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RESUMO

O desenvolvimento de ligas avancadas demanda frequentemente a combinacao de alta
resisténcia mecanica, para performance, ¢ boa ductilidade para suportar o processamento
nas etapas subsequentes a fabricagdo do material até a geometria final. Importantes
avancos tém sido obtidos ao longo das ultimas décadas através da combinacao de fases
com propriedades diferentes como os acos dual-phase, compostos fundamentalmente
pelas fases ferrita e martensita. A heterogeneidade microestrutural impde a partigdo da
tensdo e da deformacdo quando o material ¢ submetido a algum carregamento. Nisto se
encontram ambos o trunfo ¢ a maior vulnerabilidade dessa combinagdo: a excelente
capacidade de encruamento do material e a ocorréncia de falhas prematuras em certas
condi¢des de carregamento, como evidenciado na literatura através de ensaios de
expansdo de furo e operagdes de estampagem de flanges. Tendo em vista questdes
relativas ao comportamento de ligas multifasicas e a relagdo entre os fendomenos
associados a deformagdo em diferentes niveis estruturais, propos-se avaliar a evolugdo da
deformacdo de um aco dual-phase sob compressdo em estado plano de deformacao. A
metodologia adotada ¢ de carater integrado, combinando técnicas experimentais (MEV,
microdureza, ultramicrodureza, EBSD) e simulacdo por elementos finitos de um campo
microestrutural. A analise foi conduzida de modo a elucidar os fendmenos em diferentes
escalas sob a perspectiva da natureza fractal da deformagdo em corpos de prova
submetidos a determinados niveis de deformacdo equivalente (0,08, 0,15, 0,50, 1,05 e
1,65). Evidenciou-se a formagao de bandas de deformagdo no interior dos graos, arranjo
celular de discordancias e bandas de cisalhamento em nivel micro e macroestrutural.
Avaliou-se a abordagem numérica da compressdo de uma regido da microestrutura
situando-a em uma escala de anélise apropriada e estabelecendo a interligacdo com os
experimentos. Como consequéncia do caminho de deformacao escolhido, evidenciou-se
indicagdes da ocorréncia de refino de grao, via EBSD, por deformagao severa localizada
da estrutura bifasica, indicada pelo modelo numérico de elementos finitos. Esses
resultados elucidam questdes importantes sobre a metodologia de estudo da particdo de
deformacdo e o comportamento mecanico de agos dual-phase sob alta deformacao apos
um caminho de deformac¢ao monotonico e nao ciclico.

Palavras-chave: Acos dual-phase; compressdo em estado plano de deformagao; método
dos elementos finitos; volumes representativos; particao de deformagao.



ABSTRACT

The tailoring of new alloys often requires improvement in strength, for performance, and
ductility to support mechanical processing until the final shape is achieved. Important
advances have been obtained in the last decades by designing alloys which combine
phases with distinct properties, such as the dual-phase steels, fundamentally composed of
ferrite and martensite. The microstructural heterogeneity imposes stress and strain
partitioning when the material is submitted to loading. This results in both the greatest
accomplishment and detriment of these alloys: the excellent strain hardening capability
and the premature failure at certain loading conditions, as evidenced in the literature by
means of hole-expansion testing and stretch-flange forming operations. Considering the
mechanical behavior of multiphase alloys and the interlacing of strain related phenomena
in different scales, we investigate the strain progression of a DP steel under plane strain
compression. The method employed in this study is based on a coupled approach,
combining experimental (SEM, microhardness, ultramicrohardness, and EBSD) and
finite element method simulation of a representative microstructural field of view. The
analysis was conducted in a way that elucidates strain related phenomena in different
scales under a fractal perspective of specimens submitted to certain levels of equivalent
strain (0.08, 0.15, 0.50, 1.05, 1.65). Strain bands and a cellular dislocation arrangement
were observed within the grains. Crossing several grains, shear bands were noted in a
micro-scale, and larger shear bands of a different origin were observed in a larger scale
of analysis. With this empirical background, the numerical approach of a microstructural
field of view was discussed and situated in terms of scale. Plane strain compression
allowed considerably higher strain levels to be obtained than uniaxial tension. There were
indications of local grain refinement by EBSD within shear bands due to local severe
plastic deformation, which is suggested by the finite element numerical model. These
results elucidate questions regarding the 2D-RVE finite element approach and the
mechanical behavior of dual-phase steels under large strain after a monotonic non-cyclic
loading path.

Keywords: Dual-phase steels; plane strain compression; finite element analysis;

representative volume element (RVE); strain partitioning.
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1- INTRODUCAO

Um dos pilares do progresso humano ¢ o desenvolvimento de materiais com propriedades
fisicas, quimicas € mecanicas que atendam a requisitos que se tornam progressivamente
mais exigentes ao longo do tempo. No tocante ao comportamento mecanico, o
endurecimento por deformagdo ¢ um elemento fundamental. O entendimento dos
mecanismos subjacentes envolvidos nesse processo pode ser considerado um dos pilares

no projeto de ligas com melhores propriedades mecanicas.

De modo geral, a busca por melhores propriedades mecanicas implica em aumento de
resisténcia mecanica e aumento de ductilidade. O desafio ¢ precisamente o incremento
simultaneo dessas propriedades que, frequentemente, sdo antagénicas. Em outras
palavras, ¢ mais simples obter ganhos de resisténcia mecanica as custas da perda de
ductilidade, e vice-versa, do que melhorar ambas as propriedades. Nas ultimas décadas,
esse desafio tem sido enfrentado recorrentemente através do desenvolvimento de ligas
que combinam fases com propriedades mecanicas diferentes. Um exemplo disso sdo os

acos dual-phase, entre outros agos avangados de alta resisténcia mecanica.

Acos avangados de alta resisténcia mecanica (da sigla em inglés AHSS, advanced high
strength steels) sdo um conjunto de acos desenvolvidos pela industria siderurgica em
resposta a crescente demanda automobilistica nos quesitos de seguranca veicular e
economia de combustivel [1]. Os agos dual-phase sao uma familia de acos AHSS
constituidos (geralmente) por uma matriz ferritica e ilhas de martensita. A combinagdo
dessas fases ¢ obtida a partir de composi¢des quimicas simples e processamento

termomecanico [2].

Esses agos geralmente apresentam alto limite de resisténcia, alta razdo limite de
resisténcia por limite de escoamento, alta capacidade de encruamento comparado com
acos convencionais de alta resisténcia mecanica, auséncia de patamar de escoamento, e

capacidade de endurecimento por envelhecimento estatico e dinamico [1].

Microestruturas  heterogéneas, como ferrita-martensita, impde, por natureza,
complicagdes no entendimento da parti¢ao de tensdo e deformagao entre as fases. Isso ¢
fundamental para a performance dessas ligas tanto na aplicacdo quanto no processamento
do material até a geometria final, conforme j& demonstrado sob certos caminhos de
deformacao [3,4], a exemplo daquele observado em operacdes de flangeamento de bordas

[5,6]. Acos dual-phase costumam falhar prematuramente nessas condicoes [7].
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Com isso em mente, estudou-se a particdo de tensao e deformagdo em um aco dual-phase
(DP600) através de uma abordagem integrada (empirica e numérica). A andlise foi feita
a partir de uma perspectiva fractal [8] com o intuito de elucidar a relagdo entre os
fenomenos de deformacdo em diferentes escalas estruturais usando microscopia
eletronica de varredura, microdureza, ultramicrodureza e difragdo de elétrons
retroespalhados (EBSD, electron backscatter diffraction). Arbitrou-se avaliar o caminho
de deformacao de compressdo em estado plano de deformacao para facilitar o ajuste do
modelo numérico com os dados experimentais. Com o arcabougo empirico, uma analise
por elementos finitos foi realizada em um campo microestrutural representativo para
elucidar a particdo de deformacdo e permitir uma avaliacdo critica dessa abordagem

numérica.

Esses resultados permitem um entendimento amplo da partigdo de deformacao em
microestruturas heterogéneas de acos dual-phase e fomentam a discussdo de importantes

aspectos relativos a abordagem de elementos finitos por volumes representativos.
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1.1- INTRODUCTION

One of the pillars of human progress is the development of materials with physical,
chemical, and mechanical properties that suit the increasing requirements for new as well
as old demands and endeavors. One of the key elements regarding mechanical behavior
of materials is work hardening. The understanding of the underlying phenomena can be
considered one of the corner stones to materials design aiming at betterments in

mechanical performance.

When it comes to mechanical performance, increase in strength and ductility is a recurrent
goal. The challenge is the simultaneous improvement of both since these properties can
often be improved at each other’s expenses. In the last decades, this challenge has been
met through the design of alloys that combine phases with contrasting mechanical
properties. Examples such as the dual-phase steels can be found among the advanced high

strength steels.

Advanced high strength steels (AHSS) are a set of steels developed by the steel industry
in response to demands from the automotive industry regarding passenger safety and fuel
economy [1]. The term dual-phase steel refers to a subset of AHSS constituted by a soft
ferrite matrix and hard martensite islands. This combination of phases is obtained by

simple chemical composition and thermomechanical processing [2].

Dual-phase steels generally present high ultimate tensile strength (UTS), high ultimate
strength to yield strength (YS) ratio, high strain hardening characteristics compared to
conventional high strength steels, absence of yield point elongation, and the capacity of

being strengthened by dynamic and static strain ageing [1].

Such heterogeneous microstructures impose a challenge to understanding the partitioning
of strain and stress among the constituent phases. This has implications in both the
material’s behavior under mechanical processing until the geometry for its usage and its
ultimate performance. This heterogeneity has been demonstrated to be crucial especially
under certain loading conditions [3,4], such as those of stretch-flange operations [5,6].
Dual-phase steels are known to fail in these conditions often prematurely due to the strain

partitioning between ferrite and martensite [7].

In this framework, the stress and strain partitioning in a dual-phase steel (DP600) was

studied using a coupled empirical-numerical approach. The analyses were performed
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under a fractal perspective [8] to elucidate the interlacing of strain related phenomena in
different scales using scanning electron microscopy, microhardness, ultramicrohardness,
and electron backscatter diffraction. With this empirical background, 2D-based finite
element simulations were performed on a representative microstructural field of view to
enhance the understanding of strain progression and to allow a critical assessment
regarding specificities of such numerical methodology. The strain path of plane strain

compression was chosen to provide a better adjustment to the numerical model.

These results provide an enhanced understanding regarding strain partitioning which is
relevant not only to dual-phase steels but to other multiphase alloys. Also, important
insights regarding the RVE finite element approach were discussed and may be useful for

future studies.
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2- AIMS AND OBJECTIVES

This research aims to investigate the influence of strain related phenomena in different
scales, or dimensions, establishing the interlacing of these phenomena on a DP600 dual-
phase steel’s mechanical behavior through physical testing and numerical modeling under
plane strain compression using a 2D-based representative volume element (RVE)

approach.
The main objectives of this research are outlined as follows:

o Microstructural characterization of the as-received DP600 steel sheets through
optical and scanning electron microscopy to determine grain size, martensite
volume fraction, morphology and EBSD analysis to assess micro texture of the
phases and dislocation arrangement using kernel average misorientation (KAM)
maps.

o Mechanical characterization through Vickers hardness and ultramicrohardness to
assess mean hardness and individual phase properties in the as-received samples.

o Strain progression and individual phase hardening behavior analysis through
EBSD, ultramicrohardness, and microhardness in specimens from interrupted
plane strain compression tests in different strain levels.

o Numerical investigation of stress and strain partitioning using an RVE
(representative volume element) approach to predict the composite flow curve

from individual phase properties and critically assess the approach.
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3- LITERATURE REVIEW

3.1- ADVANCED HIGH STRENGTH STEELS

The term advanced high strength steels (AHSS) refers to a group of steels widely used as
thin sheets in the production of structural components for automobiles [9] due to the
increased improvement in both mechanical resistance and ductility [10], enhanced

formability and superior crashworthiness compared to conventional steels [1].

There are several types of steels which are considered advanced high strength steels,
namely: dual-phase (DP), transformation induced plasticity (TRIP), twinning induced
plasticity (TWIP), ferrite-bainite (FB), complex phase (CP), martensitic, hot-forming
(HF), and quenching and partitioning (Q&P) steels. Their properties are defined by their
complex microstructures, chemical composition of the phases, morphology, volume

fraction, distribution, and size, as well as the stability of the metastable constituents [1].

The distinction among advanced high strength steels involves specifying both yield
strength (YS) and ultimate tensile strength (UTS) usually in the format XX aaa/bbb [1],
according to the World Auto Steel association, where XX refers to the type of steel, aaa
is the minimum yield strength in MPa and bbb is the minimum ultimate tensile strength,
also in MPa. For dual-phase steels, it is usual to use the nomenclature as DP/bbb, where
bbb is the minimum ultimate tensile strength required to belong to such DP class. Figure
1 presents a representative chart relating ductility (elongation) and UTS per class of

AHSS, conventional, and austenitic stainless steels.

Conventional high

Low strength <550MPa Advanced high
resistance - strength =3550MPa
80 s
70
Austenitic
~ 60 Stainless
= 50 I [Annealed)
= IF-HS
£ 40 Miid )}'?o
= =
S 30 B o R
=] o, Q""w Gg,
= 20 2 ﬁ-&.d"' . op - %% "’-‘I,t,:s
= [4_ FH . ,ﬁ- - 4‘:&3 8
10 MsS
0 ~ MnBtHF
0 200 500 800 1100 1400 1700 2000 ﬁ

Ultimate tensile strength — UTS (MPa)

Figure 1 - Diagram: UTS x Elongation (adapted from [9] and [11]).
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A brief analysis of Figure 1 shows a clear tendency of diminishing ductility with the
increase of the ultimate tensile strength. One may observe the interstitial free (IF) steels
in the far left of the chart presenting the highest elongations, but lowest mechanical
strength (UTS). These steels contain extremely low amounts of alloying elements and are
constituted by a purely ferritic structure. With increased alloying elements content and
hardening mechanisms such as precipitation and solid solution hardening leads to alloys
with a bit higher strength such as mild steels, which contain lower to higher volume of
cementite, and high strength interstitial free steels (IF-HS). This slight increase in
mechanical resistance is obtained at the expense of ductility, as it can be observed also
with the bake hardened and C-Mn steels. Both the martensitic (MS) and the MnB+HF
(which are boron-based hot formed alloys) steels display the highest UTS and lowest
elongations and are in the far-right. It is noteworthy that most of the advanced high
strength steels are dislocated towards the center of the chart, such as DP, TRIP, CP, and
TWIP steels, which means that their microstructures provide a good combination of high
strength and good ductility. This can be achieved through grain refinement and by the
combination of different phases with distinct physical properties. Third generation AHSS,
such as the quenching and partitioning (Q&P) steels [12], that are currently under

development, have complex microstructures combining ferrite, martensite, and austenite.

BOUAZIZ et al. [13] present a review in which they discuss the driving forces and the
development of AHSS for automotive applications. The authors highlight the demand for
better crashworthiness, which translates to energy absorption capacity and anti-intrusion
performance, and the demand for weight reduction to achieve lower levels of greenhouse
gas emission. TAMARELLI [10], HILDITCH et al. [9] and KEELER et al. [11] also state

the relevance of mass production viability and aesthetics requirements.

Regarding crashworthiness there are two main indexes which represent performance,
namely: the average force (Fg,g4, Equation 1), corresponding to the energy absorption
performance, and the maximal force (F 4y, Equation 2), related to the anti-intrusion

performance [13]:

Favg = K. oyrs x t? (1)

Fpax = K\/ Oys X 175 (2)
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where oyrs 1s the ultimate tensile strength, gy is the yield strength, ¢ is the thickness of

the specimen and K is a geometric constant.

A brief analysis of Equations 1 and 2 reveals that both indexes can be improved by
increasing UTS and YS. One may also observe that by increasing UTS and YS while
reducing the thickness of the specimen may not compromise crashworthiness [13]. This
insight drives the development of new alloys for the automotive industry. However, it
must be emphasized the necessity to maintain or even increase formability, so that the

material can be shaped to geometries which are occasionally complex for its application.

3.2- DUAL-PHASE STEELS

Dual-phase steels are a class of steels developed in the first generation of AHSS which
combine high ultimate tensile strength and adequate formability for mass production [14].
These steels are produced by relatively simple thermomechanical process with relatively
simple chemical composition [2]. A wide set of mechanical properties can be obtained
[2] due to the presence of a relatively soft phase (ferrite) and a considerably harder phase

(martensite) [14].

According to RASHID [15], this class of steels was developed in the 1960s concurrently
in the United Kingdom at the British Iron and Steel Research Association and in the
United States at the Inland Steel Corporation. The first aimed at developing an annealing
process to obtain steels with UTS above 500 MPa. The latter aimed at producing steels
with UTS greater than 1000 MPa. Still according to RASHID [15], neither of them
recognized or researched the potential for improved formability, which was only triggered

in the 1970s due to the driving forces discussed in the previous section.

In the following sections, some aspects of the microstructure and processing of these
steels will be discussed, and an analysis of mechanical properties based on literature data

will be presented.

3.2.1 - PROCESSING AND MICROSTRUCTURE

The simplest processing route to obtain a dual-phase ferrite-martensite microstructure is
an inter-critical annealing (Figure 2a) to partially austenitize the material followed by a
rapid cooling to transform the austenite in martensite [14]. Another possibility is the
complete austenitizing followed by a controlled cooling to an inter-critical temperature,

in order to allow some ferrite to form and finally quenching to transform the remaining
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austenite in martensite. This route is known as step quenching (Figure 2b). A third
possible route is the intermediate quenching [16—19], which consists of an annealing
treatment for complete austenitization, followed by quenching and subsequent inter-

critical annealing followed by another quench (Figure 2c¢).

The main difference among these routes is the microstructure which precedes the final
quench to the ferrite-martensite dual-phase structure. It is noteworthy that in all these
routes it is possible that small portions of another constituent, such as bainite or retained

austenite are present.

In Figure 2, the corresponding microstructures according to the processing routes are
presented. Darker areas correspond to martensitic regions, while lighter areas correspond
to ferrite grains. The most refined structure can be observed in the intermediate quench
route (Figure 2¢). This is because martensite is heated to the intercritical phase field which
provides several nucleation sites for ferrite and austenite [17,18]. In the intercritical
annealing (Figure 2a), the material is heated to the intercritical region and austenite
nucleation takes place on grain boundaries and triple points, where previously pearlite
colonies were located. These austenitic regions transform to martensite after quenching.
Finally, in Figure 2b, a blocky type of structure can be observed. In this route, a
completely austenitic structure enters the intercritical phase field and ferrite starts to
nucleate mostly in grain boundaries. These ferrite grains grow into the austenite grains,
especially through regions with negative manganese segregation [20] and
interconnectivities are created [17,18] in which case, a banded resulting microstructure

can be observed.

It is interesting to note that something similar to the step-quenching route is commonly
applied in the industry, in which, however, thermomechanical processing is involved
[21]. Instead of a mostly dislocation free austenite, deformed grains enter the intercritical

phase field. The higher density of nucleation sites favors a more refined microstructure.
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Figure 2 - Microstructure per processing route: 2a) Intermediate quench; 2b) Intercritical annealing; 2¢) Step

quenching (adapted from [18]).

Some of the relevant variables in dual-phase steels processing are chemical composition,
annealing time, annealing temperature, heating rate (for ultra-fine-grained DP), cooling
rate, and initial microstructure (microstructure right before the final treatment, which
produces the dual-phase microstructures). All these variables, except for the cooling rate,
will determine the microstructure which precedes the formation of the dual-phase ferritic-
martensitic structure which seems to be, as pointed out by DAS and
CHATTOPADHYAY [18] and SHIN et al. [22], the governing factor in this
transformation in conjunction with cooling rate. The effect of these variables can be

summarized as:
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e Intercritical annealing temperature is a determining factor of the martensite
volume fraction (MVF) [17,23,24] that will be obtained after cooling. Also, the
carbon partitioning between ferrite and austenite during the intercritical annealing
is crucial to the Ms temperature and hence, for martensite carbon content and
morphology (plate or laths) [17]. Lath morphology is more common for lower
temperatures [17].

e Annealing time influences the fraction of austenite that will be available for the
transformation (this effect is naturally limited by the fraction obtained in the lever
rule, according to the phase diagram), carbon diffusion, and grain growth as well.

e Heating rate has influence in grain growth in ultra-fine-grained dual-phase steels.
Higher heating rates imply in smaller critical nucleation radius which will result
in finer structures after cooling provided that the intercritical annealing time is
insufficient for significant grain growth [25].

e The effect of the initial microstructure in the intercritical annealing can be mainly
attributed to the nucleation sites, as previously discussed.

e Chemical composition determines the stability fields of the phases, hence, the
range of transformation temperature (Aci, Acs, Ms, and Mf), and the shape of the
start and finish transformation curves in the continuous cooling transformation
diagram (CCT).

e Finally, cooling rate influences transformation temperatures (Ari, Ars, and Ms).
An increased cooling rate will lower these transformation temperatures [26]. Also,
cooling rate, initial microstructure, and chemical composition will determine the

final products of transformation.

3.2.2- MECHANICAL BEHAVIOR

3.2.2.1- INFLUENCE OF MICROSTRUCTURAL CHARACTERISTICS

The mechanical behavior of dual-phase steels is basically characterized by a continuous
stress-strain curve (without yield point elongation), high UTS/YS ratio, and high strain
hardening coefficient [1]. Several researchers have studied over the last 50 years the effect
of many variables, such as martensite volume fraction (MVF) [17,19,23,24,27-33], ferrite
grain size (dr) [24,29,30], martensite island size (dm) [30], and morphology [16,18,19,34]
on the mechanical behavior of the dual-phase steels. In this section, the effect of MVF,
df, dm, and morphology will be discussed based on published data summarized in Table 1

[18,19,23,28-38]. At first, a more simplistic approach will be adopted to assess the data.
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In the following sections, when other techniques and approaches are being discussed,
further insights will be presented.

Table 1 — Chemical composition, martensite volume fraction, ferrite grain size, martensite grain size, yield
strength, ultimate tensile strength and uniform elongation from multiple reference works [18,19,23,28-38].

MVF df dm YS UTS UE

Material (%owt.) (%) (um) (um) (MPa) (MPa) (%) Reference
6 - - 216 481 - RAMOS et al
0.052C; 0.9Mn; <0.018Si 10 ) . 227 527 . (19793’ al
15 - - 216 549 :
15 - - 259 614 -
0.11C; 0.78Mn; 0.28Si 25 ) . 276 778 . RAIZ{S%‘? al.
35 - - 284 732 :
14 - _ 427 745 167
2 - - 407 765 149
22 - - 524 931 5.4
50 - - 510 958 115
0.1C; 2Si 40 - ) 441 862 103 KIM;(IT;;%MAS
40 - - 386 993 5.1
64 - - 538 1027 9.4
60 - - 503 986 6.9
60 - - 634 1055 4.4
111G 1. - 0.45Si; 245 - - 301 683 185
0110%611\?13%210;581’ 64.6 - - 576 1062 ;  MARDER(1982)
.098C; 1. - 0.58Si; 183 - - 320 661 18
e (1)-?)%4\1/1’ P 598 - : 479 958 MARDER (1982)
DAL 00006z 16 73 - 34 e 19 SEERGch
33 9] 218 1724 2792 -
33 591 169 1875  294.4 -
33 359 243 2351 3254 -
0.034C; 0.22Mn; 0.018Si; 28 281 139 2758 3372 - CHANG;
0.048A1 36 209 137 2717 3289 - PREBAN(1985)
26 153 5 2779 3296 -
36 155 113 2854 3275 -
26 172 52 2868 3275 :
1.8 82 3.1 4164 4902 -
12 118 53 3523  486.1 -
127 129 57 3206 4502 -
0.07C; 0.32Mn; 0.01Si; CHANG;
0.035A1 102 681 232 1979 3585 - PREBAN (1985)
142 132 64 3337 4895 -
162 194 126 2765 4254 -
169 608 38 2117 3937 )
23 62 29  599.8 7584 -
0.17C; 0.36Mn; 0.02Si; CHANG;

0.06A1 349 8.5 6.1 515.7 769.5 - PREBAN (1985)

31.8 9.7 6.1 459.2 698.2 -
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Material (%owt.) II/E,Z)F (;lfl) (32) (1\}1{153) (II\J/I]I;E) (Ig/f) Reference
34.4 8.2 5.5 491.6 762.6 -
30.6 156 216 388.2 667.4 - CHANG;
0.17C; 0.36Mn; 0.02Si; 0.06Al PREBAN
28.6 59.5 32 238.6 575.7 - (1985)
24.4 586  15.6 231.7 477.1 -
42.8 6.5 5.9 755.7 988 -
513 6.8 8.8 6853  1055.6 -
47.6 7.4 7.7 624.7 949 4 -
38.8 51 64.7 320.6 612.3 - CHANG:
0.23C; 0.35Mn; 0.01Si; 0.049A1  40.5 551  62.3 369.6 637.8 - PREBAN
516 88 99 6557  983.9 - (1985)
49.8 129 242 519.2 899.1 -
40.7 674  64.6 262 635 -
443 558 702 311 626 -
26.4 363 183 341.1 7581  10.6
245 21.9 11 340.4 785.6 105
25 18 9.9 355.1 812.5 11
24.6 12.3 9.4 355.9 839.5 118
25.8 8.4 6.7 368.8 884.1 119
25.1 5.6 5 394.7 9515 125
34 347 209 369.4 818 9.4
35.6 20.1 14.4 388.9 884.5 9.8
0.12C; 0.87Mn; 0.25Si; 0.08V; 34 17.2 13.1 385.9 886.7 9.3 JIANG etal.
0.02Al 35.5 13 10.2 398.1 9302 103 (1995)
35.8 9.8 8.4 412.7 973.4 10
36.3 7.7 7.1 4213 10123 109
43.6 33 21 407.6 888.1 8.5
43.1 216 155 424.8 929.2 8.2
45.9 174 123 431.1 960.5 9
44 129 112 4449 996.6 9.2
45.5 10.6 9.3 459.8 10643 9
46 8.6 8.4 469.8  1089.7 9.4
55 - - 645 1012.33  6.39
55 - - 570 924.09  6.39
55 - - 600 1014.76  6.39
48.9 - - 670 1068.63  5.87 .
0'166(:;1'03%218[';4&; 0.245 oy - - 360 703.78  5.87 P?l?]{:{gfﬁl];i{
27 ; ; 357 64557  5.75 (1996)
27 - - 365 694.16  5.75
32 - - 305 690.85  8.09
32 - - 270 667.34  8.09
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MVF df dm YS UTS UE
3 (1)
Material (%wt.) (%) (um) (um) (MPa) (MPa) (%) Reference
30.7 - - 450  834.65 5.94
30.7 - - 495 838  5.94
0.166C; 1.03Mn; SARWAR; PRIESTNER
0.14Cr; 0.24Si; 0.04Mo (1996)
29.4 - - 525  892.16 5.34
29.4 - - 516 87128 5.34
329 214 105 5746  838.1 11.03
37.5 1.8 1.07 6492  919.1 13.97
45 1.51 1.2 671.4  947.6 15.07
517 133 144 6857 9302 16.03
55.9 1.3 1.64 9714  907.9 14.04
: : 59.3 1.3 1.85 6244 8476 14.04
0.165C; 1.32Mn; BAG ct al. (1999)
0.44Si; 0.56V 61.9 1.2 2.7 684.5 8238 11.03
77.6 1.1 3.9 838.1 9714 7.53
452 - - 677.8 9429  9.04
53.8 - - 693.7 9444  9.04
58.5 - - 71111 947.6  8.08
66.8 - - 7794 9429  6.99
30.5 - - 337 695 -
59 - - 622 1050 -
0.32C; 0.88Mn; 0.99Si;
0.9Ni: 0.9Cr 78.8 - - 506 1239 - AHMAD et al. (2000)
91.4 - - 497 1247 -
97 - - 540 1685 -
32 - - 541 892 9.5 DAS:
0.12C; 1.59Mn; 0.58Si; ’
0.13AL: 0.60Cr: 0.11V 32 - - 533 843 8.2 CHATT(;(I)’(/)XgDHYAY
32 ; ; 635 931 72 (2009)
21.3 - - 4818  920.1 75
23.5 - - 4851  952.8 46
0.11C; 0.53Mn; 0.07Si;
0.03Ni: 0.03Cr 29.6 - - 4883  988.8 9 MOVAHED et al. (2009)
46.7 - - 5112 10673 9.7
70.9 - - 5472 10542 5.6
. 13 10.8 - 352 550 15 )
0.08C; 0.65Mn; 0.3Si BERGTROM et al. (2010)
13 10.8 - 366 548 15
. 18 8.4 - 404 643 13 )
0.11C; 0.90Mn; 0.4Si BERGTROM et al. (2010)
18 8.4 - 404 635 12
0.13C; 1.50Mn; 0.2Si; 25 5.7 - 540 822 10 «
’ ’ ’ BERGTROM et al. (2010
0.015Nb 25 5.7 - 534 804 10 (2010)
0.15C; 1.50Mn; 0.508Si; 48 3.8 - 733 1117 «
’ ’ ’ BERGTROM et al. (2010
0.016Nb 48 3.8 - 920 1013 (2010)
18 6.8 - 359.1  613.1 -
0.062C; 1.15Mn; 22 712 - 416.1 6263 -
0.020Si; 0.55Cr; ROSENBERG et al. (2013)
0.028A1 25 6.5 - 4248  678.8 -
35.2 5.7 - 4774 7752 -
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Material (%owt.) 1\(/{;:)17 (;:11:1) (ﬂﬁ) (I\}I{1§a) (lglgi) ([023) Reference

257 41 - 4204 7445 -
0(.)62?)%% é.'giltv/[x[t 8:8%:18\111;; 317 34 ; 4248 7445 ROSENBERG
0.042V; 0.0 14Ti ctal. (2013)

391 29 - 4424 7752 -

. 43 7.2 - 486.1 9372 -
OJS&%&@%&%&PS“ 592 59 ; 5956 1033.6 Rnglzl;)%(}

782 46 . 919.7 12438 -

0.05C; 5Mn; 3Al 60.6 - - 517 805 8.5
0.10C; 5Mn; 3Al 76.1 ] ] 644 984 7 ZH‘?ZI‘(I)?4‘;tal'

0.15C; 5Mn; 3Al 89.3 . . 785 1199 6

39.79 - - 471 675  11.68

44.21 . . 445 753 109

58.21 - - 456 795 10.69

66.31 . . 509 830  9.45
0.08C; 1.83Mn; 0.42Si; 0.18Cr 81 i i >34 880 393 ZHANG etal.
17.36 - - 240 538 22.82 (2015)

22.94 ; ; 294 616  19.95

53.49 - - 370 747 17.15

71.09 ; ; 487 863 11.06

81.38 - - 527 882  8.15

28.1 5 3.6 441 736 20.58
0.15C: 1.25Mn: 0.25i 341 46 37 511 800 183  ASHRAFI et
39 4.1 3.8 520 828 17.9 al. (2016)

489 37 46 528 826  14.87

15 567 118 260 693 163

17 ; ; 260 737 16

19 527 1.65 282 767 143

28 472 2.07 379 930 123
0.094C: 3 4N 0.0035; 37 3.84 261 474 1058 108  LAJetal
11 - - 265 644  17.8 (2016)

16 516  1.04 287 719 152

21 563 1.54 304 777 137

33 443 2.59 376 767 105

35 431 2.78 432 949 84
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e Martensite volume fraction

The effect of MVF, which is the most basic feature of a dual-phase microstructure, has
been widely studied. Figures 3a, 3b, and 4 relate MVF to UTS, YS, and UE, respectively.
Initially, it was believed that there was a linear relationship between MVF and UTS [24].
However, it was soon realized that this was only true in some cases up to a certain fraction
of martensite [23,28] and the slope of the initial curve was also variant according to the
alloy system [16]. These observations are consistent with the datum points displayed in
Figure 3a. Despite the high dispersion, there is a clear tendency of increasing UTS with
increasing MVF. This is a natural consequence of the increase of the harder phase content.
The notably high dispersion can be attributed to the wide variety of alloy systems, grain

size, and morphology of microstructure in these studies.
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Figure 3 - a) MVF x UTS; b) MVF x YS [16-19,23,27-38].

A similar behavior is observed in Figure 3b. The yield strength is directly proportional to
the MVF. In the following sections it will be shown that the yielding in dual-phase steels
is mainly determined by ferrite. A higher MVF implies a higher density of geometrically
necessary dislocations in ferrite which are created because of the volume expansion
involved in martensitic transformation. Furthermore, a higher MVF means there will be
a higher density of phase boundaries, which provide more resistance to dislocation glide

than grain boundaries [39,40].

Figure 4 shows UE as a function of MVF. The distribution of data resembles the UTS x

UE curve, which is natural since UTS tends to increase with increasing MVF. The clear
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tendency here is that a higher uniform elongation tends to occur for lower MVF.
However, it is also clear that there are possibilities of achieving reasonably high UE with
relatively high MVF if compared, for instance, with conventional high strength steels.
This is noteworthy considering that higher martensite volume fractions generally result
in higher UTS. As previously mentioned, this is precisely one of the main advantages of

the dual-phase steels: the combination of high UTS with relatively high UE.
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e Qrain Size

Several studies which regard the effect of grain size on dual-phase steels have been
published. They can be divided into three groups: the ones that study regular grain size
structures [29,30,36] (or non-submicrometric grain structures), the ones that study ultra-
fine-grained (UFQ) structures [22,25,41-43] — or submicrometric grain structures - and
the ones with bimodal structures [44,45], which are basically a mixture of coarse and
ultra-fine grains. The discussion here regards the first two groups, and they are considered
without distinction. Figure 5a shows the influence of ferrite grain size (dy) on YS and

Figure 5b shows the relation between drand UTS.
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CHANG and PREBAN [29] assessed the influence of ferrite grain size (dy, measured as
mean free path in ferrite) on YS and UTS and verified the validity of a Hall-Petch
relationship [46,47] — Equation 3:

o= 00+kd;1/2 3

The authors documented that the slope k varies with MVF for both YS and UTS and the
intercept gy is independent of MVF for YS, but dependent on MVF for UTS.

JIANG et al. [30] also verified the validity of a Hall-Petch equation between ferrite grain
size and flow stress. However, the intercept g, and the slope k were found to depend on
deformation and martensite particle size besides MVF. The authors reported greater
influence of MVF on the slope than on the intercept. According to their analysis, the

intercept corresponds to the average flow stress of the ferrite matrix, and the slope is
related to the back stress. Figures 6a and 6b show a plot of df_ /% versus UTS and YS,

respectively, reported by JIANG et al. [30]. The linear relationship is clear, and the fitting
is excellent. Each group of datum points corresponds to the same alloy subjected to a
certain intercritical annealing temperature with the aim to obtain varying MVFs. The
bottom line corresponds to a set of samples of about 25% MVF, whereas the middle and
the upper ones correspond to sets of 35% and 45% martensite volume fraction,
respectively. Hence, the slope increases with increasing MVF. BERGSTROM et al. [36]
emphasize the importance of grain size in dual-phase steels stating that the flow stress is

about seven times more sensitive to ferrite grain size than that for single phase ferrite.
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Figure 6 — Hall-Petch relationship in dual-phase steels for sets of different martensite volume fractions (adapted from
[30D).
Figure 7 relates dr and UE. The observation of all datum points seems to indicate that
smaller ferrite grain size results in lower uniform elongation. However, it is worth
mentioning that in the experiments carried out by BERGSTROM et al. [36], ASHRAFI
et al. [27], and LAI et al. [33], the samples with higher MVF also had the smallest ferrite
grain sizes. The samples of CALCAGNOTTO et al. [48] had roughly the same martensite
content. So, what we are looking at here may be the result of two interlinked variables
and an isolated observation of these datum points may be insufficient to draw relevant

conclusions.
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Regarding martensite island size, Figures 8a and 8b relate this variable to YS and UTS,
respectively. There seems to be a similar trend to the one observed in respect to the
influence of ferrite grain size on UTS and YS. JIANG et al. [30], however, account its
influence in the intercept and slope of the Hall-Petch equation obtained using ferrite grain
size. CHANG and PREBAN [29] account for martensite colony size in a Hall-Petch type
yield strength dependence to martensite volume fraction. In this case, dy is considered in
the Hall-Petch slope and coefficient. The problem presented by the authors is the
difficulty in obtaining the average distance from the head of a dislocation pile-up to the
closest dislocation source in an adjacent grain. Also, the model assumes that martensite

deformation is negligible, which is not reasonable.
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Figure 8 — (a) dm x YS; (b) dm x UTS [17,27,29,30,33].

Figure 9 relates martensite island size and uniform elongation. Few of the reviewed
articles present measurements of both these parameters. However, it is possible to see that
decreasing d» leads to higher uniform elongation. The two groups of data presented in
Figure 9 form two clusters which differ fundamentally in chemical composition (in white:
0.094%C; 3.4%Mn; 0.003%Si. In black: 0.18%C; 1.25%Mn; 0.2%Si) and initial
microstructure (microstructure before intercritical annealing that produces the dual-phase
structure; in white: spherodized microstructure; in black: cold-rolled ferrite-pearlite).
Since ferrite accommodates most strain as martensite accommodates most stress, smaller
and more homogeneously distributed martensite islands favor, at least to some degree, a

better distribution of strain thus leading to higher uniform elongation.
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Morphology

In a previous section, it was argued that the initial microstructure (prior to the intercritical

annealing) determines the final microstructure (after intercritical annealing and partial

martensitic transformation) primarily due to the influence on how nucleation proceeds.

Here, the initial microstructure (IM) will be used to refer to the microstructure prior to

the intercritical annealing which is the main factor that determines the morphology of the

final dual-phase structure instead of the final morphology per se. The main differences in

morphology are summarized as follows:

An initially martensitic structure provides a high density of nucleation sites [18§]
along lath boundaries and results in fine and fibrous martensite in the ferrite matrix
[16].

In an initially ferritic-pearlitic structure, austenite nucleates along carbide/ferrite
interfaces and grows. Quenching leads to a globular microstructure [16].

When the initial structure is austenitic, intercritical annealing leads to the
nucleation of ferrite in austenitic grain boundaries [16] as well as in regions of
lower manganese concentration due to segregation. Consequently, the
microstructure is dependent on austenitic grain size and tends to be coarser than
the ones obtained from martensitic or ferritic-pearlitic structures [16].

If the sample is deformed, more defects are introduced which implies in a higher

density of nucleation sites. Hence, in general, deformation will lead to a more
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refined microstructure. Also, if austenite is strained by rolling, for instance, grains

will be flattened and elongated which will favor a fibrous microstructure [34].

Figures 10a, 10b, and 11 relate IM and UTS, YS and UE, respectively. The numbers in
the x axis correspond to the initial microstructures listed below the figures, namely:
ferrite-pearlite (1), martensite (2), austenite (3), deformed austenite (4), cold-rolled
ferrite-martensite (5), cold-rolled ferrite-pearlite (6), and spherodized microstructure (7).
The bubble plot was adopted to allow a visualization of martensite volume fraction along
with morphology data. The larger the bubble, the larger the MVF. In this plot, by picking
bubbles of similar sizes, hence, similar MVF, relevant differences can be found in UTS,
YS and UE by varying the initial microstructure prior to intercritical annealing. Hence, it
is clear that morphology does play an important role. See, for instance the red bubbles
with initial microstructures “1”, “2”, and “3” [18]. The similar size indicates similar MVF.
These structures showed distinct behaviors regarding UTS (Figure 11a), Y'S (Figure 11b)
and UE (Figure 12).
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martensite volume fraction (MVF). The larger the bubble, the larger the MVF [16,18,19,23,27,30,32,33].



15

10

Uniform Elongation, UE (%)

5

37

Reference

ASHRAFI et al. (2016)

DAS; CHATTOPADHYAY (2009)
KIM: THOMAS (1981)

LAI et al. (2016)

MOVAHED et al. (2009)

ZHANG et al. (2014)

ZHANG et al. (2015)

. 1 Ferrite-pearlite
\ 2 Martensite

- 3 Austenite
4 Deformed austenite
5 Cold-rolled ferrite-martensite
6 Cold-rolled ferrite-pearlite
7 Spherodized microstructure

| 2 3 4 5 6 7

Initial microstructure

Figure 11 — Bubble plot: Initial microstructure x UE [16,18,19,23,27,30,32,33]. Different colors highlight different

literature sources. Bubble size is relative to martensite volume fraction (MVF).

Some of the observations drawn from these studies are:

KIM and THOMAS [16] compared a coarse structure with a fine and fibrous and
a globular one and verified that the coarse structure had much lower ductility but
higher strength then the latter ones. The difference in ductility was attributed to a
change in failure mechanisms from the fine to the coarse structure. The authors
observed premature failure due to cleavage crack initiation and propagation in the
ferrite matrix. The reasons for the higher strength, however, were not stated.
SARWAR and PRIESTNER [34] studied the effect of warm rolling of the two-
phase (ferrite and austenite) mixture and the presence of epitaxial ferrite (“ferrite
formed by transformation of austenite by epitaxial growth on retained ferrite
during cooling from intercritical annealing temperature” [49]) in the final
structure. They verified that warm rolling results in a fibrous martensitic structure
with increased strength along the rolling direction, but the presence of epitaxial
ferrite produces a decrease in strength concomitant with an increase in ductility.
BAG et al. [17] state that dual-phase steels containing similar amounts of finely
dispersed ferrite and martensite exhibit the optimum combinations of high
strength and ductility.

DAS and CHATOPADHYAY [18] also report fine and fibrous martensite
morphology having the best combination of strength and ductility.
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CONCLUDING REMARKS

The effects of MVF, grain size, and morphology were assessed based on some of the data
available in the literature. A somewhat similar analysis can be found in recent review
articles [2,50]. A summary is presented in a dispersion matrix in Figure 12. It has been
shown that there is an approximately linear relationship between MVF and UTS and MVF
and YS. Ferrite grain size relates to UTS and YS following a Hall-Petch equation.
Morphology also plays a role in determining the alloy’s mechanical behavior. A wide
comparison throughout reported data in the literature naturally finds more complexity due
to the diversity of multiple variables. This results in the high dispersion noted in the plots

of Figure 12.
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3.2.3- DEFORMATION MODELS

In this section, some models developed as attempts to understand and predict the behavior
of multiphase materials are presented. First, Ashby’s theory for deformation of non-
homogeneous materials [51] and the concept of geometrically necessary dislocations
(GNDs) are discussed. Second, the rule of mixtures, which is used to describe the
behavior of composite materials accounting for stress and/or strain partitioning, is
examined in detail [52]. Finally, Tomota’s theory of stages of deformation based on

continuum mechanics is analyzed.
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e Ashby’s theory

In the 1960s, Ashby presented a micromechanistic based model in which he introduced
the concept of geometrically necessary dislocations to describe the behavior of non-
homogeneous materials [51]. The author defines a non-homogeneous alloy as “one in
which gradients of deformation are imposed by the microstructure” [51]. The
accumulation of dislocations occurs for two reasons: one is consequence of them trapping
one another in a random way, the other is a consequence of the requirement for
compatible deformation in the presence of the microstructurally imposed strain gradients.
The first refers to the statistically stored dislocations while the second refers to the
geometrically necessary ones. It should be however noted that these dislocations are not

physically different.

In Ashby’s work, some calculations are performed considering hypothetical structures.
Furthermore, the author develops expressions for the density of geometrically necessary
dislocations (p;), assuming equiaxed, plate-like, and needle-like domains. For instance,
for equiaxed particles, Equation 4 is obtained:

_8fy

P = bd (4)

where f'is the volume fraction of cube shaped particles, d is particle size, b is magnitude
of the burgers vector and y is the shear strain. Equation 4 gives a crude measure of the

density of GNDs in the form of loops.

Another important concept presented in Ashby’s theory is the geometric slip distance
(A¢), which is characteristic of the microstructure. For plates, this distance equals the
length “/” of the plate and for equiaxed particles, r/f, where r is the radius of the

spherical particle and £ the volume fraction of particles.

The general expression for the accumulation of GNDs is described by Equation 5:

Pc;:%? (5)

A direct application of Ashby’s model in dual-phase steels is perhaps limited since it

considers non-deformable particles and martensite does deform [52]. However, the
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concepts presented by the author are valuable and have been extensively used by other
researchers to explain the substructure of dislocations in ferrite of dual-phase steels

[48,53-55].

Figure 13a shows a kernel average misorientation (KAM) map built using EBSD analysis
and Figure 13b shows the corresponding calculated density of GNDs in the research of
CALCAGNOTTO et al. [48]. The density varies from around 2.5 x 10'* m? near
martensite islands to 2.5 x 10" m™ in the ferrite interior. In this case, the method for GND

calculation uses Equation 6.

209
- == 6
PGND ub (6)

where ¥ is the misorientation angle; u is the unit length and b is the module of the Burgers
vector. The geometrically necessary dislocation density (pgyp) 1s expressed in

dislocations per unit length.
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Figure 13 — (a) Kernel average misorientation (KAM) map centered in a ferrite grain; (b) Corresponding calculated
density of geometrically necessary dislocations. FF: ferrite-ferrite boundary; FM: ferrite-martensite boundary [48].
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e Law of mixtures

The law or rule of mixtures is reported to have been first proposed by Voight in 1889
[56]. It is an expression that relates mechanical properties of a composite material in terms
of the bulk properties and the relative amounts of the constituent phases [56]. Equation 7,
for instance, relates the yield strength (oys) of the composite as a sum of the contribution

of the individual constituents and their respective volume fractions (£).

Oys = Z(fiffys,i) (7)
i=1

There are different variations of the rule of mixtures according to the basic assumptions,
such as equal stress or equal strain among the phases and the intermediate law of mixtures.
The first two are extreme conditions while the third, as the name suggests, is an

intermediary condition.

A relevant model based on the law of mixtures is proposed by MILEIKO [57] to describe
the behavior of a composite material constituted by a ductile matrix and a more resistant
fiber. The basic assumption of the model is homogeneous deformation, hence, equal

strain between the phases (Figure 14).

Figure 14 — Schematic representation of the flow curves of the matrix, fibre, and resulting composite by the equal-

strain rule of mixtures [57].
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Mileiko’s theory was used by DAVIES [24] to assess the influence of martensite volume
fraction on the strain hardening coefficient in dual-phase steels and found good agreement
with the experimental results, despite the necessary assumption of equal strain in the
model. BHADESHIA and EDMONDS [58] compared Mileiko’s theory with Tomota’s
model, which will be presented in the following section. Both were in good agreement

with the presented data, but Tomota’s model seems to show a better fitting (Figure 15).
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Figure 15 — Comparison between the curves of composite strain hardening coefficient as a function hard phase
volume fraction made between Tomota's theory and Mileiko's theory [58].
The intermediate law of mixtures is well explained by GOEL et al. [59], but was first
proposed, according to the authors, by TAMURA et al. (1973). Both stress and strain of

the individual components and the alloy can be written in the form of Equations 8 and 9:

Oc = meO'm + foO'f (8)
Ec = megm + fo&'f (9)
where o is the stress, Vf'is volume fraction and ¢ is deformation. The indexes ¢, m, and f,

correspond to the composite structure, martensite, and ferrite, respectively.

The stress and strain partitioning depends also on a slope ‘q’, defined as the ratio of stress
to strain transfer according to Equation 10, without which Equations 8 and 9 are

meaningless:
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_ Om — O'f
q= Em — & (10)
This term basically defines the strain partitioning. Figure 16 shows schematically how

the composite curve is obtained from Equations 7, 8, and 9.
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Figure 16 — Schematic representation of the intermediary law of mixtures illustrating the matrix, martensite and

resulting composite flow curves. The slope “q” is the ratio of stress to strain transfer [59].

[P

It is important to highlight that the stress to strain transfer ratio “q” varies as the composite

structure is deformed [60].
e Tomota’s theory

Tomota’s theory [61] was proposed based on a ferrite-austenite steel in tensile
deformation. Its fundamental aspect is the separation of deformation in three stages with
two transition points. In the first stage, the two phases deform elastically. After the yield
point of the softer phase, plastic deformation begins in one, but elastic deformation
continues in the harder phase. In the third stage, marked by the yielding of the harder
phase, both phases deform plastically. This approach is concerned with the distribution

of stress in an averaged manner [61]. Figure 17 presents a result of this model comparative
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to the law of mixtures with equal stress and equal strain assumptions. One may observe
that it is quite like the equal strain condition, except for the second stage of deformation.

A Flow curve of the harder phase

\ -

Equal strain model

-

w
w
-9 .
= Tomota’s model
a \/
&
z
& Equal stress model .-
-—
X—*’
- - _—
I -
al T

Flow curve of the softer phase

v

Total Tensile Strain
Figure 17 - Schematic flow curves of the softer phase, the harder phase, the composite using the equal stress mode,
equal strain model and Tomota’s model. Adapted from [61].
Besides the aforementioned models, several others have been proposed over the years
such as the semi-mechanistic model by GOEL et al. [59] and a dislocation-based model
by BERGSTROM et al. [36]. Goel’s model was developed for dual-phase steels with
retained austenite but can be applied to other materials, such as austenitic and ferritic-
austenitic stainless steels. The authors derived expressions for the composite flow curves
considering the work hardening of ferrite, martensite, and retained austenite and load
transfer between the phases using an intermediate law of mixtures. The work hardening
of ferrite includes the normal behavior plus the extra work hardening due to the
accommodation of the strain generated in the quenching process and the strain-induced

martensite.

Bergstrom’s model [36] is based on a derived relationship for the density of dislocations
as a function of strain and a non-homogeneity parameter which specifies the fraction of
ferrite taking active part in the plastic deformation process. The authors assessed the
model with experimental results for dual-phase steels with 13, 18, 25, and 48% of
martensite volume fraction and verified that the larger the MVF, the smaller the volume
fraction of ferrite that initially takes part in the plastic deformation. This is pointed out as

an explanation for the high energy absorption capacity of dual-phase steels.
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3.2.4- MICROSTRUCTURAL EVOLUTION

In this section, the microstructural evolution of a dual-phase steel during deformation will
be briefly discussed based on the transmission electron microscope (TEM) images of
different straining stages presented by KORZEKWA et al. [53]. It should be clarified
that there are mathematical models, besides the ones mentioned in the previous section,
which allow the modelling of the material’s flow behavior, based on the Hollomon [62],
Ludwik [63], Swift [64], and Voce [65] equations — thus phenomenological models. For
dual-phase steels, it has been demonstrated that the strain hardening occurs in more than
one stage [53]. Therefore, more than one strain hardening exponent is needed to obtain
an appropriate fitting of the curve. One of the approaches which allows a clear
visualization is the Crussard-Jaoul plot [66,67], which basically consists in plotting the
logarithm of the strain hardening rate as a function of the logarithm of true plastic strain
(Figure 18). Each line segment shows a different slope, which determines a different

deformation stage.

KORZEKWA et al. [53] present TEM images of tensile specimens of dual-phase steels
deformed up to 1%, 2%, 7%, and 14% true strain, which correspond to stages two and
three of strain hardening (Figure 18). A pre-strain image is also presented, revealing a
higher density of dislocations in ferritic regions close to martensite islands than in the
center (Figure 19). This is attributed to the volume change and martensite transformation
shear involved in the martensitic transformation [53]. The presence of these unpinned
dislocations is appointed as responsible for the low and continuous yield stress in dual-

phase steels [15,53].
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Figure 18 — Crussard-Jaoul plot: true plastic strain versus strain hardening rate highlighting stages of deformation I,

1L, and III by the different slopes [53].

(a) 0% strain (b) 0% strain

Figure 19 — TEM: single ferrite grain in dual-phase steel; (a) high dislocation density close to martensite; (b) lower

dislocation density far from martensite [53].

Figures 20a—f show the dislocation structures in different levels of straining (1%, 2%,
1%, 2%, 7%, and 14%, respectively). The substructures revealed in Figures 20a, 20b, 20c,
and 20d, which correspond to stage II, consist of “gradients in dislocation density and
configuration across the matrix ferrite grains” [53]. In Figures 20a and 20b dislocation
walls are detected. Figures 20c and 20d show dislocation tangles. The progression of
deformation leads to the development of cellular substructures (Figures 20e and 20f).
Initially the cells are not well defined, but they evolve in stage III to completely occupy

the ferrite [53]. An interesting observation, though, is that the authors report variation of
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cell size within the grain, being smaller near martensite (0.4pm) than away (0.7pm).

Furthermore, no significant variation of cell size is reported to occur from € = 7% to 14%.

(a) 1% strain

Figure 20 — TEM: (a) dislocation walls in ferritic grain during the second stage of deformation, 1% true strain; (b)
dislocation walls during the second stage of deformation, 2% true strain; (c) dislocation tangles during the second
stage of deformation, 1% strain; (d) dislocation tangles during the second stage of deformation, 2% strain; (e)
dislocation cells during the third stage of deformation, 7% true strain; (f) dislocation cells during the third stage of

deformation, 14% true strain [53].

The progression of dislocation substructure with strain can be related to the deformation
stages shown in Figure 18. First, in terms of strain hardening, stage I presents a rate of
decrease which diminishes in stage II and increases in stage [II. KORZEKWA et al. [53]
argue that the increase in dislocation density and the heterogeneous distribution raises the
flow stress and results in only a moderate decrease in strain hardening with increasing
strain. In stage III, the substructure is rather stable and dynamic recovery takes place.
Thus, the flow stress does not increase much and the rate of strain hardening decreases

with a steeper slope [53].
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3.5- APPLICATIONS IN THE AUTOMOTIVE INDUSTRY

After briefly discussing fundamentals of dual-phase steels, in this section we present a
basic idea regarding applications in the automotive industry. The main reference for this
is the Future Steel Vehicle (FSV) report by KEELER et al. [11], World Auto Steel, which
aims to assist automotive engineers by providing technical guidelines for the project of
automobiles envisioning reducing fuel consumption and greenhouse gas emissions while

maintaining or increasing safety requirements at reasonable cost.

The distribution of steels applied in automobile body structures according to this report
is presented in Figure 21. It is revealed that dual-phase steels correspond to about 32% of

all the selected steels being 10% DP1000, 10% DP800 and 12% DP500,600.

FUTURE STEEL VEHICLE
DP500,600
12%

HSLA 450, BH
340, 400
33%

DP800
10%

Mild Steels
3%

HF1500 5161200 CP1000 TWIP9SO

1% 104 90 2%

Figure 21 - Future Steel Vehicle: Body structure steels (adapted from [11]).

Some examples of application of dual-phase steels in the body structure of automobiles
are the outer roof, outer door, outer body side, package tray, floor panel, inner body side,
safety cage components, B-pillar, and engine cradle [11]. Figure 22 shows some

components and the dual-phase steels suggested in the FSV program.
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Figure 22 - Future Steel Vehicle: dual-phase steels (adapted from [11]).

KEELER et al. [11] also present a simple scheme (Figure 23) grossly separating material
requirements in groups of structural components. It can be observed that dual-phase steels
meet the requirements of excellent formability and high strength with a good balance of

strength, formability, energy absorption, and durability.

> Steels for safety-critical parts,
especially for maintaining a passenger
survival space in crash events

= High-strength steels with a good
balance of strength, formability, energy
absorption and durability

= Steels with excellent formability (eg. for
deep drawing)

Figure 23 — Materials general requirements according to application in structural parts [11].
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3.6- NANOHARDNESS BASED STUDIES

Recent developments in the indentation tests have allowed the use of increasingly smaller
indenters and the exploration of the obtained results much further than a simple hardness
measurement [68]. GOULDSTONE et al. [68] present a review of these developments in

experimentation and modelling of indentation tests.

In this section, some studies, which were fundamentally based on nanohardness tests in
dual-phase steels, are reviewed. These works can be divided in three approaches all of
which are based on the assessment of the properties of the individual phases: 1) the study
of the mechanical behavior per se — nanohardness measurements are taken in different
positions and the results shed light to microstructural characteristics and to
micromechanisms of deformation [39,40,69]; 2) the establishment of correlations
between individual phase properties and the macroscopic behavior of the alloy [70-72];
3) the use of the individual properties to predict macroscopic flow curve from a simple
law of mixtures [71,73]. Table 2 summarizes the reviewed papers, which are discussed in

the following sections.

Table 2 - Summary of nanohardness based reviewed articles [39,40,69-74]
Authors Approach Further details

Used different size indentations
to assess the influence of
nanoindentation size effect,

DELINCE et al. (2006) Mechanical behavior per se ..
grain size effect, natural
hardening of ferrite, and
reinforcement by martensite.
Applied a reverse analysis to the
Prediction of macroscopic flow load-displacement curve to
CHOI et al. (2009) stress from individual properties obtain the flow curves of
and law of mixtures individual phases and predict

the macroscopic behavior.

Assessed nanohardness in
TSIPURIDIS et al. (2011) Mechanical behavior per se different regions of the ferrite
grains and martensite islands.

Assessed nanohardness in
different regions of the ferrite
Mechanical behavior per se grains and martensite islands
before and after bulk tensile
tests.

GHASSEMI-ARMAKI et al.
(2014)

Established correlations
between ferrite hardness and
YS, martensite hardness and

hole expansion ratio (HER), and
martensite/ferrite hardness ratio
and HER.

TAYLOR et al., (2014) Establishment of correlations
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Authors Approach Further details

Obtained mechanical properties
of individual phases from a

Prediction of macroscopic flow reverse analysis of the load-
CHENG et al. (2016a) stress from individual properties displacement curves and
and law of mixtures extrapolated these properties

using a law of mixtures to
predict the bulk flow curve.

Established correlations
between ferrite center hardness
and YS, ferrite center hardness

and UTS, martensite hardness
and YS, and martensite
hardness and UTS

Established correlations

between martensite
nanohardness and martensite
JAHANARA et al. (2019) Establishment of correlations carbon content, ferrite
nanohardness and Y'S and

ZHANG et al. (2016) Establishment of correlations

ferrite/martensite nanohardness
ratio and elongation.

Before diving into these studies individually, it is worth clarifying some aspects regarding
the terms nanohardness and ultramicrohardness testing. The first refers to “hardness tests
wherein the depth of indentation usually is less than about 50nm (...)” [75]. A nanometric
Berkovitch diamond indenter is most commonly used, and the indentation loads usually
range from 0.1-100mN. The equipment is more sophisticated than the system used for
ultramicrohardness. This latter testing is commonly performed with a standard
Berkowitch indenter, and indentation depths ranging from 0.1-1.0um. The system

monitors load and indentation depth [75].

3.6.1- MECHANICAL BEHAVIOR BASED ON NANOHARDNESS
MEASUREMENTS

DELINCE et al. [69] performed nano and micro indentations in three DP steels obtained
from a single grade DP steel processed through swagging (non-radial compression)
classified by the authors as coarse grain, fine grain, and very fine grain. The different
indentation sizes were obtained not only by different equipment (nano indenter and micro
indenter) but also by varying the applied load, and consequently varying the penetration
depth. Four critical depths were defined in a model according to the interaction of the
plastic zone and some microstructural characteristic lengths, namely: ferrite grain size
and mean inter-distance between martensite islands. These critical depths were used to

determine the onset and state of full interaction of the indentation plastic zone with ferrite
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grain boundaries and martensite islands, which allowed the assessment of different

contributions to the material hardening.

The authors observed an initial decrease in hardness with increasing indentation depth
which is attributed to geometrical strain gradient plasticity effects. After reaching a
minimum level, hardness increased with the beginning of the interaction of the
indentation plastic zone and grain boundaries and reached a maximum after the
indentation zone of influence corresponded to a representative element of the
microstructure, hence when there was an effect of second phase particles. This method
was used to compare the mechanical behavior of the three studied DP steels. The main
observation was that the increase in ferrite grain size and decrease of martensite volume
fraction results in lower maximum hardness. However, the authors argue that differences
in hardness could be overestimated in a direct comparison of nanohardness with
microhardness measurements. Also, considering equivalent phase properties for the
different materials and not considering grain size distribution may incur in some error.
These insights were greatly deepened by TSIPOURIDIS et al. [39] and GHASSEMI-
ARMAKI et al. [40] who used slightly different methodologies.

TSIPOURIDIS et al. [39] performed ultramicrohardness measurements in different
regions of the ferrite grains and martensite islands. The dual-phase steel studied was a
laboratory-produced steel with relatively coarse grain size. Measurements in the ferrite
grain showed four regions: the center, which was not affected by any boundary (grain or
phase boundary), regions affected by ferrite-ferrite boundaries (GB — grain boundaries),
regions affected by ferrite-martensite boundaries (PB — phase boundaries) and finally,
regions affected by both GBs and PBs. Figure 24 shows the reported mean hardness
values per region, ranging from higher measurements in martensite, followed by,
measurements on phase-boundaries, on grain-boundaries, on ferrite and close to both PB

and GB, close to PB, close to GB, and ferrite grain center.

The authors explain these observed differences based on dislocation pile-up and the
effectiveness of each boundary type as barriers for dislocation slip transfer [76].
Furthermore, the volume change involved in martensitic transformation induces strain in
adjacent ferrite which is not heterogeneously accommodated by GNDs and causes
modifications in ferrite yielding behavior [39]. Figure 25 shows a TEM image, which
reveals tangled dislocation networks in the vicinity of ferrite-martensite phase boundary

[39]. The ferrite center has clearly a lower density of dislocations.



53

® F hardness
B M hardness

650

350 =

325

P -

Mean hardness (HV)

300

PEET T N |

.
-
=

275 <

250

| | | | ¥ | ]

Center M On PB On GB PB+GB PB GB Center F

M: Martensite
PE: Phase boundary (ferrite-martensite)
GB: Grain boundary (ferrite-ferrite)
F: Ferrite
Indentation load: 20mN

Figure 24 — Mean hardness per region (adapted from [39]).

7 .
. ! 100 nm
‘ nm

Figure 25 - TEM micrograph of dual-phase steel [39].

GHASSEMI-ARMAKI et al. [40] performed a study on a commercially produced DP980
which was partly like the one previously commented on. In their research, the
nanohardness measurements were divided in three groups: 1) inside ferrite, but far from
any interface (grain/phase boundary); 2) inside ferrite and close (2-3um) to a phase
boundary; 3) in martensite. The results were also separated in an as-received condition

and pre-strained (5% and 7% deformation).
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Regarding the as-received condition, hardness values of 3.3+ 0.89GPa and
3.9 + 0.95GPa were attained at the center of ferrite grains and near their boundaries,
respectively. Figure 26a shows an example of six sites where indents were imprinted.
Figure 26b shows the corresponding load/force displacement curves. After 7% tensile
strain, new indents were recorded, and the results are presented comparatively in Figures
26¢ to 26e in cumulative size distributions. The authors report that the ferritic grain center
was hardened but the regions close to phase boundaries were softened. Also,
measurements of martensite hardness in the as-received and pre-strained conditions

indicated martensite work hardening.

The main conclusions that can be drawn from the nanoindentation measurements in these

three studies are:

e Hardness and deformation within ferrite are inhomogeneous [39,40]. Initially
there is a higher density of dislocations close to phase boundaries and these
regions are harder than the center [39,40]. Tensile deformation leads to work
hardening of the center but softening of the initially harder regions at least up to
7% strain [40].

e Martensite yielding occurs well before UTS and undergoes considerable work
hardening [40].

e Phase boundaries impose higher resistance to the movement of dislocations than

grain boundaries [39,76].
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Figure 26 — (a) SEM image of DP steel, 7% uniaxial tensile strain; (b) Force-displacement curves corresponding to
the nanoindentations in Fig 28a; (c) Comparison of the nanohardness distribution: ferrite interior and close to phase
boundary; (d) Comparison of the nanohardness distribution: ferrite interior as-received and after 7% strain; (e)
Comparison of the nanohardness distribution: indentation in ferrite, close to phase boundary as-received and after 7%
strain [40].
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3.6.2- DETERMINING INDIVIDUAL PHASE FLOW CURVES

Moving on to the second group of studies based on nanoindentation measurements, we
have those in which the approach is to determine flow curves of the individual phases.
This approach basically aims at extracting the highest amount of information possible
from the load-depth curves (Figure 27). The validity of the predicted properties is tested
by comparing the bulk tensile curve with the composite flow curve obtained using a

simple law of mixtures (equal strain condition).

Load

hr 1' hmax

Depth h,

Figure 27 - Load-depth curve [71].

CHOI et al. [73] performed nanoindentations in a ferrite-bainite dual-phase steel using
two spherical indenters (550nm and 3.3um) and attempted to predict the flow behavior
from the individual microphase properties. The mathematical procedure to achieve this
begins with an empirical relationship between hardness and flow stress proposed by

TABOR [77] (Equation 12).

H= — = Co (12)

where H is hardness, P is the indentation load, a is the radius of contact, C is a constraint
factor, and o is flow stress. The characteristic deformation (&) underneath a spherical

indenter can be calculated by Equation 13:

—OZa 13
£ = 27 (13)

where R is the radius of the indenter’s sphere.
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The radius of contact (a) can be calculated as a function of the contact depth (h.), which
can be in turn estimated using the approach of OLIVER and PHARR [78] as follows
(Figure 28):

a? = 2Rh, — h? (14)
P
he=h=wg (15)

where h, is the contact depth, h is the penetration depth, w is a geometric constant (0.75

for a sphere), and S is the contact stiffness (which equals the slope of the unloading curve).

1p

unloaded

loaded

Figure 28 — Representation of the terms in the Oliver-Pharr method [78]. Note: hy = w P/S.
Finally, to obtain the representative flow stress the constraint factor (C) must be
calculated. The authors resort to Johnson’s model [79]. There is a relation between the
constraint factor (C) and a non-dimensional plasticity index for each deformation regime

(elastic, elastic-plastic, and fully plastic), presented in Equation 16.

C

(16)

Pm 2 (E,./oys) tan B + 4(1 — 2v)
= —=—=2+In
Oys 6(1—-v)

where p,, is the mean load, the term (E,/dys) tan B is the non-dimensional plasticity
index, E, is the reduced modulus (determined from Poisson’s ration and Young’s module
of both the specimen and the indenter), and [ is the slope between indenter and

specimen’s surface.

The constraint factor is estimated to be ~3 for a fully plastic regime. The term tan f is
approximately equal to sin 8 for a spherical indenter and can be replaced by a/R. The
Young’s module and Poisson’s ration considered are 210MPa and 0.3, respectively,
which are typical values of steel. Finally, the representative flow stress oys and

deformation are obtained iteratively by testing arbitrary values of oy on both sides of
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Equation 16 until appropriate fitting is achieved. Figure 29 shows the obtained plots of

ferrite (a) and bainite (b) representative stress and strain.

There is an obvious influence of indentation size effect so before making inferences about
macroscopic phase properties, CHOI et al. [73] applied the model proposed by NIX and
GAO [80] — Equation 17 — to address this issue.

H=Hy [1+ — (17)

where H, is the macroscopic hardness and R* is a material length scale for the radius

dependence of hardness.

In this case, H and H, were replaced by ¢ and g, (macroscopic stress). The obtained flow
curves are shown in Figure 30. The authors extrapolated the data and considered Hooke’s
law for the elastic regime. In order to obtain the composite flow curve, a simple law of
mixtures considering iso-strain assumption is adopted. Figure 31 shows the bulk material
tensile behavior and the predicted curve. These results show a reasonable agreement

between the curves.
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Figure 29 — Macroscopic phase flow stress versus deformation [73].
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Figure 31 — Tensile test and predicted flow curves of the bulk material [73].

CHENG et al. [71] also used nanoindentation and an inverse calculation method to study
individual phase plastic behavior in a dual-phase steel. The main goal of the study was to
assess the influence of tempering treatments on the individual phases of a DP980.
Conditions assessed are the as received condition (AsR), tempered at 250°C for 60min,
and tempered at 400°C for 60min. An iso-strain law of mixtures was applied to validate
the obtained individual flow curves of ferrite and martensite which led to good agreement

between actual and predicted flow behavior.

The procedure to obtain the stress-strain behavior from the load-depth curve is
summarized in Table 3. It basically consists in determining the elastic modulus of the
phase (E), the yield strength (oys), eliminating the indentation size effect, determining
the representative stress, and the hardening exponent (n). Further details can be found in

CHENG et al. [81]. Figure 32 displays the obtained results. One may observe a good
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fitting between the experimental and predicted curves from the inverse calculation and
nanoindentations. It is worth noting that simply applying the law of mixtures does not

consider the evolution of damage, hence the predicted curves cannot anticipate failure.

Regarding the effect of tempering, the authors report a reduction in ferrite yield strength
of about 6% and martensite yield strength of about 19% for the samples tempered at
250°C. For the heat treatment at 400°C, ferrite yield strength drops about 15% and
martensite yield strength, 22%. Neither of these treatments is reported to influence
martensite work hardening, but the ferrite’s work hardening increases after tempering at

400°C, but decreases after the same treatment at 250°C.

These two studies illustrate considerable advances in the indentation technique and on the
knowledge of how to extract much more information of such tests than a simple hardness
value. This is of particular importance in finite element analysis, as it is a way of
providing the flow curves of the individual constituents for the numerical model. It should
be however noted that the predicted curves can be prolonged to infinite strain if no failure

model is taken into consideration.

2000 2000

(a)

2000

Martensite Martensite (¢)

Martensite

-
w
[=]
o

DP980-ASR- 1500 1500

DP980 - 250 DP980 - 400

B

1000 4

1000 4 1000

Ferrite

Stress (MPa)

Experimental Ferrite _ Ferrite
Loy 500 Experimental { 500 Experimental
o 0+ 04 .
0.00 0.05 0.10 015  0.00 0.05 0.10 015 000 0.05 0.10 0.15
Strain
(a) (b) (c)

Figure 32 — Flow curves: experimental, calculated ferrite, calculated martensite and predicted composite curve. (a)
As-received condition; (b) Tempered at 250°C; (c¢) Tempered at 400°C [71].
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Table 3 — Summary of the inverse calculation used by [71].
Elastic modulus

The Oliver-Pharr method: function of unloading
slope (S) and contact area (Ac). Eq. 18 is used to NI
calculate the reduced modulus - E,. E = 2 \/A_ .- (18)

c
Eq. 19 is used to obtain the elastic modulus.
E; is the indenter’s elastic modulus. 1 1—02 1- 2
v; is the indenter’s Young’s modulus. - = + -~ ... (19

E, E E;
Yield strength
The Oliver-Pharr method: function of maximum | Rodriguez and Gutierrez correlation: hardness x
load and contact area indentation depth
Hszax . o) H=Aoys+B . .. (21)
Ac
H is hardness, Py, is the maximum load, and A, | Constants A and B for an indentation depth of
is the contact area 50nm in ferrite and martensite are available in
RODRIGUEZ and GUTIERREZ [82]
Representative stress
DAO et al. [83] showed that there is a C; E, \1°
) . _ = —1.131|In
representative stress (0go33) for a strain g, = 00033 00033
0.033 such that Eq. 22, which is independent of the E, \1*
. . . +13.635|In

hardening exponent, is valid. 00,033
C; is the loading curvature. E,

30504 in (5|

00.033
+ 29467 . . . (22)
Hardening exponent

After having the elastic modulus, yield strength
and representative stress determined, Eq. 23 can be _ 1 E 0 033)" 23
applied to obtain the hardening exponent. 0033 = Oys ( + Oys XU (23)

3.6.3- ESTABLISHMENT OF CORRELATIONS

The last group of studies discussed in this section used nanoindentation measurements to
correlate the hardness values and the bulk material properties. TAYLOR et al. [70]
correlated nanoindentation hardness with tensile properties and hole expansion to assess
the importance of the individual phase properties on the macroscopic behavior. Figure
33a correlates Vickers hardness with the average nanohardness and a linear relationship

is established between these variables.

Figure 33b shows a strong positive linear correlation between ferrite hardness and yield
strength which corroborates the idea that in a composite structure, yielding is governed
by the lower-strength constituent [70]. Figures 33¢ and 33d correlate the hole expansion
ratio (HER) of the specimens produced by mechanical punching with martensite hardness

and martensite/ferrite hardness ratio, respectively.
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Figure 33 — (a) Vickers hardness x Average nanohardness; (b) Ferrite hardness x yield strength; (c) Martensite

hardness x punched-hole HER; (d) Martensite/ferrite hardness ratio x punched-hole HER (adapted from [70]).

A brief analysis of Figure 33d shows that the HER also increases as the martensite/ferrite
hardness ratio approaches 1. This leads to one of the main observations made by
TAYLOR et al. [70] which is that one way of increasing HER is to increase ferrite
hardness while softening martensite. The idea is corroborated by previous studies in
which damage progression was outlined [84]. A higher martensite/ferrite hardness ratio
implies greater strength disparity between the constituents which may cause higher strain

localization and ultimately more damage nucleation in the interfaces [84].

ZHANG et al. [74] also assessed the influence of individual phase properties on a DP980
through the establishment of correlations. The authors subjected their samples to recovery
annealing at 250°C, 400°C, and 550°C for 60min. The fourth condition is the as-received
state. One may observe in Figure 34a a positive linear correlation between the hardness
of ferrite grains center and yield strength similarly to the one reported by TAYLOR et al.
[70]. In this work, however, ZHANG et al. [74] also report a positive linear correlation
between martensite hardness and the ultimate tensile strength (Figure 34c) and show that
there seems to be no clear trend between martensite hardness and yield strength (Figure

34b), and ferrite hardness and ultimate tensile strength (Figure 34d).
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Figure 34 — Correlations: (a) Yield strength x center ferrite hardness; (b) Yield strength x Martensite hardness; (c)

Ultimate tensile strength x martensite hardness; (d) Ultimate tensile strength x center ferrite hardness (adapted from
[74]).

JAHANARA et al. [72] used a similar approach to study ultrafine grained (UFG) DP
steels. The authors correlated nanohardness with yield strenth and ferrite/martensite
nanohardness ratio with strength-elongation balance, elongation, and strain hardening
exponent (Figure 35). In every case, a positive linear correlation can be observed. The
plots of ferrite/martensite nanohardness ratio and the aformentioned variables (strength-
elongation balance, elongation and strain hardening exponent), once again, indicate that
a smaller strength disparity between the phases favors ductility. Figure 35d relates
ferrite/martensite nanohardness ratio with the strain hardening exponent (in this case,
1/m) for each of the deformation stages. These stages were identified using a modified
Crussard-Jaoul analysis. The authors associate stage one with the sliding of geometrically
necessary dislocations; stage two, with plastic deformation of ferrite while martensite
remains elastic; stage three, with ferrite deformation being restricted by martensite

islands; and stage four, with plastic deformation of both ferrite and martensite.
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3.6.4 CONCLUDING REMARKS

In the selected works reviewed in this section, the researchers explore the advances in the
technique of indention which made possible to perform measurements in nanoscale. This
in turn allowed the probing of the individual grains in the microstructure and the
assessment of mechanical behavior inside the crystals. The first insights outlined regard
the influence of the boundaries (grain boundaries and phase boundaries), the substructure
of dislocations and its evolution with straining. The second group explored the advances
in the study of the load-depth curve which allowed the construction of flow curves of the
individual constituents. Finally, the third group provided insights regarding especially
nanohardness of the phases and macroscopic properties through the establishment of
correlations. These observations shed light into the importance of strength disparity
between the phases, illustrated by the martensite/ferrite nanohardness ratio, which
impacts materials ductility and performance under conditions of stretch-flange forming.

One of the things to which this relates is to the carbon content in martensite. Furthermore,
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the idea that the onset of yielding is determined by ferrite and that the ultimate tensile

strength is predominantly controlled by martensite is reaffirmed.

3.7- FINITE ELEMENT METHOD APPROACH

One of the pillars of materials science and physical metallurgy is the understanding of the
relationship between microstructure and properties. Recently, we have witnessed the
emergence and increase in the use of multiphase materials, one of them being the dual-
phase steels. An important question which arises in this matter is how the constituents in

the multiphase materials interact.

In the previous sections we have discussed the mechanical behavior of dual-phase steels
relating bulk mechanical testing and microstructural properties, such as grain size,
martensite volume fraction and morphology. We have presented some attempts to
mathematically model the observed macroscopic behavior and a methodology to assess
microstructural properties. The latter can also be used to indirectly evaluate the influence

of the evolution of deformation on constituent properties.

In this section, a review of papers which used or were based on a numerical modelling
approach with the finite element method (FEM) will be presented. Although there are
available studies on composite structures and other multiphase materials the focus of this

review was entirely placed on dual-phase ferrite-martensite steels.

First, some considerations regarding the use of mathematical models will be made and
the concept of the finite element method will be briefly presented. Second, the concept of
representative volume element will be elucidated, and finally, some aspects and insights

of the reviewed papers will be discussed.

3.7.1- MATHEMATICAL MODELING AND FINITE ELEMENT METHOD

Mathematical modelling, as defined by NEUMAIER [85], is “the art of translating
problems from an application area into tractable mathematical formulations whose
theoretical and numerical analysis provides insight, answers, and guidance useful for the
originating application”. In this context, the finite element (FE) method is a numerical

procedure to solve the mathematical models, which, in turn, translate a physical problem.

The fundamental idea of the FE method is the discretization of a larger and more complex
boundary problem, which cannot be solved analytically, into a subset of several discrete

and simpler problems [86]. The obtained solutions are approximate solutions and the
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process of solving the equations is performed iteratively until certain criteria are met. This

process typically involves solving thousands of equations [87].

The procedure of performing a FEM analysis can be summarized in the following steps:

The definition of the problem.

Simplifying hypotheses — which are necessary to allow a reasonable
computational cost (processing time).

Definition of the mathematical models that translate the problem.

Definition of the geometry.

Meshing — which is the discretization of the geometry into a finite set of elements.
Definition of boundary conditions.

Interpreting the results and adjusting the model.

A more detailed description of the process can be found in Figure 36 [87]. Some words

of caution are required when interpreting the results. It is worth noticing that the solution

is only as good as the mathematical model applied [87]. Hence, no further insight can be

expected beyond the information contained in the model [87].
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Figure 36 - The process of finite element analysis. Adapted from BATHE [87].
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3.7.2- MICROSTRUCTURE MODELLING

The application of the finite element method to microstructures has been explored to
provide further insight about the interaction of the phases in multiphase materials. The
method allows the researcher to observe the evolution of stress and strain distribution
under a certain load, which can help clarify the influence of microstructural features such
as morphology, distribution, and individual phase properties. Additional mathematical

models, such as damage models, can be implemented to enhance the analysis.

Recently, modifications of the finite element method to improve specific analysis have
been used, for instance, the crystal plasticity finite element method (CPFEM) and the
extended FEM (XFEM). The first accounts for direction dependent behavior due to
crystallographic anisotropy, while the second is used in failure analysis, for it was
designed to account for discontinuities. These methods will not be discussed here. For

further information, the reader is directed to the specific literature [88,89].

3.7.3- REPRESENTATIVE VOLUME ELEMENTS AND MESH ASSEMBLY

The idea in microstructural modelling is to perform numerical simulations on a small
region (field of view) of the microstructure, assess the mechanical behavior and plastic
interaction between the phases and be able to predict the macroscopic response. The
natural order of this process implies, ideally, in using actual individual phase properties.
This is not a trivial task; however, some methods to do that have been previously

discussed.

At this point, the concept of representative volume element (RVE) needs to be introduced.
According to HILL [90], a representative volume element is a region “structurally
entirely typical of the whole mixture on average” and needs to contain enough islands of
the second phase [91]. The implication here is that a randomly chosen field of view is not
necessarily a representative volume element. It is worth noting that some of the reviewed
papers did not show carefulness regarding the choice of the volume element. Although,
some evaluated the ideal size considering the number of martensite islands [91], and

others averaged the obtained results of several fields of view [92].

The numerical microstructural modeling can be roughly divided in two approaches: one
is based on virtual microstructures [93,94], statistically built; the other is based on
geometries built with real microstructure images (see Table 3) obtained via SEM, optical

microscope or even via EBSD [95,96]. Results are usually compared with the empirical



68

macroscopic response of the material considering the homogenization method [92]

(Equations 24 and 25).
_ 1
Eij = Vf SijdV (24)
14

1
vy
where &;; is true strain in the volume element; G;; is true stress in the volume element;

V is the volume; ¢;; and o;; are strain and stress, respectively, measured on individual

nodes along the extremities of the volume element.

Most methods for mesh assembly use pixel-based images. For instance, a quad-dominated
mesh can be easily constructed using each pixel as an element. The color contrast can be
used to distinguish the phases. As long as small precipitate particles are not considered, a
reasonable mesh can be obtained. This approach, however, can lead to the problem of
artificial stress concentration due to the jagged boundaries between the phases [97]. One
way to solve this problem is by using vectorized images instead [92,98]. More
sophisticated methods have been proposed such as the application of a boundary

smoothing algorithm [97].

Virtual microstructures, as the name suggests, are not based on real images. They can be
obtained using simple geometrical shapes or they can be statistically generated. Studies
which used basic shapes are not discussed here, but they can be useful, for example, to
assess the interaction of a single particle with the surrounding matrix [55]. One way to
statistically generate a structure is by Voronoi Tessellation [94]. The technique consists
in generating randomly distributed “seeds” in a two or three-dimensional space; a polygon

or a three-dimensional geometry is then generated from each of these seeds.

Figure 37a shows an example of a virtual microstructure built using a MATLAB
algorithm based on Voronoi Tessellation [94]. Figures 37b and 37c show the
corresponding finite element mesh [94]. Figure 37d shows a scanning electron
microscope image obtained by BARBOSA et al. [95] of a DP600. Figure 37¢ shows the
corresponding mesh, built with the OOF2 software (Object Oriented Finite Element
Analysis of Microstructures, by NIST — National Institute of Standards and Technology,
USA) [99]. In Figure 37a, the darker areas are martensite, while the blue areas are ferrite.

In Figures 37b and 37c, the corresponding colors are white for ferrite and green for
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martensite. In Figure 37d, the darker areas correspond to ferritic regions, while the clear

areas, martensite. In Figure 37e, martensite is in red and ferrite, in white.

Martensite

Ferrite

Fertita Martensite

Ferrite

@ (©)

Figure 37 — (a) Voronoi Tessellation image — seeds are randomly placed in a 2D space and polygons are generated

from these seeds [94]; (b) FE mesh [100]; (¢) Zoom of the FEM mesh [100]; (d) SEM image [95]; (¢) FE mesh [95].
3.7.4- A BRIEF DISCUSSION ON MULTIPLE RVE-BASED STUDIES

Tables 4 and 5 present a compilation of some basic information about the reviewed papers
containing or fundamentally based on an RVE-FEM approach. One may observe that the
mostly used program to build the model and perform the calculations is the commercial
software Abaqus. Two dimensional models are still more frequently used due to the lesser
computational cost than the three-dimensional models. The approach in this case is

usually plane strain and sometimes, plane stress.

The RVE-FEM approach is not a recent endeavor. KARLSSON and SUNDSTROM
[101] performed simple simulations in the 1970s with what would nowadays be
considered an exceedingly coarse mesh (375 elements). Still, they were able to observe
an inhomogeneous distribution of strain. Recently, LI et al. [98] performed their
simulations using about 165000 elements. Most of the studies simulated a uniaxial tensile
loading condition. Some exceptions were interested in the hole expansion behavior

[5,102], shear behavior [98], and complex loading paths [93].
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Table 4 - Reviewed papers on FEM-RVE approach. *The method used by TASAN et al. [3] is a modification of the
finite element method and does not involve finite elements or meshing [3,5,91-96,98,101-106].

Reference Software Meshing Approach Element type cI;(l)l?l(iltliI:)gll
FEMFAB
(developed by . . .
KARLSON; Triangular  Uniaxial tensile
SUNDSTROM JAENSSON - ZDp 1at§ model from elements (375 loading, plane
(1974) and real microstructure clements) stram
SUNDSTROM,
1972)
UTHAISANGSUK Hole expansion
et al. (2009) Abaqus ) 3D i test
Gni};?}slzccll r;lg:inng One element layer C3DSR Uniaxial tensile
KIM et al. (2010b) Abaqus boundary gxtruded m th_e (~55000 1oa_d1ng an.d
. thickness direction hole-expansion
smoothing o elements)
. from the original plane test
algorithm
RAMAZANI et al. In-house FE . CPE, plane Uniaxial tensile
Abaqus 2D, real microstructure strain .
(2012) generator clements loading
SODJIT; . Uniaxial tensile
UTHAINSANGSUK - - 2D, real microstructure - loadin
(2012) &
2D, real
RAMAZANI et al. . microstructure, XFEM, Uniaxial tensile
(2013a) Abaqus OOF, version 2.4  maximum principal - loadin
stress criterion g
(MAXPS)
2D - real CPEA4R, plane
microstructure; 3D - strain (2D); .. .
RAMéﬁngi etal. Abaqus In-::;zet:rE statistically constructed C3D4 - Uma;:)(::ili;ensﬂe
& with randomly hexahedrons &
distributed phases (3D)
Full-field crystal
TASAN et al. .MSC Mare plasticity using . Uniaxial tensile
with DAMASK 2D, real microstructure NA .
(2014)* framework spectral solver (no loading
mesh involved)*
CPE, plane
Abaqus mesh strain;
generator after CPS, plane Uniaxial tensile
ZHOU et al. (2015) Abaqus vectorizing the 2D, real microstructure stress; CPEG, loadin
microstructure generalized &
images plane strain
elements
MATLAB code . .. .
ABID et al. (2017) Abaqus based on Voronoi .ZD’ virtual CPS4R, plane Umax1al.ten511e
. microstructure stress loading
tessellation
Uniaxial tensile
loading-
3D, virtual unloading-
BONG etal. (2017) Abaqus ) microstructure ) loading and
compression-
tension test
CAVUSOGLU et al. . ) 2D. real microstructure . Uniaxial tensile
(2017) ’ loading
CPE, plane .. .
BAR](SZO(S;;&) etal. Abaqus OOF2 2D, real microstructure strain; CPS, Uma;z::ili;ensﬂe
plane stress &
Abaqus mesh CPS3, plane - .
generator after strain Uniaxial tension
LI et al. (2019) Abaqus vectorizing the 2D, real microstructure (~165000 and shear
microstructure clements) loading
images
ZHENG et al. (2020)  Abaqus Pixelbased 2D, real microstructure Eiﬁigla“e Umizﬁi;egnme
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Table 5 - Reviewed papers on FEM-RVE approach [3,5,91-96,98,101-106].

Reference

Flow curve model

Focus

KARLSON;
SUNDSTROM (1974)

Linear deformation hardening:
E/100 for ferrite and E/50 for

matersite

Interaction between ferrite and
martensite on macroscopic straining by
assessing the local distribution of strain.

UTHAISANGSUK et al.

(2009)

Dislocation based

phenomenological model

Study of strech-flangeability in the hole
expansion process. A macroscopic
simulation is also performed, and
damage models are considered.

KIM et al. (2010)

Swift type empirical flow curves.
Parameters are determined from
empirical functions of chemical

composition.

Analysis of the stretch-flange formability
and evaluation of the developed
algorithm for mesh generation.

RAMAZANI et al.
(2012)

Dislocation based

phenomenological model

Establishment of a modelling approach
for predicting the initial flow curve of
DP steels and comparison between
uniform and banded structures.

SODJIT;
UTHAINSANGSUK
(2012)

Dislocation based

phenomenological model

Predict the stress-strain curve from the
RVE and the dislocation-based model.
Different martensite contents and
morphologies were assessed.

RAMAZANI et al.
(2013a)

Dislocation based

phenomenological model

Characterization and modeling of failure
initiation of a DP steel.

RAMAZANI et al.
(2013b)

Dislocation based

phenomenological model

Establishment of a comparison between
2D plane strain and 3D calculated flow
curves. A relationship is proposed.

TASAN et al. (2014)*

Crystal plasticity-based model

Establishment of an integrated
experimental-numerical methodology
(crystal plasticity modelling and pDIC).

ZHOU et al. (2015)

Dislocation based

phenomenological model

Numerical simulation of uniaxial stress-
strain behavior of DP steels. The
influence of the element type, size of the
field of view is assessed.

ABID et al. (2017)

Elastic-viscoplastic behavior;
Materials parameters are obtained
from regression of micro-pillar

compression data.

Assessment of size and morphology
effects of martensite and ferrite on
mechanical behavior.

BONG et al. (2017)

Super Dislocation model: Single
crystal constitutive equations;
Continuum model: Swift type

equations; Crystal plasticity
model: parameters acquired from a
basic polycrystal phase model

Critically assess the RVE-based
approach by comparing different RVE
modelling techniques and assess the
capability of capturing loading path
changes.

CAVUSOGLU et al.
(2017)

Dislocation based

phenomenological model

Attempt to predict the macroscopic flow
curves of a DP600, DP800 and DP1000
from RVE numerical simulations.

BARBOSA et al. (2018)

Dislocation based

phenomenological model

Attempt to predict the macroscopic flow

curve of a DP600 from RVE numerical

simulations using plane strain and plane
stress conditions.

LI et al. (2019)

Dislocation based

phenomenological model

Attempt to predict the flow curve of a
DP steel and compare micromechanical
simulations between uniaxial tensile
loading and shear loading.

ZHENG et al. (2020)

Constitutive equation proposed by
SIRIVASTAVA et al. (2016) for

DP steels

Demonstrate that the imposed
deformation filed (homogenous or
heterogenous) implies in different
mechanical response in multiphase

materials.
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Another important aspect of microstructural mechanical behavior in a continuum
mechanics approach is the input of individual phase properties. In previous sections some
methods to obtain individual phase behavior were discussed, such as nanoindentation.
Also, some micromechanical mathematical models were presented. However, in Table 5,
one may notice that the most widely used method to obtain the individual flow curves
derives from dislocation-based phenomenological models. Although there may be some
variations on the parameters of the equation, a very usual form is presented in Equation

26 according to RODRIGUEZ and GUTIERREZ [107]:

1 —exp (Mrk,€)

L (26)

o= 0g+ Ao + aMu\/E\/

where o is the flow stress; g, is a function of chemical composition and considers the
Peierls stress and solid solution effects (Equation 26a); Ac is the incremental
strengthening due to carbon in solution (Equations 26b and 26c¢); the third term is related
to dislocation strengthening as well as work softening due to recovery; p is the shear
modulus; b is the Burger’s vector; a is a constant; My is the Taylor factor; k, is an
adjusting parameter that was found to inversely depend on ferrite grain size, expressed as

mean linear intercept [82] — Equation 26d; L is dislocation mean free path; and ¢ is strain.

go(MPa) = 77 + 750(%P) + 60(%Si) + 80(%Cu) + 45(%Ni)

+ 60(%Cr) + B0(%Mn) + 11(%Mo) + 500N, 0
Ac(MPa) = 30.65 x %C™ — 161 (26b)
Ac(MPa) = 50 x %C’, (26¢)

k, = 1075d, 7" (26d)

where %CJY is the weight percentage of carbon in martensite and %C S}; is the weight
percentage of carbon in ferrite. The abbreviation ss indicates solid solution. df is ferrite
grain size expressed as mean linear intercept.

Some examples of insights which can be obtained from an RVE-FE approach are:

e KIM et al. [5] observed that there is strain localization between the tips of two
closely located martensite islands (Figure 38). In these regions, ferrite is

continuous around the strain concentration area. This, in turn, indicates that a
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martensite volume fraction that is neither too high nor too low will favor strain
localization. Another relevant observation in this study is that in domains of
higher martensite than ferrite volume fraction, hence, where ferrite is the particle
and martensite is the matrix, the strain in ferrite is usually lower than the average
strain.

TASAN et al. [3] observed that the strain in many ferritic regions were
concentrated in bands oriented at about 45° to 50° with the loading direction. This
observation was validated experimentally through pDIC (micro digital image
correlation). The localization of strain between close martensite islands reported
by KIM et al. [5] was also observed in the uDIC analysis. The authors report,
however, some divergences between the strain concentration regions in the
simulations and the experiments (Figure 39). This problem is partly attributed to
the two-dimensional approach.

ZHOU et al. [92] were able to successfully predict the macroscale behavior using
constitutive equations based on the dislocation model for individual phase

properties (Figure 40). The authors used the average response of ten fields of view

to obtain a representative element response.
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Figure 38 — Equivalent strain distribution. (a) Steel A, 34%MVF; (b) Steel B, 49%MVF. (adapted from [5]).
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puDIC strain maps
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Figure 39 - (a) Left: Scanning electron (SE) microscope image — secondary electrons; center: uDIC strain map for
average strain (&) 0.05; uDIC strain map for average strain (&) 0.08. (b) Full field crystal plasticity simulation
strain distribution; left: £, = 0.03; center: &, = 0.05; right: £, = 0.08. Lighter areas correspond to ferritic regions.
Darker areas correspond to martensite (adapted from [3]).

&= _
=
o
o
=
= i
200 |
Avarage of 10 curvas from group 1 ——8——
Avarage of 10 l:l.l'li'ElS"Cl'l‘lgl‘l_:leE -
0 ‘ 1 1 | | [ EIHFE'I'I‘Erl: I—'v—
0 0.01 002 003 004 005 0068 007 008

True strain
Figure 40 - Flow curves: experimental (red triangles); average response of 10 fields of view (blue squares); average
response of another 10 fields of view (green circles) [92].
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3.7.5- CONCLUDING REMARKS

In this section, some aspects of numerical analysis using the finite element method
applied to microstructural modeling were presented. The discussion was focused on
generalities associated with this field of research. The process for a finite element analysis
was outlined, as well as the concept of representative volume element. The two possible
approaches for mesh assembly — using real and virtual microstructure — were clarified and
emphasis was given on real microstructures. It is evident that this approach is useful;
however, caution must be exerted not only when building the model but also interpreting
the results. In this matter, the works of TASAN et al. [3] and ZHOU et al. [92] ought to
be highlighted. TASAN et al. [3] explored strain partitioning using not only numerical
analysis, but also micro digital image correlation. This technique can validate or not the
observed simulation results, shedding light on the model’s limitations and how to improve
it. Also, it provides better understanding of the mechanical behavior which is the actual
goal from a metallurgical point of view. ZHOU et al. [92] performed two dimensional
simulations on a simple model. Their work elucidates questions about technicalities
regarding the model assembly, such as the appropriate type of element in a 2D approach.
Furthermore, in line with the critique presented by BONG et al. [93], the ideal approach
of microstructure modelling is to use actual micro properties as input flow curves. In this

manner, the results may actually give hints about the working micromechanisms.

However, obtaining these parameters is no trivial task and empirical adjustments to the
model with no regard to actual physical properties aiming at a better fitting do eventually
occur. Klaus Bathe’s commentary on mathematical models should once again be
reminded: “the finite element solution will solve only the selected mathematical model”

and “(...) all assumptions in this model will be reflected in the predicted response” [87].
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4- METHODOLOGY

e Materials

The selected material for this work is a DP600, commercially produced, which was
provided as thin sheets of 1.25 mm thickness. Optical spectrometry was used to determine

chemical composition which is presented in Table 6.

Table 6 - Nominal chemical composition of the dual-phase steel (DP600) used in this study.

C Si Mn P S N

Yowt. 0.0820 0.5406  2.0000 0.0279  0.0030 0.0130

e Procedures

The methodology in this work can be divided into three main steps: (1) microstructural

characterization, (2) mechanical testing (Figure 41), and (3) numerical modeling (Figures

41 and 42).

‘ Microstructural characterization

; # SEM, OM: grain size, morphology. phase fraction
# EBSD: microtexture, KAM map

DP600

‘ Mechanical characterization ‘

# Uniaxial tensile tests » Microhardness

Strained # Plane strain compression » Ultramicrohardness

N

‘ Numerical modeling

» 2D-based RVE

Figure 41 — Schematic representation of the project structure.

| 2D-basedRVE |

Il
\ DP600 Field of View

'

‘ Image processing |
'

‘ Mesh assembly |

!
‘ Model adaptation |

Figure 42 — Schematic representation of the steps involved in the numerical method.
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Further details of each step are subsequently presented:
e Mechanical characterization of the as received material:

Uniaxial tensile specimens were machined according to ASTM A370 for a first
mechanical characterization (Figure 43) with gauge lengths, widths, and thicknesses of
25, 6.25, and 1.25 mm, respectively. A universal testing machine INSTRON 5288 was
used. Vickers microhardness was measured in a mesh-like arrangement on polished
surfaces (ground and polishing to 1 um diamond paste) using a Future-Tech FM700
microhardness tester. Ultramicrohardness was assessed with a Shimadzu DUH-W201S
ultramicrohardness tester also in a mesh-like arrangement. In this first step, macro
properties such as yield strength, ultimate tensile strength, micro, and ultramicrohardness

were obtained from three workpieces.

32

6,25

100

32

. s |

Figure 43 - Uniaxial tensile specimen geometry according to ASTM A370 standards.

e Microstructural characterization of the as received material:

Metallographic preparation was carried out down to 1 um diamond paste and etching with
2% nital. Microstructural characterization was performed using a scanning electron
microscope (SEM, secondary electrons; Inspect S50 FEI microscope) to assess martensite
volume fraction (ASTM E562, point count method), grain size (ASTM E112-10, linear

intercept, 20 fields of view), distribution, and morphology. Martensite volume fraction
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was assessed from 20 fields of view of 60um x 60um and 100-point grids. Further
polishing assisted with a Minimet automatic polisher was carried out in a colloidal silica
dispersion for electron back scatter analysis (EBSD, EDAX TSL data acquisition system)
to assess microtexture of the initial microstructure. An area of S0pum x 50um was scanned
with a minimum step size of 0.25um and BCC cell indexing. It should be highlighted that
the author was aware of likely false positive indications of martensite as ferrite and has
taken this into consideration along the analysis. Also, regarding the specific area size, a
larger and a smaller domain (100pm x 100um and 25um x 25um) were previously

scanned to determine a minimum ideal size for the analysis.
e Strain progression in plane strain compression:

To assess the effects of strain progression and partitioning, three sets of samples (total of
15 workpieces) were submitted to plane strain compression tests (Figure 44) up to certain
levels of equivalent strain, namely: 0.08, 0.15, 0.50, 1.05, and 1.65. Workpiece

geometrical parameters are 16 mm length, 16 mm width, and 1.25 mm thickness.

(b)

Pre-polished surface Section plane:

uHV, DHTI115, SEM.
EBSD

b=2mm
w=16mm
t=125mm

Figure 44 - Schematic representation of the plane strain compression (a) setup and (b) strained workpiece.

To assess surface effects of strain, one of these sets had a thickness surface previously
submitted to grinding and polishing to a mirror-like quality, see Figure 44b. Before
testing, the upper and lower surfaces were lubricated with Molybdenum Disulphide
(MoS»). Afterwards, each specimen was positioned between the dies (Figure 44a) and the

upper die was pressed downwards with a crosshead speed of 1.25 x 10~ mm/s (103 s’!
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strain rate) to impose deformation in the through-thickness direction. Loading was
interrupted approximately every 5000N to re-lubricate the surfaces thus minimizing

frictional effects.

The vertical load recorded immediately before each test interruption and the thickness of
the deformed volume after unloading, as measured using a digital calliper with a
resolution of 0.02 mm, were used to assess the relationship between equivalent stress (o)
and equivalent plastic strain (¢) during plane strain compression using Equations 27 and

28:
o= \/3F/2A (27)

t
£=— 2/\/3 In (f) (28)

where F is the applied load, A is the contact area between die and workpiece, ¢; is the
initial thickness, and ¢f is the final thickness of the specimen. Tests were performed in
triplicate according to the total amount of imposed strain.

The specimens with the pre-polished surfaces were immediately submitted to SEM
analysis. Topographic contrast imposed by strain allowed capturing the onset of surface
phenomena.

A second set of samples was cut in half parallel to the polished surface (Figure 44b) and
submitted to further metallographic preparation (grinding, polishing, and etching) in both
sides for microhardness and ultramicrohardness measurements in a mesh-like
arrangement, as previously performed in initial state samples.

A third set was also cut in half parallel to the polished surface for SEM analysis of the
internal state of deformation. One half was used for morphological analysis with
secondary electrons. The other half was finished on a colloidal silica dispersion for EBSD
analysis. The same parameters were used as in the initial state scanning (50 pm x 50 pm
area, minimum step size of 0.25 um, and BCC cell indexing). The obtained data was

treated using the MATLAB MTEX toolbox [108,109].
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e Finite element model:

A numerical model was built from real microstructure images. The microstructure was
scanned to find three fields of view with distinct MVF (namely 9.7%, 22.9%, and 25.4%),
which were chosen for mesh assembly. The software OOF2 [99], developed by the
National Institute of Standards and Technology (NIST, USA), hosted at NanoHub
platform [110] was used to build the finite element meshes and define the phase per
element based on the image pixels. Simulations of plane strain compression were carried
out in commercial software Abaqus [111] (Dassault Systemes). Boundary conditions are
illustrated in Figure 45, along with (a) a macro view of the FE mesh, (b) the volume
element phases without mesh contour, and (c¢) a zoomed in view of mesh details. It should
be noted that the original assembly is two-dimensional, but the simulated model is a three-
dimensional thin sheet of 3 elements in thickness. Total number of elements was

approximately 110000 for the three volume elements (VEs) assessed.

-1.25x10° mm/s

XSYMM

(I}HA —

Figure 45 - Representation of the (a) FE mesh and boundary conditions, (b) volume element phases without mesh
contour, and (c) zoomed in view mesh details. White: martensite, blue: ferrite.

To force plane strain condition in the 3D-model, symmetry was considered in the YZ and
XZ planes, as well as in the front and back planes (ZSYMM, Figure 44b), parallel to the
XY plane. A velocity of 1.25 x 10 mm/s was applied in the top nodes to impose

compression.

Input flow curves of ferrite and martensite were calculated with a dislocation-based

phenomenological model presented by Rodriguez and Gutierrez [107] (Equation 26).
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This model is derived from the Mecking-Kocks formalism in the assessment of work

hardening in FCC metals [112].

1 —exp (Mrk,¢€)
k,L

0= 0y+ Ao + aMu\/E\/ (26)

The parameters used in this model are presented in Table 7 and justified by a set of

hypotheses elaborated afterwards.

Table 7 - Parameters for the flow curve input of ferrite and martensite.

Parameter Ferrite Martensite
0o 200MPa 475MPa
Ao 0 414.9
a 0.33 0.33
M 3 3
u 80000MPa 80000MPa

b 2.5x10""m 2.5x10""m
k, 1.6949 47
L 5.9um 0.035 pm

The first parameter in Table 7 (0,) regards the effects of lattice friction and nitrogen

solid solution and can be calculated using previously presented Equation 26a.

go(MPa) = 77 + 750(%P) + 60(%Si) + 80(%Cu) + 45(%Ni)
+ 60(9%Cr) + 80(%Mn) + 11(%Mo) +5000(%Ne) )
The following considerations are made: (1) all nitrogen content is considered to be in
solid solution and equipartitioned; (2) P content is also considered equipartitioned; (3)
Partitioning of Mn and Si were estimated by means of reverse analysis using Thermocalc®
software. By measuring the MVF, we can estimate the previous austenite content and thus
the initial temperature in quenching that produced the dual-phase structure. We can then

consider that martensite and ferrite chemical compositions after this procedure are that of
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ferrite and austenite at this initial temperature. It should thus be noted that Mn segregation

was disregarded.

With these hypotheses, g, for martensite is reasonable: 475MPa. For ferrite, however,
there seems to be an overestimation (357MPa), which would render (along with
martensite) a larger yield strength than the dual-phase structure (375MPa). Taking
advantage of a broad literature review, we recur to Figure 3b, in which we plot MVF x
yield strength and extrapolate the data to MVF tending to 0 (which would be pure ferrite)
and thus obtain an approximate value of 200MPa for ferrite yield strength. So, one may

assume 6o + Ac to be 200MPa.

The second parameter Ac is the carbon contribution to solid solution. With previous
considerations regarding its partitioning, this parameter could be readily determined.
However, the processing of this steel involves a tempering procedure at 180°C for 20min.
After which, carbon content in ferrite tends to 0 (thus Ac = 0, for ferrite) and carbon
content in martensite can be estimated using a mathematical model proposed by

MALHEIROS et al. [113], Equation 29:

Cy' = Cinitiai — Cinitia1(0.000048T (13 + log(t)) + 0.1275) (29)
Where C, is the carbon content in martensite after tempering, C;,;tiq; the carbon content
before tempering (both in %weight), T is temperature (K), and t is time (s). From the
inverse analysis using Thermocalc, Ciyitiq; 15 0.3595% wt. Martensite carbon content C
is thus 0.1879% wt. It should be noted that precipitation hardening was not considered.
The constant o and Taylor’s factor (M) are used accordingly with Gutierrez [114] to
maintain consistency with the fitting exercise of this previous author. Mean free path in
ferrite is the average ferrite grain size [107], while for martensite it approximates 0.035
um for carbon content below 0.21% [107]. The parameter k, for ferrite is a function of
its grain size, according to Equation 26d [114]. For martensite, this parameter was
extrapolated from the range of values with carbon content proposed by Rodriguez and

Gutierrez [115].
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5- RESULTS

5.1 INITIAL STATE

Metallographic preparation and characterization were carried out in samples in the as
received state. Figure 46 shows a field of view of the dual-phase microstructure. The
darker regions correspond to ferrite, while the lighter regions are martensite domains.
Besides these two phases, retained austenite and bainite, which can be mistaken for
martensite, can also be found. To simplify the numerical model, the presence of bainite
and retained austenite was disregarded. Average ferrite grain size is approximately

6 um + 3 pm and martensite volume fraction is = 21% =+ 8%.

Figure 46 — DP600 microstructure. SEM, secondary electrons. Nital 2% etchant.

Mechanical characterization of the as received state was performed via uniaxial tensile
test, plane strain compression, microhardness, and ultramicrohardness. The last two will
only be presented in the following section along with measurements from strained
specimens. Figure 47 presents the flow curves for both strain paths. One may note that
the uniaxial tensile curve seems continuous, while the plane strain compression one is
discrete. Both are in fact discrete. The difference is due to the interval from which data
was gathered. It should be reminded that the plane strain compression tests were carried

out with repeated interruptions (every SO00N) to re-lubricate the specimens.
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It is evident that the corrected measurements (equivalent stress and equivalent strain)
from the plane strain compression tests match well with that of the uniaxial tension.
Evidently, an important difference is that the tension specimen undergoes necking at
relatively low strains, thus making it unreliable to provide further information on the
plastic flow. The plane strain compression one, on the other hand, achieves considerably
larger strains due to the hydrostatic compressive stresses favoring the closing of cracks
that may nucleate. The average engineering responses were 376 MPa = 11MPa yield
stress, 651 MPa = 17 MPa ultimate tensile stress, 0.19 £ 0.01 uniform elongation, and
0.32 + 0.02 total strain. Such UTS along with a ferrite-martensite microstructure
characterizes a DP600. The hardening behavior seems parabolic in both strain paths up

to € = 0.3 and approximately linear from ~0.30 to 1.65, for plane strain compression.
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Figure 47 — Flow curves: plane strain compression and uniaxial tension. DP600, ¢ = 1073s~1. Room temperature.

5.2 STRAIN PROGRESSION UNDER PLANE STRAIN COMPRESSION

As previously mentioned, three sets of specimens were submitted to plane strain
compression up to certain levels of equivalent strain (0.08, 0.15, 0.50, 1.05, and 1.65).
One of these sets had a thickness surface submitted to polishing to a mirror-like quality
prior to testing. Afterwards, these surfaces were immediately analysed via SEM to
examine the onset of macrostrain features. These features provide topographic contrast
that could be captured with secondary electrons. The first set of results is presented in

Figure 48.



Figure 48 — SEM images of strained pre-polished surfaces. Plane strain compression, DP600. Equivalent strains of
0.08, 0.15, 0.50, 1.05, and 1.65. RT: room temperature, §¢ = 10351,

It is possible to observe shear bands beginning to form in an equivalent strain of 0.08.
These bands originate in the corner region of the specimens in contact with the die and
are characteristic of plane strain compression. They are thus macro-scale shear bands and
will be referred to as MSBs. As the strain progresses, these MSBs become more evident
and take the shape of a double X, that can be clearly distinguished for 0.50 strain. After
further deformation, the overlapping of shear bands makes the double X shape
indistinguishable likely due to the superposition of several MSBs.

Since the MSB regions have undergone further work hardening than the rest of the
specimen, indirect indications of their presence by means of hardness measurements are
expected. In Figure 49, measurements of (left) microhardness and (right)
ultramicrohardness performed in another set of specimens that were sectioned in the

middle (see Figure 44, section plane) are presented.

Microhardness measurements show clear indications of harder regions until an equivalent
strain of 0.50. After that, measurements become uniform due to the overlapping of MSBs
at the center of the compressed region. Nevertheless, in the transitioning portion, which
is deformed, but not directly in contact with the dies, there remains indications of MSBs.
Ultramicrohardness color coded maps are shown on the right side of Figure 49. There is,
however, no clear indication of said shear bands, which are on a macro-level. It should
be noted that micro-indentations are in the order of 55 pm, while ultra-micro-indentations
are in the order of 10 um. This is the same order of magnitude as the ferrite grain size. It
is thus likely that a higher variability in measurements occurs due to varying contribution

of each phase instead.
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Figure 49 — Microhardness (left) and ultramicrohardness (right) color maps for different equivalent strains (0, 0.15,
0.50, 1.05, 1.65). DP600, plane strain compression. RT: Room temperature, ¢ = 1073571,

Figure 50 presents surface effects in a lower scale. As indicated by the (a) set of Figure
50, the (b) set illustrates regions of crossing MSBs. For an equivalent strain of 0.08, one
may observe the onset of step formation in the surface. These steps become more evident
for 0.15 and 0.50 strain. In this last level, dips which are possibly martensite domains that
did not deform outward as much as ferrite are also evident. As strain progresses, these
dips are closed as outwardly deformed ferrite grains are compressed against them.
Considering the scale of analysis, these phenomena seem to have originated not only
within grains but also from micro-scale shear bands formed due to contrasting mechanical
properties, distribution, and morphology of the constituent phases. Further insights
regarding the latter will be discussed with the FE model.
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Figure 50 — a) Strained pre-polished surface; b) Strained pre-polished surface in higher magnification. DP600, plane
strain compression. Equivalent strains of 0.08, 0.15, 0.50, 1.05, 1.65. Indications: (1) — Steps; (2) Ferrite domain; (3)
Dips. RT: room temperature. € = 1073571,

On a similar scale, Figure 51 presents SE images of the internal surface submitted to
metallographic preparation after testing (see Figure 44, section plane). The etched surface
allows observing the overall size and shape of the constituents. It is difficult to spot
significant changes from equivalent strains of 0.08 to 0.50. From 0.50 to 1.65, ferritic
regions become flattened, and martensite islands can be clearly seen in alignment
perpendicular to the loading direction. For 1.65 equivalent strain, the microstructure takes

a wave-like pattern of ferrite around martensite islands that seem to be strained as well.

Figure 51 — a) Strained pre-polished surface; b) Strained pre-polished surface in higher magnification; ¢) Internal
section of strained specimens (nital 2%). DP600, plane strain compression. Equivalent strains of 0.08, 0.15, 0.50,
1.05, 1.65. RT: room temperature. € = 107351, A magnified version of Figure 51 is presented in the Appendix.
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The smallest features assessed in this study were provided by the EBSD analysis. Figure
52 presents in the left side image pole figures (IPF) and, in the right side, kernel average
misorientation (KAM) maps. One may note that not all previously assessed strain levels
are presented, which is due to the difficulty in properly indexing the excessively strained

specimens. The analysis was thus limited to 0.50 equivalent strain.

The IPFs of the strained specimens (b-d) strongly indicate that fragmentation takes place
at severely strained areas within the original ferrite grains. Nevertheless, grain
orientations seem randomly distributed suggesting that there is no apparent association of
the most strained areas with any particular orientation, as reported by HAN et al. [116].
This is an indication that strain concentration is most likely more correlated to the

distribution, size, and shape of the microconstituents.
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Figure 52 - EBSD: Inverse pole figure (left) and kernel average misorientation (right) maps for the initial state and
different levels of strain: (a) as-received, (b) 0.08, (c¢) 0.15, (d) 0.50. Black arrows indicate slip bands. DP600, plane
strain compression. RT: room temperature. £ = 1073571,

The associated KAM maps are presented in the right side of Figure 52. There aren’t highly

misoriented regions in the unstrained specimen. However, for € = 0.08, 0.15, and 0.50
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slip bands (or deformation bands) are evident. The progression of strain leads to more
profuse misoriented regions and to higher levels of misorientation, indicated by the
increasing number of slip bands and more intense shades of red. Since the analysis was
based on BCC cell indexing, it is difficult to distinguish ferrite and martensite domains.
It is thus not clear whether there are preferential sites for these slip bands. However, they
seem to be arranged mostly inclined with 45° and 135° slope to the loading direction. It
should also be noted that these deformation bands within the grains can manifest surface

effects such as the small steps observed in Figure 51b.

5.3 RVE ANALYSIS

Static simulations were carried out in three fields of view of approximately 45um x 30pm
and different martensite volume fractions, namely 9.7%, 22.9%, and 25.4%. The obtained
flow curves (Von Mises equivalent stress versus plastic equivalent strain) are presented
in Figure 53, along with the experimental DP flow curves and the input data for ferrite
and martensite from the previously discussed dislocation-based model. One may verify a
reasonable fit between the 22.9% MVF volume element (VE) and the experimental
results, which thus allows one to consider this a representative volume element. The same
cannot be said about the 9.7% and 25.4% MVF VEs, which underestimate and

overestimate the experimental response, respectively.
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DP600-EXP - Uniaxial Tension
DP600-EXP - Plane Strain Compression
DP600-FEM - RVE - 22.9% MVF
DP600-FEM - VE - 9.7% MVF
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Figure 53 - Experimental, numerical, and input flow curves. DP600, uniaxial tension (experimental) and plane strain
compression (experimental and numerical). Ferrite and martensite input flow curves for the numerical model
(dislocation-based hardening model). Volument elements of 9.7%, 22.9% and 25.4% MVE.



90

After defining a representative volume element, a reliable assessment of other outputs
obtained from this simulation can be made. Figure 54 presents (left) Von Mises equivalent
stress in a mirrored image of the (right) plastic equivalent strain for (a and b) 0.08, (c and

d) 0.15, and (e and f) 0.30 equivalent strain.

Von Mises . ) Plastic Equivalent
Equivalent Stress o & 2 Strain
(MPa) " ’

2000
1500

1000

£%~0.30 £§x=0.15 £=0.08

Figure 54 — (Left) Von Mises equivalent stress and (right) plastic equivalent strain. DP600, plane strain compression.
Global equivalent plastic strain levels - (a) and (b): 0.08; (c) and (d): 0.15; (e) and (f): 0.30. Below: zoomed in view
of (left) Von Mises equivalent stress and (right) plastic equivalent strain.

The formation of shear bands is evident in ferritic regions especially between martensite
islands with a 45° or 135° slope with the loading direction (see Figures 55b, 55d and 55f,
which show plastic equivalent strain of ferrite only). These shear bands will be referred
to as micro-shear bands due to their origin from microstructural features. Preferential sites
for strain concentration may lead to small deviations in the micro-shear bands from their

optimal slope, since the bands remain mostly in ferrite.

In terms of stress, bands can also be observed in ferrite. However, higher absolute levels
are naturally observed in martensite. Qualitatively, one may argue that stress concentrates
mostly in martensite, while ferrite accommodates most strain. If one observes the zoomed
in images in the left side of Figure 55, one may note the progression of stress within a
martensite island. A comparison with the zoomed in images of the right side of Figure
55, which show the equivalent plastic strain in the same region, reveals that the outer

portion of the martensite island which reaches higher levels of stress first is closer to a
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shear band crossing a ferrite region. Hence, stress concentration in martensite occurs

along with strain concentration in adjacent ferrite.

Although these micro-scaled bands occur mostly in ferrite, numerical results indicate that

thin martensite plates can be locally submitted to considerably high strains when in the

path of a shear band through ferrite (see zoomed in images in the bottom left side of

Figure 55). There is also clear strain concentration in ferrite regions situated between

close martensite islands as reported by previous authors [3,5].
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Figure 55 — Plastic equivalent strain in (left) martensite and (right) ferrite. DP600, plane strain compression. Global
plastic equivalent strain — (a) and (b): 0.08; (c) and (d): 0.15; (e) and (f): 0.30. Below: zoomed in views of (left)

martensite and (right) ferrite.

Evidence of micro-shear bands can be spotted in the surface of the specimens, as shown

in Figure 56, which compiles SE images of the pre-polished surface of strained specimens

from Figure 50b and plastic strain maps from Figure 54.
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Figure 56 — Left: Pre-polished surface of plane strain compression strained specimens. Equivalent strains of (a) 0.08,
() 0.15, and (e) 0.50. Right: plastic equivalent strain of 22.9% MVF — RVE for global equivalent strains of (b) 0.08,
(d) 0.15, and (f) 0.30.

6- DISCUSSION

6.1- DUAL-PHASE BEHAVIOR UNDER LARGE STRAIN

As previously mentioned, the strain path of plane strain compression compared to
uniaxial tension allows the achievement of significantly higher deformation levels. This
is due to the hydrostatic stresses suppressing crack nucleation and propagation. The
hardening behaviors observed in Figure 47 are similar until the onset of necking of the
uniaxial tension specimen, which then fails to provide reliable information regarding the
flow curve. Still, the dual-phase steel continues to deform up to € = 1.65 without visible
cracks. It therefore allows an investigation of the microstructural evolution in the same

strain path encountered in cold rolling.

The approximately linear hardening behavior that follows the seemingly parabolic
behavior could be simply attributed to friction effect, despite the pauses for re-lubrication.
However, the IPFs (Figure 52, left) clearly indicate progressive increase in the density of
high angle grain boundaries up to € = 0.50. This could be due to the difficulty indexing
overly strained regions. However, the KAM maps (Figure 52, right) reveal misoriented

domains especially at the surroundings of the original grain boundaries. It may thus be
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inferred that the progression of strain leads to increasing the number and misorientation
of slip bands. Eventually, their mutual intersection leads to the development of new
refined grains like in Severe Plastic Deformation (SPD) procedures such as Multi-
Directional Forging [117-120], Equal-Channel Angular-Pressing [121], and High-

Pressure Torsion [122].

This hypothesis is supported by KORZEKWA et al. [53] who, as previously mentioned,
demonstrated the progression of dislocation arrangement under uniaxial tension for a DP
steel by means of TEM. Figure 20 clearly shows the formation of dislocation tangles and
developed cellular structure for a 7% true strain, which is much lower than the average

0.50 equivalent strain.

Although this level of strain may not suffice to promote considerable grain refinement
through SPD processes, the FE model indicates that strains of more than 4 times the

average values obtained using Equation 28 can be achieved within shear bands.

Further investigation is due since such grain refinement may result in promising bimodal
grain structures and the necessary strain path can be achieved using conventional rolling

facilities.
6.2- STRAIN PROGRESSION UNDER A FRACTAL PERSPECTIVE

The concept of fractal was proposed by Benoit Mandelbrot to encompass “disorder and
cases of intractable irregularity” [8] observed in nature. Fractality is, according to the
author, a measure of roughness. An example of this can be shown in the plasticity of solid
structures. Bearing this in mind, a strain progression analysis under a fractal perspective
aims at separating strain related phenomena according to their scale and stablishing the

inter-relations between them.

Our analysis began with the larger scale phenomena represented by the superficial effects
illustrated in Figure 48, and indirectly indicated by microhardness measurements in
Figure 49. As previously described, these superficial effects are what we have defined as
macro-scale shear bands (MSBs), and they originated from the stress concentrators in the
corner regions of the die. Hence, these bands are there regardless of the dual-phase

microstructure.

In a lower scale one may also observe in the pre-polished surface of the strained

specimens (Figure 50) steps which become progressively more pronounced along with
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straining. These steps originate both from dislocations in deformation bands within grains
and also from small shear bands, which have been defined as micro-scale shear bands.
These arise from the strain partitioning due to contrasting mechanical properties of the
individual phases. This latter claim is backed by the numerical analysis which indicates
this partitioning of strain in a representative volume element (Figures 55, 56, and 57)
through a model that completely disregards grain orientation, grain boundary effects, and
any other discontinuity or heterogeneity other than distribution and individual phase
properties. Further discussion about the limitations of such simplifications in the
numerical analysis will be made in the following section. At this point, it has to be stressed
that these micro-scale shear bands are perhaps the most important manifestation linked to
the behavior of dual-phase steels under different loading paths. On the one hand, micro-
scaled shear bands are intimately associated with premature failure of these steels in
stretch-flange operations, as evidenced by means of hole-expansion testing [5] or under
a heterogeneous stress field, as highlighted by ZHENG et al. [96]. On the other, as
reported in this work, under plane strain compression these bands may be associated with

local grain refinement resulting in a bimodal grain distribution.
A summarizing schematic representation of the fractal analysis is presented in Figure 57.

Macro shear band
MSB)

Figure 57 - Schematic representation of macro shear bands, micro shear bands and slip bands.



95

6.3- 2D-BASED RVE ANALYSIS

The 2D-based RVE approach in the study of strain partitioning, as previously described,
relies on some fundamental assumptions which are known to be untrue. BONG et al. [93]
highlighted the hypotheses that discrete interactions between defects can be disregarded,
which is relevant, however is far from being the only simplification. These models are in
fact fundamentally based on continuity. The only sources of discontinuity which
approximate to the reality of the studied problem are the distinct properties attributed to
the constituent phases, which thus encompasses distribution and morphology effect. Input
flow curves are based on an averaged modeling of monophase alloys behavior. Still, the
fact that a model is limited does not mean that it can’t be useful. Simplifications are
thoroughly necessary in the process of advancing the understanding in any field of
knowledge. It should be stressed the need that these limitations are clarified, carefully

considered along any analysis, and eliminated, when possible and necessary.

Having made these considerations, we may proceed to discussing the obtained results.
Regarding the representativity of the volume element, usually, the dual-phase numerical
flow curve is compared to the empirical one. It has been demonstrated that a
representative volume element must have a similar phase fraction compared to the global
proportion and the flow curve extraction method must represent the simulated volume
element. The applied boundary conditions guarantee that the assessed field of view
undergoes the same strain path as in the experiments. But the input flow curves were not
empirically obtained and the presence of bainite and retained austenite was disregarded.
Hence, for this comparison, one can only say that a combination of the input ferrite and
martensite properties with a typical morphology of the studied steel and an approximate
volume fraction renders a similar behavior under plane strain compression and uniaxial
tension to the studied dual-phase steel. This is the farther we can go claiming numerical
validity by such means. Further validation ought to be sought out from other empirical

results.

As already mentioned, the effect of crystal plasticity, grain boundaries, and the actual
progression of dislocation density increase and pile up in cells or planar structures is
disregarded. So, the obtained results (such as the reasonable flow curve fitting) can only
make sense if these variables and their fluctuation are not showing predominant effect in
this scale of analysis. The term “fluctuation” is stressed here from a statistical perspective

since it is related to structural discontinuity. Hence, the regions of strain concentration
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observed in the FE model cannot be slip bands, even if they are within what would be a
single a grain, because there is no such distinction. So, they ought to be shear bands. But
their origin is linked to microscopic stress concentrators derived from morphology and
different plastic properties between the constituent phases, thus making them micro-shear
bands. These can be empirically verified, though indirectly, by their surface effects

presented in Figure 50.

Furthermore, as indicated by typical IPFs from the EBSD analysis, it seems that grain
orientation has little to no influence in determining domains of concentrating strain.
Hence, the simplification of the RVE-FE model regarding grain orientation is more than
justified. Also, the implicit assumption in the input flow curves and uniform behavior
throughout the domain of each phase does not seem to impose any problem in the current

analysis.

Therefore, considering the dominating micro-mechanisms in dual-phase strain
progression and their correlation to macroscopic mechanical response under a non-cyclic
monotonic loading path, the 2D-RVE-FEM approach has definitely not been exhausted
by its limitations. The fundamental matter is that of properly situating the studied scale
of analysis and outlining its borders regarding sub-micro phenomena, which would
demand considering crystallography, grain boundaries, phase boundaries, and prior

dislocation distribution among other factors in the numerical model.
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7- CONCLUSOES

Este trabalho ¢ uma analise ampla da progressao de deformagdo de um ago dual-phase
sob compressao no estado plano de deformacdo baseada em uma abordagem integrada
empirica e numérica. A avaliacao da progressdo dos fendmenos associados a deformagao
foi feita sob uma perspectiva fractal. Em outras palavras, esses fendmenos foram
estudados de acordo com sua escala dimensional com o objetivo de estabelecer como se
relacionam na progressao da deformacdo. Uma andlise por elementos finitos de uma
regido representativa foi utilizada e criticamente discutida elucidando limitagdes. As

principais conclusdes sdo enumeradas:

1. A anélise fractal da compressao em estado plano de deformagao do agco DP600
revela macro bandas de cisalhamento originadas de concentradores de tensdo
macroscopicos. Micro bandas de cisalhamento se formam principalmente dentro
dessas bandas em decorréncia de micro concentradores de tensao, como pontas de
ilhas de martensita separadas por um pequeno dominio ferritico.

2. Altos niveis de deformagdo atingidos na compressdo em estado plano parecem
indicar a ocorréncia de refino de grao, como em processos de deformacao severa.
Isso pode ocorrer dentro de micro bandas de cisalhamento, nas quais, de acordo
com o modelo numérico, valores 4 vezes maiores do que a deformagao média da
chapa podem ser atingidos. Destaca-se particular relevancia a esse fendmeno, uma
vez que refino de grao local pode resultar em distribuicdes bimodais com
propriedades mecanicas economicamente interessantes. Além disso, o estado de
deformacdo em estado plano de deformacgdo pode ser obtido em instalagdes
convencionais de laminagao a frio.

3. A analise numérica baseada num campo visual bidimensional pode ser
implementada com sucesso em uma escala acima da submicrométrica. O modelo
prevé com sucesso a ocorréncia de micro bandas de cisalhamento devido ao

contraste entre as propriedades mecanicas das fases constituintes.

Essas observagdes sdo de cardter fundamental, podendo ser uteis para o processamento
mecanico de acos dual-phase e para um melhor entendimento do comportamento dessas

ligas em sua aplicagdo final.
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7.1- CONCLUSIONS

This work is a thorough analysis of strain progression of a dual-phase steel under plane

strain compression based on an integrated empirical and numerical approach. The

assessment of strain related phenomena was structured from a fractal standpoint. In other

words, these phenomena were studied according to their dimensional scale with the goal

of establishing relationships between different scales of analysis. A 2D-based RVE-FE

model was used and critically assessed. The main conclusions are outlined as follows:

The fractal analysis of plane strain compression reveals that the strain progression
of a DP600 shows macro shear bands originated from macroscopic stress
concentrators. Micro-scaled shear bands are formed mostly within these bands
from microscopic stress concentrators, such as acute martensite islands separated
by a small ferritic domain.

Large strains achieved by means of plane strain compression seems to lead to
grain refinement as in SPD processes. It is proposed that this occurs within micro-
shear bands, which can reach about 4 times the average strain values, according
to the numerical model. This is particularly relevant since the local grain
refinement may result in bimodal grain structures with promising mechanical
properties. Also, the strain path of plane strain compression can be obtained in
conventional rolling facilities.

The 2D-based RVE-FE model can be successfully implemented in a scale of
analysis above that of the submicrometric level. The model successfully predicts
the formation of micro-shear bands due to the contrasting mechanical properties

of ferrite and martensite domains.

These are fundamental insights, which can be useful in the processing of dual-phase

steels, and that enhance the understanding of the mechanical behavior of these

microstructures in their final use.
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APENDICE / APPENDIX

Ampliacdo da Figura 51 (Figure 51 magnified).



