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Abstract
The appearance of ferritic stainless steels (FSS) is deteriorated when the surface defect known as
ridging appears after sheet forming. This research concerns the influence of various sheet
production conditions on the severity of ridging in FSS stabilized with titanium and niobium. A
method for quantifying ridging was developed, the combined effect of calcium (Ca) treatment and
electromagnetic stirring (EMS) on slab structure and ridging was studied, the influence of hotrolling finishing temperature on microtexture and ridging was established, and a model relating
microtexture to ridging intensity was developed.
The results showed that when casting without Ca treatment, even in the absence of EMS, the
slab macrostructure is completely equiaxed and the final rolled, and annealed sheet has a high
resistance to ridging. A similar situation prevails in the presence of a small Ca addition provided
EMS is applied. However, accurate control of Ca content is difficult, and higher Ca contents lead
to slabs having increasingly columnar grain structures and poor ridging resistance even with EMS.
Under standard rolling with a finishing rolling temperature of 1000 °C just a two-fold increase in
Ca content leads to a notable reduction in ridging resistance despite the use of EMS. Without EMS,
the ridging resistance under these conditions is the worst of all the cases tested. However, lowering
the hot-rolling finishing temperature to 810 °C increases the amount of recrystallization in the
annealed hot band, which randomizes the texture and leads to cold-rolled and annealed sheet that
is practically ridging free.
To further understand the mechanism of ridging and its dependence on the direction of strain,
the evolution of macrotexture during 15% strain in both the rolling and transverse direction was
studied in sheet samples with different susceptibilities to ridging. No correlation was found
between macrotexture, e.g., γ-fiber intensity, and the severity of ridging. The microtextures of two
samples with similar macrotextures but widely differing resistance to ridging were studied using
electron backscattered diffraction. The detrimental influence of clusters of grains with low rvalues on ridging was substantiated by predicting surface ridging profiles from the orientations of
all grains through the thickness and across a representative width of sheet.

Keywords: calcium treatment, cold-rolling, ferritic stainless steels, hot-rolling, Lankford
parameters, macrotexture, mean-grain orientation, microtexture, r-value, ridging,
ridging index, Schmid factor threshold
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Tiivistelmä
Ohutlevyyn muovauksen aikana syntyvä valssaussuuntainen juovaisuus, ns. ridging-pintavika,
heikentää ferriittisen ruostumattoman teräksen pinnanlaatua. Tämän tutkimuksen aiheena oli
teräksen valmistukseen liittyvien tekijöiden vaikutus kyseisen pintavian voimakkuuteen niobilla
ja titaanilla stabiloiduissa ferriittisissä ruostumattomissa teräksissä. Työssä kehitettiin menetelmä
juovaisuuden voimakkuuden mittaamiseen, selvitettiin kalsiumseostuksen ja elektromagneettisen sekoituksen (EMS) vaikutus valuaihion rakenteeseen, kuumavalssauksen lopetuslämpötilan
vaikutus mikrotekstuuriin sekä edellä mainittujen tekijöiden vaikutus pintavian voimakkuuteen.
Työssä kehitettiin myös malli mikrotekstuurin ja juovaisuuden väliselle yhteydelle.
Tulokset osoittivat, että ilman kalsiumseostusta ja EMS:sta valetun aihion rakenne on täysin
tasa-aksiaalinen. Tällöin valssatun ja hehkutetun lopputuotteen alttius juovaisuuden syntymiseen on vähäinen. Alttius on niin ikään vähäinen, jos seostetun kalsiumin määrä on pieni ja EMS
on käytössä. Kalsiumin määrän tarkka kontrollointi on kuitenkin vaikeaa ja kalsiumpitoisuuden
nousu voi aiheuttaa pylväskiteisen valurakenteen ja voimakkaamman juovaisuuden myös
EMS:stä käytettäessä. Korkeammalla kalsiumseostuksella ilman EMS:stä muovauksessa syntyvän juovaisuuden voimakkuus oli suurin kaikista tutkituista tapauksista. Kuumavalssauksen
lopetuslämpötilan alentaminen 810 °C:een kuitenkin lisää rekristallisaatioastetta hehkutetussa
kuumanauhassa, mikä puolestaan rikkoo valussa syntyneen tekstuurin. Tuloksena on lopputuote, joka on käytännössä vapaa juovaisuudesta.
Juovaisuuden syntymekanismin ymmärtämiseksi makrotekstuurin muodostumista yksiaksiaalisessa vedossa tutkittiin koesarjalla, jossa erilaisen juovaisuusalttiuden omaavia näytteitä
vedettiin 15 % venymään valssaussuunnassa ja kohtisuorassa valssaussuuntaa vastaan. Makrotekstuurin ei havaittu korreloivan juovaisuusalttiuden kanssa. Takaisinsironneiden elektronien
diffraktiota käyttäen tutkittiin mikrotekstuuria kahdesta näytteestä, joissa oli samanlainen makrotekstuuri mutta erilainen alttius pintavikaan. Alhaisen r-arvon omaavien rakeiden muodostamien klustereiden todettiin altistavan materiaalin juovaisuudelle, mikä todennettiin laskemalla
levyn pinnan juovaisuusprofiili rakeiden orientaatioiden avulla.

Asiasanat: ferrittinen ruostumaton teräs, ridging, mikrotekstuuri, makrotekstuuri,
Lankford parametrit, r-arvot, kalsiumseostus, kuumavalssaus, kylmävalssaus, rakeen
keskiorientaatio, Schmid kynnysarvo, ridging indeksi
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1

Introduction

1.1

Background

Ferritic stainless steels (FSS) share most of the mechanical and corrosion properties
of their expensive cousins, austenitic stainless steels. However, unlike the
austenitics, ferritic stainless steels contain no nickel thereby providing a costeffective alternative for many applications. Stainless steel producers are notably
affected by high nickel prices and more notably by the fluctuations as nickel is the
main expensive constituent in the widely used austenitic stainless steel grades. This
situation worries the potential users of stainless steel, who may conclude that
stainless steels possessing the properties and quality they need are beyond their
financial reach. However, the ferritic stainless steel grades have a relatively low
and stable price and yet they boast impressive technical characteristics [1]–[4].
The use of ferritic stainless steels rose rapidly after World War II due to the
extensive use of theses grades in motor trim. Later, a temporary factor encouraging
FSS manufacture was the severe shortage of nickel during the Korean War [1].
Since then, revived interest in ferritic grades has frequently occurred whenever the
supply of nickel has been restricted or nickel prices have become volatile. In 1953,
when there was a severe shortage of nickel, the production of ferritic grades (mainly
430) in the USA reached the same level as all austenitic grades together. Later, the
ferritic grades have accounted for about 25 percent of all stainless steel production
in the USA and the rest of the world, and this ratio has been more or less maintained
until recently. According to the International Stainless Forum, the usage of FSS
reached a minimum after the crash of the price of nickel in 2009, and then the share
of FSS has been increasing reaching almost 30% in 2020 [2].
Ferritic stainless steels fall into five groups – three families of standard grades
and two of special grades. The standard grades are grouped according to chromium
content and stabilization: Group 1 with 10–14% Cr, Group 2 unstabilized with 14–
18% Cr, and Group 3 stabilized with 14–18% Cr. Group 4 means a molybdenum
content above 0.5%, and Group 5 a chromium content of 18–30%. The standard
grades comprising the first three groups are by far the largest in terms of
applications and tonnage accounting for almost 90% of the total FSS production
[4].
The corrosion resistance of the basic 17% Cr ferritic stainless steels can be
much improved either by stabilization or alloying with molybdenum. FSS cannot
19

endure the levels of interstitial carbon and nitrogen found in austenitic grades
without having corrosion issues. Chromium carbide and nitride precipitation
depletes the matrix of chromium, which can lead to intergranular corrosion [5], [6].
Chromium carbide and nitride precipitation occurs very rapidly in ferrite due to the
low solubility of interstitials at high temperature and the fact that the diffusion rates
are higher in ferrite than austenite [7]. To avoid this problem, modern ferritic grades
are alloyed with stabilizing elements such a titanium and niobium to bind the
interstitials and thereby improving the corrosion resistance by preventing
chromium carbide and nitride precipitation.
Despite exhibiting better forming properties, ferritic stainless steels are prone
to the surface defect ridging [8]–[10]. Ridging appears as corrugations parallel to
the rolling direction of the sheet after the deep drawing process. The amplitude of
the ridging defect is highest when the strain is along the rolling and lowest when
the strain is transverse to the rolling direction. The occurrence of ridges ruins the
product appearance, and increases the need for polishing which raises production
costs. The solidification structure of unstabilized FSS consists of mainly columnar
grains, which are transformed during recrystallization into bands or colonies of
similarly oriented grains which may remain in the microstructure through to the
final product. It has been shown that the breaking up of these colonies of similarly
oriented grains in the cold rolled and annealed sheet could prevent or lower the
intensity of the ridging [11]–[16]. However, the texture of the final cold rolled, and
annealed sheet is inherited from the hot band and having no austenite-ferrite phase
transformation in the stabilized ferritic stainless steels, recrystallization during hot
rolling and/or annealing is the only way to improve the as cast structure in these
steels [17].
The production of ferritic stainless steels is different from typical austenitic
grades. Deoxidation, which is essential for stainless steel, is achieved through
additions of Al, FeSi and Mn. This improves the yield of titanium in the stabilized
grades [18]–[20]. Secondary phase particles such as the TiN resulting from
stabilization along with Al2O3-MgO particles cause severe clogging in continuous
casting [21]–[24]. Also, these particles are exposed on the surface of the sheet as
result of mechanical reduction in unwelcome surface defects thereby reducing the
productivity by increasing the scrap quantities. A well-known solution to prevent
clogging is calcium treatment, which modifies the inclusion morphology forming
calcium aluminates [24]–[30]. These low melting point substrates prevent the
formation of nitride accumulation in casting thereby improving the castability and
productivity of stabilized ferritic stainless steels. However, the calcium treatment
20

has adverse effects on the grain structure of the casting due to the delay in forming
TiN, which is the best inoculant for nucleating solid δ-ferrite [31]. This, in turn,
has an adverse effect on the ridging performance of stabilized ferritic stainless
steels.
1.2

Aims of the research

The effects of process parameters on ridging in ferritic stainless steels have been
studied plentifully over almost half a century with the aim of reducing its incidence
in practice. However, some areas have not received much attention. For example,
there has been insufficient research into ridging in stabilized ferritic stainless steels
(EN 1.4509) where it continues to be a quality issue. While it is known ridging is
much less severe when straining along the transverse rather than the rolling
direction, there have been no studies of the effect of straining direction on texture
changes, nor have texture changes generally been considered. Ridging severity is
generally measured using qualitative visual inspection, which is prone to notable
scatter. However, effective research into the influence of process parameters on
ridging is only possible by quantifying ridging. The modelling of ridging has
mainly been done using ideal crystallographic texture components and few studies
have been made using actual textures measured using EBSD. These are discussed
in the next section. Bearing these points in mind, the current research is based on
the examination of the following research questions.
–
–

–
–

Can the severity of the ridging be quantified?
What is the combined effect of calcium treatment and electromagnetic stirring
(EMS) on the cast structure and on the severity of ridging in the final sheet
product under conventional industrial production conditions?
What is the effect of hot rolling finishing temperature in the case of slabs with
a completely columnar grain structure?
Is it possible to develop a simple modelling procedure to relate grain
orientation distributions to the severity of ridging?
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2

Theoretical foundation

2.1

Ferritic stainless steels

Stainless steels are divided into the following groups according to their
microstructural constituents: a) ferritic stainless steels b) austenitic stainless steels,
c) martensitic stainless steels d) duplex stainless steels consisting both austenite
and ferrite, and e) precipitation hardening stainless steels. Ferritic stainless steels
(FSS) are iron-base alloys with chromium in the range 11–30% but little or no
alloying with expensive nickel or other austenite stabilizing substitutional elements
such as Mn, Cu or Co. Note that throughout the thesis, chemical compositions are
given in weight (or mass) percentages.
Stainless steels require a minimum of 10.5% chromium to make them corrosion
resistant through the formation of a self-healing chromium oxide layer. FSSs with
a minimum of 11% chromium have a full ferritic body-centered cubic (BCC) matrix
(α), although some martensite is present in the microstructures of some grades. The
ratio of ferrite stabilizing elements to austenite stabilizers must be high enough to
achieve a fully ferritic matrix.
Ferritic stainless steels can be divided broadly into two categories, i.e.,
transformable, and non-transformable depending on whether α-ferrite
transformation occurs to austenite (γ) and vice-versa during thermo-mechanical
processing. The γ-austenite loop extends to 13% Cr as shown in Fe-Cr binary
equilibrium phase diagram (Figure 1). Cr is a ferrite stabilizer, while Ni, C and N
are austenite stabilizers. Therefore, the temperature range over which γ-austenite is
stable can be reduced or removed with a high Cr content, with a low or nickel
content and low contents of carbon and nitrogen. Figure 2 shows the effect of
carbon content on the size of the austenite loop in the Fe-Cr phase diagram. The
stability of γ-austenite can also be reduced by adding alloying elements such as
titanium, niobium, and zirconium, which strongly react with the carbon and
nitrogen to form carbo-nitride thereby removing these interstitial elements from
solid solution. In this way it is possible to make non-transformable ferritic stainless
steels that are ferritic from room temperature to the melting point with no phase
transformation from ferrite to austenite occurring during thermomechanical
processing.
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Fig. 1. Schematic Fe-Cr equilibrium phase diagram illustrating the presence of γaustenite loop for lower chromium content (Redrawn from Ref. [32]).

Fig. 2. Schematic drawing of the influence of carbon to Fe-Cr system on the
stabilization of the γ-loop (Redrawn from Ref. [33]).
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2.2

Ridging

Ridging is characterized as small parallel elevations and valleys which develop
along the rolling direction (RD) when the FSS sheet material is elongated along the
rolling direction or after deep drawing operations. The distance between the ridges
is commonly in the range of a few millimeters. The surface profile height due to
ridging may be up to ±50 µm depending on the applied strain and the severity [12],
[14], [16], [34]–[36]. The amplitude of the ridging is highest when the direction of
strain is aligned with the RD and decreases progressively as the tensile direction
rotated away from the RD, with very low or in some cases no ridging observed
when the tensile direction is aligned with transverse direction (TD) [37]. The peaks
on one side of the sheet coincide with the valleys on the other side and vice versa
[37], [38]. Ferritic stainless steels are often selected for their pleasing visual
appearance and these ridges on the surface are detrimental for their end use (Figure
3). Consequently, additional mechanical polishing is required to remove the
ridging, and this increases the production cost of the items, requiring a high-quality
surface.
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Fig. 3. Deep drawn pot illustrating deep ridges 180° apart both inside and out
(Photographer: Heidi Vanhapiha © 2020 Outokumpu Oyj).

In industrial practice, ridging severity is commonly assessed by a simple visual
examination after sheet forming operations. The formed item may be rejected when
either the surface quality is poor, or the amount of required polishing becomes
unacceptable. To overcome this, a sheet sample taken prior to use may be strained
to a defined elongation between 7 and 20% and visually rated based on previously
defined arbitrary scale such as 1–5 or 1–10. In the scientific literature, ridging is
often characterized by surface roughness parameters, which are typically
determined according to common surface roughness measurement standards. Quite
often, the ridging severity is evaluated using the surface roughness parameter Ra
and/or the maximum profile height Rt. In general, ridging tests are carried out on
typical tensile specimens of width 20 mm. Such a measurement length is very short,
covering only a few ridges.
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A similar surface defect, common in certain aluminum alloys used for
automotive applications, is termed roping. The severity of roping is highest when
the tensile axis is along TD unlike in FSS where the severest direction is RD.
Surface roughness parameters and surface profiling techniques were proposed to
quantify the severity of roping in aluminum alloys. However, Baczynski et al. [39]
and Choi et al. [40] could not find a correlation between the visual assessment of
roping and the surface roughness parameters. Guillotin et al. [41] proposed an
aerial spectral density analysis method for the characterization of aluminum alloys
dividing the roping intensity into three levels: low, intermediate and high.
2.3

Representation of crystallographic texture in ferritic stainless
steels

The ridging phenomenon is strongly dependent on the crystallographic texture
developed during the thermomechanical processing of ferritic stainless steels [8],
[11]–[15], [36]. A three-dimensional representation of an orientation density
function (ODF) is not generally required, and it is common practice to represent
ODF’s in a very condensed way by plotting the orientation intensity along certain
distinct crystallographic fibers through orientation space [42], [43]. A series of
comparable textures were analyzed in many studies, e.g., rolling textures at
different levels of deformation and recrystallization textures obtained after
annealing at different temperatures. To compare textures, it is practical to use one
or two ODF sections, which show characteristic texture changes, rather than the
entire Euler angle space.
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Fig. 4. Schematic representation of the most important orientations in BCC materials
in ODF section corresponding to 2= 45° (Redrawn from Ref. [11]; Adapted, with
permission, from Publications III and IV © 2020, 2021 Wiley-VCH GmbH).

The texture of BCC materials can be compactly presented by plotting the section
with 2=45° which contains two main fibers that are α-fiber comprising the
orientations {hkl}<011> , i.e., those having a <011> direction parallel to the RD
and the γ-fiber covering the orientations {111}<uvw>, i.e., with a <111> direction
or {111} plane normal to the ND. Orientations in these fibers and other orientations
are shown in in Figure 4 assuming the sample has orthotropic symmetry, which is
a reasonable assumption when analyzing the bulk, or macroscopic, texture
measured using XRD or neutron diffraction, when deformation conditions are plain
strain or uniaxial without an overall net shear component and no spatial information
is recorded. Recent studies [35] have showed that assuming orthotropic sample
symmetry, orientations shearing oppositely appear to have statistically identical
orientations. Lefebvre et al. [35] suggested the use of triclinic sample symmetry
when the measurements are conducted using EBSD. However, in the present study
the crystallographic orientations are shown assuming the orthorhombic sample
symmetry and also to calculate the volume fractions of the orientations from the
ODFs.
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2.4

Ridging: microstructural feature, texture and modeling

In the early studies that lacked the techniques needed to detect the distribution of
texture components, segregation of alloying elements such as chromium,
molybdenum and carbon was proposed to be the main reason for ridging [44]–[46].
The development of a deep etching technique [8], [47] with Vilella’s reagent for
about 45 to 60 s revealed the distribution of the various texture components as the
etching selectively attacked the grains with cube-on-corner grains etching the least
and cube-on-face grains the most, cube-on-edge grains in between. These studies
also revealed that the severity of ridging increased with an increased presence of
cube-on-face grain clusters. These experiments results were qualitative, but gave
early evidence of the influence of grain orientations on the ridging phenomenon,
and they motivated the development of the first models of ridging [8]. The main
outcome from the early models of ridging was the existence of the clusters of grains
along the RD having their <110> directions parallel to the tensile axis. These
models were also motivated by the knowledge that such <110> oriented grains
exhibit strong plastic anisotropy comparing to <111> oriented grains with respect
to the tensile axis which leads to ridging. The anisotropic behavior of such grains
has been used to explain another phenomenon i.e., the strong departure from axially
symmetric flow in <110> fiber-textured metals [48].
Chao [8] was the first to combine the idea of microtexture and the strong plastic
anisotropy of {hkl}<110> grains to explain the ridging phenomenon. In this model,
the microstructure is assumed as bands or clusters of cube on face (CF) oriented
grains ({001}<110>) or cube-on-edge (CE) oriented grains ({110}<011>) in a
matrix of cube-on-corner oriented grains ({111}<110>). From the crystallographic
calculations considering that slip occurs on the most favorable slip system having
the highest Schmid factor (SF). Eric Schmid discovered that if a crystal is stressed,
slip begins when the shear stress on a slip system reaches a critical value often
called the critical resolved shear stress. In uniaxial tension, Schmid’s law is written
as τc = ±σ cos λ cos ϕ, where λ is the angle between the slip direction and the tensile
axis, and ϕ is the angle between the tensile axis and slip plane normal. The product
(cos λ cos ϕ) is called Schmid factor which can be a maximum of 0.5. Chao
demonstrated that cube-on-face grains in plastically strained along RD, contract
parallel to ND and show zero strain along TD. Chao reasoned that the cube-oncorner (CC) oriented grains prefer to deform in plane strain with zero strain parallel
to ND and contraction parallel to TD.
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A second model [49] attributed the ridging phenomenon to a plastic buckling
instability that develops as a consequence of certain nonrandom texture mixtures.
In his study, Wright suggested that a sheet comprising bands of grains with
{001}<110> orientations in a matrix composed of {111}<112> orientations will
undergo plastic buckling due to the transverse compressive stresses caused by the
plastic incompatibility results from straining along RD. Indeed, it was later shown
that in the limit of very long {001}<110> grain clusters or in the case of {001}<110>
grain clusters that are fully embedded in a matrix {111}<112> no buckling would
be expected [50]. The third model by Takechi et al. [47] was based on a similar
idealized microtexture as the Chao and Wright models but considered alternating
clusters of {111}<110> oriented grains. During elongation along RD the two
variants tend to have a net out of plane shear in an opposite direction resulting in a
corrugation of the sheet. The discrepancy between the above models and
experiments is the fact that they rely strongly on the presence of bands of
orientations ({001}<110> orientation) in Chao and Wright model which is not a
strong component of the experimentally measured texture in the final sheet
products [51]. As with the Chao and Wright models, the major criticism of the
Takechi model is its reliance on an extremely simplified view of the microstructure
of ferritic stainless sheets.
The development of electron back scattered diffraction (EBSD) played a key
role in advancing our understanding of microtexture and ridging in ferritic stainless
steels. Recent EBSD observations have allowed for a fully quantitative description
of the spatial distribution of grains with particular crystallographic orientations
over several square millimeters [12], [35], [50], [52]–[54]. Brochu et al. [12] at first
presented the EBSD measurements on 430 ferritic stainless steels over an area of
5 mm2 for the TD-ND and TD-RD planes. The experimental results showed that
the overall texture of a sample with mild ridging behavior is relatively random
through the TD-ND and TD-RD planes. However, the existence of grain bands
having a width of 100 µm was demonstrated in a sample showing severe ridging
behavior. These bands were observed in the TD-RD planes and were elongated in
the rolling direction. However, Brochu et al. argued that the texture is difficult to
associate with any of the previous theoretical models and was of the opinion that
Chao’s model would probably show the best agreement with the reality. They
proposed their own mathematical model in which the data obtained by orientation
image microscopy (OIM). The operating slip system of each orientation was taken
as that with the highest Schmid factor considering all 24 slip systems. They only
calculated the normal component of the plastic deformation. Despite the fact that
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the predicted and experimentally measured surface profiles were in disagreement,
the agreement was better than that obtained with previous models, and they
considered their approach to be a good beginning to a mathematical explanation of
ridging.
Later, crystal plasticity simulations have also provided an important link
between the oversimplified Chao, Wright and Takechi models and experimental
EBSD observations. Most notably Shin et al. [50] investigated the ridging
phenomenon after 20% tensile straining using crystal plasticity finite element
method (CPFEM) based on the grain colonies envisaged in the earlier models. The
simulation results are different from the predictions from the earlier proposed
models as the interactions or compatibilities among grains are not taken into
account in the earlier models. However, Shin et al. concluded that it is impossible
or too costly to realize deformation behavior using the orientations of all the grains
in the specimen obtained from EBSD measurements. Hence, they simplified the
problem modelling the effect of colonies of grains within a matrix having a random
texture. Only the orientations of the colonies were measured using EBSD.
Wu et al. [55] proposed a simple ridging model (SRM) for ferritic stainless
sheet based on a model originally designed to analyze roping in aluminum sheets
[56]. In this model, they performed CPFEM calculations using the EBSD
measurements on an RD-TD plane (0.82 mm//RD and 2.34 mm//TD). In these
calculations, a far-field biaxial tensile stress in the RD-TD plane was considered
with an imposed strain parallel to the rolling direction and the stresses normal to
the sheet surface were assumed to be zero. From these simulations, an
inhomogeneous displacement of the surface was found, showing characteristics
like ridging behavior. Although the simulation was based on EBSD measurements
over a large area, the width of the area was still small compared to the wavelength
of ridging (1–5 mm). Indeed, in this study, no attempts were made to compare the
actual surface roughness measurements with the simulated ridging profile. The
CPFEM simulations described above improved the understanding of the link
between the experimentally measured orientations and the mechanism leading to
ridging. However, a major limitation of these simulations is that they have only
considered two-dimensional EBSD measurements and often from TD-RD plane at
half of the sample thickness.
From the above despite progress in computational resources, the use of
CPFEM simulations to study ridging is limited by computing time and expenses.
As an alternative to CPFEM, visco-plastic self-consistent (VPSC) models were
used to analyze the strain anisotropy. Engler et al. [53] applied VPSC model to two
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different sheets produced via different thermomechanical routes i.e., with and
without intermediate annealing (IA) after hot rolling. Experimentally, the sheet
with IA showed a lower tendency towards ridging than the sheet without IA and
EBSD analysis of the samples showed that the sample prone to ridging has colonies
of grains with similar orientations whereas, the lower ridging material has rather
uniform distribution of grains with various texture components. They used two
versions of ridging model using full EBSD map and the EBSD maps with narrow
bands and the results from both approaches agree with measurements such that the
material without IA has higher ridging tendency compared to the material with IA.
Lefebvre et al. [35] evaluated the effect of spatial distribution of crystallographic
orientations on amplitude and wavelength in FSS using visco-plastic fast Fourier
transform (VPFFT) model. The simulations are conducted using EBSD orientation
data measured on the TD-ND plane. The model quantitatively predicted both the
local deformation response and macroscopic surface roughness profiles in
agreement with both the wavelength and amplitude of the observed ridging. A
comparison with mean-field crystal plasticity simulations made using VPSC
showed that the predicted macroscopic ridging is affected by the local
neighborhood, which is lacking in VPSC calculations.
2.5

Influence of process steps on ridging

The presence of non-randomly distributed grains is the main cause of the ridging
observed in ferritic stainless steel. These non-randomly distributed or clusters or
groups of grains have similar orientations, mostly orientations in the α-fiber
<110>//RD and/or the cube orientation <100>//ND [12], [57]. Although ridging is
observed on the final sheet product, continuous casting leads to large fractions of
columnar crystals which adversely affects the properties of the final products. The
columnar crystals are retained as banded structures in the cold-rolled and annealed
sheet which introduce ridging. Prior to continuous casting, the ladle furnace
treatment also plays a key role in controlling the solidification structure of
stabilized ferritic stainless steels. In the following sections, the evolution of
microstructure and texture during the various process steps from the ladle treatment
through to the final product are reviewed.
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2.5.1 Ladle treatment and casting
During the conventional continuous casting process, solidification commences by
heterogenous nucleation on the mold wall resulting in the formation of grains with
a wide range of crystallographic orientations. These grow into the grains in the
narrow chill zone, with a random texture [58], [59]. In the case of metals with cubic
crystal symmetry (BCC and face centered cubic [FCC]), further solidification
occurs with <001> dendritic axes parallel to the direction of the heat flux, which is
usually perpendicular to the mold wall. This produces the columnar zone. Later
studies showed that in ferritic stainless steels the evolution of microstructure and
texture during solidification can be profoundly altered by inoculation [60]–[68].
Bramfitt [31] studied the effect of various carbide and nitride additions on the
nucleation of δ-ferrite in liquid iron and found TiN and TiC to be the most effective
nucleants which is attributed to good lattice registry between these phases and δferrite. In the case of un-stabilized ferritic stainless steels and carbon steels, many
studies have shown that the small additions of titanium cause an increase in the
ratio of equiaxed to columnar grains [13], [36], [59], [69]. However, in the case of
Ti and/or Nb stabilized ferritic stainless steels generally, the cast structure is
completely equiaxed [61].
The ladle furnace (LF) refining process of Ti-stabilized stainless steel melts
involve deoxidation with Al to improve the yield of Ti and reduce the formation of
Ti-containing oxide inclusions [18], [70]. However, alumina and spinel (MgOAl2O3) inclusions formed during the Al addition lead to the clogging of the
submerged entry nozzle (SEN), which lowers productivity by reducing the number
of ladles that can be cast in sequence, and increases the cost of casting consumables
[71].
Spinel inclusions are formed due to the soluble Mg supplied from the slag and
MgO based refractory [18], [72]. These spinel inclusions increase the tendency for
SEN clogging by titanium by acting as heterogenous nucleation sites for titanium
oxides and nitrides and resulting in the formation of complex inclusions. These are
also harmful to the surface quality and mechanical properties and formability of the
final sheet [73]–[75]. Many researchers have found that calcium treatment is an
effective countermeasure to alter alumina or spinel inclusions into harmless liquid
calcium aluminate inclusions, which prevent the clogging of SEN [24], [26], [27],
[29], [76]. Ye et al. [26] suggested that it is easier to modify alumina inclusions
with calcium treatment in a melt with moderate sulfur (S) content and when the
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temperature of the melt is high, which means early in the ladle treatment stage when
the particle size is small.
After modification with calcium, MgO-Al2O3 spinel inclusions become MgOAl2O3-CaO inclusions. Yang et al. [76] observed that many MgO-Al2O3-CaO
inclusions have a two-layer structure: CaO-Al2O3 outer layer with a MgO-Al2O3
core. They also reported that the steel/slag reaction had a great influence on
changing the morphology and composition of alumina and spinel inclusions. Jiang
et al. [29] discussed the evolution mechanisms of non-metallic inclusions in molten
steel refined using a high basic slag. Reaction of the steel with the slag increases
the Ca content of the molten steel, which gradually transforms solid MgO-Al2O3
and MgO inclusions into inclusions with a low melting point (<1773 K) in the CaOMgO-Al2O3 system.
Li et al. [77], [78] recently reported that after the addition of Al the main type
of inclusions are irregular shaped MgO-Al2O3 spinel or alumina + spinel inclusions.
After calcium treatment, the inclusions are main spherical CaO-Al2O3-MgO and
after the addition of titanium spherical liquid Al2O3-TiOx and complex CaO-TiOxAl2O3-MgO inclusions were formed. Thermodynamic calculations indicated that
several ppm of Ca could significantly expand the liquid oxide phase field and
increase the stability of the spinel. Interestingly, they found that the initial calcium
content has a significant effect on the evolution of inclusions during the addition of
titanium. Liquid Al2O3-TiOx inclusions are formed after adding Ti to a steel with a
low calcium content, whereas with more than 10 ppm of Ca in the steel during the
Ti addition process, inclusions of CaTiO3 are formed in molten steel which can lead
to the clogging of the SEN.
TiN acts as a nucleation site for δ-ferrite, and TiN nucleates on MgO-Al2O3
spinel inclusions. Therefore, when the calcium treatment is done prior adding Ti,
the nucleation of TiN is delayed due to lack of potential nucleation sites, and this
influences the cast structure and texture of the ferritic stainless steel. Although, a
lot of research regarding in the improvement of castability of Al killed Ti/Nb ferritic
stainless steels with calcium has been reported, the impact of the resultant cast
structure on ridging performance has not been reported.
2.5.2 Electromagnetic stirring (EMS)
Equiaxed grain structures are preferred during solidification to improve the
homogeneity of the mechanical properties and reduce internal defects. An
alternative approach to inoculation is the forceful stirring of the molten metal using
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EMS. Stirring the melt during the casting induces grain refinement by allowing the
flow to penetrate the mushy zone and re-melt the necks of the secondary dendrite
arms. The freed dendritic arms can then break free from the front of the mushy zone
and be carried away by the melt stream, forming seeds for new equiaxed grains.
EMS also reduces thermal gradients in the liquid, thus extending the undercooled
region and favoring a columnar to equiaxed transition. In the case of a FSS with
16% Cr cast without EMS, Kim et al. [79] reported that increasing superheat, i.e.,
higher temperature gradients and slower growth rates, increase the fraction of
columnar grains. However, with EMS the effect of superheat is no longer
significant.
2.5.3 Hot deformation
In many steels, the transformation from austenite to ferrite phase that occurs during
cooling, facilitates an improvement in texture. However, it does not occur in the
high-chromium, stabilized ferritic stainless steels. Hence, the final cold-rolled and
annealed textures are inherited from the hot-rolled texture. Thus, the solidification
texture can only be altered and improved during hot rolling by enhancing
recrystallization. During hot deformation, ferritic stainless steels mainly undergo
dynamic recovery (DRV) [80] i.e., the flow stress increases up to a saturation level,
which is achieved at a certain strain and does not generally decrease after that,
meaning no well-defined peak stress exists.
Recovery and recrystallization are competing restoration processes that occur
during the hot deformation of steel [81]. They are subdivided into static and
dynamic categories. Static recrystallization (SRX) and static recovery (SRV) occur
after the deformation during the hot rolling inter-pass times. However, when they
occur during the deformation process, they are termed dynamic recrystallization
(DRX) and dynamic recovery (DRV). The dynamic restoration mechanism
occurring in high stacking fault energy (SFE) metals such as ferritic stainless steels
is determined by the purity of the metal and by the deformation conditions [82].
Glover and Sellars [82] showed that for α-iron, the dynamic restoration mechanism
changes from DRV to DRX as the temperature decreases and the strain rate
increases. The same conclusions were drawn for α-iron [83], a 26% Cr ferritic
stainless steel [84], [85] and for a low-C steel deformed in the ferrite temperature
region.
Three different types of DRX leading to the formation of high-angle grain
boundaries during deformation at high temperatures have been identified:
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discontinuous dynamic recrystallization (DDRX), geometric recrystallization
(GDRX) and continuous dynamic recrystallization (CDRX). DDRX is considered
to be the conventional DRX, occurring through the nucleation and growth of new
grains like in SRX [81]. The occurrence of DDRX increases with the purity of the
material since the number of particles pinning the grain boundaries decrease with
increasing purity [86]. DDRX is often seen as a peak in the stress-strain curve. In
metals with high SFE, such as ferritic stainless steels and aluminum alloys, the
dislocations can cross-slip readily leading to an intense DRV. DRV not only reduces
the stored energy and the driving force for DRX but also for SRX. Therefore,
DDRX is unlikely in ferritic stainless steels and other metals with high SFE.
However, the nucleation of DDRX has been shown to occur in pure Al [87], [88]
or in highly purified α-iron in the ferritic region [83], [89]. The second DRX
mechanism, GDRX requires high strains where the original grains are thinned to
about twice the size of the sub-grains and split geometrically, i.e., new
recrystallized grains are formed by the pinching-off of the original grain
boundaries [90]. GDRX has been observed in materials which undergo DRV and
form subgrains during hot deformation, e.g. in Al and Al-Mg alloys [91]–[93].
CDRX has no nucleation phase; new grains form by the gradual increase of the
misorientaion angle of initially low-angle grain boundaries (LAGB) [94]. CDRX
is considered as the combination of work hardening, DRV and high-angle grain
boundary (HAGB) migration. CDRX has been identified in high-SFE metals such
as Al and Al alloys [95]–[97], ferritic stainless steels [84], [98], [99] in the ferrite
region of an IF steel [100], in plain low-C steels [101]–[103] and in a micro alloyed
steel [104].
Due to their common crystal structure, ferritic stainless steel shows very
similar deformation and annealing behavior to that of other low-carbon ferritic and
interstitial free steels. In general, the hot-rolled FSS, i.e., the ‘hot band’, shows
significant microstructure and texture gradients through the material thickness.
Although subsequent hot band annealing causes changes to the microstructure and
texture, they are much smaller than the changes that are brought about by cold
rolling and annealing. The near-surface layers of the ferritic stainless steel hot band
consist of recrystallized grains elongated along RD with an average grain diameter
around 40–50µm parallel in the normal direction and twice that along rolling
direction. The texture in this region is mostly consisting of {110}<001>, i.e., Goss,
with the {112}<111> orientations as a minor component. The microstructure in the
middle of the sheet can be very different with highly elongated, well recovered
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grains having a texture composed of a strong α-fiber dominated by the {001}<110>
and {112}<110> orientations, and a weaker γ-fiber.
2.6

Lowering the hot rolling finishing temperature

Various proposals have been made as to how to recrystallize the as-cast columnar
grains in ferritic stainless steels. These include (a) the application of heavy
roughing deformation with long inter-pass durations to achieve complete
recrystallization [11], (b) cross-rolling at 45° with respect to the rolling direction to
achieve a uniform texture distribution in the rolled sheet [105]–[107], (c) two-step
cold rolling and annealing treatments to facilitate the fragmentation of coarse grains
into fine recrystallized grains [108]–[110], (d) warm rolling in the temperature
range 300–700 °C to improve the texture, and (e) finishing hot rolling at a lower
temperature to promote the formation of shear bands that promote the nucleation
of fine recrystallized grains in the subsequent annealing process [111], [112]. The
industrial implementation of all but the last of the above techniques is very
challenging considering the productivity, energy efficiency and even safety of
equipment and personnel. Lowering the hot rolling finishing temperature is the
possibility which is explored in the present study.
Warm rolling is widely adopted among interstitial free (IF) steels and low
carbon steels to improve the formability. Akbari et al. [113] investigated the
microstructural evolution of an IF steel during warm rolling in the temperature
range of 500–800 °C and reported that the direction of the deformation bands is
±35° to the rolling direction independent of strain, temperature and initial grain
orientations. Timokhina et al. [114] studied the process of recovery and
recrystallization during the early stages of annealing in warm rolled low carbon
steels and characterized the substructure using transmission electron microscopy
(TEM). Thin, plate-like shear bands were observed to form in the warm-rolled
steels at 20–35° to the rolling direction. Barnett and Jonas [115] showed that shear
bands formed in IF steels at all temperatures in the range of 300–800°, whereas in
low-carbon steels there is a clear effect of temperature with shear bands appearing
in half of the grains at temperatures below 300 °C but only few grains above 550 °C.
Jonas [116] demonstrated that the {111}//ND texture is favored, when the
microstructure is fragmented by shear bands formed during the warm rolling of IF
steels. Barnett and Jonas [117] also reported that in the absence of effective
lubrication, the {111} intensity is depleted in the near-surface regions, which has a
negative impact on drawability.
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During hot rolling, high-Cr stabilized FSSs undergo little dynamic
recrystallization as there is no phase transformation from γ-austenite to α-ferrite on
cooling. Most of the FSSs are hot rolled in the ferritic region and no obvious shear
bands are formed due to the rapid recovery which takes place easily during
conventional hot rolling at temperatures above ~950 °C [84]. Sawatani et al. [69],
[118] suggested that decreasing the delivery temperature for the last pass during
hot rolling could improve the formability of the final product. However, no shear
bands were observed in the hot rolled FSS. Later studies [17], [119] examining the
effect of lowering the hot deformation finishing temperature during multi-pass hot
rolling have demonstrated the formation of in-grain shear bands and the nucleation
of γ fiber grains within the shear bands.
The favorable effect of lowering hot deformation finishing temperatures was
attributed to the reduced effectiveness of DRV leading to higher stored energy. The
result is the formation of in-grain shear bands, which act as nucleation sites for
SRX grains, enhancing the SRX kinetics, and increasing the number of
recrystallized grains. During hot deformation of FSS at relatively low temperatures,
grain rotations are increased, and texture changes towards more stable components.
For example, the orientation {001}<110> in the α-fiber rotates towards the
relatively stable {112}<110> orientation and orientations in the γ-fiber [13], [14].
After the subsequent hot band annealing, it is observed that the α-fiber is almost
disappeared and the γ-fiber is more uniform than in conventionally hot rolled
material [14], [15].
2.7

Modeling of Lankford parameters from texture

Later in the thesis, a simple model for explaining how ridging can be related to
local microtextural variations will be presented. It is based on the use of the crystal
orientations of grains relative to the tensile axis to calculate local changes in sheet
thinning. Similar approaches have been used by others at the macroscopic scale to
predict plastic anisotropy and overall sheet thinning. The plastic strain ratio, also
referred to as the r-value or Lankford parameter, is defined as the ratio of the width
and thickness strains (εw/εt) after a suitable elongation in a tensile test specimen.
The r-value depends on the crystallographic texture of the material and the
direction of tensile strain, and it is an important factor affecting deep drawability.
Variations in the r-value within the plane of the sheet lead to planar anisotropy (Δr)
which determines the extent of detrimental earing in drawing [1]–[10].
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It is important to understand the quantitative relation between the texture and
plastic anisotropy. Hosford and Backoffen [120] proposed a method for the
prediction of r-values and yield stress as a function of sheet texture. They applied
Taylor’s analysis for cubic metals based on finding the combination of slip systems
that minimizes the amount of slip to attain the given strain. Veith and Whiteley [121]
and Fukuda [122] proposed further simplified methods to calculate r-values using
the sheet texture. They assumed that the sheet is comprised of texture components
with ideal orientations that contributed independently to the overall deformation of
the sheet. The contribution of a texture component to the r-value was determined
by the volume fraction of that texture component. However, the choice of the
operating slip systems and their contribution to the r-value calculation were
different as they only considered the slip systems with the highest Schmid factor.
Their calculated r-values varied from zero to infinity. Later Perovic and
Karastojkovic [123] used the Veith, Whiteley Fukuda and Fukuda equation for
calculating the r-value, but they modified the approach to include at least two slip
systems with different slip planes for which the values of the Schmid factors were
highest. Lee [124], [125] expanded the model of Veith, Whiteley and Fukuda
assuming that all the slip systems contribute to the deformation to an extent
weighted according to their Schmid factors. The r-values calculated using this
model are in good agreement with measured r-values for the materials with FCC
structure such as copper, brass, and austenitic stainless steel (304), but there is a
large discrepancy in the case of BCC materials such as 17% Cr ferritic stainless
steels and stabilized ferritic stainless steel. In all the above calculations, ideal
texture components and their intensities were measured using XRD-pole figures.
Bunge and Roberts [126] calculated the r-values of temper-rolled stabilized
low-carbon steel sheet from the orientation distribution data based on Taylor’s
approach [127]. They successfully predicted the form of the curve relating the value
to the angle between the straining direction and the rolling direction. Later, Welch
and Bunge [128] have calculated r-values based on Taylor’s theory for low-carbon
steels processed with different amounts of cold-reduction and heat treatments to
develop different textures and microstructures. They found that the difference
between calculated and measured r-values was large in fine-grained materials but
small in coarse-grained materials. Daniel and Jonas et al. [129] compared
calculated and measured r-values for almost 15 different types of available
commercial steels. Their calculations are also based on the presence of just a few
ideal orientations based on orientation density functions (ODFs) measured using
X-ray and neutron diffraction techniques. In their work, the r-values were
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calculated using Taylor’s model along with relaxed constraint models. Comparing
the experimental and predicted r-values they concluded that the Taylor and Sachs
model are unsuitable for predicting r-values, especially for interstitial free (IF)
steels and aluminum killed drawing quality steels. The Taylor or full constraint
model involves the homogeneity of the local strain-rate tensor, which is equal to
the macroscopic strain rate tensor. The model of Sachs, on the other hand, satisfies
a stress equilibrium condition, which only requires slip on one system – that
subjected to the maximum resolved shear stress. Prediction of the plastic anisotropy
from the ideal BCC texture components and from commercial textures, both reveal
that decreasing the ratio of the critical resolved shear stress (CRSS) for slip on
{112}<111> relative to {110}<111>, i.e., CRSS112/CRSS110, lowers the predicted
r-values as the proportion of slip on {112}<111> is increased with respect to slip
on {110}<111>. In their studies, the best quantitative agreement was obtained when
CRSS112/CRSS110 = 0.95. In all the above estimations, texture measurements were
only made using RD-TD sections.
Hamada et al. [130] studied titanium stabilized ferritic stainless steel sheets
having a strong γ-fiber texture and high average r-values. R-values evaluated from
the texture on the center planes and a relaxed constraint model with
CRSS112/CRSS110 = 1.1 agreed with experimentally measured values. However,
they concluded that when there is a strong through thickness texture gradient, it is
difficult to accurately predict the average r-value from the texture on the center
plane alone. However, the average r-value calculated by considering both the center
and surface planes is in relatively good agreement with the experimentally
measured values. In the later works, Hamada et al. [131] stacked 11 specimens and
measured the texture along the thickness direction to include the through-thickness
gradient variations in texture. The results from the thickness direction were also
compared with TD-RD plane calculations and they also examined
CRSS112/CRSS110 ratios of 0.9, 1.0 and 1.1. They reported that the CRSS ratio of
1.1 was most suitable for predicting the r-values in ferritic stainless steels. In all
the above models, the r-values are mostly calculated using the intensities of a few
ideal orientations obtained from the XRD measurements.
The other important class of homogenization schemes is based on the selfconsistent (SC) approach, which was originally proposed by Kröner [132] for the
elastic case and later extended to the elastoplastic [133] and visco-plastic [134]
cases. Among various SC models, the VPSC model developed by Molinari et al.
[135], later extended by Lebensohn et al. [136], has been widely used to simulate
the texture and calculate Lankford parameters. Although the SC models relieve the
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drawbacks associated with Taylor-type models, microstructural aspects of the
deformation, such as local grain interaction, spatial correlation between grains and
their surroundings are not available for these models. Recently, full field CP models,
which are capable by incorporating texture and morphological information, either
by employing the finite element method or a spectral method using fast Fourier
transformation-based solvers, have become computationally feasible for the
simulation of representative volume elements. The main drawback of the full-field
CPFEM is the computational cost associated with the large number of material
points for the simulation of a sufficiently highly resolved polycrystalline
representative volume element [137].
In recent experimental studies, Du et al. [138] investigated the activation of
ferrite slip system using micro-tensile tests. They found that both the {110} and
{112} slip planes contribute to plastic deformation but slip on {123} was not
activated in their experiments. Slip systems with the highest Schmid factor were
the primary slip systems for {110} and {112} slip planes and most importantly, it
was concluded that CRSS112/CRSS110 = 1.0 ± 0.1.
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3

Experimental and numerical methods

3.1

Materials

Most materials studied in the thesis have been titanium-niobium dual stabilized
ferritic stainless steels. For the sake of comparison, an austenitic stainless steel was
also studied. The chemical compositions of all the materials are given in Table 1.
The steel samples are industrially produced and supplied by Outokumpu Stainless
Oy. In Publication II, the Lankford parameters were modeled using compositions 1
& 2 in Table 1 supplied as 1 mm thick hot rolled, cold rolled and annealed samples.
Composition No. 3 in Table 1 is the average of five samples (A–E) with various
calcium contents and final thicknesses as given in Table 2. These samples are used
in Publication III where, the effect of Ca treatment and EMS on ridging in dual
stabilized FSS was studied. As it can be seen, samples A–C and E were hot rolled
to a thickness of 6 mm and cold rolled twice to achieve the final thickness, whereas
sample D was reduced to 3.5 mm during hot rolling and then cold rolled once to
the final thickness of 1.17 mm.
Table 1. The chemical compositions of the studied materials [Publications II–V].
No.

Steel grade

Chemical composition (wt.%)
Cr

Ni

Mn

Mo

C

Si

N

Ti

1

EN 1.4404

16.7

10.1

0.90

2.0

0.022

0.50

0.045

-

Nb
-

2

EN 1.4622

21.0

-

0.30

-

0.015

0.45

0.015

0.150

0.250

3

EN 1.4509

17.6

-

0.50

-

0.022

0.37

0.025

0.100

0.400

4

EN 1.4509

17.8

0.21

0.40

0.02

0.016

0.52

0.023

0.129

0.395

5

EN 1.4509

17.5

0.16

0.45

0.02

0.010

0.44

0.017

0.130

0.36

Composition No. 4 in Table 1 is the average composition of samples from four
different coils used in Publication IV to study the influence of micro-texture and
straining direction on the ridging of FSS. Composition No. 5 in Table 1 was used
in Publication V, where the influence of hot rolling finishing temperature on final
micro-texture and ridging was studied.
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Table 2. EMS parameters and Ca content in multiples of the standard content of the
materials studied in Publication III (Adapted, with permission, from Publication III ©
2020 Wiley-VCH GmbH).
Sample

EMS

Ca

Ca

HR

Final

Total cold

treatment

in multiples of optimum

thickness

thickness

reduction (%)

content

(mm)

(mm)

A

Off

No

-

6.0

0.70

B

On

Yes

1.0

6.0

0.70

88

C

On

Yes

1.8

6.0

0.68

89

88

D

On

Yes

2.1

3.5

1.17

67

E

Off

Yes

2.0

6.0

1.02

83

3.2

Experimental methods

3.2.1 Slab samples and macro-etching
Full cross-section, slab samples, which were 1000–1650 mm wide and 170 mm
thick, were cut with a torch cutting machine at the caster. 200 mm wide pieces of
these were cut across the whole slab thickness to give samples perpendicular to the
casting direction. The ground slab samples were polished with 10 µm and 6 µm grit
prior to etching. Etching with aqua regia, i.e., a mixture of nitric acid (HNO3) and
hydrochloric acid (HCl), was used to reveal the macrostructure. The equiaxed grain
ratio (EGR) was taken as the ratio of the equiaxed zone thickness to the slab
thickness [79]. The zone containing equiaxed grains is taken to start at the end of
the zone containing the elongated columnar grains as judged by visual examination
of slab slices. Slab samples are used in Publication III and Publication V.
3.2.2 Pilot plant hot rolling, annealing and cold rolling
Laboratory hot rolling and cold rolling was conducted on the transfer bar sample
supplied by Outokumpu Stainless Oy. The hot rolling was conducted in pilot plant
at Tornio research center, using a reversible 4-high Fröhling mill. Prior to hot
rolling, transfer bar samples 500 x 300 x 25.5 mm (RD x TD x ND) were re-heated
to 1100 °C and held for 60 minutes in a chamber furnace for homogenization.
Laboratory hot rolling was carried out in four different temperature ranges and the
finishing rolling temperature (FRT), i.e., temperature during last pass, were
approximately 1000, 930, 870 and 810 °C, which was continuously measured using
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optical pyrometers located on both sides of the rolling mill. The temperature during
hot rolling was controlled with the aid of roller hearth furnaces located on both
sides of the rolling mill. The roller hearth furnace was held at 1100 °C and the
residence time between passes was changed to keep temperature fluctuations in the
sample within ± 5 °C. The hot rolling reduction sequences 30%, 30%, 25%, 25%
and 20% resulted in a final nominal thickness of 5.5–6.0 mm. Laminar cooling was
applied after the last pass. The laboratory hot rolling process was designed to
simulate the actual conditions encountered in production where the transfer bar is
reduced in a Steckel mill followed by a Tandem mill where the finishing
temperatures are usually around 950 °C.
The laboratory hot rolled sheets/bands were annealed for 90 s at 980 °C and air
cooled followed by pickling in an acid mixture containing hydrofluoric acid (HF)
and nitric acid (HNO3) at 40 °C for 5 min. After annealing and pickling, the 6 mm
white-hot bands (WHB) were cold rolled with a reduction of approximately 78%
to 1.2 mm using a 2-high reversing mill at the University of Oulu and no lubrication
was used. The cold rolled sheets were annealed at 1000 °C for 30 s and pickled at
40 °C for 5 min in the above-mentioned mixed acid bath. A schematic
representation of the laboratory rolling schedule is shown in Figure 5 and the
intermediate and final thicknesses were given in Table 3.

Fig. 5. Schematic diagram illustrating the applied thermomechanical processing
schedule involving slab re-heating, hot rolling followed by pre-annealing cold rolling
and final annealing (Reprinted, with permission, from Publication V © 2021 Wiley-VCH
GmbH).
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Table 3. Hot-rolling and cold rolling parameters and thicknesses realized during
laboratory processing (Adapted, with permission, from Publication V © 2021 Wiley-VCH
GmbH).
Sample

FRT

Roller hearth

Inter-pass time (s)

Black hot

Cold

Cold reduction

(°C)

furnace

after 1st, 2nd, 3rd

band

band

(%)

temperature (°C)

and 4th

thickness thickness
(mm)

(mm)

FRT1000 1000

1190

20, 20, 20, 25

5.50

1.20

78.2

FRT930

930

1080

18, 20, 20, 25

5.61

1.23

78.1

FRT870

870

1000

18, 18, 20, 25

5.82

1.24

78.7

FRT810

810

1000

15, 15, 15, 15

6.07

1.26

79.2

3.2.3 Mechanical properties and texture measurements
The grain sizes were evaluated using a Zeiss light optical microscope according to
the standard ASTM E 112-96. Tensile specimens were cut and tested according to
the standard ISO EN 6892-1 using a Zwick Z250/SW5A tensile testing machine.
Tensile tests were carried out with the tensile axis 0, 45 and 90° to the rolling
direction of the sheet in order to determine the Lankford parameter, or plastic strain
ration (r-value) along the respective directions. The plastic strain ratio was
measured according to ISO 10113:2020. The tensile testing machine was equipped
with two mechanical contact extensometers of accuracy class 1 with sensor arms
and were regularly calibrated. The r-values were determined according to a
regression method for the strain range 2–15%. Of course, the upper limit of
elongation (%) must not go beyond the uniform elongation Ag. The tensile testing
machine takes this into account: if Ag is smaller than 15%, the machine uses
0.7xAg instead of 15%. For the stabilized FSS used in the present study, the
uniform elongation is well over 20%.
The macro-texture of all samples in Publication IV before and after the ridging
tests was determined by means of conventional X-ray texture analysis using three
incomplete pole figures i.e., (110), (200) and (211) and corrected for background
and fluorescence. Measurements were made in parallel beam mode on a Rigaku
Smart Lab X-ray diffractometer. Specimens were prepared to investigate the
surfaces parallel to the sheet surface. A normalized thickness parameter (S) is used
to denote the layer investigated: S = 2d/t, where d is the distance between the midthickness and the investigated layer and t is the sample thickness. Thus, S varies
from 1 (surface) to 0 (sheet mid-thickness) [139] . The position S = 0 typically
46

shows the strongest plane textures, while S = 0.8 (near surface) shows shear textures
[36], [140]–[142]. The orientation distribution function (ODF) was calculated
using the MTEX toolbox for MATLAB [143]–[145] based on the series expansion
method of Bunge (Imax = 22). The orientations were expressed in the form of the
three Euler angles {φ1, Φ, φ2}. All ODF were calculated under the assumption of
orthorhombic sample symmetry given by the rolling direction (RD), the transverse
direction (TD) and normal direction (ND) of the sheets such that 0° ≤ {φ1, Φ, φ2}
≤ 90°. RP values for all the pole figures re-calculated from the ODFs and the
measured pole figures were under 10. The Micro-texture measurements were
carried out in a scanning electron microscope (SEM) (LEO 1450VP). The EBSD
data were used to generate texture data using the Oxford HKL acquisition analysis
software. For the EBSD measurements, the SEM was operated at 20 kV and the
step size was 1–1.5 µm. Texture data was acquired on sections parallel to the RDND plane, i.e., on the plane normal to the TD direction. Data from adjacent areas
was stitched together to cover the entire specimen thickness.
3.2.4 Ridging measurement method (Publication I)
In this study, industrially produced EN 1.4016 and EN 1.4509 sheets with
thicknesses between 0.4 and 1.5 mm were used as test materials for the experiments.
The surface condition of these samples was cold rolled and skin-passed (2B) or
bright annealed (2R). Rectangular samples with a length of 300 mm and width of
100mm (RD x TD) were strained at a rate of 1.5 mm/min until 1.5% elongation and
then 20 mm/min to 2, 5, 10 and 15% elongation using a Zwick Roell Z250 tensile
testing machine equipped with custom-made clamps to hold the unusually wide
samples. Most specimens were elongated parallel to RD, but samples in Publication
IV were also elongated along TD.
Surface profile acquisition
Ridging profiles consists of short wavelength roughness and long wavelength
components called form. So, it is important that the surface profiles are recorded
with profilometers that can also record raw surface profiles without removing
longer spatial wavelengths. For instance, the widely used skidded stylus
profilometers are not suitable for this task [146]. Two different types of surface
profilers that fulfil this boundary condition were used in this study. In all
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measurements, the surface profiles were recorded orthogonal to the direction of the
tensile elongation.
A vertical scanning white light interferometer Veeco WYKO NT1100 was
mainly used in this study. This optical 3D-profilometer was equipped with a
motorized sample stage having maximum displacements of 102 mm in the x and y
directions. A Michelson type interferometer objective with 5x magnification and a
0.5x field-of-view lens resulting in a 2.5x overall magnification was used to record
a track of 41 3D-profiles with a size of 2.45 x 1.86 mm, each. The data point spacing
was 3.32 x 3.87 μm corresponding to 736 x 480 data points in every 3D-profile.
The 41 profiles were stitched together using the Veeco Vision 3.60 software
resulting in a total profile length of 80.02 mm and a width of 1.86 mm. Examples
are shown in Fig. 1 below the sample photographs. The exported 2D-profiles were
the average of all 480 parallel 80.02 mm long lines in the original 3D-profile
resulting in a 2D-profile width of 1.86 mm. This measure reduced the influence of
small surface defects in the 3D-profile on the final 2D-profile, which consisted of
24103 measurement points at an interval of 3.32 μm.
A non-skidded bench-top 2D stylus profilometer Zeiss Surfcom 2000 SD3
served as the second instrument. It is capable of recording directly unfiltered 2D
raw profiles with a length of 80.07 mm at a transverse speed of 1.0 mm/s. The
stylus tip had a radius of 2 µm. The measured profiles consisted of 31775 data
points with a spacing of 2.52 μm.
Evaluation of surface profiles
The 2D raw profiles of strained ridging test specimens contain three components:
the overall shape of the specimen, the ridging profile itself and the residual profile
which is caused by the surface roughness of the sample and instrument noise. Cubic
spline fitting and interpolation, which is considered to be a suitable method for
surface profile filtering, was applied to separate the ridging profile from the shape
of the specimen and from surface roughness and instrument noise. Compared to
Gaussian filters, which are widely applied in surface roughness measurements,
spline filtering has the advantage that artifacts are rarely introduced. Consequently,
the whole traversing length can be evaluated without the need for run-in and runout periods. For the shape removal [147], [148], the distance between the
breakpoints of the cubic spline fit was set to 3.3 mm assuring that the commonly
smaller ridging surface features were not disturbed unreasonably by the fitting
procedure. The difference between this first spline fit and the raw profile gives an
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intermediate profile, which has already a proper center line. It contains, however,
not only the desired ridging information but also the roughness and noise
components of the measurement. The final ridging profile is extracted from the
intermediate profile by a second spline fit. The difference between the breakpoints
for removing the surface roughness and instrument noise parts was set to 0.33 mm.
Finally, a clean profile that contains only the main surface features caused by the
ridging phenomenon is received for further processing.
The filtered ridging profile is the base for calculating the ridging index RI as a
measure of the intensity of the surface defect. As ridging is more detrimental when
the valleys between the ridges are deeper, the profile height surface parameter Rz
is calculated. A procedure similar to that in ISO 4287:199720 was adapted with the
goal of limiting the influence of local extreme values on the result. The ridging
profile is divided into five equal parts with a length of 16 mm, each. The deepest
valley and the highest peak of each section is determined. The sum of the absolute
value of the average valley depth Rv and the average peak height Rp over the five
sections gives Rz. As more ridges and valleys make the ridging surface defect more
difficult to remove, the peak count Pc is computed from the ridging profile. The
roughness average Ra of the residual roughness and noise profile, multiplied by 2,
is used as threshold to determine Pc. The dimensionless RI is then defined as the
product of Rz (in µm) and Pc (in mm‒1) in the form
𝑅𝐼

𝑅𝑧

𝑃𝑐.

(1)

Spline fitting and interpolation as well as the computation of Rz, Pc and RI were
achieved with a Scilab script using the built-in functions “lsq_splin” and “interp”
for spline filtering.
3.3

Numerical

The r-value is given by the ratio of width to thickness strain (εw/εt) in a tensile test
[149], [150]. For calculating the r-value in the case of single slip, Vieth and
Whiteley [121] derived the relation of
𝑟

| w∙d w∙n |
| t∙d t∙n |

,

(2)

where w and t are unit normal vectors in the width and thickness directions, and d
and n are unit vectors in the slip direction and the direction normal to the slip plane.
To calculate the plastic strain ratio from Equation 2, the operating slip system must
be selected, which is taken as that with the highest SF. Lee et al. [124], [125]
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proposed that r-values can also be calculated by considering all the slip systems
weighted according to their SFs. Hence Equation 1 can be expanded to include all
slip systems weighted in proportion to their SFs. When considering one grain
orientation at a time, like in visco-plastic calculations [136], for the ith orientation
strained at an angle 𝜃 to the RD we have
𝑟

∑
,

w ∙d

w ∙n

t ∙d

t ∙n

∑

,
,

,

(3)

where
𝑚

l ∙d

,

l ∙n

,

(4)

j is the slip system, mθ,j is the SF of the jth slip system, and lθ is a unit vector along
the tensile direction. For the material, the overall r-value rθ in the direction θ is
calculated by weighting the contributions of the various grain orientations with
their volume fractions Vf as
∑𝑟 , 𝑉 , ,

𝑟

(5)

where
Ω,

𝑉,

,

(6)

Ω

Ω denotes the entire orientation space, and dΩ,i denotes the region around the
texture component of interest for the ith orientation. f is the orientation distribution
function, and g is an orientation parametrized using Bunge Euler angles (φ1, Φ, φ2).
The combination of Equations 6 and 7 gives
∑

𝑟

,

Ω,

.

(7)

Ω

In the present case, the material is considered to be an aggregate of grains, and the
integrals are approximated using
𝑟

∑

,

∑

.

(8)

where gi is the mean orientation of grain i in the aggregate. The above calculations
are made using the MTEX Tool Box [143]–[145], [151], [152] as units of multiples
of uniform distribution (MUD). For the FCC austenitic stainless steels, r-values
were calculated by including all 12 {111}<110> slip systems. For the BCC FSS
24 slip systems are considered, i.e., {110}<111> and {112}<111>, and in line with
the findings of Du et al. [138], it is assumed that CRSS110 = CRSS112.
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3.4

Industrial process overview

A schematic of the processes involved in the steelmaking is shown below (Figure
6). Ferritic stainless steels are produced using an electric arc furnace (EAF)
followed by an argon oxygen decarburizing (AOD) converter. In the EAF process,
stainless scrap and alloys were melted and ferrochrome (FeCr) was added to obtain
a total steel melt of approximately 80 tons. After decarburization, deoxidation and
desulfurizing treatments, and slag removal, the liquid steel was tapped into a
doloma-lined casting ladle. During the ladle furnace (LF) refining process,
aluminum was added first to achieve the deoxidation followed by calcium
treatment and the addition of titanium and niobium.

Fig. 6. Schematic representation of the industrial process.

After achieving the target temperature and composition, the liquid steel was
transferred to the tundish for continuous casting on a caster with a 900 mm long
mold and EMS located 4 m below the liquid meniscus. After continuous casting,
the slabs were reheated in walking beam furnace and hot rolled using a reverse
roughing mill from 170 mm to a 26 mm thick transfer bar. The transfer bar is further
reduced in a Steckel mill followed by a 3-stand tandem mill to a final hot band
thickness in the range 3 to 5 mm.
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4

Results

4.1

Ridging profile evaluation

The ridging index (RI) was evaluated for more than 60 samples using both the
Surfcom and optical profilometer to measure the severity of ridging in Publications
I and III–V.
The FSS sample of EN grade 1.4016 (Table 1) before and after ridging is
presented in Figure 7 before and after 15% elongation. The details of surface profile
filtering are shown in Figure 8, where the raw profile was measured using the 3D
optical profilometer. The first cubic spline fit of the raw profile is subtracted to
remove the form and the remaining surface profile consists of the ridging profile,
roughness and noise. The second spline removal separates the ridging profile from
the roughness plus noise profile. The ridging profile was used to derive Rz and Pc
for the calculation of RI. The threshold for the calculation of Pc is indicated in Fig.
2e. An RI value of 7.6 was determined based on a Rz value of 20.1 µm and a Pc
value of 0.38 mm‒1.

Fig. 7. Photographs and 3D surface profiles of an 80 mm wide sample of grade EN
1.4016 (a) before and (b) after 15% elongation parallel to RD showing the ridging surface
defect. The scale of the 3D profiles varies between −50 µm (black) and +50 µm (white)
(Reprinted under CC BY-NC-ND 4.0 license from Publication I © 2021 The Iron and Steel
Institute of Japan [ISIJ]).
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Fig. 8. Illustration of the filtering procedure based on spline interpolation and fitting
using a 2D profile extracted from a measurement with the optical 3D profilometer. The
upper row shows the removal of the form of the sample: (a) recorded raw profile, (b)
spline fit to remove the form, (c) intermediate ridging profile containing surface
roughness and instrument noise. The subtraction of the surface roughness and
instrument noise from the intermediate ridging profile is shown in the lower row: (d)
intermediate ridging profile (same curve as in plot (c)), (e) filtered ridging profile and (f)
residual surface roughness and instrument noise. The filtered ridging profile (e) is used
to compute Rz, Pc and RI. The threshold for the calculation of Pc is indicated in (e) by
the horizontal line (Reprinted under CC BY-NC-ND 4.0 license from Publication I © 2021
ISIJ).
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Fig. 8. continued.

4.1.1 Influence of strain and straining direction
The severity of ridging is considered to be proportional to the extent of elongation.
A series of ridging indices were evaluated on the measured surface profiles of FSS
sheet samples elongated by 0%, 2% 5%, 10% and 15% along rolling direction (RD)
and transverse direction (TD). Figure 9 shows the values of RI, Rz and Pc, from
which it can be seen that RI and Rz are linearly correlated to the elongation. Pc
(Figure 9c) is nearly constant and grows slightly indicating that the number of
ridges were fairly constant during the tensile tests. Obviously, the highest RI was
occurred for the highest elongation in the test series. To maximize the sensitivity
and resolution of the test method, all ridging measurements were done thereafter
with an elongation of 15%. As an RI of ~ 1 can be even be found on ridging free
samples strained to 15%, specimens with RI ≤ 1 are considered to be free of ridging.
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Fig. 9. Dependence of (a) RI, (b) Rz and (c) Pc on the elongation of the sample
(Reprinted under CC BY-NC-ND 4.0 license from Publication I © 2021 ISIJ).

4.1.2 Influence of measured sheet surface
In order to determine whether the choice of the sheet surface to be measured
influences the ridging index, ridging profiles were measured on both sides of a
sheet using a 3D profilometer after 15% elongation along RD. RI and other surface
parameters, Rz and Pc, are given in Table 4. The results are similar indicating that
RI is independent of the measured surface. The filtered ridging profiles of both
sides of the specimen are shown in Figure 10. For better visualization, the bottom
surface profile is inverted, and the profiles show that the peaks on one side of the
specimen roughly correspond to peaks on the other side and vice versa emphasizing
the changes in the thickness in the sample. These results differ from earlier studies
in which surface roughness measurements on top and bottom surfaces show that
peaks on one side coincide with valleys on the other surface such that the thickness
is roughly constant [50]. In the earlier studies, Brochu et al. [12] reported top and
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bottom surface profiles with little or no matching and their modeling calculations
were near to the interpretation of Chao’s model. The reason for this difference is,
however, unclear. Shin et al. [50] suggested that the lower plastic strain ratio of the
{001}<110> colonies and differences in shear deformation between the {111}<110>
and {112}<110> colonies result in ridging.
Table 4. Ridging indices measured on EN 1.4509 FSS sample top and bottom side of the
specimen after straining 15% along rolling direction (Reprinted under CC BY-NC-ND 4.0
license from Publication I © 2021 ISIJ).
Rz

Pc

(μm)

(mm−1)

Upper side

13.8

0.38

5.2

Lower side

15.4

0.33

5.0

RI

Fig. 10. Filtered ridging profiles of the top and bottom sides of the same sample after
straining 15% along rolling direction. The curve of the lower side has been inverted to
illustrate better the correlation between ridges and valleys on the two sides of the
specimen (Reprinted under CC BY-NC-ND 4.0 license from Publication I © 2021 ISIJ).
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4.1.3 Repeatability
The repeatability of the proposed profilometric technique is tested by conducting
measurements on a sheet sample of EN 1.4016 at various locations as shown in the
schematic drawing in Figure 11a. Samples were cut from the center of a 1250 mm
wide sheet. Six profile measurements were conducted on the center sample C0 with
a 10 mm spacing between the measured profiles. The RI results are shown in Figure
11b and all the surface parameters (Ra, Rz, Pc, RI) of all the measurements are
given in Table 5. The standard deviation of the RI value is 0.176.
Table 6 shows the results of similar measurements on the parallel samples C1, C+1 to C+5 together with the average values for the central sample C0. Figure
11c shows a graphical comparison of all the RI values. It can be seen that the RI
values of two specimens (C+3, C+4) seem to deviate systematically from the other
five. Bearing in mind the small scatter in the RI values of the other samples, the
deviation in C+3 and C+4 is probably due to local microtexture variations in the
sheet rather than an indication of poor repeatability of the RI measurement
technique.
Table 5. Ridging indices measured on sample C0. Six measurements spaced 10mm in
the rolling direction (Reprinted under CC BY-NC-ND 4.0 license from Publication I ©
2021 ISIJ).
No. of

Ra

Rz

measurement

(μm)

(μm)

Pc

RI

1

0.30

15.7

0.30

4.7

2

0.29

16.1

0.29

4.6

3

0.33

15.4

0.29

4.4

4

0.29

16.0

0.28

4.4

5

0.29

13.9

0.30

4.1

6

0.31

14.1

0.30

4.2

Average

0.30

15.2

0.29

4.35
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Fig. 11. Ridging measurements on seven samples cut from a 1250 mm wide grade EN
1.4016 FSS sheet. (a) Positions of the samples across the sheet. (b) Six results obtained
on sample C0 (dashed line is the mean). (c) RI of all seven samples (Reprinted under
CC BY-NC-ND 4.0 license from Publication I © 2021 ISIJ).
Table 6. Surface parameters for the specimens shown in Figure 11a (Reprinted under
CC BY-NC-ND 4.0 license from Publication I © 2021 ISIJ).
Location of

Ra

Rz

measurement

(μm)

(μm)

Pc

RI

C+5

0.27

C+4

0.29

13.5

0.31

4.2

17.2

0.31

C+3

5.4

0.31

17.3

0.31

5.4

C+2

0.30

19.8

0.21

4.2

C+1

0.33

17.3

0.26

4.5

C0-Avg

0.30

15.2

0.29

4.4

C-1

0.30

15.0

0.30

4.5

4.1.4 Influence of profilometer type
In the present RI evaluation method, the raw profiles are measured using a 3D
profilometer and a 2D stylus profilometer. To study the effect of choice of
profilometer on the evaluated RI, 36 FSS sheets with various tendencies to ridging
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were strained to 15% along the RD and measured using both techniques. Figure
12a shows the evaluated RIs. The measured RI of the samples varied between 0 and
8, which is representative of the range encountered in practice as RI higher than 10
are rare. The correlation coefficient R2 between the evaluated RIs using both the
measuring instruments is 0.97. R2 suggests the strength of a relation between two
variables but not agreement between them. A Bland-Altman plot [153] of the
ridging indices evaluated using both the measurement techniques is shown in
Figure 12b. The mean difference d and standard deviation s were −0.26 and 0.52
respectively for the bias calculated between the RI of the two measurement
techniques. The agreement between the two measurements is such that the RI
derived from the 2D profilometer could be either 0.77 units higher or −1.29 units
lower than data generated by the 3D profilometer. As these deviations are very
small, the proposed surface profile evaluation method for calculating RI is
sufficiently independent of the measuring technique used, provided the raw surface
profile is recorded accurately.

Fig. 12. (a) Ridging indices of 36 FSS sheet samples measured with the 2D stylus
profilometer (RI2D) and the optical 3D profilometer (RI3D) plotted against each other. (b)
Bland-Altman plot of the average and the difference between RI2D and RI3D to find the
limits of agreement between the surface profile measurement techniques (Reprinted
under CC BY-NC-ND 4.0 license from Publication I © 2021 ISIJ).

4.1.5 Comparison with visual assessment results
In most industrial settings, ridging is evaluated visually, which will lead to
systematic differences between inspectors even if they are trained. To evaluate this,
a set of five samples with different degrees of severity of ridging were selected for
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a comparison between the proposed profilometric ridging measurement method
and the commonly applied visual inspection method. The evaluators, who had at
least 3 years' experience, were instructed to use a scale between 0 and 10, which is
general practice without providing reference samples. The results given in Table 7,
show the variation between the ratings of different persons was in some cases huge.
However, the average result produced by the reference group and RIs determined
by the optical 3D profilometer gave the same ranking between the specimens. The
average rating numbers correlated well with the RIs and the deviations were larger
with specimens D and E where ridging is moderate.
Table 7. Results of the visual inspection and rating of five sheets from different batches
strained to 15% along RD (scale between 0 and 10) with different intensity of the surface
defect. The measured RI is given for comparison (Reprinted under CC BY-NC-ND 4.0
license from Publication I © 2021 ISIJ).
Sample

Person

Person

Person

Person

Person

1

2

3

4

5

A

4

3

3

2

2

B

9

7

5

9

C

1

0

1

1

D

8

5

3

E

7

5

8

4.2

Average

Ra

Rz

(μm)

(μm)

Pc

RI

2.8

0.46

9.6

0.22

2.1

5

7.0

1

0.8

0.35

25.5

0.30

7.5

0.11

4.2

0.28

1.2

7

4

5.4

0.48

13.7

0.27

3.7

3

8

6.2

0.35

11.1

0.40

4.4

Calcium treatment and electromagnetic stirring (EMS)

The effect of calcium treatment and EMS in the case of EN 1.4509 dual stabilized
FSS was studied (Publication III). In this study, the effect of calcium addition
during ladle treatment and EMS on macrostructure of the slab and the tendency to
ridging of the final product were evaluated for the sheets processed under
conventional processing conditions. The typical chemical composition of all the
heats produced are given in Table 2 and calcium contents in Table 3.
4.2.1 Influence of calcium treatment and EMS on macrostructure
Figure 13 shows a SEM image of the surface of a sheet sample from coil A in Table
2. The figure highlights the niobium carbide (NbC) and titanium nitride (TiN)
inclusions and at a higher magnification it can be revealed that the TiN is nucleated
on the Al2O3-MgO spinel (Figure 13b).
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To understand the effect of the calcium content on the macrostructure, calcium
addition is varied during the calcium treatment resulting in calcium concentrations
ranging from 0 to 2.1 times the standard content. In the trials, three heats were
casted with varying calcium treatment and EMS either on (B, C and D) or off (A
and E) as shown in Table 2. When it is applied, the EMS power was constant for
all the heats. Therefore, samples A and E are without EMS, but A has no calcium
treatment while sample E is treated with calcium treatment. Figure 14 and 15 show
that there is a clear effect of calcium content and EMS on the percentage of
equiaxed grains.

Fig. 13. a) SEM image of a sheet specimen from coil A showing TiN and NbC inclusions.
b) TiN inclusion surrounding an Al2O3-MgO spinel inclusion. c) EDS spectrum of the
core of the TiN inclusion revealing the spinel composition d) EDS spectrum of the TiN
inclusion (Reprinted, with permission, from Publication III © 2020 Wiley-VCH GmbH).

The macrostructure of the slab sample from heat A, is almost 100% equiaxed.
However, this heat was difficult to cast due to clogging of the SEN: the SEN had
to be replaced after casting one heat, whereas 4–5 heats are normally cast in
sequence using the same SEN. Sample E with double the standard calcium content
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and is only 10% equiaxed. The EGR of the samples from slabs where EMS was
applied (B, C and D) also decreased as their calcium content increased.

Fig. 14. Slab cross-section images after macro-etching (Adapted, with permission, from
Publication III © 2020 Wiley-VCH GmbH).
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Fig. 15. Effect of calcium content and EMS on slab equiaxed grain ratio (EGR) (Adapted,
with permission, from Publication III © 2020 Wiley-VCH GmbH).

4.2.2 Effect of cast structure (Ca treatment and EMS) on ridging after
conventional thermo-mechanical processing
All the slabs in Figure 14 were hot rolled, annealed and pickled, followed by cold
rolling and final annealing. Conventional hot rolling conditions were used with hot
rolling finishing temperatures ~940 °C. The final thickness and intermediate
thicknesses after hot and cold rolling along with reductions are given in Table 8.
The surfaces after the ridging tests from the respective sheet samples from the
respective slabs are shown in Figure 16, and their corresponding surface profiles
are given in Figure 17. Surface roughness parameters evaluated after ridging tests
and ridging indices (RI) are given in Table 9.
The RI is very small (0.7) for samples A and B, moderate for samples C and D
(1.9 and 2.4), and large in sample E (6.1). The RI values show an inverse correlation
with the fraction of equiaxed grains in the slabs. Nevertheless, ridging is not
eliminated 100% in samples A and B with 100% EGR. However, the severity of
ridging is negligible when the RI is less than 1. With only about 10% EGR, sample
E has the highest severity to ridging with the ridging index of 6.1 i.e., more than 8
times that of sample A and B. It is well known that materials with high susceptibility
to ridging cannot be used in deep drawing applications due to the increased
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production costs that result from the additional mechanical polishing needed to
achieve a sufficiently high-quality surface finish on the products. In the present
case, material from sample E would fail to meet requirements, while C and D would
perform moderately.

Fig. 16. The surfaces of the ridging test specimens A–E after 15% elongation in the
rolling direction (Adapted, with permission, from Publication III © 2020 Wiley-VCH
GmbH).
Table 8. Thicknesses before and after cold rolling and equiaxed grain ratios (Adapted,
with permission, from Publication III © 2020 Wiley-VCH GmbH).
Sample

HR thickness (mm)

Final thickness (mm)

Total cold reduction

Equiaxed grain ratio

(%)

EGR (%)

A

6.0

0.70

88

100

B

6.0

0.70

88

100

C

6.0

0.68

89

57

D

3.5

1.17

67

40

E

6.0

1.02

83

12
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Fig. 17. Ridging profiles. (a) Specimen A has EMS-off and no calcium and B has EMSon and the standard amount of Ca. (b) Specimens C and D have EMS on, E has EMS off.
Calcium levels relative to the standard level are C 1.8, D 2.1 and E 2.0 (Adapted, with
permission, from Publication III © 2020 Wiley-VCH GmbH).
Table 9. Surface parameters and the evaluated ridging indices (RI) (Adapted, with
permission, from Publication III © 2020 Wiley-VCH GmbH).
Sample

Ra (μm)

Rz (μm)

RI

A

0.42

3.30

0.7

B

0.63

4.30

0.7

C

0.60

7.60

1.9

D

1.41

13.5

2.4

E

1.23

24.4

6.1

4.3

Influence of hot rolling finishing temperature on ridging

The slab sample E (Figure14) with only 10% EGR has been studied further to
improve the texture by varying the hot rolling finishing temperature (Publication
V). In the earlier studies, the coil was processed with standard hot rolling conditions
i.e., the finishing temperature around 940–950 °C. To study the influence of hot
rolling finishing temperature, a 25 mm, full-width sample from a transfer bar was
taken after the roughing mill and is supplied by Outokumpu Stainless Oy for further
processing in a pilot plant following the procedures described in Section 3.2.2.
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4.3.1 Transfer bar microtexture
An inverse pole figure (IPF) map of a TD-ND plane of the transfer bar is shown in
Figure 18a and the location of the mapped area is given in Figure 18b. In the IPF
maps, red denotes grains orientated with <001>//ND (cube-on-face) and blue grains
with <111>//ND. The IPF map indicates that the center of the transfer bar was
mostly in the deformed state.

Fig. 18. (a) EBSD-IPF image of a TD-ND cross section of the transfer bar in the asreceived condition. The scale bar is 2 mm long. The colors show their crystallographic
directions along the sample’s ND and same color coding is adopted in the entire thesis.
(c) The location of the area covered by the EBSD measurements. (c) orientation density
function (ODF) of the EBSD-IPF map at φ2=45°. Each contour represents a step of 1. (d)
Important orientations on ODF section φ2=45° (Adapted, with permission, from
Publication V © 2021 Wiley-VCH GmbH).

Away from the centerline, a small fraction of newly recrystallized grains can be
observed. To give a quantitative description of the texture, an orientation density
function (ODF) was calculated from the EBSD data by considering each orientation
g = {φ1, Φ, φ2} to have a half scatter width of 5° in Euler space. Figure 18c shows
the φ2 = 45° section of the resultant ODF. The as-received transfer bar has the
strongest texture component intensity, i.e., f(g) = 6, at {001}<110>, which is
inherited from the casting structure.
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4.3.2 Texture evolution during hot rolling
During thermo-mechanical treatments, stabilized FSS undergoes rapid dynamic
recovery without any γ/α phase transformation or dynamic recrystallization.
Furthermore, the grains with {001}<110> orientations do not easily recrystallize
during annealing due to their low Taylor factor and strong tendency to recovery
[11], [154], [155]. It is known that during hot rolling, surface layers are subjected
to heavy redundant shear deformation, which provides sufficient driving force to
break down the columnar grains near the surface by recovery and recrystallization.
However, the interior portion of the material is subjected to plane strain
compression, which is unable to break down the coarse columnar grains. After
rolling, the deformed grains remain in the same crystallographic orientation.
Microtextures as seen on the RD-ND plane of the hot-rolled and water-cooled
samples are presented in Figure 19.

Fig. 19. EBSD-IPF images of RD-ND cross sections of the hot rolled samples. FRT: (a)
1000 °C (b) 930 °C (c) 870 °C and (d) 810 °C. The scale bars are 0.1 mm long. Colors
indicate their crystallographic directions along the sample’s ND (Adapted, with
permission, from Publication V © 2021 Wiley-VCH GmbH).

It is evident that the hot rolling finishing temperature affects the texture: the
textures of the conventionally hot-rolled samples having high finishing
temperatures (1000 °C and 930 °C) are significantly different from those having
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lower FRT (870 °C and 810 °C). The sample with FRT at 1000 °C, has dynamically
recovered (Figure 18a), whereas the samples with FRT at 930, 870 and 810 °C were
in the deformed state, with the degree of deformation increasing considerably as
FRT decreases. The sample with FRT 930 °C is partially recovered, while samples
with FRT 870 °C and 810 °C, show intragranular shear bands aligned at 30–35° to
the rolling direction. Figure 20 shows the ODFs of the samples. The sample with
FRT 1000 °C (Figure 20a) has a strong texture component {001}<110> (cube
orientation) with the highest texture intensity f(g) = 8.2.

Fig. 20. ODF sections of hot rolled samples at φ2=45°. FRT at 1000, 930, 870 and 810 °C.
Each contour represents a step of 1 (Adapted, with permission, from Publication V ©
2021 Wiley-VCH GmbH).

69

The deformation texture component {001}<110> in the α-fiber is highest in sample
with FRT 930 °C, although the component {111}<110> in the γ-fiber appeared with
a very low intensity (Figure 20b). The total texture intensity decreased further in
the samples with FRT 870 °C and 810 °C. With FRT 810 °C, the intensity of the γfiber component {111}<110> increased.
Figure 21 shows IPFs of the samples annealed after hot rolling. All the samples
are completely recrystallized except the sample with FRT 1000 °C, which still has
deformed grains in the centerline that have not undergone complete
recrystallization during hot rolling.

Fig. 21. EBSD-IPF images of RD-ND cross sections of the hot rolled and annealed (HRA)
samples with hot rolling finishing temperatures at (a) 1000 °C (b) 910 °C (c) 870 °C and
(d) 810 °C. Colors indicate the crystallographic direction along the sample’s ND
(Adapted, with permission, from Publication V © 2021 Wiley-VCH GmbH).

In the hot-rolled and annealed condition, the average grain sizes of samples with
FRT 1000, 930, 870 and 810 °C were 120, 108, 81, and 72 µm, respectively.
Lowering the finishing temperature during hot rolling caused, the average grain
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size decrease which indicates that the recrystallization index increased. The
recrystallized textures are also like the deformed textures and the samples with FRT
870 °C and 810 °C have a larger proportion of grains with <111>//ND compared to
the samples with FRT 1000 °C and 930 °C. Therefore, hot rolling at lower
temperatures leads to a more beneficial rolling texture, favorable for the
development of the <111>//ND γ-fiber recrystallization texture during the
subsequent annealing of the hot-rolled material. The appearance of the <111>//ND
texture is known to improve the forming properties and increases ridging resistance.
4.3.3 Texture evolution after cold rolling and annealing
IPFs of the samples after cold rolling and final annealing are presented in Figure
22. All the samples have undergone the same amount of cold reduction after hot
rolling and annealing. The IPFs cover the whole thickness of the cold rolled sheets.
Unlike during annealing after hot-rolling, the centerline of the sample with FRT
1000 °C was completely recrystallized during the final annealing. As it can be seen
from the respective ODFs, all the samples consisted of grains with <111>//ND
orientations in the centerline, but their volume fraction varied greatly, increasing
from sample with FRT 1000 °C to 810 °C.
For samples with FRT 1000 °C and 930 °C, the grains near the surface are
predominantly oriented along <110>//RD and <001>//ND, which belong to the αfiber. Compared to samples with FRT 870 °C and 810 °C, grains with <001>//ND
orientations are more frequent in samples FRT 1000 °C and 930 °C. Such grains
tend to be grouped into colonies in samples with FRT 1000 °C and 930 °C while in
samples with FRT 870 °C and 810 °C such orientations are homogenously spread
across the thickness and width of the sample. From the ODFs of the samples
presented in Figure 23, it can be observed that the intensity of the γ-fiber orientation
{112}<111> and {554}<225> increases through the series in samples with FRT
1000 °C to 810 °C while the strength of the α-fiber <110>//RD orientations has
weakened along with the <001>//ND (cube) orientation. The maximum texture
intensity in the sample with FRT 1000 °C is 2 at the orientation {131}<112> and
sample with FRT 930 °C, maximum texture intensity is 2.7 at the orientation along
the {111}<112> along the γ-fiber. The maximum texture intensities of samples with
FRT 870 °C and 810 °C are further increased in the γ-fiber to 3.7 and 4.5.
Interestingly, the Goss orientation {110}<001> is also strengthened after cold
rolling and annealing. The strength of the Goss orientation is highest in sample with
FRT 810 °C and lowest in sample with FRT 1000 °C. The amount of reduction
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during cold rolling being the same on all the samples, the changes in texture are
directly correlated to the finishing rolling temperature during the hot rolling: the
lower the hot rolling finishing temperature, the stronger are the <111>//ND
orientations.

Fig. 22. EBSD-IPF images of TD-ND cross sections of the cold rolled and annealed
(CRA) samples with different hot rolling finishing temperatures at (a) 1000 °C (b) 930 °C
(c) 870 °C and (d) 810 °C. Colors indicate the crystallographic direction along the
sample’s ND (Adapted, with permission, from Publication V © 2021 Wiley-VCH GmbH).
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Fig. 23. φ2=45° ODF sections after cold-rolling and annealing. Hot-rolling FRT a) 1000 °C,
b) 930 °C, c) 870 °C and d) 810 °C. Each contour represents a step of 1 (Adapted, with
permission, from Publication V © 2021 Wiley-VCH GmbH).

4.3.4 Ridging
The mechanical properties of the cold-rolled and annealed samples are given in
Table 10 together with surface profile characteristics after the ridging test. There
are no substantial differences in the mechanic properties of the samples, but ridging
performance varies greatly. The surface profiles of all the samples after 15%
elongation along RD are shown in Figure 24.
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Table 10. Mechanical properties and surface profile parameters after the ridging tests
(Adapted, with permission, from Publication V © 2021 Wiley-VCH GmbH).
Sample

Rp(0.2) (MPa)

Rm (MPa)

Ag (%)

A80 (%)

Rz (µm)

Pc

RI (Rz ∙ Pc)

FRT1000

278

457

19.8

30.0

25.56

0.22

5.62

FRT930

282

463

19.1

22.5

23.87

0.19

4.53

FRT830

280

460

18.9

25.0

15.16

0.14

2.12

FRT810

282

463

19.1

26.2

12.52

0.10

1.25

Fig. 24. Ridging surface profiles of specimens (a) A and D with FRT of 1000 °C and
810 °C and (b) specimen B and C with FRT 930 °C and 870 °C (Adapted, with permission,
from Publication V © 2021 Wiley-VCH GmbH).

The severity of ridging decreases systematically through the series with FRT
1000→930→870→810. The ridging index (RI) and ridging height of sample with
FRT 1000 °C are 5.62 and 25.56 µm respectively, whereas the values of RI and Rz
are 1.25 and 12.52 µm respectively for sample with FRT 810 °C, which has the
highest resistance towards ridging. The ridging indices are directly correlated to the
finishing rolling temperature during hot rolling. Ridging height is decreased
substantially in sample with FRT 810 °C by 50% compared to sample with FRT
1000 °C, reducing the hot rolling finishing temperature from 1000 °C to 810 °C.
4.4

Calculation of Lankford parameters

The Lankford parameters were evaluated for the EN 1.4622 dual stabilized FSS
and EN 1.4404 austenitic stainless steel of compositions 1 and 2 in Table 1. Both
the steel samples were 1 mm thick cold rolled and annealed materials. The Lankford
parameters (r-values) were calculated using mean grain orientations obtained from
the EBSD measurements. These studies are published in Publication II.
74

4.4.1 r-value of austenitic stainless steel
Figure 25 shows an EBSD inverse pole figure (IPF) for the austenitic grade
sectioned on a TD-ND plane. The image covers the entire sheet thickness over a
length of 2 mm parallel to comprising a total of 9940 grains with an average grain
diameter of 21.24 μm. The mean orientations of individual grains are obtained from
the EBSD data and are used to calculate r-values on the basis of Equation 8 as
explained in the previous section. These calculations include all twelve {111}<110>
slip systems and their strain contributions are weighted in proportion to the
corresponding Schmid factors. During the calculation of normal anisotropy, the
orientation of a grain (g) and its texture intensity evaluated from the ODF is taken
into account as shown in Equation 8. Table 11 shows r-values measured using
tensile test specimens. Figure 26 shows that the calculated and measured values are
in quite good agreement.

Fig. 25. Stitched EBSD-IPF image of a TD-ND cross-section through the austenitic
stainless steel specimen. The color code refers to the crystallographic directions along
the sample’s ND. The horizontal direction is along the sample’s TD and vertical direction
is along ND (Reprinted under CC BY-NC-ND 4.0 license from Publication II © 2021 ISIJ).
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Table 11. Mechanical properties of austenitic stainless steel grade EN1.4404. Averages
of three specimens per direction. ± values are the uncertainty in the measurement for
the confidence level of 95% observed over many tests (Reprinted under CC BY-NC-ND
4.0 license from Publication II © 2021 ISIJ).
Angle to Rolling Direction

RP0.2

RP1.0

Rm

A80

(°)

(N/mm²)

(N/mm²)

(N/mm²)

(%)

r-value
(-)

0

262 ± 5

290 ± 6

576 ± 3

48.0 ± 0.5

0.61 ± 0.03

15

262 ± 5

290 ± 6

575 ± 3

49.0 ± 0.5

0.66 ± 0.03

30

263 ± 5

293 ± 6

575 ± 3

50.0 ± 0.5

0.80 ± 0.03

45

266 ± 5

295 ± 6

576 ± 3

52.0 ± 0.5

1.01 ± 0.03

60

272 ± 5

300 ± 6

582 ± 3

52.6 ± 0.5

1.22 ± 0.03

75

276 ± 5

303 ± 6

586 ± 3

54.0 ± 0.5

1.32 ± 0.03

90

276 ± 5

302 ± 6

586 ± 3

55.3 ± 0.5

1.29 ± 0.03

Fig. 26. Measured vs. calculated r-values (Reprinted under CC BY-NC-ND 4.0 license
from Publication II © 2021 ISIJ).

4.4.2 r-value of ferritic stainless steel
Figure 27 shows an EBSD-IPF map of the ferritic stainless-steel specimen covering
the full thickness and a length of 3.68 mm along the transverse direction. It
comprises 17962 grains with an average diameter of 19.87 μm. The ODF at 2 =
45° is given in Figure 28. The ODF intensity varied between 0 and 5 and illustrates
that the specimen has a strong texture with weak cube orientations and a strong
gamma (γ) fiber which enhances the deep drawing properties.
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Fig. 27. Stitched EBSD-IPF image of a TD-ND cross-section through the ferritic stainless
steel specimen. The color code refers to the crystallographic directions along the
sample’s ND. The horizontal direction is along the sample’s TD and vertical direction is
along ND (Reprinted under CC BY-NC-ND 4.0 license from Publication II © 2021 ISIJ).

Fig. 28. ODF of the ferritic stainless steel at φ2= 45° and the contour lines at intervals
of 0.5 units (Reprinted under CC BY-NC-ND 4.0 license from Publication II © 2021 ISIJ).

As FSS is known to be strongly textured, EBSD measurements were also conducted
on two other full-thickness cross-sections: 1) an RD-ND section 7.32 mm length
along rolling direction covering 33795 grains, and 2) a 7.33 mm long section at 45°
to RD (denoted 45-ND) covering 35189 grains. Figure 29 shows the calculated rvalues considering all 24 slip systems of the type {110}<111> and {112}<111>
using the mean grain orientations measured on the RD-ND, TD-ND and 45-ND
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cross-sections in comparison with the r-values obtained from tensile testing, and
the measured r-values are also given in Table 12. The calculated r-values from all
three cross-sections are similar. As explained earlier, the grain size is not considered
in the present r-value calculation technique. As FSS are known to have an elongated
structure along the rolling direction, the grains size distributions were compared
from the EBSD measurements for all the three cross-sections as shown in Figure
30. The average grain sizes are 19.87, 20.88 and 20.65 μm respectively in RD-ND,
TD-ND and 45-ND cross sections.

Fig. 29. Measured vs calculated planar anisotropy (r-values) using grain orientations
found on the RD-ND, TD-ND and 45-ND cross-sections of the ferritic steel (Reprinted
under CC BY-NC-ND 4.0 license from Publication II © 2021 ISIJ).
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Fig. 30. Boxplot of the grain diameters of the ferritic stainless steel on the crosssections TD-ND, RD-ND and 45-ND. The boxes show the 1st, 50th and 99th percentiles
and the whiskers indicate 5th and 75th percentiles. The plus (+) sign represents the
mean grain diameter i.e., 19.87, 20.88 and 20.65 μm respectively (Reprinted under CC
BY-NC-ND 4.0 license from Publication II © 2021 ISIJ).
Table 12. Mechanical properties of ferritic stainless steel grade EN1.4622. Averages of
three specimens per direction. ± values are the uncertainty in the measurement for the
confidence level of 95% observed over many tests (Reprinted under CC BY-NC-ND 4.0
license from Publication II © 2021 ISIJ).
Angle to Rolling Direction

Rp0.2

Rp1.0

Rm

A80

r-value

(°)

(N/mm²)

(N/mm²)

(N/mm²)

(%)

(-)

0

343 ± 6

356 ± 7

495 ± 2

32.1 ± 0.3

1.60 ± 0.03

15

352 ± 6

365 ± 7

501 ± 2

32.2 ± 0.3

1.43 ± 0.03

30

365 ± 6

376 ± 7

509 ± 2

30.0 ± 0.3

1.27 ± 0.03

45

372 ± 6

381 ± 7

515 ± 2

30.3 ± 0.3

1.28 ± 0.03

60

375 ± 6

384 ± 7

514 ± 2

30.6 ± 0.3

1.56 ± 0.03

75

368 ± 6

376 ± 7

503 ± 2

31.8 ± 0.3

1.98 ± 0.03

90

364 ± 6

372 ± 7

499 ± 2

32.9 ± 0.3

2.12 ± 0.03
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4.5

Influence of microtexture distribution and straining direction
on ridging in FSS

In this study, samples of sheets produced industrially using similar process
conditions but with different ridging resistances were analyzed thoroughly. The
average composition of all the four samples studied is given in Table 1. (No. 5).
The samples were strained along RD, TD to 15%. For both as-received and strained
samples, macrotexture measurements were made on the RD-TD planes near the
surface (S = 0.8) and at the centerline (S = 0) of the specimens. Later, the materials
with highest and lowest severity to ridging were studied further using SEM-EBSD.
4.5.1 Effect of straining direction on ridging
The surfaces of the samples after 15% elongation along the RD and TD are shown
in Figures 31 and 32 respectively. Ridging indices evaluated from the measured
surface profiles are given in Table 13. When the samples were strained along RD,
sample SA has the highest ridging index and SD is the lowest. However, the ridging
indices of all the samples were similar when the straining direction is along TD. As
seen in previous studies, ridging severity is greatest when the straining direction is
aligned with RD. Figure 33 shows the ridging profiles of the samples (SA–SD)
when the straining direction is along RD.

Fig. 31. Images of the surfaces of specimens SA–SD (samples A–D in figure) after
straining 15% along the rolling direction (RD) (Reprinted under CC BY-NC-ND 4.0
license from Publication IV © 2021 ISIJ).
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Fig. 32. Images of the surfaces of specimens SA–SD (sample as A–D in figure) after
straining 15% along the transverse direction (TD) (Reprinted under CC BY-NC-ND 4.0
license from Publication IV © 2021 ISIJ).
Table 13. Surface profile parameters and ridging indices for straining 15% along the
rolling direction (RD) and the transverse direction (TD) for samples SA–SD (samples A–
D in table) (Reprinted under CC BY-NC-ND 4.0 license from Publication IV © 2021 ISIJ).
Sample

Straining along RD
Rz (μm)

Pc (mm-1)

Straining along TD
RI

Rz(μm)

Pc (mm-1)

RI
0.24

A

19.60

0.25

4.94

3.87

0.052

B

9.54

0.20

1.90

3.16

0.12

0.39

C

5.37

0.17

0.93

2.46

0.15

0.37

D

4.54

0.15

0.68

3.33

0.16

0.54
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Fig. 33. Surface profiles of specimens SA–SD (samples A–D in figure) after straining
along RD. To separate the curves, the profile of specimen SA is shifted by SA+10μm,
specimen SB by SB-5 μm, and SC by +5 μm (Reprinted under CC BY-NC-ND 4.0 license
from Publication IV © 2021 ISIJ).

4.5.2 Macrotexture
The ODF’s of specimens SA, SB, SC and SD near the surface (S = 0.8) and midthickness (S = 0) RD-TD planes are shown in Figure 34 (a–d) and (e–h) respectively.
It can also be noted that specimen SA with severe ridging also has a strong γ-fiber
with the intensity peaks at (111)<121> and (554)<225>. The texture intensities
were highest in the γ-fiber for all the specimens. However, the absolute γ-fiber
intensity is highest in SD followed by SA, which actually have the highest and
lowest ridging resistances. Specimens SB and SC have much lower γ-fiber
intensities than SA, although their ridging resistance was higher.
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Fig. 34. Macrotextures of as-received specimens on φ2= 45° ODF sections. Contour
lines at intervals of 1 unit. Sub-surface (S = 0.8) location shown in (a–d) and center-line
location (S = 0) in (e–h). Sample SA in (a) and (e), sample SB in (b) and (f), sample SC
in (c) and (g), sample SD in (d) and (h) (Reprinted under CC BY-NC-ND 4.0 license from
Publication IV © 2021 ISIJ).

The macrotexture of the samples after the ridging tests (elongation 15%) with the
tensile axis in the RD are shown in Figure 35 ((a–d) at S = 0.8 and (e–h) at S = 0)
and in Figure 36 ((a–d) at S = 0.8 and (e–h) at S = 0) when the tensile axis is along
TD. The behavior of all the samples towards changes in texture were similar when
compared to the ODF’s prior to the straining (Figure 34). When the straining
direction is aligned with RD, texture intensities along the γ-fiber decreased
significantly while α-fiber intensities increased. It is apparent that 15% strain
causes the grain orientations to rotate towards the φ1 = Φ = 0° corner of the φ2 =
45° ODF section, i.e., towards cube (001)[101] orientations. However, when the
direction of strain was aligned with transverse direction, the texture intensities in
the γ-fiber <111>//ND increased significantly for all the samples. It is very well
known that a strong {111}//ND intensity means a higher r-value [109], [156], [157].
The changes observed in the {111}//ND intensity after straining along RD and TD
are in correlation with the measured r-values along the respective directions. The
measured r-values along RD are lower compared to the transverse direction as
given in Table 14.
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Fig. 35. Macrotextures of specimens after 15% elongation along RD. Contour lines at
intervals of 1 unit. Sub-surface (S = 0.8) location shown in (a–d) and center-line (S = 0)
in (e–h). Sample SA in (a) and (e), sample SB in (b) and (f), sample SC in (c) and (g),
sample SD in (d) and (h) (Reprinted under CC BY-NC-ND 4.0 license from Publication IV
© 2021 ISIJ).
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Fig. 36. Macrotextures of specimens after 15% elongation along TD. Contour lines at
intervals of 1 unit. Sub-surface (S = 0.8) location shown in (a–d) and center-line (S =0)
in (e–h). Sample SA in (a) and (e), sample SB in (b) and (f), sample SC in (c) and (g),
sample SD in (d) and (h) (Reprinted under CC BY-NC-ND 4.0 license from Publication IV
© 2021 ISIJ).
Table 14. Mechanical properties of sheet samples SA–SD (samples A–D in table). The
planar anisotropy values (Δr) values for the samples SA–SD are 0.42, 0.43, −0.11 and
0.32 respectively (Reprinted under CC-BY-ND 4.0 license from Publication IV © 2021
ISIJ).
Sample

Grain size

Rp0.2

Rm

Ag

A80

r-value

(ASTM No.)

(N/mm²)

(N/mm²)

(%)

(%)

(r0; r45; r90)

A

8.7

299 ± 6

478 ± 2

20.5 ± 0.3 31.7 ± 0.3

B

9.6

343 ± 6

512 ± 2

19.2 ± 0.3 29.7 ± 0.3

1.66 ± 0.03 (1.66; 1.45; 2.08)
1.42 ± 0.03 (1.38;1.21; 1.90)

C

11.4

370 ± 6

551 ± 2

17.1 ± 0.3 24.3 ± 0.3

1.46 ± 0.03 (1.29; 1.52; 1.53)

D

9.7

304 ± 6

474 ± 2

20.2 ± 0.3 31.0 ± 0.3

1.78 ± 0.03 (1.85; 1.62; 2.02)

4.5.3 Microtexture
The macrotexture results were unable to clarify the differences in ridging resistance.
There is no direct correlation between the intensity of the γ-fiber and ridging
resistance. Since specimens SA and SD had the lowest and highest resistance to
ridging but similar γ-fiber intensities, they were chosen for detailed microtexture
measurements. The measurements were carried out on the entire thickness of the
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specimens covering a length of 3 mm along TD. The IPF’s of specimens SA and
SD are shown in Figure 37.
There are clear differences in the microtextures of these samples especially as
regards the upper and lower thirds of the thickness. In those locations, specimen
SA has a higher frequency of <001>//ND orientations compared to specimen SD.
Furthermore, in specimen SA the <001>//ND orientations are in clusters, while in
SD they are finely distributed over the entire thickness. These observations give
qualitative information regarding the differences between the specimens that might
explain the different ridging behavior shown in Figure 31.

Fig. 37. IPF-colored EBSD map showing microtexture of samples through the sheet
thickness. Cross sections of (a) specimen SA and (b) specimen. The color code refers
to the crystallographic directions along the sample’s ND. The horizontal direction is
along the sample’s TD and vertical direction is along ND SD (Reprinted under CC BYNC-ND 4.0 license from Publication IV © 2021 ISIJ).
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5

Discussion

5.1

Ridging index

Ridging index can be evaluated with the proposed new technique on various final
product forms with different surface finishes, varying from bright annealed to
slightly rougher than a 2B surface finish. The present methodology has been used
to measure and evaluate the materials produced via various production routes, so
that any bias caused by a given production route is avoided. Generally, the ridging
defect can be seen on the surface of the side walls of deep drawn products. During
deep drawing, the direction of strain is constantly changing with respect to the
rolling direction of the sheet. The strain direction is aligned to the rolling direction
of the sheet at two opposite positions in the deep drawn product. The present
method is used to measure the ridging index of the metal sheet prior to deep
drawing as the results would not be same if the sample was cut and flattened after
deep drawing. The ridging evaluation method can be used for process optimization
and as a quality control tool for material acceptance, thereby reducing postprocessing polishing costs. However, the polishing requirement for a deep drawn
product cannot be predicted by evaluating the ridging index of the specimen due to
the roughening of the surface profile caused by the deep drawing process. Practical
experience has shown that material with a ridging index less than 1 does not require
any additional polishing beyond that required to remove the roughening caused by
the deep drawing process.
5.2

Effect of Ca treatment, EMS and conventional hot rolling
conditions on ridging

In this part of the thesis, the effect of calcium treatment and EMS on the severity
of ridging in the final product has been studied, while keeping all the processing
parameters at their conventionally used levels. The calcium treatment, EMS
parameters and resulted riding indices are summarized in Table 15.
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Table 15. Summary of calcium treatment, EMS and their ridging indices of the test heats
[Publication III].
Sample

EMS

Ca (in multiples) of

EGR (%)

standard content

Final

Rz

grain size

(µm)

RI

(µm)
A

off

0

100

11.5

3.30

0.70

B

on

1

100

18.6

4.30

0.70

C

on

1.8

57

11.9

7.60

1.90

D

on

2.1

40

46.3

13.50

2.40

E

off

2

12

38.5

24.40

6.10

5.2.1 Effect of Ca treatment on macrostructure – inclusion
characterization
Ferritic stainless steels without any addition of titanium generally solidify in a fully
columnar grain manner apart from a narrow outer chill zone; a fine equiaxed
solidification structure is only obtained when a suitable titanium addition is made
[158]. Sub-merged entry nozzle (SEN) clogging is caused by the Al2O3, Al2O3-MgO
spinel inclusions. To overcome this, Ca treatment is applied to change the solid
alumina and Al2O3-MgO spinel inclusions into liquid calcium aluminate inclusions.
However, this treatment has an adverse effect on the equiaxed grain ratio (EGR).
The inclusions in all the coil specimens (A–E) with various Ca treatments were
characterized using SEM-EDS. The compositions of all the inclusions were treated
numerically to remove the contributions from nitrides and carbides, and the
remaining oxides of Al, Ca, and Mg contents were then assumed to correspond to
Al2O3, MgO and CaO which were normalized to 100% and plotted on an Al2O3MgO-CaO ternary phase diagram as shown in Figure 38 (a–e).
Heat A was cast without any deliberate Ca addition. The composition of the
inclusions in specimen A (Figure 38a) mainly corresponded to Al2O3-MgO spinel.
Such inclusions are reported as accelerating the formation of TiN in the steel melt
due to a small crystal lattice dis-registry between the two phases [31], [68].
Bramfitt [31] studied the effect of various carbide and nitride additions on the
nucleation of δ-ferrite in liquid iron and found that TiN and TiC were the most
effective. The Al2O3-MgO spinel inclusions which are the main reason for clogging
provide favorable surfaces for the nucleation of titanium nitrides, which are
favorable for nucleating δ-ferrite grains and thereby increasing the EGR.
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Specimen B, which had the lowest calcium content of all the calcium treated
heats, also contained Al2O3-MgO spinel inclusions which will have promoted the
equiaxed grain structure; however, it also contained liquid CaO-Al2O3-MgO slag
inclusions, which reduce clogging. When the Ca content is further increased by
factors of 1.8, 2.1 and 2.0 with respect to specimen B, i.e., specimens C, D and E,
the EGR steadily decreased. The inclusion characterization showed that the reason
for this is the reduction in the incidence of the spinel inclusions in favor of the
liquid CaO-Al2O3-MgO inclusions. Thus, TiN nucleation is delayed as the
favorable spinel inclusions are not readily available and so the nucleation of δferrite to promote an equiaxed grain structure is less efficient.

Fig. 38. (a–e) Compositions of inclusions from specimens A-E plotted on a liquidus and
sub-solidus equilibria in the Al2O3-MgO-CaO system. (f) Liquidus and sub-solidus
compounds represented at various temperatures; A = Al2O3, Mg = MgO, C = CaO and L
= liquid. The desired inclusion composition is indicated with an arrow after the calcium
treatment at 1600 °C, where the inclusion compositions are mainly liquidous (Adapted,
with permission, from Publication III © 2020 Wiley-VCH GmbH).
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Fig. 38. continued.

5.2.2 Effect of EMS
The nucleation of δ-ferrite on TiN promotes equiaxed structure but decreases the
cast-ability of the melt due to clogging of the SEN. TiN inclusions near the surface
of the cast slab can also create unwarranted surface defects, thereby decreasing
productivity and at times these inclusions would appear on surface increasing
unwarranted surface defects decreasing the productivity. An alternative approach
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for promoting grain refinement is to stir the molten metal, with sufficient force
using electro-magnetic stirring (EMS).
In the present study, the effect of EMS in the presence of Ca can be seen by
comparing heat E with no EMS, with heat B, C and D, where EMS was used.
Looking into the macrostructures (Figure 14) of specimens B–E, B has similar
amount of EGR as A with EMS off and without calcium treatment. The inclusions
in B are a mixture of liquid CaO-Al2O3-MgO and TiN nucleating spinel (Al2O3MgO), which, together with EMS, promotes the formation of an equiaxed grain
structure right after the chill layer [79], [159], [160]. On the other hand, in C, D and
E, the high Ca contents lead to a lack of preferential Al2O3-MgO spinel inclusion
sites for TiN particles, thereby producing extensive columnar regions, which are
most extensive when EMS is not applied (sample E). The unfavorable inclusion
composition due to high calcium content together with the absence of EMS in E,
lead to the lowest EGR of all the specimens – only 10%; 90% of the cast structure
is columnar. It is worth noting that even when EMS is applied, the EGR steadily
decrease with increasing Ca content (samples B, C and D).
5.2.3 Effect of casting on texture under standard hot rolling
conditions
Figure 39 shows the inverse pole figure maps of the TD-ND cross-sections of the
final cold-rolled and annealed samples from the heat slabs with various Ca contents
and EMS treatments. The EBSD measurements were conducted over the entire
thickness of the samples. The grain sizes were larger in samples D and E (46.3 and
38.5 μm) compared to A, B and C which are 11.5, 18.6 11.9 μm respectively. Since
samples A, B, C and E were all rolled and heat treated in the same way (Table 2),
it seems that the grain sizes are directly correlated to the fraction of columnar grains
in the cast structure. Sample D has a high EGR and a larger average grain size than
sample E, but it has received less cold reduction than sample E, which means less
recrystallization during final annealing.
In the IPF maps, the grains colored red are close to the <100>//ND (cube-onface) orientation and the grains colored blue are close to the <111>//ND. The IPF
maps suggest that the frequency of grains in the cube-on-face orientation increase
from A to E. These orientations are generally well dispersed over the entire
thickness except in specimen D where the cube-on-face grains are concentrated
near the surface. Specimen E with highest ridging index, grains with orientations
<100>//ND and <011>//ND are spread over the entire thickness and the width of
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sample as colonies compared to the other samples. These orientations have lower
anisotropy values, i.e., the thickness in strain direction is larger than the grains with
orientations <111>//ND, increasing the severity of ridging [12].
The intensities along key crystallographic orientations, i.e., the α-fiber and γfiber are plotted for all the specimens in Figure 40. The γ-fiber intensity is clearly
highest in specimen A and B, moderate in C and lowest in D and E while the
opposite trend is true of the α-fiber intensity. Interestingly, the intensity of the cube
orientations is higher in sample D compared to sample E, though the ridging
severity is higher in sample E. The grains with cube orientations are uniformly
distributed across the outer surfaces of the sample D, whereas such orientations are
ordered as colonies in sample E. The above findings highlight the fact that the cast
structure has a direct effect on the final ridging properties under conventional
thermomechanical processing conditions.

Fig. 39. EBSD-IPF images of TD-ND cross-sections of the final cold-rolled and annealed
sheets. Colors represent the crystallographic directions along sample’s ND (Adapted,
with permission, from Publication III © 2020 Wiley-VCH GmbH).
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Fig. 40. a) α-fiber intensities b) γ-fiber intensities of the specimens from A–E (Adapted,
with permission, from Publication III © 2020 Wiley-VCH GmbH).

5.3

Effect of hot rolling finishing temperature on ridging properties
of cold rolled and annealed sheet

In this study, the effect of hot rolling finishing temperature has been studied. The
starting material is the transfer bar after rough rolling in the hot rolling mill of
26.5 mm thickness. The transfer bar is hot rolled from the slab sample E in the
earlier studies with 2 multiples of standard calcium content and without EMS which
has the lowest EGR in slab macrostructure. The summary of the results in this study
are given in Table 16.
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Table 16. Summary of samples hot rolling finishing temperature and their grain sizes in
hot rolled annealed (HRA) and cold rolled annealed (CRA) condition with ridging indices.
Hot rolling

HRA-avg. grain

CRA-avg. grain size

Rz1

finishing T (°C)

size (µm)

(µm)

(µm)

FRT1000

1000

120

53

25.56

5.62

FRT930

930

108

49

23.87

4.53

FRT870

870

81

44

15.16

2.12

FRT810

810

72

46

12.52

1.25

Sample

1

RI1

Data from Publication V.

5.3.1 Effect of hot rolling finishing temperature and hot band
annealing
Hot rolling has the potential of modifying the solidification structure of FSS. The
hot rolling was carried out in pilot plant and the finishing rolling temperatures (FRT)
were varied in samples. The microtexture images in the hot rolled condition showed
that shear bands are frequent in samples with FRT 870 and 810 °C with lower
finishing temperatures, whereas samples with FRT 1000 and 930 °C were
dominated with recovered structure (Figure 19). The microtextures of the samples
after subsequent annealed condition (Figure 21) reveal all the samples are
recrystallized other than the sample with FRT 1000 °C, which has a deformed
structure on the centerline and the largest average grain size of all the specimens.
The IPF images and grain boundaries of the samples with FRT 1000 and 810 °C
are shown in Figure 41 showing that low-angle (0–15°) grain boundary
misorientations are larger in number in sample with FRT 1000 °C compared to
sample with FRT 810 °C.
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Fig. 41. (a, c) EBSD-IPF images of hot rolled and annealed (HRA) samples with FRT
1000 and 810 °C. (b, d) Grain boundaries of samples with FRT 1000 and 800 °C. 0–2° in
black, 2–15° in red and > 15° in yellow. IPF colors indicate the crystallographic
directions along the sample’s ND direction (Figs. 41a and c adapted, with permission,
from Publication V © 2021 Wiley-VCH GmbH).

The absolute number of grain boundary misorientation distributions (per mm2) of
all the annealed samples are shown in Figure 42. The sample with the highest FRT
has the high frequency of low-angle boundaries and low frequency of high-angle
boundaries. This implies that the hot-rolled structure in sample the sample with
FRT 1000 °C is primarily recovered after deformation with little recrystallization.
Lowering the hot-rolling finishing temperature favorably increases the incidence
of high angle grain boundaries (>15°). The EBSD images (Figure 21) and their
corresponding grain sizes reveal that the degree of recrystallization increased
between the samples with FRT from 1000 to 810 °C. Microtexture images of hotrolled conditions showed that shear bands are frequent in samples with lower
finishing temperature of 870 and 810 °C whereas, samples with FRT 1000 and
930 °C were dominated with recovered structure (Figure 19).
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Fig. 42. Misorientation profiles after hot rolling and annealing of (a) low angle
boundaries (2° to 15°) (b) high angle boundaries (> 15°) (Data from Publication V).

From the above results, the positive effect of lowering FRT on the degree of
recrystallization obtained after annealing, the hot bands FRT can be attributed to
the appearance of in-grain shear bands. Earlier studies with IF, low-carbon steel
and ferritic stainless steels, highlighted the fact that the increase in rolling load
obtained by decreasing the rolling temperature increases the occurrence of shear
banding. These shear bands have a good impact on recrystallization behavior.
Barnett and Jonas [161] conducted a series of single pass rolling experiments with
~65% reduction between 70 and 700 °C on IF and low carbon steels. In IF steels,
shear bands appeared at all rolling temperatures between 70 and 700 °C. However,
in low-carbon steel the incidence of shear bands decreased above ~300 °C
becoming rare above ~550 °C. In a study of cold-rolled IF steels using transmission
electron microscopy (TEM) Quadir et al. [162] found that thick shear bands are
produced by a relative shear displacement of thin shear bands involving rigid body
rotation in addition to the misorientation produced by the pair of thin shear bands.
The thin shear bands comprised low-angle (< 10°) boundaries with the matrix while
thick shear bands are bound by high angle boundaries (> 15°). These thicker shear
bands which are known to provide nucleation sites of recrystallization [162] are 5–
7 times thicker compared to thinner bands which are only 0.1–0.3 µm in thickness.
Mehtonen et al. [17], [85] reported that even in the presence of α-, γ- and εfiber texture components, inter-pass static recrystallization of FSS randomized the
texture. This should have an important positive effect onto ridging resistance. They
also reported that lowering the final pass temperature from 950 °C to 800 °C and
further to 650 °C significantly increased the flow stress and caused the formation
of shear bands in grains belonging to the γ-fiber. The present results also agree with
96

reported studies [17], [85], [161], [162] on FSSs that shear bands have a strong
influence on microstructure development during annealing after hot rolling. Grains
with shear bands could be subdivided into much smaller misorientation cells,
causing more fragmentation resulting in more recrystallized grains.
5.3.2 Effect of cold rolling and final annealing on ridging
The microstructure and texture of the cold-rolled material controls the
recrystallization kinetics, final microstructure and texture of the material [163].
Recrystallization of the cold-rolled material begins with rapid recovery into a welldefined, but inhomogeneous, sub-grain structure. Sinclair et al. [154] studied
microstructural evolution of cold-rolled Ti-stabilized ferritic stainless steel and
reported textures after 50, 60, 75 and 90% of cold reduction and after annealing.
Grains with orientations {001}<110> and {112}<110>, belonging to the α-fiber,
tend to have larger sub-grain size and smaller misorientations compared to grains
in the {111}<110> and {111}<112> in the γ-fiber. Figure 43 shows the
misorientation distributions of the cold-rolled and annealed samples.

Fig. 43. Misorientation profiles after cold rolling and annealing of (a) low angle
boundaries (2° to 15°). (b) high angle boundaries (> 15°) (Data from Publication V).

The observations drawn from the cold rolled and annealed (CRA) samples are
similar to hot-rolled and annealed samples, i.e., the frequency of low-angle
boundaries (0–2°) which are associated with recovery in grains with α-fiber
orientations. This confirms that the orientations of the final cold-rolled and
annealed structure are largely inherited from the texture after hot rolling and
annealing and highlights the importance of controlling the hot-rolling parameters
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of stabilized ferritic stainless steels to break the columnar grain structure and
randomize the final texture and thereby improve the resistance to ridging. In Figure
44, the α- and γ- and ε-fibers intensities are given for the HRA and CRA samples
for the various finish rolling temperatures of hot rolling.

Fig. 44. Effect of hot-rolling finishing temperature on the intensities of α-, γ- and ε-fiber
of samples (a–c) in hot rolled and annealed condition (d–f) in cold rolled and annealed
condition (Adapted, with permission, from Publication V © 2021 Wiley-VCH GmbH).

Among the hot-rolled annealed (HRA) samples, the <100>//ND components were
highest in the sample with FRT 1000 °C followed by the samples with FRT 930,
870 and 810 °C, while γ-fiber components increased with decreasing the FRT. The
cube orientation {001}<110> is dominant in the sample with FRT 1000 °C as the
finish rolling temperature is the highest (1000 °C), and decreasing the FRT, the
texture was more randomized though in HRA samples, the α- and γ-fiber intensities
are similar in the sample with the lowest FRT i.e., 810 °C.
Comparing the {111}//ND intensities of the cold-rolled and annealed (CRA)
samples, the {111}//ND intensity with FRT 810 °C is 3–3.5 times higher than with
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FRT 1000 °C. Interestingly, a lowering of the FRT also causes an increase in the
{554}<225> and the Goss orientation {110}<001> components in the ε-fiber. It is
known that it is common in IF and stabilized ferritic stainless steel the {554}<225>
would increase which is smaller shift in γ-fiber. The presence of a Goss component
has been reported in recent studies of a stabilized ferritic stainless after the first
stage of a two-stage cold rolling process [110]. In the present study, the presence
of the Goss component is probably due to the absence of lubrication during the
cold rolling process, which increases the near surface shear strain [117], [164]. In
the case of FRTs 1000 and 930 °C in the final annealed condition, grains with
orientations <110>//RD were present in clusters across the width and thickness of
the samples in Figure 22a and b. Such grain orientations have a lower plastic strain
ratio than grains in other orientations, and when they are clustered the material is
prone to ridging [11], [12], [27], [165].
5.4

Evaluation of Lankford parameters

In this study, the Lankford parameters (r-values) are evaluated for an austenitic (EN
1.4404) and a Ti and Nb dual-stabilized ferritic stainless steel (EN 1.4622).
5.4.1 Schmid factor threshold and active slip systems
The measured and calculated r-values using the mean grain orientations from the
EBSD measurements are in good agreement for the austenitic stainless steel,
whereas they differed in the case of the FSS. Unlike the BCC ferritic stainless steels,
the FCC crystal structure of the austenitic stainless steel has a single family of
twelve high-density {111} slip planes. In BCC crystals the {110} and {112} slip
planes combined with the <111> slip direction gives a total of 24 possible slip
systems compared to the 12 of FCC crystals. Agreement between measured and
calculated r-values for FCC materials, such as aluminum and brass, and
disagreement for BCC carbon steels and ferritic stainless steels have been reported
in earlier studies based on ideal orientations obtained from the XRD texture
measurements [124], [125], [128], [131]. Yazawa et al. [111] reported that the
average r-value of mild steel and ferritic stainless steels are proportional to the
intensity of the {111}//ND texture component. They also noticed that, for the same
{111}//ND intensity, r-values are much higher in FSS than in mild steels. It was
suggested that the reason for higher r-values in ferritic stainless steels was that
some slip systems are constrained by chromium atoms. Hamada [131] showed that
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assuming slip is limited to {110}<111> rather than {110}<111> and {112}<111>
slip systems leads to a predicted increased in r-values. This demonstrates that
limiting the operative slip systems increases the r-values.

Fig. 45. Calculated planar anisotropy (r-values) for the TD-ND plane using the slip
systems with SF ≥ 0.29(*) and SF ≥ 0.22(o). Measured r-values shown for comparison
(filled circles) (Reprinted under CC BY-NC-ND 4.0 license from Publication II © 2021 ISIJ).

The number of active slip systems can be limited by introducing a minimum SF,
below which the slip system becomes inactive. Figure 45 shows the measured and
calculated r-values for straining direction 0° and 90° to RD are in best agreement
when the SF threshold is 0.29, while for straining direction at 45° to RD, it is 0.22.
It appears, that larger the r-values require larger SF thresholds.
5.4.2 Effect of tensile direction on SF threshold
Crystallographic texture plays a very important role in planar anisotropy as
witnessed by the differences in the textures and degrees of planar anisotropy
present in FCC and BCC materials. The calculated r-values are in good agreement
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with the measured r-values when the threshold SF is implemented, but the variation
in the SF threshold with the tensile direction, needs to be rationalized.
Figure 46 shows the cumulative frequency distributions of the mean SFs of the
16000 grains on the TD-ND section of FSS for straining along 0°, 45° and 90° to
the RD. The cumulative mean SF distributions agree with the tensile test results in
Table 11: the flow stress at a plastic strain of 1% (Rp1.0) for example is highest when
the sample tensile axis is at 45° to the RD and lowest when it is at 0°. This is to be
expected as plastic flow requires the product of SF and applied stress to exceed
CRSS.
For comparison, Figure. 47 shows the mean SFs of all the 9940 grains of the
austenitic stainless steel; quite obviously the distributions are different. Introducing
a minimum operative threshold SF in FCC material would have a similar influence
in all the straining directions, i.e., the r-values increase when restricting the number
of operable slip systems. Whereas, in FSS, Figure 45 shows that for any given
minimum threshold SF, the percentage of grains having an average SF above the
threshold is the lowest when the tensile axis is at 45° to RD. The highest SFs are
obtained with the tensile axis at 0°. Therefore, a high cut-off value for the 0° and
90° tensile directions and a low value for the 45° tensile direction may limit the
number of active slip systems in the grains to the same extent. Good agreement is
achieved by choosing a minimum threshold SF as 0.29 for tensile directions 0°, 15°,
75° and 90° to RD and 0.22 for 30° 45° and 50° to RD, see Figure 48.
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Fig. 46. Grain mean SF distributions for straining at 0, 45 and 90 degrees to RD for the
TD-ND section of the BCC ferritic stainless steel specimen (Reprinted under CC BY-NCND 4.0 license from Publication II © 2021 ISIJ).

Fig. 47. Mean SF distributions of grains for straining in 0, 45 and 90 degrees to RD for
the TD-ND section of the FCC austenitic stainless steel specimen (Reprinted under CC
BY-NC-ND 4.0 license from Publication II © 2021 ISIJ).
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Fig. 48. r-values calculated using a cut-off SF of 0.29 for 0°, 15°, 75° and 90° to RD, and
0.22 for 30°, 45° and 60° to RD (Reprinted under CC BY-NC-ND 4.0 license from
Publication II © 2021 ISIJ).

5.5

Lankford parameters and ridging

In this study, four sheet samples of EN 1.4509 with different resistance to ridging
were studied. The macrotextures were measured for the samples in the as-received
condition and after elongation to 15% in both RD and TD. A summary of the results
is given in Table 17. Furthermore, microtexture measurements were conducted on
specimens SA and SD as the γ-fiber intensities in both these samples are similar
while the severity of ridging varies greatly being highest in SA and lowest in SD.

103

Table 17. Summary of results for samples SA–SD (samples A–D in table). The maximum
value of γ-fiber intensities are from XRD measurements on the RD-TD plane in the as
received condition.
Sample Average grain

Rz1

size (ASTM)1

(µm)

RI1

Max γ-fiber

Max γ-fiber

Average

Measured r-values

intensity (near

intensity

γ-fiber

(r0; r45; r90)1

surface)

(centerline)

intensity

A

8.70

3.87

4.94

17.00

16.00

16.50

1.66; 1.45; 2.08

B

9.60

3.16

1.90

8.20

6.70

7.45

1.38; 1.21; 1.90

C

11.40

2.46

0.93

5.70

8.20

6.95

1.29; 1.52; 1.53

D

9.70

3.33

0.68

22.00

22.00

22.00

1.85; 1.62; 2.02

1

Data from Publication IV.

5.5.1 r-values and the modelling of ridging
As discussed in the introduction section, in the models of Chao, Takechi and Wright
[8], [9], [47] as well in the crystal plasticity simulations by Shin et al. [11] it was
assumed that bands of certain textural orientations exist. These models associated
ridging to the different plastic strain ratios that result from cube-on-face or cubeon-edge texture components. Shin et al. [11] verified the results of the above
models using CPFEM calculations combined with nominal texture components,
not actual grain orientations. Engler et al. [53] used VPSC model to analyzed the
strain anisotropy between the large-scale EBSD orientation maps and concluded
that the occurrence of ridging is attributed to the collective deformation of bandlike
structures of grains with a similar crystallographic orientation and indicated that
the out-of-plane shear is mostly responsible for the observed ridging behavior.
Although Engler et al. [53] and Wu et al. [35] have predicted shearing tendency
using extensive EBSD maps, their calculations are confined to the plane of the sheet.
Lefebvre et al. [35] studied the TD-ND plane of FSSs using a full-field model to
predict the visco-plastic deformation of polycrystalline aggregates using the
Fourier transform algorithm. In the case of samples exhibiting strong ridging, their
technique revealed the presence of large clusters of grains presenting either strong
positive or negative out-of-plane shear strain corresponding to sharp changes in the
slope of the surface profile. However, such clusters were not present in samples
showing little ridging, only some regions with non-randomly oriented grains
undergoing either positive or negative out-of-plane shearing. The studies of
Lefebvre et al. [35] using synthetic microstructures showed that the amplitude of
ridging is strongly dependent on the fraction of orientations shearing along the
normal direction, being independent of the spatial distributions and the grain size.
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In their studies, the effect of out-of-plane shear is calculated using the VPFFT
model for a single step corresponding to an applied strain of 1% which is then
extrapolated to 15%. In recent studies, Zhang et al. [165] conducted CPFEM studies
on 21% Cr FSS using EBSD measurement data from a RD-TD plane near the
surface and near the centerline. They concluded that, during deformation, grain
clusters aligned along the rolling direction result in heterogeneously distributed
normal strains (thickness changes) and out-of-plane shear strains, and that both of
these strains contribute to ridging. Due to the limitations of computational costs,
they only considered a very coarse grid of 25 µm, which is 5 times coarser the
experimental step size, i.e., similar to the average grain size. The numerical
simulations were carried by out stacking three layers of same crystallographic
orientations only covering a fraction of the thickness of the specimens, which was
0.7 mm. In the present studies, interactions between grains are not taken into
account, but the actual grain orientations across the entire thickness are.
r-values calculated for the specimens SA and SD from microtexture
measurements using SF thresholds were in good agreement with the measured
values, as can be seen from Figure 49. The SF threshold was set at 0.29 for straining
along RD and TD, and as 0.22 for straining 45° to RD.
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Fig. 49. Measured r-values and calculated r-values of the specimen SA and SD
(specimens A and D in figure) with SF thresholds set at 0.29 for straining along RD and
TD and 0.22 at 45° to RD (Reprinted under CC BY-NC-ND 4.0 license from Publication IV
© 2021 ISIJ).

5.5.2 Calculation of r-value map
To understand the effect of local texture variations on r-values and the ridging
phenomenon, r-values were calculated for individual orientations in the φ2 = 45°
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Fig. 50. r-value contours for orientations in the φ2 = 45° section of the ODF. Black r < 1,
grey 1 < r < 2, white r > 2. (a) straining along the RD, SF threshold 0.29. (b) straining
along TD, SF threshold 0.29. (c) schematic illustration of the effect of straining direction
on grain rotations as seen in φ2 = 45° section. (d) schematic illustration of the most
important orientations in BCC materials in ODF (2 = 45°) section (Reprinted under CC
BY-NC-ND 4.0 license from Publication IV © 2021 ISIJ).

section of the ODF covering the Euler angles Φ, 1 = 0–90° with a step size of 1°.
Figure 50a–b shows r-values calculated using Equation 8, for straining along RD
and TD, considering all 24 slip systems with the applied SF threshold of 0.29. These
are theoretical values for specimens containing grains in a single orientation in the
φ2 = 45° ODF section undergoing an infinitesimal strain along RD or TD. Macrotexture measurements before and after 15% strain show that straining along RD
causes grains to rotate towards <110>//RD, i.e., 1 = 0°, while straining along TD
causes grains to rotate towards (111)//ND, i.e., Φ = 54.7°, as illustrated in Figure
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50c. The measured r-values agree with the above findings as the r-values of all the
specimens are lower when straining along RD compared to straining along TD.
5.6

r-value maps

The EBSD IPF image of specimens SA and SD (Figure 37) were re-plotted with
calculated r-values of the individual grains using their mean grain orientations and
the results are shown in Figure 51. At the level of individual grains, during straining
grain thinning in the thickness direction of the sheet depends on the r-value of the
grain, which depends of course, on the straining direction: the lower the r-value the
greater the thinning. Since ridging is caused by variations in sheet thinning across
the TD when straining along RD, it is reasonable to expect that the clustering of
grains with low r-values lies behind the ridging phenomenon. Visual inspection of
Figures 51a and 51c for the straining direction RD indicates that the grains with r
< 1 tend to group more in specimen SA (Figure 51a) than in specimen SD (Figure
51c), where such grains are more homogenously spread. The situation is entirely
different when the straining direction is changed to TD: there are no colonies of
grains with r < 1 in either specimen. These results are in general agreement with
previous analyses in the literature regarding the importance of grain clusters having
low r-values [12], [14], [16], [36], [166]. However, the r-value distribution in Euler
space (Figure 50) gives a clear picture of detrimental orientations, and the r-value
maps based on actual grain orientations (Figure 51) give a more accurate
description of the local r-value variations than have previously been presented.
It is interesting to compare the r-value Euler map in Figure 50a, for straining
along RD, with other analyses of ridging found in the literature. Brochu et al. [12]
carried out orientation imaging microscopy (OIM) and analyzed grain orientations
of the RD-TD and TD-ND planes. They found that severe ridging is correlated to
the presence of clusters and 100 µm wide bands of <001>//ND and <011>//ND
orientations, while mild ridging is associated with relatively random distributions
of the various orientations. From Figure 50a and 50d, it can be seen that <001>//ND
is associated with low r-values for most values of φ1; however, <001>//ND covers
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Fig. 51. Grain r-value maps for TD-ND sections calculated from the mean grain
orientations of as-received material (r < 1 black, 1 < r < 2 grey, r > 2 white). (a) specimen
SA strained along RD (b) specimen SD strained along RD (c) specimen SA strained
along TD and (d) specimen SD strained along TD (Reprinted under CC BY-NC-ND 4.0
license from Publication IV © 2021 ISIJ).

orientations with both low and high r-values, depending on the value of 1. Of
course, the use of the broad condition <011>//ND does not have practical negative
consequences when the texture does not contain grains with low values of 1. Park
et al. [13] note that grain clusters at {001}<110> and {112}<110> cause severe
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ridging when located in the vicinity of the mid-thickness. From Figure 51a and
51d it can be seen that both these orientations, together with all the intervening
orientations, have low r-values.
5.7

Prediction of ridging surface profile

From the above results it is clear that the local variations in the plastic anisotropy
of the grains should result in ridging. A simplified approach was used to
quantitatively calculate the ridging profile expected in specimens SA and SD based
on the r-values of individual grains (Figure 51). As the overall r-values of the
specimen are in agreement with the measured values (Figure 49), roughly the local
thinning of the sheet should depend on the average r-value of through-thickness
columns of an appropriate width. The r-value plots were therefore divided into
equal 30 µm wide through-thickness columns and the average r-value calculated
for the specimens SA and SD, when straining along RD and TD. From the
calculated r-values of each column, the change in thickness caused by 15% strain
was calculated assuming a uniform initial thickness of 1000 μm. It was also
assumed that the contiguous columns of grains act individually so the interactions
between the columns and as well the individual grains in the columns were ignored.
The calculated surface profiles of specimen SA and SD after 15% strain along
RD and TD are shown in Figure 52. When the specimens were strained along TD,
the predicted surface profiles were intertwined, with no long-period fluctuations in
thickness in either case. When the direction of strain was RD, the surface profile of
specimen SA has much higher amplitude i.e., higher peaks and lower valleys than
that of the surface profile of SD. Rt which is the sum of the highest peak and valley
was 9.27 μm for specimen SA, whereas it is 5.19 μm in the case of specimen SD.
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Fig. 52. Predicted upper surface profiles of specimens SA and SD (samples A and D in
figure) after 15% strain along RD and TD assuming a uniform initial thickness of 1000
μm (Reprinted under CC BY-NC-ND 4.0 license from Publication IV © 2021 ISIJ).

The calculated surface profiles are therefore in line with the measured ridging
surface profiles. Note that the average thinning is smaller when straining along TD
than RD because overall r-values are higher for straining along TD than RD which
is also in agreement with the measure r-values.
5.8

Future work

The present work extends the understanding of the effect of industrial process
parameters related to casting and hot rolling on the severity of ridging. The current
study indicates that the topics listed below would require further investigation.
The r-value calculations in Publication II were calculated for the single phase
ferritic and austenitic stainless steels. The suggested threshold Schmid factor has
been tested in the present studies for stabilized ferritic stainless steels with 21 wt.%
Cr (Publication II) and 17 wt.% Cr (Publication IV). The present model calculations
only use local r-values to calculate the ridging surface profile from the normal
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strain. The approach should be extended to include the effects of out-of-plane shear
strain, but this was not included in the scope of this thesis. The present calculations
could be extended to unstabilized ferritic stainless steels and the limits for threshold
Schmid factors could be verified if needed. The r-values calculations could be
extended to duplex stainless steels and at the same time attempts could be made to
improve the formability properties of these steels by improving the texture of the
ferritic phase.
The effect of calcium treatment and EMS on the cast structure and final ridging
properties in Publication II leaves a narrow window of operating process control
parameters especially for the calcium content in the steel. The studies on hot rolling
finishing temperature in Publication V showed how the effect of calcium can be
mitigated. A topic for further study is to extend the work so as to be able to decide
on an appropriate rolling practice on the basis of the realized upstream casting and
ladle treatment process parameters on a cast by cast basis.
When comparing the texture of cold rolled and annealed materials produced
under laboratory and industrial cold rolling conditions, it is generally found that
near the surface in laboratory cold rolled materials there is a strong Goss texture,
which is absent in the industrially rolled material. The reason is the lack of
lubrication in the laboratory rolling. A Goss texture reduces r-values compared to
those obtained with γ-fiber texture which reduces the formability of the final
product. The magnitude of this effect could be examined for industrial cold rolling
conditions with a reduced rolling finishing temperature.
Most importantly, it is necessary to perform full production trials for both the
proposed improved processing routes in order to verify their effects on the final
product and to establish how the new routes affect all relevant product properties.
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6

Summary and conclusions

6.1

Quantification of ridging using profilometric techniques

A new profilometric measurement and filtering technique is proposed to quantify
ridging severity using 100 mm wide samples.
–

–
–
–
–

6.2

The ridging profile was derived from the recorded raw profile using two spline
filtering steps, removing the form of the specimen and filtering the roughness
and instrument noise components.
Ridging index (RI) was calculated on the basis of the peaks and valleys of the
filtered profile along with the spacing between the ridges.
RI is proportional to the total elongation applied.
The proposed filtering technique is independent of the type of profilometer as
long as the unfiltered surface profile can be recorded flawlessly.
Ridging indices determined using the proposed method are consistent with
visual inspection assessments: however, they do not suffer from the large
scatter typically encountered when different individuals rate visually.
Therefore, RI can be used to better assess the cost of the extra polishing needed
in the case of material prone to ridging.
Effect of Ca treatment and EMS on ridging

The study of the combined effect of Ca treatment at the ladle furnace and EMS on
the ridging properties of stabilized ferritic stainless steel sheets under standard
practice with regard to rolling and heat treatment leads to the following conclusions.
–

–

In the absence of calcium, even without EMS, cast slabs of stabilized ferritic
stainless steels contain a high proportion of equiaxed grains and the final coldrolled and annealed sheet shows little ridging. However, the absence of calcium
leads to severe clogging of the submerged entry nozzle during casting and
increased surface defects.
Using EMS, it is possible to add a small quantity of calcium to reduce the
tendency to nozzle clogging and achieve the same level of low or ridging free
properties in the final product. However, control of calcium additions is
challenging and even a calcium concentration of only two times the standard
level leads to lower fraction of equiaxed grains after casting and a greater
tendency to ridging in the final product even if EMS is used.
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–

6.3

The poor ridging resistance obtained from the highly columnar cast structure
resulting from the absence of EMS combined with a calcium content two times
the standard level is not improved by the use of an intermediate annealing step
during cold rolling.
Effect of hot rolling finishing temperature on ridging

The effect of hot rolling finishing temperature on microtexture and severity to
ridging in the final product can be summarized as follows.
–
–

–

–

6.4

–

–
–
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For a conventional hot rolling finishing temperature, the studied ferritic
stainless steel centerline is in a deformed and recovered state.
Lowering the hot rolling finishing temperature below the conventional
industrial process temperatures, led to the formation of in-grain shear bands
which promoted recrystallization during the subsequent hot band annealing
process.
Lowering the hot rolling finishing temperature increased the frequency of subgrain boundaries, the incidence of grains belonging to <111>// ND orientations,
resulting in a strong γ-fiber after the hot band annealing treatment.
There is a strong correlation between the severity of ridging in the cold-rolled
and final annealed sheet material and the hot rolling finishing temperature.
Ridging height is reduced approximately by 50% when the finish temperature
of hot rolling is reduced from 1000 °C to 810 °C.
Calculation of Lankford parameters using mean grain
orientations
Normal strain ratios (r-values) for several straining directions relative to the
rolling direction were calculated from the overall texture determined from
SEM-EBSD measurements on entire-thickness cross-sections.
Individual mean grain orientations were used to calculate the r-value using all
the slip systems weighted according to their Schmid factors (SF).
r-values calculated for the austenitic stainless steel considering all 12 slip
systems are in good agreement with measured values. However, in the case of
FSS there is no quantitative agreement between the calculated and measured rvalues when using the same approach, i.e., considering all 24 {110}(111) –

–

6.5

{112}(111) slip systems and ignoring any dependence of the CRSS on the slip
plane.
Good agreement is obtained by introducing threshold SFs, i.e., minimum
values of the SF, for a slip system to be active. The threshold SF is highest for
those directions with the highest r-values and lowest for directions with the
lowest r-values. This method can be applied to materials with high throughthickness or transverse texture gradients as the orientations of individual grains
are used in the plastic anisotropy calculations. Such an approach can find
application in the study of ridging phenomenon in ferritic stainless steels for
example.
Effect of variations in microtexture and direction of straining
on ridging

The reasons for the different ridging behavior of industrially produced, stabilized
ferritic stainless steel sheets (EN1.4509) with low and high ridging were
investigated after straining in the rolling and transverse directions. The applied 15%
strain along RD and TD and its overall effect on the evolution of macrotexture has
been studied.
–

–
–

–

Macroscopic texture studies revealed that the texture is strengthened towards
the α-fibre when the applied strain is along RD, while on the contrary, the γfibre is strengthened during straining along TD.
There is no direct correlation between the intensities of α-fibre and γ-fibre
texture components and resistance to ridging as defined by the ridging index.
From the microtexture measurements, orientations with r-values <1 and are
present in clusters in material with high ridging severity while they are
homogenously dispersed through the thickness and width of the material when
ridging resistance is high.
Surface profiles calculated on the basis of the r-values of individual grains were
in agreement with measured profiles.
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7

Novel features

To the best of the author’s knowledge, the following findings and methods are
original to the present work.
–

–

–
–
–
–

The filtering technique developed to quantify ridging using measurements
from a 3-D optical profilometer and or a stylus bases 2-D profilometer such
that the surface roughness of the sample is filtered out.
The effect of calcium addition during ladle furnace treatment on the fraction of
equiaxed grains in the cast slab and subsequently on the severity of ridging
when using conventional processing conditions.
The effect of hot rolling finishing temperature on the severity of ridging.
The method of calculating Lankford parameters (r-values) from mean grain
orientations using Schmid factor threshold.
The grain orientation changes caused by tensile straining along the rolling and
transverse directions.
A simple method to predict ridging tendency using the plastic strain ratios (rvalues) of individual grains.
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