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University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 582, 2016
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The effect of austenite pancaking in the non-recrystallisation regime on microstructure and
mechanical properties, especially bendability, was investigated in direct-quenched ultrahigh-
strength strip steels with martensitic-bainitic microstructures.

Lowering the finishing rolling temperature (FRT) increased total reduction in the non-
recrystallisation region (Rtot). Niobium microalloying increased Rtot while variations in C, Mn and
Mo did not affect Rtot to the same extent as Nb. A decrease in the FRT increased the incidence of
softer microstructures such as ferrite and granular bainite in the subsurface layers. The
microstructures at the centreline were comprised of auto-tempered martensite with some bainite.
An increase in Rtot strengthens the intensities of the ~{554}<225>α and ~{112}<110>α texture
components at the centreline and the components ~{112}<111>α and ~{110}<112>α -
{110}<111>α at the strip subsurface.

Bendability is poorer with the bend axis perpendicular rather than parallel to the rolling
direction (RD) and is further impaired with increasing hardness below the sheet surface. An
intense ~{112}<111>α shear texture combined with upper bainite containing MA islands in the
subsurface region is shown to be detrimental to bendability when the bend axis is perpendicular to
the RD. This anisotropy of bendability can be explained by the appearance of geometric softening
in grain clusters belonging to this texture component when the bend axis is perpendicular to the
RD. Shear localisation is prevented, however, by the presence of a sufficiently thick subsurface
microstructure having adequate work hardening capacity, i.e., ferrite + granular bainite rather than
ferrite + upper bainite. The strain required to initiate strain localisation can be increased and good
bendability thereby achieved—even in the presence of detrimental texture components—by
ensuring the presence of a sufficiently soft subsurface layer extending to a depth of approximately
5% of the total sheet thickness.

The above beneficial microstructures can be obtained and good bendability ensured in direct-
quenched strip steel with a yield stress above 900 MPa together with good impact toughness,
provided a suitable combination of chemical composition and processing parameters is selected
and sufficient attention is paid to steelmaking operations to obtain a proper inclusion structure.

Keywords: austenite deformation, bendability, direct quenching, microhardness,
microstructure, strain localisation, texture, toughness, ultrahigh-strength strip steel





Kaijalainen, Antti, Suorasammutettujen suurlujuusterästen mikrorakenteen
vaikutus mekaanisiin ominaisuuksiin ja särmättävyyteen. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 582, 2016
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Tiivistelmä

Austeniitin muokkauksen vaikutusta mikrorakenteeseen ja mekaanisiin ominaisuuksiin, erityi-
sesti särmättävyyteen, tutkittiin suorasammutetuilla martensiittis-bainiittisilla suurlujuusnauhate-
räksillä.

Kuumavalssauksen lopetuslämpötilan lasku kasvatti austeniitin kokonaisreduktiota ei-rekris-
tallisaatioalueella. Mikroseostus niobilla kasvatti myös kokonaisreduktiota, kun taasen muutok-
set C-, Mn- ja Mo -pitoisuuksissa eivät vaikuttaneet yhtä voimakkaasti. Valssauksen lopetusläm-
pötilan lasku kasvatti pehmeämpien mikrorakenteiden, kuten ferriitin ja granulaarisen bainiitin,
määrää nauhan pintakerroksessa. Terästen keskilinjan mikrorakenteet koostuivat pääasiassa itse-
päässeestä martensiitista sekä pienestä määrästä bainiittia. Kokonaisreduktion kasvu voimisti
~{554}<225>α - ja ~{112}<110>α -tekstuurikomponentteja keskilinjalla sekä ~{112}<111>α- ja
~{110}<112>α - {110}<111>α -komponentteja nauhan pintakerroksessa.

Särmättävyys oli huonompi särmän ollessa poikittain valssaussuuntaan nähden kuin pitkit-
täin. Pintakerroksen kovuuden kasvu heikensi särmättävyyttä. Pintakerroksen voimakas
~{112}<111>α -leikkaustekstuuri, yläbainiitin ja MA-saarekkeiden läsnä ollessa, osoittautui hai-
talliseksi särmän ollessa poikittain valssaussuuntaan nähden. Särmättävyyden anisotrooppisuus
voidaan selittää geometrisella pehmenemisellä rakeissa, joissa kyseinen tekstuurikomponentti on
voimakas. Leikkausmyötymän paikallistuminen estyy, kun pinnassa on riittävän paksu hyvän
muokkauslujittumiskyvyn omaava kerros, mikä sisältää esim. ferriittiä ja granulaarista bainiit-
tia, mutta ei ferriittiä ja yläbainiittia. Särmättävyys osoittautui pysyvän hyvänä huolimatta haital-
lisesta tekstuurikomponentista, kun pehmeä pintakerros ulottui noin 5 % syvyydelle levyn pak-
suudesta.

Edellä mainitut mikrorakenteet ja hyvä särmättävyys voidaan saavuttaa suorasammutetuilla
yli 900 MPa myötölujuuden nauhateräksillä yhdessä hyvän iskusitkeyden kanssa, kunhan vali-
taan sopiva kemiallisen koostumuksen ja valmistusparametrien yhdistelmä sekä kiinnitetään
huomiota teräksen sulkeumapuhtauteen.

Asiasanat: austeniitin muokkaus, iskusitkeys, mikrokovuus, mikrorakenne,
suorasammutus, suurlujuusnauhateräs, särmättävyys, tekstuuri, venymän
paikallistuminen
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Symbols and abbreviations 

i.e. id est 
e.g. exempli gratia 
 
α  ferrite 
γ austenite 

  angle between the direction of the slip plane and the applied force 
 tensile stress  
  shear stress  

 critical resolved shear stress 
 angle between the normal to the slip plane and the applied force 

 
A5 total elongation (%) 
Ae3 austenite to ferrite equilibrium transformation temperature (K) 
Ag uniform elongation (%) 
Ar3 austenite to ferrite transformation temperature on cooling (K) 
ATM auto-tempered martensite 
BA bending axis 
BCC body centred cubic 
BI bendability index 
BS bainite phase start temperature (K) 
CCT continuous cooling transformation 
CP complex phase steel 
d effective grain size (μm) 
dl lath size (μm) 
DP dual phase steel 
DQ direct quenching 
EBSD electron backscatter diffraction 
ECD equivalent circle diameter 
EDS energy dispersive spectrometer 
FATT  shear fracture appearance transition temperature  
FCC face centred cubic 
FESEM field emission scanning electron microscopy 
FRT finish rolling temperature (K) 
GB granular bainite 
HI homogeneity index 
IPF inverse pole figure 
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IQ image quality 
 mean prior austenite grain size (μm) 

LB lower bainite 
LSCM laser scanning confocal microscope 
m  Schmid factor 
MA martensite-retained austenite 
MLI mean linear intercept 
MS martensite phase start temperature (K) 
ND normal direction 
NRX non-recrystallisation  
ODF orientation distribution function 
OM optical microscope 
PF polygonal ferrite 
r  punch radius (mm) 
RD  rolling direction 
RFRT roughing finish rolling temperature 
Rm tensile strength (MPa) 
Rp0.2 yield strength (MPa) 
RST recrystallisation stop temperature (K) 
Rtot  total reduction in the non-recrystallisation regime (%) 
SV surface area per unit volume (mm2/mm3) 
t strip/sheet thickness (mm) 
T0 fracture toughness characteristic temperature (K) 
T28J 28J transition temperature (K) 
TA tensile axis 
TD transverse direction 
TMCP  thermomechanical controlled processing 
TNR non-recrystallisation temperature (K) 
TTT  time-temperature-transformation 
UB upper bainite 
UHSLA  ultrahigh-strength low-alloy 
UHSS ultrahigh-strength steel 
US upper shelf 
UTM un-tempered lath martensite 
W die width (mm) 
wt.% weight in percent 
XRD X-ray diffraction 
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Microstructural characterisation showed that at the highest sulphur level the inclusion 

structure consisted of spherical calcium aluminates and elongated manganese 

sulphides (MnS). It was found that the elongated MnS inclusions impaired transverse 

impact toughness properties and longitudinal bendability (bend axis is parallel to the 

rolling direction (RD)). 

In Paper II, the effect of a prior austenite grain structure on the microstructure 

and properties of two UHSLA steels was investigated by using hot rolling and direct 

quenching experiments. Austenite pancaking (i.e., increasing Rtot) was shown to be an 

effective way to simultaneously improve strength, impact toughness and fracture 

toughness without significantly decreasing uniform elongation. 

Paper III focuses on the effect of austenite pancaking in the non-recrystallisation 

(NRX) regime on the microstructure, transformation texture and bendability of 

ultrahigh-strength steel (UHSS). An increase in total reduction in the NRX regime 
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(Rtot) in conjunction with a lowering of the FRT promotes the formation of 

transformation products, such as upper bainite and polygonal ferrite at the expense of 

lath martensite, and strengthens the intensities of the ~{554}<225>α and 

~{112}<110>α texture components at the centreline and the shear texture 

~{112}<111>α at the strip surface. Increasing Rtot up to about 56% does not impair 

bendability, but at Rtot of ~ 80%, bendability along the transverse direction is 

dramatically reduced and severe cracking occurs even at small bending angles. 

However, bendability parallel to the rolling direction remains good. 

Paper IV is a continuation of paper III; it shows that the shear texture component 

~{112}<111>α together with an upper bainitic microstructure with aligned MA 

islands tends to promote shear localisation and cracking during bending with the bend 

axis perpendicular to the rolling direction, but not when the bending axis is parallel to 

the rolling direction. This anisotropy of bendability can be explained by the presence 

or absence of geometric softening in grain clusters belonging to this texture 

component, depending on the orientation of the bend axis. However, it is shown that 

shear localisation can be prevented by the presence of a sufficiently thick subsurface 

microstructure with adequate work hardening capacity, i.e., ferrite and granular 

bainite rather than ferrite and upper bainite. 

Paper V shows the effect of the finish rolling temperature on the subsurface 

microstructure and bendability of three steel chemistries. A clear correlation between 

surface hardness and bendability is shown. Bendability decreases nearly linearly with 

increasing subsurface hardness, especially when the bend axis is perpendicular to the 

RD. An intense ~{112}<111>α texture together with an upper bainitic microstructure 

with MA islands below the strip surface is shown to be detrimental to bendability 

when the bend axis is perpendicular to the RD. It is also shown that a sufficiently soft 

surface layer, extending to a depth of approximately 1–5% of the total sheet thickness, 

results in good bendability. This means that less surface hardness is desirable for good 

bendability, since it increases the strain required to initiate strain localisation. 
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1 Introduction 

Ultrahigh-strength strip steels (UHSS) produced using thermomechanical controlled 

processing (TMCP) and direct quenching (DQ) have become interesting materials for 

structural applications, since they can exhibit good combinations of mechanical 

properties and weldability (Asahi et al. 2004, Hemmilä et al. 2005). The 

microstructures of these steels typically consist of bainite and/or auto-tempered lath 

martensite. In TMCP, the controlled rolling stage plays an important role in 

determining the final mechanical properties. It has also been shown that an increase in 

total reduction in the non-recrystallisation (NRX) regime of austenite (Rtot) in 

conjunction with a decrease in the finish rolling temperature (FRT) are effective ways 

of improving both strength and impact toughness without an appreciable decrease in 

ductility (Tamura et al. 1988). 

In addition to strength, elongation to fracture and toughness, formability is often 

a major requirement of structural steels. In the case of TMCP-DQ strip steels, cold 

bending is the most important forming operation. Use of UHSS for weight-critical 

applications is desirable to save energy and minimise the carbon footprint in 

applications such as containers and crane booms. The weight of a container can be 

reduced even ~70% by substituting 960 MPa grade for structural steel S355. Small 

bending radii are used to save space in steel structures and also to make structures 

stiffer. Further advantages of high-strength steels are lower consumption of welding 

fillers and reduced welding costs. 

Bendability is generally measured as the minimum ratio of the punch radius (r) to 

the strip thickness (t) that the steel can tolerate without the appearance of surface 

defects during bending to an angle of 90º in three-point bending (Heikkala & 

Väisänen 2012). Generally, bendability decreases with increasing strength. The 

detrimental effect of elongated inclusions, especially manganese sulphide (MnS), on 

mechanical properties and bendability in conventional structural steels is well known. 

Such effects are easily avoided by low sulphur contents and inclusion shape control, 

e.g., by using calcium treatment. The homogeneity of the microstructure with respect 

to hardness has been shown in several investigations to be of high importance for 

achieving good bendability, i.e., low values of r/t (Oka & Takechi 1986, Nagataki et 
al. 1994, Yamazaki et al. 1995, Takahashi et al. 2003, Sugimoto et al. 2005). 

In bending, the outer surface of the bent sheet is under tensile stress while a 

compressive stress is established near the inner surface. It has been reported in several 

studies (Steninger & Melander 1982, Giovanola et al. 1999, Rèche et al. 2010, Rèche 
et al. 2011, Soyarslan et al. 2012, Kaupper & Merklein 2013) that in the instance of 
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poor bendability, cracking appears on the outer surface of the bend or just below it. 

Failure in bending typically results from either strain localisation, i.e., the formation 

of shear bands or development of micro-voids (Rèche et al. 2011, Soyarslan et al. 
2012, Kaupper & Merklein 2013). Cracking appears in the following steps: (1) strain 

localises in the subsurface layers, (2) this leads to macroscopic shear band formation, 

(3) voids nucleate and grow in the shear bands and finally, (4) voids link under the 

increasing strain, leading to crack formation and growth with the fracture path 

propagating in a plane parallel to the bending axis and at ~45° to the surface. 

The objective of this thesis is to clarify the effect of austenite pancaking in the 

NRX regime on the microstructure and texture—and consequently on the tensile 

properties, toughness and bendability—of UHSSs with yield strengths ranging from 

800 to 1200 MPa. In this thesis the notable effects of the subsurface microstructure 

and texture on bendability are examined and explained. The contributions of 

inclusions and martensite-austenite constituents were also assessed. A strong 

~{112}<111>α texture component was found to be associated with the commonly 

observed planar anisotropy in the bendability of DQ steel, and it is shown how this 

could contribute to shear band formation through geometrical softening. The strain 

required to initiate strain localisation can be increased and good bendability thereby 

achieved by ensuring the presence of a sufficiently soft subsurface layer extending to 

a depth of approximately 5% of the total sheet thickness. 

1.1 About this thesis 

Chapter 2 concerns the background of direct-quenched UHSS, the hot rolling process, 

phase transformation, the mechanics of bending and failure in bending and 

transformation texture. In Chapter 3 the materials studied and the experimental 

techniques are presented. Chapter 4 contains the results from the thesis work, and this 

is followed by a discussion of the results and ideas for future work in Chapter 5. The 

outcome of this thesis is summarised in Chapter 6 and its novel features are presented 

in Chapter 7. The original publications are listed after the references. 
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2 Background 

2.1 Direct-quenched ultrahigh-strength steels 

Direct quenching was developed for plate production in Japan at the end of the 1970s 

(Ouchi 2001) and later on was applied to hot strip mill production in Europe 

(Espenhahn et al. 2001, Hemmilä et al. 2004). Following this, new types of hot-rolled 

high-strength structural and abrasion-resistant steels and steel families have been 

developed. Optimisation of process parameters and chemical compositions has 

enabled good combinations of strength and ductility to be achieved. 

A reduction of manufacturing costs without adversely affecting the usability 

properties of UHSS has led to increasing acceptance and application of direct 

quenching. Direct quenching can be considered a special case of thermomechanical 

processing, i.e., thermomechanical rolling integrated with direct quenching to room 

temperature, Fig. 1. Tempering can be done after direct quenching but it is not 

necessary. The possibility of omitting tempering also reduces manufacturing costs and 

delivery times. 

 

Fig. 1.  Temperature-time diagrams showing the differences between (a) conventional 

quenching and (b) direct quenching. 

The definition of ultrahigh-strength steel varies considerably (i.e., composition, 

microstructure and manufacturing process). Some sources use ultimate tensile 

strength and others, yield strength to quantify the strength level of UHSS. In this 

thesis, yield strengths over 700 MPa can be called UHSS. 
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2.1.1 Hot rolling of strip 

Rolling is a process of plastically deforming a material passed through two or more 

rotating rolls. Fig. 2 shows SSAB’s hot rolling mill in Raahe. The process starts from 

a walking beam furnace, where continuously cast slabs are reheated to 1150 °C to 

1300 °C. In the next step, the reheated slab is rough rolled to a thickness of 20 mm to 

40 mm in 5 to 7 passes, finishing at temperatures of 1000 °C to 1150 °C. After 

roughing, the strip can be coiled in a coil box or proceed directly to a finishing mill, 

depending on logistics or metallurgical requirements. In finishing rolling, the transfer 

bar is rolled in six closely coupled mill stands (F1–F6) to various thicknesses at 

temperatures ranging from 750 °C to 1000 °C. After the last stand (F6) of the 

finishing mill the strip travels along a runout table where it is water cooled to the 

desired temperature and coiled. In this thesis, materials are water quenched to room 

temperature before coiling, as discussed in the previous section. 

 

Fig. 2. Schematic representation of the hot rolling process at the SSAB Raahe steel 

mill. [According to a Ruukki presentation (2012)] 

Non-recrystallisation temperature 

During hot rolling, large austenite grains enter the roll bite where the material is 

deformed, “pancaking” the grains, as seen in Fig. 3. During rolling below the 

recrystallisation stop temperature (RST), no recrystallisation happens and the strain 

from each pass is accumulated, leading to an elongated or pancaked prior austenite 

condition in the final product (Gautam et al. 2012). On cooling during direct 
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quenching, strain-induced transformation of the pancaked austenite eventually takes 

place, leading to martensite/bainite formation and even to ferrite formation (Hodgson 

& Gibbs 1992). The non-recrystallisation temperature (TNR) applies to a specific 

interpass time, cooling rate and pass reduction (Gladman 1997). The way TNR is 

defined means that it falls between the recrystallisation limit temperature (RLT, full 

recrystallisation) and RST (no recrystallisation). Ideally, rolling between RLT and 

RST is to be avoided and pancaking should be done below RST. However, simple 

formulae do not exist for RST, so TNR has been used here. 

 

Fig. 3. Schematic of austenite deformation in the non-recrystallisation temperature 

regime in the TMCP-DQ process.  

Microalloying elements such as Nb, V, Ti, Al and B tend to precipitate during hot 

working and thereby affect recrystallisation kinetics. Nb retained in solution in 

austenite or as NbC precipitates retards recrystallisation of austenite grains during 

hot rolling and Nb widens the non-recrystallisation region by raising the non-

recrystallisation temperature, TNR (Gray & DeArdo 1985, Kwon & DeArdo 

1991). Therefore, austenite pancaking starts at higher temperatures in the 

presence of Nb. Boratto et al. (1988) have given an empirical equation (Eq. 1) for 

determining TNR for a Steckel mill based on multi-stage torsion test simulation. 

Chemical compositions are given in wt.% in Eq. 1. From Eq. 1 and Fig. 4 it can 

be seen that carbon, niobium, vanadium, titanium and aluminium increase and 

silicon decreases the non-recrystallisation temperature. Hence, the TNR equation 

can be used to predict the recrystallisation stop temperature in a hot rolling mill.  
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 (° ) = 887 + 464 + 6445 − 644√   

 + 732 − 230√ + 890 + 363 − 357  (1) 

 

Fig. 4. Effect of microalloying on the non-recrystallisation temperature in 0.07C-1.4Mn-

0.25Si steel (in wt.%). [According to Cuddy (1982)] 

Effect of austenite grain condition on mechanical properties 

In quasi- or polygonal ferrite and pearlite-containing steel it has been shown that 

austenite grain size decreases the same as ferrite grain size when rolling below TNR 

with increasing strain (Kozasu et al. 1977), Fig. 5. Similarly, in the case of equiaxed 

austenite, transformed to lath martensite (Morito et al. 2006) or bainite (Zhu et al. 
2010), decreasing the block and packet sizes increases strength. However, in the case 

of UHSS materials with bainitic/martensitic microstructures formed from pancaked 

austenite, there have been no systematic studies of the effect of microstructural 

parameters on strength.  

Further, the finish rolling temperature is important through its effect on the 

austenite grain and dislocation structure, which strongly influences the mechanical 

properties of the final product, as seen in the ferrite and bainitic microstructures in 

Fig. 6. Kömi et al. (2016) have shown the effect that prior austenite condition has on 

strength and toughness schematically in Fig. 7, from which it can be concluded that a 

higher FRT leads to a larger equiaxed austenite grain size and hence to a coarser final 



23 

microstructure, whereas a lower FRT increases pancaking, leading to excellent 

strength and toughness properties. 

 

Fig. 5. Effect of austenite grain boundary area per unit volume (SV) on ferrite grain size 

with and without rolling below the recrystallisation temperature. [According to Kozasu 
et al. (1977)] 
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Fig. 6. Effect of ferrite grain size on lower yield strength and 50% shear fracture 

appearance temperature (FATT). The numbers indicate the fraction of bainitic (non-

polygonal) structures in 0.03%Nb hot-rolled steel. [According to Kozasu et al. (1977)]  
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Fig. 7. Effect of prior austenite condition on strength and fracture appearance 

transition temperature (FATT). [Modified from Kömi et al. (2016)] 

2.1.2 Phase transformations 

In TMCP-DQ practice, the chemical composition and rolling schedules are controlled 

to produce fine recrystallised austenite grains that are then deformed by rolling in the 

NRX regime, producing elongated austenite grains. These are subjected to water 

cooling, which leads to a variety of cooling paths through the sheet thickness, giving 

several ferritic microstructures: polygonal ferrite, quasipolygonal ferrite, granular 

bainite, upper bainite, lower bainite and martensite (Porter 2015). These ferrite 

morphologies are briefly presented in the following. 

Deformation in the non-recrystallisation region produces pancaking austenite, 

i.e., accumulation of strain causes an increase in the number of nucleation sites and a 

higher nucleation rate during transformation (Tamura et al. 1988). Smith & Siebert 

(1971) have shown the effect of deformation on the CCT diagram in 0.1C-0.39Mo-

0.88Mn-0.34Si-0.003B steel, Fig. 8. In a specimen that was not deformed at all (Fig. 

8a) the ferrite nose is located at longer times, while in a 50% deformed sample (Fig. 

8b) the ferrite nose is shifted to a shorter time corresponding to a notable acceleration 

of ferrite formation due to deformation in the non-recrystallisation region (Smith & 

Siebert 1971, Tamura et al. 1988). A similar strain-induced transformation is also 
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found with direct-quenched steel (0.04C-0.25Si-1.7Mn-0.1Nb), where bainite 

transformation is shifted to the left, therefore the bainite fraction in the steel is 

increased (Hulka et al. 1990). Similar effects have been observed in unpublished 

research by the present author (Kaijalainen et al.) on steel containing less niobium, 

i.e., 0.09C-1.1Mn-0.2Si-1.1Cr-0.0013B-0.04Nb-0.15Mo (Steel #6 in this thesis). On 

the other hand, it has been reported that straining austenite prior to cooling slows 

down the formation of bainite in isothermal transformation (Larn & Yang 2000) and 

lowers the start of bainite formation in continuous cooling (Somani et al. 2007).  
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Fig. 8. Continuous cooling transformation (CCT) diagram of 0.1C-0.39Mo-0.88Mn-

0.34Si-0.003B steel (a) in the undeformed condition and (b) thermomechanically 

worked to 50% reduction. [According to Smith & Siebert (1971) and Tamura et al. 
(1988)] 
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Polygonal and quasipolygonal ferrite 

Polygonal ferrite grains nucleate at the grain boundaries of austenite and grow away 

from the grain boundaries, forming equiaxed grains. Polygonal ferrite forms at high 

transformation temperatures with slow cooling rates (Krauss 2015). 

Quasipolygonal ferrite forms as a consequence of more rapid cooling compared 

with polygonal ferrite. The transformation mechanism is reconstructive and controlled 

by C diffusion. Quasipolygonal ferrite grains are coarse and irregular, and they are 

able to cross the grain boundaries of austenite (Krauss 2015). 

Bainite 

Bainite is formed by the decomposition of austenite. Formation of bainite begins with 

the nucleation of ferrite of para-equilibrium composition. Excess carbon in bainitic 

ferrite is removed by the precipitation of various secondary phases (Zajac et al. 2005). 

Three different low-carbon bainite morphologies are presented in Fig. 9.  

Granular bainite consists of coarse granular-looking plates with islands of 

retained austenite and high-carbon martensite, in Fig. 9a. Granular bainite (GB) is 

supposed to occur only in steels with a low carbon content that have been cooled 

continuously (Bhadeshia 2001). A typical feature of granular bainite is the lack of 

carbides in the microstructure. The extent of transformation to granular bainite is 

found to vary with undercooling below the bainite start temperature (Habraken & 

Economopoulus 1967), and the transformation mechanism is similar to that of 

ordinary bainite (Bhadeshia 2001). 

Upper bainite (UB) has a lath-like morphology of ferrite, as it is a lower-

temperature transformation product relative to granular bainite, Fig. 9b. The second 

phase associated with UB precipitates from austenite and is always cementite. 

Typically, UB consists of elongated laths ordered in packets with cementite particles 

distributed over the lath boundaries. Individual bainite laths are typically oriented at a 

40–60° angle to the rolling direction. In the presence of microalloying elements, 

bainitic ferrite laths may contain a fine dispersion of precipitation-strengthening 

(microalloy) carbides. (Zajac et al. 2005) 

Lower bainite (LB) is lath-like ferrite with cementite inside the ferrite laths, Fig. 

9c. The cementite particles have their longest axis inclined at about 60° to the growth 

direction of the ferrite laths, and the majority of the particles are in contact with the 

sides of the ferrite laths. Some smaller particles may be enclosed inside the ferrite 

laths. (Zajac et al. 2005) 
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Fig. 9. Schematic illustrations of (a) granular bainite, (b) upper bainite and (c) lower 

bainite morphologies. [According to Zajac et al. (2005)]  

Lath martensite 

Unlike ferrite, martensite is formed by a sudden shear process in the austenite lattice 

that is not normally accompanied by atomic diffusion. Ideally, the martensite reaction 

is a diffusionless shear transformation in fast cooling; it has a highly crystallographic 

character, which, in low-carbon compositions, leads to a characteristic lath-type 

microstructure (Honeycombe 1981). The lath martensite in low-carbon steels (Fig. 

10) is always auto-tempered and its morphology is very similar to that of lower 

bainite, with the exception that cementite precipitates from supersaturated ferrite 

(Zajac et al. 2005). During the martensite reaction austenite grains are divided into 

packets, i.e., groups of laths with the same habit plane, and each packet is further 

subdivided into blocks, i.e., groups of laths with the same crystallographic orientation 

(same variant) (Morito et al. 2003, Krauss 2015), as seen in Fig. 10.  

 

Fig. 10. Schematic illustration of lath martensite. [According to Morito et al. (2009)] 
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Effect of composition on phase transformations 

In thermomechanical processing, phase transformation temperatures and kinetics are 

dependent on the cooling rate and chemical composition (Stuhlmann W. 1954, Steven 

& Haynes 1956, Pickering 1977, Kozasu 1997) and austenite pancaking (Kozasu 

1997, Wang et al. 1997). The chemical composition affects the martensite (MS) and 

bainite (BS) start temperatures. Empirical equations have been established by 

Stuhlmann for MS (Eq. 2 below) and by Steven and Haynes for BS (Eq. 3 below) 

(Stuhlmann W. 1954, Steven & Haynes 1956). 

 

 (° ) = 550 − 350 − 40 − 20 − 10   
 −17 − 8 − 35 − 10 + 15 + 30  (2) 

 

 (° ) = 830 − 270 − 90 − 37 − 70 − 83  (3) 

The elemental symbols in the equations represent concentrations in wt.%. 

2.2 Bendability 

Bending is a widely used workshop operation in sheet metal forming. Fig. 11 

illustrates the principle of air bending, and a flawless bend is presented in Figs. 13a 

and 13c. Bendability is typically defined as the proportion of the bending radius (r) to 

the initial sheet thickness (t). During the bending process the material does not deform 

homogeneously at any point. In bending, the outer surface of the bent sheet is under 

tensile stress while compressive stress is established near the inner surface and the 

neutral axis is shifted toward the inner surface from the centreline, as seen in Fig. 12. 

Furthermore, plastic deformation is found to result from orientation and slip geometry 

differences across neighbouring grains (Dao & Li 2001). Table 1 presents the 

minimum bending radii for steel grades from 355MPa to 1300MPa. 
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Fig. 11. Schematic presentation of air bending, where t is the sheet thickness, r is the 

punch radius and W is the die width. (The steel plate does not contact the bottom of 

the tool during the bending process). 

 

Fig. 12. Equivalent strain distribution during bending. [Modified from A.-M. Arola 

Master’s thesis (2010)]  
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Table 1. Minimum usable bending radii for a 90° bend for both directions in various 

yield strength levels in the 6–8-mm thickness range. [Collected from SSAB data 

sheets (2016)] 

Yield strength level Minimum usable bending radii 

355 0.5 x t 

500 1.0 x t 

700 1.0 x t 

900 3.0 x t 

960 3.5 x t 

1100 4.0 x t 

1300 4.5 x t 

It has been reported in several studies (Steninger & Melander 1982, Giovanola et 
al. 1999, Rèche et al. 2010, Rèche et al. 2011, Soyarslan et al. 2012, Kaupper & 

Merklein 2013) that in the case of poor bendability, cracking appears on the outer 

surface of the bend or just below it (Figs. 13b, d–f). Failure in bending typically 

results from either strain localisation, i.e., the formation of shear bands, or the 

development of micro-voids (Rèche et al. 2011, Soyarslan et al. 2012, Kaupper & 

Merklein 2013). Cracking appears in the following steps: (1) strain localises in 

the subsurface layers; (2) this leads to macroscopic shear band formation; (3) 

voids nucleate and grow in the shear bands; and finally, (4) voids link under the 

increasing strain, leading to crack formation and growth, with the fracture path 

propagating in a plane parallel to the bending axis and at a ~45° angle to the 

surface (Figs. 13e–f). 
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Fig. 13. Examples of (a) good and (b) cracked bends for a bending angle of 90 deg. 

LSCM micrographs of (c) cross-sections from a good bend and (d) a cracked bend 

after bending transverse to the RD. (e) A shear band near the strip surface (arrowed) 

and (f) a FESEM micrograph of a shear band. [Papers IV and V, modified and reprinted 

by permission of Elsevier and Springer]  
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2.3 Texture 

In body-centred cubic (BCC) ferritic steels the main texture fibres are: alpha (axis 

<110> parallel to the RD), gamma (axis <111> parallel to the ND) and epsilon  (axis 

<011> parallel to the TD) (Raabe 2003). These main fibres and the major texture 

components in BCC steels can be presented in one section of the orientation 

distribution function (ODF), i.e., the ϕ2 = 45° section, in Fig. 14. 

 

Fig. 14. Alpha, gamma and epsilon fibres and the important texture components of the 

BCC structure in the φ2 = 45° section.  

When equiaxed recrystallised austenite formed by deformation above the non-

recrystallisation temperature (TNR) transforms to ferrite on cooling, the 

{001}<001>γ (cube) transforms to {001}<110>α (Ray & Jonas 1990, Ray et al. 
1994).  

When austenite is deformed under planar strain conditions below TNR, a strong 

deformation texture develops, the main components of which are {112}<111>γ (Cu), 

{110}<112>γ (Br), and {110}<001>γ (Goss), in Fig. 15a. The Cu component 

transforms primarily into {112}<110>α, also known as “transformed Cu”, with a 

much smaller fraction appearing in the vicinity of “rotated Goss” ({110}<110>α), in 

Fig. 15a. Finally, the Br component transforms primarily into “transformed Br” 

located in the vicinity of {111}<112>α and {554}<225>α, with minor amounts 

rotating to {112}<131>α and {100}<011>α, in Fig. 15a (Ray & Jonas 1990, Kestens 

& Jonas 2005). 
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When austenite is deformed by rolling below TNR, there are shear texture 

components in the austenite close to the rolled surfaces, i.e., {111}<211>γ and 

{112}<110>γ. After cooling and transformation to ferrite these lead to the formation 

of shear components {112}<111>α, {110}<112>α and {110}<111>α, respectively 

(Wittridge & Jonas 2000) (in Fig. 15b). The high intensities of {112}<111>α, 

{110}<112>α and {110}<111>α components close to the surface can also be an 

indication that ferrite has formed and then deformed in shearing during the rolling 

process (Hölscher et al. 1991, Raabe & Lücke 1994). However, if ferrite forms and is 

shear-deformed close to the surface during rolling, the final microstructure should 

contain a strong {110}<110>α texture component in addition to the shear components. 

 

Fig. 15. Texture changes resulting from γ to α transformation in pancaked austenite as 

seen in the φ2 = 45° section. (a) Plain strain-deformed austenite and (b) shear-strained 

austenite. 

Ray et al. (1992) have studied the effect of finish rolling temperature on ferrite 

texture components in plain carbon and Nb-microalloyed steels at the mid-

thickness position, as seen in Table 2. A decreasing FRT sharpens the 

{554}<225>α component in both cases and the {4411}<110>α (~{112}<110>α) 

texture component in Nb-microalloyed steel. The transformed microstructures in 

these investigated steels were polygonal ferrite and pearlite. Apart from the 

papers by the author of this thesis, there are no reports on the effects of the FRT 

on the detailed texture and microstructure relationships in the case of direct-

quenched materials. 
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Table 2. Effect of the finish rolling temperature on the major ferritic texture 

components in plain C and Nb-microalloyed steel. [According to Ray et al. (1992)] 

Steel Texture components observed after finish rolling at Changes in intensity with a 

lowering of the FRT  1020 °C 870 °C 730 °C 630 °C 

 {001}<110> {001}<110> {001}<110> {001}<110> Generally sharpens 

Plain C {110}<110> {110}<110> {110}<110>  Generally weakens 

   {223}<110> {223}<110> Sharpens remarkably 

   {554}<225> {554}<225> Sharpens remarkably 

      

 {001}<110> {001}<110> {001}<110> {001}<110> Generally sharpens 

Nb microalloyed {110}<110> {110}<110> {110}<110>  Generally weakens 

  {113}<110> -> {4411}<110> -> {223}<110> Generally sharpens 

  {332}<113> -> {554}<225> {554}<225> Sharpens 

2.4 Schmid’s law 

Plastic deformation of crystalline materials usually occurs by slipping, which is the 

sliding of planes of atoms over one another (Fig. 16). The planes on which slip occurs 

are called slip planes and the directions of the shear are the slip directions. These are 

crystallographic planes and directions that are characteristic of the crystal structure. 

(Hosford 2005) 

 

Fig. 16. Slip by shearing between parallel planes of atoms. [According to Hosford (2005)] 
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In BCC metals, slip can occur on {110}, {112} and {123} slip planes in <111> 

directions. The slip direction is the crystallographic direction with the shortest 

distance between like atoms or ions and the slip planes are usually densely packed 

planes. (Hosford 2005) 

According to Schmid’s law (Schmid & Boas 1935), slip is initiated when the 

shear stress on a slip system reaches a critical value,	 , the critical resolved shear 

stress. The Schmid factor  is defined in Eq. (4): 

 

 = cos cos  (4) 

where  is the angle between the normal to the slip plane and the applied force 

and  is the angle between the slip direction and the applied uniaxial stress , Fig. 

17. According to Schmid’s law, slip occurs when the tensile stress is given by Eq. 

(5): 

 

 = 	∕ 	  (5) 

 

Fig. 17. Slip plane and slip direction under uniaxial tensile stress in a single crystal. 
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3 Experimental 

This chapter describes the studied materials, i.e., their composition, ladle treatments 

and hot rolling, together with how their microstructures were characterised and their 

mechanical properties and bendability were determined. 

3.1 Materials 

The experimental materials were produced as 210-mm-thick continuously cast slabs 

that were reheated to 1250 °C and then rolled on a hot strip mill under 

thermomechanical control to final strip thicknesses (t) of 6 or 8 mm, followed by 

direct quenching to room temperature at a rate of about 50–70 °C/s. The chemical 

composition of the steels is given in Table 3. Steel #1 is examined in Paper I, Steel #2 

is used in Paper II and the main focus of the thesis is on Steel #3 and Steels #4–6, 

which are studied in Papers II–IV and in Paper V, respectively. The TNR, MS and BS 

temperatures of compositions #3–6, calculated from Eqs. 1–3, are given in Table 4. 

Table 3. Thicknesses and chemical compositions of the investigated steels (in wt.%). 

Steel Thickness C Si Mn Cr Mo Ti B Nb V Ni Cu S 

#1 8 mm 0.10 0.2 1.1 1.1 0.15 0.03 0.0020 Nil 0.010 Nil Nil variable 

#2 6 mm 0.08 0.2 0.8 1.0 Nil 0.03 0.0015 Nil 0.007 1.4 0.4 0.002 

#3 6 mm 0.09 0.2 1.1 1.2 0.15 0.03 0.0015 Nil 0.012 Nil Nil 0.002 

#4  8 mm 0.07 0.2 1.4 1.0 Nil 0.02 0.0013 0.04 0.011 Nil Nil 0.0007 

#5 8 mm 0.08 0.2 1.8 1.0 Nil 0.02 0.0015 0.04 0.017 Nil Nil 0.0004 

#6 8 mm 0.09 0.2 1.1 1.1 0.15 0.02 0.0013 0.04 0.012 Nil Nil 0.0006 

Table 4. Calculated non-recrystallisation (TNR), martensite (MS) and bainite (BS) phase 

transformation start temperature in Steels #3–6. 

Steel TNR (°C) MS (°C) BS (°C) 

#3 858 450 612 

#4 987 452 616 

#5 997 429 570 

#6 1014 449 613 
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3.1.1 Ladle treatment 

In Paper I, four heats with the chemical composition of Steel #1 were used in the 

study. The melt was divided into four parts and their sulphur levels were varied by 

using different pilot scale ladle treatments. The lowest sulphur level obtained was 10 

ppm (Table 5, Steel #1A). The other levels were 20 ppm, 40 ppm and 60 ppm in Steel 

#1B, Steel #1C and Steel #1D, respectively. Whereas calcium (Ca) additions were 

kept at a constant level, the Ca/S ratio ranged from 0.4 (Steel #1D) to 2.3 (Steel #1A). 

The oxygen, nitrogen, calcium and aluminium concentrations are also given in Table 

5. 

Table 5. Calcium, aluminium and impurity levels of steels #1A–D in ppm. The sulphur, 

oxygen and nitrogen levels are based on combustion analysis, while the phosphorus, 

calcium and aluminium levels were analysed using an optical emission spectrometer. 

[Paper I, reprinted by permission of the Hungarian Mining and Metallurgical Society] 

Specimen S O N P Ca Al Ca/S ratio 

#1A 10 18 53 80 23 350 2.3 

#1B 20 22 72 90 27 400 1.4 

#1C 40 42 60 90 24 360 0.6 

#1D 60 29 78 90 23 360 0.4 

3.1.2 Hot rolling experiments 

In Paper II, which examines Steel #2, the effect of the average prior austenite grain 

size after roughing was studied by varying the roughing finish rolling temperature 

(RFRT) (from 1000 to 1130 °C) and the entry thickness of the transfer bar into the 

finishing train (from 22 to 38 mm). In this case, Rtot and the finish rolling temperature 

(FRT) were kept constant at 55% and 850 °C. 

In Papers II–IV, with Steel #3, the effect of deformation on the non-

recrystallisation regime of austenite was studied by varying the entry thickness of the 

transfer bar into the finishing train and the finish rolling temperature. Five different 

austenite morphologies were targeted with different total reductions in the non-

recrystallisation (NRX) regime (Rtot). Higher values of Rtot were achieved by 

increasing the entry thickness into the finishing train and decreasing the FRT from 

950 to 820 °C, as seen in Table 6. To enable comparisons with fully recrystallised 

austenite, one hot-rolled specimen (#3-830) was re-austenitised at 910 °C for 30 min 

and water quenched (#3ReA). 
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Table 6. Targeted total reductions in the austenite NRX regime (Rtot) and finish rolling 

temperatures (FRT) (in Papers II and III). 

Specimen code Definition Targeted Rtot Transfer bar 

thickness 

FRT 

#3-950 “Near equiaxed” ~20-40% - 950 °C 

#3-920 “Convex-like austenite” ~40-55% - 920 °C 

#3-850 “Pancaked austenite” ~55-65% - 850 °C 

#3-830 “Highly pancaked austenite” ~65-80% 31.3 mm 830 °C 

#3-820 “Highly pancaked austenite” ~65-80% 34.4 mm 830 °C 

#3ReA “Equiaxed austenite” 0% - 910 °C 

In Paper V, 14 strips were produced with similar finish rolling temperatures as in 

Steel #3. The purpose of this paper was to examine the effect of the subsurface 

microstructure on bendability. This was achieved by varying the chemical 

composition (Steels #4–6) and the finish rolling temperatures (920 °C, 880 °C, 

840 °C, 820 °C and 800 °C). Steel codes were generated to describe the chemical 

compositions of the steels (#4–6) and the finish rolling temperatures (920–

800 °C). 

3.2 Microstructural characterisation 

The prior austenite grain structure was studied using an optical microscope (OM) and 

a laser scanning confocal microscope (LSCM) (VK-X200, Keyence Ltd.) after 

approx. 5 min of etching in picric acid (1.5 g of picric acid + 100 ml of ethyl alcohol 

+ 1 ml sodium alkylsulfonate (“Agepol”) + 4 – 6 drops of HCl) at room temperature 

(Brownrigg et al. 1975). The prior austenite grain structure was quantified at the 

quarter-thickness by the mean linear intercept (MLI) grain size ,  and  

along the three principal directions—the rolling direction (RD), the normal direction 

(ND) and the transverse direction (TD)—using the sections shown in Fig. 18. Based 

on these measurements, the mean prior austenite grain size ( ), total reduction below 

the recrystallisation temperature (Rtot.), the grain boundary surface area per unit 

volume (SV) and relative standard error were determined using Eqs. 6–9 (Higginson & 

Sellars 2003). 
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Fig. 18. Schematic image of determination of the specimen’s prior austenite grain 

structure. 

 

 = × ×   (6) 
 

 = 1 − × 100% (7) 

 

 = 0.429 + 0.571 +  (8) 

 

 	 	 = .√  (9) 

General characterisation of the transformation microstructures was done with the 

aid of both an OM and a field emission scanning electron microscope (FESEM) 

(Ultra plus, Zeiss) using Nital etching.  

Electron backscatter diffraction (EBSD) measurements and analysis were done 

using Oxford-HKL acquisition and analysis software. The FESEM used for the EBSD 

measurements was operated at 10 kV and the step sizes employed ranged from 0.05 

μm to 0.2 μm. A novel EBSD image quality (IQ) technique was used to determine the 

phase fractions of bainite and martensite. A more detailed description of this method 

can be found in Ref. (Wu et al. 2005). Lath (dl) and effective grain size (d) were 
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determined as equivalent circle diameter (ECD) values with low (2.5–15°) and high 

boundary misorientation (>15°), respectively. 

To characterise the inclusion structure, energy dispersive spectrometer (EDS) 

analysis was performed at 15 kV and 3 nA. The data were acquired and analysed 

using Oxford INCA software. The working distance was 10 mm and the 

characteristics of each inclusion were measured over a 4-second period. The areas 

surveyed were estimated to be sufficiently large for reliable inclusion analysis. 

Feature analysis was performed from the transverse direction and the measured areas 

were extended from the top to the bottom surface. 

Macrotexture analysis was done on the centreline with the aid of X-ray 

diffraction (XRD) using a Siemens 5000 diffractometer. 

3.3 Mechanical testing  

Microhardness was measured using a Micro-Hardness Tester (CSM, Switzerland) 

under a 1 N load. An example of a microhardness matrix is shown in Fig. 19. Also, 

the microstructure’s homogeneity, defined by the homogeneity index (HI), was 

determined using Eq. (10) (Sebastian & Tendolkar 1979). 

 

 = 	 	 	 		 × 100 (10) 

 

Fig. 19. Example of the microhardness matrix below the surface. [Paper V, reprinted by 

permission of Springer] 
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Tensile tests were conducted at room temperature in accordance with the 

European standard EN 10002 using flat specimens (t x 20 x 120 mm3) cut in both 

the longitudinal and transverse directions relative to the rolling direction.  

Charpy V impact testing was conducted at various temperatures (3 

specimens/temperature) ranging from 40 °C to -140 °C using sub-size specimens of t 

x 10 x 55 mm3 taken in both the longitudinal and transverse directions relative to the 

rolling direction. The 28J transition temperature (T28J) was determined from the 

results. T28J was calculated by transforming the 16.8J or 21J transition temperature 

obtained with 6-mm or 7.5-mm-thick specimens to their corresponding equivalent 10 

x 10 x 55 mm3 full-size values using the procedure described in Ref. (EricksonKirk et 
al. 2009). 

Fracture toughness tests were conducted according to standard ASTM E1921 to 

obtain fracture toughness characteristic temperatures (T0). The fracture toughness 

tests were performed under displacement control with a speed of 0.6 mm/min.  

Three-point bending tests were conducted at room temperature in an Ursviken 

Optima 100 bending machine with a bending angle of up to a 90°. Plate specimens, t 

x 300 x 300 mm3, were bent with the bend axes parallel to both the transverse and 

rolling directions, as illustrated in Fig. 20. The die opening width (W) employed was 

75 mm for 6-mm-thick specimens and 100 mm for 8-mm-thick specimens. The punch 

radius (r) varied from 8 mm to 50 mm. After bending, the quality of the bent surface 

was examined using a visual inspection procedure, as described in Ref. (Heikkala & 

Väisänen 2012) and Fig. 21. On the basis of this inspection, the minimum usable 

bending radius (Papers IV–V) or the bendability index (BI) (Papers I and III) was 

determined. In the evaluation of the minimum bending radius, the formation of a 

slight nut shape did not lead to rejection, but if any surface waviness or more severe 

surface defects appeared, the bend test was considered failed. The minimum usable 

bending radius was that resulting in a defect-free bend surface, and the bendability 

index (BI) was calculated using Eq. 11: 

 

 = 0.1 + 0.5 + 1.0 + 3.0 + 10  (11) 

where GF represents gap formation, NS stands for “nut” shape (i.e., skewness of 

the bent shape), SW for surface waviness, SC for a single crack and C for cracks 

through the plate as observed visually. If defects of any of the above types 

appeared on the bent surface, then the respective entry in the equation was taken 

as a 1; if it was absent, the term was set equal to 0. Eq. 11 has been developed by 
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some of the authors of Papers I and III, where further information about the 

equation can be found. 

 

Fig. 20. Illustrations of bend orientations. 

 

Fig. 21. Visual inspection. Flawless bend (a), nut-shape (b), surface waviness (c), 

surface cracks (d) and cracks through the sample (e). [According to Kesti et al. (2014)] 
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4 Results 

4.1 Effect of the inclusion structure on mechanical properties and 

bendability 

In Paper I, steels with four different impurity levels were studied to determine the way 

in which impurities affect inclusion structure, mechanical properties and bendability. 

On the basis of SEM analysis, a typical transformation microstructure of the 

investigated steels consisted mainly of auto-tempered martensite (~65–70%) and 

lower bainite (~30–35%), in Fig. 22a. The volume fractions of other austenite 

transformation products, such as upper bainite or un-tempered martensite, were less 

than 5%. A typical prior austenite grain boundary structure is shown in Fig. 22b. The 

austenite grains were convex-like, indicating a total reduction of about 45–47% in the 

non-recrystallised regime. It was estimated that the mean prior austenite grain size ( ) 

was 12–14 μm. 

 

Fig. 22. Micrographs showing the typical transformation microstructure (a) and typical 

prior austenite grain structure (b) of the investigated steels. [Paper I, reprinted by 

permission of the Hungarian Mining and Metallurgical Society] 

4.1.1 Inclusion structure 

Fig. 23a shows the inclusion size distributions of the investigated steels in Paper I. 

Steel #1A has the smallest inclusions and Steel #1D the largest ones, having 

elongated sulphides. Fig. 23b summarises the relative fractions of inclusions. Pure 

MnS inclusions were only found in Steel #1D, which has the highest sulphur level (60 

ppm). Type I consists of (Ca,Mn)S-Al2O3 elements and Type II xCaO*yAl2O3 



48 

(calcium aluminates) has no MnS. Type I inclusions were found in Steel #1C and 

Steel #1D. Type II inclusions, where there are no MnS, were found in Steel #1A and 

Steel #1B. Also the contents of MgO and TiN inclusions in Steel #1A and Steel #1B 

were different in comparison with those in Steel #1C and Steel #1D. 

 

Fig. 23. Size distributions (a) and types (b) of inclusions of the investigated steels 

#1A–D. Type I consists of (Ca,Mn)S-Al2O3 elements and Type II xCaO*yAl2O3 (calcium 

aluminates) has no MnS. [Paper I, modified and reprinted by permission of the 

Hungarian Mining and Metallurgical Society] 

4.1.2 Mechanical properties and bendability 

Table 7 summarises the mechanical properties of Steels #1A–1D. It can be seen that 

high strength levels (Rp0.2 ~ 1000 MPa and Rm ~ 1110–1180 MPa) with a relatively 

low yield-to-tensile strength ratio (~0.90) can be achieved in the present steel. In 

addition, total (A5 ~ 11%) and uniform (Ag ~ 2.5–3.0%) elongations are at reasonable 

levels considering the ultrahigh strength of the steels. Impact toughness (especially 

upper shelf (US) energy) and bendability (BI) reveal the largest variation from steel to 

steel. Further, they appear to exhibit planar anisotropy, too. 
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Table 7. Summary of the mechanical properties of Steels #1A–D tested in both 

longitudinal and transverse directions relative to the rolling direction. [Paper I, 

modified and reprinted by permission of the Hungarian Mining and Metallurgical 

Society] 

Specimen Testing 

direction 

Rp0.2 

[MPa] 

Rm 

[MPa] 

Rp0.2/Rm 

ratio 

A5 

[%] 

Ag 

[%] 

T28 

[°C] 

US 

[J] 

T50 

[°C] 

BI 

r/t=2.5 

BI 

r/t=3.0 

Steel #1A longitudinal 1005 1152 0.87 11.6 3.1 -54 135 -35 1.3 0.2 

transverse 1049 1188 0.88 11.3 2.3 -37 91 -23 0 0 

Steel #1B longitudinal 1043 1139 0.92 10.9 2.4 -63 151 -37 0.5 0 

transverse 1035 1148 0.90 10.2 2.2 -62 113 -37 0 0 

Steel #1C longitudinal 979 1117 0.88 11.8 2.8 -81 115 -65 0.7 0 

transverse 1013 1126 0.90 10.3 1.9 -49 85 -37 0 0 

Steel #1D longitudinal 1009 1109 0.91 11.5 2.9 -62 116 -46 4.5 3 

transverse 1009 1117 0.90 9.9 2.3 -59 54 -51 0 0 

4.2 Effect of rough rolling on the microstructure and mechanical 

properties 

The effect of rough rolling on the mean prior austenite grain size ( ) in Steel #2 is 

shown in Fig. 24. The average prior austenite grain size ranges from 12 to 16 μm. Rtot 

in all cases was ~55% and the FRT was 850 ºC. 

 

Fig. 24. Austenite grain structure of Steel #2 as seen in RD-TD sections taken at ¼ 

thickness. The mean average grain size is ~12 μm, ~15 μm and ~16 μm in (a), (b) and 

(c) respectively. Rtot in all cases was ~55%. [Paper II, reprinted by permission of 

Elsevier] 
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In the case of Steel #2, the microstructures were found to consist essentially of 

auto-tempered martensite with very little lower bainite and no apparent influence 

of the prior equiaxed grain size on the microstructure. In all cases, the main 

texture components were ~{001}<110> and ~{554}<225> with equal intensities. 

Fig. 25 summarises the effect of mean prior austenite grain size ( ) on 

microstructural features with constant Rtot (55%) in Steel #2. Only small differences 

in austenite grain size could be produced, and the effect on Sv was relatively modest. 

Also, only small effects on lath (dl) and effective grain size (d) were apparent, 

although refinement of prior austenite did lead to refinement of the coarser grains 

from 11 μm to 8 μm. (i.e., ECD effective grain size (d90%), corresponding to the 

effective grain size at 90% in cumulative distribution). 

 

Fig. 25. Effect of average prior austenite grain size ( ) on (a) Sv and (b) lath and 

effective grain size. [Paper II, reprinted by permission of Elsevier] 

The effect of average prior austenite grain size ( ) on the mechanical properties of 

Steel #2 is summarised in Fig. 26. Over the range of grain sizes that could be 

produced, it was seen that the tensile properties were essentially uninfluenced by 

average grain size. Yield strength is about 1100 MPa and tensile strength, 1200–

1250 MPa, while total elongation remains at 10%, Figs. 26a and b. On the other 

hand, reducing the mean prior austenite grain size from about 16 to 12 μm causes 

a pronounced improvement in the toughness parameters T28J and T0. 
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Fig. 26. Effect of roughing on (a) yield and tensile strength, (b) elongation to fracture 

and uniform elongation, (c) Charpy V transition temperature and (d) fracture 

toughness transition temperature. [Paper II, reprinted by permission of Elsevier]  

4.3 Effect of chemical composition and finish rolling temperature 

on the microstructure, mechanical properties and bendability 

This section summarises the results from Papers II–V in which various finish rolling 

temperatures in the range of 950 °C to 800 °C are explored for chemical composition 

#3 (0.09C-1.1Mn-0.2Si-1.2Cr-0.0015B-0.15Mo), #4 (0.07C-1.4Mn-0.2Si-1.0Cr-

0.0013B -0.04Nb), #5 (0.08C-1.8Mn-0.2Si-1.0Cr-0.0015B-0.04Nb) and #6 (0.09C-

1.1Mn-0.2Si-1.1Cr-0.0013B-0.04Nb-0.15Mo). The steel codes used, e.g. #3-950, 

describe the chemical composition of the steel (#3–6) and the finish rolling 

temperature (950–800). 
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4.3.1 Microstructure 

Prior austenite morphology 

Typical austenite morphologies at the quarter-thickness of the strip were studied on 

two sections, namely that containing the rolling direction (RD) and the normal 

direction (ND) and that containing the transverse direction (TD) and the ND, as 

shown in Fig. 18. LSCM images of the prior austenite grain structure of Steel #3 in a 

RD–ND section is shown in Fig. 27. The austenite grain shape measurements 

obtained in that investigation using picric acid etching combined with OM and/or 

LSCM are summarised in Table 8. The images in Fig. 27 show that decreasing the 

finish rolling temperature, i.e., increasing Rtot, appears to refine the grain structure as 

the grains increasingly pancake. Rtot ranged from 16% to 71% and SV, from 161 

mm2/mm3 to 534 mm2/mm3. The re-austenitised and water-quenched material 

(#3ReA) was comprised of equiaxed grains (Rtot ~ 0%) with a MLI of 17 μm. In 

Steels #4–6 the austenite grains were refined and pancaked even with a high FRT 

(920 °C) due to their Nb content. Steels #4–6 all contained 0.04 wt.% Nb. They 

differed mainly with respect to Mn content. As might be expected, these differences 

did not affect Rtot when the same finish rolling temperatures were compared: Rtot was 

approx. 52–55% with a high FRT and approx. 66–69% with a low FRT for all three 

steels. The prior austenite shape in #4-800 could not be measured due to the formation 

of granular bainite, which masks the prior austenite grain structure. 
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Fig. 27. LSCM images of prior austenite morphologies after picric acid etching at the 

quarter-thickness position as seen in RD-ND sections (a) #3ReA, (b) #3-950, (c) #3-920, 

(d) #3-850, (e) #3-830 and (f) #3-820. 
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Table 8. Mean linear intercept measurements of the prior austenite grain structure 

(μm) along the three principal directions relative to the rolling direction at the quarter-

thickness of the strip. These are compared with the total reduction below the 

recrystallisation temperature (Rtot) and the surface area per unit volume of the 

austenite grain boundaries (SV). The 95% confidence limits of the means are also 

given. 

Specimen , 

μm 

, 

μm 

, 

μm 

Rtot, 

% 

SV, 

mm2/mm3 

#3ReA 17.0 ± 1.6/13.8 ± 1.1 17.0 ± 1.5/13.4 ± 1.1 16.1 ± 1.4/13.0 ± 1.0 ~0 120/151 

#3-950 20.7 ± 2.0/14.9 ± 1.3  19.4 ± 1.9/15.8 ± 1.4 12.3 ± 1.2/10.4 ± 0.7 23/16 131/161 

#3-920 23.5 ± 2.3/14.9 ± 1.3 15.7 ± 1.5/10.4 ± 0.7 7.4 ± 0.6/5.8 ± 0.3 44/38 189/257 

#3-850 22.5 ± 2.2/16.0 ± 1.4 11.9 ± 1.2/9.1 ± 0.6 4.4 ± 0.3/3.7 ± 0.2 56/52 294/363 

#3-830 67.3 ± 6.6/21.5 ± 1.6 16.5 ± 1.5/9.5 ± 0.7 3.1 ± 0.2/2.5 ± 0.1 79/66 367/474 

#3-820 -/26.2 ± 2.2 -/9.6 ± 0.7 -/2.2 ± 0.1 -/71 -/534 

#4-920 -/18.2 ± 1.5 -/12.8 ± 0.9 -/3.7 ± 0.2 -/55 -/335 

#4-880 -/23.1 ± 2.1 -/10.9 ± 0.7- -/3.3 ± 0.1 -/62 -/376 

#4-840 -/33.3 ± 3.7 -/14.5 ± 1.1 -/3.5 ± 0.1 -/67 -/335 

#4-820 -/25.5 ± 2.5 -/10.6 ± 0.7 -/3.0 ± 0.1 -/66 -/405 

#4-800 Granular bainitic, cannot measure 

#5-920 -/19.4 ± 1.6 -/11.0 ± 0.7 -/4.2 ± 0.2 -/53 -/310 

#5-880 -/21.2 ± 1.9 -/10.3 ± 0.6 -/2.9 ± 0.1 -/63 -/423 

#5-820 -/22.8 ± 2.1 -/9.4 ± 0.7 -/2.5 ± 0.1 -/67 -/482 

#5-800 -/25.5 ± 2.5 -/10.2 ± 0.6 -/2.6 ± 0.1 -/68 -/461 

#6-920 -/16.2 ± 1.2 -/9.3 ± 0.7 -/3.7 ± 0.2 -/52 -/354 

#6-880 -/19.8 ± 1.7 -/10.3 ± 0.8 -/2.6 ± 0.1 -/64 -/458 

#6-840 -/19.4 ± 1.6 -/9.6 ± 0.8 -/2.5 ± 0.1 -/64 -/490 

#6-820 -/19.5 ± 1.6 -/9.6 ± 0.8 -/2.5 ± 0.1 -/64 -/481 

#6-800 -/28.7 ± 2.9 -/9.6 ± 0.8 -/2.7 ± 0.1 -/69 -/439 

*light optical microscope/** laser scanning confocal microscope 

Fig. 28 summarises the microstructural effects of total reduction in the non-

recrystallisation regime. An increase in Rtot increases the surface area per unit 

volume of the austenite grain boundaries (SV), especially as Rtot increases beyond 

40–50%. 
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Fig. 28. Effect of Rtot on the values of SV in Steel #3. 

Transformed microstructure 

The microstructures at the mid-thickness and subsurface of the specimens, as 

determined on the basis of FESEM observations, are listed in Table 9, and examples 

of characteristic microstructures at the centreline are given in Fig. 29. The 

transformed microstructures of the specimens consisted of mixtures of quasi- or 

polygonal ferrite (F), granular bainite (GB), lower bainite (LB), upper bainite (UB), 

auto-tempered martensite (ATM) and un-tempered lath martensite (UTM).  

The transformed microstructures at the centrelines of the Steel #3 specimens 

consisted of mixtures of bainite and martensite. On the basis of the FESEM 

observations, it was determined that auto-tempered lath martensite (ATM) and lower 

bainite (LB) were the primary products and small fractions of upper bainite (UB) and 

un-tempered lath martensite (UTM) were also present. The microstructure of the re-

austenitised and water-quenched specimen (#3ReA) was classified as fully 

martensitic, i.e., it consisted of tempered and un-tempered martensite. Also the 

microstructures of Steels #4–6 at the centreline consisted of mostly auto-tempered 

martensite with some bainite. As with the subsurface microstructures, a decrease in 

the FRT increased the incidence of GB and F at the expense of ATM and UB, in Fig. 

29d.  
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Fig. 29. Typical microstructures after Nital etching at the centreline. (a) Auto-tempered 

martensite in specimen #5-920, (b) martensite and bainite in #4-880, (c) bainite in #4-

840 and (d) bainite and ferrite in #4-800. 

Table 9. Microstructural characterisations of investigated Steels #3–6 at the centreline 

and the surface below from 50 μm to 400 μm. 

 Centreline  Subsurface  

Material Main phase Secondary phase  Main phase Secondary phase  

#3-ReA  ATM UTM  ATM UTM  

#3-950 ATM UB, LB, UTM  ATM UB, LB  

#3-920 ATM UB, LB  ATM UB, LB  

#3-850 ATM LB, UB  ATM UB, LB  

#3-830 ATM LB, UB  UB ATM  

#3-820  ATM LB, UB, GB  GB F, UB, ATM  

#4-920  ATM UB  UB ATM, GB  

#4-880 ATM UB, GB  UB GB, F, ATM  

#4-840 UB GB, ATM  GB F, UB  

#4-820 UB GB, F, ATM  GB F  

#4-800 GB  UB, ATM, F   GB F  

#5-920  ATM -  ATM UB, GB  

#5-880 ATM -  UB ATM, GB  

#5-820 ATM  UB   UB ATM, GB  
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 Centreline  Subsurface  

Material Main phase Secondary phase  Main phase Secondary phase  

#5-800 ATM  UB  UB ATM, GB  

#6-920 ATM UB  UB ATM, GB  

#6-880 ATM UB  UB ATM, GB  

#6-840 UB  ATM, GB   GB UB, F  

#6-820 UB GB, ATM  GB F, UB  

#6-800 GB  UB, ATM   GB UB, F  

The differences in the microstructures of the #3 specimens were also investigated 

using the EBSD-IQ method to determine the phase fractions of the specimens, 

Fig. 30a. From Fig. 30a it can be seen that Rtot affects the volume fraction of 

martensite and bainite. The mean lath (dl) and effective grain (d) sizes decrease as 

a function of Rtot, Fig. 30b. EBSD grain boundary maps are shown in Fig. 31. In 

addition, the effective grain size (d90%), corresponding to the effective grain size 

at 90% in the cumulative size distribution, clearly decreases with increasing Rtot, 

indicating that the sizes of the coarsest grains are clearly refined by Rtot. 

 

Fig. 30. Effect of Rtot on the values of (a) volume fractions of martensite and bainite, 

and (b) lath (dl) and effective grain size (d) in Steel #3 specimens.  
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Fig. 31. EBSD grain boundary maps of Steel #3 with low-angle boundaries (2.5–15°, 

red) and high-angle boundaries (>15°, black). 

The influence of Rtot on the microstructure beneath the strip surface is displayed 

in Fig. 32 and resulted in the formation of a thin polygonal ferritic and granular 
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bainite layer at the strip surface in specimens #3-830 and #3-820, as seen in Figs. 

32e and 32f. 

 The microstructures at the subsurfaces of the strip are illustrated in Fig. 33. The 

microstructure of specimen #4ReA was fully martensitic and similar to the mid-

thickness microstructure, Fig. 33a. Specimens #3-950, #3-920 and #3-850 consisted 

of mixtures of UB, LB and ATM, e.g., Fig. 33b. It is seen from Figs. 32e and 32f that 

in both the strips (#3-830 and #3-820) the microstructure down to 70 μm from the 

surface consists of polygonal ferrite (PF) interspersed among other “carbon-rich” 

microstructural components. This microstructural example is seen in Figs. 33c and 

33d. However, granular bainite (GB) is found 70 to at least 300 μm below the surface 

in specimen #3-820 and only 70 to 120 μm in specimen #3-830 (Fig. 33f). The 

microstructure of #3-830 below the 120-μm-thick subsurface layer of PF and GB 

consisted mostly of upper bainite (UB) with numerous martensite-retained austenite 

(MA) plates aligned parallel to the rolling direction (Fig. 33e). This UB layer had 

formed from the highly pancaked austenite. In the layer from 50 μm to 400 μm, in 

Steel #4–6 specimens with a high FRT (above 880 °C) and #5-820 were mainly upper 

bainitic and martensitic; however a small fraction of granular bainite also occurs. In 

Steels #4 and #6, with a FRT below 840 °C, the subsurface was mainly granular 

bainite with some upper bainite and ferrite. A decrease in the FRT increased the 

incidence of softer microstructures like ferrite and granular bainite. Specimens #4–6, 

also having upper bainite in the subsurface layer, contained numerous martensite-

retained austenite (MA) islands aligned parallel to the rolling direction. 
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Fig. 33. Microstructures after Nital etching at the strip subsurfaces. (a) Auto-tempered 

martensite in specimen #3ReA, (b) martensitic and bainitic microstructure in #3-850, 

polygonal ferrite and “carbon-rich” microstructural components 50 μm below the 

surface (c) in #3-830 and (d) in #3-820, (e) upper bainite and aligned MA plates 200 μm 

below the surface in #3-830 and (f) polygonal ferrite and granular bainite 200 μm below 

the surface in #3-820. [Paper III and IV, modified and reprinted by permission of 

Springer and Elsevier] 



 

62 

Texture 

The orientations of importance in the present materials are illustrated in the φ2 = 45° 

section of Fig. 14. The transformation textures determined at the sheet centrelines and 

subsurface regions are shown in Fig. 34 and Fig. 35, respectively.  

At the centreline, in specimen #3-950, subjected to low values of Rtot, the grains 

are almost randomly oriented, Fig. 34a. When Rtot was increased to ~40% (specimen 

#3-920), the strongest mid-thickness texture component was {001}<110>α, Fig. 34b. 

This component is generally formed by the transformation of the FCC cube 

component ({001}<001>γ), indicating that the centres of the plates had undergone 

recrystallisation prior to transformation. In specimens #3-850, #3-830 and #3-820, the 

effect of increasing Rtot led to a decrease in the intensity of the {001}<110>α 

component and to significant increases in the intensities of the ~{554}<225>α, 

~{112}<110>α and ~{112}<131>α components, Figs. 34c-e. The latter are formed by 

transformation from the FCC Cu ({112}<111>γ), Br ({110}<112>γ) and Goss 

({110}<001>γ) rolling components, indicating that considerable “pancaking” had in 

fact taken place. The quenched specimen #3ReA (Fig. 34f) contains a strong 

~{554}<225>α component inherited from specimen #3-830 (Fig. 34d) and is also 

characterised by an intense {001}<110>α component, probably formed from austenite 

that had recrystallised on reheating.  
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Fig. 34. φ2 = 45° ODF sections illustrating the centreline textures in specimens (a) #3-

950, (b) #3-920, (c) #3-850, (d) #3-830, (e) #3-820 and (f) #3ReA (Levels: 1, 2, 3…). Φ and 

φ1 as shown in Fig. 14. [Papers III and IV, modified and reprinted by permission of 

Springer and Elsevier] 

The intensities of the various subsurface texture components in the steels are 

listed in Table 10 and the subsurface textures of Steel #3 in the φ2 = 45° section 
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are presented in Fig. 35. In the strip subsurface layers, from the surface to approx. 

450 μm below the surface, increasing Rtot decreases the intensity of the 

{001}<110>α component, indicating that austenite recrystallisation was no longer 

taking place at this location during rolling (due to surface cooling). Concurrently, 

the ~{112}<111>α and ~{110}<112>α - {110}<111>α components increase in 

intensity quite significantly, Figs. 35b–e. These are BCC shear components, 

indicating that the exteriors of the plates were in the ferrite phase in the latter 

stages of rolling. The major transformation texture components in heavily 

pancaked austenite are ~{112}<111>α and ~{110}<112>α - {110}<111>α. A low-

intensity ~{110}<100>α texture component is also found. The inverse pole figures 

(IPFs) in Fig. 36 show how increasing Rtot affects the grain morphology and 

texture at the subsurface. The IPFs agree with the ODFs, as grains with <111> 

parallel to the RD (coloured blue) become more frequent as Rtot increases. The re-

austenitised specimens (#3ReA) contained the same texture components as the as-

rolled starting materials (#3-830), but with weaker intensities. Re-austenitising 

#3-830 led to a decrease in f(g) from ~15 to ~7 in the texture component close to 

{112}<111>α; see the ODFs in Figs. 35d and 35f and the IPFs in Figs. 36e and 

36a, respectively. 
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Fig. 35. φ2 = 45° ODF sections illustrating the subsurface textures in specimens (a) #3-

950, (b) #3-920, (c) #3-850, (d) #3-830, (e) #3-820 and (f) #3ReA (Levels: 1, 2, 3…). Φ and 

φ1 as shown in Fig. 14. [Papers III and IV, modified and reprinted by permission of 

Springer and Elsevier] 
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Table 10. Intensities of the subsurface texture components in Steels #3–6. 

Material ~{112}<111> ~{110}<100> ~{110}<111>/ <112> 

#3-ReA  7.7 2.7 3.4 

#3-950 1.8 2.3 0.5 

#3-920 2.7 3.3 4.4 

#3-850 3.8 1.2 3.7 

#3-830 15.2 2.4 8.8 

#3-820  8.7 2.7 8.2 

#4-920  5.7 1.1 6.2 

#4-880 7.3 2.0 7.3 

#4-840 6.0 2.2 3.4 

#4-820 8.2 1.7 9.1 

#4-800 5.8 2.3 7.8 

#5-920  3.3 2.4 3.3 

#5-880 9.3 1.1 4.3 

#5-820 14.3 1.0 10.0 

#5-800 9.1 1.0 8.0 

#6-920 8.0 1.3 5.9 

#6-880 7.5 0.7 9.0 

#6-840 8.1 1.5 7.1 

#6-820 6.1 1.9 6.5 

#6-800 8.7 1.2 5.3 
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Fig. 36. Inverse pole figures from RD-ND sections showing the orientations of the 

sheet rolling direction (RD) close to the surface (a) #3 ReA, (b) #3-950, (c) #3-920, (d) 

#3-850, (e) #3-830 and (f) #3-820. High-angle grain boundaries (>15°) are marked in 

black. The left-hand side is the sheet surface. 
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4.3.2 Mechanical properties and bendability 

Tensile testing 

The mechanical properties of the steels are given in Table 11. The longitudinal yield 

stress (Rp0.2) and tensile strength (Rm) of the studied steels vary in the ranges of 790–

1180 MPa and 930–1270 MPa, respectively. The corresponding values in the 

transverse direction are 840–1150 MPa and 950–1290 MPa. The Rp0.2/Rm ratios are in 

the range of 0.85–0.94. Elongation to fracture (A5) is 8.6–14.1% for longitudinal and 

8.6–11.4% for transverse specimens. 

Table 11. Tensile properties. Mean values of yield stress (Rp0.2), tensile strength (Rm), 

total (A5), uniform elongation (Ag) and Rp0.2/Rm ratio parallel and perpendicular to the 

RD. 

 Tensile tests parallel to the RD  Tensile tests perpendicular to the RD  

Material Rp0.2 Rm A5 Ag Rp0.2/Rm  Rp0.2 Rm A5 Ag Rp0.2/Rm  

 MPa MPa % % ratio  MPa MPa % % ratio  

#3-ReA  935 1185 12.0 3.3 0.79  936 1200 11.7 3.3 0.78  

#3-950 1051 1133 9.7 1.4 0.93  1034 1137 8.6 1.3 0.91  

#3-920 1059 1159 11.2 2.6 0.91  1052 1197 9.7 2.2 0.88  

#3-850 1134 1229 9.4 2.0 0.92  1120 1260 9.4 2.1 0.89  

#3-830 1175 1273 8.6 1.6 0.92  1148 1289 7.1 1.5 0.89  

#3-820  982 1102 10.4 2.7 0.89  987 1131 8.7 1.9 0.87  

#4-920  1003 1084 10.9 2.4 0.93  1018 1128 9.8 1.8 0.90  

#4-880 967 1045 11.5 2.6 0.93  1003 1097 9.3 0.9 0.91  

#4-840 901 1004 12.9 3.5 0.90  909 1003 10.0 1.9 0.91  

#4-820 879 984 11.8 2.8 0.89  849 973 11.3 2.9 0.87  

#4-800 793 933 14.1 4.2 0.85  841 956 10.4 1.9 0.88  

#5-920  1080 1192 11.4 2.9 0.91  1091 1237 10.1 2.4 0.88  

#5-880 1102 1208 10.6 2.7 0.91  1098 1246 9.4 2.2 0.88  

#5-820 1009 1179 11.6 3.2 0.86  1104 1268 8.5 1.9 0.87  

#5-800 1064 1247 10.6 2.9 0.85  1110 1257 8.2 1.7 0.88  

#6-920 1057 1131 12.0 2.4 0.93  1059 1161 10.6 1.9 0.91  

#6-880 1092 1161 10.1 1.6 0.94  1070 1178 8.6 1.5 0.91  

#6-840 1031 1098 11.0 1.6 0.94  1048 1138 8.5 1.3 0.92  

#6-820 980 1064 10.7 2.3 0.92  953 1078 9.6 2.3 0.88  

#6-800 959 1076 11.9 3.1 0.89  943 1081 10.1 2.8 0.87  
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Toughness 

Toughness testing results are presented in Table 12. Longitudinal impact toughness 

ranged from 10 J to 164 J at -40 °C and from 7 J to 134 J at -60 °C without thickness 

corrections. The corresponding transverse impact toughness values were 8 J to 120 J 

at -40 °C and 7 J to 113 J at -60 °C. For Steel #3, 28J transition temperatures (T28J) 

and fracture toughness characteristic temperatures (T0) are also given. Both T28J and 

T0 decrease significantly with a decreasing FRT. Hence, the highest strength and best 

toughness are achieved using high reductions and low FRTs. 

Table 12. Charpy V impact and fracture toughness properties. The thicknesses of the 

specimens were 6 mm and 7.5 mm in Steel #3 and Steels #4–6, respectively. 

 Toughness tests parallel to the RD  Toughness tests perpendicular to the RD  

Material -40 °C 

J 

-60 °C 

J 

T28J 

°C 

T0 

°C 

 -40 °C 

J 

-60 °C 

J 

T28J 

°C 

T0 

°C 

 

#3-ReA  20 8 -22 -  11 8 -8 -  

#3-950 10 7 -17 -6  8 7 -9 21  

#3-920 66 43 -50 -39  22 19 -26 -30  

#3-850 68 45 -63 -40  38 35 -51 -21  

#3-830 76 58 -97 -65  44 28 -92 -60  

#3-820  84 73 -109 -93  55 31 -98 -56  

#4-920  123 66 - -  92 40 - -  

#4-880 137 131 - -  98 78 - -  

#4-840 164 134 - -  120 113 - -  

#4-820 142 115 - -  109 84 - -  

#4-800 146 108 - -  96 94 - -  

#5-920  36 14 - -  27 14 - -  

#5-880 55 23 - -  34 23 - -  

#5-820 108 75 - -  77 38 - -  

#5-800 104 86 - -  66 53 - -  

#6-920 49 22 - -  44 21 - -  

#6-880 129 120 - -  69 56 - -  

#6-840 125 112 - -  88 79 - -  

#6-820 131 116 - -  72 58 - -  

#6-800 120 79 - -  51 43 - -  

Microhardness 

Subsurface microhardness profiles are presented in Fig. 37. They show that hardness 

throughout the thickness generally increases with an increasing FRT. It can also be 
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seen that the shapes of the hardness profiles are very similar. The polygonal ferrite in 

the surface layer (depth of 50 μm) is the softest phase, with a microhardness in the 

range of 270 to 300 HV. Furthermore, differences in hardness due to the different 

compositions can be seen. In Steel #5, the finish rolling temperature has no significant 

effect on the hardness profiles and hardness is higher than in Steels #4 and #6. 

Hardness also increases with depth more rapidly from 340–390HV to 430–470HV 

(Fig. 37c). Steel #5 sheets were comprised mainly of auto-tempered martensite and 

upper bainite from 100 μm below the surface to the centreline, as seen in Table 9. The 

effect of adding 0.04Nb can be seen by comparing Steels #3 and #6. Steel #3 without 

Nb, in Fig. 37a, has much higher hardnesses than Nb-microalloyed Steel #6 (Fig. 

37d), indicating an effect of Nb on phase transformations and resultant 

microstructures.  

 

Fig. 37. Mean values of microhardness in (a) Steel #3, (b) Steel #4, (c) Steel #5 and (d) 

Steel #6 with different FRTs at various depths below the surface. [Papers III, IV and V, 

modified and reprinted by permission of Elsevier and Springer] 
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Bendability 

The bendability properties of the steels are given in Table 13. The bendability of 

the various composition-FRT combinations vary over a wide range, with the 

minimum bending radii varying from as low as 1.75 times the thickness to 5.6 

times the thickness for the bend axis parallel to the RD, and in the range of 1–8 

times the thickness for the bend axis perpendicular to the RD. In transverse 

bending, sheets #3-830, #5-820 and #5-800 even cracked after bending to a small 

angle with the largest punch radius (r) used, i.e., 50 mm. Therefore, the 

bendability values for these cases are approximate. Similarly, only approximate 

bendability values are available for sheet #6-840 due to the presence of red scale, 

which increased the incidence of cracking. A few examples of bends are shown in 

Fig. 38. The minimum bending radii achieved with Steel #3-820 were small. With 

the bend axis along the RD, the minimum punch radius for defect-free bending 

was 12 mm (r/t ratio 2.0, in Fig. 38a) and along the transverse direction, 8 mm (r/t 

ratio 1.33, in Fig. 38b). These values can be considered good for the strength level 

concerned. For Steel #3-830, the minimum usable radius was larger at 15 mm (r/t 

ratio 2.5) with the bend axis along the RD (in Fig. 38c), and it cracked in the 

transverse bend (Fig. 38d). 

Table 13. Minimum bending radius (r) and minimum bending radius-to-thickness ratio 

(r/t) parallel and perpendicular to the RD. 

 Bend axis parallel to the RD Bend axis perpendicular to the RD 

Material r (mm) r/t r (mm) r/t 

#3-ReA  15 2.5 15 2.5 

#3-950 21 3.5 20 3.3 

#3-920 21 3.5 18 3.0 

#3-850 24 4.0 20 3.3 

#3-830 15 2.5 - 8.0* 

#3-820  12 2.0 8 1.3 

#4-920  32 4.0 28 3.5 

#4-880 28 3.5 20 2.5 

#4-840 14 1.8 14 1.8 

#4-820 16 2.0 16 2.0 

#4-800 14 1.8 8 1.0 

#5-920  45 5.6 30 3.8 

#5-880 45 5.6 50 6.3 

#5-820 30 3.8 - 8.0* 

#5-800 35 4.4 - 8.0* 
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 Bend axis parallel to the RD Bend axis perpendicular to the RD 

Material r (mm) r/t r (mm) r/t 

#6-920 40 5.0 24 3.0 

#6-880 28 3.5 32 3.0 

#6-840 18 2.3 - 8.0** 

#6-820 18 2.3 18 2.3 

#6-800 16 2.0 16 2.0 

* unbendable even at small angles and **red scale, values are approximate 

Fig. 38. Examples of the minimum bending radii of the bent samples at a bending 

angle of 90 deg: (a) 12 mm bend axis parallel to the rolling direction of Steel #3-820, 

(b) 8 mm bend axis perpendicular to the RD of Steel #3-820, (c) 15 mm bend line 

parallel to the RD of Steel #3-830, and (d) cracked bend in a 20 mm bend axis 

perpendicular to the RD of Steel #3-830. [Paper IV, modified and reprinted by 

permission of Elsevier] 
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5 Discussion 

5.1 Effect of the inclusion structure and sulphur content on 

mechanical properties and bendability 

The prior austenite grain structure has an effect on mechanical properties, especially 

strength and impact toughness, as will be discussed in Section 5.3.2. However, it was 

concluded that the slight variation in the prior austenite grain structure in Paper I had 

a negligible effect on mechanical properties. 

Fig. 39 shows the effect of sulphur content on the mechanical properties of Steels 

#1A–1D. Substantial improvements were achieved by reducing the sulphur content in 

US energies, especially in specimens tested in the transverse direction relative to the 

rolling direction. As the sulphur content decreased from 60 ppm to below 20 ppm, the 

US energies almost doubled, Fig. 39a. Among various (impact) toughness parameters, 

upper shelf energy has been found to be influenced most by inclusions. The results 

therefore confirm the detrimental effect of elongated MnS inclusions on the upper 

shelf energies reported for lower-strength steels (Pickering 1989, Maropoulos & 

Ridley 2004).  

No distinct effects of the sulphur content on the mean values of T28J were found 

(Fig. 39b).  

There is some uncertainty in the literature regarding the influence of MnS on 

impact toughness properties. MnS can act as an initiation site for cleavage fracture, 

thereby detrimentally influencing the transition temperature (Pickering 1971). MnS 

may also reduce the intensity of secondary principal stress that causes delamination 

(Pickering 1989).  

As expected, the sulphur content did not influence yield and tensile strengths, 

Table 7, nor was total elongation with longitudinal specimens affected. However, 

transverse elongation is slightly improved with decreasing sulphur content, as seen in 

Fig. 39c. Ductile fracture occurs by the formation of voids, their growth during 

straining and finally by coalescence of the voids, leading to the final fracture. 

Manganese sulphides are known to lack cohesion even prior to straining, while most 

oxide inclusions lose cohesion at negligible strains (Pickering 1989). Theory also 

predicts that the shape of the inclusions with respect to the direction of straining 

greatly affects tensile ductility by virtue of the operative frontal radius of curvature of 

the voids that controls void growth and spacing between the voids, which in turn 

controls void coalescence. Thus, elongated inclusions strained parallel to their long 



 

74 

axis provide higher ductility than if they are strained normal to their long axis 

(Gladman 1997). Therefore, the decrease in transverse elongation can be mainly 

understood by the presence of longitudinally oriented MnS.  

The most dramatic effect of sulphur content is on bendability (Fig. 39d). When 

the bend axis is perpendicular to the rolling direction, sulphur content does not have 

any effect on the BI index, and a fully defect-free bend is achieved with r/t ratios of 

3.0 and 2.5. On the other hand, in the specimens with the bend axis parallel to the 

rolling direction, the BI index worsened dramatically when the sulphur content 

increased from 40 ppm to 60 ppm. For lower sulphur levels, practically defect-free 

bends were achieved with both r/t ratios. 

 

Fig. 39. Effect of sulphur content on (a) upper shelf energy, (b) transition temperature, 

(c) total elongation and (d) bendability index (BI) for longitudinal and transverse 

testing directions. [Paper I, reprinted by permission of Hungarian Mining and 

Metallurgical Society] 

BI indices greater than 3.0 mean severe cracking. An example of this is illustrated 

in Fig. 40 in the case of Steel #1D, with the bend axis parallel to the RD and an 



 

75 

r/t-ratio of 3.0. The bent surface exhibits severe cracking. SEM-EDS analysis of 

the fracture surfaces showed traces of MnS (Fig. 41), and therefore it is expected 

that the weak bendability of Steel #1D with 60 ppm is attributable to the existence 

of elongated MnS inclusions, as shown in Fig. 23. 

 

Fig. 40. Severe cracking in Steel D with 60 ppm of sulphur. (BI = 14.6). [Paper I, 

reprinted by permission of the Hungarian Mining and Metallurgical Society]  

 

Fig. 41. SEM-EDS analysis of thin film-like MnS inclusions from the fracture, as seen 

in Fig. 40. [Paper I, reprinted by permission of the Hungarian Mining and Metallurgical 

Society] 

During bending, stress concentration may cause MnS inclusions to crack or 

separate from the metal matrix and generate microvoids that increase in size with 

continued deformation, eventually forming microcracks that link together into 

internal macroscopic cracks (Luyckx et al. 1970, Pickering 1989, Shaohua et al. 
2005). The cracks grow with further bending, causing severe cracking. 
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To attain good bendability in UHSLA steel, certain steelmaking technical 

measures have to be taken so as to reduce sulphur content in the steel, decrease the 

number of MnS inclusions and improve their morphology and size distribution. 

In summary from the above, it can be concluded that low-carbon steel with 

relatively lean alloying can be TMCP-DQ-processed to achieve a yield above 960 

MPa together with good impact toughness properties and bendability. However, in 

addition to proper TMCP-DQ processing, this requires adequate steelmaking 

operations (i.e., clean raw materials, top slag composition, vacuum treatment, gas 

stirring rate, stirring time, temperature control), where the sulphur level is reduced 

below 20 ppm. 

5.2 Effect of roughing  

The effect of mean prior austenite grain size ( ) on the mechanical properties of Steel 

#2 is summarised in Fig. 26. The refinement of mean prior austenite grain size had 

practically no influence on tensile properties, in Figs. 26a–b. This is to be expected 

since the refinement of  had no influence on the mean lath size (in Fig. 25b), which 

is known to control yield strength (Langford & Cohen 1970, Brozzo et al. 1977, Zhu 
et al. 2010).  

In Figs. 26c–d, on the other hand, the improvement of T28J and T0 can probably 

be attributed to the refinement of the coarsest grains (i.e., d90%): in the case of ferritic 

microstructures, at least, it has been shown that the size of the largest grains rather 

than the mean grain size controls cleavage crack propagation (Chakrabarti et al. 
2009).  

It should be emphasised that the rough rolling parameters used only produced 

prior austenite grain sizes in a rather narrow range. If a broader range of prior 

austenite sizes had been obtainable, a greater effect of rough rolling on the 

microstructure and mechanical properties would probably have been observed.  

5.3 Effect of chemical composition and finish rolling temperature 

This Chapter summarises the discussions in Papers II–V. Those papers deal with the 

effects of finish rolling temperatures in the range of 950 °C to 800 °C in the cases of 

chemical composition #3 (0.09C-1.1Mn-0.2Si-1.2Cr-0.0015B-0.15Mo), #4 (0.07C-

1.4Mn-0.2Si-1.0Cr-0.0013B-0.04Nb), #5 (0.08C-1.8Mn-0.2Si-1.0Cr-0.0015B-

0.04Nb) and #6 (0.09C-1.1Mn-0.2Si-1.1Cr-0.0013B-0.04Nb-0.15Mo). 
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5.3.1  Microstructure, microhardness and texture 

The finish rolling temperature is important through its effect on the austenite grain 

structure, which strongly influences the mechanical properties of the final product. As 

can be observed from Fig. 27 and Table 8, a higher FRT leads to a larger austenite 

grain size and hence to a coarser final microstructure, whereas a lower FRT increases 

pancaking. Similarly, in Steel #3 materials, the mean lath (dl) and effective grain (d) 

sizes decrease as a function of Rtot, in Fig. 30b. In addition, the effective grain size 

(d90%), corresponding to the effective grain size at 90% in the cumulative size 

distribution, clearly decreases with increasing Rtot, indicating that the sizes of the 

coarsest grains are clearly refined by increasing Rtot.  

Materials #4–6 were microalloyed with niobium, which strongly affects the 

recrystallisation behaviour of austenite during hot rolling in the temperature range of 

1040 °C to 815 °C. Due to the retardation of austenite recrystallisation kinetics, 

pancaked austenite can be obtained at relatively high temperatures in the presence of 

Nb. In addition to Nb, these steels contain vanadium (V). As these two elements are 

added together, recrystallisation is even further retarded (Campbell 2008). 

Molybdenum has been found to significantly retard recrystallisation in steels free of 

other elements that strongly retard recrystallisation (Bacroix 1982). Thus, Mo should 

be ineffective in the present Nb-microalloyed steels (Barbosa et al. 1988). The 

calculated no-recrystallisation temperatures (TNR) were 858 °C, 987 °C, 997 °C and 

1014 °C in Steels #3–6, respectively. This accounts for the highly pancaked prior 

austenite grain structure present in Steels #4–6 even with a FRT of 920 °C, where Rtot 

was approx. 55%. On the other hand, in Nb-free Steel #3 with 920 °C FRT, Rtot was 

only 38%. 

Transformed microstructure 

In thermomechanical processing, the phase transformation temperatures and kinetics 

are dependent on chemical composition (Stuhlmann W. 1954, Steven & Haynes 1956, 

Pickering 1977, Kozasu 1997) and austenite pancaking (Kozasu 1997, Wang et al. 
1997). The main differences between the compositions of studied Steels #3–6 are in 

their carbon, manganese, niobium and molybdenum contents. Increasing amounts of 

all of these lower the BS and MS temperatures (Stuhlmann W. 1954, Steven & Haynes 

1956). 

The effect of low-temperature finish rolling—i.e., pancaking—depends on the 

hardenability of the steel. It is well established that diffusion-controlled 
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transformations are strongly affected by austenite deformation, such that if the steel’s 

composition and cooling rate result in the formation of ferrite, the phase 

transformation start temperature is increased, i.e., hardenability is decreased by 

austenite deformation (Kozasu 1997). Similar results have been found by Taylor & 

Hansen (1988), where lowering the FRT (from 980 to 870 °C) was found to reduce 

the hardenability of a 0.2C-0.6Mn-0.5Mo-0.001B steel.  

Deformation of austenite below its no-recrystallisation temperature has been 

observed to enhance bainite formation, i.e., shift the C curve to shorter times in the 

time-temperature-transformation (TTT) diagram (Somani et al. 2007). This indicates 

that lowering the FRT should lead to the formation of bainite at higher temperatures, 

resulting in higher volume fractions of granular bainite instead of lath-like bainite. In 

the present cases, increasing Rtot promoted the formation of bainitic microstructures 

instead of martensitic ones, although polygonal ferrite can also be seen near the strip 

surface after the highest Rtot. This can be observed from the data in Table 9 and the 

micrographs in Figs. 32 and 33.  

During hot rolling, the steel’s temperature near the surface fluctuates strongly as 

the material flows into and out of the roll gap. Contact with the colder rolls rapidly 

chills the subsurface regions of the strip (Pyykkönen et al. 2012) as they enter the roll 

gap, while upon leaving the roll gap, heat flow from deeper within the material 

rapidly reheats the subsurface layers. Thus, it is possible that in the case of a low FRT 

the surface temperature can drop momentarily to levels where nucleation and limited 

growth of ferrite and/or granular bainite can occur even during hot rolling, whereas 

this would not occur with a higher FRT. Of course the development of the 

microstructure is very complicated, as some reversion to austenite can occur during 

the rapid reheating of the surface that occurs as the strip leaves the roll gap. Such 

effects can be responsible for the complex nature of the microstructures nearest to the 

strip surface. This effect of the FRT is supported by the results in Table 9, where 

subsurface microstructure mapping is presented.  

The above effects are probably also reinforced by the roll bite strain, i.e., strain-

induced ferrite formation (Smith & Siebert 1971, Hulka et al. 1990). Mintz et al. 
(1997) have shown that even small strains are sufficient for the production of such 

ferrite and it appears at temperatures ranging from just below the Ae3 down to the Ar3 

temperature of the undeformed structure. There is also evidence that deformation-

induced ferrite can form dynamically somewhat above the Ae3 temperature (Yada et 
al. 2000). It has even been proposed that strain-induced ferrite might form at 

considerably higher temperatures than Ae3 (Ghosh et al. 2013, Jonas et al. 2013).  
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Microhardness  

Combining the subsurface microstructure observations with the hardness 

measurements shows that the microhardness of polygonal ferrite is approximately 

250–300 HV, while granular bainite, which forms at slightly lower temperatures than 

polygonal ferrite, has a hardness in the range of approximately 300–380 HV. The 

microhardness of upper bainite and martensite is in the range of 380 to 450 HV.  

The results reflecting the effect of the FRT on the hardness of the subsurface 

layers are consistent with the observations of Bhadeshia (2001) concerning the effect 

of the transformation temperature on the microstructure and hardness of bainite. 

Bhadeshia has shown that the hardness of bainite increases linearly with decreasing 

subgrain size and that the subgrain size is, in turn, found to linearly decrease with 

decreasing phase transformation temperature. Therefore, a lower finish rolling 

temperature should result in less hardness through its effect on the phase 

transformation temperatures, exactly as observed. 

Texture 

Papers III–IV show that, in material #3 (without niobium), the transformation textures 

changed distinctly as Rtot was increased. At low degrees of Rtot, the transformation 

textures at both the surface and the centreline consist primarily of {001}<110>α, Figs. 

34a and 35a. This component is inherited from the {001}<001>γ (cube) of the parent 

austenite texture (Ray & Jonas 1990, Ray et al. 1994), which is formed as a result of 

austenite recrystallisation and is therefore consistent with the observed austenite 

morphology, Fig. 27b. 

By increasing Rtot, the surface and centreline textures began to deviate, as seen in 

Figs. 34b–e and 35b–e. At the strip surfaces, the ~{112}<111>α and ~{110}<112>α 

shear texture components are formed from sheared austenite as a result of friction in 

the roll bite. By contrast, along the centreline, the conventional ~{554}<225>α, 

~{112}<110>α and ~{112}<131>α pancaked austenite transformation texture 

components are promoted, indicating that the temperatures remained above Ar3 

during rolling. 

Although the strain state in the mid-thickness of the strip is that of planar strain, 

near the strip surface it deviates from this state, largely as a result of friction between 

the roll and the sheet (Kang et al. 2007). When austenite is deformed under planar 

strain conditions in the NRX regime, a strong deformation texture develops, the main 

components of which are {112}<111>γ (Cu), {110}<112>γ (Br) and {110}<001>γ 
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(Goss). The Cu component transforms primarily into {112}<110>α, also known as 

“transformed Cu”, with a much smaller fraction appearing in the vicinity of “rotated 

Goss” ({110}<110>α). Finally, the Br component transforms primarily into 

“transformed Br” located in the vicinity of {111}<112>α and {554}<225>α, with 

minor amounts rotating to {112}<131>α and {100}<011>α (Ray & Jonas 1990, 

Kestens & Jonas 2005). 

In the γ-to-α transformation in the subsurface, shear components {111}<211>γ 

and {112}<110>γ lead to the formation of shear components {112}<111>α, 

{110}<112>α and {110}<111>α, respectively (Wittridge & Jonas 2000). The high 

intensities of the {112}<111>α, {110}<112>α and {110}<111>α components in the 

subsurface might also indicate that surface ferrite has formed during rolling and has 

been extensively deformed by shear (Hölscher et al. 1991, Raabe & Lücke 1994). 

However, the absence of {110}<110>α indicates that this is not so (Wittridge & Jonas 

2000).  

However, in Paper V, where all Steels #4–6 contain 0.04 wt.% Nb, austenite was 

heavily pancaked (Rtot ~ 52–55%) even with the highest FRT (920 °C) and 

composition varied with the subsurface microstructures. Therefore, the intensities of 

the ~{112}<111>α, ~{110}<112>α and ~{110}<111>α subsurface texture components 

are high for all the present hot-rolled sheets, seen in Table 10 and Fig. 42. From Fig. 

42, it can be seen that when the subsurface microstructure is comprised mainly of 

upper bainite, the intensity of the ~{112}<111>α texture component increases as the 

FRT decreases. However, when the subsurface layers are mainly granular bainite, the 

intensity of ~{112}<111>α is lower and does not increase with a lower FRT. One of 

the strips (#5-920) had a mainly auto-tempered martensitic subsurface microstructure. 

This was associated with a lower ~{112}<111>α texture intensity than found in the 

upper bainitic microstructures characteristic of the other sheets rolled at 920 °C, even 

though no differences in prior austenite condition or structure are apparent near the 

surface. 
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Fig. 42. Effect of the finish rolling temperature on the intensity of the ~{112}<111>α 

texture component in the upper and granular bainite microstructure near the sheet 

surface.  

It is clear that heat treatment (#3ReA) had the effect of slightly reducing the 

intensities of the texture components. Similar results have been reported for a 

thermomechanically processed X80 pipeline steel (Joo et al. 2012). This is 

because in some cases a “texture memory effect” exists, which reproduces the 

crystallographic texture after austenitisation under conditions that avoid 

significant austenite grain growth. The explanation for this effect lies in the 

presence of small fractions of retained austenite. Even in the quenched condition, 

the martensitic structure can contain tiny fractions of retained austenite islands. 

During re-austenitisation these austenite islands begin to grow, leading to 

reconstitution of the original texture (Kimmins & Gooch 1983, Lischewski et al. 
2008). 

5.3.2 Effect of pancaking and microstructure on mechanical 
properties, toughness and bendability 

The results described above have shown that austenite pancaking in the NRX regime 

of rolling has a strong effect on the transformation microstructure and texture as well 

as on mechanical properties. Strength and toughness are improved with increasing 

Rtot, but with regard to bendability, a drastic drop was observed after high reductions 
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in the NRX region when the directionality of the microstructure was the most marked. 

The importance of these observations is discussed in more detail below. 

Mechanical properties 

The effect of reduction in the non-recrystallisation regime, Rtot, on the mechanical 

properties of Steel #3 (Papers II–IV) is illustrated in Fig. 43. The effects of the FRT 

on the mechanical properties of Steels #3–6 (Paper V) are illustrated in Fig. 44. For 

Steel #3, yield and tensile strength are observed to increase with increasing Rtot up to 

66%, but then abruptly decrease due to the formation of an increased fraction of 

bainite in the microstructure at the expense of martensite. This strengthening can be 

attributed to the observed refinement of the lath and block sizes, as also reported by 

Langford & Cohen (1970), Brozzo et al. (1977) and Zhu et al. (2010), an increase in 

dislocation density due to transformation from dislocated austenite (Yoo et al. 1995, 

Kennett et al. 2015), the change from pure martensite to lower bainite auto-tempered 

martensite mixtures, as also reported by DeArdo (1995b), and the increase in the 

~{554}<225> texture intensity, as was also reported by Ray & Jonas (1990). Of 

course, it is difficult to separate the effects of these features from each other, as they 

are very interrelated.  

Similar results are shown in Steels #4–6; a higher finish rolling temperature leads 

to ATM and UB subsurface microstructures and thus higher yield strengths than are 

achieved with a lower FRT and a GB microstructure. In Fig. 44, it can be seen that 

strength decreases with a lower FRT, which is the opposite trend to that found in Steel 

#3 without Nb microalloying. The elongation-to-fracture values of the materials 

correlate inversely with tensile strength, as is typical of ferritic steels; see Fig. 45. 

A comparison of Steels #3 and #6 shows the effect of Nb on yield and tensile 

strength with a decreasing FRT. As the FRT decreases, the degree of deformation of 

the austenite increases down to the temperature at which the strain in the austenite is 

sufficient to induce the formation of significant amounts of granular bainite. Then 

further reductions in the FRT cause a decrease in the yield and tensile strengths. 

However, down to this point a reduction in the FRT increases strength, as discussed 

above. In the case of Nb-alloyed Steel #6, the critical temperature that gives 

maximum strength is roughly 880 °C, whereas in Nb-free Steel #3 it is 830 °C 

because, for a given FRT, less strain is accumulated in the absence of Nb, i.e., Rtot is 

smaller; see Table 8. 
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Fig. 43. Effect of Rtot on longitudinal yield strength (Rp0.2), tensile strength (Rm) and 

total elongation (A5) in Steel #3. 
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Fig. 44. Effect of the finish rolling temperature on longitudinal (a) yield strength (Rp0.2), 

(b) tensile strength (Rm) and (c) total elongation (A5) in Steels #3–6. 
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Fig. 45. Effect of tensile strength (Rm) on total elongation (A5) in Steels #3–6. 

Toughness 

Longitudinal and transverse Charpy V impact toughness values at -60 °C are 

presented in Fig. 46 for Steels #3–6 and the characteristic temperatures T28J and T0 

are plotted for Steel #3 in Fig. 47. The Charpy V test and the fracture toughness test 

respond to different microstructural factors in different ways. 

In the Charpy V test, the energy consumed by crack nucleation below a blunt 

notch and its propagation across the specimen is measured. It is well established that a 

prior austenite grain structure greatly influences Charpy V test characteristics such as 

the 50% shear fracture and T28J transition temperatures in martensitic/bainitic 

microstructures (Irvine & Pickering 1963, Brozzo et al. 1977, Katsumata et al. 1992). 

The improvement of T28J can be attributed to the observed increase in Sv (DeArdo 

1995a), the reduction of packet size (Brozzo et al. 1977), the increase in the amount 

of lower bainite (Tomita & Okabayashi 1985) and the increase in the ~{554}<225> 

texture component (Ray & Jonas 1990) that accompany increasing values of Rtot.  

Fracture toughness, in turn, mainly concerns the nucleation and propagation of a 

microcrack in the steel matrix (Knott 1981). Fracture toughness is often related to 

carbides or carbide clusters (Bowen et al. 1987, Zhang & Knott 1999), especially 

when “pop-in” behaviour occurs. Other studies have shown that packet or block size 

(Dolby & Knott 1972, Brozzo et al. 1977, Neville & Knott 1986) may also correlate 
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with fracture toughness, but not usually under pop-in conditions. Prior austenite grain 

size and carbide size are not directly related. The carbide size distribution in bainite or 

martensite is mainly dictated by the transformation microstructure: in lower bainite 

and auto-tempered martensite the intralath carbides are usually very fine, whereas in 

upper bainite the interlath carbides are much coarser. It should also be emphasised 

that lower bainite may also contain intralath carbides. Therefore, the fracture 

toughness of steels with a martensitic structure can be good, even though the prior 

austenite grain size is coarse (Zhang & Knott 1999).  
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Fig. 46. Effect of the FRT on (a) longitudinal and (b) transverse Charpy V impact 

toughness at -60 °C in Steels #3–6. 
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Fig. 47. Effect of Rtot on the longitudinal 28J transition temperature (T28J) and fracture 

toughness characteristic temperature (T0) in Steel #3. 

Bendability 

The effect of the FRT on the parallel and perpendicular minimum bending ratio is 

presented in Fig. 48. Poor bendability is a consequence of strain localisation, i.e., the 

formation of shear bands during bending, an example of which was provided in Fig. 

50. Shear band formation was observed only when the bend axis was in the transverse 

direction, but not when it was parallel to the rolling direction. The reason for this is 

discussed in Section 5.4.2.  

From the bendability point of view, it is evident that the best results are achieved 

with lower rolling temperatures and GB subsurface microstructures. Steels with 

subsurface GB exhibit minimum bending radii below 2.25t in both bending axis 

directions, while steels with subsurface UB steels have inferior minimum bending 

radii in the range of 2.5–8t. The only exception concerns strip #6-840, which had poor 

bendability in the bending axis parallel to the TD despite the presence of subsurface 

GB. The reason for this was the presence of red scale. An excellent combination of 

strength (Rp0.2 > 900 MPa) and bendability (r < 2.5t) is achieved with Steels #3-820, 

#4-840, #6-820 and #6-800, which all have GB as the main subsurface microstructure 

and ferrite as a secondary microstructural component. In Steels #3-830, #5-800 and 

#5-820, an upper bainitic microstructure with a MA island at the subsurface was very 

detrimental to transverse bendability. The reasons for this are discussed below. 
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Fig. 48. Effect of the FRT on the minimum usable bending ratio (r/t). Bend axis (a) 

parallel and (b) perpendicular to the rolling direction. The numbers indicate Rtot 

values. 

5.4 Factors affecting bendability 

In bending, a fracture typically initiates at or near the surface, where the steel is 

subjected to the highest tensile strain levels. Therefore, the greatest deformation 
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capability is required at the surface layers. Hence, it is to be expected that the surface 

microstructure has a significant role in determining bendability. Failure during 

bending of complex phase steels has been shown to result from strain localisation, i.e., 

the formation of shear bands (Soyarslan et al. 2012, Kaupper & Merklein 2013). Also 

in Papers III–V, in direct-quenched UHSS, it has been shown that shear band initiated 

cracking in bending is due to strain localisation in narrow shear bands. The shear band 

seems to be located between the MA particles, never penetrating them. This is also 

evident in the case of the present steels, as seen in Fig. 50.  

Many papers dealing with bendability do not specify the direction of the bend 

axis. One reason could be that those steels are conventionally quenched and tempered, 

and therefore there is no anisotropy between the transverse and longitudinal 

directions. Steninger & Melander (1982) have studied conventional structural steels 

and reported that bendability with the bend axis perpendicular to the RD is better than 

when it is parallel to the RD. In the studied steel, in some cases with highly pancaked 

austenite, bendability can be very poor when the bending axis is transverse to the 

rolling direction, while it is good when the bending axis is parallel to the rolling 

direction, as seen in the schematic image in Fig. 49. This is opposite to what is often 

found, e.g., when elongated MnS inclusions control bendability, as is shown in Paper 

I (and Section 5.1). However, the steels studied in Papers III–V were very clean and 

contained no MnS inclusions.  

As will be discussed below, however, bendability probably depends on the 

combined effect of several factors: the gradient of mechanical properties through the 

thickness, microstructural homogeneity (microhardness, homogeneity index) and 

texture. 
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Fig. 49. Schematic summary of the results of the investigated steels. 
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Fig. 50. FESEM micrograph after Nital etching of a shear band near the strip surface. 

Sheet #5-820 with bend axis perpendicular to the RD. 

5.4.1 Effect of mechanical properties and microstructural 
homogeneity 

Generally, lower steel strength with higher total elongation (i.e., elongation to 

fracture) in the tensile test are considered to produce better bendability, as seen in 

Table 1. However from Fig. 51 it can be seen that in the case of DQ strip steels, the 

correlation between these variables and bendability is very poor. The highest 

correlation (R2 = 0.65) is obtained when the bend axis is parallel to the RD using 

transverse yield strength [in Fig. 51a (solid line)]. However, no correlation 

whatsoever is found (R2 = 0.04) with total elongation [in Fig. 51b (solid line)]. This 

confirms the observations of Oka & Takechi (1986) and Yamazaki et al. (1995) that 

total elongation or tensile strength does not correlate at all with the minimum bending 

radius of UHSS. This is not surprising, as total elongation, or elongation to fracture, 

in the tensile test is strongly related to uniform elongation, i.e., an instable condition 

that is not at all appropriate to bending. Fig. 51a illustrates well how, especially for 

yield strengths exceeding 1000 MPa, there can be enormous differences in 

bendability. 
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Fig. 51. Correlation between (a) yield strength and (b) total elongation and minimum 

usable bending radius. 

The effect of the homogeneity index (HI) was investigated in Paper IV. In Steel 

#3-820 the HI was low, indicating high homogeneity, and bendability was good. 

This is in agreement with earlier studies (Oka & Takechi 1986, Nagataki et al. 
1994, Yamazaki et al. 1995, Sugimoto et al. 2003, Takahashi et al. 2003, 

Sugimoto et al. 2005, Rèche et al. 2010, Rèche et al. 2011, Kaupper & Merklein 

2013), where inhomogeneity is caused by differences in hardness between the 

matrix and other microstructural components, such as inclusions, MA islands or 

carbides. It has been shown that in DP and CP steels an inhomogeneous 

microstructure is harmful, causing strain localisation and shear band formation 

(Oka & Takechi 1986, Yamazaki et al. 1995, Kaupper & Merklein 2013). In those 

steels, voids nucleate and grow at the interface of the soft and hard phases under 

the applied strain. The voids finally unite to form cracks and ultimately fracture. 

The subsurface microstructure of Steel #3-820 contains polygonal ferrite and 

granular bainite (Figs. 33d and 33f). Granular bainite intrinsically has carbon-rich 

areas, which ought to make it inhomogeneous with a high HI. In the present case, 

though, even with an indentation load of only 1 N the HI of GB was low and, 

indeed, the microstructure is associated with good bendability. Also, the 

homogeneity index for Steels #4–6 50 μm below the surface and in the depth 

range of 100 to 400 μm below the surface showed no correlation with bendability, 

Fig. 52.  
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Fig. 52. Correlation between the homogeneity index (values at 50 μm and from 100 μm 

to 400 μm) and the minimum usable bending radius when the the bend axis is (a) 

parallel and (b) perpendicular to the RD in Steels #4–6. The value of Steel #6-840 is not 

included in the correlation. 

5.4.2 Influence of microhardness, microstructure and texture on 
bendability 

It was found in Papers III–V that a subsurface microstructure comprised of high-

temperature transformation products, i.e., granular bainite and ferrite, is beneficial in 

terms of bendability. This was proposed to be due to the relatively low hardness level 

that such high-temperature transformation products provide. The results suggest that 

the hardness of the subsurface layers is the principal factor affecting the bendability of 

direct-quenched UHSS. In Fig. 53, the relationship between subsurface hardness over 

the depth range of 0.1 mm to 0.4 mm and bendability is presented. It can be observed 

that bendability decreases nearly linearly with increasing subsurface hardness, 

especially when the bend axis is perpendicular to the RD. No correlation between 

centreline hardness and bendability is found, as might be expected. It can be 

concluded that low subsurface hardness is beneficial to bendability.  

Subsurface hardness is not, however, the only factor governing bendability, 

especially in the case of the bend axis perpendicular to the RD. This is apparent from 

the large scatter in bendability results at the highest hardnesses close to 450 HV in 

Fig. 53. Some factor or factors other than hardness must be responsible for this. 
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Fig. 53. Correlation between mean microhardness over the depth range of 100 μm to 

400 μm and the minimum usable bending radius when the bend axis is (a) parallel (R2 

= 0.69) and (b) perpendicular to the RD (R2 = 0.78) in Steels #4–6. The values for Steel 

#6-840 are not included in the correlation due to red scale marks on the surface 

causing early cracking. 

Subsurface upper bainite with MA islands (Figs. 33e and 50) was found to be 

detrimental to bending when the bend axis is perpendicular to the RD. Typically, 

in upper bainite the laths and MA islands or carbides are inclined 40–60° relative 

to the rolling direction (Zajac et al. 2005). However, after high Rtot, the MA 

islands were aligned along the rolling direction instead (see Fig. 33e). The 

austenite shear texture derived from the shear strain state in conjunction with the 

bainite variant selection mechanism (Ray & Jonas 1990, Furuhara et al. 2008) 

may explain the anomalous lath and MA island orientation. 

The relationship between the intensity of the ~{112}<111>α texture component 

and the minimum usable bending radius for different subsurface microstructures can 

be seen in Fig. 54. Fig. 54a shows that there is a strong relationship between the 

intensity of the ~{112}<111>α texture component and bendability when the bend axis 

is perpendicular to the RD. It is mainly this factor that explains the large scatter in 

bendability at the highest hardness levels in Fig. 53. High hardness can be tolerated 

better when the intensity of the ~{112}<111>α texture component is low, as it was in 

the case of the ATM microstructure of Steel #5-920.  

Fig. 54a shows that a relatively strong ~{112}<111>α texture can be tolerated in 

the case of softer granular bainite, where the usable bend r/t is lower than 2.5 in both 

bending directions even with a relatively intense texture. The results for sheet #6-840 

have not been included in the figures because red scale marks caused bending 

problems. In upper bainitic and martensitic subsurface microstructures, bendability is 
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reduced compared with the specimens with granular bainite. The minimum bending 

radii (r/t) are above 6.0 when the bend axis is perpendicular to the RD (in Fig. 54a), 

which is caused by the combination of an upper bainitic microstructure with aligned 

MA islands and an intense ~{112}<111>α texture component.  

Fig. 54b shows that there seems to be no effect of ~{112}<111>α texture on 

bendability when the bend axis is parallel to the RD. The reason why a strong 

~{112}<111>α texture weakens bendability in the bend axis perpendicular to the RD, 

but not when it is parallel to the bending direction, is shown below to be consistent 

with the presence or absence of geometrical softening. 

 

Fig. 54. The relationship between the intensity of the ~{112}<111>α texture component 

and the minimum usable bending radius when the bend axis is (a) perpendicular to 

the RD and (b) parallel to the RD with different subsurface microstructures. 

Kuroda & Tvergaard (2004, 2007) demonstrated by modelling how in FCC 

aluminium, bendability becomes anisotropic with respect to the RD as a 

consequence of strain localisation in the presence of certain textures. Although the 

effect of texture on shear band formation has not been reported in BCC materials, 

it is possible that the phenomenon observed in the FCC case may have an analogy 

in BCC materials. 

In bending, the outer surface that experiences planar strain tensile loading is 

critical, as this is where shear bands can nucleate and lead to cracking and fracture. 

Considering grains close to {112}<111>α loaded under planar strain extension 

parallel to the rolling direction, the <111> pencil glide conditions characteristic of 

BCC metals will lead to lattice rotations, whereby the principal tensile axis (TA) 

rotates, for example, from [111]α towards the burgers vector [11-1]α, i.e., the [110]α 
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direction that is perpendicular to the bending axis (BA); see Fig. 55a. During this 

process, the Schmid factor (Schmid & Boas 1935) increases rapidly from ∼0.3 to ∼0.5 

(Hosford 2005), raising the resolved shear stress on the operating slip system and 

thereby facilitating shear band formation through geometrical softening (Reid 1973, 

Dillamore et al. 1979, Asaro 1979). 

In BCC metals, slip can occur on {110}, {112} or {123} slip planes (Hosford 

2005). Using the specific example described above with the TA initially parallel to 

[111] and burgers vector [11-1], the slip planes of interest are (112) together with 

(213) and (101) and their symmetrical counterparts (123) and (011). The lattice 

rotation that occurs concomitantly with slip on any of these planes leads to a rapid 

increase in the Schmid factor, as shown in Fig. 56. Irrespective of the operating slip 

plane, the rate of increase of the Schmid factor is very similar, meaning tendencies to 

geometric softening.  

However, when the tensile axis is transverse to the rolling direction (in Fig. 55b), 

grains belonging to the texture component {112}<111>α will see the tensile axis 

along a stable <110> direction, which is a multiple slip stable orientation for pencil 

gliding BCC metals. There should be no tendency to rotation or geometrical softening 

in this case. 

 

Fig. 55. (a) Rotation of the tensile axis (TA) in (-1-12)[111] grains when the bend axis 

(BA) is perpendicular to the rolling direction (RD) and (b) the bend axis is parallel to 

the RD. 
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Fig. 56. Variation of the Schmid factor (m) as a function of the tensile axis position 

between [111] and [110]. Calculated using Eq. (4). 

Even though the shear bands extend over relatively large distances compared with 

the grain size or texture component cluster size, the above considerations can play 

an important role in their initiation. The overall picture is complex, since besides 

texture and work hardening effects, shear band formation can be detrimentally 

enhanced by other factors such as surface roughness and near-surface hard 

second-phase particles (Dao & Li 2001). 

Overall, bendability is significantly improved with soft surface layers; it can be 

concluded that the condition for the onset of strain localisation and shear band 

formation is significantly delayed with a GB/F microstructure. It is found that a 

sufficiently soft surface layer reaching down to approximately 5% of the total sheet 

thickness results in increased bendability. 

5.5 Recommendations for future work 

Since dislocations control the mechanical properties of crystalline materials, it would 

be interesting to determine the effect of dislocation density and structure on the 

bendability of UHSS.  

The work in this thesis suggests that the work hardening capability of auto-

tempered martensite and granular bainite is higher than that of upper bainite for the 

present compositions. Future studies could seek to verify this hypothesis using tensile 
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testing of simulated microstructures or local instrumented microhardness indentation 

measurements.  

Furthermore, from the point of view of FE modelling of the bending process, it 

would be useful to determine the stress-strain behaviour of the different 

microstructures at various depths below the surface. 

At a more fundamental level, it would be interesting to understand better how the 

different microstructures form at different depths as a result of the combined effects 

of chemical composition, rolling strain, roll chilling and subsequent water cooling.  
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6 Summary and conclusions 

The thesis and its most important conclusions are best presented under three headings: 

1) the effect of sulphur level and inclusions on toughness and bendability, 2) the 

effect of pancaking on the microstructure, texture and properties and 3) the effect of 

the subsurface microstructure and texture on bendability in very clean steels.  

6.1 The effect of sulphur on the inclusion structure and mechanical 

properties 

The following conclusions concern a steel that had a mainly auto-tempered 

martensite and lower bainite microstructure after TMCP-DQ processing. 

– At a high sulphur level (60 ppm) the inclusion structure consisted of spherical 

calcium aluminates and elongated MnS, whereas at a sulphur level of 20 

ppm, the inclusions were mainly fine (<10 μm) spherical calcium aluminates.  

– Elongated MnS inclusions impaired impact toughness properties and 

bendability. In particular, bendability around a longitudinal axis was 

significantly weakened. While the elongated MnS inclusions had no notable 

effect on strength, they slightly decreased elongation to fracture as tested in 

the transverse direction. 

– It is shown that UHSLA (Rp0.2 > 960 MPa) strip steel with good impact 

toughness and bendability properties can be produced via the TMCP-DQ 

process by paying sufficient attention to steelmaking operations to obtain a 

proper inclusion structure.  

6.2 The effect of austenite pancaking in the NRX regime on 

mechanical properties, microstructure and transformation 

texture 

– Microalloying with niobium increased austenite pancaking. Variations in the 

other alloying elements studied did not affect the amount of rolling reduction 

occurring below the non-recrystallisation temperature (Rtot), i.e., carbon in the 

range of 0.07–0.09 wt.%, manganese in the range of 1.1–1.8 wt.% and 

molybdenum in the range of 0–0.15 wt.%. 

– A decrease in the FRT increased the formation of softer microstructures such 

as ferrite (F) and granular bainite (GB) in the subsurface layers. The 

microstructures at the centreline consisted mainly of auto-tempered 
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martensite (ATM) with some bainite, though here too, a decrease in the FRT 

increased the fractions of GB and F at the expense of ATM and UB. 

– An increase in Rtot strengthens the intensities of the ~{554}<225>α and 

~{112}<110>α texture components at the centreline and the texture 

components ~{112}<111>α and ~{110}<112>α - {110}<111>α at the strip 

subsurface. 

– Provided that the chemical composition and cooling rate are such that 

polygonal ferrite does not form during cooling, austenite pancaking (i.e., 

increasing Rtot) is an effective way to improve strength, impact toughness and 

fracture toughness without significantly decreasing uniform elongation. High 

values of Rtot lead to ultra-high strength and excellent toughness irrespective 

of the Nb content. 

– There was a tendency for the yield stress and tensile strength of the steel 

sheets to decrease on lowering of the FRT when F and GB formed at the 

surface; however, this led to no clear corresponding increases in elongation to 

fracture. 

– Refinement of the equiaxed austenite grain structure during rolling in the 

recrystallisation temperature regime (roughing) improved the toughness 

properties, but the effect was weaker than the effect of rolling in the non-

recrystallisation regime. 

6.3 Effect of subsurface microstructure and texture on bendability 

in the absence of detrimental effects from inclusions  

– Considering the tensile tests conducted using the whole sheet thickness, 

neither total elongation to fracture nor strength correlates at all with the 

minimum usable bending radius.  

– Bendability is increasingly impaired with increasing mean Vickers hardness 

0.1–0.4 mm below the sheet surface. The rate of impairment is greatest when 

the bend axis is perpendicular to the RD. However, at high levels of hardness 

there is considerable variation in bendability that can be explained by 

microstructural and texture effects. 

– Subsurface hardness profiles are highly dependent on the chemical 

composition and finish rolling temperature. 

– The subsurface shear texture component ~{112}<111>α caused by austenite 

pancaking tends to promote shear localisation and cracking during bending 
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even at small bending angles when the bending axis is perpendicular to the 

rolling direction but not when the bending axis is parallel to the rolling 

direction. This anisotropy of bendability can be explained by the influence of 

bend axis orientation on the tendency to geometric softening in grain clusters 

belonging to this texture component. 

– The results can be explained by the hypothesis that the detrimental effects of 

geometric softening are mitigated and shear localisation is prevented by the 

presence of a sufficiently thick subsurface microstructure with sufficient 

work hardening capacity, i.e., ferrite + granular bainite rather than ferrite + 

upper bainite. 

– The strain required to initiate strain localisation can be increased and good 

bendability thereby obtained, even in the presence of detrimental texture 

components, by ensuring the presence of a sufficiently soft subsurface layer 

extending to a depth of approximately 5% of the total sheet thickness. This 

can be achieved even in the case of ultrahigh-strength strip steel with a yield 

stress above 900 MPa, provided a suitable combination of chemical 

composition and processing parameters is selected. 

– When steel processing parameters have led to the presence of subsurface 

upper bainite and a strong ~{112}<111>α texture component, giving very 

poor bendability around the transverse direction, re-austenitisation followed 

by quenching produces good bendability in both transverse and longitudinal 

directions, even though it does not eliminate, but only weakens, the 

~{112}<111>α shear texture component. However, the subsurface 

microstructure now consists of auto-tempered lath martensite. A higher strain 

hardening capability of auto-tempered martensite compared with upper 

bainite can explain the improved bendability. 
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7 Novel features 

It is believed that the following observations are new to this thesis. 

– In the case of direct-quenched martensitic-bainitic microstructures, austenite 

pancaking reduces lath and effective grain sizes.  

– Austenite pancaking (i.e., increasing Rtot) is an effective way to improve 

strength, impact toughness and fracture toughness without significantly 

decreasing uniform elongation. High values of Rtot lead to ultra-high strength 

and excellent toughness even without Nb microalloying. 

– The occurrence of poor bendability in TMCP-processed DQ steel was found 

to be caused by shear localisation, which is encouraged by low work 

hardening and geometric softening. It is proposed that the combined 

influence of these two effects can explain all observed bendability results in 

cases where there are no detrimental effects from inclusions. The detrimental 

effects of geometric softening are mitigated and shear localisation is 

prevented by the presence of a sufficiently thick subsurface microstructure 

with sufficient work hardening capacity, i.e., ferrite + granular bainite rather 

than ferrite + upper bainite. 

– The subsurface shear texture component ~{112}<111>α caused by austenite 

pancaking tends to promote shear localisation and cracking during bending 

even at small bending angles when the bend axis is perpendicular to the 

rolling direction but not when the bending axis is parallel to the rolling 

direction. This anisotropy of bendability can be explained by the presence or 

absence of geometric softening in grain clusters belonging to this texture 

component with changes in the orientation of the bend axis. 

– The intensity of the ~{112}<111>α texture components at the subsurface 

increased in an upper bainitic microstructure, while, for similar degrees of 

pancaking, the intensity remained low in granular bainite and martensite. 

– The strain required to initiate strain localisation can be increased and good 

bendability thereby obtained, even in the presence of detrimental texture 

components, by ensuring the presence of a sufficiently soft subsurface layer 

extending to a depth of approximately 5% of the total sheet thickness. This 

can be achieved even in the case of ultrahigh-strength strip steel with a yield 

stress above 900 MPa, provided a suitable combination of chemical 

composition and processing parameters is selected. 
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