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Dear Prof. Davey:

On behalf of my co-authors, we thank you very much for giving us an opportunity to
revise our manuscript, and we appreciate editors and reviewers very much for their positive
and constructive comments and suggestions on our manuscript entitled “A novel test method
for continuous nonlinear biaxial tensile deformation of sheet metals by bulging with stepped-
dies” for possible publication in your famous journal “International Journal of Mechanical
Sciences”. (Ref: SUBMIT2IJMS 2019 2291).

We have studied reviewers’ comments carefully and have made revision which marked
in red in the paper. The responses to the reviewers’ comments are given point by point in the
document “Response to Reviewers”. Attached please find the revised version, which we
would like to submit for your kind consideration.

Moreover, we hope to get your approval for the changes to authorship of our revised
manuscript. With the agreement of all authors, we want to change the corresponding author
from Haihui Zhu to his associate supervisor Prof. Zhubin He, and to add Dr. Denis J. Politis
as the fourth author. Reasons are as follows:

This work was mainly supported by the National Natural Science Foundation of China
(No. 51575131). Prof. Zhubin He is the leader of this project. The project has been transferred
from Harbin Institute of Technology to Dalian University of Technology, where Prof. Zhubin
He works now. As a Ph.D. student at Harbin Institute of Technology, it is no longer
convenient for Haihui Zhu to be the corresponding author. More importantly, Prof. Zhubin He
will continue to study this topic in the future as the leader. Therefore, changing the
corresponding author to Prof. Zhubin He is not only convenient to contact but also
responsible for the research.

Dr. Denis J. Politis contributed much in the revised manuscript. He modified the
theoretical model in section 2.2 to considering the effect of the bending strains. And he re-
wrote the descriptions of the stepped-dies used in the manuscript in a way that is easier to
understand. Due to Dr. Denis J. Politis’ contribution, he should be added to the author list.

Once again, we deeply appreciate you and reviewers for the great efforts that help us
improve our manuscript.

Looking forward to hearing from you.

With kind regards,

Yours sincerely,
Dr. Prof. Zhubin He

a) School of Materials Science & Engineering, Harbin Institute of Technology, Harbin



150001, P.R. China
b) School of Mechanical Engineering, Dalian University of Technology, Dalian 116024, P.R.

China
Tel: +86-15244629678
Email: hithe@hit.edu.cn



Dear Editors and Reviewers,

Thank you for your letter and for the reviewers’ comments concerning our manuscript
entitled “A novel test method for continuous nonlinear biaxial tensile deformation of sheet
metals by bulging with stepped-dies” for possible publication in the famous journal
“International Journal of Mechanical Sciences”. (Ref: SUBMIT2IJMS 2019 2291). Those
comments are all valuable and have been incorporated into the revised paper. The revised

portions have been marked in red. The responses to the reviewers’ comments are as follows:

Responses to Reviewer 1:

1. What are differences between your new approach and the traditional bulging test
method for example see the following paper: Utilization of bulge and uniaxial tensile tests for

determination of flow stress curves of selected anisotropic alloys.

Response:

Thank the reviewer for the valuable question. We have studied the paper “Utilization of
bulge and uniaxial tensile tests for determination of flow stress curves of selected anisotropic
alloys” in depth, and this paper has been referred to in the Introduction paragraph 3 with
reference number [13]. The differences between the new approach and the traditional bulging
test method have also been added in section 4.6 paragraph 1, as follows:

“The new method, bulging with stepped-dies, was developed based on the traditional
bulging test method. The key development in this work is that the section shape of a stepped-
die cavity varies as the depth increases, which is different from the monotonous elliptical or
circular die section in the traditional method. As a result, continuous nonlinear loading paths

can be realized.”

2. Some recent references which discussed nonlinear loadings or bulging test could be
mentioned in the article such as: “Experimental and theoretical investigation of strain path
change effect on forming limit diagram of AAS5083” and “An Experimental, Analytical, and

Numerical Investigation of Hydraulic Bulge Test in Two-Layer Al-Cu Sheets”

Response:

Thank the reviewer for recommending two papers to us. The methods and conclusions in
these two articles are interesting and have been included in the manuscript. The first paper has
been added in the Introduction paragraph 2 and 5 as reference [5], and the second paper has

been added in the Introduction paragraph 3 as reference [12]. Descriptions of the finding of

o1-



these papers have also been added.

3. Please add the detailed mechanical properties of ST16 to the paper.

Response:
Thank the reviewer for the suggestion, and we have added the detailed mechanical
properties of ST16 have been added in Fig. 3 and Table 2. The true stress-strain curves in 0°,

45° and 90° angles measured from RD are shown in Fig. 3. Moreover, the yield stresses (o, ),

ultimate tensile strength (o, ), Lankford coefficients (r), hardening coefficient (K) and

strain-hardening exponent () at 0°, 45° and 90° are listed in Table 2.

4. Please add a figure which shows the specimen and configuration of specimen for the

uniaxial tensile test.

Response:
Based on the reviewer’s suggestion, the figure for the configuration of the specimen for
the uniaxial tensile tests has been added in Fig. 3. The specimen was designed according to

the testing standard GB/T 228.1-2010 with descriptions added to section 3.1 paragraph 2.

5. What is your software for used DIC technique?

Response:

The software used in this paper was XTDIC 3D full-field strain measurement and
analysis system, developed by Xi’an Jiaotong University. A description of the DIC technique
has been added in section 3.2, paragraph 1.

6. Why did the stress-strain curves which obtained from bulging test show more

elongation than that of obtained from uniaxial tensile test (e.g., Fig. 13)?

Response:

This is a very interesting question. A similar phenomenon was also found in Aluminum
alloy and Titanium alloy, as shown in Figure 19 in the paper “Utilization of bulge and
uniaxial tensile tests for determination of flow stress curves of selected anisotropic alloys”
published by Janbakhsh et al. And the reference to this paper has been added to the
introduction paragraph 3 of the revised manuscript with number [13].

There are two major reasons for the phenomenon:

(1) From Fig. 14 (the original Fig. 13) it can be seen that the stress-strain curves obtained
from the bulging test are higher than that obtained from the uniaxial tensile test, which means

the ST16 sheet exhibits higher strain-hardening exponent (#) during bulging test. Generally,
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higher strain-hardening exponent delays the onset of instability, and leads to a greater limit
strain. This was also mentioned in the section Results and Discussion of reference [13], where
the mechanical properties of different sheet materials were compared.

(2) The end of the stress-strain curve obtained from uniaxial tensile test shown in Fig.14
is diffuse necking, corresponding to the maximum tensile force. After necking, a large degree
of deformation continues until fracture occurs. The curve after necking is not given as the
deformation after necking is not uniform and the true stress cannot be calculated accurately.
On the other hand, the end of the stress-strain curve obtained from the bulging test is fracture
of the specimen. Meanwhile, the deformation from necking to fracture is not so apparent
because the necking occurs late and evolves into fracture rapidly. Therefore, if the curve of
uniaxial tensile after necking is considered, the difference of elongation between uniaxial
tensile test and bulging test will be greatly reduced.

However, considering that the difference of elongation does not affect the focus of the

current paper, the explanations above are not given in the revised manuscript.

Responses to Reviewer 2:

1. How the stepped bulge die is designed? And how did you calculate the dimensions of
stepped bulge die sections? I mean, before doing the experimental tests, on what principles
were you sure that the desired stress condition was obtained in the for your test setup. Given

that there is no specific standard for your test setup.

Response:

As the reviewer has identified the design method for a stepped-die has not been
standardized. The main purpose of the current work was to verify the feasibility of the novel
test method and the effect of basic designs on the change of stress and strain paths at the pole
point during bulging with stepped-dies. Having developed the test method and theoretical
model in the current paper, the authors intend in a subsequent study to develop design
strategies for the stepped-die to induce the required user defined stress and strain paths.

Moreover, the three stepped-dies used in the current work were designed for the typical
nonlinear loading path, i.e. an equal biaxial tension followed by unequal biaxial tension. The
variation parameters were the deformation level in step I and the section shape in step II. In

the revised manuscript, the description of the stepped-dies has been revised incorporating the
use of notation such as S}, added in section 3.3 paragraph 2. And further details of the

three stepped-dies used in the current work have been added in Table 3.
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2. From a plasticity standpoint, please explain clearly why the material failure into larger
equivalent stress in the nonlinear loading path of bulging with stepped-dies, (could it be

related to the multi-stage forming?)

Response:

Thank the reviewer for the valuable comment. According to the paper “Extension of
homogeneous anisotropic hardening model to cross-loading with latent effects” performed by
Barlat et al. [46], the latent hardening effect is clearly identified in the EDDQ steel. The effect
can lead to flow stress overshoot during two-step tension testing. As both ST16 and EDDQ
steel belong to interstitial-free steel, ST16 should also exhibit the property of latent hardening.
Due to the latent hardening effect, the equivalent stress of ST16 during step II of bulging with
stepped-dies overshoots that of bulging with the circular die.

The explanation above has been added into the last paragraph of section 4.5. And the

paper has been added as reference [46].

3. I think the pressure path in the new stepped-dies differs from the pressure path in the
elliptical bulge dies, and one of the reasons for the nonlinearity of the stress state is the non-
linearity of the stepped-dies pressure path. Please include two pressure path curves in the

article and compare them.

Response:

Based on the reviewer’s suggestion, a more detailed model for stress components
considering the pole thickness was developed and presented in section 2.2.1 of the revised
manuscript. According to the stress analysis at the pole point and Eqs. (4) and (5) mentioned
in section 2.2.1, the stress ratio is dependent on the two principle curvature radii pgp and p7p,
and the pole thickness ¢, but is irrelevant to the bulging pressure p. On the other hand, the
pressure causing the sheet metal to yield is a dependent variable determined by the yield
strength and the two principle curvature radii of the bulged sheet. Therefore, the pressure path
will not lead to nonlinearity of the stress state.

The pressure paths obtained from bulging with a circular die, an elliptical die and a
stepped-die are shown in the figure below. However, considering the pressure paths have no
effect on the nonlinearity of the stress state, the pressure paths are not added into the revised

manuscript.
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Fig. 1 Pressure paths during bulging with a circular die, an elliptical die and a stepped die.

4. How do you explain the difference in the amount of stress and strain at the point of
failure in the presented bulge die and elliptical die? In the article comes out” the difference
illustrates the path-dependence of the forming limit strains in sheet metal forming” but based
on research by Korkolis et al[1] ” It is confirmed that failure strains are path-dependent, but
also is demonstrated that failure stresses become path-dependent if the pre-strain is
significant.” Have you considered this point in your study? Please add a comment in the

article.

Response:

Thank the reviewer for the valuable comment. The authors have read the research “Path-
dependent failure of inflated aluminum tubes” conducted by Korkolis et al. and accept their
conclusion that failure stresses become path-dependent if the pre-strain is significant. The
reference paper has been added in the introduction paragraph 2 and section 4.3 paragraph 2 of
the revised manuscript as reference [7].

In order to compare the difference in the amount of stress at the point of failure in
bulging with stepped-dies and bulging with elliptical dies, the fracture stresses obtained from
bulging with elliptical dies have been added to Fig. 11.

It can be found that the fracture stresses of S|y, SyGe, Sigs> Sige and S)5¢ are

in good agreement with the fracture stress curve obtained from bulging with elliptical dies.

SO.Z,R

Meanwhile, the fracture stresses of S;7; ¢

are apparently higher than the fracture stress curve

from elliptical bulging. These phenomena demonstrate that fracture stresses are much less
path-dependent than fracture strains, and the path dependence of fracture stresses will become
apparent if the strain level in the previous deformation is significant. These results are
consistent with the conclusions confirmed by Korkolis et al. [7].

In addition, the phenomena and comments above have been added to section 4.3

paragraph 2 of the revised manuscript.



5. In order to compare the dies used in this study more accurate, I think it is better if their

dimensions and differences are summarized in a table.

Response:
Based on the reviewer’s suggestion, the dimensions of the three stepped-dies used in this

study have been added to section 3.3 Table 3 of the revised manuscript.

6. Please determine the reference of equations 1, 8 and 13.

Response:

Thank the reviewer for the valuable suggestion. Modifications and additions to the three
equations have been made to the revised manuscript as follows:

(1) The original Eq. (1), the Laplace’s equation, describes the relationship between the
two principle stresses. In section 2.2.1 of the revised manuscript, the relationship is redefined
according to the force equilibrium in ND of the infinitesimal element at the pole point, where
the effect of thickness is considered. The new relationship has been given in Eq. (3).

(2) The original Eq. (8) has been renumbered as Eq. (9). The equation is derived
according to the definition of true strain in ND, namely Eq. (8), which has been added in
section 2.2.3 of the revised manuscript.

(3) The original Eq. (13) has been renumbered as Eq. (17). The reference papers of this
equation have been added as references [43] and [45] in section 4.5 of the revised manuscript.
We refer to the Eq. (19) in the reference [43] and the Eqs. 2-7 and 2-11 in the reference [45] as

plastic work rate equivalence has been used in many other literatures.

7. What standard test did you use to perform the uniaxial tensile and anisotropic tests?

Response:

Thank the reviewer for the suggestion. In the current work, the uniaxial tensile tests were
performed according to testing standard GB/T 228.1-2010. The anisotropic coefficients were
calculated using the plastic strain data up to the true tension strain of 0.2 according to
standard GB/T 5027-2016. The two standards have been added to section 3.1 paragraph 2 of

the revised manuscript.

8. It is not clear how you used reference 13 in Section 4.1. please explain the relationship
between your sentence “Five points including the pole point were selected to fit in both RD

and TD to provide more representative data sets [13].” and reference 13.

Response:

We are very sorry for our mistake of the wrong reference paper. The reference has been
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corrected to [40] in section 4.1 paragraph 1 of the revised manuscript with the reference

content mentioned in section 5.2.2, paragraph 3 of the reference paper.

9. Please add the constants values of Equation 7 with fitting accuracy in a new table in

section 4.1.

Response:
Based on the reviewer’s suggestion, the constants’ values of Eq. (7) and fitting accuracy,

Sum of Squares for Error (SSE) and coefficient determination (R?), at different bulging
heights in experiment S|';% have been added in section 4.1 Table 4 of the revised

manuscript. The results show that accurate curvature radii can be obtained through parabolic
fitting with five points.

Responses to Reviewer 3:

1. Figure 1. A three step stepped-die is presented, but the papers deals only with two
steps tests. An upward z-axis on the left and a downward z-axis on the right would help the
reader to distinguish the two different orientation of the die. A cut view of the die would help

the lector.

Response:
Thank the reviewer for the valuable comments. The schematic of the stepped-die has
been modified to a two-step one, as shown in Fig.1 of the revised manuscript. In addition, the

descriptions of Fig. 1 have also been modified in section 2.1.

2. Page 8, Eq 1-5. The hypothesizes leading to the equations should be recalled,
particularly the opening diameter to sheet thickness aspect ratio D/t. You neglect here the out-
of-plane stress P/2 but this quantity should increase with the reduction of the radius. It would

be important to give comments on that point.

Response:

As the Reviewer has highlighted, the ratio D/t is important in sheet bulging tests. Based
on the reference papers [36,37] a clarification was added in section 2.2.1 paragraph 2 of the
revised manuscript. As long as a small ratio of thickness to diameter of the bulge die is
satisfied, typically at values lower than 1/50, the out-of-plane stress (the normal stress) p/2

can be neglected.

3. Page 9. Saying that ‘the more points used the more accurate’ seems a light
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argumentation regarding the number of points and the size of the interpolation window used
for the interpolation of your polynomial function. In section 4.1, it appears that only 5 points
are used, equally 3.44mm spaced, and ref 13 is given. But, from reviewer knowledge, this
reference doesn’t deal with this issue. It seems to the reviewer that it would be important to

give some proof of the validity of this choice for any of the radii measured hereafter.

Response:

The authors accept the reviewer’s suggestion of the light argumentation that ‘the more
points used the more accurate’ in section 2.2.2, which has been deleted in the revised
manuscript.

We are very sorry for our mistake of the wrong reference paper. The reference has been
corrected to [40] in section 4.1 paragraph 1 of the revised manuscript with the reference
content mentioned in section 5.2.2, paragraph 3 of the reference paper.

In order to prove the validity of the choice of number of points and initial distance
between two adjacent points, the values of the constants of Eq. (7) and fitting accuracy such

as Sum of Squares for Error (SSE) and coefficient determination (R?) at different bulging
heights for the experiment S;% have been determined and added to section 4.1 Table 4 of

the revised manuscript. The results show that accurate curvature radii can be obtained through

parabolic fitting with five points.

4. Page 10. Authors use a rough estimation of the thickness strain from the outer
measured membrane strain, using plastic iso-volume hypothesis and neglecting elastic end
bending strains. A correct estimation of the elastic strains should be given. ISO standard
recommends to check for the amount of bending strain in the case of small D/t ratio. This

point requires comments from the authors.

Response:

Based on the reviewer’s suggestion section 2.2.3 has been modified for a more accurate
pole thickness in the revised manuscript. The plastic incompressible deformation is assumed,
the elastic strains are neglected and the bending strains are considered. In order to calculate
the bending strains and the strain in ND, Eqgs. (11) and (12) are added in section 2.2.3. This
enables a more accurate pole thickness to be calculated according to Egs. (9)-(12).

The reason for neglecting the elastic strains has been added to section 2.2.3 paragraph 3.
That is “The elastic strain can be neglected considering that the plastic flow stresses of
commonly used metal materials are sufficiently small relative to their elastic modulus”. In

addition, elastic strains for sheet bulging tests have been neglected in the literature [11], [18],



[19] and [21] cited in the revised manuscript. Moreover, the usage of neglecting the elastic
strains is addressed in the standard ISO 16808: 2014. Therefore, we believe that it is

reasonable to ignore the elastic strains.

5. Page 11. The pixel size should be given in mm/pixel.

Response:
Based on the reviewer’s suggestion the description of the CCD cameras has been
rewritten and the macro objective size monitored by the cameras has been added in section

3.2 paragraph 1 of the revised manuscript.

6. Page 13. How do the author select the initial radius of the first step? Do they use a
numerical simulation? How this initial choice would affect the results for another material,
another thickness? In other words, is the actual stepped die usable for another material,

another thickness?

Response:

The reviewer's comments have been clarified in the revised manuscript as follows:
(1) The descriptions of the design method for the three stepped-dies has been rewritten in

section 3.3 of the revised manuscript. The design of the die S|, has been added as an
example to section 3.3 paragraph 2.

The initial radius of the first step is designed to equal the curvature radius in RD at the
pole point when ep=0.1 (or 0.2) during bulging experiment with the circular die (E; in Fig.5).
The position of the sphere is constrained tangentially by the fillet radii R;=8 mm, which is the
same as the circular die.

(2) The applicability of the new method to other materials has been added in section 4.6
paragraph 1 of the revised manuscript, namely: “The new method, bulging with stepped-dies,
is developed based on the traditional bulging test method. Therefore, the new method is also
usable for materials that can be tested using traditional bulging test method, such as steel,
Aluminum alloy, Magnesium alloy and Titanium alloy [15,16,21]”.

It should be noted that a small ratio of thickness to diameter of the bulge die is required,
typically at values lower than 1/50, according to the reference paper [36,37] which have been

added in section 2.2.1 paragraph 2.

7. In section 4.1 and 4.2, there is no new results compared to literature. The paragraph
discussing the various evolutions of \gamma depending on the initial orientation of the RD is
only a consequence of the choice made by the authors defining \lambda=Db/Da as a tool

oriented value and \gamma=\rho TD /\rho RD as a material oriented one. This choice is not
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questionable in itself, but the respective evolution of \gamma as a function of the initial
orientation of the RD from major axis is just a consequence of this choice. Moreover it would
have been interesting to compare the evolution of \gamma and 1/\gamma for SO.1T and SOIR

tests for example.

Response:

Thank the reviewer for the comments and suggestions. There are indeed many results
about the curvature radii and thickness of traditional bulging tests in the literature. However,
the results obtained from the new method by bulging with stepped-dies have not been
published and the curvature radii and thickness during bulging tests are necessary for
calculating the stress components. Therefore, we believe the results regarding the curvature
radii and thickness should be given and discussed.

We accept the reviewer’s opinion that the respective evolution of y=p7p/prp as a function
of the initial orientation of the RD from major axis is a consequence of the definition A=D,/D,,
in the original manuscript. In order to directly analyze the relationship between curvature radii
and elliptical ratio 4, a new y defined as the minor to major curvature radius ratio has been
used in section 4.1 paragraph 5 of the revised manuscript.

Based on the Reviewer’s suggestion, the evolutions of the minor to major curvature
radius ratio y during bulging with different dies have been added to section 4.1 Fig.8 of the
revised manuscript. Through Fig. 8 the two curves obtained from the two bulging experiments
can be compared with the same stepped-die but different specimen positions. It is found that
the curves obtained from the same stepped-die but different specimen positions are almost

identical. This result has been added to section 4.1 paragraph 5 of the revised manuscript.

8. Section 4.2. Line 6. What exactly is the end of the test? Onset of necking or fracture?

Response:

Thank the reviewer for the valuable comment. The end of the test is fracture. The last
point on the curve in Fig. 9 (the original Fig. 8) is obtained from the last recorded image
before fracture. In order to explain the end of the test clearly, we have added descriptions to
section 4.2 of the revised manuscript, such as: “up to fracture” in line 1 of paragraph 1, and

“obtained from the last recorded image before fracture” in line 4-5 of paragraph 2.
9. The calculation of the thickness is performed without any consideration for elastic and
bending strain. This should be discussed in this section.

Response:

Based on the reviewer’s suggestion section 2.2.3 has been modified for a more accurate
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pole thickness in the revised manuscript. The plastic incompressible deformation is assumed,
the elastic strains are neglected and the bending strains are considered. In order to calculate
the bending strains and the strain in ND, Eqgs. (11) and (12) are added in section 2.2.3. This
enables a more accurate pole thickness to be calculated according to Egs. (9)-(12).

The thicknesses shown in Fig. 9 of section 4.2 have been recalculated according to Egs.
(9)-(12) in section 2.2.3, and therefore, the calculation of the thickness is performed
considering the bending strains.

In addition, the reason for neglecting the elastic strains has been added to section 2.2.3
paragraph 3. That is “The elastic strain can be neglected considering that the plastic flow
stresses of commonly used metal materials are sufficiently small relative to their elastic

modulus.”.

10. Figure 12. A plot of the full path of one of the monotonous elliptical test would be

worth plotting for comparison purpose.

Response:
Thank the reviewer for the valuable suggestion. The full strain paths of bulging
experiments Ef, and E,, have been added in Fig. 13 (the original Fig. 12). It can be found

that the strain paths from bulging with elliptical dies are approximately linear over a wide
range of deformations. All strain paths in Fig. 13 tend to the plane strain state at the end.
These descriptions have been added in section 4.4 paragraph 1 and 2 with red color.

11. Figure 13. The respective effects of elastic and bending strains should be considered
in the calculation of the behavior from experimental measurement on such small opening
diameter to thickness ratios. For example, in the case S0.1R 1-0.4 it seems that the radius Rb
is 20 mm only while the current thickness is about 0.68exp(-0.2)=0.56mm. So the D/t ratio is
about 70 only.

Response:

Thank the reviewer for the suggestions. Section 2.2.1 has been modified and a model for
stress components considering the effect of pole thickness has been provided in the revised
manuscript. Meanwhile, more accurate equations for pole thickness have been added to
section 2.2.3 in the revised manuscript. The plastic incompressible deformation is assumed,
the elastic strains are neglected and the bending strains are considered with Eq. (11) used for
the bending strains.

The equivalent stress-strain curves shown in Fig. 14 (the original Fig. 13) have been
recalculated according to the new theoretical model of section 2.2, where the effect of

thickness and the bending strains are considered.
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In addition, the reason for neglecting the elastic strains has been added to section 2.2.3
paragraph 3. That is “The elastic strain can be neglected considering that the plastic flow
stresses of commonly used metal materials are sufficiently small relative to their elastic

modulus.”.

12. Page 24. Last line. The 0.5 and 2 limit values are only theoretical values. This point

should be recalled, and practical limit values should be given.

Response:

The authors agree with the reviewer’s opinion that the 0.5 and 2 limit values are only
theoretical values. It should be noted that the practical limit values of stress states that the
bulge test can reach are related to the thickness of the sheet and the size of the die. It is
difficult to give an exact limit without these data.

To explain the practical limit values that the bulge test can reach, a new paragraph has
been added to the last of section 4.3 of the revised manuscript. That is:

“In order to achieve a plane strain condition a small A should be used. This results in a
large die being required to guarantee the small ratio of thickness to diameter. However, the
size of the die is limited by experimental equipment constraints. Practically, Lenzen et al.
[20,41] realized the condition of near plane strain through bulge test with an elliptical die of

4=0.375, and used the plane strain results as additional input data for material modelling.”

Once again, we deeply appreciate editors and reviewers for their time and great efforts

that help us improve our manuscript.
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Highlights:

® A new concept of stepped-die with changing cross section shape is proposed

® Continuous nonlinear loading paths can be realized via bulging with stepped-dies
® Both stress and strain data of the whole process can be obtained during bulging

® The stress ratio changes from 0.5 up to 2.0 at most in one bulging experiment
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Abstract

In this paper, a novel test method named bulging with stepped-dies is proposed to
overcome the difficulty of traditional test methods in realizing continuous nonlinear loading
paths from initial yield up to fracture on a sheet metal. To achieve this aim, the section shape
of a stepped-die cavity is varied with increasing depth. During bulging with a stepped-die, the
stress state at the pole of bulging area of the sheet changes continuously with the increase in
bulging height, which results in a specific nonlinear loading path. A theoretical model is
established to calculate the stress components at the pole based on the assumption that the
bulged surface near the pole was approximated by a rotational ellipsoid. Bulging experiments
with three different stepped-dies are performed by using ST16 steel sheet. Stress and strain
paths up to fracture and equivalent stress-strain curves at the pole are analyzed and compared
with the results of bulging with elliptical dies. It is shown that continuous nonlinear loading
paths can be effectively realized through bulging with stepped-dies and the stress ratio at the
pole changes from 0.5 up to 2.0 at most in one bulging experiment. The feasibility of the novel
test method is validated successfully. And the experimental data obtained are useful to

determine constitutive and forming limit models suitable for complex loading conditions.
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1. Introduction

In sheet metal forming processes, metal sheets are subjected to various biaxial stress states.
Testing and characterization of the mechanical behavior under the biaxial loading state have
been key in the field of experimental plasticity. And one of the most important tasks is to
improve the predictive accuracy of defect formations, such as springback and fracture [1].

Many anisotropic hardening behaviors have been observed under nonlinear loading
conditions [2,3]. Path dependency of the forming limit has also been validated by multiple
experimental studies [4-7]. Therefore, the material behavior under nonlinear loading paths
cannot be evaluated comprehensively by using constitutive and forming limit models
determined under linear loading paths. In order to determine the constitutive models and
forming limit models under continuous nonlinear loading paths, an experimental method for
continuous nonlinear biaxial tensile deformation of sheet metals is required.

In recent decades, several experimental methods for biaxial tests have been developed.
One of the popular methods is the bulge test with circular or elliptical dies, which offers the
advantage of absence of friction [8,9]. Bulging with a circular die is commonly used for
determining the flow stress curves of sheet metals under biaxial tension [10,11], and it is also
applied successfully to two-layer Al-Cu sheets [12]. Bulging test results under biaxial loading
show that flow stress properties at higher strain levels could be obtained as compared to those
obtained from uniaxial tensile tests, which is helpful for finite element simulation of severe
plastic deformation [13].

Through bulging with different elliptical dies, the forming limit curve (FLC) can be
evaluated [14-16], and the flow stress at the pole of the bulging area can be calculated by using
theoretical model [17-19]. Lazarescu et al. [18,19] developed an analytical model under the

assumption that the bulged surface of the specimen is approximated to a rotational ellipsoid,



and determined the equivalent stress-strain curves. Moreover, Lenzen et al. [20] and Williams
et al. [21] applied the stress state obtained from bulging with elliptical dies into the
determination of yield surfaces. However, only linear or near-linear loading paths can be
realized through bulge tests with circular or elliptical dies.

For investigating the effect of changing strain path on the FLC, Zhalehfar et al. [5] formed
AAS5083 under nonlinear loading paths through two-step dome test. The specimen used in the
second step was prepared by cutting the specimen that had been stretched in the first step.
Moreover, Sugawara et al. [22] developed a double-action punch stretching testing apparatus,
the nonlinear strain paths of equal biaxial tension followed by plane-strain tension were realized
without unloading.

In order to control or change the loading path continuously in one test, Kuwabara et al.
[23-25] developed a biaxial tensile test method for sheet metals using a cruciform specimen.
Nonlinear loading paths can be effectively realized through controlling the load on the four
arms [26]. In order to observe high level of strains in the central region, a complex cruciform
specimen with a reduced thickness in the central region must be designed [27-30]. As a result,
biaxial tensile testing using a cruciform specimen is widely used to study yield and hardening
behaviors of sheet metals.

To measure the deformation behavior of sheet metals under biaxial tension for a large
strain range, Sumita et al. [31] and Kuwabara et al. [32] bent the sheet into a tubular specimen,
and tested the tubular specimen by combining tension and internal pressure using a servo-
controlled tube bulge testing machine developed by Kuwabara et al. [33,34]. The testing method
is capable of measuring the elastic-plastic response of a tube to arbitrarily prescribed stress or
strain paths from initial yield up to fracture [6,35]. However, the microstructure and mechanical
properties of the tested sheet might be affected due to the bending process.

Therefore, in order to realize continuous nonlinear loading from the beginning of
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deformation up to fracture, it is essential to develop a new test method for biaxial tensile
deformation of sheet metals. As is well known, the stress ratio in bulging with an elliptical die
depends on the elliptical ratio of the die. If bulging with a new die of which the elliptical ratio
changes with the increase in cavity depth, the stress state will also change correspondingly.
Thus, it is possible to obtain continuous nonlinear loading paths through bulging tests.

This paper aims to investigate the continuous nonlinear deformation of sheet metals using
a novel test method. In section 2, the principle of bulging with stepped-dies and the theoretical
model for calculating stress components are presented. In section 3, the experimental work is
described, including the experimental set-up and experimental scheme involving three
specifically designed stepped-dies, three elliptical dies and one circular die. In section 4, stress
and strain paths up to fracture and equivalent stress-strain curves during bulging with three
different stepped-dies are analyzed and compared with the results of bulging with elliptical dies.

In addition, possible applications and future works of the new method are discussed.
2. Description of bulging with stepped-die

2.1. Principle

The principle of bulging with stepped-dies is shown in Fig. 1. The die is named as stepped-
die in view of the characteristic of changing elliptical ratio. As shown in Fig. 1(a), the sheet is
pressed over the stepped-die by the blank holder with the effect of preventing the pressed
regions of the sheet from flowing into the die cavity. The free area of the sheet will be bulged
gradually by the bulging pressure p until fracture occurs. Generally, fractures are located near
the pole of the bulged specimens. Two CCD cameras are used for monitoring strains and

displacements in real time based on the Digital Image Correlation (DIC) technology.
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Fig. 1. Principle of bulging with stepped-dies: (a) schematic of bulging with stepped-dies,

(b) schematic of a typical stepped-die, (c) sections of the typical stepped-die at different depths.

A typical stepped-die is shown in Fig. 1(b). The die cavity is divided into two steps, step
I is a portion of a rotational ellipsoid, and step II is an elliptical hole. The two major axes in
the two steps are perpendicular to each other. Fig. 1(c) shows three cross sections of the typical
stepped-die at different depths. The size of cross section decreases with the increase of depth,
and the shape of section changes from an elliptical in step I into another elliptical in step II. It
is worth noting that a sphere is a special rotational ellipsoid. If the shape of step I is designed
to a sphere, the deformation of the sheet will begin with equal biaxial tension.

For the bulging test shown in Fig. 1, the contact boundary of the bulging area is located at
the entrance fillet of the die during step 1. Once the sheet fully contacts the surface of step I, the
contact boundary will rapidly turn into the elliptical hole in step I, or to say the fillet between

step I and step II. At that moment, the stress state will change suddenly.

2.2 Theoretical model

2.2.1 Stress components

Rolled sheet metals are generally regarded as orthotropic materials, and their orthotropy

axes are rolling direction (RD), transverse direction (TD) and normal direction (ND). The



geometry of the free region of the specimen during bulging with a stepped-die is shown
schematically in Fig. 2. The three orthotropy axes RD, TD and ND of the specimen coincide
with the axes X, Y and Z, respectively. The origin point O of the coordinate system is located at
the center of the flat specimen. In the figure, /4 represents bulging height, a and b represent the
width of contact boundary in RD and TD, respectively. It should be noted that the shape of the

contact boundary and the values of @ and b will change as the bulging height increases.

Contact
Boundary

-
-
-

Fig. 2. Geometry of the free region of the specimen and stress analysis during bulging with a stepped-die.
Stress analysis of the sheet can be performed with the aid of the membrane theory, as long
as a small ratio of thickness to diameter of the bulge die is satisfied, typically at values lower
than 1/50 [36,37]. Under these conditions, the bending stress and the normal stress can be
neglected resulting in the stress analysis of the infinitesimal element at the pole point P, as
shown in Fig. 2.
Based on this infinitesimal element, the following assumptions are further made: (1) the

thickness ¢ is uniform; (2) the two principle stresses o, in RD and o, in TD are uniform



and normal to the corresponding section surfaces; and the outer curvature radii p,,, and p,,

are uniform over the infinitesimal element.

From the force equilibrium in ND, the following relationship can be obtained:
20, (dl-t)sin(d6/2)+ 20, (dm - t)sin(dg/2)

1
= p[ 2( Py —1)sin(d/2) - 2(py, — 1)sin(d/2) | W

Where p is the bulging pressure, d/ and dm are the arc lengths along RD and TD at the

neutral layer of the infinitesimal element. d@ and d¢ are the two small central angles of d/

and dm, respectively. Therefore, sin(d6/2) and sin(de/2) can be reduced to:

sin(d6/2) = doj2 = —"
20, —t
)
. dl
sin(dp/2)=dg/2 =
20, —t
Thus, Eq. (1) can be re-written as:
Okrp Owp _P (Pro =P = 1) 3)

Peo =12 =112 1 (P~ 120y~ 12)
In many works, the profiles of specimens bulged with elliptical dies were approximated
by rotational ellipsoids with the rotational axis parallel to the major axis of the die [18-20,38].
During bulging with elliptical dies, the curvature radii in the major axis are always greater than

that in the minor axis. During bulging with stepped-dies, the relationship between p,, and
P, Mmay change if the section shape of the die changes significantly.

Therefore, the profile near the pole point of the specimen bulged with a stepped-die should
be approximated by a rotational ellipsoid with the rotational axis parallel to the direction of the

larger one of p,, and p,,. Forthe condition p,, = p,, , the rotational axis of the ellipsoid

should be parallel to RD, resulting in o,, being calculated using the following equation:

_ p(pTD _t)
Orp = 2 4)



By substituting Eq. (4) into Eq. (3), o, can be obtained by:

p(pTD _t) 2(pRD _t) _(pTD —t/2)
2t (Pro —1/2)

Omp =

(5)

Conversely, when p,, < p,, the equations for o, and o, should be adjusted

accordingly.

2.2.2 Curvature radius

In order to calculate the stress components it is necessary to measure the two curvature
radii p,, and p,,.Parabolic fitting with a quadratic polynomial can be used to fit the profile
of the bulged specimen [9,39]. Assuming that (X;, Z;) and (Y5, Z;) are coordinates of points on

the outer surface of the specimen in the XOZ plane and the YOZ plane, respectively, the

coordinates satisfy the following relationship:

Z,=AX’+BX +C, ©
Z,=A4Y,+BY,+C,
Where 4,, By, C and 4,, B,, C, are the coefficients of the two quadratic curves.
Thus, p,, and p,, . at the pole point P (Xp, Yp, Zp) can be expressed as follows:
3
[1 +(24.X, + BI)Z]A
Prp = 2|A1|
5 (7)
[1 +(24,Y, + B, )2} ’
Prp = 2|A2|

The three coefficients of each quadratic curve can be solved analytically when coordinates
of three points on the curve are known. However, it is believed that using three points might
lead to erroneous results due to possible local imperfections. If coordinates of more than three
points are utilized, these coefficients can be obtained by parabolic fitting based on the least

square method.



2.2.3 Pole thickness

According to the definition of true strain, the strain in ND at the pole point can be
expressed as:
exp =In(1/1,) (8)
Where ¢, is the initial thickness of the specimen. Therefore, the actual thickness ¢ at the
pole point during bulging can be calculated by:
t=t,exp(&y) 9)
The elastic strain can be neglected considering that the plastic flow stresses of commonly
used metal materials are sufficiently small relative to their elastic modulus. Assuming plastic
incompressible deformation of the sheet metal and ignoring the elastic strains and the influence
of bending, the strain in ND can be approximated by:
Exp X ~Erp ~ Enp (10)
Where, the principle strains &, and &, ofoutersurface in RD and TD at the pole point

can be measured by DIC.

It should be noted that the influence of bending could be ignored only when the ratio of
thickness to die diameter is reasonably small to ensure a near membrane stress state in the test
sheet. For thickness to die diameter ratios greater than 1/100, the bending strain can be

calculated using the standard ISO 16808 [9] with the equation:

g'=—In|1-

toexp(—gRD—gTD)} an

2p
Where, ¢” and p are the bending strain and curvature radius of outer surface in RD or

TD at the pole point. Then, a more accurate formulation for the strain in ND can be obtained

with the equation:

Enp :_(gRD_gll;D)_<gTD_8;D) (12)
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3. Experimental work
3.1 Material

A low carbon deep drawing steel sheet ST16 with a nominal thickness of 0.68mm, mostly
used for automotive components and body panels, was chosen for the experiments in this work.
The chemical compositions of ST16 are summarized in Table 1.

Table 1. Chemical compositions of ST16 (wt%).

Element C Si Mn P S Als Ti Fe
Value 0.12 1.3 10 1.1 0.8 2.1 7.1 Bal.

Uniaxial tensile tests were performed in 0°, 45° and 90° angles measured from RD
according to the standard GB/T 228.1-2010. The dimensions of the tensile test specimens and
the true stress-strain curves of ST16 up to the diffuse necking are shown in Fig. 3. The
mechanical properties of ST16 deduced from the tensile tests are shown in Table 2. The
Lankford coefficients were calculated using the plastic strain data up to the true tensile strain
of 0.2 according to the testing standard GB/T 5027-2016. The hardening parameters were fitted

by using the true stress-strain data at 0° based on the hardening model o =Keg".

(o]
=1
(=

200

True stress (MPa)

<
<

40
100 mm

0 1 1 1 1 'l
0.00  0.05 0.10 0.5 020 025 0.30

True strain

Fig. 3. Dimensions of specimen and true stress-strain curves of ST16 up to diffuse necking.
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Table 2. Mechanical properties of ST16 obtained by uniaxial tensile test.

Properties 0° 45° 90°
Yield stress, 0, (MPa) 1355 1413 1375
Ultimate tensile strength, 0,, (MPa) 2956 297.2 291.6
Lankford coefficient, 1.942 2193 2.699
Hardening coefficient, K (MPa) 5547 551.1 543
Strain-hardening exponent, n 0.271  0.262 0.265

It can be seen from Fig. 3 that the true stress-strain curves at 0°, 45° and 90° are almost
identical. Moreover, all the Lankford coefficients listed in Table 2 are greater than 1, and rgg
surpass 7o by 39%. This demonstrates that ST16 steel sheet has obvious anisotropy both in the

thickness direction and in plane.

3.2 Experimental set-up

The experimental set-up shown in Fig. 4 was used to perform bulging experiments with
stepped-dies. The experimental set-up consists of a stepped-die, a 50-ton cylinder for
maintaining the blank holder force, a hydraulic device for developing the bulging pressure p, a
pressure transducer with measurements ranging from 0 to 40MPa, and a DIC system with two
CCD cameras, XTDIC 3D full-field strain measurement and analysis system developed by
Xi’an Jiaotong University. Each camera is equipped with a 1628x1236 pixel® sensor. The strain
and displacement measurement accuracy of XTDIC are 0.005% and 0.01 pixel, respectively. In
this work the macro objective added to the camera was about 138x105 mm.

The cameras were positioned to record the specimen deformation via a circular hole of
120 mm diameter located in the center of the upper beam. The speckle pattern painted on the
outer surface of the specimen was recorded by CCD cameras through the hole. In order to
protect the CCD cameras from potential damage, a transparent glass plate was placed between

the cameras and the upper beam.
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b Pressure
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Fig. 4. Experimental set-up: (a) schematic diagram and (b) physical image.
3.3 Experimental scheme

For validating the feasibility of the test method by bulging with stepped-dies, three

stepped-dies (S}, , Si,, and S)3.)with two steps were designed based on a typical loading

path, i.e. an equal biaxial tension followed by unequal biaxial tension, as shown in Fig. 5. Step
I is a portion of a sphere with radius SR whereas Step II is an elliptical hole. The fillet radii are
R,=8 mm and R,=5 mm in the three stepped-dies. The elliptical ratio A can be defined as the

ratio of the minor axis length D, and major axis length D,:

A=D,/D, (13)

Fig. 5. Images of the stepped-dies, the elliptical dies and the circular die.

Detailed information of the three stepped-dies is summarized in Table 3. By taking S,
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as an example, the superscript 0.1represents &,,=0.1 at the pole point at the end of step I. For

this purpose, the radius of sphere SR in step I is designed to be 97.6 mm, corresponding to the

curvature radius p,, when &,,=0.1 in the bulging test with the circular die E, (shown in

Fig. 5). And the position of the sphere is constrained tangentially by the fillet R;, which is the
same as the fillet of die E,. The subscript 1-0.4 means that A changes from 1 in step I to 0.4 in
step II. In addition, the radius of sphere SR of die S}7, is equal to p,,=76.3 mm when &,
=0.2 in the bulging test with the circular die E,.

Table 3. Dimensions of the three stepped-dies.

. step | step 11
Die number -
D,(mm) A Strain level D,(mm) A
St 120 1 &,=01 100 0.4
SV e 120 1 &,=0.1 100 0.6
SY2 6 120 1 &,=02 100 0.6

In order to analyze the relationship and difference between the bulging with stepped-dies

and bulging with elliptical dies, elliptical and circular dies (E,,, E,,, E,; and E,) with A

=0.4, 0.6, 0.8 and 1 were designed, as shown in Fig. 5. The major axis length was D,=120 mm
and the fillet radius was 8 mm in the four dies.

It should be noted that different results may be obtained depending on specimen positions
relative to the bulging die due to anisotropy of the specimens. Two different specimen positions,
RD in the major axis of the die and TD in the major axis of the die, were applied. When bulging
with RD (TD) in the major axis, the experiment number was marked with a superscript letter R

(T) on the die number, for example, S{;% and Eg,.

4. Results and discussions

The bulged specimens are shown in Fig. 6. It can be seen that the shapes of specimens

bulged with stepped-dies consist of two parts corresponding to the two steps of the dies.
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Fractures are located near the pole and parallel to the major axis of the elliptical hole in step II.
Similar fractures were found in bulging with elliptical dies. Specifically, the fracture was

inclined at approximately 18° to RD in the specimen bulged with the circular die E,.

Fig. 6. Images of bulged specimens.

4.1 Curvature radii

The two curvature radii p,;, and p,, atthe pole point during bulging were fitted based
on the least square method introduced in section 2.2.2. Five points including the pole point were
selected to fit in both RD and TD to provide more representative data sets [40]. The initial
distance between two adjacent points was 3.44 mm.

The values of the constants of Eq. (7) and fitting accuracy such as Sum of Squares for
Error (SSE) and coefficient determination (R?) at different bulging heights for the experiment

SYuE are listed in Table 4. The results show that accurate curvature radii can be obtained

through parabolic fitting with five points.
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Table 4. The constants values of Eq. (7) and fitting accuracy, SSE and R?, in experiment S?;l(;‘f .

h (mm) A B, SSE R? A, B, SSE R?
5 -1.2x103  -7.4x10%  62x10° 0.9803 .13x103 -6.9x10% 32x10° 0.9901
10 2.0x103 -1.Ix107  1.1x105 0.9987 2.0x103 -2.2x10* 3.1x10¢ 0.9996
248  -52x103 -2.9x10*  56%10° 1 -5.6x103  1.2x10°% 3.5%105  0.9996
342 -9.0x103 4.0x10°  27x104 0.9993 2.1x102 9.8x10°  1.9x104 0.9999

Fig. 7 shows curvature radius p,,, as a function of bulging height / from bulging with
stepped-dies. Points A and B correspond to the two states of ¢,,=0.1 and &,,=0.2 in bulging
with E,, as well as the two transition points from step I to step II in bulging with stepped-dies.
Curves obtained from bulging with stepped-dies coincide with the curve E, before the
transition points A or B, because the contact boundary in step I is the same as bulging with E, ..

At the points A or B, the surface of the specimen is attached to the sphere of the stepped-die.
Afterwards, the free region of the specimen is bulged under the constraint from the hole in step

IT and the fillet R,. As a result, curves obtained from bulging with stepped-dies transit away

from the curve E,.

150
E 125t
£
< 100}
£ I5F
9 N
g 50 \OSTERE 02, R
o I . Si56
5 Solid: RD-major axis \SU'Z’ i
§ 25 Dash: TD-major axis Te gL -0
E . A So,l,T 1-0.6
8 1 (RD-minor axis) 1-0.4
0 L A 1 r 1 " 1 "
0 10 20 30 40 50

Bulging height, # (mm)
Fig. 7. Curvature radius in RD vs bulging height from bulging with stepped-dies.

It can be seen in Fig. 7 that p,, decreases with the increase of 4. After crossing the points

A or B, p,, decreases at a higher rate. Moreover, the curvature radii in the minor axis

- 16 -



direction decrease faster than the curvature radii in the major axis direction. Comparing the

curves SYL% with S*tX it can be found that after being bulged with the same sphere in step

I, pg, in S5 is smaller than p,, in S];¢ atthe same bulging height even though the
widths of the major axis of the elliptical hole D, are the same. This phenomenon indicates that
the curvature radius at the pole is not just dependent on the width and height of the profile along
the corresponding direction, and that there is a coupling relationship between the two curvature
radii.

Fig. 8 shows the relationship between the minor to major curvature radius ratio » and
bulging height # in bulging with stepped-dies. y = p,,/pz, When the specimen position is
RD in the major axis and ¥ = p,,/p,, When TD is in the major axis. It can be found that the

curves obtained from the same stepped-die although at different specimen positions are almost
identical. Moreover, the value of y decreases towards A during step II. For example, the curves

S)t%  decreases towards 0.4. These phenomena were also observed in bulging with elliptical

dies. The reason is that if the specimen could be bulged sufficiently, the curvature radius in the

major (minor) axis will equal to half the length of the major (minor) axis of the die.

1.6
| Solid: RD-major axis
Dash: TD-major axis
=~ 1.2F
g A
2 08}
&
% ----------- 0.6 -=-==mm=mmmNrmmmmeees
<
;; 0.4F---m----- 0.4---------mmm--mm-3
S \
A
0.0 1 L 1 1
0 10 20 30 40 50

Bulging height, # (mm)

Fig. 8. Minor to major curvature radius ratio vs bulging height from bulging with stepped-dies.
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4.2 Thicknesses

Fig. 9 shows curves of pole thickness 7 up to fracture, calculated according to Egs. (9)-(12)
from bulging with stepped-dies. Once crossing the points A or B, the curves obtained from

bulging with stepped-dies decrease rapidly.

0.7
0.6
e
g
< 05
o
6]
=
5 04
£ oLR
= Sioa
o 01T
A 03F gitl gonr b
Solid: RD-major axis o '0’1“1(1 Siae
| Dash: TD-major axis Siis ge21 E,
0.2 . L . L . L L M
0 10 20 30 40 50

Bulging height, # (mm)

Fig. 9. Pole thickness vs bulging height from bulging with stepped-dies.
Comparing curves S, ;% with S):% in Fig. 9, it can be found that after being bulged

with the same sphere in step I, the smaller the value of A in step II the faster the thickness

decreases. Moreover, comparing the curves S);s with S)% 5, it can be found that when the

pole strain in RD at the end of step I increases from 0.1 to 0.2, the final pole thickness obtained
from the last recorded image before fracture decreases from 0.345 to 0.307 mm. The two curves
obtained from the same die but at different specimen positions follow the same rule, although
thinner final pole thicknesses were obtained from bulging with TD in the major axis.
Distributions of thickness thinning, the negative of Eq. (10), on the deformed specimens

SYER. SR and S)%X  at different bulging heights were analyzed through DIC, as shown in

Fig. 10. Taking Fig. 10(a) as an example, at the end of step I the contour lines were

approximately circular, and the center was located at the pole. During step II, the shape of the
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contour lines gradually shifted to elliptical, and the directions of the major and minor axes were
the same as those of the elliptical hole. During the whole bulging process, the area of greatest
thinning was always near the pole, indicating the location of the fracture. These phenomena

were also observed in other bulging experiments with stepped-dies.

(@) S5 (b) S5

(c) Si%e

End of step | h=24.8 h=24.8

h=34.5

During step 11 h=30.0

Just before fracture h=34.2

| . HEE T i -
0.08 0.16 0.23 0.31 0.38 0.46 0.53 0.61 1 0.08 0.17 0.26 0.34 0.43 0.52 0.61 0.7010.15 0.24 0.34 0.43 0.52 0.62 0.71 0.80

h=37.9

h=43.9

Fig. 10. Thickness thinning at different bulging heights in (a) S?‘_l(;:: , (b) S(l)'_l(;_l; and (c) S(l)‘_zo’? .

4.3 Stress paths and fracture stresses

The stress paths up to fracture from bulging with different dies are shown in Fig. 11. It is
found that the stress paths from bulging with stepped-dies were distinctly nonlinear. In addition,

the curve S):% with 4=0.4 was observed to exhibit a sharper change than the curve S|}

with 4=0.6. More importantly, the stress path from bulging with a stepped-die changed towards

the path from bulging with an elliptical die, when the two dies had the same elliptical ratio. For
SO.], R

example, the curve S)';% changes towards the curve Eg,, when both the elliptical ratios are

0.4.
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Fig. 11. Stress paths from bulging with different dies and fracture stresses from bulging with elliptical dies.
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In Fig. 11 it can be also found that the fracture stresses of S, , S, 56> Sica> Sigs

and S)%7 are in good agreement with the fracture stress curves obtained from bulging with

elliptical dies. Meanwhile the fracture stresses of S%% are apparently greater than the fracture

stress curve from elliptical bulging. These phenomena demonstrate that fracture stresses are
much less path-dependent than fracture strains, and the path dependence of fracture stresses
will become apparent if the strain level in the previous deformation is significant. These results
are consistent with the conclusions confirmed by Korkolis et al. [7].

The results of the stress ratio @ = o, /0y, as a function of bulging height / from bulging

with stepped-dies are shown in Fig. 12. It can be seen that the stress ratio changes towards a
constant with the increase of bulging height. The constant equals to 2-4 when the specimen
position is RD in the major axis, or equals to 1/(2-1) when the specimen position is TD in the

major axis. For example, @ in S|} changes towards 1.6, and @ in S)';; changes towards

0.625.
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Fig. 12. Stress ratio vs bulging height from bulging with stepped-dies.

According to the analysis of stress paths and stress ratios, the nonlinear loading path
obtained from bulging with a stepped-die is determined by the change of cross section of the
die cavity for a given sheet metal and its position relative to the die. The greater the difference
between the two sections, the greater the nonlinearity of the stress path. For example, if the
stepped-die has a step III, another sudden change will occur when the bulging process changes
from step II into step III. If the section shape of the stepped-die changes smoothly, the stress
state will also change smoothly.

When the specimen is bulged in a narrow section with the limit 4 — 0, the limit ¢ — 2.0
if the specimen position is RD in the major axis, or the limit & — 0.5 if the specimen position
is TD in the major axis. The deformation type will be the plane strain state with the increment
of the minor strain component equaling to 0. Consequently, the stress ratio at the pole can
change from 0.5 up to 2.0 at most in one bulging experiment with a stepped-die, of which the
initial cross section and the final cross section are perpendicular to each other and have the
same A — 0.

In order to achieve the plane strain condition a small A should be used. This results in a

large die being required to guarantee the small ratio of thickness to diameter. However, the size
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of the die is limited by experimental equipment constrains. Practically, Lenzen et al. [20,41]
realized the condition of near plane strain through bulge test with an elliptical die, of which A

=0.375, and used the plane strain results as additional input data for material modelling.
4.4 Strain paths and fracture strains

Strain paths from bulging with different dies and fracture strains from bulging with
elliptical dies are shown in Fig. 13. The strain paths from bulging with elliptical dies such as

E;, are approximately linear over a wide range of deformations, whereas the strain paths from

bulging with stepped-dies are clearly nonlinear. These curves gradually deviate from the state

of equal biaxial tension during bulging in step Il as shown with the curve S)';% at A=0.4 which

deviates faster than the curve S*t% with 1=0.6.
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Fig. 13. Strain paths from bulging with different dies and fracture strains from bulging with elliptical dies.
All strain paths in Fig. 13 tend to the plane strain state or the state when the increment of
the minor strain equals to 0 before fracture occurs. According to this phenomenon, Hora et al.
[42,43] developed the Modified Maximum Force Criterion (MMFC) for the theoretical
evaluation of FLC.
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It should be noted in Fig. 13 that fracture strains from bulging with the three stepped-dies
are obviously lower than fracture strains from bulging with elliptical dies. The difference
illustrates the path-dependence of the forming limit strains in sheet metal forming. Moreover,
strain paths from bulging with specimen position of RD in the major axis and that from bulging
with TD in the major axis direction are almost symmetric along the diagonal. However, fracture
strain points are not as symmetrical. Fracture strains in RD obtained from experiments with TD

in major axes such as E;, and S} are clearly greater than fracture strains in TD obtained

0.1,R

from experiments with RD in the same major axes such as E;, and S]}

. The phenomenon

is a result of the constitutive model and microstructure of the material which is beyond the

scope of this study.

4.5 Equivalent stress-strain curves

The Barlat 1989 anisotropic yield criteria [44] is popularly used in finite element
simulations of sheet metal forming, and can describe the yield locus of low carbon steels well.
The Barlat 1989 yield criterion can be expressed as:

f=alk +k|" +alk —k|" +c2k,|" =25" (14)

+h —h ’ "
o, tho, o, —no
k, = - 5 = k= [(— 5 Wj q2 O'iy} (15)

Where M is an integer exponent, M = 6 for BCC materials and M = 8 for FCC materials.

a, ¢, h and g are material constants:

l+7 1+r,

A .l+r90

(16)
h=

I+r, 1
The coefficient g should be calculated by a numerical procedure. Considering the principal

directions of the stress tensor at the pole were coincident with the anisotropic axes of the
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specimen during bulging processes in this work, stress components at the pole follow that
0w=Orp, 0,0y, and o, =0. As a result, the coefficient g can be ignored. Barlat 1989

yield function coefficients for ST16 are given in Table 5.

Table 5. Barlat 1989 yield function coefficients for ST16.

a c h M
0.612 1.388 0.951 6

The equivalent strain £ is defined using the plastic work rate equivalence [43,45]:
dWPZO'RD-d(gRD—gzD)+GTD-d(em—gﬁD):Ed? (17)
Where dW? is the plastic work increment and d& is the equivalent strain increment.
Fig. 14 shows the equivalent stress-strain curves from uniaxial tension in RD, bulging with
the circular die and bulging with different stepped-dies. It can be clearly found that curves
Suh, S)hs and S);: overshoot the curve E, after the bulging process transitions into
step Il and the loading path changes. The curve S} has the largest overshoot, while the

curve S);% isalmost identical to the curve E,. The curve from bulging with TD in the major

axis is higher than that with RD in the major axis when bulging with the same die.
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Fig. 14. Equivalent stress-strain curves.

According to the research performed by Barlat et al. [46], the latent hardening effect is
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clearly identified in the EDDQ steel. The effect can lead to flow stress overshoot during two-
step tension tests. As both ST16 and EDDQ belong to interstitial-free steel, ST16 also exhibits
the latent hardening property. Due to the latent hardening effect, the equivalent stress of ST16

during step II of bulging with stepped-dies overshoots that of bulging with the circular die.

4.6 Future works

The new method, bulging with stepped-dies, was developed based on the traditional
bulging test method. The key development in this work is that the section shape of a stepped-
die cavity varies as the depth increases, which is different from the monotonous elliptical or
circular die section in the traditional method. As a result, continuous nonlinear loading paths
can be realized. Therefore, the new method is suitable for materials that can be tested using the
traditional bulging test method, such as steel, Aluminum alloy, Magnesium alloy and Titanium
alloy [15,16,21].

As anew test method, there are still significant further work needed to develop the process.
In most cases it is helpful to accurately predict the stress path during bulging with a stepped-
die without the use of finite element simulations and bulging experiments. Therefore, the
relationship between the stress path and the cross section of the die cavity is an important topic
to be clarified. Furthermore, the design method for a stepped-die should be investigated to
induce favorable nonlinear stress paths. Moreover, more complex loading paths can be obtained
through combining the new test method with pre-strains. Constitutive and forming limit models
should be developed based on those experimental data under nonlinear loading paths, which

will aid in modelling the material behavior in manufacturing processes.

5. Conclusions

In this paper, a novel test method named bulging with stepped-dies for continuous
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nonlinear biaxial tensile deformation of sheet metals has been proposed. The feasibility of the
method has been validated through bulging with three different stepped-dies. The following
conclusions can be obtained from the study:

(1) Nonlinear loading paths can be effectively realized through bulging with stepped-dies.
The curves of curvature radius and pole thickness versus bulging height change abruptly when
the bulging process transits from an elliptical step into another elliptical step. The greater the
difference between the two elliptical sections, the more obvious the nonlinearity of the stress
and strain paths.

(2) The nonlinear loading path is determined by the change of cross section of the die
cavity for a given sheet metal and its position relative to the die. Both the abrupt and smooth
nonlinearity of loading path can be obtained by using an appropriately designed stepped-die.

(3) In one bulging experiment with a stepped-die, the stress ratio at the pole changes from
0.5 up to 2.0 at most, which corresponding to two different plane strain states.

(4) By using the new test method both the stress and strain data of the whole process from
initial yield to fracture can be obtained. These data are useful to determine constitutive and
forming limit models suitable for complex loading conditions.

(5) Fracture stresses are much less path-dependent than fracture strains. However, the path
dependence of fracture stresses will become apparent if the strain level in the previous

deformation is significant.
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