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Abstract

The demand for lightweight tubular products, desayrspecifically for transportation and recreational
applications, is currently on the rise. In geneparformance increase and energy cost reductierhar
main reasons justifying the need for these spgcmibducts. Hence, to reach these goals, both iridsis
are turning to complex-shaped tubes for variousedypf applications. However, high performance
aluminium tubes, such as 7075 alloy, provide very formability characteristics at ambient temperatu
and do not have the ductility needed for hydrofoigrbased applications.

A 1,000-ton hydroforming press, located at the Ahiom Technology Centre, was equipped witha +
600°C heating die designed for such tube and sheetifigrapplications. The die has 10 separate heating
zones that can be adjusted independently. Thedpglication was employed to form a tubular bieycl
component. To achieve this, a thermo-mechanicaleinwds developed using LS-DYNA to determine the
tube temperature distribution around the heatingego To this end, conduction, convection, radmtiad
contact heat transfer conductance were the physl@homena considered in the thermal model. Poior t
developing the mechanical model, a heating chamb&s designed and fabricated. Tube samples
underwent in-chamber testing using a servo-hydraylstem at various temperatures and strain PAtiis.

the results, an elastic viscoplastic temperatupeddent material constitutive law was used to pigpe
predict tube strains and stresses.

The finite-element model can predict the necestdrgy temperature and gas pressure during the hsatibh
forming process, thus enabling to obtain optimunmability of 7075 aluminium alloy tubes.

I ntroduction

The demand for lightweight tubular products, desdyrspecifically for transportation and recreational
applications, is currently on the rise. In genepairformance increase and energy cost reductierihar
main reasons justifying the need for these spgcmibducts. Hence, to reach these goals, both irdss
are turning to complex-shaped tubes for variougdypf applications. One attractive concept is te us
hydroforming of aluminium tubes where complex neat-shape structural components can be formed in a
few steps. Aluminium is being studied because itight, has good corrosion resistance, and can be
recycled with much less energy than required talpce primary aluminium. D’Amours et al. [1] have
previously investigated the hydroforming processhwend feeding to fabricate aluminium structural
members for the automotive industry.
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High-performance aluminium alloys with excellentesigth to weight ratio, such as 7075, are ideatter
production of hydroformed complex parts. Its mairavdback for the hydroforming process is low
formability at ambient temperature. One way torowene this difficulty is to raise the process fanmi
temperature. Lee et al. [2] have studied warm dfgdmability of 7075 aluminium tubes up to 300 °C.
Results have shown that sufficient elongation prige could be achieved for hydroforming complex-
shaped parts. A 1,000-ton hydroforming press, &atat the Aluminium Technology Centre, was equipped
with a + 600°C heating die designed for such tube and sheetrigrapplications. The die has 10 different
heating zones that can be adjusted independerdlyoAthe first application, it was employed torfoa
tubular bicycle component. Figure 1 shows the hgalie.

Figure 1: Heating die for warm tube forming

Especially for warm-forming processes, numericaiudations are indispensable to limit the use ofetim
consuming experimental investigations. Procesamaters and their dependence on temperature need to
be carefully understood prior to hydroforming compparts. Shapiro [3], [4] has already demonstrate
that the finite-element software LS-DYNA ® can adatgly reproduce different hot-forming processes.
LS-DYNA [5] has several features that are usefuhtmnerically model warm-forming processes such as
conduction, convection and radiation heat transf@ntact conductance with relation to gap interfacwl
temperature-dependent material models. Winklhofeal e[6] have also used LS-DYNA to simulate the
deep drawing process at elevated temperaturesakBatlal. [7] have for their part provided an ovew of

the finite-element method of the warm-tube hydrofioig process.

To simulate the forming of a tubular bicycle coment) a thermo-mechanical model is developed using
LS-DYNA. It can firstly determine the temperaturistdbution around the heating zones along the.tlibe
this end, conduction, convection, radiation, anditact heat transfer conductance are the physical
phenomena considered in the thermal model. Pridet@loping the mechanical model, a heating chamber
was designed and fabricated. Tube samples undemvwehtimber testing using a servo-hydraulic sysaém
various temperatures and strain rates. With theltsgsan elastic viscoplastic temperature-dependent
material constitutive law is used to adequatelyjgtetube strains and stresses.
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Warm for ming process

As seen in Figure 1 and compared to conventiondtdigrming presses, this gas press is equipped with
insulation plates, heating plates with the hea@hgments, and bicycle handlebar moulds in this.case
Typical warm gas forming involves the following jste

1. Plates and handlebar moulds are heated.

2. When temperature equilibrium is reached, a tulpegitioned in the mould.
3. Die is closed.

4. Tube is heated to reach equilibrium.

5. When forming temperature is reached, plungerstiedube.

6. Gas pressure is applied.

Initially, warm forming simulations are necessaoydetermine maximum tube strain levels that will be
reached at the end of the forming process. Accgrtiinthat strain level, appropriate mould tempeestu
are selected and adjusted with the transient tHesahaer of LS-DYNA. The implicit mechanical solvex
then used to determine the pressure loading retjtoréorm the tube.

Thermal modd

The thermal model includes the tube, handlebar dsyuieating plates with the heating elements, and
insulation plates. The tube is meshed with shameints, and the tooling parts with solid tetrahedro
elements. Heating plates include 10 independertirftieaones, as shown in Figure 2. The LOAD HEAT
CONTROLLER card is also used to represent the thebmhaviour of the heating elements.

Heating
Thermocouples  glements

Enclosure
Radiation
+
Convection
T-=293K

Handlebar
moulds

Heating
plates
Insulation
plates

Zone 10

Figure 2: Thermal model

Thermal boundary conditions include a constant taoire of 293 K applied to the external faceshef t
insulation plates according to their very low thafraonductivity. Free boundary convection is applie

the free surfaces of the moulds and heating pldaigsiations 1 to 7 are used to find the convection
coefficients for each surface orientation. Air pedjes relative to temperature are fitted with reathatical

8™ European LS-DYNA Users Conference, Strasbourg - May 2011



functions (Equations 1 to 7), and functions (DEFIRBNCTION) programmed in C language are used to
calculate the convection coefficients. Air propestat the mean temperature between element avandge
ambient temperatures are used for computations.
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Plane horizontal orientation:

Free surface normal facing downward:
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Gr and Pr are respectively the Grashof and Prandtibers. A section of each horizontal surface ef th
heating plates is in contact with the correspondiromld. The characteristic length L 5/R is used and A
is then the remaining area in contact with theaaid P is the perimeter of this area.
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Enclosure radiation is used to model the radiaémohange between the moulds, heating plates, and th
environment. The surrounding environment is modelising four walls at a constant temperature ofiR93
with an emissivity of 1.0. Free surfaces of the Wsuand plates are meshed again with larger shell
elements to increase the size and reduce the nushkegments. These new segments are used toatelcul
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radiation exchanges, as shown in Figure 3. Petfertal contact is then applied between the slagits
the parts. The thermal material of the shell inooages a very high thermal conductivity coefficiand a
very low heat capacity. The grey-body theory isdute calculate the view factor for each segmemaisi
the algorithm already implemented in the software.

Figure 3: New larger segments for radiation

When a tube is positioned in the moulds, there ga@a between them. Heat transfer is governed by the
thermal conductivity of the fluid (air) into the gand the contact radiation. The thermal condugtio air

is 0.04 W/meK. Contact radiation assumes a segieeaegment view factor of 1.0. The calculations for
heonv @nd hug are explained in the LSTC manual [5]. Thermal aohtonductance is 5,000 WK when

the tube is in contact with the moulds. The sameevas used between the tooling parts. The radiadiaod
convection exchanges inside the tube are omittedc€rning the materials, H13 tool steel is usedfih
handlebar moulds and the heating plates. A themadérial model with temperature dependence is used.
Thermal properties for H13 are available from MP[BB

Thermal smulations

When the handlebar is formed, maximum strain lévédcalized at the lengthwise middle of the tule.
that location, tube diameter becomes larger teegme handlebar bending stiffness. The tube nedauts &b
the desired forming temperature specifically att thiwation. Temperature at tube ends can be lower.
Results of the tensile tests performed on aluminfil@n5 samples have shown that ductility increasés w
temperature. At 623 K, there is enough ductilitydon the tube up to the maximum strain level agbby

the mould geometry. For the first forming step, Wision of the heating begins from ambient tempemat

up to a programmed 623 K for the two controllersated in middle positions (Zones 3 and 6). Other
controllers are programmed at lower temperaturelseMsteady state is reached, heat input equals heat
losses to the environment, and the production caepbegin. Figure 4 shows temperature evolutiothef

10 separate heating zones. With those parametsrseen in Figure 4, there are fewer temperature
oscillations after two hours and steady state ashied. Figure 5 a) shows the temperature distabuiti

the die at both the end of Step 1 and beginnirgtep 2.

For the second step of the process (tube positipniwo possibilities are available with LS-DYNA:

1. Use the complete die and thermal model, as prelyialetailed. The tube is then added to the
model and a second thermal simulation is performih initial thermal conditions equal to the
ones reached at the equilibrium of the first step.

8™ European LS-DYNA Users Conference, Strasbourg - May 2011



2. To reduce model size and save computing time,pbssible to use only the mould segments that

come in contact with the tube during forming. laitthermal conditions of these segments are
equal to the ones reached at the equilibrium ofiteestep.
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Figure 4: Temperature evolution in the 10 sepatieones for the first step

a) Complete die b) Die segments

Figure 5: Temperature distribution in the heatifgat the beginning of the second step

The third step (die closure) has no importancefiothe thermal simulations. The die is alwayssidered

as closed. For Step 4, tube heating needs to hdated with the thermal or thermomechanical model t
find the right heating time needed to reach equilib before forming the handlebar. The tube hamaial
length of 866.5 mm, an outside diameter of 21.9 rang a wall thickness of 1.25 mm. For the thermal
model, material properties with temperature depeoeleare introduced for the 7075 aluminium alloy.
D’Amours et al. [9] have previously presented thpsaperties. It finally takes about 11 minutes fioe
tube to reach the steady state and tube tempeituniel-length is around 620-625 K, as desired.
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Thermomechanical moded

The mechanical model is used to predict the maxinairains generated in the tube wall and the
corresponding gas pressure required. Shapiro [8]itk@ntified material model 106 as relevant for hot
forming. This is an elastic viscoplastic materimdel with thermal effects and requires true stxessus
true plastic strain data measured at different tvatpres and strain rates. A heating chamber wers th
designed and fabricated at NRC-ATC. Tube samplégmvent in-chamber testing using a servo-hydraulic
system at temperatures ranging from 293 K to 7&h& strain rates of 6.7x18%, 6.7x16°s?, and 6.7x10
2s1. One intact and some tested samples are shokigune 6.

IIn ‘

Figure 6: Intact (left) and tested 7075 aluminidtayasamples

For model 106, a table is defined with a differgoe stress versus true plastic strain curve fdifférent
temperatures, at strain rates of 6.7x&Band 6.7x18s?. Curves for lower temperatures are extrapolated to
have the same origin and end point for the trustiglastrains. Figure 7 shows measured and extragabla
true stress versus true plastic strain curves.ditipe slope for each stress versus strain curepjdied to
ensure convergence of elastoplastic model. Tenyesavary from 293 K to 623 K and a maximum true
plastic strain of 61 % is reached. Viscous effartsnot accounted in the material model 106. Eststat
higher temperatures, each curve is extrapolatesidast results measured at two different strain rates
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Figure 7: Measured and extrapolated curves for ZI@inium alloy at different temperatures

For material model 106, Young’s modulus, yield sttt and coefficient of thermal expansion relatiwve
temperature were also specified. To complete thehar@cal model, the friction coefficient needs ® b
defined. According to Hashimoto [10], friction ciefents of 7075 aluminium alloy and tool steel can
range from 0.06 to 0.24 for a variety of lubricarmtsd up to 0.48 for bare conditions. A contact RORG
SURFACE TO SURFACE THERMAL is finally used in theodel with a friction coefficient of 0.1.

Thermomechanical smulations

To take into account thermal expansion of the fakihe results, it is necessary to simulate sinmeltausly
Steps 4 to 6 of the warm-forming process. Thentleenechanical model includes only two parts, as show
in Figure 5: tube and moulds. Displacement boundanditions are applied in all mould node direcsion
For the tube, nodes located at mid-length are fikethe longitudinal direction. Also, nodes at tiube
ends are fixed in the three directions to replaeact with plungers.

Simulation of Step 4 is repeated with the thermdmedal model. The implicit direct nonlinear solig
used for the mechanical model. The tube is heated¥ minutes, or 660 seconds, after with it reache
temperature around 623 K tube mid-length and gasspre is applied. Warm-forming Step 6 is finally
simulated. A curve is defined between 660 and &orsds for the pressure and time steps of the ¢ihpli
solver are reduced for that time interval. The gues curve is shown in Figure 8. It starts at 0 MP&60
seconds and increases non-linearly up to 9.1 MPa@seconds.

10

Gas pressure (MPa)
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Tube heating time (sec)

Figure 8: Applied gas pressure curve

For the same time interval, the tube inflates drdrhaximum strains generated are located at migthen
Figure 9 shows the evolution of the upper surfaegimum principal strain of four tube shell elemeats
mid-length, and in a region where inflation is nmauim. Position of these elements is shown in Fidxe
Around 670 seconds, even if the slope of pressuineecs small, there is fast tube inflation caubgdhe
elastoplastic behaviour of 7075 aluminium alloyigth temperatures and the tube wall thickness temtuc
Maximum strains over 45 % are observed. A similamfability was observed during tensile tests for
temperatures from 573 to 623 K. Figure 10 also shthe strain distribution at the lengthwise middfe
the tube during the warm forming process.
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Figure 9: Evolution of the upper surface maximummgipal strain of four elements as pressure in@gas
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Figure 10: Strains at the lengthwise middle oftti®ee during warm forming
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Conclusion

The demand for lightweight tubular products, desdyrspecifically for transportation and recreational
applications, is currently on the rise. In genepa&iformance increase and energy cost reductiorthare
main reasons justifying the need for these spgcmibducts. Hence, to reach these goals, both iridsis
are turning to complex-shaped tubes for varioussygf applications. Warm gas forming is now a rahv
process that can be used to form light parts wothpgex shapes in a few steps. At temperatures dr8&@
°C, high-performance 7075 aluminium alloy providhe high formability of 60 % needed in forming-
based applications.

A thermo-mechanical model was developed using LNBYo simulate the warm forming of a tubular
bicycle component. The first goal was to deterntime tube temperature distribution around the hgati
zones. To this end, conduction, convection, raaliatiand contact heat transfer conductance were the
physical phenomena considered in the thermal mdeael.the mechanical model, an elastic viscoplastic
temperature-dependent material constitutive law wgzsl to adequately predict tube strains and sigess

The finite-element model can predict the tube teepee and gas pressure variation needed during the
heat-based forming process, thus enabling to olmjaiimum formability of 7075 aluminium alloy tubes.
Simulations predicted that 30 minutes are necedsarthe heating die to reach the desired tempegatu
Insulation around the die will be added to redueathosses. Another 11 minutes is required to baah
tube. To decrease that time, the tubes could bdeepted in an oven.

The mechanical model used herein needs some impmus. Viscous effects will be accounted for by
using the Copper and Symonds model. Friction coefits will be estimated by inverse method. Finally
gas pressure flow will be taken into account inrtfadel to avoid a sudden inflation.
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