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Abstract: The stress-based forming limit diagram(FLSD) established with limit stress is independent of the strain paths. Compared
with traditional strain-based forming limit diagram(FLD), it is more convenient and practical to use as the criterion of forming limit
under complex strain paths. The forming limit of 3A21 aluminum alloy sheet was tested and its forming limit diagram(FLD) was
determined. Then the FLSD of 3A21 was constituted by transformation formulas between limit strain and limit stress. This FLSD
was used in conjunction with LS-DYNA finite element simulations to predict the onset of fracture and limit forming pressure in tube
hydroforming. The results indicate that the fracture often occurs in the transition region between corner and straight side of the tube,
and the limit forming pressure is 46.4 MPa. The simulation result agrees with the experimental result, and the FLSD is able to predict

the forming limit of tube hydroforming with remarkable accuracy.
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1 Introduction

Mass reduction is paramount in transportation
applications such as automotive, railroad, and aerospace,
because the mass of the final assembly has a direct
impact on subsequent fuel consumption. In the past few
years, the demand for mass reduction in modern vehicle
construction has led to an increase in the application of
hydroforming processes for the manufacture of
automotive lightmass components made from steel or
aluminum[1-2]. This trend results from the benefits
offered by hydroforming compared with conventional
manufacturing via stamping and welding, which consists
in the possibility to form complex shaped components
with integrated structures from single tubes[3].
Regarding existing variants of hydroforming processes a
general distinction is to be drawn between forming of
tubular material and forming of sheet material. Today,
predominantly tubular material is considered for the
mass production of hydroformed parts.

However, the prediction of forming limits in tube
hydroforming(THF) is still a progressing field because of
the complexity involved in the process[4]. It requires
precise control of various forming conditions such as die

closing, internal pressure, end sealing and axial feeding
in this process. The important modes of failure in this
operation are bursting and wrinkling. Bursting takes
place when pressure is applied without enough material
feeding, while too much feeding of material tends to
cause wrinkling.

Nevertheless, effective prediction and analytical
method for the failure problems in THF has not been
established up to the present, the failure analytical
method used in sheet metal forming is inevitably applied
in THF processes alternatively. The strain-based forming
limit diagram(FLD) as an effective criterion of sheet
forming quality has been extensively applied in THF
research. In the latter work, it was noted that for steel,
copper and aluminum alloy, the traditional strain-based
flow limit curve(FLC) is a function of strain history[5—7].
Strain path effects undermine the utility of the traditional
FLD for formability assessment of processes that are
inherently non-linear, such as hydroforming of tubes.
STOUGHTONT[8] proposed a method through which,
under a suitable set of constitutive assumptions, the
strain-based FLC can be transferred to principal stress
space. He has also shown that within the scope of the
constitutive assumptions, there exists a single curve in
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principal stress space that represents the formability limit
of the sheet. Therefore, the stress-based FLC appears to
be attractive to predict the onset of necking when the
sheet is subjected to nonlinear load paths. In this study,
the stress-based forming limit diagram(FLSD) of 3A21
aluminum alloy sheet was constituted by transformation
formulas between limit strain and limit stress. This FLSD
was used in conjunction with LS-DYNA finite element
simulations to predict the onset of fracture and limit
forming pressure during hydroforming of tubes in square
die.

2 Determination of FLSD

2.1 Determination of FLD

The FLD is based upon the work of KEELER [9]
and GOODWIN[10] where the plane strain limit is
given as follows:

n
FLDp= ——(23.3+14.1¢ 1
TR ) (1

where n is the strain hardening coefficient, and n<<
0.21, ¢ is the metal thickness in mm.

The key feature of the FLD is an experimentally
determined forming limit curve(FLC). The shape and
location of the FLC, which define the boundary between
strain states that are always free of necks from those
states that are prone to necking, are a characteristic of the
metal that is independent of the forming process or work
piece shape. Therefore, the distance between the FLC
and all of the measured or predicted strains throughout
the formed part shows the degree of safety.

3A21 aluminum alloy was tested in this study.
Major testing apparatus includes an MTS press machine
and a GMASysten strain analysis system. The test
specimens were cut from 3A21 aluminum alloy sheets.
Fig.1 exhibits the measured true stress—strain curve of
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Fig.1 True stress—strain curve of 3A21 aluminum

3A21, and the other material parameters are listed in
Table 1.

Table 1 Material parameters of 3A21 aluminum

Lankford Strength/ Hardening  Blank thickness/
parameter MPa rule mm
0.58 519 0.18 2

The strain states used to determine the strain limit
are commonly obtained via the dome test procedure,
where grid markings (d 2.5 mm circular grid) are etched
onto the surface of specimens. In these tests, various
are achieved by adjusting different
parameters like the lubrication conditions between the
sheet metal and the specimen width. The width varies at
180, 160, 140, 120, 100, 80, 60, 40 and 20 mm. Length
of all specimens is 180 mm. For all the specimens, the
length is along the rolling direction, while the width is
along the transverse direction. The velocity of punch is
10 mm/min, and the binder force is 20 kN.

The stamped specimens are shown in Fig.2. After
the desired deformation is achieved, the geometry of the
markings near a neck or fracture is analyzed in order to
calculate and record various strain states associated with
the strain limit. By altering the strain ratio within the

strain states

principal strain coordinates, from uni-axial tension to
equi-biaxial tension, a theoretical FLD with damage
consideration can be determined (see Fig.3).

Fig.2 Sample of stamped 3A21 sheet specimens

2.2 Transformation between stress and strain states

The strain-path dependent nature of the FLD causes
the method to become ineffective in the analysis of
complex forming process such as restrikes, flanging
operations and hydroforming. The stress-based forming
limit diagram(FLSD) established with limit stress is
independent of the strain paths. Compared with
traditional strain-based FLD, it is more convenient and
practical to use as the criterion of forming limit under
complex strain paths.
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Fig. 3 FLD of 3A21 aluminum

Using the formula of STOUGHTONI8] for
transformation between stress and strain states, and
omitting the thickness stress of sheet (g;=0), the state is
plane-stress condition, then the ratio of the minor true
stress, gy, to the major true stress, o}, is defined by the
parameter

oa=0,/0 (2

The plasticity theory defines an effective stress, o,
which is a function of the stress tensor components and a
set of material parameters. In this case, the definition of
the effective stress can be expressed in terms of the
principal stresses:

o =0(0y,0,) 3)
This relation can also be expressed as follows:
g =0,9(a) 4

where ¢@(a) is a function of material parameters.

Similarly, the ratio of the minor true strain
increment, de,, to the major true strain increment, dey, is
defined by the parameter
p=de,/de; ®)

The effective strain is defined by the time integral
of the effective strain increment:

E:J.dgzj/l(p)dgl (6)

where A(p) is a function of the material parameters.
The relation between the effective stress and
effective strain can be written formally as

G =0¢ @)
Then, the relation between o and p can be expressed as

o=a(p) @®)

The transformation from the strain states to the
stress states can be defined using the above equations. If
the prestrain results in a strain state (gy;, &), the
secondary stage results in a final strain state (eif, &if),
then the principal stresses at the end of the secondary
stage are given by

_ Ole(&,82;) +E(&p — 11581 — €9;)]

o (9)
pla(ey — &) /(e — &y)]
o, :a[M]O'I (10)
Sif — €y

The above two relations allow us to map each point
on the strain-based forming limit curves into stress space
for each of the prestrained conditions, as well as for the
as-received material (g),=¢,=0). Fig.4 shows the FLSD of
3A21 transformed form FLD shown in Fig.3 using the
above transformation formulas.
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Fig.4 Forming limit stress diagram(FLSD) of 3A21 aluminum
3 Application of FLSD to hydroforming

3.1 Hydroforming of automotive members

Tube hydroforming process has drawn increasing
attention in the automotive industry because of its
enormous advantages over traditional processes. Since
automotive parts have various different design shapes
according to automobile makers, the process is mainly
used to produce tube-like products with varying
cross-sectional shapes along the length direction[11].
During the hydroforming process, since axial feeding
provides limited material flow due to friction and the die
geometry constraint, only pure expansion occurs at the
middle section. At this time, crushing processes
combined with performing and hydroforming become
important approaches for hydroforming a circular tube
into various cross-sections. Fig.5 shows a sample of
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hydroformed automotive framework. For convenience, a
unit length of a component with square cross-section is
extracted for research in the following context. As the
tube with circular cross-section expands, it comes into
contact with the die, the portion that is in contact with
the die is acted upon by internal fluid pressure and
frictional force (due to tube-die friction). This portion of
the tube is under a three-dimensional state of stress. The
other portion of the tube, which is not in contact with the
die, is approximately under a plane stress loading
condition and the plastic strain is higher in this portion.
However, if a sufficient length of the three-dimensional
portion is in contact with the tube, the frictional force is
large enough to retard material flow from three-
dimensional portion into plane stress portion.
Consequently, instability develops at the interface of the
three-dimensional and the plane stress portions and a
neck forms. The critical conditions for the formation of
the neck are therefore the frictional force and the through
thickness component of compressive stress.

Fig.5 Hydroformed automobile framework

3.2 Application of FLSD in FEM simulations
3.2.1 Finite element modeling

A dynamic explicit FEA software “LS-DYNA” is
adopted to analyze the plastic flow pattern of a circular
tube expanded into a square cross-section die. Both ends
of the tube were constrained in order to inhibit the axial
displacement. The dimensions of the tube were 50 mm in
outer diameter, 100 mm in length and 2 mm in wall
thickness. Due to symmetry, only a quarter of the tube
was modeled. Four-node Belytschko-Tsay shell elements
were employed for the tube in the simulation due to its
computational efficiency and accuracy, and the die is
modeled as a rigid surface. The interface between the
tube and the die was modeled with an advanced
automatic surface-to-surface contact algorithm with an
elastic coulomb friction law, with a coefficient of friction
of 0.05. Fig.6 shows the loading path of the internal
pressure adopted in simulation, where the limit pressure
is 80 MPa, and the total computational time is 0.01 s.
The material is assumed to obey Hill’s normally

anisotropic plasticity theory. The mechanical properties
of the tube adopted are summarized in Table 1 and Fig.1.
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Fig.6 Loading path of hydroforming

3.2.2 Results and discussion

Fig.7 shows the numerical simulation results of the
evolution of the cross-section thickness distribution for
different forming stages. From the figure, it can be seen
that at the early stage of the expansion (1.3 ms) process,
the thickness distribution of the tube is uniform; at the
later stage (4.6 ms), a gradually increased pressure is
placed on the tube, the thickness becomes more
non-uniformly distributed. From the FE-simulations, it is
noteworthy that the minimum thickness occurs at the
very intersection of the expansion part (plane stress
portion) and the contact part (three-dimensional portion)
at each stage of the process.

Fig.8 shows the thickness strain distribution of the
cross-section of the tube at 6.3 ms. It is obvious that the
minimum thickness strain also occurs in the transition
region. This location is where the tube will eventually
fail.

This section presents results of the computations,
where the FLSD has been used to predict the onset of the
neck. Fig.9 shows the stress paths of three typical
elements selected in the cross-section of the tube. Also in
Fig.9, the determined stress-based forming limit curves
are shown.

Point A4 is located at the straight side of the tube; the
stress path is plotted with respect to the FLSD, as shown
in Fig.9(a). At the early stage of the expansion, the
portion where A point is located is acted upon only by
internal fluid pressure, the stress path is almost linear. At
3.75 ms when this portion comes into contact with the
die, the through-thickness
component of compressive stress and there is a decrease

elements  experience

in the mean stress that is predominantly tensile until this
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Fig.8 Thickness strain distribution at 6.3 ms

time. Therefore, the mean stress decreases and the load
path acquires a negative slope. It can be seen that the
stress path at location 4 does not cross the FLSD.
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Fig.7 Distributions of thickness for different forming stages: (a) 1.3 ms; (b) 2.5 ms; (¢) 3.8 ms; (d) 4.6 ms

Fig.9(b) shows the stress path of Point B which is
located at the transition region at the late stage of the
expansion. The stress path of point B crosses the FLSD
at 5.9 ms in the figure. This is because the tube here is
subjected to compressive stress at the final stage of the
process, as well as tensile stress in the circle during the
entire process. The pressure at 5.9 ms is 46.4 MPa and
corresponds to the necking pressure.

Point C is located at the corner region during the
entire expansion process. The deformation of this region
can be assumed as a plane strain model, and the stress
path of point C is shown in Fig.9(c). The stress path
crosses the FLSD at 6.3 ms and corresponding necking
pressure is 50.4 MPa.

The comparison of three stress paths in Fig.9 shows
that the stress path of point B crosses the FLSD first.
That is the necking and failure in this case occurs
primarily at the transition region between corner and
straight side.
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Fig.9 Stress paths for typical positions in cross-section of tube:
(a) Stress path of point 4; (b) Stress path of point B; (c) Stress
path of point C

4 Experiments on tube hydroforming

Fig.10 shows the sample formed into a square cross-

Fig.10 Sample of hydroformed square cross-section tube

section with a 3A21 aluminum alloy extruded tube.

The dimensions of the tube used in the experiment
are the same as the FE-model’s. The fluid pressure was
increased till the tubes burst and no end feeding was
applied in these experiments. The bursting occurred in
the very intersection of the free expansion region and the
contact region, rather than in the corner region. The
pressure at the onset of bursting was found to be 42.6
MPa. It agrees with the predicted value of 46.4 MPa.

References

[1]  HARTL C. Research and advances in fundamentals and industrial
applications of hydroforming [J]. J Mater Process Technol, 2005,
167(2): 383-392.

[2] DOHMANN F, HARTL C. Hydroforming-applications of coherent
FE-Simulations to the development of product and processes [J]. J
Mater Process Technol, 2004, 150(3): 18—24.

[3] KOC M, ALTAN T. An overall review of the tube hydroforming
technology [J]. J Mater Process Technol, 2001, 108(2): 384—393.

[4] HAMA T, ASAKAWA M, MAKINOUCHI A. Investigation of
factors which cause breakage during the hydroforming of an
automotive part [J]. J Mater Process Technol, 2004, 150(3): 10—17.

[5] KLEEMOLA H J, PELKKIKANGAS M T. Effect of predeformation
and strain path on the forming limits of steel, copper and brass [J].
Sheet Metal Ind, 1977, 63(6): 591-599.

[6] GRAF A, HOSFORD W. The influence of strain-path changes on
forming limit diagrams of A16111-T4 [J]. International J Mater
Process Technol, 1994, 36(10): 897-910.

[7]  ARROUX R, BEDRIN C, BOIVIN M. Determination of an intrinsic
forming limit stress diagram for isotropic metal sheets [C]/
Proceeding of the 12th Biennial Congress IDDRG, 1982: 61-71.

[8] STOUGHTON T B. A general forming limit criterion for sheet metal
forming [J]. International Journal of Mechanical Sciences, 2000,
42(1): 1-27.

[9] KEELER S. Circular grid system-a valuable aid for evaluating sheet
metal formability [P]. USA, SAE 680092, 1965.

[10] GOODWIN G M. Application of strain analysis to sheet metal
forming in the press shop [P]. USA, SAE 680093, 1968.

[11] HWANGA Y M, ALTAN T. Finite element analysis of tube
hydroforming processes in a rectangular die [J]. Finite Elements in
Analysis and Design, 2002, 39: 1071-1082.

(Edited by PENG Chao-qun)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


