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Abstract

Medium Mn steels (~ 3-10 mass % Mn), a new category of advanced high strength
steels, attracted worldwide research interests recent years due to their excellent
mechanical properties and low cost. These steels have fine microstructures and
contain large fraction of metastable retained austenite (~ 30 volume %), therefore
exhibit excellent strength and elongation. The fine microstructure is mainly
introduced by an intercritical annealing process.

To accelerate the design of such steels, materials design is applied. The materials
design concept is a systematic method. Contrary to conventional methods largely
based on trial and error, it is based on the classical processing-structure—properties
relationships and a quantitative knowledge of each relation represented by a
mathematical model, so-called linkage model. Such models are thus an essential part
in materials design.

The present thesis aims to develop a framework used for materials design of medium
Mn steel. The development of models which serve as linkage tools is thus the focus.
Tensile properties, i.e. strength and elongation, are set as the design objectives driven
by the industrial application.

The major part is concentrated on the linkage tools of processing-structure, i.e.
models and simulations to predict the microstructure evolution associated with
processing. These linkage tools are based on thermodynamic calculations and kinetic
simulations using the commercially available Thermo-Calc and DICTRA software.
To be specific, the processing involves austenitization and quenching as well as
intercritical annealing and quenching; while the associated structure involves
transformation of austenite to martensite and reversion of martensite to austenite.
Therefore the following aspects have been studied:

1. martensite fraction with undercooling;

2. austenite reversion during intercritical annealing;

3. influence of austenite grain size on martensite start temperature;
4. mechanical stability of retained austenite.

Besides these, prediction of tensile properties is studied in the last part, which serves
as an example of a linkage tool of structure—properties.

Via integrating these models, to achieve certain tensile properties, the required
microstructure and the associated processing can be traced back.



Sammanfattning

Medium Mn std (~ 3-10 mass% Mn), en ny typ av avancerade hcghdlfasta std, har
varit fgemd f& stort globalt forskningsintresse de senaste &en pagrund av stdens
utmé&kta mekaniska egenskaper och I&ya kostnader. Dessa std har en fin
mikrostrukturer och innehdler en stor fraktion av metastabil restaustenit (~ 30
volymprocent). Det uppvisar dafc& utméaikta vaden pastyrka och f&léngning. Den
fina mikrostrukturen Stadkommes huvudsakligen genom en sk interkritisk
glddgningsprocess.

FG att pd&kynda utvecklingen av sd&lana st utnyttjas materialdesign.
Materialdesignkonceptet & en systematisk metod. | motsats till konventionella
metoder, som i stor utstré&kning bygger p& “trial and error”, baseras den pade
klassiska relationerna process—struktur—egenskaper och en kvantitativ kunskap om
varje relation representerad av en matematisk modell, en skallad I&okmodell. S&lana
modeller & d&af& en v&entlig del | materialdesign.

F&eliggande avhandling syftar till att utveckla ett ramverk f& materialdesign av
medium Mn std. Utvecklingen av modeller som fungerar som laokar & i fokus.
Egenskaper vid enaxligt dragprov, dvs styrka och brottfGl&ngning, formuleras som
designkriterier i den givna industriapplikationen.

Avhandlinges huvuddel koncentreras palékmodeller mellan process och struktur,
dvs modeller och simuleringsmetoder f& att fGutsaga mikrostrukturutvecklingen
under vamebehandling. Dessa |&okmodeller bygger patermodynamiska ber&ningar
och kinetisk simulering med hjdp av de kommersiellt tillgangliga Thermo-Calc- och
DICTRA-koderna. Mer specifikt involverar v&mebehandlingen austenitisering och
slakning s&& som interkritisk glcigning och sl&kning; medan den associerade
strukturen inneb& omvandling av austenit till martensit och den omvénda
omvandlingen av martensit till austenit. Fdjaktligen har fdjande aspekter studerats:

1. martensitfraktion som funktion av underkylning;

2. austenit bildning under interkritisk gl&Ggning;

3. inverkan av austenitkornstorlek p&martensitens starttemperatur;
4. mekanisk stabilitet av restaustenit.

F&utom dessa aspekter analyseras f&Gruts&gelse av dragegenskaper i den sista delen,
som exempel paléaokmodell mellan struktur och egenskaper.

Genom att integrera dessa modeller, f& att uppndvissa dragegenskaper, kan den
erforderliga mikrostrukturen och den détill hérande behandlingen sp&as tillbaka.
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1. Introduction

1.1 Background

In recent years there has been an increased emphasis on the development of new advanced
high strength steels (AHSS), particularly driven by the automotive industry [1-4]. AHSS
have both high strength and high ductility, and thus are promising in vehicle’s weight
reduction to improve fuel economy and reduce CO, emission, as well as enhancement of
crash performance and passenger safety. According to the U.S. Department of Energy,
reducing a vehicle’s weight by 10 % can improve fuel economy by 6-8 % [5].

Today, a typical light-duty vehicle contains about 55 mass % steel, and AHSS are the
fastest growing material in automotive applications [6]. The 2015 Volvo XC90 aims to be
one of the safest cars on the market, thus about 40 % of its body is made of high strength
steels, see Figure 1.1 [7].

Mild steel

High strength steel
Very high strength steel
Extra high strength steel

I vitra high strength steel
Aluminium

Figure 1.1 Body of a 2015 Volvo XC90. Adapted from Ref. [7].

In general, AHSS are classified into three generations according to tensile properties as
illustrated in Figure 1.2 [1]. A trade-off often exists between strength and elongation, i.e.
one decreases if the other increases, thus this figure is usually referred as the “banana
diagram”. The currently commercially applied AHSS are mostly the first generation which
have evolved from significant early work on Dual-Phase steels [4]. They have tensile
strengths higher than 600 MPa and products of strength and elongation up to 25000
MPa%. These steels usually contain small amount of alloying elements, possess primarily
ferrite-based microstructures, and have relative low cost. The second generation AHSS
have superb mechanical properties with products of strength and elongation higher than
about 50000 MPa%. These steels are usually fully austenitic due to high alloying content,
and therefore are quite expensive. The high cost and difficulty in processing limit their
applications.


http://jalopnik.com/tag/2015-volvo-xc90
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Therefore there is a need to develop new AHSS, classified as the third generation, with
superior properties than the first generation while maintaining low costs, e.g. quenching
and partitioning (Q&P) steels, medium Mn steels [3,4]. These steels typically have fine
multi-phase microstructures with a considerable amount of retained austenite. Most of
these steels have been under development worldwide during the last decade. Recently
General Motors applied third generation AHSS to the new Chevrolet LOVA RV launched
in late 2015, thereby reducing the weight of selected body components by approximately
20 % [8].

80
<~ 70 20 AHSS
53
) > 50,000 MPa%
~ 60
= -~
£ 50 IF '
= 3+ AHSS
%D 40 Whld | > 35,000 MPa%
=)
= 30 ‘ |
S 2028 || | 1#AHSS
o ‘ |<25,000 MPa%
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| ; = nlqﬁh’i EE— |
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Figure 1.2 Total elongation versus tensile strength of various AHSS. Adapted from Ref. [1].

Medium Mn steels (~ 3-10 mass % Mn) are one class of the third generation AHSS [1,2].
The early study of medium Mn steels dates back to 1972 by Miller, where an Fe-0.11C-
5.7Mn (mass %) steel has been thoroughly studied [9], however only until the recent
decade they attracted enormous worldwide interests. These steels contain large amount (~
30 volume %) of retained austenite which results in excellent elongation known as the
transformation-induced plasticity (TRIP). Moreover, they have very fine microstructure
containing austenite and ferrite/martensite with sizes in sub-micron range and thus show
very good strength. Such excellent mechanical properties mainly result from an
intercritical annealing process, i.e. annealing in the ferrite+austenite temperature region.
Continued developments of medium Mn steels require novel alloying and processing as
well as careful microstructure control to optimize the specific mechanical properties.

1.2 Computational Materials Design

Facing the growing challenges of further development of specific properties for steels, the
traditional methods with empirical processes become more difficult and sometimes
unattainable. Understanding the difficulties, materials design will be applied in this study
to design and optimize medium Mn steels to achieve a certain performance.
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The materials design concept [10] is a system approach based on the well-known Cohen’s
reciprocity which reveals the linkages and correlations among processing, structure,
properties, and performance within a material system, see Figure 1.3. Whilst the
traditional materials science paradigm establishes mutual relationships from processing to
performance pursuing a cause and effect logic, the materials design, driven by
performance, proceeds in the opposite direction following the goals and means philosophy.

Performers

Figure 1.3 Schematic illustration of Cohen’s design reciprocity. Adapted from Ref. [10].

Linkage tools, which are essential in materials design, are the models that mutually link
processing, structure, properties, and performance, i.e. creators, translators, and
performers in Figure 1.3 [11]. These models can be interdisciplinary from materials
science, quantum physics, continuum mechanics, etc., and can be phenomenological or
empirical from experiments, or mechanistic from theories. While thermodynamic
databases with improved accuracy from the modern CALPHAD approach provide the
foundation for computationally aided materials development, commercially available
software make such a development into reality, e.g. Thermo-Calc and DICTRA, which
will serve as the primary computational tools in developing new models (linkage tools)
throughout this thesis.

A specific design requires a defined performance as the aim, quantified properties to
deliver the performance, a desired structure to generate the properties, and a sequence of
processing to create the structure. These associated elements are subsequently integrated
by the linkage tools and form an interconnected network. This process is often visualized
using a systems design chart. Figure 1.4 shows an example used to design a Co—Ni ultra-
high strength steel [10].

Via materials design, time can be saved and experimental work can be reduced. This has
been proven in the design of a high performance landing gear, where the full development
cycle has been significantly reduced [10].
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Processing Structure Properties
Matrix
Lath martensite
Ni: Cleavage resistance
Tempering —Co: SRO recovery resistance Strength
Solution Strengthening dispersion
treatment (Mo,Cr, W, V,Fe)sC,
* (NB,V)C,
Avoid FezC, MgC, MGy 3
. c
Hot working ©
I Grain-refining dispersion Toughness £
d/t e
Solidification —== Microvoid nucleation resistance E
__ Austenite dispersion
Deoxidation Stability (size and composition)
Amount
+ Dilatation Hydrogen
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Refining Grain-boundary chemistry
Cohesion enhancement
I Impurity gettering

Figure 1.4 Systems design chart of a Co-Ni ultra-high strength steel. Adapted from Ref. [10].

1.3 Scope of this Thesis

This work aims to develop a framework which will be used in materials design of medium
Mn steels. The main focus is on the development of models (linkage tools) required for
materials design. To be specific, for the medium Mn steels, the processing (mainly
intercritical annealing) determines the microstructure (e.g. austenite stability, and phase
fraction of austenite and ferrite/martensite), which further governs the properties (e.g.
tensile strength and elongation). Models linking these parts are thus of interests and have
been mainly studied in this thesis. An integration of these models could thus be used in
materials design, by defining target properties, to backwards predict the required
microstructure and processing.

The following sections will start with a literature review on the martensitic transformation
(Chapter 2) and the medium Mn steels (Chapter 3), followed by the present work on
establishing models of several linkages tools and a first design using these models to
illustrate the design process (Chapter 4).

In Chapter 4, the major part of the present work focuses on the linkage tools of processing
and structure. Phenomenological models are formulated based on thermodynamic
calculations (Thermo-Calc) and kinetic simulations (DICTRA) of the associated phase
transformations with input of experimental data. Based on these developed models as well
as existing models, the microstructure of medium Mn steels after intercritical annealing
can be predicted to some extent. The last part is on the link of structure and properties,
specifically, a constitutive model to predict the stress-strain curves.



2. Martensitic Transformation in Steels
2.1 General Description

The transformation from austenite to martensite is essential in the present study. It
determines the microstructure of the steel before and after intercritical annealing, and also
governs the ductility of the steel via the TRIP effect during external loading. Therefore,
the martensitic transformation as well as the influence of temperature, stress, and strain on
it will be introduced first.

In steels, face-centered cubic austenite (y) and body-centered cubic ferrite (o) are the
stable phases at high and low temperatures, respectively. If diffusional transformations,
e.g. formation of ferrite, are prohibited via a sufficient cooling rate, austenite transforms to
martensite (a") ' via a diffusionless mode [12—14]. Martensite thus has the same chemical
composition as the original austenite. Therefore fresh martensite is often body-centered
tetragonal if the content of interstitial elements, usually C, is not too low. The
transformation starts at a certain temperature, the martensite start temperature, M [15]. Ms
is mostly influenced by the chemical composition, and almost all alloying elements
suppress Mg due to stabilization of the austenite [16,17] Moreover, it is widely accepted
that M decreases with decreasing austenite grain size [16].

Martensite formed in steels, especially low alloyed steels, is usually of athermal type,
since its fraction is a function of temperature instead of time [15]. Upon quenching to a
certain temperature below M, this type of martensite forms in a short time, and does not
grow with prolonged isothermal holding time; in order to form more martensite, it is rather
required to further decrease the temperature. Usually, the curve showing fraction of
martensite with respect to temperature has a sigmoidal shape [18,19].

The morphology of martensite is usually categorized to plate or lath martensite, and each
type has a very complex structure [13,20-23]. Figure 2.1 shows schematic illustrations
[21,22] and light optical microscopy (LOM) micrographs [23] of lath and plate martensite
formed in low- and high-C Fe—C alloys. Lath martensite has a hierarchic structure, i.e. lath,
block, and packet from small to large scale. The misorientation between adjacent laths
may only be a few degrees [21]. Lath martensite usually contains large amount of
dislocations in the order of 10* or 10*> m2[13,20]. It forms in low-C and low-alloy steels,
e.g. C<0.6 mass %, which have high Ms, and is often accompanied with self-tempering
(carbide formation) during quenching. Plate martensite contains plates with midribs (twins)
and forms in high-C and high-alloy steels with low M, e.g. C >1 mass %, accompanied
with considerable amount of retained austenite at room temperature [13]. Medium-C
(between about 0.4 and 1.0 mass %) and medium-alloyed steels have a complex
microstructure to some extent mixed of lath and plate martensite [20].

" In this study, martensite refers to ' martensite, while ¢ martensite which is hexagonal close-packed is
out of the scope and thus will not be discussed here.
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Laths of 2 variants
With small
misorientation

Retained
austenite

Figure 2.1 Schematic illustration of the microstructure of (a) lath martensite and (b) plate martensite,
and typical LOM micrographs of (c) lath martensite from an Fe—0.35C (mass %) alloy and (d) plate
martensite from an Fe—1.80C (mass %) alloy. Adapted from Refs. [21-23].

Due to its “shear” nature, the martensitic transformation could be initiated with an aid of
stress or strain also above M [14,24,25]. This is schematically illustrated in Figure 2.2 (a)
with three critical temperatures, i.e. Mg, M’, and My. Between Mg and M,’, martensite
forms above a critical applied stress, ayma”, which increases approximately linearly with
temperature. The martensite formed, denoted as stress-assisted martensite, shows a similar
morphology compared with that formed below M. Between My’ and My, austenite will
yield by slip above ays"p before martensite forms, and the plastic deformation generates
new nucleation sites for martensite. This type of martensite, denoted as strain-induced
martensite, mainly forms at the cross sections of shear bands and has a different
morphology compared with that formed below My’. Therefore My’ is the temperature
which separates the regimes of martensite formation initiated by stress and by strain.
Above Mgy, no martensite can be induced by plastic strain. The microstructures
corresponding to the temperature ranges are schematically summarized in Figure 2.2 (b).

Thermodynamic aspect of martensitic transformation is shown in Figure 2.2 (c). The
chemical driving force (4G"™™*) is defined as the difference of Gibbs energy between
austenite and martensite as

AGT®M =G7 —G¥ [2.1]

* All Gibbs energies and driving forces are per molar with a unit of J/mol.
6



With decreasing temperature, 4G*™™ increases from negative to positive and passes 0 at

the T, temperature where austenite and martensite have the same Gibbs energy. Thus Ms is
lower than Ty, since formation of martensite requires a certain positive driving force due to
the accompanied elastic energy and dissipation energy from plastic deformation and finite
interface mobility, which in total could be viewed as a transformation barrier. At Ms the
driving force equals the transformation barrier (4G") i.e.

AGchem - AG* [2.2]
(a) (b) Ao Ao Ao
Strain-induced o L [ o
t'ransformation \ 4[,‘
% N
|
7 g |
% S mart : o siip : . ‘LG . ¢G , *G
Stress-assisted [ , ¥ I Ms Mg Mg
transformation 1 Yield stress : (d)
I by slip 1
| . 0] 1
| : o 1
I g o |
1 ! L I
0 : ! 2 !
M:S Mlg Md g I
(c) L o I
| ! 7] 1
1 ! @ 1
| ! 2 |
| ! L - !
8 ) ! 1
= 1
i N . :
@ |Excess | I 0 ) ~ 100%
S |driving force, AGHEM A G Fraction of Martensite
e I
-~
Barrier | !
0 ]
Temperature T,

Figure 2.2 Schematic illustrations of (a) the influence of temperature and stress on the martensitic
transformation and (b) the corresponding microstructures, (c) driving force of the martensitic
transformation versus temperature, and (d) excess driving force versus fraction of martensite below M.
Partly redrawn according to [14,24].

Above M;but below My martensite can form if an external stress is applied leading to an
additional contribution to the driving force, a mechanical driving force (4G™"), which is
added to the chemical driving force as shown in Figure 2.2 (c). Between M and M’,
AG™™ is approximately proportional to the applied stress, and the sum of 4G*™™™ and
AG™™ equals the transformation barrier.

With an undercooling below Ms, as shown in Figure 2.2 (d), 4G*™™ becomes larger than
AG’, therefore there is an extra driving force to trigger more martensite to form.



Chapter 2. Martensitic Transformation in Steels

2.2 Experimental Techniques

2.2.1 M; and Fraction of Martensite

M; could be determined using many different techniques, e.g. dilatometry, metallography,
and thermal arrest measurements. Dilatometry and metallography are also used to
determine the fraction of martensite formed.

Due to its convenience, dilatometry is frequently used. Dilatation is accompanied with
martensite formation due to a lower density of martensite compared with austenite. Using
dilatometry, length changes are measured during cooling and could be transformed to
volume changes. The volume expansion is then converted to the fraction of martensite,
and M is determined at the temperature where a certain fraction of martensite has formed.
For instance, Yang and Bhadeshia [26] suggested to use the temperature corresponding to
1 volume % of the transformation as M, and they claimed this leads to a reproducible and
objective value of M.

The metallography method was first proposed by Greninger and Troiano [27]. According
to this method, multiple specimens are quenched to different target temperatures,
tempered at those temperatures or at a higher temperature, and finally quenched. Under
LOM, the martensite formed during the first quench is tempered and appears dark after
etching, and thus it can be distinguished from the martensite formed later. From the
micrographs, Ms is determined at the temperature at which the first tempered martensite
unit can be observed, and the area fraction of martensite with respect to quenching
temperatures can be determined. The drawbacks of this method involves that the sample
preparations are time consuming.

In the thermal arrest measurements [28], thin flat specimens (0.15 mm thick) are used, and
thus very high cooling rate (about 10° Ks™) can be achieved. Figure 2.3 shows one
example of this method applied to pure Fe. By plotting the start temperature of the
transformation with respect to cooling rate, four temperature plateaus can be observed
with increasing cooling rate, and the last two, i.e. Il and 1V, correspond to Ms of lath and
plate martensite, respectively. Using this technique, austenite will transform to lath or
plate martensite via changing the cooling rate, which could not be revealed using other
methods.
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2.2.2 My’

In order to experimentally determine M’, yield stresses are determined under uniaxial
tension at different temperatures using multiple specimens, and M’ is the temperature at
which the stress-temperature relation shows a reversal. An alternative method was
proposed by Bolling and Richman [25] using a single specimen. At a certain temperature,
the specimen is loaded under uniaxial tension until yielding and thereafter unloaded. After
each circle, the temperature is decreased. For instance, a cyclic stress-strain curve of an
Fe—Ni alloy using this method is shown in Figure 2.4, where My’ is determined at the
temperature where the yield stress starts to decrease and the curve shows a serrate pattern.
If the yield stress is plotted versus testing temperature, the relationship is comparable with
that shown in Figure 2.2 (a). In addition, the determined M’ is not sensitive to strain rate
of the tensile tests.

ELONGATION —
Figure 2.4 Stress-strain curves showing the determination of M’ in an Fe—Ni alloy using the single
specimen method. Adapted from Ref. [25].



Chapter 2. Martensitic Transformation in Steels

2.3 Previous Modeling of Martensite Formation

2.3.1 M as a Function of Chemical Composition

M; is influenced by many factors, among which the chemical composition is the most
important. Most alloying elements decrease Mg, e.g. C and Mn.

Empirical relations are widely applied to predict Ms, typically expressed as a linear
relation with alloying content. The coefficients are determined using linear regression
methods based on experimental information from binary Fe—X alloys or multicomponent
steels. One example ® is [29]

Mg (OC) =539 -423C —-30.4Mn [2.3]

where C and Mn are the alloying content in mass %, and 539 <C corresponds to M of pure
iron. This expression has been used frequently for medium Mn steels.

Some expressions also use non-linear relationship for certain alloying elements, especially
C, for instance [30]

M; (°C) =545-601.2(1—exp(—0.868C))—34.4Mn [2.4]

These empirical expressions are easy to use in practice, and have been refined many times.
However, the major drawbacks of these expressions include that they are limited to a
certain composition range, and the linear relationship is not always accurate enough.

A more fundamental approach is to use the thermodynamic driving force instead of
temperature in the prediction of M, [16,31,32]. This is done by calculating 4G™™ at M
based on CALPHAD methods, and subsequently formulating a dependence of
composition on 4G~ which equals 4G™™,

One example using this approach is by Stormvinter et al. [16]. They used experimentally
determined M; for several Fe-X alloys from high cooling rate experiments and
distinguished M; of lath or plate martensite. They calculated 4G™™™ at M; and took into
account the contribution from Zener ordering due to C distribution. They obtained
expressions of AG" for lath and plate martensite as

2

AGp, = 3640 —2.92M + 346400 X; ~16430 X +7119 Xy, [2.5]
—AC
X 2
AGpjate = 2100+75000 )C( —11500X¢ +3574 X y4q [2.6]
—AC

inwhich X and Xy, are the mole fractions of C and Mn, respectively.

S Only C and Mn which are relevant to the present study are listed in the following equations.
10



2.3.2 Influence of Austenite Grain Size on Mg

It has long been noticed that Ms is affected by austenite grain size. Most experimental
studies suggest that decreasing austenite grain size results in a decrease of M. In several
systematic experimental studies, dilatometry or electrical resistivity was applied to
determine the effect of grain size on M for low alloy steels as well as for Fe—Ni(-C)
alloys [33-35]. According to these experiments, Mg decreases more pronouncedly (about
several tens of degrees) when the austenite grain size is refined from tens of um to a few
um. In these studies, the austenite grain size was varied by changing the austenitizing
temperature and time, and therefore the smallest grain size is several um.

Several models have been proposed to describe the influence of austenite grain size on M.
Based on geometrical partitioning of austenite grains by plates of martensite, Yang and
Bhadeshia derived [34]

In(1-f
M, :—%In{i{exp£—¥j—l}+l}+Mg [2.7]

in which V is the volume of austenite grain, m is the plate aspect ratio (m=0.05), a and b
are two parameters obtained by fitting, f is taken as 0.01 which is the fraction of martensite

that determine Ms in dilatometry, and MS is defined as a fundamental Ms for an infinitely
large austenite grain size.

Jimenez-Melero et al. [36] proposed that

1

Mg =—-475V 3 + M [2.8]

in which V, and M have the same definitions as in Equation 2.7. The coefficient of 475

um-K was obtained by fitting data from a conventional TRIP steel in-situ cooled in a
synchrotron from which individual austenite grains larger than 5 pm® can be detected.

In the work from van Bohemen and Morsdorf [17], the contribution of austenite grain size
to the driving force (4G, calculated using the SSOL database) is described with austenite
grain diameter (D) as

1
AG =350D 2 +370exp(—i—?j [2.9]

in which the first term is from a Hall-Petch type strengthening of austenite, and the
second term is due to the stored energy related with the aspect ratio of the formed lath
martensite which changes with austenite grain size.

These models could represent the existing experimental data well. However, when
extrapolated to austenite grain sizes in the sub-micron range where no experimental data
exists, these models give very different results. From a practical point of view, the effect

11



Chapter 2. Martensitic Transformation in Steels

of grain size below 1 pum is important in the present study, since medium Mn steels
contain retained austenite in this size range (diameter or thickness).

2.3.3 Fraction of Martensite Formed below M

Many empirical models can be found in literature to describe the fraction of martensite (f)
formed below M.

The most widely applied model was proposed by Koistinen and Marburger (K-M) [37]
f=1-exp[a(Ms-T)] [2.10]

where « is a material constant and T is the quenching temperature. One drawback of the
K—M equation is its approximately parabolic shape near Ms. For the initial 10-20 % of
martensite formation, it significantly deviates from experimental data which is more
sigmoidal.

The K-M equation was later theoretically derived for plate martensite by Magee [38],
giving it a physical background. He assumed that the increase of volume fraction of
martensite (df) is proportional to the chemical driving force (41G*"™™) as

chem
df =\7(1—f)(pdAG

dT [2.11]

where V is the average volume of a martensite plate, ¢ is a constant, and (/—f) is the
fraction of retained austenite from which martensite forms.

d chem

By assuming that V and (entropy of martensitic transformation) are

approximately constant, the integration of Equation 2.11 yields

dAG chem

f=1—exp|Vo (MS—T)} [2.12]

chem

in which Vg

is constant and equivalent to « in the K—-M equation.

The K—M equation has been modified several times. A recent expression, for instance, was
proposed by Lee and van Tyne [39] as

f :1—exp[a|_v (Mg —T)“WJ [2.13]

in which the two parameters, «;, and n. , are functions of the alloying content. This

expression shows improved predictability and better agreement with the sigmoidal shape
of the transformation curves.
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Other models [40], which are mostly derived theoretically, are more often applied as a
fitting function but the parameters have been determined only for a few steels, thus they
cannot be applied for predictions in other steels.

2.3.4 My’

Experimental observations on an Fe-29Ni-0.26C (mass %) steel show that the highest
elongation upon deformation, and thus the best TRIP effect, can be obtained at a
temperature approximately 20 <C above M’ [14]. Therefore, if the austenite fraction is
unchanged, the TRIP effect can be optimized by adjusting M’ to about 20 <C lower than
the application temperature.

Ms” can be modeled by adding a contribution to the driving force (4G™") due to
mechanical energy relative to the applied stress into Equation 2.2.

AG™" was first expressed by Patel and Cohen [41] as

AG™Meh = —%[yosinzecow +¢o (1+€0526) | [2.14]

in which o is the uniaxial stress, yo and ¢y are the shear and normal strains, and @ is the
angle between the stress axis and the habit normal. They reported a relationship for

dAG _
driving force and stress as Ao =0.7468J -mol * for an Fe-30Ni (mass %) alloy.
o

By assuming that the orientation of nucleation sites for martensite is randomly distributed,
Olson et al. [42] has formulated a model based on Equation 2.14, which has further been
fitted to [43]

AGMeh = 0.71830+6.85%ah —185.3[ 1-exp(—0.0030437) | [2.15]

N
in which Ve (=0.04) is the change of volume upon transformation, and o, is hydrostatic

o1 L. )
stress and is 50 for the case of uniaxial tension.

2.3.5 Mechanically Induced Martensite

The enhancement in elongation, i.e. transformation plasticity, is mainly attributed to a
delay of necking since the martensite formed under external loading increases the work-
hardening rate. Therefore it is important to model the kinetics of martensite formation with
external loading, i.e. the relationship of volume fraction of martensite formed (f,) and
plastic strain (g).

In the stress-assisted regime, f,- and ¢ are linearly related [44].

13



Chapter 2. Martensitic Transformation in Steels

In the strain-induced regime, Olson and Cohen [45] proposed that

), =1—exp{—ﬂ[1—exp(—ag)]”} [2.16]

in which a and g are temperature dependent parameters, and n is a phenomenological
exponent.

Another type of equation is
f, =1—exp(—ke) [2.17]

where k is a parameter. Sherif et al. [46] described k with the driving force of the
martensitic transformation, while Kang et al. [47] expressed it with M.

While the parameters in the above equations have been extensively studied and
determined for certain steels, especially conventional TRIP steels [24,46-48], a general
formula for medium Mn steels seems to lack in the literature.
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3. Medium Mn Steels

Medium Mn steels are, as already mentioned, one class of the third generation AHSS.
There is no strict definition on “medium”, yet the Mn content is usually approximately 3—
10 mass % [1,2]. Besides, they contain low to medium C content, often 0.05-0.40 mass %,
and may also contain Al or Si up to 2 mass %.

Intercritical annealing (1A), i.e. annealing in the ferrite+austenite temperature region, has
been widely applied to generate the ultrafine-grained duplex microstructure in the medium
Mn steels. As mentioned previously, both C and Mn are austenite stabilizers and depress
M;. Unlike conventional TRIP steels which contain less Mn and thus require an isothermal
treatment after 1A to further stabilize the austenite, medium Mn steels contain enough Mn
that a single IA process can generate austenite with enough stability to retain at room
temperature. Some studies also attempted to use other heat treatment routes for medium
Mn steels, e.g. quenching and partitioning [49].

The excellent tensile properties of medium Mn steels are mainly due to their ultra-fine
microstructure and high amounts of retained austenite as a result of 1A [1-4]. In general,
the heat treatment can be simplified to two steps. The first step is austenitization and
quenching to form a highly or fully martensitic structure. In an industrial process, this step
is usually fulfilled via hot rolling and quenching. The second step is IA and quenching.
During IA, martensite partly transforms to austenite, denoted as reverted austenite, with C
and Mn partitioning from martensite to austenite. Meanwhile due to C depletion,
dislocation annihilation, and recrystallization, martensite gradually turns into ferrite [50].
The morphology of the final microstructure depends on the initial microstructure before
IA, i.e. a lamellar structure results from an as-quenched or hot-rolled condition, while
equiaxed grains from a cold-rolled deformed condition [9,51,52]. The thickness or the
diameter of the reverted austenite is usually in the scale of several hundred nanometers.
Due to C and Mn enrichment, Ms of the reverted austenite after IA is much lower than that
after austenitization. In addition, and as already mentioned, the refined austenite grain size
is also considered to have an effect on decreasing M [53,54]. If its Ms is suppressed to
below room temperature, the reverted austenite will be fully retained after the final
guenching; if not, it will partly transform to martensite, denoted as fresh martensite
[55,56]. Besides, cementite may also form during IA [50,57,58]. Therefore, a fine
microstructure of austenite and ferrite/martensite is obtained, and a certain amount of fresh
martensite or cementite may also exist in the final microstructure dependent on the
specific heat treatment.

In the following part of this chapter, certain aspects of medium Mn steels relevant to the
scope of this thesis will be reviewed. They are primarily divided into two parts,
corresponding to the linkages of processing—structure and structure—properties in materials
design.
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Chapter 3. Medium Mn Steels

3.1 Processing-Structure

3.1.1 Influence of Initial Microstructure

For medium Mn steels, 1A usually starts with an as-quenched or a deformed martensitic
structure. Starting from as-quenched lath martensite, austenite mainly forms in between
martensite laths and usually is thin-film like; if the steel is cold-rolled before 1A, austenite
and ferrite exhibit an equiaxed shape due to active recovery and recrystallization [9,51,52].
For instance, Figure 3.1 shows the microstructure of an Fe—7Mn-0.1C—-0.5Si (mass %)
steel after 1A starting from a hot- or cold-rolled initial condition [52]. This work also
suggested that after 1A for 10 min, ferrite/martensite in the cold-rolled specimen has a
lower dislocation density due to active recovery than in the hot-rolled specimen.

(a) (b) [ Austenite
I Ferrite
- Low-angle
boundary
(38=15°)
— High-angle
boundary
(15° < 8)

gt

[Sonm] [anm]  ND

Figure 3.1 EBSD micrographs of phase maps superimposed with image quality of a medium Mn steel
after 1A starting from a (a) hot-rolled and (b) cold-rolled condition. Adapted from Ref. [52].

3.1.2 Austenite Fraction with Time and Temperature

According to thermodynamics, the fraction of reverted austenite increases with increasing
IA temperature. At the same time, both C and Mn contents in austenite decrease, leading
to a decreased austenite stability which may lead to transformation to fresh martensite
upon final quenching. Therefore, the austenite fraction for medium Mn steels after 1A
usually varies with time or temperature as shown in Figure 3.2 for an Fe-0.2C—4.72Mn
(mass %) steel [55,56].

In Figure 3.2 (a) it is shown that after 1A at low temperature, i.e. 620 <C, the reverted
austenite fully retains at room temperature, thus the fraction of retained austenite,
corresponding to the reverted austenite, increases with IA time. After IA at high
temperature, i.e. 680 <C, the fraction of retained austenite decreases after IA for 10 min.
The decrease is caused by formation of fresh martensite, which can be supported by
microstructure and hardness studies.

This can also be seen in Figure 3.2 (b), where the fraction of retained austenite shows a
peak at 650 <C after several IA times due to the aforementioned reasons.
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Figure 3.2 Volume fraction of retained austenite at room temperature versus (a) 1A time and (b) IA
temperature for an Fe—0.2C—4.72Mn (mass %) steel. Adapted from Refs. [55,56].

3.1.3 C and Mn Partitioning

Since C and Mn are austenite stabilizers, both of them partition from martensite to
austenite during IA.
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Figure 3.3 Mn profile examined using TEM-EDS in an Fe-0.05C-6.15Mn-1.4Si (mass %) steel after
IA at 680 <C for (a) 180 s and (b) 24 h. Adapted from Ref. [54].

Figure 3.3 shows an example of Mn partitioning, where Mn profiles were examined using
TEM-EDS in an Fe-0.05C-6.15Mn-1.4Si (mass %) steel [54]. Before 1A, the Mn
distribution is rather homogeneous. After 1A at 680 <T for 180 s, Mn clearly partitions to
austenite where the average Mn content increased from about 6 mass % in the cold-rolled
condition to above 7 mass %, see Figure 3.3 (a). After 24 h, the Mn content increased
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Chapter 3. Medium Mn Steels

even more to about 8 mass %, see Figure 3.3 (b), which is rather close to the equilibrium
content according to a thermodynamic calculation (8.4 mass %).

Another example is from Luo et al. [50]. They studied an Fe—0.2C—4.72Mn (mass %) steel
after 1A at 650 <C, and found that the average Mn content in austenite gradually increases
from 7.441.4 mass % after 1 min to 940.7 mass % after 144 h.

The above examples indicate that a pronounced Mn partitioning may occur within a short
time, e.g. a few minutes.

3.1.4 Orientation of the Reverted Austenite

Starting from a microstructure of as-quenched lath martensite, the reverted austenite
mostly shows a thin-film shape. This is related with crystallographic feature of the
reverted austenite.

Zhang et al. [59] systematically studied the orientation relationships of reverted austenite
and surrounding martensite in an Fe-0.3C-2Mn-1.5Si (mass %) steel using EBSD,
schematically summarized in Figure 3.4. The work shows that thin-film (acicular in their
term) austenite grains nucleate at lath and block boundaries; most of them have almost
identical, part of them have a twin-related, orientation with the prior austenite and hold a
near Kurdjumov—Sachs (K-S) relationship with both sides of the adjacent martensite.
Austenite formed at prior austenite grain and packet boundaries shows a globular shape,
and only holds a K-S relationship with one side of the adjacent martensite.
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Figure 3.4 Schematic illustration showing nucleation sites and orientation relationships of acicular
austenite (ya) and globular austenite (yg) with surrounding martensite. Adapted from Ref. [59].

Nakada et al. [60] calculated the activation energy for a critical nuclei of austenite, and
predicted that to minimize the activation energy, austenite formed at lath boundaries has
coherent interfaces and hold a K-S relationship with the matrix on both sides. This agrees
quite well with the above experimental work.
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3.1.5 Simulation of Austenite Growth during IA

Many numerical simulations on the austenite reversion from martensite in the Fe—C—Mn
and Fe—-C—Mn-Si systems can be found in the literature.

In most of the simulations of the austenite growth, a setup containing a thin layer of
austenite and a region of martensite is used, which results in three stages in the temporal
evolution of austenite volume fraction [61-63]. For instance, Wei et al. [61] simulated the
growth of austenite from lath martensite during 1A in an Fe—0.1C-3Mn-1.5Si (mass %)
steel using DICTRA, see Figure 3.5. The three stages are marked as (i), (ii), and (iii) in
the figure for the simulation of 760 <C with a cell size of 1 um. According to Figure 3.5,
in the first stage (i), austenite fraction rapidly increases up to about 10 s. This stage is
controlled by rapid carbon diffusion under non-partitioning local equilibrium (NPLE). The
second stage (ii) shows a slow increase of austenite fraction up to about 10° s, which is
controlled by relatively slow diffusion of Mn in martensite under partitioning local
equilibrium (PLE). The third stage (iii) shows a small decrease until reaching equilibrium
under PLE, accompanied with homogenization of all alloying elements in each phase.
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Figure 3.5 Simulated volume fraction of austenite in an Fe—0.1C-3Mn-1.5Si (mass %) steel compared

with measured data. The boundaries among the three stages of (i), (ii), and (iii) are marked with lines
for the simulation of 760 °C and 1 um. Adapted from Ref. [61].

An alternate simulation setup has been used for an initial microstructure of ferrite and
cementite (tempered martensite) [64,65]. In these simulations, austenite is assumed to
nucleate on the cementite/martensite interface.

3.2 Structure—Properties

The most studied mechanical property for medium Mn steels is tensile properties. Other
mechanical properties, e.g. hydrogen embrittlement [2] and impact toughness [52], have
also been studied, but will not be reviewed in detail here.
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Chapter 3. Medium Mn Steels
3.2.1 Tensile Properties

Figure 3.6 (a) summarizes some representative tensile properties reported in the literature
[2]. 1t is clear that most of the medium Mn steels exhibit excellent tensile properties with a
product of tensile strength and elongation above 20 GPa% and surpass the first generation
AHSS such as conventional TRIP or DP steels. The scattering in the tensile properties is
probably from the wide spectrum of alloy chemistry and processing routes.
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Figure 3.6 (a) Representative tensile properties of cold-rolled (CR) and hot-rolled (HR) medium Mn
steels reported in the literature, influences of austenite fraction on (b) product of tensile strength and
total elongation, (c) tensile strength, and (d) total elongation corresponding to the data in (a). Adapted
from Ref. [2].

It is a general opinion that retained austenite plays a critical role in the tensile properties of
medium Mn steels via the transformation of austenite to martensite during deformation.
The characteristics of austenite, mainly the phase fraction and the mechanical stability, are
thus critical to the tensile properties. Tensile properties have been correlated with austenite
fraction in many works, see Figure 3.6 (b)—(d), yet less quantitatively with the mechanical
stability of austenite.

Figure 3.6 (b) shows the influence of austenite fraction on the product of tensile strength
and total elongation. Even though the scatter is large, this figure indicates a nearly
proportional correlation. However, after the tensile strength and the total elongation are
separately plotted, see Figure 3.6 (c) and (d), it can be seen that by increasing the
austenite fraction the tensile strength does not appear to be seriously affected, but the total
elongation is shown to increase.
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The information of mechanical stability of the austenite is lacking in these figures.
However, since a fairly good correlation is obtained between total elongation and austenite
fraction according to Figure 3.6 (d), this indicates that the ductility is primarily controlled
by the austenite fraction, and is less sensitive to the mechanical stability of austenite as
long as it is stable at room temperature [2].

3.2.2 Yield Point Elongation

One issue with the cold-rolled condition is heterogeneous deformation after yielding, i.e.
so called yield point elongation (YPE), by propagation of LUders bands. For instance,
Figure 3.7 shows tensile curves of an Fe-0.2C-5Mn (mass %) after 1A at 650, 670, and
690 <C for martensitic and cold-rolled initial microstructure, and the corresponding
microstructures have been previously shown in Figure 3.1. Comparing the two initial
conditions, the cold-rolled condition shows a larger YPE as well as a higher yield stress
and a lower elongation [66].
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Figure 3.7 (a) Engineering stress-strain curves of an 0.2C-5Mn (mass %) steel after IA at different
temperatures with both martensitic and cold-rolled starting microstructures, and (b) magnification of
YPE in (a). Adapted from Ref. [66].

3.2.3 Modeling of the Tensile Properties

Due to its simplicity and good accuracy, the following approach of constitutive modeling
has been used to predict tensile curves for multi-phase steels [47,67,68].

For a steel containing austenite (y), ferrite (o), and martensite (o), the flow stress (o) and
the increment of strain (de) of the steel are assumed to follow the rule of mixture and
expressed with fraction of each phase (f) as

o=fo,+f,0,+ 1,0, [3.1]

de=f de, +f,de, + f de, [3.2]
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Chapter 3. Medium Mn Steels

The iso-work assumption [69] is more accurate for mixture of phases than iso-strain or
ISo-stress assumption. It assumes that the work increment of each phase is equal, i.e.
o,de, = o,de, = o,de, [3.3]

In addition, f, increases with increasing strain, which can be modeled as described in
Section 2.3.5.

Finally, the ultimate tensile strength and uniform elongation are predicted where

do _ _ [3.4]
de

The above approach has been extensively used and gave rather good agreement in
predicting stress-strain curves for multi-phase steels [47,67,68]. One example using the
aforementioned approach is from Kang et al. [47], where the tensile properties of three
medium Mn steels have been systematically studied. Their prediction show reasonable
agreement with the experimental results, see Figure 3.8.
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Figure 3.8 Tensile properties of three medium Mn steels with respect to A temperature: ultimate
tensile strength from (a) experiments and (b) prediction, and uniform elongation from (c) experiments
and (d) prediction. Adapted from Ref. [47].
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4. Materials Design of Medium Mn Steels

This section will start with an overview of the present design, illustrate what models are
needed for the design, continue in detail on the model development in the present work
(Sections 4.1-4.5), and finally end with a preliminary design using the developed models
to demonstrate the design process (Sections 4.6).

According to the last chapter, the heat treatment of medium Mn steels is simplified to two
steps in the present study, schematically shown in Figure 4.1. The first step is
austenitization and quenching, aiming to produce a fully or mostly martensitic
microstructure. The second step is intercritical annealing (IA) and quenching, resulting in
a final microstructure mainly containing austenite and ferrite/martensite.

y Austenitization
- Intercritical Annealing
baatt

o __[

-]

©

(]

o

£ .

g Austenite+
Martensite

[Ferrite
20°C- 1 B
Fully Martensitic Mg- - --

Figure 4.1 Schematic illustration of the heat treatment of medium Mn steels

A design chart, similar as described in Section 1.2, is derived from the above heat
treatment, shown in Figure 4.2, where primary design objectives and the related linkages
are shown in red. Tensile properties, i.e. strength and elongation, are the most concerned
properties driven by the application in automobile industry as mentioned in the beginning
of this thesis; therefore they are preliminarily set as the main objective of the current
design. Regarding the translators, the elongation is determined by the fraction and stability
of austenite via the TRIP effect (described in Section 3.2.1), while the strength is mainly
related with the chemical composition, grain size, and dislocation density of austenite and
ferrite/martensite. Regarding the creators, austenite forms via IA, upon quenching it may
transform to martensite dependent on its stability which is known to be influenced by its
chemical composition and grain size (described in Sections 2.3.2, 2.3.3, and 3.1.2).
Besides, cementite formed during IA and fresh martensite formed during the second
guenching are considered deteriorating for the mechanical properties, and thus the
secondary objective involves avoiding or decreasing the amount of these phases.
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Chapter 4. Materials Design of Medium Mn Steels
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Figure 4.2 System design chart for medium Mn steels. Those related with tensile properties marked in

red are primarily considered in the present study.

Therefore, models on the following aspects are necessary for materials design of medium
Mn steels and thus are mainly studied in this thesis:

Fraction of martensite below M upon quenching. Combined with an Mg model,
this model could be used to predict the fraction of martensite formed after the first
and the second quenching.

Microstructure evolution, mainly the austenite reversion, during IA. This
simulation predicts the fraction and composition of each phase after IA before the
final quenching.

Influence of austenite grain size on Ms. This will be used in the predictions of (a)
M;s after 1A which influences the final microstructure since the reverted austenite
may transform to martensite upon the final quenching, and (b) Ms” which
determines the elongation via the TRIP effect.

Experimental determination and thermodynamic modeling of M,’. This will be
used to predict the mechanical stability of austenite and to optimize the elongation
via the TRIP effect.

Constitutive modeling of the stress-strain curves. This will be used to predict the
tensile properties, i.e. ultimate tensile strength and uniform elongation.

The above five aspects respectively correspond to the following Sections 4.1-4.5 as well
as papers/manuscripts in the appendix referred as A1-A5. This chapter will summarize
these works, and detailed descriptions are referred to the appendix. The first four aspects
are related with processing—structure, and the fifth is related with structure—properties.
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Several general methods and notations will be used throughout the following texts.
Chemical driving force (41G™™) is calculated using the expressions from Stormvinter et al.
(SBA model, described in Section 2.3.1) [16]. Thermodynamic calculations and kinetic
simulations are performed in the Thermo-Calc software package including the DICTRA
module, using TCFEG6/7 databases and MOBFE2 mobility database [70]. In Sections 4.3—
4.5, specimens are named after their specific heat treatments, e.g. 650C1H represents IA at
650 <C for 1 h.

4.1 Modeling of the Fraction of Martensite below M

In order to predict the microstructure after quenching, a model to predict fraction of
martensite below M was established based on the relationship between driving force from
thermodynamic calculations and fraction of martensite from experiments reported in the
literature [A1]. Compared with previous models described in Section 2.3.3, a distinct
difference is that the present model uses driving force as the variable.

4.1.1 Model Derivation

Below M;, the excess driving force (4G%) is defined as the difference of chemical driving
force at M and at a certain temperature (T) below M as

ex _ chem chem
AG™ = AG{™™ - AGy;S [4.1]

Similar to Magee’s derivation described in Section 2.3.3, the increase of volume fraction
of martensite (df) is assumed proportional to the increase of excess driving force (d(4G™))
and the following equation is proposed [Al]

1

GEX

df = Bf (1- f)——-d(46%) [4.2]

in which B is a material constant. In the expression, f is added to consider a self-catalyzed
effect from the previously formed martensite; (1-f) is the volume fraction of

untransformed austenite;

could be related to a deformation energy in the

untransformed austenite which is stabilized by a deformation due to martensite formation,
since if it is assumed that the stored deformation energy is proportional to 4G%, df is
inversely proportional to 4G*.

The integration of Equation 4.2 from M to T yields that

f o 1

_ [4.3]
1+ A—l(AGeX )_B

in which A is a material constant.
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Chapter 4. Materials Design of Medium Mn Steels
4.1.2 Parameters Fitting

Figure 4.3 shows an example of fitting the fraction of martensite with respect to
temperature and driving force for an Fe—0.8C (mass %) steel based on Equation 4.3.

(a) 100 T T T T T (b) 100 T T T T
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Figure 4.3 Fraction of martensite versus (a) temperature and (b) excess driving force. Experimental
data are from an Fe-0.8C (mass %) steel determined using dilatometry. The black line is fitted using
the K—M equation, and the red lines are fitted based on Equation 4.3. Adapted from Ref. [71].

Equation 4.3 was used to fit experimental data from 46 low alloy steels from literature,
and parameter A was determined to approximately 0.05. In addition, another parameter, C,
was added due to the uncertainty in the measurements of Ms. Therefore Equation 4.3 was
modified as

100
F(%)= 5 [4.4]

1+ A1 [AGEX —C ]_

100

where A"=0.05.

Using Equation 4.4, parameter B” from the fitting of these 46 steels is shown in Figure
4.4 with their reported Ms temperatures. An approximate linear relationship is found for
the data from metallography, which yields

B" =0.006 M —0.1369 [4.5]

with Mg in Kelvin.

With a fixed parameter A", parameter B” represents the steepness of the function, and a
smaller parameter B” means a less steep curve. Equation 4.5 shows that a low Mg yields a
small B” and in the opposite way a high Ms yields a large B”, indicating that the interval of
M; and M; (martensite finish temperature) increases with decreasing M.

Figure 4.4 also shows that the results of parameter B" fitted to dilatometry data fall below
those fitted to metallography data. It thus seems that the transformation rates measured
using dilatometry are lower than using metallography. A possible explanation is that the

26



transformation is influenced by cooling rate, which is usually much higher in
metallography than dilatometry.
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Figure 4.4 Fitted values of parameter B” in Equation 4.4 versus experimental Ms. Black solid points,
red open points, and blue crosses are determined using metallography, dilatometry, and magnetization,
respectively. The dashed line is linearly fitted to the black solid points. Adapted from Ref. [A1].

Parameter C has the same unit as the Gibbs energy and could be viewed as a shift of M.
After a conversion of parameter C for the present studied steels, 39 steels have a
temperature difference within 10 <C, and the rest 7 steels within 222 <C. Compared with
the uncertainties of Ms from experiments or models, parameter C is smaller or in a similar
range. Parameter C was added to consider a possible influence from experimental method;
therefore, it is eliminated in the predictive model.

To test the effect of the value of parameter 4", it has also been fixed to 0.03 or 0.07, and
the fitted results are quite similar as the results shown in Figure 4.4, with a slightly
different linear function for parameter B"” than Equation 4.5.

In summary, the current predictive model is [A1l]

100

f(%) = ]o.ooe M+0.1360 4]

ex

1+20 e
100
4.1.3 Comparison with Experimental Data

Figure 4.5 shows a comparison between curves predicted from the current model and
experimental data from several steels which have been used in the fitting process, showing
a rather good agreement.
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Figure 4.5 Predicted transformation curves (dashed lines) by the present model compared with
experimental data (from Ref. [18]) determined using metallography. Adapted from Ref. [A1].

The present model was further validated as shown in Figure 4.6 in which experimental
Mso and Mgy temperatures, respectively, representing 50 and 90 volume % of martensite
formation, are compared with predictions from the present model and several previous
models (HC [18], FHT [72], BS [73], and LT [39]) using the reported experimental Ms. In
addition, predictions from the present model combined with M from the SBA model are
also compared. Figure 4.6 shows that all models can satisfactorily predict Msg, while the
present model using both experimental and calculated Ms as well as the LT model can
more satisfactorily predict Mgo. This validates that the present model combined with the
SBA model can be used to predict the full transformation curve in materials design.
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Figure 4.6 Comparisons of calculated and experimental (a) Mg, temperatures and (b) Mg temperatures.
Calculations are from various empirical models (HC etc.) and the present model using experimental M,
for the corresponding steel. In addition, calculations using the present model combined with M;
predicted from the SBA model are listed and compared. Adapted from Ref. [A1].

28



4.2 Simulation on the Microstructure Evolution during IA

In order to predict the microstructure after 1A and quenching, the microstructure evolution,
mainly the austenite reversion, during 1A was simulated using the DICTRA software [A2].
The simulations mostly focused on the growth of thin-film austenite from as-quenched
martensite. Compared with previous simulations in the literature described in Section
3.1.5, cementite was added into the present simulation since it has been experimentally
observed to form during heating and IA [50], and a dissipation energy was added to the
austenite/martensite interface to take into account a finite interface mobility.

4.2.1 Simulation Setup

In DICTRA, one-dimensional systems (cells) including martensite («), austenite (y), and
cementite (¢) were used to model the planar growth of austenite, representing the
thickening of austenite films. Both martensite and ferrite in matrix will be denoted as “o”
in the following texts, since martensite gradually becomes ferrite during IA as previously
mentioned in Chapter 3.

As described in Section 3.1.5, previous simulations in the literature are usually based on a
setup containing austenite and martensite, which will be named “Setup O” thereafter.
When cementite is added to Setup O, two types of setups are constructed considering the
nucleation sites of austenite. This is schematically illustrated in Figure 4.7 (a). The first
one contains regions of y, a, and @ from left to right, named “Setup A” as shown in Figure
4.7 (b), representing that austenite nucleates on martensite lath boundaries. The second
consists of regions of 6, y, and a from left to right, named “Setup B as shown in Figure
4.7 (c), representing that austenite forms on the 6/a interface. A specific setup, e.g.
07199016 for Setup A, is denoted with the width (in nm) and phase of each region from
left to right.

Setup A - yab

: th e o 19
An austenite

thin film Cementite
Half width of a lath
(b)
Setup B - Bya
Martensite
laths 9 i o

(a)

Half width of a lath
(c)
Figure 4.7 (a) Schematic illustration of a microstructure after cementite precipitation during heating,
(b) Setup A with regions of y, a, and 6, (c) Setup B with regions of 9, y, and a. Adapted from Ref. [A2].

4.2.2 Simulation Results

To compare Setups A and B, simulations were performed for a hypothetical Fe—0.2C-
5Mn (mass %) steel during 1A at 650 <C. To represent different degrees of martensite
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tempering prior to austenite reversion, the initial cementite fraction ™ was varied from 0.5
to 2.5 volume %. The selected values were thus smaller than 2.7 volume % which is the
equilibrium value according to the lever rule if all C is assumed to be in the cementite. The
cell size was set to 100, 200, and 500 nm, representing typical half widths of martensite
lath according to experimental observations.

The simulated austenite fraction using Setup A, upper part of Figure 4.8 (a), shows three
stages, and is similar to the simulation using Setup O in Figure 3.5 (in Section 3.1.5), The
plateau corresponding to the transition of NPLE to PLE decreases with increasing initial
cementite fraction, and disappears when the latter is increased to 2.5 volume %.
Simulation results of Setup B are distinct from that of Setups O and A. In Setup B,
austenite forms after a certain time dependent on the cell size, and no stage corresponding
to NPLE is observed. The value of initial cementite fraction has negligible effect on the
formation of austenite, resulting in overlapped curves of austenite fraction in Figure 4.8
(b). In the simulations for both setups, cementite gradually grows to a similar maximum
fraction and thereafter dissolves, since it is unstable at this temperature for this
composition. Besides, in both cases, a larger cell size yields a longer time to achieve the
same austenite fraction, i.e. if the cell size doubles, the time increases by about one order
of magnitude.
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Figure 4.8 Simulated fractions of austenite and cementite versus time using (a) Setup A and (b) Setup
B for an Fe-0.2C-5Mn (mass %) steel during IA at 650 <C. The initial cementite fractions (solid curves
in colors) and the cell sizes (solid and dashed curves in black) were varied. Adapted from Ref. [A2].

It is well known that the influence of interface mobility on the transformation kinetics
increases with decreasing temperature and could influence the results in the present work
[74]. The IA temperature for medium Mn steels is usually in the range of 600-700 <C, and
the mobility of o/y interface may play an important role in this temperature range, i.e. the
growth of austenite is controlled by both interface mobility and bulk diffusion of alloying

" Phase fractions are in volume for all phases.
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elements. Therefore it is of interest to study the effect of a finite interface mobility by
adding an interfacial dissipation energy to the a/y interface.

The molar interfacial dissipation energy (4Gyiss) IS expressed as [74]

AGyiss = L = M
0.058exp (—

M [4.7]

140000 j

in which v is the interface velocity, V, is the molar volume, M is the interface mobility, R
is the gas constant, and T is temperature in Kelvin. The description used for M in the
present study gives a much lower mobility than what was used in many prior calculations
[74].

According to Equation 4.7, a higher interface velocity or a lower mobility at a lower
temperature yields a larger dissipation energy, and is thus expected to have a more
pronounced effect.

Regarding the austenite fraction, an addition of an interfacial dissipation energy was found
to have a large influence on the NPLE stage using Setup A, yet has negligible influence on
the PLE stage in Setup A and in the whole range in Setup B. Thus, for comparison with
experimental data in the next section the interfacial dissipation energy will only be used
for Setup A, named as “Setup A+M”.

4.2.3 Comparison with Experimental Data

Figure 4.9 shows a comparison of simulated and experimental austenite fraction as well as
average C and Mn content in austenite for an Fe-0.2C—4.7Mn (mass %) steel with a
lamellar microstructure after 1A at 650 <C.

As shown in Figure 4.9 (a), the austenite fractions for Setups O and A show a plateau
corresponding to the transition of NPLE/PLE, and are much higher than the experimental
data after a short time, e.g. 10% s. The results from Setup A+M and Setup B agree quite
well with the experimental data from the beginning up to about 10° s, and thereafter are
slightly higher. In the later stage after about 2x10* s, the experimental austenite fraction is
persistently lower than the calculated value. One reason could be partly transformation of
austenite to martensite upon the final quenching after 1A, which has been observed in the
same steel at higher 1A temperature [75].

As shown in Figure 4.9 (b), the simulated C content in austenite using Setups O, A, and
A+M exhibit a peak followed by a basin before reaching the final equilibrium. This is
mainly due to the competition between the increase of C content in austenite due to
partitioning and the increase of austenite fraction. Especially in the simulation using Setup
A+M, the C content increases drastically in the beginning because austenite grows much
slower and becomes much more C enriched than without addition of the interfacial
dissipation energy. It is noteworthy that the basin of C content between 10* and 10* s in
Setups A and A+M is associated with the formation and dissolution of cementite. In

31



Chapter 4. Materials Design of Medium Mn Steels

contrast, the C content in Setup B is relatively stable after the austenite formation.
Compared with the experimental data, the results using Setups A, B, and A+M show
similar trends, yet they are relatively lower. One possible reason could be that the C
contents were estimated using XRD which gives higher values than some other techniques,
e.g. atom probe tomography [67].
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Figure 4.9 Comparison of simulated (a) austenite fraction, (b) C and (c) Mn content in austenite
according to different setups compared with experimental data of an Fe—0.2C—4.7Mn (mass %) steel
after 1A at 650 <C. Experimental data are from Refs. [50,55]. Adapted from Ref. [A2].

Even though the scatters are large, the experimental Mn content in Figure 4.9 (c) shows
an increasing trend with time. The simulated results using Setups O, A, and A+M could
capture such feature, while that using Setup B is approximately constant.

Based on the above comparison, Setup A+M shows the most reasonable agreement for the
growth of thin-film austenite, thus it has been used in several other cases as well. When
using this setup for prediction, cell parameters from experiments are preferred. For
instance, in the simulation of an Fe-0.2C—7Mn steel (mass %) shown in Figure 4.10, the
cell contains 10 volume % austenite according to experimental observation. Without
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further information, cell size and initial cementite fraction are presumably set to 200 nm
and 0.5 volume % for predictions, respectively. Reasonable agreement between
simulations and experiments can be seen in Figure 4.10, indicating that the setup with
these presumed parameters is valid for predictions.
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Figure 4.10 Simulated austenite fraction versus time using Setup A+M compared with experimental
data from an Fe-0.2C—7Mn steel (mass %) after 1A at 620 and 650 <C. Adapted from Ref. [A2].

4.3 Influence of Austenite Grain Size on M

In order to predict the microstructure after 1A and quenching, the influence of austenite
grain size on Ms needs to be known. The existing models may not be applicable for
medium Mn steels where the austenite is mostly thin-film like and has a thickness in the
sub-micron range, as described in Section 2.3.2. In the present work, this influence has
been studied in an Fe—0.18C-5.08Mn (mass %) steel to formulate a model suitable for
dispersed thin-film austenite [A3]. Similar to particles, the dispersed austenite in medium
Mn steels is isolated, and autocatalysis from the surrounding austenite is limited. Thus an
approach to describe small particle experiments [76] was adopted. Number fraction of
partly or fully transformed austenite grains with respect to the cross-sectional area of
austenite grain were quantitatively studied in the steel after 1A and quenching to three
different temperatures. Based on these and literature data, a phenomenological model was
thereafter derived.

4.3.1 Modeling Approach

The present approach follows the work on martensite nucleation by Chen et al. [76] based
on small particle experiments.

The number fraction of partly or fully transformed austenite grains (particles), F, is
phenomenologically expressed as [76]

F =1-exp(~C(4G%)" Ay )=1-exp(~C'(MI-T)" Ay ) [4.8]
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in which m is a phenomenological exponent; A IS the surface area of an austenite grain
assuming that the transformation is controlled by surface (grain boundary) nucleation;
AG™ is the excess driving force between T and M following Equation 4.1; C and C’ are
proportionality constants, and C’ = AS™C where 45S is the entropy change of martensitic
transformation near My, ML could be regarded as an ‘“absolute” martensite start
temperature at the limit of F20 and Ags 2+oo. It needs to be emphasized that F in
Equation 4.8 is related to but is not the volume fraction of martensite.

Equation 4.8 could thus be transformed to

In(1-F)m  -%

AG* = AG$h _AGSI]S :|:_¥}m Aurs ™ [4.9]
which represents an extra driving force required to transform F fraction of austenite grains
with a surface area of Agyt. When Agys 2+, AG™ 0. This equation also indicates that an
experimentally determined M depends on a defined F.

4.3.2 Results of Transformation Sequence of Austenite

The Fe—0.18C-5.08Mn (mass %) steel was used to provide experimental data, i.e. F and
Aqurf, to use in Equation 4.8. The steel had an initial microstructure of fully lath martensite
and was intercritically annealed at 680 <C for 5 min, followed by quenching to 20, —20, or

—60 T (T in Equation 4.8).

The microstructures after quenching were characterized using SEM under the secondary
electron (SE) or the electron channeling contrast imaging (ECCI) mode. The latter is more
sensitive to the defects than the former. According to SEM, austenite grains are mostly
thin-film like. Austenite appears darker than martensite and ferrite under the SE mode.
Martensite formed upon the final quenching is located within the austenite grains and thus
can be distinguished from the matrix ferrite. Dependent on if they contained martensite,
the austenite grains were manually categorized as untransformed or (partly or fully)
transformed. Figure 4.11 shows such an example of 680C5M after quenching to —60 <C.

Figure 4.11 An example of micrographs of 680C5M after quenching to —60 <C under (a) SE and (b)
ECCI mode, and (c) corresponding categorized austenite grains, black for fully or partly transformed
austenite and red for untransformed austenite. Adapted from Ref. [A3].
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After categorization, the micrographs were further analyzed using the ImageJ software.
The number and size of austenite grains were counted. The cross-sectional area of an
austenite grain (Across) Was used as a quantification of austenite grain size, since the
micrographs are 2-dimensional and also Ay is used in Equation 4.8. (An estimation of
Aqurt based on Acoss Will be given in the next section.) The resulted statistics at three
quenching temperatures are plotted versus Across”? (in length scale) in Figure 4.12.
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Figure 4.12 Distribution of number fraction of untransformed and (partly or fully) transformed
austenite grains for 680C5M after quenching to 20, —20, and —60 °C versus square root of cross-
sectional area of austenite (Across-~). Adapted from Ref. [A3].

The data in Figure 4.12 were subsequently converted to F, i.e. the number of transformed
austenite grains devided by the total number. F with respect to Across™ is shown in Figure
4.13, with lines fitted using Equation 4.8. Figure 4.13 indicates that with decreasing
temperature, larger austenite grains transform prior smaller ones. The fitted values of
C(AG™)" are 0.45, 1.0, and 5.9 for 20, —20 and —60 °C, respectively.
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Figure 4.13 Number fraction of transformed austenite grains (F) versus square root of cross-sectional
area (Across2) With solid curves fitted using Equation 4.8. Adapted from Ref. [A3].

4.3.3 Parameters Fitting and Comparison with Literature Data

In order to use Equation 4.9, m and F need to be fitted. In addition, Acrss Needs to be
converted to Agys. Since the experimental data are limited in the present work, existing
data from polycrystalline low alloyed steels in the literature are used as a complement. For
these steels, equiaxed austenite grains are approximated as spheres, thus the surface area is
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A+ =D? where D is the grain diameter. The data of how M; varies with grain size in

diameter for these alloys are collected in Figure 4.14 (a), and the corresponding excess
driving forces are shown in Figure 4.14 (b).
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Figure 4.14 (a) Experimental data of Mg versus grain size in diameter from bulk polycrystalline steels,
compared with several existing models (BM [17], YB [34], and J [36] in dashed lines) and the present
one (solid blue line), and (b) corresponding excess driving force versus austenite grain size. Adapted
from Ref. [A3].

Based on the fitted values of C(4G™)™ from Figure 4.13, curves describing 4G* and grain
size according to Equation 4.9 are plotted in Figure 4.14 (b), corresponding to
Asuril Across=1 with F=1, 3, and 5 %, and Asuri/Across=8 and 12 with F=3 %. The values of F
correspond to where Ms is defined in experiments. According to the comparison with
experimental data in Figure 4.14 (b), the parameters are determined to m=4, F=3 %, and
Asuri/Across=8, yielding the following equation [A3]

BN

AG™ =415.1A 0 [4.10]

These chosen values are arbitrary yet reasonable; nevertheless, the aim is to find a proper

1
In(1—F) |m
combination of the parameters (m, F, and Asyrt/Across) for {—%}m in Equation 4.9,

instead of obtaining exact values for them.
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Equation 4.10 is also plotted in Figure 4.14 (a) for the data from Garcia et al. [35],
compared with several existing models (BM [17], YB [34], and J [36]). Unlike previous
models, the present model was derived also using data from very fine grains (thickness<1
um, area<l pm?), and thus is valid to use for the dispersed thin-film austenite in medium
Mn steels.

4.4 Determination and Modeling of M¢”

In order to predict the mechanical stability (quantified using Ms’) of retained austenite
which is important to the elongation as mentioned in Section 3.2.1, a model of M’ is
required. My” of medium Mn steels has rarely been reported or systematically studied.
Therefore, in the present work, Ms” was experimentally determined for an Fe-0.18C-
5.08Mn (mass %) steel after 1A for several times. Subsequently a model for My’ was
proposed, which is based on modeling the critical stress to initiate martensite and the
austenite yield stress by slip [A4].

4.4.1 Modeling Approach

mart

Ms” is the crossing point of the critical stress to initiate martensite (s, and the austenite
yield stress by slip (ays"p), as described in Section 2.1. These two terms are separately
modelled as following.

o, is based on the SBA model of M, with adding a mechanical energy to the driving
force (4G™") and taking into account the influence of austenite grain size on Mg (41G®).
Following Equation 2.2 (in Section 2.1), at a temperature higher than My, the balance
between driving force and transformation barrier is [A4]

AGT™ + AG™" = AG” + AG™ [4.11]

where 4G™" is from Equation 2.15 (in Section 2.3.5), and AG* from Equation 4.10 (in
the previous section). According to Equation 4.11, o,"*" at a certain temperature above Ms
can be predicted.

o, is predicted by a constitutive model as [A4]

O';“p =-0.76 (T —20)+0ySS +G}?B +O';”S

1 1 [4.12]

=—0.76 (T —20)+(97 +279C ~1.5Mn) + KypD 2+, MGbp?

in which the first term gives the temperature (T in <C) dependence; aySS is the solid
solution strengthening where C and Mn are alloying contents in mass %, where the lattice
friction (Peierls stress) is implicitly contained; ,°® is the grain boundary strengthening
following a Hall-Petch type relationship where D is the diameter or thickness of a
austenite grain and Kup=9.49 MPa-mm*?; 5" is the dislocation strengthening where a, is

a constant (0.35), M is the Taylor factor (3.06), G is the shear modulus (72 GPa), b is the
37



Chapter 4. Materials Design of Medium Mn Steels

Burgers vector (0.250 nm), and p is the dislocation density. The values of these parameters
are referred to Seo et al. [67].

4.4.2 Experimental Results

M;” has been experimentally determined for an Fe—0.18C-5.08Mn (mass %) steel. Starting
from an as-quenched microstructure, the steel has been intercritically annealed at 650 <C
for 15 min, 30 min, 1 h, and 3 h. The single specimen method described in Section 2.3.4
was applied, and Figure 4.15 shows one example of the cyclic stress-strain curves for
650C1H. In this figure, the yield stress of the steel first increases with decreasing
temperature; after the temperature decreases below 0 <C, it begins to decrease, indicating

M’ is near 0 <C.
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Figure 4.15 Cyclic engineering stress-strain curves with lowering the testing temperature for an Fe—
0.18C-5.08Mn (mass %) steel after 1A at 650 <T for 1 h. Adapted from Ref. [A4].
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Figure 4.16 Yield stress of the steel (0.2 % offset true stress) versus testing temperature, with two
straight lines fitted to the experimental data at high and low temperatures for each specimen. Adapted

from Ref. [A4].

The yield stress of the steel (0.2 % offset, true stress) versus testing temperatures from
these cyclic tensile tests is shown in Figure 4.16. A reversal of temperature dependence
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can be observed in each specimen. Therefore My’ is determined at the crossing point by
separately fitting two straight lines to the yield stress at high and at low temperatures for
each specimen. The determined M’ temperatures for the four specimens are near 0 <C and
are rather constant.

The microstructure before and after the tensile tests was examined. As an example, Figure
4.17 shows micrographs from electron backscatter diffraction (EBSD) for 650C3H before
the tensile test. According to the inverse pole figures (IPF) shown in Figure 4.17 (b), the
austenite grains formed inside one martensite block (low angel boundaries) are mostly
thin-film like and have a similar orientation; while those formed at high angle boundaries,
e.g. prior austenite grain boundaries, tend to be more globular and have a near random
orientation. Several examples corresponding to the former and the latter are marked in
Figure 4.17 (a) as A_ and Ay. 650C1H shows a more apparent morphological difference
of these two types of austenite, where the thin-film austenite is thinner than that in
650C3H, see more details in Ref. [A4]. This observation is consistent with the previous
works as described in Section 3.1.4.

MAG: 3000x. HV: 15 kV WD: 18.7 mm MAG: 3000x HV: 15 kV  WD: 19.7 mm

Figure 4.17 (a) Phase maps (austenite in red and ferrite in blue) and (b) the corresponding IPFX figures
of austenite for 650C3H from EBSD. F represent ferrite, and Ay and A respectively represent
austenite formed at high and at low angle boundaries of prior lath martensite. Adapted from Ref. [A4].

Figure 4.18 shows a SEM micrograph of 650C3H after the tensile test. According to this
figure, large globular austenite grains (where My forms) located at high angle boundaries
are more transformed than thin-film ones (where M forms), and thus the former probably
governs the experimentally determined M,’. Besides, a relatively large amount of austenite
remains untransformed since the strain is small (about 2 %).
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Figure 4.18 SEM micrograph of 650C3H after tensile tests (about 2 % strain). A represent austenite,
and My and M, represent mechanically-induced martensite formed in Ay and A, respectively. The two
arrows represent the length direction of A_ on either side of My. Adapted from Ref. [A4].

4.4.3 Modeling Results and Comparison with Experiments

As a demonstration, Ms” was calculated using 0.69C—7.3Mn (mass %) as shown in Figure
4.19. This composition is for the austenite after 1A for 3 h determined in this study using
TEM-EDX and XRD. Two distinct sizes, i.e. 0.3 and 0.8 um? as cross-sectional grain area
as well as 0.3 and 0.8 um as thickness, respectively, were selected to represent a thin-film
and a more globular austenite grain. The choice of these values was based on Figure 4.17
and 4.18, which was arbitrary yet reasonable. As shown in Figure 4.19, ¢,™" (Equation
4.11) and af'"p (Equation 4.12) were subsequently calculated. In the latter case, the
dislocation density was assumed to 10** m? [67]. The prediction from Figure 4.19 shows
that the M’ temperatures of a large (30.4 <C for 0.8 um and 0.8 um?) and a small (38.1 <
for 0.3 um and 0.3 um?) grain are similar, and these two values reasonably well agree with
the experimentally determined My” (near 0 <C). This may partly explain why the
determined My’ is rather constant in the studied IA time range.
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Figure 4.19 Yield stress of austenite versus temperature. ¢,"" and ¢,”" are respectively calculated for
0.69C-7.3Mn (mass %) according to Equations 4.11 and 4.12. The red squares represent the predicted

M’ temperatures for the two sizes. Adapted from Ref. [A4].
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In Figure 4.19, the calculated and the experimental My’ have been compared. However, it
is preferred to directly compare ¢,™" from the present model with experiments. Therefore,
the yield stresses of austenite and ferrite need to be separated from the experimental data.
A simple yet informative approximate method is shown as follows based on the rule of
mixture

o=fo,+(1-1,)o, [4.13]
in which ¢ is the yield stress of the mixture of austenite and ferrite, and f, is the austenite
volume fraction which has been determined using XRD for each specimen.

When using the rule of mixture, for each specimen, o, is approximated to follow one
linear equation in the testing temperature range, while o, follows two separate linear
functions at high and at low temperature ranges, corresponding to ¢,™" and o,”",
respectively. During fitting, o, at high temperature range is directly taken from Equation
4.12 for 6,”™. Via inserting o,, f,, and 6™ (yield stress of the steel from experiments) in the
high temperature range (-20 to 180 <C) into Equation 4.13, o, can be extracted.
Subsequently, via inserting the extracted o,, f,, and ¢®® into Equation 4.13 in the low
temperature range (below 20 <T), o,"*" can be extracted. The extracted o, and o, are
shown in Figure 4.20 (a). When comparing the calculated and the extracted o,™",
reasonable agreement can be seen, especially it can be observed that the two lines have

similar slope between about 600 and 800 MPa where the temperature is near My’.

The vyield stress of the mixture (ot is also calculated based on the extracted o, and o,
using Equation 4.13, shown in Figure 4.20 (b) where 6™ is compared as well. Reasonable
agreement between oy and o™® is obtained.
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Figure 4.20 (a) Extracted yield stress of ferrite (g,, dashed lines) and austenite (5,"" and ,""*, solid

lines) versus temperature, compared with the calculated ¢,™", (b) total yield stress for the mixture of
ferrite and austenite (oy;, dash-doted lines) compared with experiments (¢®*). Adapted from Ref. [A4].

In the above procedure, o, was fitted. It can also be modelled following a similar approach
as Equation 4.12 for austenite. However, since the dislocation density in martensite is high
and it decreases with time during 1A, a model of recovery for martensite is required. Such
a model will be helpful to predict the strength of the steel for the comparison of data in
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this section, and could also be used in the next section where the stress-strain curve will be
predicted.

4.5 Modeling of Tensile Properties

In order to predict the tensile properties, a constitutive model was established to calculate
the stress-strain curves of medium Mn steels, following the approach described in Section
3.2.3. The stress-strain curves were modeled for a cold-rolled Fe-0.204C—4.86Mn (mass
%) steel after 1A [A5]. The microstructure and tensile properties have been experimentally
obtained for the steel after IA for 3 or 10 min at 600—-700 <C. In this section the modeling
of stress-strain curves of this steel will be focused.

4.5.1 Constitutive Modeling

Regarding the yield stress, similar type of expression as Equation 4.12 for austenite (y) in
the previous section is also used for the matrix ferrite/martensite («) and mechanically
induced martensite (a') formed within austenite. Thus the yield stress for a certain phase
(i=y, a, or a') is generally expressed as [A5]

O; :GiSS +O-iGB +Uidis
1 1 [4.14]

=(ai° +aC, +biMni)+ KupiD; 2 +aM;Gibp;2

in which &;> is the solid solution strengthening where ¢°, a;, and b; are constants, and C;
and Mn; are alloying contents in mass %; 4;°° is the grain boundary strengthening
following a Hall-Petch type relationship where Kyp; is a constant and D; is the grain
diameter or thickness; & is the dislocation strengthening where «; is a constant, M; is the
Taylor factor, G; is the shear modulus, b; is the Burgers vector, and p; is the dislocation
density.

The dislocation density increases with strain, and its increment (dp;) is expressed with the
increment of strain (de;) as [67]

1 k.
dp, =Mi(m+bii'lpi2_k2,ipi )dé; [4.15]

in which 4; is the dislocation mean free path, k;,; and k,; are two constants related with the
dislocation storage and the dynamic recovery, respectively. For a and a', 4 is taken as the
grain size; while for y, the formation of «' gradually decreases 4,, thus 4, is expressed as
[67]

1 1 f,
7 Co Ty

1
A
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in which D, is the austenite grain size before deformation, f,' and f, are respectively the
volume fraction of &' and y, and ¢, is the thickness of o’ assumed to be 25 nm. In addition,
several models of f,- with strain have been described in Section 2.3.5.

The parameters used in Equations 4.14 and 4.15 in the present work are summarized in
Table 4.1.

Table 4.1 General parameters for each phase in Equations 4.14 and 4.15 [A5].

Austenite Ferrite/Martensite  Mechanically induced
) (o) martensite (a”)
o> oy +aiC+bMn  97+279C—1.5Mn  70+30Mn 77+(3065C—161)+80Mn
6% Kupj 300 467 -
(MPa-pm°®)
a™  a 0.35 0.38 0.38
M; 3.06 2.75 2.75
Gi (GPa) 72.0 81.6 81.6
b; (nm) 0.250 0.248 0.248
Kyi 0.015 0.015 0.015
Ko 10 20 20

4.5.2 Comparison with Experimental Results

Following the approach described in Section 3.2.3, stress-strain curves can be obtained by
numerically solving Equations 4.14-4.16 with a model of f, with strain.

Besides those listed in Table 4.1, other parameters used in the modeling were either from
literature or the present experimental data, see details in Ref. [A5]. The fractions of
retained austenite before tensile tests were determined using XRD; the austenite
compositions were from DICTRA simulations; the grain sizes of austenite and ferrite were
estimated according to SEM and TEM micrographs; the initial dislocation densities were
assumed to 10", 10", and 2x10" m™ for y, «, and ', respectively.

The models of f, with strain described in Section 2.3.5 have been firstly used, nevertheless,
the predicted elongation were much smaller compared with the present experiments. This
may be due to (1) the validity of the models for the currently studied steel, and (2) the
large yield point elongation which delays the transformation of austenite [52]. Since f, has
not been experimentally determined, the following function is used in order to obtain
better agreement with the experimental stress-strain curve [68]

f, :1—exp(—ng”H) [4.17]

where ky and ny are two fitting parameters.

Figure 4.21 (a) shows the modelled stress-strain and do/de curves using Equation 4.17
with fitting parameters listed in Table 3 for 625C10M, 650C10M, and 675C10M,
compared with the experimental result. The calculated stress-strain correlated with the
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experiments very well, yet the calculated uniform elongations are slightly lower than the
experiments. From the f,, with strain shown in Figure 4.21 (b), 675C10M, compared with
65010M, has a larger fraction of retained austenite which transforms faster with strain, and
thus shows a lower elongation. This illustrates that the elongation is determined not only
by the fraction of austenite but also by its stability.

A more accurate description of f,- with strain may further improve the agreement, and thus
is of interest in future work.
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Figure 4.21 (a) Modelled stress-strain and do/de curves using the hypothetical function, compared with
experimental results, for an Fe—-0.204C-4.86Mn (mass %) steel after 1A at 625, 650, and 675 <C for 10
min, and (b) corresponding fraction of mechanically induced martensite formed with macroscopic
strain of the mixture. Adapted from Ref. [A5].

4.6 A First Design

To demonstrate the materials design process and how the developed models can be used,
this section shows a first design of an Fe—0.2C-5Mn (mass %) steel using the models from
Sections 4.1-4.5. The steel is assumed with a lamellar microstructure (without cold-rolling
before 1A).

The first step is to estimate the initial structure before 1A based on the SBA model and
present model for fraction of martensite described in Section 4.1. Figure 4.22 shows the
calculated transformation curve with Mg at 233.2 <C and My around 150 <C. This indicates
that after austenitization and quenching to room temperature, the steel has a fully
martensitic structure.
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Figure 4.22 Transformation curve of an Fe—0.2C-5Mn (mass %) steel upon quenching.

Secondly, to predict the ferrite+austenite temperature region, phase fractions are
calculated using Thermo-Calc as shown in Figure 4.23. The calculation indicates equal
fraction of austenite and ferrite near 650 <C. Therefore 620-680 <T is selected as the 1A
temperature range which will be used in the kinetic simulation in the next step. Cementite
is also noticed to exist below about 630 <C.
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Figure 4.23 Phase fraction diagram for an Fe—0.2C-5Mn (mass %) steel from Thermo-Calc.

Subsequently, microstructure evolution during IA is simulated using DICTRA, aiming to
predict the fraction and composition of austenite. A cell of 1y198a16 according to Setup
A+M (described in Section 4.2) is used in the present case. Phase fractions as well as
austenite composition are obtained from the simulations. Figure 4.24 shows three
examples of simulation for 630, 650, and 670 <C.
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Figure 4.24 Simulation results of fractions of (a) austenite and (b) cementite, and contents of (c) C and
(d) Mn in austenite versus time for an Fe—0.2C-5Mn (mass %) steel during IA at 630, 650, and 670 <.

The simulated composition will be used to calculate Ms (SBA model) and solid solution
strengthening to the yield stress for calculating Ms’. The grain area and thickness are also
estimated from the simulated austenite fraction. According to a previous study [50], the
ratio of volume fraction and average thickness of austenite grains is approximately 10:0.1
(%:um) for a lamellar microstructure of austenite and ferrite. In addition, an average
length of austenite is assumed to 2 um for simplification. The grain area and thickness will
be respectively used for Mg and Hall-Petch effect to the yield stress of austenite when
calculating My’. Based on the composition and size of austenite, M’ can be calculated at
various |A temperatures and times.

As an example, Figure 4.25 shows the calculated Ms and M’ of the steel after IA at
650 <C, including M; only based on chemical composition from DICTRA (Ms(chem), the
SBA model), M; after adding a size effect (Ms(size), Equation 4.10 in Section 4.3), and My’
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(Equations 4.11 and 4.12 in Sections 4.4). Ms(chem) decreases with time mainly due to an
enrichment of Mn. The austenite grain size increases with IA time, thus its contribution to
M; (Equation 4.10) is opposite to the enrichment of Mn. Therefore after adding the size
effect, the variation of Mg(size) is only about 20 <C. M’ strongly depends on the thickness
of austenite, and a small thickness results in a high yield stress and thus a high M’
(Equation 4.12). Therefore the variation of the calculated M’ is rather large, for instance,
it decreases from about 150 to 65 <C when the time increases from 10 to 10° s.
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Figure 4.25 Calculated M; using the SBA model with the chemical composition from DICTRA
(Ms(chem)), M after adding a size effect (Ms(size)), My’, and austenite fraction with respect to time
during IA at 650 <C.

Compared with our measured Ms” (near 0 <C from 900 to 10800 s) in Section 4.4, the
predicted values are much higher. This may be related with C content which has a large
influence in decreasing Ms. The discrepancy of the predicted C content and a group of
experimental data has been shortly discussed in Section 4.2.3. In addition, the present
assumption on the relation of thickness, grain area, and fraction of austenite is rather
simple, which needs to be improved in future. As an ad hoc estimation, the calculated My’
is decreased by 100 <C in the following.

The calculated Ms” with a 100 <C decrease (with original values in parenthesis) as well as
the fractions of austenite and cementite are shown as a contour plot in Figure 4.26 for
times between 10" and 10° s (reasonable times for industrial application). One aspect that
has not been taken into account in Figure 4.26 is the transformation of austenite to
martensite during the second quenching after 1A, which may occur with increased
temperature and prolonged time (described in Section 3.1.2). This can be modeled using
the SBA model and the present fraction model with input of chemical composition from
DICTRA simulation, which may be studied in detail in future. Therefore, this figure only
shows the austenite fraction up to 40 %.

Figure 4.26 describes the phase fraction and mechanical stability of austenite at the same
time. It can be seen that with increasing temperature, less time is needed to achieve the
same austenite fraction, while longer time is needed to achieve the same mechanical
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stability (M”). In addition, cementite is preferred to minimize since it decreases the C
content in austenite and thus decreases the austenite stability. When applied at room
temperature, the optimized M;” is 0 <C for the highest elongation as mentioned in Section
2.3.4. Therefore, there is an optimized area of time and temperature (processing window),
as roughly marked by the star in Figure 4.26, which balances the phase fraction and
mechanical stability of austenite and thus leads to the best elongation. In future work, this
processing window shall be more accurately predicted with a refined version of the
contour plot, and could be used in predicting the tensile properties according to the model
in Section 4.5.
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Figure 4.26 A contour plot of austenite fraction, cementite fraction, and M’ (values shown in
parenthesis are originally calculated).
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5. Concluding Remarks and Future Work

This work aims to develop a framework that can be used for the materials design of
medium Mn steels. Related with processing (mainly intercritical annealing (1A)), structure
(mainly austenite and ferrite/martensite), and properties (tensile properties), several
models and simulations have been formulated.

The models linking processing and structure include those to predict (a) the fraction of
martensite with undercooling below M, (b) the microstructure after 1A, (c) the influence
of austenite grain size on Ms, (d) M’ of retained austenite.

The model linking structure and properties involves a model to predict the stress-strain
curve and thus uniform elongation and ultimate tensile strength.

Finally a first design was performed to demonstrate the design process based on the above
models. This design is preliminary and needs to be refined in future work

A few aspects as future work have already been mentioned in the previous section during
the first design, including further developing the current models and improving their
accuracies, and validating the design by experiments. Other future work involves:

e In the model of fraction of martensite, cooling rate may be interested to add. The
transformation rates determined using metallography are higher than using
dilatometry (in Section 4.1.2), indicating that cooling rate influences the results. In
addition, this is also practical and interesting from an industrial point of view.

e Evolution of dislocation density in martensite/ferrite with time during IA. Such a
model will be very helpful to predict the yield strength of the steel after a certain time
of IA.

e The mechanical stability of austenite (Ms”) has been studied for a medium Mn steel
after 1A (in Section 4.4), and it is also of interest to study its thermal stability (Ms) and
compare the two.

e A general model which describes the transformation of austenite to martensite with
strain is needed to model the stress-strain curve. Unlike conventional TRIP steels,
such a study seems to lack for medium Mn steels.

e Expanding the composition to other cases. The current study mainly focused on an
Fe—0.2C-5Mn (mass %) steel. It will be interesting to explore other combination of C
and Mn, and to add other alloying elements especially Si and Al which delay
cementite formation during IA.
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