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ABSTRACT

Steels for the car industry are engineered to enhance the strength (yield and ultimate), total
elongation, and weldability to lighten cars and minimize fuel consumption. This can be achieved by
combining ferritic matrixes toughen withanoprecipitates forrad during theausteniteto-ferrite
transformation. Samples of two alloys were initially testeeM¥ and C#V-Mo, which were claimed

to have exceptional mechanical properties but with no complete information on the processing. At
the Department of Materia Science and Engineering of the University of Sheffield, microalloyed
steels YMo0-0.4 and GiV-Mo-0.4 were produced to evaluate a large hworking strain per pass
before the isothermal transformation and to observe the priarstenite grain behaviour. Relts
showed superior mechanical properties with a microstructure composed of a majority of ferrite.

Values of. P00 & plo "O0 With total elongation of about14% were found for steels with
no Cr additions, ang  p'00 & plo"O0 @ith total elongation of~17% for steels with Cr
addition.

Another three alloys were manufactured at the University of Sheffield to evaluate lower magnitudes
of strain per pass on the same compositions and add a new oAdl(@#0.2) because of thevell-

known effect of Nb on the grain refinement of the final microstructure plus the addition of Cr which
showed a higher percentage of ferrite after the isothermal transformation, and better mechanical
properties than steel free of Cr. The change in tlrais per pass during the hablling produces a

drop in the final mechanical properties of about 200 MPa for the yield stress, 300 MPa for the ultimate
stress and about 3% in the total elongation. Also, less ferrite volume fraction was found in these last
alloys. To clarify that, identification and quantification of the interphase precipitation within the ferrite
were performed followed by the calculation of the strength contributions.

It was established that steels with higher strain per pass duriedgptitworking produce more volume
fraction of interphase precipitation, of dislocation density antaximize the solid solution
strengthening contribution. Also, the addition of Cr showed higher precipitation of vanadium carbides.
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CHAPTER 1: INTRODUCTION

Dualphase steels (ferrite + martensite) have a good combination of tensile properties such as
continuous yielding, high strength, and gaaaform elongation, ideal for reducedeight automobile
designs with better fuel efficiené&f. The mechanical properties of microalloyed steels depend on
multiple factors, one of them is the contribution made by precipitation which is determined by the
size, density, ditribution and morphology of the carbidesSome investigations in this field of
metallurgy are focused on maximizing the tensile strength via grain refinement and precipitation
hardening<®.

Conventional higfstrength lowalloy (HSLA) steels are strengthened by the combination of solid
solution hardening, grain refinement and precipitation hardening. The grain refinement can be
successfully achieved lopntrolling the rolling parameters of TMCP schedtité The rolling at the
austenite recrystallization region refines the grain size by successive recrystallization. The austenite
grain boundaries provide nucleation sitesffo? | transformation, meaing that the austenite grain
refination makes the final ferrite grain size becomes smaller. The rolling at the austenite non
recrystallization region accumulates internal stress in austenite grains like dislocations, which act as
nucleation sites for ferteé and thus producing ferrite grain refineméest’.

The interphase precipitation of carbides andrbonitrides during the austenite to ferrit¢ € | )
transformation has been successfully applied to strengthen steels with the presence of ferriti¢éphase
These pecipitations increase the ferrite strength thanks to their characteristic rowed dispersion which
blocks the movements of dislocations. Since then, additions of microalloying cddbidimg
elements have been studied aiming to lower th® | transformaton temperature to retard the
generation of pearlite and large cementites and replace them for fine carbides within ferritic’phase
Research works reported the effect of carbideming additions on interphase precipitation,
precipitate spacing, orientation relationship, volume fraction, etc. and correlate them with the
obtained stength gairi<®1&22,

In previous studies, the interphase precipitation in steels with Cr additions had been refitfteal

have a significant gain in the tensile properties but with no agreement of wkite effect of Cr.

More recent studies of steels for the automobile industry by researchers afitineersity of Sheffield

has shown interphase precipitation during the austenite to ferrite transformation in st@eis.is an
effective way to increase the tensile strength of steels with no excessive cost increase in the
manufacturing proce$8?’. In those studies, Gong et al. analysed several microallstgsds, including

one patented by Tata Steel, IJmuiden. Important correlations were made between small additions of
microalloying elements (vanadium, titanium, and molybdenum), changes in the temperature of the
isothermal heat treatment (at which transfavation takes place) and their effect on nanoprecipitation
formation, coarsening and spacing. All of these factors contributedifiarent ways to the tensile
properties of steels.

The development of XCr and MCrNb microalloyed steels with an excellerdncbination of tensile
properties (yield strength > 900 MPa, ultimate tensile strength > 1200 MPa, and total elonfation
20%) has been achieved. This combination of properties is due to the significant strengthening
contribution of the interphase nanometesized precipitation in the ferrite. Dilatomettig a highly
dependable technique that provides consistent experimental data by monitoring thermal cycles in
steels in reatime 2%, Thisis why it has been utilized to conduct accurate heat treatments and
investigate the impact of Cr and Cr+Nb additions orf tle| isothermal transformation in Yased



microalloyed steels. The microstructure of the samples and the volume fraction of ferfitas
obtained by the point counting method on optical microscopy (OM) images. Further tensile tests were
made and their results correlated with the interphase precipitation found via TEM imaging. The
contribution of the interphase precipitation to the teite strength is presented as a function of the
analysis made.



CHAPTER 2: LITERATURE REVIEW

2.1. STEEL FOR THE AUTOMOBILE APPLICATIONS

Historically, research on automotive vehicles has focused on improving the efficiency of them and
satisfying all the characteristics that novel standards and designs require, such as low emissions, good
crashworthiness, high stiffness, and the forming efywcomplex contours related with modern
vehicles®*2 The use of light metals such as aluminum has become increasingly popular to reduce the
O2YLRYSyiliQa 6SAIKId® ¢KS RSyaArde 2F | fdzYAydzy Aa
. 2dzy3Qa& Y2RdzZ dza ' NB | f &2 [Ihéreadan why ifiSso bakd xodstitlitel | § 2 F
aluminum in components which historically had been produced with steel, particularly without a large
modification in the designs to toughen theth Inresponse, automotive modular designs have been
developed, permitting the usage of different materials to perform securely, comfoitiatahd

efficiently in vehicles**. Besides that, lovearbon steels have always been some of the favourite
materials for the automotive industry, ringing benefits such as low cost of production, good
attributes for safety parts, great weldability and recyclability, among otB&r$here are different

steel families that have been used in the autniie industry, some of them are discussed below.

2.1.1. HIGH STRENGTH LOW ALLOY (HSLA) STEELS

The term HigkStrength LowAlloy (HSLA) steel has never been precisely defined neither its origin or
its first historical use. Some correlate the origin of HSkg®els with the development of Nb
microalloyed steels, and niobium had an important transition from being little more than a laboratory
curiosity to being an important commercially produced ferroalloy convenient for addition to steel in
1965, with the fist successful commercial fabrication of ferroniobium by the Companhia Brasileira de
Metalurgia e Mineracdo (CBMM) mine in Araxa, Brazil. After that ferroniobium as a microalloying
element was widely available to the steel industfy® Furthermore, the origin of HSLA steels could
0S f Ay 1 SR¥réstlts ih A90C, ik WhiEk 2 enhanced the corrosion rasist in steels with
copper additions.

An example of a study which used a name close to that of HSLA dates freb®30isl Coné® refers

to steels evolved from carbe 1 SSt o l-@l& hight S & R2HS a0SStacd C2ff 2
studies investigated low alloy additions in combination with multiple heaatinents, and
manufacturing processes with the aim to enhance the tensile properties of steels.

~

An appropriate definition for HSLA might be the one given by Porter and Répasg KA OK A & & &l
having yield strength over 40 ksi (175MPa) with alloyingitemits designed to provide specific

desirable combinations of properties such as strength, toughness, formability, weldability, and
FGY2ALKSNAO O2NNRaAz2zy NBaradlyOoSeéd alye 2G§KSNI |
some of them are:

2.1.1.1. WEATHERING STEELS:

Steel with a total alloying content of less than 5% designed to give better durability
under conditions of atmospheric corrosion. The enhanced corrosion resistance is a
result of the addition of alloying elements such as Cu, Cetd&NiThe steels are usually
used for roofs, artistic features or heavy structures under relative corrosive
environments as transmission towers.



2.1.1.2. CONTROL ROLLED STEELS:

These are steels that have been rolled at temperatures below the recrystaltizatop
temperature to obtain an austenitic structure with a very high residual strain. After cooling
the deformed structure will become a very fine equiaxed ferrite structure.

2.1.1.3. PEARLIFREDUCED STEELS:

Steels with low carbon content, resultimg little or no pearlite in the microstructure. Their
principal hardening and strengthening mechanisms are a venygfiaimed ferrite as the main
structure, plus some strengthening from precipitation.

2.1.1.4. MICROALLOYED STEELS:

They are steels where producarse very small intentional additions of alloying elements such
as boron, titanium, niobium, vanadium, etc. (usually below 0.10% each), to control
simultaneously multiple properties, such as grain refinement, precipitation hardening,
inclusion shape andz# control, very high hardenability and weldability.

Because the main topic of this thesis is related to microalloyed steels, it will be discussed in
detail in the following chapters.

In the 1990s, the automotive industry developed and widely used a HSS steel which combined the
required properties as a result of micralloying additions. They were mainly-Mh steels
strengthened with the addition of a microalloying amount of titaniwrapadium, or niobium known

as HighStrength, Lowalloy (HSLA) Stee¥ While the HSLA steels were developed, it was clear that
the martenstic phase is stronger and harder than ferritic based microstructures. To increase the
combination of formability and strength of the steel, a combination of phases had to be used, such as
ferrite and martensite, leading to the evolution of dual phase (&Bg¢ls which represents the first
generation of Advanced Higdtrength steels (AHSS).

2.1.2. AHSS STEELS

The AHSS family of steels were developed to fulfil a commercial need to optimize the total elongation
and the strength. The most relevant for this indusire:

2.1.2.1. DUAILPHASE (DP) STEEL:

DP steels are usually composed of martensite islands within a ferrite matrix. They exhibit
similar values of strength to HSLA steels but with better formability, which has made them
suitable for theautomobile indugy. Some of them exhibit ultimate tensile strength above
1GPa and a total elongation close to 15%

DP steels are obtained by heating the steel into the [ and held, typically ag w 1, for
several minutes to allow small regions of austenite to form in the ferrite, and then cooling to
ambient temperature quickly to transform these regions of austenite into martefisitehe
martensite volume fraction determines the mechanical properties, with the DP steels
designed according to industrial specifications of elongation and strength.



The mixed microstructure gives DP steels one of their mostkmellvn characteéstics, that is

to have continuous yielding with no sharp yield point in the engineering stress vs engineering
strain curve Figurel). In addition, DP steels havelatively low proof strength and a high
work hardening rate, making them a very good option for enexiggorption tasks.

martensitic
dual phase
convenlional

Engineering stress

W

Engineering strain

Figurel. Schematic stresstrain curves comparing the behavior of a conventional automobile steel witlvtladuat
phase steel

2.1.2.2. COMPLERHASE (CP) STEELS:

In addition to ferrite and martensite, these steels contain bainite as the main constituent, and
exhibit higher formability than DP steéfs The addition of elements such as riigh, titanium

and /or vanadium enhances some important properties, i.e., precipitation hardening and
creep resistanceT@blel). A strength of 0.8 GPa or more can d#hieved, which can be
compared to that of TRIP steels, but with lower alloying addition. Their weldability is enhanced
at the expense of formabilif§.

Alloying element Role of the alloying element
Niobium 1 Promotes precipitatiomardening caused by finel
dispersed carbidés
1 Enhances resistance against intergranular corros
1 Increases creep resistance.
Vanadium 1 The main purpose of the addition of vanadium to CP si
is to reduce the grain growth and thus to limit the grain
of austenite. The resulting fine microstiwe, also
containing vanadium carbides, produces a substs
improvement in hardness and strength.
Vanadium enhances impact and creep resistance.
Addition of titanium results in the formation of titaniu
carbides (TiC) and titanium nitride$ilN). Grain refinement
of the steel is achieved by the grain growth inhibition ef
from the TiC and TiN particles.
i Titanium also provides corrosion resistance in oxidiz
environments.
Tablel. Effect of main alloying elements added in CP steels. Modified*¥rom

= =9

Titanium




The manufacturing of CP steels consists of austenizing above theiitieal region, and then
cooling. Depending on the approach taken, cooling can be slow to room temperature, or
so&ing in the bainitic region after a rapid cooling and then cooling to room temperature. The
alloy is quenched to the isothermal holding in the bainitic region from the austenising
temperature. Alloy additions are made to retard the transformation to ferehd pearlite so

that the pearlite region is bypassed. Any change in the processing parameters influences the
microstructure of CP stedfs leading to variations in tensile properties that are reported
extensively in the bibligraphy.

2.1.2.3. PRESHARDENED STEEL (PHS):

Widely used for producing structural parts for automobiles, PHS exhibit good weldability and
high tensile strengthx(1.5GPa), making them very important materials for structural
reinforcements and safety anititrusion parts (pillars, bumpers, impact beams, door beams,
NRE2F NI Afasx S Glowewer a/ditdal chataLteristich of théndis low residual
ductility due to the martensitic microstructure 6%¥-.

Hot press forming (HPF), also is known as die quenching, press hardening or hot stamping, but
mainly is a process in which cealolled steel blanks are full austenised to a temperature
between900 andw v #, then the hot sheet is press formed by watmoled dies. They cool

the blanks down below the martensitic transformation finish temperature 1t # (Figure2).

The required cooling rate commonly is betweerm#fOandp 1 #IGP2

1900 Coating durability
o 800
-:-; Hot workability, formability
5 Phase transformations
& 6004
S
8 Hardenability
£ 400|
(+}]
= Paint baking
200 Weldability
" Final properties

0 50 100 150 200 250 300
Time [sec]
Figure2. Scheme of the thermal cycle of HPF steel
Because of the weldability limit, the C in these steels generally has a maximum value of 0.2%

wt. Additions of other important alloying elements are made, such as Mn, B, Cr and Mo. Their
mainly effects on HPF steels are enlistedatle2.



Alloying Role of the alloying element

element
Manganese 1 Enhances hardening.
1 Retards most austenite decomposition reactions.
Boron 1 Increasedardenability in HPF steels by retarding t
heterogeneous nucleation of ferrite at the bound:
of the austenite grain.
Chromium 1 Strong hardenability agent.
1 Suppresses the bainite transformation.
Molybdenum 9 Via solute drag mechanism, suppresses thaglipe

formation kinetics and also ferrite, increasing -
hardenability.
Table2. Effect of alloying elements on HPF sté&ts

2.1.2.4. TRANSFORMATIONDUCED PLASTICITY (TRIP) STEELS:

TRIP steels have an exceptional combination of high ductility, strength, and impact
resistance, due to their mulfphase microstructures composed of martensites@h),
retained austenite (715%), bainite (3@5%) and ferrite as a maximum constituent{50
55%). The properties result from transformation of retained austenite (RA) to
martensite during straining, which is called the TRIP efféclhe most common
processing route to obtain TRIP steels is by austenising, then a cool to therititad
region where the material is deformed to increases the rate ofahstenite to ferrite

[ © | phase transformation, and at the same time to increase the bainite nucleation
rate but decreasing its growth rate. The remaining austenite becomes enriched in
carbon which stabilizes the austenite. The alloy is then cooledth@ bainite region

to give transformation of some of the austenite to bainite, which forms in small plates,
followed by a final quench to room temperatuté as is shown ifigure3.

A Full austenitic region

Deformation in
intercritical region

Bainiticregion

Temperature

Time

Figure3.Scheme of the thermal cycle of TRIP sfeel



2.1.2.5.

The addition ofwustenite stabilisers is very important for TRIP steels, especially carbon
and manganese. A silicon addition is made to suppress carbide formation and thereby
keep the carbon free for austenite stabilization. The addition of aluminum is also made
to getter nitrogen®8, limiting the free nitrogen and its harmful effect within the steel.
Processing TRIP is complicated given the need for tmplex heat treatment, making
them expensive which limits the possible industrial application of TRIP steels.

TWINNINGINDUCED PLASTICITY (TWIP) STEELS:

The TWIP steels microstructure consists mainly of austenite to obtain a greater balance
of elongation (50% maximum) and tensile strength (above 1GPa)

Their common compositinconsists of 15 to 35% wt. Mn or Ni, 1 to 3% wt. of Al and
around 1% of &I5% Other additions are made for different purposes, agyt
contribute to solid solution strengthening (C, Si, N, Al), to obtain retained austenite at
room temperature (C, Mn, N, Al), etd.able3). In general, alloying elements mostly
decrease the stacking fault energy (SFE) of the steel, enhancing twinning behavior
during deformation, reducing the dislocation density and as a resuimprovement

of ductility is obtained. For pure twinning, the SFE value should bie § & or
greater, otherwise a conversion from austenite to martensite occurs (TRIP éffect)
Thus, a small addition of Al is very important to increase the SFE, retarding the TRIP
effect to produce deformation purely by twinning.

Effect

Mn Si B Ti

J-stabiliser

Solid solution

v
strengthening ‘/

austenite

v
v

SNF
N AE

( martensite

refinement

Hot ductility

v v

Table3. Effect of alloying elements on properties of high manganese $teels

Unfortunately, even with the uerior mechanical performance of TWIP steels, they have
limited industrial production and application mainly because of three reasons:

1-

Cost ineffectiveness.

2- Poor productivity.
3- Delayed fracturé?



This thesis has been focused in microalloyed steels, and so the following sections will focus on the
different mechanisms to strengthen these steels.

2.1.2.6.

STRENGHTENING MECHANISMS OF MICROALLOYED

STEELS

Alloying elements play three main functions in microalloyed (MA) steels, which are: 1) solid solution
strengthening, 2) grain refinement, and 3) dispersion strengthening. All three are related to the alloy
content, but grain refinement and dispersion stgghening also on thermomechanical processing.
Furthermore, microalloying elements are selected to reduce t®e| transformation temperature,

to obtain a finegrained product. In general, austenite recrystallisation is retarded by the addition of
microalby elements via particle pinning and/or solute drag of grain boundafiedle 4 is a
reproduction of the table published by Vervynct etalwho summarises the general effect of the
alloying elements additionsroMA steels.

Element Wt-% Influence
C <0.25 Strengthener.
Mn 0.5-0.2 Delays austenite decomposition during accelerated
cooling.
Decreases ductile to the brittle transition temperature.
Mild solid solution strengthener.
Si 0.1-05 Deoxidiser in molten steel.
Solid solution Strengthener.
Al <0.02 Deoxidiser.
Limits grain growth as AIN.
Nb 0.02-0.06 Very strong ferrite strengthener as Nb(C, N) which at tl
same time controls the grain size coarsening.
Delayg © | transformatio.
Ti 0-0.06 [ Grain size control by TiN formation.
Strong ferrite strengthener.
\Y 0-0.1 Strong ferrite strengthener by VN formation.
N <0.012 Forms TiN, VN and AIN.
Mo 0-0.3 Promotes bainite formation.
Ferrite strengthener.
Ni 0-05 Increases fracture toughness.
Cu 0-0.55 Ferrite strengthener.
Improves corrosion resistance.
Cr 0-1.25 Improves atmospheric corrosion resistance (when Cu |

also added).

Table4. Common alloying elements used in fabrication of MA steels.



2.1.2.7. SOLID SOLUTION

Since it was developéaly Pickering et & Equationl has been used to predict the yield strength of
low carbon steels. It only considers the effects of solid solution and the grain size hardening. It
correlates the ferrite grain size (d) withd weight percentages of the free nitrogen dissolved in ferrite
(Nr), manganese and silicon.

Equation

, pa&o®d c¢p-1 b vVB3EbPca ppA” 1

It has been shown that this relationship does not fit with experimental diatm tensile testing'.
Furthermore, the differences between the calculated yield stresses Wijnation 1 and the
experimental ones in steels with different alloying additions after normalising were similar for them
all, attributing the additional strengthening contributions to the precipitation of carbonitrides and
remnant disl@ations from the different processés Precipitation strengthening is an important topic

of this thesis, which is why it will be extended in the following sections

Dislocation strengthening( ) can be quantified bquation2%, whered h F FOA T "Aare the
appropriate Taylor factor for polgrystals, a geometrical factor that depends on the type of
dislocation interaction, the shear modulus (80.3 GPa for ferrite) and the measured dislocation density
respectivelyd | values are determined to be beten 0.38 and 0.43%%¢

Equation

Y, -0A a| dd 2

2.1.2.8. GRAIN REFINEMENT

In the same decade as The Great Lakes Steel Corporation introduced its nicdatead steels and
reactivated the marketing and research on MA steels,®Hdfetcl® and Cottrelf® gave the first
reliable understanding of the parameters that ruleettstrength of crystalline materials. More
specifically, the HalPetch equationEquation3) correlates the yield stress with the ferrite grain
sized of MA stee$.

Q gquatlon

In this expressiop is a materials constant, which is the resistance of the lattice of dislocation motion
andKis the strengthening coefficient, a material specific constant. Also, there are other influencing
factors on the yield strength of MA steels such as solid solusitengthening, dislocation
strengthening and precipitation strengtheningigure4 shows how each of these contributes to the
total yield strength of MA steels (hoblted plates). Furthermore, the most important strength
contributor to fine-grain ferrite steels is grain refinement. In austenite, the microalloying elements are
responsible for this effect, but to further refine the ferrite grain size other methods ra¢gal to be

used such as thermomechanical processing and severe plastic deformation. This last one is very



difficult to implement in a continuous production line, therefore advanced thermomechanical
processing methods and controlling phase transformatiantae most common in the industry.

Due to developments in the cooling systems after hot rolling a range of microstructures can be
achieved for a given composition, depending on the properties that the industry néigdses shows

how the process started by minimizing the austenite grain size followed by a deformation between
A and As, producing a grainefined microstructure with constituents that depend on the tiag

rate. The parcaking phenomenon increases the grain boundary area and generates deformation
bands that bring additional sites for ferrite nucleation, resulting in finer gfaihs
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Figure5. Schematice of the resultant microstructures from thermomechanically cledtmiocessing (TMCPR)

21.29. HEAT TREATMENT SCHEDULE FOR ISOTHERMAL
TRANSFORMATION

To obtain a miciroalloyed steel with excellent mechanical properties, it is important to understand the
different contributing factors from alloy additions, precipitation strengthening and by grain
NEFAYSYSyYy i ® PAthe Orysical K&allungyp of howiorking has evolved, producing more
refined alloys and also developing processes to implement them in industry and satisfying the
increasing poduction demand in high property steel markeEgureb6).

Thermomechanical treatments aim to maximize the contributions of the different strengthening
mechanisms by themselves and/or by mixing them. To create ayfimia structure, every variablef

the thermomechanical processing (soaking temperature, heating and cooling rates, strain and strain
rates) must be carefully controlled. Thermomechanical controlled processing (TMCP) is used to obtain
fine-grained steels with excellent combination ofestgth, toughness and weldabilify®.

Austenite conditioning is used to influence the ferrite grain refinement during [the |
transformation’®””. Combinations of TMCP with heat treatment processes showed MA steels with
ultra-fine grained austenite plus higfensity of nanosized particledn the current work the objective

was to obtain as fine a grain size as possible, but at the same time to maximise the precipitation
potential in order to maxinsie the mechanical properties. This is a balancing act, with the decisions to
be taken shown in the conceptual mapFigure?.
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Figure7. Conceptual map of the first parameters to be controlled for tough MA steels.

2.2.3.1.HOMOGENISATION

The ascast microstructure in MA steels is typically heterogeneous with a wide range in microstructural
scale. Rawustenitizing (homogenisation) helps to reduce the heterogeneities to obtain a uniform
distribution of the alloying elementddeating of the steel is undertaken at a temperature that
dissolves the carbides and carbon enriched zones, with sufficient soaking time to allow the diffusion
of carbon and other alloying elements to be as uniform as possible. Carbon has a larger diffusion

Aust eni t eténrperatre itot dadjasa tr
properties to the desired ones in the final proc
and also to the available processing equipme!
1 Hot rolling process: The recrystallisatic

stop temperature.

1 Reheating process: The grain coarser

temperature.

1 Cooling process:The transformatior

temperature.

coefficient compared to other alloying elements such as chromkigu¢e8).



Thus, the diffusion of carbon takes a relative short time, varying from a couptzohds in very fine
austenite grains to a few hours in very coarse ones. The diffusivity of elements improves as the
temperature increases up to close to the melting p#intoutas temperature increases the austenite
grain size grows rapidly. For example Zrnik €f fdund that a reheating temperature of 11%D
produces better mechanical properties in microalloyed steels withifNadditions than a reheating
temperature of 12408C. At this higher temperature, they found that the austenite i@arsening in

the samples was a greater factor than the precipitation strengthening.

The time taken for the steel to attain its temperature in the furnace depends on its thickness. Soaking
times recommended for 828 are listed iffable5, but a general rule based on practice says that the
required time for the steel to heat through is 1 hour per inch of thickrigss
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Thickness (Inches)  Time of Heating to Required Soaking Time (h)
Temperature (h)

Upto 1/8 0.06t0 0.12 0.12t0 0.25
1/8 to 1/4 0.12t0 0.25 0.12t0 0.25
1/4 to 1/2 0.25t0 0.5 0.25t0 0.5
1/2 to 3/4 0.51t00.75 0.25t0 0.5
3/l4t01 0.751t01.25 0.5t00.75
lto2 1.25t01.75 0.5t00.75
2t03 1.7510 2.25 0.75t0 1
3to4 2.25t0 2.75 1to1.25
4t05 2.75t03.5 1to1.25
5to8 3.51t03.75 1to 1.5

Table5. Approximate soaking time for full austenitisation depending on the thick¥fess

2.2.3.2. AUSTENITE GRAIN SIZE CONTROL

Particles restrict austenitic grain growth. For a boundary to move beyond a particle, the grain
02dzy R NB Ydzad SELI yR AG& &dzLISNF A OA L Figute®Bhe (KS &
particle produces a pinning force on boundary motion. This force is the result of the increased energy
product of the increased grain boundary areaehation between the matrix grain radid® assumed

as spherical, and the pinning particles volume fracfiamd radiusr was derived by Zen&rin 1948

(Equationd). After that, more models have been derived including more realistic parameters, that is

the case of Gladmadé®® (Equation5) who said that the grain geometry was more like a
tetrakaidecahedron instead than a sphere but correlated to an effective grain rBgliaad including

the size advantage @ growing grain over its neighboulR/Ry).

Secondphase particles coarsen with increasing temperature until they dissolve in the solution, leading
to rapid grain growth. This is called secondary recrystallisation because of the similitude of its kinetics
with recrystallizatiof’.

Silicon used to be popular as deoxidizing addition for steels, but this addition does not produce
secondphase particles thaeffectively inhibit the austenite grain growth. Aluminium also is used to
deoxidize steels limiting gas evolution by the formation of oxides that float out of liquid steel, creating
I ljdzZA SG 2NJ a1 Attt SRE ol O MluimiumkilledjstElsRiguieP0thomisthe y = I A €
number of austenite grains per square inch (also the ASTM number) of egraiised steel deoxidized

with silicon and finggrained aluminiurrkilled steel. At low austenitising tempaures, aluminium

killed steel does not present a relevant grain growth until a specific temperature at which the
austenite grainsize increases rapidly. This behavior is consistent with the described secondary
recrystallization, and that temperature ihé one at which precipitation responsible for the pinning
effect dissolvesConverselyin coarsegrained steel the average grain growths continuously even at
relatively low austenitising temperatures
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microscopy of an alumina particle producing pinning of fsigble grain boundary in aluminidfn

oo
Y g0 Equation
4
) Y |
Y p oY O Equ:tion

Some aluminiunremains in the solid solution and some more as oxide inclusions. The remaining
aluminium in solid solution brings austenite grain size control. Because of its high solubility in
austenite, producing aluminium nitride crystal formation (AIN) in austenités 5 described by
Equation6 where 0 _@nd0 are the amount of dissolved aluminium and nitrogen in austenite, which
are a function of the solubility product [%AI][%N] and temperature as shoviyirmtion7%®. the
inverse proportion of the product [%Al][%ldpainst the reciprocal of the temperature is shown in
Figurell, reflecting the tendency of AIN precipitation at low austenitising temperatures.

Equation
6
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Figurel2 presents the AIN volume fraction in steel containing 0.01% N and®A It is observed

that the higher volume fraction of AIN for those three steels corresponds to the steel with 0.15% Al
content, but its graircoarsening temperature is lower than for the addition of 0.08% Al. This is
attributed to coarser AIN particleBom solidification and hot working rather than the solution of
aluminium nitride particles and/or any coarsening effect while the austenitizing treatments.

Using the same principle of aluminidkilled steels, other alloying elements are added to MA steels
for austenite grain refinement, such as Nb, V, and Ti. To evaluate the precipitation fraction of a
compound KY¥) for austenite grain size control, an approach based on reactions between
substitutional &) and interstitial ¥) elements in austenite is gin as:

noaw "o Equation

W EW W 8
In Equation8, the underlining terms indicate that the respective element is in solution in austenite. In
addition, common substitutional elements in MA steels are V, Nb, Ti, Al, and B, whereas interstitia
are carbon and/or nitrogefl. To know the solubility product dependence of the temperature for MA

steels, the same expression as for aluminikifted steels can be used but written Bguation9.

e . o Equation

I TG Pw - O q9

Y

b wandb ware the wt% of substitutional and interstitial elements dissolved in austenite respectively.
A and B are constants determined experimentally ostenated from freeenergy data.T is the
temperature in KelvinTable6 lists the carbides, nitrides, and carbonitrides and their respective
temperature dependenceFigure 13 shows them as a function of temperature in austenite. All

decrease with decreasing temperature, meaning that the austenite will become supersaturated with
the elements and precipitation occurs. The higher solubilities correspond to V and Nb compounds.



Figureld shows how the addition of different elements to a plain carbon suppress the austenitic grain
growth®®. The plaincarbon steel (marked as-\@n in the chart) with no particle dispersionssha
continuousincreaseof its austenite grain size with increasing temperature. The rest of them show
suppression of grain growth at relatively low temperatures. Titanium Nitride is a very stable
precipitate, no relevant grain coarsening of austenite vehserved even at temperatures in a higher
range than the typical hot worland forging®. on the contrary, other particles such as vanadium
carbonitride precipitates derived from high solubility substitutional elements (V) dissolve at low
temperatures, showing there the discontinuous grain coarsening.

Figure 15 shows how a group of Nbontaining steels have different temperatures at which the
solubility is exceeded. The higher the Nb content, the higher the temperstat which austenite
grain shows discontinuous grain coarsening.
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2.2.3.2. HOTFROLLING

The austenite grain size and the potential nucleation sites for transformation to ferrite will determine
the properties of the final product. Hot rolling in the austerfiedd aims to refine the austenite grain
size with increasing strain, and also to introduce a high density of nucleation sites for ferrite

transformatior?®. All these are introduced by rolling reduction, which eventually reaches a limit
value*,

By hot rolling, the original equiaxedistenitic grains deform and elongate by dislocation motion and
multiplication. The renaining strain energyfrom the dislocation defect structure conduct
recrystallization [kraussFigurel6 shows a diagram of how the rolling process produces chaimges
the microstructure. Two main types of recrystallizaticem occur:

1) Static recrystallization: occurs after passing through the rolls.
2) Dynamic recrystdltation: occurs while deformation in the rolls.

The most common types of rolling schedules are:

1) Recrystallization Rolling: the austenite grains are progressively refined to as small as 20um
while they are entirely recrystallised between passes.

2) Controlled rolling: where a considerable reduction occurs under the austenite recrystallisation
stop temperature. As a result, pancaked austenite grains have a conditioned structure with a
minimized effective spacing of ferrite nucleation sites. In other words, the production ef fine
grained MA steels with ferritic microstructures from unrecrystallized auttan referred as
controlled rolling®.

3) Intercritical rolling: The last passes of the rolling process take place jn thie phase field.

The untransformed austenite receiveary large deformation while the ferrite is deformed as
it progressively forms, producing fine subgrain ize
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Controlled rolling aims to produce steels with a fine grain size of polygonal and/or acicular ferrite, and
also bainitic structure¥. It is aimed at promoting the nucleation of ferrite in tla@stenite grain
interior, as well as at the grain boundaries. This contrasts conventionablietl steels where the



ferrite nucleation occurs exclusively at the austenite grain boundaries, producing coarser
microstructures’.

In the absence of recrystallisation during hot rolling, austenite grains defarch edongate by
conventional deformation mechanisffis Strain induced precipitation of Nb(C, N) occurs on
dislocations and grain boundaries before the recrystallization beleswy The precipitates provide
Zenner pinning and act @gain growth barriers and as effective nucleation areas for ferrite, resulting
in a transformation of very fine ferrite grain size2f5um) ‘" with excellent combination of strength
plasticity.

Two main parameters can control precipitation strengthening and improve toughness during the
controlling rolling process: theoiling temperature, and the total deformatiéh Studied by Kozasu et
al®, the temperature of deformation in MA steels shows the important influence on the final
microstructure. If it is above 1000, coarse recrystallized austengeains are normally developed,
resulting in upper bainite and coarse ferrite. In addition, this temperature is too high to produce strain
induced precipitation due to the quick annihilation of dislocations. Deformation performed below the
temperature at wihich recrystallisation stopsgily between 1000 and 90C transforms into fine
ferrite. This is a result of the refined pancaked austenite grains obtained from the rolling which retain
the deformation structures such as deformation bands which are potesited for ferrite nucleation.
Finally, the deformation in the | region can result in equiaxed ferrite grains plus other structures
such as bainite or martensite, when the rolling is just aboveXhe

2.2.3.3. STATIC RECOVERY, RECRYSTALLIZATIONGRAIN
GROWTH

Deformed materials store energy derived from point defects and dislocations. This stored energy can
be reduced by recovery and recrystallization.

2.2.3.3.1. RECOVERY

In recovery only partial rearrangement of the dislocations occurs with a minimunt effietbe grain
boundaries of the deformed structure. Recovery demands much lower driving force than
recrystallisation and generally occurs more rapffly This phenomenon can be observed by
transmission electron microscopy and can be seen as a stress relaxation in mechani®attests

Figurel7 shows the evolution of the dislocation structures during the recovery process in a deformed
YIGSNALFEZ aK2gAy3a RAAt20FGA2ya a ac¢é yR 3INI Ay
rearrangement occurs through climbandssé f A LJ NBadz Ay 3 Xy (GRS T 2/NRYIHG)
structure, as shown ifigurel8. In stage 2, further dislocation rearrangement occurs leading to the
formation of dislocation cell blocks. In progressing through stage 3 to 4, the dislocation walls have
developed into subgrain boundaries ultimately leading to a homogeneous structure of equiaxed
ultrafine grains (stage 5¥1%4 While the substructures change in recovery, the yield stress drops and

the work hardening increases.



Initial structure

Figurel?. Schematic illustration of how the grain refinemeradbieved during recovel.

cell interior

cell wall

Figurel8. Scheme of a cdlke structure in a grain of a deformed matetfal

2.2.3.3.2. RECRY&LLIZATION

The recrystallisation process consists of the nucleation and growth of new-feaimgrains with a

low dislocation density, consuming the deformed and/or recovered microstrut@#® This process

can occur during deformation or afterwards, when sufficient driving force, i.e. stored energy is
present. In materials with low stacking fault energy dislocatioobifity is low and crosslip is
restricted leading to rapid work hardening and dislocation structures that are resistant to recovery. In
this case, recrystallisation occurs with very little recovery of dislocation stru€ture



Elongated grains provide closely spaced grain boundaries where ferrite crystals niclg@hiere are

two distinguishable stages: 1) The nucleation of new grains in the microstructure, and 2) their
subsequent growth, which replaces the deformed structlfteThese stages are controlled by the
annealing parameters and how they promote a larger fraction of nuclei or a quicker nucleation
ratet10111

With high annealing temperature, recrystallisation occurs after deformation when thestpa@ is
below the critical value for dynamic recrystallisation and above the critical value for static
recrystallisation. The recrystallization tempaneg was defined as the temperature at which 50% of
recrystallisation is achieved in the material at a constant %12 This recrystallisation
temperature is inversely proportional to the deformed strain and annealing*titneorrelated by the
Arrhenius equatioft*,

Mechanical properties and metallography examination can be used to quantify recrystallization, which
is dependent on the annealing temperature and the holding tiieFigure19 shows how the true
tensile properties of 15R30V steel change with temperature after deformation. The higher the
temperature, the lover the true strain of the steel. In steels with low annealing temperature, the true
stress drops after the maximum value which is an effect of the dynamic recrystallisation while the
al YL SQa ®WST2NXIGAZ2Y
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Figurel9. True strain vs true stress curves at various temperatures for a 15R30V steel deformeél'dt 22 s

Alloying additions are often made to MA steels to retard recrystallisation through soluteathchg
precipitate pinning during thermomechanical processifigin MA steels the volume fraction of
recrystallisation® ) canbe calculated with Avrami equatioEquaion 10), whereo g andn are the
time when recrystallised volume fraction = 50% and the Avrami exponent respetiively
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It was reported that two kinds of driving force act during the recrystallisation: the one for
recrystallisatiodO, and the one of pinning from precipitatid®*8 If"O "0, the recystallisation

will be fully retarded by precipitates, but® | O, recrystallisation could occur, and as a result, the
dislocation density reduces and the number of nucleation sites for precipitation decreases too. This
interaction between the precipitation kinetics and the recrystallisation kinetics is plotted in the
recrystallisatiorprecipitatiorrtime-temperature (RPTT) curvéigure20illustrates the RPTT for aw-

carbon aluminiurkkilled steel containing 1.3 pct Mn, in whichepipitation is thermodynamically
impossible overTy (which is the precipitates dissolution temperature). Complete recrystallization
occurs before precipitation starts with no interaction. Precipitation takes place betweeand Ps
curves in the recryallised austenite. Any such precipitation is preceded by recrystallisation processes
defined by theR; and R (the recrystallisation start and finish curves). The recrystallisation stop
temperature {Ir) is the intersection dd andRscurves.Figure21d8 K2 6a K2 ¢ AYONBI aAy 3
content in solution increasek*.
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Figure20. recrystallisatiorprecipitationtime-temperature (RPTT) curf@ a lowcarbon aluminiurkilled steel containing
1.3 pct MA18,
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2.2.3.3.3. GRAIN GROWTH COARSENING

Before thermomechanical processing MA steels need to be reaustenitised at a temperature where the
precipitates are dissolved and allow the elements to be taken into solutibno@se, dissolution of

the precipitates removes grain boundary pinning resulting in much faster grain growthi*dtés

Grain growth usually occurs very fast at temperatures between 1100 and@20@l is more sluggish

at temperatures below the 1108C.

Grain growth is a coarsening phenomenon that is not desirable in steels. The main mechanism by
which grains grow is from curvatudiven growti??. The grain boundaries move towards thei
curvature centre. Large grains will grow consuming small grains and reduce the grain boundary area
per unit volume'?® causing adverse effects on the mechanical properties that it involves.

In general, grains may coarsen by any of these two phenonigmarmal primary coarsening, which

is observed as a gradual increase in grain size with tempefdtug® Abnormal grain growth, also
known as secondary recrystallization, is the grain growth where some selected grains grow to large
dimensions consuming other finer grains around tA&mThis last one occurs at high temperatures
when normal grain growth is obstructed, and the particle dispersion is unstébllee abnormal grain
growth stops when the grains are thermodynamically stable because the driving force for grain growth
stabilises the pinning force applied by the particles on the moving grain boufdary

Khaki et al?®identified the onset of abnormal graitoarsening for MA steels with 0.04wt% of Nb at
125(°C.Figure22 shows that the prioustenite grain size increases slowly from 1000 to 1@50ut
after that, the increase is very rapid. This is attributed to the easy movement of the austenite grain



boundaries after the dissolution of niobium carbidasd nitrides, which acts as Zenner pinning
barriers.
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Figure22. Austenite grain size of MA steel as a function of the reheating tempetéture

Conditions for abnormal grain growth were presented by Gladman in #99Phe correlation
between the pinning force and the driving force is giverElgyationll. ry is the critical particle size

of precipitates along the border®, is the radius of the matrix grainkis the volume fraction andis

the size advantage of the specific grain overt thiaits neighbours (R/R). The pinning force is given
by f and the driving force given g andZ Only those grains with a size advantage above this will
grow. Eventually the impingement of such grains terminates the growth process.

:Y “QS

g 10 Equation

11

The introduction of an array of less stable particles is capable of inhibiting grain growth even if grains
attain a size advantage. Observations indicate that below the required temperature for complete
dissolution of precipitates in the steels, graioarsening occurs. This means that while the
temperature is increasing the particle within the steel grows to a critical radius whereg@ith

starts Equationl12) 1%, Grains with the largest size advantage would expand first, and the other large
grains are pinned until merparticle coarsening. is the critical size for random particles.

& Equation
12



2.1.2.10. DILATOMETRY

Historically the heat treatment performed on steels used to be done in two different stages, firstly the
austenisation and quenching to room temperature, and then reheating the alloy in the intercritical
region ( [ ) Figure23. This is an inefficient practice, which has led to new heat treatments which
incorporate both the solution and the precipitation treatmerfgure24. By avoiding the reheating

in the middle of the two stages, a significant cost is saved in the industrial production process,
especially in large scale production such as the automotive s&€€tor
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Figure23. Conventional heat treatment divided in two stages to obtaining precipitation strengthening.

‘ Austenization
Tob----
2]
G Quenching
o
<
Q
..g Aging
— (1sothermal hold)
8 T, b-d----mmmm e - -
a+
£ (a+p)
(]
|_
Cooling to
room temperature
T o
Time

Figure24. More recent heat treatment for precipitation strengthening with no reheating need.

To study proeutectoid phase transformations, the heat treatment requires particular precision to
characterise the individual effects of parameters on properties, one of the more accurate techniques



used to achieve that is dilatometry. The length changesafmalised samples during cooling or
heating are recorded. In steel, a shift in the direction and rate of length change vs temperature
(contractions and dilatations) allows the temperatures where phase transformations take place to be
defined=%,

The complete precipitation heat treatment consists of three principal steps: austenitisation between
11001200°C, isothermal transformation below.£and water or iced brine quenchifiy Firstly, the

alloy must be heated to a temperature at which the alloy is a monophasic solid solution and held there
for enough time to dissolve any dissolvable precipitates. That stageltknown asaustenisation

The alloy is therquenchedwith the aim of suppressing any precipitate formation resulting in a
supersaturated solid solution. Finally, tremthermal transformatiortireatment involves maintaining

the alloy at a temperaturéo get the formation of finescale precipitates within a ferritic matrix.

The cooling rate is an important parameter in determining phase transformation in MA steels, and
therefore it is important to have accurate control with this technique. A faster cooling rate will lower
the transformation temperature, which should give inp@ase precipitation on a finer scale and also
the transformation induced dislocation density will be higher. However, there is a limit at wWigch

[ © | interface moves too fast to allow interphase precipitation, suppressing precipitation leading to
a dop in the strength™.

During the isothermal transformation © | 0 G KS € Sy 3G K OKFy3Sa LINE LR NI A2
length concerning the formain of ferrite. This correlation can be expressedHnuationl3, where

Y0j 0 is the length change per unit lengttjs the ferrite volume fraction® is the lattice parameter

of ferrite at the reaction temperature, an@ is the lattice parameter cdustenite at the beginning of

the reactiort®%. Y0j 0 is relatively proportional to the volume fraction of formed ferrite. Thus, the
dilatometric curves display in a direct way the volume fraction of ferrite as a function of time during

the isothermal tansformation Figure25)%.
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Figure25. A Schematic dilatometry curve showing the expansion of the steel sample after the ferrite nucleation.



Ferrite ( ) forms in in two main shapes, c. Allotriomorphic refers to shapes of crystals dictated by
adjacent crystals andot by their own structure. In contrast, idiomorphic ferrite is where the shape is
dictated by their own crystal structure with no influence of the surrounding gt¥indaronsof®®
complementary to the work of Dub®, made a classification of the shapes of proeutectoid ferrite in
isothermally transformed steeldsigure 26 shows these shapes, starting with a) grain boundary
allotriomorph, b) extended into austenite grains, Widmanstatten needles nucleated on grain
boundaries (b1l) or on already formed precipitates at the grain boundaries (b2), c) Sawtooth
Widmanstétten, which is similar to sideplates but with a larger angle, and (d) intergranular. Other
structures such as idiomorphs (e) which usually nucleates at inclusions within the grains, but also can
be found at the grain boundaries. And lastly, aggregatkderrite precipitate crystals, massive
structures form within the matrix grains. Knowing that the austenite grains form tetrakaidecahedrons
122 all these structures do not form in neeeddbape but in larg lath-shapes as shown by Kral and
Spano$* in their reconstructionsFigure 27. Which microstructure is found depend on the
temperature at which the steels are soaked and the cooling I&igufe28).

(1) (2)
(b) M &
(1) (2)

(1 (2)

(e) —( y—

Figure26. DubeAaronson morphological classification system of ferFiged from 135
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Figure27. 3D reconstructioof proeutectoid ferrite structuré¥.
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2.1.2.11. PRECIPITATION STRENGTHENING

In addition to the solid solution and dislocatidn, () strengthening, precipitatior, ) strengthening
represents an important component of the total strength of MA steels. To quantify the contribution
the OrowanAshby model is usually used as it shows reasonable prediction of the observed strength
in MA steel&® The strength contribution from precipitation hardening, , is given bfquationl4,
proposed byGladmai?

ne Equation

%, - 0A pmtiip g a@n 14

Wheref is the volume fraction and is the particle diameter in um. Clearly, the strength contribution
is very important and is a strong function of several parameters such asositiop.

For MA steels, the compositions are between 0.05 and 0.2% of carbon, between 0.6 and 1.6% of
manganese, and around 0.1% for the other elements. Some of the most common second phases found
in HSLA steels are listedTiable7. These precipitates are a major contribution to the strength with
reported yield strength of up to 1200 MReith reasonable elongations ofB) % from interphase
precipitation induced by isothermal transformation between 650 gndt # *°,

Principal Element (s) Main Precipitates
Niobium Nb(C,N), Nb,Cs
Vanadium V(CN), V,Cs
Niobium + molibdenum (Nb,Mo)C
Vanadium VN

Copper + niobium Cu, Nb(C,N)
Titanium Ti(C,N), TiC
Aluminum AIN

Table7. Common Precipitates in HSLA steels. edited ff&m

Precipittes also form after thegf © | transformation in ferrite on dislocations and grain
boundaried**1 ¢ KS LINBOA LA G GSaQ ydzOf SFGA2y 2y RAat 20 GA
the high energy dislocationcoféd / 2 YLI NBR G2 Fd2Ya Ay GKS odzZf 1=
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introduced by a dislocation per unit length of dislocation line have been written as follows:

o) G é 80D Equation

15

2 KSNBE (KS Oey®HVYyHdlI @62 @k i dzS &is hSgear Bdlylus andipthel Y R M P
size of Burgers Vector. GomBamirez and Pound, like Catti*®agreed that the free energy to
produce a nucleus in a system of unstable equiilin with the matrix ¥'0) is not a function of the
LI NI AOf SaQ akKlLSd ¢KSe | fsible e®Bryodn distosaiions] makingLING & S
them great nucleation catalysts. Some further relations have been developed such as the one
developed byRusséf“in which the nucleation rate of carbonitrides of microalloying elements due to



controlled diffusion J is a function of thelislocation density”(), the lattice parameter of the matrix
(a), the diffusivity (Ma) and the concentration @) of the microalloying additions and inversely
proportional to the temperature as follows:

” y\d

e — —_— Equation
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The kinetics of interfaces depend on the involved lattisgacture and their relative orientations.
When both crystals have approximately the same lattice parameter and the same structure is called
the coherent interface Kigure29 a)), only the composition changes from one phase to the other.
When the precipitate and the matrix have different crystal structure, it is impossible for the entire
precipitate to be coherenwith the matrix. Completely incoherent interface occurs if there is no lattice
matching of the two crystal structuré&s.

Nucleation is a mechanism which wind down #reergy of the local area, leading to minimum energy
configurations. The poor bounding of the incoherent interface means a relatively high energy
compared to coherent interface. Thus, incoherent grain boundaries provide excellent conditions for
precipitate) Yy dzO¥.Skniichh@rgnt interfaces occur when the two crystal structures alloy full
coherency, but a disorder in the form of wide spaced interfacial dislocations filling the discrepancy
(Figure29 b)).
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Figure29. Scheme of interfacial structures of solids nucelation: a) completele coherent interface,-olserant
interface .

Precipitates formed in the austenite tend to be coherent or seaherent when they are formed, but
loose coherence during © | transforamation. Contrarily, precipitates formed in theriite have a
strong tendency to form coherently or sewoherently,

In MA steels, precipitation is based on the combination of carbon or nitrogen or both with metallic
elements. Usually, these are transition metals (V, Nb, Ti), but also other precipitates may form such as
AIN which has special importance for MA During MA steels processing, carbide and nitride
precipitation occurs in three stages, leading to the formation of three wiffekinds of particles:

Type 1 Precipitates formed at the liquid/solid interfaced inron. They are characterized by being very
stable, the coarser ones do not influence the austenite recrystallization, but the smallest one can
retard it during reheang.



Type Il Precipitates formed during hot deformation, while the temperature decred&eghese strain
induced precipitates (SIP) mainly contribute to the grain refinement of MA steels and also retard the
austenite solution annealitgf. Dislocations and dislocation sub structures are the preferred
nucleation sites for SIP which are not randomly distributed but heterogeneously distributed in a chain
like mannet®1152

Type IlIKnown as interphase precipitation, they form duringithe | phase transformation and are
observed as fine rows within the ferrife.

Type Il precipitates usually are carbides sgittes of few nanometers, they do important individual
contribution on MA steels, in some cases greater than the contribution madi#dyarbonitride
precipitations in austenite or the dislocation hardenihdifferent types of precipitate can appear
within steels, and the most welilnown are liged in Table8. The orientation relationship with the
matrix of carbides and carbonitrides depends on whether they nucleated in austenite, which tend to
have a randonorientation with the ferrite, while the ones nucleated in ferrite adopt any of its three
variants of the wetknown BakeiNutting relationship®*

ﬂ (0 0 1)/IX)7 (9 0 1aerrite and [1 1 Q}IXV [SE 0 O}errite
T[ (1 0 O)/IXV (9 0 1%rrite and [0 1 ]-I}IXV [¥ 0 O}errite
T[ (O 1 OBIIXS7 (9 O laerrite and [1 O ]-I}IXV [¥ O O}errite

Interphase precipitates only maintain a single vartgmtrigure30 shows a diagram of diffraction
patterns where IP carbides and ferrite have the Bakstting orientation relationship with the
electron beam parallel to [0 0] ferrite.
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Figure30. Scheme of the diffraction pattern of precipitated MC and ferrite matrix matching the -Blaktng orientation
relationship with an incident beam parallel to [0 O 1] of ferrite matrix. Two of the var@atmdicateds.



Type of carbide  Lattice type Remaks

MsC Orthorhombic A carbide of the cementite (k&) type. M may be
Fe, Mn, Cr, with a little W, Mo, V.
M-Cs Hexagonal Mostly found in Cr alloy steels. Resistant t

dissolution at medium temperatures. Hard
abrasion resistant. Found as a product of tempe
high-speed steels.

M 25Ce Facecentered cubic Present in higtCr steels and all highpeed steels
The Cr can be replaced with Fe to yiedrbides
with W and Mo

MeC Facecentered cubic A W- or Mo-rich carbide. May contain modera

amounts of Cr, V, Co. Present in all higheed
steels. Extremely abrasion resistant.

M2C Hexagonal W- or Mo-rich carbide of the WWC type. Appears
aftertemper. Can dissolve a considerable amour
Cr.

MC Facecentered cubic V-rich carbide. Resist dissolution. Small amol
that does dissolve reprecipitates on secont

hardening.
Table8. General description of alloy carbidesdgmand their characteristics in tool ste&s

TheTable9 correlates the most common precipitates found in reheated and quenched steels with
their coherence with the matrix. The notation M is used where there are two or more different metal
elementsin the carbides. FX and MX are carbides and nitrides.-M are intermetallic precipitates.

¢CKSNB IINB (62 LINARYOALNf Y2RSD N2HzA QoMY RS SIEKNME IS (
LINB O A LYR interpHage précipitation in steels has been important fomggears and remains

vital for the development of tough and strong hatlled steels with upgraded weldability due to

reduced carbon content



Precipitate Matrix

bec fce
Fe-X > 150°C > 250°C
Fe,C hex e-carbide +
FesC orh cementite -+ -
FeiNo bet a’-nitride ++
Fe,N fee ~-nitride + ++
M-X > 450°C > 600°C
MC fee V, Nb, Ti + -
M.C hex Mo, V +
I\"’[703 hex CI — —
Ma23Cs fee Cr = -+
MsC fee Mo, W - -
MN fee Cr —
MN hex Al - -
MsN hex Cr -
M-M > 450°C > 700°C
NiAl bce Ba-phase ++
Niz Al fee v’-phase ++
NisTi hex 1-phase - -
Fez(Mo,W)s rh p-phase -
Fez(Mo,W) hex Laves-phase - +
FeCr tetr o-phase - -
FessCriaMoig bce x-phase - -
(Fe, Ni)16TisSiz bee G-phase +

Table9. Enlists the common precipitates obtained on reheatingenghed microstructure, their atomic ordering and their
matching. incoherent), partially coherent (+) and completely coherent (+%)

2.2.4.2. INTERPHASE PRECIPITATION IN STEELS

Research into interphase precipitation in steels has a long history. In 1968, Davenport®étaal,
Gray & Yet°showed for the first time that during thfe © | transformation, on the austenite/ferrite
interface, niobium carbonitrides are formed in uniformly distributed precipitation rows. That
phenomenon was called Interphase precipitation. Considered as one of the most important
strengthening mechanisms of HSLA stemlterphase precipitation enables development of high
resistance hotolled steels with improved weldabil§. Processing for intetase precipitation aims

to avoid the formation of cementite in low carbon iron alloys cooled from austenite, to obtain mainly
ferritic microstructures with very fine transition metal carbides, nitrides and/or carbonitrides bands
at room temperaturett1°3.162 |t js accomplished by the addition of strong carkideming elements

like vanadium or molybdenum, in quantitiesss than 0.5% wit.

Figure31 shows how the transformed ferrite, advancing into the austenite, contains very fine parallel
lines of6 # precipitates in an F8.2G2V steel. The precipitate bands are parallel and itadardhat

they are parallel to the interphase boundary. When nucleation occurs, carbon is removed from a
narrow zone of austenite along the boundary, the austenite stability is reduced, and thus the boundary



moves forward across the denuded region to a reite, forming a new nucleation site for interphase
precipitation %3 Davenport and Honeycomb®2 developed a schematic model, corroborating
previous observations and showing how the formation of interphase precipitates od¢&gts€32).

They affirm that the interphase precipitation occurs parallel to the moving parts of the
boundary.Figure32 (a) shows thé¢ I boundary in a new position for ferrite nucleation with a sharp
partition of carbon across it. Ferrite has a carbon concentraiorwhile 6 is the critical value
obtained by the adjacent enriched austenite. During the movement gf the boundary, it collects
solute atoms which drag the boundary, to finally nucleate carbide particles on the ferrite side
impoverishing carbon in the adjacent austenite (Figure32 (b)). With the decreased carbon
concentration in austenite, the phase boundary moves to a new position ahead of the precipitate row.
Then, the boundary once more becomes locked by solute atoms, restarting the precipitation process
as is sbwn inFigure32(c).

Figure31l. Fe0.2G2V steel, partially transformed &00°C for 10s. it shows precipitate arrows paralledtestenite/ferrite
interface. The black region nomenclated as A is martensite formed from austenite on quenchify out
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Figure32. Schematic model of the formation of interphase Precipitaién

Commercially, different alloying additions have been investigataikihg to depress the coiling and
transformation temperatures which optimize the tensile strength by the minimisation of interphase
particles size, row, and intgrarticle spacing. Numerous studies demonstrate that the size of the
interphase precipitates ahalso the spacing between rows increased with increasing temperature of
transformation, varying between 5 and 500 nf#24164 The addition of carbon and other alloying
elements chage the size of the interphase partick4 Thus, studies of different alloying additions
and their effect had been done, concluding that for hot rolled steels, a low coiling temperature
promotes smaller precipitate size, with finer row and inpartide spacing, which promotes higher
yield strength%1%¢ This also results in an increase in dislocation density, whiclefie the
precipitates nucleation.

Interphase precipitation is classified according to the morphology that they have. Three identified
types have been reportef:

(1) Planar interphase precipitates with regular sheet spacing (PIP).

(2) Non-planar interphase precipitates
(2.1) Curved interphaserecipitates with regular sheet spacing (regular CIP).
(2.2) Curved interphase precipitates with irregular sheet spacing (irregular CIP).

As any other precipitate formed in ferrite, interphase precipitates have always been found to adhere
to the BakerNutting relationship with the ferritic matrix. This has been used as a practice to identify
if the precipitates formed in the ferrite or in other phases.

2.2.4.2.1. PLANAR INTERPHASE PRECIPITATES WITH REGULAF
SHEET SPACING (PIP)

Planar interphasengcipitates are related to ferrite by the Baker and Nutting orientation relationship
and appear as parallel egspaced laths, quite similar to a very fine pearlite.

While the ferrite nuclei grow into the adjacent austenite grain, the ferrite exhibits teonal
orientation relationship with the austenite partially coherenp p pp p m, and when the
precipitate is related by the same orientation relationship, the precipitate will adopt the same ferrite
correlation variant, which allows the precipitate to bebe-cube related with the austenité®®. The
consequent parallelism, in all three phases across the interfdce/of closepacked planes enables



low energy facets to develop interfaces on botfprecipitate andf /precipitate. It considerably
reduces the free energy of activation for critical nucleus formatitfFigure33 (a)).

2.2.4.2.2. NONPLANAR INTERPHASE PRECIPITATES

2.2.4.2.2.1. CURVED INTERPHASE PRECIPITATES WITH REGULA
SHEET SPACING (REGULAR CIP).

Cases where unigue theephase crystallography cannot be possible, the single precipitate variant will
be controlled by the development of low energy facets on the precipitateterface. The angle
between this facet normal and the lodal | interface normal. The orientatio variant of the
precipitate with respect to the ferrite minimizes the angle between the low energy facet plane and
thel | interface, reducing the free energy of activation for critical nucleus form&tidr17:

Ricks and Howel’? applied an energy balance model to the migration of interphase faces and
concluded that a minimum precipitate spacing is required for the bowing mechanism to occur (the
transformation interface bow between pinning precipitatesfore finally breaking away from thefi.

On the boundary, if the nrgcipitate spacing is less than that value, the boundary must migrate by a
WijdzZ aAf SRISQ YSOKIYyAaYI gKSNBoe adsSLa 2F £ SR3ISa
forwarding migration to occur, in the same manner as that described forelosvgy inherently

immobile boundaries’ This, produces a curved banded arrays of preatigdt, or even a probability
precipitates with no clear interphase origin.

2.2.4.2.2.2. CURVED INTERPHASE PRECIPITATES WITH IRREGULA
SHEET SPACING (IRREGULAR CIP).

For an interface containing unequally spaced precipitates, bowing and ledge mechanisdhwadu
simultaneously. For ledges that were-p@ned by further precipitation, a camber formed in a
boundary between widely spaced precipitates. These ledges would then allow the unbowed section
of the interface to migraté’? (Figure34).



Figure33. Schematic diagrams illustrating in 3D the migratiort of |
interface forming planar sheets of precipitates. (b) disordered boundary (immobilized by copious precipitation) forming
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Figure34. Scheme of a mobile interphase pinned by precipitation (a) acting as a source of ledges. (b) bulge repined by
subsequent precipitation. (c) the end of the bulge being forced to move sidétays

The interphase precipitation has a strong tendency to be PIP at low isothermal transformations. While
the isothermal emperature rises, the morphology tends to be firstly PIP, then regular CIP and
afterwards irregular CIP with much larger sheet spa¢in@bie average IP sheet spagia dependent

on the isothermal transformation temperature, both decreasing simultaneously. At the same
temperature, the IP sheet spacing has minor variations between gfaiiibis trend is consistent for
different compositions like FEV steel$®’, FeGTi steel$’, FeGNb steel$’* and Nbmicroalloyed
steeld. Also, the aveage intercarbide spacing increases with isothermal transformation
temperature’®, This has been summarized by Sakuma and Honeycombe in the scheme sRimurein

35. With the lower transformation temperature, finer and denser carbides on the sheet planes are
achieved because of:

9 The nucleation rate increases due to tingproved driving force.

1 The diffusion rate reduces, retarding the carbide growth.

1 Enhancement of the carbon fraction at the interface, increasing the saturation and
contributing to the higher nucleation rate of carbidés
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Figure35. Microstructures and interphase precipitation formed by isothermal transformation for proeutectoid ferrite
reactiort’4,

2.2.4.2.3. EFFECT OF CHEMICAL COMPOSITION ON INTERPHASE
PRECIPITATION

The formation of interface precipitates can be controlled by the diffusion of precipitate forming
elements along the interface, and by the driving force for precipitation nucleation. Most alloying
additions increase the relative thermodynamic stability of #estenite (excluding Co, and Al),
retarding the transformation of the austenite into ferrife

During direct transformation of austenite, the alloying elements influence the type of carbide
morphology n two ways:

1) By altering the kinetics of the basi# reaction.
2) By changing the structure and composition of the carbide pttése

The major role of microalloying additions can be for several reasons: 1) The diffusivity ahead and along
the boundary. 2) The mobility of thréfy boundary. 3) The free energy of the boundaryTBg relation
between the precipitatanatrix interface with tie precipitate structure.

Equationl The nucleation rate is a function of the number of nucleation sites per unit volNinéhe
temperature of the systemT], the acivation energy for the transfer of atoms acro$3*] the
interface, the free energy change per unit volume of nudfél), the activation energy for nucleation
(G%), the interfacial energy per unit ared)( and the Planck and the Boltzmann constantsritl
respectively) and the formula was written as:
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This equation gives a direct indicator of the sequencenwdleation rates for various carbides,
identifying which precipitations nucleate first and which alloying elements substitute others to
produce lateformation products®.

TablelOsummarizes the effect of individual additions of elements to the microalloyed steels and their
effect on interphase gecipitation. Tablel1 lists the most common interphase precipitates found in
microalloyed steels.

In addition to composition, there is a relationship between theqgip#ation hardening effect, the
precipitation size, the nucleation mechanisms and even the accumulated dislocations from processing,
leading to a possible drop of it if those are not known and contréifedt has been shown that
variations in the themomechanical processing schedule, especially with variants in coiling
temperature, produce big changes in the precipitation within the ferrite which reflects directly on the
mechanical properties of the final proddgt

Strong carbiddorming elements such as V and Ti are prone to form MC precipitates due to their
enhanced diffuvity at higher coilingemperatures. However, the precipitation hardening does not
increment linearly because the second phase particles become coarser at high coiling
temperatured 8L Cr is also known for being a strong carbide former, especiallys©f MG, and

M23Gs carbides, dependent on bulk Cr cont&tf%8. For low alloy GMo-V steel with about 1 wt% Cr,

the existence of metastable MG carbide has been reportédf2® especially at relatively low
temperatures and as a transition phase which transforms in other precipitates after longer annealing
times!®®2%1 Chromium is also known for increasing the stability of austenite to ferrite (restrains ferrite
transformation¥°2in low carbon steels, facilitating the bainite transformafitht° The addition of C
reduces the Bs and Ms temperatures, leading to a separation of the bakoilev€ and an expansion

of the bainite formation rang&>2°¢ Combined Cr+Al additiongive improved ductility in a
bainite+ferrite product at the expense of the high tensile strength obtained in bainitieckoton
steelg%,

Interphase precipitation has been noted in steels microalloyed with different carboniipitheing
elementslike NIF8133.207.208 T1.11.23 g \p89.190.209.210 N reports of interphase precipitation with Cr as
the main element for interphase precipitation have been done yet. Cr additions have been reported
as a stubility improver of other microalloying elements such ag*#, and NB%213 and also as a
reducer of precipitate sizé¥21°



Element

Effect on the interphase precipitation

\Y,

Vanadium is welknown to produce interphase precipitates in microallg
steelé*14116¢ |t causesn accelerated reaction with stepped growth of ferrite
interphase precipitation of vanadium carbi@esThese carbides tend to form
lower temperatures compared to other precipitations such as NbC due to thg
solubility in austenit&’®. This means that the vanadium carbides play a rele
role in precipitation strengthening of the studied alloys, while Nb is much
effective in grain refinement.

The addition of V to FiMo-bearing steels produces three main effects:

1. Refines the microstructure and precipitates to a finer scale.

2. Increases the volume fraction of precipitatién

3. The higher stability of complex precipitates compared to (Ti,M0)C, w
means that they maintain very fine nasipes during coiling proce¥$

V-microalloyed steels produce larger precipitate radius thaMlidrioalloyed
steelgs.

Ni

Slows down the transformation and increases the formation of fibrous van
carbide.

Mn

Slows down the transformation and increases the formafidibrous vanadium
carbide.

Cr

Cr additions slow down the© J transformation and increase the formation
fibrous vanadium carbide.

In MA steels it has been reported that Cr additions reduce the starting temp
of the austenite to ferrifghase transformatiéff. The slower growth rate of ferrit
brings about much denser carbides on the sheet planes, decreasing the intg
spacing®. Also, Cr additions improve the hot ductility of MBA steels and
increases the fraction of ferrite higimgle grains®.

Ti

Ti-microalloyed steels present smaller row spacing th@nallbyed steels with
other additions such asV

Increases the fraction of fibrous carbide by the usage of other alloying et
which slow down the reaction. Strengthen the steel by the formation of titg
carbide during the © | transformatiof!. The interphase precipitation of-MA
steels contributes more than 300 MPa to the overall yield stfength

Mo

Addition of Mo in MA steels reduces the ferrite grain size, the IP size, the IF
spacing, and increases the precipitate number déHsity®617°189Mo addition
suppresses the annihilation of dislocations at relatively high temperatures, re
in heightened nucleation sites for precipitatf8nAlso, tre Mo atomic ratig
increases in MC particle with increase in the coiling temperature, benefitin
subsequent precipitati&h.

Steels with Mo additions require more alloying elements to forrsCVemd MC.
Mo.C IP progresses in a rdike of a needle morphology changing to fibrg
carbide$?2 MqC forms at higher transformation temperatties




Its effect on the phase transformation is greater-iMA/ steels than in TMA
steels®.

Si Accelerates the kinetics of thiéf) reaction at high transformation temperatu
increasing the rates of nucleation and also the growth of t&trite

Al Accelerates the kinetics of thiéf) reaction at high transformation temperatu
increasing the rates of nucleation and also the growth of t&frite

B B additions to MA steels results in forrmat of Fes(B, C) and BN. The first ong
is a preferential site for the nucleation of intragranular ferrite, and the sg
preferentially forms at the gran boundary, decreasing the amount of grain bo
ferrites and thus i¥MProving the st

Co Increases the rat# nucleatior®?,

Nb In microalloyed steels, apart from the important contribution that Nb does ¢
grain refinement strengthening, interphase precipitation of NbC provides a
higher contribution to yield strength than the strength contribution
precipitation on disloations,

Tablel0. Table of common micralloying elements added to microalloyed steels and their effect on interphase
precipitetion.
Interphase Lattice Orientation relationship with respect to Reference

Precipitation | parameter [nm] ) the ferrite matrix -

T|C 0432 (1 O O)/IX CX(D’O O)errite and [0 1 1&4)( qmo Peng et éFB
l]ferrite
(Ti, Mo)C 0.433 (0 0 1)x (@O 1)erie and [1 0 Ofix (OO | Chen et al. and
O]ferrite Yokota et ab17®
(Ti,Nb)C | 0.438>MX>0.427 Bu et af.
(Ti, M0).C (0 0 L)ux OO 1)erie and [1 1 Ofix (@O | Iza-Mendia et
1]ferrite alt®’.
VC 0.4165 (0 0 Lux (DO L)errite and [1 0 Ohx JO1 | Chong et afe,
O]ferrite Miyamoto et
a|189.
V4Cs 0.404 (0 0 1ux (O L)errie and Chong et &f8,
<0 1 Oxyx OX0' 1 1¥enite Baker®
V(C, N) (0 0 Lx O(@O Lerrite and [1 1 Ofix (OO | Honeycomb&?
O]ferrite
(V,Mo)C (1 0 O)ax O(D0 Oerrite and [1 0 Ofix QYOO |  Gong et &F.
O]ferrite
(V,M0)4Cs (1 0 O)x O(D0 Oerrite and [1 1 Ofix Q@O | Gong et &F.
1]ferrite
AIN a=0.3111 (0p 1 Omx OO P)rerrite Iza-Mendia et
c=0.4978 (P P 20)ux XDO Oerrie al®’.
and [O 00 :NIX 0[071 1}errite




NbC 0.4471 (1 0 Oux OO0 O)errie and [0 1 1hx OJD1 | Nartowski et
O]ferrite a|191.

Brito and
Kestenbach?
Cr23Cs 0.1064 {111} wx {01 O}pand <1 1 004 1 Westgrer.
1>y Campbell and
Honeycombé&
Tablell Table of common interphase precipitations found in microalloyed steels.

In this research, a-¥Wlo microalloyed steel was designed to evaluate the separate effect of Cr on the
interphase precipitation and its effect on the tensile properties. The experimental steps are based on
a previous study at the University of SheffiéldA detailed characteritian after each manufacturing
process wasindertakenon the first samples to evaluate each step of the structure refinement, and
also of the interphase precipitation formed within the ferrite after the isothermal transformation. A
new alloy was proposed ®valuate the effect of a different manufacturing process, finding a route to
control an important parameter which influences the final product properties, the prior austenite
grain sizeTo study and advance this topic, researchers in general perforraxgperiments:

9 Dilatometry: Measuring the dilatation the time when the transformation ends during
the ageing is known. It is known that low transformation kinetics produaeger
precipitation volume fractions, which determines the strength of the steel.

9 Optical Microscopy: combined with standard preparation and etching, images of the
grain boundaries and also microstructure revelation can be achieved. It is well known
that the grain size of steels is inversely proportional to the tensile strength. Further,
austenitic grain size shows what is the effect of the alloying additions before the
isothermal transformation, and grain refinement by the ferrite and bainite nucleation.
A first correlation between general parameters and mechanical properties can be
done, added to other experiments to obtain information about the alloy.

9 Carbon extraction replicas: this experiment allows precipitate size and composition to
be measured.

1 Thn foil TEM samples: thin foil samples are used to confirm data of precipitate size,
and also to examine the precipitate distribution and orientation relationship.

9 Transmission electron microscopy (TEM): it is mandatory to carry out TEM to identify
the interphase precipitation of the aged samples.



CHAPTER 3: EXPERIMENTAL PROCEDURE

3.1. MATERIALS

3.1.1. MICROALLOYED STEELS RECEIVED FROM TATA STEEI
IJIMUIDEN.

This project started with the badae steel composition of 0.1%IC5%MnR0.2%SD.2%V0.5Mo,
supplied by Tata Steel, [jmuiden. This first issue to address was the effect of small (0.5%) Cr additions,
which have had confusing results in the past, with soesearch suggesting that Cr is beneficial, while
other research suggests it is detrimental. This was probably because these studies did not take into
account the effect of Cr on the timiemperature-precipitation behaviour. To investigate the effect of
Cron the microstructure and properties of the steels, two compositions were manufactured with only
two differences: firstly, there was the intended addition of 0.5% Cr to one steel, with the other having
identical composition but no Cr. Secondly, there wasight increase in the aluminium amount, but

this was at trace levels and was probably unintentional. The exact chemical compositions are shown
in Tablel2. A vacuuninduction meltedsplit cast was made of 30kg, with the Cr addition made to one
half of this casts. Ingots were cast with dimensions 620m&05mm x 35mm. Then they were
homogenized for two hours at 12%0D followed by a hot forging process of several passaeduce

the thickness to 8mm. Then, samples for dilatometry were machined to a size of 120h2mm x

5mm to control temperature with a thermocoupleBecause of the lack of information about the
number of hotrolling passes and the strain per patb®se materialsvere named as 0.0.

The normalization proceswas performed at 125€C for 30 min in a furnace with a controlled
atmosphere (argon)followed by water quenching for a further heat treatmefiio guarantee the
temperature control, the treatment was performedsing a dilatometer. First, samples were fe
austenitised at 1200 for 3min, followed by fast cooling, at a raié 10°C/s, to the respective
transformation temperature (60, 628C and 68°C). These temperatures were held for 90 min,
followed by water quenching.

Materials C Mn Si Al V Mo Cr N

V-Mo-0.0 0.1 1.6 0.2 0.02 0.2 0.5 - 0.13

Cr-V-Mo- 0.1 1.6 0.2 0.045 0.2 0.5 0.5 0.13
0.0

Tablel2. Chemicatomposition of the steels.

Special attention was placed on controllihg temperature. The dilatometer works as a second order
system, so the damping factor was changed tb.0 by the modification of several parameters to
control the austenitisation temgrature with no oscillation over it, but also without retarding the time

to reach the steady value as shownHFigure36. This is because such highmigeratures give rapid
austenite grain coarsening which would result in a significant drop in the tensile strength of the steel.



At the same time, this process should be as quick as it can be possible because the longer the time the
alloy is fully austeniti (80GC in most steels), the more significant the grain growth becofifes
However, the more rapid the heating, the more likely temperature evers will occurAs is shown

in Figure37, after the austenitisation, the samples were cooledgiaily at 16C/s, to be held at a
constant transformation temperature £J).
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Figure36. Scheme of the thermal history for processing of samples MA with Al andvor@® and Giv-Mo-0.0).
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Figure37. second order system response with a unit step input. While the damping increases, the system output change
from a continuous oscillation with a damping factor of 0 teanpedout output with a damping factor of 1. Further
damping increments retard the output, leading to longer times for reaching the steady statéaggpdéom 217



3.1.2. STEELS PRODUCED AT THE UNIVERSITY OF SHEFFIELL

Greater control over composition variations and thermomechanical process treatment was required.
Therefore, there was a drive to produce the steelbduse, rather than relying on Tata Steel. The first
step was to reproduce steelMo-0.0 and GiV-Mo-0.0in-house. These steels were denotedWs-

0.4 as the equivalent of-Mo0-0.0, and GiW-Mo0-0.4 as the equivalent of 8&Mo-0.0. Another two
alloys were produced to study the effect of changes in therbing parameters on the interphase
precipitation, pls another one with Cr+Nb addition. Their compositions are listeballe13. The
steels were cast following vacuum induction melting in a Consarc-soa# VIM irthe Quarrell lab

of the University of Sheffield, with help of the Dr. Yunus Azakli. Ingots of 808@mmx 90mm were
produced, which were then cut in blocks of 80mm x 80mm x 40mm and homogenised for two hours
at 1300C and then water quenched. The follogithermomechanical treatment was selected, based

on the studies of Kostryzhev et%f.and Perelomat al?'°in order to maximise the precipitation on
transformation. Samples were heated to 1660(accounting for the temperature drop while the steel

is moved from the furnace and rolledfter that, alloys ¥Mo0-0.4 and Giv-Mo-0.4 had 4 hotolling
passes using a Fenn 2 high reversing rolling mill, with a strain of 0.4 in each, to reduce the thickness
tox 18% of the initial thickness, with the final deformationxa75°C. The samples were then air
cooled. Alloys \Wo-0.2, CiNb-V-0.2 and Giv-Mo-0.2 werehot-rolled at the University of Warwick
using the same temperatures for the halling reduction These last alloys were rolled according to
the equipment limitation oload during the rolling, allowing a reduction of %rin. The ingotswere
reduced in 6 passes as is showTablel14, with an average strain per pa®f 0.22at the University

of Warwick.

Two main samples were cut from the-adled block with extensive cooling to minimise any thermal
effect that the cutting could have on the microstructukggure38 shows how the block was divided;
squared samples from the centre of the block were obtained (12 x 12mim)ao evaluate the effect

of reheating on austenite grain size. Each sample was heatedrf@n30 a furnace with a controlled
argon atmosphere from 950 to 138D and then water quenched. Next, the samples were cut in half,
mounted in bakelite and prepared for metallographic analysis to observe the microstructure in the
rolling direction.

Materials C Mn Si Al V Mo Cr N Nb

V-Mo-0.4 0.12 1.11 0.23 <0.01 0.2 0.47 0.01 <0.003 -

Cr-V- 0.1 1.3 0.22 <0.01 0.2 0.47 0.51 <0.003 -
Mo-0.4

V-Mo-0.2 0.13 1.56 0.19 <0.005 0.21 0.5 0.51 - -

Cr-Nb- 0.13 1.42 0.25 0.016 0.21 0.51 0.48 - 0.03
V-0.2

Cr-V- 0.12 1.41 0.21 <0.005 0.2 0.48 - - -
Mo-0.2

Tablel3. Chemical composition of the steels.



Pass Initial thickness | Final thickness | Reduction per
[mm] [mm] pass [%]
1t 40 34.2 14.5
2nd 34.2 28.4 17
3 28.4 22.6 20.4
4 22.6 16.8 25.7
5 16.8 11 34.5

Tablel4. Hotrolling initial and final thickness per pass for steeldd/0.2, CfNb-V-0.2 and Giv-Mo-0.2.

Figure38. Sectioning of the hablledplate.

\

Dilatometry samples of steels made at the University of Sheffield were cut longer than the ones
provided by TATA Steel (150merl5mm x 7mm), getting closer to the ideal samples for dilatometry
according to the specifications of the used machine f@st of the process for them was the same as
steels ¥YMo0-0.0 and Giv-Mo-0.0.

3.2. Dilatometry

Historically, to analyse the effect of the alloying elements additions on the kinetics of the phase
transformation of steels, dilatation curves had been used by metallurgists. In this stDiptranic
dilatometer at the University of Sheffield was us@&d. verify that the temperature registered by the
dilatometer is accurate and reliable, the thermocouples were first tested first in a thermocouple



calibration equipment: ISOTHECH Pegasus 1200. Obtaining dilatometer curves proved much more
difficult than expected. The equipment is not easy to control, because its heating mechanism is by
induction, and the parameters listed below have to be considered:

1. The heating by induction depends on the mass and the geometry of the sample. To control
the target temperatire, the heating rates, and the cooling rates as well, the mass of the
sample and the area to transfer heat are fundamental parameters. Firstly, a 12 x 12 x 150mm
sample of X80 steel was used to analyze the effect of the 14 parameters on the heat
treatment. Thereby, the best parameters were found, but this is for a large sample. Then,
using the same parameters on sampld10-0.0, which had a smaller size, resulted in burning
the sample. Thus, new samples needed to be produced with the same geometry asethe o
provided by Tata Steel, using other microalloyed steels. To do that, special pins to hold the
sample into the coils were required and the calibration process had to be repeated.

2. The induction heating depends on the material resistivity After all calibration practices
mentioned above, very cautious experiments were done, to have a meticulous observation of
temperature fluctuations as a function of the parameters udeidiire39).

3. Six parameters have to be inputted for the heat P.1.D., and also for the quench P.I.D. to control
the temperature of the sample:

Power low

Scanning time

Power high

Proportional

Integral

9 Derivative

=A =4 =4 4 =4

In addition, the other seven parameters have to be loaded to make the machine response as
quick as it is desired by the user, to produce drops in the temperature, and also in the cooling
system activation to underdamp or overdamp the temperature control. €hmsrameters

are:

Watchdog time to P.1.D. control

Watchdog temperature at P.I.D. control

Power off when the temperature is over the set point
Power on when the temperature is under set point
Quench off temperature end of the cycle

Air quench on temperaturever the set point

1 Air quench off temperature under set point

=A =4 =4 4 -8 -4

Each parameter influences the temperature to control. Further, the induction heating process
is very sensitive to the magnetic field strength of the material. Indavbon steels, alloying
additions, impurities, texture, and grain size influence the electrical resistance that the
material produces. Hedteated microalloyed steels require less power to heat for two main
reasons: first, the alloying additions acts as impurities affecting neggtthe magnetic flux
through the material; second, the coarser the grain size is, the less core and hysteresis losses
221 This produces amscillating temperature during the process due to the sensitization of the
heating plus the cooling control&ifure40 (a)). Even more, during the heat treatment the
grain size change, and also the interphase precipitations form, producing delayed instability



of the temperature Figure40 (b)). To avoid that, multiple experiments with variations in
almost all the parameters mentioned above were performed, analysing the effect of each of
them on the resulting temperature dfie sample to obtain the most stable temperature which
did not oscillate thought the whole treatment time.

The equipment does not control the temperature when the demanded power is less than 6%,
a condition which depends on the material. It was obserfreth several experiments, that

the equipment stabilizes the temperature by an equilibrium between the heating power and
cooling demand. However, when that equilibrium is obtained with an input heat power under
6%, the temperature oscillates or there i#e increase in the temperature, with the machine
control disabled. Such fluctuations and late temperature rise are showfigare39. To
correct this, it was founthat the mass of the sample must be increased. Therefore, shrouds
made from the asolled plates of the same steel were manufactured into which the samples
were placed which increased the mass and thereby increase the heating power to exceed 6%.
Figure41shows a curve of the isothermal transformation of a steeV®40-0.0 at 666Cwith

the mentioned conditions with a fluctuation of onlyl°C. Also, it was observed thahile the

[ ©| transformation occurred, the heating power to hold the isothermal temperature
decreased. While that, the cooling power increased until it reached the maximum
programmed and after that a late growth in temperature appeared. On the othed hiate
oscillation took place when the minimum set cooling power was too high, forcing the machine
to activate the upper and lower temperature limits at which the cooling system turned off and
turned on.

650
| —— Temperature
—— Late oscillation
) 640__ — Late growth
L — Tested sample
o 630 Steel VMo
5 ]
® 620+
Q
g_ ]
5 610+
— ]
600 -
590 : : : ,
0 2000 4000
Time (s)

Figure 39. A Curve shoing the delayed temperature growth, and also delayed temperature oscillation of
microalloyed steels under induction heating. The green colour shows the temperature measured in a-$dmple V
0.0 which had a maximum difference @f & and ¢ 0 during the agng programmed atp 1T 1.
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Figure40. (a) Curves showing that the sample initially undercools by a considerable amount, followed by a rise in
temperature which then overshoots the set temperature before eventiggiyhing the desired temperature. It has a very
important effect by changing the power of the cooling system. When it is too low, it produces temperature oscillation in
long period holdings. (b) A curve showing the variation on the sample temperature do@nges (reduction) only on the
scanning time of the heating P.1.D. system (HSMod), quench P.I.D. system (CSMod), and them both simultaneously.
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Figure41. A curve contrasting the programmed temperature in the dilatometer ag#ieseal temperature registered in a
sample of steel €v-Mo-0.0.



3.3. OPTICAL AND SCANNING ELECTRON MICROSCOPY

Figure42 shows the samples for optical metallography that were cut and mounted in bakelite. The
innermost face of the samples 3 and 4 shown inFigure43was facing the outside of the mounted
sample. The microstructure was observed on the rolling direction (RD).

The samples were polished with silicon carbide papers under running water starting with grade 80 and
ending with grade 1200 and followed by a polish with diamond cloths with based diamond suspension
lubricants of 6 and 1 um. The polished samples were cleaned with isopropanol to avoid oxidation. The
polished samples then were etched. Several etchingspaocedures were performed and described

in the following section. Immediately after the etching, the samples were cleaned with teepol and
then placed in an ultrasonic bath immersed in isopropanol for 2 minutes, and then they were stored
in a desiccator tperform the optical and/or SEM analysis.

Optical microscopy was carried out on a Nikon Industrial microscope ECLIPSE LV150. Scanning electron
microscopy and EDS were performed on the FEI Inspect F50 scanning electron microscope operating
between 5kV and v equipped with an Oxford instruments EDS detector.

The outer 1mm from the border of the sample was ignored to avoid the decarburized zone and deeper
carbonenriched zone produced during the heat treatmehltgure44. Moreover, in all the samples
for mechanical testing, this affected zone was removed as well.

Figure42 Samples mounted in conductive bakelite used for optical microscddyat8ETEM carbon extraction replicas.
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Figure43. scheme of the division of a sample after the dilatometry to obtain samples for metallography and tensile

evaluation.

Figure44 Optical microscopy of the sampleM6-0.0 aged at 658C showing théorder of the sample used for dilatometry.
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From the border, it shows a layer of almost pure ferrite followed layge amountof martensite.




3.4. ETCHING

Once the dilatometry tests were finished, samples were prepared using standard techniques for
metallographic examination as described before. The effect of etching depend on the steel
composition and heat treatmerf€2 Etching reagents made from saturated aqueous picric acid with
additions of wetting agents and some drops of hydrochloric acid (HCI) gave very good grain
boundaries delineation on mediunand highcarbon steel€?2?5, 1t is different for lowcarbon alloy
steels, which are very difficult to etch with picric acid or any other reaé&nthe whole procedure

to reveal the priofaustenite grain boundaries of the studied steels is described in the Annex 1.

3.4. TENSILE SPECIMENS

The tensile properties of the steelsWb-0.0, C¥V-Mo-0.0 were obtained from samples following the
ASTM standard?’. Previousresearchersat the Universityof Sheffield had cut the samples with a
gauge section of 3 x 2.5 x 12.5 mm, obtaining very stable restlts

Figured5a) shows a tensile sample wiglauge section of 3 X 12.5 X 2.5 mmade of a steeCrV-Mo-

0.4 with a solution annealing at 1180 and isothermally trasformed at 666C, pointing out where

the microstructures of the tensile sample were takefigure 45 b) shows a much coarser
microstructure than the one showed Figure45 c¢). It is because of the distribution of the cooling
nozzles in the dilatometer used for the heat treatment. During the isothermal transformation they are
always active, splashing out a mist of air and water, cooling more the zones where this mist strikes
than the zones facing the heating rings. When the thermocouple was placed in the middle zone of a
heating disk, a constant microstructure was observed for a length of approximately 15 mm.

Tensile samples of alloysWb-0.4, C#V-Mo0-0.4, V¥Mo-0.2 and GiNb-V-0.2 were manufactured to
guarantee that all the structure of the testing sample is homogeneous with no changes in grain size or
volume fraction of the phases, and also following the recommended dimensional relationship
suggested by the Great BritaimtASTM E8M standafilj & v, which means a gauge section

of 2 x 2.4 x 11 mm. Samples were polished with griding paper number 1000 to remove the affected
area of the electrical discharge machining (EDM). The tensile tests were performed at room
temperature, and at a constant croggead speed of 0.6mm/min on the machine Zwick/Roell Z050 A
712493 in the Thermomechanical Processing Laboratory of the University of Shéifielc46).



Figure4b. a) places where the microstructures had been taken. b) structure far from the center of the tensile sample. c)
structure in the center of the tensile sample, which agrees with the thermocoupléouseatrol the temperature during
the dilatometry process.

p—

Figure46. Machine Zwick/Roell Z050 A 712493 used for the tensile tests at the University of Sheffield.



3.5. TRANSMISION ELECTRON MICROSCOPY

3.5.1. TEM CARBON EXTRACTRERLICAS

Carbon extraction replicas of the samples were prepared to extract and then analyse the precipitates
within the ferrite. After the samples were prepared using standard techniques for optical microscopy

a very light etch was performed by runningah 2% with a pipette for around 4 seconds over the
surface of the samples. Then a very thin film of amorphous carb@nrt) was deposited on the
sample with a Quorum Q150T ES plus coater. The approximated thickness of the carbon deposition is
provided bythe same machine, which has a detector which displays the approximated thickness of
the carbon deposition. Scratching with a steel blade, the carbon replicas were dividedZnmtm

aljdz- NS aINARAXE gAGK GKS aONI G OKrfgas isksho@rifiguréd7.i A y 3 G
The second etching consisted of immersion of the samples in 10% nital solution until very small
bubbles form on the surface The samplassthen placed very gently in isopropanol, where the
replicas detach from the samples through the surface tension and float off, later picking up them with
400 mesh copper grids for TEM analysis.

Bulk sample Etch surface

I -
/ Extraction replica

R,

Coat surface

Remove bulk

Figure47. Scheme of the processthe carbon extraction replicd®.

3.5.2. TEM THIN FOILS

Samples for TEM thin foils were cut from the surface of the samples analyzed to obtain the
microstructures within 5mm from the hole where the thermocouples were placed to control the
temperature. Samples were polished to a final thickness below 0.1mmnpe@mdih grinding paper
grade 1200. All the polishing was performed under running water except for the last grade, which was
performed with isopropanol to prevent oxidation. 3mm diameter disks were punched, and then
further grounded to a thickness around|2®. The final thinning of the samples was performed via
electropolishing using the Metalthin twin jet electropolisher. The electropolishing conditions were



controlled at 27mA with a jet sensitivity of 8, a temperature-df°C using aelectrolyte solution of
60% methanol, 35%butoxyethanol and 5% perchloric acid.

Both extraction replicas and TEM thin foil samples were examined on a JEOL JEM F200 operating at
200 kV.

3.6. GRAIN SIZE MEASUREMENTS

To measure the mean grain size of the samplesJinear intercept method specified in the standard
ASTM HE.12 was performed. Optical micrographs were taken at 200x magnification, in which the
microstructure and the grain size can be easily recognizable. A series of horizontal lines were drawn,
guaranteeing that the minimum distance between them was greater than the largest grain within the
image. Measurements of the intercepts between the horizontal lines and the grain boundaries were
taken with the software Image J, gauging between 525 and 915gjfi@m several images of each
steel, having special care with the scale and ignoring zones of martensite. The accuracy of the
measurements between 0 and 5 um is just partial because there are regions with very small grains
that cannot be measured propertue to resolution limit of optical microscopy. The same procedure
had been done with the images etched with picral before thelpgating and dilatometric studies.

3.7. FERRITE VOLUME FRACTION

Image J software using areal analysis was used to measure tite f@ume fractionFigure48a) is

an optical micrograph of the sample -GMo0-0.0-K06. InFigure48 b) shows how the software
recognizes the black pixels, including the grain boundaries and the dark areas produced by the pitting
corrosion. To remove artefacts (such as pitting), the image was edgigdir€ 48 c)) and then
measured again with the software. The results from this analysis are presentéablal5. The
difference in the ferrite VF between the edited and the rexfited micrographs is between 13 and
22%, which is much higher than the greater divergence between the edited samples and the point
counting (2.35%).




Figure48. Micrograph of the sample ®Mo-0.0 a) as it was taken b) as the software image J record the pixels of the
clearest areas of the as taken micrograph. c) as the software image J record the clearest pixels of the editegimicrogra

According to Higginson and Selldf$ to measure the volume fraction by point counting between
400 and 500 points are required. A matrix of points of spacing 95um was created within each
micrograph and divided into 9 square traverses, each of 48 points, for a total of 432 points per
micrograph.

Ferrite VF Ferrite VF Ferrite VF
measured on measured obtained
Sample via point
as taken on the edited .
: . counting
micrograph micrograph
CrV-Mo0-0.0¢ 53.03% 74.1% 74.2%
660°C T
CrV-Mo0-0.0¢ 58.4% 72.0% 69.7%
625°C Ty
CrV-Mo0-0.0¢ 55.69% 75.9% 76.5%
600°C Tg

Tablel5. Ferrite volume fraction measured via Image J software with micrographs a) as taken, b) edited to increase the
contrast and to erase grain

3.8. PRECIPITATES SIZES AND DISTRIBUTION

For precipitate size and distribution analysis, TEMgiesataken from the carbon extraction replicas

were used. Several images from random areas within the samples were aakemanually filtered

for further analyss with the software Image¥ dzy Ol A 2y & ! y(Figued9SThe doftwara Of S & ¢
NBEIAaAGSNBE (GKS LI NGAOESAQ LINRP2SOGA2Yya Ay &ljdzad NB v
the majority of them were spheres, and the particles diameter were obtainau them. From each

sample, at least 10,000 particles were measuidtk detailed calculation process is shown in section

4.6.



Figure49. Interphase precipitation analysis with the software ImageJ. a) TEM micrograph of a carbon replica extraction
from a sample of steel 8&Mo0-0.4 austenitized at 90C and isothermally transformed at 669 b) micrograph filteredd
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CHAPTER 4: RESULTS

4.1. DILATOMETRY

4.1.1. TRANSFORMATION TIMES

FromFigure50to Figure56 show the dilatation charts of the studied steels. Frdablel6to Table
22 summarize the transformation times. SteélsMo-0.0 and CrV-Mo-0.0 were austenitized at
125(F°C and isothermally transformed at 600, 625, and %50The dilatometry charts are shown in
Figure50 and Figure51. For temperatures around 690, the addition of Cr very slightly reduces the
rate of transformation. The transformation at 6%5was faster for the steel with no Cr addition, but
again the value increased with teermal transformation at 60C. The transformation time for steel
CrV-Mo-0.0reduces with the isothermal transformation temperature decrease.

Dilatometry tests for steelsv-Mo-0.4 and CrV-Mo0-0.4 were designed to evaluate different
austenitization temperatures to maximize the® | transformation. After observation of steelé
Mo-0.0and CrV-Mo-0.0, steelsV-Mo-0.4and CrV-Mo-0.4were designed to reevaluate the chemical
compositions of alloysV-Mo-0.0 and CrV-Mo-0.0, while avoiding the oveheating in the
austenitization, and also observing the changes caused by the/biit rate. Figure52 and Figure53
present the dilatometry charts of steel§-Mo0-0.4 and CrV-Mo-0.4 respectively at different
austenitization temperatures.hie transformation time was still faster inMo0-0.4 for austenitization

at 1150C. In steel GY-Mo-0.4 the transformation rate reduces with temperature, so the faster
transformation was obtained at the lowest austenitization temperature.

FromFigure54 andFigure55, it is clear that a reduction in transformation kinetics produces a smaller
strain rate. From steels 8&Mo-0.4 and GiV-Mo-0.2 we can conclude that the Cr addition accelerates
the transformation kinetics of microalloyed steels. This same conclusioncalsobe done for
microalloyed steels with Cr+Nb additions frdfigure56. Complementary with the microstructure
analysis, it is not possible to base conclusions eelst¥Mo-0.0 and GiV-Mo0-0.0 because the process

was not fully controlled leading to other phenomena occurring, such as massive grain growth, which
clearly affect the kinetics of tHe© | transformation.
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Figureb0. Dilatation curves of W10-0.0 Steel samples with solution annealing
over 1250C and all isothermally treated at 68D, 628C, and 65¢C.
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Figure51. Dilatation curves of @/-Mo-0.0 Steel samples with solution
annealing over 128 and all isothermally treated at 680, 625C, and 65@C.
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Figure52. Dilatation curves of Wlo-0.4 Steel samples with solution annealing
at 900°C, 1150C, 1248C, and all isothermally treated at 6%%.
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Figure53. Dilatation curves o€rV-Mo-0.4 Steel samples with solution
annealing at 908C, 1150C, 1248C, and all isothermally treated at 68D
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Figure54. Dilatation curves of Wlo-0.2 Steesamples with solution annealing
at 1100C and all isothermally treated at 68D, 658C, and 67@C.
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Figure55. Dilatation curves of €V-Mo-0.2 Steel samples with solution
annealing at 124%C andall isothermally treated at 63C, 664C, and 67%C.
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600 5400
655 5400
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Table20. Transformation times for
steel \Mo0-0.2 with solution
annealing at 1108C and
isothermally transformed at
600°C, 65%C,and 670C
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Time
[°C]
[s]
630 x 1100
664 XT QU
672 5400

Table21. Transformation times for
steel C#V-Mo-0.2 with solution
annealing at 124%C and
isothermally transformed at
630°C 664C,and 672C.
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Figure56. Dilatation curves of @db-V-0.2 Steel samples with solution 680°C 690'C,and 710C.

annealing at 114%C and all isothermally treated at 68D, 696C, and 71¢C.

4.1.2. PRIOR AUSTENITE GRAIN SIZE

Figure57 a) and b) show the prior austenite grain size of samples of stedfdMx-0.0, before and

after the dilatometry experimentdrigure58 gives the dilatometer time vs temperature chart of an
CrV-Mo-0.0 sample during austenitization. It shows that a very stable temperature is achieved at the
expense of the response time of the machine. However, a shorsbwet in temperature above the

set temperature of 1200 was recorded at the start of the heating cycle. The registration system of
the dilatometer only records temperature once per second, but during the heating, there are some
points where the temperatte rises more than 50 degrees in a second. To be sure that the
temperature was controlled with high accuracy, for each following test the thermocouple was first
tested in a thermocouple tester PEGASUS 1200.

Figure57. a) Micrograph of a sample of steel\&Mo-0.0 just before the dilatometry, b) micrograph of a sample of steel
CrV-Mo-0.0 after the dilatometry treatment with soaking at 825 Both samples were etched with picral, showing the
austenite grain size.
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Figure58. Graph showing the temperature excess at the start of heating in a dilatometry testing of the samples.

As described in the Experimental Procedure section, two new stelds-¥.4 and Giv-Mo-0.4 wee
produced and then homogenized and then fiotled. The asolled austenite grain sizes of these
steels are shown ifigure59 showing that steel CY-Mo-0.4 has a @htly finer austenite grain size
after hot rolling compared to steel-Mo-0.4.

The process of etching is complicated in MA steels because of variations in chemical composition, heat
treatments and other not welidentified factors which affect the chengitetching effec?? This was

I RRNBaaSR o0& GKS LINE OSRAzZNG appdacitO tFeithng logarfon G KS LI
microalloyed steels to reveal prior austenite grain bounedand the duaphase microstructure = Iy
appendix in this thesis. Samples from the centre of theoled plates were used to evaluate the
prior-austenite grains size as a function of solution treatment temperatbigure60 to Figure64

show the prioraustenite grains in steelsMo-0.4, C¥V-Mo0-0.4, \Mo0-0.2, C#V-M0-0.2 and GINb-V-

0.2. After each figure, there is a table showing the measured values.

S Ly

Figure59. Asrolled MA steels, a)-Wlo-0.4, b) Giv-Mo-0.4, etched with picral solution to show the prior austenite grain
sizes.



Figure60. Prior austenite of: a) steetkMo0-0.4 recovered at 100CQ, b) steel Wlo-0.4 recovered at 105C, c) steel Wio-
0.4 recovered at 110G, d) steel Wl0-0.4 recovered at 118C, e) steel Wlo-0.4 recovered at 120C, f) stel \\Mo-0.4
recovered at 1251C, g) steel Wlo-0.4 recovered at 130C.



Solution Annealing Prior Austenite Grain Size Standard Error

Temperature (C) (um)

1000 30 0.9
1050 44 15
1100 56 2

1150 57 14
1200 63.1 1.7
1250 65.2 19
1300 110.5 2.9

Table23. Prior austenite grain size of alloyM6-0.4.



Figure61. Prior austenite of: a) Steel-ZiMo-0.4 recovered at 100C, b) Steel 8-Mo-0.4 recovered at 105C, c)Steel
CrV-Mo-0.4 recovered at 110Q, d) Steel &-Mo-0.4 recovered at 115C, e) Steel &+Mo-0.4 recovered at 120Q, f)
Steel GiV-Mo-0.4 recovered at 128C. g) Steel 6&r-Mo-0.4 recovered at 130C.
































































































































































































































































































