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Abstract

The present work aims at determining the optimal working condition for the manufacturing
of an aluminium (AA6061-T6) component by sheet Hydroforming. The numerical model of
the process was developed using the commercial explicit code LS-DYNA; great attention was
paid to the material modelling, implementing experimental data in terms of flow curves,
anisotropy and forming limit curves; in addition two different yield criteria were adopted: an
anisotropic criterion (Barlat '89) and the standard isotropic one (Von Mises).

In order to evaluate the optimal working conditions, a multi-objective optimization procedure
was adopted. Process parameters (temperature, blank holder force, oil pressure) were
changed in the simulations according to a Central Composite Design and the effects were
evaluated monitoring output variables able to take in to account both the die filling and the
occurrence of sheet bursting. Results from the optimization were compared and
experimentally validated: it is relevant that, irrespective to the tuning of the models with any
yield formulation, experimental hydroforming tests confirmed the effectiveness only of the
anisotropic Barlat, thus highlighting that the yield criterion strongly affects the results of the
optimization procedure.

Keywords: sheet Hydroforming, Al 6xxx series, multi-objective optimization, FE analysis, yield

criterion.



1. Introduction

In these last years, mass reduction and limited pollutant emissions are considered the main
tasks to be reached by car manufacturers. The adoption of light alloys for lightweighting
vehicles is one of the most promising solutions to this problem: Schultz et al. demonstrated
that replacing steel by Aluminium (Al) leads to mass reduction ranging from 40 to 60% with a
subsequent improvement in fuel efficiency [1] (reducing the mass of the car of 100 kg can
save about 9 grams of CO; per Km). In order to reduce the weight, car manufacturers largely
adopted Al alloy for producing automotive components (bonnets, doors, front structure,
wings, crash elements and bumpers) since such an alloy allows a suitable combination of
improved surface quality and mechanical properties (30% of weight reduction with no
appreciable changing in car performance) [2]. In particular, Al 6xxx series alloy are preferred
when high strength and surface quality are needed, whereas Al 5xxx series are adopted when
energy absorption and/or higher drawability are necessary [3].

Starting from this scenario, it is quite clear that Al alloy can be considered the most attractive
alternative to conventional carbon steel grades, especially for their excellent corrosion
resistance. As well known in literature, the main limiting drawback of Al alloys is the poor
formability at room temperature, mainly due to the high percentage of alloying elements
needed to ensure high mechanical properties [4]: if compared to a traditional deep drawing
steel, Al alloys exhibit (in the same working conditions) a formability reduction of almost two
thirds. In addition, low formability leads to the necessity of increasing the number of forming
step that, in turns, means to limit the massive adoption of such alloys. The abovementioned
limitations can be overcome adopting, for example, warm working conditions, able to
determine an improvement of the ductility due to the increased strain rate hardening [5]
accompanied by both the reduction of the flow stress and the increase of the material

toughness [6]; the high strain rate hardening is determinant at elevated temperature (about



300°C) for improving the Forming Limit Curve (FLC) of the material, while at lower
temperature (below 200°C) the formability is also strongly affected by the strain-hardening
[7]- Another solution for producing lightweight automotive components using Al is to adopt
innovative stamping processes, like for example the Sheet HydroForming (SHF): in such a
process the punch is replaced by a fluid (oil) under pressure [8-11] and higher level of
geometrical complexity and/or strain levels accompanied by a more uniform strain
distribution can be obtained. The combination of both the warm conditions and the SHF
surely represent a logical consequence of the advantages coming from the above mentioned
solutions. One of the drawbacks of the Warm HydroForming (WHF) process is the presence of
a more complex working window, since it is affected by a larger number variables than the
process at room temperature: Temperature, Blank Holder Force and oil Pressure.

Finite element (FE) simulations offer the possibility to previously investigate the process and
the effect of the above mentioned parameters, thus avoiding the trial and error procedure in
the process development step; actually, such a technique is successfully applied to: (i) reduce
the product design time, (ii) compare design options, (iii) understand the way the process
parameters affects the manufacturing process [12]. Main drawback related to the FE approach
is the need of tuning the model, in terms of both material and tribology. As concerns the
material modelling, it is necessary an accurate mechanical and technological characterization
of the Al alloy and, at the same time, the evaluation of the most appropriate Yield Criterion
(YC); in addition, in order to properly define the tribological conditions affecting the
interaction with tools, usually modelled adopting simple models (Coulomb), it is necessary to
correctly tune the Coefficient of Friction (CoF) according to the working conditions. Various
solutions are reported in literature for the CoF evaluation: pin-on-disk test represents a well-
assessed solution to evaluate the values to be implemented within numerical models [13]; in

other cases, the choice of the friction test depends on the investigated forming process. In the



case of tube hydroforming, for example, tube upsetting friction test is usually adopted, based
on the consideration that friction influences tube thickness during the process [14-15]. A well-
known alternative approach is the adoption of the inverse analysis, based on the minimization
of the difference between numerical and experimental data (an output parameter affected by
the friction); for example, Korkolis and Kyriakides compared the experimental evolution of
the axial strain of a formed tube with the correspondent numerical trend in order to evaluate
the CoF value able to best fit experimental data [16].

As concerns the material modelling, the characterization in terms of flow stress curves
(according to temperatures and strain rates) and the FLC usually gives a detailed description
of the material plastic behaviour; but the way (i.e. the load conditions under which) the
material enters in the plastic field has to be properly chosen. The anisotropy of the material
can strongly affect the material plasticity, thus making the classical and more largely adopted
isotropic Von Mises formulation not suitable when modelling sheet forming processes. Hill, in
1948 [17], proposed a first simple anisotropic yield model in the form of a quadratic function;
since then, several formulations have been developed to account for material anisotropy to
obtain a better description of the plastic behaviour and, at the same time, answer to the more
demanding need of the application field [18-19]. Alternatively, some author proposed new
yield criteria, usually extensions of previous issued formulations, that reveal to be more
suitable for the investigated specific case of study [20].

On the other hand, great efforts were spent to enhance the process potentiality through
several optimization procedures: generally, the most used approach is based on algorithms
(in most of cases a gradient based type) to be stopped when convergence is reached [21-22];
their limitation of leading to local optima can be overcome by the adoption of more
sophisticated solutions: genetic algorithms as well as simulated annealing algorithms

revealed to be more effective [23-25]. One of the most promising procedures involves the



adoption of the Response Surface Methodology (RSM) as a powerful mean to reduce the
number of numerical simulations: many examples can be found in literature, like for example
the optimization of the stamping process of an automotive component or the control of the
springback effects [26-28].

The present work aims to determine the optimal working conditions for the manufacturing of
an Al component (AA6061 T6) taking into account the YC; in particular, in this work it is
investigated how the YC affects the optimization results. A preliminary experimental
campaign was carried out to characterize the investigated alloy in terms of mechanical and
technological properties (flow stress curves and FLCs), taking into account the temperature,
the strain rate and the orientation with respect to the rolling direction. Results coming from
this first phase were implemented in a FE model created using the commercial code LS-Dyna.
The plastic behaviour of the investigated alloy was modelled using both an isotropic yield
function (Von Mises) and an anisotropic one (Barlat ‘89). The most influencing process
parameters (forming pressure, blankholder force and working temperature) were varied
according to a Central Composite Design plan; in addition, results from numerical simulations
were collected in terms of response variables in order to create Response Surfaces (RS) to be
used for the optimization procedure. In particular, the optimization procedure was performed
using at first the von Mises YC, then the anisotropic Barlat ’89 YC. Results were compared and
experimentally validated in order to understand how the optimal working window is affected

by the yielding condition adopted for modelling the material plasticity.

2. Material and Methods

2.1 Mechanical characterization of investigated alloy

A single batch of AA6061, 0.5 mm thick, was purchased in the T6 condition. The chemical

composition is presented in Table 1.



Table 1. Chemical composition

Si % Fe % Cu % Mn % Mg % Cr % Zn % Ti %
0.67 0.42 0.23 0.10 0.92 0.18 0.04 0.07

As concerns the mechanical characterization, dog bone specimens (gauge length: 100 mm;
width: 15 mm) were adopted. Three temperature levels (20°C, 110°C and 220°C) were
investigated as well as three different orientations with respect to the rolling direction (0°,
45° and 90°). Tensile tests were performed on a 20 tons electromechanical INSTRON tensile
test machine, equipped with the specifically designed furnace shown in Figure 1a, able to heat

the specimen thanks to 9 radiant heaters positioned around the specimen.
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Figure 1: Tensile test equipment: a) heating device; b) example of a strain field acquired by the DIC system

The furnace allowed to monitor the whole test with a non-contact optical 3D measuring
system, able to obtain the full-field strain values by means of the Digital Image Correlation
(DIC) technique (an example is reported in Figure 1b): specimens were painted in order to
create a stochastic pattern on the surface to be used by the DIC system for correlating images

and calculate the strain field.



2.2Warm HydroForming facility & Case study

WHEF tests were carried out using the facility shown in Figure 2a: it is a 2500 kN electro-
hydraulic press machine (4 electric motors supported by additional 2 hydraulic cylinders for

increasing the closing force) specifically designed and produced as a prototype.

Upper Machine Table

Insulation

Band Heater j
Sealing
[~

BlankHolder

Table

Lower Heat
Table

"

Lower Machine Table

Oil Inlet

a) b) <)

Figure 2. WHF equipment: a) 3D overview of the Press machine; b) schematic view of the heated tools; c) die insert

The press machine is suitable for both Warm Hydroforming and SuperPlastic Forming tests,
being equipped with heated tools for warm (up to 350°C) and hot conditions (up to 1000°C):
the press functional scheme is reported in Figure 2b. In the present work the warm working
tools were used for the WHF tests. In particular, the lower and the upper tool contain a
metallic Blank Holder and a metallic insert (the die) respectively, whose geometry is reported
in Figure 2c: it is a stepped die characterised by two depths cavities, respectively equal to
12mm and 20mm. Each tool (both the lower and the upper one) contains a Nichel Alloy 600
element embedding 6 electric cartridges (9kW in the bottom tool and 15kW in the upper
tool), managed by the programmable logic control (PLC) of the press machine using
temperature data from thermocouples placed near the electric cartridges and also in
proximity of both the die surface (upper tool) and the Blank Holder (lower tool). The heating

phase is considered completed by the PLC when the temperature difference between the die



cavity and the blank holder is smaller than the specified (5°C in the experiments of this work),
thus assuring a uniform temperature distribution. In the present work, investigated
temperatures and time exposure were respectively limited to 220°C and 60 s, so that the
working condition did not alter the supply condition of the material.

The blank to be formed was introduced into the tools (between the upper die and the Blank
Holder) once the system reached the target temperature; no lubricant was used in the
experiments. The forming fluid (oil) was introduced through the lower die at the same
temperature of the tools; oil pressure was controlled through a proportional electronic valve
(maximum pressure: 350 bar) also managed by the PLC in order to reproduce any pressure
profile defined by the user.

The DIC system was used to obtain information (strain distribution and thickness reduction)
for calibration and validation purposes: the blanks were painted, acquired by the DIC system
before being introduced in the die and finally acquired again after deformed in order to

compare the stochastic pattern on their surfaces.

2.3 Numerical modelling

The numerical model is shown in Figure 3: it was created adopting the commercial FE Explicit
code LS-DYNA, assuming the Blank Holder and the die as rigid parts while the blank as
deformable (Belytschko-Tsay shell elements, with five through-thickness integration points
[29] were used). As shown in Figure 3, the blank (thickness: 0.5 mm) was divided into two
regions: the internal one (AoiL), subjected to the oil pressure, and the external one (Agur), on
which the Blank Holder Force was applied.

As concerns the material plastic behaviour, two different yield criteria were taken into
account: the isotropic one (Von Mises formulation) and an anisotropic one (Barlat ‘89

criterion). The Von Mises YC is considered a general purpose criterion, easy to be



implemented [30]; flow stress curve along the rolling direction was implemented according to
Hollomon’s model (Equation 1).

o=Ke" (D

Blankholder

Figure 3: Parts and partitions composing the numerical model

The values of the strength coefficient (K) and the strain hardening exponent (n) are listed in

Table 2 for each of the investigated temperature levels.

Table 2 Hollomon’s model parameters according to temperature.

TEMPERATURE K [MPa] n [-]
RT 435.2 0.081

110°C 348.5 0.042
220°C 243.7 0.02

In order to take into account the anisotropy of the investigated alloy, Barlat ‘89 YC is
considered suitable [31]. The yield function, in plane stress condition, is defined by Equation
2.

(D=a|K1+ K2|m+a|K1_ K2|m+C|2K2|m=20-;n (2)



where oy is the yield stress, K7 and K are the stress tensor invariants, a and c are functions of
the Lankford’s parameters and the value of the exponent m depends on the crystallographic
structure (equal to 8 for FCC alloy). Flow stress curves (along the three considered
orientations) were directly implemented in the model as well as the Lankford’s parameter as
function of the major strain.

Computational costs were reduced both modelling only half of the blank and adopting the
mass scaling technique: the absence of non-physical inertial effects was checked through the
energy balance of the entire model. [32]. In order to evaluate the ruptures occurrence and the
critical areas subjected to severe strain, the experimental FLCs evaluated by some of the

authors in a previous work [33] were used for the post processing of results.

2.4 Response Surface Methodology and Multi - Objective Optimization

In order to evaluate the effect of the most influencing process parameters, i.e. the oil pressure,
the initial and final value of the load applied by the blankholder (respectively, BHFo e BHFfin)
and the working temperature, a numerical campaign of FE simulations was scheduled
according to a Central Composite Design plan. In particular, the maximum value of the oil
pressure (pmax) Was set as a percentage of the material yield stress, while the initial (BHFo)
and final (BHFsn) value of the blankholder force were obtained normalizing both the initial
and the final value of the blank holder pressure (i.e. the ratio between the blankholder force
and the region over it acts) respectively with the yield stress and the maximum pressure;
temperature was set to the same three levels used for the alloy characterization.

The adopted CCD scheme, as listed in Table 3, was characterised by investigation points at
each vertex of the hyper-cube (four factors were considered), at the centre of the hyper-cube
and by additional axial points (called “star points”) located at a distance a (equal to 1.0 in the

present work) from the design centre.

10



Table 3 Adopted levels of the factors investigated by the CCD plan.

Point Pmax/ Gy BHpo/oy BHpfin/ Pmax T
cube (upper value) 0.1 0.06 1.2 220
cube (lower value) 0.02 0.02 0.6 RT
axial (upper value) 0.1 0.06 1.2 220
axial (lower value) 0.02 0.02 0.6 RT
axial (centre) 0.06 0.04 0.9 110

Results from FE simulations were analysed in terms of response variables able to fully
describe the process: the ratio bursting pressure over test pressure (pPourst/Pmax) and the
Flatness, which is defined as the ratio between the flat part of the component measured along

the longitudinal direction (L¢ in Figure 4) and the deepest part of the die (Lq in Figure 4).
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Figure 4: Definition of the output parameter Flatness

Simulation results, collected in terms of the above mentioned output variables, were used for
creating Response Surfaces (RSs) using the commercial software modeFRONTIER. In
particular, as described in the schematic workflow shown in Figure 5, for each output
parameter an interpolant Radial Basis Functions (RBF) was adopted for fitting data from

simulations and thus obtaining RSs able to describe the effect of the 4 input variables (1.V.) on



the Output Variables (0.V.). Such RS were thus used in the optimization procedure, aimed at
maximizing both the Objective Functions (O.F. in Figure 5); in particular, a multi objective
genetic algorithm was used (MOGA-II), setting a number of successive generations equal to

100 [36].
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Figure 5 Overview of the resulting workflow

In order to define the RS, the whole data set was divided into two groups: the Validation Set
(about 10% of the starting data set) and the Training Set (containing the remaining 90%)
[34,35]. The latter was used to initially train the RS, while the Validation Set permitted to
evaluate the RS performance in terms of absolute residuals. The choice for the most accurate
RBF algorithm was based on: (i) the RS fitting capability in terms of minimizing the value of
the Mean Leave One Out Error (MLOOE), usually optimal if less than 0.2; (ii) the small values

of the absolute residuals evaluated on the Validation Set.



3. Material characterization

3.1 Mechanical characterization for the material modelling

An extensive mechanical characterization in terms of tensile tests was carried out to
investigate the mechanical behaviour of the Al alloy. Flow curves in Figure 6 report the results
at the explored levels of temperature when setting the strain rate to 0.0013 s-1, which is

representative of the strain rate condition in the sheet HF tests.
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Figure 6: Flow stress curves according to temperature

The difference in the strength properties when considering the rolling, the transverse and the
intermediate directions was taken into account evaluating the anisotropic behaviour of the
material in terms of Lankford’s parameters (Ro, R4s Rog): strains along both the longitudinal
and transversal directions (respectively major and minor strain) were monitored in three

different points up to the onset of necking (dashed line in Figure 7a).



The R-values could be thus calculated as the ratio between the minor strain and the thickness

strain. The evolution of the normal anisotropy as a function of the major strain is reported in

Figure 7b.
0.25 L
--Major#1 H‘ ‘/‘ 0.6
0.2 -8 Major#2 f o
& Major#3 e 0.5
— 0.15 O anor#] o "
i - Minor#2 / g 04
.é 01 Minor#3 = :
= -
a z‘ 0.3
© 0.05
£ Stage 0.2
B0 gty Do
Qonqy. o Y },..‘} - 0.1
0.05 . 300 o0
0
01 - 0 0.03 0.06 0.09 012 0.15
0 15 30 45 60 75 90 Maior Strain [-]
a) b)

Figure 7: (a) Principal stain evolution during tensile tests; (b) normal anisotropy according to major strain

3.2 Warm Hydroforming tests for the CoF evaluation

In the WHF process, interactions between parts in contact result to be an important aspect:
the sheet, for example, is in contact with both the die and the Blank Holder; the CoF thus plays
arelevant role in the distribution of strains during the whole process.

In order to obtain an accurate evaluation of the CoF value, an inverse analysis was performed
comparing the experimental thickness distribution acquired by means of the DIC system
along the longitudinal path with the correspondent numerical one: the CoF value was
evaluated as the one able to determine the best fitting of the two thickness distributions. In
addition, the above mentioned procedure was carried out at each of the investigated levels of
temperature in order to take into account any variation of the rheological properties of the oil
when changing the working temperature.

Numerical thickness strains along the longitudinal path have been plotted in Figure 8(a and b)

together with the correspondent experimental ones (experimental plots are not continuous



because of the lack of data in the central region due to the loss of the painting caused by the
contact with the die).

Results from the inverse analysis are obviously characterised by a good overlapping between
numerical and experimental data, being the difference of thickness strains almost negligible

both in the case of the isotropic (Figure 8a) and the anisotropic YC (Figure 8b).
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Figure 8: Thickness reduction comparisons (T=220°C, BHF=76-131kN, p=10-84 bar): a) isotropic modelling, b)
anisotropic modelling

Results of the inverse analysis, according to temperature and YC, are resumed in Table 4.

Table 4 Values of the Coefficient of friction according to temperature and yield criteria.

TEMPERATURE CoF (Von Mises) CoF (Barlat’89)
20°C 0.095 0.055
110°C 0.068 0.055
220°C 0.08 0.055

4. Results and discussion
4.2 Numerical evaluation of the working range according to yield condition

According to the CCD scheme, a total number of 25 simulations were run for each of the two

mndele imnlemeanting the differant vield rcriteria Fionre O cantaine the cantanr nlnte nf the



RSs created using results (in terms of Flatness and pourst/pmax) from the model implementing
the Barlat YC (Figure 9a and Figure 9b) and from the model implementing the isotropic YC

(Figure 9c and Figure 9d).
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Figure 9: Contour plots of the RSs created using data from FE simulations: a) pburst/pmax (anisotropic YC), b) Flatness
(anisotropic YC), c) pburst/pmax (isotropic YC), d) Flatness (isotropic YC).

Comparing the contour plots in Figure 9 it may be noted that the choice of the YC has an
appreciable influence on the final results: lower values of the temperature seems to be
preferable in order to produce a more formed component (larger Flatness values) if the
anisotropy is accounted for.

On the contrary, from FE simulations implementing an isotropic behaviour result a shifting of
the region of large Flatness values toward higher temperatures. Such a result is more clearly
presented in Figure 10, where the extension of the flat region of the deepest part has been

plotted for the simulations carried out using the anisotropic YC and the Von Mises one.
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Figure 10: Extension of the flat region of the deepest part according to temperature using both YC

In order to evaluate the working conditions able to maximise both the response variables, two

different optimization procedures were carried out, using both the FE models and thus

investigating the effect of the YC on the optimization results.

In Figure 11 results from the optimization procedure are summarised in terms of values

assumed by the two response parameter when changing the factors.
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Figure 11: Results from the optimization procedure: a) optimal designs (anisotropic YC); b) Pareto Front

(anisotropic YC).



Results in Figure 11 show that, if anisotropy is neglected, optimal working conditions can be
found when temperature is set at an average value (ranging from 80 to 110°C), while room

temperature is the optimal temperature value if the anisotropic YC is used.

4.3 Hydroforming tests for the validation of virtual designs

In order to validate numerical results and, thus, to understand which yield criterion is most
able to catch the real material behaviour and thus to furnish the most accurate / robust
results, a set of experimental WHF tests was designed starting from the CCD plan adopted for
the numerical analysis.

The incremental space filler (ISF) algorithm was adopted to insert new combinations of the
factors (I.V.) able to fill the original design space uniformly. As shown in Figure 12, such an
algorithm is useful to generate an uniform distribution of designs in the input space: it
considers the existing points in the database and adds sequentially new points where the

minimum distance from the existing points is maximized [34].
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Figure 12 ISF: New points (red squares) are added to existing point in database (blue circles) in order to fill the
space in a uniform way.



Experimental hydroforming tests were also analysed in terms of Flatness and pourst/pmax, the
same response variables used for data from numerical simulations. In Figure 13 tests
conducted at different temperatures when setting the same value of the maximum pressure
(pmax/0y0 = 0.05) have been presented in terms of extension of the deepest region (20mm

depth), that is the region in contact with the deepest part of the die.

20
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Figure 13 Experimental acquisitions of deformed sheet at three different levels of temperature using the DIC system

It can be noted that, comparing the regions highlighted in red, low temperature is beneficial
for the formability of the component. If the working temperature increased, not only the
extension of the flat region decreased, but rupture also occurred.

The above mentioned data (this time from experiments) were used to create the RSs of both
the adopted response variables and thus to carry out the optimization procedure. Results
have been presented in Figure 14a, which shows the Pareto containing the optimal virtual
designs. It may be noted that experiments indicated as optimal the working conditions
characterised by low temperature values, confirming the accuracy of the optimization results
obtained by the FE model implementing the anisotropic YC.

Finally in Figure 14b all Pareto fronts (both the numerical ones and the experimental one)

have been compared.
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Figure 14 a) Pareto Front, b) comparison of the obtained Pareto Fronts
It may be noted that the Pareto front obtained starting from experimental results (only the
portion of the Pareto front characterized by the best Flatness values was considered) agrees

well with the one obtained using the FE model implementing the Barlat89 YC.

Conclusions

Sheet Hydroforming confirmed to be a stamping process suitable for forming light alloys and
highly able to easily create components characterised by complex shapes.

The proposed numerical models, even if simple, revealed to be able to accurately reproduce
the strain field distribution and using any Yield Conditions if properly tuned (i.e. calibrating
the friction coefficient according to the level of temperature by an inverse analysis approach).

But great attention has to be paid to the material modelling: according to the Yield Condition
(in this work the isotropic formulation by Von Mises and the anisotropic model by Barlat ‘89
were considered) the numerical model gives back different results when changing the process
parameters (Blank Holder Force, oil pressure, Temperature).

The multi-objective optimization carried out in the present research highlighted that the
shape of the Pareto front (the locus of the virtual optimal designs) strongly changes according

to the Yield Criterion used for modelling the material plasticity: a sound and, at the same time,



well-formed component can be obtained at room temperature when the anisotropic
behaviour is taken into account, while the adoption of an isotropic formulation shifts the
operative window towards warm temperatures.

Experimental tests conducted to validate the results of the numerical optimization confirmed
the robustness of the FE model implementing the anisotropic Yielding and demonstrated that
the tuning procedure simply based on the best fitting of numerical and experimental data by
changing the friction coefficient is poor and not able to catch the real material stamping

behaviour.
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Table 01

Si% Fe % Cu% Mn % Mg % Cr % Zn % Ti %
0.67 0.42 0.23 0.10 0.92 0.18 0.04 0.07




Table 02

TEMPERATURE K [MPa] n [-]
RT 435.2 0.081
110°C 348.5 0.042

220°C 243.7 0.02




Table 03

Point Pmax/ Oy BHpo/oy BHpfin/ Pmax T
cube (upper value) 0.1 0.06 1.2 220
cube (lower value) 0.02 0.02 0.6 RT
axial (upper value) 0.1 0.06 1.2 220
axial (lower value) 0.02 0.02 0.6 RT
axial (center) 0.06 0.04 0.9 110




Table 04

TEMPERATURE CoF (Von Mises) CoF (Barlat’'89)
RT 0.095 0.055
110°C 0.068 0.055
220°C 0.08 0.055




HND.IT)
durjoo)n

SJI91e9H

Joje[nsuj
OIWIR.Id)

[19D peo]

el ainbi4



gl ainbi4



ez ainbi4



-ﬂﬂn .—wn_n_a_

_ i8uLllo

u_.ﬁ_.bcﬁn.u& _ﬂ_n: | sopiomiueig

B | Sujees

| amusy pueg

R

u_ﬁu._. bn.uﬂuum aaddp

IqEL AP ._u._._:

qz ainbi4



Vv

| Pz

oz ainbi4



Japlopjue[g

€ ainbBi4



P
ﬂ = Sssauje[y]

——

7~

Z

¥ 2inbB14



ons
| =] |
Oma

Jod

3 )

\Om,_.A xeunq

iO_HN ameraduway,

I-VO0W fin
r 3 1 Y
N3
< o< H
ssawmel | xep ssamerd IO%A
S [
‘0 < o< WSY
uE-DQIUﬁNE x&:._m\umhﬁnn _—
- -m-o L r- ->-O l\

b N

nxq

—ollfk °4Hd

—ol: ™ang

 S— Al —

G ainBi4



[-] urens anuy,
80°0 90°0 700 ¢0°0 0

)

Jo0CC~F
Do0TT-F
Ld-O

T
O
LN

T
-
-
Ao

[edn] ssaais onuj,

0S¢

B e B2= 5

-lllllllllll"uuo‘o|oom
oooooo

.O... |Omm

- 007

9 ainBi4



CH#IOUIN -7+
Z#IOUI -[]--
T#IOUI] -O--
cHlole] —w
Z#1olep —m—
T#Io(e] -o-

1°0-

S0°0-

)

LN
-

0

[-] ureng anuay,

LN
-
)

N
o

YAl

e/ 2inbi4



[-] ureng.tolepy
510 1o 600 a0'0 £0°0

o060
oSPF
(=~

qZ ainbi4



[ww] uonisod

ov1 0Z1 00T 08 09 oY 02 0
0
A
14
[edLIdWINN o 9
[eyuawiriadxy-o

[%] 00!1;npau SSIUIIY L

o™
i

<
i

O
—

eg ainbi4



[wiw] uonisod
0v1 021 00T 08 09 0¥ 02 0

Uiy

[edLIdWINN -0+
[eruswIdxy o

RTATS

[%] uononpay ssawydIyYL,

qg ainbi4



[D.] aameraduway,
022 081 oVl 00T 09 02

0Z1

[1eq] **"“'d

082

e 21nb14



[D.] 2ameaaduway,

022 081 OF1 001 09 02
. B m

isesabarsseseie O m

021

091

[1eq] *""d

0072

0Fc

08¢

g6 @inbi4



[D.] aameraduiag,
0272 081 0¥1 00T 09 0z

26 21nB14



[D.] aameraduiag,
022 081 0¥ 1 001 09 0z

P6 8inbi4



[ww] yuswaderdsi( 7
OZEEI [ T 7T T T .0

SISI]\ UOA

68.1el1eg

OTTIL YA

0l @inbi4



[%%] ssaumely

(%] ™d/*d

=
©

1001

el ainbi4



08

09

[%] ssaumeyy

o

0z

' o

0z
(114
=
=2
=
A
09
=
8
&
08 —
o
=
—
00T
0ZT

qiL ainbiy



— .
cH#9IIqeLIEA

01

Z1 ainBi4



~ po=ssamely —, — %LIT=ssome] — — %S9SS =Ssseme] —

[wuwa] yuswadejdsiq zZ

— 0Z¢ClL . Ol1lL T WoOY L —

€1 ainbiy



[9%] ssoue[y
00T 08 09 0t

0¢ OTT 02¢
[ [ I
[D.] ameaadwag,

0¢

AL

o © o O © o o o o o
o 0 I~ O N <+ M N
[96] xewd /3sanqd

00t

eyl 2inbi4



[%] ssauwrerq
09

0ot 08 (0% 02 0

ot
0Z
0€

dxgv DASISINUOAC  DAIBLIRg O

o 0¥
0s
09
0L
08
06
00T

[9%%] xewd /3sanqd

ayL ainbiy



