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Abstract. Ferritic stainless steel EN 1.4016 is used in a wide range of applications, the most common ones
related to sheet forming. Several problems in the post-processing of these steels relates to their texture and
anisotropy. Therefore, it is necessary to know the mechanisms of texture formation in the subsequent stages
of metal manufacturing processes. EBSD has been demonstrated as a successful characterisation technique
for this purpose.

It is known that during re-crystallisation of Fe-Cr steels, deviations from the desired y-fibre texture promote
a decrease of deep drawability. Additionally, a-fibre damages formability. Subsequent cold rolling and
annealing can enhance the deep drawing properties of the steel sheet.

In this research, a standard sample and a modified one with optimised settings as regard to chemical
composition and manufacturing process, to improve the formability properties, are characterised.
To analyse the preferred orientation and the type of main fibre present in the material, ODF and Aztec
Reclassify Phase, to calculate the content of martensite, were used.

1. Introduction

Ferritic stainless steel, in comparison to austenitic one, is low-cost, price-stable and has good
engineering properties. Type EN 1.4016 (AISI 430) is used in a large range of applications, including
the most common related to conformation, stretching and deep drawing. Recent research evaluates its
application as a hydrogen container [1].

Several problems after each rolling and annealing processes during these steels manufacturing, lead
to certain preferred crystallographic orientations (coming from their texture). Due to the impact that
crystallographic texture has on the anisotropy of material properties, it is necessary to know the
mechanisms that are involved in the texture of these materials during its manufacturing routing [2-10].
In this sense, deviations from the y-fibre desired texture occur during re-crystallisation of Fe-Cr steels,
and a large number of grains being oriented with their {111}-plane parallel to the sheet plane, hence
promoting a decrease of deep drawability. In the same way, the a-fibre texture component transforms
in such a way that <110> orientates parallel to rolling direction and {001}, damaging to formability
[11-20].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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The orientation measurement of polycrystalline grains (y- and a-fibre), carried out after formability
of the material, allows for evaluation of the deformation mechanism of the material. To describe
crystallographic textures, a representation in a three-dimensional space is necessary. This representation
is done by maps or diagrams of the orientation distribution function, ODF, defined by Euler angles ¢,
@, ¢», which applied to the axes [100], [010] and [001] of the crystal structure of the grain, make it
coincide with the axes RD (rolling direction), ND (normal direction) and TD (transversal direction) of
the sample, respectively. In addition, the anisotropic behaviour of flat products can be characterised by
the Lankford coefficients; high values of normal plastic anisotropy, rm (greater than 1), and planar plastic
anisotropy, Ar (as close to zero as possible), are good indicators of high formability [21-24].

Texture in steel depends, among other variables, on chemical composition, the remains of the primary
solidification structure in the final product [25-26], and processing parameters like finishing temperature
during hot rolling, percentage of cold work reduction, annealing temperature and time. Hot rolling
process control can provide favourable textures so that subsequent cold rolling and annealing can
enhance the deep drawing properties of the steel sheet.

In this research, two variations of the same grade of ferritic stainless steel have been analysed. One
of them, type 0A, has both standard composition and processing route intended for a broad and general
scope of applications. The other one, type 1C, features optimised settings in chemical composition and
manufacturing process to improve the formability properties.

The technical approach, presented in a preliminary study of this research [27], includes
characterisation by field emission gun — scanning electron microscopy to study texture formation,
evolution and microstructural phases obtained through different steps of the processing route: casting,
intermediate hot rolling, final hot rolling, annealing and pickling after hot rolling, and final annealing
after cold rolling. EBSD post-processing procedures were used such as pole figure [28] to characterise
the anisotropy of the material, orientation distribution function (ODF) to analyse the preferred
orientation and the type of main fibre present in the material, and AZTEC RECLASSIFY PHASE [29-34],
to calculate the content of martensite within the ferrite matrix.

2. Experimental procedure

Two EN 1.4016 steel samples with different initial compositions (basic: 0A, and modified: 1C) were
taken from the daily production of Acerinox Europa, S.A.U. (www.acerinox.es) in different positions
of the processing route: from slabs during casting, from intermediate hot rolling, from material after hot
rolling with intermediate annealing and after cold rolling, and final annealing. The samples were
subjected to thickness reductions between the different production stages, from slab to intermediate hot
rolling by 98 % for both materials, and from this stage until final annealing by 80 % for the basic and
by 87 % for the modified sample. In the modified annealing treatment, the processing speed of the
materials corresponds to an increase of 20 % in the carry-in time into the furnace as compared with the
basic.

The chemical composition of the samples was analysed using conventional techniques, X-ray
fluorescence (XRF), spark optical emission (S-OES), and instruments available in a stainless steel
factory using a Panalytical Axios Fast XRF spectrometer (www.panalytical.com), an Oblf Qsn 750
(www.oblf.de) and Leco CS 600 and TC 600 analysers (www.leco.com). Also, using the THERMOCALC
software (TCW 4 using database TCFES), the phase diagrams were calculated as a function of
temperature in equilibrium conditions [35].

The materials selected for this study are summarised in Table 1, together with their global chemical
composition and type of applied annealing. The composition of sample 0A is referred to as “basic”
composition, while the sample 1C is a “modified” composition, with lower contents of interstitial
elements such as C and N.
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Table 1. Composition, annealing treatment and metallurgical properties of the as-supplied materials.

Sample identification Composition (wt%) Annealing time
0A Basic: C: 0.050; N: 0.035; Si: 0.35; Cr: 16.3 Short
1C Modified: C: 0.025; N:0.025; Si: 0.45; Cr: 16.7 Long

The phase diagrams of the studied chemical compositions have been analysed by THERMOCALC
software. Figure 1 shows the phase diagram of the basic (0A) and modified (1C) samples characterised
by a dual phase ferrite-austenite structure, gamma loop and precipitation of chromium carbide type
M23C6.
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The phase diagrams show important differences between the two materials in terms of transformation
points and amount of high temperature austenite: Acl and Ac3 are 855 and 1,256 °C for the 0A material,
and 857 and 1,180 °C for the 1C material; while the maximum austenite contents are 53.3 % (at 919 °C)
for OA and 32.8 % (at 943 °C) for 1C. This austenite is not stable so it transforms to martensite when
cooling down to room temperature.

Grain size analysis was performed after polishing and etching the samples using Vilella’s reagent
during 30 to 75 s. The observation and measurement of grain size were performed with an Olympus
GX71 light optical microscope (LOM) (www.olympus.co.uk), by Heyn lineal interception and
comparison procedures. In order to assess the cooling mechanism of both ferritic stainless steel,
electrochemical pickling of the cross-sectional area of the sample is carried out to reveal their
macrostructure. As a result, the cooling rate from the surface to the core of each slab is observed [36].

The mechanical tests were carried out in samples with basic and modified composition after hot
rolling and after final annealing using a RK 100 Roell+Korthaus universal testing machine, for the study
of elongation, the average r-value of Lankford and planar anisotropy and coefficient of acrimony.

EBSD characterisation was performed on a Zeiss Ultra 55 FEG-SEM (www.zeiss.es), using polished
longitudinal sections of the samples. The sample sections were prepared by conventional metallographic
procedures, with a final polish with colloidal silica suspension OPS (www.struers.com). The FEG-SEM
used is equipped with a CHANNEL 5 EBSD system, from Oxford Instruments (www.oxinst.com).
EBSD maps were acquired at 20 kV, at a working distance of 16 mm and a 0.5 um step size. In addition,
through the EBSD analysis, the software AZTEC RECLASSIFY PHASE, taken into consideration the
austenite-ferrite transformation phenomenon, allows to calculate the content of martensite within the
ferrite matrix, where ferrite and martensite can be distinguished from each other. The presence of
martensite, was then checked by light optical microscopy [37].
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3. Results and discussion

3.1. Micro- and macrostructure

Figure 2 shows light optical microscopy (LOM) images of the structure in samples from slabs for basic
(0A, left) and modified (1C, right) material, respectively. Optical micrographs of both slab structure
show ferritic grains with martensite needles at grain boundaries and within the matrix, as well as the
distribution of carbides within the grains is noticeable. Moreover, sub-grains are revealed in the basic
composition material (0A) but not in the modified one (1C). Therefore, the structure of material 1C
shows a better re-crystallisation state.

W Figure 2. LOM image showing the
: g\ structure of slab 0A (left) and slab 1C
: \ 200um | (right).

Figure 3 reveals a detail of the macrostructure of each sample, basic (0A) and modified (1C), in order
to study the solidification mechanism of both ferritic stainless steel. The characterisation of the
macrostructure indicates that the solidification mechanism is heterogeneous in the material with basic
composition, whereas in the modified composition it is homogeneous.

B o

Figure 3. Macrostructure in the basic material 0A

E (left) and in the modified one 1C (right).

3.2. Mechanical properties
The results of elongation, anisotropy and strain hardening of both hot rolled (HR) and final annealed
(FA) materials are shown in Table 2.

Table 2. Summary of mechanical tests.

r-value
Sample Id. A (%) RD ND D I'm Ar n
0A after HR 31 0.36 | 0.63 | 0.48 | 0.52 | -0.21 0.18
1C after HR 28 0.34 | 0.69 | 0.54 | 0.57 | -0.25 0.15
0A after FA 28 0.86 | 0.70 | 1.18 | 0.86 0.32 0.21
1C after FA 29 0.80 | 1.05 | 1.21 | 1.17 | -0.09 | 0.21
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The average anisotropy (rm) and the planar (Ar) were calculated by the following equations:

rm=(r0+r90+2r45)/4 (1)
Ar = (I‘o + 190 - 21‘45) /2 (2)

The values of normal anisotropy and strain hardening in the hot rolled materials are significantly lower
than those of the annealed materials, which is consistent with the corresponding microstructures:
deformed and re-crystallised. On the other hand, both normal and planar anisotropy values are clearly
more favourable in the 1C material, which means that it has a better performance for deep drawing
operations. Therefore, the basic composition sheet exhibits more pronounced anisotropy and lower deep
drawability than the modified composition sample.

3.3. Orientation distribution function, pole figures and reclassify phase

EBSD analysis allowed obtaining information of the whole sample thickness for the main phase, as the
observation plane was ND-LD (ND and LD stand for normal direction and line, or rolling, direction).
The FEG-SEM characterisation was carried out using a polished sample in longitudinal section
(ND-LD plane).

To analyse the texture and the most important fibre present in the material, the procedure used is the
orientation distribution function (ODF); it is well known that the rolling process reinforces the a-fibre
(<110> parallel to RD, at ® = 0°) and re-crystallisation reinforces the y-fibre (<111> parallel to ND, at
@ = 55°). The pole figures, where random texture indicates uniform distribution in the projection,
elements of symmetry for each plane can be analysed and so the anisotropy of the material.

Texture, anisotropy and content of martensite is analysed in basic (0A) and modified (1C) materials
at different steps of the processing route: during hot rolling and after intermediate and final annealing.

3.3.1. Samples intermediate hot rolling

Figure 4 shows the ODF of basic and modified material in samples before final hot rolling with
a thickness of 26 mm. EBSD texture results indicate the presence of y-fibre in the modified material
(Fig. 4-left) for the presence of density at @ = 55°, and the absence of y-fibre at ® = 55° in the basic one
(Fig. 4-right) where a-fibre predominates.

§2=45° $2=45°

90° 90°

Figure 4. ODF of basic material, 0A (left) and modified material, 1C (right), before final hot rolling.

Figure 5 shows the pole figure of basic and modified material in samples during hot rolling, before
finishing mill. Pole figures indicate that symmetry elements for each plane, in both materials, are not
clearly defined, probably because, in this state, the materials have not developed its ideal orientations
that can be found in bcc materials [28].



EMAS 2019 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 891 (2020) 012019 doi:10.1088/1757-899X/891/1/012019

Pole Figures

[04V1VB DESPUNTE 4.cpr]
Iron bece (old) (m3m)
Complete data set

225475 data points

Equal Area projection
Upper hemispheres

Half width:10°
Cluster size:5°

Exp. densities (mud):
Min=0.18, Max= 4.64

I—

Pole Figures

[04V1VC Despunte 3.cpr]
Iron bee (old) (m3m)
Complete data set
225475 data points
Equal Area projection
Upper hemispheres

Half width:10°
Cluster size:5°

Exp. densities (mud):
Min= 0.05, Max= 4.45

Figure 5. Above: pole figure of basic material, 0A, before final hot rolling. Below: pole figure of
modified material, 1C, before final hot rolling.

Figure 6a shows the band contrast (BC), coincidence site lattice CSL) and grain boundaries (GB)
map, Fig. 6b shows the CSL legend, while Fig. 6¢ shows the GB legend, of the basic and the modified
material in samples during hot rolling before finishing mill.

The characterisation reveals the presence of a phase in the ferrite matrix (red areas in images),
identified as retained martensite after quenching, in both materials [28]. Martensite and ferrite cannot
be discriminated by EBSD and this software uses the density of crystalline defects to identify the
martensite areas, as follows: the tetragonal elongation is greater than 2.5 - 3 % between a-, b- and c-axes,
Fig. 7. This means that there is a real chance to separate martensite from Fe bcc as shown in reference
[30]; in this case it would be > 3 % (3 % = 2.93138 c-axis). The specific algorithm to solve pattern is
using mentioned in references [30] and [33-34]. Using martensite structure data means that it is possible
recognise and index martensite in a range greater than 3 % tetragonal distortion. The content of this
martensite is 27 % in basic material and 11 % in the modified one, so the content of retained martensite
that corresponds to the previous austenite transformed during hot rolling is higher in basic material and,
therefore, texture formation will also be higher.
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<)

Figure 6. a) Band contrast (BC), coincidence site lattice (CSL) and grain boundary (GB) map of basic
material, OA (left) and modified material, 1C (right) during hot rolling. b) CSL legend of basic (left)
and modified (right) material in samples during hot rolling. ¢) GB legend of basic (left) and modified
(right) material in samples during hot rolling.
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Fe bcc Martensite

Crystal systam: Cubic Crystal system: Tetragonal
Space group: Im-3m Space group: K/mmm
Space group number: 229 Space group number: 139

o (A): 2.8710 a(A): 2.8460
b (A): 2.8710 b (A): 2.8460
¢ (A): 2.8710 c(A): 3.0530
Alpha (°): 90.00C0 Alpha (°): 90.0000
Beta (°): 90.0000 Beta (°): 90.0000
Gemme (°): 90.000CC Gamma (°): 90.0000
Calculated density (g/cm”3): 7.83 Calculated density (g/cm~3): 7.09
Volume of cell (10’\6 3""‘3)! 23.6¢€ Vvolume of cell (104\6 pmAJ): 24.73

z 2.00 z: 1.00
RIR: 11.07 RIR: .36

Figure 7. Fe bcc and martensite crystallographic parameters; ICSD (Inorganic Crystal Structure
Database) pattern.

42=45° $2=45°

23

90° 90°

Figure 8. ODF of basic material, 0A (left), and modified material, 1C (right) with intermediate
annealing.

3.3.2. Samples with intermediate annealing, after hot rolling. Figure 8 shows the ODF of basic and
modified material with intermediate annealing, after hot rolling. ODFs indicate that a-fibre prevails in
both materials, and that y-fibre is not observed in either.

Figure 9 shows the pole figure of basic and modified material in samples after hot rolling. Pole
figures indicate that components of re-crystallised austenite upon transformation to ferrite seem to be
observed mainly in material 0A [28].
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Figure 9. Above: pole figure of basic material, 0A, after hot rolling and its corresponding annealing.
Below: pole figure of modified material, 1C, after hot rolling and its corresponding annealing.

Figure 10a shows the band contrast (BC), coincidence site lattice (CSL) and grain boundaries (GB)
map, Fig. 10b shows the CSL legend, while Fig. 10c shows the GB legend of basic and modified material
after hot rolling plus annealing. Data processing has been performed as it was done for the samples
during hot rolling (Fig. 6). EBSD analysis does not show the presence of retained martensite in the
ferritic matrix in any of the materials after hot rolling; also, a poor re-crystallisation in the modified
material is observed.
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Figure 10. a) Band contrast (BC), coincidence site lattice (CSL) and grain boundary (GB) map of basic
material, OA (left) and modified material, 1C (right) after hot rolling and its corresponding annealing.
b) CSL legend of basic (left) and modified (right) material in samples during hot rolling. ¢) GB legend
of basic (left) and modified (right) material after hot rolling and its corresponding annealing.

3.3.3. Samples after cold rolling and final annealing. Figure 11 shows the ODF of basic and modified
material in samples after cold rolling and final annealing. A strong y-fibre re-crystallisation texture is
developed in the modified steel after cold rolling and final annealing, while a-fibre was mostly found in
the basic one.
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Figure 11. ODF of basic material, OA (left), and modified material, 1C (right) after cold rolling and
final annealing.

Figure 12 shows the pole figure of basic and modified material after final annealing. It is observed
that in the material 0A, symmetry elements distribution in the projection is not uniform, but in the 1C
material symmetry, elements are observed for each plane, texture components in cold-rolled and
re-crystallised BCC steels; so the material of basic composition, presents higher anisotropy.
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Pole Figures
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Figure 12. Above: pole figure of basic material, OA, after cold rolling and final annealing. Below: pole
figure of modified material, 1C, after cold rolling and final annealing.

Figure 13a shows the band contrast (BC), coincidence site lattice (CSL) and grain boundaries (GB)
map, Fig. 13b shows the CSL legend, while Fig. 13c shows the GB legend of basic and modified
material in samples after such cold rolling and final annealing. The characterisation reveals the presence
of retained martensite in the basic material with a content of 29 %, which does not appear in the modified
one (data processing as in Figs. 6 and 10).
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Figure 13. a) Band contrast (BC), coincidence site lattice (CSL) and grain boundary (GB) map of basic
material, OA (left) and modified material, 1C (right) after final annealing. b) CSL legend of basic (left)
and modified (right) material in samples after final annealing. c¢) GB legend of basic (left) and modified
(right) material after final annealing.

4. Conclusions

e The macrostructures indicate that the solidification mechanism is heterogeneous in the material with
basic composition, while in the modified composition, it is homogeneous. As well, sub-grains are
revealed in the basic composition material but not in the modified one.
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Mechanical tests show that the materials after hot rolling present small deformation resistance, but
after final annealing a basic composition sheet exhibits more pronounced anisotropy and lower deep
drawability than the modified composition one.

y-fibre increases with processing progress in both materials, from hot rolling to final annealing,
although this fibre is developed strongly in the modified steel after final annealing, while the a-fibre
was mostly found in the basic one.

Lankford coefficients and EBSD results confirm the evolution of texture through the manufactured
processing of ferritic stainless steel, mainly in the material with modified composition.

In addition, the characterisation reveals the presence of a phase in the ferrite matrix, identified as
martensite, higher in the basic material in the initial stages of the processing route with respect to the
modified material and that are not present in the modified composition after final annealing.

As a result, the modified composition and process delivers a better re-crystallisation status and thus

the best drawability performance.
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