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Summary

This work simulatedhe thermo-mechanical processing of largeale forging product
made of 34CrNiMo6 steel to evaluate the effect of different processing condition
parameters and cooling rates on the variation of microstructure and the final mechanical
properties. Through this imestigation we tried to achieve the required mechanical
propertiesfor deep sea applicationsvhich were a minimum Charpy impaealue of 38J at
temperature of-20 °C accorthg to ABS specificatiorad a minimumsurface hardness of

302HBaccording to First Subsepeification design.

Initially, a series of single and mttiit plane strain compression tests were performed to
evaluate the hotdeformed microstructure in thermonechanical procegsg, with particular
attention paid to the effect of austenitising temperature and deformation conditions of
temperature, strain and strain ratd.he hot vorking process conditions weraustenitising
temperatures of 1260C and 1100C;deformation temperature range of 1260C¢ 900 °C;
strainrates of 0.1, 0.5 and 4 1; to a total straiof 0.8 were used in order to understand and
optimize the hot deformation process parameters:urthermore, an austenitising
temperature of 1260°C and deformation temperature of 100C with strains of 0.4, 0.6
and 0.8 and strain rates of 0.1, 0.5, andi2 4y @A 0K SIF OK &GN A &SNS
flow stress constitutiveequations of the work hardening/dynamrecovery (DRV) curves

and dynamical recrystallisation (DRX) curves ve¢seestablished for 34@liMo6 steel.

The exponential law, power law and hyperbolic sine law types of Zeldiomon
equations were utilised to calculate the hot activation energy of deforma(@m). In
addition the constitutive equations were used for modelling and generalising the DRV and
DRX flow curves of 34CrNiMo6 steel, using the method proposed by ABanundly, a
heat treatment process using different austenitising temperatures and @iffeicooling
rates was also investigated to achieve the required aims, in which many tests were
performed through controlling the temperatures, soaking times, and cooling rates to study
the effect of the heat treatment parameters on the grain size and ti@msation behaviour

of austenite.



Additionally, to attempt to refine the austenite grain size and to increase the austenite
phase percentage within the microstructure, multiple heat treatment paths were also used.
A double normalizing, double quenching, and single tempered process were used in all
possible combinations to investigate their influence on the final microstructure in an
attempt to identify the most effective heat treatment cycle with an effective seaugefor
the heat treatment operations.According to the obtained results, a microstructural
characterization of the studied material was conducted using techniques such as optical
microscopy (e.g. Polyvar) and scanning electron microscopy (SEbteover, sme
mechanical tests such as Charpy impact and hardness testing were performed. The linear

intercept method was used to calculate grain size diameter.

The obtained results of the hot deformation simulation with the PSC tests showed that
there are many parameters which need to be controlled throughout the process.
Understanding the microstructure variation at different temperatures and cooling rates is
the best way to achieve the required mechanical properties. Using an austenitising
temperature of 1100 °C gives better equiaxed grains and higher recrystallisation
percentages than using an austenitising temperature of 1260 Moreover, the smallest
grain sizes were obtained at an austenitising temperature of ’ID@nd strain rate of 0.5
deéeuy ¢ AieKdefbrindtion deB@eratures. Also, the results showed that reducing the
austenitising temperature has an effect on the mechanical properties, especially fracture
toughness, accordingly starting with a small austenite grain size before heat treatment will
help to obtain the required mechanical propertie®n the other hand, the presence of
banding in almost all optical deformed microstructures, represented by dark lines parallel to
the direction of deformation, and also the existence of some types of-metallic

inclusions had a negative effect on these required properties.

Generally, in the case of using very low cooling rates with these deformation conditions
the toughness requirements will not be achievderst, this may be attributed to the
presence of noruniform microstructures resulting from the variation in grain size
distributions (i.e.bimodal distribution) which usually causes scattering in the measured
data, especially when one test sample is u&econd, it may also be attributed to the lower
hardenability of 34CrNiMo6 steel, as we could not get a high percentage of martensite

within the microstructure of the tested sample3he results of the tests show that to



achieve a higher percentage wiartensite in the sampling position, the cooling rate should
be higher than 1.2C/s for a large section billet with diameter of 480n. However, using a
multiple heat treatment process consisting of double normalizing, double quenching and
single temperingn different orders gave values of high toughness and good hardness within
the required specificationsMoreover, the obtained microstructures were more uniform
with less variation in grain size distributions (iumimodal distribution) compared to the

single heat treatment, which usually helps to reduce the scattering in data.
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Chapter lintroduction

1.1 Backgrour of the work

Forging iron to a specific shape can be dated back td #fecentuny1]. Typically this was
done by a blacksmitimaking simple iron forgings dyammering hot small parts to make
wrought products. Today forging is used to produce many types of products for various
applications, ranging from small simple components to eventual complicated structural
components; forinstance, companies that work ioffshore oil and gas industries use large
sections. Furthermore, these industries require materials for their products that are totally
reliable and can resist the most aggressive environments. In general metal forming
processes, such as forging of steelsn to produce a neamnet shape product with good
material properties; these properties are a direct result of the final microstructure, which in
turn is determined by a series of deformation steps and heat treatments within a process
route. One of the mar issues in the microstructure of large scale forging is strain
penetration, which becomes less inside large scale forgings. This means the penetration of
plastic deformation will be different from the surface to the core of the metal, which causes
differences in grain size between the central and surface zones. Moreover, a large variation
in cooling rates between the surface and centre leads to large variation in microstructure,
which in turn produces a large variation in transformed microstructure amdpttoperties

leading to a complicated design strategy.

34CrNiMo6 stegP] is a heat treated low alloy engineering steel with high stren@he
Tables 1.1 and 1.2nd hardenability, containingickel, chromium and molybdenurnit also
has good toughness properties with CVN (Charpyot¢h) at a very lowtemperature.
According to a number of international standards organizati@g., Standard of steel SR
EN 10083}he AISI 4340 steel is considered one of the 34CrNiMo6 steel grades when the
steel is classified by their composition (See Appendix E). Kgothat materials grade
comparison usually be to the nearest available grade and might sometimes have slight
variations in actual chemistrfCompared with the AISI 4340 steel, the 34CrNiMo6 steel has
additional elements of 0.004 %Al, 0.07 %V, 0.13 %Cu.8A®0SnA typical heat treatment

for this steel involves two stages, quenching and tempering.



The steel usually obtains its high strength by quenching to a full martensitic microstructure
and the tempering process is used to improve ductility and toags. This stegWwhich is
used in subsea oil and gas, nuclear, renewable energy and aerospace applications
subjected to extreme environmental conditions and complex dynamic loading cycles. The
supply of materials with properties within the specificats has depended on experience
and an intelligent supply chain. These days, even the most adept suppliers are struggling to
produce efficient, coseffective materials that meet all market demands within increasing
specificatiors at an ever increasing siz&he First Subsea Company vk partnership
with Somers Forge Ltd which undertakes the process of forging and heat treatment of cast
material suppliedby Sheffield Forgemasterg\ mooring systemwhich is one otthe Frst
bsea company producte/as used tanchoran offshore platform in the Gulf of MexicA.
failure in aseabedmooring shackle in this system led to the company client base becoming
very worried about the quality omanufacture of longerm mooring systera Forged and
cast steel gbsea mooring system components and accessories are required to meet the
relevant chain specificationbut theseare limited when dealing with large scafgoducts.
Unfortunately, these specifications do not provide a consistent and accurate representatio
of toughness throughout larger geometry partsghich has led to a rexamination of the
metallurgical test criteria demanded by encustomers according to standard chain
specifications.These mooring components need to exhibit high levels of strength and
toughness over an extended perioficcordindy, many tests were carried out to verify the
mechanical properties according to standard specifications, but the results obtained were
not consistent throughout the forging, and often did not confirm these reqred
specificationsThe failure otthe as forged material to achieve the required specification of
mechanical propertiesespecially toughness and ultimate tensile strendths an effect on
company business in issues such as compapytation, product gality andan increase in
production cost. Consequently, this projgmtoposesto treat these issues through testing
and investigation in an attempt to improve the forging and heat treatment routes. This will
be done through determimg the most importantparameters that define the metallurgical
uniformity of large scale forging products. These parameters lead to understanding,
optimisation, and control ofhe microstructure throughout the whole process chain. All of
these proposed investigations will potentiajpyovide the companywith technical support

and a good knowledge of best practice in the manufacturing process.



1.2 Definition of the Problem

One of themost important issue$or the producing company is to supply their customers
with productswhich conformto certified specifications, because any tag to meet the
specification wuld be dangerous, costly, and affect the company's reputat®B#CrNiMo6
low alloy steel was used to produce a large scale forgingffshore mooring connectors
O RAI YS{ M) fok use im peep seash number of incidents happenedith these
products leading tothe company becoming very concerned about the quality of products
supplied for use in special applications which should be subject to standard specifications.
Several tests were carried out to verify the standard specificafionthese productand as

aresult of these tests many billets were rejected

The problemaccording to the company database which represents the whole production
of large scale forgednd heat treatedillets for several years, is shown ilgbre 1.1 From a
total of 37 billets that were tested just 19 billets wre accepted after the heat treatment
processwhich represents a percentage of 524 while the other 18 billets ave rejected a
percentage 0f48.6 %. This means nearly 50% of the total production was rejected
Moreover, according to the company data, the main mechanical properties which caused
the rgiection of billets as shown inigure 1.2were toughness, UTS, amdmixture of both.
As illustrated in the Pareto diagram, toughness is the main causejeftion with a
percentage of 55.86, whilst the UTS came second with 2%.7Presence of both problems

was represented as a percentage of 1% af the rejected billets.
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Pass after heat treatment Rejected after heat treatment

Figure 1-1 Quantity andpercentage of billets accepted and rejected after he
treatment process.
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Figurel-2 Main mechaital properties which causeadjection after heat treatment.

3.1 Mechanical poperties and specifications a34CrNiMo6 steel

According tothe specification design athe producing company, the maximum surface

hardness of the material mudie > 302 HBTables 1.1 and 1.@ustrate the mechanical

properties required according to ABS certification for offshdvmoring Chain and

accessories, and DNV 8802 Rules. The manufacture tfie producer company

component (mooring connectorSeries 1, 2 and 3) requires steel that s&stGrade R4.

Tablel-1 Mechanicaproperties described in the ABS specification

_ _ Min. Charpy ‘hotch Energy (J)
Mm Mm. Min Min
Grade Wik IEnslE Elongation | Reduction Base Weld
Stress | Strength (%) of Area (%) Temp | Average| Single | Average| Single
(N/mm?) | (N/mm?) (°C) | Energy | Energy| Energy | Energy
() () (J) ()
R4 580 860 12 50 -20 50 38 36 27

Tablel-2 Mechanical properties described in the DNVEBB2 specificatian

Min Min Min Charpy Wotch impact tests
[ Energy (J) Min Average
Grade Yield Tensile Elol;lmr;tion Reduction 9y ) g
Strength | Strength (3) of Area | oy | Average | Average
(N/mm2) | (N/mm2) 0 (%) 0 for Base | atFlash
Metal Weld
R4 580 860 12 50 -20 50 36




1.3 Thesis overview

Literature which provides the details of the necessary background to this pragect
reviewed in Chapter 2. Included in this overview are: phase transformation characteristics
accruing at high temperature, selected required mechanical properties and vaneats
treatment processes with influencing factor§he need to understand the thermo
mechanical process and the factors influencing it such as strain, strain rate, holding time and
temperature, effects on material microstructure evolution and constitutredaviour under
hot working conditionsand some of the experimental techniques usade explainedin
Chapter 3 to characterize the microstructures and mechanical properties of 34CrNiMo6
steel. In addition, this fapter will also brieflydescribe specimen preparation, the
techniques used to characterize the processed microstructures using different analytical
techniques such as optical microscofB8olyvar)and scanning electron microscopy (SEM)

and some mechanical properties tests required to fyefie results.

In Ghapter 4 the experimental results of isothermal deformation processes (smglén
terms of flow behaviour of the 34CrNiMo6 steel obtained fraplane compression testing
simulator machine are presented. Furthermotie flow stress corigutive equations of the
work hardening dynamical recovery (DRW)ves as well as dynamical recrystallisation (DRX)
curves are established for 34CrNiMo6 steel and the exponential, power law and hyperbolic
sine law types of ZeneHollomon equations usedtcalculate the hot activation energy of
deformation (Qqef). In addition the constitutive equationare used for modelling and
generalised the dynamic recowef(DRV) and dynamic recrystatisn (DRX) of these flow
curves.In Chapter 5 the experimental results of plane strain compression (PSC) testing
(singlehit) in terms of microstructure evolution are presented. Those microstructures were
investigated ovelmtemperature range of 1260C¢ 900°C, strain rates of 0.1, 0.5 add 1,
and strains of 0.4, 0.6 and 0.8 in order to understand and optimize the hot deformation
process parameters that determine microstructure parameters and thus the final
mechanical properties. Famore realisticappraisal non-isothermaldeformationprocesses
(multi-hit) were performed in the same range of real deformation temperatures to try to
simulate the real forging process. The results of these experiments in terms of

microstructures and stress strain curves are presentechapter 6.



The «perimental results of heat treatment process includingnormalizing, hardening,
and tempering processesith different temperatures and cooling rateare presentedn
Chapter 7.Chapter 8analyses and discussd®e major results provided i@hapters 4,5, 6
and 7. Summaes of the principal observationssome conclusions of this project, and

suggestions for future work are presentedGhapters 9 and 10.



Chapter 2. iterature Review

2.1 Introduction

Some industries such as offshore oil and gas industry requires materials that can withstand
the most aggressive environments and are totally reliable. These materials should meet
strict yield strength, tensile strength, and hardness specifications withasing toughness.

The key factors in providing higher strength and toughness of such steels, may be obtained
by the addition of alloying elements, thermmechanically controlling austenite grain

diameter, accelerated cooling, and usually a careful doation of these factors

This chapter covers an assessment of the theoretical aspects of this working including a
review of the physical metallurgy of steelminite andmartensite reactions, and a general
overview of the metallurgy of hot workingicluding follow stress, recrystaliion and
typical forging conditions. Some related heat treatments of steel, isothermal and continuous
cooling transformation also is given in this chapter, followed by theoretical aspects of

hardenability.

2.1.1 Austenite

Austenite is a solid solution of carbon in iron called gammavhich has a facecentre

cubic (FCC) crystal structure. Austenite has a high solubility for carbon, where the maximum
solubility reaches 2.% at temperature of 1148C. In plain carbon steedustenite phases
usually exist above the eutectoid temperature of 7Z7.Seels are classified according to

their carbon content and the amount of alloying additions, where most of the carbon steels
contain less than 26 (3]. Figure 2.1showsthe formation of austenite in pearlite as a
function of time, where not all of the cementite is dissolved as the austenite grows into the
pearlite. The cementite continues in the form of spheroidized particles, and dissolves only

with longer holding times aemperaturg4].
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2.1.2 Austenite decomposition

The austenite starts to decompose during cooling to room temperatundere it
disappears to form a particular microstructure. There are several faeftesting austenite
decomposition such as chemical composition, austenite grain size, and coolirfj§] patle
decomposition of austenitaccording to the carbon content and very slow cooling satl

be explinedin the following.

2.1.3 Eutectoid transformations of austenite

There are three types of microstructurghich can be obtained from austenite when
cooled very slowly fronthe austenite zonedependngon the carbon content. As illustrated
in Figure 2.2the entire microstructure willransform to proeutectoid ferrite and pearlite if
the carbon content is less than 0.76 %, to pearlite alortbafcarbon percentage is equal

0.76%, or to proeutectoid cementite and pearlite if the ban content is more than 0.7%.
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The most common of these microstructuregpreeutectoid ferrite and pearliteespecially
widespread in medium carbon steel productBlucleation of proeutectoid pearlite is
initiated at either the austenite grain boundaries owithin coarse austenite grains at
inclusions.Sometimes the nucleation of proeutectoid pearlite increases at inclusadribe
expense of nucleation at grain boundari€Bhat occurs when the austenite grain size
increase, thus the total austenite surface area will dease which results ia decreasein
the number of nucleation sites at the austenite grain bound4@eccording to Dubé and
Aaronsonlater, the resulting morphologies based on optical microscopy when austenite

transformsto ferrite in plane carbon steel are classified to four morphold@ks

Allotriomorphic is the term usedwhenthe shapewhich is crystalline in internal structure
is not reflected in the form of microstructural appearance. Allotriomorphic feageseen in
Figure 2.3s nucleate heterogeneously at the austenite grain boundary where at least two
austenite grains are in coatt. The orientation between allotriomorph and contact

austenite grains will be random with one gr&iat more coherent with the othdd.(].

Idiomorphic ferrite is equiaxed morphology nucleateintragranularly at normetallic
inclusions such agrecipitates of vanadium nitride(VN), manganese sulphide (MnS), as well

as titanium oxidgl1, 12].



Widmanstatten ferrite (WF)is shaped aslongatedlaths or plates divided into two types,
primary Widmanstatten ferrite which nucleats directly from the austenite grain
boundaies and grows towards the centre of the grains, and secondary Widmanstatten

ferrite which grows from allotriomorphic ferrite formed in austenite grain bounesar

Acicular ferritetakes the shape of fine plates when viewed in three dimensions nucleated
entirely within the austenite grains from inclusions such as oxide, or silicate particles. These
plates usually form ah temperature a bit higher than that used for uppleainite. Acicular
ferrite has a chaotic ordering and interlocking structure that contrilsute improving

strength and toughne$%3].

idiomorphic Acicular
ferrite ferrite

allotriomorphic
ferrite

Ailmrlnmnrphl
ferrite

Figure2-3 Schematic illustration of the Grain boundary allotriomorphic ferr
idiomorphic ferriteas well agcicular ferrite[14, 15].

austenite grain boundaries

The austenitenormal orientation relationship with ferritds represented withKurdjumoy
Sachs relationship. Where, normally the nucleate has a random orientation relationship

with two neighbouring austenite graires below9]:

pPpp ppT

P PO & pP
Where{110} is a plane of ferrite phase and {}1s a plane of austenite phase, these planes
are habit planes. The boundaries between the plarss aligned according tathe
KurdjumovSachsrelation. While the <111> is a ferriteucleus direction and <110> is an
austenite nucleus direction in the habit plandovement of curvedaustenite/ferrite grain
boundariesdecreases at low deformation temperature, thus the interfaces become more

coheren{16]. Figure 2.4showsthe compositionof alternating an immobile (0 1 W)(1 1

1)aterrace plane and a mobile lateral ledge.
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ferrite and austenite bKurdjumoySachgKcS)orientation relationshigl17].

2.2 Bainitereaction

When the steel is cooled from the austenite zonmainite will be one of the
microstructures thatis produced fromdecompositionof austenite,and that occurs when
the diffusion rate is faster than the rate requirdédr the formation of pearlite, but slower
than the rate required to formmartensite In general,bainite is a mixture of ferrite and
cementite andthe bainitic transformation occurs either isothermally or during continuous
cooling. The bainite formation temperature rangefor an iron carbon alloy of eutectoid
composition is betweerabout 215°C- 540 °C which is usually located below the pearlite
reaction temperature rangeof about 540°C - 727 °C and above themartensite start
temperature Asseen in kKure 2.5 bainite begins to form first from the austenite grain

boundariesoward the centre by the lengthening of swinits and sheaves.

Bainitemicrostructure consists of two main phases; ferrite and cementite forms as plates
or needles depending on the transformation temperatiird. If a portion of steel alloy has
transformed tobainite it is not possible to transform it to pearlite without reheagifack to
austenite, and vice versaThe structure ofbainite changes as the transformation
temperature is changed. According to thdiainite occurs in twomain morphologies or
forms, upperbainite and lowerbainite. Figure 2.6llustrates the difference in morphology
between upper and lowebainite in respect to the precipitation afarbides particldd9]. It
is believed that the transition between lower and uppeginite happens over a narrow
range of temperatures. The difference in structure between upper and Id@agrte can be
interpreted in terms of the rate at which carbides can precipitate from ferrite and the speed

of carbide precipitation from supersaturated ferrite into austeip@].
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Figure2-5 The microstructural features pertinent in the kinet
explanation of a bainitic microstructuf@1i].

2.2.1 Upperbainite

Upperbainite is formed just below the temperature required for pearlite formation in the
range of 540°G400 °(22]. The morphology of uppebainite, which is consisted of long
ferrite laths, is close to Widmanstatten ferrite at high temperature. The bainitic ferrite laths
for both (upperbainite and Widmanstatten ferrite) are represented in the KurdjurSachs
relationship with the parent austete, but this relationship becomes less accurate as the
temperature decreasg¢®3]. Moreover, the density fodislocation in the uppebainite is
higher than in the Widmanstatten ferrite specially at low deformation temperature where it
increases (dislocation) with decreasing deformation temperd@4e Upper bainite consists
of ferrite plates or laths ands usually separated byhe cementite (carbide) precipitated
between them.These carbides precipitate from austenite which is enriched in carboa
platelets of ferrite in theupperbainite structure, which is usuallyucleation at the austenite
grain boundariesgrow in clusters called sheavadjacentto each other in almost the same

crystallographic orientation.
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Figure2-6 Schematic representation afpper and lowerbainite
formation mechanisrj5].

Upper bainite ferrite hasa carbon concentratiorof less than 0.036 which is much lower
than the carbon in parent austenite, therefore when the uppeinite plates grow the
remaining austenite becomes enrth with carbon. The partition between ferrite and
austenite occurs due to carbon diffusivity which is high enoughtte upper bainite
formation temperature (540G400 °C) carbon precipitation occurs ahe lath boundaries
of the austenite when a critical carbon concentration is reacheat within the laths
themselve$26]. In addition, theconcentration of carbon in the residual austenitell be
reduced because oprecipitation of the carbideparticles between uppebainite which

stimulatesthe formation of a further quantity of ferrit7].

There are two types dieterogeneougphasetransformationsfor steel microstructurehat
can be categorized into two major types; reconstructive and displacive transformiz8jon
Reconstructive transformationnvolves breakdown of bonds and rearrangement of the
lattice via diffusion which is relatively sluggistn example for this transformation is the
allotriomorphic ferrite and pearlite transformatig@9]. This type of transformation
minimises the strain energy caused by partition produced during transforméaiisplacive
transformatian involves the movement of the atoms a disciplined manneto deform the
lattice in order to change therystalstructure and no diffusion takes place. The rate of this

transformation is usually rapidihe bainite phase transformation is intermediate between

13



pearlite andmartensite phase transformations saccording tothe above upper bainite
exhibits transition features of both reconstructivgearlite and displacivemartensite
transformation$30]. Moreover, Bhadeshia mentioned that the absence of incoherence
interface on gain boundares to start the process of transformatiornthere is a low

probability that this secondary ferrite is formed by reconstructive transformgfah

The amount of cementite formed between lath boundaries is usually based on the amount
of carbon concentration in the steel. For low carbon steels ctimbide is typically presented
as intermittent stringers or small particle of cementite between lath boundaries, whereas in
steels with high carbon contents these stringers become longer or continuous between
adjacent lathf31]. To have a very good toughness and avoidtlbricementite within
bainitic steel, silicon concentration to about 1.5 wt% should beeddth prevent the
precipitation of cementite from austenite because silicon is insoluble in cementaa.
Figue 2.7 shows two light microscope images for upg®inite formed after holding the
4360 steel at temperatures @f95 °C and 410C. Agan be seenthe bainite appears dark
because it has low reflectivity and the individual ferritic crystals have an acicular shape. The
other light phaseis martensite which appeas as a result of uncompleted of bainitic

transformation during the isothermal hd83].

°C[34]

2.2.2 Lowerbainite

In carbon steels lowebainite usually forms just below the temperature required to form
upper bainite and abovethe martensite start (Ms) temperatureThe microstructure as well

as the crystallographic features of lowkainite aresimilar to those in uppebainite. The
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main difference between these two structures is that in loviainite the fine particles of
cementite exist within the bainitic laths or plates and are also dispersed inside plates. These
carbides exist inside platesther than betweenbainite subunits (Fig. 2.6 and 2.8). The
reason for that is attributed to the slower diffusion related to the transformation
temperature reduction which gives a chance for part of the carbon content to precipitate
within the supersatuated ferritg20]. Furthermore, the microstructure of lowdrainite is
similar in appearanceto that of temperedmartensite the major difference is tempered
martensite shows many crystallographic variants of carbides, while andyngle variant
shows in lowermainite[26]. The plates or lathes of lowdrainite have a higher dislocation
density compared to uppebainite, but considerably less than a similar composition of

martensite.

The carbides in ferrite plates or lathes of the lowminite should appear dark after
etching, but because it is very fine it cannot be resolved under a light microskcopms
of mechanical properties, lowebainite has hardness and strength approauwdithat of
bartensite but with toughness often better than that which can be obtained in
martensitd35]. Lower bainite, similar to upperbainite, consists of a notamellar aygregate
of ferrite but differs in carbides, contamg two types instead of one. These carbide particles
which precipitaé to form enriched austenite hae two types; cementite (orthorhombic) or
s-carbide (hexagonal)depending on the transformation temperaturdresults of some
studies suggest that in hypoeutectoid bainifici SSt (GKS AYAGALFf OF NDARS
later substituted by cementite by holding at the ctest transformation temperature The
s-carbde converts to cementite at a rat®f increase depending on both the steel
composition and the increasm temperaturd36]. Some alloying elements such as silicon
YR yAO1l St SyKI y O-8arbitkis lowsibami@ andlketand thd faryiatich ¥«
of cementite. Furthermore, during the process of temperingdobainitet KS Y SG4 adG 1 6 f

carbide will be transformed tmartensite

The crystallography of the lower bainitic steel plates or lathes depends on the
transformation temperature as well as on the carbon amount. Furthermore, the
phenomenological theoryused for nartensite can be also used for the same situation
occurring in lowerainite to provide an acceptable matching between both of theory and

experiment Some researchers, for example, Bowles and Kennon, showed that the habit
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plane is affected by clmaging the transformation temperature, where the habit plane at low
transformation temperature becomes closer tmartensitetransformation. As seen in Figure
2.9, at 400°C the habit plane was near (11dhile at transformation temperature of 100C
the habit plane was much closer to (110)Therefore, themartensite reaction at low

temperature could be used for lowdainite][37].

AN { : (d)

Figure 2-8 Microstructure of lower bainite. (a) 0.8 % carbon stee
transformed in 30sec at 300°C, (b) two surface composite microgragt),
and (d) Thirfoil EM showing the carbide precipitati¢88]

Chemical composition has a significant influence on the formation of upper and lower
bainite. Some data was collected from other researchers via Harry Bhadeshia about the
formation of microstructure in respect of both the formation temperature and the chemical
composition. These data are important because they can be used to give an idheatygbe
of microstructure that can be obtained for the steel used in this study. With Fe, 7.9 %Cr, 1.1
%C alloy steel which has large carbon concentration, just lbaiite was found, whereas
in a types of high purity of Fe, 00681 %C alloy steelgst upperbainite was found when
C<0.4 %. Moreover, in a Fe, 2 %Si, 1 %Mn, 0.34 %C alloy steelbamier only was
formed, while at a high carbon content (C>0.59 w%) both of upper and Ibamsite
phases can be found during examinaf{idg|. In this research, the experiments that were

done on34CrNiMo6 steel at low cooling rate found only uppamite.
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Figure 2-9 Stereographic projection showing the change lodinite habit planes with
temperature of formation fobainite. (Bowles and &nnon.J. Aust Inst Metals.vol5.19§a0].

2.3 Martensite

Martensitein carbon steelss the diffusionless, shear type transformation of bct structure
formed when austenite is rapidly cooldd room temperature.Rapid cooling is usetb
avoid diffusion dependent transformationslartensiteis a very hard and brittle phase and
is not commercial at this status, but when combined with other phases such as ferrite can
be used in many industrial applications. Other applicationmaiftensite includethe large
forging products made of 34CrNiMo6sl whichare produced fromtempered martensite
microstructure. The two major microstructural morphologies of thartensite formed in
steel are lath and plate. Moreover, the main factors that influence the amount of
martensite in the microstructure are arbon content, alloying, and austenitic grain size.
martensiteis only formed where austenite is present, but this transformation does not only
happen in steelit alsooccurs in many nonferrous systerassch asCuAl and AueCd and in

oxides such as Si@nd ZrQ[41, 42].

2.3.1. Martensite transformation characteristic

Martensite in steel is produced in the condition that the cooling rate used is fast sufficiently

G2 YIF1S GKS YlI22NRGe 27F Ol-Feenyin itsalugoll o heh y & 2 f
. | | -Fehphase. Put simply, artensite is a supersaturated solid solution of interstitial

Ol ND 2y |-ifp8 Wartenkit is & norquilibrium phase, so it will not appear on the
FeFe3C equilibrium diagram, but theatisformation fromaustenite to nartensite phases is

represented on the isothermal transformation diagraktartensite starts to form when the
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guenched steel reaclethe required temperature for the transformatiorwhich is
represented by a horizontal line in the TTT diagraesignated M, and the percentage of
martensitetransformation increases as the temperature drops in the direction of the room
temperature. Moreovey the transformation ends atmartensite finish temperature
designated M which is alsocalled My, because the transformation ofartensite in

practice is not 1006 below Mtemperatureassome retained austenite will be 1§43, 44].

The M temperaturechanges depending on the steel composition and the transformation
of an austenitic microstructure in most commercial steels takes places continuously with
decreasing temperature during uninterrupted cooling. KrgdiSkindicates in his book that
the retained austenite content in F€ alloys containing 1:2.4% of carbon is reached up to
30- 40 %, where this prcentage was measured by usingay diffraction techniques at
room temperature. Even in alloys containing as little as-043% carbon, some small
amount of austenite is retained. Furthermoraustenite stabiliser elements increase the

amount of retainel austenite at any given carbon level and temperature.

Martensite transformation also is named as an athermal transformation. This means in
practicethat martensiteformation is started virtually as soon as; Mdmperatureis reached
and if the cooling is stopped atparticular temperature before the whole transformatios
complet, no further transformation tomartensite will occur. That is becauseartensite
transformation is independent of time and the driving force foe reaction is temperature
chang¢46, 47], unlike isothermal transformation which is variable in time, e.g. pearlite
formation occurs continuously when the austenite is held at a constant temperature below
Al. However, in some FeNi alloys themartensite isothermal growth characteristic is
exhibited Portef43] indicated that a good treatment fomartensite transformation was
given by Christian and Nishiyam&ey mention that the formation oimartenste is a
random process (seeid: 2.10, and the martensite is commonly shape like a lens.
Observations showed that the initial ferrite lerspans an entire grain diameter and then
these martensite lenses form a cohereninterface with the surrounding austenite. The
velocity of the transformation ofartensiteis really fast where the grain may form withan

time of 10’s.
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Figure2-10 Progress of atherma
martensitic transformation ina
Fel1.8C alloy after cooling to: (¢
24°C; (b)-60 °C; and (c}100 °C.
Nital etch. Magnification, 500X
shows here at 744489].

2.3.2 Morphology of martensite

According to themajor morphologiesmartensiteis divided into two main typedath and
plate. The names of these two morphologies originally come from the three dimensional
shapes of the individual units ohartensite Besides shape, these typesmértensite are
different in common arrangement of crystals, substructure, and habit plafdate
martensite which hasneedleshapel crystals or a thin lenticulais usually found in high
carbon steels and carbeinee iron alloys. These neighbouring plates, as barseen in
Figure 2.11are not parallel to each anothetath martensite is usually masive and ha
nearly the same orientation, and the crystaith a shape like interconnected plates can be
found in low and medium carbon stepl9]. In respect to the carbon content, the lath
martensites have great industrial significance, because the most hardenable steels have low
or medium carbon contentPlate martensiteis important in some heat treated applications
such as tool steels and the high carbon case structures of carburized steels. The plate
dimensions are limited by the dimension of the austenite grain, which means that small

martensite grains will gve a fine plate needles structure. This structure is called
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structurelessmartensiteand is the most desirable microstructyi&]. Figure 2.12hows a

TEM of lathmartensitein a Fe0.2%C alloy.

Figure2-11 Platemartensiteformed in an austenitic single crystal of aF35Ni alloy by cooling te
196 °C. Plates are visible ortecause of surface relief generated by martensitic transformgitin

Figure2-12 Lath martensitein a
Fe0.2C alloy. Two packets, eac
with two variants of laths, are
shown. Transmission electro
micrographi52].

2.3.3 Retained austenite

During quenching eutectoid steel to room temperature to produce martensitic
microstructure through transformng the austenite tomartensite a small amount othe

untransformed part is termed retained austenite. The transformation of austenite occurs
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after the temperature falls below thenartensite start temperature (M), and should be
finished when the temperature goes belaonartensitefinish temperature (M. Thequantity

or amount of retained austenite obtained in quenched steel is affected by austenite
chemical composition, especially the carbon content, as seen in Figure 2.13. By increasing
the percentage of carbon, the amount of retained austenite will be iaseg53]. The effect

will be more significantin hypereutectoid steels than hypoeutectoid steels where the
carbon content is less than 0.74. The reason for thas due to the strong effect of
austenite chemicakomposition on the variation of M temperature. The most alloying
elements wich exist as solid solution in austenite, such as austenite stabilizer and ferrite
stabilizer decrease themartensite start temperature and therefore the perceage of

retained austenite at room temperature will increase when theténperature is reduced
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Figure2-13 Influence of carbon content of the austenite on thielume percenbof
retained austenitan plain carbon steels quenched to room temperaf&d.

Furthermore, the austenitising temperature and thus the austenite grain size also has an
influence on the amount of retained austenifb], it is known that increasing the
austenitising temperature leads up to increase in the austenite grain size. According to new
experimental data published by Hoi®gok and Bhadesli&6], where the Fisher model
based on the geometrical partition was used, a relationship between the Ms temperature
and the grain size of austenite was proved. They repothed the cube of the austenite
grain size is pyoortional to the percentage of artensite content that was formed in the
initial stage of the transformation. Figure 2.14 displays the variation of Ms temperature as a

function of the austenite grain size fsteel with composition in weight percentage (0.125
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%C, 5.02 %Ni, 2.27 %Mn). The smaller austenite grain side teaa decrease in the
martensite start (Ms) temperaturethus a higher percentage of retained austenite
obtained. Either by tempering or Y subzero treatment which include cooling the steel
below a temperature of-70 °C, the retained austenite is transformed taartensite where

in the former bainite or martensite is formed depending on tempering temperature and

holding time at that temperaire[57].
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Figure2-14 Variation of Ms as a function of the austenite grain sie the steel
with chemical catentin wt% ( 0.12%6C, 5.2%Ni, 2.226Mn)56€].

2.4 Metallurgy of hot working

Hot working refers to processes where metals are plastically deformed above their
recrystallisation temperature, which according to some reference®.& T,, where T, is
the melting point in K68]. Work is carried out in this temperature range so that large
deformations are possible at relatively high strain rates, which can be successively
duplicated considering that the metal remains soft addctile[59]. Under the correct
conditions, recrystallisation will occur, either during or after deformation, with resultant
differences in the final microstructure and properties. Furthermore, occurrence of
recrystallisation during metal deformation is importanédause recrystallisation prevents
the materials from strain hardening, which ultimately keeps the hardness and strength low
and ductility highH60Q].
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2.4.1 The fow stresscurve

The response of a metal to hot deformation is described well by the flow stress curve.
Flow stress is described as the instant value dflys&ress or true stress needed to preserve
plastic deformation at a certain strain to keep the metal flowihge data used to draw flow
stress curves are usually calculated from laigplacement data recorded during

experiments, using Equations 2.1 fane stress and 2.2 for true strain:
K - 2-1

where P is the instantaneous load (N) and A is the instantaneous cross sectional drea (m

over which the load is acting;

R I F 2-2
where L is the instantaneous length angid the initial length. Equation 2.2 can also be
expressed in terms of the instantaneous and initial af@#s The flow stress is a function of
two main related factors; material factors such as composition, microstructurd, grain
size, andprocess factors including strain rate, deformation temperature as well as strain
Hot working behaviour of alloys, which is generally reflected in flow curves, can be
expressed under dynamic recrystallisation (DRX) as well as dynamic recovery (DRV) as

illustrated in Figure 2.15.

The flow stress curve starts with work hardening, where a significant increase in stress
with increasing strain can be observed. After that the curve shows a small decrease in the
rate of work hardening, as indicated by the olge in gradient up to the maximum peak
value of stress. Once a maximum value of stress has been achieved it is then followed by
either a constant steady state flow stress (DRV), or a reduction in flow stress, to a steady
state value (DRX)hese two distint types of behaviour in this region depend on the
material, temperature as well as strain rate, and could be attributed to different dynamic
mechanismgb8]. Furthermore, Jond62] and his ceworkers mentioned in their study that
in at low strains value in all studied metatete was evidence of dynamic recovery. In some
metals liken-Fe and Al (high stacking fault energy materials), the dominant restorative

process, which balances work hardening and maintains a constant steady state flow stress,
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is dynamic recovery at largarains.b S@S NI KSf S & a > Fel Ni and &ul, wihich A |

usually has low or medium stacking fault energy matemigisamic recrystallisation is the

proven mechanism. In another study Luton and Sd&}sexplain hat the flow curves of a

dynamically recrystallised materials might be characterised by single or multiple peaks (i.e.

several oscillations)

dynamic racovery

slress

HOT
dynarmic recrystalfisation

straln
Figure2-15 Typical flow curves during hot deformation.
Stress is alsa function of the ZeneHolloman parameter (Z), which is also known as the
temperature compensated strain rafgarameter This parameter, which is represented by
Equation 2.3, is usually used to describe creep strain at elevated temperfatumetals like

steel.
RA O B— 2-3

where T is the absolute temperature,is the strain rate, @y is the activation energy for
plastic flow and R is the universal gas cons{@&®14 JKkmol™). A study was done by Yang
and his ceworkerd64] invegigating the ZeneiHollomon parametein the hot deformation
behaviour of 20CrMnTi steeThey mentioned that the peak flow stress increased with
decreased deforming temperature, while with increasing deformation temperature as well
as decreasing strain te, flow stress decrease$urthermore, the higher temperature and
lower strain rate facilitated recrystallisation. They also concluded that the three factors of
equivalent strain rate, temperature and equivalent strain are all significant influencing
factors, with the order of ifluence being equivalent strain rate > deformation temperature

> equivalent strain. In other words, the strain rate well asdleformation temperature are

the most sensitive and main factors for technical control.
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Majid and et a[65], andMirzadeh et a[66] studiedthe behaviour of a medium carbon
microalloyed steel by hot compression test, using two different chemical compositions.
However, both materials were tested under almost the same conditions of the deformation
temperature and strain rate range¥he majorityof the flow curves for the studied steels at
a high Z exhibited typical dynamic recrystallization behaviour with a single peak stress,
whereas, at a low Z (very low strain rates 0.00010.01 &%, multi peak dynamic
recrystallization behaviour was obsed. Excluded from that, in the Mirzadeh study some
samples showed typical dynamic recovery behaviour at a deformation temperature of
850°C. Moreover, Sajadifarand his ceworkerd67] studied dynamic recrystallization
behaviour and hot deformation characteristics in 4340 stéelisymmetric compression
tests were caducted under conditions of the temperature range of 300200°C and strain
rate range of 0.0tm abmwm G2 AUGNIAY 2F nodpd ¢KS NBadz (4
typical dynamic recrystallization behaviour with a single peak stress before ingaeh
steady state. The peak stress decreases with decrease in Z value (increase in deformation
temperature and decrease in strain rate). Moreover the study proposed that the
development of dynamic recrystallization grain structures could be associatednby

extensive migration of grain boundaries.

Grain size also affects the flow behaviour of a material; the grain boundaries are obstacles
to dislocation movement and so act as a strengthening mechanism. Consequently a fine
grained material will have a dginer flow stress than a coarggained material. This

relationshp has been quantified by the Halétch equation:
— 2-4

g KSNB&  GKS @ jsSHe Rictian{stheBsakdsZhe strengthening coefficient and D is

the average grain diamet88]® ¢ KS O2SFFAOASY G | A &vedlsdz £ (2
(DY?, | ¥ R is ‘the intercept of this slope, i.e. the yield stress when no additional
strengthening mechanisms are active, and is a function of temperature and [69hin

Equation 2.4 can also be expressed in terms of the dislocation density. The strengthening
arises from stress intensifaition at the grain boundary due to the elastic interaction

between dislocations in the pile up, leading to increased stress in the adjacenf7@jain

There is a relationship between flow stress behaviour and hkb¢hinitial grain size and
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deformation conditions (Z). When the temperature increases, Z becomes low (Eqg. 2.3), a
reduction in flow stress occurs which facilitates dynamic softening and the grain size will
increase. When strain rate increases, Z becomghdri and the flow stress will decrease,
which facilitates work hardening, and the grain size will decreds@. a constant
temperature, the flow stress of a material increases with increasing strain rate. This

relationship can be expressed by the genea&ion proposed by Sellars & Tedadi:

R | OELK A@b— 2-5
which abbreviatesi 2 9 1ljdz-r G A2y wodp G f2¢ aGNBaasSa ohn
aiNBaasSa 6h° B mMPHUL & F2ff264aY

R ! A AgDb— 2-6

R | AGpLK Aob — 2.7

GKSNBE 'z 1 QY 1 QQF y3I yindependent cofisantd, and QI theé f f
FOUAGEGA2Y SYySNHeéd® ¢KS O2yaidlyida yQz h | yR
determined from experimental data. These equations allow the activationrggee of

dynamic restorative processes to be determined, and confirm that dynamic recovery is
dominant in aluminium whilst dynamic recrystallisation occurs in metals such as copper, at

high strain§72].

There are other factors such as alloy content and the formation of precipitates which can
influence dislocation mobility and hence affect the flow behaviour of a material. Solid
solution strengthening can arise due to the formation of substitutionainterstitial solid
solutions. This leads to changes in the yield stress and flow stress with changes in alloy
compositiorj73]. Precipitation strengthening can be due to particle coherence or due to
dispersion hardening, both of which lead to an increase in the flow stress. Coherent
particles lead to strains in the matrix around them, hindering dislocation movement.
Dispersion hardening results from the presence of a distribution of fine undeformable and
incoherent particles. Each dislocation when passing a particle will form a loow#®
looping) around this particle, leading to a back stress to the dislatattmrce, and strain

hardening74].
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2.4.2 Recrystallgation

The improvement of microstructure during thermomechanical processing is actually
depends upon recrystallization. The energy that is stored within the metals during
deformation in the form of different crystalline €kcts, such as dislocations, boundaries and
deformation bands, will release through recovery, recrystallisation and grain growth.
Accordingly, recrystallisation can be defined as the formation of new straén grains
within some areas of the sample antiet next growth driven by the stored energy of
deformation. Recrystallisation may occur during deformation, which is termed dynamic, or
after deformation (e.g. during cooling or a subsequent heat treatment), which is termed
static. The former takes place wh the staking fault energy is low for recovery and
adequate stored energy residues to nucleate recrystallisation during deformation, while the
latter takes place on holding a deformed structure at temperature for a period of time.
Generally, recrystallizimn is usually accompanied by a decrease in hardness and strength

and at the same time an increase in ductility.

2.4.2.1 Dynamicrecrystallisation

In metals that recover slowly, generally those with low stacking fault energy (SFE),
dynamic recrystallisatiormight occurs as soon as a critical deformation condition is

achieved75], as summarised in Figui16.

Omnginal Grams Elongate

Dislocation density increases

Poorly formed subgrains develop

' Onginal grains consumed

i Dynamic recrystallisation

Stress

£ const
T const

Strain
Figure2-16 The flow curves for steel in the austenitic condition, with work hardening, ¢
dynamic recovery and dynamic recrystallisation, adapted from Sgltrs
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The new dynamically recrystallised grains generally start nucleation aarthientgrain
boundaries, and new grains are subsequently nucleated within the boundaries of the
growing grains. This process continues like so until a thickening band of recrystallised grains
is formed. Moreover, nucleation usually occurs at high angle grainndemes, as
demonstrated in Figure 2.17. In contrast to dynamic recovery, in hot working of steels in the
austenitic condition, the flow curves for a dynamically recrystallising material generally can

be recognized by a broad peak due to the softeningatféé recrystallisatiofi76).

Another study on an interstitial free (IF) steel, by Tsuji §73l.concluded that dynamic
recrystallisation was difficult to distinguish from the stres$sain curves alone, because
there was no obvious drop, as in the flow stress during the dynamic recrystallisation of
austenite.Sandstrom and Lagnel)78] showed the dynamically recrystallised grain size to
be a function of initial grain size as well as strain rdtee effect of different ratios of initial
grain size to recrystallised grain size is shown in Figure 2.17. A comparativelinigage
grain size will result in a necklace structure, with layers of recrystallised grains forming on
the boundary, while a fine initial grain size will lead to the structure as shown in Figure

2.17e.

(d) ée)
Figure2-17 Schematic representation showing, the progress of dynamic recrystallisatiol
material with initial grain sizes @) large (e) smdlf9].

As dynamic recrystallization take place new grains will initiate within the previous grain
boundaries, and as the process of deformation is continuous this leads the dislocation
densityin the new recrystallised grains to increase, as a result the driving force for grain
growth will be reducedFurthermore, the nucleation of new grains will also help to halt the

growth of recrystallising grains. In other meaning, dynamic recrystallisasfoeads by a
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process of repeated nucleation and limited growth. The two curves shown schematically in
Figure 2.18 illustrate the two different types of dynamic recrystallisation behaviberss

et al.[80] mention in their study that this can be due to differences in the initial grain size
for constant values of Z, or a function of Z for a fixed initial grain size. Figurdl@sirates

the two mechanism# two distinct ranges of operating conditions. As can be seen from the
figure, high values of Z or a relatively fine initial grain size will result in a single peak,
whereas low values of Z or a relatively coarse initial grain size will result in at@Hation.
Moreover, both the peak stress and the steady state stress are functions of the strain
rate[78].
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Figure 2-18 The influence of temperature on th Figure2-19 The conditions for single an
stressstrain curvesfor 0.68%C steel, deformed | multiple peak dynamic recrystallisatipi
axisymmetric compressioh=1.3x10 s?, (Petkovic et (after Sakai et al. 198B1].

al. 1975)76].

In hot working temperature and strain are considered to be the main parameters that
control the microstructure. However, the initial structure, which is represented in
segregation of chemical composition agdain size inhomogeneity, also has influence on
dynamic recrystallisation. During, the casting of large ingots, which are used as forged
material for large scale products, the structure usually consists of undesirable
characteristics. The microstructure regeipitation and segregation that develop during
casting have a direct effect on the final microstructure general segregation defined as a
process where solidified alloy has nraniformity of composition and concentrations of
elements are not equal ithe entire alloy. This usually occurs because of partition of solutes
in alloys between solid and liquid during freezing. Moreover, the effects of microscopic

segregation become apparent in the forging in the region of individual grains and grain
boundaries82].
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The final grain size usually could be justified through the parameters that affect the
nucleation and growth processes. Many factors including a fine initial grain size as well as a
high strainwill result to a small grain size within the final microstructure. Moreover, the
initial grain size has a significant effect on the kinetics of recrystallisation as a result of the
change that usually happen within the grain boundary surface area, whodnssdered the
main place of nucleatid83]. In some cases, such as in large scale products, the grain size
usually does not be consistent within a whole billet. As the different grain sizes within the
billet recrystallize at various rates, the shape as wasllsize of final grains inside sample
might also be varioy84]. Furthermore, the growth ate during recrystallisation is not
constant through the microstructure. The variation in driving force is thought to be the
prime reason with regard to this variation in growth rate, where the driving force might vary

throughout the metals because of mastructural inhomogeneityg5].

Figure 2.20 illustrates a microstructure where the deformed grains, haveatiariof
stored energy in different grains. Even if supposed that the nucleation will be relatively
uniform, growth will take place rapidly within the higiored energy grains, which will lead
the microstructure in Figure 2.20a to become as presentediganré 2.20b. However, the
growth rate of the grains will decreases during recrystallisation by way of consuming the
higher stored energy areas as well as by collision of new recrystallised grains with their

neighbours inside the original gra[B8$).

(a) (b)
Figure2-20 showing in (a) the variation of stored energydifferent grains (areas of highe
stored energy appeared darker), (b) inhomogeneous grain growth results d
recrystallisatiofi86].
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P. Wray87] studied the influence of chemical content as well as the initial grain size on
the dynamicrecrystallisation of austenite within some different base carbon steels. The
results of this work indicated that the rate of recrystallization will increase in presence of
fine grain structure. He reasoned that was probably as a result of existenceanfex |
number of grain corners, edges, as well as surfaces per unit volume. However, in some
studied steels the impeding influence of grain growth at temperatures over 1200°C
overcomes the normal temperature reliance of the recrystallisation rate, wheredtes of
dynamic crystallization decreased above this temperature. He suspected that the reason for
this is due to the impeditive precipitate. In the situation of coarse grain structure the
opposite influence will be obtained, where recrystallization fageome slower as the grain

size increased.

Furthermore, the outcomes of the research on the effect of composition on dynamic
recrystallisation indicated that the beginning of dynamic recrystallisation is delayed and the
rate of recrystallisation decreas with increasing solute content. For instance, Figure 2.21
illustrates the effect of Mn amount on the dynamic recrystallisation behaviour of a 0.05 %C,
0.25 %Si based alloy. As can be seen from the figure, the solute addition (Mn) delays the
beginning asvell as impedes the rate of recrystallisation. The study also showed that the
delaying influence of manganese increases with increasing strain rate. Generally, the rate of
dynamic recrystallisation is reduced by the addition of solutes in an arrangenfent o
increasing effectiveness of Carbon, Nickel, Manganese, Silicon, and Phosphorus.
Nevertheless, P has the strongest influence probably due to grain boundary segregation.
Whereas, in the case of austenite the delay of beginning of dynamic recrystallisidugon,
solute additions in arrangement of increasing effectiveness is Nickel, Manganese, Silicon,
and Phosphorus. In addition, the effectiveness of addition of any of these solutes
individually also depends upon the base content. Figure 2.22 presentsftherce of two
different Si amounts on the dynamic recrystallisation behaviour of 0.05 %G 1048%Mn
steel. In the case of Mn, increased Si amount delays the beginning as well as impedes the
rate of recrystallisation, but the influence of Si is strongea low Mn content than at high

level, which means that the effectiveness of Si may depend on the amount of Mn.
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Figure2-21 The delay in beginning as well as t
retardation of rate of dynamic recrystallisation as
result of the addition of Mn to 0.05 %C, 0.25 ¢
steels, C, E, V, and [@77].

Figure 2-22 Influence of increased ¢
percentage amount on recrystallisation
0.05 %C, 0-8.4 %Mn steels E and[87].

2.4.2.2 Static recrystallisation

Static recrystallisation is triggered by the stored energy that was present in the material
after deformation.It occursafter deformatia, or during intervals between deformations.
The process of static recrystallisation comprises two parts, namely a nucleation and growth
process of new free dislocation density grains from previously deformed grains. Nucleation
can occur at a number of d#rent inhomogeneities within the structure, depending
primarily on the material characteristics. Grain boundaries, the deformation zones around
hard particles and features of the deformation structure such as transition bands or shear
bands, which are gabsources of stored energy, and areas of high misorientatiorttere
most significant nucleation sitf&8]. Nucleation is followed by growth of the grains to
impingement with their neighbours; any further growth is coarsening of the recrystallised
structure. The rate of grain growth is a function of boundary mobility and the driving
pressure, which is in turn function of the stored energy (dislocation density). Hence, the
rate of growth is related to the amount of recovery prior to recrystallisation. Recent work by
Lauridseif89] about kinetics of individual grains during recrystallisation has shown that the
growth rate varies from grain to grain, probably due to the inhomogeneous distribution of

dislocations within the recrystallising structure.
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One characteristic of static recrystallisation is the minimal amount of strain (critical strain),
which is needd before the static recrystallisation occurs. For instance, the critical strain
required to initiate static recrystallisation ini@n steel is 7% or less over the temperature
range 900- 1000°d90]. Moreover, the newly evolved grain diameter is directly related to
the amount of deformation, deformation temperature, original austenite grain diameter,
and the Kkineticsof static recrystallisation. Static recrystallisation occurs after the
dislocations are rearranged and nucleation sites provided for recrystallisation slowly
progress, then grain growth of statically recrystallised grains can occur within a very short
period time. For static recrystallisation, the fraction recrystallisedat any given time,

between deformationintervalsis expressed by the Avarami Equaf@h 92]:
O p ABbBo — 2-8

where t is the time from leaving the deformation tooly is the time for some specified
fraction of recrystallisation, k is Avarami coefficient, generally found to have a value of
approximately 2, andhe constant® 1 Ip "Q under the condition of t/f=1 whee f, is

the time fraction recrystallisation a.tBy substituting these values in tiezarami Equation

2.8 gives:
M p AODM® wo— 2-9

wheretsg is the time required for 50% recrystallisation, ifg=0.5. This equation is used to

describe the form of the recrystallisation curve.

Some authors, including T. Gladn@8], summarized the factors whiatontrol the rate of

static recrystallisation as following:

The level of strain and the initial grain size strongly influence the recrystallisation kinetics.
Work by Barraclough & Sell§®g] showed that an increase in strain or a decrease in initial
grain size both lead to shorter recrydishtion times (see Figes 2.23 and 2.24and a
decrease irthe recrystallised grain size. This is to be expected, as greater strains result in a
higher driving force for recrystallisation, due to the increase in stored energy. Consequently,
the number of nuclei and the nucleatioand growth rates will increase, which means in

other words increasing the rate of recrystallisation. Furthermore, a reduction in the initial
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grain size increases the grain boundary area per unit volume, thus enhancing the number of
possible nucleationies. Humphreys & Hathef§5] also mentioned that for @pecificlevel

of strain, the stored energy in a fine grained material will be greater than that of a coarser

AN AYSR YIFIGSNRAIES F2NI 26 &A0GNIXAya o - nadpoc

in the number of nuclei and increase in the nucleatioresat

Furthermore, the temperature also has an effect on static recrystallisation, where both the
nucleation and growth stages are thermally activated processes. In general, a higher

temperature results in a faster recrystallisation rate.

The temperature compensated strain rate (Z) value also has some bearing on the rate of
static recrystallisation and on the recrystallised grain simmnas and his colleagyés]
concluded that an increase in By decreasig deformation temperature and increasing
strain rate gives a higher level of stored enerd a result, the recrystallised grain size will
be reduced and recrystallisation will accelerate. However, Barraclough & g#ars
concluded that such changes in strain rate and deformation temperature (Z) have a

relatively small influence compared to alterations to strain magnitude and initial grain size.

Humphreys & Hather[96] also mentioned the influence of solutes, both deliberate
additions and impurities, on recrystallization kinetics. Elements in solution can retard the
movement d subgrain boundaries by the mechanism of solute drag, affecting the rate of
recrystallisation. This occurs due to atoms within grains having a different energy to those in
the region of a boundary. Consequently, solute atoms can be attracted to a granaaxy,

so forming an area of enrichment. The solute atoms will cause a reduction the mobility of
the grain boundary, and this reduction becomes greater with the presence of higher
concentrations. If the concentration of solutes at the boundary becamedoaugh, the
boundary can break away and return to the expected veloé&itythermore, they mention

that the solute drag at high temperatures becomes less effectifee concentration of
solute atoms may also have a substantial influencerexrystallisation temperature; e.g.
0.004% Fe in high purity aluminium may increases the recrystallisation temperature by
around 100°g97].
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Figure 2-23 Effect of strain on static Figure 2-24 Influence of originalgrain size on
recrystalligtion curves for specimens of origin static recrystallisation curves for sampl
ANFAY &AT S wmcn >Y RS deformed under conditins of an equivalent strail
94]. of 05 at 1050°C and strain rate of 41[94].

These factors which enhance the rate of recrystallisation have been incorporated into a
general equation. Sellars an@/hitemarf90] (using results from a number of different
authors) stated that the kinetics of static recrystallisation depend on variations in
dislocation density, which produce the driving force, as well as on grain size (do) and
subgrain size since nucleation take place preferentially at grain boundMm®over, the
dislocation structures in turn depend omemperaturecompensated strain ratg€Z) and
strain. Accordingly, they found that the effects of these variables on the time to 95%
recrystallisationgesOl'y 068 SELINB&ASR |4 06Sft26 6KSy 87 &

0O 00O 7T- QAop— 2-10

GKSNB | M1 A 3isithe cfivatiridnefgy tor racrystallisation and independent of
strain. The recrystallised volume fraction for any isothermal holding after any deformation
condition can be determined, andhen full recrystallisation is achieved, the grain diameter

can be calculated.

From similar considerations, they proposed the following equation for the recrystallised

grain size dxas following:
Q o -1t - @ 2-11
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grades of steel, and were evaluated for a range of microalloyed §d&kls
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2.5 Isothermaland Continuous Caling Transformation

Both types of transformation diagramisothermal transformation (IT) and continuous
cooling transformation (CCTare useful, and help in selecting the optimum steels which
have the desirable microstructure and in designing a suitable heat treatment route to reach
the required final properties. By using these diagrams, microstructures sufgrrdae and
pearlite @n be produced, or the production of hardened microstructures such as

martensitic microstructure avoid¢@9].

2.5.1Isothermal Transformation Diagram

The isothermal transformation (IT) diagram, or as it is called time temperature
transformation diagram, represents the kinetics of transformatiomagtenite as a function
of time and at a constant temperature. This diagram is used to determine the beginning and
completion of isothermal transformations of alloyed steels when cooled rapidly from
austenite zone to a required temperature, which is lowlesan the eutectoid temperature,
and then left it to transform isothermally. Moreover it is used to determine what
percentage of the phase transformation could be achieved at a constant temperature
large series of experiments, where the specimens arel et various times at various
temperatures, should be performed to build up a complete TTT diagram. The samples are
placed in the furnace and austenitised to a temperature higher than the eutectoid
temperature. As soon as the austenitising is complete, shmples are rapidly cooled by

guenching in a liquid salt bath to a given temperature below the eutectoid temperature.

The samples are held for different time intervals before quenching in water to room
temperature. The microstructure after each trdogmation is examined in order to quantify
the percentage of microstructure changes of the new phpgd. As a result of
transformation, the austenite, if held for a short time and cooled rapidly, will change
completely to martensitewhile if held for a lag period of time the microstructure will
transform to ferrite, cementite, pearlite, or bainite according to both of cooling rahd
composition of the steelA fine grained microstructure such as fine pearlite can be obtained
at lower temperature compa to coarse pearlite, because the transformation which is

controlled by the rate of nucleation occurs sooner and the grain growth is reduced.
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Pearlite forms at a higher temperature than bainiehich forms at low temperatureEach
type of steel with specific chemical composition has its own diagfidm. main important
factors affectingTTT diagrams are the composition of steel, austenite grain sizd
heterogeneity of austenite grains. For instance, increasing carbon wt% adoging
elements will cause a decrease in the A3 line which means that the incubation period for
transforming the austenite to pearlite will increase, thus the C curve of the TTT diagram will
move to the righf101]. Figure 2.25 represents fFe3C metastable equilibrium diagram and
TTT diagrams for hpeutectoid steel containing 0.5 %C, and eutectoid steel (0.8 %C) with

different phases at different temperatures and soaking times.

The presence of a proeutectoid ferrite phase coexisting with the pearlite is one of the
differences between hypoeutectoid steel and eutectoid steel in the TTT diagram, which
means that there will be another curve for proeutectoid transformation to be adddsb,
there is a difference in A3 and Ms temperature lines, where A3 and Ms are higher in the
case ohypoeutectoid steel because of lower carbon conteshother difference, as shown
in Figure 25 (b, c), is the distance between the nose curve and the vertical temperature
line, where the nose in the case of the hypoeutectoid steel is more closed which mean less

time for transformation in comparison with the eutectoid steel.

Moreover,several stdies[56, 102, 103] have documented a clear effect of prior austenite
grain size on the Ms temperature in ferrous systems. Wypes of steels with different
chemical compositions that have been tested proved a large dependence on Ms as a
function of the austenite grain sizéd smaller austenite grain size, which results from
decreased austenitising temperatyr leads to a reduan in the martensite start (M)
temperature. In contrast, a slight increase in the austenite grain size will result in higher M

values(See Fig. 2.14).
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carbon [104]. N = normalising, FA = full annealing, and S = spheroidizing
treatments

Figure 2.26 represents the isothermal transformation diagram of AISI 4340 steel, which is
closed grade to the 34CrNiMo6 steel with slight variations in actual chemical composition
(See section 1)land indicates the transformation phases for differeentperatures and
different timeq105. As can be seen from the diagram the addition of alloying elements
such as Ni, Cr and Mo to this steel which contains 0.04 %C producetfigaig change to
the IT diagram that was shown in Figure 2.25. The rates of transformation now have two
curves with two maximum noses: one is the pearlite nose at temperature of abotC650
and the other is bainite nose at about £40) These two curveare separated by a bay at
about 540C, where the transformation is extremely delayed. The transformation over the
entire temperature range betweenszfand M is delayed by pushing the whole diagram to

the right and decreasing Mand as consequence, tiardenability is increasg¢diOg].

Another example IT diagram, which is also close to the 34CrNiMo6 steel is 28NiCrMo7
stee[107] with chemical composition of 0.30%C, 0.46%Mn, 0.2&192.06%Ni, 1.44%Cr,
ndoTirazr noOno:t I ndHE:R/ dZZ 0 dnHEEMgadng thell®n m £
curves for the 4340 and 28NiCrMo7 steels, in general the two cameesonsidered similar
in terms of shape. However, it can be seen that the 4340 steel IT curve is pushed a little
more to the right than the 28NiCrMo7 steel IT curve. Moreover, the whole IT curve of 4340
steel was also moved down, causing a decrease imAthés, Ms and M compared to the
28NICrMo7 steel IT curve. This may be due to the high percentage of carbon (0.42%) in 4340

steel, which is one of the most important elements affecting the IT curves.

38



°c| °F T T TO o IOy T
800} T A I g
1400t pp —{——T—F = ] &
700 —'*As‘j"_'—A"j/ O I s = z
1 "
1200 A - Fs ’c——r— 5
soo- L \\&\ \\\ {20
w 1000 A L ] 24
& sool- i
= B ( O
g 800 N A+F+C 32
L 400 - e
e H T TINRA
w 600 L1 F+C 48
= 300~ " T T T L _\._____;__,Lg: 7 i K I [ Ep ) .
= Mso|
200~ 400 Mso i
- | |- T DIAGRAM —
oo soef 1] > |
- I MIN. |HOUR IDAY | IWEEK|62
o R AT 171 T T AR T
051 2 510 102 103 104 10% 108

(a)
TIME - SECONDS
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2.5.2 Continuous Cooling Transformatioiagram

As mentioned in the previous section, the isothermal transformation diagram
represents the kinetics of transformation of austenite as a function of time at a constant
temperature where an alloy must be rapidly cooled from a temperature higher than
eutectoid temperature and kept at an elevated temperature for some time to complete the
transformation. This is impractical in real applications, especially with large scale products
where the temperature within the part being heat treated will vary from theface to the

centre, and from the middle to the sides. The continuous cooling transformation (CCT)
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diagram, which represents the transformation process of austenite phase during continuous
cooling from the austenite zone to room temperature with vari@e®ling rates where the
temperature is constantly changing, is usually used for most industrial heat treajth@ht

In this researchall heat treatment tests were done by continuous cooling transformation.
Figure 2.28shows the relationship of continuousooling transformation and isothermal
transformation diagrams with enrduench hardenability test (Jominy specimen) data and
four cooling rates for eutectoid carbon stgel(]. As indicated, the TTT diagram was
modified to be valid for the constantly changing transformation temperature that occurs in
the CCT diagram by shifting the curves to longer times and lower temperftadgsThe

main difference when the TTand CCT diagrams are interpreted is that the TTT diagram is
read from left to right at a constant temperature whereas the CCT diagram is read along the

cooling curves from the top left to the bottom rightL2].

The bottom part of Figure 2.28 shows the Jominy -gnénch test specimen which is
used to calculate or measure hardenability i.e. the ability of the steel to transform partly or
entirely to martensite. The maximum cooling rate will be in the quenched end of the
specimen as represented by curve A (100% martensite), and the cooling rate will decrease at
given distances from the end as represented by curves B, C, and D. In other words, with
decreasig cooling rate or increasing distance from the quenching end of the Jominy
specimen, the austenite transforms to microstructures containing increasingly greater
guantities of bainite, ferrite and pearlite. Moreover, the hardness decreases as the cooling
rate decreases where the martensite is also replaced with pearlite or bainite, and vice versa.
Through a comparison between the TTT and the CCT diagrams there are a several features
in the CCT diagram which hawe counterpartin the TTT diagrams especially in alloy steels.

These features include the followifgy12]:

1 A depression of the Memperature at slow cooling rates.
1 The empering of martensite that takes place on cooling from the t&nperature to
about 200°C.
1 A great variety of microstructures.
The reason for reduction of the Memperature when the cooling rate decreases in alloy
steel is due to the rejection of carbon into austenite during the transformation of the
microstructure to ferrite or bainite, where the untransformed enriched austenite with

40



carbon has a lower Memperature. However, the tempering of martensite on cooliisg
referred to asautotempering especially in low carbon steels witigh Ms temperatures,
where in this range of temperatures (Ms to 200°C) carbon has adequate mobility to form
the carbides charactestic of tempered martensiteThe variety of microstructures refers to
the increase in fineness and intermixing of the austenite transformation products as

transformation progresses at sequentially lower temperatures on cofdbv.
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Figure 2-28 CT diagram (continuous line) for steel with German designation 42Ci
(0.38%C, 0.99%Cr and 0.16%Modlidgram is also shown (dashed lifig)3].

When using the CCT diagram for practical heat treatments, the cooling curves will not
be linear but will depend on the heat transfeméted from the specimen to cooling media

and the rate of emission of latent heat during transformat{@d?].
2.5.2.1 Microstructure evolution

Using different cooling rates gives various combinations of phases. For instance, by using a
very slow cooling rate (e.g., furna@®oling), as in the process of full annealing, coarse

pearlite will be result, while by using a faster cooling rate, which can be obtained by cooling
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in air as in the normalising process, the result will be finer pearlite. By further reducing the

cooling ate (e.g., oil quenching) a combination of bainite and martensite can be obtained. If

the cooling rate was more than the martensite critical cooling rate (e.g., water quenching),

the microstructure will become fully martensitAs can be seen in the mediurarbon steel,

the critical cooling rate is reduced even by the presence of carbon. The alloying elements
that are mainly effective in rendering steels haegatable are Cr, Ni, Mo, Mn, Si, and W.

These elements must be in solid solution with the austeaitthe time of quenchirfd14.

Figure 2.2P119 indicates several cooling curves superimposed on the CCT diagram of
4340 (34CrNiMo6) alloy steel; these curves represent transformation behaviour and how
various cooling rates sh as quenching, normalizing, and full annealing can produce
different final microstructures. For this type of steel the critical cooling rate is 8.3 °C/sec;
higher than this cooling rate all the austenite microstructure will transform to martensite at
room temperature.Quenched martensite is extremely hard as well as strong but it is also
very brittle, so it will break under stresses. Moreover, it has almost no ductility, and its
hardness is dependent on the percentage of carbon contdie highest hardres of
martensite in some cases can achieve up to 700 RdB.eutectoid steel, some austenite,
called retained austenite, will remain in the microstructure and this amount increases with
increased carbon content. The strength of the martensite is also emtlas the amount of
retained austenite increases. The tempering process is typically used to address this

weakness, where the tempering process helps to increase ductility and toughness.

At intermediate rates of cooling, besides the martensite, the diag shows the
dominance of bainite formation. From the figure this intermediate rate will be in the range
of less than 8.3°C/sec and more than 0.3°C/sec. By decreasing the cooling rate, the
percentage of bainite will increase and martensite percentage ddltrease in the
microstructurg114]. Generally, the structure of bainite, like pearlite, consistdisfocatior
rich ferrite and cementite However, bainitic steels are commonly harder compared to the
pearlitic ones, because the bainitic structure idimer structure. bainite microstructure
usually exhibits a desirable combination of strength and ductility compared with pearlite.
Davenport and Ba[i16] originally described the bainite microstructure as being similar in
appearance to tempered martensite. As can be séerFigure 2.3[117] bainite is an

intermediate of pearlite and @rtensite in terms of hardnes®By further reducing the
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cooling rate in Fige 2.29 to less than 0.3°C/sdiesides the martensite and bainite phases,

some austenite also will begin to transform to ferrite and pearlite, which results in a greater
decrease in hardness.S NI A0S O2yaraitda 2F OSYSy¢¥ReRdiS 6CSo
KINRSNJ a ¢Stf la Y2NB oOoNARGGES O2YLI NBR (2
cementite within a steel alloy will lead to obtain a stronger and harder microstructure, when

other microstructural elements remain constant. The strength (tenand yield) as well as

the hardness increases with increasing carbon concentration (or equivalently as the
percentage of cementite). In contrast, both the ductility and toughness will decrease by
increasing the cementite content; this is due to the beittess of cementite. The thickness

2F h yR CSo/ |faz2 KlFa +ty SFFSOLG 2y GKS
microstructure that consists of fine pearlite is always harder as well as stronger than that

with coarse pearlite, whereas coarse pearlitenigre ductile.
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Figure 2-29 CCT diagram for 4340 medium carbon steel with several cooling c
representing the final microstructure and its dependency on the transformations
take place during of cooling\dapted from H. E. McGann¢hl8|)[115].

Figure 2.3(117] presents the CCT chart of the 34CrNiMo6 steel witiencical
composition 0.35%C, 0.55%Mn, 0.25%Si, 1.55%Ni, 1.55%Cr, 0.20%Mo, 0.025%P, and
0.015%SMoreover, several cooling curves showing the phases ratios for each one and the

hardness values of the microstructures produced by those cooling rates ardlads@ied
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in the figure. Popescuet al[117] mention that the main heat treatment features of
34CrNiMo6 steel are low quenching temperature, high bainitic hardenability and good
temperability, due to the high proportions of martensite and bainite in the quenched
structure. Furthermore the results stweed that the greater the distance from the quenched
end, the lower the proportion of martensite (simultaneously the higher the proportion of
bainite) and the lower the hardness.
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Figure2-30 CCT diagram &4CrNMo6 steel (0.35 %C, 0.55 %Mn, 0.25,%3b %Ni,
1.55 %Cr, 0.20 %Mo, 0.025 %P, 0.015 %S) Austenitisedr@f@&315 min$117].

Furthermore, Figure 2.31119 illustrates the CCT diagram for steel VCNMO150, which
also, according to standard designations, is one of the 34CrNiMo6 steel grads (See appendix
E) with a chemical composition of 0.34%C, 0.4%Si, 0.65%Mn, 1.5%Cr, 0.23%Mo, 1.5%Ni. The
curve represents the wstenite transformation continuously as a function of cooling rates
and hardness. Another example of a CCT curve for medium carbon steel, to compare with
4340 steel, is steel VCNMO150. The critical cooling rates for all the phases are less in steel
VCNMO18 due to differences in the percentages of the elements, which in turn affect the
CCT curve. For this kind of steel (steel VCNMO2150) the critical cooling rate, where the
austenite will transform to martensite, is higher than 2.5°C/sec, while the bainite
transformation will be in the range between 2.5°C/sec and 0.15°C/sec. These ranges of
cooling rates for transformation are approximately close to the ranges that were obtained in
our experiments.By decreasing the cooling rate to less than 0.15°C/sec, théefeand
pearlite phases will start to appear in the microstructure at the expense of martensite and

bainite.
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Figure2-31 shows the CCT diagram for steel VCNMO@E84 %C,0.4 %Si, 0.6
%Mn, 1.5 %Cr, 0.23 9o, 1.5%dNi)[119.

2.5.2.2 Impact of tempering

By tempering hard quenched plain carbon steels, which have poor ductility, the hardness
is decreased and the ductility increased. During tempering the martensite decomposes to
FSNNAGS YR | Ydrbitlea@nlfudttieSheatidig,-statfe caldF (cementite)
is formed and eventually the ferrite matrix recrystallizes. Moreover, the retained austenite,
if it is present after quenching, will decompose during tempering to give a carbide and
ferrite. The final stage of tempering is the growth of therite grains. The tempered
martensite is not quite as hard, but becomes tougher, i.e., less likely to break and more

malleable, and thus more suitable for engineering applicafib?g.

The effect of alloying elements added to steel usually depenms the affinity of those
elements for carbonWith the addition of elements such as Si, Ni, and Mn, which have a
relatively weak affinity for carbon, the microstructural changes that occur on tempering are
similar to those found in plain carbon steeMevertheless, these elements may affect the
kinetics of the tempering reactionH.alloying elements lik€r, Mo, Ti, V, and Ni, which have
a relatively strong affinity for carbon, are added to steel, they may significantly modify the

tempering processyl (KA a O a$S &#&lSde angcbidentite ard setarded and
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may even be prevented. Other alloy carbides, e.g.GICiG;, VuGs, TiC, and NbC, are then
formed at the expense of cementite, where in the end complex carbides of the tyg& M
and MsC may replace the simple alloy carbidésmpering alloy steels that contain strong
carbide formers may increase the hardness, for the reason that the alloy carbides are
initially precipitated in a very fine coherent dispersion. This phenomenon is known as

secondary hardening, which is a form of precipitation hardejdiagj.

Xue and Bak¢t22] have studied the mechanical properties of@&&CG1.5Mn-0.05V steels
with varying Al contents in the tempered condition. The stegéye solution treated at
1200°C for 2h, quenched into water and tempered at 600 or 850for 1h. Tempered
martensite was observed in all samples after tempering. The study showed that the
precipitation of VC was at a minimum in the steel containing 0.AB%hey also suggested
that the precipitation of VC or V (C, N) was retarded at level 6D(13% Al. Moreover, at
this level of Al (0.D.15%), the tensile strength and ductbattle transition temperature
decreased to their minimum values and als@ thardness become lower. However, they
considered that a smaller amount of VC or V(C, N) precipitation gives benefits of increased

toughness.

Bainitic ferrite usually contains only slight excesses of carbon in solid solution and the
carbon intransformed sample usually exists as cementite particles (M3C). In the case of
martensite the strength falls dramatically as a result of precipitation of the carbon during
tempering process, due to the effectiveness of carbon in solid solution strengtienin
However, this does not occur in the case of tempering of bainite where the carbon amount
is mainly existent as coarse carbides, which causes a slightly effect to strength.
Consequently, the tempering response of bainite is expected to be somewhat itnsens
the overall carbon concentration. The most important changes within strength usually
happen when the bainitic microstructure coarsens or even recrystallisation occurs, forming
equiaxed grains of ferrite. During tempering the actual change or itiansfrom Fe3C to
the equilibrium carbide might happen through some of other transition carbides. As
illustrated in Figure 2.32, Baker and Nut{it®3 concluded that during the tempering of
bainite in the F&.12 %Cr, 0.94 %Mo, 0.15 %Cyaliteel, the M2C carbide particles, which
usually has a needle shape, were the first alloy carbide formed, which precipitate

independently of the cementite.
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Figure2-32 Shows an updated classic version for the carbide stability diagra
BakerNutting for 2.25 Cr and 1 Mo stegfter Nutting, 199g)124].

A study was doneby T. Okungl25 about the influence of microstructuren the
toughness of AISI H13, H10, and H19 steels. The study investigated the microstructural
contributions to the toughness of hot work tool steels, which tempered after quenching at
various cooling rates. The CCT diagram of H 13 is shown in Figurd2e3gartensite
microstructure was produced by oil quenching, while the upper bainite structure occurred
at the cooling rate of 15 min. The study found that toughness can be improved by
refinement of the laths of martensite and bainite and the effectiveigisize. This can be
achieved by reduction of the volume fraction as wedl the size of retained carbides
suppression of the dense dispersion of fine carbides like MC ag@ Ml matrix, and
retardation of the preferential precipitation of carbides aloggain boundaries of prior

austenite and bainite.

Furthermore, he concluded that decreasing the quenching rate leads to gradual increase in
the width of bainite laths as well as leading to modification of the morphology of bainite
from lath to granulartype together with increase in volume fraction of upper bainite.

Decreasing the cooling rate also results in deterioration of toughness.
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Figure2-33 Continuous cooling transformation diagram of H13 JtE&).

2.6 Non-metallic inclusions

Clean steel is demanded by all customers, which means producing high quality steel with a
desirable composition. One of the main issues during steel making is the presence- of non
metallic inclusions, which should be eliminated or at least minimizeddesaable amount.
Nonmetallic inclusions significantly influence the ingot structure, which is the raw material
for thermomechanical processes such as forging; hence they subsequently influence the
final mechanical propertieNornr-metallic inclusionsare defined as chemical compounds,
both metallic elements like manganese or aluminium and-n@tals like oxygen or sulphur.
Nonmetallic inclusions found in steel amxides, e.g.ALOs, sulphides, e.gMnS, nitrides,

e.g. VN, carbides, e.§G and sometimes complexes of these, eyO;*Ca$126]. They are

formed at several different stages of the steel making process, i.e. melting, deoxidation,

solidification and cooling.

The old method classifiesourcesof inclusions into exogenous inclusions and indigenous
inclusions. Exogenous inclusions are particles entering a steel ingot during interaction with
external sources like refractory or mould material, or oxidized material from the
atmosphere. These inclims are not too dangerous because they can be minimised by
techniques such as using a vacuum furnace and good housekgEeEpihgindigenous
inclusions are usually formed because or as a result of chemical reactions between some

added elements within steglfor example, AD;, SiQ, or MnO being made during de
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oxidation, depending on the deoxidizing material, or MnS, CaS, or MgS during

desulphurisation, depending on the desulphurising matgrizg).

According toKiesslingand Nordberdg129] this classification is an oversimplification of the
situation because many inclusions are the result of endogenous precipitation of different
oxides and sulphides on exogenous nucleiteiad, they suggest that inclusions should be
classified according to their compositiond/oreover, Matsushima et 4lL30 have
suggested that a convenient way of classifying inclusions is according to their ductility,
divided into ductile and nowluctile inclusionsThis is sensible because their influence on
properties of steel differs significantly. Accordingly, ductile inclusions are generally sulphide
and silicate inclusions which undergo plastic deformation during deformation-dyotile

inclusions are divided into:

a) Inclusions of granular oxides, usually anashape, which are hardly deformed and which

are rather irregularly scattered, such as@l TiQ.

b) Globular inclusions, which are also scarcely deformed during deformation, such as CaO
AbLQs.

c) Silicate type inclusions enriched with §i@hich are plastially deformed to some degree

through deformation, usually existing in a steel ingot with a globular shape.

The behaviour of hard neductile inclusions of the type globular silicate, crystalline high
alumina calcium aluminate and 8k cluster duringdeformation is illustrated in Figure
2.34131]. The small particles generally agglomerate to form large inclusions. The merge
between inclusions becomes easier when they collide if the inclusion has higher surface

energy.
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Figure2-34 Schematiaepresentation of inclusion shapes before and after deformdtidd].

2.6.1 Non-metallic inclusions parameters

The main important parameters of nemetallic inclusions are size, shape, quantity,

distribution, interfacial strengthand chemical compositiof132).

2.6.1.1 Inclusion morphologies

The shape of inclusions during solidification is significasasting steel ingots, where the
shape can be controlled during steel processing by controlling their mechanical behaviour.
Therefore hard or wdeformable inclusions like pure alumina should be eliminated,
compared with soft inclusions like manganesépbide (MnS). The most common inclusion
shapes are spherical, platelet, dendrite, and polyhedral. Spherical inclusions are more
desirable than other inclusions because they have a medium effect on the mechanical
properties of ingot steel. Some of these gpical inclusions form during solidification in
interdendritic spacgl33. The platelet shape is a thin plate from manganese sulphides and
oxy-sulphides formed during aluminium killed steel, usually located through steel grain
boundaries. This kind of inclusion is undesirable, because it causes weaknesggddithe
boundary and affects the properties of the steel, especially in hot Et8#. Similarly, the

dendrite shape of inclusions is also undesirable, because iftstress may concentrate in
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the sharp edges of this shape. This type of inclusion is also very hard because the melting
temperature of steel is lower than inclusions. Furthermore, polyhesinaped inclusions
have a moderate impact on the properties of stecompared to the dendrite shape,

because the polyhedral shape somewhat resembles a spherical [d/%he

2.6.1.2 Critical size of inclusions

Critical inclusion size is the size above which the inclusion can be harmful to a particular
property of steel. Generally, inclusions of a very small size are inescapableeandually
not dangerous, but if the size is large, inclusions will be very dangerous. Kiessling and
Nordberd129 have tried to estimate this critical defect size by usingudlues in fracture
mechanics. They have concluded that the critical defect size when calculated this way gives
a measure of the critical inclusion size if the inclusion has a smaller thermal expansion than
the matrix. However, for inclusions with largexpansion coefficients, the critical size is
larger than those calculated. Pomey and TreptiBb provided an explanation for the
difference in critical inclusion size according to difference in the thermal expansion
coefficients. Dung cooling, the inclusions with smaller expansion coefficients than the
matrix develop thermal stresses, while those with higher expansion coefficients develop
voids or parting of the matrix and inclusions. The thermal stresses promoted reduce the

fatigueresistance of the steel considerably.

2.6.1.3 Distribution and clusters

The distribution of normetallic inclusions inside a steel ingot is also one of the important
parameters that influence the mechanical properties. Sometimes the distribution can
change he metal forming results, such as anisotropy of properties. Homogeneous
distribution of small particles of inclusions is good and desirable. This type of distribution is
sometimes used to increase the strength of steel, by homogeneous distribution ofiearbi
particles within the steel. On the other hand, inclusions located along the grain boundaries
which cause weakness of the metal are undesirable. Moreover, clusters of inclusions are
also undesirable; these usually result from breaking large inclusiohgzhwleads to
decrease in mechanical properties of steel. Some kinds of clusteraHike, dendritic and

plate-like structures are shown in Figure 2.35.
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Deformation processes (e.g., forging process) also affect the distribution of inclusions
inside the deformed steel ingot. During forging, the inclusionrfore and are distributed
according to the direction of metal flow. If the inclusions are hard they may break into
chains of fragments and be distributed in the metal during forging, biltely are soft like

MnS, they will extend in the direction of forgiigq].

Figure2-35 Clusters may occur with (a)coiléte, (b)dendritic, or (¢) and (d) plali&ke structure[137, 13§].

2.6.2 Influence of inclusions on mechanical properties of steel

Inclusions have a deleterious influence on the properties of steel. Their presence becomes
advantageous onlynia few cases, like the improvement of machinability obtained with
inclusions of MnS. The influence of inclusions on the properties of steel depends very much
on their composition, shape, size, and distribution, in addition to the stress system imposed
during deformation. Moreover, the influence of nanetallic inclusions also depends on the
applications of steel produdis39. For instance, if steel were produced to work under
dynamic loading, such as in gears or crankshafts, the main focus would be on the effect of

the inclusions on fatigue strength.

Characteristics of the inclusions cause a reduction in fatigue strengttie Bnd hard non
metallic inclusions, such as Al203, have the greatest influence on fatigue strength; in
contrast more deformable inclusions, such as MnS have less effect. During deformation the
stress concentrated between hard inclusions and steel imairoduces voidsCoalescence
of these voids nucleated around the hard particles of smoetallic inclusions will cause

ductile fracture.Figure 2.36 shows an example of such a surface, where cavities are formed
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at inclusiongl32]. Generally, if the inclusion particles is actually rigid, has low internal
fracture strength or even has a low cohesion with the matrix, all that makes the nucleation

of voids becomes easid4(].

Figure2-36 A ductile ruptureurface of a low carbon, 11¢n steel
showngsomecavities femed by inclusiord32].

Sellers and Tegdft41] mention that the fracture that originate by the side of inclusions is
mainly depend on the deformatiorcharacteristics of the inclusion (soft or hard)
comparative to the metal matrix, which means that the poorer the ductility of the inclusion,
the worse its effect on the steel. Therefore, hot working should be performed within the
temperature range where tlusions become soft and could deform plastically to preserve
continuity with the metal matrix. Figure 2.37 gives the variation of the index of
deformability of different types of inclusions with temperature in steel. Moreover, Sellers
and Tegart in the gae paper concluded that increasing the quantity or amount of

inclusions contributes to lower ductility.
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Figure 2-37 Effect of temperature on the plastic deformation
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In the three stages of the ductile fracture process of initiation, growth, and coalescence of
microvoids, inclusions played a main role, serving as hard particles for void initiation.
Therefore, they significantly affect the upper shelf energies du@hgpy \notch CVN)
testing. Coarse inclusion particles also serve as fatigue initiation sites and may initiate
cleavage fracturd39]. Elongated inclusions may become harmful to ductility because of
their anisotropy behaviour and their orientation relative to the deformation direction.
Consequently, the presence of ductile (soft) inclusions, particularly sulphides e.g. MnS, can
be detrimental to impact and fracture toughness. These inclusions, as shown in figure 2.34

types (d) and (e), deform with the steel matrix because of their high pla$fi8itj,

In another study, Ray and PHLAZ] revealed that the inclusion morphology has a very
strong influence on both of Charpy shelf energy as well as impact transition temperature
(ITT) in studied steels even if the grain sizes were similar. Furthermore, significantly high
shelf energies, low ITT, as well as minimum anisotropy of impact properties were obtained
when the inclusions shape were modified from longitudinal stringer (sulphides) to small
lenticular or globular (oxysulphidesYloreover, Pacyna anMlazuf143] through using the
hot working tool steel they discovered that the effect of mmetallic inclusions on
toughness property is linked to the distribution of inclusion as well as to the hardness value

of the steel. The fracture toughness will not be seslyuaffected if the distribution of
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inclusions was uniform within the steel. As for the effect of hardness of the steel, they
mention that, at a high hardness level, inclusions which have a little plastic strain area might
be considered as obstacles to pent the crack propagatiorAtkinson et a[.144] concluded

that, in fatiguerelated states, failure usually initiates from big oxides instead of sulphides.
However, in the case of fcture toughness the sulphide inclusions, which considered very
significant for the anisotropic behaviour of steel, are important than others. Furthermore,
majority of the failures that usually occurs in high strength steels was as a result of oxide

inclusbns instead of sulphide inclusions.

2.7 Effects of microstructure variability on scatter of properties data of materials

During the experiments that are usually performed to test or verify some of the
mechanical properties there will be some scatter or &htlity in the results of the samples
even if there is a highly controlled test procedure. There are some factors that lead to
scatter in measured data of the material properties. Many autfits, 146 summarised
these factors as test method, variation in specimen fabrication procedure, operator bias,
apparatus calibration, and material inhomogeneities and/or compositional differences.
Nevertheless, appropriate measures must be taken to minimise thsilpity of errors, and
also to mitigate those factors that lead to data variability. In many cases it is desirable to
specify a typical value and degree of scattering for some measured properties; this is usually
performed by taking the average and thestlard deviation, respectivdly46]. To minimise
experiment errors, three specimens are often required to test at each test condition. The
average value of these three tests is used as a result for the test. If a minimum test value is
specified for a material pqerty acceptance, not more than one test result of the three

should fall below that valugl47].

In other cases, repeat testing is required because, if the steel shows scatter in its some
tested properties, a single poor result may well force tlmvdgrading of the entire batch.
Moreover, thepresenceof defects in metals such asinute cavities, inclusion particles and
grain boundary segregatedso has an effect on the results of some mechanical properties.
These defects have a serious effect on the material impact properties, but are likely to have
a limited effect on tensile strenly, and relatively none on hardness. These defects,

especially under impact loading, will act as stress raisers through introducing points at which
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a sudden concentration of stress accumulates. Consequently, for the same material, the
results in the impactest on a single cast material will be much more scattered than in the
tensile test, since a casting microstructure is expected to be much less hosmgethan a
wrought material. However, even in wrought materials, the direction of fibre wilvéa

more significant influenceon impact toughness than on either tensile strength or
ductility[148]. Furthermore, variation in chemical composition and average grain size during
the production of steel is often unavoidable from one batch to another. This causes
variation in results of some properties, e.g. hardenability.such case the scattering in
measired hardenability results are often plotted as a band indicating the maximum and
minimum values that has to be expected for the specific alloy. Figure 2.38 is illustrate a

plotted hardenability band for 8640 stg&i9.

Cooling rate at 700°C (1300°F)
490 305125 66 33 16.3 10 7 5.1 3.5 °Fis

270 17070 31 18 9 5.6 3.9 28 2 °Cls

60

Hardness, HRC

|
1
0 3

| |
3 1 1
1 1z 13

N

Distance from quenched end

Figure 2-38 The hardenability region for the 8640 steel showing the maximum
minimum limits[150]

A previous study was carried out by Chakrabarti efld&dl] to find out the influence of a
bimodal ferrite grain size distribution on scattering of toughness data. Wais done
through using three types of microstructure of uniformly coarse grains, uniformly fine grains
as well as bimodal grains and comparing them with the values of local fracture stress for
heat treated microstructures. They mention that the variationghin the notch root
microstructure, which is considered to be the main factor for scatter in the toughness data,

were associated to the distance between the coarse grain sized band and the notch root. If
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the notch root is located close to this band, thieavage fracture stress as well as impact
energy is going to be lower, and vice versa. Moreover, in this study they concluded that the
bimodal grain size has a significantly larger distribution microstructure in comparison to the
unimodal grain distributin microstructures. This distribution (i.e., bimodal) was very high
compared to the any kind of experimental error. The coarse or big grains, which is exist in
adequate volume fraction within the microstructure, usually initiate the cleavage fracture.
By ncreasing the percentage of these grains (i.e., coarse) in the microstructure, grain size
bimodality increases the probability of presence of those grains at the cleavage initiated

area and, thus, the scatter in fracture stress value also will increase.

Some others authors also found that cleavage fracture is easy to initiates in presence of
coarse grainsChen et a[152] discovered that it is not necessary for the cleavage crack to
initiate and extend at the poindf the peak stress; instead, it usually happens on both sides
and at a lesser or greater distance from it. Moreover, the scattering of a local fracture stress
was caused by the distribution of grain sizes in group of largest grains. Wu an{lLB@vis
used the Niobium microalloyed sts to study the influence of grain size distribution of
duplex ferrite on the local fracture stresses. They also mentioned that within the studied
steels the scattering in fracture stress data can be defined by the distribution of coarse
grains. In termsf hardness, they found that the microhardness of coarse grain areas is

significantly lower than that of fine grain areas.

2.8 Mechanical properties

The mechanical properties of materiatsaterm used to explain the behaviour of these
materials under different factors such as temperature, load and environment. During
applications these metals ka different kinds of mechanical problemslhese problems are
sometimes studied or investigated indidually, but also often in practcthe combined
effects of these properties must be asseqdéd]. Furthermore, to studythe failure to
achieve these required mechanical propertiesr to improvwe them, manufacturing
processes e.gthermo-mechanical and heat treatment processes through microstructure

must be well understood.
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2.8.1 Strength

Strength is one of the main mechanical properties of metals and alloys, aadasy
important measure of a material's ability to perform the required applicatid®tsengthis
defined as the amount of stress that a material can withstand while beingilécos
compresged, before failing or breakingThere are many factors affeng the strength of
steel,some ofwhich arerelated to the initial steel composition like allog elements The
amount of carbon in the steel is one of the main elements aiifgcstrength, asit often
dictates the total hardness of stedBoth the yield strength and tensile strength increase
with increa®d carbon contenftl55]. However on the other hand, ductility drops as the
carbon content increass, so other alloying elements should be added with carbon tolstee
to try to increase the strengtlvhile maintaining toughness. Alloying elements such as Al, V,

Ti or Nbarealso ad@d to steelto obtain a fine grain size to increase tsieength156].

Moreover, some metalsare modified by alloying elements and processing to promote
their resistance to dislocation movemettt increase strengthGrain boundaries areised to
provide an obstacle to dislocation movements. Accorlyinigy reduing the grain size there
is a larger probabilityof decreasng dislocation motion, thus the strength of the metal
typically increasd457]. Other factors used to improve strength are related to processes
appliedafter creatingthe stee| such as metal forming and heat treatment processlhe
microstructure, which is formed after deformation or after heat treatment, is significantly
affected by the austenite grain size, where a small austenite grain size is preferred to
improve some mechanical propertiesmcluding strength. Accordinglyontrol of austenite
grain size during the austeniing) process is the first step in most heat treatment processes

to help to enhance strength.

For instance, the strength and impact toughness of 17CrNiMo6 steel can be improved with
refinement of the prior austenite grain siz§158]. Furthermore, the refinement of
martensitic structurecan beobtained by reducing the quenching temperature from 1200
to 900 °C,and refine the grains of austenite can promote the refinement of martensitic
packets and blocks, which results in enhanced vyield sthengnd toughness
simultaneouslj159, 160]. Likewise, different levels of hardness and strength can be

obtained during heat treatmentoy using different cooling rates (e.gjuenching) ad
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tempering temperatures (see Fig. 2)8% control the grain size. In general, the faster a

metal is cooled, the smaller the grain sizes will be.
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Figure2-39 Tensile strength, yieldtrength as well as ductility (RA%) (at roc
temperature) are plotted against the tempering temperature for 4340 alloy s
quenched in ojiL61].

2.8.2 Fracture toughnessand impact testing

Toughness is known as the capability of the metal to resistance the frabturabsorb
impact energy and plastically deformedhacture toughness is used to characterize
toughness.An impact test Charpy impact tegtis used to give an indication of fracture
toughness through measuring the resistance of the material to impact Mabout
fracture[162). The absorbed energis also used as a tool to evaluate the ductiettle
transition temperature (DBTT). A schematiagram of a standard imgatestingmachine is
shown in Figure 2.40If the material was ductile that does not mean it has a good
toughness, because the toughnessaisombinationof strength and ductility. For instance,
steel with high strength and higtuctility has more toughness than steel with high ductility
and low strength. Decrease or increasetoughness depension its importance for the
required specificationgzully quenched steel is very brittle and has low toughness; therefore
to improve toughness tempeng is requiredasthe following steg163. There are several
factors that help to improve toughness such as rdfirggain size and decreagecarbon

content. Minimizngthe carbon content in steel can improve toughness, while increasing the
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percentage of carbon will causeloss of toughness. Alsto improve toughness inclusions
must be eliminatedbecause their presence is detrimental to toughne¥sughness can
improved through the microstructure as well, where using a microstructure of tempered
martensite or lower bainite instead of upperbainite or ferrite-pearlite microstructure can
improve the toughnedd464]. Furthermore, chemical composition has an effect on

toughness, where the addition of certain elements has an effect.

Nickel (Ni) and manganese (Mn) usually help to improve toughness as their addition can
result in reduction of theductile-brittle transition temperature. Sometimes this effect is
related to production process parameters. For instance, rolling mill process using HSLA steel
elements such as Ti, V, and Nb used for precipitation hardening when added to alloys has a
different influence on toughness depending on the finishing temperature. If the
temperature is high it may be detrimental to toughness. In contrast, if the finishing
temperature is low it helps to refine the ferrite grain size, thus the toughness will
improveg169.

Figure2-40 Schematic diagraraf a standard impact testingnaching166).
2.8.3 Effect of ausenite grain size ommechanical properties

Austenite grain size has a significant role thrermo-mechanical processing and is
considered an important factor that needs to be taken into consideration when mechanical
properties like strength and impact toughness need to be improvied addition the
microstructure, which is formed after deformatioor after heat treatmentis significantly

affected by the austenite grain size. For example:

60



1 The hardenability (section 2.1Df the steel is affected by austenite grain size, where if
the austenite grains become coarse fewer nucleation sites wiMalable, which leads
to slowing the diffusion controlled transformation of the austenite. Iteat words, as
shown in Fig. 2.4d@leeper hardening, which means moving the nose of the CCT curve to

the right, is caused by coarse austenitic grain size which is obtained by heating to higher

temperature$167).
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1 In steel products consisting of ferrite and cementite, grain size of austenite considered an
important factor in creating the conditions that help to make small grains of ferrite
pearlite, or combination ferrite pearlite structure that affect the mechanical properties.
Produdion of small austenite grains is important but these austenite grains need to be
considered carefully with the type of steel and the characteristics of therasiructure
needed.A study was done by 8. Hyzak and his eworkerd169 about the effect of
pearlite interlamellarspacing, pearlite colony size and austenite grain size on mechanical
properties of fully pearlitic microstructures in a steel with a percentage of 0.81CW€
of the important results of this study is the inverse relationship between the dinter
lamellar pacing and the austenite grain size diametbe pearlite interlamellar spacing
increasa as the prior austenite grain diameter decreasshownin Table 21. According
to the mechanical properties the pearlite intEamellar spacing is considered as rgi
the main microstructural parameter that through it the strength of pearlitic
microstructures can be controlleds well as yield strengtlnardness is also dependent

on pearlite interlamellar spacing, as shown in Figure 2.42 addition the study shows
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that in comparison to austenite grain size, intamellar spacing has more effect on yield
strength. Consistent with the relationship showm Figure 23 between the Charpy
transition temperature andaustenite grain size, atenite grain size has largeeffect on
the impact toughness in pearlitic stedinpact toughnessas measured by the Charpy
transition temperature increases with decreasing the austenite grain ;sipe other

words, the finer the grain size the greatene toughness.

Table 2-1 The influence of heat treatment on microstructure of eutectoid ste
adapted fromHyzak169].
Austenite grain

Pearlite colony  Pearlite spacing,

Heat treatment

size, 1¢ cm size, 1¢ cm 10%cm
1 1.43 4.78 14.10
2 1.43 4.57 15.35
3 1.43 5.26 19.50
4 2.52 5.38 13.00
5 2.52 4.75 13.75
6 2.52 6.58 15.16
7 2.52 6.09 17.50
8 2.52 6.34 27.00
9 3.51 6.04 12.10
10 3.51 5.33 14.00
11 3.51 4.29 14.10
12 3.51 5.15 16.35
13 4.02 5.56 11.93
14 4.02 5.76 13.75
15 14.73 5.67 13.62
16 16.65 5.70 11.57
17 13.0 7.12 15.67

(The uncertainty in thevalues for grain size, colony size and pearlite spacing
the order of 10 pct.). *Estimated.
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1 When some of the mechanical properties such as strengthtanghnessare targeted
for increase or improvement, the most important issue teids on is the refinement of
austenite grain size during deformation and heat treatment. Furthermore, the starting
microstructure also has an effect on the austenite grain size. The mechanical properties
usually increase at the expense of each other, whiakans that if one increases the
other could decrease. Using multiphase structures is one of the ways to overcome this
problem. A study was undertaken by Nack KIMQJ using dual phase steel with the
chemical composition dFe, 2%Si, 0.20Cand with and without 0.09% VTwo different
types of heat treatment ointercritical annealing and termediate quenching were used

to produce microstructures with differergharacteristics.

As receivedearlite-ferrite microstructureand as receivd microstructureafter being
held for one hour and quenched to produce martensitic microstructure were used in the
study. Both microstructures were followed by typhase annealing at a temperatures
range of 850 950 °C to obtain a variety of volume fraotis ofmartensite According to
this study, the intermediate quenching treatment produced a memory effect
microstructure. Thamartensite laths that were produced prior to intercritical annealing
have nearly the same crystallographic orientations as the final austenite which nucleated
and grew at the lath boundaries of ferrite after intercritical annealing treatmdiatble

2.2 shows themedanical properties oflual phase stedbr both heat treatments

The microstructure produced by intermediate quenching has a much higher ductile to
brittle transformation temperature than that produced by intercritical annealimgother
words, the inermediate quenching microstructure has low toughness which can only be
controlled by austenite grain size because there is no resistance of crack propagation
between the ferritemartensite microstructure,whereas with the intercritical annealing
treatmentthere is no memory effect, because the newly formed austenite does not have

the same orientation as that of the parent austenite.
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Table2-2 Mechanical properties of dual phase stesdapted fromNack170].

Amount of  Strength (MPa) Elongation (%) Energy
, DBTT
Heat treatment martensite ~ vig|d o absorbed
UTS Uniform  Total  (°C) °
Intermediate quenching 23 393 766 15 22 10 38
Intermediate quenching 40 413 871 10 15 11 33
Intercritical annealing 14 404 747 16 24 -28 42
Intercritical annealing 50 502 944 10 16 -26 32

1 Generally, quenching and tempering processes are used with some types of steel to
increase their strength and toughness. Martensitic structure is mainly produced by
guenching, while tempering is used to precipitate the dispersion of fine carbides in the
alloy. The microstructure is one of the major factors that affects the mechanical

behaviour of the quenched and tempered steel.
2.9 Forging

Forginghas been known for a long time. At first simple iron forgingsvere produced
where smallpiecesof hot iron were hammered to make wrought products. Over time the
demandfor more complicated forgingarose,which led tothe start of significant progress
in forging. Accordinyg, metalworkers started to invent and design new die shapes,
mechanical hammers, and presses. After thatbig development happened in forging
machines in terms of increased power, capacity and size. Today forging is used to produce
most kind of products for various aligations, from small simple parts to large scale
complicated shapesveighing hundreds of tons. In generahot forging isa thermo-
mechanical process wheeemetal ingot or billet is preheated and then mechanically shaped

to the desired shape by tools odies.

The forged material (stock) tradmnally is a cast ingot, but in some caséis useful to
produce forgings directly from continuously cast steel. There are some main types of
general forging, which are usually divided according to temperaturg¢he production
process: extrusion, open die, ring rolling, rotary, and closeflld®. As can see in figure
2.44 by usingforging we can create better andtronger parts, with good mechanical
properties, than by maching or castingThis is because the metal during forging process is

always forced to flow in a direction where the strength, resistance to impact and fatigue as
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well as yield ductility should to be a maximLiiiZ]. Furthermore the forging process causes
refining of the metal structure, improved homogeneity of the cast ingot, hadls some
defects such as voids. Moreover, fraan economic aspect, the forging process can reduce
the amount of machining required, if the size of the cast ingot is close to the shape of the

final part.
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Figure2-44 Differences between forged, cast and machined parts (a) Cast Bar (b) Machined
Forged B4d4.72.

2.9.1 Large scale forging

The worldwide demand for increasd energy efficiency in power generation or for
drilling for oil in deeper seameansthere has been a requirenmé for bigger sections and
components for these systenfis/3, 174]. This has led to a requirement to produce ldgg
and bigger components here are many kinds of steel used to produce large scale forgings
including 34CrNiMo6 steeThis structural steel is suitable for large heavy forgings with high
tensile strength properties and impact toughnesand for mechanida components

subjected to high stresses.

Opendie forging(fig. 2.49 is usually used to manufacture large scale forgings from heavy
elongated ingots.Consequently the machine dimensions, machine power, and holding
equipment are the main important factors in opele forging becausthey limit the size of
the forged ingot which in turn will determine the size of therged product. Large hydraulic
presse or power forging &ammers are usually used with open die forging; howelenge
hydraulic presses are commignused with largescale forgings the capacity of some
pressesis in excessof 10,000 tongl75. As a result ofthe size and weightof hot raw
material (e.g. ingot) when removed from the furnace, at@ finished products after
forging special equipmentis needed to handle itLarge mobile manipulators (e.g. powerful

tongs) are used to move these parts forward, back, or rotatemindthe longitudinal axis.
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These manipulatorare free running or ona track, overhead travelling cranes and porter

bars are also us¢i76].

The major issues of large scale forging on the microstructure are less strain tinside
forged component, where the penetration of plastic deformation di§é&rom the surface to
the core of metal, causg a difference in grain size between the central and surface zones.
Also, abigger variation in cooling rate leatb alarge variation irthe microstructure which
cause the appeaance of fine grains on the surface of the metal compdwith coarse
grainswithin the centre.N. Switzn€gl77] Studied theinfluence of strain rate as well as
deformation temperature during forging process on the mechanical properties of the
stainless steel. Four different forging machines were used to impart four different strain
rates, and three different deformation tempeaes were used with each strain rate. The
results showed that by using a lower strain rate less strengthening occurred as a result of
longer deformation times. Additionally, by increasing the strain rate the hardness become
less variation within the metahs well as the yield strength become less sensitivity to
variations in temperature. On the other hand the average hardness decreases and the
hardness variation within the metal increases with increasing the temperature of

deformation.

Plastic defarmation

Qriginal (elongated grains)

cOarse grain E o
structure Recrystalization
-[Eqwaxed grains)

- 'l = o - W )

Growth of new
fine grains
Figure2-45The open die forging process and its resulting crystal strutdg.

2.10Heat treatment

To achieve the desired purpossteel parts or products made for use in various applications
are usually subjected to a heat treatment process. During heat treatment a series of factors

can be modified to produce steel with good and uniform mechanical properiiég.
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microstructure, thus the required mechanical properties, can be improved by modifying
some parameters involving austenite grain size, dissolution of carbide particles, cooling rate,
and composition of the steel. Generally the purpose of heat treatment is to soften the metal
to improve or to increase toughness and ductility, but also toease or reduce hardness
and strength depending on the heating temperature and cooling rate. In heat treatment
some properties are often improved at the expense of others. Moreover, heat treatment is
used to reduce internal stresses when the metal has begposed to high stress during
deformation. In the case of large scale parts, the temperature differences between the
outside and inside of the piece should be taken into consideration during heating and
cooling. If the gradient is too big it can causeiffedence in the microstructure which may
lead to warping or cracking the piec&TT and CCT diagrams are usually used in heat
treatment to help determire suitable heat treatment conditions such as holding time and
cooling rate. Some heat treatment processinclude annealing, normalising, tempering and

guenching.
2.10.1 Annealing and Homogenizing

The annealing process is a generic term denoting a heat treatment in which steel is
austenitised for a period of time at an elevated temperature above théraxsformation
temperature for hypoeutectoid steels and betweenakd A, transformation temperatures
for hypereutectoid steels, followed by slow cooling, usually in a fufda@. If the
hypereutectoid steel is heated above. proeutectoid cementite forms along the grain
boundaries when the low cooling rate is used; these carbides helps cracks to propagate and
render the steelbrittle[180]. In full annealing slow cooling causes the transformation of
austenite tocoarse pearlite and ferrite or cematd. As can be seem Fig. 2.47the most
important parameters are temperature and cooling rate to produce slightly fine or coarse

microstructure in a full annealing process.

Generally, the annealing process aims to reduce internal stresses and produces a
microstructure which provides good machinability, high softness, moderate strength.
Fig. 2.46shows the different stages of the full annealing process, where it can bethaé
in hypoeutectoid steels the annealing temperature decreases with increased carbon

content, while it is nearly constant below.Atemperature for hypereutectoid steels.
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However, the homogenising process is defined as annealing of as castingahgotsgh
temperature of nearly at or above 1100@C and holding it for enough time (sometimes
extending to hours) to minimize or eliminate local differences of segregation or chemical

concentration gradient bdiffusion Furnace cooling is used with this prodésd].
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Figure2-46 A side of the R&€ phase diagram representing the full annealing.
well as normalizing ranges temperat(t82).

2.10.2 Normalizing

Normalizing is a heat treatment process consisting of heating the steehtelevated
temperature in the austenite zone, hoifdy for a period of timesufficient to allow the alloy
to completely transform to austenite, and then cowj slowly, usually irtill air, to produce
a uniform and fine ferritepearlite microstructure As represented in Fig. &4 the
normalizing temperature for hypoeutectoid steels is above the full annealing temperature
zone which is about 30 80 °C above theA; temperature. For hypereutectoid steels
normalizing is usually performeahly in special cases and the normalizing temperature is
about 30- 80 °C above thé\.,, temperaturd183. The main differences between annealing
and normalizing in regard to normalizing are theher austenitisyg temperatures to
ensure that most carbideare dissolvedand the faster cooling rate which means a finer
ferrite and pearlite microstructures produceld. Moreover, normalized steel has a higher

hardness and strength, and a lower ductility than annealed [t84].

The main objectives dhe normalizing process anggrodudion of a good uniformity in the

austenitic structureand refining the grain size that usually become coarser after hot
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deformation processes at high temperaturand in some cases is applied for better
machinability of low carbon steelsFor instance, after hot deformation the steel
microstructure becoms non-uniform in the longitudinal and transverse directions and the
grainsbecomeirregularly shaped and relatively largiaus thiswill causea difference in
mechanical propertiebetween the two directions. To géhe same mechanical properties

in all directions the normalization process has to be applied.

Alsq after hot forging especially with large scale forgings with different cross sections, the
micro structures will beheterogeneous because of different cowi rates.In such a case,
the normalizing process will also help to make the microstructuriéorm[185]. One of the
main parameters of the normalizing process is the cooling rate, but in large scale products
this parameter is not controlled, where thesulting microstructure structure is dependent
on the thickness.Therefore the normalizing process considered more effectivdor

improving the mechanical propertiesf thin product§186).
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Figure 2-47 Schematic time temperature cycles for normalizing and
annealingand the slow cooling results in higher temperature transformat
to ferrite and pearliteand coarser microstructures than does normaliz
(Courtesy of M.D. Geib, Colorado School of M)ji87].

2.10.3 Hardening (quenching)

Gonventional hardening isa heat treatmentprocess involving heating the steel to
temperature in the austenite zone, hold) for a period of time sufficient to complete the
transformation of the whole microstructure to austenite, and doglat avery fast (rapid)
rate to room temperature or in some cases below room temperature. Thdingpoate

which is usually a function of a steel chemicaitent and the austenite grain sizes applied
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rapidly to avoid the formatiomf ferrite, pearlite orbainite[188]. Whena good hardenability
steelis quenched in water the resulting microstructure will beartensite which is a very
strong structure anddependng on the carbon contentthis structure has a good hardness

and strength but at the same time is very brittle

Various cooling media are applied for different purposes with the steel and the most
common media usedre water, forced air, oiind brine.These different cooling media are
selected according tthe cooling power needed, to avoid or minimigee risk of quench
cracks and distortigid89]. In large scale productespecially tlhsewith low hardenability
there is usuallya difference in temperature between the surface and the centre during rapid
cooling. This difference occurs @i the surface is fullgooledwhile the core remainsot
(unquenched).Therefore, special quenching tanks with good cooling regimes are used to

reduce the difference to the minimufh9Q.

2.10.4 Tempering

After hardening witha rapid cooling ratesteel usually becom&harder thanis necessary,
too brittle, and has severe internal stresses which maikeifficult to use in most
applications. Therefore the tempering process is used to relieve internal stresses, reduce
brittleness, and produce a good tough microstructufempering corists of heating the
martensitic steel to a selected temperature which bhelow the lower transformation
temperature(A), holdng for specified time periognd then permitting the metal to codb
achieve the required combination of mechanical propeftl®d]. The most important
variables relatedto tempering that affect the microstructure and thus the mechanical
properties are tempering temperature, holding time at that temperature, and the steel

chemical compositioji92].
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Diagram applicable to bar stock &im (2 in) in diameter, oi
guenched from 858J193).

2.10.4.1 Tempering temperature

The tempering process is usuafigrformed directly or shortly aftehardening In some
cases temperingg carried out as soon as the hardening temperatapproaches$0 °C. The
reason is that the steel may crack if it is cooled to room temperature befemgering.
There are many ways to heat the steel to tempering temperature, imetudonventional
muffle furnaces, convection type furnaces, gas flame or electric induction furnaces. The
tempering temperature can be identified according to the superficial colour during heating,
where the steel surface changes as the temperature in@gaand this becomes easier to
distinguish especially at high temperatuf&84]. Larger produtsizes require more time for
heating to the tempering temperature. Moreover, with large and complicated products slow
heating is preferable, because rapid heating can induce undesirable stresses on the surface
according to increase of surface layers imunee, which leads to the occurrence of cracks.
However, some investigations observed that the time required to heat pieces up to the

tempering temperature is more or less independentlod temperaturg195].

In the tempering process time and temperature are interdependent variables, where by

finding the appropriate combination of length of holding time andhfeering temperature a
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range of mechanical properties can be achieved. However, in terms of effectiveness,
tempering temperature has more influence than holding time, as minor changes in
temperature have more effect than minor changes in time. In regardghéotempering
time, several publications report an old rule called rafehumb which says that the
tempering time should be from-2 hours for each 25..hm of section thickne$%95. The

one thing missing in this rule is that it does not say if the time is counted directly the work
piece enters the furnace, or when it reaches the required temperatOfeen the tempered
parts are placed in the furnace at a temperature below tempering temperature which
means a longer time is required to reach the tempering temperature, especially with large
scale parts. Accordingly, the tempering time starts the momd turnace reaches the
required tempering terperature. As seen in Figure43, at room temperature strength and
hardness decrease with increased tempering temperature, while ductility, which is
measured by either reduction of area and elongation, increas#s increased tempering
temperaturg19q).

2.10.4.2 Holding time of tempering process

The carbides formed during tempering becausethed diffusion of carbon andalloying
elements depend not only on the temperature, but also on the holding time at that
temperature. Hollomon and Jaff¢197], among others have developedn empirical

tempering parameter which lirdhardness, time, and temperaturd tempering as follow:

YQ 1 16C 2-12

Ca

Where P is a parameter linkeid the tempering process (corresponding to a hardness
value), T is temperature (kelvin), k is a constant, and t is time (hours). Extensive tests were
performed to ensure the validity of this expression to be applied to all steels. The results
showed good arrelations especially with quenched and tempered low and medium alloy
steels, with the exception of when big quantities of retained austenite are [@%i8t An
example of the influence of tempering holding time on hardness (at room temperature)
applied to 0.82 %C steel tempered at differentngeratures is shown in Fig. 2.48s we can

see, the hardness decreases witicsreased holding time which is presented on a logarithmic

scale.
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In the first 10 seconds the change in hardness is clear and rapid. As these changes
continue the effect becomes less and less with increased holding time, with smaller changes
occurringbetween 1 and 2 hours. This effect becomes more important in high temperature
than in low temperature. So, for consistency and to reduce the dependency on variations in
holding time, or in case of@bsence of informationa tempering time of 2 hr is

recommended199.

In this study the tempering time for a large ingot of 34CrNiMo6 steel waddt each
25.4mm, calculated as twice the quenching time, which W#&h for each 25.4nm. The
cooling rate from tempering temperature alé@s an impact on thenicrostructureandthus
on the mechanicaproperties.Toughness, which is measured by notched bar impact testing,
is the property most affected by cooling rate, and can be reduced if a slow cooling rate is
used through specific temperature rangdhisphenomenon, called temper embrittlement,

occursmore insteel that containscarbide forming elemen{20Q].
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Figure 2-49 Influence of time on room temperature hardness
guenched 0.82 %C steel at fouffdrent tempering temperatured99.

2.10.4.3 Tempering ofmartensite

Themartensiteformed during quenchings not an equilibrium microstructure, and thus its

transformation to become a stable phase occurs only at room temperatntdakes place
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over a very long period of time. There are many stages for microstructure transformation
that are passel during continuous rise of tempering temperature for carbon steel, where
different temperature ranges will give different characteristin terms of microgucture

and mechanical properties

Porter and his partnef201], summarized in Tabl@.3 the transformation mechanisms
during different tempering temperatures from as quenchedhrtensite microstructure
starting from roomtemperature. As can be seen from thable, there is a big overlap
between the ranges of tempering temperatures, and also these given ranges are only

approximatg¢202].

Table2-3 transformation occurring during tempering of ferromrtensite adapted fromPorter[201].

Temperature Transformation Remarks
(°C)
25100 Carbon segregation to dislocations a Clustering predominant in higtarbon

boundary; preprecipitation clusterini steels
and ordering

100-200 Transitioncarbides precipitation, I F NDARSa Xbez2pds 6
diameter 2nm (first stage of tempering;

200-350 Retained austenite transforms to ferrit Associated with temperednartensite
and cementite ( second stage) embrittlement

250-350 Lathlike FQC precipitation (third stage)

350550 Segregation of impurity and alloyir Responsible for temper embrittlement
elements

400600 Recovery of dislocation substructur Lath structure maintained

Lathlike FgC agglomerates to forn
spheroidal F¢C

500-700 Formation of alloy carbides (seconda Occurs only irsteels containing Ti, C
hardening or fourth stage) Mo, V, Nb, or W; R€ may dissolve

600-700 Recrystalligtion and grain growth; Recrystalligtion inhibited in medium
coarsening of spheroidal & carbon and  higkcarbon  steels;

equiaxed ferrite formed
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2.10.4.3.1 Stages otemperingmartensite

Several authorf203-206] havewritten about the sages of the mechanism of as quenched
martensite during tempering,which is dividedinto four main stages. The transformations
were almost the same, but the ranges of the tempering temperatures were a little different.
The reason for that is these temperature ranges are approximate bedaegalepend on
tempering time. Furthermore, all thenentioned authors started the first stage frown
tempering temperature of 100C, unlikePortef{201] in Table 2.3jn whichthe range of
temperature started from 25C where the carbon atoms rearrangenmartensite crystals

and segregate to dislocations and boundaries.

First stage 10200°C

The transition carbides formed in this stage, which is a carbon rich pbaltex] epsilony 0
2 NJ S {cdrbide, ‘aréprecipitated in themartensite and are very small and metastable;
their instability increases with increasing the tempering temperatdree precipitation of
these carbides depends on the percentage of carboménsteel. According to some kinetic
researches the tempering process in this stage is depending on ithesidn of carbon
through the nartensitd207]. Although the carbon inmartensite is reduced to
approximately 0.284203], the martensiteis still supersaturated with carbon, which will be
subject to further decomposition when heated to a higher temperaturethis stage of
tempering the precipitation of carbidesmproves toughness, buélso leads to a slight
decrease in hardnessomparedto that of as quenchednartensite Therefore the high
strength and hardness are kept nearly the same, because the low tempering temperature
contributes to make thetransition carbide particlevery small in sizeand causes little

change in the dislocatiosubstructure of the as quenched microstruct{268].

Second stage 20850°C

In this stage thaintransformed austenite during quenching is decomposHtk existence
of retained austenitan the microstructure is rather difficult to obsesdirectly especially if
it exists in low concentrations. The percentage of retained austenite becomes significa
only in high carbon steels. Many authors mention that the retained austenite during this

stage transforms to ferrite and cementite, while others such @belning203 state that the
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retained austenite decomposdo bainite. Moreover, Bhadeshia suggsshat in this stage
the retained austenite decomposes to bainitic ferrite and cementite, but there ismech

evidence available to confirm i$j209].

Figure 2.50shows that in the as quenched specimens of 484034CrNiMo§ and 4140
steels, thepercentageof retained austenite was small and this amoudgcreass with
increasing the tempering temperaturd he transformation of retained austeniia these
types of steels stastjust above tempering temperature of 20€ ands nearly completed at
about 300°C, and the cementite becomes more in the microstructureagempering
temperature higher than 300021Q.

Impacttoughness and fracture toughness (Kic) could be improved becaubke pfesence
of the retained austenite films between thmartensite laths, but this improvement wilbe
reflected, and toughness will decrease with increasing of tempering temperature due to an
increa® in decomposition of the retained austenitehis is called temperednartensite
embrittlement211]. Thoma$212] mentions that tempering martensite embrittlement can
be retarded at a higher tempering temperature, if the precipitation of cementite during
tempering can be delayethrough adding some alloying elements. For exampleadding
Mn and Ni the amount of retained austenite can ber@ased consequently through using

these elements, the precipitation of cementite can be accelerated or retarded.
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Figure 2-50 Retained austenite and cementite as a function of tempet
temperature in4340 and 4140 type steels. The amounts of the phases \
determined by Méssbauer spectroscgp$3].
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Third stage 256400°C

During this stage of tempering, more carbon combines with iron taadsforms to very
fine cementite particlesKe;C) These small particlgsrecipitate within the martensite and
ANRg |G GKS &£dHids yride®mestite foin&d$as tan orthorhombic crystal
a0 NHzOGdzNBE ' yR dzadzl £ £ & 2 OO dodthon kteels, 2hk geMentfed G G (0 ¢
precipitates along the twin boundaries ofartensite and also nucleateat prior austenite
grain boundaries or interlath boundag®l14]. Several researchdi2l? found that
toughness decreases sharplywhen secondry interlath and intralath cementite were

precipitated during tempering215).

Theseprecipitatedinterlath or intralath carbides may create crack nucleation sjtésis
produdng a brittle fracture. Two fracture pathsre produced: intergranular with regards to
tempered nartensite, as well as transgranular with regards to the paastenite This
means the F¢C particles in this stage start with nucleation then extend dramatically
through the austenite grains, which will become weak due to the segregation of residual

elemens such as phosphorous in the priaustenite grains beforquenching216).

Fourth stage 40e/00°C

In this temperature range the cementitgarticlescontinue to grow anccoarsenand with
increagd tempering temperature these particles become spheroidized. Moreover,
recrystalligtion also happens ahe end of this temperature rangayvhere the nartensite

lath boundaries will gradually disappear after starts replace it by equiaxed ferrite grain
boundaries Consequently, the final microstructure will become coarse spheroidized

particles of cementite and equiaxed grains of fefi2&7].

2.10.4.4 Tempering ofbainite

There are severavariations in behaviour between temperingbainite and tempering
martensite but one of the mostimportant differencesis the amount of carbom the solid
solution. Most of the carbon is precipitateor partitions duringbainite reaction from ferrite
which caused redudion in the amount of carbon in solid solutipmaking it less sensitive

to additional tempering heat treatmef218]. Furthermore,bainite exposes to autotempers
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process during transformation, thus the tempering process usually performed much more
gently. Moreover this carbon particles, which is in the cementite form is usually coarse
compared withthose produced ding tempered nartensite. Therefore, the influence of
tempering heat treatment process witbainite will be less than the amensite when the
same steel is used. Unlike martensitic steels, a small variation in the carbon content has
little influence on theempering ofbainite. Carbon content usually has strong effect on solid
solution strengthening when precipitates during temp®y as in the case of tempered
martensite. However, in the case bhinite, the presence of coarse carbides makes less
contribution to strength, which means that the tempering process response is relatively

insensitive to the big carbon concentrati@i9].

A hardness test could be used to quantify the softening process (tempering process).
Before the temperingtemperature reaches recrystaldison region, hardnesss kept
constant or has little variation during different tempering temperatsirehile this steady
behaviour is changed as soon as the tempering tempeeateaches the recrystalision
region where the ferrite changes its morphology to equiaxed ferrite ahd cementite

spheroids coarsen considerab$p pooducing a more rapid softening.

2.10.5 Tempering embrittlement
2.10.5.1 Introduction

Temper embrittlement (TE) is characterized by the conspicuous reduction in impact
toughness that occurs on temperitigrough a highspecific temperature rangerhs usually
happens through the ageing of low alloy steels within a critical temperature range
(isothermally embrittled) or by slow cooling through the same temperature range. TE can be
avoided ina simple way if possible byelting the steel above the critical temperature e.g.
600 °C and then quenchifg2d. The components that may be affected of TE that are used
at high temperature up to 550C such as steam turbine, some of vessel steels, and-turbo
generator rotors, where the impact toughness dramatically drop according to reversible TE.
The study of reversible TE usually revealed by the notched bar impact test, where the
ductile-brittle transition temperature (DBTT) was raised and the energy become lower.

Furthermore the trangranular fracture mode will changed to an Intergranular
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embrittlement below the DBTZ221). Fig. 251 shows the effect of reverse temper
embrittlement on the fracture appearance transition temperature (FATT) gntogs of low
alloy steel. The FATT is basically a particular energy recorded at which the fractuéis 50
ductile and 50% brittle. This FATT depends on the impurities segregation along the

austenite grain size, hardnesmnd the prior austenite grainzg222.
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Figure 2-51 Influence of reverse temper embrittlement on theracture
appearance transition temperatungroperties of low alloy steg222].

Reversible TE has been studied for many decades and has only recently been clearly
understood after surface analysis equipment, which has the capability to detect the grain
boundary segregation on an atomic scale, becawailable. The effect of TE is increased
with segregation of certain metalloid elements and impurities to grain boundaries, creating
weak spots in the structure. The most detrimental impurities are phosphorus (P), tin (Sn),
antimony (Sb), and arsenic (Asyhich reduce the intergranular cohesion of iron.
Furthermore many of these impurities cause conspicuous reduction in the surface energy of
iron which causes the grain boundary energy to lower, thus reducing cohesibh.strels
are the most susceptibleotTE in alloy steels, which is usually used to produce large scale
products. In GNi steels the TE effect is attained by segregation of Sb, Sn and P and the
segregation level of each impurity also grows with the Ni conf@@8]. C-Mn steels also

have a hgh embrittling effect which is attained by segregation of P and Sb
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2.10.5.2 CrMo Steel

Temper embrittlement (TE) is a phenomenon that usually appears in alloy steels.
Unfortunately the alloying elements most used with steel, such as Mn, Cr, and Ni, enhance
temper embrittlement. These elements have a weaker effect when used separately than
when combined. Moreover, the amount of the element also plays a big role in TE; for
example, a small amount of Mo, between @& and 0.3%, can reduce TE, while greater
additions of Mo promote the effect of TE. The effect of Mo on delay of TE depends on
interaction with other alloy elements such as Mn, Si, Cr and P. The role of Mo is basically to
reduce susceptibility to TE and this is attributed to a positive interactietween
molybdenum and phosph§224]. McMahon and J225 pointed out that Mo will decrease
its potential as phosphorus scavenger due to formation of carbide particles. Moreover
Dumoulin and ceworkerd226] found that if the amount of phosphorus in the steel is less
than or equal to 0.026, the Mo which is located in solid solution will prevents this P from
segregating to the grain boundary through binding with it to form-pesphides. If the
amount of P is more than 0.0%, the Mo which is located in the grain boundaries will

reduce the embrittling effect caused by the phosphorus atoms.

2.10.5.3 Effect of Mn and B

Mn and Si are alloying elements that caffect the mechanical properties of steel, where
both Si and Mnare used as deoxidisers and improve strength and hardness, but this
improvement is less with Si than with Mn. Moreoy®fn, as well adeing one of the least
expensive elements contribung to hardenability andused as a sulphur scavenger, also
contributes to embrittlementThese two elements (Mn, Si) tend to promote susceptibtity
temper embrittlement, but their segregation mechanismare different. Mn cesegregats
with P to grain boundaries whereaan interaction of Si and P accrues in [2&7].
Phosphorus is the primgal contributor to promote TE, especially when its amount increases
to more than 0.01%%6.Mn and Si each have an undesirable influence with this amount of P,
together promoing P segregation very stronB28. Commercial steels such as -Nlo
generally contain Mn and Si in certain amosintainly because of the benefits mentioned

above.
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2.10.5.4 Effect of sulphur

Sulphur is an element thas usually combined with manganese to form manganese
sulphide one of the common nometallic inclusions in steel. This noretallic compound
(MnS) contributsto impairing some of the mechanical properties of steel such as Charpy V
notch impact toughness, ductility and fracture toughness (Kic) according to the sulphur
content ard the shape and the size of Mi229]. Therefore the sulptr does not cause
reversible temper embrittlement, butegregatsto the grain boundaries, which redusthe
cohesion strengttand producs an intergranular fracturef iron[221]. The fracture energy
decreases in proportion with both the amount of intergranular fracture and the energy
necessary to fracture the grain boundaries dependnghe segregation of the amount of
impurities and other residual elemen25. Moreover the sulphur content contributes to
impair the notched toughness which is represented by increasing the transition

temperaturg229.

2.10.5.5 Effect of Ni

Nickel is used to produces alloy ste@iscombinaton with other elements to improve
some mechanical propertiefor example with chromiumto improve impact strength
toughness hardenability and corrosan resistance Smaller amounts of nickelre added to
alloy steels to increase toughness at low temperatures, while large amauwetadded to
produce high chromium stainlesgesl which hasa high ability to resist corrosion and heat
resistarcg230]. The presence of Ni decreases the solubilitypbbsphorusA y-Iroh, and
this solubility decreases even more with the presence of Cr. Moreover Cr is more effective
than Ni in producing P segregation and embrittlement in s{@83. Tin (Sn) is also one of

the elements that induces severe embrittlement andsagregates with Ni.

2.10.6 Multiple heat treatment

Double heat treatment processas one heat treatment cycle are used in some cases to
achieve or improve the desired mechanical properties of alleygh as toughness or
ultimate tensile strength. There are several types of heat treatmgenerlly used with
steel alloys. In our studyammalizing, quenching, and tempering processes were used

among those heat treatments when largeale forgings are manufacturedouble
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normalizing, double quenching, and double tempering processes are required in certain
heat treatment cycle in different arrangements to confirm completion of these processes

and to promote stability of the final microstructure.

2.10.6.1 Double normalizing

The main aim of the normaliy process is to reduce internal defects, produae
homogeneous microstructure, uniformly diditite carbides and refine austenite grain size
before hardeningln some types of low alloyed steelspecially with casting and forgings of
large dimensionsdouble normalizing is usually applied a way tamprove the mechanical
properties. The first nanalizing process is done at a temperature from 50 to IDMhigher
than that used for conventional normalizing, while the second normalizing process is done
at conventional normalizing temperatui232). Polushin and his eworkerd233 studied
the influenceof heat treatment on the structure and mechanical properties of steels with
different amouns of chromium. They mentioned thagfter using a double normalizing
process followed by tempering process difference in grain size witthe presence of
coarsecarbides together with their high dispersiovasestablishedFuthermore, ung234
and his colleagues concluded that the microstructure and grain size of double n@analiz
steel became equiaxed and fine dtee homogenizing and recrystabison through double

heat treatment.

2.10.6.2 Double quenching

Quenching is commonly used to harden steel through produain@rtensitephase within
the microstructure. Howevernn some caseghis process is done twice in the same heat
treatment cycle in an attempt to improve grain size refinement or to increase the
percentage ofmartensite within the microstructure. A study was done byel and
Hong 235 about the effect of double quenching on the gragfinement of bearing steels. A
double quenching process was performed for heat treant of high carbon chromium
bearing steels for the purpose of improving the fatigue properties through refinement of
the microstructure.The study concluded that when tld®uble quenching process was used,
the prior austenite grain size has been refined, thuelieg to improvement inthe tensile,

impact, and high cycle fatigue strengths and the elongation.
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Several studies have mentioned that the double quenching m®de usually relatetb
the carbon content in some heat treatments. For instanoesome kinds of steel that are
adapted to the difference in carbon content between the case and core sudc@ssin
the carburised process, double quenching is not oftesed because ofthe resulting
distortions that could be caused by two subsequent martensitic transformd@36k
Edward and Nisbef37] mentioned thatin such a situatiothe double quenching cycle is
sometimes used consistent with the difference in carbon content between the case and
core. So that, the first process is done athaher temperature consistent with the core
carbon content for grain refinement, while the second process is done at a lower
temperature more consistent with the carbon content of the case, both the cymbiisg

followed by oil quenching.

2.10.6.3 Double tempering

Asis known, the tempering process is used after hardentogreduce brittlenessand to
increase the toughness of irdmsed alloys through tempmg the martensite In some
cases not all the austenite transfosmo martensite after hardening, but remains as
retained austenite. During the first tempering process and after a time the untransformed
austenite does convert tanartensite Thismartensite is not tempered inthe first cycle,
therefore the second cycle of tempering wiklp to transfer thismartensite and enhance
stability of the resulting microstructure. Moreoveldouble tempering also hefpto
spheroidize and reduce the harm of intleth carbides formed by the transformation of

retained austenit§23§).

The double tempering process could be useful with sgmoé not all, types of alloy steels.
For instance, it will b@f benefit with alloy steels that have a high hardenability and high
possibility for retained austenite after the first quenching and tempering processes
whereas in steels thatre used to produce large scale products, such as heat treatable alloy
steels that form bainite after tempering or that already hae a bainitic structure after
hardening, tempering will not be needed more than once. After the initial tempering
processif the required hardnesss reached, the second tempering process mestarried
out at a temperature lesghan 10 to 30°C below the first tempering temperature to

maintain the hardness from reducti¢239].
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2.11 Hardenability

One of the aims of heat treatment of steel is very often to obtain a suitable degree of
hardness, and this hardness should be high enough a certain depth from the surface; this
phenomenon is called hardenability. Therefore, hardenability is known as the capability of a
steel alloyto form a partial or complete mrtensite phase (i.e. Percentage) at a certain
depth when quenched or cooled under some given conditions from a tenyrerabove
the upper critical temperaturi40. Worldwide demand for producing heavy sections, such
as those used in power generation or for drilling for oil in deep seas that need to fulfil
certain mechanical properties in their internal position, has increagethrge scale billet
guenched in water or oil will cool more slowly than a small billet when the same treatment
conditions are used, which means that the smaller diameter is more expected to become
entirely martensitic, while a billet of large diameterlvwbecome partially martensitj241].
Therdore the issue of the level of hardenability could be an important factor in design of
theselarge scale products. Fig. 2.B6bresents a plots of the depth below the steel surface
versus hardness using three different test pieces with diameters of 260100 mm after

oil quenchingz42.
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Figure2-52 Depth of hardening in differenlimensionsafter oil quenching (AIS
01). Test piece 25 mm diameter hardened from 8@in oil. Test piece 5Om
diameter hardened from 820C in oil. Test piece 100m diameter hardened fron
840°C in ofl242.
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2.11.1 Hardenability for small and large scale sections

The depth of hardening is important for many manufacturedtgaand the hardness
distribution along the cross section is related to factors such as quenching medium,
guenching effectivenesghe cross section size and sometimes the oxidation Eybat
form on the surfacg43. These factors can affect the internal cooling ratensequently,
this effect will reflect on the microstructure and hardness as well. In otherds; the
heavier the section to be hardened the smaller the depth of hardness fomhidh mears a
lower cooling rate is used in the c¢gd4]. Figure 2.53hows the schematic for CCT diagram
with two cooling curves for the outer surface as well as the core of an oil quenched bar.
From this figure can be seen that the surface cooling curve which represeatsigh
cooling rate passes in front of the ferrite aniainite noses where the resutij
microstructure will be only @&rtensite whereas the core cooling curve which represents the
low cooling rate passethrough the bainite area and as a result sonieainite will be
expected in the are microstructure (See Fig. 3R thus the core hardness will be
reduced245. In large scale forging# the hardenability is not high enough results in
significant variationsn cooling rate leading t@ large variation in microstructurewhich
cause the appeaance offine grains on the surface of the metal compdmwith coarse
grains within the centre. In summary, high hardenability steel is the steel which can produce
martensitemicrostructure everat a really low cooling rate.
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Figure2-53 Schematic illustration of the cooling curves for the surface and ce
of an oil quenched bar with 95 mm diameter. The surface microstructure is w
martensitic; the core contains some upp®inite[242].
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2.11.2 Calculation of dealdiameter from the chemical composition

The hardenability of steel can be determingdlependently of the quenching medium
Grossmanrand his ceworkerd246] produced a method to calculate the ideal diameter (Di)
by using the amount of each element in solid solution at ausi®ng temperature and the
austenite grainsize. Dis the bar diameterof a given steel thayields a structure and
produces 50 %o martensiteat the centre when the surface @oled at an infinitely rapid rate
(H=D). H is a factor represeinig the coefficient of intensity of a quenching medi andthis
factor can have different values depending o ttype of cooling and agitati¢247]. Table
2.4 showsthe H values for oil, water, and brine under various rates of agitatids can be

seen from the &ble, the agitation rate has a big effect on the H factor.

Table 2-4 Shows the Grossmanngquenchingintensity factor H at different cooling media
adapted fromThelning248§|.

H Value (in?)
Agitation
Ol Water Brine
None 0.25-0.30 0.9-1.0 2.0
Mild 0.30-0.35 1.0-11 20-2.2
Moderate 0.35-0.40 1.2-1.3
Good 0.4-0.5 1.4-15
Strong 0.5-0.8 1.6-2.0
Violent 0.8-1.1 4.0 5.0

To determine the total Dialue, firg the curve shown in Figure 2.%hould be used to
calculate the hardenability of the steel as a function of carbon content and austenite grain
size. $cond, fran the curve shown in Figur255 hardenabilityof each alloying element
present in the steel composition should be calculated according to the weight
percentag¢249. Finally,the total hardenability of steel calculated loyultiplied the two of
previous hardenability values together as shown in the equakieltow[250] to get the D

(inch) value.

D (in) = fcos® fvmnoe® Teroe® Tmove™ Tsioe*f Nisefmnoe X X @ P
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The criticaldiameter (R is the diameter of bar that has 50%martensiteat its centre,
and in practice the Dralue is used to determine thecffor various quenching media uses
for that several converting charts represented the correlation between thand D for

any given quenching severity24§).
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Figure 2-54 The ideal critical diamete Figure2-55 Multiplying factors for different alloying
(D) as a function of the carbon contel elements when calculating hardenability asvBlue,
and austenite grain size for plain carbt according to AI§252).

steels, according to Grossmdg61].

2.11.3 Methods to improve tardenability using alloying elements

Alloying elements have a big influence on depth of hardness; accordingly, the best way
to improve or increase hardenability is by adding some alloying elements like Mn, Nb, Mo,
V, Ni, Cr, Cu, and Si to steelfiese elements basically delay the time uiegd to form
bainite and ferrite-pearlite microstructure that is, produce martensite by using a slower
cooling rate. The alloying elements can reduce the ratausttenite decompositiomn two
main ways by retarding either the growth rate or theucleation rate of ferritepearlite or
bainite. According to effect these elementan be divided into two types; Ferrite stabilizers
(V, Cr, Mo, Si) that increase the Al temperataned austenite stabilizers (Mn, Ni, Cu) that
reduce Al temperatur53].

Figure 2.56 shows the two different TTT diagrams for low alloy steels with various
concentrations ofthrome andmolybdenum that were used in the first curve and chrome,
molybdenum, and nickel that were used in the second cu@Gamparingthe two curves we
can see that in the second curwehen the amount of Cr and Mo were modified and %3

Ni was added to the stedhe curve shifted to the right and also tendléo form two distinct
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knees, one for pearlite formation and one fdmainite formation. Therefore, alloying
elements such as Cr, Mo, and Ni, which are usually added to steel improve hardenability by
shifting the pearlite C nose in the TTT diagrams to the right which gives arltinge during

cooling to form nartensitg254].
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Figure2-56 TTT diagram for two commercial low alloy steels of which contain roughB#D.dnd
1 %Mn. In addition (c)contains 1.04Cr and 0.26Mo, and (d) contains 0.8 %Cr and 0.3 %Mo,
1.8 ONi[255).

During transformation of austenite partition will occur to form ferrite and pearlite. At
equilibrium the alloying elements in pearlite will partition between ferrite and cementite in
different concentrations through keepgor rejecing it during the process of nucleation and
growth. Carbide forming elements such as Cr will concentrate in theepgéte whereas
elements such as Si will concentrate in the ferri@wever in comparison with carbon that
is form of interstitial solid solution, these elements are really slow to produce partition
which therefore reduces the pearlite growth rate. The pearlite growth rate increasdast
as substitutional diffusion of alloyirgjements allowg for partition to occur which means in
other words reduing the diffusivity of these elements retasdthe formation of ferrite,
pearlite andbainite. The probable diffusion route for substitutional elements is through the

1 kdnd!/cementite interfacq256.

Fig. 2.5&hows the partitioning of alloying elements in-6& wt% @.85% Cf0.66% Mn
0.26% Si steel transformed at 59 for 2ming[256]. As can be seen in this figusghen the
variations of alloying elemen&e measured in this steel during the formation of pearlite, Si
does not have solubility in carbide, thus partition is needed to reject Si into ferrite. In the

case of Mn, the solubility in carbide is a bit higher but the partition of Mn can be attributed
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to the same reasonThe situation with the chromiuns inverted where the Cr dissolw@
the ferrite until the saturation state, then the excessi€rejected to the ferrite boundary,

producing a partition and then precipitaig as carbide.
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Figure2-57 Schematic diagram showing tineeasuredvariations of alloying element
in pearlite. Theseneasurementsvere made uig a timeof-fight atom probg257).

Porter and his cavorkerd253 also mentioned that the effect of austenite stabilizer
elementssuch as Ni is different, whereigpossible for pearlite to grow without partitioning
under conditiors of sufficiently high undercoolingvhich means that it (Ni) can be accepted
either in ferrite and cementite without need for substitutional diffusioHowever, the
growth rate of pearlite will still be lower than in binary-Eesteel because the concentration
of Ni in the ferrite and cementite will raise their free energyhereas with strong carbide
forming elements such as Cr they suggest that thesmehts can reduce the growth rate of

pearlite by a solute drag effect on the moving finterface.

Figure 2.5&hows the different hardenability curves for five alloy steels that have 0.40 %C
and various contents of other alloying elements. From tigare we can see that all five
alloys have nearly the same value of hardness at theé @nthe quenching where 100 %
martensite is present, and this hardness is usually a function of the carbon amounfsnly.
the Jominy distance increases towards the centhe hardenability curves begin to change
either by continuing or decling according to the cooling rate which is usually affected by
exising alloying elements. In thisgtire the lowest and highest hardenability curves were
1040 and 4340(~ 34CrNiMo§, respectively. Forl040 steel, the hardenabilitysilow

because the hardness faiharplyin a short timeand the steel hardesjust to a small depth
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under the surfacgaccording to that the steel microstructure will be mostly pearlitic with
some proeuectoid ferrite. As for the 4340 steel, the hardenability is higher and the
hardness will continue to a much greater depth; according to that the steel microstructures
will consst mostly of a combination of martensite and bainite, and the amountahite
increases with a decreasing the rate of cooling. This big difference in the hardenability for

these two types of steel is, as explained previously, because of the existence of Ni, Cr, and
Mo in the alloy steel25§].
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Figure 2-58 Hardenability curves for five different steel alloys, each contair

0.4 %C (Approximate alloy contents as shown in the c[2%8])

2.11.3.1 Use of Vanadiungv)

Crafts and Lamof26( discussed the effect of vanadium dardenability and mentioned
that the hardenability of steel will be improved in presence of the vanadium if this steel is
austenised at a high enough temperature and for long enough to be sure the vanadium is in
solution. This can happen undehe condition that a small amount of vanadium is added,
but opinions differ if a maximum amount of vanadiui added evenf the effect of
undissolved vanadium carbideshich can reduce hardenabilitys avoided. Vanadium is
usually added to constructional alloy stder its ability to promote secondary hardening
during temperingput doesnot improve hardenability because of its sensitivity to austenite
condition261]. Furthermore according to Odd Sandbeend ceworkerd262], vanadium in

solid solution also improves the hardenability of the stegh a mechanism similar to Nb.
90



This study als@omparedthe hardenabilityof MoV steel with Ti and without Ti. The results
show that the hardenability of MoVTi is better than MoV, where the value of hardness that
was obtained for MoV Wwasequal to three timeghat obtained for MoV at the same Jominy
distance. Thisis basically de to the presence of vanadium as solid solution, where
vanadium can work effectively by formation of VN during hardening, so the VN can be
inhibited throughthe presence of a strong nitride former such as Amother study by
Mangonorj263 used different amouns of vanadium to improve hardenability of four
gradesof steels at several austeniiig temperatures depending on carbaontent. The
first row of Table 2.9shows the initialcomposition for the 4330 steeBubsequentiythe V
and Mo were modified until kept at about 0.26\/0 %Mo and 0.13%6\t0.05 %Mo inthe

composition.

The results showed that a good interaction of lgiimlenum and vanadiurwas fourd at
normal austeniti;ig temperature Table 25 shows the chemical coposition of 4330 and
4030 steels with a series of modification of Mo andAW.these modified combinations of
molybdenum and vanadium at all temperatures indicate a higher hardenability than the
standard grade, for instance the 4330 steels with modifidd0d0 %Mo and 0.10%V
showed a higher hardenability excaed the standard composition with just 0.3oMo.
Furthermore, the hardenability of vanadium modified steels incesand the austenite
grain sizecoarsens as the austenitig temperature is raised Fig. 2.59shows the

hardenability data of different modificati@of Mo and V fod330 steel

Table2-5 Composition of alloy steels (wt. Yapapted fromMangonorj263]

Alloy M8 o un p S Si Ni Cr Mo V Al N

No (ppm)

STD 4330 254 0.30 0.49 0.003 0.017 0.21 1.78 0.53 0.30 <.01 0.056 135

Partial \* 288 0.28 0.51 0.005 0.009 0.23 1.93 0.53 0.05 0.15 0.065 69
Substitution 289 0.28 0.49 0.004 0.016 0.20 1.94 0.53 0.10 0.10 0.057 81
4330V 255 0.30 0.48 0.001 0.014 0.22 1.76 0.53 0.10 0.16 0.063 117

Total \* 256 0.31 0.50 0.001 0.016 0.23 1.72 0.50 <.01 0.24 0.056 134
Substitution 271 0.29 0.52 0.003 0.017 0.21 1.75 0.53 <.01 0.15 0.053 82
4330v 291 0.28 0.50 0.004 0.011 0.21 1.94 0.52 <.01 0.10 0.058 48

329 0.28 0.78 0.007 0.014 0.22 0.03 0.03 0.30 -- 0.058 0.0116
4030 299 0.34 0.81 0.009 0.018 0.23 0.03 0.02 0.32 --- 0.057 NA
300 0.31 0.82 0.007 0.017 0.24 0.03 0.02 ---- 0.15 0.056 NA

301 0.31 0.82 0.007 0.016 0.25 0.03 0.02 0.05 0.15 0.059 NA
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2.11.3.2 Use ofniobium (Nb)

Niobium is an effective microalloying element, typically used in steel to refine the
austenite grain through formation of niobium carbide and niobium nitride, and also used to
improvestrength and ductility within the structuf@64]. A study done by C. Fossaert and H.
Bhadeshif265] investigated the influence of Nb on the hardenability of microalloyed
austenite based on theritical ®oling rate to get a rartensite percentage of 0.95 % within
the steel microstructure. Table 2ghows two similar compositions of steel (steel 1 with and

steel 2 without Niobium) that were used in their study

Table2-6 Chemical coontents(wt. %) of the experimental steeladapted

from Bhadeshif265|
C Mn Si Nb N
Steel 1 0.152 1.545 0.467 0.035 0.0053
Steel 2 0.178 1.527 0.023 0.0037
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The authors in this research tried to explain the influence of Nb as solid solution on the
hardenability with respect to the austenitergn size. As seen, Figures 2.60 and 2.61
illustrate the plots of the critical cooling rate versus both of austenite grain size and the
calculated concentration of Nb in solution, respeely. According to Figa 2.60austenite
grain size is not the main dominant factor affecting the hardenability of steel 1, where the
hardenability occurred over a very smedhge of grain growth. Fig. 2.6ddicates that the
critical cooling rate to form @rtensite decreases as the Niobium increases in solid solution.
From these two curves Forssaert and hiswarkers concluded that the decomposition of
austenite can be delayed through presence of a small amount of Nb in solid solution, while
the transformdion to bainite can be accelerated by Niobium carbide precipitate. They
suggested the possible reason was due to segregation of Nb atoms within austenite grain
boundaries, where a free energy of segregation and also interaction of the alloy elements

through repulsion and attraction mechanism exists.

1404 1204
B
120 A
a 1004 O
100 Steel 2 — ’-"l-. E l:
m i ‘. E % .EJ
s_) n { : 8 1
< 80 /,4‘ ! L 4
R S
/ o > 60 Fu)
601 \
__A'r /m N
e y \
40 & 40 N
_____ eemmmemmemmmmnpf = Steel 1 \--\\._"__. )
Q- 0 e L 2 SN
20 T T T T T T T T 1 20 T T T 1
12 3 4 5 6 7 8 9 0.0 0.01 0.02 0.03 0.04
Austenite Grain Size Index Niobium Concentration in Solution (wt%)

Figure2-60 S The critical cooling rate require Figure 2-61 Critical cooling rate iglotted
to get apercentage of0.95 of nartensite is against the calculated concentration of
plotted against the austenite grain size for ba within solid solution for steel[265].

steels 1 an@®[265].

2.11.3.3 Use of Boror(b)

Boron is one of the alloying elements used to raise or improve hardenability of structural
steels witha smalker quantity than other alloying elements such as Cr, or Ni, where usually
its amount n steel does not exceed 0.0@R005 %. Ahigher amount of boron does not
produce any further improvement in hardenability, but conversely boron can enhance
formation of a boride eutectic that causes the reduction of both hot ductility and toughness
of the steel at various temperatures. Boronas interstitial element and has a very low
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& 2 f dzo A-Sakdiselutidnyhich is less than 0.008 and its effect on hardenability is
relatively constant. The carbon content of the steel has an effect on the potency of boron,
which becomes very effectivat low carbon conten{®66]. Furthermore, boron has good
affinity for oxygen and nitrogen; thereforether elements should be added to steel with

boron such as aluminium, titanium, or zirconium.

Consequently the effect of boron on hardenability can be improved if the dteel
preliminarily well deoxidied and denitrified. Figure 2.6shows hardenability curvesf four
different alloy steels without boron, and with boron and some other add#ielements. As
can be seen in theidure, with boron the extent of themartensiterange b&omes greater
than that in steels without boroybut this rangas extenrded muchmoreif the steel contains
other additives along with bord@67]. T.l. Titova and his cworkerd268 have studed the
effect of baon (0.0020.0035 %) microalloying on hardenability, and to provide a good
AONBY @K Kcdpri atl 0 YR (G2dAKySaa 2F odAbRAYy3I 2
the presence of about 0.5 M®. The result which thewnchievedwas good,and with this

amount of boron the hardenability of the steel can considerably improve.
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Figure2-62 Curves of hardenability for steels with 0a43%C and various sma
amounts of additives. 1, Without boron; 2, with aadition of boron; 3, with
boron and vanadium added; 4, with boron, vanadium, and titanium afR&S.
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2.12 Summary

In summary, ®el is considered one of the most important materials andidely used in
a variety of industriaapplications Required mehanical propertiegan be achieved through
the possibilities of adapting the microstructure of steel by using several diffenetiiods
such as chemical composition, forming processesl heat tratment. All of thishas led to
the presence of large amounts of data to cover all theseas This chapter covesthe most
important knowledge related to this stugdyguch as some physical metallurgy principles,
some alloying elements affecting the mistaucture, and others. Evenith this vast amount
of data about steel thereare areas concerning large scale forging especially
thermomechanical and heat treatment with very low cooling rates and using pheilkieat
treatment cycles, that still that have not been coveredsufficient detail Consequently,
through this study we will try to cover thermomeshical processsand heat treatments of
a large scale product made of 34CrNiMo6 steel with those conditions and try to investigate

the processing parameters that help to improve the mechanical properties.

2.13 Research Objectives

The objective of this igearch is to investigate and simulate all process conditions such as
temperature, cooling rate, strain, and strain rate experienced in the large scale forging of
34CrNiMo6 low alloy steel in order to understand and optimize the themeehanical and
heat treatment process parameters that determine microstructure parameters and thus the
final mechanical properties. The strategy followed to meet this has several stagess

follows:

1 Investigate the behaviour of isothermal hot working process over the dedtion
temperature range of 1260C¢ 900 °C, strain rates of 0.1, 0.5 ands1t, and strains of

0.4, 0.6 and 0.8 on the austenite grain size refinement.

1 Perform tiree and four hits of noisothermal deformation process in different
deformation temperatures to try to simulate the forging process and make it more
realistic, and alsto explore the difference in flow stress behaviour under asothermal

process conditions.
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1 Investigate theinfluence of changes ofaustenitisng temperature on the normalizing
process and study the effects of increasing the holding time of normalizing process on

variation grain size and the uniformity of microstructure.

1 Sudy the entire heat treatment process of normalizing, hardening, and tempering to
investigate the effect of the heat treatment parameters (temperature and cooling rate)
on the gran size, amount, and transformation behaviour of austendery to improve

toughness andltimate tensile strength.

1 Study he effect of double heat treatment of normalizing and quenchiogether withits
effectiveness orthe refinement of microstructureand grain sizewhich improves the
mechanical propertieand thus leadsto achiewng the same aim of improving toughness

and ultimate tensile strength
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Chapter3 Experimental Procedure
3.1 Introduction

During the deformation and heat treatment processes a series of factors can be modified
to produce steel with good andniform mechanical propertiesThe microstructure and
consequently the mechanical properties can be improved by modification of some
parameters that involve austenite grain size, cooling rate and chemical composition.
Austenite grain size is a really impanmt factor that needs to be taken into consideration
when mechanical properties such as strength and impact toughness need to be improved.
The microstructure, which is formed after deformation or after heat treatment processes, is
significantly affected Y the size of austenite grains; small austenite grain size is preferred to
improve impact toughness and strength. Many investigators have reported that the prior
austenite grain size plays a significant role in controlling some mechanical properties of

steels.

The first part of this chapter describessaries ofplane strain compression (PSC) sest
carried out on aThermemechanical CompressioMachine (TMC) to simulate the
deformation process conditions experienced in large scale forging of 34CéNowoalloy
steel over the temperature range of 90C€¢ 1260°C, strain rates of 0.1, 0.5 and 1, and
strains of 0.4, 0.6 and 0.8, in order to understand and optimize the themachanical
process parametersthat determine microstructure parameters andhus the final

mechanical properties

In the secondpart we examine the effect of heat treatment process with different
temperatures and cooling rates othe refinement of microstructure and grain size
improve mechanical properties, whicare represented primarilyby the toughness and the
ultimate tensile stressHeat treatment consi® of three main processesnormalizing,
guenching, and tempering. In additipto study all heat treatment possibilities, a double
normalizing, double quenchingnd single tempering processegere used in different

orders. A range of microscopy methoasre used for microstructure analysis.

97



3.2 As received material

34CrNiMo6 low alloy steel is the material used in this study. fipes of steel which is
used to produce company componentds generally characterized as quenched and
tempered low alloy engineering steel with high hardenability, contaimiogel, chromium
and molybdenum The steel usuallgevelopsits high strength by quenching to a full
martensitic microstructure and the tempering process is used to improve ductility and
toughness. The addition of Molybdenum prevents the steel from beirgceqtible to
temper brittleness Typical applications are for structural use, such as shafts of large
dimensiors, power transmission componen@nd some products for use in deep seas such

as mooring connectorf270.

A full circle from the actual forged and heat treated large scale product made of
34CNiMo6 stee] which represent the crossection for the final productivas received from
Somers ForgeAll required thermo-mechanicaloperations of forgingand heat teatment
were carried outon this received partThe chemical composition of this steel is shown in
Table 3.1. A small sample was cut frontexeived material that hdibeen supplied as fully
heat treated after hot forging to reveal the as reasmiv microstructure. Moreoverthis
microstructure was then able tobe used later for comparison with the microstructure
produced after experimenation. The microstructure at roomeimperature of as received
metal, as can be seen in Figure 3.(A) consists oftwo different carbon region
concentrations. The first, which is dark with high carbon concentration, while the second is

light in colour with low carbon concentratipwhich is represents a higher volume fraction.

Furthermore, during the SEM imaging, tbackscattered electrons are influenced by the
atomic number, where elements with lowest atomic number during scattering will not reach
the detector, which make it show up dark in the image. On the contrary, as the atomic
number increases, the resultant ea will appear lighter. In other meaning, the heavier
atoms, such as iron, will show up darker, while the light atoms, like carbon, will show up
light. According to that, the witeé small segments in Figure 3(B) are cementite, which
means that the struatre may consists of upper or loweainite. The average hardness of
the as received materialas approximately 260+5 HBndthe average austenite grain size

ranged between 40-55> Y ©®
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Table3-1 Chemicabtomposition (wt %) of 34CrNiMo6 alloy steel

Element ACCGD;II?/E)/LHange Me\j\llsol/ired
C 0.33-0.35 0.33
Cr 1.45-1.7 1.52
Ni 1.6-1.7 1.66

Mo 0.2-0.3 0.23
Mn 0.4-0.7 0.51
Pmax 0.015 0.009

Si 0.15-0.35 0.22
Smax 0.01 0.01
Almax 0.01 0.004
Vv 0.05-0.12 0.07
Cumax 0.3 0.13
Snmax 0.05 0.01

image 2000x and 8000x
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3.2.1 CCT diagrams f@4CrNiMo6 steel

In order to have indications on the nature and quantity of phases present after the
transformation, a continuous cooling transformation (CCT) diagram containing several
superimposed cooling rates curves is frequently used. The CCTrdiggegplicable for a
specific steel chemistry, prior austenite grain diameter, and cooling condition2i8Hd In
this work, CCT diagrams were constructed for 34CrNiMo6 steel using JMatPro software
database with grain size of 40Y | YRY plnid | dZ&AGSYAGAT AlChs G SYLIS

shown in Figures 3.2 and 3.3 respectively.

As explained in the literature review section 2.5.2 and according to these CCT diagra
it can be observed that the bainite andamtensite microstructures are @hnacteristic in the
range of used cooling rates (0.3 to 1'@/sed. In addition, the amounts of amtensite
increases with increasing coolingate, while the proportion of hinite decreases.
Accordingly, the two phases in Figure BAl are tempered bainie and nartensite. The first
phase whichd dark fine grains is temperedamensite, while the second is a tempered

bainite phase which is light in colour.

COMPOSITION (W1%)

CCT Fe: 95287
Al 0.0040
Cr1.52
1200 w5
Min: 0.51
ho: 0,23
1000 Ni: 1.66
0.6 °C/sec 3.1:005?2
& 800 @ renite(0.1%) C:0.33
S 0.3°C/sec DPefirlllte(I]_‘J%) z; 3.31090
2 et M Bainite(0.1%) 0. .
B 600 1.2 °C/sec : @rearlte(2a.9%)  TRANSTIONS: ()
T M Bainite(99.9%) earile. /37
= _ ) Bainite: 524.2
& Infinity Cls Ferite: 754.2
400 — Infinity Cfs Martensite:
—— —Infinity Cfs Start: 319.9
\‘ \‘ \ Infinity Cfs 50%: 284.3
200 \ \ \ a0%: 201.7
0
0.1 1 10 100 1000 10000
Time (3)

Grain size : 40 microns
Austenilisation : 8600C

Figure 3-2 CCT diagram for 34CrNiMo6 steel wthNIF Ay aAl S 2 ¥ n.
temperature of 860'C (JMatPro software).
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Figure3-3/ /¢ RAFI3INIY F2NJ on/ NbAaz2zc &adGSSt
temperature of 860'C (JMatPrsoftware).

3.2.2Dimensions and weight of theastingingot

The size and weight of the cast ingots usually produced depend on the dimension and
guantity of final forged product. In this project the casting process takes place in Sheffield
Forge Master anthe dimension and weight of the ingot that were used to largest forged
billet size are:

Top diameter : 1067 mm
Bottom diameter : 965 mm
Height : 2286 mm
Mid-line area  : 8108% mn¥

Weight : 17 Pdn

3.2.3Macro-segregation through the billet

The variations of chemical composition through the billet must be taken into account
especially in the case of large scale products, where the variation in the composition is
usually expectedAccordingly, he chemical composition analysis and toughness from 4
positions of the billet aréested, asshown inthe appendix E2 (According to company data

base). Although the toughness resultdor these samplesvere different the chemical
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analysiof these specimenshowsthat the composition is nearly consistent. Fraesultsin
the appendix E2 we can conclude that there is no maesegregationalong the length of
the billet, and the small different of percentage of each elementy not alter the

mechanical properés of the steel.

3.2.4Forgeddimensions and sampling location

According to First Subsea data base, the final dimensions of billet after the forging process
were about 8000 mm long and 480mm diameter. Once, the desired dimension of the billet
is reached aftedeformation, the billet is sent to the heat treatment plant to refine the
microstructure and reach the mechanical properti€enerally,the prepared test pieces
which are taken from thedrged billet should be equivalent of cross section and be fully
representative of the productin our study d the PSC Specimens and Charppotch
Specimens that were used teerify the specification of mechanical properties were taken
from a position located at 1/3 of the radius from the surfabéoreover, he longiudinal
direction ofthesespecimens should be oriented in the forging direction of the hilidtich

is the forging direction

Commonly for each testondition three test samples (e.g., Charpy Wotch) often
requiredto repeat in each casélhe average vae of these three tests usuallysed as a
result for the testto avoid or minimise theexperimentserror. Unfortunately in our study
there was some problems thaiccurredduring the experimental work, which made the
number of tests at each cortéhn is limited.For instance,he as received material was not
enough to make adequate number of samples, besides that the number of PSC and Charpy
specimens also were limited due to the condition of sampling position (1/3 from the
surface).Furthermore,many samples also were lost dugi perform the tests on the TMC
machine for many reasons, which means more samples to repeat these éstsover,
besideslots of users for TMC machine, the machine was broke down several times and for
long periods duringhe study, which means it was available for a limited time to each user.
For dl these reasons, only one specimen for each test condition was performieith
makes the occurrence of error ithe experimental results is possiblBig. 3.4shows a
typical forging drawing with the sampling position, according to ABS guide for the

certification of offshore mooring chain R4 and DNV3D3 which also clients requirements.
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Forging direction

| _____________________________________ | _____

r/3

Figure3-4 Shows the position sampling for PSC Specimens and Chadpicl Specimensn
the forged Steels bar.

3.2.5Effects of variations in structure and segregation on the test samples

Generallyconsistency throughout the sampling position is very important issaeause if
there was any variation in the samples compiosi that will leads to scattem data results
even under the same test conditionsThe as received material also may have residual
segregation or chemical concentration gradient that was produdedng large ingot
solidification. This issue should be taken in consideration when the sampling position is
chosen, because this variation will effect on the test samples, consequently on the later
results. This variation is usually distributed from therface areas to the other areas
towards the centre.Therefore, to reduce this effect all the samples were taken from the
same position where the microstructure should be consisté&atordingly, fronas received
cross sectionall the test specimens wergaken around the circumference of a circle that

has a radius of 2/3 from the centre.

Furthermore, the mechanical properties of alloy steels usually depend both on the
thermomechanical history and on its chemi$&y2]. Therefore, the variations of structure,
heat treatment or a combination of both through a forging may cause differences in some
later results.The questionis does multiple heat treatments modify the response of the alloy
e.g., the austerity grain size, whi@also may affect later result&rzyzanowsk273] et al.
have reported thatin thermo-mechanical processing, the thermal history of the workpiece
has profound influence on the final properties of the produdawever, the repeated heat
treatment is used when the forged bar does not meet the required properties after first

heat treatment.
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Thus a second and even third heat treatment in some cases is needed in an attempt to
approach or to achieve these propertids. our experimental results shows that repeated
reheating has good effect on modify the response of the 34CrNiMoél stepecially on
toughness Generally, before perform the simulation test; the conditions of the real case
and the simulated test should be matched. Where later, these condition can be modified to
test the extent of their impact on the properties. For iaste, in this study before
simulation the real tempering process, the initial conditions were created to try to simulate
the similar structure that was produced through a forging (See section 3.6.1). The austenite
grain size of the tested samples that wased for our experiment must match the average
austenite grain size for samples that were taken from the real product before tempering.
Hence, it is important to create a condition of temperature to match this austenite grain
size. Moreover, the cooling t@that was used in this experiment must be equal to the real

cooling rate and in the same place through the cross section required for testing.
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3.3 The forging and heat treatment processes for the real product

Pre-heating Proces

1250°C-1275°C
{1Hr/25mm)

Forging plo{%ﬁmp‘n; procass §

1250°C-1275°C

p i

650°C

MNormalizing Process

860°C (1/2h/inch)

1-3 days)
= 900°C 900°C \
650°C \
Nin. Forging
A Temperature
300°
ROOM TEMPERATURE

Degassing Period
{1week)

Air cooling

Cuenching Process

850°C {1/2h/Inch)

J—
Tempering process

520°C (2 times Holding quenching time]

Water Quandhy Water Quinch

Figure3-5 Sheme offorging process and Heat Treatment for the real company product.
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3.3.1 The forgingprocess

The first stage in the manufacturing process of the company's real product started with
heating the billet gradually to the tengpature of 1260 °C, soaking for a period of time
according to the ratio of 1 h/25 mm in a flame furnace. Then, the process of deformation
took place at temperatures ranging between 1260 °C and 900 °C. At that time, when the
deformation temperature becamel@se to 900 °C, the billet was returned into the furnace
to increase the austenitising temperature to continue the deformation process again. After
that, the forged section was sited in a degassing furnace for a period of one week at
temperature 650 °C iorder to keep the hydrogen content values lower than 2 ppm, as
shown in Figure 3.3. Moreover, images of the real forging process in Somersdeongany

are shown in Figure 3.6

3.3.2Theheattreatment process

The first stage in the heat treatment process of the real product began with a normalizing
process. The process was performed by soaking the billet for a period of time according to
the ratio of 1/2 hour/25 mm at a temperature of 860C, as shown in Figu®5. The
objectives of a normalizing process e refine the grain sizehat frequently become
coarser after hotdeformation at high temperature and distribute uniformity in the
austenitic microstructureThe second stage of heat treatment is the queing process
where the billet is sent back to the furnace and soaked at a temperature of@%6r a time
according to the ratio ofl/2 h/25 mm followed by quenching in water. The benefit of this
process is to obtaimartensitethroughout the cross section of the billet. The final stage of
heat treatment is the tempering process. The process is carried out by holding the billet at
620 °C for a period of time that is double the quenching time, finally quenching the billet in
water. This process is usually used to obtain desired mechanical properties such as hardness
and toughness in the finished produdimages of the quenching and tempering heat
treatment process that were done in Somers Forge Company for the real product avs sho

in Figures.7.
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3.4 Plane strain compression (PSC) testing

Standard plane strain compression (PSC) specimens with dimensionx 80X60 mm,
as shown in Figure 3.8), were machined from the as received forged and heat treated
material to be used irthermo-mechanical tests on a TMC machine. This kind of test is
performed to simulate the conditions that are used in metal working operations and to
obtain stressstrain curves that can be used to determine some material characteristics. All
PSC specimensere cut to the preferential orientation which is 6@m is the forging
direction. The PSC tests were performed at the University of Sheffield on a modern (TMC)
machine equipped with a computer system which allows it to control all the deformation
conditions. As shown in Figure 3.the sample was placed between two flat dies, where a
narrow band from the specimen length was compressed by these dies which are wider than
strip. Deformation happens in the direction of die movement and in the direction naional
the length of the dies.The required data such as load, displacement, velocity and
temperature from the tested specimen are recorded through the computer system to be
used later for analysis and to drastressstrain curves. Figure 3.@) shows the PSC

specimen before and after the deformation process.
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Figure3-8 Plane strain compission (a) specimen dimensiofty) specimens before and after TM(
test.
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Figure3-9 Schematic of the Plane strain compression test

3.4.1 The thermaemechanical compression test machine

PSC tests were performed in the setwxdraulic thermemechanical compression (TMC)
machine, as shown in Figure 3.Ihemain purpose of this machine is to simulate metal
forming processes such as forging under different manufacturing conditions of temperature,
strain, strain rate, and heating and cooling rates. Two types of deformation test can be
performed in this machingplane strain compression and axisymmetric compression tests.
The TMC machinis designedfor the computer systento control fully the deformation and
heat treatment processes where the specimen handling is controlled fmbot arm, as
shown in Figure 3.11During the years that the TMC machihas beenworking several
adjustments have beemadeto the machine and to the controlled software to attempt to
improve the results obtained. The rig is designed to communicate with the actiand
recording instruments such aa transducer for detecting displacement, temperature,
velocity and load of the deformation specimens at elevated temperatures and different
strain rates. For heating and cooling specimansinduction furnace also knavn as fast
thermal treatment unit (FTTUyas used. The FTTU unit which consist of a quenching unit
can create a complex heat treatment profile with good accuracy of parameters such as
heating rate, temperature, holding time, and cooling rate. One or mdid¢ype
thermocouples can be inserted into the specimen to collect the temperature data of the
specimens from reheating to the deformation and through cooling with different rates
(forced air, water, or mix of both). The specifications of the IMMPETUS fédhine are

shown in Table 3.2
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Table3-2 Specifications of the IMMPETUS TMC mad4Riré.

Machine characteristics

Actuators

servcehydraulic

Max strain

F H

Max strain rate

150¢ 200a q y,

Max temperature 1200°C
Max load 500kN
Quench either air/water cooled/quenched

Controllable variables

load, displacement

Atmosphere control

none (air)

Temperature measurement

up to 3 thermocouples in specimen

SERVOTEST =

-

| ' R
Figure3-10 servahydraulic test machin@75].

]
]/
=
fay
Test
furnace
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Heat treatment
specimen

¢

Figure 3-11 (a, ¢) PSC specimen in tl
robotic arms before and after testing
(b)The heat treatment specimen.

3.5 Deformation Process

Hot deformation processes such as forging are usually usi&ful improving the
engineering properties of many steel products becatisey assistin the refinement of
austenite grains and produce a figgained equiaxed microstructureghus helping to
increase the strength, ductility, and toughness of the materaistenite grain diameter
plays asignificantrole in determining the sulexjuent phase transformation (section 23
therefore, it is necessary to have a good understanding of it during a hot forging.
Furthermore, impurities such as inclusions tlas¢ formed during castingvhichare usually
randomly oriented andact as a source of cracks, can be reorahaind male small and
spherical by using hot deformatipwhich leads tca decreasen their danger.Accordingly,
the first issue to address durintpe forging processes is the relationship between the
variables thatplay a role during hot deformatiorand control the evolution of the

microstructure temperature, strain, strain rate and cooling rate.
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3.5.11sothermal Deformation Proces&ingle hit)

The mean purpose of the isothermal deformation process@s to quantify the prior
austenite grain size of the 34CrNiMdéw alloy steel under different deformation
conditions. The extent and stability of the austenite phase is affected by chemical
composition, the deformation temperature, the holding time before that temperature,
strain and strain rate. The process gy heating the specimento a temperature of
either 1100°C or 1260°C which represent austenitising temperatures by using the TMC
machine. According to the holding time estimation, one heas the period of holding time

for both reheating temperaturessge sectior8.1.1).

After soaking at austenitising temperaturie specimenwas cooleddown to a required
deformation temperature. After that deformatiotook placeby using a strain of 0.8 with
different strain rates of 0.1, 0.5 andsl? at each deformation temperature @0 °C, 1000
°C, 110C0C and 1200Cafter the austenitising temperature of 126%C, and 900C, 95C°C,
1000°C, and 1100C afterthe austenitising temperature of 11080C Finally, the specimen
was water quenched to room temperature directly after dahation, as shown in Figure

3.12

Moreover, more experiments of isothermaleformation were performed to study the
effect of changing the strain on the austenite grain sidge same stepasprevioudy were
repeated withan austenitising temperaturef 1260°C, deformation temperature of 100@C

and strains of & and 0.6 with strain rates @1, 0.5 and 5 * at each strain.

Figure3-12 Shematic diagram of the isothermal thersmechanicalprocesses, using a strain of o
with different strain rates (0.1, 0.5 andsl?) ataustenitisingtemperatures of (A) 1260C, at eact
deformation temperature (900C, 1000°C, 1100°C and 1200C), (B) 1100C, at each deformatiol
temperature (90C°C, 99 °C, 1000C, 1050C and 1100C).
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