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Abstract

This work shows the influence of the normal anisotropy
(“r” wvalue) in the deep drawing of AISI 439 ferritic
stainless steel sheets. In order to do so, quantitative
chemical analysis, metallographic analysis, tensile

[T3R L]

mechanical properties, and the determination of the “r
value and the “n” value were carried out in two different
AISI 439 steel sheets of two different suppliers. In recent
years, this ferritic stainless steel has been applied in a
deep drawing process of automotive components. In this
way, it must be said that one of these ferritic stainless
steel sheets cracked due to exhaustion of formability
during deep drawing after few steps. On the other hand,
the second ferritic stainless steel sheet showed neither
cracking nor other type of defects. The results of the
tests, which were carried out in this work, probed that
the“r” value has a strong influence on the forming
behaviour of ferritic steel during deep drawing. This
information is very relevant because the AISI 439
standard does not consider the planar anisotropy or the
strain hardening coefficient as relevant for designation,
but this type of steel is being applied in many forming
operations of different components.

Drawability, Ferritic stainless steel, Planar anisotropy

Resumen

Este trabajo muestra la influencia de la anisotropia
normal (valor “r”) en el proceso embutido de Iaminas de
acero inoxidable ferritico AISI 439. Para ello se llevo a
cabo  analisis  quimico  cuantitativo,  analisis
metalografico, ensayo mecanico de tension 'y
determinacion de los valores “n” y “r” a muestras de
laminas de dos aceros AISI 439 de dos proveedores
distintos. Cabe mencionarse que estos materiales eran
utilizados en el proceso de troquelado de piezas
automotrices y uno de estos aceros presentaban un alto
nivel de agrietamiento por agotamiento de formabilidad
en los primeros pasos de embutido; mientras que el
segundo acero daba un mucho menor nivel defectos y no
presentaba grietas después del proceso Los resultados
demuestran la importancia de considerar los valores “r”
que influyen fuertemente en el comportamiento de este
tipo de materiales durante el proceso de embutido. Esta
informacién es aun mas relevante si se considera que la
especificacion para aceros inoxidables ferriticos no
consideran estos valores como escenciales para la
designacion de estos materiales, pero este tipo de aceros
es aplicado en el conformado de distintos componentes.

Formabilidad, Acero inoxidable ferritico, Anisotropia
planar
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Introduction

Deep drawing is one of the most important
processes in the manufacture of different
automotive components and ferritic stainless
steel has been used with this process. Therefore,
the interest to apply this material in the
manufacture of various components has
increased [1]. This is especially true regarding
the application of this material in processes
such as: welding or deep drawing.

However, ferritic stainless steel is
usually designated by the chemical composition
and mechanical properties of tension, but there
is no mention of formability and it is here that
basic knowledge on it leads to good results after
deep drawing [3]. However, elongation and
percentage of area reduction are considered as
measures of ductility and thus of formability;
but the limit of formality of a material depends
not only on such parameters, but also on the
deformation ratio, the shear stress ratio and the
temperature [4].

In addition, for good results after deep
drawing, another very important property of the
material to consider is anisotropy, which is also
known as the "lakeford parameter” or "r" value.
This value can be defined as the resistance to
thinning located during the inlay of a material.
In other words, this value gives an idea of the
homogeneity of the thickness during
deformation and this is strongly influenced by
the crystallographic texture of the material and,
in turn, the texture is influenced by factors such
as: type of plastic deformation processes,
deformation cycle, heat treatment, winding, etc.
[5]. This is especially true when it comes to
deep drawing.

In the technical literature, it has been
clearly explained that in order to improve the
mechanical behavior of a material during deep
drawing, some values must be considered in
each sheet subject to deep drawing, such as: the
strain hardening coefficient ("n" value) and the
planar anisotropy ("r" value); but in daily
practice such parameters are not considered [6,
7]. This lack of knowledge about the planar
anisotropy of ferritic stainless steel sheets leads
to production problems such as cracking,
ripples, striations, etc., which increases the
level of rejection of the production line.
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As an example of the above are figures
1 and 2, which show a failed component during
the second deep drawing step that was
manufactured with AISI 439 ferritic stainless

steel.

Figure 1 Cracked component in second deep drawing
step. It is observed that the crack is located in the inner
radius

Source: Prepared by the authors

On the other hand, Figure 3 shows the
fracture surface of one of the cracked
specimens shown in the previous figures. It can
be seen that the fracture is located within the
inner radius of the component and evidence of
plastic deformation. These figures are evidence
of cracks produced by an exhaustion of
plasticity during deep drawing.

Figure 2 Internal surface of the stamped and cracked
component after the second process step. The crack
located in the lower radius of the component can be
observed

Source: Prepared by the authors
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Figure 3 Internal surface of the cracked component after
the second deep drawing step. The fracture surface (red
arrow) and evidence of plastic deformation (red arrows)
can be observed

Source: Prepared by the authors

These failures in the embedded
components occurred with sheets of AISI 439
ferritic stainless steel (steel B) which were
subject to deep drawing with the same process
conditions as sheets of the same material but
from a different supplier (steel A), with which
this type of problem did not occur. It should be
mentioned that with steel A the rejection level
was approximately 4%, while steel B gave
rejection levels of up to 40% due to cracking in
the lower radius of the component. The
difference in behavior during deep drawing
indicates that, although they were apparently
the same material, there were differences
between the two which led to different results
after the process.

Then, the objective of this paper is to
determine the differences between both sheets
of AISI 439 ferritic stainless steel that can
explain why steel B failed during deep drawing.
The results of this work show the importance of
the "r" (planar anisotropy) values in ferritic
stainless steels that are subjected to deformation
and that should be considered when selecting
sheets of this material for deep drawing.

In order to achieve the objective of this
work, both sheets of ferritic stainless steel were
analyzed by means of quantitative chemical
analysis, mechanical stress test, metallographic
analysis, and determination of the “n” and “r”
values of each sheet. Finally, the results of each
material were compared to each other.
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Methodology

As previously mentioned, two sheets of AlSI
439 ferritic stainless steel (steel A and steel B),
which apparently had no differences between
them but that led to different results after deep
drawing, were tested by means of different
techniques. It should be noted that the sheet of
steel that did not produce cracking after deep
drawing was designated as steel A, while the
sheet that produced cracking during deep
drawing was designated as steel B.

The chemical composition of both
ferritic stainless steel sheets was determined by
means of the optical emission spectrometry
technique using a Espectrolab Lav MB 18B,
SPECTRA A220.

For the metallographic analysis of both
sheets, samples were cut in the transverse plane
to the lamination plane and were prepared to
observe the microstructure of ASTM-E03-11.
The microstructures were revealed by chemical
attack using the Beraha’s reagent [11]. The
microstructure was observed using a NIKON
EPIPHOT 200 optical microscope with image
analyzer.

The mechanical stress test was
performed following ASTM-E08-16 [12].
Three specimens of both sheets were tested
using an INSTRON model 4482 universal
testing machine. It should be mentioned that the
longitudinal axes of the cut samples were
parallel to the laminate axis of the sheet and
elongation was measured using a class B
extensometer.

In the same universal tension machine,
the “n” values were measured on both sheets
(steel A and steel B) according to the ASTM
646-16 standard. This equipment was also used
to determine the "r" values according to ASTM
517-00.

The results obtained after each trial were
compared and discussed. Evidence and
discussion are shown in the following sections.

Results and discussion

The results of the tests that were carried out on
both stainless steel sheets of ferritic stainless
steel (steel A and steel B) are shown and
discussed in this section.
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First of all, it should be mentioned that a
visual inspection was carried out on the
specimen that failed during the deep drawing
process to identify the characteristics of the
fracture. This component was made of B steel.
The most important characteristic of the
fracture is that it is located in the lower radius
and shows evidence of severe plastic
deformation.

This evidence indicates that the fracture
of steel B was due to a level of deformation
which exceeded the deformation that the
material could accept. This is called formability
depletion and the fact that steel A did not show
this crack indicates that this steel can distribute
this plastic deformation in a different way than
steel B.

On the other hand, the results of the
chemical analysis are shown in table 1 for steel
A and table 2 for steel B. Comparing the
chemical composition of steel A with the
chemical composition of steel B shown in the
respective tables show that there is no
significant difference between both materials
and both comply with the specifications of a
ferritic stainless steel AlISI 439.

In addition, no alloying element was
found that could detrimentally influence
formability and should be taken into account.

These results showed that the difference
in formability is not caused by the effect of the
alloying elements of the steels analyzed here.
However, it should be mentioned that both steel
A and steel B contain titanium.

In fact, the content of this element does
not exceed 0.35%, which exceeds the
percentage of carbon and it is very difficult for
it to be interstitially found.

This fact is important because in the
technical literature it is mentioned that this
element is a strong builder of carbides and
carbonitrides, this fact influences the
formability of the materials (in this case they
would also have an effect on the “n” and “r”
values) [13 ].
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Element Specification Result

Carbon 0.07% max. 0.02%
Silicon 1.0% max 0.38%
Phosphorus 0.04% max 0.02%
Manganese 1.0% max. 0.27%
Sulphur 0.030% max. 0.003%
Nickel 0.50% max. 0.18%
Chromium 17.0 -19.0% 17.3%
Aluminum 0.15% 0.02%
Titanium 12xCmin -1.1% 0.34%

Table 1 Results of the quantitative chemical analysis of
steel A
Source: Prepared by the authors

Element Specification Result

Carbon 0.07% max. 0.02%
Silicon 1.0% max 0.33%
Phosphorus 0.04% max 0.03%
Manganese 1.0% max. 0.27%
Sulphur 0.030% max. 0.003%
Nickel 0.50% max. 0.21%
Chromium 17.0-19.0% 18.0%
Aluminum 0.15% 0.01%
Titanium 12xCmin -1.1% 0.20%

Table 2 Results of the quantitative chemical analysis of
steel B
Source: Prepared by the authors

In the case of the metallographic
analysis, this was carried out in the cross
section to the fractured surface of the fractured
specimen (figure 3), and in the cross sections of
steel A and steel B. The microstructure in figure
3 revealed the existence of plastic deformation
located in the region near the fracture surface in
addition to microcracks originating from non-
metallic inclusions. These facts indicate that
this material was fractured by localized
deformation.

In addition, the micrograph shows that
there is a low level of precipitates and there are
no corrosion pitting, these facts are consistent
with the evidence of the visual inspection and
this confirms that the failure occurred due to an
overload during the deep drawing process,
which caused a ductile fracture due to a
deformation located in the lower radius of the
embedded specimen. In other words, the
fracture was due to depletion of formability.
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Figure 4 Microstructure at 50X in the region of the
fracture surface of steel sheet B. Deformed grains and
fracture dimples (red arrows) are observed

Source: Prepared by the authors

Figure 5 shows the microstructure at
100X of steel A and figure 6 shows the
microstructure at 100X of steel B. Comparing
both microstructures, it is clear that the
microstructure of steel B qualitatively has a
level of non-metallic inclusions greater than the
level of non-metallic inclusions of steel A. This
IS very important because in the technical
literature the great influence of non-metallic
inclusions on mechanical properties of the
material has been reported, such as: reduction
of stress test area, and especially resistance to
fatigue. It is important to mention that the type
of non-metallic inclusions and the distribution
of these have an effect on the mechanical
properties,  especially  regarding  oxides,
silicates, etc. [14].

Figure 5 Microstructure at 100X of steel A
Recrystallized grains are observed
Source: Prepared by the authors

December 2019 Vol.6 No.11 1-8

Figure 6 Microstructure at 100X of steel B.
Recrystallized grains and non-metallic inclusions (red
arrows) are observed

Source: Prepared by the authors

The fracture analysis was performed
using a JEOL brand scanning electron
microscope (SEM). Figures 7 and 8 show the
fracture surface of the fractured specimen in the
second deep drawing step. The image shows the
crack fracture pattern, which consists of tearing
fracture dimples and non-metallic inclusions.
These evidences confirmed that the fracture of
this embedded component was due to ductile
overload that led to a depletion of formability.
These evidences agree with the metallographic
analysis and visual inspection.

200V WD1Emm 5550

Figure 7 Fractography of the cracked specimen
Source: Prepared by the authors
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Figure 8 Fracture pattern of the crack shown in the
previous figure. Fracture dimples are observed
Source: Prepared by the authors

In the same way, the SEM inspection
which was carried out on the outer surface of
the cracked specimen in the second deep
drawing step showed microcracks and
amicroscopic plastic deformation. This is
shown in Figure 9 and these evidences
indicated that the microcracks were generated
by ductile deformation. Again, these results
agree with the cause of ductility depletion.

At this point it was necessary to
determine the mechanical properties of both
stainless steel sheets (steel A and steel B) in
order to find some difference between them.
The results of the mechanical stress tests
performed are shown in table 3 and table 4.

Figure 9 SEM image of the outer surface of the specimen
cracked in deep drawing. Microcracks and microscopic
plastic deformation (plastic deformation) are observed
Source: Prepared by the authors

The results of mechanical stress tests
showed that there was no substantial difference
between steel A and steel B in terms of yielding
or elongation.
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However, a difference of 27.9 MPa (or
40.74 kSl) was found in the ultimate tensile
strength (UTS) between steel A and steel B.

This difference can be explained by the
higher level of nonmetallic inclusions of steel B
with respect to steel A.

In the same way, normal anisotropy (“1r”
value) and strain hardening coefficient (“n”
value) were determined and the results clearly
show a significant difference in the planar
anisotropy value or “r” values between steel A
and steel B.

Tables 5 and 6 show the results of the
measurements of the “n” and “r” values of both
sheets.

This is so, considering that a variation in
the value "r" of 0.5 is considerable and this
explains the difference in behavior during the
plastic deformation between the two steels.

| Results steel A | MPa | kSl
uTsS 464.81 674.14
Yielding effort 294.4 426.96
Elongation (%) 34.16 34.16

Table 3 Results of the measurement of the mechanical
properties to tension of steel A
Source: Prepared by the authors

Results steel B MPa kSl

UTS 436.85 633.4
Yielding effort 279.52 405.4
Elongation (%) 35.12 35.12

Table 4 Results of the measurement of the mechanical
properties to tension of steel B
Source: Prepared by the authors

Steel A

| Results | Steel A |  Average
“r” value at 0 ° 1.494 1.565
“r” value at 45° 1.369
“r” value at 90° 2.031
“n” value at 0° 0.230 0.223
“n” value at 45° 0.219
“n” value at 90° 0.217

Table 5 Results of the measurement of the “n” and “r”
values of steel A
Source: Prepared by the authors
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Steel B Conclusions
| Results | Steel B | Average The previously discussed facts lead to the
1" value at 0 ° 0.90 1.03 following conclusions:
“r” value at 45° 0.83
“r” value at 90° 1.55 .. .
“ value at 0° 0223 0920 1. The resul_ts |nd|9ated that. the dlfferer)ce
“” value at 45° 0.226 in behavior during plastic deformation
“n” value at 90° 0.223 and in its results between both sheets of

Table 6 Results of the measurement of the "n" and "r"
values of steel B
Source: Prepared by the authors

In the technical literature it has been
reported that a planar anisotropy value greater
than 1 is recommended to obtain good results
during deep drawing operations [5]. In the same
way, it has been proven that the value "r" is
strongly influenced by the texture of the steel
sheet and, in turn, this is modified by the rolling
process and the heat treatment of annealing
both in winding and after cold rolling. This
means that differences in the type of rolling,
number of rolling steps, winding temperatures,
annealing temperatures, treatment time, give
rise to differences in the "r" and "n" values
(although in this case the values of "n" were
very similar) due to differences in the intensity
of the components of the crystallographic
texture and with it in the results during deep
drawing. This difference will be reflected in the
mechanical properties by the formation of
defects such as cracking in a ductile manner (as
is the case presented here), the formation of
wrinkles, or stretch marks [17-20].

This evidence is connected to the results
of many previous investigations and this allows
us to say that the difference in behavior during
deep drawing can be attributed to differences in
the processing of sheet A with respect to sheet
B. However, it should be mentioned that the
authors did not have access to information from
suppliers of material A or material B, as it was
considered restricted as industrial secret.

Appendage

All tables and figures were obtained by the
authors in the CIDESI metallography and
failure analysis laboratory in Queretaro,
Mexico.

In addition, the authors wish to thank
CIDESI for the support provided during this
work.
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ferritic stainless steel (steel A and steel
B) can be attributed to the difference
between planar anisotropy values ('r"
values).

2. The difference in normal anisotropy ("r"
value) can be attributed to a difference
in the processing parameters (time,
temperature, strain ratio, etc.).

3. Planar anisotropy should be taken into
account when ferritic stainless steel
sheets are selected for deep drawing.

4, The results indicated that "r" values
greater than 1.5 lead to good results
during deep drawing.

5. Non-metallic inclusions play a role
during deformation or fracture during
deformation and fracture of ferritic
stainless steel sheets.
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