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ABSTRACT

Current quality standards require standardized tests in order to employ metal sheets in deep
drawing processes. These tests are conducted aiming to assess their degree of formability in
order to ensure that these materials can be formed without any defects such as wrinkling, earing,
or even localized rupture. To evaluate whether a piece can be stamped without failures, the
forming limit curve (FLC) is used, which provides data on the deformations that materials can
withstand under certain modes of plastic deformation during stamping processes. In summary,
the behavior of the maximum and minimum principal deformations of a stamped component is
compared with the material's FLC: any combination located below the curve means
deformations that the material can withstand, and consequently, those located above indicate
its rupture. The objective of this article is to determine through experiments the FLCs of
austenitic AIS1 304 and ferritic AISI 430 stainless steels, using three different lubricants (Draw
58 GS, Neutron Super Corte 1123-21S, and Flash Stamp 140), in order to account for the

influence of lubricants and, consequently, friction on the behavior of the forming limit curves.
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It was observed that the FLDs of AISI 304 and AISI 430 stainless steels are strongly sensitive
to the employed lubricant types and, therefore, it directly influences the friction between tool
and specimen. As the lubricant offered a reduction in the friction coefficient between the
tribological pair during the modified Nakazima tests, there was an increase in the stampability
of the AISI 304 stainless steel samples. On this behalf, the diagram was offset upwards. The
lubricant Draw 58 GS offered the lowest friction coefficient among all the Other tested
lubricants, guaranteeing an increase in the degree of stampability by approximately 20% and
30% in relation to the Neutron Super Corte 1123-21S and Flash Stamp 140 lubricants,
respectively. In addition, small deviations were verified between the experimental curves and
the curves provided by the literature for stainless steels AISI 304 and AlSI 430. This could be
explained by the difference in viscosity of the lubricants used in this study, affecting the
behaviour of the FLDs. Finally, for both — experimental results and data provided by the
literature — the parameters of the modified Nakazima test met the specifications from the 1ISO
12004:2008 standard.

Keywords: stainless steels, formability limit curve, modified Nakazima test, principal strains,
deep drawing.

1. INTRODUCTION

The conformability of metallic materials reflects their ability to undergo plastic
deformation until a certain form is achieved without defects. The most common defects that
can occur during sheet metal forming processes are localized excessive thinning, fracture,
wrinkling, or even significant degradation of surface quality. The existence of any of these
defects can be considered as a limiting factor for formability and subsequently for the
commercialization of stamped products. Currently, the Forming Limit Curve (FLC) is
considered a widely used tool for the quantitative description of the formability of sheet metal
(BANABIC, et al., 2013).

Keeler (1966) and Goodwin (1968) proposed a methodology to determine a forming
limit curve expressed by pairs of principal strains associated with different modes of plastic
deformation, developed under biaxial stress states of the "tension-tension,” "tension-
compression,” and "compression-compression” type. Subsequently, research focused on
improving the techniques used to print a grid of circles on the surface of the test specimens,

measuring the principal strains and defining the limit strains, as well as developing suitable



equipment and methodologies to explore the entire range of deformations of the samples
(BANABIC, et al., 2013; NAKAZIMA, 1968)

The FLC must cover the entire deformation domain specific to sheet metal stamping
processes. In general, strain combinations vary between induced by uniaxial and induced by
biaxial surface loads. The procedures used for the experimental determination of FLCs are
carried out based on the stretching of the samples offered by puncture. Keeler (1966) was the
first researcher to adopt this method, by using circular specimens and spherical punches with
different radii aiming to modify the trajectory of deformations. In general, the puncture-strength
test developed by Keeler investigates only the right side of FLC, characterized by uniaxial
and/or biaxial stresses of the tensile type. Goodwin (1968) carried out different experiments
simulating the deformation conditions occurring in mounting processes (simultaneous tensile
and compressive stresses). In this way, he obtained critical deformation data referring to the left
side of the curve (ALLWOD, 2009).

Studies conducted by Nakazima (1968) improved these experimental procedures. He
used a hemispherical punch with a constant radius, combined with rectangular specimens of
different widths. In this way, Nakazima was able to explore both the stress domains of
"compression-compression”, "tension-compression” and "tension-tension" of the FLC. By
using rectangular specimens with side notches, Hasek
(1978) removed the main drawback of the Nakazima test, which was the wrinkling of the
specimens due to stress concentration in the press sheet region. In this way, Hasek’s study
(1978) concentrated the deformations and, consequently, the ruptures in its central region

(BANABIC, et al., 2013).

2. FORMING LIMIT CURVE

The Forming Limit Curve (FLC) is considered a failure criterion because it indicates the
limits between permissible and catastrophic deformations to which a sheet metal will be
subjected during stamping procedures. Through the FLC curve, it is possible to predict the
deformations that will rupture the material considering the plastic deformation modes used in
mounting processes (SILVEIRA, 2018).

The FLC describes the maximum limit of deformation that can occur in a sheet metal

without its tightening or rupture, through the combination of its maximum (¢,) and minimum



principal deformations (¢,), in this way forming a diagram polynomial. The FLC curve
presents the greatest deformations at the beginning of material failure (on the ordinate axis), as
a function of the smallest deformations (on the abscissa axis), which are deformations that arise
from tensile or compressive stresses. It is important to highlight that any combination of
deformations below this curve represent safe stamping conditions, while the deformations
above it can tighten or rupture the material. Figure 1 shows the plastic deformation modes in
the FLC curve (represented by the deformation of the circles): stretching, plane deformation,
uniaxial traction, deep embedding and uniaxial compression (UTHAISANGSUK, et al., 2008;
BHADURI, 2018).

Figure 1 — Forming Limit Curve and its respective deformation modes.
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The test proposed by Nakazima (1968) is the most adopted to investigate and determine
the deformation limit of sheet metal. This test includes the analysis of the stretching and
embedding deformations and, therefore, describes the critical deformations for both sides of the
FLC curve. The test consists of stretching samples of different widths until they break, using a
hemispherical punch with a diameter of 100 mm. These samples remain between the matrix
and the blank holder due to the application of a high load a wrinkle breaker (figure 2). For the
construction of the FLC, the pairs of maximum and minimum deformation close to the neck
region are measured in each sample. These measurements are based on the deformation of small
circles or squares that are printed on the surface of the material before the test is carried out (LI,
et al.,2014; MA, et al., 2016).



Figure 2 — Nakazima test representation.
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Although the test initially proposed by Nakazima (1968) used rectangular metal strips,
other studies considered improvements to the test by applying the possibility of notching in
these samples (figure 3). These changes, in addition to forcing the tightening in the central
region of the specimen, also increase the deformation widthwise. The deformation mode of the
test specimen changes with the variation of its useful width, where smaller b,, samples develop
deep drawing deformations, while larger b,, measurements correspond to biaxial stretching
deformations. As the useful width increases, the deformation undergoes deep drawing, uniaxial

tension, plane strain, stretching, and even biaxial stretching (FOLLE, et al., 2008).

Figure 3 — Shape and dimensions of the samples for the modified Nakazima test.
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Fonte: SILVEIRA (2018).
Below, the present study lists the main factors that can influence the behavior of the

FLC curve, shifting it upwards or downwards. This means that they are responsible for



increasing or reducing the stampability degree of the material (SILVEIRA, 2018; FOLLE, et
al., 2008):

e Thickness: the higher the thickness of the sheet, the greater its ability to withstand plastic
deformation. Consequently, there is an upward shift of the FLC curve.

e Friction: by reducing the friction coefficient, higher plastic deformations will be supported
by the material without causing its rupture. Therefore, the FLC curve will be located higher.
« Rolling direction: specimens cut accordingly to the rolling direction have a greater capacity
to withstand deformations, and when cut perpendicular to the rolling direction, they support
less deformations.

e Anisotropy: within the conditions of r9ge > 130 > 745 the material shows an increased
deformation capacity in the 2" quadrant and reduced in the 1% quadrant, causing the FLC
curve to rotate clockwise.

¢ Pre-deformation: samples that have undergone tensile pre-deformations tend to generate a
FLC curve positioned lower, whereas when the same samples are subjected to compressive
pre-deformations, there is the generation of a higher FLC curve.

e Grain size: the smaller the grain size, the greater the formability of the material.

e Strain hardening index: the FLC curve tends to position itself higher for materials with
higher strain hardening exponents.

e Punch velocity: the lower the velocity, the bigger are the plastic deformations that can be
supported by the material.

2.1. Stress and strain behavior during deep drawing

Different modes of deformation act simultaneously during the stamping process of a
cup, thus causing different states of stress and strain that occur radially, circumferentially, and
normally (figure 4). Usually, stress states can be analyzed in three different regions: in the
flange, in the side wall, and in the bottom of the piece. The blank holder region is radially
deformed into the die, accompanied by a reduction in its circumference and the application of
compressive stresses in the circumferential direction and tensile stresses in the radial direction.
The sides of the material are subjected to tensile stresses in the radial direction and zero stresses
in the circumferential direction (plane strain state), causing its stretching and, as a consequence,

the reduction of its thickness. In turn, the region located below the punch head shows thickness



reduction as the sheet metal moves into the die, given the development of a biaxial state of
tensile stresses (FOLLE, 2012).

Figure 4 — Representation of different stress states during deep drawing.
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As the punch advances and contacts the central region of the blank, the material begins
to settle over the punch head (bottom region of the cup), developing a biaxial state of tensile
stress, a characteristic of the biaxial stretching deformation mode. The effect of normal stresses
in this zone is not taken into account, once the contact established between the punch and the
bottom of the piece is concentrated only in the region of the punch head radius. As a result, a
small reduction in the thickness of the metal sheet is presented. In order to promote the flow of
material into the cavity of the die, the friction must be high in the region of the punch head
radius. On the other hand, it must be lower in other areas of contact between the metal and the
tool to avoid problems such as defects in the final piece, equipment overload, and premature
wear of the tools (COLGAN, 2003; DWIVERI, 2017).

The material located at the end of the cup (flange region), once subjected to the
deformation mode by drawing, moves inward into the die cavity because of tensile stresses in
the radial direction. Due to the progressive reduction of the circumference of the flange,
compressive stresses arise in the circumferential direction. When these stresses reach a certain
limit, they give rise to wrinkles that, if transferred to the die cavity, can lead to stress

concentration in the vicinity of the punch head radius and, consequently, to early failure of the



part. To avoid this type of defect, the press develops compressive stresses in the normal
direction, which, combined with tensile and compressive stresses in the radial and
circumferential directions, respectively, cause an increase in the thickness of the flange
(FOLLE, 2012).

As the material slides into the die, the metal is bent and subsequently unbent in the entry
radius region. This effect happens due to the stretching caused by tensile stresses located on the
inner wall of the cup. The load applied to the bottom of the cup is transferred to its inner wall,
resulting in a state of plane deformation and, consequently, tensile stresses that not only
homogenize the thickness but also accentuate its reduction. If the clearance between the punch
and the die is less than 10% or 20% of the generator thickness, the thickness reduction
phenomenon will be even more severe, resulting in rupture in the vicinity of the cup top. In
addition to increasing the clearance between the die and the punch, this defect can be corrected
by increasing the radius of the punch head and reducing the applied load during the stamping
process (OLSSON, 2010; ZAID, 2017)

2.2. Main deformation modes in stamping processes

The FLC identifies the possible modes of plastic deformation during sheet metal
forming processes: biaxial stretching, planar deformation, uniaxial tensile, pure deep drawing
or shearing, and uniaxial compression (KARIMA, 1989; HU, 2002; ROCHA, 2006). The
biaxial stretching deformation mode is characterized by the fact that the maximum (o) and
minimum (o) principal stresses are equal, and both developing under a tensile nature, causing
the circles printed on the surface of the sheet to deform by expansion. This typically occurs in
the portion of the sheet that deforms in the border region near the punch head (figure 5), and it
Is associated with thinning of the metal sheet. The magnitude of the deformation is sensitive to
the resistive force of the sheet sliding into the die (due to the action of the blank holder), as well
as the punch head radius and the die entry radius (KARIMA, 1989; HU, 2002; ROCHA, 2006).

Figure 5 — Biaxial stretching deformation mode.
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The stage of plane strain deformation usually occurs on the walls of the material during
stamping (Figure 6), and it is characterized by the development of tensile stresses in the radial
direction and zero in the circumferential direction. The stamped circles on the material’s surface
become ellipses after the forming process, remaining their width (circumferential direction)
unchanged. These tensile stresses happen due to the restriction of material slippage into the
mold, caused by the action of friction and/or the press force. In the FLC curve, it is possible to
highlight that, among all, the plane strain deformation mode gives the material the lowest
formability limit.

Figure 6 — Plane strain deformation mode.
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Fonte: HU; MARCINIAK; DUNCAN (2002).

The deformation by uniaxial tension mode corresponds to the transition zone between
the plane strain deformation mode and the deep drawing mode. This deformation mode is
typically found in specimens subjected to tensile testing, and is occurs by the action of tensile
stresses in the longitudinal direction, while no other stresses are perceptible in the other
directions. (o, = o3 = 0). Therefore, there is elongation of the material length, along with a
reduction of its cross-sectional area. In addition, it can arise during the expansion of holes in
metal sheets, whenever a free edge is stretched (figure 7) (KARIMA, 1989; HU, 2002; ROCHA,
2006; GILAPA, 2011).

Figure 7 — Deformation by uniaxial tension mode.
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The Pure Shearing or Deep Drawing Mode is considered the ideal plastic deformation
mode, and it is characterized by tensile stresses acting in the radial direction and compressive
stresses in the circumferential direction (Figure 8). This mode commonly happens in the flange

region (press-chip region), where the tensile stresses are compensated by the compressive
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stresses, ensuring that the thickness of the material remains constant during its sliding into the
die. Given that there is no deformation along the thickness (@5 = 0) and the principal stresses
are low (representing about 58% of the yield stress), there is no possibility of failure in this
zone (KARIMA, 1989; HU, 2002; ROCHA, 2006; GILAPA, 2011).

Figure 8 — The Pure Shearing or Deep Drawing Mode

Fonte: HU; MARCINIAK; DUNCAN (2002).

Deformation configuration by uniaxial compression occurs in the outer edge of the
flange, with compressive stresses in the circumferential direction (o) that overlap with tensile
stresses in the radial direction (o). As a result of this process, the material thickness tends to
increase at the end of the flange, significantly reducing the contact of the press with the
remaining area of the flange. Moreover, wrinkles may arise in this region of the flange, resulting
from the intensity of these circumferential compressive stresses. It is assumed that for this
severe deformation condition, the maximum principal stresses are nonexistent (g; = 0), while
the minimum principal stresses take on the value of the yield stress (o, = —0.q = —kf) (HU,

2002; ROCHA, 2006; GILAPA, 2011).

Figure 9 — Uniaxial compression deformation mode

Uniaxial
comprassion

Fonte: HU; MARCINIAK; DUNCAN (2002).



11

3. MATERIALS AND METHODS

The present study adopted the modified Nakazima test to construct the Limiting
Drawing Ratio (LDR) curves for AISI 304 and AISI 430 stainless steels, using tools and
samples with standardized geometries (Figures 2 and 3, respectively), according to 1SO 12004
(2008) standard. During the test, eight types of specimens with a thickness of 1 mm were tested,
with variations in their useful width (b,), aiming to promote different modes of plastic
deformation in the material and, consequently, determine their respective deformation limits.

The surfaces of the samples were engraved with a grid of circles with diameters of 2.5
mm, using electrochemical etching (a technique called viscoplasticity). The electrochemical
etching is conducted using a 12V power source, a carbon engraving head, a piece of felt, a
specific electrolyte for stainless steels, and a Nylon screen with the pattern of the circle grid to
be printed. The engraving head is connected to the positive pole of the power source and it is
also covered by the felt soaked with the electrolyte. The Nylon screen is placed over the sample,
which is connected to the negative pole of the power source, thus closing the circuit. As soon
as the engraving head contacts the Nylon screen and the metal plate, the electric current passes
through the screen and the plate, promoting the electrochemical corrosion of the surface of the

samples in the shape of circles, due to the joint action of the electrolyte (Figure 10).

Figure 10 - Illustration of the electrochemical etching process.

Fonte: AUTHORS (2023).
After the etching of the circle mesh, the modified Nakazima test is performed on the

EMIC machine at the Laboratory of Mechanical Transformation (LdTM) of the Federal
University of Rio Grande do Sul (UFRGS). The present study fixed the samples between the
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die and the press plate by a force high enough to prevent material slippage into the die cavity
(Figure 11). The punch moves towards the sample at a constant speed of 1.5 mm/s, causing its
elongation, according to ISO 12004:2008 standard. Three types of lubricants (Draw 58 GS,
Neutron Super Cut 1123-21S and Flash Stamp 140) were used for lubrication of the contact
established between the material surfaces and the tools. In summary, three tests were performed
for each sample type, for each material, and for each lubricant used, reaching a total of 144

tests.

Figure 11 — Representation of the modified Nakazima test performed on the EMIC machine.
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The principal deformations are measured from the plastic deformation of the circles
etched onto the surfaces of the specimens which, after the Nakazima test, become ellipses
(Figure 12). By varying their initial diameter (d,), it is possible to determine the maximum (¢;)

and minimum (¢-) principal deformations at the points bordering the necking zone (HU, 2002).
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Figure 12 — Measurement of principal deformations using the visioplasticity technique.
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The principal deformations ¢, and ¢, are calculated using equations 1 and 2 (FOLLE,
et al., 2008).

p=n(3) @

0:=(3) @

The tests ended as soon as a localized necking was observed on the samples (Figure 13).
Two ellipses must be measured for each sample type, one on each side of the necking. The
measured ellipse should be the one closest to the necking, provided it is complete, that is, it has
maintained the integrity of its contour line (FOLLE, et al., 2008).
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Figure 13 — Representation of the samples after the modified Nakazima test.

Fonte: AUTHORS (2023).

In order to measure the deformation of the ellipses, a flexible and transparent ruler was
used, graduated with relative (¢) and true (¢) deformations for the 2.5 mm diameter grid (figure
14). The ruler permits direct reading of these deformations in addition to being flexible and
transparent, it follows the shape of the specimens after the Nakazima test and allows for
measurement of the deformation of the circles. The readings of the principal deformations occur
when the transverse lines of the ruler have the same dimension as the length and width of the
ellipse, which correspond to the maximum (¢,) and minimum (¢-), principal deformations,
respectively (FOLLE, et al., 2008).

Figure 14 — Flexible and transparent ruler used to measure deformations
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4. RESULTS

Figures 15 and 16 show the FLC curves of AISI 304 and AISI 430 stainless steels for
each lubricant used during the modified Nakazima test, which correspond to the trend lines of

the maximum (¢) and minimum (¢, ) principal deformations measured and later plotted in MS

Excel software.

Figure 15 — FLC curves of AISI 304 stainless steel for each type of lubricant.
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Figure 16 — FLC curves of AISI 430 stainless steel for each type of lubricant.
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It was ascertained that the use of Draw 58 GS lubricant offered the lowest coefficient of
friction compared to the other lubricants used, ensuring an increase in the degree of formability

by approximately 20% and 30% compared to the lubricants Neutron Super Cut 1123-21S and

Flash Stamp 140, respectively.
Moreover, the experimentally found FLCs for the AISI 304 stainless steel are similar to

the results obtained in the works of Schino (2019) (figure 17), Cardoso et al. (2013) (figure 18),
and Cavaler (2010) (figure 19).

Figure 17 — FLCs of AISI 304 stainless steel for each type of lubricant
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Figure 18 — Forming Limit Curve of AISI 304 Stainless Steel
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Figure 19 — Forming Limit Curve of AISI 304 Stainless Steel
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On the other hand, the FLCs for AISI 430 stainless steel found through experiments

appear to be similar to the results obtained in the works of Carneiro (2016) (Figure 20), Luiz

(2022) (Figure 21), and Bong (2012) (Figure 22).
Figure 20 — Forming Limit Curve of AISI 430 Stainless Steel
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Figure 21 — Forming Limit Curve of AISI 430 Stainless Steel
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Figure 22 — Forming Limit Curve of AISI 430 Stainless Steel

A B

MNakazima- AISI 430

06 - .

0.5

0.4

03

0.2

Major Stram, ¢1[-]

0.1 4 -

0.0 —TT 7T

03 02 01 00 01 02 03
Minor Strain, @z2[-]

Fonte: BONG, et al (2012).

The difference between the experimental curves and the curves provided by the
literature for AIS1 304 and AISI 430 stainless steels is justified by the viscosity of the lubricants
used and, consequently, the friction in each test. Besides, both for the experiments in the present
study and in the literature, the parameters of the modified Nakazima test complied with the
specifications of the ISO 12004 (2008) standard. In addition, possible discrepancies between
the mechanical properties of the samples in this study and those in the literature, such as the
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strain hardening exponent and the yield and ultimate tensile strength limits, can contribute to
significant differences in the shape of the FLCs.

5. FINAL REMARKS

Therefore, this study's contribution to the academic and industrial sectors is highlighted
with regard to the validation of the modified Nakajima Test to determine the stampability limits
of AISI 304 and 430 stainless steels. Further, this study presents the main modes of plastic
deformation that can be developed on a sheet metal during deep drawing processing. The FLDs”
results provided by this work can be implemented in numerical simulation softwares in order
predict the plastic behaviour of such stainless steels during the stamping processes. This is
particularly useful, for the industrial and academic communities, to improve the main
parameters of the stamping process or for optimize the tooling design. At the same time, the
“trial & error” technique, which is still widely widespread by the industry during the tooling
design and/or the deep drawing process process itself, will be gradually discarded. Such
evolution will aid to avoid the waste of raw material caused by processing defects, such as
wrinkling, earing and localized rupture.

Forming limit curves predict the limit of deformation that materials can withstand before
reaching their breaking point. Typically, this data serves as a parameter for the design of
stamped products, considering that for any region, the principal strain pairs must lie below the
FLC, ensuring the structural integrity of the parts for their final application. It is worth noting
that numerous commercial software programs can already predict the configuration of metal
sheet FLCs, requiring only information related to the thickness, strain hardening index, yield
and ultimate strengths of the material. Nevertheless, the influence of lubricants and,
consequently, friction on the final configuration of FLCs makes it difficult for these software
programs to accurately describe the final results. This happens because most softwares consider
friction as a constant variable during forming processes, neglecting the influence exerted by
different factors, such as lubricant viscosity, tool sliding velocity and pressure in each region
of the part during its permanent deformation.

Through figures 15 and 16, the present study indicates that FLCs are highly susceptible
to changes in the type of lubricant used and, consequently, to friction, as already supported by
the studies of Silveira Netto (2018) and Folle et al. (2008). As the lubricant offered a reduction
in the coefficient between the tools and the samples during the modified Nakazima tests, there
was an increase in the formability of the AISI 304 and AISI 430 stainless steel sheets, thus

shifting the limit curve upwards. In summary, the use of the Draw 58 GS lubricant offered the
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lowest friction coefficient compared to the other lubricants used, ensuring an increase in
formability of approximately 20% and 30% compared to the Neutron Super Corte 1123-21S
and Flash Stamp 140 lubricants, respectively. Additionally, the present study identified that the
formability of AISI 304 stainless steel is superior to that of AISI 430, since the CLCs of AlSI
304 were located much higher than the curves of AISI 430.
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