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RESUMO

Este estudo sobre os acos bifasicos (dual-phasenhea-se alinhado
com pesquisas voltadas para desenvolvimento doeconénto sobre
materiais e suas propriedades que relacionam camraicroestruturas
e seus mecanismos de transformacao. Em termoddgmus se alinha
ao segmento de pesquisa voltado para a inovagaondteriais que
objetiva aplicacdo com baixo impacto ambientaljorzdizacdo dos
recursos existentes e reducao de custos.

Nesse sentido, foram analisados os efeitos do Gre i8i associados a
diversas temperaturas de recozimento e os meiossfitamento (ar e
agua) sobre as propriedades mecénicas e as miataess finais de
acos bifasicos.

Os acos bifasicos caracterizam-se por uma matridtida macia
contendo a estrutura martensitica dura (SPEICHL)198

Ha um grande nimero de projetos com foco na elghordedesign de
acos bifasicos nos diversos nucleos de pesquisadono mundo, que
visam a atender as restricbes impostas pelas liopasacionais, ora
existentes.

Muitos trabalhos foram desenvolvidos neste sergidoortanto, muitas
davidas também surgiram. Desta forma, este estbigtivwu/avaliou os
efeitos dos elementos Cr (0; 0,2; 0,4 e 0,6 %);(Md,15 e 0,45 %) e
Si (0 e 0,3 %) tratados em diversas temperaturagedazimento e
resfriados em dois meios (dgua e ar) nas propresdfidais dos acos.
Isto resultou em 148 condicbes experimentais. Qsiltemlos dos
experimentos foram analisados quanto as propriedatkcénicas e
microestruturais e permitiram esclarecer duvidas oe melhor
entendimento dos mecanismos de transformacao.

O projeto de experimento para 0s acgos deste eshjdbvou a geracdo
de conhecimentos cientificos especificos e tecmmégaplicaveis em
linhas operacionais existentes no Brasil e no ext¢Estados Unidos,
Franca e Canada).

A adicdo de cromo viabilizou a andlise de seustasfeiem solugéo
sélida assim como carbonetos de cromo, na formdedaustenita e,
posteriormente, em sua temperabilidade (deslocandstcurva TTT
para a direita e retardar a transformacdo da atstem fases néo-
martensiticas indesejaveis). A adicdo de cromoafes mecanismos de
transformacdo das fases resultando em uma miarbestr mais
refinada e, consequentemente, propriedades mesanaia elevadas. O
teor de cromo adicionado variou entre 0 e 0,6 %r(&ssa).



A adicéo de silicio permitiu a analise de seustafetomo refinador
sobre a matriz e sobre o aumento da resisténcidmoacdo aco sem
afetar, significativamente, a ductilidade. A adighosilicio acelerou a
nucleacéo e recristalizagéo da ferrita além dafoamacéo da austenita
0 que resultou no aumento da fracdo volumétricandetensita.
Ressalta-se que, em determinadas etapas do prategsoducdo dos
acos, o silicio apresenta efeitos deletérios caymaltera a reatividade
da superficie dos acos retardando o processo dpalgem; ii) deteriora
a suas propriedades relacionadas a sua soldagemliiz a reatividade
da superficie dos acos afetando negativamente aéramie do
revestimento (quando galvanizado).

A adicdo do molibdénio aos acos inibiu condicdeg. (mobilidade da
interface ferrita-austenita) que favorecem o creenio da austenita
(maior fracdo volumétrica), promoveu o refino dacnméstrutura,
aumentou a temperabilidade da austenita durantesfriamento e
aumentou a resisténcia dos acos. Este elemento teomsido utilizado
nos atuais projetos de qualidade tornou-se a refiex€neste estudo,
para efeito de comparacéo.

As temperaturas de recozimento escolhidas cobrieanfaixa de
temperaturas utilizadas nas principais linhas opoa8 em
funcionamento no mundo.

Os acos laminados a frio utilizados para o tratanetérmico
apresentaram, inicialmente, microestruturas conmaglexomposta por
martensita, ferrita e perlita devido ao elevade tBoelementos de liga
principalmente o manganés. Esta matriz “complexal tratada
termicamente visando produzir, predominantementea westrutura
bifasica final. As transformacdes das microestaguniciais ocorreram
de “maneiras diferentes” em funcdo das condicbepostas
(composicao quimica e tratamentos térmicos).

Estas maneiras diferentes de transformacgéo, caupatinadicdo de Cr,
Mo e Si associados aos tratamentos térmicos adesjuaddificaram os
mecanismos de reacgdo o que permite vislumbrar attexmativas para a
producdo de acos bifasicos propriedades mecaniegiadas e baixo
custo, considerando as limitacdes fisicas dasdinparacionais.

Estes conhecimentos contribuiram para viabilizaroalucdo deste grau
aco em linhas de galvanizacao continuas cujas texassfriamento sédo
moderadas (menor que 50 °C/s).

Palavras-chave: Acos bifasicos, Recristalizacdo, Transformacgéo de
fases, Efeito de carbonetos de cromo, Efeito dermeshtos de liga (Mo,
Sie Cr).



ABSTRACT

The present study assessed the effect of Cr, MoSand different
concentrations under parameters of heating tredatamehcooling media
on the final microstructures and mechanical properof dual-phase
steels. The prior cold-rolled steels used in thigdy displayed a
complex matrix composed of martensite, ferrite padrlite which have
transformed through different paths to produce al-ghase structure
(martensite + ferrite) with the appropriated meatan properties.
Additions of Cr, Mo and Si associated to specifieah treatments
showed the ability to affect phase transformatiamd acreate an
alternative lower cost routes. Numerous works hazeen developed in
this area, but also some contradictions have beewrs Thereby, this
study aimed to assess the effect of chemistriestesfls Cr (0-0.6 %),
Mo (0-0.45 %) and Si (0 and 0.30 %) heat treatedifiarent annealing
temperatures and cooled in two media (air and Wwat€inal
microstructures and mechanical properties of steele analyzed for
better understanding the mechanism and the pathsaéformations
undergone. The following results were observed: imeestigated
elements were shown to strengthen the steels throefifnement and
volume fraction, however by different ways. i) Grshformed chromium
carbides that supplied their interface for addaiomaustenite grains
nucleation (volume fraction) and; subsequently, ynawustenite in
growing movement have caused collisions to eachrptionsequently,
the restriction of austenite growth (refinement); Mo increased the
hardenability of austenite (volume fraction) antilaited the movement
of grains boundaries (refinement) and; iii) Si poted higher carbon
content in austenite more homogeneous by redutsndpérmodynamic
activity and enhancing hardenability; and (volumaetion). Besides, Si
accelerated the ferrite recrystallization duringatireg, which in turn
promoted the formation of austenite through theleaiion process,
followed by grain growth.

Keywords: Dual-phase Steel, Recrystallization, Phase toamsftion,
Chromium Carbides Effects, Mo-Si-Cr Effects.
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1 INTRODUCTION

The sustainability and the human impact on thelHalenet have
been rendered discussions ever since long time &jge. issues are
addressed in different directions sometimes ecocaliyi and others
environmental and social. Green et al. (2012) a$iing it in the “triple
bottom line” which include social, economic and ieonwmental aspects,
passed through the efficient use of materials, nahtdife-cycle
assessment and adequate material for support eefficigncy.

Under this context, advance of environmental aneegomental
laws has been pushing the automakers to continpdmglrove safety
and fuel economy of cars with low cost. These nexpénts,
consequently, affect design and material seleclitve achievement of
these goals requires a combination of high-techerisds, innovative
design, advanced manufacturing processes andrélgtiionship among
design engineers, manufacturing engineers and ialateengineers
(KRUPITZER & HEIMBUCH, 2005). Worldwide Institutesand
research centers have been spending much efftretdevelopment of
new products leading to these goals. The AHSS g(édpance High
Strength Steel) has shown to be one interestingisn] in this moment.
Among the steels present in the mentioned groupldss of dual-phase
(DP) is one that fulfills a large amount of neeelguired.

High work-hardening rates in combination with eleel
elongation provide to the dual-phase steels mudheni formability
especially with the feature of higher ultimate tenstrengths than
conventional steels of similar yield strength. Whempared to high-
strength low-alloy steels with similar yield stréimgDP steels exhibit
higher initial work-hardening rate than conventioranes, higher
ultimate tensile strength (UTS) and lower ratio yoéld strength to
ultimate tensile strength.

Advanced High Strength Steels are automotive anaktr
manufacturers interesting because they offer theerpial for fuel
economy increases through weight reduction, whil@ntaining an
acceptable size and cost of product (DAVIES & MAGER79).
Considering that the automakers are the major coes of these
advanced high strength steels and that dual-phasés @re one of the
most popular among them due to their ease appliyalim body-
structure and body-panel applications in the lastry, its importance is
highlighted in this scenario.
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2 OBJECTIVE

Literature review showed lot of efforts to find thetter design of
the highest strength steel to meet customers’ reopgints and overcome
facilities restraints.

The structure-properties of dual-phase steels Hzaen well
studied; nevertheless some subjects still remagtean for example the
effect of partial replacement of martensite by ltajrthe effect of alloy
elements such as chromium, molybdenum and silican pbase
transformation. Controversial discussion about tmmplexity of
phenomena that occurs at intercritical annealimd foplace (interaction
between recrystallization, grain growth and phasmnsformation)
(OGAWA et al., 2010). The degree of such interplapends firstly on
the chemical composition of the steel, micro-alhgyiadditions, for
example, and processing parameters (HUANG et @042SOUZA et
al., 1982).

Many researchers have carried out studies on @yadll steel and
observed that this element plays a very importafe m dual-phase
transformations associated with low cost compawiitg its similar Mo.
The use of Cr in the as-hot-rolled steel insteatofhas been largely
adopted (NASCIMENTO, 1981).

Molybdenum is useful element in dual-phase appticasince it
acts as i) increasing the temperature for austegrae growth, ii) a
hardening element, iii) carbide precipitates formdowever, during
hot-rolled process Mo is a deleterious elemeneims of increasing of
demanded power for hot rolling.

Therefore, the global aim of this study was theeustinding of
the effect of chromium, molybdenum and silicon Bs@ciation with
process parameters like annealing temperatures@oithg rates on the
mechanical properties and final microstructure leé tesigned low-
carbon dual-phase steels. This study focused oeftaet of such alloy
elements on the transformation at heating (conpetibetween ferrite
recrystallization and austenite phase transformaticand the
understanding of the additional mechanism througdtickv the Cr
hardens the steels.

The plan of investigation was developed on thesbasisteels
designed and latterly produced taking into accotid chemical
compositions, hot and cold-rolling processing, dmeht treatment.
Afterwards, mechanical tests and microstructuresesmsnents were
handled in the sense of bring about ideas to utatets the
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recrystallization phenomena and its competitionhwitansformation
ferrite/austenite (martensite) and correlation wikhchanical properties.

The investigation came through the effect of chromiin 4
levels of concentration (0,0; 0.2; 0.4 and 0.6 patight) followed by
heat treatment at eight temperatures (720 — 86Q &ffpct of
Molybdenum in 3 levels (0,0; 0,15 and 0.45 %) hesated at seven
temperatures (720 — 860 °C); and effect of silico2 levels (0,0 and
0.3 %) heat treated at six temperatures (720 —°830In this context
the study brought out information about phenomeoeuwed under
stated conditions and then found out answers foesiipns as
competition between recrystallization and phasasfamation and
additional mechanism of austenite refinement.

The general objective is:
to analyze the effects of the additions of Cr, Muwl &i at different
concentrations and heat treatment (temperaturesimméaling) in phase
transformations, recrystallization and mechanicedpprties of low
carbon dual-phase steels produced in laboratory.

The specific objetives are:

1) to analyze the effect of chromium in 4 different
concentrations (0,0; 0.2 ; 0.4 and 0.6 %) on theitée
recrystallization and austenite transformation
(overlapping);

2) to study the mechanism at which chromium strengtigen
the steels;

3) to analyze the effects of chromium, molybdenum and
silicon on the morphology and distribution of madie;

4) to analyze the effect of the silicon on the ferrite
recrystallization (Tand A.y);

5) to analyze the effect of holding temperature on fthal
microstructure and mechanical properties;

6) to reach a state-of-the-art in some specific steps
production of dual-phase steel;

7) to analyze the effect of molybdenum on the final
microstructure and mechanical properties;

8) to analyze the effect of silicon on the final mitroicture
and mechanical properties;

9) to distinguish processes at heating all specimdter a
different annealing temperatures were water quahdtbe
freeze microstructure developed;
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10) to determine the effects of different elemerds
hardenability of austenite at cooling, the paraléet
cooling was applied form the same temperatures.
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3 LITERATURE REVIEW
3.1 INTRODUCTION

This chapter discusses the evolution of AdvanceghHBtrength
Steels contextualizing their characteristics ardtimnships with their
applications.

The first mentioning of dual-phase steels as piatemtaterial for
automotive application started with Hayami et al9745). At the
beginning they considered the possibility by pradgca dual-phase
microstructure (ferrite plus martensite) based old colled Mn-Si steel
by heat treating it in the inter-critical temperaturegion, during a
continuous annealing process. Steels with this astoncture showed
higher strength associated with better ductilitgnthhe existing HSLA
(High Strength Low-Alloy). Subsequently, Rashidaét(1976) showed
significant gain in ductility with no deleteriouffext in tensile strength
of dual-phase produced by inter-critical heat-treait of HSLA
vanadium alloyed. At that moment, the class of ghise steels
appeared as a strong competitor of HSLA and to ¢ uas high-
resistances steel demanded for specific applicatiBigure 3.1 displays
the better properties (good performance duringiegipbn since higher
elongations were achieved with the strength) ofl-ghase steels in
comparison to HSLA.

Speich et al. (1981) studied dual-phase steelslafided them as
a class of high-strength low-alloy steels chariwger by a
microstructure consisting of a dispersion of ham@tensite particles in
a soft and ductile ferrite matrix what results om® unique properties
of this class:

i) continuous yielding behavior (no yield point);

i) a low 0.2 % offset yield strength;

iii) a high tensile strength;

iv) a high work-hardening rate;

v) unusually high uniform and total elongation;

vi) high BH (baking hardenability) effect.

The high work-hardening of dual-phase steels doutieis to the
good formability whereas the absence of a yieldnpa@longation
eliminates Luders band formation and assures a goddce finish after
drawing. The high combination of strength, dugtildnd formability
made them attractive for weight-savings applicatioautomobiles.

The high level of strength results in high fatigeeistance and a
good level of energy-absorption. During lasts decedld-rolled dual-
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phase steels have been successfully applied foctstal and safety
automotive parts as reinforcements, longitudinak ki@ongerons) and
traverse (crossbar); replacing and upgrading thesabf HSLA steel due
their characteristic of present lower yield poimr fsimilar tensile
strength.

Besides relevant intrinsic characteristics of thesserials, the
majority of steels in this class of dual-phase @négood feasibility and
high yield when produced in conventional lines, tinaake them
attractive commercially, then to the producers amasmuch as an
interesting material to be thoroughly investigated.

Figure 3.1— Uniform elongation as a function ofsién strength for
standard HSLA steels and Fe-Mn-C dual-phase steel.
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3.2 DUAL-PHASE STEELS — DEFINITIONS, PROPERTIES AND
APPLICATIONS

The dual-phase steel is a product of heat-treaimel ¢cold or
hot-rolled), usually, with chemical composition adrbon between 0.08
and 0.15 %; manganese 1.0 to 2.5 % and othersrajl@fements like
chromium up to around 0.5 %, molybdenum below 0.3 a%td
vanadium, sometimes silicon, niobium, aluminum bon. Normally,
the dual-phase microstructures as-cold rolled (eefweat treatment)
present a matrix composed of ferrite, pearlite, @atite and eventually
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martensite. During heat treatment the microstrecoirthe onset matrix
is subject to a sequence of dynamic transformatiahst is the key to
control the development of this steel grades witle tesirable
martensite/ferrite microstructure.
Speich et al. (1981) proposed the following segaenc
1) almost instantaneous nucleation of austenite atlifgear
grain-boundary cementite particles;
2) followed by a very rapid growth of austenite uthié carbide
phase is completely dissolved;
3) slower growth of austenite into ferrite at ratettisacontrolled
by carbon diffusion in austenite at high tempemtciose to
850 °C and manganese diffusion in ferrite at lomgerature
(~750 °C);
4) very slow final equilibration of ferrite and ausitenat a rate
that is controlled by manganese diffusion in autten

The final product presented the microstructure cosed by,
predominantly, ferrite and martensite and evengusithall portion of
bainite.

Bucher and Hamburg (1990) have proposed the ratio (
austenite/ferrite) to reach a dual-phase steetiffefrent tensile values
strength for respective dual-phase: DP 590 (1508),780 (32 %), DP
980 (45 — 50 %) and DP 1180 (larger than 50 %),revtaistenite =
martensite plus low bainite.

Pushkareva (2009) showed the following sequencstrattural
changing during the austenite to martensite transiton: Volume
expansion during phase transformation from fcc emitd to bct
martensite and the lattice invariant deformatiocoaaplished by slip or
twinning; which in turns introduce high density dislocation and or
fine twin. A critical amount of mobile dislocations required to
suppress the yield point elongation and this amauptoduced by the
fraction of transformed martensite (MARDER et 4881).

Pickler et al. (2000) proposed the best structorediial-phase
steel consisting of a mixture of ferrite and mastenobtained by using
intermediate cooling rates; which result in the tdretrelation of
ferrite/martensite at a good carbon partitioning.

The properties of dual-phase steels are strongdye with final
microstructure; which in turn are closely relatedhe characteristics of
austenite formed in the two-phase field.

Figure 3.2 (banana curve) shows a comparison dfphese with
others steel grades in terms of conventional elimgaversus tensile
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strength. Each family of steels is positioned aditwy to its mechanical
property which is in evolution with time and teclogies. As earlier

mentioned the aims of researchers, producers asd of steels have
been to achieve a design of higher resistance iassddo the higher
elongation with low cost. It means moving curvesvapl to the

diagonal direction in order to make the result, R&#A, the highest as
possible (Figure 3.2). Dual-phase steels are vaditipned along the
diagonal line and close to the class of TRIP siE®ty are distinguished
from the others due to the good compromise in Htgangth versus
formability associated to its easy feasibility. §lsompromise comes up
from the peculiar microstructures described earlibard phase

martensite dispersed in a ductile ferrite matrix).

Figure 3.2 - Ductility-strength relationship of seal high-strength cold-
rolled steels; IF - interstitial-free; TRIP - trdosmation-induced
plasticity; DP; PM - Partially Martensitic.
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Considering the good performance and acceptan@Posteels
under applications by automakers some required epties are
discussed in sequence.

3.2.1 Formability and Crashworthiness of DP Steels

Considering the importance of automotive industnaaonsumer
of steels of this class and their main requireneettie conformability, it
is worth to know the behavior of dual-phase comsidethe importance
of automotive industry as a consumer of steelshif ¢tlass and their
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main requirement is the formability, it is worthkoow the behavior of
dual-phase under mechanical loading (stamping).

Numerous studies have been presented results estigations
on the formability of dual-phase steel grades sitice strength
increases. Bending test is important for users peration lines for
structural parts; thus advanced high strength steave to show good
bendability.

The formability of a higher resistant dual-phasé 9&s studied
in comparison with a less resistant dual-phase 7§iig a V-type
bending test machine. Bendability results were laindue to the effect
of refinement of microstructure of DP 980 which qmmnsated the
deleterious effect of resistance increases (Figue (TAKAKURA &
TAKAGI, 2005).

Figure 3.3 - Microstructure of (a) DP 780 and (IG) QBO
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Another important property for the steels with dtoesistant
behavior is the mechanical crashworthiness thaseigsured through the
collision absorbed energy (Energy absorption catedl as the area
under the curve stress x strain).

Figure 3.4 displays the collision absorbed enetggirs rate of
different steel grades and their dependence ost#ii tensile strength
measured at a low strain rate. The replacementRof780 by DP 980
resulted gain of absorbed energy around 40 M@SAWA et al.,
2003).
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Figure 3.4 — Relationship between tensile stremgth low strain rate
and collision absorbed energy at a high strain rate
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The absorbed energy was studied by using a droghivéest.
Results obtained were important to explain weiglluction ratio as a
result of application of the DP 980. Curves presém Figure 3.4 show
levels of absorbed energy for various thicknessirdjrades.

Fracture of dual-phase steels is associated withereinon-
metallic inclusions (e.g. aluminum oxides and mawega sulphides) or
martensite voids initiation mechanisms. Considetirgenhancement of
cleanliness of steels, the point turns to martersrgitated void initiation
effect (AVRAMOVIC-CINGARA et al., 2009; KRAUSS G2001).
Void initiation at martensite occurs mainly by eitithe fragmentation
of the martensite or decohesion at the ferrite-emsite interface
mechanisms. Martensite fragmentation developsatsivains (3 to 5
%) whereas decohesion of the ferrite-martensierfate takes place at
higher strains or even at the onset of plastic rdedition
(STEINBRUNNER et al., 1988; HE et al., 1984).
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Study of micromechanisms of DP fracture observeat the
preferential sites for void initiation are mainlyssaciated to the
martensite. Finally, it is observed that shear baae responsible for
the final stage of fracture by acting as nucleatsites for cracks
(GARCIA O. L., 2013).

3.2.2 Hardenability

Hardenability is the capacity of steel in delay thee required
for the decomposition of austenite into ferrite quedrlite (PORTER &
EASTERLING, 2004).

Krauss et al. (2010) incorporated various factorisardening and
defined hardenability as “the capacity of steetremsform partially or
completely from austenite to some percentage ofansite at a given
depth when cooled under some given conditions”ti@ndifferent view
“hardenability is the transformation of austeni@ martensite by
preventing the diffusion-controlled formation of arostructures with
lower hardness than martensite during quenching”.

Figure 3.5 displays the effect of alloying elemeatsd their
amount on the hardenability (multiplying factor).

Figure 3.5 — Multiplying factors as a function obncentration of
several alloying elements on steel.
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3.3 PHASE TRANSFORMATION DURING PROCESSING AND
MICROSTRUCTURE OF DUAL-PHASE STEELS

In the current study samples were undergone onraeheat
treatments (heating, holding and cooling) aimingdavelop different
microstructures and, consequently, mechanical ptiegerelated to the
difference in phase transformations and recryzgtlthn. Evolutions of
microstructures associated with process conditiwese analyzed to
assist the development of hypothesis to explairt parthe phase
transformations. Therefore, a discussion on phamsesformation is
appropriate.

Rapid cooling of steel from the ferrite/austeniteldf, with no
sufficient time for eutectoidal diffusion-contralle decomposition
processes to occur, resulted in the steel transfiiom to martensite
(heterogeneous reaction) — or in some cases magtevith few percent
of retained austenite. In case of dual-phase stemixture of ferrite +
martensite is predominately (PORTER & EASTERLING02).

The main feature of obtaining this dual-phase ifflemartensite)
structure in the prior, low alloyed carbon steeisu@lly ferrite-pearlite
cold-rolled structured) is by heating up to intetical region where
initial portion of austenite becomes substantiahyiched by carbon
which has the dominant effect on hardenability edtanite and retard
transformations others then martensite.

Martensite is a diffusionless transformation prdduce.
transformation manner occur by associated movemigatoms called
military (it means that from start to the end of the tramsé&tion
individual atomic movements are less than one atbenic space). The
martensite in steel is formed because of coolitg isasuch fast that the
majority of carbon atoms in solution in fgg=e remain in solution in-
Fe phase. Steel martensite is simply a supersatusatlid solution of
carbon ina-Fe phase. The martensitic phag? is often in the shape of
a lens and spans initially an entire grain diamdtsrstructure depends
on carbon content: i) low carbon (lath or lamellai)) medium carbon
(plate or twinned).

The content of carbon in austenite in combinatioith vihe
following cooling system (water-quenching, mistgas cooling) will
define whether the all austenite transforms to emeite or part of that
transforms to “new ferrite” or/and bainite. Conkedl heating-treatment
and stoichiometric addition of alloying elementstsiMo, Mn and Cr
are usual to avoid transformation back to ferriiainite and pearlite
(PORTER & EASTERLING, 2004).
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Martensitic transformation as a displacive solidteststructural
and diffusionless changing, which is dominated imekc and
morphology by deformation energy from shear didioos. In a
displacive transformation, atoms move organized@dardination with
their neighbors named “military” reaction. Generathis displaciveness
can be described as a combination of homogenedaosrdgion and slip
displacive (“shuffle”). In a diffusionless reacti@oms do not play any
random movement or jump through the interface pitase, so the
phase transformed has the same chemical compgsitdomic
organization and point defects of prior phase. dastions move
conservativeness during martensitic reaction, fbeze without
generation or annihilation of point defects (COHENWAYMAN,
1981).

Martensitic transformation was described as thelred water-
guenched of steel samples to below a particulapéeature (about 220
°C) it is no longer possible to retain all of thegmal austenite. This is
considering that the incubation time for bainitenfation was too long
as the temperature falls and preservation of aiistphase gets easier.
When rapid quenching suppresses the diffusion psasenecessary for
the formation of cementite in the steel and thepenature continues to
fall, the free energy can be reduced by transfagntire iron solvent
from the fcc structure. Iron tries to become bctibis distorted to bct
by the super saturation of carbon that remains dhd ssolution.
Austenite can transform to bainite and the martensin decompose
into ferrite and carbides. The bct martensite ighase that does not
appear on the phase diagram, because it is a al@d@agithase that
readily transforms when held at temperatures aboxeuple of hundred
degrees Celsius (MEYRICK et al., 2001).

Martensite can have within its structure defecislgdations) and
carbides precipitates (MIAO et al., 1993).

Microstructures of martensite were related with pemies of
steels. These morphologies and distribution of emsite on the
structure of the steels affect their properties.eWbr the structure
presents martensite islands almost isolated infalvte matrix, dual-
phase steel shows relatively low vyield strength aneld ratio.
Nevertheless, when martensite appears as a contimgwork along
the ferrite grain boundaries, the yield strengthd aseld ratio will
increase. The ductility is related to the microstiiee and morphology
of martensite. Over-ageing or tempering process imipel the solute
atoms diffusing to the phase interface, making fbaite purer.
Meanwhile, quenched martensite will be temperedpraving the
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comprehensive mechanical properties. On the othed,hmartensite
without tempering has low ductility, which causbs increase of yield
strength and decrease of ductility, even inducinglé fracture. The
morphologies of martensite have been mentionedunyenous authors
such as i) martensite island, ii) massive martensihd iii) solid
martensite. The martensite island usually showsofimsurface when
investigated by scanning electron microscopy, bet morphology of
massive martensite is complex due to higher hakiiéiya(HAN et al.,
2011).

Since quenched martensite has low toughness theanipering
is required to enhance such property, however tgbebkt strength is
only preserved by low-temperature-tempering (KRAUZEL0).

3.3.1 Transformation of Austenite at Cooling

Since the final structures of dual-phase steelscargrolled by
austenite transformation an overview of phase toamstion of
austenitic at cooling is relevant.

According to Bain (1945), the decomposition of lodid solution
(austenite) does not begin instantaneously whenteisperature is
lowered to that at which, in time, it would transfg instead, there is a
definite period of lag, which is presumably occupiby nucleus
formation or the chance association of sufficietunes of the new
constituent to form a permanent crystallite. At aatg, this reluctance is
very definite and constant for any particular anisée and a degree of
undercooling is possible which, quite necessadiépends upon the rate
of the cooling. These conditions of time and manofearrangement
interferer ofy/a interface formation (on the structure and propsjtthat
affect the ferrite nucleation, which in determineaf morphology of
ferrite (YEN et al., 2011).

Porter and Easterling (2004) showed in Figure 3e6equilibrium
diagram and discussed the step by step of partialysformation of
austenite to ferrite, at various temperatures beldw after
austenitization and quenching.
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Figure 3.6 - Holding temperatures for steel.
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Source: PORTER & EASTERLING, (2004).

Figure 3.7 displays the resultant microstructues dunction of
undercooling, where the grey areas are marterigteféormed from the
untransformed austenite) (during quench.

At small undercooling below Athe ferrite nucleates on austenite
grain boundaries and grows in_a blockey manneroten fwhat are
known as grain-boundary allotriomorphs (Figure 3.a) At larger
undercooling, there is an increasing tendencyritéeto grow from the
grain boundaries as plates, so-called Widmanst&itkplates, which
become finer with increasing undercooling (Figu®g - b, c, d)
(PORTER & EASTERLING, 2004).

Figure 3.7 also shows microstructure in smoothlywed due to
incoherent interface; and faceted (planar) due therent (or
semicoherent) interface.

At small undercooling, it is proposed that bothohnerent and
coherent interfaces move at similar rates creatiaguiaxed
morphologies.

At larger undercooling, only incoherent interfacas make full
use of the increased driving force creating pléteorphologies.

It can be seen in Figure 3.7 also that ferrite matipitate within
the austenite grains (intergranular ferrite). Tonscipitates are generally
equiaxed at low undercooling and more plate-like tgher
undercooling.

Other relevant point is the effect of austenitargsdze on carbon
concentration: i) in fine-grained austenite theiferthat forms on grain
boundaries will rapidly raise the carbon concerdratvithin the middle
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of the grains reducing the undercooling and makiogleation even
more difficult; i) in a large-grained austenitetakes a longer time for
the carbon rejected from the ferrite to reach theter of the grain and
meanwhile there will be time for nucleation to ocan the less
favorable intragranular sites.

Figure 3.7 — Microstructure of an alloy Fe - 0.15C%The specimens
were austenitized, held at an intermediate temperatand then
quenched to room temperature.

Pushkareva et al. (2009) observed that the fefoitemed from
austenite during cooling (epitaxial ferrite = nearrite) presented no
structural interface between them (epitaxial artdined ferrite) but the
new ferrite was an extension of the retained ferrit
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3.3.2 Transformation of Austenite from Ferrite + Pearlite at
Heating

In continuous annealing line of any type the rekyi fast
heating of deformed cold-rolled steels takes plaspecially if steels
contain some elements retarding of recrystallirataustenite formation
can differs — starting from either, recrystallized non-recrystallized
initial structure. This kind of competition was cittered in some details
(HUANG et al., 2004).

Transformation which occurs in non-recrystallizedrite during
ultrafast heating (> 1000 °C/s) leads to more egfigrains (HUANG et
al., 2004).

Studying C-Mn-Si steel, Yang et al. (1985) showkdt tthe
formation and distribution of austenite are strgngffected by the
“ferrite recrystallization” and “rapid spheroidiza of cementite in
deformed pearlite”. In this way, austenite formgtiatly at grain
boundary of elongated ferrite, and after completdmecrystallization,
on carbide in the ferrite matrix.

In time, the development of new technologies alldwe uses of
equipment of more capabilities as faster heatirdycoling with better
performance; which in turns leveraged the changekéa concepts and
design of steels.

Controversial explanations, in literature, are fufor the
mechanism of phase transformation and recrysttbizaFor instance,
Huang et al. (2004) showed that austenite formsailyi at grain
boundary of ferrite; while Speich et al. (1981) pweed earlier a
sequence at which austenite forms initially at |iteaor grain-boundary
of cementite particles.

3.4 EFFECT OF CHEMICAL COMPOSITION ON STRUCTURE
FORMATION AND PROPERTIES OF DUAL-PHASE STEELS

Considering that study is focused on the effectcbémical
elements Cr, Mo and Si in the steels containing BInAl, P, Ti, Nb a
discussion about the role of the elements is apjaiap

The primary aim of adding alloying elements to teis to
increase the hardenability. This allows slower irmptates to produce
more martensitic phases. Alloying elements can cedthe rate of
austenite decomposition by reducing the “growtle’rair “nucleation
rate” of ferrite, pearlite or bainite. Some elenserdre considered
austenite stabilizers (e.g. Mn, Ni, and Cu) andt&estabilizers (e.g. Cr,
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Mo, and Si) (PORTER & EASTERLING, 2004; SILVA & ME1988).
According to Aaronson et al. (1962) the “nucleatidelaying is caused
by the presence of thin layer of precipitates ofbickes, nitrides or
carbonitrides formed and covering the austenitengsarface hence,
inhibits temporarily the ferrite nucleation. Ther8wth” delaying is
caused by i) partitioning of alloying elements whitave low diffusion
rates comparing to the carbon, then retard fegriédén growth. (e.g. Mn,
Ni, Pt) (AARONSON, 1962); ii) the segregation ofioging elements in
the interface austenite/ferrite reducing C acti{@ARONSON, 1966);
i) “solute drag effect” caused by inertia of irfiece for dragging the
alloying elements to move itself (HONEYCOMBE, 198PURDY,
1978; SONG at al., 2004); iv) carbide partitioniubich precipitates at
grain boundary retarding ferrite grain growth; dirdlly v) combined
mechanisms as the precipitation in the interfage) (associated to
solute drag resistance.

The alloying elements classified as ferrite stabi tend to
restrict the austenitic field and raise the euidctemperature. The
opposite occurs with the austenite stabilizers (SRAMENTO, 1981).
These effects on eutectoid transformation temperatnd consequently
on the austenitic field are shown in Figure 3.8.

Figure 3.8 — Effect of substitutional alloying elemis on eutectoid
transformation temperature.
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The question is how come ferrite elements suchhagndum,
molybdenum, silicon (used in the design of thesedygt besides
titanium, niobium, vanadium, zirconium, phosphorase ferrite
stabilizers and; in spite of shrinking the austemnégion, they retard the
austenite decomposition and favor more martensaastormation?
Garcia et al. (1995) explained that this effectdise to the strong
reduction on the diffusivity of carbon in austeratad by the partitioning
of the elements within the product phases offedngtrong diffusive
drag on the phase transformations.

All these elements are substitutionally dissolvedustenite and
ferrite. At the equilibrium, an alloying element Iwbe partitioned
between phases: carbide-forming elements such,agl&Cand Mn will
concentrate in the carbide, while elements likeviiconcentrate in the
ferrite structures (PORTER & EASTERLING, 2004).

Figure 3.9 displays the effect of some chemicainelets on the
phase transformation during continuous annealingadfanced high
strength steel (TRIP). The TTT diagram shows tbatcooling, the Cr,
Mo, C and Mn pushu-curve to the right side delaying the austenite to
ferrite transformation. Inversely, Si, Al, P, V alb push the same
curve to the left side accelerating the austepitietrite transformation.
Both phenomena will affect hardenability, the finstreasing and the
second decreasing. Similarly, for bainite regiosutve can be pushed
to the right side by addition of C, Mn and Nb, g&ig austenite to
bainite transformation (BLECK et al., 2002).
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Figure 3.9 — Effect of chemical elements on thedborof regions of

phase transformation.
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According to Merck et al. (2001), the alloying elemis cause the
appearance of additional phases within the stedlst wicludes alloy
carbides and intermetallic compounds, thereby affgcthe whole
balance of the phases. These alloying elementsbeadivided into
groups according to their propensity to form caebkid

Carbide Formers. these elements either do not object to the
presence of cementite, e.g. Mn dissolves in cetegndr they form
carbides themselves, e.g. Ti. They are ranked ditipto the stability
of their carbides in the iron matrix.

Moderate carbide formers...Cr, Mo

Strong carbide formers...W, Ta, Nb

Very strong carbide formers... V, Ti, Zr

Graphite Sabilizers: some alloying elements dissolve in ferrite
and thermodynamically prevent the formation of cetibe This
enhances the formation of graphite, the reason dheycalled graphite
stabilizers (e.g. Si, and Ni).

Bain et al. (1945) studied the partitioning of tleéments
between ferrite and carbide and observed thatiSAINind much of the
Mn in the steel were dissolved in the ferrite refgss of the C content,
however, Ti, V and Nb were combined in the carlptase, as far as the
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excess of C permits. Sundry elements occupied ttiermediate
position. Chromium was somewhat dissolved in feraten with high
carbon, while only a moderate portion of Mo, Ta &ddvas found in
ferrite under similar conditions.

Considering the relevant effect of alloying elenseoh the steel
hardenability, it is worthy note the understandiayv does the element
is incorporated in the steel.

When the addition of alloying elements affect theigure of
steel, the enhance in strengthening is more effettian when does not
affect the structure but only keeps dissolved &gl solution in ferrite
(BAIN et al. 1945).

Meyrick et al. (2001) mentioned that the alloy edgrncannot
directly raise the hardenability whether it is mb$solved within the
austenite, but it might, indirectly, lower it. Tléements present in low
alloy steels primarily for increasing the hardetigbare: Cr, Mo, Ni,
Mn and B; being Mo and Cr carbide formers.

During production of dual-phase steels in induktiiees which
have the disadvantage of restricted cooling rates,use of alloying
elements also play beneficial role. To overcome thentioned
disadvantage stoichiometric addition of alloyinggreénts have been
practiced, nevertheless with balancing for reachifigw cost;
availability, strategy, etc.). Alloying elementschuas Cr, Mo, Mn and V
are used to enlarge the window work and allow fabii of facilities.

The alloying elements change thermodynamic stgbdit the
phases and the kinetics of transformation wherdéleyttansformation
temperatures are shifted, the transformations @herepromoted or
hindered and the phase distribution is altered.itfatally, the elements
might act as solid solution or precipitation hamelsnand affect the grain
size. Figure 3.10 shows that, among the elemerdsvie 1 % addition,
Mn and Si are more effective in higher the tenaite yield strength,
values, nevertheless balancing of all of them aeetjzed since other
properties are also desirable (IRIE, 1981; MEYRIgHal., 2001).
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Figure 3.10 — Effect of alloying elements on temsihd yield strength of
cold rolled.
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The effect of chemical composition on final propestof dual-
phase steels is also explained by their impact on:

a) critical points that define the fraction of aarste at given
temperatures.

b) grain sizes of ferrite and martensite due toeaffon
recrystallization of deformed matrix and followigeain growth.

C) intrinsic properties of ferrite due to solution precipitation
hardening.

Studies have been performed to show the effectheimical
elements on the kinetics of transformation at Ingatio two-phase
region.

A pioneer study conducted by Speich (1981) showatithe Mn
and C are elements which enrich and control theeaiis phase
formation. It means that for any inter-critical feenature the amount of
austenite will increase with carbon content inlsé@el consequently the
amount of martensite.
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Alloying elements on dual-phase steels must haee3ttmain
features to be suitable:

i) it should not cause a solid solution hardeningemite;

i) it should delay the points of start and finish lgaiffavoring
the austenite to martensite transformation);

iii) it should be an austenite forming element whichnuotes
the partitioning of C between austenite and femésulting
in a decrease in the carbon concentration of éerrit
(TANAKA et al., 1979)

3.4.1 Effect of Carbon

In continuous annealing lines the process speesl®xdremely
high what demand significant low levels of carbansolid solution to
prevent steels from premature natural aging. Sobota must be
precipitated somehow. One way is the presence d gmeater than
0.05 um) which behave as preferential nucleatites of FgC during
the overaging step (HAYASHIDA, 1994).

Carbon is considered as the main alloying elemgnwthich all
transformations are noticeably affected and, by cwvhihe final
microstructure and the mechanical properties amraied. Carbon
stabilizes the austenite leading to the formatibmartensite in the case
of dual-phase steels and to the retention of aitetenthe case of TRIP
steels. However, other requirements for steel apiins such as
weldability and coatability limit the use of carbtmaround 0.2 mass %
(BLECK et al., 2002).

Fonstein and Girina (2005) showed that steels wlifferent
amounts of carbon and annealed at the same temyeeedtinter-critical
region, resulted in a different volume fractionsanfstenite (Y), and
consequently, different amounts of martensite afteect quenching
(Figure 3.11). The amount of carbon in martensity [affected tensile
strength like: the increase of 0.20 to 0.44 % aboa in martensite
(respectively for steels of 0.10 % and 0.22 % @ ,@50 %) resulted an
increase in tensile strength of low tempered maiterfrom 1300 to
1900 MPa.

For one given inter-critical temperature, the amafnaustenite
will increase with increasing carbon content irestbecoming 100 % at
a carbon content corresponding to thery boundary.
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Figure 3.11 - Fe(Me)C diagram illustrating varioi@d - content of
carbon in austenite depending on different alloyiag the same
temperature of annealing.
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The increase in carbon content of steel from 000®.12 % led to
an increase in both tensile and yield strengthufeig3.12 and 3.13),
however without any significant deterioration ot tetrength-ductility
balances (Figure 3.14). Evidently these changastesl in the increase
in YS/TS ratio (Figure 3.15) (affects the structard mechanical
properties of cold-rolled dual-phase and TRIP ste@hanges in carbon
contents from 0.09 to 0.12 % led to an increadsoth tensile and yield
strength (POTTORE et al., 2006).



59

Figure 3.12 - Effect of carbon content in the Stexl tensile strength.
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Figure 3.13 — Effect of carbon content in the stesl yield strength.
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Figure 3.14 - Effect of carbon content in the steeh the total
elongation/tensile strength ratio.
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Osawa et al., (2003) showed that carbon favorduradn the
grain boundary, thereby low carbon martensite ecdmithe ductility of
steels because of cracking of the martensite pemic de-cohesion of
the martensite/ferrite interface becomes moreatliffi

3.4.2 Effect of Silicon

It has been known that the addition of Si in higlersgth steels,
dual-phase steels in particular, is very effectivenproving the balance
of strength and ductility through critical changeghe microstructure.
On the other hand, Si oxide on the steel surfacesesa deleterious
effects such as bare-spot of coating layer andysdetmlvannealing
reaction (reaction between Fe and Zn to form zinmating)
(HIRONAKA et al., 2006).

Hironaka et al. (2010) showed that the additiorO4fl to 1.6
mass % Si to the dual-phase steels affected gignify their
mechanical properties and microstructure. Tengilé gield strength
increased with increasing Si content, however kerisicreased more
than the yield strength, thereby decreased the S $4fio, Figure 3.15.
However, the decrease of uniform elongation witlt@itent increasing
was very small; as a result, tensile strength atal €longation balance
were improved. The improvement in of tensile sttbngnd total
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elongation balance by Si addition was due to thwesse of work
hardening rate.

Figure 3.15 — Effect of silicon content on the tkns yield strength
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High Si (1.2 % Si) steel exhibited higher work renihg rate
than low Si (0.01 % Si) steel in all strain regidume to the effect of Si
on retarding the formation of dislocation cell stures during tensile
deformation. Furthermore, high Si steel exhibitedreéasing ratio of
dislocation density in ferrite during tensile defation larger than low
Si steel. These abilities of Si on retarding themfation of dislocation
cell structures and increase the ratio of dislocatiensity in ferrite
makes the work hardening increases; which in tonproves the balance
tensile strength x total elongation (HIRONAKA et, &010).

A controversial effect of Si on martensite volurmaction was
observed in studies of Hironaka et al. (2010) aodrNet al. (2010) as
shown in Figures 3.16 and 3.17, respectively.
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Figure 3.16 — Effect of silicon content on the wohu fraction of
martensite.
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Some authors also explained the effect of Si orlacation of
ferrite recrystallization to the initial structuf€ABALLERO et al.,
2001; MOHANTY et al., 2011).

Pottore and Fonstein (2004) studied the effectilmos on the
Hole Expansion (HE) value. HE represents the ghilftsteel to resist
the initial cracking (fissures) during strain defation. It is expressed
by the relation between strengths of ferrite andi@emsite. This element
acts on decreasing the disparity of strength betwésrite and
martensite through the strengthening of the fewidiesolid solution.

Speich (1981) studied the effect of Si on the heeibdity of
austenite through the acceleration of polygonaltéethat rejects carbon
to austenite. Silicon as a ferrite forming elemea be preferentially
partitioned to the ferrite phase during inter-catiannealing and during
slow cooling it accelerates the polygonal ferritanfation. It also
minimizes carbide precipitation, enabling austergtiention until room
temperature. In the equilibrium diagram, silicomsaan widens the+y
phase field (HUANG et al., 2004).

As mentioned before, Nouri et al. (2010) observedopposite
effect of silicon with respect to the formation ofartensite when
studying C-Mn steel with addition of 0.34 to 2.26 Sk Their study
showed the reduction of volume fraction of martensiith silicon
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content in the steel (Figure 3.17). The explanatomes from the
ferrite effect of Si which increases the ;Aand Ag temperatures
pushing up the intercritical region ¢ y), which in turns will increase
the volume fraction of ferrite at a given annealiegnperature, and
consequently lowering the volume fraction of auséerfmartensite)
(NOURI et al., 2010).

Figure 3.17 - Variation of volume fraction of marste with silicon
content
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Silicon inhibited the formation of cementite due its low
solubility at this stage. The kinetics of nucleateind growth of carbides
become controlled by diffusion of silicon what dedathe reaction of
precipitation. It allows the austenite to enrich oarbon, and
consequently, increases its thermodynamic stabfDty the other hand,
Si showed detrimental effect on surfaces charatiesi (slivers, poor
wettability) that deteriorated also coatability stkels (SOUZA et al.,
20009).

3.4.3 Effect of Chromium

In the last years Cr becomes rather a traditiof&hent in the
alloying of coated dual-phase steels replacing Maartially
(NASCIMENTO, 1981).

The austenite pools are favored to form, firstly,regions of
localized Cr concentration (alloying element) whighproves the
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hardenability of the austenite. Addition of 0.5 % Qr to dual-phase
steels suppressed the vyield point elongation (% )Y®en at low
cooling rates (MARDER et al., 1981); what is pastifor dual-phase
producers since high cooling rates demand veryresipe equipment.

Maalekian et al. (2007) observed the tendency o&i@t Mo to
precipitate in high volume fraction in ferrite, séntheir solubility in
austenite is very high.

Figure 3.18 displays the effect of Cr as ferritabsizer, thus
shrinks the austenite field (FONSTEIN, 2015; KRAU3395; BAIN,
1945).

Figure 3.18 — Effect of chromium content on sizawstenite field
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Pickering et al. (2000) mentioned Cr not as atestrengthener
but as an additional alloying that contributesnipiove hardenability of
dual-phase steels by the retarding transformat@actions of austenite
to pearlite and bainita. Consequently, it increabeshardenability of
the remaining austenite even at slow cooling rates.

According to Inamura et al. (1977), Kato et al. §1p and
Bramfitt et al. (1981) the Cr in steels, at levedow 8 %, acts as an
austenite stabilizer delaying the critical temperas$, therefore,
extending the available time for partitioning off©m ferrite into the
austenite, hence increasing the hardenability.ttacis C and reduces
the activity of C for diffusion process (ZHUKOV &RKISHTAL, 1975).
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Goldenstein et al. (1978) explained that Cr affebis cross-
diffusion coefficient of a ternary alloy steel (Ee€r) through the
retarding of C diffusion in austenite, and consedjyehe enhancement
of austenite hardenability.

Lee et al. (2004) proposed an empirical expres@goation 10)
for explaining the way that Cr affects the carbafiudivity (D) in
austenite through the terms of diffusivity coeféici (Do) and the
activation energy (Q).

However, the effect of Cr on activation energy (®)much
higher than on the diffusion coefficient (Do) whifdvors the increases
in carbon.

D ={0.146 — 0.036C (1 — 1.075Cr) + ZK1M. [exp— (

144.3 — 15C + 0.37C% + K2M
RT I}

(10)

Where:

D = carbon diffusivity (crffs)

Do = [0.146 — 0.036C (1-1.075Cr) Ek1M] = Diffusivity
coefficient

Q = —144.3 —15C+ 0.37C*+ *k2M = Activation energy of
carbon diffusion in austenite

M = amount of alloying element (M)

R = gas constant

T = absolute temperature (K)

K,, K;= alloying parameters for each element

Lee et al. (2004) studied the influence of Cr additon the
mechanical properties of two advanced high strestgkls. Table 3.0
summarizes the Cr effect on the mechanical pragerti

Table 3.0 — Effect of Cr addition on the mechanpraperties of AHSS

Cr-Free 0. 4 % Cr-Addition
TS (MPa) | YS (MPa) | TS (MPa) | YS (MPa)
Steel 1 817 505 990 425
Steel 2 838 486 1066 436

Addition of 0.4 % Cr increased the tensile strerigihdecreased
the yield strength with reduction in elongation. &so increased the
volume fraction of martensite in expensive of meta austenite. Cr
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stabilized ferrite at the inter-critical annealinggmperature and
consequently the austenite (equilibrium). Aftervgard during
transformation the austenite hardenability was eodd by the diffusion
of C atoms from ferrite to austenite. Thus, at fe@bling rate, most
austenite was transformed to martensite and atdmsaion were
pinned inside martensite (LEE et al., 2003).

According to Meyrick et al. (2001) carbides forméke Cr and
Mo also lower the Ms temperature and would be egoeto enhance
the driving force for transformation. Presumabljhege alloying
elements cause changes in media, which make themadensitic
transformation more difficult. It is not obvious atthese changes are,
but it is possible that their presence affectdiiation sites.

Fonstein et al. (2006) observed that addition 4f%. Cr to DP
steel facilitate the carbides spheroidization.

Chromium as carbide precipitates increases thegitrdoy means
of precipitation strengtheningsecondary chromium carbides pin the
grain boundaries and inhibit the grain growth. Tigsults in the grain
refinement and the presence of second phase partalso makes
dislocation movement more difficult. Second phasatiges like
chromium carbide in the matrix increases the enamguired for
elastic/plastic deformation, hence creating higsteength in the alloy
(RAZZAK, 2011).

In some cases, when sufficient quantity of alloyéhgments such
as Cr are present in the steels, the solubilityit lemceeds and some
phases other than cementite may form. Small additaf Cr to Fe-C
alloys at 890 °C maintain the cementite structirgC (M standing for a
combination of chromium and iron atoms); larger itdids cause the
M-C; carbide to form; and still larger additions produthe M3zCs
carbide (KRAUSS, 1995).

Figure 3.19 shows the effect of Cr on increasingsite and
reducing yield strengths.



67

Figure 3.19 — Effect of Cr content in the assodiatéh cooling rate on

mechanical properties.
60

1.2 % Mn -+
Ao #ZcCr
A 012%cCr .ﬁ
O o3 %cCr
® 052%Cr

40

YS, TS (kgt/mi)

Cooling rate(C7s)

Source: IRIE, (1981).

3.4.4 Effect of Manganese

Manganese is an element that plays a very importdaton the
hardenability ofy-phase.

Leslie et al. (1961) and Huang (2004) developedistufocused
on the effect of Mn in steels. It delayed the gtowt new recrystallized
grains due to solute drag on migrating boundarMsa. prevented
pearlite formation, decreased Mind retarded bainite formation.
Increasing the concentration Amoves down, and volume fraction of
austenite increases for the same temperature efcdntical annealing.
Figure 3.20 shows the increase in total elongafion the same
strengthening with the addition of Mn in the steel.
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Figure 3.20 - Relationship between total elongatiod tensile strength
in medium-C-Mn-Si-Al steels
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Mn decreases the Ar3-temperature and stimulate$otingation
of low-temperature constituents (massive ferritd bainite). Its ability
in strengthening steels comes through both meamaswdid solution
and transformation hardening. Despite these go@dlackeristics, Mn
can drop the spot weldability, deteriorate galveugjzproperties of
surface and become negative influence on textuenveloncentration is
above 2.5 %. Therefore, whether the steel appbicatequires deep-
drawability properties then addition of Mn has itaitl to below 1,5 %
weight (WATERSCHOOT et al., 1999).

Speich et al. (1981) showed that the additions.5f% Mn to a
plain carbon steel, under equilibrium conditiormsyér the solubility of
carbon from 0.2 to 0.05 percent (at 760 °C).

Based on phase equilibrium in the ternary Fe-Mny&tesn the
austenite enrich in both C and Mn if true equiliioni is achieved during
inter-critical annealing. Beneficial effect of Ma also attained when it
is added to steels to smooth out the negative teftéc Al on
temperatures of phase transformations.

Manganese influences the kinetics of austenite tjrow

i) at low temperature (~750 °C), Mn diffuses in ttegrite (or
along grain boundaries) and controls the rate ofvgr of austenite into
ferrite.

ii) the final balance between austenite and fersiteontrolled by
Mn diffusion in austenite.



69

iii) The control of the austenite growth by Mn di§ion in the
ferrite at low temperatures implies that Mn enrigimnof the austenite
phase may occur.

Manganese carbide is not found in steels, but adstas an
element Mn enters readily into solid solution in®e

Addition of 1.8 % manganese promotes the attainmkeaptimal
mechanical properties in terms of lower yield sjjtbn reasonable total
elongation, and enhanced hole expansion coeffi¢larie expansion is
an ordinary test in the industry used to measueeathility of steel to
resist to the initiation and propagation of crafi@n the border of a
punched hole).

Manganese is added to steel to improve the maghinin
performance by ensuring that all the sulphur issgné as MnS rather
than FeS, which causes hot shortness (crackinghgiimot working.
The MnS inclusions deform plastically during chiprrhation into
planes of low strength which facilitate deformatiarthe primary shear
zone. The MnS inclusions also exude into the thid-interface, acting
as a lubricant and also forming a protective depmsithe tool. The net
effect is a reduction in cutting forces and tempees and a substantial
reduction in the tool wear rate (LLEWEUYN & HUDD938).

3.4.5 Effect of Phosphorus

Waterschoot et al. (1999) discussed the relevafidnding a
satisfactory equilibrium between Si, P and Mn wheith strength and
formability targets must be achieved. In spiteiofiividually, P has no
effect on texture. Combined addition of Si to P Mrdsteels results in a
strongery-fiber.

3.4.6 Effect of Molybdenum

Molybdenum is known as an effective element used fo
suppressing pearlite transformation without prewmgnthe formation of
polygonal ferrite during the continuous cooling armbnsequently
develops a microstructure appropriate for the ¢ialse steels
(SPEICH, 1981; HAN, 2010; HAN et al., 2010). Moais added to the
low-alloy carbon steels to attain better combinadioof strength,
toughness, fracture resistance, fatigue resistamck wear resistance
(KRAUSS, 2010). However, Mo is not always a dedeahlloying
element due to its negative effect on hot rollimgcease in necessary
loads) and some scrap separation issues (GIRINORSFTEIN, 2005).
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As shown in Figure 3.21 Mo delays the growth of lyew
recrystallized grains retarding the recrystalliaatilt is due to the Mo
ability to drag the solute during migrating boundsr(LESLIE, 1961;
HUANG et al., 2004).

Figure 3.21 — Effect of molybdenum on delaying tkiaetic of
recrystallization for any temperature.
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Molybdenum interacts with carbon reducing the diifun rate of
C into austenite, so affects phase transformatimother possible
contribution could be the Mo segregation to therit®austenite
interfaces reducing the migration rates of thoserfaces (MEYRICK,
2001).

Krauss (2010) observed that Mo retards the formatiopearlite
and bainite during the cooling since its diffusoefficient in austenite
is low. It is explained because Mo is an elemerdt ttends to
concentrate in ferrite and carbides phases, whwysaation requires Mo
diffusion.

Molybdenum in the steel promotes interaction betwee
heterogeneous atoms such Fe, C as well as allglegents what
changes the phase stability (microstructures) amdr§ the appearance
of new stable phases. The origin of these chargései difference in
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atomic structure, atomic size and crystal lattieeveen Mo and C or
others alloying elements (Han et al., 2010).

Sun and Yong (2010) observed the following effexftdvio on
the steels: Mo retards the pro-eutectoid ferrigmgformation allowing
the transformation of acicular ferrite and bainikdich in turn improve
the strength and toughness of low-alloy low-carbtaels. Also acts on
increasing the solubility of micro-alloying elemen(Ti, Nb, V) in
austenite and retarding the precipitation of migiloying carbonitrides,
so that more micro-alloying elements can be preskat relatively low
temperature and then precipitated from ferrite,clvitan result strong
precipitation hardening effect. Mo delays the retalfization of
austenite and expands the areas of non-recrystiliv of austenite in
the rolling process. It also occupies a fractiorattice sites of micro-
alloying precipitated from ferrite to form precipies with chemical
formula of (M, Mo) (C, N) (M is the micro-alloyinglement). This can
increase the volume fraction of precipitates aritheetheir sizes, so its
precipitation hardening effect is improved rematkab

According to Sun and Yong (2010), Mo delays thecpss of
precipitation of carbides and nitrides, becausdissslved in austenite
it reduces the activity of microalloying, C and Mcreases their
solubility product and decreases the supersaturafigrecipitation and
the driving force of nucleation of precipitates.ushmore microalloying
elements are held and precipitates during ferra@sformation. The
precipitates in ferrite are small and hold semiereht relationship with
neighboring ferrite, resulting in a greater stréeging.

Pottore et al. (2006), studied the effect of Motlo® mechanical
properties of cold-rolled dual-phase steels witbebeomposition 0.08 %
C, 1.6 % Mn, 0,0020 % B. They concluded that Mottethe increasing
of the tensile and vyield strength values especatliower gas-jet cool
temperature (Figure 3.22 a and b); increased dofe& tlongation
(Figure 3.23) and no evident effect on the yietéfsgth ratio (Figure
3.24).

The expression “gas-jet cool” was used by authmrdeiscribe a
system of cooling in which “air is sprayed at sogfaf strip steel by a
set of nozzles”.
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Figure 3.22 - Effect of Mo addition on strengthstéels (a) tensile and
(b) yield.
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Figure 3.23 - Effect of Mo addition on balance ofat elongation vs.
tensile strength
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Figure 3.24 - Effect of Mo addition on the ratio yi€ld strength to
tensile strength.
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When steels have route of galvanizing lines, the afsMo for
dual-phase steels is of fundamental importance mprave the
performance since the zinc pot acts as “post-treatimaffecting the
transformation of austenite.
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Controlled addition of Mo prevents formation of Rm@rtensitic
structures into the zinc pot, since Mo shifts tleddf of pearlite/bainite
transformation to longer time in CCT diagram, preireg the formation
of these undesirable products and, consequentigrifey the production
of dual-phase steel in galvanizing lines (OSAW/Aalket 2003). Besides,
Huang et al. (2004) showed that Mo can reduce thsteaite
recrystallization rate as well as transformationaoftenite to ferrite
during cooling of Fe-C-Mn-Mo steel.

Figure 3.25 displays a schematic thermal profilpidgl of
continuous annealing line (dashed curve) and aragmis galvanizing
line (solid curve) with respective microstructufesmed at each zone.

Figure 3.25 — Schematic illustration of formed rogtructure on
continuous annealing line (CAL) and continuous galzing line (CGL)
of conventional C-Mn steels.
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The addition of Mo in dual-phase steel increasesl \bhlume
fraction of austenite and promoted the refinemdnhartensite islands
and favored their formation in the vicinity of fier grain boundaries as
shown in Figure 3.26 (OSAWA et al., 2003).

Figure 3.26 - SEM micrograph of steels DP 590 Mdeatl
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Source: OSAWA et al., (2003).

Study developed by Han et al. (2008) compared ffleets of Mo
and Cr in steels pointed out:

i) molybdenum has a more substantial effect onrtiprovement
in hardenability of the boron-added steel than ctwon. This indicates
a synergistic effect between molybdenum and boron.

i) the addition of 0.2 wt. % molybdenum to the dwor added
steel nearly suppresses the formation of polygferasite even at low
cooling rates around 0.5 °C/s. On the other hdredaddition of 0.5 wt.
% chromium does not prevent the formation of pohajderrite until
the cooling rate exceeds 3 °C/s.

iii) the synergistic effect of the combined additioof
molybdenum and boron on the hardenability enhanneisdikely due
to the suppression of MC, B) precipitation at austenite grain
boundaries. It is due to the reduction of carboffusiivity and the
deterioration of phase stability by molybdenum.

Additions of Mo in the hot-rolled steels favor tfemation of
martensite in the ferrite structure which inducesuanber of mobile
dislocations in the ferrite, which suppresses fet&ypoint elongation in
tensile stress-strain curves (HAN et al., 2011).
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3.4.7 Effect of Boron

Boron is well known as an element that increasedemability of
austenite, reducing the sensitivity of final midrasture and tensile
properties to the cooling rate or to temperaturarsfealing in the inter-
critical region (FONSTEIN, 2015).

Shen and Priestner (1990) showed that it acts evepting the
ferrite nucleation and growth in steels coolingtirg-field but does acts
when cooling fromd+y)-field.

According to Han et al. (2008), boron as an inigibtelement
diffuses very rapid into austenite to segregatibgyrain boundaries,
which in turns retards the diffusional transformat{austenite to ferrite)
by lowering the interfacial energy at the austemjtain boundaries
during cooling. Thereby, small amount of boron datically increases
the hardenability of steels. The addition of Mongitaneously, creates a
synergic effect that makes this inhibition of theoqutectoid ferrite
transformation more pronounced (SUN & YONG, 2010gvertheless,
there is a critical boron content, at which theesses will induce the
precipitation as i(C,B)s borocarbide at the austenite grain boundaries,
which acts as a preferential nucleation site forritee and thus
deteriorates.

Boron is effective in retardation bainite reactenmd lowering Bs
temperature (FONSTEIN, 2015).

The beneficial effects of boron occur when it issalid solution
in the austenite, where its solubility is very loBoron is chemically
reactive with other alloying elements in steel,tipaftarly carbon and
nitrogen. The usual practice is to add boron withie range of 0.0005
to 0.003 wt. %, and add small quantities of titamiand zirconium to
react with nitrogen and to keep more of the borosdlution. If more
than 0.003 wt. % boron is added, the hardenalbigins to decrease
again and, at about 0.004 wt. %, iron boride pitadigs on the austenite
grain boundaries and causes a reduction in thé tinghness. It has
been suggested that boron segregates at the gramdéries because it
is able to reduce the grain boundary energy whickuins makes the
austenite grain boundaries less effective as hgde@eous nucleation
sites. An alternative explanation suggests thabdarbides, Fg(C, B,
precipitate at the grain boundaries and inhibit ineleation of ferrite
and cementite (SHEN, 1990). Maybe both phenomernicipate. It is
generally accepted that the austenite grain boiexlare affected in
some manner because the transformations begie &btmdaries.
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Pottore et al. (2006) showed the effect of boroditamhs on
strengthening of cold-rolled dual-phase steel: dditions of Boron led
to increases in both tensile and yield strengthaimvhole range of
temperature (Figures 3.27 a, b); ii) No significagffect on the

yield/strength ratio (Figure 3.28).

Figure 3.27- Effect of boron addition on (a) teastrength and (b) yield
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Figure 3.28 — Effect of Boron content on the ratforield Strength to

Tensile Strength.
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3.4.8 Effect of Niobium

Niobium is an alloying element that can controlicintly the
behavior of the austenitization, recrystallizatigmain growth, phase
transformation, and precipitation and thereby cary\the mechanical
properties in a wide range. It interacts stronglthvC and N to form a
dispersion of NbC and NbN, which can dissolve &sdatstenite phase
grows into the ferrite during intercritical anneai(BLECK et al., 2002;
SPEICH, 1981).

Niobium in the solid solution retards the recryisation (static
and dynamic) during hot deformation as well asahstenite to ferrite
transformation. Small particles of niobium-carbddis also delay the
recrystallization due to their effect as obstacléhe grain growth which
results in significant strengthening of steels (Blkeet al., 2002).

Sundry studies have shown that the presence ofIsteel exerts
a pinning force either as a solute or precipitaieas a combination of
both, retarding the recrystallization of austewitderrite and to prevent
grain coarsening (CHO et al., 2011).

The addition of Nb to dual-phase steels providdgeable grain
refinement with improvement in ductility, besides additional holding
step in the temperature range of maximum ferriten&dion (ferrite
formation involves carbon enrichment of the auséetius retarding
pearlite and bainite formation and facilitating teasite formation).
Any static recrystallization within the finishingilins suppressed, due
to the solute drag effect caused by the presencsoloble niobium
which raises the temperature at which recrystdiimacan occur above
the entry temperature to the finishing mill (BLE@Kal., 2002).

Osawa et al. (2003) added Nb to cold-rolled du@sgisteels and
observed the effect on properties:

i) smallincrease in TS (20 ~ 40 MPa) (Figure 3.29);

ii) large increase in yield strength (50 ~ 70 MPa) |{Feg3.30);

iii) increase in the yield ratio (0,60 ~0,70) (Figur&l3;

iv) asmall deterioration in total elongation (Figue32).



79

Figure 3.29 - Effect of Nb addition on Tensile &tth
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Figure 3.30 - Effect of Nb addition on Yield Stréimg
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Figure 3.31 - Effect of Nb addition on the Yield tRato Tensile
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Figure 3.32 — Effect of Nb addition on balance otal Elongation vs.
Tensile Strength
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On dual-phase steel Figure 3.33 shows the effecigrafn
refinement due to the addition of 0,1 % Nb (WEY81p
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Figure 3.33 - Effect of Nb on the grain size of Idolaase steel
maintained at 1100 °C for 100 h
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Girina et al. (2007) showed that addition of Niniro to 0.030 %
wt. increases the strength level up to around 20RaMand total
elongation throughout the whole range of anneatergperatures, as
shown in Figure 3.34.

Figure 3.34- Mechanical properties as a function asfhealing
temperature.
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The additions of Nb to steels lower the start alinga
temperature of austenite formation during heatifipe effect of Nb on
austenite formation temperature (Ttr), the tempeeatof full
transformation of pre-existing (prior to heatingylson-containing phase
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to austenite, is shown in Figure 3.35. AdditiorisO®15 % of Nb
decrease the austenite transformation temperayuré ®°C.

Figure 3.35 - Effect of Nb on austenite formatiemperature — Ttr.
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3.4.9 Effect of Titanium

The presence of excess titanium may be benefigal the
mechanical properties. For instance, the presefrficéi auring hot
rolling avoids the supersaturation of carbon irusoh and reduces the
precipitation of more soluble elements such as Ni.0These ones
control the microstructure at lower temperatures.

3.4.10 Effect of Carbides on Steel

As shown before alloying elements play very impuairteole on
mechanisms of phase transformation and recrysttiiz, mainly as
solid solution. However, depending on the concéinineand associated
conditions it can appear also as precipitates awit ean additional
effect on mechanisms.

Schneider and Inden (2004) highlighted that the astable
phases (precipitates/carbides), during their tearyopresence exert
strong influence in kinetics of the other phases.

Considering the important role of precipitates atha@t the
chemistry of steels used in this study favors tlmeméation of
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precipitates, a consistent discussion about thssieisis developed
hereafter.

Hu et al. (1982) reported that the grain boundafesarbides can
be a site for the formation of a pool of austenée the intercritical
temperature, since they are high carbon contemnms@nd these areas
would transform to martensite during rapid cooling.

Studies developed by Bain (1945) showed that i)issodved
carbides retard the coarsening of grain size délstevhich in turns
affect their strengths; ii) in many steels the graize quite increases
with the disappearance of most of the carbide gdasti thus whether the
composition provides a moderate dispersion of darlparticles still
undissolved (after desired austenite compositionaéhieved) the
microstructure of austenite is fine-grained. Sutdels are naturally
regarded as being inclined toward fineness of gagiproperly heated.
Thus many steels containing Mo, Cr, W and otheisyialg elements
are automatically fine-grained as ordinarily heated

It will be appreciated that in most instances a saierable
portion of the carbide-forming element is dissohedthe austenite
while a smaller portion remains in the carbide rzamng its reluctance
or inability to dissolve. The influence of suchraknts is therefore dual
in nature. We have seen how fine-grained austemitee contributes
toughness to its products of transformation; adogig carbide-forming
elements may at once influence austenite transtwmaharacteristics
by being in part dissolved and contribute toughribesugh restriction
of grain growth.

Molinder et al. (1956) observed, through the thetymamic
experiments, that alloying elements affect sigalffity the
disintegration of cementite, which in turns affdw total rate of carbon
diffusion in austenite. Considering the frequergctice of addition of
alloying element in the new generation of steetlseokinds of carbides
also appears on the structure and should affedisiselution rate.

Yefei et al. (2011) noted that the chromium carbidéect steel
properties (mechanical, corrosion, and hardness)tduheir properties
such as high hardness, high melting point, excellesistance to
chemical corrosion, high moduli and super wearstasce what affect
the properties of final steel.

Chromium carbide (precipitates): Chromium carbid€s;C,,
Crr,Cs, CrC, CriCs and CrC) influence significantly the propertiesian
behavior of Fe-Cr-C. All these carbides are considi@s paramagnetic
and their enthalpies of formation are negativedatiing that they are
thermodynamically stables, except for CrC which pasitive formation



84

enthalpy and is considered as metastable pre@pi@bmpounds of
chromium carbides have covalent bonds type p ard/tidization
between Cr and C.
Yefei et al. (2011) determined the stability anddnmass of

chromium carbides:

« stability sequence: @€,> Cr,Cs> CrC ~ CpsCe>CrC

« Hardness values for chromium carbide phase sequence

CrC > CgC,> CrC3> CrC >ChpsCs.

Miao et al. (1993) observed that mechanical progef steels
under study could be related to chromium carbidagigles found
within ferrite matrix. Those particles were ideigif and their size
measured: G§Cs as a blocky feature (10 ~ 300 nm) and theCgas
bamboo-leaf-like feature (up to 200 nm long). Tleeycluded that the
these very fine carbides has led to the improvenmetite hardness and
tensile properties of the steel due to tetragonsiodion and high
densities of dislocations, while coarsep{s and CsC; dropped down
the beneficial effect of these carbides on the @meidal properties.

Lleweuyn and Hudd (1998) added Cr and Mo into tsghed
steel and identified the following types of carlsidé,sCs and M,C; for
Cr; and MC (called eta-carbide and has low solid solubilitgteel) for
Mo. Table 3.1 displays the enthalpy of formatiom $ome chromium
carbides.

Table 3.1- The enthalpy of formation of some Chromi
carbides/precipitates at 25 °C.

Chromium Carbide CrC, Cr,C; | CrsCs | CrsC | CrC | FeC

Formation Enthalpy
(ka/mol) -72.3 -144 -344 - - | +19

Xiao et al. (2007) showed quite better stabilityd anechanical
properties for the GE€; than other carbides like & and FegB; and
explained this better stability of £33 by its attractive interactions in the
whole crystal.

Maalekian et al. (2007) mentioned in their studst tadditions of
Cr to the steels up to 4 wt % favored the mechawiEnucleation at the
interface of FgC/ferrite for governing the reaction of transforioatof
FeC to CrCs. Chromium diffuses in ferrite more rapidly than sho
metallic alloying elements.

Atomistic simulation on the structural propertieadaphase
stabilities of carbides demonstrated through tladtitle constant” and
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“cohesive energy” that the @3 is more stable than MsCs (XIE et al.,
2006).

Carbides with complex crystal structures and lovatheof
formation, e.g. MCs, MgC and M3Cs, generally form relatively coarse
dispersions (PORTER & EASTERLING, 2004).

M-Czwas formed througim situ transformation of cementite and
the MyCs inhibited the cementite formation by precipitation
(OLIVEIRA et al., 1985)

Literature reviewing showed the possibility for sence of
chromium carbides in a finite time (in some cadesimilar condition
used in this study) and some mentioning about ¢keion mechanical
property and carbide presence in steel.

3.5 EFFECT OF PROCESSES PARAMETERS ON MECHANICAL
PROPERTIES OF COATED DUAL-PHASE STEELS

The industrial production of dual-phase steels ddp®n specific
details of facilities to meet the specific demawdghis steel, what is
dependable of cold-rolled conditions and chemicahgosition. Figure
3.36 shows a schematic heat cycle to produce dhasdepsteels.

Figure 3.36 - Temperature-time-schedule for colegdodual-phase

Temperature

Time
Source: BLECK et al., (2002).

3.5.1 Effect of Heating Rate on Phase Transformatio

Fonstein (2015) mentioned the heating temperatar¢ha key
factor controlling the volume fraction of austeniémd its average
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carbon content and, consequently the final micuosire. Equation 3.5
describes the velocity of austenite phase bounfthey phase growth
rate):

_pde 1 1
=P &laco =t ace -

v

]
(3.5)

Where:

D = diffusivity of carbon in austenite (éfg)

dC/dx = gradient of carbon in austenite grain

ACY® = difference between carbon concentration on aitsten
ferrite

ACP? = differences between carbon concentration onidarb
particle-austenite

v is proportional to the diffusivity of carbon instanite (D) and
the gradient of carbondc/dx in austenite grain; but inversely
proportional to the diffusion pathas well as to differences between the
carbon concentration on austenite-ferdt€“® and carbide particle-
ferrite AC®Y (WYCLIFFE et al., 1981)

The formation and distribution of the austenite tenstrongly
affected by ferrite recrystallization and spherpédion of cementite
during heating. Austenite forms initially on graipoundaries of
elongated ferrite grains and later, after completeystallization, on the
carbides in the ferrite matrix, which determines distribution of island
of austenite (YANG et al., 1985).

Huang et al. (2004) studied the effect of heatiatps on the
austenite morphology of Fe-C-Mn-Mo steel heat-tdat (1 °C/s, 10
°C/s and 100 °C/s) up to holding temperatures 6f 735 and 800 °C:

i) the volume fraction of austenite was twice aghhwhen the
heating rate changed from 1 to 100 °C/s;

i) at 1 °C/s some highly elongated austenite ¢aand a number
of smaller islands on ferrite grain boundaries Hasen formed; while at
100 °C/s a relatively low density of large, higldlongated austenite
islands formed,;

iii) at higher heating rate there is a significanerlap between
ferrite recrystallization and austenite formation.

Figure 3.37 shows the effect of heating rate onpéreentage of
recrystallization that completes up to the tempeeaiof the start of
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austenite formation. At 100 °C/s were found 90 %fesfite in non-
recrystallized condition; whereas at 10 °C/s orlly% of ferrite was
non-recrystallized when austenite formation iniferis first observed.

Figure 3.37 — Effect of heating rate on the pe@agat of
recrystallization at onset of austenite formation
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Source: HUANG et al., (2004).

Comparing the Fe-C-Mn-Mo versus Fe-C-Mn-Si it wasearved
that the latter chemistry reached the completdtéerecrystallization
before austenite formation for all heating ratadjdating no overlap. It
suggests that Mo delays the recrystallization ppe@nd decreases the
Ts temperature; while Si accelerates the recryzditbn process
(HUANG et al., 2004).

In the current study the steel chemistry considesesieral
concentrations of Cr, Mo and Si and high heating ral50 °C/s to
better understand the final effect on microstruetand mechanical
properties when element with opposite effects amystallization and
phase transformation were added. These partict@mistry and
process produced microstructures that allowed hettmprehension of
recrystallization phase transformation and theimgetition.



88

3.5.2 Effect of Annealing Temperature on Dual-Phase

It seems, however, that the final changes in aiistestability
depend on numerous other factors: alloying contemifial
microstructure, heating rate, cooling rate and alimg temperature. In
fact, all listed parameters define the homogenetythe formed
austenite composition, which should be considered tlee most
important factor.

The inter-critical temperature affects the amouhtaastenite
(Figure 3.38) which in turns determines its ownboar concentration
that determines the hardenability of austenite.

Figure 3.38 — Effect of annealing temperature ostemite volume
fraction
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Annealing temperature defines also the contentadian soluble
in ferrite and consequently its ductility and futhaging/baking
hardening behavior. The maximum of carbon solybilg at Ag
temperature, the higher is the annealing temperainr two-phase
region, the “cleaner” ferrite (FONSTEIN & GIRINAQRS).
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3.5.3 Effect of holding time

Holding time is important stage in determining fireperties of
steel since the grain growth over recrystallizapoocess develops in.

Longer holding time in two-phase region resultbigger volume
fraction of austenite up to a determined time wihiem material will
reach the equilibrium austenite volume fraction aat intercritical
temperature. Above that time volume fraction of temsite keeps
constant with the time, Figure 3.39.

Figure 3.39 — Effect of Isothermal Holding Time addating-Rate on
the Kinetics of Austenite Formation (cold-rolled-€eMn-Mo steel).
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Source: HUANG et al., (2004).

Consequently, we should have decreasing the medorca
concentration since carbon diffuses from austenmite time,

C, = Cst/\}:

Cs; = Carbon content in the steel;

V, = Volume fraction of austenite.

Fonstein et al. (2015) confirmed the decreasinthé austenite
stability with the holding times 30 to 60 or 120(RONSTEIN &
GIRINA, 2005).

3.5.4 Effect of cooling rate

Figure 3.40 shows the effect of cooling systems tbe
microstructure of final products.
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Figure 3.40 - CCT diagram for steels illustratirge ttransformation
behavior under different cooling rates (WQ, oil nce and air cooling
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Cooling rate from two-phase temperature region has
fundamental effect on the structure and propedfedual-phase steels.
It controls the dominant transformation type, thacfion of austenite
transformed to martensite, the martensite chaiatiter and ductility of
ferrite, which depends on the contents of intéastiitoms and possible
precipitations.

For the same specific steel composition, the reguminimum
cooling rate and the heating temperature in therdotitical range are
interrelated. The lower annealing temperature | dhy region and
higher the G= G/V, the slower an acceptable is the cooling rate which
displays martensite transformation. Wherg € carbon content in
austenite; G = carbon content in the steel; ¥ volume of austenite
(GIRINA & FONSTEIN, 2005).
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In fact, the choice of annealing temperature andfochemical
composition of steel at given requirements to thength of steels is
completely dependent on achievable cooling rate.

At very low cooling rates cementite may precipitexehe ferrite
saturated with carbon. Sometimes the “new” epdtiafarrite is formed
from austenite at slower cooling rates which isliftated by existing
inter-phase boundaries.

The production of dual-phase steels on continualgagizing
lines (CGL) presents some difficulties becausenifal relatively slow
cooling and necessity to preserve at least thegmodf austenite up to
completion of galvanizing/galvannealing zone. Néweess some
general observations published earlier for uncosteels can be related
to CGL processing as well.

According to Speich et al. (1981) at high cooliager(240 °C/s)
essentially all the austenite transforms into nmesite. At the lower
cooling rates, part of austenite transforms intateor ferrite-carbides.
If high cooling rate is applied, at higher intetical temperature, the
fraction of austenite that transforms into nonmestiic products is very
large, whereas at the lower intercritical tempemtthis fraction is
small.

Traint et al. (2005) showed the effect of coolireger on the
microstructure of a dual-phase steel: Rapid coolingter quenched)
resulted in a microstructure of ferrite and maritensith the appearance
of substructure. However, lowering the cooling tat®0 K/s (363 °C/s)
the volume fraction of martensite decreases anduhbstructure became
more homogeneous. For the cooling rate 10 K/s (248), the bainite
structures appear at the expense of fraction ofemsite.

Increasing the cooling rate from 10 K/s (283 °@sy0 K/s (343
°C/s) decreases the amount of austenite transfgrmhiming cooling
(non-martensitic structures) and shifts the begigrof transformation
to lower temperatures. The tensile strength, deseseahen cooling rate
shifted from water quench to 90 K/s (363 °C/s) tluéhe formation of
pronounced amount of ferrite, since tensile stiengsensibly affected
by the amount of non-ferritic phases (martensitainite, pearlite)
(Figure 3.41) (TRAINT et al., 2004).
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Figure 3.41 - Yield and tensile strength as a foncof the quench
temperature for various cooling rates.
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Depending on chemical composition quenching rateatgr than
100 °C/s is sufficient to prevent any transformatad austenite back to
ferrite, and thus, the austenite volume fractiord afistribution at
intercritical temperature are considered the sasrtb@se observed form
martensite at room temperature.

Pickler et al. (2000) studied the effect of coolmages (50 K/s; 10
K/s and 0.5 K/s) on final microstructure of duabph steel. The lowest
cooling rate (0.5 K/s) resulted ferrite, pearlitedaa minor fraction of
martensite. The intermediate cooling rate (10 Késulted polygonal
ferrite, acicular ferrite with martensite and btenand a significant
amount of martensite at the grain boundary of pahgg ferrite. The
highest cooling rate (50 K/s) produced less polgjoferrite, an
increasing amount of acicular ferrite and some lblonartensite.
Significant amounts of martensite and bainite vsitteated between the
acicular ferrite plates.
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4 EXPERIMENTAL PROCEDURE
4.1 MATERIAL

The use of these steels aimed to investigate tlectebf
chromium (Cr), silicon (Si) and molybdenum (Mo),datheir synergic
effect with different annealing (holding) temperratsion microstructure
and mechanical properties of dual-phase cold-rdtedl. Water quench
treatment aimed to freeze ferrite + austenite 8ires straight from
inter-critical range.

Table 4.1 displays the chemical composition ofdtels used in
this study. It was chosen one chemistry (see Télileas a base steel or
reference (sample code 0). In order to investighte effect of one
specific element, it was added or suppressed ftoenblase steel as
shown in Table 4.1.
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Table 4.1 - Chemical Composition of Steel undeestig

ation (% weight) -* Boron concentration in ppm

Sample Code| Combination | C |Mn | Cr (Mo| Si | Nb | Ti (pBEJ;”I) Teﬁgigzg:t;reTeanze(L%c;lre
0=(0.2%Cr) | BaseSteel |0.0822.07/0.22/0.150.0070.0160.031 11 705 805
1=%Cr) |BaeSieel-02%0 079208 0 |0.16/0.0100.0150.031 12 701 808
et | 2=0.4% Cr) P2 Sieel " 02%0 085208 0.41/0.150.0140.0160.030 14 708 800
3= (0.6 % Cr) |P2%¢ Steel * 04 % 0911 2,10/ 0.62/0.15(0.0180.0130.019 12 712 792
Eﬁséct 4= 0.3 % sSi) |22 St * 0-3%0 086 2.12/0.21(0.14{0.3140.0120.020 14 713 811
5= (0% Mo) | B2%¢5e€1=0130 089207/0.22 0 |0.0070.0170.032 14 705 798
o6 = (0.30 % Mo)| 53¢ 511~ 0130 086194/ 0.22/0.30/0.01010.016{ 0.03| 9 706 812
7 = (0.45 % Mo)| B3se Steel +0.304 ng5 5 06/ 0.21/0.43/0.0150.016 0.03| 12 705 813

% Mo
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According to Andrews (1965), the Aand Ag temperatures for
the steel in question may be calculated by thevdilg equations:

Ac;=723-10.7Mn—-16.9Ni+29.1Si+16.9Cr 028 +
6.38 W

(4.1)

Acz = 910 — 203 €°— 15.2 Ni + 44.7Si + 104V + 31.5Mo +
13.1W — 30Mn — 11Cr — 20Cu + 700P + 400Al + 120A%00Ti
(4.2)

Table 4.1 shows the A@and Ag temperatures calculated for all
compositions.

The addition of Mn was limited to 2.10 % to preveeteterious
effects on the texture formability, weldability acdatability; and Mo
limited to 0.45 % in order to avoid negative effeon the hot rolling
process (high loading demands).

The addition of 14 ppm of boron in these steelsedinthe
inhibition of ferrite nucleation at the grain boamnigs of austenite and;
thus, increasing austenite hardenability.

Nb was added to the base steel to meet the reqernitsnof high
yield strength and to promote better balance @hsfth and elongation
due to structure refinement.

Elements such as Mn, Mo and Cr were added to athmd
austenite transformation to non-martensitic stmastu(ferrite, pearlite
and bainite).

Such elements as Si and Al were added to reduceatheof
variation of austenite volume fraction with tempara, thereby
providing robustness to the product design. HoweSeadditions were
limited to 0.3 % to prevent the formation of silicoxides on the steel
surface, which cause poor weldability to the stedksteriorates the
scales pickling yielding and delays the galvanmgaieactions and bare-
spot in the coating layer.

The addition of Ti aims to keep B in solid solutithnmaximize
its effects as an inhibitor. The role of Ti is tact with N to form TiN
instead of BN.

Residual levels of elements such as sulphur, ptowaphcopper
and nickel were present.

This study were produced in the Laboratory of Asdédittal
R&D Chicago — U.S. and processed up to rolling if@l-cold rolling
samples).
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Vacuum-induction-melted heats, with the chemist(iesble 4.1)
were cast. The slabs were reheated and hot-rafiedplates using a
research laboratorial hot mill. Plate’s parts welgeated and processed
into hot bands, which were slow cooled in a cotdtblatmosphere
furnace, simulated coiling conditions. The ingotravhot rolled using a
slab reheating temperature of 1250 °C, finishingperature of 880 °C
and coiling temperature 650 °C. Hot band sectiorsevstraightened
and surface grounded on both sides to ensure arbdeized-free
surface. Then cold reduced by about 55 % until In2% thickness and
cut into 410 samples (called as-full-hard).

Afterwards, samples were brought to Brazil for mptreatment.

4.2 PLAN OF EXPERIMENTS

Table 4.2 shows the combination of samples for heat
treatment. At each treatment condition, 3 sampkr®wsed.

Table 4.2 - Matrix of experiments planning combgnirthemical
composition (Cr, Mo and Si), holding temperaturd aooling media.

o Heat Treatment o
Alloying Element on Allay C 7 r——— Cooling
Fom s el 6 Temperature (2C) s System

(s)
120°C

1.1) Base Steel - 0.2%Cr

b 1.2) Base Stedl 740°C
Cr-Contzining 1.3) Base Steel + 0.2%Cx
760°C
1.4) Base Steel + 0.4%Cx
Water
2) 780°C Quench
SiContaining 2.1} Baze Steel +0.3%:51 s0e i
800°C
A Cosling
» 3.1) Base Steel —0.15%Mo 820°C

Mo-Contaming 3.2) Base Steel +0.13%Mo
840°C

3,3) Base Steel + 0.43%MMo
860°C

Figure 4.1 shows part of a Fe-C diagram indicatithg
annealing temperatures used in this study.
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Figure 4.1 - Fe-C diagram indicating the anneatergperatures used in
this study.
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Source: Original, (2014).
4.3 HEAT TREATMENT

From the total of 410 samples (cold rolled), 390anzeat treated
to cover 130 conditions (combinations of compogitiotemperatures x
cooling media) and 20 samples were kept as referéalt hard).

4.3.1 Equipment Used for Experiments

Heat-treatment was carried out by using a laboyatait pot
(Figure 4.2) followed by water-quench or air coglin

Pot was internally equipped with thermocouples dontinuous
monitoring the instantaneous temperatures and rigatlie computers
system, in the cabinet, with data.
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Figure 4.2 — Schema of salt bath furnace configuratside view.

Thermocuple
1

Unit: mm

Source: Original, (2014).
4.3.2 Parameters of Heat Treatment

Holding times of 60 seconds were chosen based ptincous
galvanizing lines CGL furnace dimension and indaktline speed
typically (~150 mpm).

Since eight annealing temperatures were used énstiidy, the
strategy was to move down the temperatures from°86f 720 °C to
attain the better stability inside the salt bath.

Bath was filled up with barium chloride salt (BaCand heated
with natural gas (see Figure 4.2, side view andifeigd.3 top view).
Bath temperature, during annealing, was contrdjdus or minus 2 °C)
by heat/cooling system coupled in 8 thermocoupléhese
thermocouples were installed in the walls of thiéndyical pot.

During the immersion time, the specimens were oot just in
front (height) of thermocouples (it means at sampth), assuring that
the bath temperature found around the samples wesrae with
temperature registered on the computer systenbdata

Once the set of heating source was positioned énirkernal
surface of the furnace’s wall, then the isothemedi might appear. The
use of straight support for the six specimens woesdilt in gradient of
temperature among them, what could result diffezenén the
temperature among specimens of the same batch.v&@@ame this
problem it was built a circle device in stainlesset with 200 mm
diameter, which was placed concentric to furnaeenéter. It allowed
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fitting specimens of same batch in just one tentpezs line (Figure
4.3).

Figure 4.3 — Schematic Configuration of Salt baittm#ce - Top View.

Salt Bath
Thermocouples
Samples
Pot wall Stainless steel device with
hook co-centric support
600 mm

Source: Original, (2014).

For keeping similarity among samples, when handla
preparing material, all the cold-rolled samplestenmaut as the same size
(30 x 230 x 1.25 mm), in the same direction of aalting, i.e. on the
longitudinal direction (LD).

For each batch annealing treatment, 3 samplesabf eaemical
composition were assembled together at the samé& Hewice for
immersion in the bath. It resulted in 27 samplasha¢ch annealing.

The detailed proceedings of heat treatment at Ipmih are
described hereafter:

Each set of 27 samples were heated simultaneopdly the pre-
determined annealing temperature. The eight amgedaémperatures
under investigation fitted in the range (860 — 7). Samples were
held at these temperatures for 60 seconds; them tnaersferred to water
tank or air cooling (2 seconds transferring time).

4.4 MICROSTRUCTURE / MECHANICAL CHARACTERIZATION

The products of heat treatment were separate notagpg for
further analysis.
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4.4.1 Optical and Scanning Electron Microscopy

These samples were evaluated by light microscopg an
scanning electron microscopy; and the microstresturwere,
subsequently, subjected to the specific image aisalystem (Optical
Microscope Zeiss AXIO) for the quantification of gdes under
investigation.

It is important to highlight that phase’s quantfion were
obtained only with the standard magnification o€rastructure 2500x.

SEM (Scanning Electron Microscopy) used to asdesserrite
recrystallization level; to identify and quantifyegipitates (carbides and
nitrites) and also to characterize substructuregldped in the grain.
Sample preparation is described in appendix A.

Samples for microstructural analysis were previpasbunted in
baquelite resin, ground and polished using the eotwnal
methodology (appendix A), and subsequently wereegtc

The amount of martensite was measured on the rhicobsres
using the magnification of 2500x in microscope greement with the
methodology of R&D Chicago Laboratory for the safecomparison.
The grid is shown in appendix B.

4.4.2 Transmission Electron Microscopy (TEM)

TEM (Transmission Electron Microscopy) was useddintify
the phases and precipitates present in the prodyctsandling and
analyzing the lattice parameters of the crystallme recrystallization
evolution. See appendix C.

4.4.3 Electron BackScattered Diffraction (EBSD)

EBSD was used to develop microstructure features
(recrystallization and orientation). See appendix D

4.4.4 Dilatometry

The complementary technique of dilatometry analygs also
used in this study, for investigating the effecCofand Mo additions on
the microstructures and kinetics of steels. Theditimms at which this
experiment was carried out consisted of heatingsteels ato + vy
region, holding isothermally for 60 sec and; aftemis cooling at
different rates. These paths allow the analysjzhafse’s transformation.
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Table 4.3 shows the equipment and laboratories used
assessment the heat-treated samples.

Table 4.3 - Laboratory/equipment used on the dhbaraation
(original).
Test Equipment Laboratory
Universal  Instron
. 5585 machine AM Vega
Mechz_imcal Tests Hardness tost
(Tensile and hardness)using a  Taylor AM Vega
Robson
Volume Fraction off Scanning Electror
Martensite (Austenite) Microscope Jeo AM Vega
after Quench 6360
Scanning Electror]
Characterization  of Microscope Jeo AM Vega
volume fraction of| 6360
recrystallized ferrite | Optical Microscope
Zeiss AXIO i AM Vega
Scanning Electror
Characterization  of Microscope Jeo AM Vega
martensite and bainite 6360
after cooling Optic Microscope
(OM) AM Vega
Characterization  of Scanning Electron
volume fraction of| Microscope Jeo AM Vega
“new ferrite” 6360

Characterization o]
Recrystallization
level;
Characterization o]
type of Precipitate;

Transmission
Electron
Microscope (TEM)

UDESC/UFSCar/ArcelorMittal
R&D Chicago

Electron
Backscatter
Diffraction
(EBSD)

ArcelorMittal R&D Chicago/

UFC

Characterization of
chromium carbides

Field Emission Gun
Scanning Electror
Microscopy (FEG)
and Scanning
Electron

Microscopy (SEM)

ArcelorMittal R&D
Chicago/SENAI Joinville
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Figure 4.4 shows the flow diagram of materials arathods used
in the study.

Figure 4.4 — Diagram below the materials and methaskd for the
study.
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4.4.5 Mechanical Tests

Tensile tests were carried out using an Instronarsal machine
5585 (100 kN maximum loading) at room temperat@amples were
cut in the longitudinal direction of rolling andethessays performed
according to DIN-EN 10002 (length of the usefultpab0 mm). Yield
strength was measured at 0.2% strain.
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5 RESULTS AND DISCUSSIONS

Results and discussions are presented first aoshioctures of
cold rolled samples, afterwards the heat treatetpks. The results of
heat treated samples are presented separateljigp@ng elements and
cooling media. Mechanical properties are shown giigr the sections
of microstructures of steels air cooled.

Sections were organized according to subject as:

Results of cold rolling samples => section 5.0

Effect of Cr => sections 5.1 (Quench) and 5.2 &doling)

Effect of Mo => sections 5.3 (Quench) and 5.4 @aoling)

Effect of Si => sections 5.5 (Quench) and 5.6 @aoling)

An overall panel (containing all microstructuresqasvshown at
the beginning of each section (5.1 - 5.6) aiminggtee a general
viewing of the experiment. Nevertheless, detailedrostructures are
also displayed along the text.

It is worth to highlight that samples used on “wateenching” or
“air cooling” media were heat-treated togethertfie same hook shown
in section 3). Thereby, the amount of austenitasfamed up to the
inter-critical region is similar for both conditisrand the difference in
the final amount of martensite was due to the &ffe€ cooling media
and alloying elements.

Whereas the quench treatment resulted predominiantiyrrite +
martensite structures, the air cooling, as beiowet cooling, allowed
the formation of non-martensite constituents (pagnite).

5.0 COLD ROLLING SAMPLES RESULTS

Figures 5.1 to 5.3 display the microstructure dif tiard used on
heat treatment. Cold rolling reduction didn't trfomen the phases or
constituents (from hot rolling), but elongated (igarstructure and
ferrite grains.

Cold rolled steels have already shown in the mtancture the
ferrite matrix, carbon content constituents likeaftansite, pearlite) and
carbides (Figure 5.1 - 5.3) due to presence of nadloying elements,
mainly the Mn. In this stage of process it was olee the effect of
alloying elements on the microstructures; it meidwas the amount and
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size of carbon-containing constituents (martersitelte, pearlite)
increased with the additions of Cr, Mo and Si.



Figure 5.1 — Effect of Cr on the microstructuregutifhard steels.
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Figure 5.2 — Effect of Mo on the microstructureduwf hard steels
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Source: Original, (2014).
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As far as Si rejects C to austenite it enhanceshd#ndenability, favoring the formation of more
martensite in the full hard.

Figure 5.3 — Effect of Si on the microstructuresutifhard steels

Si-Free 0.3%Si

Broken Pearlite

(5)
30°C
(Full hard)

Solid Martensite

Source: Original, (2014).
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5.1 EFFECT OF Cr IN STEEL AT “QUENCHING”

In this section the results addressed the effecCiofand annealing (holding) temperatures on the
microstructure of dual-phase steels after watendjue

Figure 5.4 displays a matrix with 32 microstructuthat shows the effect of “Cr concentration” and
“annealing temperature”. The arrangement of micuasiires in the matrix follows the precept of 4urohs (“a”
up to “d”) and 8 rows (“1” up to “8"). Columns ardpresents Cr concentrations.

Lines 1 to 8 show the microstructures of steelusetions of Cr concentrations and holding tempeestu
from 720 up to 860 °C with step of 20 °C.

Considering the similarity in the behavior of mistmicture of steels with 0.4 % Cr and 0.6 % Cr, the
former was presented only in Figure 5.4 and sugprkthereafter for the sake of simplification. &se of need
the 0.4 % Cr was depicted.

The methodology used for analyzing the microstmestwas based on the investigation of the effe@rof
and temperature in the steels with the discussionsed on relevant differences.

The increase in Cr content from 0.0 to 0.6 % ineeeathe amount of martensite as shown through the
presence of island of refined martensite in thelsteith 0.6 % Cr (Figure 5.4 - line 3).

Although carbides were mentioned along the texéexplain some ideas, they were characterized and
detailed in a specific section 5.1.1.1 at the ehdhs chapter (to avoid back and forth of ideakgical
composition is presented in Figures (5.19 — 5.21).
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Figure 5.4 — Effect of chromium content and holdiemperature on the microstructures (recrystalbrmatphase

transformation and precipitates) of dual-phasdstedfter quenching heat treatment.
720 °C

@
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860 °C

(@ 0% Cr (b) 0.2 % Cr (c)0.4% Cr (d) 0.6 % Cr

Source: Original, (2014).
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The effects of Cr content were observed in the @situcture of
steels through the phenomena of recrystallizagiprase transformation
and carbides precipitation.

At 720 °C, coarse martensite, pearlite and ledslestearbides
(e.g. cementite) had already been dissolved (descsed) almost
completely and could not be seen as coarser asheasved in full-hard
structures (see Figures 5.5 and 5.6). These digsmduproceeded with
the release of carbon atoms which diffuse to femgitain boundaries to
enhance the formation of austenite and enrichtitetsire with carbon
(BAIN, 1945). It is 1important to highlight that sem
carbides/precipitates still remained undissolvaduie 5.5 c¢) indicating
their higher stability, at this temperature, duelikely their specific
chemical composition. It will be discussed laterdoynparing the effect
of the Cr in the stability of carbides (section.b.1).

As shown in Figure 5.5 the ferrite recrystallizatiovas
accelerated with the additions of 0.2 and 0.6 %nGromparison with
the microstructure of Cr-free steel. Even the adiast of Cr have
accelerated the ferrite recrystallization, diffeves were observed
between 0.2 and 0.6 % Cr. The addition of 0.2 %aQrelerated the
recrystallization and allowed the growth of ferrftmarse recrystallized
ferrite grains were observed in Figure 5.5 b). Tdas be explained by
chromium ability to reduce the activation energyriea to nucleation
and growth (BAR-OR & KIMMEL, 1968). It was attriced to the
addition of Cr, the effect on jump frequency at thterface. Further
addition of Cr (0.6 %) also accelerated the ferréerystallization
(Figure 5.5 c), however, prevented the grain gro{iigures 5.5 and
5.9). It is likely due to the “side effect” of thedement which, at high
concentrations, forms carbides with the abilitypto the movement of
recrystallized ferrite boundaries. This phenomerisnshown and
explained later for annealing temperature of 740 °C
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Figure 5.5 — Effect of chromium additions on cadsicoresence and
stages of recrystallization of steel heat treatet@a °C.

Recrystallized and
Ferrite sub-structure coarse ferrite grains

(2) 0% Cr {b) 0.2% Cr

Mix of fine carbides
particles and
martensite inside the
recrystallized grains

Reerystallized
8l| ferrite grains

(c) 0.6% Cr

Source: Original, (2014).

The holding temperature 720 °C was low enough lmwvathe
coexistence of different stages of recrystallizati¢recrystallized;
partially recrystallized and non-recrystallized/subcture) in the steel
with 0.2 % Cr as shown in Figure 5.6. Recrystatlizgains did not
present carbides inside themselves; indicatingctimplete dissolution
of unstable carbides during recrystallization. Nmartensite islands
were present, predominantly at the grain bounddFiggire 5.6), while
phase transformation was slightly observed at thmgdéemperature and
moderate chromium concentration.
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Figure 5.6 — Different stages of recrystallizat{ogcrystallized/ partially
recrystallized/non recrystallized substructure) armesence of
martensite at grain boundary of steel with 0.2 %a@hrealed at 720 °C —
SEM.

Partially-recrystallized

Martensite at grain boundary ferrite grains Ferrite sub-structures ‘

Recrystallized
Ferrite Grain

Source: Original, (2014).

Figure 5.7 displays the effect of Cr addition oe timount and
stability of carbides that increased with the addi of Cr up to 0.6 %.
The steels with additions of 0.6 % Cr have showrchmunore carbide
particles distributed within the ferrite grainsintlicates that Cr acted on
the formation (amount) and stabilization of carkide
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Figure 5.7 — Effect of the chromium additions aambiitty and amount of
carbides/precipitates in the matrix, 720 °C.

Ferrite sub-structure Recrystallized Ferrite Grain

(2) 0% Cr (b) 0.2% Cr

Fine carbides
particles within
the grains

Island of
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center of grains
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Source: Original, (2014).

On increasing the annealing temperature to 740 itQyas
observed fast changes in microstructures (phasasftnamation,
recrystallization and carbides decomposition) aswshin Figure 5.8.

At this temperature (740 °C), no more dissolutidnprevious
martensites were observed; however, the phenomédnaphase
transformation, recrystallization and carbides aligson proceeded
simultaneously. Phase transformations increasedifisantly with
temperature for all Cr content as shown in Figu& (6ne 2) through
the amount and size of martensite formed.

At this high annealing temperature, the amount afbicles
particles inside ferrite decreased significantllgisTsuggests that the less
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stable carbides (without Cr) were almost completBgsolved (Figure
5.8 a); whilst the more stable ones (with Cr addi&) were only
partially dissolved (Figure 5.8 c).

What should be pointed out is that martensite ddamere found
at different positions on ferrite grain accordimgthe Cr concentration
in steels. Figure (5.8 line 2) shows martensitedpm@nantly at the
boundaries of substructures (sub-grains) of 0 %t€xls; - at the ferrite
grain boundaries of 0.2 % Cr steels and; - randodibtributed
(boundary and center of the ferrite grains) of%.€r steels.

The amount and size of martensite observed on the
microstructures of the 0 and 0.2 % Cr steels watg slightly different
(Figure 5.8 “a” and “b”) which should be explainleg the difference in
the mechanisms of phase transformation:

i) the steel with 0 % Cr showed microstructure witbn-
recrystallized sub-grain predominantly (Figures %8 and 5.9 “a”).
The boundaries of these sub-grains have storedgérstrain energy to
become more and favorable sites for austenite aticie(OLIVEIRA et
al., 2004). During the phase transformations, th&temite nucleated at
the sub-grain boundaries and then transformedstgnd of martensite;

i) on the other hand, since the steels with addivf 0.2 % Cr
were almost full recrystallized then sub-grains evereglected; and
austenite nucleation occurred preferentially at theface of the
recrystallized ferrite grain boundary (Figure 5)8 b

Thus, the 0 % Cr steels exhibit nucleation of aistein the
“sub-grains boundaries” what could be misunderstowith the
mechanism of nucleation in the “center of a grain”.
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Figure 5.8 - Effect of chromium additions and terapgre on the
martensite transformation and carbides occurrericgteels heated at
720 and 740 °C and quenched.
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(a) 0.0% Cr () 0.2% Cr (c) 0.6% Cr
Source: Original, (2014).

Steels containing 0.2 % Cr showed the more advastagke of
recrystallization and growth of grains in companisowith
microstructures of Cr-free steels (Figure 5.9).

Figure 5.9 displays the effect of Cr addition one th
recrystallization and three stages of recrystdlbrepredominantly:

a) regions of elongated non-recrystallized grasshgtructure)
with some fine recrystallized ones for steels Wity Cr (Figure 5.9 a);

(b) regions of coarse-recrystallized grains withv fine ones for
steels with 0.2 % Cr. Grains showed equiaxed aadsedndicating the
most advanced stage of recrystallization and grdidure 5.9 b);

(c) regions of recrystallized grains mixed in fia@d coarse
grains for steels with 0.6 % Cr. The fine and retalized
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microstructure indicated that high Cr content ire teteels have
accelerated the recrystallization, neverthelessvemted the grain
growth (Figure 5.9 c).

Figure 5.9 — Effect of Cr on the kinetic of recalBzation at 740 °C,
prevailed: (a) low acceleration rate (non-recryigid); (b) higher
acceleration rate (recrystallized and grown) andl if@ermediate
acceleration rate (recrystallized)- (EBSD).

Coarse/recrystallized ferrite grains

Non-recrystallized ferrite sub-structures

Fine/recrystallized
ferrite grains

Source: Original, (2014).

To compare the kinetics of recrystallization of este with
different Cr content (0 to 0.6 % Cr) it was takereference the 0 % Cr
steel. It was observed that the first addition®©&f % Cr in the steel
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accelerated the recrystallization (nucleation anowth) with grains
revealing recrystallized and coarse (Figure 5.98)mentioned before,
this acceleration is likely due to the reductiontloé activation energy
barrier for grain growth (g by the presence of Cr in the matrix.
Reducing “Q" the grain growth rate (G) increased according to
Avrami-Roosz’ equation (CABALLERO et al., 2001).

G = fo exp(- Q/kAT) (8)

Where:

G is the growth rate

Qg is the activation energy of grain growth

k is Boltzmann’s constant

fe is a function that describes the effect of theucitre on
growth rates

AT is the overheating (T-At

Conversely, higher chromium concentration in s{@eb % Cr)
has effectively refined the grains, in comparisorhte concentration of
0.2 % Cr, even with the enhancement of recrystlbn. This
refinement is likely due to the pinning effect erer by the small
chromium carbides particles (HUMPHREYS & HATHERLY994)
and chromium in solid solution (interaction) (DOHER & MARTIN,
1962) acting as a barrier for the migration ofgh&n boundaries.

Pin effect was observed in this study, during thesstigation of
microstructure on field emission gun, through thignament of small
particles pinning the dislocations movement (FigbtB0). The amount
of chromium carbides particles increases with cliwomcontent in the
steels and pinning effect becomes more effectivdigny authors have
mentioned the pinning effect exerted by small pks of
carbides/precipitates on the movement of grain Hatias.

Sub-micrometer precipitates in the grain boundatigage strong
effect on the retardation of movement of dislogaioe.g. cementite
particles of average size below 250 nm causedoagstinhibition of
grain boundary migration due to the pinning effeetarding the
recrystallization and grains (HORNBOGEN et al., 1990ONG et al.,
2004).

Carbide-forming elements have shown dual effecsterls; as a
carbide particle and as element in solid solutibhe presence of
moderate dispersion of carbides particles stilissaved after austenite
formation produces a fine-grained austenite. Alsarbide-forming
elements may at once influence austenite transtamaharacteristics
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by being in part dissolved and contribute toughrieesugh restriction
of grain growth (BAIN, 1945; GAZDER et al., 2011).

Figure 5.10 — Small carbide particles aligned im tenter of the grain
and pinning the migration of dislocations (0.6 %aCi740 °C).

Alignment of veryzmall pracipitates pinnins migration of
dizlocations

Mag. = 240.00 K X

Source: Original, (2014).
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Up to here the recrystallization phenomenon wasent@picted
than phase transformation (volume fraction of autdagmartensite) and
carbide particles hereafter discussion will be ited

Figure 5.11 shows the percentage of martensiteedsang with
temperature and Cr content up to around 840 °C whiem
microstructures of steels became as full martensite

From 720 °C up to around 810 °C, the austenitimasidastest for
the steels with 0.6 % Cr and slowest for Cr-freeelst This confirmed
the effect of Cr on the kinetic acceleration of teasite transformation.

Figure 5.11 — Effect of temperature and Cr content kinetic of
austenitization and percent of martensite afteengiiench.
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-m-0.2%Cr
—4-0,0%Cr
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20,0 -

0,0
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Source: Original, (2014).

Figures 5.4 and Figure 5.11 show the increasedmthount of
(martensite) with the addition of Cr in steel.dtimportant to highlight
that the mechanisms of austenite nucleation andtgrdiffer with the
amount of Cr in the steels, as following observetio

The “austenite grains” nucleate and grow, predonilpaat the
ferrite sub-grains and grain boundaries of Cr-teels (Figure 5.12); at
the grain boundaries for steels with 0.2 % Cr (Fégb.13) and at the
both positions (grain boundaries and inside theatéegrain) for steels
with 0.6 % Cr (Figure 5.14).
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Figure 5.12 shows microstructure of 0 % Cr steelsh w
substructures all around and martensite growirtberboundaries.

Figure 5.12 — Martensite structure growing along tubstructure
boundaries (0 % Cr steel) - water quench. 7

L;
= - ?#\WN
0%

k)

Island Martensite

at the substructure

Source: Original, (2014).

Microstructure of steel containing 0.2 % Cr revdat&early grain
boundaries with martensite growing along them (Fédu13).

Figure 5.13 — Martensite structure growing along ¢inain boundaries

Island of new
Martensite at
the grain
boundary

Source: Original, (2014).
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Figure 5.14 shows the positions in ferrite graimeve austenite
nucleated and grew, in the microstructure of th@ @ Cr steel.
Martensitic structures were observed in the bouadgFigure 5.14 —
region a) and inside the ferrite grain (Figure 5-A44egion b). These
observations suggest that the addition of Cr indteels changed the
balance of energy between grain boundary and tdercef grain,
favoring the nucleation rate&/] and austenite growth (G) in this region
(the center of the grains). Besides, the carbidéhout chromium
decomposed faster than the ones with chromium iadditas will be
shown later (Figure 5.25). Thereby, carbon atontsased from less
stable carbides diffuse to the grain boundariesrfag the nucleation
and stability of austenite in these regions.

Figure 5.14 — Austenite nucleation and growth iae tenter of grains
(outline) on the surface of precipitates of st@eb @6 C at 740 °C).

(a) Martensite at the grain-
‘boundary

() Ferrite
grain boundary

(b)  Martensite
and carbides in JiR
the center of
grain

Source: Original, (2014).

Therefore, it indicates that Cr found in the stestisuld be in
solid solution for low concentrations (since nodarbide particles were
found) and as chromium carbides for higher Cr cotredons (since
those particles were found). This confirmed thalittah of Cr in the
steels favored the nucleation rate)(&hd growth of austenite (G), in the
center of the grains. It can be endorsed by Pateal. (2004) that
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mentioned Cr as an element that can join the sladlise and then
lowering the activation barrier energy of nucleatand growth. Besides
that chromium acted on forming and stabilizing @ab particles,
which in turns became additional sites for nucteatand growth of
austenite. This is coherent with Avrami’'s equattbat describes the
processes of nucleation and growth under isothecovadition.

Vy = 1—exp(—§NG3t4) 9)

Where , is the austenite volume fractioN, is the nucleation
rate, G the growth rate and t is the time.

N = fy exp (- Q/kAT)

G = fo exp (-Q/k4AT)

Where:

Qn and @ are the activation energy of nucleation and growth
respectively.

K'is Boltzmann’s constant.

fnandfs are functions that describe the effect of thecttme and
the heating rate on the nucleation and growth ratespectively
(CABALLERO et al., 2001).

The additions of chromium in the steel affected tlwume
fraction of austenite (martensite) by two waysotlgh the increasing of
nucleation rateN) and growth rate (G) of austenite: Increasing éhes
rates the second term of Avrami’'s equation (9) ceduand the volume
fraction of austenite () increases.

The explanation for the increasing in the nucleatiate N) by
chromium addition, is due to the effect of chromjwas carbide particles
which act as additional sites for the nucleatiomadtenite in the center
of ferrite grains (matrix). Considering that chromi carbide particles
and ferrite matrix have different crystal structitkeir lattice planes are
not common to both what creates a mismatch in tliangement
(incoherent interface between ferrite/chromium ihkparticles). This
incoherence increases the interphase energy indhker of the ferrite
grains favoring the nucleation of austenite on $heface of carbide
particles. Upon the dissolution of the chromiumbide particles,
carbon atoms diffuse across the interface carhid&#aite with the
carbon enrichment of austenite, thereby promotitsg stability and
growing. This carbon enrichment process enhanaesdhdenability of
the austenite (GARCIA, et al., 2011).
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The point of this affirmation is that excess of mgye that
promotes the nucleation of austenite in the ceotehe ferrite grains
comes from the interface between ferrite matrix anel chromium
carbides particles. This is based on the affirrmatad Porter and
Easterling (2004) that the insertion of a foreighedy in the parent
structure of steel causes a distortion and diseoiti in the lattice at the
vicinity. The discontinuity of lattice creates thby, a separating
boundary and strain at the neighborhood. Thus,iciest create an
incoherent interface with parent phases which indicauses variation
in energy of neighborhood structure.

Figure 5.15 confirmed the presence of these pestiat the ferrite
matrix.

Figure 5.15 — Transmission electron micrographapfhigh resolution
and (b) bright field showing particles insertedhe ferrite matrix

% Eerrite
“ilatrix Matrix

L
Cr-Carbide
Particle

Source: Original, (2014).

Similarly to treatment at 740 °C, the microstruetujphase
transformation and recrystallization) of steels ealad at higher
temperature (780 °C) changed, but faster.

Figure 5.16 (a) shows the effect of chromium on gapse
transformation (amount of martensite) and Figurel65. (b)
recrystallization (refinement of austenite).

The high annealing temperature (780 °C) resultedtha
acceleration of recrystallization and faster cabidecomposition.
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At 780 °C all carbides have dissolved completekceet those
containing chromium. The remaining Cr-rich carbjdéecomposed
slow and partially, thus reaching the adequate &ezow 250 nm) to
act as a barrier for the movement of dislocati®@®NG et al., 2004).
These particles sizes exert major pinning effedt arevent the further
grain growth (ferrite grains refinement).

The increase in temperature caused different clzamgethe
recrystallization as a function of Cr concentrat{bigure 5.16 b):

i) in the Cr-free steel the recrystallization depd slowly with
the presence of elongated non-recrystallized graifmixing
microstructure of recrystallized and non-recrygall grains);

i) the 0.2 % Cr steel shows the fastest recryztdibn rate with
coarse recrystallized grains (predominantly);

iii) in 0.6 % Cr steel the process of recrystali@ga was almost
complete and showed, predominantly, refined grdihese refinements
is likely due to the pining effect of fine carbiceshich at 780 °C
reached the ideal size and acted as a barrier donthvement of
dislocation.

Besides that, it was noted, that at high tempegatunartensite
structures appears like massive differently ofdsafiartensite at lower
temperatures. This is due to the lower concentratib carbon in
austenite as the temperature increases.
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Figure 5.16 — Effect of Cr content in (a) amountr@rtensite [(0 % Cr = 47.4 %); (0.2 % Cr =51.5 %.'); (0.6 %
Cr=75.6 %’)] and (b) recrystallization, at 780 °C.

Island of new martensite Island of new martensite Island of new martensite
at sub-grain boundary at grain boundary at center and gain

(a)
Phase
transformation

(SEM)

Source: Original, (2014).
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Further increases in temperature, from 800 to &he& amount of
martensite increases rapidly and region is almoét % with massive
martensite.

5.1.1 Behavior of Chromium Carbides on the Nucleatn and
Growth of Austenite.

An intensive investigation on the role of carbidesthe phase
transformation and recrystallization of dual-phaseels was developed
and discussed hereatfter.

Figure 5.17 displays one representative grain oftéetaken as
an example to show in details the grain boundargrtensite and
chromium carbides and their respective positionsis grain brings
about the main idea of the proposed mechanism lighvthe refinement
occurs.

The presence of many small island of martensiteléenthe grain
confirms, in fact, the occurrence of nucleation gralvth of austenite in
this region.

The significant amount of martensite inside theirgrawas
observed predominantly in steels with higher Crtenty which in turns
showed more carbide particles (Figures 5.5¢, Sdcsal7).

Then a connection among higher Cr content, theepies of
chromium carbides inside ferrite grains, nucleatdraustenite inside
ferrite grain, refinement of martensite and inceeagengthening built
up the idea of one mechanism to explain the phenome

Microscopic investigations were carried on insideimgs as
shown in Figure 5.17. Particles found inside grairese analyzed and
showed a strong relation between "the presence adbides” and
"nucleation and growth of austenite (martensitefig@re 5.18).
Evidences of austenite (white body) nucleating e surface of
carbides (grey body) were shown in Figures 5.1B.20. The presence
of chromium in carbides was evidenced in Figuré9 fo 5.21.

Figures 5.19 (point 1 - base 1) and Figure 5.2(ficoad the
presence of Cr in carbides which becagtefor austenite nucleation.

The technique of carbon replica was used for etitnacof
carbides particles to be identified on STEM andigto support the
hypothesis the presence and effect of Cr-carbide.
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Figure 5.17 — Microstructure of a ferrite grain wig coarse

martensite in the boundary; fine martensite nueleaid growing and
fine chromium carbides in the center of grain foe 0.6 % Cr steel (740
°C).
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Figure 5.18 - Microstructures of 0.6 % Cr steelsvahg the austenite
nucleation and growth in situ (surface of chromicerbides).

Austenite | b) SEM
nucleation
and
growth in
situ

c)FEG d) FEG

It was observed the presence of chromium in theposition of
carbide particles, where austenite nucleated aed,gas confirmed by
EDS spectrogram (Figures 5.19 and 5.20 - poirtdse).

More evidence of the presence of Cr and othersexitsrin the
carbides composition were observed by chemicalyaisain STEM on
carbon film, as shown in Figure 5.20.
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Figure 5.19 — Austenite nucleation in situ (chromicarbide precipitate
- pt1) and EDS spectrogram
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Source: Original, (2014).

Figure 5.20 — Chemical analysis of chromium carbiole STEM.

Element Mo Cr Mn Fe (from matrix)
(wt%)
PPT1 0.00 513 8.53 86.34
PPT 2 0.00 5.34 8.32 86.33
PPT 3 0.00 7.40 13.26 79.33
PPT 4 3.00 7.88 11.30 77.82

Source: Original, (2014).
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Figure 5.21 shows these carbides (extracted frarstbels with
carbon film using the carbon replica techniquegrafttching in acid
solution (appendix E).

It was observed, that the carbide particles werendp
predominantly, within the areas that were initiabblgcupied by the
martensite island (grayish outlined area). Thiseolsion strengthens
the association between the austenite grains anoidea particles
(frequently in the presence of chromium).

Film of carbon replica investigated on TEM showeqa two
distinct areas on steels (0.6 % Cr) and carbidésllasvs (Figure 5.21).

(a)the area that was occupied by the ferritic matriprior ferrite

matrix area (clean area);

(b) the area that was occupied by martensite islatondary of

prior martensite (greyish area);

(c) the actual chromium-rich carbides particles exa@dtom the

steel (black spots).
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Figure 5.21 — Chromium carbides particles assatiatéh martensite
islands for steels of 0.6 % Cr at 740 °C (transimisselectron
microscope).
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5.1.1.1 Chromium Carbides Stability

Since the stability and presence of chromium cabidarticles
were often mentioned during the text, further stuwdhs developed to
better understand the behavior of this speciemdureat treatment.

Many authors Krauss, (2010), Xie et al. (2005) Ximb, et al.,
(2007) have mentioned the ability of chromium @bdize precipitates.
Based on the measurement of interatomic poterti@hegsive energy)
Xie et al. (2005) showed that stability of carbidiesreases in the order
Cr;C3, Mn;C3 Fe,C; that is related to the increase in the atomic rermb
of carbide-forming element. Accordingly, Cr is thlement that has the
smallest atomic number among the carbide-formiegnehts (Cr, Mo,
Mn, Fe), thereby can form more stables carbides.

Simulation developed by using thermocalc softwarseld on the
chemical compositions of the steels of this studys vdeveloped to
follow the occurrence of the most likeable precifas.

Figure 5.22 shows the thermocalc equilibrium diagmith the
formation of new phases (represented by new area$oliowing
diagrams) due to the addition of chromium to ste€lese new areas
indicate the likelihood for the existence of newbides (for instance
carbides more complex than the®).

The first simulation showed the effect of chromiyin the
presence of manganese and molybdenum) on the @dtecint and on
the appearance of phase in the equilibrium diagsbisteel. Additions
of 0.6 % Cr shifted up and left the eutectoid pdpt (% C; T °C) as
shown in Figure 5.22. Thereby, £{®.66 % C; 712 °C) moved up and
left to Ep (0.57 %; 721 °C). New fields have shown up (reddsd
ellipse in Figure 5.22 (b) indicating the thermoadgric probability for
the formation of more complex precipitates suctviagCs and MC; as
mentioned by KRAUSS (1995).



Figure5.22 — Effect of Cr addition on dislocation of ectbid point (Ep > Epy).
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Figure 5.23 displays the yellow shaded area thahigher
magnification of MC; field shown in Figure 5.22. This shows that
addition of 0.6 % Cr to steel may improve the diigtof chromium-rich
carbides even up to high temperatures as showigume=5.23.

The maximum temperature for dissolution ofQ4 increased
from 645 to around 710 °C (enlargement of the fietdthe existence of
M-Cy).



Figure 5.23 — Effect of addition of 0.6 % Cr in #teel on the enlargement of the®d field.
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Figure 5.24 — Effect of chromium addition on theldi for M;Cg
formation.
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In Figure 5.24 the diagrams shows the thermodynawssibility
for the existence of carbides,Ms, M;Cz; and MiC (M: metals such as
Cr, Mn, Fe, and Mo).

One important feature of these chromium-rich cabids the
higher stability (long-term existence) in companisaith the chromium-
free carbides steels.

Hereafter, a brief discussion addresses the cosgrarin
stabilities of Cr-free carbides versus Cr-addetidas.

Figure 5.25 displays the sequence of dissolutiomhsdbmium-
free and chromium-added precipitates (carbidesdast).

In Figure 5.25 the chromium-free carbides appearéde matrix
at 720 °C as (MJC,N), ( M: metal such as Fe, Ti, Nb, Mn or Mo);
whereas in the chromium-added ones M can also [{th€x and y are
integer numbers). Cementite composition in allogels could be
represented by (Fei@) since the main structure is the cementite in the
presence of alloying elements M (PORTER & EASTERGIN2004).
On investigating changes in precipitates featusbage and size) with
temperature (from 720 to 780 °C), it was observad the addition of
Cr (chromium-rich steels) slowed the kinetic oflides dissolution, as
mentioned by Fonstein et al. 2015.
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Figure 5.25 b showed, at 740 °C, that the Cr-riebides
particles decomposed partially, whereas the Cr-fnees have already
complete decomposed (Figure 5.25 e). At this teaipes, the
remaining carbides were the result of the deconipasof the coarse
agglomerates carbides observed at 720 °C (Fig@%® &. The coarse
carbides remained were the sables (M) (C, N) whean be (Ti, Nb,
Cr, Mo, Mn).

At 780 °C, even after dissolution of the initiarlmdes, the Cr-
rich still remained (high stability), neverthelessa bunch of very small
particles. These very tiny particles (15~ 50 nnesizere extracted on
carbon replica film and identified chemically arattice parameters by
STEM.

Transmission electron microscopy investigation vedld to
pointed out:

i) the majority of precipitates was found insidee ttshadow”
areas outlined in Figure 5.25 (red arrows). It ssggd that these areas
were outlined from regions previously occupied byartensitic
structures.

Figure 5.26 shows the tiny particles extracted ambaen film and
their respective chemical analysis (STEM). It con&d the presence of
Cr and Mn in carbides (ppt 2, 3 and 4) and TiN (pptThe atomic d-
spaces of these carbides are shown in appendix E.

The dissolution of chromium carbides come throdghdiffusion
of carbon atoms that join to the austenite strectenhancing its
hardenability.
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Figure 5.15 — Effect of chromium content on theckiim of carbides dissolution at different temperasu

| Carbide’s dissolution path ]

shadow areas (priot martenste} [

]
I FesC, CiaCg, C1,Cs, Ti (N, C; | = 1 Cr:Cas. C1:Ca, Ti (N, C
i Ak ERE e TR ke | bemch ofvery wmall
: L - i W | 7| Corich  carbides
e () o | |
oo ok =
s LI :
’ ' St o 2,
. s " . : ) . .
A -PP i b l} 1'|I
S . . e |
- - i B .,'_- oA i -ITI
2w .1.- :rmm :__',"—““'IT “!-E - z
il S
FeilD, TiN TN
=y
o -
- -
s AL = {—’:"}__ s | TLN®) (€,3) partcies
,‘.‘ * —\.._* £
L & — *
q'._ ol s
b e A
s - B .
— [ 2= &7 g 2 (7]
T e THT

Source: Original, (2014).



Figure 5.26 - Chemical analysis of

remalnlnlgmpartlcles after at 780 °C for 60 s - STEM.
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These analyzes showed many different precipitatesbides
and nitrides) in the steels used in this study.imuheat treatment these
carbides performed by different ways, which in turaffected the
thermodynamics and kinetics of reactions. As arnmple, the increase
in temperature resulted in completely dissolutioh FesC; partial
dissolution of both MkCs and M,Cs. It indicates that R€ was the less
stable carbide; however the ,Ms and M/,C; showed intermediate
stability in steel with low to moderate Cr concatitn and high
stability in steel with high Cr concentration.

5.1.2 Modeling the Mechanism of Nucleation and Grothh of
Austenite in the Steel

Based on these previous observations a schemadtelrffeigure
5.27) was proposed to explain an additional meamarnhat contributes
to the refinement of austenite when Cr is added aadsequently, to
their strengthening.

According to Porter and Easterling (2004), addgiof Cr to the
steel up to the solubility limit result in the sblgolution and above it
forms chromium carbides.

In solid solution Cr promotes stress/strain in léttéice lowering
the activation energy barrier for further nucleatiand growth of
ferrite/austenite.

As chromium carbides, these particles act by twgsyéirst by
sharing their surfaces for the nucleation of autgegrains (lowering
surface energy) and later, during the particlesadigion, as a source of
carbon, thereby enhancing the austenite hardetyabili

Accordingly, since by transmission and electron roscopy
investigation, the chromium carbide particles wer®und,
predominantly, inside the grains; thus their presemaffected the
austenite nucleation process (inside of the grain).

Besides the presence of carbides within the giaimas also
observed the association of the pair martensitefslum carbides;
which suggested the favorability for the occurreotthis synergic pair.

As mentioned by Porter and Easterling (2004),
carbides/precipitates are non-equilibrium defecith v solid surface
formed, which can act as an available nucleatitessand consequently
supply their own surface for the heterogeneouseaticn of austenite.

During the reactions of decomposition of carbidesgtiples, the
energy that was generated contributed to loweliegtotal surface free
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energy required for austenite surface formatiowéiong the activation
energy barrier).

Austenite nucleation rat® is proportional to the number of
affordable sites for nucleating austenite (REED4HIL982). The more
is the number of chromium carbides the more isnilmaber of sites for
the nucleation of austenite.

Thus, increasing chromium concentration in stexduited in the
increase of the number of chromium carbide pasdijcighich in turn
generated more sites for nucleation of austeniterdased the rate of
nucleation), consequently, promoted the refineroégtains.

During the decomposition process of chromium cabidhe
carbon atoms diffuses through a common interfacbide/austenite
enriching the austenite in carbon, thus increagmigardenability.

These two roles of the carbides during heatingheoiding result
in the formation of much more nuclei of austenite.

The austenite that nucleate, within the grain havgrow in all
directions, thus also to the grain boundaries. muthe movement of
growing, the surface of one grain reaches the seirfd other austenite
grains which move from the boundaries into the eeaf ferrite. These
collisions between grains, growing in the oppositections, restrain
their further growth and, consequently, preventitigem from
coarsening. This characterizes the growth impediniignthe spatial
restriction.

The final result is the refinement of grains of teage in the
microstructure of steels. Since chromium carbidssalive slowly, they
can supply their surface and carbon for austeniieleation and
formation any longer.

The compilation of all these steps is the basistlier proposed
model of the mechanism at which the microstructofesteels with and
without chromium develop to achieve the final grsice (Figure 5.25).

Microstructure changes observed in steels contgiifo Cr, 0.2
% Cr and 0.6 % Cr were compared at different hgld@mperature.

Text boxes on the left side (Figure 5.27) explhi@ thanges in
microstructure of 0 % Cr and the ones on the rigigle explain
changes of steels with 0.2 and 0.6 % Cr.

Temperatures were displayed on the left side (360°860 °C).
Temperature 30 °C means that steel is on the &t-bondition (i.e. just
after cold rolling). Temperatures from 720 °C t@8& mean that the
steels were heat treated at this holding temperatdbove 800 °C
microstructures were similar.
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Figure 5.27 — Schematic model proposed for expigitine mechanism
of nucleation and phase transformation of austevitte Cr content.
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In summary, chromium refines dual-phase microstingc
through the mechanism of “generation of much marstemite nuclei
with high hardenability, which in turns transformtad fine martensite
due to grain growth restraint. This refinement lisady observed in
Figure 5.28.

Figure 5.28 — Microstructure refinement of low-glldual-phase steel
due to Cr addition, annealed at 740 °C, quench.

(@) 0.2 % Cr (b) 0.6 % Cr
Source: Original, (2014).

5.1.3 Dilatometry Experiment

Dilatometry technique was used to better understiaeffect of
chromium on phase transformation phenomena. Samydes cooled
from inter-critical ¢ + y) region to room temperature to obtain
continuous cooling transformation diagrams (CCT).

CCT diagrams showed in Figures 5.29 (a and b) and
microstructures in Figures 5.28 (a and b) showegdifstant changes
during transformation due to the addition of Csieels:

The addition of 0.6 % Cr moves the ferrite formatfeeld to a
slightly lower temperature to the right side to lawer cooling rate
(from ~40 to ~20 °C/s) which indicates that theitiold of chromium
suppressed ferrite transformation.

The volume fraction of ferrite is slightly higher Cr-free steel
which could be related to both factors:

i) the higher volume of initial ferrite (20 % in Crefe and 10 %

in Cr-added steel) and;



144

i) the effect of chromium on preventing the austesitecture
from transforming to ferrite (enhancement of the
hardenability).

Bainitic transformation region is moved to a loviemperature
too. The volume fraction of bainite is higher in-&tded steel which
results in a higher martensite start temperaturd® % Cr steel. It is
likely due to rejection of carbon during bainit@risformation, which
enriches the austenite and enhances their hardignabi
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Figure 5.29 — Effect of chromium addition on CChgtam of 0.1 % C DP steels cooled from 800 °C &tes
holding (from inter-critical temperature); (a) Geé steel and (b) 0.6 % Cr steel.
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Figure 5.30 shows, through the microstructure eélst that the
additions of 0.6 % of Cr delayed the formation efrite for all cooling
rates.

Figure 5.30 - Effect of Cr addition on the microstures of steels
guenched fromo( + y) region at different cooling rates.
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Source: Original, (2014).
5.2 EFFECT OF Cr IN STEEL AT “AIR COOLING”
5.2.1 Microstructure

Figure 5.31 shows the effect of Cr and annealingptrature on
microstructure  of  dual-phase steels after air ogoli
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Figure 5.31 — Effect of Cr and temperature on therastructures
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5.2.2 Martensite Quantification — Air Cooling

Figure 5.32 shows the effect of Cr and annealingptrature on
the amount of martensite that increased with Cicenfration in steels
for all temperatures. Martensite increased withperature up to around
760 °C and then decreased for temperatures abowvdet maximum
amount of martensite was reached at around 76Ceé@use up to this
the amount of austenite increased, with temperatame its carbon
content was enough to keep hardenability. Above®@5Mhore austenite
were produced, thus with less carbon concentrdtava hardenability)
and fraction transforms into others constituen@ntimartensite (e.g.
bainite, ferrite). Since air cooling proceeded maldwer than quench it
allowed the transformation reactions come throughformation fields
of ferrite and bainite.

Figure 5.32 — Effect of chromium content and haldtemperature on
the amount of martensite
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Source: Original, (2014).

Figures 5.33 (a and b) display the effects of Grceatrations (0
% Cr and 0.6 % Cr), temperatures, and cooling méglianch and air
cooling) on the amount of martensite (%). The olerdifference in
amount of martensite is due to the effect of caplinedia air (blue
triangle) or quench (green dot).

On water quenching, the amount of martensite isE@a
continuously with temperature up to reach 100 %ratind 820 °C, for
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both steels with and without Cr addition (Figure3®%.a and b).
Differently, the steels cooled in air resultedhe increase of martensite
up to a maximum amount at 760 °C (the maximum amnoiumartensite
is around 30 % for Cr-free steel and 45 % for 0.6 steel).
Afterwards, the volume of martensite decreased Iglowith
temperature. These differences between the amofintnastensite
obtained by water quenching and air cooling were ttua fraction of
austenite that transformed into ferrite and othemstituents such as
bainite.

Figure 5.33 — Effect of cooling media (air and wageench) on the
volume of martensite for (a) Cr-free and (b) 0.€¥steel

Cr-Free
Martensite and Temperature

100,0 : >~ o o
—4&—Cr-Free - Effect Air
90,0 1 _¢Cr-Free - Effect Quench
80,0 e
< 70,0
g 60,0
g 50,0 - r'Y
£ 40,0 4
©
= 300 A,
20,0 | ‘/// A A
s
10,0 4~
0,0 8 ‘ ‘ ‘ ‘ | | |
720 740 760 780 800 820 840 860

Temperature, °C

(a) Cr-Free



150
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5.2.3 Microstructure Evolution with Cr and Temperature

Figures (5.34 to 5.39) display details of some astuctures of
Figure 5.31 in larger magnification (5000X).

Cr-free steels showed non-recrystallized regiorik some island
of martensite from 720 up to 780 °C. Above 800€&€ystallized ferrite
appeared significantly. On the other hand, steéls additions of 0.2 %
and 0.6 % Cr have already shown the recrystallixeécrostructures
since 720 °C.

The microstructure of 0.2 % Cr steel (Figure 5.34sbcoarser
than Cr-free (Figure 5.34 a) and 0.6 % Cr steeigufEé 5.34 c). The
coarsening of 0.2 % Cr is due to the effect of Graacelerator of
recrystallization that grows without restraint. Pis the occurrence of
the effect of ferrite recrystallization acceleratidue to the addition of
0.6 % Cr to the steel, its growth was restrainegasticles due to the
drag force against the movement of grain bound4@&), therefore the
microstructure became refined. On the other siddree steels showed
microstructure refined but non-recrystallized (swogture). The non-
recrystallization was due to the absence of Crcetiad the refinement
of martensite was due to the nucleation of augtewih ferrite



151

substructures (nucleation and growing of austemitfore ferrite
recrystallization). This phenomenon will be shoatet.

Figure 5.34 — Effect of Cr on the microstructuresc(ystallization and
phase transformation) of dual-phase steels hel@@PC (air cooling)
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Source: Original, (2014).
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Figure 5.35 — Effect of Cr on the microstructurescystallization and
phase transformation) of dual-phase steels held@PC (air cooling).
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Source: Original, (2014).
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Figure 5.36 — Effect of Cr on the microstructurescystallization and
phase transformation) of dual-phase steels hel@@PC (air cooling).
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Source: Original, (2014).
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Figure 5.37 — Effect of Cr on the microstructuresc(ystallization and
phase transformation) of dual-phase steels hel8@PC (air cooling).
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Source: Original, (2014).
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Figure 5.38 — Effect of Cr on the microstructurescystallization and
phase transformation) of dual-phase steels he80@PC (air cooling).
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Source: Original, (2014).
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Figure 5.39— Effect of Cr on the microstructurescfystallization and
phase transformation) of dual-phase steels he3d@PC (air cooling).

(C) 0.6% Cr

Source: Original, (2014).
5.2.4 - Mechanical Properties

Figure 5.40 (a) shows that tensile strength ine@asvith
temperature up to around 760 °C, afterwards, altioigetemperature,
strength decreased. At 760 °C the strength of®®r steel is around
140 MPa higher than the 0 % Cr one. This is lildakg to the combined
effects of higher volume fraction of refined madié& and chromium in
solid solution. The refinement is due to the effettCr-carbides on
creation of additional sites for nucleation of an#te, as discussed
before.

The tensile strength of Cr-free steels kept alwaglow the Cr-
added steels for all holding temperatures (from #2®60 °C). The
tensile strength of the steel with 0.6 % Cr stagtedround 930 MPa and
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reached the maximum value around 1180 MPa; whike tdmsile
strength of Cr-free steel started at 890 MPa aadhed the maximum
value at 1040 MPa.

Figure 5.40 (b) shows that the yield strength & @r steel was
lower than Cr-added steels for all annealing teatpees (exception at
720 °C). At lowest temperature (720 °C) yield ggtbrwas higher due to
the presence of non-recrystallized hard ferrite aagbide phases
(Figure 5.34 a).

Yield strength decreased continuously with tempeeatip to 820
°C when increased slightly. The yield strength & @ Cr steels
decreased slower than the 0.2 % and Cr-free sthedsto the low
decomposition rate of chromium carbides.

The decreasing or increasing tendency of yielcthgttewas due
to the domination of recrystallization or phase ngfarmation,
respectively. When both processes overlap theteggyprofile can be a
balance or the overcoming of the predominant.

Elongation shown strong relation with level of yestallization of
steels. The less recuptallized Cr-free steel shdivedowest elongation
level up to 820 °C. The 0.6 % Cr steel with realjited but refined
grains showed intermediate elongation; and the%.Zr steel with
coarser and recrystallized grains showed the hidéesl of elongation.
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Figure 5.40 — Effect of chromium content and haldiemperature on
the mechanical properties of dual-phase steelggaiing).
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Summary of Cr effect:

Chromium showed the effect on acceleration of terri
recrystallization, on refinement of grain size, enhancement of
austenite nucleation rate and on strengtheningstbels. Besides, Cr
forms and stabilizes carbides that act on the ohtang the final
microstructures of steels.

The acceleration of ferrite recrystallization isedio the ability
of chromium for reducing the activation energy karfor nucleation
and growth.

The grain refinement is due to the effect of Crchsomium
carbides formed within ferrite grains and supplgithsurfaces for
additional sites for austenite nucleation. Thishkignucleation rate has
increased the density of austenite; which in tuastrained the growth
of neighbor grains.

The strengthening of steels was increased by clrami
additions due to the higher amount of austenith vafined grains.

The additions of chromium in the steels promote@ th
production of more stable and complex carbides ttt@n regular
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cementite. These carbides affected significantly thechanisms of
recrystallization and phase transformation andltedun more refined
martensite (final microstructure) and consequeritlg mechanical
properties of steels.

CCT diagrams showed that the addition of 0.6 % ©Gwes the
ferrite formation field to a slightly lower tempéuee to the right side to
a slower cooling rate (from ~40 to ~20 the °C/d)isTindicates that
addition of chromium has suppressed partially tertiansformation, in
spite of accelerated its recrystallization.

The addition of 0.6 % Cr delayed the formation @rfite for all
cooling rates, increased Ms and decreased slitjiglBs.

Higher Ms means lower carbon in austenite and@natdditions
at this concentration did not enhance hardenaphityvever the higher
volume fraction of martensite was likely due to theore higher
austenite nucleation rate favored by chromium dai

Cr moved bainitic transformation region to lowenfeerature and
the volume fraction of bainite was higher in Cr-adateel which results
in a higher martensite start temperature for 0.69%teel.

Cr increased mechanical properties UTS and YS mteally;
nevertheless elongation behavior was slightly diffié The highest
elongation occurred for 0.2 % Cr, the intermedfate0.6 % Cr and the
lowest ones for Cr-free steel. This sequence ingation matches with
the ferrite recrystallization level.

5.3 EFFECT OF Mo IN STEEL AFTER “QUENCHING”

Figure 5.41 shows the microstructures of steelbowit Mo and
with additions of 0.15 and 0.45 % Mo. The additiofisvio resulted in
coarser microstructure of full hard, but refineccrostructures of steels
after heat treatment and reduced the amount oftitogrsts: martensite
and bainite.

Samples heat treated at different annealing teriyresa(720-860
°C) and followed by quenching resulted in a finalcnostructure
consisted, predominantly, in ferrite and martensiteit at some
conditions a few portion of bainite.



160

Figure 5.41 - Effect of molybdenum and holding tengpure on the
microstructures (recrystallization, phase transfdiom) of dual-phase
steels after water quench
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Source: Original, (2014).

Figure 5.41 supported by Figure 5.42 shows thatatheunt of
martensite increased with temperature and additibr9.15 % Mo,



161

nevertheless decreased with further additions (8e4blo). According
to Fonstein (2015) and Togazhi (1976) Mo decreaggsficantly the
mobility of ferrite-austenite interface thus refagd the formation and
growth of austenite and expands the area on noystadized austenite
(SUN & YONG, 2010). However, additions of 0.15 % Mothe steel
increased the amount of martensite suggestingstiall additions do
not affect significantly the mobility of ferrite-atenite interface.

Figure 5.42 — Effect of Mo and annealing temperstian the amount of
martensite + bainite in dual-phase steels (quench)
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Source: Original, (2014).

Figure 5.43 displays details of full hard microstures with
different Mo content (0, 0.15 and 0.45 %). Incregdvio content from
0 to 0.45 % the amount of constituents (MA) alsoréased and became
coarser as shown in Figures 5.43 (b-c) in compangth Figure 5.43 a.
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Figure 5.43 — Effect of Mo additions on full hardcnoestructures of
dual-phase steels.
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Source: Original, (2014).

Conversely, microstructure of steels with Mo addi§ and heat
treated showed refined microstructures.

Figure 5.44 displays the effect of Mo on retardihg ferrite
recrystallization and the phase transformationrdfigat treating full
hard steels samples at 720 °C and quenching.
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Figure 5.44 — Effect of Mo content on the microstaes of dual-phase
steels annealed at 720 °C — 60 s and quench.

[ Martensite | [ Recrysua
NN v -
S

lized Ferrite ‘
AN
=15

i,

(a) 0% Mo (b) 0.15% Mo

recrystallized Ferrite

(C) 0.45% Mo

Source: Original, (2014).

Figure 5.45 shows that phase transformation ineckas
significantly with temperature (740 °C), but wagarded with the
addition of Mo as well as the ferrite recrystaftina.

The effect of Mo is likely due to its ability to ldg the formation
and recrystallization of austenite and to expand #rea of non-
recrystallization (SUN & YONG, 2010).

Figures from 5.45 to 5.49 show the effect of Moretarding the
phase transformation and ferrite recrystallizattbsamples heat treated
at temperatures from 740 to 860 °C. It was alsemies that phase
transformation prevailed over the recrystallizationMo-added steels.
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Figure 5.45 — Effect of Mo content on the microstames of dual-phase
steels held at 740 °C — 60 s and quench.

Martensite

Martensite

(a) 0% Mo (b) 0.15% Mo

Martensite

Non-recrystallized Ferrit : ~

15k (5, BEE S

(C) 0.45% Mo

Source: Original, (2014).

Table 5.1 displays the effect of Mo on the refinatrma austenite
and consequently on MA products (martensite + binilt can be
explained by the effect of this element in decretgemobility ofy/a
interface, and form carbides that reduces C diffusi

Table 5.1- Effect of Mo on the MA (martensite + &) grain size
(coarsening).

MA size um) — 740 °C (Quench)

Mo Content (%) Minimo Maximo Média
0 1,06 3,66 1,73
0.15 1,07 3,24 1,64
0.45 0,62 2,85 1,48
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Figure 5.46 — Effect of Mo content on the microstaes of dual-phase
steels held at 760 °C— 60 s, quench.
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Source: Original, (2014).
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Figure 5.47 — Effect of Mo content on the microstaes of dual-phase
steels held at 780 °C— 60 s (quench).
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Source: Original, (2014).



167

Figure 5.48 — Effect of Mo content on the microstames of dual-phase
steels held at 820 °C — 60 s (quench).
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Source: Original, (2014).
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Figure 5.49 — Effect of Mo content on the microstames of dual-phase
steels held at 860 °C — 60 s (quench).
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Source: Original, (2014).

Quench treatment allowed to observe that the addf 0.15 %
Mo in dual-phase steels accelerated austenite ptrassformation
(increasing the volume fraction of austenite) asthnded the ferrite
recrystallization; however higher additions (0.45M6) have retarded
both the phase transformations (decreasing themldraction of
austenite) and ferrite recrystallization besides thfinement of MA
constituents. Considering that Mo decreases the ilityobof
ferrite/austenite interface and expands the are@onfrecrystallization
of ferrite, concentrations up to 0.15 % did notrdtsignificantly the
mobility but higher concentrations did it.
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5.4 EFFECT OF Mo IN STEEL AFTER “AIR COOLING”

Discussions were developed mainly on the basis ha t
microstructures of steel obtained by SEM and shiowmiigure 5.50 and
detailed on Figures from 5.53 to 5.57.

Figures 5.51 and 5.52 show the amount of MA (Maiten+
bainite) in all steels together aiming to show ttendencies of
microstructures with Mo additions.

Figures 5.52 (a and b) show the effect of coolirgdia on the
amount of martensite for steels with 0.45 % Mo Eludfree steels.

The amount of MA (Martensite + bainite) increaseithwo
additions and temperature up the critical tempeeat(iTc) according to
the Mo content, and then decreased slowly, as sliwWwigures 5.52 a.
Critical temperatures were reached around 760 P@ésfree steel; and
780 °C for Mo-added steels.
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Figure 5.50 - Effect of Mo content and holding temgiure on the
microstructures of DP steels (air cooling).
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Source: Original, (2014).
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Figure 5.51 shows the effect of Mo additions (0%5and 0.45
%) in the steels on amount of martensite, in comparwith Mo-free
one, at cooling in air, from intercritical tempenad.

It was observed that addition of 0.15 % Mo incrdade amount
of martensite at whole range of temperatures.

As described in section 5.3 (quench), at low Mocentration
(0.15 %) the effect on inhibition of movement ofstnite-ferrite
interface was not significant on heating (allowstanite formation in
inter-critical region); besides, Mo increased anistehardenability at
cooling (enhances austenite stability). The contlinaof both positive
effects resulted in more martensite in the finatnostructure of Mo-
added steel when comparing with Mo-free one.

Addition of 0.45 % Mo reduced the amount of marniensit
annealing temperatures between 720 and 760 °C;inpuwtased at
temperatures above to around 760 °C.

At high Mo concentration (0.45 %) its global effecn
microstructure was also function of annealing terapge, since it
determines the amount of carbon in austenite. At kannealing
temperatures (up to around 760 °C), the amountsiieaite formed in
intercritical region was so small that Mo effech (bhardenability) at
cooling was not enough to result more martensae tfio-Free steel. At
higher annealing temperatures (above 760 °C), & eamed more
austenite and the Mo effect (on hardenability) wasugh to stabilize
ones; while in Mo-Free steel (above 760 °C) canboor austenite
transformed to non-martensitic structures and reduh less martensite.

This indicates that Mo showed different effectd tiepended on
its concentration in steels and temperature of aimge treatment. It
suggests that the effect of Mo on hardenabilityaaktenite became
significant, on cooling, when austenite was poagzdrbon.

The amount of martensite found in the microstrietat the
critical temperature 780 °C were around 38 %, 3&rib 27 % for Mo
concentration in steel of 0.15 %, 0.45 % and Me-fs&eel, respectively
(Figure 5.51).
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Figure 5.51 - Effect of molybdenum content and afing temperature
on amount of martensite (air cooling).
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Source: Original, (2014).

Figure 5.52 shows the effect of cooling media oroam of
martensite. Area between curves of cooling at qudgreen) and at air
(blue) estimates the amount of austenite transfértmenon-martensitic
structures during air cooling; however molybdenunhibited, in some
extension, this reaction. Up to 760 °C, the austemas C-enriched then
the high hardenability allowed the cooling in arkie similar to water
guench in term of delaying the non-martensitic tieas. Above, 760
°C, the austenite was low-carbon and the effedéfl@fon delaying non-
martensitic reactions was significant.
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Figure 5.52 - Effect of quench (green) and air imgp{blue) on amount
of martensite in (a) Mo-free and (b) 0.45 % - Meets.
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Source: Original, (2014).

Figures from 5.53 to 5.57 show the effect of Moretarding the
phase transformation and ferrite recrystallizatdbsamples heat treated
at temperatures from 720 to 840 °C. Phase tranat@mmprevailed over
the recrystallization for Mo-added steels.
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Figure 5.53 — Effect of Mo content on microstrueturof dual-phase
steels held at 720 °C (air cooling).
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Source: Original, (2014).
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Figure 5.54 — Effect of Mo content on microstrueturof dual-phase
steels held at 740 °C (air cooling).
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Figure 5.55 — Effect of Mo content on microstrueturof dual-phase
steels held at 760 °C (air cooling).
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Figure 5.56 — Effect of Mo content on microstrueturof dual-phase
steels held at 780 °C (air cooling).
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Source: Original, (2014).
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Figure 5.57 — Effect of Mo content on microstrueti(recrystallization,
phase transformation) of dual-phase steels he3d@PC (air cooling).
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Source: Original, (2014).
5.4.1 Mechanical Properties (Mo-steel)

Figure 5.58 shows the effects of Mo content andealimg
temperature on (a) tensile (TS), (b) yield (YS)esgths and (c)
elongation (EL) of steels after air cooling.

Molybdenum increased tensile strength at all anmmgal
temperatures.

The tensile strength of the steels with three Moteats reached
the range of 840~980 MPa at 720 °C afterwards, wkerperature
increased up to around 760 °C, more austenite bateaied and
transformed to martensite; which in turn increastdngths. However,
at temperatures above 760 °C more austenite hawedowith less C
content (less hardenability) resulting in less wmmsite and,
consequently, TS decreased.

Molybdenum increased vyield strength at all annegalin
temperatures (except at 720 °C).
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Yield strengths reached the range of 940~1163 MP&@ °C,
then decreased continuously to (442~734 MPa) @pdond 820 °C and
kept rather constant.

Elongation of Mo-free steels kept predominantly \abthe Mo-
added steels. This shows that, the level of fere@ystallization has
strong relation with recrystallization.

Figure 5.58 — Effect of Mo content and holding temgture on
mechanical properties of dual-phase steels (aiirg)o
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Source: Original, (2014).

5.4.2 Dilatometry

The analysis of dilatometry aimed to investigate #ffect of
molybdenum on microstructures of steels and thdimetics of
transformation. Experiments were carried out bytihgahe steels at the
al/y-region, holding isothermally and quench at différeooling rates.

The analysis of CCT diagrams associated to theostierctures
(via  SEM) brought about information concerning toe tdynamic
transformations in the structure as shown in Fig&&9 and 5.60.

Figure 5.59 shows the complete CCT diagram foldhecarbon
dual-phase steels (a) without and (b) with Mo adidg.

Additions of 0.45 % of Mo moved the ferrite fornmtiregion to
the right side to slower cooling rates from 90 t6 iC/s; the volume
fraction of ferrite was higher in Mo-free steeleafthe same cooling rate
from two-phase region.

Lower volume of bainite was formed in Mo-added Iksteznd
martensite start temperature dMwas higher, especially after slow
cooling rates (<16C/s).

Separation of bainitic and martensitic constitueaftter high
cooling rates (>10°C/s) was difficult using visual microstructure
evaluation.
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Figure 5.59 — Effect of Mo additions (a) 0 % Mo gbjl 0.45 % Mo on
CCT diagrams of 0.1 % C DP steels cooled from tivase region (800
°C) after 60 s holding.
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Source: Original, (2014).

Figure 5.60 shows the effect of addition of 0.45M6 on
suppressing ferrite formation thus promoting mootume fraction of
martensite and refining the microstructure esplgcetter low cooling
rates.

Figure 5.60 — Effect of Mo addition on microstruetsi of steels cooled
from tvvo phase region at 800 °C.

0.45Mo

Source: Original, (2014).
Summary of Mo effect:

Molybdenum showed the effect on suppressing baiaitd
ferrite formation besides retarding the ferriterystallization; refining
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of microstructure; on enhancement of austenite drahblility and
strengthening of the steels.

Ferrite recrystallization was retarded due to sloveelf-
diffusion of iron in the presence of Mo with congeqt expansion of
area of non-recrystallized ferrite.

Grain refinement was due to the effect of Mo onreasing the
mobility of ferrite-austenite interface. In thisudy this effect was
observed only for Mo additions higher than 0.15 %.

The amount of martensite increased with temperaamd
addition of 0.15 % Mo, nevertheless decreased \iuitther Mo
additions (0.45 %) on quench (Figure 5.42). Fonstg015) and
Togazhi (1976) showed that Mo decreases significahé mobility of
ferrite-austenite interface and retards the foromatand growth of
austenite (SUN & YONG, 2010). This suggests thatlsadditions of
Mo to steels do not affect significantly this matil

Mo acted on inhibition of austenite formation attieg, but
increased the hardenability of austenite formedh&aty region. At
cooling the austenite formed was avoided to transfdo non-
martensitic structures (ferrite/pearlite/bainite).

At air cooling, the effect of Mo on martensite s&rmation
depends on the amount of carbon in austenite uppeating. Whether
annealing proceeded at low temperatures, austesiseenriched in C
(high hardenability) thus the effect of Mo on hardeility was not
evident. However at higher temperatures, C conteat low and the
effect of Mo became significant on enhancing auttdrardenability).

Mo showed different effects that depended on itsceatration
in steels and temperature of annealing treatmérgudgests that the
effect of Mo on hardenability of austenite becanignificant, on
cooling, when austenite was poor in carbon.

The amount of martensite found in microstructurecrical
temperature 780 °C were around 38 %, 35 % and 27ordMo
concentration in steel of 0.15 %, 0.45 % and Me-Bteel.

In fact, Mo has the strongest effect on stabilitylaav-carbon
austenite formed on+y region and favors the austenite-to-martensite
transformation at the lowest cooling rate.

The strengthening of steels was increased by tHgbehenum
additions due to the higher amount of refined anitte

5.5 EFFECT OF Si IN STEEL AFTER “QUENCHING”

This section addressed the effect of Si and ammgeali
temperatures on microstructure of dual-phase stdeds water quench.
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Treatment comprised in heating the steels up to @heealing
temperatures keeping them isothermally for 60 sasoibefore
quenching in water. The steels' compositions didecording to the
addition of 0.3 % Si or not (0 % Si).

Figure 5.61 displays 12 microstructures changingh wiSi
concentrations” and “annealing temperatures” (7346-°C).

Besides, Si-added steel exhibited more refined -caldd
microstructure with higher volume of carbon conit@incolonies. It is
well known that smaller grains have a larger ared #hus greater
surface energy. Therefore, the higher surface gresgociated with the
grain boundaries of Si-added steels generate aeihitfiermodynamic
potential for ferrite recrystallization which agse@ith Drumond et al.
(2012).
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Figure 5.61 - Effect of silicon content and holditgmperature on
microstructures (recrystallization and phase treansétion) of DP steels
(water guench).
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Source: Original, (2014).

The phenomena of ferrite recrystallization and enigzation
were analyzed through the microstructures of fimauct resulted from
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heat treatment of cold rolled samples followed katew quenching. A
representative set of microstructures of steelealed at temperatures
720 to 760 °C is shown in Figure 5.62 where thewesrindicate the
non-recrystallized ferrite grains.

Silicon accelerated ferrite recrystallization inasim as
microstructure was almost completed at 760 °C iad8ied steel,
whereas only partially recrystallized in Si-freeeedt at same
temperature. The effect of acceleration on fergystallization in Si-
added steel was already related to the initial ositucture
(CABALLERO et al., 2001; MOHANTY et al., 2011).

Earlier publications Wu et al. (2003) and Speichaket(1981)
mentioned the formation of austenite nuclei firsilyferrite-cementite
interfaces in the carbon containing colonies, saglpearlite, bainite or
martensite, and later at the recrystallized fegieEn boundaries.
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Figure 5.62 - Microstructures of Si-free and Si-edidteels after annealing between 720 and 760IR@vém by
water quenching (SEM, 2 % Nital).

Source: Drumond et al. (2012).
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It is worth to note the simultaneous occurrencethaf ferrite
recrystallization and austenite formation after nrphéng from two-
phase region (Figure 5.63). This exerted signifiedfect on kinetics of
austenite formation since it occurs through theess of nucleation and
growth that was controlled by carbon diffusion atic state.

Figure 5.63 - Microstructure of Si-free steel aféemealing at 760 °C
followed by water quenching (SEM, 2 % Nital).
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Source: Original, (2014).

The difference in the extent of recrystallizatioffeeted the
process of austenitization. Austenite formation ktgglace in the
structure containing a partially recrystallizedriter in the Si-free steel;
whereas in the Si-added steel, the austenite dtaateform in the
structure where the recrystallization of ferritesvedmost completed.

The simultaneous occurrence of two processes, #ratef
recrystallization and austenite nucleation, exedigghificant effect on
the kinetics of austenite formation. Austenite fetmthrough the
processes of nucleation and growth that were clbedrdoy carbon
diffusion in solid state, Drumond et al. (2012).

In Si-free steel, the presence of a large amountno-
recrystallized ferrite grains led to a small voluofeaustenite nuclei that
grew up along the rolling direction (region enridhén carbon).
Therefore, the formation of a smaller amount ofrsealongated islands
of austenite became more probable in the Si-fresl.st



188

Conversely, in the Si-added steel, the recrystlbn process
started earlier and when the austenite formatiogabe most ferrite
grains had already been recrystallized. This hasréal the formation of
multiple austenite nuclei. The formation of austenmnostly occurred
through the nucleation process which resulted imare uniform
distribution of smaller islands of martensite witlthe matrix of refined
ferrite grains.

This explanation was confirmed by the microstrugsushown in
Figure 5.62 especially at 760 °C. The fine marterislands obtained in
the Si-added steel were more evenly distributecomparison to those
formed in the Si-free steel, where the coarse masitte islands were
aligned along with the rolling direction.

Figure 5.64 shows that amount of martensite (ats)en
increasing with the annealing temperature. Thed8ied steel exhibited
around 10 % higher amount of martensite at the sameealing
temperature than the Si-free steel. At temperatatese to the full
austenitization (~ 820 °C), the effect of Si aduditon amount of formed
austenite was not relevant due to the large amoluatistenite, which
makes the diffusion distance for carbon, much short

The growth of austenite through the increase deos$iaustenite
nuclei in the Si-steel resulted in a higher volunaetion of austenite in
the inter-critical temperature range facilitated dy earlier completion
of recrystallization and higher carbon diffusioorad the refined grain
boundaries of ferrite.
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Figure 5.64 - Effect of Si on amount of martenait@ifferent annealing
temperature, after water quenching.
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Source: Original, (2014).
5.6 EFFECT OF Si IN STEEL AFTER “AIR COOLING”

Figure 5.65 displays the effect of Si and anneal@rgperatures
on the microstructure of dual-phase steels afteraling.
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Figure 5.65 - Effect of 0.3 % Si and annealing terafure on
microstructures of low-alloy dual-phase steels.
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Figure 5.66 displays that the amount of martensiteeases with
annealing temperature up to around 760 °C, theredses slightly. The
Si-added steel exhibited around 50 % higher amountartensite at the
same annealing temperature than the Si-free dis#érently of the
guenching shown before, on air cooling at tempeeatabove ~ 820 °C,
the effect of Silicon on amount of formed austesitid kept relevant
due to the ability of Si to refine and enhance hHadenability of
austenite.

Figure 5.66 - Effect of silicon on amount of masgié® at different
annealing temperature, after air cooling.
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Source: Original, (2014).

Addition of 0.3 % Si to the steels favored the fation of
larger volume of martensite (Figure 5.65) with mudmed
microstructure at all annealing temperatures amdkihetic of ferrite
recrystallization. It is likely due to the previouprocess of
austenitization.

The increase in the volume fraction of austenisulted in the
reduction of its hardenability due to the lower rage carbon content.
Nevertheless, it is necessary to take into accttmorphology and
homogeneity of the formed austenite. As mentionedore, the
formation of austenite in the Si-added steel totkce through the
nucleation process followed by limited growth réisigl in a refined
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microstructure with small islands of austenite afiform carbon
distribution. In the case of the Si-free steel, grewth of austenite
occurs through austenite nuclei growth in the ferresulting in the
formation of coarse islands of hon-homogeneouseaiist During slow
cooling, the portions of austenite with a lowerbzar content transforms
to ferrite and/or bainite instead of martensite INROND et al., 2012).

The difference in the homogeneity of the martensitédoth
steels may be observed in Figure 5.67 that reptesanset of
microstructures of samples annealed at tempereanging from 740 to
820 °C followed by air cooling.

Figure 5.67 — Refinement and recrystallization afrostructures due to
the addition of 0.3 % Si to the low carbon steelfter annealing
between 740 a and 820 °C and coollng on air (SEP%/ I\Qltal)

Source: Original, (2014).

Figure 5.68 shows that Si-free steel resulted ghdr volume of
bainite in comparison to the Si-added steel aftew scooling from
annealing temperatures above 800 °C. As explaiseliee the non-
homogeneous austenite of lower hardenability ptesenthe Si-free
steel induced the formation of a larger fractionbainite instead of
martensite.
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Figure 5.68 - Effect of Si on the volume of bainitss a function of
annealing temperature, after air cooling.
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Bainite (%)

Figure 5.69 shows the morphology of Si-free stewlealed at
860 °C and cooled on air detailing the coexistarfdaainite, ferrite and
martensite structures.

Figure 5.69 - Microstructure of Si-free steel aféemealing at 860° C
and cooling on air, (SEM / 2 % Nital).

,,-—/

Source: Original, (2014).
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Figure 5.70 shows that at 720 °C the yield stren§®i-free steel
(~930 MPa) was around 190 MPa higher than the Ge@dteel (~740
MPa), due to the presence of non-recrystallizedtéegrains; afterwards
it decreased with the recrystallization evolution @urves have crossed
up at 760-770 °C when yield strength of Si-addechive higher. The
tensile strength increased with holding temperatyeto 760 °C for
both steels. Similar level of UTS for both stedlgesnperatures below
760 °C, regardless the higher volume of martemsitee Si-added steel,
was due to the enhanced contribution of a highdurwe of non-
recrystallized ferrite grains in the Si-free ste®l.temperatures above
760 °C the addition of Si favored higher leveldJdfS and YS due to a
higher volume of martensite. The curves of totatnghtion (TE)
followed the opposite sense of YS and TS. At teruoees below 760
°C TE of Si-free steels were lower than Si-addesspabove 760 °C TE
of Si-free became higher (Figure 5.71).

The higher level of UTS in the Si-added steel canphrtially
attributed to the Si strengthening of ferrite tbantributed to around 30
MPa, according to Pickering (1977), and shoulddessin potential
differences in microstructural constituents andrtpeoperties. As well
known, the final microstructure after cooling refle not only the type
and amount of austenite formed during heating anthérmal holding
but also the hardenability of austenite, whichretg depends on both,
carbon content and homogeneity of its composition.

Figure 5.70- Effect of Si addition on mechanicaigmrties of the steel
at different annealing temperatures, air cooling.
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Figure 5.71- Effect of Si addition on total elorigatof the steel at
different annealing temperatures, air cooling.
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Summary of Si effect

Si addition increases the strength of dual-phaselsstafter
annealing and slow cooling because of the formatioa high volume
of homogeneous austenite of high hardenabilitydifep to a high
volume of martensite in the final structure.

Addition of Si accelerated the ferrite recrystation during
heating in the inter-critical temperature range a@s attributed to the
effect of more refined initial cold-rolled structuin the Si-added steel.

While the processes of recrystallization and autstation
proceeded simultaneously in the Si-free steel,téemecrystallization
started earlier, in Si-added steel, and thus thsteaite formation
occurred preferably through the nucleation processch leads to a
uniform distribution of small islands of martensitethin the refined
ferrite matrix.
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6 SUMMARY

Additions of Cr, Mo and Si to low carbon steels eafed
significantly the microstructures and mechanicalpgrties of the final
product. The variation in the content of each el@nshowed relevant
changes in the microstructures and final properties

Figure 6.1 displays a summary of effects of eaelmeht on the
martensite in steels after water quench which cefléhe kinetic of
austenitization. The base steel (blue line) is @wserkference of changes
comparison due to the addition of a specific elemen

Cr and Si accelerated austenite transformationenWb retarded
one.

Cr accelerated the rate of austenite transformadioa to its
ability for promoting additional sites of nucleatiavithin the ferrite
grain on the surface of chromium carbides; andc&elerated because it
favors the ferrite recrystallization occurs earlend when the austenite
formation begins, most ferrite grains are alreadgrystallized. This
facilitates the formation of multiple austenite aic

Mo retarded the austenite transformation due toeffect on
decreasing the mobility of ferrite-austenite inded thus retarding the
formation and growth of austenite.

Figure 6.1 — Effect of addition of Cr, Mo and Si @mount of
martensite after water quench.
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Figure 6.2 displays the effect of addition of eatdment on the
amount of martensite after air cooling, in companigvith base steel.

Additions of Cr and Si increased the amount of ereite at all
annealing temperatures. Additions of 0.45 % Mo e base steel
resulted in less martensite at low temperatured,raore martensite at
high temperature due to the effect of Mo on harb#ihaof austenite.

Figure 6.2 — Effect of addition of Cr, Mo and Si @mount of
martensite after air cooling.
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Source: Original, (2014).

Figure 6.3 displays the effect of each elementtoengthening
the steels.
In general Cr, Si and Mo increased the strengttesls.
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Figure 6.3 — Effect of addition of Cr, Mo and Sithwe strengthening of
steels (air cooling).
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Considering the observed effects of elements irbdse steel on
the final microstructure and properties, it is segjgd that the best
design balance would have in its composition (0.€f6+ 0.3 % Si +
0.15 % Mo). Cr and Si aimed to generate more rdfiwed uniformly
distributed austenite and Mo to suppress the toamsftion of this
austenite to non-martensitic structures at codlivegdenability).

The higher amount of martensite was obtained withealing
temperature between 760-780 °C that produced migluat of austenite
with enhanced hardenability.

The present study has agreed with literature coimugrto the
nucleation occurrence at grain boundaries of redaftaite; nevertheless
the novelties in the study is that additions ofifCthe steels changed the
thermodynamic potential in the center of ferritaigs favoring the
nucleation of austenite also in these regions {withe grains and on
the surface of chromium-carbides). The presencexth and refined
austenite in the center of ferrite grains affedtes final microstructure
and increased the strength of steels.

It should point out that the steels used in thisdgtshowed
different carbides precipitates which played imapott role in
determining the final microstructures and propsrti®©uring heat
treatment carbides reacted by different ways, whidinrns affected the
thermodynamics and kinetics of reactions. As anmgle, the increase
in temperature resulted in dissolution ogk€eand partial dissolution of
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both M,:Cs and M,Cs. It confirmed that R is the less stable carbide
while M,3sCs and M/C; in the presence of Cr at “low to moderate”
concentration (~0.2 %) showed intermediate stgbditd at higher Cr
concentration (~0.6 %) showed to be more stableides.

These differences in stability of carbides detesdintheir
presence or not inside the ferrite grains duringt lieatment; which in
turns affected recrystallization and phase transébion.

These observations have supported the building ofodel to
explain the effect of these carbides particlesustamite formation.

Mo showed strong effect on the stabilization oftenise, formed
at inter-critical region, which transformed to negusite at cooling.

Concerning to Mo effect on the dual-phase steslgdidition up
to 0.45% caused the retarding on austenitizatiah racrystallization
reactions, consequently less volume fraction ofemite was observed
at heating and martensite at quenching.

However, Mo has increased the hardenability of Etraustenite
at heating (avoiding the austenite transformation ferrite/pearlite
during cooling). At low annealing temperatures lowsmount of
austenite was formed then the effect of Mo was swtevident;
nevertheless, at high annealing temperatures heneunt of austenite
was formed and Mo effect as austenite stabilizes mare efficient on
producing more martensite and strengthening tredsste

Addition of Si accelerated the ferrite recrystation during
heating in the inter-critical temperature range aad attributed to the
effect of more refined initial austenite structurehe Si-added steel.

The process of recrystallization and austenitiratpyoceeded
simultaneously on the Si-free steel. Since fergt@ystallization started
earlier in Si-added, steel the austenite formatoourred preferably
through the nucleation process, which leads toifoum distribution of
small islands of martensite within the refined itermatrix.

Si addition increased the strength of dual-phaselstafter slow
cooling due to the formation of a high volume ofrfegeneous austenite
of high hardenability leading to a high volume ddnensite in the final
structure.

After air cooling, the Si-added steel showed lesgité and
bainite than the Si-free (heated at temperatureseaB00 °C), which is
also related to the higher hardenability of austeformed in Si-added
steel.

After air cooling, the Si-added steel showed higimexchanical
properties than the Si-free steel. On averageetivas an increase of 50
MPa (YS) and 100 MPa (UTS) with addition of silicon
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Addition of 0.3 % silicon proved beneficial to medhe
mechanical properties, especially with respechéoténsile strength.
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CONCLUSION

Additions of Cr, Mo and Si to low carbon steelseaféd
significantly the microstructure (refinement, resflization and
volume fraction of phases) and consequently inecamechanical
properties.

Chromium, molybdenum and silicon have refined the
microstructure of heat treated steel, however bifeddint ways.
Chromium through the nucleation of additional aniéeon the carbides
surface which restrained growth; molybdenum throthghdecreasing of
mobility of ferrite/austenite interface and silictimough the effect of
more refined initial cold rolled structure and decation of ferrite
recrystallization.

Chromium and silicon accelerated ferrite recrygtation,
whereas molybdenum retarded. Silicon acceleratexystllization of
ferrite through its effect on initial microstrucéur

Chromium and silicon accelerated the austenitestoamation
for all concentrations, whereas molybdenum accildraaustenite
transformation only at 0.15 % but retarded austetnansformation at
low temperatures and higher concentrations (e4®. @).

Chromium and silicon enhanced hardenability of enigt at all
concentrations and inter-critical annealing tempgea whereas Mo
effect on hardenability became more significanthigh temperatures
(above 760 °C) at lower carbon content in austenite

The presence of carbides,i@s and M,C; inside the ferrite
grain on heating has modified the condition of teater of the grain
favoring the nucleation of additional austeniteesitwhich in turns
resulted in more and finer austenite (martensite aonsequently
higher strength steels.

The addition of Cr, Mo and Si effectively increasdue
strengths of low carbon steel; therefore, a modicjaus balance of
these elements can improve the properties of steels

Contrary to what was seen in the literature, thieyelg
elements such as Cr, Mo and Si did not act agdestabilizers.
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SUGGESTION FOR NEXT STUDIES

« Effect of Mo concentration on microstructure andchanical
properties (focus in Mo content between 0 and (0o
understand the transition).

« Effect of chromium carbides on austenite nucleation

« Effect of Si on microstructure of hot rolled steel
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APPENDIX A — Samples preparation (SEM)

Samples for metallography and scanning electronraswopy
were cut from the region of tensile test specimdimout defomation,
according to the scheme shown in figure below.

Figure: Schematic profile of mechanical specimeredudor take

metallographic samples

=18 mm
/V —PV////////\]A/zlzmm
—r%%d— 7
7
_:i\' ~ Fa
Mo
S

Source: Original.

Samples were withdrawn in dimensions=0f8 x 12 mm using
abrasive cutting disc (cut-off). Afterwards, theyer® cleaned in
ultrasonic washer with acetone, before mountingbaguelite. This
procedure aims to remove solid particles of dustage and others.
Samples were hot mounted in baquelite using thesspiBuehler
equipment (see parameters described in Table below)
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Table of hot mounting parameters

Temperature Heating Time Cooling Time Mounting Press
(°C) (min) (min) (Bar)
180 15 5 200

Source: Original.

The following figure shows the assembly of samglésr hot
mounting. Figure: Schematic figure showing a digh whe assembly of
the samples in baquelite.

J123 - 780°C 15s
Q (FH)

Source: Original.

Baquelite disc was manually grinded using a medahrgrinder
Arotec APL-4D aiming to reach an adequate surfadee grinding
directions should be changed by 90 degrees, acgptdifigure below,

to remove scratches from the previous process.
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ure: Positions of reference point of samplemydrinding to prevent

from scratches.

Grinding Direction

100 220 320 420 600 1200

@ Reference Point

Source: Original.

The grinding procedure was carried out by usingusatial
steps of papers with the following grits 120, 3800, 800, 1200
meshes. Each step held 3 to 5 minutes.

The polisher device used was the Buehler Metaserdem
2000. Polishing process was divided in two stepsree and fine.
Coarse polishing was carried using diamond paste63im and the
fine ones 0.5 todm.

After the surface finishing stage, it was etched4if Nital
solution (Ethanol + Nitric Acid) for about 8 secendiming the
revealing of phases.

After the metallographic preparation, the samplegsrew
observed in optical and scanning electron microscop

The investigation of phases in the steel microsiines was
carried out randomly along the ¥4 and %2 of thickr{sestion) of the
sample, as shown in schematic figure of sectionovhel
Microstructures in different magnifications like (01000, 2500,
5000, 10000 and 15000 were obtained for suppoiysisa
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Figure: Scheme of cross section of sample withtipos used for

microstructure analysis

Region of Analyze
of the Phases

= 18mm

=125 mm

Thickness

Source: Original.
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APPENDIX B — Martensite quantification by grid

Martensite quantification was determined by thehweétof the
grid of lines and intersection points: i) SEM migraphs were
developed at a magnification of 2500x; ii) pictufsmicrostructure
were open with the image analyze software (digitage); iii) grid was
set up on the picture (grid = 980 points); iv) thtersection points of
grid found inside the martensite were count, aswshin schematic
figure of counting martensite below; v) calculus & martensite =
number of point within a intersected martensite.

Figure below displays the grid used for martensib@nting.
Points in the center of martensite island (whiteftee boundary (green).

Figure: Grid for martensite counting

Source: Original.
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Martensite volume fraction equation:

. . green.points
whit t+H| ——
itepoin ( 5 )

Martensite%o = x100

920

Figure: Scheme representation of phases analysbodhen steel
microstructure

Region of Analyze
of the Phases

= 18mm

3 S ——

B e e e oot =125 mm

Thickness

Source: Original.
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APPENDIX C — Metallographic analyses samples, by HM

Precipitates and phases were investigated alsordnsrission
electron microscopy (bright and dark field) andrdiftion of electrons.
Carbon replica and thin film techniques were use@itract carbides
and reveal constituents, respectively.

Extraction by replica of carbon

Samples cut from steels heat treated at 740 °G&0dC were prepared
accordingly:

i)

i)

ii)

mounting in baquelite disk, with rolling directidimickness to
the face.

grinding on sequential grits 120, 300, 400, 60@ &d 1200
mesh (for each grind time = 120 sec and rotati@@ #pm).

polishing mechanically (about 1cm * 1cm, up to i
diamond paste):

a. First polishing: 3 um (time = 90 s; rotation = Ifpdn).
b. Second polishing: 1 um (time = 120s; rpm= 100).

Electro-Chemical etching of samples in baquelitengis
(TMAC solution).

a. Solution: AA solution (890 mL methanol + 100 mL
acetylaceton + 10 g TetraMethyl Ammonium Chloride).

b. Etching Time: 4~5 min

c. Electro-chemical etching condition: 2 V, 0.03 mA (i
possilble use current control).

C-film coating: Hold baquelite with sample insidevacuum
evaporator for 4 minutes, and then 1.2 secondsCfdilm
deposition.
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Vi)

vii)

Xi)

Make grid (2~3 mm), using sharp blade, in the @il
sticked on the samples and clear out edge region of
sample.

Electro-Chemical polishing (if possible, voltage
control):

AA solution (C film, fine ppt.) : ~2 h, 2V, 0.0RA
5 % Nital (Al film) : ~ 1 h, 2V, 0.01~0.015 mA

15 % Perchloric acid + 85 % ethanol (C film, large
ppt.) : ~ 20 min., 2 V, 0.01~0.015 mA.

Make sample using copper or Ni grid.
Washing 2 times in ethanol at least.
Fishing in DI water.

Storage in a squared sliding box.

Required Equipments/Materials

Carbon (or Al) deposition machine

Platinum electrodes for electro-chemical etching polishing
Chemicals for etching and polishing solutions

The carbon replicas were examined in a transmissi@atron

microscope (TEM), Jeol JEM-2100 Electron Microscayeerating at
200 kw. The TEM was equipped with an energy-dispers
spectroscopy (EDS) system.

Thin film

Samples size 20 mm x 20 mm were withdrawn by abrasive cutting

disc. The preparation procedure was carried out steps as shown in
figure of sequential steps below.
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Figure: Sequential steps for preparation of sanfpieSEM

T
original 1st Step | 2ndStep 3thStep| 4thStep 5th Step
g Preparation ! Cut Preparation 1 Electrolytic TEM
20,00 mm 20,00 mm : Polishing
< > 1
S 2 h 23 mm @3mm | 23 mm
o m NG E:>%d- om i
\\ . ! 140 pm 20 ! E>
1 oMoy 77 pm
11210 ym . .
140 pm 1 1
1 1
1 1
1 1
ArcelorMittal Vega ' UDESC | UFSC/R&D Chicago
1 1

Source: Original.

The first step was the mechanical grind using thecthanical
grinder Arotec APL-4D.

Grinding on sequential grits 120, 320, 600, 8000126d 1500
mesh for about 5 minutes in each grind, in ordeethice the thickness
of the sample te- 140 um in region of ¥4 thickness (section), aceaydi

to the scheme shown in the following.

Figure: Scheme representation of 1st step of grindamples.

1st Step

“a Thickness
302 pm

1210 pm

233 pm —> Higher removal

53 pm - Lixa 320

= Thinning by Grinding

| — Internal Tensions Generated by Thinning

—>150 ym - Lixa 800

—> 30 pm - Lixa 1200

| 140 ym —> TEM Sample

837 ym —> Lower removal

=>200 pm - Lixa 320

=—>37 ym - Lixa 320

=—>400 pm - Lixa 320

Source: Original.
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The samples were cut off in discs shape of 3 mmeliar and
thickness ofs 140 um, then cut by disc Punch Gatan device, aarsh
in figure below.

Figure: Disc punch (model 659 Gatan)

1. Source: Original.

Afterwards, discs were set up in a disc grindera@dfigure
below) for reducing the thickness#d75 pm (3th Step).

Figure: Disc grinder (model 659 Gatan)

Source: Original.

This was electrolytically polished using the equgminTenuPol (see
figure below) with A8 solution (950 ml acetic actd50 ml perchloric
acid) at 12 °C, in order to develop hole by andiisolution on the steel
surface, as shown in figure below. Parameters clbedr during tests:
temperature, voltage, current and electrochematatisn.
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Anodic Dissolution

Direct Indirect

Current { mA )

Formation of Layer
Best Polishing
Formation of Oxygen

Voltage (V)
Figure: TenuPol (Struers)

Source: Original.

The polishing occurs at an intermediate positiorlettrolytic
polishing curve that in low voltages occurs chemnigighing and in
high voltages occurs the corrosion of the sample.
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APPENDIX D — Sample preparation (EBSD)

1. Next, it was withdraw samples with dimensions=08.0 x 7,0
mm (L x L x h) by abrasive cutting disc (cut-off).

2. After withdrawer the sample, it was performed theaging in
ultrasonic washer, with acetone, the same, befdrethe
mounting operating. This is procedure to remove aold
particulate of dust, grease and others.

3. After the cleaning of the samples, the same wasnteduby
method to hot mounting with granulated bakelitemiaunting
press Buehler equipment, with parameters describethe
following Table.

Table: Parameters for hot mounting.

Temperature Heating Time Cooling Time Mounting Press
(°C) (min) (min) (Bar)
180 15 5 200

Source: Original.

1. The Figure below shows the schematic photo of dnepges after hot
mounting.

Figure: Schematic photo of the samples after hatntiog

Top View
lounting :>
(bakelite) ﬂ
Botton View
Hole
h=4mm
©=4mm

Source: Original.
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2. After the samples mounted, it was held metallogiamrinding
procedure in mechanical grinder Arotec APL-4D, gsimanual
grinding method.

3. The sequence of grind discs paper to grinding teel samples is
120, 320, 800, 1200 and 1500 Mesh for about 5 @i each
grind.

4. Next, it was held the polishing procedure, usingoésher Buehler
device, with to purpose of obtain a plane surfaick, free and High
reflectivity, that the polishing time can last avfeninutes or hours.

Polishing procedure was divided into three stepsrdugh, (i)
refined and (iii) ultra-refined polishing. Roughlighing was carried out
using diamond paste range 3 tar6; Refined polishing using diamond
paste range 0.5 aiin and Ultra-refined polishing used Colloidal Silica
range 0.2%um.



228
APPENDIX E — Table of compounds and d-spacing (TEM)

Table of compounds found in particles extractecanon replica and identified through the d-spa¢d@PDS).
Particles were extracted from steels with 0.6 %@t Cr-free and heat treated at 720; 740 and 780 °C

0.6 % Cr Steel 0 % Cr Steel
d-spacing by TEM Compound identified on JCPDS files d-spacing by TEM Compound identified on JCPDS files
(o]
TCO (nm) FeC CraCs | TiC | CriCs (nm) FeC | CraC, | TiC CroCs
0.2590 Cx:Cs 0.3536 FeC
0.2493 FeC TiC 0.2736
0.2361 CsCs 0.2652
0.2257 Cx:Ce CrCs 0.2495 FeC TiC
0.2126 FeC Chr3Cs CrCs 0.1860
0.2124 FeC ChriCe CrCs 0.1821 FeC
720 0.2130 FeC 0.1809 R
0.1997 FeC Chr3Cs CrCs 0.1798
0.1816 FeC CriCe CrCs 0.1756
0.1632 FeC Chr3Cs 0.1725
0.1489 FeC CrCs 0.1507 FeC
0.1391 FeC 0.1275 TiC
0.1260 TiC
0.2530 FeC
0.2470 TiC
740 0.2469 TiC
Non Analysed 0.2012 FeC
0.1985
0.1585 FeC TiC
0.3122 Cs:Cs
0.2361 CsCs
780 0.2257 Cs:Cs CrCs
0.2239 CiCs 0.1595 TiC
0.1852 CiCs 0.1580 TiC

Source: Original.



