmutes) (Fatigue lomst {Mirutes} Fatigus limg

15 30 60 90 120 |15 30 60 90 12 15 30 60 90 120
8500350 - - - - - - - - - - 250 270 328 300 -
BRI 350 - - = 'Ta - 250 300 340 350 N0 325 340 350 -
G0 IO = s e e e 300 325 325 340 250 271 280 250 -
B50/350 275 275 300 250 — 250 300 300 450 400 350 350 400 400 400

TABLE 10. Interrelationship between Impact Strength, Nodule Diameter and Fatigue Limit.

ALLOY TYPE IMPACT FATIGUE MEAN STEESS PREDICTED VALUE, |
VALUE VALUE, Sp=W{ 8 +8.2) S = ke [ PHe gttt
i1y J [ Experimental} (k =70; d = 0.4 5um)

HS30 B50/350 90 128 | 387.5 371.609

M526 900350 | 82 330 387.5 614

HS30 900/350 105 350 425 380197

MS26 950/300 | 43 340 420 308163

HE26 950/300 46 280 300 303,836

LS20 950350 56 300 387.5 322.307
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53,2 Computer Muodel For the Prediction of the Amount of Retained Austenite.
| Detailed computer model analyses are contained in Appendix I-TV. Appendix 1 gives information on
the Operation of the computer model, This is already stored in the computer for fulure use. Appendix
Il and I1I ts the FORTRAN programme for the prediction of any ADI alloy snd the graphics, The
results of the predicted mmount of retained austenite is stored in the computer and are contained in
Appendix IV and sre graphically represented i Figures 33 1o 35. From (he results it is observed that
the wvariation of volume [raction of auslenile depends on (he austenitising lemperature  and
mustempering lemperatures o time.

Low Austenitising Temperature and Low Austemperimg Temperature

Retained Auslenite of Low Silicon Alloys decreases with increasing austempering time. In the Medium
and High Sthcon allova, the retained austenile increpses between 15 and 30 minuwtes, thereafier it
decreases with further increase in austempering time,

Low Austenitising with Moderate and High Austempering

Retained Austenile of | ow Silicon amd Medium Silicon Allovs decreases with increasing austempering
time, while the Thgh Stlicon Alloys wilness an increase between 15 and 30 minutes, thereafler there is
decrease with further erease momstempering linme,

Muoderate anstenitising with low anstempering

Retained Austenite of Low Silicon and Mediwn Silicon Alloys increases between 15 and 30 minutes
therealer there is decrease wilh further increase in austempering time, while the High Silicon Alloys
witness an increase with icreasing austempering time between 15 and 60 minutes and thereafler there

18 glighl decrease.
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lerate Austenitsing And Muoderate Anstempering
nined Austenite of Low Silicon and Mediom Ifii!iu:uu Alloys decreases with increasing austempering
e, There is an increase between 15 and 30 minutes lollowed by slight reduction op to %0 minules
shahl increase al 1200 uintes in the aimount of retained austenite for the High Silicon Alloys.
derate Anstenitising Temperafinre amd High Austempering Temperature.
tned Austenite ol Low Silicon and Medium Silicon and High Silicon Alloys increases between |5
A0 minotes, therealier there is decrease with lurther increase in auslempering time.
igh anstenitising Temperature: Low, Moderate and High Austempering Temperatores.
nined Austenite of Low Silicon increases with increasing anstempering time up o 60 minulcs,
tile s valwe for Medivm Silicon and High Silicon Alloys increase with increasing austempering
e exlended up to 90 minules.
I!-J.Illler-Hnlnlimlsllip Between Microstructural Features and Impact and Fatigue Strength.
%IE inter-relationship between microstructural features and impact and fatigue strength are shown in
|
ible 14, The resulis show thiat silicen has been uwscdl successfully to control carbide and il has «
slative effect on fatigue stength amd impact toughness, It has earlier been suggested that silicon has
i effeel of modifymg the Fe-U phase diagram such that a higher solution treatment temperature is
ceded to fully austenitise the iron, The carbon that is present in the austenite renders it thermally and
tht;hunim][}r slable and accounts Tor the high impact energy and fatigue sirength obtained. Under the

1

astempering comdilions, carbon stabilizes the austenite such that carbide precipitation does not occur
!'-II!!J-E'I'.H-“!IN'_'.' resulting in o microstructure containing high carbon avstenite plus acicular fermite, leading
0 ophmm fatigoe and impact properties. As a resalt of second stage reaction, when the high carbon
ustenile starts to decompose into fenite plus carbide, the austemite carbon content 18 lowered, leading

o further transformation o bamitic ferrite and carbides, The precipilation of carbides probably leads to

rluction in fatigue strength and impact toughness, The amount of the retained austenite is lowest for



lkow silicon alloys, Henee medium and agh silicon alloys exhibit more faligue resistance than low

on at all anstempering conditions,

shown in plate 2, the microstruciure containg a mixture of coarse and fine Territe platelets and

lel 1. Optimum Values of Fatigoe Limits, lmpact Toughness and Retained Austenite,

et | Austem Austern | Tmpact Austern | Retained | Austem-
semp | Alboy ) Fatigoe | Pering | [ardness | pering | toughness | pering | avstendte | pering
ing Type | limil T Time {Youles) | Time ¥ Time
EI..... Hmn]_'_ (1 {amn) { i} [min)
I | LS 34 120 10,83 15
W= 45 120 19, %0 15
[ - - 43 o0 26,797 it
s | LS R ) B0 30 207 [
M5 o v 120 B0 0 LR 15
Hs 128 i . el i) 34 85 30
0300 | LS = 33 30 8.62 15
ME = 45 15 1500 30
H= - kKt 0 25,68 £H)
TIECT W 63 0 2316 30
ME KR 1 ne nik 82 il 32695 |30
15 150 i) 93 i 105 il 5007 6
naMm | LS Z 38 il 1446 |60
M5 141 tH) 426 CE 43 n 2532 )
H& My il 409 15 46 eli] 30,19 )
350 |15 |30 |6 241 o 56 60 3492 |60
MS 450 o0 321 kL H 0 a0 41.66 &0
HA ATH) i) 409 15 115 60 40.95 90
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uniformly distributed retsined susienite, Since this high carbon auslenite is stable at room
lemperature, thi resulting microstructures consist of forrle and retained adstenite. This is the

desired microstructure. From the retained austenile estimate, the low medium and high silicon

alloys contain 34.92%, 41.66% and 40.95% respectively.

This conlirms the earlier suggestions that silicon contracts the austenite zone and reduces the
transformation rile of austenitizing. Furthermore, the eulectoid point is shilled to lower the
carbon content and decrense the carbon solubility in austenite matrix. During austempenng,
cilicon restraing the formalion ol carbide and makes carbon aloms saturate in retained austenite
when bainitic fermite grows, so that the stability of supercooled sustenite 1s improved. This will
delay the nucleation ol Gatigue crack. Increase in Gatigoe strength and impact toughness is also
further enhanced by interstitial carbon, which is present in retained austenile, The nterstitial
carbon induces strain ageing. This increases with carbon content and with inercase in
austempering time. Thus we observe thal Gatigue strength and impacl loughness increase with
retained austenite, {Table | 1). From the estiniated amount of retained sustemite (Figares 33 (o 353)
and the Fatigue limits (Figures 30 to 32, it is confirmed tsat the fatigue strength increases as the
redained avstenite increases. This can be atinbuted to s strain-hardening behavour. There may
be strmin-induced martensite formation m some austenitie steels but thes is not hkely to occur m
(he austempered ductile wron because of i high carbon content. Proper austemipering thus
produces a umgue bainilic structure (ofien called ausferrte) in AD1 that consists of high carbon
(plate 2 and 3), This uniyue microstructure provides exeellent mechanical properlics of ADI ;
high Ligoe strength, high impact toughness and high retained austenite.

Acicul ferrte plates wilh high corbon austenite distributed uniformly in it {plate 4) obtained

16
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from low silicon alloy: mustenitised w 850"C is vesponsible for the high impact oblaimed from
s ooy,

Alloys with average Ratigue strength amnd Tigh inpact strength is obtained [rom mediom silicon
austenitised at 900"C and.avstempered ot 350°C. The structurd contains lower and upper bainite
witle graphite nodules Jdispersed in il (plate ob).

Austenitismy at low solution trealment lemperture {R50"C, high and modivm silicon alloys

produce structures containing free fervite or procutectoid ferrite as a result of a threg-phase -
reion of austenite-forrile-graphite phase, (plates Tand Y1) This structure is responsib! e lhe
poor Liligue, impast amwd Tow retained austenile of these alloys, Increasing the austenilising
Lemperatire to 930"C with ndders e austempering lemperature (30070) ll::-l:.lti o the fonmation ol
wroity boundary lower Linile witerostroclure resalting in low Cigoe and impact propictics, {plate
81 Both peactitic bainite and columnar bainite stmictures give poor moechanical properties,

S5, Cytimum Sct ol Conspositional aod Heat @ ceatment Yariables,

Talles 13 show the tine for the onsels of stage 1 reaction (processimg window open) -*ulfuJ Lhe time
indicating the termpmtion of stage | reaction (processing window closed). The end of the first
stagre corresponds o the nmximizsation of the faction of bainitie fervite and the entchment of the
austenite, the sceond with the onse’ of carbide precipitation, The time interval between these two
stazes 15 the heat treatmomt window . From Tuble 13, the pribu::s.t;_'mg window or the timg requined
e obtuin the optiimuns smount of retaived austenite in high stlicon alloys austenitised ard
austempered at £ 0350 15 observed loopon al a shol austempoing tinge (28 mmules) ol closes
aficr 60 minutes, For e Gutigue steetgth and impoct 1oughiness, 1t lakes o longer austempering

tine bofore the connaenecment of e liest stage reaction (50 and 55 munutes respectively), In the
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austempering process, stoge 1oamd stage U oare separated i lime sueh that a plot af et
loughness and Gtigue limit goes through a plateay (referred 1o as the processing window), Il can
be seen from these curves (from Figure 13), thit three regions dre actually visible: The inftial

part of stage 1 {opening period) which represents the nucleation and growth of ferite in the

relatively unsegregaled volumes near the graphite nodules. This region oheyed the Johnson —
Meh! equation as earhier stated. This is followed by the region ol the processing window. The
stage | caction is a dilfuzion controlled plate giowih of deercasing nucleation rate while the
reaction of the processing window is a Jiffuston controlled plale growih of zero nuclooon mate.
The lster part of stage | (the closure) represents tbe transforsation as it extends nto he
segregated yvolumes and the beginning of stige 11 Swee parts of the structure had staited in
stage I of the reaction wlile other regions are still untransforicd. This is wesponsible for the
shiiivhing of the processing window.  In the low silicon alloy, il s evident fromi Figuee 13 that
low sustenitising lenpersture of 850 and 900°C with high austempering temperature, 350"C
pioduce peaks while ligh mstenilising (950"C) produces a plitean, These peaks are coused by an
overlyp ol the stage T ol stage 11 reactions, which cloze 't v fung window, The segregation
ol glements: like silicon and manganese promotes His type . of behavior, Segregation of
arnganese 10 the cell bowndities increases the carbon solubality. As a izsull, the retwined
austenite reaches a peak alter 00 minutes (Figure 33), followed by o steady decrease, which s the
stoge 1L The relatrvely high silicon content in the vieinity of the graphite nodules im]rrm'li::; the
diffusion rute ol carbon and et « cntly the sl stage reaction starls early. o the high silicon
wwon, @ suddon drop in inpect longhoess oceurs afler e optinum vatue is reachied. This could be

altribuled 1o the segregation of the sibic m and mangancse, which hos the eflect of narcowing the
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proceasing window. The thoe correspionding 1o low fatigue streugth and impoet loughness valucs
Cain b abtributed to precipilation ol e bides.

It conn be concluded that the clfect of nustempering can he optimised within the conlines of
processing window: oo shorl an asstempering time lewds o oon inmleguate enncliment of the
austentie and hence a lower r|:1:.|1'|:|cd austcinte content, ‘When the samples are held of the
AL cdpering temperatore for oo long beyond the processing window closure, 4 second reaction
takes place, during wlich high-carbon austenite will decompose lurther inlo fermte and carbide.
I Gits cose, the structuore will eoulain cosilon carbide, which makes (he nateral britde,
Then cawse, (his reaction must be avoided, hence the need 1o know the effective period st which
e optial properly can be obtained. Also, il the austempering process is premeturely
mterrepled before the austenite 15 sufliciently stabilised through carlide enrichment; (1hat is
hefine the precessing window s opencd), then some marfensite will fomn on cooling o woim
tewperature. The presence of mutensite will increase hardness, (05 could be seen jn Table 12
and Figure 36, 37 and 38), but »f the siwune tiwe, reduce Tatigue limit and impact toughness, Tor
both sitvalions, the loss of Rtigue and impact wughness is not desimble. The optimun
mechanical prapertics including stren, leand toughness can be achieved when setting the bolding

time ol austempering withian the range of the processing window,
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TABLE 12. EFFECT OF AUSTEPERING PARAMETERS ON THE HARDNESS

ALLOY TYTE HARDMESS (BTIM)
AUSTEMPERING TIME .

15 n 6l ] 120
1530 950/350 409 341 363 98 3173
MS26 950/350 302 321 285 241 309
LS20 950/350 179 187 149 241 197
HS30 950/300 409 292 329 309 246
MS26 9507300 234 09 234 426 73
HS30 %350 30 198 224 260 182
MS26 900/350 309 292 241 275 200
MS26 850/350 191 246 300 183 409
LS20 850/350 234 217 |39 273 169

TABLE 13, Estimaied Processing Window Duration (Minutes) For the Faligue, Impact,

Hardness and Retained Austenile Tests.

| Austen/ | Process, Retained Austenite | Fatigue Linit Impact Toughness Hardness

Auslem,

};n-.p. Window |1LS |MS|[HS |LS |MS |[HS |ILS |MS |HS |[L5|MS |HS

I {Mimules)

B507350 | Open 28 s0 |3 |30 [55 |60
Close 62 65 |50 |50 |65 |90

QW3IS0 | Open 5 | o0 30 a0 35 15 55 85 | 0
Close 65 |95 0 |65 [45 |65 |70 95 | %0

QEVI0N | Open L 50 53 25 | I | 55
Close -E'I} 70 |80 |30 Lo0 90 | 80

950/350 | Open 60 |70 |70 |55 |90 |60 |45 |85 | S0 |30 |30 |87
Close ag oo [110 |62 (100 [120 |65 |[95 |60 |90 | 120 |95
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Table 14, Relationship between microstructural features and impact ans fatigue strength of ADI

i;".LLDT ALISTEMPEPF | STRUCTURE FATIGUE [ IMPACT RETAINED
ARAMETER | OBTAIMED STHENGTII TOUGHMESS | AUSTERNITE
HS334 | 950/350¢90 | Coarse and [ine High High High
ferrite with
| relained austenile .
H5333 | 9507350760 | Feather like High Average High
bainite with
| retained austenile i
HS234 | 900/350/%0 | Lower and upper | High Average Average
bainile .
H5123 | 850/300/60 | Free femile Low Low low
H5322 Q50300030 | Grain boundary Low Low Low
- bainite
H5132 850/350/30 | Pro-eutectoid Low High High
lerrile
HS213 HOV2BOG0 | Lower hai_llitu Low Low Low
H5223 | 900/300/60 | Pearlitic bainite Low Low Low
H5312 O50¢/280/30 | Columnar Bainite | Low Low Low
MS5334 | 950/350/90 | Coarse and fine High Average High
| femite -
MS3I33 | 950/350/60 | Feather like High Average High
bainite
MS234 | 900/350490 | Lower and upper | High High High
bainite
MS123 | 850/300/60 | Free ferrite Low Low Low
MS3322 | 950/300/30 | Grain boundary Average Low Average
bainite il _
MS132 | 350350730 | Pro-culectoid Lowr High High
[errile
MS213 | 900/280¢60 | Lower bainite Low Low Low
MS223 | 900/300v60 | Pearlilic bainite Low Low Low
MS312 | 950¢280/30 | Columnar Bainite | Low Lovw Low
LSI31 | B50/350/15 | Acicular ferrite | Low High Low
L5132 350/350/30 | Acicilar lerrite Low High Low
L5331 O50/350/15 | Metastable Average Average Low
Auslenile
L5333 | 950/350/60 | Featherlike bainie | Average Average Average
L3233 | 9D0V350¢60 | Proeutectoid Low Average Low
ferrite
L5232 Q0350030 | Proeutectond Low Average Low
ferrile
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(i)

(b)

PLATE 1 As cast structures (a) High Silicon Alloys, (b) Medium Sihicon Alloys. Some nodules

are seen surmounded by fernle (wlnle), (X500)



(<)

PLATE 1 (c). As cast structures Low Silicon Alloys.. (X500)
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fa)

L

(b)
PLATE 2. Microstructure of high and medium silicon alloys austenitise at 950°C for 60 minutes
and austempered at 350°C for 90 minutes (a) 11533 and (b} MS33. Microstructure contains o
mixture of coarse and fne ferrite platelets and unilormly distributed retained austenite (light).

{ x500)

[



(a)

(b)
PLATE 3, Microstructure ol alloys austenitised at 950"C for 60 minutes and austempered at
350"C for 60 minutes {a) HS33 and (b) MS33, Untransformed aunstenite remains at inlercellular

region, Bainitic momphology is seen as feather-like bainile and bainitic lath, ( x500)

A



(a}

(h)
PLATE 4. Microstructure of low silicon allows austenitise st 850°C for 60 minutes and
austempered al 350°C (a) LS33 for 60 and (b) L5313 for 90 minutes. The microstructure contains

closely parked acicular fernite plates and high carbon austenite distributed uniformly between the

plates. { x500)
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(a)

(b}
PLATE 5. Microstructure of low silicon alloys austenitise at 950°C for 60 minules and
austempered at 350°C (a) LS33 for 15 and (b L5323 for 60 minutes. Microstructures show fermite

plates and a continuos network of metastable austenite and (b) featherlike bainite. {(x500)

£



(a)

{b)
Plate 6. Microsiructure of alloys austenitise al 900"C for 60 minules and austempered at 350°C
for 90 minutes (a) HS23 and (b) M523, Structure reveals lower bainite + upper bainite

{ausferrite) + retained austenite + graphite with dispersed nodules. { x500)
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g

{h)
v 1 ik Al | L L 3
Plate?, Microstructure of alloys austenitise at 850°C for 60 minutes and austempered il

A00°C (a) HS 12 and {(b) MSI12 for 60 minutes, Microstructure reveals free ferrite of the

lower auferrite. { x500)



fa)

{h)
Plate & Changes in bainitic microstructure of slloy austenitise at 950"C for 60 minutes and

austempered al 300°C for 30 minutes {a) H532 and (b) MS32. Structure reveals grain boundary

lower batnite with dispersed nodules at the centre. { x500)
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[a}

(k)

Plate @ Microstructure ol atloys austenitised at 850°C for 60 minutes and austempered al 350"C
for 30 minutes {a) HS13 and (b) MS13. The microstructures consisl of procutectoid ferrite,
bainite of coarse plates with islands of retained austenite. { x500)

X3



{a)

(b}
Plate 10. Microstructure of alloys austenitised al 900"C for 60 minutes and austempered at 350°C
{a) L5223 for 60 and (b) LS23 for 30 minotes. Microstructures consist of proeutectoid feriite

[x500)
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[a)

(b)
Plate 11. Microstructure of alloys austenitise at 900°C for 60 minutes and austempered at 280°C

for 60 minutes (a) HS21 and (b) MS521. Bainttic Ferrite with untransformed austenile, (x500)
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{a)

(b)

Plate 12. Microstructure of alloys austenitised at 900°C for 60 minutes and austempered at 220"C

(a) LEE! for 90 and () LS13 for 30 minutes, { x500)

|

i

B



(al

(b)

Plate 13. “Pearlitic™ bainile microstructure in alloys austenitise at 900°C lor 60 minutes and
austempered al 00°C (a) H522 [or 60 and (b) M322 for 60 nunutes. { x500)
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(a)

(b}

Plate 14. Columnar bainite in microstructure of alloys austenitise at 950"C for 60 minutes and

austempered at 280'C {a) HS 31 and (b) M5 31 for 30 minutes. { x500).

[k



CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH.
6.1 CONCLUSIONS
Developments in ADI will make replacement of costly engine components such as camshaft,
crankshaft, connecting rods, axle shafi, steering knuckles and tractor parts possible with nodular
won castings, The prospects of AD] as alternative matenal to the rather expensive, forged,
casehardened steel in other critical components operating under severe dynamic conditions will
open new vistas for cast iron production. Furthermore, major engineering components requiring
complicated manufacturing from high-grade steels by, for example, forging, rolling, welding,
and surface hardening, all of which may preclude the use of normal machine tools, can be made
in near-net shape casting in austempered nodular cast iron,
Nevertheless, ike any other engineerning matenals, the production parameters have a significant
nfluence on the performance of ADI castings. Of particular importance is the as-cast quality of
the castings submitted to austempering. as the heat-treated castings remain sensitive o casting
defects.
The results show that alloys of different silicon levels can be used to develop austempered
ductile iron that is suitable for the production of automotive and machine parts by altering the

AUSIEMpPETING parameters,

)
As a surnmary, the results of this investigation have shown that:

|. High sihicon ADI alloys with coarse and fine ferrite (ausferrite) structures generate the best

impact value of 115 Joules.

L e

Medium silicon alloys of ausferritic structure gave the best fatigue results of 450 Nmm ™,
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{5,

]

Impact propertics of low silicon level A s Gvoured by low austenilising lemperature and
high austempering condilions. Acicular ferrite thus produced gave low silicon level Al a
low fatigue bt high impact tonvhgness of 80 loules.

As aresult of low avustembismg lemperatures, proenlectoid struclures are formed in ADD with
high and medimm stheon levels. This structure adversely affects the fatigue and impact
tonghness of the matenal,

Maoderale avstenihsing lemperatire and auslempering lemperalure (900/300'C), produces
pearlitie bainite whole lngh austenitising amd low asstempering generates columnar bamite n
AL with high ol sedione silieon alloys, Bolh structures exhibits poor Tatigue and impact
strength.

ADI with Tow silicon level avstenitise at 950"C and austempered at 350°C show averagely
high Tatigue strength doe (o the feathorlike ausferrite structure generated.

Uhe optimum value of the retained avstenite estimated for the various ADI alloys confirm the
imterrelationship between the amount of retained austenite, the fatigue strength and the
mipact longhness The lopghest valoe of fatigne and impact obtained experimentally
corresponds to highest amount of retamed aostenile estimated

The predicted vilues of laligue strength for ADD wsing developed model is relatively
comparable 1o the experimental data oblaned from various fatigue tests. This confinn the
inter relationslinp hetween the fatigue strength and the impact toughness, Such a model is
useful in obtaining fatigne data Tor materials of known impact loughness, thus saving costs
and time spent in the cumbersome, (ime and energy consuming fatigue lesting,

The anstempermg fune duration as depicted in the predicted processing window obtained
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from the fatigue, impacts and retained austenite test data is useful in optimising production

process in foundries. Such optimisation will enable the industries to reduce product wastage,

economise man-hour spent in production, increase productivity and improve product quality,
6.2 Supgestions for Further Researches.
Based on the findings from this research it is recommended that local spare-parts manufacturers
should patronise indigenous foundry establishments for the source of their materials. Companies
like Peugeot Automobiles Nigerian Ltd. can use this material apart from possible use for
crankshafi and gearing system, it can be used as a replacement for the breakable door handles,
Further research is envisaged on the mass production of silicon alloyed Austempered Ductile
Iron for automobile and machine paris. Other local manufacturers of parts requiring shafis and
gears can equally make use of these materials,
There is urgent need for ADI to be developed to the point where foundrymen, heat treaters and
design engineers can have sufficient technical information to take full advantage of the
g A i ot anain!

There is need for further work on the estimation of retained austenite. This could not be done

now because of lack of facilities. There is need 1o correlate the amount generated by compliter

madel with the actual mount obtained experimentally. The computer model was only adopted

because it has been tested and is been used worldwide.
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APPENDIX |
PROGIEAM NEURAL ADI RETAIMED ALSTENITE
The purpose of this program il for the estimalion of the amount in percent of retained
austenite for any austempered ductile irons (AD1) as a function of chemical composition and
hest freatment conditions  (austenilising  temperature, austenitising time, austcmpering
temperature and austempering time), The language used is FORTRAN,
How To Generate The % Amount OF Retained Austenite,

STEP L Input variables, The input variahles Tor the mode] are listed below,

| Carbon (wi%) 128320 309
2 Silicon {wi%) 2.00; 2.65; 3.00
3 Manganese {wi%) 029 033 0.3
4 Molvbdenum {wi%a) 016 - -

5 Mickel (wi1%) bty (0.5 [hA8
6 Copper (wi%) pAZ 04 D4R
7 Austenitising temperature (") R50; 900: 950

) Austlenitising time (min) 60

2 Austempering temperature _{"L’."] 2810); 300, 350

10 Austempering time {min) | §; 30; 60; 90; 120

STEF 11, Qutput parameters. This program genzrate the amount ol retained austenite value in
%o, {Torun the progeam, double click on “RET_AUST.exc™ icon),

STEF 111 To obtain results double click on “RESULTS | exe™ icon, The Results {Volume %
of retained austenite) are stored in a file called 'Resultdat’, The format of the output results is:
Prediction (%) Upper-limit (%) Lovwer-limit (%).

End of task.
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APPENDIX 1

FORTRAN PROGRAMME TO PREDICT RETAINED AUSTENITE FORMATION
IN ADI

IPAUSE allows a pause il the value is set to 1

X contains normalized values of the inpul variables;

W1 and W2 contain the weighs;

THETAL and THETAZ2 are the biases;

Y is the output (normalized);

AMIN and AMAX contain the minimum amd maximum unnormalized salves of the
inpat variables and of the output

SUBROUTINE MAP NEURAL_ACITEMPAW, W1, W2, THETA I THETAZ,
EAMIN AMAX, IMAX, Y, HTIERILINIHID,ERKOR) IMPLICIT NONE
DOUBLE PRECISION W1(4,22), W2(4), THETA 1(4),11{4),ERROR,
&AMINGZILAMAX(23),AW(22), X(22), 1 1T(20), Y {200, A THETA2

INTEGER IMAX, IERR{ZO), 1, 1, IN, 1D, 11

Remember to set matrix dimensions according to number ol inputs
and number of hidden units. Currently set at 100 and 10 respectively.

ERROR = 4000

Read a set of unnormalized bipuls
DO 222 1=1LIN

X{=AW(D

222  CONTINUE

Omne of the variables, in this case the heating rate HT, is to be varied, so at first normalize IN-
I variables

DO 1 1=1,IN-1
XU = (X0 -AMINCAAMAX-AMING)-0.5D400

I CONTINUE
DO 20 1=1,IMAX
FITCEEY = 10,0D+00%*(11) 1 00000400
X(INY = (CHTO -AMIN(INAMAX(IN--AMINGN) .S D00

IERR = {implies that all inputs are within the range of the training dataset for the neural
network, Thus, the 95% conflidence error bars amount 1o about +- | 1%)
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C IERR = | (implies that some inputs are oul of the rnge of the trnining dataset {or the nedral
netwaork. The 93% confidence error bars MAY then be greater than +-1 1% )

IERR{11}=0
DO 11 J=1.IN

IFLX(N LT, 0.50400 ,OR. X(1) GT. 0.5D+00) THEN
IERR{IT)=1

END IF r
11 CONTINUIE :
Read all weights, and theta parameters

Do caleulation of the normalized outpat value for the given sel of
normalized inpul  First equation

DO 6 1=1,111D
A=0.0D+00
PO J=1,IM
A=ATWILI* X0y

5 COMTIHUE
H{=DTANH(A+THETA (I
6 CONTINUE
Second equation
A=0.0D100
DO T =1L IHID
A=AFW 2N
7 CONTINUE

Y(ll) = A+THETA2
Y=Y (05D 1000 AMAX{ING 1 -AMINGN® ) AMININGD

Prevent temperature Trom acquiring a negative value
IF (YD LT, 000000 Y(1D=0.00+H00

20 CONTINUE
RETLIRN

END



APPENDIEX I

Slart

WSS READ

UMNORMALIZED
INPLIT

-

COMPARE NORMALLZED :

INPLITT WITH TRAINED
DATA

ERROR =0

[ L

ERROR = |

DATA OUT
OF RAMGE

CALCULATE NORMALIZED |4—
ouTruT

Figure Appendix | Flow Chart for Estimation of retained austenite in ADI
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